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ABSTRACT

This document is the final report prepared under Contract NAS3-21952 "Study
of Electrical and Chemical Propulsion Systems for Auxiliary Propulsion of
Large Space Systems" and covers five analytical tasks. Task 1 includes a
literature search followed by selection and definition of seven generic
spacecraft classes. Task 2 covers the determination and description of
important disturbance effects. Task 3 applies the disturbances to the
generic spacecraft and adds maneuver and stationkeeping functions to define
total auxiliary propulsion system requirements for control. The important
auxiliary propulsion system characteristics are identified and
sensitivities to control, functions and large space system characteristics
determined. In Task 4, these sensitivities are quantified and the oﬁtimum :
auxiliary propulsion system characteristics determined. Task 5 compares
the desired characteristics with those available for both electrical and
chemical auxiliary propulsion systems to identify the directions technology
advances should take.

KEY WORDS
Attitude control
Auxiliary propulsion
Generic classes
Large space structures
Shape control
Stationkeeping




SUMMARY

This document is the Final Report anddescribes work performed under
Contract NAS3-21952 "Study of Electrical and Chemical Propulsion Systems
for Auxiliary Propulsion of Large Space Systems".

The complete study consists of five analytical tasks:
1. Characterization of Large Space Structures
2. Establishment of Disturbance Characteristics

3. Establishment of Auxiliary Propulsion System
Characteristics and Requirements

4. Interaction Between Auxiliary Propulsion System
Characteristics and Large Space System Characteristics

5. Determination of Electrical and Chemical Propulsion
Technology Advances Required

Task 1 was accomplished by first conducting a literature search to identify
future spacecraft characteristics. These were then grouped into seven
generic classes. Each class was idealized and described in terms of a
single scaling parameter. Simple empirical relations were derived to
define the mass properties, sizes, areas, etc. in terms of the scaling
paraméter. This set of ciasses, were then used as a basis for all
subsequent work. \

Task 2 consisted of a literature search to identify the important
disturbance effects. The force and torque generating mechanisms were
determined and the significant parameters and dependencies defined.

In-Task 3 the disturbances were applied to the generic spacecraft classes.
This determined the forces and torques needed to counter the disturbances.
To these were added the forces and torques needed for maneuver and
stationkeeping to define the total auxiliary propulsion needed for control.
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Four flight conditions were used to cover the range of requirements. A
minimum number of thrusters, logically placed, were then assumed and the
thrust levels determined. Three classes appeared to be candidates for the
use of distributed thrusters to achieve shape control. Thrusts per unit
area or volume were found for these vehicles.

As part of Task 3, the important characteristics required by auxiliary
propulsion systems were determined to satisfy the varied demands of
attitude and shape control and stationkeeping. Finally a sensitivity
analysis was carried out to identify which auxiliary propulsion system
characteristics were significantly impacted by various control

requirements.

Task 4 consists of four relatively independent studies: Thrust Level,
Thrust Modulation and Transient Effects, Number and Distribution of Thrusts

and Allowable Mass. These, in sum, cover the interlocking sensitivities
and interrelationships identified in Task 3. Task 4 concludes with a

.definition of optimum APS characteristics chosen from the results of the

four studies.

Task 5 consists of a review of both electric and chemical auxiliary
propulsion system present day technology. Comparisons are made between
existing capability and desired capability, as defined in Task 4, to
identify the directions technology should take to best meet the future
demands of large space systems.

The report is organized to follow very ciose]y the contract task sequence.
Thus, Sections 1-5 document the work performed in Tasks 1-5. Sections 6
and 7 follow to discuss the results and summarize the conclusions.




INTRODUCTION

Planned spacecraft and the projections of probable future vehicles in the
future by government and industry show an unmistakable trend towards larger
structures. Many of these vehicles will require construction in orbit.
Most probably the construction will take place in low earth orbit to be
followed, where necessary, by transfer to geosynchronous orbit. Once on
station, the general requirement is for a very long operational life.

This study is part of an ongoing process to determine the propulsion
requirements needed to support future space activities. Although there may
be some overlapping functions, propulsion divides into the two groupings of
prime and auxiliary propulsion. Prime propulsion is used to perform orbit
transfer while auxiliary propulsion takes on the attitude control, shape
control and stationkeeping tasks.

This study considers auxiliary propulsion only and will supplement other
work in progress that is examining prime propulsion needs. The objective
is to determine the direction auxiliary propulsion research and development
should take to best meet upcoming needs. The approach is to define the
important electrical and chemical auxiliary propulsion characteristics in
terms of the demands that will be imposed by future spacecraft. Comparison
of these desired characteristics and capabilities with those presently
available is used to identify -deficiencies.
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1.0 CHARACTERIZATION OF LARGE SPACE STRUCTURES

There are a large number of diverse structures either planned or proposed
for future space missions. The purpose of Task 1 was to reduce these
concepts to a manageable set by defining a relatively small number of
unique generic classes of structures which would be associated with as many
of the concepts identified as possible. This set of idealized structures
would then form the foundation for the analysis of disturbance torques and
subsequent determination of auxiliary propulsion system requirements for
large space systems (LSS).

A literature search was first conducted to collect examples of proposed
large space systems. The time frame was not restricted but no systems were

found which addressed times beyond 2020. The various concepts were
screeped, independent of mission, and grouped into generic classes of
structures. It was found that the great majority of the vehicles fell
naturally into three classes - plate structures, single antenna systems and
multiple antenna systems. Several subdivisions appeared appropriate to'
represent particular control system characteristics. In all, seven generic
classes were defined.

The seven generic classes were then idealized by breaking each class down
to its basic elements, such as structure, avionics and solar arrays. The

intent was to characterize each element in terms of a small number of
scaling factors. It was found that a single parameter would suffice
although the parameter was not the same in each class. Length was used for
the plate structures, antenna diameter for the single antennas and number
of antennas for the multiple antenna class. Simple expressions were then
developed which defined the size, weight and inertia characteristics of
each vehicle in terms of the single describing parameter.

To gain insight into shorter term (1990-2000) auxiliary propulsion
requirements, the generic classes were reviewed assuming the vehicles were
limited to a single shuttle payload. This process lead to some revision of
the describing relations.




1.1 Literature Search
Some ninety sources were collected and are 1listed alphabetically in the
bibliography of Appendix A. After redundant and irrelevant material was

weeded out, about half of the sources were found to be wuseful in
contributing to the determination of LSS characteristics. Prime sources of

the contributing group are listed in Table 1-1.

The 1literature study, in general, led to identification of separate
missions and their associated structures. In a few cases, such as the
Solar Power Satellite and the Soil Moisture Radiometer concepts, detailed
analysis of the proposed structures had been completed. The majority of
the identified missions, however, were characterized by user needs and a
few basic parameters such as total mass, antenna or structure size, orbit,
power requirements, and 1in some cases lifetime and pointing accuracy. A

list of the missions examined to determine generic classes 1is shown in
Table 1-2.

" 1.2 Determination of Large Space Structures Characteristics
Previous studies identifying technology requirements for LSS proceeded with
a screening process to reduce the mission sets to a few focus missions.

This screening process, based on economic benefit, technical risk, or other
factors would result in identification of particular mission needs and
could not effectively show the trends desired as an output of this study.

It seemed preferable that the goal of this exercise be limited to defining
generic classes of structures without regard to any particular mission
goals. It should be noted that mission characteristics such as orbit,

pointing and slewing requirements, etc. can be associated with a given
structure and form an input to the range of characteristic parameters for
the associated generic class. The individual mission, however, would lose
its identity in the formulation of an idealized structure representative of
a generic class. Each generic class would be represented by an associated
structure and range of characteristic parameters from which a general

non-mission oriented study of auxiliary propulsion could originate.

1.2.1 Generic Classes
As a result of the analysis of mission concepts, three main generic classes
were identified. Figure 1-1 shows the structures initially selected for
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A REVIEW OF LARGE AREA SPACE SYSTEMS TOWARD IDENTIFICATION OF CRITICAL
OR LIMITING TECHNOLOGY, M.A.Dienman et.al., General Electric Co.,

May 1978, X78-10214 (NASA CR 145339)

ADVANCED SPACE SYSTEM CONCEPTS AND THEIR ORBITAL SUPPORT NEEDS(1980-2000).
VOL.1:EXECUTIVE SUMMARY, N76-30244 (NASA CR 148704)

ADVANCED SPACE SYSTEM CONCEPTS AND THEIR ORBITAL SUPPORT NEEDS(1980-2000)
VOL.2:FINAL REPORT, N76-30245 (NASA CR 148703)

ADVANCED SPACE SYSTEM CONCEPTS AND THEIR ORBITAL SUPPORT NEEDS(1980-2000)
VOL.3:DETAILED DATA, N76-30246 (NASA CR 148710)

DEPLOYABLE ORBITAL SERVICE PLATFORM CONCEPTUAL SYSTEMS STUDY, Mac. Doug.,
Mar 1979, Report no. MDC G7832 (NASA CR 159091)

DESIGN CONCEPTS OF GEQSTATIONARY PLATFORMS, E.C.Hamilton and W.T.Carey Jr,
NASA Marshall Space Flight Center,Ala., Sep 1978, AIAA paper 78-1642.

DESIGN CONSIDERATIONS FOR LARGE SPACE ANTENNAS, R.Johnson Jr., McDonnel-
Douglas Corp.,ST. Louis,Mo., 1978, N79-10085 , NTIS HC A23/MF AO1,
CSCL 22B.

LARGE ANTENNA STRUCTURE TECHNOLOGIES REQUIRED FOR 1985-2000, R.R. Wanlund
Igy Defense4and Space Systems Group,Redondo Beach,Calif., 1§78, NASA Vol.l
8,p221-241

LARGE SPACE ERECTABLE ANTENNA STIFFNESS REQUIREMENTS, J.A. Fager,
General Dynamics Corp., San Diego Calif., April 1978.

78A322929, AIAA 78-590.

LARGE SPACE SYSTEMS TECHNOLOGY, VOLUME 1, E.C. Naumann and
A. Butterfield, NASA, Langley Research Cénter, Hampton, Va., Jan. 1978.

N79-10078 (NASA-CP-2035-Vol-1).

LARGE SPACE SYSTEMS TECHNOLOGY, VOLUME 2, E.C. Naumann and
A. Butterfield, NASA, Langley Research Center, Hampton, Va.,
Jan. 1978. N79-10097 (NASA-CP-2035-Vol1-2).

NASA FORECAST OF SPACE TECHNOLOGY (1980-2000), Jan. 1976.
NASA-SP-387.

PLATFORM DESIGNED FOR NUMEROUS USES, C. Covault, June 1978. A78-42509.

POINTING AND CONTROL TECHNOLOGY NEEDS FOR FUTURE AUTOMATED SPACE
SYSTEMS, J.B. Dahlgren and S.M. Gunter, Jet Propulsion Laboratory,

Pasadena, Calif., Sept. 1978, A78-52748 (NASA CNT # NAS7-100).

SERVING THE PUBLIC VIA PLATFORMS IN SPACE, R. Fleisig and
J.L. Bernstein, Grumman Aerospace Corp. Bethpage, N.Y., March 1978.

A79-11557, AAS 78-015.

STRUCTURES FOR SOLAR POWER SATELLITES, R.H. Nansen and H. di‘Ramio,
Boeing Aerospace Co., Seattle, Wash., A79-10513. .

SURVEY OF FUTURE REQUIREMENTS FOR LARGE SPACE STRUCTURES, FINAL
John M. Hedgepeth, %RSA, Washington, D.C., Jan. 1896. N76-15500,
NASA-CR-2621, NASA CNT #NAS1-13178.

THE OAF CONCEPT_ EXTENDED, W.L. Morgan and B.I. Ede

REPORT,

son, COMSAT

e 1 C
" Laboratories, Clarksburg, Md., April 1978. A78-32891, A1AA 78-546.

TABLE 1-1 LISTING OF PRIME SOURCES
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3.
4.

5.
6.
7.
8.

10.
11.
12.
13.
14,
15.
16.
17.
18.
19.
20.
21.
22.

23.
24,

26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

Mission

Personal Communications Satellite
Large Space Telescope
Voting/Polling Satellite
Multinational Air Traffic Control
Radar

Border Surveillance

Night Illuminator

Pinhole Satellite

Electronic Mail

Space Power Relay Satellite

O0AF America

NASA GCP

NASA/GSFC PSCS

Grumman PSP

MOBLOMSAT

Coastal Waters Surveillance Radar
Aircraft Laser Beam

Coastal Waters Passive Radar

High Resolution Earth Mapping Radar
Disaster Communications

Police Communications Satellite
Energy Monitor ,
Parabolic Torous Radiometer (Soil
Moisture)

Solar Power Satellite

High Efficiency Solar Energy Generator
Burglar Alarm Relay Satellite
Advanced Resources/Pollution
Observatory

Personal Navigation Wrist Set
Near Term Navigation Concept
Train Anti-Collision

Vehicle Traffic Control
Multinational Energy Distribution
Space Based Radio Telescope
Astronomical Super Telescope
Multi Channel TV Broadcast
Holographic Teleconferencing
Nuclear Fuel locator

National Information Services

Comments

200 ft antenna

Extreme pointing accuracy to .00l arc sec
150 ft antenna

Planer array 250 ft x 250 ft

Planer array 9000 ft x 9 ft

12 mirrors 1000 ft diameter

Free flying mask 20 m in diameter

Two concepts - 1 antenna farm and 1
large antenna

Large 200 m erectible structure

Modular antenna farm (8 antennas)

Geosync platform 32 antennas

Geosync platform 8 antennas

3 large antennas with connecting structure

75 m antenna

30 m Cassegrain antenna 6-10 kw RTG

169 mirrors 15 ft in diameter

1000 ft x 10000 ft array

200 nmi polar orbit

200 ft antenna

200 ft antenna

150 ft antenna

9 km x 3 km Torous

21.3 km x 5.3 km solar array

5.3 km x 2.3 km solar array

200 ft antenna

Side looking radar 10 x 60 ft and muiti-
spectral telescope

2 nmi cross

160 ft cross

42 ft deployable antenna

200 ft antenna (430 kw Nuclear Generator)

750 ft x 750 ft planer array

Very large erectible antennas (up to 3000 m

800 ft cross w/seperate reflectors

56 ft antenna

56 ft antenna

42 ft deployable antenna

200 ft erectible antenna

TABLE 1-2 MISSION SPACECRAFT LISTINGS
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the primary divisions. The planar array was indicative of missions
involving large Solar Array structures (the Solar Power Satellite shown is
clearly an upper limit to the mass and dimension of this class) and various
radar imaging concepts. The single antenna was by far the most common of
the mission concepts. The antennas ranged from relatively small (16m
diameter) deployable antennas to very large (9 km x 3 km) parabolics. This
large range necessitated further generic subdivision as will be discussed.
Multiple antenna platforms were also numerous and widely divergent in their
structural approach. The OAF America (Orbital Antenna Farm) shown was felt
not to be representative of a broad enough range of platforms, hence this
generic class benefited from further subdivision.

The subdivision of the three initially selected classes was conducted to
better identify particular aspects of attitude control system requirements.
The results are shown in Figure 1-2. Contained in the planar array concept
set were three structures which were very 1long, very thin cross-like
structures controlled by a separate stationkept unit orbiting below the
Cross. Control of the small unit orbiting below the cross structure was
not addressed in this study. Due to the extreme aspect ratio (one
structure is a 3700m x 0.5m cross), some reservations existed about
treating these crosses in the same group as the large p]anar arrays. Hence
the crosses were segregated and the planar arrays separated into flat plate
and cross structure subdivisions, Figures 1-3 and 1-4.

The single antenna class contained a large collection of deployable and
erectable concepts covering a wide range of configurations. Three natural
groupings emerged: (a) a type in which the antenna had extensive
structural support, Figure 1-5, (the three soil moisture radiometer
concepts were typical of this subdivision), (b) modular configurations
consisting basically of a relatively rigid central core with the antenna
and solar arrays as controlled appendages, Figure 1-6, and (c). the
"maypole" antenna, which consists of a circumferential loop supporting the
antenna mesh and is in turn attached to a central column by tension cables.

While few specific missions presently utilizing this concept could be
identified, it became clear that many of the single antenna missions
requiring relatively low surface accuracies could be served by such a
concept. Further, because of the design's potential for compacting very
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FIGURE 1-2 GENERIC CLASS SUBDIVISIONS

11




-3 PLANAR ARRAY

FIGURE 1
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FIGURE 1-5 BOX STRUCTURE ANTENNA

5

FIGURE 1-6 MODULAR ANTENNA
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large antennas into the shuttle bay, work had been previously done which
identified the parameters relevant to this study. A representative design

is shown in Figure 1-7.

Some of the deployable maypole antennas rotate to maintain structural
tension; however, the majority of concepts identified did not rotate after
.deployment and the generic class will be represented by a non-rotating
structure. The range of antenna diameters for this type of antenna is from
30 to 1500 meters in diameter with a corresponding weight range of 100 kg
to 2640 kg. This mass range is for the structure only. No avionics or
other mission components are included.

The orbital antenna farms were separated into two subdivisions. One class
was maintained for the OAF America as a modular structure with solar array
power supply, Figure 1-8. This structure has most of its mass concentrated
toward the center of the antenna farm and can be joined with another
identical unit to form a composite structure. The Grumman Public Service

Platform is dominated by large antennas connected with a skeletal structure

to each other and the focal point avionics and power modules. This type of
structure with a small number of large antennas forms the final class,
Figure 1-9.

Sample concepts of the seven generic classes showing the range of major
parameters are listed in Table 1-3.

1.2.2 Ideal Structures
Having identified representative concepts for each of the.seven generic
classes, ideal structures represented by simple generic shapes were
developed. The objective in this process was to construct a set of ideal
~ structures which could be characterized by a small number of parameters.
These few parameter would determine the dimensional proportions and mass
properties of a given structure. The structures would then be subjected to
a range of mision oriented requirements.

It is at this point that the "real" missions lose their identity in
becoming an ideal structure. Clearly, it is desirable to have as close a
correspondence as possible between the idealized structure and the variety
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FIGURE 1-8 MODULAR ANTENNA FARM (OAF AMERICA)
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FIGURE 1-9 MULTIPLE ANTENNA FARM (PSP)
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T A PLANAR ARRAY - SAMPLE CNHCEPTS

GENERIC CLASSES SAMPLE CONCEPTS

TABLE 1-3

MissIon TITLE TOTAL MASS .SIZE Ixx Tyy 1z2 ORBIT ORTENTATION POMER (kw) LIFETIME
(kg) (kg-m?) (xg-n2) (kg-n?) (YEARS)
Hyltinational Air Traffic 1600 7 x 77m 7.905 x 105 7.905 x 105 1.581 x 108 Geosync Pointing Accuracy 1 210
Control Radar - <20 ARCSEC
Border Surveillance 3628.7 2743m x 2.74m 2270 2.275 x 109 2.276 x 109 Geosync TBD 20 210
Coastal Anti-Collision 9.072 x 105 3048n x 304m 7.923 x 10% 7.023 x 101 7.0935 x 101 Geosync Pointing Accuracy | 3M¥ (Beamed >10
20 ARCSEC to Satellite)
Hiagh Slewing
Rates ~2°/Sec
Multinational Eneray 15422 228m x 228m 6.7116 x 107 6.716 x 107 1.348 x 108 556km Painting Accuracy 20 ~10
Distribution : .001 Mrad
Trucking Rate
1°/Sec
Solar Power Satellite 8.18 x 10/ 21.3km x 5.3km | 4.552 x 1015 1.554 x 1014 4.707 x 1015 Geosync pointing Accuracy 10000MH 30 Years
1 Arc Minute (Generated)
1B CROSS STRUCTURE - SAMPLE CONCEPTS
Near Term Navigation 1600 480 x .5m 1.586 x 105 1.586 x 105 3.172 x 105 Geosync Pointing Accuracy 1 >5
Concent <20 ARCSEC
Personal Navigation 1361 3706m x .5m 7.79 x 108 7.79 ¥ 108 1.56.x 109 Geosync Pointing Accuracy 2 210

Hrist Set

<20 ARCSEC

g ) ) )
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ITA LARGE ERECTIBLE PARABOLIC ANTENMA - SAMPLE CONCEPTS

TABLE 1-3 (Cont'd)

[

AL

1 ARCSEC Stability

MISSION TITLE TOTAL MASS SIZE Ixx lyy, Izz ORBIT ORIENTATION POWER LIFETIME
(ko) (ka-n?) (kg-m2) (kg-m2) {kw) (YEARS)
SOIL MOISTURE RADIOMETER
(Tetrahedral Truss) 2.9 x 105 1294m x 575m 1.3 x 1010 2.7 x 1010 3.1 x 1010 1000 km Polar Pointing to 2 10
x 678m Sun Synec. 10 prad
{Dua) Rim Mebmesh) 1.3 x 10° 1294m x 575m .45 x 1010 2.0 x 1010 2.1 x 1010 | 1000 km Polar n 2 >10
x 678m Sun Sync.
b
1ne SMALL (<200M) ANTENNA - SAMPLE CONCEPTS
{Antenna)
Votina/Polling 5900 45.7m 2.749 x 106 1.022 x 106 2.897 x 108 Sync. 10 ARCSEC Pointing 90 >5
1 ARCSEC Stability
Electronic Mail 9070 61m 3.269 x 106 3.17 x 106 3.33 x 106 Sync. 10 ARCSEC Pointing 15 >10
1 ARCSEC Stability
Disaster Communicators 8165 §im 4.41 x 106 2.99 x 106 4.3 x 106 Sync. 10 ARCSEC Pointing M5 >5
: 1 ARCSEC Stability
Nuclear Fuel Locator 1360 12.8m Sync. 10 ARCSEC Pointing .3 >5




TABLE 1-3 (CONCL.)

- 02

11 A ORBITING ANTENNA FORM - SAMPLE CONCEPT
MISSION TITLE TOTAL MASS SIZE Ixx lyy, 122 ORBIT ORIENTATION POHER LIFETIME
(kg) (kg-m2) (kg-m2) (kg-n?) (kw) (YEARS)
OAF AMERICA 6060 68m x 46m T80 T80 80 Geosync. Pointina Accuracy 20 >20
X 25m £20 ARCSEC =
111 8 GEOSTATIONARY PLATFORMS » SAMPLE CONCEPT
GRUMMEN PSP 50700 140m x 70m T8D 8D 80 Geosync, Pointing Accuracy T8D >20
x 70m <10 ARCSEC -




of missions used to make up the generic class. To fully accommodate each
individual structure in the composite would require a complete
parameterization involving a multitude of parameters. Because of the large
number of classes, the large number of mission oriented parameters (orbit,
pointing accuracy, etc.), and the desire to identify broad general trends
in auxiliary propulsion needs, the identification of a single structural
characteristic which could scale the dimensions and mass distributions
would be of great value.

Some of the classes yielded readily to a single ideal component while
others require some modular construction of ideal components. Where more

than one component 1is necessary, relations linking the scaling parameter
with the size and mass of each component were derived. In each class,

however, it has been found possible to characterize the dimensions, areas
and mass properties in terms of a single parameter. In the following

paragraphs a description is given of the ideal structures and the scaling
laws which govern them.

Planar Arrays

Flat Plate (IA) - As the name would imply, the simple structure element is
a two dimensional flat plate. Three parameters which define the structure

can be identified, the length, width, and surface density and these are
obvious scaling parameter candidates. Length was chosen as the basic
parameter and the other values are either fixed or are mathematically
related to Tlength. Figure 1-10 shows the ideal structure chosen for this
generic class. Coordinates are defined as shown with y along the major
axis and x along the minor axis. This structure is characterized by a
constant aspect ratio of 1/w = 4. A second constant is surface density,
set at 0.75 kg/mz. These factors are based on the individual mission

concepts studied.

Cross Structure (IB) - Once again a single ideal structure will be
sufficient and a simple two dimensional cross structure is proposed. The
scaling parametér chosen is length of the arms and each arm is equal in
length and 90° apart. The surface density will be fixed at 14 kg/m2 and
the width will be set at 0.5 m. The aspect ratio will, therefore, vary as
the 1length varies. Figure 1-11 shows the ideal structure, coordinates and
structure parameter ranges.
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STRUCTURE VARIABLE: LENGTH (t)} RANGEt=30TO 21000m

MASS RANGE: 170kg TO 8.27 x 107kg

0

FIGURE 1-10 Flat Plate Ideal Structure (IA)
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STRUCTURE VARIABLE: LENGTH(t) RANGE ¢ = 40 TO 4000m
MASS RANGE: 560kg TO 56000kg

FIGURE 1-11 Cross Ideal Structure (IB)
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Single Antenna

Large Erectible Structure (IIA) - This structure would be best idealized by
a simple box structure. The solar paddles in the front of the actual
structures studied are very small in weight and area because the mean power
requirement 1is only 2 kw. Furthermore, the structure mass dominates the
front appendage and in the interest of simplicity the appendage was

discarded. The dimensions of the box were defined with box length, 1,

being the primary variable and w = h = 1/2 1. A specific mass of 150 kg/m
(of 1length) was derived from the mission set. Figure 1-12 shows the ideal
structure, coordinants and structure parameter ranges.

Smaller Modular System (IIB) - In this class, it is apparent that no single
ideal structure will be adequate. An additional complication is the
occurrence of two missions with nuclear power sources instead of solar
array power sources. To comply with the one parameter classification goal,
it becomes necessary to relate two components, solar array size and
avionics size to the scaling parameter, antenna diameter. A relation can
be derived relating antenna diameter to power requirements for solar
arrays, however, there 1is no such satisfactory relation between the RTG
missions and antenna diameter. It was felt that the inclusion of a single
RTG mission would be unproductive. It was therefore eliminated and a
single modular structure retained which scales as the antenna diameter.

The diameter can be related to the power requirement by a factor of 1.5 kw/
me. The antenna mass has been curve fitted to information from the
literature sources for erectable andhdeployable antennas as shown in Figure
1-13. From the retationship shown, antenna mass is determined from the
antenna diameter. The power required is also determined from the antenna

diameter and can then be used to calculate the solar array (S/A) area and
weight.

The total system mass can be determined from antenna diameter scaling based
on a relation derived from the mission set. This approximation yields 135
kg/m of antenna diameter. Having now determined total system mass, antenna
mass, and S/A mass, the avionics and miscellaneous mass can be found. This
mass can be translated into a volume by estimating package densities. A
value of 19 kg/m3 has been assigned for avionics scaling. The resulting
volume is used to scale a cube which fits between the antenna and solar
arrays. This composite ideal structure is shown in Figure 1-14.
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STRUCTURE VARIABLE: LENGTH (2) RANGE t =82 TO 1300m

MASS RANGE: 1.23 x 10%g TO 1.95 x 10%g

FIGURE 1-12 Box Ideal Structure (IIA)
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FIGURE 1-13 Antenna Scaling Law
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STRUCTURE VARIABLE: ANTENNA DIAMETER D =15m TO 200m
MASS RANGE: 2025kg TO 27000kg

FIGURE 1-14 Modular Single Antenna (IIB)
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The parabolic surface will be modelled as a paraboloid with a focus to
diameter ratio of 0.5. The solar array will be modelled based on the
Lockheed S/A aspect ratio of 8.85 and power density of 13.5 kg/kw.

Maypole or Hoop and Boom Antennas (IIC) - This class of structure is almost
idealized without any simplification. The ideal structure consists of a
parabolic surface with focus to diameter ratio of 0.5 and a central shaft
which has a total length of 70 percent of the antenna diameter. The range
of diameters which will characterize this structure are from 30 m to 1500
m.  Figure 1-15 shows the ideal structure used for this class. The total
mass of the structure is based only on relationships based on mass data
available. The relationship used states: mass (kg) = 1.73 (D) + 48.1.
The area to mass ratio of the maypole antenna is very high because of the
exclusion of avionics or other mission components from the total mass. The
exclusion of avionics mass was Justified because most of the missions
examined had the antenna itself as the dominant factor in determining mass
properties.

Multiple Antenna Platform

Centrally Concentrated Mass With Appendages (IIIA) - The Orbital Antenna
Farm (0AF) America is the mission model from which an ideal structure will
be extracted. A true range of missions is not present in this category and
a reasonable range of size variations was determined from analogy to other
generic classes. This structure has a modular design which is reflected in
the ideal structure. The antenna "rack" is assumed to have two antennas of
equal diameter and the antenna diameter will be used to scale the ideal
structure. Two square solar arrays will be scaled based on the power needs
of the p]atform. For the baseline model, this power requirement is given
by two 30 m antennas needing 20 kw. Power requirements will be assumed to
scg]e linearly with antenna diameter.

The central mass of the platform 1is modelled as a cylinder of 4 m in
diameter and 14.3 m long for a 30 m antenna model. Once again a value of
19 kg/m3 is used for avionics packaging. Total mass is assumed to scale
lTinearly with antenna diameter, hence avionics mass and volume are

determined by substracting antenna and S/A mass from total mass. Figure
1-16 shows the ideal structure used for this class.

Series of Large Antennas (IIIB) - This multiple antenna platform
illustrated by the Grumman Public Service Platform (PSP) can be best

28

S
s
i




STRUCTURE VARIABLE: DIAMETER (d) RANGE 30m TO 1500m
MASS RANGE: 100kg TO 2640kg

FIGURE 1~15 Maypole Antenna (IIC)
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STRUCTURE VARIABLE: DMMETER (d) RANGE d=15TO 60m
'MASS RANGE: 3000kg TO 12000kg

FIGURE 1-16 Multiple Antenna F_am - Centrally Concentrated Mass (IIIA)
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parameterized by the number of antennas on the platform. It will be
assumed that each antenna will be of equal 60 m diameter. The mass ratios
between the antenna row and the avionics row will be fixed at 0.5. The
solar arrays will be scaled on the basis of a 10 kw/antenna. The ideal
structure chosen for this class is shown in Figure 1-17. Total mass
figures are based on antenna'mass of 10,000 kg/antenna, and power scaling
will be the same as previous1y discussed. The avionics masses will be
assumed to be point masses. '

For each -of the seven ideal structures, the relations that have been
developed have been coded to calculate individual component mass properties
and dimensions. This program combines these components into the ideal
composife structure  with corresponding total mass, dimensions, and
inertias.. The computer code takes each relevant scaling parameter and, for
a full range of this parameter, generates a range of masses, dimensions,
and inertias. Mass values for the sevéen idealized structures have been
generated using this code. Examples of the mass and moment of inertia
figures are shown in Figures 1-18 and 1-19. The complete mass and inertia
data package is shown in Appendix B, Figures B-1 through B-14. These
curves characterize the generic .space structure classes in terms of a
single scaling parameter and lay the groundwork for the work that follows.

The rangles of the scaling parameter, mass and moments of inertia are
summarized in Table 1-4.

1.3 Single Shuttle Launch Impact on Generic Classes
To better understand the short term auxiliary propulsion requirements of

Large Space Structures, a limitation of the generic classes to those which
can be launched using a single shuttle flight was examined. The limitation
of a single shuttle launch capability will force the study to concentrate
on a smaller parameter range and a different antenna type. Consideration
of a smaller parameter range allows a more in depth look at the misisons
currently planned for the short term (1990-2000).

Figure 1-20 illustrates the shuttle payload envelope. As a general rule
for deployable structures, the shuttle is volume limited rather than weight

limited. This indicates the need to utilize packaging studies as well as

mission concept and system studies in modifying generic classes. The
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. STRUCTURE VARIABLE: NUMBER OF ANTENNAS RANGEn=2TO 10
MASS RANGE: 44000kg TO 216500kg

FIGURE 1-17 Multiple Antenna Farm: Series of Large Antennas (IIIB)
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I.

CLASS

PLANAR ARRAY

A.

Flat Plate

Cress Structure

II. SINGLE ANTENNA

A.

c.

Large Erectable Structure

Smaller Modular System

Maypole Antennas

III. MULTIPLE ANTENNA PLATFORM

A.

NN}
-

Centrally Concentrated
Mass W/Appendages

Ser{es of Large Antennas

SCALING
PARAMETER

Length

Length

Length
Antenna Diameter
Antenna Diameter

Antenna Diameter

No. of Antennas

—
e

TABLE 1-4
IDEAL STRUCTURE SUMMARY

PARAMETER MASS
RANGE RANGE
308 to 21km 170kg te 8.27x10'kg
40m te 4070w 560kg te 56000kg
$2a to 13%0m 1.23x10%g te 1.95x10%kg
15a te 200m 2025kg to 2.7:10‘k;
30m to 1570m 100kg te 2645kg
15w te 60w 3000kg to 1.2x10%g
4 5
2 to 10 4.40x10%g te 2.165x10%kg

Iﬂ

(ks-z)

797 te 2.28x10"

7.47x10° te 7.47x101°

3.446x10° te 1.373x10
1.35x10

4860 to 4.8323x10

71126 to 3.66x10

2.97x10

yy
(k;-z)

12750 te 3.04x10%3

7.47x107 te 7.47x10'°

1.378x107 te 5.493x10'0

1.171x10% o 8.788x207

4860 te 4.823x10’

79349 to 3.12x10°

6

9.9x10% to 4.87x10

‘:Z

(k;-lz)

13547 te 3.23x10%°

5

1.49x10% te 1.48x10!

7

3.446x107 to 1.373x10}

1.35x10° te 1.658x10

13425 te 7.83x10"

30143 to 1.03x10°

1.98x107 to 5.26x10”

1

1
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necessity of using deployable structures rather than erectible structures
with a single shuttlie launch stems from the characteristics of the building

mechanism and its support needs. These characteristics and support needs
are outlined below.

It 1is very unlikely that erectable structures will be built using a single
shuttle launch. A need exists not only for the beam builder and raw

materials but also for a support platform to serve manufacturing and
support crew habitat needs. The need for these platforms breaks down

further into two areas - mechanisms and operating time. The primary
mechanism to build these structures is the beam builder. " From

conversations with Boeing Aerospace structures technologists, as well as

- Tom Dunn (NASA Marshall), and Eric Egler (NASA JSC), it was concluded that

there are two main reasons for elimination of the beam builder from single
shuttle missions. These are shown below.

1. Beam builder itself may weigh 10's of tons and take up 30-50
percent of shuttle mass capacity. Mass left over for raw

materials would not be sufficient to build a significantly
large structure.

2. Shuttle on-orbit time éapabi]ity will not be sufficient to
enable the completion of a structure with a single shuttle
Crew.

Each generic class was modified to be launched in a single shuttle flight.
The primary generic classes - the plate, the single antenna, and the

multiple antenna were treated by forming four classes of deployable

structures. The rectangular plate structure which is an erectible type. of
LSS was replaced by a deployable tetrahedral truss concept. This truss

when deployed forms an eight-sided plate structure and may be used for
similar, although smaller scale, missions as the original plate structure.

A second deployable class was formed by extending a solar array blanket
across the face of the tetrahedral truss. This class is in reality a

subclass or modification of the first class (I).
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The single antenna class, (II), was restricted to the modular antenna
category because this class contained the majority of missions which could
be filled with a deployable antenna type. The multiple antenna class
requirements were best met with the series of antennas concept using
deployable antennas. A series of antennas structure was also chosen to
represent the multiple antennas because its configuration poses unique
control requirements due to the large differences 1in 1inertias. The
modifications to each class are discussed in more detail in the following
paragraphs. '

Plate Structure
A recent study conducted for NASA Langley Research Center by Boeing
Aerospace Company (Reference 1) found a tetrahedral truss to be the leading

candidate for missions involving large deployable planar trusses.  The
tetrahedral truss was found to be the least complex (minimum number of
different elements), have the highest natural frequency, and the Tlowest
mass for a given area. Figure 1-21 illustrates the tetrahedral truss

concept.

This structure can be used alone as a base of operations for multiple
antennas, solar power generation, or it may be curved to form a parabolic
antenna. Multiple antennas are covered in the third primary generic class
and hence will be omitted from the plate class study. We will concentrafe
instead on two alternatives. First, the structure without any attachments,
and second, the structure with a solar array blanket covering one face of
the structure.

The shuttle 1is volume limited by most deployable antennas. For the
structure without an attached S/A blanket, the structure sizes that will
fit into a single shuttle include a maximum B dimension of 300 meters. If
the size and mass of the auxiliary propulsion system is included, the
maximum size of the antenna will decrease. To avoid an iterative process
to converge on the maximum antenna size, the maximum size considered
without a solar array blanket was set at 250 meters. Inertias and mass

properties formu]ée of the tetrahedral truss structure are listed in Figure
1"220
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The plate structure with a solar array blanket is weight 1limited in a
single shuttle because of the solar array mass. Using SOA solar array
technology, the solar blanket will weigh 13.5 kg/kw including the storage
canisters. Elimination of the canister mass brings the specific mass
number to 12 kg/kw . Because of the uncertainties in technology development
and shuttle requirements, a value of 13.5 kg/kw2 will be used.

A tetrahedral truss structure with a solar array blanket is limited to a
maximum dimension of 150 meters. The resultant mass is 24420 kg or 83
percent of shuttle capacity without the APS. It is intuitively obvious
that this type of structure would greatly benefit from electric propulsion
if part of the power generated could be used when necessary for the APS.

For this study, however, we will charge the mass of the S/A to the vehicle.
Table 1-5 illustrates the complete mass properties of the plate structures.

Modular Antenna
The restriction to deployable antennas changes the antenna scaling law to

allow only for mesh deployable antenna types. An estimate using the upper
1imit of mass for mesh deployable antennas has been made from Reference 2.

There 1is a variation in the estimates of antenna mass for imesh deployables
of a factor of about three. The variation is due to the variety of
configurations for a given antenna diameter. The equation shown below
models the mesh deployable antenna mass. This equation includes an

allowance for the feed support and represents the upper limit of mass
estimates.

-3 2
M = - : D + 15.112 D -
ANT(kg) 1.8345x 10 X ANT T 49.11

ith D A
wi i
ANT in meters

Modelling the system with a mesh deployable antenna rather than a precision
deployable antenna lowers the system mass considerably.- The 200 meter
antenna system with avionics and solar array have a total mass of 18000 kg.
The mass properties for the mesh deployable modular antenna are shown in
Table 1-6.
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TABLE 1-5 PLATE STRUCTURE MASS PROPERTIES

W/0 Solar Blanket
Parameter

B(m)

Area(mz)

Depth(m)

Package Length(m)

Mass(kg)

Ix,Iy(kg-mz)

Iz(kg—mz)

W/ Solar Blanket

B(m)

Area(mz)

Depth(m)

Package Length(m)

Mass(kg)

Iny(kg;mz)

Iz(kg-mz)

30
584.6
1.86
1.90
506
23700
47400

30
584.6
1.86
1.9
1334
52390
130020
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100
6495
6.19
6.32

1618
8.42x10°
1.684x106

100
6495

6.19

6.32

11350
5.995x106
1.1883x10’

250
40594
15.48

15.8

3672
1.1945x107
2.389x107

150
14612
9.29
9.48
24420
3.78x107
7.549x107
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TABLE 1-6 MODULAR ANTENNA MASS PROPERTIES

Parameter

Antenna Diam.(m)
Mass(kg

I -

((kg-m_)

I (kg-m)
Iz(km-m )

Smafl

15
2300
26810
18483
21821

TABLE 1-7 MULTIPLE ANTENNA MASS PROPERTIES.

Parameter

# Antennas

Mass(kg%

I -
x(kg m )

I (kg-m)

Y
Iz(kg-m )

Small

2
17500

5.6575x10

1.'498x106

7.0812x106
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Medium Large

60 200

8375 18017

7.367x10: _6.663x10§

4.707:107 5.161x10

1.059x%10 7.376x106
Medium Large
3 4
11250 15000
3.271x10" 8.96x10’
2.278x10° 3.081x10°
3.35x10’ 9.966x10’
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Multiple Antenna Systems
For this type of structure, dramatic reductions in mass result from using

deployable rather than erectable antennas. It is also necessary to treat
the support structure as deployable. The deployable multiple antenna

system is volume rather than mass limited. The maximum number of antennas
with structural support and avionics included 1is five. Because of

packaging uncertainties and additional APS volume, the maximum number of
antennas is taken to be four. The mass properties for the multiple antenna

system are shown below in Table 1-7.
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2.0 ESTABLISHMENT OF DISTURBANCE CHARACTERISTICS

The objective of Task 2 was to determine the forces and torques which
affect the orientation, orbital position and shape of the generic classes
defined in Task 1. These disturbances include those due to envirohmenta]
effects and any that may be generated on board. In short, all forces and
torques except those generated specifically for control were considered.

A literature search was first conducted to identify disturbance sources and
to separate them into important and insignificant groups. The disturbance
literature 1is extensive and a considerable degree of selectivity was found
necessary. Important sources were determined to be: radiation, gravity
gradient, aerodynamic and orbit perturbations. Magnetic and thermal
effects were examined but eliminated from further consideration. Magnetic
torques were found to be too dependent on specific vehicle payloads to be
easily characterized. In addition, they were relatively small in low earth
orbit and insignificant at geosynchronous altitudes. Thermal effects have
many important consequences but were not found to be significant as regards

auxiliary propulsion.

Each of the disturbance sources were examined in some detail to describe
how each disturbance is generated. Also to define the distribution in

magnitude and direction, the variation with time and the functional
dependence on configuration, mass properties and mission parameters such as
altitude, orbit inclination and eccentricity. The results .of this task
provided the information necessary to estimate the disturbance effects on
each generic class or a function of the scaling factor in Task 3.

2.1 Literature Search
Existing bibliographies dealing with disturbances and passive attitude
control were brought up to date and reviewed. Some of these compilations

were extensive. The objectiVe of the review was to extract entries which
described the environmental field, defined the force and torque generatiny

mechanism and identified the important parameters. Applictions and
insignificant effects were screened out. The reduced set of references

appears in Appendix B and covers the following:
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General Surveys
Radiation

Gravity Gradient
Aerodynamic
Thermal

Orbit Drift
 Miscellaneous

O O O O O O o

2.2 Analysis of Disturbances
The important disturbance effects are described individually in the
subsections below:

2.2.1 Radiation Disturbances

In the analysis of radiation disturbances for earth orbital missions, three
sources of radiation require consideration. The primary disturbance is
from direct solar radiation which contributes both electromagnetic forces
from photons and a plasma force from the solar wind. A secondary
disturbance is earth illumination which can be reflected sunlight or
infrared emission. Finaf]y, small effects can result from spacecraft
asymmetrical radiation emission in the form of thermal hot spots or radio
transmissions. Each of these disturbances is examined below.

There are also three factors to be considered in the determination of
forces from any radiation source. The quality of incident radiation

determined by the intensity, épectrum, and direction 1is the first
determinant. Second, is the geometry of the spacecraft including the shape
of the surface and the location of the sun with respect to the spacecraft
mass center. Finally, the optical properties of the surface upon which the
radiation is incident or from which it is emitted must be considered.
Table 2-1 summarizes the radiation sources and force determination factors
to be used during this study.

Direct Solar Radiation
The two sources of direct solar radiation, photon pressure and the solar

wind plasma force, are separated by four orders of magnitude. The solar
wind is so much weaker than the photon radiation forces that its effect can

safely be ignored.
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TABLE 2-1

RADIATION DISTURBANCE FACTORS

SOURCES OF RADIATION

- I Direct Solar Radiation
A. Photons
B. Solar Wind

II Earth Illumination
A. Reflected Sunlight
B. Infra-red Emission

III Spacecraft Emission
A. Thermal Hot Spots

B. Radio or Power
Transmission

II

I1I
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FORCE DETERMINATION FACTORS

Incident Radiation Properties
A. Intensity
B. Spectrdm
C. Direction

Spacecraft Geometry
A. Surface Shape
B. Location of Sun

Surface Optical Properties
A. Reflection
B. Emission
C. Absorbtion




The sun provides essentially collimated radiation with a reasonably well
defined intensity and spectrum. The solar photon radiation may be
characterized by the solar constant I ynhich is the rate of which energy at
all wavelengths is received per unit area. The best estimate of this value
is 1353 + 20 W/m which when converted to force yields 4.513 x 10-6 N/m2.

Because this constant has units of force per unit area, it is often called

a pressure. This terminology can be misleading as the pressure here is in
reality a vector quantity not a scalar.’

The solar constant follows an inverse square law which is important for
interplanetary flight, however for earth orbit missions the only source of
distance variation is the eccentricity of the earth's orbit. The variation
due to eccentricity changes the value by 3.5 percent and can, for the
purposes of this investigation, be ignored. Solar radiation, therefore, is
. taken to be a constant of 1353 W/m from a collimated source.

Earth IT1lumination (Albedo)
In addition to the direct solar radiation falling on a spacecraft,

reflected radiation from the earth also exerts a preésure. The effect is a
maximum at noon and tends to partially cancel the direct radiation forces.
The earth and its atmosphere act as a diffuse reflector with the result
that the albedo radiation is not collimated. This considerably complicates
the determination of the resulting forces. Often these forces are ignored
on the grounds that their omission will lead to conservative estimates of
the total direct and reflected radiation effects. While this approach is
" often Jjustified, large vehicles in relatively low orbits can experience
significant relief from the albedo radiation and it may be important to
include the effect.

Assuming the earth to be a perfectly diffuse reflector obeying Lambert's
cosine law, the radiation emitted from an element of area dA. is kucos @ dA
N/m2 per unit solid angle in a direction inclined # to the surface normal.
k can be identified as the albedo coefficient and U is the incident
radiation. The radiation pressure at a distance r is

Tz
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directed along T~

The normal and tangential components of radiation on an area dA2, as shown
in Figure 2-1 can be expressed ‘

/” - _&_/ K tor B trx o¢ 24,

7 ~2
. ) femB A (2.2)
7 ~F ‘ ,
and
. /‘, - g /é(ﬂgf;ﬂo( %/9/
g 7 r?
Va ~7

where n is a unit vector from surface element dAz.

As a relatively simple application of the above expressidns, the normal
component of radiation pressure from the earth albedo will be found for a
flat plate oriented paralled to the Earth's surface. The geometry is shown
in Figure 2-2. Using equation (2.2)
vy - < %cf’//_f_azi@:i ALty (2.4)
7 : G =

directed a1ong‘5 . Lacking better information, k may be taken as constant
over the earth surface at the annual average value of approximately 0.34.

Taking ) ” )
AH = 2Py = B rin B8y

o) "

2z

4, = T femoxs —fz—'—/%@’—f/r/ (2.5)
g a 4

and 7 (@) is determined by the condition S=m/2

- A AN
Using axes i j k as indicated in the figure

— //
= L8 vf/’lxefz'hﬁta:rf 2 A 7 B > d

et

P = Gecey <oy
-2

%

T/
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FIGURE 2-1 RADIATION GEOMETRY
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FIGURE 2-2 GEOMETRY FOR EVALUATING NORMAL RADIATION FORCES
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When dJ = 7/ , 25 =0, sIx ﬂ(gj{,@hy/ = Z—cmé’(ﬂr/ (2.6)

/0
Defining 7’: 7_% , 507;/=f;77;/’ and substituting into ( 2.6) leads
to ] :
2= sn [y =50 ( 2.7)
¢ SinBriny '
The 1imit n (@) can thus be expressed Q7//5/ = %,4;/’ (2.8)

Curves of V/kU vs. aspect angle Y are shown in Figure 2-3 with altitude as
a parameter.

Earth Radiation

The other source of disturbance from the earth and its atmosphere is a
diffuse radiation with a spectrum approximated by the spectrum of a 288° K
bltack body. This temperature varies with the transparency of “the
atmosphere from 2180 K< to 2880 K with about 95 percent of the emitted
radiation originating from the earth or the lower  atmosphere. The
radiation is not collimated and may be treated in the same was as the earth
reflectance problem with the following result

A 2 2.9)
Z, = Cmrfﬁﬁﬂé’ (2.
o 7 [Eexs 2
where Ie = global average emmission constant (243 W/m )
dS = element of differential area on the surface of the Earth
d = distance from satellite to dS
1/ = angle between the normal to dS and d
Esss = earth surface as seen by satellite

Figure 2-4 shows the relative values of solar radiation, earth reflectance
and earth radiation for a spherical satellite for a range or orbit radii.

Spacecraft Radiation

Two sources of disturbance stem from the spacecraft itself. Thermal
hotspots resulting from an uneven temperature distribution and radio or
power transmissions from onboard antennas. The following expression gives
the thermal- radiation emitted by the spacecraft at any point (y,0) and
emissivity €(T):

[ﬁ/lﬂ/’—‘ 5/;'//,%’//2“74///4&7 in W/m (2.10)

52

)

)




)
PAERNN
LT AN
W T RN\
G T o S e S A

-60 -40 -20 0. 20 40 60 80
Sun Angle Y, degrees

FIGURE 2-3 NORMAL RADIATION FORCE ON A FLAT PLATE



INCIDENT RADIATION (W/m?)

-
SOLAR RADIATION
1000 |~
EARTH REFLECTANCE
100 - EARTH RADIATION
10 l
100 1000 10000

GEOCENTRIC DISTANCE (km)

FIGURE 2-4 RADIATION DISTURBANCE FORCES COMPARED

5

-~

)

)

)




For diffuse emission, the effective flux is normal to the -surface and of
magnitude 2/3 E (y,80). Radio and power source disturbances can be
calculated from the power densities and beam efficiencies of the
transmitter.

Spacecraft Radiation Torques

From the previous sections, the amount of incident radiation on a
spacecraft from solar, terrestial, and spacecraft sources may be
determined. The resultant force on the spacecraft is dependent on the
properties of incident radiation, geometry and surface optical properties.

When radiation falls on any surface, some of the incoming radiation is
absorbed and some is reflected. The character of the reflected radiation

depends on the surface properties and is rarely well defined. Generally,
jt is resolved into specularly and diffusely reflected components. In

specular reflection, illustrated in Figure 2-5, the incoming and reflected
radiation make equal angles with the surface normal. Diffuse reflection is

independent of the angle of incidence and the outgoing radiation follows a
cosine law, Figure 2-6.

The radiation forces are easily derived for absorbing, specularly
reflecting and diffusely reflecting surfaces. With incoming radiation I in

W/mz, the velocity of 1ight ¢ in m/s and angle of incidence # , the forcis
~are in N and can be broken down into normal (ﬁ) and tangential (s)
components. These forces are yiven below

Radiation from a completely absorbing surface

—~ g A
= g)/,;(ﬂg,‘fm 8 Jers & H (2.11)
Radiation from a completely specular reflecting surface .
=S ] A Z
ZLF = é.//-?n:r:ﬂ/mrﬁaﬂ (2.12)

Radiation from a complete diffuse reflecting surface

A = /f_’//,y?ﬂﬂﬁfg./ st Fin & Jear 8 2 (2.13)
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One can combine these expressions for a total incremental force given ¢
a

absorbtion coefficient, ¢ = specular reflection coefficient, and ¢
rm

diffuse reflection coefficient.

LF = /_:_7//—;? ;2'@4/ ,c//f—q:, ";ﬁ&/)%;//~ ,-_r/f};yé/cwﬂa//?' (2.14)
z

The general expression for the radiation torque acting on a spacecraft is

L, = Vs (2.15)
e
where L = radiation torque
v = vector directed from the spacecraft mass center to
element of area dA
dF = radiation force on element of area dA
ses = spacecraft exposed surfaces

The practical application of this expression involves a number of
approximations 1in the determination of df and in the inteygration over all
spacecraft surfaces. The usual procedure is to approximate these surfaces
by means of simple geometric shapes (planes, cylinders, cones, spheres,
etc.). Torque on these surfaces may be calculated separately and summed
over the individual components.

2.2.2 Gravity Gradient .
Although the generation of gravitational forces is imperfectly understood,
the empirical relations are well established. Two homogeneous spherical

masses will attract one another by a force

- Mo
A= VE.
where G is the gravitational constant; M and m are the two masses, and L is
the distance between them.

The earth is neither spherical nor homogeneous in mass, thus, its field is
not uniform. A more precise description of the field is given by

= T
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where U is the gravitational potential. The potential function has been
accurately determined from a study of satellite orbit perturbations.

Although the field anomalies are important for orbit determination, their
effect on gravity gradient torques is minor. For all practical purposes,
the perfect inverse sqdare field described by equation (2.16) will be found
adequate for disturbance analysis. Generally, the product GM is given as a

constant for a particular primary and is designated . In MKS units, for

earth
= -
= G = O E XD /)z;%‘ac"

If m is defined in kilograms and L in meters, the force is in Newtons. The
force is directed along the 1line joining the two masses. In orbit the
force on the satellite is towards the center of the primary body. (The
satellite also attracts the primary, but the effect is negligible except
when considering large natural satellites such as moons and planets). In
vector form equation (2.16) can be written

77

The force of gravity falls off with the square of the distance and
theoretically extends to infinity. However, when several bodies are
present, as in the solar system, a point is reached where opposing
gravitational attractions become equal. It turns out that the region in
which the attraction of one body predominates is a sphere. This has been
named the gravisphere, and its center is normally displaced from the center
of the body. It is only within a gravisphere that orbits can take place.

For earth the radius of the sphere is about 1.5 x 106 km.

The torques that stem from the gravity field are often called “"gravity
gradient" torques because it is the gradient of the field that generates
the torque. The mecahnism can probably best be understood by considering a
dumbbell consisting of two equal masses separated by a rod. Because the
force of gravity varies inversely with the square of the distance, it
follows that the mass nearest the center of the earth is attracted a little
more strongly than the mass farther away. A torque is thus produced
tending to align the dumbbell with the local vertical. It seems reasonable
to expect a horizontal orientation of the dumbbell to be a position of
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FIGURE 2-7 GEOMETRY
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unstable equilibrium. The forces are nominally equal, but any slight
rotation immediately increases the attraction of the lower mass at the

expense of the upper. At the other extreme, a vertical orientation would
be expected to represent a stable equilibrium in which the difference in
attraction reaches a maximum. Both these expectations turn out to be
correct. A

Another way of looking at gravity gradient torques is to consider the
center of gravity (CG) and center of mass (CM) of a body. Rotations take

place about the CM, but the CG (the point where gravitational forces are
effectively concentrated) will be displaced from the CM in an inverse

square field. The CG is always closer (or as close) as the CM to the
center of the earth. The moment of the force about the CM is the gravity

gradient torque. It is very small because the CM-CG displacement 1is very
small.

The gravity gradient torque on an arbitrary body can be found by
calculating the force on a mass element and summing the torque elements

over the whole body.

The gravitational force on an element of mass is

AF = - L7 clm

Pk,
If vectors E: ?: and 2; are defined as shown in Figure 2-7, the element of
torque is — - '

d A5 = ExE
Since ¥ = p + @, the torque can be expressed

A7 = L ZxZ o | | (2.17)

By using a binomial expansion, a first order approximation of /L2 can be

written .
2 L LS T ‘ (2.18)

Substitution of (2.18) in (1.7) Teads to

7= %%’.é‘/é‘x/a‘/c(m (2.19)

/h/
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If '[; and e are defined

< x
> - 5 ; é- ;/
~ C %

evaluation of (2.19) yields

7 _‘é el —aBL - D/B8%) Sy e-B)
(}J/ 4549 - BeF ~ /7/ i/ fmzji;§ q%y)

,(,,é///c[-ﬂcj ~F/a?-42) m//f%/// (2.20)

The quantities A through F are elements of the moment of inertia matrix,
defined

A
[Z ] = |or 2 -2
& =2 <

This is the general expression for the gravity gradient torque in body axes
on an arbitrary vehicle, arbitrarily oriented. In any given application
the components of O , i.e., a, b, and c, can be substituted for once the
transformation defining the body axis orientation is established. Suppose
body and orbit reference axes are related by the conventional ZYX sequence

x e
4= 7o z& 7% ])|x
3 Z,

where ¢ , § , and Y are the roll, pitch and yaw Euler angles,

Now p in orbit axes is simply -kp ; thus B’in body axes is

- plrs e 50 )|«

Evaluation leads to

@ = 77047b749

£ = _?J'fa%(o*f &

< = /0 60'_)"% f(fa'-g A
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and these values, substituted into (2.20) lead to

_‘2( Lo i L8 ALE % o P8 4 PP oy P
*%?'éi/carfﬁiﬂboz§€)7

DIindmrn 59 /Cbzr¢9b;;7£§i ?ky/és'éﬁnzrff—u727¢2/
Al-4) in 29cerd ]

;? - 24 (i rorBin 24 =2 Dsin 28 = ;257451’6%7» H ~ns)

. ; ,4{/-xszkb‘2594777¢t/7
If the body axes are chosen as principle axes of inertia, then D, E, and F
are zero, and the body axis torque expressions simplify to

% = G (-8 Jerr®Brin 35 S50
7 o () 528 o f2
ﬁ?i/ﬁ)rzﬂ ﬁﬂ/// (2.22)

If the orbit is c1rcu1ar-‘%/ can be rep]aced.&? If, in addition, the
angles are small enough to Just1fy small angle approximation

~ ;fi?z/?izi/kf
~ J'ife’?/(fﬁ/ﬂ
27 (4 -8/ fe ~ O (2.23)

N
"

—

N
N Y
e

(2.21)

&

\m

Wy Ny Ry

It should be noted that the yaw angle, ¥, nowhere appears in the torque
expressions and that the yaw torque is of second order compared to the roll
and pitch torques. For small angles, the roll and pitch torques are

proportional to the roll and pitch angles.
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2.2.3 Aerodynamic Disturbances

Aerodynamic effects on spacecraft are significant for orbital altitudes up
to approximately 1000 km. The forces due to radiation pressure and
aerodynamic drag and 1ift are of similar magnitude for altitudes between
600 and 1000 km, beyond 1000 km the radiation-related forces are typically
much greater than those arising aerodynamically. This analysis will,
therefore, treat only those altitudes ranging from 300 km (corresponding to
Tow earth orbit, the LSS construction and assembly environment) to 1000 km.

Knowledge of the characteristics of the atmospheric medium is essential for
analysis of the aerodynamic forces acting upon the structure. The Knudsen
number, defined as the ratio of the molecular mean free path to a
characteristic dimension of the spacecraft, serves as a convenient means
for dividing the flow into various regimes. The flow is classified as
continuum flow if the Knudsen number (K) is less than 10'2, as slip flow

for 1072 <K <107}, as transition flow for 107} <k <10, and, for K 510, as
free-molecular flow.

Using the above criteria, LSS configurations of classes IIB, IIIA, and IIIB
are found to encounter only free-molecular flow. Several members of

classes IA, 1B, IIA, and IIC have dimensions large enough to place them
within the transition flow regime. However, due to the approximate nature
of the estimated spacecraft dimensions and the absence of any
well-established theoretical or empirical understanding of transition flow
effects, it will be assumed for the purposes of this study that
free-molecular flow is encountered by all of the LSS configurations. By
definition, -the term "free-molecular" implies that each particle interacts
with the structure on an individual basis and that no inter-molecular
effects occur.

64




Given the assumption of free-molecular flow, there are three analytic
methods for the characterization of aerodynamic effects whose complexities
are low enough to render them sufficiently tractable and adequately general

to suit the applications of this study.

An expression of the form F = 1/2C ;)VZA (where C  is the drag

coefficient, p the atmospheric density, V the velocity of the vehicle
through the medium, and A the projected area normal to the flow direction)
may be utilized to estimate the gross value of the aerodynamic force.

Another technique makes use of the equation:
pr—st z . A A 124 y 4 4 .
AF = ok ot ) 8 )G w5 G ) (2.24)
where p , V, and A are as defined previously
Ops 0y ATe the normal and tangential momentum exchange
coefficients, respectively (properties of the surface material)

A
ev is the spacecraft velocity unit vector
%n is the unit vector outward from and normal to dA

The final approach to the problem of analyzing the aerodynamic forces
acting upon the vehicle involves the assumption of hyperthermal f1low
conditions, i.e., that the spacecraft speed is large relative to the
thermal motion of the atmospheric particles. The F = 1/2 CD;)VZA equation
is utilized to determine the forces acting upon each of the major
components of the vehicle. The drag coefficient is characterized in the

literature as a function of the ratio of the reflected and incident
particle speeds for various general structural shapes.

Certain assumptions must be involved with the utilization of any of these
techniques. However, the second analytic method outlined above appears to
be most appropriate for this study and will be described in more detail
below. The first approach was eliminated largely because of the degree of
approximation 1involved in the estimation of some characteristic value for
the drag coefficient (C = 2.6 is commonly used). The hyperthermal flow
analysis was abandoned because of the unacceptably large errors which can
be incurred for surfaces parallel to the flow.

65




When equation (2.24) is used to calculate the aerodynamic loads on the
various LSS configurations, it is seen that atmospheric density, vehicle
velocity and the normal and tangential momentum exchange coefficients are

the critical parameters.

Density 1is primarily a function of altitude but significant variations are
introduced by geomagnetic activity and a number of cylic effects. These
include a diurnal cycle, a semi annual cycle and 27 day‘and 11 year solar
cycles. Models of the density field have been constructed but these are
all empirical and correlation with measured values is only fair. The
U.S. Standard Atmosphere can be used for mean values but actual densities
can vary considerably as shown by the comparison in Table 2-2. If orbit,
time, date and solar activity data are available, reasonably good estimates
can be obtained from the model described in Reference Al5 of Appendix B.

The orbits travelled by the LSS vehicles under consideration will be either
circular (assembly and operation environments) or elliptical (encountered
primarily during transfer from initial point to final destination). As
such, the velocity of the spacecraft may be expressed as a function of the
vehicle's angular momentum. Maximum and minimum values will be found at
the periapsis and apoapsis, respectively. Table 2-3 summarizes the range
of velocity values which will characterize LSS spacecraft in the regions
where aerodynamic disturbances will be of significant concern.

Particles impacting on these space structures will adhere momentarily to
the surface and then be re-emitted at some velocity which describes the

degree of equilibrium attained between the particle and the structure. The
normal and tangential momentum exchange coefficients, in addition to the
thermal accommmodation coefficient, describe this process in detail and are
given in equation form below )

P :
e = ZZE - | (2.25)
Ay
where Ei = the energy carried to the surface by an incident particle
Er = the energy carried away from the surface by a re-emitted particle
ES = the energy possessed by a particle emitted with a temperature
equal to that of the surface.
5 - ZZ (2.26)
“ 7 -
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TABLE 2-2

ATMOSPHERIC DENSITY VARIATION
(SUNSPOT AND DIURNAL EFFECTS)

1976* Low Density Atm ok High Density Atm *k
Altitude* US Std. Atm (Nighttime Near Sunspot Min.)  (Daytime Near Sunspot Max)
300 1.92 x 10011 4.02 x 10712 9.70 x 10711
400 2.80 x 10772 319 x 10713 2.38 x 1071
500 5.22 x 10713 3.26 x 1071 7.22 x 10712
600 118 x 10713 5,07 x 1071° 2.51 x 10712
700 3.07 x 10714 167 x 1071 9.65 x 10713
800 .14 x 107" 9,37 x 10716 3.97 x 10713
900 5.75 x 10715 6.36 x 107'° 1.72 x 10713
1000 3.56 x 10715 4.64 x 10710 7.73 x 10714

*A1titude, km

**Density, kcg/m3
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TABLE_2=3
ORBITALLY-DETERMINED VEHICLE VELOCITIES

Perigee Apogee . Perigee  Apogee Perigee Apogee

Altitude Altitude Radius Radius Velocity Velocity
Comment (km) (km) (km) (km) (km/s) (km/s)
Circular - -- LEO* LEO* 7.726 7.726
Circular -~ -- GEQ** GEQ** 3.075 3.075
Circular 1000 1000 -- -- 7.350 7.350
Elliptical*** -- -- LEO GEO 10.152 1.608
E1liptical**** 300 1000 -- -- 7.916 7.165

* Low Earth Orbit, Altitude = 300 km, Earth Radius = 6378 km
** Geosynchronous Orbit, R 59 ~ 42164 km

***  Maximum Velocity Conditi

at Perigee

**%%  Minimum Velocity Condition at Apogee (Largest orbit with continual aerodyanmic

effect)
h2 = ua (1-e2)
2a = rattp
e="a"p
ra+rp
r.r
a p

3

km

gravitational parameter, 3.986012 x 105 >
S

Where: u

a = semi-major axis of orbit

e = eccentricity of orbit

rys', = radius of orbit at apogee and per1gee
P respectively.

v_,v_ = velocity at apogee and perigee, respectively.
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the tangential momentum carried to the surface by an incident

particle

T = the tangential momentum carried away from the surface by a
re-emitted particle

T = the tangential momentum carried away from the surface by a

re-emitted particle in thermal equilibrium with the surface

((X=1). - - /Q”Z/)*
2 2. _/?

<

(2.27)

where Pi’ P and P refer to the particle normal momentum values and are
defined simifar]y to 7, 7,and T .
i r 'S

Particles may be re-emitted, or reflected, either specularly or diffusely.

For completely diffuse reflection, 7 = T =0 and o = 1, independent
of thermal accommodation. For comp]gtely Sdiffuse re?]ection and 100
percent thermal accommodation ( a = 1), P =P and ¢ = 1. The thermal
accommodation coefficients of materials comﬁon]ysused inn space structures
have values which 1ie primarily between 0.87 and 0.97. Past analyses have
shown the reflection of particles to be predominantly diffuse. Recommended

average values for oh and qt range between 0.80 and 1.0.

An exercise using this technique for several bounding cases has been
conducted, the results of which are presented in Table 2-4 on a force per

‘unit area basis. These values represent the aerodynamic forces which

correspond to the maximum and minimum loading conditions (maximum and

- . . . . 0
minimum velocity and density, respectively) for surfaces oriented 90 and

45° to the direction of flow. The values used for the atmospheric density

and vehicle velocity were drawn from Tables 2-2 and 2-3; the tangential and
normal momentum exchange coefficients were each assumed to have a value of

0090.

It is important to note that the aerodynamic loading predicted through
application of the technique presented herein corresponds to forces acting

on solid surfaces. Much of the material involved in the various LSS
configurations will consist of truss assemblies, RF mesh, etc. Reasonable
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TABLE 2-4
APPLICATIGNS FOR EXTREME CONDITIONS

Velocity-Surface Force Per Unit Area (N/_2)

0L

)

Comment Perigee Apogee Unit Vector Angle Parigee Apogee
Max. (Radius) (Radius) 0.0 -(0.0004en+0.0018e\) (Not App]icab{e)
Velocity LED GEO (No Aerodynamic Effect)
2 :
Density
Max. (Radius) (Radius) 459 -(0.0002¢_+0.0013¢, ) (Not Applicable)
ée]OC1ty LEO GEO . (No Aerodynamic Effect)
Density
Min. - (Altitude) (Altitude) 0.° -(o.ooozen+o_oor1ev) _-(3.55X10'3 e, + 1.645x10’7 ev)
Velocity 300 km - 1000 km :
& .
Density
Min. (Altitude) (Altitude)  48° -(0.0001e_+0.0008e, ) -(1.83x107 e + 1.16x10"e, )
Velocity 300 km 1000 km
&
Density
) ) J ) ) ) J ) ) ) /) / L/ J/
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estimation of the loads which will actually be experienced may be achieved
by applying factors to account for the transmissivity of these elements to
the forces predicted for identically-sized solid structures.

2.2.4 Magﬁetic Disturbances
The interaction of a satellite with the earth magnetosphere is represented
by the simple equation:

l/\
| - _
— where M = the equivalent magnetic dipole of the
spacecraft
B = the vector describing the ambient magnetic field
{/’\ T = the resultant torque acting upon the vehicle.
o~ Analysis of these disturbances requires characterization of the earth's
magnetic field, estimation of a given configuration's magnetic dipole and
determination of the orientation of the spacecraft dipole within the Tlocal
o . .
/ magnetic field. .
S Earth Magnetic Field Model
The geomagnetic field 1is both complex and dynamic in its distribution,
magnitude and direction. Near the surface there are Tlocal variations in
a
' the field caused by ore deposits. Beyond about five earth radii, the field
becomes increasingly distorted due to interaction of the field with the
g solar plasma. Empirical models have been developed and the spherical
harmonic expansion can provide accuracies of about 0.1 percent below five
- earth radii. Simpler models, which are actually truncations of the
spherical harmonic expansion, offer simplicity at the expense of accuracy.
—~ Common models are
o Offset tilted dipole (quadrupole model)
— 0 Centered tilted dipole
o Centered, spin axis aligned dipole.
- The centered tilted dipole (first three terms of the expansion) provides
accuracies of about three percent between two and five earth radii and will
— be used below. At 300 km, errors can reach 60 percent in magnitude and 33°
e 71
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in direction. At synchronous altitude (about 6.6 earth radii) the errors
drop to four percent and two degrees, except during periods of geomagnetic
storm activity.

Because of the Tlength of the equations describing the field they are not
included in the text but are presented in Table 2-5. The associated
coordinate reference frames are given in Figures 2-8 and 2-9. Figures 2-10
and 2-11 provide a graphical representation of the field's spatial
distribution and magnitude.

The dynamic behavior of the magnetosphere is composed of both secular
(small scale, continuous changes due to variations of field sources within
the earth) and temporal (short term but severe in magnitude, usually
arising from geomagnetic storms or fluctuations in solar activity)
elements. In general, only the temporal variations may be assumed to be of
significance. Howevér, it is difficult to characterize the specific nature
of these variations; severe changes in magnitude and complete reversals of
field direction can occur particularly at high altitude. In order to
accommodate the distortions and uncertainties associated with these
effects, variations of + 50 percent and 1200 in the magnitude and direction
of the magnetic field is included in the analysis.

Spacecraft Magnetic Dipole

The elements with the most potential of establishing a significant magnetic
dipole within a spacecraft are current loops and materials subject to
permanent or induced magnetism. Contributions from these components may be
altered through interaction with the magnetic environment; for example,
eddy currents may be produced within current loops and hysteresis effects
may be generated within permeable materials. Certain functional spacecraft
components also possess magnetic properties of some significance
(batteries, tape recorders, transistors, capacitors, etc.).

The magnitude of the resultant magnetic dipole may be limited to those
caused by permeable materjals used within the spacecraft structure if

appropriate design techniques are utilized. The backwiring of solar arrays
(significant sources of current 1loops effects) and the mounting of

batferies in pairs with opposing dipoles are two such procedures. Eddy
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TABLE 2-5

GEOMAGNETIC FIELD CENTERED TILTED DIPOLE MODEL

z 7 /

Zfz 2 - /6%/4//é30 & + f‘/,‘éﬂ( /,¢,(9.ﬁ&"5gzﬁﬂz/;7
J /Z JRE T onE T AL J
: A

— 4 2 2 72 72
/42?7/ = // C '*'2?9 * ‘if //

where RE = earth radius = 6371.2 km
R = geocentric radial position of satellite
g,° = -30401.2 nT

g = =2163.8 nT

1
hi = 5778.2 nT
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" EQUATOR

SPIN AXIS

LOCAL
MERIDIAN

GREENWICH

MERIDIAN
GEOCENTER e NORMAL TO
SPHEROID
\Y
£
xl
OSLATE
SPHEROID
SYMBOLS
Xz Positively directed along intersection of Greenwich
Meridian and Equatorial planes
Zy Positively directed north along Earth's mean spin axis
Yz Z,> X,
N Geocentric longitude, measured positive eastward from
Greenwich meridian to local meridian
& Geocentric latitude, decliaation measured positive north
(geocentric and geodetic latitude differs by 11.6 minutes
maximum at 45° latitude.)
0 Geocentric colatitude = 90° - §
R, Mean Earth radius, 6371.2 km
1 S Geodetic longitude = geocentric longitude
¢ Geodetic latitude, measured positive north from
Equatorial plane to normal to Spheroid
DEFINITIONS

Dipole North Pole.—Dcfined by axis of calculated central dipole whose magnetic ficld is
best fit to main geomagnetic field over Earth's surface and whose axis passes through
geocenter. Defined to be at 78.5°N, 69.0°W in northwestern Greenland.

Dipole Equator. -Defined as great circle of spherical Earth which is normal to centrat dirole
axis.

Dip Nocth Pole. ~Shifting point on Earth's surface where geomagnetic ficld lines are vertical.
Location changes by a few kilometers during any day in response to transicnt magnetic
fields. Located northwest of Hudson Bay at about 73°N, 98°W.

Geedeti~ to Dipole Trasformation.- This is defined by the following equations (ref. 11):

cos ¢ sin (A - 291°)
cos ¢

sin A =

sind = sing cos 11.7° + cos ¢ sin 11.7° cos (A - 291°)

FIGURE 2-8 GEOCENTRIC COORDINATE SYSTEM (FROM NASA SP 8017)
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75




9.

&0°

40°

20°

Geographic latitude
?
apnyiie} d1ydessoay

20°

40°

o
o
[«]
-
>
2
54
)‘/5
[ —
-
] —
[ o]
o
1S
©
on_
]
N
~- Q A
-8
TS
-& .
&
S

)
2tV

T
P *.

60°

W7 - . / 7
1 - ¢
80° - -t AEW | 80°
40° 80° 100° 120° 140° 160°F 180° 140°W 140° 120° 100° B0° 60° 40° 20°W 0° 20°F 40° 60° 80° 100°
Geographic longitude ’

FIGURE 2-10 COMPARISON OF GEOGRAPHICAL AND GEOMAGNETIC COORDINATE SYSTEM (CURVED LINES ARE
GEOMAGNETIC COORDINATES SUPERPOSED ON A GEOGRAPHIC MERCATOR PROJECTION) (FROM NASA SP 8018)

D) ) ) ) )



NUMBER
REV LTR

wy
i) it d - 0
HUHTH H g =2 —
i i = : |
1 ., H o LW L 3 .uv..hw, w.n.(
_ T HilisEicasana®
1 Hl i T 1 - ¥ 4 - 1 1-
g - H -1 - " - -
1 i L] Hil bR i 3 4 . [ 1z
Wt o . geg 1T
i M | o [F e e i VL\,V“
M LY T3} AL ATA A
] . _ . LT | ]
A -
H T —1N HH " L - J. ©
HHELH .ﬂb. za3E] E 35 < i H =41 —
g 8 HE £ r RE P .
G HHHHT e T AT H T N
5 g i it g qn
1 [ i H H ] ARG E ER if L
= - . T N ' ES =3 = .
i EiERISEEEET THHE S E 1 "
Bt R T i H E S3EEEEEES H E
H{HFE ] ] 2. = oy i nad - + ~F: 3 1
dhisinis £33 A TR Hi =5 i RO T
HTH T A A A [ =28 3 i TEEREEL

T
ot
B

+
T
-
. ¢
N
X
]
N
* R
St
o
1
i
1
19
T
T
L
1
14
1
1>
I
T
I
t
7
I
T
3

ALTITUDE (kM)

heal ‘”EI”G COMPANY

HHIA ‘\ \,‘,m.,\&bny ! ,.nx”,y\ - i - ...H;.,.;M.N
[ A -1~ ! AT T ] 1"
— H J f [ ] 1 ] T 1 k A2057.
il
A ) 1 ! 1 T
il N | T
| i,
: nlv -‘1 H = \.W 13 H SRE
: i . == L st
Hi EES e e :
HH 1 il : f 4=
| ERS filiiee 1 TH I o5 e B 1 i
i I e e H H : EEE s
HHH it iisRcEcEw i 3 o o i i v
ik AUl (1 e gEesEaEa =R, I i IEREEEEF ] I
o
—

~ e B [} ] “ 80 N @O 0 " o 00N v BN o 2] o

9 (Lu) *vISN Xp~ 1 aduu.JMan\a&szwsi Mw
\

+
ﬂ A z.u.._.h. 1m0 _ un#uh h A//L vd I.V, _N‘M.muf JmmJF . dzf/ f/

77

FIGURE 2-11 THE GEOMAGNETIC FIELD
SHEET

<1 4802 7020 ORIG. 3/71




current and hysteresis effects, are generally of second order and fall off
with the inverse of the sixth power of the geocentric radius. Thus, at
geosynchronous altitudes, these may be assumed negligible.

It will be assumed that the only contribution to the spacecraft magnetic
dipole arises from the permanently magnetized structural elements within
the assembly. A reasonable guideline for estimating the dipole moment of
spaceéraft flown in the late 1960's and early 1970's is 10-2 A-mz/kg (drawn
from NASA SP 8018, March 1969). Application of these scaling factor to LSS
vehicles should yield very conservative results since these configurations
will be composed almost exclusively of non-magnetic materials (aluminum and
graphite epoxy).

Torque Calculation

As mentioned previously, the equation T=MXTE may be utilized to provide
a reliable estimate of the magnetic disturbance experienced by a given
configuration. The maximum magnitude of this disturbance is established by
assuming the vehicle to be fabricated completely of magnetically permeable
material, the ambient magnetic field to be at its worst case value and
these two vectors to be mutually perpendicular. Sample calculations for
the Solar Power Satellite (SPS) are shown below:

( x B, = /W8
/7 = 8.18x10™° A-m?
JB/ = 180 nT

(M x B),_, = 0.15 Nm

Thus, the magnetic disturbance torque experienced by any of the
geosynchronous spacecraft will be 0.15 N-m or Tess. Corresponding values
for vehicles in non-synchronous orbits are typified by the Multinational
Energy Distribution satellite (556 km orbital altitude) and the tetrahedral
truss version of the Soil Moisture Radiometer configuration (1000 km
orbital altitude): 0.006 N-m and -.087 N-m, respectively.

The significance of the magnetic disturbance effects may be determined by
comparison with the other disturbances experienced by a given spacecraft.
For the SPS, the net force .due to solar pressure disturbances is 505 N and

that required to counteract the gravity gradient influences is 1525 N.
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Allowing a nominal length of ten meters for the moment arm the
corresponding torques are 5050 N-m and 15250 N-m.

The Tlevel of the disturbance due to interaction of the spacecraft with the
magnetic field is seen to be several orders of magnitude less than those

arising from other sources.

2.2.5 Thermal Disturbances

The temperatures and thermal disturbances, characterfzing the various LSS
configurations must be determined principally on an individual mission
basis. _ Parameters of key importance are orbital and orientation
requirements, geometric configuration, structural component characteristics
and construction materials. The general nature of this study precludes the
performance of the detailed analyses necessary to accurately predict the
respective temperature history and thermal response traits of the various
spacecraft. However, several relevant qualitative conclusions and
guidelines may be drawn from other recent studies involving LSS vehicles.

Low orbital altitudes are characterized by direct and reflected solar
fluxes, earth-emitted vradiation and frequent occultation. In
geosynchronous orbit only directed solar radiation is of significance and,
for non-ecliptic orbit planes, occultation is infrequent and brief.

Figures 2-12, 2-13 and 2-14 summarize the general magnitudes and variations
which characterize these elements of the natural thermal load environment.

Figure 2-12 shows the simple cosine relationship between ambient solar flux
intensity at 1.0 AU (ﬁs) and the intensity incident upon a plane surface

(qn), i.e.,

Gn = grcmd (2.29)

Seasonal variations in q  effects of the divergence of the flux, and basic
uncertainty yield a + 4.2 percent tolerance on the curve.

In Figure 2-13, the incident earth reflected flux is shown as a function of
geometry. The reflected thermal radiation is based on an earth albedo

(reflectivity) of 0.36 and assumes "diffuse reflection from the earth
surface. The local value of the albedo can vary significantly from the
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FIGURE 2-12 DIRECT SOLAR RADIATION
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average caused by earth surface character and cloud cover. Reflection may
also deviate significantly from the diffuse condition.

Earth emitted flux is shown in Figure 2-14. The heat received at the
satellite surface is

Sn,e e (2.30)
where qe = flux emitted at the effective earth surface
F = radiation view factor - isothermal sphere to planar
element
F = function of h and A

e
qe varies diurnally, seasonally, and locally, but not by large amounts.

In general, for both high and Tow earth orbits, the periods of occultation
result in a progression toward a uniform structural temperature
distribution. Thus, there is only a very small probability that critical
thermal deformations will occur during times of shadowing. It is important
to note that this observation is valid for the symmetric, repeating truss
module type assemblies characterizing the majority of the LSS vehicles.
However, very different effects may be encountered in specific appendayges
of a given configuration; for example, 1long, slender flexible arms
constructed of materials with widely varying thermal expansion
characteristics have been found to exhibit behavior very similar to that of.
a bimetallic strip when passing from solar illumination to occultation

conditions.

Satellites 1in low earth orbit are characterized by relatively high overall
temperature levels with the potential for pronounced cyclical temperature

variations. Orientation is of prime importance for geosynchronous vehicles
as illustrated in Figure 2-15. Sun-facing configurations encounter an
essentially constant solar flux while the solar environment of earth-facing
vehicles varies continually. Due to the absence of energy loads induced
via earth albedo and emission, the temperatures characterizing
geosynchronous structures are typically Tower than those of low altitude
satellites.
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FIGURE 2-15 SATELLITE ORIENTATIONS IN GEOSYNCHRONOUS ORBIT
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Recent studies have shown that no significant overall structural curvature
is exhibited in a natural radiation environment (direct solar or direct
solar together with earth-reflected and emitted radiation) by
configurations composed of repeating truss moduli. Truss assemblies
experience little member-to-member shadowing and are therefore chaacterized

by little thermal distortion in this environment.

The presence of non-uniformly distributed onboard heat sources (RTG's,
PPU's, radiators, etc.) and large scale shielding and/or reflecting
surfaces, such as solar cell banks and antenna arrays, can giVe rise to
significant structural disturbances.The distortions produced by non-uniform
onboard heating are approximately proportional to the source power levels.

The chief impact of shielding and reflecting surfaces 1lies 1in their
influence upon both the level and distribution of temperatures within the
structure. These effects are particularly noticeable for earth-facing
satellites in geosynchronous orbit where there is no potential for

modulation of the shadowed members' environment by earth-based radiation.

Joint conduction effects are rendered effectively negligible by the long
slender nature of the individual structural elements for all but the most

detailed thermal analyses. In general, these components are characterized
as being isothermal. However, 1if the member cross-section 1is not
sufficiently small or the length/diameter ratio not adequately large, then
significant temperature distributions may be established and produce
non-trivial bending moments within the element. At this Jjuncture, the
member end conditions become of critical importance - rotating joints will
permit the distribution of these bending loads throughout the structural
assembly whereas rigid Jjunctions will result in the deformation of the
stressed element.

Thermal disturbances in LSS vehicles may be minimized through the
utilization of construction materials possessing low thermal expansion
characteristics and high rigidity. In general, high values of thermal
conductivity will promote the establishment of uniform temperature
distributions within the individual members. High thermal capacitance
minimizes the time rate of element temperature variation:

414/Q —~ X AT
LA ATHA ~ Q
cd7/at ~ 4
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where k = material thermal conductivity
A = member cross-section normal to heat transfer direction
AX = distance within member across which temperature difference
AT exists
Q = quantity of energy being transferred across member

Graphite epoxy composites and structural aluminum (e.g., 6061-T6) typify
the property extremes of candidate LSS materials, possessing respectively
Tow and high values of thermal conductivity and coefficient of thermal
expansion.

The most .pronounced mission-related impacts of LSS thermal environments lie
in the possibility of shape change in contour-sensitive components such as

antennas. These influences may be most easily controlled via conventional
linear actuator type mechanisms. Thus, the damping of thermal disturbances
will probably not play a significant role in the determination of first
order characteristics and requirements of LSS auxiliary propulsion systems.

2.2.6 Orbit Perturbations
The orbit of an earth satellite deviates from that described by a pure

conic section by an amount proportional to the perturbing influences acting
upon it. Consequently, in-flight course adjustment may be necessary in
order to. facilitate satisfactory mission performance. This can be
accomplished by on-board auxiliary propulsion systems operating in either a
continuous or periodic mode.

Of the various LSS vehicles | considered within this study, the
stationkeeping requirements of those in geosynchronous orbits are most

significant. There are three primary long-term perturbations on the orbit
of a 24-hour stationary (equatorial and circular) satellite: the longitude

drift due to the triaxiality of the earth, the Tlong term increase in
inclination of the satellite's orbital plane due to 1lunar and solar

perturbations, and the change in eccentricity caused by solar radiation
effects. These three perturbations are essentially independent of each

other.
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The analysis is restricted to geosynchronous orbits and involves the
determination of the velocity increments required for orbit maintenance in
the presence of these major disturbances. The corresponding acceleration

levels are calculated for both continuous and periodic correction.

Triaxiality (East-West Stationkeeping)
Triaxiality (earth's oblateness and equatorial ellipticity) gives rise to

orbital perturbations due to the .longitudinal. variation of the earth's
gravitational field. In effect, a satellite is found to oscillate, or
librate, about some localized well within the gravitational potential
field. There are four points at which the satellite could theoretically
remain stationary, symmetrically located as extensions of the principal
axes of the equatorial ellipse. The two points of the minor axis
correspond to positions of stable equilibrium while those of the major axis
are positions of unstable equilibrium. The libration induced by only the
first order effects of the gravitationa] field leads to the location of the
points of stable equilibrium at 75° E and 105o W longitude. It is about
one of these two sites that a satellite will oscillate.

Inclusion of higher order harmonics in the analysis results in the
displacement of the actual physical location of the points of stable and
unstable equilibrium by 2° or 3% The net increase in Tongitudinal

acceleration experienced by the satellite due to these higher order effects
is approximately 10 percent. Thus, the consideration of only first level

quantities will yield acceptably accurate results.

The average annual AV requirements for Tongitudinal stationkeeping are
given by the equation:

AV = 5.64 sin 2(A+15) (ft/s) - (2.31)

where A = longitude in degrees east of Greenwich

The longitudinal variation of this quantity is described in Figure 2-16
along with the location of the points of stable and unstable equilibrium.

The AV requirement is found to be maximum for those Tlongitudes midway
between these points.
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Orbit Inclination (North-South Stationkeeping)
The orbital plane rotation due to the gravitational attraction of the
satellite by the sun and moon may be characterized with an equation of the

form:

i=A sinBcosO(o/yr) (2.32)

where i = average annual orbital inclination change
A

a quantity whose value depends on the body
creating the effect

@ = the inclination of the equatorial plane with respect

to the ecliptic or lunar orbital planes

the quantity A is actually the slope of a curve describing the periodic
variation of the satellite's Tlatitude. For approximately the first ten
years of this cycle (corresponding to low cumulative values of
inclination), the slope of the curve 1is approximately constant.
Stationkeeping acts to confine a satellite to this region of essentially
nonvariant slope. Thus, constant values may be reasonably ascribed to the
variable A in the equation given above.

For the sun, the value of A is 0.74°/yr and the earth's declination (@) is
approximately 23.5° and constant. Thus, the solar-induced out-of-plane
orbital perturbation is found to have an average value of 0.270°/yr. The
magnitude of the 1lunar effect varies, due to the periodic change of the
moon's inclination relative to the earth. Figure 2-17 summarizes the
charactristic variation of the angle between the lunar orbital and earth
equatorial planes. A worst case analysis may be made by assuming a
relative inclination of 28.7°. The lunar-related value of A is 1.61°/yr.
Thus, the corresponding satellite orbital inclination change, due solely to
the action of the moon, can be as severe as 0.678°/yr. The combined Tlunar
and solar effects are shown in Figure 2-18.

For the small angles involved in these latitude correction maneuvers, the
required annual velocity increments may be approximated as:

AV =A¢AVGEO (ft/s=yr) : (2.33)

where A¢= required satellite orbital plane inclination change,
rad/yr
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ANGEO = tangential velocity of geosynchronous satellite,
approx. 1.0085 x 10 ft/s

Thus, the annual north-south stationkeeping requirements due to luni-solar
induced orbit perturbations are summarized by the equation

////;‘7/\0»&(05&} //é/ﬁn/za:rzwme (40985 x 0™ //ff’c (2.34)

5”6 0/2/;'
This equation 1is plotted in Figure 2-19 and reflects the variation of the

inclination of the lunar orbital plane.

Orbit Eccentricity (East-West Stationkeeping)
Solar radiation pressure acting over a period of time will change orbit

eccentricity. An originally circular geosynchronous orbit will gradually
become eccentric and cause satellite oscillations in an  east-west
direction, thus adding to the earth's triaxiality effect.

To minimize propellant consumption, two pulses could be delivered for
station correction, each 12 hours apart. These pulses would control the

line of apsides such that the projection of the earth~-sun line into the
orbit plane is coincident with the earth-perigee line. In the case of
rigid satellites, the two pulses/orbit solution poses no problems; however,
for flexible bodies, it is desirable to have more than two pulses/orbit-and

continuous thrust may be required for very flexible structures or extremely
tight stationkeeping requirements.

The results of a study entitled "Stationkeeping of High Power
Communications Satellites" (NASA TMX-2136) are pertinent. The assumptions

used are compatible with this analysis; namely, geostationary orbit, flat
plate or projected areas and area to mass ratios greater than 0.05 square
meters per kilogram.

The effect of solar pressure is to change eccentricity (e) and orientation
of the apsidal line. There are, therefore, daily longitudinal oscillations

with an amplitude equal to 2e radians. This 1induced eccentricity also
causes a daily oscillation in orbit radius equal to ero, With the

assumptions stated, the perturbing acceleration of the satellite due to
solar pressure is
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T = - SKU \ (2.35)

where U is a unit vector from the center of the earth to the sun,
S is the solar constant at 1AU

k defined below

A
k=(l+o)m
gis reflectivity
A/m is area to mass ratio

In TMX-2136, four methods of correcting the rise in eccentricity are
identified. The first two methods yield a high specific impulse low
acceleration thruster system. These methods are most applicable to a large
flexible structure and will be used to define AV requirements.

Method 1 Continuous thrusting toward the sun.

FrS# (2.36)

The AV per year is g7 = 7

where Ais the mean angular velocity of the earth's orbit
about the sun (2 rad/year)

and acceleration level is

a = Sk
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Method 2 Circularize the orbit when e = e*

Here tangential thrusting is used to circularize the orbit when a certain

tolerance is reached. Let AALS denote the maximum allowable longitude
excursion in radians, then e* = 1/2 AL . The parameter'/? is defined as the
ratio of maximum allowable eccentricity to the maximum eccentricity that
would result from an initially circular orbit (assuming no stationkeeping).

*
ﬁ_—. € = o4 fléf with L 1in degrees.
&b £ s

Using this method, AV per year is

_ SRy [ AT / ) 37
av = 2 N 2enps JZn/é’/) (2.37)

and acceleration

1’[ g7 :
a = //{/fzmé/%/ - (2.38)

with p = duty cycle thruster on time/orbit divided by orbit period

e
i

angular velgcity of Earth's rotation about its axis
(7.29 x 10°° rad/sec)

For purposes of illustration, a graph showing required AV versus duty cycle
for values of/?rang1ng from O (no tolerance) to 1 has been generated in

Figure 2-20 for an area to mass ratio of 0.1 m /kg.
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The value of AV obtained by using continuous thrusting to directly
counteract solar préssure is a factor of 1.18 less than that obtained by
using the tangential thrusting with ﬁ3=0 and p=1. For purposes of
generating the forces and torques required, continuous thrusting will be
assumed and it will directly counteract solar pressure.

To illustrate the actual AV requirements for east-west stationkeeping due
to solar pressure, Table 2-6 was generated. This table shows the area to

mass ratio of each of the structures considered as well as yearly AV
requirements using method 2 with approaching 0. The sizes of each class
were reduced to three discrete categories representing a small, medium and
large size. The effective area/mass ratio differs from the total area to
mass ratio for the RF mesh antennas and truss structures without a solid
surface covering. The effective area for solar pressure calculations is
taken to be 5 percent of the actual area for RF and truss structures.
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GENERIC
CLASS
1A PLATE
18 CROSS
I1 A BOX
11 B MODULAR
ANTENNA
II C MAYPOLE
ANTENNA
111 A OAF

111 B SERIES OF
ANTENNAS

SIZE

SMALL (30 M)
MEDIUM (700 M)
LARGE (21,000 M)

SMALL (40 M)
MEDIUM (500 M).
LARGE (4000 M)

SMALL (82 M)
MEDIUM (600 M)
LARGE (1300 M)

SMALL (15 M)
MEDIUM (60 M)
LARGE (200 M)

SMALL (30 M)
MEDIUM (250 M)
LARGE (1500 M)

SMALL (15 M).
MEDIUM (35 M)
LARGE (60 M)

. sMaLL  (2)

MEDIUM (6)
LARGE  (10)

"SINGLE SHUTTLE LAUNCH

1 PLATE
STRUCTURE

W/0 BLANKET

11  PLATE
STRUCTURE
W/BLANKET

111 MODULAR
ANTENNA

IV SERIES OF
ANTENNAS

SMALL (30 M).
MEDIUM (100 M)
LARGE (250 M)

SMALL (30 M)
MEDIUM (100 M)
LARGE (150 M)

SMALL (15 M)
MEDIUM (60 M)
LARGE (200 M)

SMALL  (2)
MEDIUM (3)
LARGE  (4) -

A/M

M2/kg) !

1.33
1.33
1.33

071
071
071

.027
.027
027

.186
449

1.085

7.03
101.08
661.08

147
305
501

+145
.145
.145

.865
4.014
11.055

.438
.572
.598

.165
.433
1.980

.826
.802
.764

1 INCLUDING SOLAR ARRAYS WHERE APPLICABLE

EFFECTIVE A/M
(M2/kg) !

1.33
1.33
1.33

.004
.004
.004

002
.002
.002

.104
117
.135

.350
5.05
33.00

.036
.044
.053

.012
.012
.012

.043
.»201
.553

.438
.572
.598

.091
.113
.236

.085
.085
.084

AV/YEAR
(M/S)

151.9
151.9
151.9

.457
.457
.457

.229
.229
.229

11.88
13.37
15.42

39,98

576.91
3770.0

4.11
5.03
6.05

1.37
1.37
1.37

4,91
22.96
63.17

50.04
65.35
68.31

10.39
12.91
26.96

.71
9.71
9.71

TABLE 2-6 DELTA-V REQUIREMENTS FROM SOLAR PRESSURE
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3.0 ESTABLISHMENT OF AUXILIARY PROPULSION SYSTEM CHARACTERISTICS

AND REQUIREMENTS
Perfect spacecraft control will be achieved when the control forces and
torques are continuously equal and opposite to the disturbance forces and
torques plus the necessary stationkeeping and maneuver forces and torques.
This ideal, distributed, method of control can rarely, if ever, be met. In
most cases, the control actuators will be localized in a ‘'small number of
discrete positions. Practical considerations dictate that thrusters be
located on relatively rigid portions of a structure avoiding, for the most
part, such things as deployable antennas and solar arrays. The plate,
cross and box structures, however, are more homogeneous than the other
alasses and are candidates for a distributed control system. |

The purpose in Task 3 was to evaluate the disturbance forces and torques
acting on each generic class and from these to define the thrust levels
required to provide control. Additional objectives were to determine the
important APS characteristics that affect control performance, define areas
of interaction and examine the impact of restricting the vehicles to those

launchable by a single shuttle.

Before evaluating the disturbance forces and torques, it was necessary to
establish some groundrules in order to isolate the maximums and establish a
basis for comparison. Four conditions were selected which covered the
entire range to be expected. These were: (1) maximum forces and torques
in LEO, (2) maximums in LEO-GEO transfer, (3) nominals at GEO and (4)
maximums in GEO. In addition, it was necessary to define the vehicle
orientations in each of the four conditions. Once the control forces and
torques were found it became possible to determine the thrust levels that
generate them. This process requiked assumptions to be made on thruster
locations in each of the classes. '

Auxiliary propulsion system characteristics and characteristics
sensitivities were addressed in the next two subsections. First the
various control tasks that are needed to implement attitude control, shape
control and stationkeeping were examined to determine the important APS
characteristics. A matrix was then developed of control task vs. APS

characteristic to define the areas of interaction.
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The Tast task in this section is an assessment of the impact on disturbance
effects, thrusts required and APS/LSS interactions as a result of
restricting vehicles to those launchable by a single shuttle flight.

The results of Task 3 define quantitatively, the range of thrusts needed
for control in each generic class and also identify in a qualitative way

other important APS characteristics and sensitivities.

3.1 Analysis of Control Forces

Radiation and aerodynamic forces, gravity gradient torques and orbit
perturbations are significant effects that require control forces to
overcome. The force and torque dgenerating mechanisms have been discussed
in Section 2.2 and expressions developed for estimating the direction and

magnitude of the effects. The two other disturbances examined - magnetic
and thermal - have a lesser impact.

Magnetic disturbance torques are caused by the interaction of a Tlocal
satellite field with the earth's magnetic field. The torque is given by
the vector cross product of the ambient magnetic field and the magnetic
dipole of the spacecraft. The inherent ‘uncertainty in determining the
magnetic dipole makes the determination of quantitative values difficult.
Some estimates have been made based on previous studies and the results
indicate that magnetic disturbances are at least an order of magnitude
below the torques imposed by gravity gradient and radiation effects. For
these reasons magnetic disturbances will not be evaluated.

Thermal disturbances arise from an uneven temperature distribution across a
given structure and are caused by factors such as orbit, orientation,

geometric configurations and individual component material characteristics.
The sources of heat for the structure are both external and internal.

External sources are direct and reflected solar fluxes and earth-emitted
radiation. Internal sources may result from PPU's, radiators, RTG's, or

onboard experiments. Generally, it has been determined, based on previous
work, that thermal disturbances will not play a significant role in the

determination of LSS/APS characteristics and these effects too can be
ignored.
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3.1.1 Analysis Conditions
Before proceding with the evaluation of disturbance effects on the seven

generic classes it was necessary to set some groundrules. The opérating
condition can range from 1low earth orbit (LEO) through transfer to

geosynchronous earth orbit (GEO) to operating on station at GEO. Factors
that needed consideration were the vehicle attitude at LEO, during transfer

and at GEO. In most cases, the disturbances in the nominal attitude would
be much lower than in a worst case attitude. Designs would have to
consider contingency situations and provide for recovery from an
undesirable attitude, particularly in cases where the nominal attitude is a

position of unstable equilibrium. The definition of both maximum and
nominal disturbance effects is therefore necessary. It was assumed that

all attitude control functions would be provided by APS with no reliance on
thrust vector control of the prime propulsion units. - Based on the need to

establish higher and lower bounds on the disturbance effects, the following
four conditions were selected:

1) LEO maximum disturbance, 2) LEO-GEQ transfer, 3) Nominal GEO on orbit

requirements, 4) Maximum disturbances encountered at GEO. The first set of
disturbances are those encountered in a worst case orientation of each LSS
in LEO (300 km). Disturbance forces from aerodynamic, gravity gradient,
earth radiation, and solar pressure will form a composite requirement for
the worst case orientation. The second set of conditions arise from a
nominal low earth orbit to geostationary orbit transfer in which the

auxiliary propulsion system provides the thrust vector control as a well as

countering all disturbance forces and torques. The disturbance factors are
those encountered during the transfer given a nominal transfer orientation.

This orientation can be chosen to minimize disturbance torques, structural

stress, and/or to keep antennas pointed toward the earth. The selection of
the orientation will be described below.

The second set of conditions came from the LEO-GEQ transfer. For this set
a selection of thrust axis and transfer orientation for each was made. The

second set of data is actually time dependent because it is a function of
the LEO to GEO transfer. Further, since each generic class of structure is
also characterized by a scaling parameter, a three dimensional graph
relating transfer time and scaling parameter to the level of disturbance
would be needed. While this approach may be feasible an alternative has
been followed which is simpler and loses none of the value.
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value. The nominal fransfer torques (category 2) are represented by the

maximum nominal torques during an orbit at LEO assuming a time optimal
continuous thrust transfer.

The third set of requirements is generated by the geosynchronous
operational requirements. Here the vehicle is on station and is subject to
mission maneuver requirements, orbital stationkeeping , and the
environmental disturbance forces and torques. This set constitutes the
nominal on-orbit operation requirements and may dictate a separate
auxiliary propulsion system from that dictated by the other more demanding
sets of requirements.

Finally, a set of data 1is generated identifying the forces and torques
required by a worst case orientation of the vehicle at geosynchronous

altitudes. This data set is similar to the first set of data which was
taken at LEO. Not all disturbances need to be considered in each of the
four conditions. Aerodynamic effects, for example are non-existent at GEO.
The following table summarizes the forces and torques to be analyzed in the
calculations for each requirement category.

I LEO Max Disturbance a. Gravity Gradient Torque
b. Radiation Pressure Forces
¢. Aerodynamic Forces

II  LEO Transfer Requirement a. Gravity Gradient Torque
b. Maneuvering Torque

C. Radiation Pressure Forces
d. Aerodynamic Forces

III GEOQ Max Disturbance a. Gravity Gradient Torque
b. Radiation Pressure Forces

IV GEO Max on Orbit a. Gravity Gradient Torque
b. Radiation Pressure Forces
c. Stationkeeping Forces
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For the transfer condition, maneuvering torque. must be combined with the
disturbance effects to define the total control requirements. To find the
maneuver torques, determination must first be made of the axis for prime
propulsion application. - The requirement that will come out of the
orientation chosen will be a maneuvering torque for out of plane thrusting
and disturbance torques at the worst orientation during an orbit. The
maneuvering torque requirement arises from the need to change inclination
from LEQO (300 km at 28-1/20 inclination) to GEO (35869 km at 0o
inclination). To change inclination and at the same time to change orbit
radius, one must have the thrust vector slew some angle greater than 0 and
less than 90 degrees out of the orbit plane in one orbit. The maximum out
of plane thrusting angle gets progressively larger as the orbit radius is
increased.

The maximum out of plane angle is not of prime concern for maneuver torque
estimation, but rather the second derivative or acceleration rate of this
angle. Figure 3-1 shows the out of plane angle as a function of time for a
typical LEO to GEO transfer. The curve has been fitted with a 7th order
fit and a maximum acceleration of 7.838 x 10 rad/sec” has been
calculated. While it is true that the maximum out of plane thrusting angle
increases with increasing radius, Figure 3-2, the acceleration Tlevels
decrease. These statements hold true for a time optimal trajectory. Since
transfer time has been shown to be of prime importance for future space
missions, a time optimal trajectory is proposed as the baseline transfer
profile. The requirément of 7.838 x 10~ rad/sec2 acceleration will be

taken as thé maneuver requirement for LEO to GEO transfer.

The determination of a prime propulsion axis begins by chosing an axis
which-will minimize disturbance torques. It must also be kept in mind that

there will be a maneuver requirement about the axis pointing at the earth.
Finally, in the case of antennas, one would like to keep them pointed at
the earth and solar arrays free to seek the sun. Table 3-1 shows the axis
selected for each generic class.
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ITIB Series of Antennas X with Z pointing at Earth

IA Plate X with Y pointing at Earth o

IB Cross X with Y pointing at Earth 0

ITA Box X with Y pointing at Earth o

11B Modular Antenna X with Z pointing at Earth (1
11C Maypole Antenna X with Z pointing af Earth o

ITIA Multiple Antenna Farm X with Z pointing at Earth 0

o0

TABLE 3-1 PRIME THRUST AXIS

In gravity gradient stable

position

Minimal radiation and aerodynamic drag
Minimun inertia about Y axis

Gravity gradient stable
Minimal radiation and aerodynamic drag

Gravity gradient stable
Minimal radiation and aerodynamic drag
Minimum inertia about Y axis

Keeps antenna Earth oriented
Allows solar array sun tracking

Gravity gradient stable
Keeps antenna Earth pointed

Antennas pointed at Earth
Minimal prime exhaust plume
interaction with solar arrays

Antennas pointed at Earth
Allows solar array sun tracking

SELECTION



3.1.2 Determination of Total Control Forces and Torques

In this section estimates are made of the total control torques and forces
necessary for each structure at the four operating conditions: LEO maximum
disturbance, LEO-GEQ transfer, GEO maximum disturbance, and GEO maximum on

orbit disturbance.

The plate, cross and box structures are nominally symmetrical and have zero
aerodynamic and solar torques. Practically, however, a CG-CP offset will
exist. To assess the importance of an offset, aerodynamic torques were
calculated at three different angles of attack. The values for the plate
structure wusing a CG-CP offset of one percent of the scaling parameter are

shown in Figure 3-3.

Figures 3-4 through 3-9 use the 600 angle of attack and show the effect of
aerodynamic drag at Tlower earth orbit for the plate (IA), cross (IB) and
box (IIA) structures. These are calculated with a CP-CG offset of 0.1, 1.0
and 10 percent of the scaling parameter.

Comparison of the offset torques.(at 10 percent ofﬂ!et) with the maximum
torque expected from gravity gradient shows the following:

1]

Plate: Aerodynamic Torque at 300 km = 1% of maximum torque

1000 km = 107 "% of maximum torque
Cross: Aerodynamic Torque at 300 km = 1% gf maximum torque

1000 km = 10™ % of maximum torque
Box: Aerodynamic Torque at 300 km = 1% of maximum torque

1000 km = 10" % of maximum torque

It can be concluded that the torques due to CG-CP offset are negligible
compared to the maximum torques from gravity gradient for the multiple

shuttle Taunched LSS.

Plate Structure (IA) - In this case the maximum disturbance at LEO will be

due to aerodynamic, radiation, and gravity gradient. The maximum
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disturbances will occur in different orientations, however, the maximum
forces and torques needed for each disturbance type will be used in the
maximum disturbance graphs to follow. The maximum nominal torque during.
transfer will be determined using the equation:

e -7 2
T = Iyya where ®=7.838 x 10 rad/sec

The maximum nominal disturbance force occurs from aerodynamic effects as.
the plate turns to meet the thrust pointing requirement of 30 degrees. The

GEO maximum disturbances will be gravity gradient and solar pressure and
the nominal on-orbit disturbances are composed of radiation pressure and

stationkeeping loads. The orientation chosen for GEO orbit will be with
the y axis parallel to the orbit and z down for each class. Figure 3-10

gives an example of the graphs generated for the Plate Structure. The full
set of force and torque data for the Plate is given in Appendix B, Figures

B-15 through B-20.

Cross Structure (IB) - Here the same conditions and orientations apply as

in the plate structure. Figure 3-11 shows an example of the cross
structure. The complete set of data for the cross structue is in Appendix
B, Figues B-21 through B-25. |

Box Structure (IIA) - At LEO the nominal disturbances also include solar
radiation on one end of the box. The y axis is once again assumed to 1ie

in the orbit plane with the z axis toward the earth. Figure 3-12 is an
example output for the box structure and complete information is found in

Figures B-26 through B-31.

Modular Antenna (IIB) - The LEO nominal torques include aerodynamic, solar
pressure and manuever requirements. Figures 3-13 and B-32 through B-37

give the force and torque requirements.

Maypole Antenna (IIC) - The aerodynamic drag and radiation pressure on a

mesh antenna has been estimated at 1 percent of that of an equivalent area
solid flat plate. The forces and torques given in Figures 3-14 and B-38

through B-43 are, therefore, significantly lower than for the other
structures.
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Multiple Antenna Farms (IIIA and B) - Disturbances in nominal LEO include

aerodynamic, radiation, and manuevering. The disturbance levels are shown
in Figures 3-15 and 3-16 and B-44 through B-55.

3.2 Establishment of Auxiliary Propulsion System Characteristics
In order to establish the important APS characteristics the requirements

imposed by APS control functions can be examined in turn. There are three
basic control tasks: attitude control, shape control and stationkeeping.

Attitude contfo] can be accomplished with APS directly or in conjunction
with momentum exchange devices. In the direct mode a chemical APS

typically maintains the required orientation by 1limit cycling back and
forth across a small deadband by turning alternate jets on and off. This
bang-bang operation is made necessary because of the 1tlack of thrust
amplitude modulation capability in small chemical APS. Electrical APS can
be amplitude modulated and proportional control is more feasible. Attitude
control requires the cancellation of disturbance’ torques plus, when
necessary, the additional expenditure of energy to maintain limit cycle
operation.

When momentum exchange devices such as wheels or control moment gyros CMG's
are used as prime attitude control torquers cyclic disturbances can be
absorbed, provided the momentum capacity is sufficiently large. The
secular or accumulating torque impulse must however be removed. Although
this secular 1impulse can be taken out continuously it is typica]]y stored
in the momentum exchange system and dumped periodically. This desaturation
process requires an external torque which is conveniently provided by APS

although gravity gradient and magnetic methods can be used in particular
circumstances.

Direct attitude control by APS requires, ideally, the delivery of precise
torques to counter disturbances. The ideal can be closely approximated by
delivering periodic torque impulse bits. In either case it is clear that
thrust level and modulation (amplitude in the continuous case and. pulse
width in the discrete) are important characteristics. Transient effects
such as the rise and decay profiles are also significant particularly in
Timit cycle operations where they may impact accuracy and propellant
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consumption. In summary the important APS characteristics for direct
attitude control are:

0 Thrust level

0 Modulation

0 Transient effects
When used in an indirect mode to desaturate a momentum exchange system thé
APS requirements are considerably relaxed. Torque 1impulse must be
delivered periodically but the desaturation events are often well spaced
(days or even weeks apart) and the timing is rarely critical. The thrust
lTevels must be large enough so that the wheel or CMG control torques can
contain the transients caused by turning the desaturation jets on and off.
The only important identifiable APS characteristics for indirect attitude
control is

0 Thrust level
Shape control implies a distributed system in which APS wunits are spread
over or through the vehicle structure. The number and distribution of
thrusters is therefore a key characteristic. The control of shape requires
the damping of structural oscillations to avoid surface distortions which
may affect the mission objective. This means that timing becomes
important. Continuous thrusts must be time varying or, when discrete
pulses are used, these must be applied at precise times. Modulation and
transient effects are thus significant. For shape control APS
characteristics are:

0 Number and distribution of thrusters

0 Thrust level

0 Modulation

o Transient effects
Stationkeeping is 1in many respects similar to desaturation in that
accumulated impulse is removed. In stationkeeping it 1is linear momentum
that 1is wunloaded while in desaturation it is angular momentum. Again the
process can be either continuous or discrete and again the APS requirements
are not demanding. The only important APS characteristic is

0 Thrust level
Consideration of the three basic control functions has uncovered four
important APS characteristics:: (1) thrust 1level, (2) number and

distribution of thrusters, (3) modulation and (4) transient effects. These
are operating characteristics. From a systems viewpoint, the allowable APS
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weight, while not directly affecting system operation, must be considered.
It is no good having an ideal operating APS if the weight is excessive. A
fifth importanf characteristic 1is then allowable mass. APS mass has a
number of components, for example the type of propellant, IS , supporting
equipment (such as tanks, plumbing, power processor units, heat exchangers,
etc.) and the redundancy necessary to meet lifetime requirements.

Another APS characteristic may be important in specific applications. This
is the exhaust plume. There may be contamination effects due to the
chemical properties of the exhaust products, space charging effects due to
the electrical characteristics or temperature problems if the plume is hot
and impinges on the structure. These effects are not of general
significance however and although they should be borne in mind for specific
applications, the inclusion of plume effects does not appear warranted as
an important APS characteristic in a general study of the control of large
spabe structures.

3.2.1 Thrust Levels

The goal of this study is to identify the required thrust level/thruster or
more denerally the required total thrust level/thrust location. The seven
classes of large space structures identified in Task I contain three
classes of stuctures which yield themselves to a distributed thruster
system. The plate structure was used as an example of a distributed
thruster class. For the distributed thruster system used on the plate,
various thrust locations were assigned and the number of thrust locations
was treated as a parameter. For each location, the required thrust Tevel
per location was identified. The remaining classes are considered to have
a set number of thrust Tlocations and the number of thrusters at that
location was treated as a parameter. The method of distribution for the
distributed thruster <classes and thruster location selection for

'non-distributed classes will be discussed later.

Four categories of disturbance requirements were identified in an earlier
task and will be reviewed in the thust Tlevel study. Stationkeeping
requirements will also be discussed as a disturbance requirement. Selected

thrust level and impulse sizing philosophy will be covered in this section.
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Finally, throttling level requirements will be examined as they relate to-

the four disturbance categories.

To facilitate coverage of the full range of scaling parameters, each class
was assigned a small, medium, and large value. Disturbance analysis was

conducted on these three sizes of LSS. One further simplification of the
large number of classes and sizes examined was made where appropriate.

This step reduced the number of classes to be considered from seven down to
three. These three primary classes are class IA, Plate Structure
(Distributed Thrusters); class IIB, Modular Antenna (Non-Distributed); and
class IIIB, Series of Antennas (Non-Distributed). These three classes

cover the range of LSS types and sizes and it is felt that conclusions

drawn from these classes will be valid for the broader range of Large Space
Structures.

Table 3-2 shows the size selections for each class.

For distributed thruster classes, a method of placing thrusters was
determined based on the Number and Distribution of Thrusters study (4.3).

Figures 4-28 and 34 show the "N + 1" distribution method produces a smaller
deflection than the "N - 1" method for small numbers of thrusters. For a
large number of thrust locations N>10, the method of distribution does not

significantly affect the surface deflection of the structure.

The plate structure was assumed to have two "lines" of thrusters along the
major axis as shown in Figure 3-17. These 1lines disected the structure

into three equal portions hence preserving the "N + 1" philosophy. Figure
3-17 shows the arrangement for four thrusters; however, thruster Tlocations
can be added in multiples of two and still preserve the two lateral lines
of N + 1 distributed thrusters. Thrusters were assumed to have full gimbal
freedom for each class at each of the thruster locations. This assumption
allows three axis torque to be applied for all thruster combinations.

For class IIB (modular antenna) thruster locations were set on the rigid
portions of‘the structure. Figure 3-18 shows the eight thruster Tocations,

one on each corner of the cube. Class IIIA (the series of antennas) was

given thruster locations on the outer avionics modules and just inboard of
the solar arrays along the antenna axis. Figure 3-19 illustrates this

arrangement. Thrusters were added in groups of four to maintain symmetry.
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IA
IB
IIA
I1IB
IIC
ITIA
ITIB

Class

Plate
Cross
Box

Modular Antenna

Maypole

Antenna Farm
Series of Antennas

TABLE 3-2

Scaling Parameter Small
Length (m) 30
Length (m) 40
Length (m) 82
Antenna Diameter (m) 15
Antenna Diameter (m) 30
Antenna Diameter (m) 16
Number of Antennas 2

SMALL, MEDIUM AND LARGE PARAMETERS
127
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Medium

700
500

600
60

250
35
6

Large

21000
4000
1300

200
1500
60
10
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EIGHT THRUSTER LOCATIONS USED
NUMBER OF THRUSTERS PER
LOCATION VARIED

GIMBALLED THRUSTER
{2 OF 8)

FIGURE 3-18 MODULAR ANTENNA THRUSTER LOCATIONS
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FOUR THRUSTER LOCATIONS USED

NUMBER OF THRUSTERS PER
LOCATION VARIED
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(1 OF 4)

FIGURE 3-19 SERIES OF ANTENNAS THRUSTER LOCATIONS
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There are three requirements placed on any auxiliary propulsion system that
demand significant amounts of propeliant. These are; disturbance torque
cancellation, stationkeeping and maneuvering. Due to the non-mission
specific nature of this study, the maneuvering requirements on each LSS
could not be uniquely identified. Maneuvering requirements were, however,
treated in a parametric fashion in a later paragraph in this study.
Disturbance torques are classically the largest acceleration requirement on
the APS. Stationkeeping requirements are then met by judicious choice of
disturbance cancellation thrusting. If, however, the stationkeeping
accelerations pose a greater acceleration requirement than disturbance
torques, it is disturbance torques that will be made up by judicious choice
of stationkeeping accelerations. Unequal stationkeeping pulses from a pair
of thrusters result in stationkeeping and disturbance cancellation being
performed simultaneously. It is, therefore, appropriate to size thrusters
based on the maximum of either the disturbance torque cancellation or
stationkeeping requirements.

The following paragraphs review the four disturbance categories that were
used in the disturbance torque analysis.

LEQ .TRANSFER - The vehicle is being transferred from LEO to GEO on a time
optimal continuous thrust trajectory with a selected axis as the prime
thrust axis. It is assumed that the APS will provide all maneuvering

torques to meet the required thrust profile as well as countering the
radiation, gravity gradient, and aerodynamic torques found 1in the first
orbit of the transfer. LEO altitude is assumed to be 500 km.

LEO MAXIMUM - Here the vehicle is assumed to be in the worst orientation
possible with regard to gravity gradient, radiation torques, and

aerodynamic disturbances at 500 km altitude. This requirement may differ
only slightly from the LEO transfer requirement. Similarity results from

the choice of prime thrust axis in the transfer analysis forcing the
vehicle into a worst case or near worst case attitude during the transfer.

GEO MAXIMUM - The structure is in geosynchronous orbit and has a worst case
orientation with regard to gravity gradient and radiation torques.
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GEO ON-ORBIT - The nominal on-orbit orientation was assumed and inherent
gravity gradient or radiation torques calculated. For those structures

having no CP-CG offset, an offset equal to five percent of the scaling
parameter was assumed.

For maximum disturbance categories it was assumed that disturbance torques
could occur from all relevant sources simultaneously. This assumption
means that thrust levels required on each axis could be root sum squared to
form a composite thrust level/thruster requirement.

Because of the large number of graphs concerning the thrust requirements, a
separate appendix for these graphs has been created. Appendix D contains
all disturbance cancellation thrust levels and stationkeeping acceleration
requirements. Figures D-1 through D-18 show the disturbance torque
requirements on the APS system. For each LSS class the small, medium and
large scaling parameters are used to generate disturbance torque
requirements for each of the four disturbance categories. Number of
thrusters was treated as a parameter and the thrust/thruster necessary to
counter the disturbance torque was the dependent variable. For the
distributed classes, these parameters are replaced by number of thruster

Tocations and thrust/thruster locations.

Before comparing the disturbance torque requirements with the
stationkeeping requirements, it is necessary to briefly review
stationkeeping disturbances. The three independent variables relevant when
counteracting stationkeeping disturbances are the time between successive
corrections, the time of the correction and the duty cycle during the
corrective period. In addition, there are three sources of stationkeeping
disturbance: solar pressure, sun/moon gravity perturbations and earth
triaxiality. It is the greatest of these sources that will set a thrust
sizing criterion to be compared with disturbance torques since the effects
can be countered at different times during the orbit.

One simplification has been made to eliminate one of the independent
variables involved in stationkeeping. It has been groundruled that the

period of correction be one day, or equivalently, one orbit. The time
between the start of successive corrections (N) will be set at three
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values: one day, one week and one month. The duty cycle (p) will be the
other independent variable and will be allowed to vary from 0 to 1.0.
These groundrules mean that stationkeeping requirements can be analyzed

from continuous (N =1, p = 1) to intermittant (N = 30, p < 1).

Figures 4-23 through 4-30 illustrate the comparison between disturbance
torque acceleration requirements and stationkeeping acceleration
requirements. Each graph contains information pertaining to a single class
and one or more sizes of that class. The disturbance torque agceleration
lines are for geosynchronous acceleration only. They are for on-orbit
nominal operation and for maximum geosynchronous disturbances. A1l LEQ
disturbances were excluded in these graphs.

A summary of the results of this comparison are shown in Table 3-3. This
chart shows the category of disturbance which will be used to size the
thusters and the propellant needed for 10 year operation.

Based on the thruster sizing criterion of Table 3-3, the fo]]owing graphs,
Figures 3-20, 3-21 and 3-22, 1illustrate the total APS thrust Tevel

required. If stationkeeping is the dominant disturbance, this thrust level
when applied in one direction will meet the acceleration levels required by

stationkeeping. If geo-maximum disturbances dominate, this value
represents the thrust level that 1/2 of the thrusters must produce in one
direction and the other thrusters in the opposite direction. In the case

-of the plate structure (distributed thruster system), the center of thrust

is approximated at 1/4 of the major axis from the center. For example, a
small plate structure of approximately 800m by 200m must be capable of
producing approximately 0.1 Newtons of total thrust. A 10000m by 2500m
plate with 12 thrust locations is sized by the counteracting torque it must
produce, hence six thruster locations on one side must produce 1000 N of
thrust which results in each location producing 170 N of thrust.

A simplifying figure which takes into account the difference between force
and torque generation is given in Figures 3-23, -24 and -25. Here one may
find the thrust/thruster necessary for a given number of thusters for a

wide range of scaling parameters. The graph for the plate structure is not
truly accurate for small numbers of thrusters N < 10. This is due to the
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THRUSTER SIZING, IMPULSE SIZING

STRUCTURE

Plate (IA)

Cross (1IB)

Box (IIA)

Modular Antenna (IIB)
Series of Antennas (IIIB)

SS
S
N/S
GM

Solar Station

SMALL

SS,S
N/S,S

N/S,S

N/S,S
N/S,S

MEDIUM

SS,S
GM,S
GM,S
GM, S
GM,S

Solar Station + N/S Station + E/W Station

North/South Stationkeeping
Geosynchronous Maximum Disturbance Torque

Table 3-3 Thruster and Impulse Sizing Criterion
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LARGE

GM,S
GM, S
SS,S
GM,S
GM,S

TN




GET.

SINIWIHINGIY ISNUHL SdY UNLINYLS 3ivId 02-C unsid

APS THRUST REQU ZEMENTS
PLATE STRU TURE

16080, BB,

1008.08081}

= 100{

E [
|
Lot

:.. -
[TW]

- 10}

b F

[7p] [

3 L

o L
o

= [

4 1

¢ L
(]
Ld

‘x L

= Al

L N
Lx

.01

i PLATE
-ﬂg’ e n----n.: . I I N T | ri 1 I N T | i |a|-l||_1'
10 160 1000 18808 |.E+BS

SCALING PRARAMETER
22-0EC-80 18:38:12



9l

SINIWIYINDIY LSMYHL Sdv WNNILINY ¥YINGOW T2-€ 3IyN9Id

REQUIRED APS THRUST LEVEL (N)

. 001
1

.01}

1a

RPS THRUST REQUIREFENTS
MODULAR ANTENHA

MOD

R
SCALING PARAMETER

22-DEC-80 10:41:L5

g

“lobe

)



Le1

SINIW3YIND3Y LSNYHL Sdv SYNNIINY 40 SIT¥IS 22-£ NIy

REQUIRED APS THRUST LEVEL (N)

1000 T

10.

.1

APS THRUST REQUIREMENTS

SERIES OF ANTENNAS

| 4

SERIES -

z b ' & B
SCALING PARAMETER

10 ' >

t3-JAN-81 69:58:19

N



geT

NLINYLS 31YTd SINIWIYINDIY LSNYHL €2-€ 3yWN91d

10000.089_

~—

THRUST REQUIREMENTS
PLATE STRUCTURE

3 NUMBER OF THRUST
] LOCATIONS
[ 4
1000}
3 24
108} 100
z ta]
= F
o L
= 1] /
(&) 3
[en] <
—~4 [
— [
3 ]
o E
=X 3
— [
~ I
l-o; 9
> L8141
[+ E
I =
—
.001]
: PLATE
1.E-a4 NTHRI -
i NTHR2 -
NTHR3 -
1.E-85 - e
10 160 1006 10000 1.E+05 {.E+86

SCALING PARAMETER

13-JAN-81 13:27:83



6€T

VNNILINY ¥YINAOW SINIWIYINDIY LSMUHL #2-€ 3¥N9Id

THRUST/THRUSTER (N)

e
N

THRUST REQUIREMENTS
MODULAR ANTENNA

NUMBER OF THRUSTERS
8
32
1)
' 80
lgl-:
.01}
1.E-04f
MOD
NTHR1
NTHR2
NTHR3
1.E-05 - ey
10 1000

100
SCALING PARAMETER
14-JAN-81 B8:44:16



oyl

SYNNILNY 40 S3I¥3S SINIWIYINDIY LSMYHL G2-€ J¥N9ld

THRUST/THRUSTER (N)

100.0 -,

10.0 -

1.0

]
=

K
o
ey

.001 }

1x10™4

THRUST REBUIREMENTS
SERIES OF ANTENNAS

S

NUMBER OF THRUSTERS

L

5 §
SCALING PARAMETER

\
N

4

24

96
'SERIES
NTHR1
NTHR2
NTHR3

15 ' i

14-JAN-81 B8:47:32

JoJ) )



change of the center of thrust as the number of thrusters is increased. It
was assumed that this center of thrust was 1/4 of the major axis from the
center which is true in an N + 1 distributed system with a Targe number of

thrusters.

Until now the discussion of disturbance torques has been confined to
geosynchronous orbit. If an APS were to be designed to counter the worst
that low earth orbit could offer and yet still meet the geosynchronous
requirements, a very large throttling ratio would be required. Throttling
ratios can be achieved by having one throttlable thruster or a bank of
thrusters that could have some members off and some on depending upon the
need. Figure 3-26 shows the number of thrusters needed to get a given
throttling ratio with each thruster having an individual throttling ratio
of 4:1, 10:1 and 20:1. The actual throttling requirements for the three
primary classes are shown in Figures 3-27, -28 and -29. ‘
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3.2.2 Number and Distribution of Thrusters

An ideal auxiliary propulsion system would apply thrust throughout a
spacecraft structure. These thrusts would cancel all disturbance effects
and apply any necessary stationkeeping forces and maneuver torques. Such
an ideal distributed system would be capable of perfect attitude, shape and
stationkeeping control with no excitation of structural flexible modes.
Such a system is obviously not feasible for many reasons - the difficulty
of mounting, supplying and controlling a 1large number of thrusters,
practical limits of thfust, power supply constraints, difficulties

~associated with deployable structures, etc. Very'often a centralized

auxiliary control system is used or proposed, located on a relatively rigid
portion of the structure and avoiding locations on relatively flimsy and
easily deformed components such as solar panel arrays and antennas. These

facts have been tacitly assumed above in developing the maximum and minimum
thrust levels required with the least number of thrusters.

However, the first three generic classes, IA, IIB, and IIA yield themselves
to the concept of an ideal force distribution. On these structures, it is

possible to determine - separately the force distribution for each
disturbance. For example, gravity gradient torques are ideally countered
by equalling the force of gravity at each point on the structure. The
forces that result are not equé] or even linearly distributed. A maneuver

torque, however, poses the least structural excitement if all forces are
equal in magnitude and the force is equally distributed. These ideal

distributions are to be integrated over small areas to characterize a given

147




thruster at a given Tlocation. Hence, it is necessary to find a force
distribution over the entire surface, or in the case of the box structure
(IIA) throughout the entire volume. -

Generally, required forces are equally distributed throughout the
structures, whereas torques will require non-equal and possibly varying

direction forces. As an_example, a solar pressure of 1 Newton can be

ideally countered in a 100 m plate by a force of 0.01 N/m2 in the z
direction throughout. However, a gravity ygradient torque requires equal
and opposite forces at each point depending on its attraction to the earth.
Further, a maneuvering torque is ideally obtained by an equal force
perpendicular to the radius from the axis about which you are to maneuver.

Torques require some further illumination. Gravity gradient torques are
due to the unequal gravitational attraction of one part of the structure
relative to the other. It is best illustrated by a plate seen edge on at a

)
worst case angle of 45 shown in Figure 3-30. The magnitude of the force
at a distance x from the center is given by

AFl) = CMetm)/% _ /—’/_j/
o B2z )?

This equation can be simplified by the following approximation:

}ZZ_ /5/;’)( +12/2 -—r”éz

Lo L
N7 s - W)
- Yz X
= assuming /3 ~/5 - =
/;3 [2] Q /2,.
Therefore HFE) ~ 2 G o /422(
7 4

The worst case orientation for gravity gradient torques about the x axis on
the plate is shown in Figure 3-30 and the force is a function of y. The

force 1is broken into F_and F_ components to enter into the ideal
distribution. Likewise, the worst Case torques around the y and z axis are

broken into Fx’ Foand F_, Fy components respectively.
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ACTUAL GRAVITY FORCE

FORCE NEEDED TO COUNTERACT GRAVITY GRADIENT

FIGURE 3-30 GRAVITY GRADIENT EQUALIZATION

149

gl




In the box structure, x can be assumed measured from the center plane. For
example, if the y and z axes are at 45 with respect to an earth center of
mass line, x would be measured from the xz plane at the center. While this
is an inexact formulation, it 1is sufficient for our ‘purposes. The
direction of these forces is at an angle of 45o to the y and z axis and
therefore yields force contributions in both the y and z axis of equal
magnitude and a factor of V@JZ times the absolute force magnitude.

Maneuvering torques about the y axis for the transfer trajectory are more
complicated. Ideally, what is wanted is a force equally distributed
throughout the structure which is perpendicular to a radial line drawn from
the y axis. Once this force F is measured, the magnitude of the force

vector in F and FZ can be calculated by measuring an angle @ from the x

axis as follows:
/C&LZ N &/

/ = //C;,,C éafﬂ/

To obtain F , the following equation must be solved:
calculated
weo %

7= j;/// /".ki?;/z /ééféa
a o

for the plate and cross with w = width and 1 = Tength, and
w2 7Y

7‘57///4;‘”,4

The solution to this equation is shown below for the plate and cross

structure:
T = 2//;/2{(; azgz/éf// -agy/zzc?/
‘ f’/ﬂ (art = 2/ [lra)T
L et /K#a //g_,,/.:? - %0// #a / -q)

¢zg/é>z///./¢ff /Z é//fa///

&/3 e

Ao T T”‘/
where & = ,/(72+5227
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where a = 1/2 and b = w/2
For the box, it is necessary to multiply by 4w with a = 1/2 and b = h/2.

The other forces; stationkeeping, aerodynamic, and radiation are added to
the Fx’ Fy or FZ components obtained from the torque analysis.

To summarize, the equally distributed forces necessary from solar pressure,
aerodynamic pressure, and stationkeeping requirements are summed with the
unequa]]yl distributed forces necessary to perform maneuvers and balance
gravity gradient torques to identify the magnitude of force required over a
given structure.

Figures 3-31 through 3-36 show the force/unit area for the plate and cross
structures in the x, y and z directions. Figures 3-37 to 3-39 show the

corresponding forces per unit volume for the box structure. For purposes
of display, the force for gravity gradient was figured half way out on each

object and the transfer force requirement was added at a worst case angle
for each axis contribution.

3.3 Analysis of Auxiliary Propulsion System Characteristics. Sensitivities

For each of the seven generic classes, there are three distinct control
tasks to be performed; attitude control, shape control and stationkeeping.

Each of these tasks may influence or be influenced by the five identified
auxiliary propulsion characteristics. To determine the sensitivities each

control function is examined in turn against the five auxiliary propulsion

system characteristics.

First, it should be remembered that attitude control covers three basic
functions; the cancellation of disturbance effects, maintaining pointing to
the desired degree of accuracy and maneuvering. The relative importance of
each function will vary from mission to mission and may also change
significantly during the course of a mission. Consider, for example, a
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large spacecraft built in low earth orbit then transferred to
geosynchronous orbit to carry out its normal operations. During
construction only rough pointing may be necessary and maneuver requirements
will probably be minimal but disturbances must be counteréd and these may
change considerably as construction proceeds. During transfer all three
functions are needed; cancellation of disturbances, including perhaps
torques introduced by misaligned prime propulsion units, pointing to
achieve thrust vector control and maneuver if orbit plane changes are
required. On orbit pointing will normally be an important function and
disturbances must be opposed, including those introduced during periods of
stationkeeping. Maneuvering demands may be zero.

Sensitivities then will be identified by 7looking at the five control
functions (disturbance cancellation, pointing, maneuver, shape control and
stationkeeping) 1in terms of the five auxiliary porpulsion system
characteristics (number and distribution of thrusters, thrust levels, rise
and decay characteristics, modulation and allowable mass).

It will be assumed that the spacecraft, including the auxiliary propulsion
system, however configured, have been designed in a reasonably optimum

fashion. For example, a required pointing accuracy can be achieved
satisfactorily by systems with a wide range of numbers and distributions of
thrusters. If properly designed, the effect of number and distribution on
pointing accuracy is small. A poorly conceived system could however have

too few thrusters of too large thrust and lead to inadequate pointing
control of a flexible appendage.

A matrix of sensitivities is shown in Figure 3-40. The entries in the
table are discussed below.

Thrust Level

Thrust level 1is a basic APS characteristic which influences or is
influenced by all control functions and most LSS characteristics. Given a

spacecraft configuration and mission requirements, the disturbance
environment can be calculated and the pointing, maneuver, shape control,

stationkeeping and desaturation requirements can be specified.
Stationkeeping, shape control and disturbance force cancellation will
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establish bounds on the required thrust levels. Pointing, maneuver,
disturbance torques and desaturation will define torque 1limits which are
related directly to thrust level by the appropriate moment arms. Obviously
thrust levels must be no Tower than needed to overcome disturbance forces
and torques. Upper bounds are more flexible because the necessary impulse
can be generated, at least in principle, by large thrusts applied for a
short time or lower thrusts applied for longer times. Practically, upper
bounds may be set by a number of considerations. These include: minimum
impulse bit requirements needed to meet pointing accuracies; limits imposed
by shape control requirements; momentum exchange device control authority
during desaturation and stationkeeping; excitation of flexible modes and
stiffness and strength limitations. In short, thrust level impacts all
control and LSS characteristics with the possible exception of thermal
expansion.

Modulation

Just as widespread as thrust 1level 1in its interaction with control
functions and LSS characteristics is modulation. Upper and lower thrust
bounds can be found for any application but most of the time the thrust
required will be between the bounds. For stationkeeping, desaturation and
maneuver (except for tracking tasks) it may be possible to use maximum
thrust for the necessary length of time to achieve the desired impulse.

For disturbance cancellation, pointing and shape control, however, much
more precise thrust 1levels are needed. Thus some form of modulation is
essential for these control functions.

Two basic forms of modulation are amplitude and on-off. Amplitude
modulation is the ideal but it will often be difficult to find an APS that

has the necessary range. If clusters of thrusters can be used, the range
will be considerably extended but there usually are nevertheless practical

limitations on the range that can be achieved. As seen in the thrust level
required curves (Appendix D) the range can be several orders of magnitude

if the same APS is used for all phases of flight from LEO to GEO. On-off
or pulse modulation achieves a desired mean thrust level by varying the

time the thrust 1is applied and the time between pulses. In general, the
effective thrust is
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where DC is the duty cycle, or ratio of thrust on time to total time. The
same duty cycle can be achieved with frequent short pulses or less frequent
lTonger ones. The frequency may have to be gquite closely constrained in
practice to avoid exciting flexible modes, and for shape control, to match
the structural frequency being damped.

On-off control has been used for many years to control relatively small

spacecraft with chemical APS. The method 1is necessary because small

chemical thrusters typically cannot be throttled. The method is quite

successful if care is taken in design. A characteristic of on-off systems
used for pointing is limit cycle operation in which the vehicle oscillates
across a small deadband centered on the desired pointing position.

Rise and Decay Transients
Because of warm-up times, valve opening and closing times, fuel 1line

capacitance and various other causes, APS thrusts typically do not start
and stop when commanded to do so. The dealys are typically sma]],' in the
tenths or hundredths of a second range, for chemical APS but may be
appreciable, up to half an hour, for electrical APS. In some applications,
the delays can be compensated for by sending the start or stop signal
appropriately early. This may be true, for example, during limit cycle
operation if the accuracy requirements do not impose a very small deadband.
For stationkeeping, desaturation, most maneuvers and disturbance
cancellation tasks, the time delays are unimportant. None of the LSS
. characteristics interact significantly with transient effects except LSS

size. During 1imit cycle operation, the larger vehicles are much more
tolerant of time delays than smaller ones.

The most significant interaction of transients with control function occurs
in shape control. In order to damp oscillations effectively, the APS

thrust should be sinusoidal and accurately phased. Pulsed operation can
also be used provided the pulses are precisely timed. Any lag 1in the
continuous system or time delays in the pulsed system will degrade
performance and may lead to instability.
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Number and Distribution of Thrusters

It may often be necessary or convenient to replace a single thruster at a
particular Tlocation by a cluster of units. This may be required, for
example, when the maximum thrust needed is not available from a single
thruster. Or where the range of thrust required is best achieved by
multiple units. In these cases, the thrust/thruster will obviously be Tess
than the total thrust level and will depend on the number of thrusters.
Since this is the case, the number of thrusters, in a sense, interacts with
all the control functions and LSS characteristics that thrust level
interacts with. This, however, is a secondary effect. Primary
interactions occur with the disturbance cancellation and, particularly,
shape control functions. The LSS characteristic most affected is stiffness
because of the close relation between shape control and stiffness.

Allowable Mass

APS mass will clearly affect total system mass. In fact the mass
associated with the APS, which includes power processors and power
generating weight penalty for electric systems and propellant and tankage
for chemical systems, generally accounts for a large fraction of the total
system mass.

A second effect is on shape control. The manner in which the APS mass is
distributed will determine control accuracy and this again will depend on
whether the thrusts are translational, for stationkeeping, or rotational,
for disturbance torque cancellation or desaturation.

3.4 Single Shuttle Launch Impact on Auxiliary Propulsion System
Characteristics :
Utilizing the three generic deployable LSS, developed in Section 1.3 which

can be Tlaunched with a single shuttle flight, a detailed thrust
requirements study was performed. We considered in this study a 300 km, a

400 km, and a 500 km low earth orbit altitude as well as the geosynchronous
orbit altitude. We also examined the effect of a range of LSS orientation

angles on disturbance torque levels and thrust requirements.

To determine the thrust levels required, a set of groundrules was developed
regarding disturbance torque calculation and thruster placement. These
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assumptions are listed in Table 3-4. The first three assumptions deal with
the calculation of disturbance torques and the last six concern thruster
placement.

A center of pressure-center of gravity moment arm of 5 percent of the
maximum dimension was decided to be representative of the designs
considered. This moment arm is difficult to estimate accurately given the
ideal nature of the generic classes. Actual distribution of system
components on a given structure would determine the exact CG Tocation. The
5 percent number was arrived at considering several large spacecraft
proposed or currently flying. An estimate of the transmissivity of the
truss work and antenna mesh was drawn from work done on solar array

blockage factors on the SPS program.

The third assumptidﬁ is actually an assumed operational philosophy.
According to our structure orientation conventions, aerodynamic forces

result from a vehicle being in a non-operational or disturbed orientation.

It is assumed that one would reorientate the LSS as quickiy as possible to
a nominal orientation. To do this, only the aerodynamic torques would be
countered and stationkeeping to maintain orbit position over 1long periods

of time would be unnecessary.

The requirement for dual redundancy is necessary for the long mission life
demanded of LSS. A ten year mission lifetime will stretch the 1limits of
both electric and chemical system lifetime. Dual redundant systems are

necessary to insure high mission reliability. Fixed orientation chemical
thrusters are generally used on spacecraft because the added cost and
weight of a gimballing mechanism is greater than simply adding more
chemical thrusters. For electric thrusters, gimballing is appropriate
because of the large cost and mass of a thruster unit. Gimballing helps to
minimize thruster number, although there is some loss of control due to
cosine Tlosses for a limited freedom gimbal. A gimbal freedom of +45
degrees is assumed. This large freedom will minimize cosine losses and is
physically realizable using current mechanism technology.

It is important to minimize the number of thrusters from a cost and mass
standpoint. The goal of minimizing thruster number 1is tempered by the
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criterion of redundancy and zero AV addition during maneuvering. A pair of
opposing thrusters must be wused which fire in opposing directions on
opposite sides of the axis of rotation. Zero AV addition is necessry to
achieve the tight stationkeeping requirements needed for many LSS.
Finally, to minimize thrust requirements and APS mass, maximum moment arms
for thrusters around large inertia axis are necessary.

The disturbance torques are presented as a function of LSS angle. This
angle is defined in Figure 3-41. A zero degree orientation is the nominal
orientation with antenna or platform surfaces facing the earth. A 45
degree orientation gives a maximum gravity gradient torque and a 90 degree
orientation gives the maximum effective area for aerodynamic pressure.

Appendix D contains the disturbance torque requirements for each generic
class. There are two sets of graphs included in the attachment. The first
set (Figures D-27 through D-37) shows the torque composite breakdown for
aerodynamic, solar, and gravity gradient disturbances at 300 and 500 km
altitudes. Again, each graph in this set has an assumed CP-CG offset of
five percent of the maximum dimension. Each graph in the first set has
disturbance levels for a given LSS size as a function of LSS angle. The
second set of graphs (Figures D-38 through D-49) has the total disturbance
torque requirement as a function of LSS angle and altitude. The same CP-CG
offset assumption used in set 1 applies to set 2. To condense the data
presented in graphic form, a LEO disturbance torque summary has been
generated and is shown in Table 3-5. Table 3-5 shows the disturbance
torque Tlevel for each class and size under four conditions. There are two
altitudes, 300 and 500 km and two LSS angles considered. The LSS angles
are 10o and an angle at which the structure receives the maximum

disturbance level. A 100 angle has been selected as a logical nominal LSS

angle. This angle is one which encompasses any pointing errors with

sufficient margin to assure control and is not so excessive as to force the
APS size to unrealistic proportions. The worst case LSS orientation angle

is also given for each structure and size. A worst case angle of 45
degrees indicates gravity gradient is the dominant disturbance. As the

worst case angle approaches 90 degrees, aerodynamic torques dominate.
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1. Disturbance torque requirements used 5 percent of the maximum dimension

CP-CG offset for all structures.

2. Truss work and antenna mesh was

transmission factor.

assumed to have a 95 percent

3. Only torques due to aerodynamic forces were considered, not the force

itself.

7. The number of electric thrusters was minimized.

8. Thruster distribution was capable of zero AV adition maneuvering.

. 4., Thrusters were located to assure dual redundancy.

6. Electric thrusters hive a 145 degree gimbal capability.

5, Chemical systems have a fixed orientation (no gimbal freedom).

9. Maximum moment arms utilized where possible around large inertia

axis, '
TABLE 3-4 THRUST LEVEL DETERMINATION ASSUMPTIONS
ALTITUDE
300 km 500 km
LSS ANGLE WORST LSS ANGLE WORST
cLAss stze | | ‘G | wvee | | ‘st | aere
(N-m) | (N-m) | (0Eg) | (N-m) | (N-m) | (DEG)
PLATE W/O BLANKET 30M | .055 .350 75 .014 .060 50
100M | 1.80 11.2 75 .500 2.20 52
250 M | 22.0 205. 75 6.30 [ 31.0 53
PLATE W/BLANKET 30M | .810 | 6.80 90 0.12 .500 72
100M | 32.0 230. 83 5.30 23.0 | - 58
) 150 M | 112, 850. 80 28.0 108, 55
MODULAR ANTENNA 158 | ,170 | 1.20 90 .014 | .o088 86
60M | 3.3 21.0 83 0.55 | 2.20 58
‘200M | 46.0 305. 90 4.80 22.0 73
| SERIES OF ANTENNAS 2 1.50 | 11.5 45 1.50 9.90 45
3 9.50 | 61.0 45 9.50 53.0 45
4 30.0 195. 45 30.0 160. 45

TABLE 3-5 LEO DISTURBANCE TORQUE SUMMARY
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We can qualitatively see from Table 3-5 that a system sized for the worst
case angle will have approximately an order of magnitude greater thrust

level requirement than a system sized for nominal disturbances. We can
also see that a system sized for a 300 km altitude will have a a thrust
level of up to 10 times that of a system sized for 500 km. The factor
varies depending ubon the degree of domination of aerodynamic torques.

The LEO-GEO transfer maneuvering requirement is determined by the in and
out-of-plane thrust vector control requirements imposed by a time-optimal
continuous thrust transfer. The selection of axis about which the vehicle
maneuvers 1is shown in Table 3-6. Table 3-7 shows the LEO-GEO transfer
maneuvering requirements for each class and size. Qualitative conclusions
can be drawn from Table 3-7 as follows:

o Starting altitude does not significantly influence transfer
maneuvering requirements

o Transfer requirements are roughly equivalent to the 500 km worst
case disturbance requirements except for the series of antennas

Appendix D also contains the Geosynchronous requirements in three sets of
graphs. The first set (Figures D50-D54) show the total torque requirements
as a function of LSS angle. Figure D50 shows the composite breakdown for
one particular structure. The gravity gradient torque peaks at an LSS
angle of 45 degrees while the solar torques remain constant over the range
of LSS angles. The total torque profile for each graph in the first set
will, therefore, have an identical shape to the top curve in Figure Cl.
The end pointé of each curve in Figures D51-D54 give the level of solar
pressure torques. Table 3-8 summarizes these requirements for a 10 degree
LSS angle and a worst case orientation. From this table, it is clear that
electric propd]sion can provide geostationary disturbance cancellation for
the complete range of structures and sizes.

A second set of graphs details the mission energy requirements assuming a
10 year geosynchronous mission. Figures D55-D66 give a composite breakdown
and D67-D70 summarize the total requirements. Each graph in this set is a

function of duty cycle which is defined as the time of thrusting during a
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2 TABLE 3-6 SELECTION OF PRIME THRUST AXIS
e MINIMUM INERTIAS USED
(/_\
PRIME : MANEUVER AXIS INERTIAS
MANEUVER
THRUST I
— AXIS AXIS SMALL MEDIUM LARGE
PLATE
W/0 BLANKET Z Y OR X 23,700 8.42 x 105 | 1.1945 x 107
W/BLANKET Z Y OR X 52,390 5.995 x 106 | 3.7800 x 107
— MODULAR ANTENNA X Y 18,483 4.707 x 10° | 5.161 x 108
SERIES OF ANTENNAS X Y 1.498 x 106 | 2.278 x 106 | 3.041 x 108
'z -
T
TABLE 3-7 LEO - GEO TRANSFER MANEUVERING TORQUE REQUIREMENTS
7/‘\
START SMALL MEDIUM LARGE
ALTITUDE (N-m) (N-m) (N-m)
PLATE
//;A
' W/O BLANKET 300 .069 2.46 34.88
400 .064 2.29 32.49
- 500 .060 2.14 30.46
W/BLANKET 300 .153 16.306 96.39
’ 400 142 15.189 89.79
500 .134 14.240 84,18
MODULAR ANTENNA 300 .054 1.37 15.07
| 400 .050 1.28 14.04
- 500 .047 1.19 13.16
) " SERIES OF ANTENNAS 300 4,37 6.65 8.88
i ’ 400 4.07 6.19 8.27
| 500 3.81 5.8T 7.75
|
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LSS ANGLE
CLASS SIZE 100 |WORST CASE | "z
(N-m) (N-m) (DEG)

PLATE W/0 BLANKET 30 M .0003 .0004 45
100 M .013 .019 45

250 M .25 .280 45

PLATE W/BLANKET 30 M .006 - .007 45
100 M .23 .280 45

150 M -85 1.05 45

MODULAR ANTENNA 15 M .0015 .002 45
60 M .022 .026 45

200 M .30 .320 . 45

SERIES OF ANTENNAS 2 .20 .800 45
3 .065 . 260 45

4 .013 .042 45
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correction orbit divided by the time of the correction orbit. A duty cycle
of 0.1 is basically an impulsive correction whereas a duty cycle of 1.0 is
continuous thrusting. Table 3-9 summarizes the mission energy requirements
for three representative duty cycles.

The final set of graphs (D77-D74) in Appendfx D illustrate the
stationkeeping thrust level requirements as a function of both duty cycle
and frequency of correction. The frequency of correction is the time
between correction orbits. If a number of orbits occur between each
successive correction, the thrust level required increases. To reduce
operating time and complexity, a tow duty cycle and infrequent corrections
are desired. O0Obtaining these goals may require thrust levels of one newton
or greater for the large structures. Table 3-10 summarizes the
stationkeeping thrust level requirements. '

The thruster Tlocations on each class were determined based on the
assumptions listed in Table 3-4. Because of the assumed gimballing
capability of the electric thrusters, the number of electric thrusters
needed was held to eight. The chemical thrusters varied in number from 13
to 17 depending upon the class considered. Figures 3-42, 3-43, and 3-44
show the thruster location assumptions.

Based on these thruster locations and the disturbance analysis previously
presented, the thrust/thruster requirements were denerated. These
requirements are presented in Tables 3-11 and 3-12. The electric and
chemical systems have different thrust/thruster vrequirements for two
reasons. First, the distributions are different, hence 'moment arms for
electric  thrusters may be | shorter for some axis. Second, the
stationkeeping duty cycle that electric thrusters need to lower thrust
level requirements down to currently achievable Tlevels is around 40
percent. Chemical thrusters are not so Timited by thrust and lower duty
cycles will decrease the frequency of operation and increase lifetime of
the system. Hence, a duty cycle of 10 percent was selected for chemical
thrusters. A duty cycle 1less than 10 percent will cause the chemical

thruster Isp to lower as if it were operating in a pulsed mode.
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STATIONKEEPING -BELTA=V (M/S)

CLASS SIZE DUTY CYCLE
0.1 0.4 1.0
PLATE W/0 BLANKET 30 M 539 576 -835
100 M 703 742 1078
250 M 1062 1137 1672
PLATE -W/BLANKET 30 M 953 1015 1480
100 M 1ﬁ93 1156 1701
150 M 1123 1190 1742
MODULAR ANTENNA 15 M 578 617 904 .
60 M 606 640 931
200 M 734 781 1140
SERIES OF ANTENNAS 2 583 625 916
3 583 625 916
4 583 625 916

TABLE 3-9MISSION ENERGY REQUIREMENTS
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THRUST LEVEL REQUIRED (N)

ONCE/ORBIT ONCE/WEEK

CLASS SIZE DUTY CYCLE DUTY CYCLE
0.1 0.4 0.1 0.4
PLATE W/0 BLANKET 30 M .008 .002 .050 .015
100 M .027 .007 .190 .050
250 M .087 .022 .610 .170
PLATE W/BLANKET 30 M .028 .008. .200 .050
100 M .290 .075 1.95 .530
150 M .620 .160 4,10 1.10
MODULAR ANTENNA . 15 M 030 .008 .250 .070
60 M .130 .032 .900 250
200 M .300 .082 2.10 .600
' SERIES OF ANTENNAS 2 .110 .020 .800 .210
3 '.150 ~.040 1.20 .310
4 .230 .060 1.60 .420

TABLE 3-10 STATIONKEEPING THRUST REQUIREMENTS
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® CHEMICAL THRUSTERS

® 13 CHEMICAL THRUSTERS
® NO GIMBAL REQUIRED
® DUAL REDUNDANCY

* ELECIKIC THRUSTEES e 8 ELECTRIC THRUSTERS

® :45° GIMBALLING ASSUMED
® DUAL REDUNDANCY

AV

Figure 3-42
TETRAHEDRAL TRUSS THRUSTER LOCATIQNS
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FIGURE 3-43 MODULAR ANTENNA
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15 CHEMICAL THRUSTERS
«NO GIMBAL REQUIRED
« DUAL REDUNDANCY

* 8 ELECTRIC THRUSTERS
*+45 GIMBALLING

* DUAL REDUNDANT



® CHEMICAL THRUSTERS

& ELECTRIC THRUSTERS

‘Figure 3-48  SERIES OF ANTENNAS
178

® 17 CHEMICAL THRUSTERS
* NO GIMBAL REQUIRED
¢ DUAL REDUNDANT

e 8 ELECTRIC THRUSTERS

‘®£45 DEGREE GIMBAL

® DUAL REDUNDANT
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The thrust requirements have been given for two altitudes with two LSS
orientations, a time optimal low thrust LE0O-GEO transfer, a geosynchronous

worst case orientation, and for GEO stationkeeping. The requirements for
400 km are available but were not displayed to save space and the number of
parameters considered. If 400 km data is required, interpolation can
suffice. An additional rationale for eliminating the 400 km start altitude
is that the shuttle's capability does not vary significantly between 300
and 400 km. For 500 km, an additional OMS kit is necessary to achieve the

higher altitude and there 1is a corresponding reduction of payload
capability.
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Table 3-11
CHEMICAL APS - THRUST/THRUSTER REQUIREMENTS SUMMARY

DISTURBANCE TORQUE

GEO GEO STATIONKEEPING
CLASS SIZE 300 km 500 km LEO - GEO |DISTURBANCE| @ 0.1 DUTY CYCLE
| 100 | WRST | joo | MORST | TRANSFER |WORST CASE | ONCE/ORBIT | ONCE/WEEK
PLATE W/O BLANKET |[30m{ 0.003 | 0,018 | 0.0005 | 0,003 0.0035 0.00005 . 0.008 0.050
100 mj 0,027 | 0.170 | 0.0075 | 0.035 0,0400 - | 0.00030 0.027 0.190
250 m| 0,132 | 1.230 | 0.0380 | 0.185 0,2100 0.00170 0.087 0.610
PLATE W/BLANKET 30 m| 0.040 | 0.340 | 0.0055 | 0.025 0.0075 0.00035 0,028 0.200
100 m} 0.480 | 3.450 | 0.0795 | 0.345 0,2445 0,00420 0.290 1.950
| 150 m{ 1.120 | 8.500 | 0.2800 | 1.080 0.9640 0.01050 0.620 4.100
MODULAR ANTENNA 15w 0.120 | 0,545 | 0.0100 | 0.060 |- 0.0370 0.00150 0.030 0.250
60 m| 1,500 | 9.540 | 0.2500 | 1,000 0.6250 0.01150 0.130 0.900
200 | 16.83 |55.790 | 1,7550 | 8.050 5.5150 0.11700 0.300 2.100
SERIES OF ANTENNAS | 2 | 0.025 | 0.192 | 0,0250 | 0.165 0.0730 0.00100 0.055 0.400
3 | 0.106 | 0.680 | 0.1060 | 0.591 0.0740 0.00300 0.080 0.600
4 | 0.250 | 1.625 | 0.2500 | 1.330 0.0740 0,00700 0.115 0.800
)oD)) )0 )) ) JoJ o) )
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Table 3—_12
ELECTRIC APS - THRUST/THRUSTER REQUIREMENTS SUMMARY
DISTURBANCE TORQUE GEO - GEO STATIONKEEPING
CLASS SIZE] © 300 km 500 km LEO - GEO |DISTURBANCE| @ 0.4 DUTY CYCLE
100 ”é’:ssg 10° Wg:gg TRANSFER | WORST CASE | ONCE/ORBTT | ONCE/WEEK
PLATE W/0 BLANKET | 30 m| 0.004 | 0.025 | 0.001 | 0.004 | 0.005 0.0001 0.002 0.015
100m| 0.038 | 0.240 | 0.011 | 0.049 0.057 0.0004 0.007 0.05Q
250 m| 0.187 1.739 | 0.054 | 0.261 0.297 0.0020 0.022 0.170
PLATE W/BLANKET 30m| 0.056 | 0.480 | 0.008 | 0.035 0.011 0.0055 0.008 0.050
100m| 0.700 | 4.880 | 0.112 | 0.488 0.346 0.0059 0.075 0.530
150 m| 1.584 [12.020 | 0.396 | 1.527 0.346 0.0150 0.160 1.100
MODULAR ANTENNA 15m| 0.120 | 0.504 | 0.010 | 0.060 | 0.037 0.0115 0,004 0.035
60m | 1.500 | 9.540 | 0,250 | 1.000 0.625 0.0115 0.016 - 0.125
200 m |16.800 |55.790 | 1.755 | 8.050 5.515 0.1170 0,041 0.300
SERIES OF ANTENMAS | 2 | 0.035 | 0.272 | 0.035 | 0.233 0.103 0.0020 0.010 | 0.105
3 | 0.150 | 0.962 | 0.150 | 0.836 0.105 0.0040 0.020 0.155
4 | 0.353 | 2.298 | 0.353 | 1.880 0.105 0.0100 0.030 0.210
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4.0 INTERACTION BETWEEN AUXILIARY PROPULSION SYSTEM CHARACTERISTICS
AND LARGE SPACE SYSTEM CHARACTERISTICS

The objective in this section is to establish the system-level
characteristics required of auxiliary propulsion systems to enable them to
ineet the requirements of large space system, and from these, in Section 5,
to determine the directions APS technology development should take. To
accomplish this end, it is desirable to establish bounds on the values of
the APS characteristics within which technologists will be required to
work. Because these bounds are configuration and/or mission dependent, a
useful output would be a set of parameter maps showing the functional
dependence of the various parameters upon each other, upon the scaling
parameter, and upon control accuracy, for each generic LSS class.

The original intent was to quantify each of the elements that indicate
sensitivity in the matrix of Figure 3-40. In effect, to determine a
collection of partial derivatives to define the functional relationship of
each interaction. Unfortunately difficulties arise. The basic problem is
that the parameters listed horizontally are not independent. For example,
LSS mass is a function of size, stiffness, strength and perhaps, lifetime.
Also the disturbances are obviously functions of LSS mass and size, and all
three are functions of the scaling parameters derived in Task 3.1. It was
concluded that an attempt to develop a matrix of partials would not be very
productive. Instead, four separate, relatively independent, study areas
were selected which would explore the complex interrelationship between APS
and LSS characteristics. These areas are: Thrust Level, Thrust Modulation
and Transient Effects, Number and Distribution of Thrusters, and Allowable
Mass. The thrust 1level study was presented in Section 3.2.1 and the
remaining three areas are investigated in the following sections. Although
each investigation only treats certain aspects of of the problem, in sum
they cover all the sensitivities identified in the Figure 3-40 matrix.

A second objective was to collect the results of the four studies to define
optimum APS characteristics. The last subtask examined the impact of a

single shuttle launch.
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Proportional and pulse modulated systems were treated separately. In each
case methods of implementation, transient effects and performance were

examined to determine the interactions will LSS.

Large flat structures (generic class 1) were studied to define interactions
with the number and distribution of thrusters. Two aspects were found
significant, attitude control and shape contro].‘ It became clear that
performance improvement could be gained by distributing the thrusters over
the structure. Doubling the minimum number of thrusters gave a marked
improvement, a further doubling a smaller improvement and so on.

In the Allowable Mass subtask, scaling laws were collected for various APS
components such as tanks, power processors, solar arrays, etc. These
expressions were then used together with thrust and total impulse required
data to determine APS mass as a function of specific impulse. This
determinaion was made for small, medium and large vehicles in each generic
class.

The results of the above studies were reviewed to single out the APS
characteristics that have significant interactions with control functions
and APS charactristics. This review identified the APS characteristics

that are desirable and those that should be avoided.

The final subtask examined the impact of vehicles constrained to a single
shuttle launch. This involved the redefinition of some of the scaling laws
and the determination of APS masses for the single launch vehicles.

The results obtained ~in Task 4 established the system 1level APS
characteristics needed to meet the requirements of LSS. They provide the
information necessary to proceed with Task 5, the determination of the

directions APS technology development should take.

4,1 Thrust Modulation and Transient Effects
Thrust modulation will affect to some extent all control functions. The

ideal situation would be an APS capable of amplitude modulated thrusts all
the way from the maximum required down to zero. Since this 1is presently

not attainable some form of pulse modulation is necessary to obtain small
effective thrust levels.
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The rise and decay transients associated with APS will affect primarily the
pointing and shape control functions. This 1is because these functions
require thrust application at precise times. In some cases compensation
can be made for transient effects but when this is not possible the system

performance will suffer.

Variable thrust to enable disturbance torques to be exactly cancelled would
provide optimum system performance. Such a system ideally can provide high
accuracy and once the desired pointing has been achieved no effort over and
above the cancellation of disturbance torques 1is needed to maintain
pointing. A proportional system of this kind is only possible if the APS
thrusts can deliver torques which closely approximate the applied
disturbance torques. Not only must the control torques equal the magnitude
of the disturbance torques but they must do so at all times. This requires
the capability to change thrust at matching rates.

When the necessary thrust range and rates of change cannot be met pulse
modulation can be wused. This method can take several forms but the most
likely is pulse-width modulation, also called on-off and bang-bang control.

Thrusts of constant magnitude are turned on and off for varying lengths of
time to achieve a desired mean thrust level.

4.1.1 Proportional Control
When proportional control is available the control thrust is determined as
a function of system error, which 1is wusually defined as a linear

combination of rate and position error.

4,1.1.1 System Implementation
A typical 1implementation, 1in one axis, is shown in Figure 4-1. The rate

and position errors are sensed and combined with appropriate gains to form
the system error, € . The control torque is commanded as a function of the
error, summed with disturbance torques, D, and applied to the vehicle to
produce an acceleration. Integration of the acceleration leads to the rate
and position. The accuracy achievable in practice is determined primarily
by the sensor characteristics. The control system shown in Figure 4-1 can
drive the system error, as sensed, to very small values (actually to
é?==%?égg) when the disturbance 1is constant, and introduce only a small
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additional error when the disturbance is changing. The system frequency
and damping are functions of the gains.

Even better accuracy, if required, can be obtained by including an integral
of position term 1in the system error formulation. Lower accuracy can be
achieved by introducing deadzones in the system either at the thrust
drivers, block F, or in the position sensor. There is no propellant
penalty associated with accuracy provided the control torque is available
over the range covering the maximum disturbance torque down to zero and

provided the Isp remains reasonably constant over this range.

Basic System Characteristics

The system equation, based on the block diagram of Figure 4-1, and assuming
a control torque of T = K 1is:

/.fszyé/é’,(é_rf%ﬁ/g =2 (4.1)

where I is the moment of inertia
D the disturbance torque, and

Ki are gains

The characteristic equation is that of a second order system. It follows
that the system frequency (w) and damping ({) are given by

WP = k& ST (4.2)
2her = w5 (0.
If D is constant the response is given by
— _ :2 /
8 = Flrmeeriee (4.4)
which has the solution
L —af ~ad .
Ol = 2 /) 5% be - 2 5% 4
4 = = nrdé = - s/ (4.5)
where o = iz (28 = e ks, (4.6)

It 1is often convenient to represent system response in the phase plane;
i.e., a plot of @vs@. In the phase plane, solutions from various initial

conditions have trajectories as shown in Figure 4-2 (reproduced from
Reference 3).

187




D
T N [~
» N
-3
] <
- N /
= / £
\_\
[ )W
AL A
”"\‘a - - ~ \ -— q '-' - e 4 q
/] \ ! Py
1 ! v
y y ' A
7 =l
| T
¢
1
A . -
K [ \\
‘ [
' q 444444
o
= ER S -
7
— 3
.y
i AN
1A N
\5" -y Z\.ﬂﬁ“,l.- dud-:.-l t‘z .-l
// .u. \\
[}
o
[}
\; "
! »
! P
T ' |
T
T

$=0.7

¢'=0.3

D
e o
. T . -
-t n
=] ] A
M. : .
B aERNS
\ .
Z]
ol 2
-0 -t~ ‘\\.‘.- ‘, aaaaaaaa -I s
4
7 \ )
. m t \\\
4 / ] 1]
1
'
)
! L
[}
S .Y = i
e
R
[~ -
1 = ~ M
\\ [ l’ —-
5 ] \ it
M
= =
A \
)
. &\i~ \\
[X - Y ~ ..-’ ] ‘\3 I\l\ﬂul\.u. L-.s .m- - c_.. .-I --
VAR
[ ' P
\NEEE T
~1 | 1
]
i
N v
No ! Pad
N ! |_{—1
D
1
188

FIGURE 4- 2 PHASE PLANE TRAJECTORIES




The steady state error under a constant torque can be found by applying the
final value theorem to (4)

sS 5 Il g sl ‘= o
2

= ~2— janid -y
Py ot (4.7)

4,1.1.2 Transient Effects

Electric engines, which are the prime contenders for proportional control
applications, typically offer a thrust range but only down to Tlimiting
value. If a lower thrust bound does exist there are several ways of
configuring the control system to achieve desired results.

If there were no thrust bound the thrust vs error curve would take the form
shown in Figure 4-3(a), that is a simple gain, or F = K in Figure 4-1.
When limiting is present a relatively simple approach is to revert to pulse
operation. If the thrust is set to zero when less than the Timiting value
is called for the F function takes the form shown in Figure 4-3(b). This
method sacrifices accuracy but requires the same amount of propellant
(assuming the same I ) as true proportional control. Continuous
proportional control cgn be obtained, down to zero effective thrust, by
using opposing thrusters. A possible thrust vs error relation is as shown
in Figure 4-3(c). In this case accuracy is maintained but a propellant
penalty is incurred.

Hybrid Proportional/Pulse Operation

The system is hybrid because it uses proportional control when
D=7

where Tc is the limiting control torque
and on-off control when D<TC.

Assuming the system block diagram of Figure 4-1, the control law is

TEr/ b8 48/
In the phase plane, the lines indicating where the Timiting value occurs
are given by

ESAEN O T ( 4.8)
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These are shown in Figure 4-4. The system trajectory, starting from 0 is

also shown. Assuming D to be positive but less than TC the system will
follow the unpowered trajectory from 0 to A. The equation is given by

;= 28 _ 5
& ‘737449

2

JF = 2oy (4.9)

that is, a parabola. At A the thrust is turned on taking the system to B.
Arc AB is given by the solution to

TE w5 S #ied =2 | (4.10)
which is the same as equation (4.1) and is a distorted logarithmic spiral
in the phase plane.

Successive on and off trajectory arcs will continue until the system
converges to point S. Although the shapes of the converging trajectories

will vary with the system parameters the resu[t is always the value of at
S; i.e., the solution of equation (4.8) with @ =0

O = TS = T rot ( 4.11)

(This value can be compared with 324202 attainable with a fully
proportional system.)

Once the steady state point has been reached, the system will automatically
adapt a pulsing mode with a duty cycle (ratio of thruster on time to total
time) of 2 .

Y

Opposed Thrust ,

If an effective torque of T below Tc is required a torque of T + T can be
, c

generated by one set of thrusters and a torque -Tc by the opposing set.

This will achieve a net torque T. The system will behave as a true
proportional system in terms of pointing and disturbance cancellation but
will incur a propellant penalty whenever the net torque is less than the
limiting value.

Delayed Response
In a proportional system once an operating thrust has been achieved there

may be delays when thrust changes are commanded. These may be simulated by
introducing a first order lag. In effect, the block F in Figure 4-1 takes

the form Y.

L=

/TS
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where T is the time constant. The system equation becomes
/Zﬁiz 2 ALsr K8 | F = >
SAZTS )
or i/"'_ﬂfz—’_f"??" .ZJ‘Z #* /e»é‘/z_:" ""/(/(///07 = .2-//7‘2’5/

- The steady state error under a constant torque remains the same although

response will be a 1ittle sluggish. Under varying torques little change in
response will occur provided 7 is small compared to the times involved.

4.1.1.3 Performance
The basic accuracy and propellant consumption performance relations will be

found below for pointing, shape control, maneuver and desaturation and
stationkeeping control functions.

Pointing

Accuracy values have already been determined: For true proportional
systems, including those using opposed thrust, and using simple rate'and
position feedback the steady state error under a constant (or slowly

varying) torque is 2
Gy = —Z

Tew?

When a lower torque 1imit of T applies the error rises to
c

e

Es = e

‘ T2
The propellant consumption in a proportional system, with or without torque
limiting, 1is that needed to counter the disturbance torque. Once the

steady state position has been acquired no additional effort 1is necessary
and no savings are obtainable by relaxing the accuracy.

Opposed thrust mechanizations 1in general impose a propellant consumption
penalty. Assuming the method illustrated by Figure 4-3(c) the propellant

required is that needed to overcome the disturbances plus that needed to

achieve ZTC whenever TC<D.

To obtain an assessment of the penalty it 1is necessary to know what
proportion of the time the disturbance torque is less than the limiting
control torque. Since most disturbances will be sinusoidal 1in nature an
example can‘be worked assuming

D= Aronwddt | T = Al

e
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Using the opposed thrust technique the plus and minus torques needed to
counter the disturbance will be as shown in Figure 4-5. Starting from zero
the disturbance torque will build to TC when

LA = Ason 24
LA/ = _-QAJ’/-27‘-////C/

In disturbance cycle period the torque will be below T for a time 4t, or

z .C .
4 sin "k. since the period is-%ézthe proportion of time the system will be
in the opposed thrust mode is

Z“——% x 2_4.. = » -//é = ;7_.‘?:/\7)-//4

The total torque impulse is represented by the shaded are 1in Figure 4-5,
that is:

Impulse = 2 (ABCD + EFGH + GHI)

77— & .
= /’%né/;&‘ * ELLS #%*ﬂﬂﬁ//d/ (4.12)
-‘4/
Now by inspection it is seen that
CHT = LEFGH = 24 L4
-4
Then Impulse = BA ) o 2 ELF 2 SE L LA
4 T=sir
= 2//.1"/270/ oy L BELA
T /é
s Rt [ (4.13)
- )

The impulse with true propgrtiona] control would be

7/ )
7= 2/7;;,74'2/;& = 44 (4.14)
g2 .
a
The ratio is (4.13) divided by (4.14), i.e.,
= Y-k7 4 Al K (4.15)
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Since propellant consumption is proportional to impulise, R represents the
ratio of consumption under a true proportional system. R is shown plotted
against k in Figure 4-6. It is seen that the penalty is quite small for
lower values of k (less than 10 percent for k less than 0.17, for example)
but rises rapidly as k increases.

Shape Control
The theory of small oscillations about an equilibrium condition of an
elastic body shows that the shape can be described by (Reference 4)

) = 2 g, (%) (4.16)

where qn are the normal coordinates and

an(x) the norma] modes.

The normal coordinates are defined
In = o A v
P S e

taken over the entire body with

(4.17)

p(x) representing the density, and
dv(x) an element of volume.

It can be shown that the modes are orthogona1; that is

/og. Aar= {0 <7" (4.18)

o, < En

Kinetic and elastic strain energies are given by

—

7= £ 5, on (4.19)
Vo= L2 “J,f';fz (4.20)

where w s the modal frequency and
mn the generalized mass.

775 %;J,, g (-4.21)

The generalized force is defined

&, =//a¢/¢z// (4.22)
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where F is the force acting at x.

The above equations describe the system as a whole, but as a consequence of
the orthogonality condition, equation (4.18), they also hold for each mode;
that is, for particular values of n. This property will be used to gain
insight into the problems of shape control by focussing attention on a
single mode.

Lagrange's equations state

/ 24/ /c)Z = (4.23)
where the Lagrangian L is

L= T-V (4.24)
Using (4.19), (4.20) and (4.21)

f/m/@j Pt 777&()2?,
G rag =L (4.25)

A candidate for proportional control is to apply thrust according to
A= —/fmg' (4.26)
Substituting this into equation (4.25) :
%.. . ~ D = A (4.27)
This is the equation of a damped second order system. Taking the Laplace
transform of (4.27) '

(£7 + LrnYg = éf?ﬁ{é?a |
assuming an initial condition of q(o) = g, q(o) = 0. The solution is
-,é~/2
b £ b .
;// 2a€ /mé * L0 (4.28)
=f/¢60—/é2

Proportional control 1is thus effective in providing damping of structural
oscillations (or increasing existing structural damping). The natural
frequency is reduced slightly from «w tox4 /eﬂ»-véz . The damping time
constant is directly related to the gain k in equation (4.26) and is equal
to 2/k.

A basic equation of beam theory states

% 2%
[[557 # o a:/z =0 (4.29)

J




where y is the deflection

x the location along the beam
E Young's Modulus

I the second moment of area, and
p the mass per unit length = %

Assuming the motion to be sinusoidal, y can be expressed

Ay X dCls (4.30)

where ¢ is a phase angle.

Substituting (4-30) into (4.29)
7% 2
<7 oﬁiéééf ~od o =0
If )24:/04d7£f
% < _
Aoty # = 2 ffo =0 (4.31)

which has the solution

Yo = A cos nx + B sin nx + C cosh nx + D sinh nx

Applying the boundary conditions for a free-free beam leads to the equation
cos nL cosh nL = -1

which has solutions- for various values of nL. These represent modes.
Substituting into (4.32)

d
7 [ L)

to define the modal frequencies. This equation applies to flat plates if
motion is restricted to the xy plane. Frequencies for the first few modes
are found to be
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1st mode C = 3.56
2nd mode C = 9.82
3rd mode C = 19.2
4th mode C = 31.8
A plot of the first mode frequency vs. scaling parameter 1is shown in

Figure 4-7. Two values of I are shown with E chosen for both graphite and

aluminum.

Minimum Thrust Bound
If the control law, equation (4.26), is attempted with a bounded system, it

becomes modified to

77z

a, /ﬁ/ éf/m/é

where F2 is the Timiting value

If k is small, the system frequency closely approximates the natural
frequency and the motion can be expressed

ﬂfaﬁcww/,/éc—w%ﬁ%ﬁf

From (4.33) it follows that the thrust is on whenever
Al n ) S g, ) (4.34)

and off when the angle is less than this, Figure 4-8.

Although the response can be calculated, it 1is clear that the only
difference from an unlimited system will be a decrease in damping.

Moreover the decrease will be small because the thrust is zero at the least
effective parts of the cycle, when the velocity 1is minimum. It is

concluded that limited thrust is not a serious problem for shape control.

Opposed Thrust
The use of opposed thrust could recover the damping lost by thrust

limiting. Since, however, the loss is small the additional complication of
opposed thrust hardly seems warranted particularly as switching would be

required at relatively high frequencies and the method entails a propellant
penalty.
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Delayed Response

If the delays can be represented as a first order lag the control Tlaw
(4.26) becomes modified to _
e A  (4.35)

Lo

777 - /S

and the system equation is

2 45 2/=- 4.36) )
/5‘ ~ v -+ a)/g < | (

The equation can be expessed in the form )

(x 225 )[(ea ) 825 = (HTS)E ( 4.37)
which has the solution

= (7 #+25) ¢

# (< 4Z5) flrva)*+ 827
By partial fractions

- _ A S/rea)eC ]
7= )L s B
g#) = {75//;_‘98—;‘44* G Berebt + £ 5in 57/ (4.38)

The first term will decay to zero leaving the last two terms to represent
the subsequent motion. It is seen that the damping ratio is given by
J{: a/cd
The parameter a can be found by equating the left hand sides of equations
(4.36) and (4.37)
757 5% p s heresT) #ed? = 25° 45 20 vt A3/ 127 o)t 125
where 22%= a*4%

. .. n
Equating coefficients of s
gt =/
_szv-‘__”a-o( =2'2¢)2'*é

2 =dd2

5 :
substitutinge=(/~_2a r)zandﬁz= /“) - into the second equation yields
Da :
Fazfr-2ar)? = A2(0-2ar) ~20z/00z)? : (4.39)

Buta)=27§7 where T is the natural system period. If R is defined/g, (4.39)

can be rearranged to give

/2’//—-24 Z‘/ -.?’aZ"//—z"a ?’/2
9/7'2642"

2% = (4.40)
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Referring back to equation (4.28) the damping ratio of the continuous
system is d%/ A{//
= ' 2D

The ratio of the damping ratios, delayed system over continuous non-delayed

system, is
’ e RJE = T . ar
e “ Zs

substituting this into (4.40) leads to
2 £ — )2

< =4_zfz & (22 ~ /"‘O" “//

&= f-Ta 27/2/72/?2— (220 (4.41)
Nowoz will be a very small number in all practical applications. If«ZX<1

L~ ////,44,7‘17"/ (4.42)
This expression relates the ratio of the damping, delayed system to ideal
system, to R which 1is the ratio of first order lag time constant to the
natural oscillation period. It is shown plotted in Figure 4-9. For small
lag time constants, say Z <.05T, the delayed system can still achieve 90

percent or more of the ideal system. But the situation rapidly
deteriorates; whenZ'=.5T only about 10 percent effectiveness remains.

Maneuver
Proportional control will allow maneuvering torques to be tailored to suit

slew laws which can minimize structural oscillations. This may be
important if the maneuver involves tracking some taryet. It may be of no

consequence if the maneuver is simply a prelude to thrust application and
there are no time constraints.

As an example of the vreduction in oscillation amplitude attainable the
response to a step and a ramp torque can be compared. For a system with
very low damping the equation of motion can be approximated:

/52% 4«)2/'57 =7
For a step torque
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For a ramp torque

5 7
g = 22, 02
STy

&b ’=éJ§}/1?-235r¢770J4/

The ramp response has on]y;f the amplitude of the step response.

A thrust limited system means only that a step torque corresponding to the
limiting thrust must be accommodated. The effects are minor. Similarly a
delayed response will be unimportant unless the maneuver is related to
accurate tracking.

Desaturation and Stationkeeping
These functions are usually not demanding. The impulse delivered is the

important consideration and the time and rate of delivery are generally

secondary. This being the case the advantage of an amplitude modulated APS
is the ability to minimize structural oscillations. The comments under

maneuver are applicable.

4.1.2 Pulse Modulated Control
Pulse width modulation will be the most 1ikely pulse mode suitable for APS.

In this method thrusts are turned on and off for various times but the
thrust level, when on, is essentially constant. The impulse delivered to
the system 1is determined by the on time and is controlled by varying this
time. The effective thrust and impulse values are the constant thrust on
values multiplied by the duty cycle, defined as the ratio of on time to
total time.

When external torques are low the duty cycle becomes low. Better accuracy
is obtained by frequent small pulses than infrequent larger pulses. As the
torque gets smaller, the on times decrease and eventually a limit, called

the minimum impulse bit, is reached. This is determined by physical APS
characteristics such as valve actuation time, propellant metering, warm-up

times, etc.

A consequence of on-off control is the phenomenon of limit cycling. In a
zero disturbance situation position control is maintained by firing thrusts
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of alternate sign. This causes a continual oscillation back and forth
across the zero position error point. A plot of position against time is
shown 1in Figure 4-10(a). A more convenient representation, especially for
analysis, is the phase plane, Figure 4-10(b), which shows @ vs é . The
system oscillates between Timits + @ which define a deadzone. The width
of the limit cycle may or may not be symmetrical about the & axis.

Considering one axis only, and assuminé the limit cycle is symmetrical, the
angular momentum of the vehicle as it coasts across AB, Figure 4-10(b), is
/ﬁée = iEé{
Following the pulse, at C, the angular momentum is
/f;a e ‘222/
The change is then ZIﬂh which must equal the impulse
4N = 278y = FeZ

o G = Fer/or (4.43)

where F is the thrust
T the on time, and

e the moment arm

The propellant consumed in going from B to C is

o= o
s
‘and since there are two such burns in each cycle, the consumption is
Zw = Z£Z per cycle. 4.44
oy (4.44)

To find the limit cycle period the coast times are necessary. The time to
travel from C to D is
— 24
/C_& = “(5::{
4
thus the total limit cycle period is

—

/=.-b72’+/:-3 "‘7;3

= 2?/2934 24
&t

= 2?//%E%£?.+ 2;/

P rrad
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In general, the coast time TAB or TCD is very long compared to the burn
time, 7. When this is the case

T BTEd (4.45)
Aoz .
and the duty cycle; i.e., the ratio of on time to off time is
2C= Jz/7
2
= ,fez-/avd (4.46)
The mean rate of propellant consumption is then
o= &C-—f = _____Mé
4 A G £L4
or, using equation (4.43) .5
o= V2% (4.47)
e lop

It is seen that propellant consumption is proportional to the impulse bit,
FT, squared and inversely proportional to the width of the deadzone. There

is thus considerable incentive to keep the 1impulse bit as small as
possible.

Y
If /525/ is denoted P, the propellant consumed can be expressed

7 Y.
e A7
Figure 4-11 shows W/P as a function of the scaling parameter for three
pointing accuracies. A flat plate structure and 10 year lifetime were
assumed. .
4.1.2.1 System Implementation

In order to produce a limit cycle some means of turning the thrust on at
points B and D of Figure 4-10(b) must be devised. This is achieved by

using rate and position sensors and a relay or switching amplifier. A
block diagram of a general system is shown in Figure 4-12. For the time

being the sensors will be assumed ideal and the relay to have a simple
deadzone as shown in Figure 4-13.

The signal going to the relay is

€= LG rk 5
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thus the minus thrust, defined as the thrust that produces a torque in a
direction to decrease @, will be switched on when

LEL48 =S (4.48)
Similarly, the plus thrust will be turned on when

Lo 59 = -F (4:49)
and both thrusts will be zero in the range '

S Y S (4.50)

Expressions (4.49) and (4.50) can be represented on the phase plane as two
lines, Figure 4-14, kndwn as switchlines. These divide the phase plane
into three regions - a central band where no thrust is applied, the plus
thrust region to the left of the central band and a minus thrust region to

the right.

In the phase plane, when no torques are acting, the coast trajectories are
straight lines. With torque, trajectory arcs are given by

78 = 22Fe
which integrates to give
. e 2
L =g 8L /./-Z’;f@zé (4.51)

More conveniently for phase plane work

' = 55429 - D25
LC = L0 ©

leading to z
(828)) = z(227)i5-5,) (4.52)

This is the equation of a parabola, concave to the left for negative net
torques and concave to the right for positive net torques.

Figures 4-15(a) and (b) show convergence of the system, in different ways,
to a Timit cycle about the origin. The convergence is a consequence of the
negative slope of the switchlines introduced by the K2 term in the error

signal.

4.1.2.2 Transient Effects
There are a variety of imperfections in real life systems which can alter

the form of the switchlines and modify limit cycle characteristics. . Some
of these nonlinearities and their effects will be examined in this section.
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The jet on pulse has to this point been assumed rectangular. In fact there
will be rise and decay transients and the pulse is more likely to take the
form shown in Figure 4-16. Perhaps surprisingly the rectangular
approximation very closely matches the effect of a true pulse. The rise
and decay simply round out the corners that are sharp in an idealized
trajectory but have little effect on performance. There is a second effect
that requires consideration however. If the thrust starts at B and the
rectangular approximation (having the same area) starts at C there is a
delay t. - t_. In fact thrust initiation at B was most Tlikely delayed a
short time after the on signal was generated at A. This type of delay can
be caused by valve opening time, fuel Tine capacitance, warm up or ignition
delays. The time t_ . t can be used to combine the various contributions
into one effective on delay, to' Similarly, if point D represents the time
an off signal is generated and E the end of the rectangular approximation,

tE - tD can be taken as an effective off delay, tf.

An on delay modifies the phase plane switchline by changing its slope. The
jet on line occurs atAf= 80t beyond the signal on line as shown in Figure
4-17(a). The off delay is sogewhat similar with the thrust off line being
constructed by continuing trajectories past the signal off lines the

distance travelled in time tf, Figure 4-17(b).

In some cases it is possible to compensate for on and off delays by
repositioning the switchlines so that the thrust comes on and goes off when

required. This process requires moving the switchlines closer to the
origin, that is, reducing the value of § in equation (4.50) and modifying
the gains Kl and K,. It is only possible if § can be reduced. If § is
already at a minimum set by system parameters the on delay will tend to
cause a degradation in accuracy and the off delay will increase propellant
consumption. This is seen from equation (4.47)
h = T8y /e G T8

The on delay increases @, the width of the deadzone. This actually
reduces propellant consumption but usually the savings will be more than
cancelled by the effective increase in éd caused by the off delay.

The off delay problem can be avoided if the system is arranged to fire a
minimum impulse bit when the on line is crossed and the rates are low.
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FIGURE 4~16 PULSE APPROXIMATIONS
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.FIGURE 4-17 EFFECT OF TIME DELAYS ON SWITCHLINES
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This avoids the need for an off 1line in the terminal 1limit cycle but
requires additional system logic to implement.

4.1.2.3 - Performance

The terminal 1limit cycles réached by the system with ideal sensors and a
relay with deadzone are typically asymmetric. [f the deadzone is traversed
on one side, for example FG in Figure 4-15(a), at a rate R times the

symmetric rate, 05, the time to cross is closely approximated by

_ B«
e =
and oo
Jre = X
& [2-4)
The duty cycle is then
pc- Z o =2
/ TG A Ty 22T
y 2
r& 2 R s ) (4.53)
ZE ATEL
.o )%
W= —/—‘—/——f/"v@/ (4.54)
4162122§¢

These are the symmetric duty cycle values factored by R(2 - R). The factor
is shown plotted in Figure 4-18. The asymmetric cycle thus uses less
propellant but since the asymmetric cycle rate is random the savings cannot
be predicted except on a probability basis.

The limit cycle deadzone, @,, achieved by the relay deadzone of §, is

frfeZ (4.55)
BN

“ Tz
Pointing
“When disturbance torques are present limit cycle trajectories are modified
primarily because the thrust off trajectory arcs become parabolas rather

than straight horizontal lines.

If the disturbance torque is positive and the minus thrust is used to
counter the disturbance the limit cycle trajectory takes the form shown in

Figure 4-19(a). The dotted lines represent the response to a larger torque
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FIGURE 4-19 ONE AND TWO PULSE LIMIT CYCLES

221




than the solid lines. If D increases in magnitude the point P, where the
trajectory crosses the axis inside the deadzone, will move to the right.

Conversely as D gets smaller P will move to the left. At some Tevel P will
meet the Tleft hand boundary of the deadzone. When this occurs the limit
cycle will change from a one pulse cycle to a two pulse cycle which will
adjust itself to take up the symmetrical shape shown in Figure 4-19(b).

To evaluate the performance in one and two pulse cycles consider the

deadzone to be ZGL by 26& in size. Using equation (4.52) the trajectory
inside the deadzone is

7/9°-8;) = 2208-E) (4.56)

For the one pulse cycle the point P is given by setting §= 0; i.e.,
~78; = 22(8,-8y)
o = 6;g-zng§;4?z>
In order to remain a one pulse cycle § > -0,
12 p d
&y —zﬁé;c/éaa > -8y
2 = 19;}/44( (4.57)

that is provided

This is the condition for a one pulse cycle.

The time on, from A to B is z°= -22§h;/?22—/ﬁz)

while the time off, from B through P to A is
Ge = P o

!

leading to a limit cycle period

Ao -2
7= 28 rFe 1A
2 (4 58)
The mean propellant consumption is
) LT 2
o = 774 7y (4.59)

Notice that the mean torque applied 15/42274’, exactly equal to the
disturbance torque. The one pulse cycle is thus very efficient and all the

propeilant used goes into countering the disturbance.
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In the two pulse cycle, point C in Figure 4-19(b) is found by setting @ =
0d in (4.56) [/55’ ’q{/ sy
&2 = g7~ ‘/,94//[

The thrust on and off times are
T = L2Eq e 2
Jer = 25;:’///‘&*2/
T = Tow = (Br-82)/2

The total on time is then . :
. Z&. &

CFed T e ~2
lome = _—Dg/ﬂd—ﬂt/
The Timit cycle period is then .
> 20 . .
T = Lo, =12:4 # 3/&2{—&6

AN
e

and the total off time

£ D Ao~
= e 2
75 iy P (e rd) -G (e-2)f (4.60)
and the propellant consumption rate
. = F/:A/
ad /[5

G [Cenl) i e fr-2)
é'f,é G (o rD) — Be (Fe=2)
= B (1##) 4 Se ([ 7-A°) (4.61)
e b ( Bt [(1#R) -5 (/-]

i

where D
e

Suppose now the critical value of D from (4.57) is written D
2 = [@2/7"575(

It follows that the zero torque 1imit cycle propellant consumption from

(4.47) is

c

/hf{;ﬁ = A2 | (4.62)
When D = Dc’ the one pulse cycle under constant torque has
welf =2 (4.63)
and the two pulse cycle has ’
) . -
el = ﬁ//’%‘./’g}/’ 2 ) (4.64)
/ER =Ry - e /
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when R is small (4.40) can be approximated by

SE Y2, (4.65)

wely ~ 2 ,
# a2

WEIS is plotted against D/D_ in Figure 4-20. It is seen that the no
torque consumption can be significantly higher than the consumption under a
small torque (by a factor of 4 when D = D ).

o

A pure time delay will increase the width of the deadzone. If there are no

disturbance torques .
JE =26 (4.66)

where TD is the delay and

9L the Timit cycle rate

) = jg;l radians/sec : (4.67)
Substituting (4.67) into (4.66)
A8 = %-Wg (4.68)
where MIB is the minimum impulse bit; i.e., F7 .
min
AMJ/MIBis shown 1in Figure 4-21 as a function of the scaling parameter for
several time delays.

Shape Control

Shape control using discrete pulses can be achieved by applying a pulse in

a direction to oppose the motion once every half cycle. The most effective
time to deliver the pulse is when the velocity is a maximum. From (4.25)

with F=0

2 =;Z,ca74az‘
Differentiating ;g = —6%QDJ5040é

which is maximum at wt =-%~n ,h=1,2, 3....

At the maximum velocity points the amplitude is zero and the system energy
is entirely kinetic. The momentum at such a point is

/éo = ma)/go
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Suppose at succeeding points an impulse of Fr is applied. The momentum

after pulse application is ‘
bp = mdg, ~< T (4.69)

In particular, after one cycle and two pulse applications the momentum is

Po = nadg, = EFT
The corresponding energy is

- = L 22 = L /’%2/2
/ 2??7; 27?7(77

- _/,,?/md% 27z )*
4 777

, 257 |2
= g’/w;o - 7;/ (4.70)
This must equal the system strain energy; ie.e,
J o2 — 27 _ 2 ) .
F2 = Zlep 7;7/ (4.71)
Initially éfxiéj = jgzﬁédjéf (4.72)

Dividing (4.71) by (4.72)

wa a/9_ would equal e'gﬁt if the process were continuous instead of

discrete. However an approximate effective damping ratio can be found by
equating ~feod 2 Py
@ = /5: = /- »M’J}o
. . 27
and taking t to be one cycle; i.e., t = o
-2mf i
e — - —r—————
7%
Sy e '
f =% Am«/mw;o/ (4.73)

<

z is shown in Figure 4-22.

§as a function of
7 2

227




DAMPING RATIO ({)

0.15 }
0.10 |-
0.05 -
0 ! ] ! 1 ] 1
0 0.1 0.2 0.3 0.4 0.5 0.6
| _2FT
-4

FIGURE 4-22 STRUCTURAL DAMPING WITH PULSE CONTROL

228

J

Jo ) )

)

)




Since m =‘% for the plate structure

'y /
- S 427'é2%/<; - 2FEL ///

/%a)/’?o

This is shown in Figures 4-23, 4-24, and 4-25 for a small, medium and large
plate structure assuming FE to be the minimum impulse bit.

It is seen that pulse control can be used as well as proportional control

to damp structural oscillations. The pulse application must cease however
when /Wcéﬁz -

or the pulses will induce an oscillation instead of damping it. The
1imiting value is found by equating.the strain and kinetic energies

L 452 = £ ZZ:
547 ”""/” < <7/
[2__ //c-cf
| ?f (7.
But %.=(02 and the minimum amplitude can be expressed
- £z (4.74)
g

Delayed Thrust

The pulse 1is ideally app11ed when cot-?ﬂr but if there are on delays the
pulse will be late. - Suppose it is applied at t = -Zvri-a . The velocity
at first pulse application is

;f = 2% 4;37(g§:Laﬂ/
/é = 77/‘,() "/)7// /

and the momentum is

After two pulse applications; i.e., after one cycle

/5 = zvaﬁ% :%n/éf;o&/—AQI?’

257
2727

and

it

- I
d%xf/% Y "‘9{ -

P
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The kinetic energy at this time is

7= g’/g)%.»;»,g;d ) - 2=, (4.75)

4

and the strain energy is

/= .f//famr :ff,aoz// (4.76)
The total energy after one cycle is then the sum of T and V; i.e.,
L= 2—/ %Qd’{%@d/ " }27 /:)Z r/‘»éé'}o/- ’;_;7 )
and this must equal 1/2Kq2
,(22: /@j(ag;//f,ld/f ?7%/;/00_{’/}7 1[,4.,//_ ’2:_?/4

[ =

2 P P 2
(Z) = (r.T;“’_/Z;a/ < Z’Jﬂfﬂn/é’—’ #a(/-‘-pi—? (4.77)
}70 2 &L P

27 7
As before the damping ratio is given by
—27f
e 7= %

substituting (4.77) and using &= »w?

./z —A%’f/— z , - (4.78)
7 L e /2477404/ +/:’2»3,/'2%Ifa(/-—?/‘?’/;770w : :
=
72095
shown in Figure 4-26. As might be expected the effect of a time delay is

to reduce the effectiveness. '

Curves of ¢{vsa and % for several representative values of are.

It may be of interest to compare the relative effectiveness of the
proportional and pulse methods of shape control. The impulse delivered per

cycle by the proportional method is

-
=2/
o 7
= j){m%ﬁﬂa)/&é‘
4/”’//’5
and this provides a damping ratio of /=~7j§
If J is defined -
2)7(:)95
PR SR 4
-0 2»74)70 &
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The pulse method, from equation (4.73) has
e ——77/= e
TF= ST © (4.80)

J is shown as a function of § in Figure 4-27. It is seen that the pulse
method 1is the more efficient and becomes increasingly so as the damping is
increased.

Maneuver

As shown in Section 4.2.1.3 proportional control has an advantage over an
on-off control for maneuver in being more suited for implementing jerk
limited slew laws. In general an on-off system will excite larger

amplitude structural oscillations than a carefully tailored proportional
system. When a train of pulses is used frequencies which will cause

resonance must particularly be avoided.

Desaturation and Stationkeeping

Again the major drawback of an on-off system is greater excitation of
structural oscillations.

4.2 Number and Distribution of Thrusters
In section 3.2.1 the thrust levels required to generate the total control
forces and torques were determined. These assumed the minimum number of

thrusters in the most favorable practical locations. In general this meant
placing the thrusters as far apart as possible without mounting the wunits

on parts of the solar panels or antennas. This approach is reasonable for

generic classes IIB, IIC, IIIA and IIIB. The first three generic classes,
IA, IB and IIA, however, lend themselves to distributed thruster
configurations. This situation was addressed in Section 3.2.2 and force/
unit area (for classes IA and IB) and force/unit volume (for class IIA) .
data were derived. In this section the distributed thruster concept will

be examined in more detail.

\
It is clear that in practice the thrust distribution cannot be an ideal
continuum but must be approximated by a finite, and probably relatively
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small, number of thrusters. Of interest are the effects of the number and
location on ability to control shape, the merits of trading stiffness and
strength against number of thrusters and the possible existence of minimum
mass configurations. Although distributed systems are applicable to both
plate and box type vehicles attention here will be restricted to plate type

structures.

4.2.1 Attitude Control
To assess the effects of multiple thrusters the plate-like structure was

represented as a uniform beam. Thrusters were placed uniformly along the
length of the beam with each thrust assumed equal. The beam shape was then
determined under two conditions: (1) when all thrusters were fired in the
same direction (to represent translation) and (2) when the thrusters on one
half were fired in one direction and those on the other side in the

opposite direction (to repesent torque application).

Number of Thrusters - Two thruster spacings were used as shown in Figure

4-28. These are termed (N-1) where there is one less beam segment than the
number of thrusters and there are thrusters at each end of the beam, and
(N+1) in which ‘there is one more beam element than thrusters. The (N+1)

configuration is effectively the (N-1) configuration with the beam end
thrusters left off.

The spacing of the thrusters will determine the effective moment arm during
torque application. It can be shown that the effective distance is

= L4 L 4.81

7om] O (4.81)

for the (N+1) and (N-1) configurations respectively. Both expressions are
asymptotic to 1 = .25L as N increases. The variation with N is shown in

Figure 4-29.

 The total impulse required to counter disturbance torques for small, medium

and large plate structures (as defined in Table 4-1) are shown in Figure

4-30. The curves are fairly flat when presented in a semi-log format.
Figure 4-31 repeats the small plate data with linear scales and shows that

the variation with number of thrusters is quite considerable. These curves
assume an (N+1) distribution and a CG-CP offset of 10 percent of the
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characteristic Tlength. Figures 4-32 and 4-33 whow comparable curves for
the cross and box structures.

4.2.2 Shape Control

Using normal modes, the dynamics of a flexible structure can be obtained by
calculating the physical response of a point for each mode and then finding
the total response using superposition. The differential equation for each

mode is: ;é'*-‘€§24n;i *’44:>2 = ;5' (4.82)

q = modal response
w = modal frequency
§ = modal damping ratio
m = generalized mass
F = generalized force
= 3¢t
“Tk = Force at the k™ point on the structure
¢>Tk= mode shape at the point where Tk is applied

The response of the single degree of freedom modal equation (4.82) to a
step generalized force, F, is:

ﬁ/f/ = _fl/;_e“%rj‘a)/ - gp";;ald/ (4.83)

27 51)71

where: u= -{w,

After solving each modal equation at time t, the physical response at a
point on the structure is given by the summation of the responses in each

of the modes: A
g = Z 4% (4.84)
c=/

where: '¢1 = 1th mode shape at the point where responses are being calculated

qi(t) = ith modal response from equation (4.83)

By solving equations (4.83) and (4.84) at successive time intervals, the
maximum structural deflections can be found.
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The steady state deflection due to a step force is found by letting t in
equation (4.83). The steady state response of each mode is:

- £
%—f 77 64;5

and the steady state physical response'is:

e
Yor = =) 25 (4.86)

2.
=/ 27 ‘Uzu

(4.85)

A computer program was written to determine the maximum and steady state

elastic responses to step inputs from the thrusters. Ten free-free modes
were used and the problem formulated in normalized form so that the results

apply to beam-like structures of any size. The normalized deflection is

defined:
7= _Z/_{‘f/ (4.87)
AL g3

the elastic deflection

the total thrust

Young's modulus

the section 2nd moment of area

where:

™~ = M M
[]

the beam Tength

The actual deflection is 5
- LA
(/= =
&/ //qu (4.88)
and shows that y is inversely proportional to EI. Length is an important
parameter with y proportional to L3.

Figure 4-34 shows the maximum dynamic deflection as a function of the
number of thrusters, all firing in the same direction, for both the (N-1)

and (N+1) configurations. As expected, the deflection decreases as the
number of thrusters is increased. The decrease is rapid at first but then

declines. Going from two to five thrusters ((N-1) curve) reduces the
deflection by a factor of about 4:1. A further 4:1 reduction requires 14

thrusters.

Figures 4-35 and 4-36 show similar (N-1) and (N+1) curves for the torque
case. The center thruster contributes nothing to torque when there are an
odd number of thrusters and turning this one off leads to some improvement
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when there are only a few thrusters. In comparing the translational and
rotational cases 1t is seen that the deflections are much larger when the
thrusts are asymmetric.

Figures 4-34, 4-35 and 4-36 were constructed using the first ten bending
modes. Values shown are the maximum deflections from the equilibrium
(flat) state occurring at any point in the beam. Steady state values were
about one half the maximums. '

To determine if the number of modes used had any influence the calculations
were repeated using fewer modes. Figures 4-37 and 4-38 show the change in

maximum symmetric case deflections for the (N+1) and (N-1) configurations.
Very little change is seen in the (N+l) case. In the (N-1) case some
variation occurs but the curves are essentially flat for three or more
modes.

Figures 4-39 and 4-40 show the asymmetric case and again there is no
significant change above three modes. The curves indicate that little

excitation of higher modes is taking place and analysis with as few as the
first three modes will give reasonable answers for both symmetric and
asymmetric thrusting.

Thruster Spacing - The effect of thruster location was examined by taking

two thrusters, equally spaced from the center of the beam, and determining
the maximum deflections with both symmetric and asymmetric thrust. The
results are shown in Figure 4-41. Maximum deflections occurred when the
thrusters were at the ends of the beam. Sharp minimums appeared in both
cases and these were significantly lower than the maximums - by a factor of
some 50 in the translational case and about 20 in the rotational. The
shapes of the beams when the thrusters were located in the best position is
shown in Figure 4-42.

Much additional work could be done on various combinations of location and
thrust level to determine optimum configurations. These would be useful in

a design environment but need not be pursued here where the primary
interest is on APS characteristics and requirements. It is clear from the
shape control point of view that distributed thrusters are desirable and
location is important when a small number of thrusters are used.
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Thrust Levels - The effects of thrust level on the surface flatness can be
determined using equation (4.87)

//éf)c%//// // (4.89)

This relates the thrust/thruster to the surface deflection as expressed by

(y/L). Values have been claculated for small, medium and large flat plate
structures with two values of I (400 and 2000 m ) and for the values of E

corresponding to aluminum and graphite. The curves are shown in Figures

4-43 and 4-44.

Stiffness/Number of Thruster Trades - From Equation (4.88) it is clear that
increasing E or I will decrease the deflection. EI is a measure of the
structure stiffness. Either aluminum or graphite composites currently seem

the most 1likely materials. In any event, little control is available over
E; the best material will be chosen to meet a number of criteria, which may
include low thermal expansion, suitability for transportation and in-space
construction in addition to low weight. Once the material is selected, E
is fixed. The other component of stiffness, however, represented by I,
depends on how the structural elements are configured. The value of I can
also be increased by adding more structural material without a
configuration change. The deflection in this case will decrease with lower

I but the system weight too will increase.

4.3 Allowable Mass
The allowable mass study represents an examination of total system mass

sensitivity to various APS parameters. Topics covered in this study
includes the effect of APS mass distribution on the accuracy of shape
control, auxiliary propulsion system mass determination, the identification

of an optimum I  for electric systems, the effects of APS mass on total
impulse requirements, and total system mass determination.

4.3.1 Shape Control

Surface accuracy of a plate type structure using distributed thrusters has
been examined in Section 4.2. It was assumed that the structure was
homogeneous. This implies that although the thrusts were applied at
discrete points, the APS mass was distributed over the structure. The
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study was extended to determine if there are allowable APS mass limitations
associated with concentrated masses at the thruster locations.

To 1imit the number of parameters, an (N-1) distribution of thrusters was
assumed. The number was taken as eight which corresponds to the minimum
deflection case shown in Figure 4-35. The total LSS mass can be expressed
as the sum of structure and APS masses

/W':/%”‘ 4y-2s (4.90)
and the ratio of the APS to structure mass can be expressed as a

coefficient, K
/é/z'/%zﬂc/é%?
A/: %//;L/(} (4~91)

The APS mass was assumed concentrated at the eight thruster locations with
the structure mass equally distributed over the structure. Deflections
were then recomputed for both translation (all thrusters firing in the same
direction) and rotation (half the thrusters firing in opposite directions).

Three values of K were used: K =1, 3 and 6. The resulting maximum
deflections for translation and rotation are shown in Figure 4-45. Under
rotation the maximum deflections increase as mass is added. This is caused
by the fact that, for eight massless thrusters, the mode shapes and
thruster locations result in a balance of forces which produce near minimum
deflections. The addition of concentrated masses at the thruster locations
results in a change in the mode shapes which upsets this balance and causes
higher deflections. Note, however, that the maximum deflections due to
rotation are Tess than or equal to those due to translation for all values

of K used.

4,3.2 APS Mass Characteristics

The independent variables in this portion of the study were system
efficiency and specific impulse. Thrust level and total impulse
requirements were determined in ‘Section 3.2.1. Propellant tank and
thruster sizing were also predetermined by fixed parameter scaling laws
which will be Tisted in a following paragraph.
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Determination of the auxiliary propulsion system mass was a six step
process. The six steps are listed below in order of execution:

1. Total impulse determination

2. Thrust level determination

3. Fuel mass sizing

4, Fuel tank sizing.

5. Thruster system sizing (thruster and any power system mass)
6. Summation of Fuel mass, Tank Mass, and thruster mass

Total impulse determination is outlined in Section 3.2.1. This analysis
concluded that stationkeeping sources would comprise the total impulse
needs for each class of LSS.

Stationkeeping sources include solar pressure perturbations, north/south
solar and lunar gravity effects, and east/west stationkeeping due to earth

triaxiality. Total impulse requirements result from the sum of these
sources over a ten year lifetime. Table 4-1 contains the total impulse
requirements for each class and size. The thrust level determination was
shown in Section 3.2.1. These requirements are summarized in Table 4-2.

Fuel mass determination was a straight forward process using the following
equation: '

= Total impulse/( X 9.8)

M I
Fuel sp

where M ’ in kilograms
Tota{ impulse in Newton-seconds

I in seconds
sp

Specific impulse was treated as a parameter with a range of 0 to 60,000
seconds. This is an ambitious range of Isp, hewever, in the context of
defining technology advances a broad I  pange seems appropriate.

sp _

_Estimates of fuel tank mass depend on propellant type, tank material, tank

back pressure, and an assortment of other variables. The following was
assumed in estimating propellant tank mass:
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Total Impulse Requirements (N - S)

Class/Size Small Medium Large
Plate 1.199 x 102  6.50 x 10/ 5.86 x 1010
Modular Antenna 1.104 x 10°  4.561 x 10°  1.657 x 107

Series of Antennas 2.063 x 107 6.19 x 107 1.031 x 108

N SFEEE

Table 4-1 Total Impulse Requirements
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T N R T T YY)
TABLE 4-2 THRUST REQUIREMENTS
THRUST/THRUSTER REQUIRED
STRUCTURE SIZE # THRUSTERS | LEO MAXIMUM | LEO-GEO TRANSFER | GEO MAXIMUM | GEO NOMINAL
PLATE SMALL (30 m) 4 .04 .0022 .0018 .0018
MEDIUM (700 m) 4 21 20 .92 .92
24 2.2 3.5 .16 .16
100 .7 .9 .04 .04
LARGE (21000 m) = 4 610000 46000 6200 3310
24 62000 8000 1080 570
100 15100 1950 260 137
MODULAR ANTENNA  SMALL (15 m) 8 .14 .07 .009 .009
MEDIUM (60 m) 8 1.2 .75 .034 .032
LARGE (200 m) 8 62 60 .23 .105
32 16 ‘14 .06 .03
80 6.4 5.6 .024 .012
SERIES OF ANTENNAS  SMALL (2) 4 .13 8.75 .04 .04
MEDIUM (6) 4 6.75 32.5 .79 .48
24 1.13 5.42 .13 .08
96 .28 1.35 .03 .02
LARGE (10) 4 26.3 54.0 2.80 .78
- 24 4.4 9.0 .47 .13
96 1.1 2.3 .12 .03




1. Propellant type 1is storable liquid: e.dg., hydrazine,
bipropellants, mercury, cesium, etc.

2. tank is of titanium with a pressure under 300 psi.
3. Tank wall thickness is 1.3 mm.

4, N # of tanks are used for N # thrusters in distributed
systems.

5. One tank is used for non-distributed systems.

Sections 5.1 and 5.3 cover the current electric and chemical system
characteristics. From these characteristics, scaling laws were derived for
chemical and electrical engine mass. Utilizing References 3, 4 and 5,
power processor and solar array scaling equations were also derived. These
equations reflect state of the art technology and all specific masses and
areas were fixed at these values. The independent variables were Thrust,
I and efficiency. Table 4-3 shows the auxiliary propulsion scaling laws
used for the unlimited shuttle launch study. These scaling laws differ
from the scaling laws used for the single shuttle launch study presented in
Section 4.6. The PPU scaling equation used here fits high power PPU
technology better than that used for the single shuttle lTaunch. Likewise,
thruster mass for the unlimited size study did not include factors for
mounting structure and gimballing mechanism. These were included later for

the single shuttle launch study.

Utilizing the scaling laws shown in previous paragraphs, total APS mass
could be determined. For chemical systems, the process 1is free of
independent variables. Electrical systems, however, have total system
efficiency as a significant independent variable. Electric thruster
efficiency was treated by three methods. First, efficiency was set at 80
percent which 1is representative of currently available ion propulsion
systems. Second, efficiency (independent of I ) was treated .as a
parameter and set at five constant values: 20, 40,380, 80 and 100 percent.
The final treatment of efficiency considered the dependence in current
systems of efficiency to specific impulse. The 30 cm thruster system was
used as a model for this Tast method.
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Electric Engine Scaling

Power Scaling

Power Processor Mass

Solar Array Mass

Solar Array Area

Chemical Engine Scaling

M -
sp
9.807 T I
P= e 'SP
27
Mppy = 14.2 (P)-52
Ms/p = 13.5 (P)

Mg = .028 (T) + .27

TABLE 4-3 APS SCALING LAWS
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T \-675
o = 6169.4 (3;- ) kg

kw

kg



Figures E-1  through E-9 define the total APS mass as a function of I

for each primary structure. This mass is the "first pass" APS mass usigg
GEO thruster sizing. The term "first pass” indicates that the effect of
the APS mass itself on the total impulse requirements has not yet been
included. This effect will be included in the total mass figures to be
shown later. These later total mass figures yield the same optimum I as
the "first pass" APS mass data and can be safely used to examine Angmass

to determine the optimum I
Sp

For the plate structure, an assumption was made that the solar array mass
was free; 1i.e., the power generation mass was not charged to the APS mass
but was assumed to be “left over" from the plate structures function. The
relative masses of the electric and chemical APS for each class is shown in
Appendix E. The thruster sizing used was for a geosynchronous worst case
recovery. System efficiency for Figures E-1 through E-9 was set at 80

percent and did not vary with I |
sp

Optimum I__ determination can be made for the primary structures from these
graphs. The plate structure is an example where power is "free", hence,
Is optimums tend to be far above currently available systems. As a

general rule, an I optimum of 10,000 to 50,000 sec is indicated for
"free" power structures. The optimum is completely dependent on power
processor mass. .

The modular antenna and series of antennas structures show a considerably

different set of optimum Isp values than the plate structure. The trend is
illustrated in Figure E-9. "Optimum I ‘s are close to 15,000 sec for small
structures, 7000-10,000 sec for intermediate structures and 3000-7500 sec
for very large structures.

A second treatment of efficiency used five values of 7 independent of IS .
This  parametric approach showed the sensitivity of optimum I 50

efficiency. Figures E-10 through E-15 contain examples of the paraagtric
study data. Generally, efficiency variations over a range of 60 to 100
percent do not appreciably change the optimum Isp’ A summary of the results
of this study is shown in-Table 4-4.
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Total System Efficiency

20%

100%\
10000 sec

>50000 "

>5000

13000 sec

12500
4000

15500 sec

11500
9000

U f(Igp)

10000
>12000

>12000

>12000

11500
3950

>12000
10800

Structure Size 60%
Plate Small (30m) 5100 sec 9500 sec
Medium (700m) 30000 " 50000 "
Large (21000m) >50000 " >50000 "
Modular Small (15m) 6000 sec 10500 sec
Antenna Medium (60m) 5800 " 10000 "
Large (200m) 1500 " 3200 "
Series of Small (2) 7500 sec 11000 sec
Antennas Medium (6) 5000 " 9000 "
Large (10) 3600 " 7000 "
Table 4-4 Optimum I Semsitivity to System Efficiency
Opt imum Isp (sec)
Structure Size Constant 7= 80%
Plate Small (30m 9800
Medium (700m) ' >50000
Large (21000m) >50000
Modular Small (15m) 12000
Antenna Medium (GOm; 10500
Large (200m 3600
Series of  Small (2) 15000
Antennas  Medium (6) 10500
Large (10) 7500

Table 4-5 Optimum ISp Comparison
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As a final approach to system efficiency variation, the 30 cm J series
thruster operating envelope was examined. The following Figure (4-46)
shows the currently available system efficiency as a function of Is .
Figure 4-47 shows the same data extrapolated to a range of 0 to 12,080
seconds ISp and curve fit with a fourth order least squares routine. This
curve fit was then incorporated into the optimum ISp study.

Figures E-16 through E-18 jllustrate the effect of the dependence of B on

Is . The optimum IS 's found using this model are generally somewhat higher
thgn the constant e?ficiency model. A comparison of the optimum I ‘s

S
found wusing a constant 80 percent efficiency and the I dependgnt
s
efficiency is shown in Table 4-5. P

The set of “first pass" APS mass data was used to generate an added impulse
factor over a 10 year lifetime of the LSS. The APS mass was added to the
LSS mass along with any additional solar array area necessary for electric
systems and the disturbance analysis was repeated. From this process, a
new total impulse requirement was generated. Figures E-19 through E-22
show the impulse fractions relating the new total impulse to the "first
pass" total impulse. From the figures, it can be seen that this new
impulse 1is between 5 and 30 percent greater than the old or first pass data
for Is between 300 and 10,000. For very low I (<200 sec) and certain
structures wusing electrical systems, the impulse fraction became quite
large. These fractions were utilized in the total system mass
determination in the next paragraph.

From the previous studies identifying the impact of the APS mass on total

impulse needs and the optimum I . for the electric system, it is now
possible to get a picture of the total system mass for each size of the

three primary LSS. As another simplification, three APS systems were
compared. These systems are 1) a chemical APS at 300 sec I , 2) an
S

. P
electric APS at 3000 sec Is , and 3) an electric APS at the optimum IS
identified for "a specific class and size. The efficiency assumed for thg

electric systems was 80 percent.

The impulse fraction (new impulse/old impulse) was used as a correction
factor to the first pass fuel mass number. Ideally, the entire loop of
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Parameter

Scaling Parameter

MLSS (kg)
Optimum Isp (sec)

MChem Eng + Tank (kg)
C Isp = 300 sec

MElec Eng + Tank (kg)

e Isp = 3000 sec

Me1ec Eng + Tank (k9)
e Isp = Optimum

Small
30
170
9800
19.4

5.3

5.3

MAPS (including Fuel) (kg) 86.2

- Chem Eng @ 300 Is

Mps (including Fuel) (k@) 9.7

Elec Eng @ 3000 Is

MAPS (including Fuel) (k9) 6.9

; Elec Eng @ Isp = Optimum

PLATE

Med ium
700
91880

>60000
730

260
300
28920

2520

410

Large

21000

8.27x10’

>60000
70000

50000
30000
2.55X10’

2.08x10°

130000

-/
s

~ MODULAR ANTENNA

Small
15
2025
12000
24.0

11.0

15

537

50

26.

Medium
60
8100
10500
51.0

32.0
47.0
2170
193.

95

TABLE 4-6 SUMMARY OF MASS COMPONENTS

Large

200

27000

3600
110

140

120

8720

1350

1250

SERIES OF ANTENNAS

Small
2
40270
15000
130

80
160
10060

810

330

Medium

6

1.21X10°

10500
300

155
69
30160
3400

2300

Large

10

2.013X10°
7500
400

290
155
50000
7100

3950



¢Le

Scaling Parameter

Chemical APS
@ 300 sec

Electric APS
@ 3000 sec

Electric APS
8 Opt. Isp

4

y

Parameter

[ MTota] (kg)

% Mss

1 * Maps

% Maps_Fuel
. * MFuel

( Mrotar (k9)

* Mg

% Maps

* Maps-Fuel

- %_MFuel
r Mrotar (k9)
% Mss
* Maps
% Maps-Fuel

L % MEyer

Smali
30

256.2
66.3
33.7
7.5
26.2

179.7
9.4
5.6
2.9
2.7

176.9
96.0
4.0
3.0
1.0

PLATE’

Medium

700

1.208X10°

76.06

' 23.9

1.0
22.9

94400
97.3
2.7
.2
2.5

92290
99.6
.4

.3

.1

TABLE 4-7 COMPOSITE MAKEUP OF PRIMARY LSS CLASSES

Large
21000

1.082x10°
76.4

23.6

.1

23.5

8.478x107
97.5

2.5

12

2.4

8.283%107
9.8

.2

.04

.16

MODULAR ANTENNA

- Small
15

2562
79.04
21.0
1.2
19.8

2075
97.6
2.4
4
2.0

2051
98.7
1.3
.7
.6

Medium -
60

10270
78.9
21.1
.6
20.5

8293
97.7
2.3
4
1;9

8195
98.8
1.2
.5
.7

Large
200

34820
77.5
22.5
4
22.1

28350
95.2

4.8

1.6
3.2

28250

- 95.6

4.4
3.0
1.4

SERIES OF ANTENNAS

Small
2

50330
80.0
20.0
.3

. 19.7

41080
98.0
2.0
2
1.8

40600
99.2
.8

l4
.4

Medium Large
6 10
1.511X10° 2.513%10°
80.1 80.1
19.9 19.9
.2 .5
19.7 19.4
1.244X10° 2.084x10°
97.3 96.6
2.7 3.4
1 1.1

2.6 2.3
1.233x10° 2.053x10°
98.1 98.0
1.9 2.0
1.3 1.2
J .8
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determining total impulse needs would be run interactively until the fuel
mass quantity converged. In the interest of time, the square of this
factor multiplied by the first pass fuel mass was assumed to equal the

final fuel mass. This method, while crude, yields a conservative total
fuel mass number without sacrificing significant accuracy.

Table 4-6 is a collection of the raw mass component data for the three
primary structures and the three APS types. Table 4-7 may add some insight
into this raw data by showing the relative percent of the total mass of
each component. It can be seen, for example, that the chemical system fuel
mass makes up about 20 percent of the total system mass regardless of
structure type or structure size. It is also true that for the electrical
APS, the structure mass makes up 95 percent or more of the total system
mass. For the chemical system, this number is closer to 78 percent. A
more detailed examination of electrical system component mass is found in
Figures E-23 through E-29.

4.4 Optimum Auxiliary Propulsion Characteristics
The quantitative data generated above were reviewed to single out the APS
characteristics that have significant interactions with control functions

and LSS characteristics. These are summarized below and identify the APS
characteristics that are desirable and these that should be avoided.

4.,4.1- Thrust Levels
In Section 3.2.1 thrust 1level requirements were investigated for each

primary LSS class. There are three areas which contribute to an optimum
APS determination. These are; 1) thrust level requirements, 2) throttling

requirements, and 3) maneuvering thrust level requirements. Conclusions
from each of these areas are somewhat mission specific and determination of
an optimum APS is best dealt with in a parametric fashion.

The thrust level study pointed out that for certain sizes and classes of
structures, the nominal mission (no maneuvering) thrust sizing criterion

can be stationkeeping. Table 3-3 showed that for all small and some medium
sized structures, stationkeeping accelerations were more significant than

disturbance torques. This indicates that auxiliary propulsion rather than
control moment gyros (CMG's) would be used on these structures for attitude
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control. For very large sructures, the disturbance torques dominate
stationkeeping except for the box structure. For these structures, CMG's
of considerably greater mass and power requirements than currently
available would have to be compared to an APS to decide which is optimal.

For the purpose of this study, it is assumed auxiliary propulsion alone is

required.

The thrust levels required for an optimum APS were given as a function of
scaling parameter in Figures 3-23 through 3-25. To characterize the small,
medium, and large primary class requirements, Table 4-2 in Section 4.3.2
was constructed. These thrust requirements were developed without regard
to the effects on surface accuracy by relatively large thrust levels. In
Section 4.2, the maximum allowed thrust/thrust location was identified for
the plate structure. Figures 4-43 and 4-44 showed the allowed thrust for
three plate sizes.

For each size and each second moment of area (I), the surface accuracy and
material used varies. It is evident from Figures 4-43 and 4-44 that

surface accuracy requirements are a bigger driver than material used, at
lTeast in the broad context of this study. An average tolerance number has
been chosen for each size and surface accuracy and examined the thrust/
thruster tolerance against the thrust/thruster required.

Figures 4-48 and 4-49 illustrate the relation between allowed and required
thrust. The dependent variable in these graphs is the ratio of required to

allowed thrust. When this ratio is greater than one, the surface accuracy
requirement is violated. These graphs can be used to define a “max imum"
size for 100 thrusters. The validity of the analysis for very large
numbers of thrusters is not established because the allowed thrust study
was run only to a relatively small (25) number of thrusters. Extrapolation
to 100 thrusters, however, seems reasonable as a first estimate to
"maximum" size. Table 4-8 displays the maximum size under the various
conditions.

Clearly, the range of the second moment of inertia, I, studied for the
Solar Power Satellite was not sufficient to meet the strength requirements
of even 100 thrusters. Additional analysis 1is indicated for future

studies.
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Number of
- Thrusters

4
24

o 100

.01

2600
3200

4750

400 m

I = 2000 m?

Surface Accuracy (deg)

1.0
5800
7500

9700

0.1 1.0
3500 7600
4800 10000

6400 13000

Table 4-8  "Maximum" Allowed Size .
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The throttling requirements for the primary structures were examined in
Figures 3-26 through 3-28. It can be concluded from these figures that

geosynchronous operation with no maneuvering requires no more than a 5:1
throttling ratio and 4:1 or less is a sufficient ratio for all but the
large series of antennas structure. Again, this ratio includes no
maneuvering.

For a mission which requires stabilization at LEQ, maneuvering control
during LEO-GEQ transfer, and nominal GEO operation, the throttling ratio
was considerably higher. For the plate structure, this ratio is in a range
of 90:1 for very small structures, to over 300:1 for large structures with
a small number of engines. For the modular antenna, this ratio is between
100:1 and 200:1. A somewhat smaller range of throttling ratios is found
for the series of antennas structures. These results were obtained using a

judicious choice of axis for plane change maneuvers in LEQ-GEQO transfer.
Nonetheless, the required throttling ratio is from 35:1 to 110:1.

Throttling ratios are entirely mission dependent and indicate only a rough
guess at the ratios necessary. It can be said, however, that most probably

two ranges of auxiliary propulsion and perhaps two entirely different types
of auxiliary propulsion are dictated for a mission requiring both LEOQ and
GEQO operation.

It can be concluded that for moderately high speed slews, the thrusting
requirements for maneuvering rather than disturbance cancellation may size

the auxiliary propulsion system. For this study, the thrust levels shown
in Table 4-2 will set the standard to compare existing technology.

4.4,2 Modulation
Disturbance cancellation, pointing and shape control are the control

functions most affected by modulation. Accurate pointing requires the
exact cancellation of disturbance torques. Since these vary in magnitude,
typically. from some maximum value all the way down to zero, the control
torques should have the same capability. Shape control requires accurate
timing or phasing and there are limitations on impulse delivered if active
damping is to be effective. Maneuver, stationkeeping and desaturation are,
in general, insensitive to modulation effects.
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The two most practical forms of modulation for APS are amplitude and pulse.
The requirements and characteristics are different for each form and are
best treated separately.

Amplitude Modulation

Proportional control becomes possibie with full amplitude modulation. Once

the steady state condition has been reached, this type of system generates
control torques which match the disturbances. The method is thus efficient

in expending no more energy than necessary.

Pointing accuracies are compromised if modulation is not possible down to

zero. If T is a lower torque bound a hangoff error occurs, given by
equation (4.113; i.e.,
%. = Z/[a)z

This error can be eliminated if necessary, either by using opposed thrusts
to generate very low and zero torques or by revertihg to on-off operation.
Both will incur propellant penalties as shown in Figures 4-6 and 4-11. A
wider thrust range than is possible with one thruster can be achieved by
clustering several units of low thrust. Generally this will incur a weight
penalty.

Shape control requires a thrust in phase with the structure velocity at the
thruster location. A minimum thrust bound is relatively unimportant and
results only in a small decrease in damping.

Pulse Modulation

By varying the time on to total time ratio (the duty cycle) any effective
thrust can theoretically be attained. Pulsed operation may be less
desirable than proportional, however, because the discrete pulses may
excite structural oscillations and the time between pulses, for very low
effective values, may be excessively long. Proportional operation can be

approximated at high duty cycles by a pulsed system but below a certain
level of disturbance torque, given by equation (4.57),

D =< 4?222/4;5%(
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it is necessary to use limit cycle operation. This is not fuel efficient,
in fact at zero disturbance torque, the propellant used will be four times
the minimum (corresponding to 29/42435 ) as shown in Figure 4-20.
Propellant consumption can be Tlowered in 1limit cycle operation by
decreasing the minimum impulse bit, MiB. This is particularly effective in
the smalier vehicles as shown in Figure 4-11. '

Table 4-9 shows the minimum 1impulse bit required to achieve specified
pointing accuracies for small, medium and large plate structures. These
data were developed from Figures 4-11 and 4-48 assuming 5 percent of the
propellant mass 1is wused for 1limit cycling. The minimum impulse bits
required should prevent no problem in most cases. Burn times can be found
by dividing the minimum impulse bits by the thrust levels given in Table
4-2, Typically the minimum burn times are on the order of a second.

Shape control by a pulsed system is actually more efficient than wusing an
amplitude modulated system as shown in Figure 4-27. There are, however,
minimum impulse bit limitations. Pulsing must cease when

A7 = zvﬁggz

as found by rewriting equation (4-74), to avoid exciting an oscillation
instead of damping it. This implies that there is a limiting oscillation

amplitude below which active damping is not possible with a pulse modulated
APS.

Disturbance cancellation, maneuver, stationkeeping and desaturation are not
significantly affected by pulse modulation system parameters.

4.4.3 Rise and Decay Transients
Pointing and shape control are the control functions most affected by rise
and decay transients because they are sensitive to the time of application.

Accurate and efficient pointing in limit cycle operation is degraded by jet
time on and time off delays. As shown in Figure 4-17 the delays distort

the switchlines. Time on delays tend to increase the width of the deadzone
and thus decrease accuracy. This is shown in Figure 4-21. Time off delays
increase the limit cycle rate and this increases propellant consumption.
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=

- Size
{
, Small
(fs
(/&n Med ium
(,\
Large

)

R

DR

ISp
300
3000

300
3000

300
3000

Table 4-9

Pointing Accuracy (Deg)

.0001

Min Bit Req (N - S)

1.095 x 1073

7.75 x 1074

2.05
1.84

112.7
100.7

.01
.1095

0775

205
184

1.127 x 10%
1.007 x 10%

1.0

10.95
7.75

20500

1.127 x 10°

1.007 x 10°

Minimum Impulse Bit Requirements
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Time lags in proportional systems are generally unimportant for disturbance
cancellation because the disturbances generally change slowly. A possible
exception might occur during entry and exit from occultation. Even here
the time taken to pass from full sunlight to full darkness in a
geosynchronous orbit is over two minutes.

Shape control is particularly sensitive to the time of thrust application.
In proportional systems a time lag causes a phase shift and tends to
decrease damping, Figure 4-9. Table 4-10 shows the time constants
permitted to achieve various levels of damping. The damping is expressed
as the ratio of the damping for the delayed system divided by the damping
of a perfect system. In pulsed system on delays have a similar effect as
shown in Figure 4-18. Table 4-11 shows the delays permitted to achieve a
given damping ratio. The data assumes a = 2F /m q0 of 0.4, Since large
structures have lower frequencies and longer periods of oscillation, it is
the smaller vehicles that will be most sensitive to time lags and on
delays.

4.,4.4 Number and Distribution of Thrusters
Shape control 1is the primary control function to interact with the number

and distribution of thrusters. It is clear from Figure 4-26 that the
greater the number of thrusters the Tlower the deflection during
translation. In rotation, there appears to be a minimum in the 8 to 10

range, Figure 4-27. However, data in Figures 4-48 and 4-49 indicate that
the number of thrusters may have to be very large to perform stationkeeping

and keep deflections within limits for very flexible vehicles. The need
for distributed thruster arrays brings up questions of implementation.
Should commands be generated in a centrol computer or spread among
distributed microprocessors? Should the thrusters be self contained units
with their own tanks, propellant, PPU's etc., or should support equipment
be centralized?

Secondary effects of distributed thrusters relate to efficiency. The
effective moment arm for an (N-1) spacing decreases from 0.50L to 0.25L as
the number of thrusters increases, Figure 4-21. An (N+1) shows improvement
as the number increases, but from a Tow of 0.166L at N=2 to the asymptotic
value of 0.25L for a Tlarge number. This means increased propellant
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3

SIZE SMALL MEDIUM LARGE SMALL MEDIUM LARGE
SATIO I =400 m* I = 2000 m*

DAégZNG DELAY TIME CONSTANT

RATIOS msec sec hr msec sec hr
1.0 0 0 0 0 0 0
0.9 0.90 11.5 86.5 0.41 5.2 38.7
0.8 1.36 17.4 131 0.62 7.8 58.4"
0.7 1.77 22.7 170 0.80 10.1 75.9
0.6 2.21 28.3 212 1.00 12.7 94.9
0.5 2.70 34.7 260 1.22 15.5 116
0.4 3.32 42.5 318 1.50 19.0 142
0.3 4.13 53.0 397 1.87 23.7 177
0.2 5.41 69.3 519 2.45 31.0 232

" 0.1 8.11 104 779 3.67 46.5 348

Table 4-10 Effect of Time Delays on Shape Control of Aluminum

Plate Structures, Continuous System
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SIZE SMALL MEDIUM LARGE SMALL MEDIUM LARGE
I = 400 m” I = 2000 m”
DAMPING
TIME DELAY
CONSTANT
msec sec hr msec sec hr

1.0 0 0 0 0 0 0
0.9 0.83 10.4 78.5 0.37 4,7 35.1
0.8 1.24 15.7 118 0.56 7.1 52.7
0.7 1.56 19.6 14.8 0.70 8.9 66.1
0.6 1.85 23.4 176 0.83 10.6 78.9
0.5 2.15 27.1 204 0.96 12.3 91.3
0.4 2.45 30.8 232 1.09 14.0 104
0.3 2.76 34.8 262 1.23 15.8 117
0.2 3.11 39.1 295 1.39 17.7 132

Table 4-11 Effect of Time Delays on Shape Control of Aluminum

Plate Structures, Discrete System
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consumption to obtain the same torques for a distributed system over that
for a rigid vehicle with a minimum number of thrusters. There appears to
be a need for optimum placement to obtain the best combination of low

deflection with efficient operation. Figure 4-41, for just two thrusters,
shows that performance can be very sensitive to thruster location.

4.4.5 Mass and Is Considerations
There were three a?eas investigated 1in Section 4.3 which contribute to

optimum auxiliary propulsion system characteristics. These areas are mass

distribution, optimum Isp’ and a chemical/electrical system mass
comparison. As in previous discussions of optimum charactristics, the

areas covered in this section are ultimately mission specific. The scaling

laws leading to the optimum Is determinations and the chemical/electrical
mass comparison are not design specific. They can only offer gross trends

in design considerations rather than specific design characteristics.

Two methods of APS mass distribution were examined in Sections 4.2 and
4.3.1 for the distributed thruster classes. An equal distribution of mass

along a beam was compared with 8 concentrated masses in an N-1
distribution. The parameter used for comparison was surface deflection.

Results obtained from this study show that for a vehicle undergoing a
rotation under torque, distributed mass provides significantly less surface

deflection than concentrated mass. Under translation, concentrated masses
at thruster locations provide less deflection than an equally distributed

system.

An optimum distribution scheme depends on what function the APS must
provide. “If this function is primarily stationkeeping, mass concentrated

at thruster locations is the best answer. [f this function is maneuvering
or disturbance cancellation, distributed mass provides the optimum answer.

Specific impulse sensitivity was the subject of Section 4.3.2. Three
separate studies determined the optimum I for electrical auxiliary
Sp

propulsion systems. The optimum Is for a chemical system is very simply
as high as possible. P
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Each method indicated similar trends for the optimum Isp' For the plate
structure, very high Is , greater than 10000 sec, was indicated for each
size of structure regardiess of the efficiency scaling laws used. This is
true of all systems where the power is "free". For the modular antenna and
series of antennas, the optimum IS is dependent on size. For small
structures, the optimum I  is 10000 to 13000 seconds as shown in Table
4-6, As structures regch their respective maximum scaling parameter

values, the optimum IS falls to 3500-4000 for the modular antenna and 800

to 1600 for the series of antennas. This indicates that optimum I 's may"
sp

be very sensitive to size and specific design.

4,5 Single Shuttle Launch Impact on APS Mass
The thrust level requirements for the single shuttle launch deployable
vehicles were developed in Section 3.4. These requirements were then used

to generate APS mass values for each scaling asumption. For the single
shuttle 1limited structure study, a slightly different set of scaling

assumptions was used than for the erectible structures. The system
modelling equations also contain some differences for the deployable

structures. These variations are described below.

Four system mass sizing assumptions were used for the single shuttle launch
category. These classes have three altitudes - 300 km, 500 km and
geosynchronous orbit as well as two LSS angles considered. The 300 km
altitude was considered with a 10 degree LSS angle only. A worst case
angle at 300 km altitude requires a thrust level that cannot be met by
current state of the art (SOA) electric thrusters and was eliminated in
favor of considering a 10° offset. At 500 km, both a 10 degree offset and
a worst case angle were considered. The geosynchronous thrust requirement

for a worst case angle can be met by current electric thrusters and was
included as a prudent requirement for on-orbit applications.

The system modelling equations used for deployable structure APS sizing are
shown in Table 4-12. The thruster and PPU mass include factors for the

mounting structure and gimbal mechanism. These equations were utilized
with the thrust/thruster requirements in Table 3-11 and 3-12 to develop a
set of APS system mass comparisons for chemical and electric systems.
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TABLE 4-12 SYSTEM MODELING EQUATIONS

- COMPONENT UNITS EQUATION
FUEL MASS kg M, = TOTAL IMPULSE / (1Sp x 9.81)
TANK MASS kg | T =M/ SPECIFIC VOLUME OF PROPELLANT!
L 1/7?1ﬂ7"
am
5 2
T, =4m T
M =5.62xT,
THRUSTER MASS kg M = 12400. (T / 1 ):875
Elec. eng. ° ' sp’-
Mchem. eng. = +056 (T) + .54
POWER kw P = 9,807 (T) (Isp) /2N gy
'SOLAR ARRAY MASS kg | Mg, = 13.5 (P)
SOLAR ARRAY AREA m’ Ag/p = 8:96 (P)
POWER PROCESSOR MASS kg Mopy = 21 x 6.5 x (P)

1 VSP = 1 gm/cc CHEMICAL v

Vgp = 13.5 gn/cc ELECTRICAL
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Appendix E contains the single shuttle launched LSS total system mass
breakdown data in Figures E-30 through E-41. Chemical and electric systems

are compared using two chemical Is 's and three electric I 's. The
chemical IS"s of 250 and 500 rzpresent the SOA and approxiégtely the
theoretical ?imit of chemical engines. Electric Isp's of 1000, 3000, and
10000 sec were considered. All three electric I 's were graphed when they
would fit on the same scale. In those cases agere the 1000 sec or 10000
sec Is scaling yielded answers that were not comparable to 3000 seconds,
only gwo electric Is 's were graphed. The APS mass was obtained in an
iterative fashion by assuming a total LSS mass, calculating a required
mission V, and then sizing an APS and fuel mass. The calculated hardware
and fuel mass were added together with the constant (assumed) structure
mass to get a new total LSS mass. The estimated LSS mass was compared with
the calculated mass and a new total mass estimate derived. This process
continued until the calculated mass was within one percent of the estimated
mass. The number of iterations to converge on a system mass was never more
than four and often only one or two.

The information contained in Figures E-30 through E-41 1is summarized in
tabular form 1in Table 4-13. In this table, the system having the lowest

mass is given for each class, size and scaling assumption. Chemical SOA

capability is assumed to be 250 sec Is . The electric SOA scaling data is

presented later. The table ignores the thrut level limitations discussed

above and shows only the comparison of systems mass. The Is indicated by
P

the electric systems is the Isp'giving the least electric system mass.
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TABLE 4-13
APS MASS COMPARISON FOR SOA CAPABILITY
ORBIT ALTITUDE 300 km 500 km 500 km GEO
LSS ANGLE 10 10 WORST CASE WORST CASE
SMALL STRUCTURES
PLATE W/0 BLANKET | ELECTRIC*, 3000 sec ELECTRIC*, 10,000 sec | ELECTRIC*, 3000 sec ELECTRIC, 10,000 sec
PLATE W/BLANKET ELECTRIC*, 10,000 sec | ELECTRIC, 3000 sec ELECTRIC, 3000 sec ELECTRIC, 3000 sec
MODULAR ANTENNA ELECTRIC*, 1000 sec ELECTRIC, 3000 sec ELECTRIC*, 3000 sec ELECTRIC, 10,000 sec
SERIES OF ANTENNAS | ELECTRIC, 3000 sec ELECTRIC, 3000 sec ELECTRIC*, 3000 sec ELECTRIC, 3000 sec
MEDIUM STRUCTURES
PLATE W/0 BLANKET | ELECTRIC*, 3000 sec ELECTRIC, 3000 sec ELECTRIC*, 3000 sec ELECTRIC, 10,000 sec
- PLATE W/BLANKET ELECTRIC, 1000 sec ELECTRIC, 3000 sec ELECTRIC, 3000 sec ELECTRIC, 3000 sec
MODULAR ANTENNA CHEMICAL ELECTRIC*, 3000 sec CHEMICAL ELECTRIC, 10,000 sec
SERIES OF ANTENNAS | ELECTRIC*, 1000 sec ELECTRIC*, 1000 sec CHEMICAL ELECTRIC, 3000 sec
LARGE STRUCTURE
PLATE W/O BLANKET | ELECTRIC*, 1000 sec ELECTRIC, 3000 sec ELECTRIC*, 1000 sec ELECTRIC, 3000 sec
PLATE W/BLANKET ELECTRIC, 1000 sec ELECTRIC, 3000 sec ELECTRIC, 1000 sec ELECTRIC, 3000 sec
MODULAR ANTENNA CHEMICAL ELECTRIC*, 1000 sec CHEMICAL ELECTRIC, 3000 sec
SERIES OF ANTENNAS | ELECTRIC, 1000 sec ELECTRIC, 1000 sec CHEMICAL ELECTRIC, 3000 sec

*ELECTRIC SYSTEMS.HAVE LOWER MASS THAN CHEMICAL SYSTEMS AT 250 sec Igp, BUT NOT AT 500 sec Igp
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5.0 TASK 5 - DETERMINATION OF ELECTRIC AND CHEMICAL TECHNOLOGY

ADVANCES REQUIRED
The objective in Task 5 is to bring together the information developed in
previous tasks to determine the advances auxiliary propulsion teéhno]ogy
should take.

Electrical propulsion system characteristics are reviewed in the first
subsection. Each significant characteristic has been addressed and the
system components, such as power source and power processor, were examined.
The process was then repeated for chemical propulsion systems. A
comparison of the }equired APS characteristics needed to support LSS
against the charactristics presently available is made in the Tlast
subsection. Analysis 1is presented which shows areas of adequacy and
deficiency for both electric and chemical propulsion systems. The
deficient regions show where technology efforts should be directed to make
present day APS more suitable for future LSS.

5.1 Review of Current Electric Propulsion System Characteristics
The present technology level of electric propulsions system (EPS) concepts

has been determined and evaluated in the context of their applicability to
satisfy the requirements for LSS auxiliary propulsion. This section will
be a detailed review of existing EPS charactristics and will include
examination of the following topics:

Thrust Level

Overall Efficiency

Start-Up Requirements

Specific Impulse

Power Levels

Propellant Type

o O O O O O

o Life Characteristics
Baseline Technology Réview - In a chemical propulsion system. (CPS), the

inherent performance is directly related to the energy released during
combustion (or decomposition) of the propellants, and the expansion of
bases through a supersonic nozzle. In the case of EPS concepts, energy is
applied from an external source and there are no inherent constraints on
the exhaust velocity that can be achieved. Therefore, the system
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performance can be optimized, within 1limits, to maximize performance,
minimize weight, or minimize costs.

The basic propulsion system components are the electric power source, a
power processor to convert raw power into the various forms required by the
thruster, and the thruster itself. Devices typifying the present state of
the art are illustrated in Figure 5-1. A typical systems diagram is shown
in Figure 5-2. The application of auxiliary propulsion systems to LSS will
generally require broadly distributed units. Thus, the technology
associated with propellant storage and distribution concepts, power
cabling, and thermal control are important and will be reviewed.

Thruster Characterization - The key issue in characterizing any EPS concept
is selection of the type and size of the basic thruster. From this

selection follows the basic requirements for power processing and overall
system efficiency, and it also determines the feasible specific impulse
range for any given propellant type. Since LSS can generally be assumed to
require long, multi-year mission dirations, it follows that a high specific
impulse propulsion system will be desired. Only the electrostatic ion
thruster concept is capable of satisfying high performance requirements in
the near future; therefore, the study and application of these devices will
be emphasized.

An indication of electric thruster technology status is illustrated in
Figures 5-3, 4 and 5. Figures 5-4 and 5-5 show two currently available ion

thrusters which can be characterized by accepted theory. Only the ion
thruster 1is, in essence, a device that has a wide latitude for béam
currents ranging from 0.5 amps to about 6.0 amps, and screen voltages of
1000 to 4000 volts. These operating parameters correspond to a specific
'impulse range on the order of 2900 to 5000 seconds; performance trends with
constant beam current are shown in Figure 5-6. A reduced specific impulse
on the order of 2000 seconds or less can be achieved (if desired) by the
incorporation of a third (deceleration) grid. Performance values as high
as 20,000 seconds have been demonstrated by other ion thrusters.

Power System Definition - Technology options for solar arrays have been
characterized as suggested by the specific weight trends shown in Figure
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FIGURE 5-1 CURRENT ELECTRIC PROPULSION SYSTEM ELEMENTS
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5-7. Variations from the SOA arrays are based on the NASA/MSFC 25 kw array
updated to include the benefits of on-orbit fabrication; this latter
assembly technique is particularly applicable if power requirements are
determined to be on the order of 200 kw or higher. Sizing of the arrays
was based on end-of-1ife characteristics thus allowing for 1life-cycle
degradation.

Present ion thruster technology requires fairly complex power processing
for proper operation; however, design and technology improvements are
known, particularly for earth orbit missions. The functional module power
is approximately 13 kg/kw. By simplifying power regulation requirements
(for earth orbit operations), integrated heaters, and utilizing
capacitor-diode voltage multipliers, the specific weight may be reducible
to the order of 9 kg/kw. Power processor characterization trends are shown
in Figure 5-8. A more ambitious approach to the auxiliary propulsion power
system definition would be to utilize the array output directly, without
the complexity of intermediate power processing - this approach can be
considered only in the case of dedicated arrays. Minimization of power
processing weight and cost 1is easily the most significant option for
improving the utility of electric propulsion.

Starting Charactristics - The startup characteristics of an ion thruster

are generally dictated by the thermal response parameters asociated with
heaters. and propellant vaporizers. Unless auxiliary power supplies are
incorporated into the propulsion system design for continuous operation, a
shutdown/startup sequence must be considered for each solar occultation
occurrence. For low earth orbits, the thruster startup charactristics can
require a considerable portion of the available sunlit period. For high
orbits such as geosynchronous, however, the occultation period is minimal
and a lengthy start sequence can be accommodated by simply anticipating
thrust requirements. Figure 5-9 illustrates a typical start sequence for a
30 cm thruster; note that preheat operations account for the majority of
the time, but that individual thermal response trends are on the order of
15 minutes. A 15 minute start sequénce has been demonstrated with 8 cm

mercury ion thrusters, and such an interval would appear to be acceptable
to most, if not all, anticipated LSS control requirements.
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Propellant Options - The current technology for ion propulsion systems, and

near term anticipated program applications, envision the use of mercury or
cesium as the system propellant. These are favored because of their high
density which permits rather simple packaging and storage concepts, and
their high atomic mas$s numbers that result in improved thruster performance
characteristics. However, LSS vehicles may require large quantities of

propellant for auxiliary propulsion and, as such, the preferred heavy metal
propellant types may be environmentally unacceptable.

Electric Propulsion System Life Factors - A major 1life factor in ion

thrusters is the double ion production rate, its relationship to beam
current, and the erosion rate of elements within the device. Thruster
lifetime characteristics are predicted by a bulk-averaged-plasma analysis.

These analyses estimate plasma losses as a function of propellant type and

thruster diameter. From this, efficiency and erosion 1life, including
double ion effects, are determined. To illustrate this approach, consider
the conceptual design of a 50 cm mercury ion thruster as shown in Figure
5-10. This design was analyzed to determine the effects of beam current on
delivered specific impulse, thruster efficiency, and predicted life - these
characteristics are shown 1in Figure 5-11. At this time, thruster life
predictability as detrmined by analysis provides only trend data - this
follows from the fact that double ion production is known to be sensitive
to minor varitions in some thruster set-points such as cathode flowrate.

The following Table (5-1) prdvides summary of the thruster characteristics
used in this study. Thes numbers are representative of ijon thruster

technology.

5.2 Review of Current Chemical Propulsion System Characteristics
A review of contemporary chemical propulsion system technology includes

examination of the following characteristics:

(@)

Propellant Type

o Thrust Level

o Propellant Storage and Distribution
o Specific Impulse

0 Transient Response

o Life Limitations

303




II

Il

Iv

VI

VII

VIII

IX

Technology Area

Thrust Levels
Throttling Ranges

Distribution Capability

Time Constants
Time Delays
Minimum Impulse Bit
I.  Available
sp
Efficiency Range

Lifetime

Currently Available

0001 - 013 N
4:1 w/o clustering

Centralized systems with dedicated
tank and power processor

Instantaneous after warmup

15 minutes to 1 hour

<1 x 10" N-S for small thrusters
1500 to 6500 sec

Function of ISp 60 to 85%

~15000 hours (@ 2 Amps Beam Current)

Table 5-1 Technology Areas Considered
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Baseline Technology Review - Chemical propulsion system concepts that have
been developed encompass the gamut of cold gas, monopropeliant,

bipropellant, and solid propellant types, with sub-types consisting of
variations 1in working fluid, and performance enhancement options. The
general characteristics of these chemical concepts are summarized in a
qualitative manner by generalized thrust/total impulse operating regimes as
shown 1in Figure 5-12. These regimes are dictated by considerations of
system weight, complexity and reliability, and cost.

Contemporary Thrust & Performance Characteristics - The performance

attainable from a chemical thruster is basically dependent on the working -
fluid selection. Smaller variations within these groups are related to the
specifics of any given thruster design such as injector details, nozzle
expansion ratio, and compustion chamber characteristic length.

Early spacecraft development utilized monopropellant cold gas or hydrogen

perozide (HZOZ)‘ With the development of Shell 405 catalyst in the early
1960's offering spontaneous thermal decomposition of hydrazine (N2H4), the

use of this monopropellant has largely supplanted the lower performance
monopropellants. N H thrusters for attitude control systems have been
developed over a thrust range from 0.1 to 2000 1b; however, most systems
are less than 150 1b thrust. Examples of typical systems and their
performance are listed in Table 5-2. Propellant flow rate increases with
increased thrust level and catalyst bed volume also inceases to provide the
required catalyst surface to decompose the propellant. Propellant shut-off
valves can act in 10 - 20 milliseconds almost independent of size, so that
minimum impulse bit will increase with thrust size as dictated by the
amount of propellant in the catalyst bed.

Pulsing IS of an NH_ thruster varies with pulse width due to the
percentage 8f total impulse occurring during thrust buildup and tailoff.

The pulsing I is also a function of the duty cycle (ratio of on-time to
off-time) due to the effect on catalyst bed temperature. I may degrade
to less than 30 percent of steady state I  at minimum ;ulse widths and
duty cycles < 10 percent. To improve low guty cycle performance and
prevent propellant freezeup (freezing point of Ny f\,36°F) some thruster
designs have catalyst bed heaters. A 200 nisec pulse every 15 minutes is
programmed for IUS RCS thrusters to maintain catalyst bed temperatures.
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TABLE 5-2 CURRENTLY AVAILABLE CHEMICAL SYSTEMS

— e
»
PROPELLANTS THRUST LEVEL — . STEADY STATE l PULSE MODE '.‘.';'-__':'J‘.J:fi COMMENTS
1
T I
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¢ .
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Development work to improve catalyst bed life directed toward long thruster
1ife has demonstrated up to 8000 seconds of cumulative operational time.

Another long 1life development program substituted electrothermal
decomposition employing a 20 watt resistance heater for the catalyst bed
demonstrated 40 hours of steady state on-time and more than 106 cycles at

the 5 1b thrust level. The performance of this thruster is shown in Table
5-2.

Bipropellant attitude control systems have been developed for applications
where total impulse requirements have shown the advantage of higher
performance over the simplicity of monopropellant systems. Current
bipropellant systems utilize monomethyl hydrazine (MMH) and nitrogen
tetroxide hypergolic propellants. Thruster size ranges from 0.5 1b to 1600
1b have been developed. " Examples of typical system performance are listed
in Table 5-2.. Minimum thruster size in bipropellant thrusters is Timited
by current manufacturing techniques in drilling injector holes (0.004" dia)
and is somewhat larger than N2H4 thrusters. As was characteristic of
monopropellant  thrusters, bipropellant thruster minimum impulse bit
increases with thrust level due to injector head and propellant passage
volumes.  Minimum pulse width and pulsing I | not limited by catalyst bed
characteristics, become limited by material 1$mitations to thermal cycling
and for nozzle erosion.

Small size (F <5 1b) bfprope]]ant thruster performance may be degraded by
boundary later cooling losses due to small chamber volume. At the higher

thrust levels these losses are minimized and performance variations shown
in Table 5-2 are a function of the thruster nozzle area ratio (£). The
space shuttle RCS thruster nozzles are severely limited by installation
requirements and the performance shown is a result of the low nozzle area
ratios.

H, and O, propellants are candidates for attitude control systems in
advanced space system studies where these propellants may be available and
the potential of higher performance is desirable. Performance of Hz/o2
thrusters that have been demonstrated in prototype hardware have been
included in Table 5-2. It should be noted that the Hz/o2 propellant feed
to the thrusters may either be gaseous or liquid and that the conditioning
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of the propellant to maintain the feed in a single phase will be the most

critical problem in the design of an H2/02 attitude control system.

Thrust levels as low as 30 micro-pounds have been demonstrated with
flight-proven ammonia resistojet systems. Thrust levels progress upwards
from that point, with cold gas systems developing thrusts from a few
millipounds wup to about 10 pounds. The low I  of these systems - 140 to
170 for resistojets, 40 to 70 for cold gas - maﬁg them noncompetitive for
long life LSS applications. Mono- and bi-propellant systems are summarized
in Table 5-2.

Propellant Storage and Distribution - A key feature of propellant storage.
characteristics is the manner in which liquid propellant orientation and
expulsion is managed in the zero-G environment. Care must be taken to

ensure that the propellant flow to the system thrusters is free of

‘entrained gases in order to provide smooth and efficient combustion. Both

"active" and "passive" propellant orientation options are available for
consideration and have proved flight experience. Table 5-3 summarizes some

of the pertinent characteristics of active propellant orientation and
expulsion techniques. Three of the Tlisted types have an extensive

qualification history:

o Bladders Extensive Teflon bladder experience
manned and unmanned spacecraft
auxiliary probulsion since Mid-1960's
0 Metallic Bellows Minuteman-II1I post-boost propulsion

subsystem
o Elastomeric Extensive application in unmanned
Diaphragms spacecraft of monopropellant

hydrazine propulsion system

The reliability of an active propellant orientation and expulsion technique
is always of concern and must- be considered 1in any design selection

evaluation study. Reliability factors include 1long term propellant
compatibility, susceptability to leakage and/or rupture, and cycle life.

The storage life of metallic bellows systems is approaching ten years in
the Minuteman-III system, and operational lifetimes of elastomeric

diaphragms is approaching seven years in the Pioneer-10 spacecraft.
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TABLE 5-3

POSITIVE EXPULSION SYSTEM CHARACTERISTICS

EXPULSION SYSTEM

STRONG POINTS

PROBLEM AREAS

Plstons

Bladders

Metallic Bellows
Elastomeric Diaphragm

Metallic Diaphragm

Rolling Diaphragm

Positive displucement: variable tnitial
uilage gas volumes

Much development and flight experience;
adaptable to most tank geometries and
initial gas ullage volume

" Good compatibility: predictable perform-

ance adaptable to varying tank geometries
and initial uilage volumes

Good expulsion efficiency; trouble free
and repeatable.diaphragm geometry
during expulsion

Good compatibility; not sensitive to
propeilant slosh

Good compatibility; not dependent on
initial ullage volume .

‘Heavys leakuge: jamnung Jdue to cocking

or corrosion; limited to cylindrical tanks

Long term compatibility: gas permeation;
poor expulsion efiiciency; folding gecometry
conducive to pinhole leaks

High weight; cocking duriang expulsion

Poor wear characteristics during prolonged
propellant slosh: poor long life compatibil-
ity; limited to spherical tank geometry with
significant initial ullage volume

Limited to spherical tank geometry with
significant initial ullage volume; high AP
required for expulsion

High AP required for expulsion; limited
to cylindricai tank geometry
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Passive techniques of propellant orientation are based on the surface
tension properties of the propellant, thereby eliminating many of the
reliability concerns associated with positive expulsion. The design of
such a device requires complete knowledge of acceleration environments,
propellant properties, temperatures and f]owrates; and also pressurant
charactristics. An abbreviated summary of the various phenomena associated

with surface tension propellant acquisition, performance requirements, and
design considerations are listed in the functional matrix of Table5-4.

System Life Considerations - The primary concern is the quantity of

expendables required, which requires definition of operational duty cycles
and their relation to delivered specific impulse. The more subtle aspects
of mission life requirements include long term propellant compatibility,
age limits on materials of constrution (primary seals), valve cycle life,
and exhaust plume contamination effects on other elements of the space
vehicle,

A major life consideration for monopropellant hydrazine systems is that of
the catalyst bed. Contemporary bed designs involve the mechanical packing

of Shell 405 catalyst, generally with layered strata of fine and coarse
granules. Prolonged operation results in the mechanical working ~of
particles against each other, spalling, and eventual ejection from the
reactor. The effective reduction in decomposition activity thus impairs
transient response and steady state performance characteristics.

The cycle Tlife of thruster valving may be an inherent limitation, at the
present technology level, for application to the control of LSS. This

would be particularly true in the case of limit cycle reaction control
stabilization with small pointing tolerances as opposed, for instance, to
momentum wheel control. Repetitive valve cycling ultimately leads to
fatigue failures, high seat leakage rates, and poor response. Present
technology places valve cycle 1life characteristics in the 105-cycle
category, and is approachihg 106 cycles on some units.

Thruster exhaust plume charactristics are not a 1life consideration for
propulsion systems, but their effects must be considered in the placement

on the vehicle. Plume impingement heating rates must be evaluated, and the
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TABLE 5-4
SURFACE TENSTION PROPELLANT ACQUISITION SYSTEM PHENOMENA

® PHENOMENA INVOLVED IN EVENT

Capillary retentlon: steady and shock acceleration, steady and transient flow
(normal and back-up mode operation)

Pressure loss: In terims of pressure delivered to thruster and in terms of
malataining capillary control

Filtration: filtration, stoppage

Structural integrity: due to body acceleratton, forming, welding, assembly,
handling, installation, pressurization

Gas entrapment in outlet: due to weulng of dip suppressor/filter assembly before
downstream propellant filling

® REQUIREMENTS AFFECTING PERFORMANCE OF EVENT

Propellant quantity: quaatity initially loaded and in tank at start of final burn
Propoltant flowrate: max at any time and max at depletion — propellant

transfer max

Propellant temperature: relative to retention, boilout, gumming, lcing, and low g
orientation

Body acceleration: Important to retention, orientation, depletion, structural
strength, cte.

Sequence of events: order and duratfon — transieant profiles

® DLSIGN ELEMENTS INVOLVED IN EVENT

Fill and drain system: relative to gallery hole seal-off and gas entrapment in outlet
Pressurization system: relative to condensation and to gas entrapment in outlet

Capillary fill vent screen: relative to heat transport, prevention of condensate
secaling and hole gumming
Gallery windows: hole dluméter, location, open area, ratio of hole diameter

to material thickness, and wicking
" Gallery wall surface finish: relative to condensate lenllng./leal—breaklnglw‘

Gallery cross scction area: relative to gallery capillary fill

m
<
m
3

Propellant Depletios

Propellant Transfer
Thruster Shutdewn

a5
. 5
3., 83y
mggg “ @
-3 § é‘
2883 é
XXXIXXIX
X{X|X
X X
X ;
X
XX x.%xgx
XX
X
X [ XIX]|X]|]X
X |x
X
X |X|x
XIXIXIX]X]XIX]X]X




D))

M

)

~ =

deposition of exhaust products on sensitive vehicle surfaces and equipment
may be a Tlife-limiting characteristic. Equipment that has shown
sensitivity to plume contamination include solar arrays, thermal control
paints, louvers, and second surface reflectors, and also any optical
sensors that are a part of the control subsystem or payload.

5.3 Required Technology Advances

The intent of this section and those that immediately follow is to define
the areas of technology which need improvement to meet the requirements of
large space systems. To accomplish this objective we will examine five

areas which have emerged as central issues in the auxiliary propulsion of
large space systems. These are listed below:

0 Thrust Level

o Start-Up Characteristics

0 Number and Distribution of Thrusters
0 System Mass

0 APS Lifetime

Each area above is discussed in the next five sections to define the
chemical or electrical technology needs. The adequacy or inadequacy of
currently available technology will depend greatly on the assumptions used
in the requirements analysis. Technology needs will depend on the LSS
class, the LSS size, and the system sizing assumptions (i.e., LEO

operation, GEO operation, LSS orientation, etc.).

5.3.1 Thrust Level Technology Needs
In Tasks 3 and 4 we have examined the thrust level requirements of both the

large erectable structures and the single shuttle launchable deployable
structures. In addition to thrust level requirements we Tooked at
throttling requirements and the effect of thrust Tlevels on surface
accuracy. The large erectable structures technology needs are presented
first with deployable structures results following.

Table 4-2 1listed the thrust requirements for four scaling assumptions and
for each LSS class and size. In comparing the thrust/thruster requirements
with the thrust Tevels currently available from chemical and electric
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systems one finds that chemical systems are necessary to meet the low earth

orbit needs under the assumptions used in generating Table 4-2. LEO
altitude was assumed to be 300 km.

With the exception of the very large plate structure using a small number
of thrusters, the SOA chemical thrust levels are adequate. Electric
thrusters, however, are inadequate to meet the majority of missions. Table
4-2 has been restated in Table5-5 to show this result.

In Table 5-5 we have put the available SOA ion thrusters plus the 50 cm
conceptual design 1in the slots where their thrust levels are sufficient.
For thrust levels above 0.4 N, the thrust needed is printed. There exists
a clear need for increased electric thruster thrust 1levels for LEO
operation and for medium and large erectable structures in GEO.

Throttling requirements were developed for the three main classes in Task
3. - Figures 3-26 through 3-29 examined the difference in thrust level

requirements from LEO to GEO and the difference in the maximum GEO and
nominal GEO requirements. It is clear from these charts that no system
available is capable of providing the up to 300:1 throttling ratios
required for LEQO and GEQ operation. The GEO throttling ratios are far more
manageable and the current electric propulsion throttling capability of 4:1
is adequate. For chemical systems the lack of throttlability is offset by
the excess thrust level that can be provided. Effective thrust 1is varied
by simply pulsing the thrusters at different duty cycles. Pulsing
thrusters has the disadvantage of limit cycling (see Section 4.1.2) and
some fuel waste. Another disadvantage is that if the thrust levels are
very high, the structural deformation caused by each puise can cause a
degradation of mission performance or, in some cases, actual structural
damage.

Figures 4-43, 4-44, 4-48 and 4-49 addressed the question of structural
deformation for the plate structure. These figures showed that a plate

structure of 2000 to 10000 meters in length had some structural deformation
with the required thrust levels. For structures above 10000 meters in
length this interaction was very significant. Deflections of greater than
one degree were calculated even' with graphite epoxy structures. For
structures smaller than 1000 meters deflections were not significant.
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TABLE 5-5 CURRENT ELECTRIC [HRUSTER CAPABILITY FOR LARGE ERECTABLE STRUCTURES

L1€

THRUST/THRUSTER REQUIRED
STRUCTURE SIZE # THRUSTERS | LEO MAXIMUM | LEO-GEO TRANSFER | GEO MAXIMUM | GEO NOMINAL
PLATE SMALL (30 m) 4 30cm 8cm 8cm 8cm
MEDIUM (700 m) 4 21n 20n .92n .92 n

24 2.2n 3.5n 50cm 50cm
100 «n In 30cm 30cm

LARGE (21000 m) 4 610000 n | 46000 n 6200 n 3310n

24 62000 n 8000n 1080n 570n

100 15100n 1950 260n 137n
MODULAR ANTENNA SMALL (15 m) 8 50cm 30cm 8cm 8cm
MEDIUM (60 m) 8 1.2n .75n 30cm 15cm
LARGE (200 m) 8 62n 60n 50cm 30cm
32 16n 14 30cm 15cm
80 6.4n 5.6n 15cm 15cm
SERIES OF ANTENNAS SMALL (2) 4 30cm 8.75n 30cm 30cm

MEDIUM (6) 4 6.75n 32.5n .79n .48n

' 24 1.13n 5,42n 30cm 30cm
96 50cm 1.35n 15cm 15cm
LARGE (10) 4 - 26.3n 54.0n 2.80n .78n
96 1.1n 2.3n 30cm 15cm




Single shuttle Tlaunched deployable structures have thrust requirements
significantly below those of the larger erectible structues. Tables 3-11
and 3-12 1illustrated these requirements. Current electric thrusters are

adequate for a majority of the assumptions and LSS sizes studied. Table
3-12 is restated in Table 5-6 1in the same manner as Table 5-5 to show this
result.

5.3.2 Startup Characteristics

The effect of APS startup delays on the pointing accuracy of the plate
structure was investigated in Section 4.1.2.3. In this section the

relationship of pointing accuracy, minimum impulse bit, LSS size, and
startup dime delay was derived. Figure 4-21 showed that as the structure
size 1increased, time delays of up to one hour did not significantly effect
pointing accuracy. For structures of a few hundred meters or less, this
effect 1is noticable. The minimum impulse bit of electric thrusters is
somewhat ill-defined because even during startup periods a small amount of
thrust is produced. Nominal electric thruster shutdowns are not “clean"
but have a period of throttling down to the shut-off point. If one assumes
a minimum impulse bit of 0.1 N-S, a 30 minute startup delay indicates a
0.45 deyree accuracy 1loss which 1is unacceptable for some missions.
Additional research to define the electric propulsion minimum impulse bit
is needed before the full impact of startup delays can be evaluated.

5.3.3 Number and Distribution of Thrusters
After analysis of thrust level requirements had been performed, it became

clear that for the medium and large size structures the use of SOA electric
propulsion units required Tlarge numbers of thrusters which for shape
control reasons should ideally be equally distributed throughout the
structure. Even with the larger thrust levels available with chemical

thrusters, distribution of thrusters for classes IA (plate), IB (cross),
ITA (box) is required for medium and large structures.

The number of thrust locations needed to minimize ‘deflection reaches a
point of diminishing returns. This facts was pointed out in Figure 4-34,
In this figure it was shown that after approximately 10 thrusters were

distributed equally across a beam, the reduction in deflection by adding an
additional thruster is minimal. Specific designs must be analyzed to study
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‘TABLE 5-6

CURRENT ELECTRIC THRUSTER CAPABILITY FOR
SINGLE SHUTTLE LAUNCHED DEPLOYABLE SPACECRAFT

DY )

oY ) )

DISTURBANCE TORQUE GEO GEO STATIONKEEPING

CLASS STZE 00 km 500 km LEO - GEO [pISTURBANCE| @ 0.4 DUTY CYCLE
100 WCOAQSSET 100 w&{issg‘ TRANSFER | WORST CASE | ONCE/ORBIT | ONCE/WEEK

PLATE W/0 BLANKET | 30 m| 8cm 15cm | 8cm 8cm 8cm 8 8cm 15¢cm
100 m| 30cm 50cm 15cm 30cm 30cm gcm 8cm 30cm
250 m} 50cm 1.7n  30cm 50cm 50cm 8cm 15cm 50cm
PLATE W/BLANKET 30 m{ 30cm .48n 8cm 30cm 15cm 8cm 8cm 30cm
100 m| ,7n 4,9n | 30ecm | ,49n | 50cm 8cm 30cm .53n
150 m| 1.6n 12.n Jan 1.5n 50cm 15cm 50cm 1.1n
MODULAR ANTENNA 15m| 30cm .5n | 15cm 30cm 30cm 15cm 8cm 30cm
60m | 1.5n 9.5n 50cm 1.0n .63n 15cm 15cm 30cm
200m| 170 | 850 | 1.7a | 8.1 5.5n 30cm 15cm 50cm
SERJES OF ANTENNAS 2 30cm 50cm 30cm 50cm 30cm Bcm ‘8cm 30cm
3 50cm .96n 50cm .84n 30cm 8cm 8cm 50cm
4 50cm | 2.3n 50cm 1.9 30cm 8cm 15cm 50cm




the interaction between beams on total surface deflections, however, this
result may be applied generally in that there will always be a point of
dimenishing returns for the distribution of thrusters.

Distributing thruster systems requires a distribution of system components
over what may be very long distances. 1In the case of chemical systems,
this poses no particular problem. For chemical systems, tanks, valves, and
thrusters can easily be located as a unit with no interconnection between
the units except for control electronics. Electric thrusters are a
different matter. The high power required and inherently higher inert
system mass for each APS unit dictates significantly greater system
integration problems. Additional study to analyze these problems is
indicated.

5.3.4 System Mass
Throughout this study, specific impulse was treated as a variable for both

chemical and electrical APS. We found in Sections 4.3.2 and 4.5 that
electric systems optimized over a wide range of specific impulse. Chemical
systems have no power level dependence, hence always optimized at the
highest achievable Is . In comparing the chemical and electric system mass
for the large erectab?e structures using a geosynchronous requirement
thruster sizing, it was found that in all cases electric systems had.lower
mass than chemical systems providing the optimum ISp for the electric
systems could be achieved.

Tables 4-4 and 4-5 presented the electric I__ optimums under various
assumptions. Under the assumptions used here, specific 1impulse range of

current electric systems must be extended to much higher ranges than
available. The plate structure needed higher than 50000 sec I to
optimize assuming the power source was not charged to the APS. IfSBower
mass was charged to the APS, a range of 3600 to 15000 sec I is required
to optimize system mass. For deployable structures, Tab]esB-13 provided a
comparison for each class for four different mission assumptions. This
study only Tlooked at 1000, 3000 and 10000 second specific impulse levels .
for electric systems. The conclusions for geosynchronous - orbit are " the
- same for the deployabl