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Preface

The purpose of this study was to establish the technical feasibility of a space
fabrication platform that produces functional trusses from aluminum materials sal-
vaged from a space shuttle external tank in orbit. The utilization of electrodynamic

propulsion for orbital maneuvering was also a key feature of the design.
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Abstract

Current plans for constructing large structures in space entail fabricating the
primary components, such as truss segments, on the ground and assembling them in
space. This process requires an exorbitant number of support missions, and methods

to minimize the number must be considered.

Whenever the space shuttle is launched, its external tank is jettisoned and
destroyed prior to reaching orbit. This aerospace grade aluminum structure can be
carried into orbit and utilized extensively. The Prototype Space Fabrication Platform
(SFP) fabricates aluminum materials, reduced from external tanks, into functional
trusses. The trusses are strong and can be used as the primary components for future
structures in space. The fabrication process produces a continuous truss allowing
the end user to determine the length. The SFP can fabricate the same amount of
truss from one external tank as four dedicated shuttle missions can deliver in the

cargo bay.

The SFP utilizes electrodynamic propulsion, via shielded coils, for maneuver-
ing. The novel propulsion system facilitates a versatile payload transportation and
delivery capability. The SFP can continuously track a target from all directions.
The tracking system is ideal for docking since plume impingement is not a concern.
With the assistance of remote manipulators, the SFP can deliver a payload in a wide

variety of orientations.

Under most conditions, the remote manipulator and maneuvering commands
originate from ground workstations. Required manned presence is greatly reduced,

and the time when the space shuttle is off station is effectively utilized.

These and other capabilities of the SFP can be used to significantly enhance the
construction of future structures. The logistical complications, currently inhibiting

advancement in space, can be eliminated.
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Prototype Space Fabrication Platform

I.  Introduction
1.1 Design Study

A group design study was conducted at the Air Force Institute of Technol-
ogy. The design group consisted of five Air Force officers enrolled in the Systems
Engineering graduate degree program. The study was motivated by the problem

developed in the next two sections.

1.2 Problem Description

Despite current apprehension over expanding America’s space program, there
is a significant demand for large structures in space. Effective methods to meet this
demand must be considered. One possible avenue is to utilize the expended external
tank of the space shuttle in low Earth orbit. If each shuttle mission carried the
external tank into orbit, modified tanks could provide materials for the construction
of numerous large space structures. Dedicated fabrication platforms could reduce
the external tanks and re-fabricate the materials into components required for the
construction. The utility of these fabrication platforms would be increased if they
possessed transportation and delivery capabilities. Electrodynamic propulsion and
attitude control could provide the precise maneuvering and control necessary to

accommodate these features.

After researching the problem, the design group summarized the task into one

problem statement:

Utilize the external tanks from space shuttle missions and the concepts of
electrodynamic propulsion to support the construction of large structures
in space.
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The group concluded that a space platform capable of fabricating trusses from
external tanks with a delivery system driven by electrodynamic propulsion would
illustrate effective means for the fabrication of large structures in space. An in-depth
feasibility study for the development of a prototype space fabrication platform (SFP)

is detailed in the report that follows.

1.3 Objectives

A list of objectives was developed to assist in directing the study. The objec-

tives are to design a prototype space platform that:

e fabricates trusses for use in the construction of large struc. :s in space

utilizes external tank raw materials in the truss fabrication process

utilizes electrodynamic propulsion for platform maneuvering

® possesses transportation capability

e possesses delivery capability

1.4  Scope

The development of a prototype space fabrication platform first requires a solid
technical foundation. The intent of this study is to establish the technical feasibility
of an SFP. Whenever multiple solutions to a particular problem in designing the SFP
existed, the best solution was chosen based on technical merit. Immediate product
availability and monetary costs did not influence the study. This completed technical
feasibility study will serve ac a basis for comparing the potential benefits of an SFP
against product availability, cost, and the many other ramifications associated with

its implementation.
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1.5  Report Outline

In Chapter 2, the motivation for the SFP study is provided. The need for con-
structing large space structures is presented as well as the concepts of utilizing space
shuttle external tanks and electrodynamic propulsion. The design study’s solution
to supporting the construction of large space structures with a truss producing space
fabrication platform is developed. Potential growth applications of the platform are

presented.

In Chapter 3, an overview of the study is delivered. Systems engineering tech-
niques are used to define the requirements of the SFP and the decision making pro-
cesses. Summaries of the SFP design, capabilities, and assembly plan are introduced

to provide a foundation for the remainder of the report.

In Chapter 4, the work of a previous design study that is integral to the SFP
study is briefly described. The previous study developed components and procedures
for salvaging material from the expended external tank of the space shuttle. Critical
components and procedures of the design study are reviewed. External tank material
salvage and pre-processing operations required for SFP truss production are also

described.

In Chapter 5, the SFP truss making process is detailed. Raw material sal-
vaged during external tank reduction is combined to produce square trusses. All the

processes necessary for truss production are discussed.

In Chapter 6, the basic theories of electrodynamic propulsion are developed.
The concept of shielded coil electrodynamic propulsion is detailed, and an optimal
linear control system, that utilizes electrodynamic propulsion for controlling the SFP,
is discussed. The controllability requirement for the SFP, which sizes the SFP and

dictates the specifications for the control elements, is explained.

In Chapter 7, the calculations for the power requirements of the SFP are de-

scribed. The equations presented allow for an iterative design process. Based on
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given available power, operational power scenarios are developed which outline the

major capabilities of the SFP.

In Chapter 8, a conceptual analysis of the remote manipulator systems planned
for SFP assembly and mission ready operations is delivered. The remote manipula-
tors are categorized into two systems: the servicing system and the docking system.
Both are heavily influenced by the remote manipulators proposed for Space Station
Freedom and the proven remote manipulator system of the space shuttle. The dock-
ing system also utilizes the attributes of the electrodynamic propulsion system to

provide a unique and impressive docking capability.

In Chapter 9, a conceptual sequence that illustrates the assembly of the SFP is
delivered. The tradeoffs on how the SFP is built are discussed and an eight mission

overview of the actual assembly is provided.

In Chapter 10, operational missions and SFP capabilities are discussed. The
events in which an external tank is recovered, reduced, converted to the truss prod-
uct, and then transported and delivered are covered in detail. The SFP’s capabilities

and its advantages over conventional systems are also discussed.

In Chapter 11, the critical design issues for the SFP are presented. The chapter
supports the decisions made during the design process by expounding on issues that
arose during the design study. Sections of the chapter are referenced throughout the
report to provide increased detail on a subject without interrupting continuity in the

body of the report.

In Chapter 12 the report is concluded. Recommendations for further research

in the area are provided.
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II.  Motivation
2.1 Introduction

Before designing a fabrication platform, the guiding concepts must be thor-
oughly understood. This chapter identifies the need for large space structures. It
provides a short introduction to the concepts of utilizing an external tank in space
and propelling a vehicle with electrodynamic propulsion. The general idea of a space

fabrication platform is presented, and future growth applications are addressed.

2.2  Large Space Structures

In the 1960’s, the need for research in space promoted the production of a
space station. Today, many needs, including research, are calling for not just a
space station, but numerous large structures in space capable of fulfilling a variety
of roles. Five of these needs will be identified, and ways to accommodate them will

be discussed.

2.2.1  Alternative Energy. Large space structures are needed to conserve
and augment the world’s limited fossil fuel supplies. The amount of solar energy that
reaches the earth is 20,000 times the total energy currently used by man (29:4). It
could be harnessed in many ways. The most popular is via solar collectors. A large
array of collectors at geostationary orbit would be in direct view of the Sun 99% of
the year and could provide the Earth with abundant quantities of energy (11:1239).
A solar collector array for this use is large. A Boeing design has a surface area of

112 km? and requires approximately 1300 km of truss (13:103).

Other solar energy capturing methods have also been considered. Large reflec-
tors in space could direct light or heat during night or cold conditions. In February
of 1993, a Russian satellite reflected a 4 km wide light beam from space onto Europe

for six minutes (86:20). The potential agricultural and industrial benefits from this
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technology are enormous, as well as the assistance it could provide during disaster

relief operations.

222 Telecommunications. Large space structures are needed for im-
proved telecommunications. Because of satellites, the ability to access data, com-
puters, and other people anywhere in the world is becoming commonplace. Unfor-
tunately, the demand for more communication satellites is leading to crowding of
the geostationary orbit and the frequency spectrum (29:2). Many communication
satellites could be replaced with just a few large geostationary platforms integrating

all their individual functions with shared antennas.

2.2.3  Material Processing. Large space structures are needed for improved
material processing. The consequences of processing without gravity and in a vacuum
are far reaching. Materials that are difficult or impossible to produce on earth,
because of the measures taken to control the environment, could easily be produced
in space. For example, liquid and molten material could be processed without the

use of a solid container. This would eliminate (29:4):

e problems with contamination and spontaneous physical processes caused by

contacting the container walls
e problems attributed to processing highly corrosive materials
e restrictions in processing temperatures

Large material processing platforms could ease current demands for materials needed

today, and accommodate future demands for materials yet to be created.

2.2.4 Spaceborne Service. Large space structures are needed to assist
other space vehicles. A site in space for refueling, assembling, or repairing would
have many advantages. for example, launches originating from Earth — which devote

much of their payload to fuel for achieving orbit — could be minimized. It is highly
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likely a manned Mars probe will be assembled and fueled on board a structure in
space before departing for Mars (9:317). Also, inoperative satellites or satellites des-

tined for deep space could be repaired or “last chance” checked for problems (29:7).

2.2.5 Spaceborne Construction. Finally, building on all the previous
needs, large space structures are needed to construct other large space structures.
Just like large construction projects require support facilities in remote locations on

earth, similar facilities will be required in space. These facilities will provide (29:7):

e stable construction platforms
e habitation modules

e storage facilities

e machine shops

e communication centers

The needs just identified do not exhaust the list. They represent a cross-
section of the many needs being generated by advancements in technology. This
design study is motivated by these needs. A large space platform that directly or

indirectly accommodates them is developed.

2.8  Space Fabrication Platform

The numerous large space structures proposed in the previous section require
multiple launches for multi-staged assembly. At one time NASA was planning for
approximately 20 space shuttle missions to build Space Station Freedom (78:1). To
enhance the feasibility of producing structures in space, the launch support require-
ment must be minimized. This design study will develop a platform which fabricates
trusses from space shuttle external tanks to support the construction of large space

structures.
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Figure 2.1 The space shuttle before launch with the external tank (ET) and solid
rocket boosters attached (28).

2.8.1 Space Shuttle External Tanks. “The external tank is currently
the only non-reusable portion of the Space Transportation System” (80:1)(see Fig-
ure 2.1). It is intentionally jettisoned into either the Indian or Pacific Ocean just
prior to the space shuttle achieving orbit. The jettison occurs because the external
tank is not currently used in space and is considered unwanted debris. When it is
jettisoned, the orbiter and external tank both have 98% of the energy required to
enter orbit. In fact, an alternate launch trajectory, called a direct injection, allows

this to occur with no additional fuel costs (28:1-14)(see Figure 2.2).

There are many ways the external tank could be utilized in space. For example,
its role as a container for 730,000 kg of propellants could easily be continued with
minor modifications. After a direct injection, the external tank still has 7,000 kg
of residual fuels remaining (28:1). This alone would provide significant support to

other spacecraft already established in space.
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Figure 2.2 Space shuttle launch trajectories. The space shuttle keeping an external
tank into orbit instead of jettisoning it into the Ocean (28).

The usefulness of the external tank is not limited to fuel storage. It could be
adapted to store other liquids, gases, equipment, or even people. Also, it is made
from 24,000 kg of aerospace grade aluminum. Intact, it is far more rigid than any
structure currently in space and could serve as a backbone for the construction of
other space structures. Dismantled, it could provide large quantities of construction
materials. For example, trusses — which are primary components to most space

structures — could be produced from these materials.

In 1990, a systems engineering group at the Air Force Institute of Technology
designed a system for transforming the external tank into raw material while in low
Earth orbit. The study demonstrated how assorted lengths of aluminum I-beam and
flat plate could be salvaged. It was called An Aluminum Salvage Station for the
Ezternal Tank (ASSET) (31).

The SFP design study uses aluminum raw material — recovered from exter-
nal tanks by ASSET salvage procedures -- for the production of trusses. Because

the ASSET concepts are critical to this study, they are reviewed and modified for
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Figure 2.3 The defection force experienced by a conductor with a current flowing
through it in a magnetic field.

specific applications in Chapter IV and Appendix A. The platform will also have
the capability to transport and deliver the completed trusses to other sites where
they can be utilized. The maneuvering capability of the SFP will be achieved with

electrodynamic propulsion.

2.3.2  Electrodynamic Propulsion. ~ When a current flows through a conduc-
tor in a magnetic field, B, it experiences a transverse deflection force (see Figure 2.3).

The magnitude and direction of the force, Fp, is given by (32:539):
Fp=iLxB (2.1)

i = current

L = length and direction of the conductor

B = magnitude and direction of the magnetic field
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Figure 2.4 A rigid conductor electrodynamically propelled space vehicle configured
for maximum control in the magnetic field.

In 1965, Drell, Foley, and Ruderman proposed running a current through a long
conductor in the Earth’s magnetic field to produce thrust for a vehicle in space (22).
In 1992, a thesis at the Air Force Institute of Technology developed a space vehicle
using this propulsion technique. It was called A Precision Orbital Tracking Vehicle
(POTV) (49). The vehicle was composed of rigid orthogonal conductors sized and
situated to provide multi-axis thrust and attitude control in the Earth’s magnetic

field. (see Figure 2.4).

Electrodynamic propulsion is ideal for situations requiring low or moderate
levels of thrust over long periods of time (81:2). Orbit transfer, station keeping,
stand-off, and attitude control — the maneuvering requirements of the SFP — are
prime applications. If the power source for the propulsion sys.em is solar generated,

fuel requirements are minimal, and if the current in the conductors is variable, thrust
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Figure 2.5 A single coil partially shielded by a magnetic shield. The return portion
of the coil does not experience an external force.

can be variable. For these reasons, electrodynamic propulsion was adapted to propel

the SFP.

As the concept of electrodynamic propulsion has developed, the task of driv-
ing current through a conductor in space has become an area of emphasis. Research
on an approach that has provided encouraging interim results utilizes a partially
shielded conductor coil (48). The coil closes the circuit. This minimizes the resis-
tance involved in driving the current. Also, the shield removes the return portion of
the coil from the magnetic field. This inhibits the shielded portion of the conduc-
tor from experiencing an opposite direction force. Figure 2.5 illustrates a partially
shielded single coil. These desirable characteristics ultimately work to reduce the size
requirements of space vehicles utilizing electrodynamic propulsion. For this reason,

this technology is incorporated into the SFP. Shielded coil electrodynamic propulsion




is thoroughly developed in Chapter VI and implied when addressing electrodynamic

propulsion for the remainder of this report.

2.4  Growth Potential

The study concentrates on developing an SFP that fabricates and delivers
trusses only. However, with these capabilities satisfied, expanded roles could be
considered. For example, once the SFP is complete, the external tank it receives
could be delivered intact to a site that needs it. It could also be modified while on
the SFP for a particular capability. Converting it to a habitation module, storage

facility, or contained work area would be feasible.

The modified tank could still be delivered to a site, or — if the SFP was
designed for it — could remain attached to the SFP. With this potential, the SFP

by itself could become a construction facility capable of providing:

e a stable construction platform
e habitation modules

e storage facilities

e machine shops

e communication centers

With appropriate design considerations, the SFP could grow into any of the large

space structures cited in Section 2.2.

2.5 Summary

This chapter identified the requirement for large structures in space and sug-
gested utilizing the space shuttle external tank to support their construction. The
potential uses of the external tank were presented. The concept of creating a plat-

form that fabricates trusses, made from external tank raw materials, and utilizes
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electrodynamic propulsion was developed. The potential of the platform to deliver
completed trusses or modified tanks, or become any one of the large space structures

identified in the beginning of the chapter was proposed.

2-10




III.  System QOverview
3.1 Introduction

This chapter is intended to assist the rest of the report by providing insight
to the desired outcome of the SFP study. An overview of the fundamental decision
drivers and resulting SFP design is presented. The chapter is divided into two sec-
tions: SFP design requirements and SFP overview. With the problem identified in
Chapter 1, anu the motivation established in Chapter 2, the SFP design require-
ments can be generated. The influence of these requirements and resulting SFP

specifications are then summarized.

3.2  Requirements

Requirements for the SFP were developed by the group to satisfy the objec-
tives listed in Section 1.3 and establish technical feasibility. The requirements were
organized into needs, alterables, and constraints as defined by Sage (72:79-83). The

Sage format greatly assisted in focusing the design study.

3.2.1 Needs. Needs are required, useful, or desired features designed into

a system (72:79). The needs identified for the SFP are:

e a truss product that enhances the construction of large structures in space

e a truss product that utilizes the raw materials of the space shuttle external

tank
e a delivery capability

e a maneuvering system that utilizes electrodynamic propulsion

a versatile payload capability

¢ a versatile stand-off envelope
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e a versatile orbit envelope

e an open work area for mission ready operations

3.2.2 Alterables.  Alterables are the factors, pertaining to the needs, which
can be changed during the design of a system (72:81). The alterables identified for
the SFP are:

e the truss product shape and dimensions

the welding method for truss fabrication

¢ the delivery method

e the payload capacity

o the stand-off envelope

o the orbit envelope

o the electrical power generation method

e the platform assembly plan

e the components of the platform prefabricated on Earth
e the manning requirements

e the command and control locations

3.2.3 Constraints.  Constraints are the limitations under which the needs
must be satisfied or the range over which the alterables can be varied (72:82). The

constraints identified for the SFP are:

e the primary source of material for the truss product will be the space shuttle

external tank
e the primary propulsion method will be electrodynamic

e the maximum usable electrical power will be 82 kW
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e the maximum conductor temperature of the electrodynamic propulsion system
will be 438°C (allows a safety factor of 1.5 from the minimum melting point

of the materials used in the propulsion system)

e the maximum time required for a 200 km orbital altitude change will be less

than 20 days
e the minimum payload capacity will be 30,000 k¢

e the stand off-envelope will be from 0 to at least 40 m around a target’s center

of mass
e the orbit inclination envelope will be between 0° and 28.5°
e the orbit altitude envelope will be between 300 and 500 im

The SFP is a prototype platform. Any change in the needs, alterables, or
constraints could change the final design but still establish technical feasibility of the
concept. Recall, the needs, alterables, and constraints for this study were developed
by the group to best demonstrate the technical feasibility of an SFP; this does not
imply they are the only needs, alterables, and constraints that could accomplish
the same task. Chapter XI analyzes the effects of designing to alternative needs,

alterables, and constraints.

3.2.4  Decision Making. The decision making process used throughout
this study can be characterized as discrete judgement. As mentioned in Section 1.4,
solutions were chosen based on technical merit without the influence of product
availability or monetary cost. The metrics used (mass, size, power, etc.) in design

tradeoffs were based on situational appropriateness and vary between tradeoffs.

The flow of the report is to introduce possible design tradeoffs as they occur
in their respective chapters and immediately identify the best solution. Usually,

the tradeoff analysis is deferred to the design sensitivities chapter at the end of the




report. The desire is for the body of the report to maintain a logical progression

towards the final SFP design.

3.3 Overview

This section summarizes the final design developed in the remainder of the
report. Its purpose is to assist with continuity while reading the individual areas
of consideration that were analyzed in the design process. Details of the decisions

made during the design process are addressed in Chapter XI.

3.3.1  Configuration.  Figure 3.1 illustrates the final configuration of the
SFP. It is influenced by all the needs, alterables, and constraints, but dominated by

the need for delivery and maneuvering capabilities.

The ultimate purpose of the SFP is to support construction in space. To
accomplish this, the SFP product — trusses — has to be readily available to the end
user. The SFP possesses ar open work area, remote manipulator systems (docking
and servicing systems), and a maneuvering system to facilitate delivery of the truss

product.

After some reflection, it can be seen that the manipulation of Fp = ¢ L x B for
six degrees-of-freedom mandates conductors in three orthogonal directions, as well as
augmentation thrusters parallel to the B-field and an attitude torque generation sys-
tem. The layout of the SFP accommodates these requirements with main, cross, and
orthogonal integrated trusses that house conductors, four augmentation thrusters,
and a coiled conductor integrated truss unit housing attitude control elements. The
use of electrodynamic propulsion for maneuvering capability significantly influences

the design of the SFP.

Solar dynamic power modules were incorporated with the existing ASSET
photovoltaic arrays and placed at the ends of cross integrated trusses. The solar

dynamic power modules possess higher power to mass ratios than the photovoltaic
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Truss Product

| Dimensions 1.0 x 1.0 x (variable) m
Mass/Length 5.25 kg/m

Welding Method | Laser

Axial Stiffness 374 x 10" N

Bending Stiffness | 9.135 x 108 N - m?
Torsional Stiffness | 1.103 x 10° N - m?
Production Rate | 77 m/hour

Table 3.1 Truss Product Specifications.

arrays. They also possess thermal energy storage elements that provide power during
eclipse operations, and eliminate the need for additional batteries. The position of
the solar power systems on the SFP is required for unobstructed orientation with

the Sun at all attitudes.

There are no habitation modules on the SFP; all manning requirements are
satisfied by space shuttle visitations. Remote manipulators and ground control are

used extensively throughout assembly and mission ready operations.

3.3.2 Truss Product Characteristics. Trusses are produced by a truss
maker on the SFP. Specifications of the trusses are listed in Table 3.1. They are
strong and compliment the construction of future structures in space. The truss
maker produces continuous trusses allowing the end user to determine the length.
The SFP can fabricate the same amount of truss from one external tank as four

dedicated shuttle missions can deliver in the cargo bay.

3.3.3  Platform Capabilities.  The electrodynamic propulsion system pro-
vides a precise and versatile transportation and delivery capability for the truss
product. The SFP can continuously track a target in R-bar, V-bar, Z-bar (see Fig-
ure 3.2). The maximum R-bar stand-off capability is 82 m — SFP center of mass

to target center of mass. The tracking system is ideal for docking since plume im-
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Figure 3.2 R-bar, V-bar, and Z-bar tracking. R-bar is defined along the radial
direction, V-bar is defined along the orbit path direction, and Z-bar is
defined along the out of plane direction.

pingement is not a concern. With the assistance of the remote manipulator systems,

the SFP can deliver the truss product in a wide variety of orientations.

The electrodynamic propulsion system also provides an effective gi1ss orbital
maneuvering capability. The SFP can orbit anywhere from 300 to 500 km in altitude
and traverse this 200 km envelope in less than 12 days. It is capable of orbit

inclinations between 0° and 28.5°.

In most cases, the remote manipulator and maneuvering commands originate
from ground workstations. Permanent manning is not required, and the time when

the space shuttle is off station is effectively utilized.

The capabilities of the SFP addressed in this section highlight the design study.

They are summarized in Table 3.2

3.3.4  Platform Assembly.  Chapter IX describes the SFP assembly pro-
cess. It 1s briefly explained here to further assist with the system overview. The
assembly will begin by using an ASSET dismantled external tank for station keep-

ing and power. A consolidated truss maker and a segment of the SFP main integrated
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SFP
Dimensions 50.0 x 64.3 x 383 m
Mass 79,309 kg
Primary Propulsion Electrodynamic
Power Source Solar Dynamic & Photovoltaic
Permanent Manning Requirement None
Primary Command and Control Source Ground
Orbital Altitude Envelope 300-500 km
Orbital Inclination Envelope 0-28.5 °
Maximum Payload 31,300 kg
Maximum Acceleration Rate 10.3 x 107° m/s?
Minimum Time for 200 km Altitude Change | 11.9 days
Maximum R-bar Stand-off Range 82 m
Maximum Continuous Usable Power 82 kW
Standard Mission Avg Power 449 kW
Propulsion Efficiency 87%

Table 3.2 The final design specifications for the SFP.

truss will be brought into orbit by the space shuttle. The truss maker, mounted to
the main truss segment, will be attached to the external tank. Additional main truss
segments will be delivered on subsequent space shuttle missions and attached to the
previous truss segments until the main integrated truss is complete. Once complete,
the main integrated truss will house conductors that can assist with station keeping,
using ASSET power. The next shuttle mission will deliver a coiled conductor inte-
grated truss for attitude control. The coiled conductor integrated truss mounts to
the side opposite the truss maker on the main integrated truss. In addition to atti-
tude control, it also establishes mounting points for the cross integrated trusses and
the orthogonal integrated truss. The cross trusses and orthogonal truss are deliv-
ered by the space shuttle and assembled in segments similar to the main truss. The
cross trusses house conductors for electrodynamic propulsion and also provide loca-
tions for solar power systems. When the orthogonal integrated truss is installed, it
will provide the final conductors required to complete the electrodynamic propulsion

system.




IV.  Material Salvage and Pre-Processing Operations
4.1  Introduction

An Aluminum Salvage Station for the External Tank (ASSET) was the result
of a systems engineering design study to develop possible techniques for transforming
the space shuttle external tank into a source of construction material at low Earth
orbit (31:xxii). The beginning of this chapter briefly describes ASSET and ASSET
salvage operations. Additional ASSET information is provided in Appendix A. Ref-
erences (31) and (80) are the primary sources for ASSET. The remainder of the
chapter addresses the external tank material salvage and preprocessing requirements

for accommodating the SFP.

4.2 ASSET General Description

ASSET is a station in low Earth orbit where external tanks are reduced to
raw material. The structure of ASSET is a partially reduced external tank (see
Figure 4.1). The external tank is brought into low Earth orbit — as described in
Section 2.3.1 — on a dedicated ASSET shuttle mission. During the mission, reduc-
tion equipment is set up inside the external tank to begin the salvage operation. Two
hydrazine boost/deboost modules are attached to the external tank for altitude and
attitude control (31:5.38). Photovoltaic arrays are added to provide electrical power

for the boost/deboost modules, avionics, lights, cameras and reduction equipment.

The LH, tank section of the external tank is the source of material for the
salvage operations (see Figure 4.2). Reduction equipment cuts composite sections of
I-beams, flat plates, and spray-on foam insulation (SOFI) from the skin of the LH,
tank. Figure 4.3 illustrates the potential source of I-beams and flat plate with an
exploded view of the L H, tank. A primary cutter tracks along the I-beams inside the
LH, tank cutting out the composite sections with an electron beam (see Figure 4.4).

The primary cutter and the cut out composite sections are maneuvered with a robot
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Figure 4.1 ASSET. The facility is produced from the external tank of the first space
shuttle mission dedicated to ASSET (31).

Figure‘4.2 The external tank is composed of the LO; tank, the intertank, and
the LH, tank. The LH, tank is the source of material for the salvage
operations (31).
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Figure 4.3 tnkblow An exploded view of the LH; tank. The potential source for
I-beams and flat plates between them can be readily seen in the lower

illustrations. Dimensions for this figure are in inches.
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Figure 4.4 Cross-section of an LH, tank during ASSET salvage operations. The
primary cutter tracks I-beams inside the LH, tank to cut out a com-
posite section of skin with an electron beam. The primary cutter and
the cut out composite sections are maneuvered with a robot arm on a

centerline track inside the L H, tank (31).
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Figure 4.5 Cross-section of a composite section of LH; tank skin before and after
workstation processing. The SOFI is removed and the I-beam is sepa-
rated from the flat plate. Dimensions for this figure are in inches (31).

arm on a centerline track inside the LH, tank. The composite sections are carried to
a workstation. At the workstation, the SOFI is removed, and the I-beam is cut from
the flat plate. Figure 4.5 identifies a composite section before being processed by the

workstation and the resulting I-beam and flat plate after workstation processing.

Ninety-four percent of the raw material produced by ASSET salvage operations

comes in two shapes and two lengths:

o 81 flat plates 4.140 m long
e 267 flat plates 5.715 m long
o 81 I-beams 4.140 m long

e 267 \-beams 5.715 m long

All flat plates are 24.18 ¢m wide and 0.32 ¢m thick with a radius of curvature of
420.40 cm. All I-beams are 3.18 cm wide and 3.18 cm tall with a web thickness of
0.25 cm and a flange thicknesses of 0.32 cm.
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- Once the first external tank is made into ASSET, the study proposes that
subsequent external tanks are docked with the ASSET for reduction. The reduction
equipment is transferred to the new external tank, and the L H; tank is salvaged into
more raw material. Afterwards, the reduction equipment and raw material product
are transferred back to ASSET, and the remainder of the reduced external tank is

detached and programmed to deorbit.

To accommodate an ASSET dedicated mission, the external tank must be
modified on the ground. The significant ASSET external tank modifications are
listed as follows (31:5.4):

e deactivate tumble valve
e install a disarm feature on the range safety system
e install an LO; and LH, tank depressurization capability.

e install hand rails and foot restraints within the LH, tank to assist extra ve-

hicular activity (EVA)
e install a centerline track in the LH, tank for the ASSET robot arm
e install a handle on the aft manhole cover
e install bar codes, for indexing, on the major ring frames
e pre-tap holes for workstation mounts
e pre-tap holes for brackets and lights on the major ring frames

¢ modify the intertank to access power and power conditioning systems

4.8  Modifications to ASSET Equipment and Procedures

The SFP possesses a truss maker (see Section 5.3) that uses the raw materials
produced during ASSET type salvage operations to create continuous trusses of
variable lengths. For ASSET, the raw materials are cut into shapes and lengths

which optimize ASSET’s cutting and storage operations. However, before the SFP
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Figure 4.6 End and side view of a single bay of SFP produced truss (not to scale).

truss maker can use the raw materials for truss fabrication, modifications to the
salvage operations are required. The raw materials must be cut into SFP truss
maker required shapes and lengths. Once the materials are appropriately sized, they
must be prepared for use by loading them into storage/feed magazines. As the name
implies, the magazines not only store the raw materials but eventually feed the SFP
truss maker. See section 11.5 for the specific quantities and configurations of the

raw materials required for truss construction.

Two SFP fabricated truss configurations were considered as possible options
for utilizing ASSET raw material. Selection of the final SFP fabricated truss con-
figuration is described in Section 11.5. The members which make up a truss section
are identified in Figure 4.6. Material and physical properties of the SFP produced
truss are discussed in Appendix B. The necessary processes and tools to fabricate

the SFP truss from external tanks are discussed in the remaining sections.

4.3.1 Ezxternal Tanks. The SFP assembly originates from an already
established, SFP modified, ASSET. When the SFP is mission ready, subsequent
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Figure 4.7 An external tank modified with a heavy grapple fixture opposite the
forward external tank/orbiter strut. The lower illustration in the figure
is an enlarged side view of a heavy grapple fixture. The heavy grapple
fixture will be grappled by the SFP during docking,.

external tanks replace the original external tank for more salvage operations. The
SFP requires an additional ground modification to all the external tanks it processes.
A heavy grapple fixture is installed on the intertank opposite the forward external
tank/orbiter strut (see Figure 4.7). The heavy grapple fixture is used for docking
the SFP with an external tank (see Section 8.3). For SFP assembly reasons, the
first ASSET used to construct the SFP requires an additional heavy grapple fixture
displaced 45° from the primary heavy grapple fixture (see Figure 4.8).

4.3.2  Primary Culter. To eliminate storage and debris concerns, the
primary cutter is reprogrammed for SFP operations to only cut out the material
required for truss fabrication. The unused material remains attached to the external
tank. SFP truss fabrication design decisions are discussed in Section 11.5. The
primary cutter cuts out the 267 composite sections that are 5.715 m long, but only
the I-beam portions of the 81 composite sections that are 4.140 m long. Additionally,

the ends of the flat plates on the 5.715 m composite sections are cut at an angle.
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Figure 4.8 A cross-section view of the external tank modified with heavy grapple
fixtures. The heavy grapple fixture offset 45° is only required for the
first ASSET used in SFP assembly.

Originally, ASSET cut out 81 composite sections from the external tank in the
form of 4.140 m long I-beams attached to 24.18 cm wide flat plates. However, the
SFP truss maker requires only the 81 I-beams and not the flat plates. The I-beams
are cross members for the truss product. To accommodate this requirement, the
primary cutter only cuts out the * bYeams from the 4.140 m long composite sections.

The flat plate material remains attached to the external tank (see Figure 4.9).

The angle cut of the flat plates is necessary to eventually create diagonal truss
members. The angled ends of the diagonal members allow a tight fit during the truss
fabrication process. They also provide a larger surface area for weld attachment of
the diagonal member to the truss longitudinal member (see Figure 4.10). Figure 4.11
illustrates the reprogrammed cuts on the 267 5.715 m composite sections. The angle
cut is accomplished by reprogramming the path of the primary cutter. For the SFP

truss maker, the desired angle is 12.8°.
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Figure 4.9 The primary cutter is reprogrammed to travel 3.175 cm during its cross
cut of the 4.140 m composite sections. This produces 81 4.140 m I-
beams. The flat plate originally cut during this same process remains
attached to the external tank. Salvaging the material in this manner
eliminates the problem of storing the excess flat plate material.

4.8.8  Workstation. In the original ASSET salvage operations, the robot
arm carries a composite section of skin to a workstation for SOFI removal and separa-
tion of the I-beam and flat plate (see Figure 4.12) (31:5.23). At the workstation, the
SOFI stripper uses a rotating wire wheel to cut the SOFI from the aluminum skin.
Then, an electron beam cutter cuts the I-beam from the skin creating a separate
I-beam and a flat plate. Figure 4.5 shows the material before and after processing

through the workstation.

Figure 4.13 illustrates the modified workstation to support the SFP. After
SOFI removal, the flat plate material from the composite sections is cut into five
equal width strips and the I-beams are sliced down the center of the web to form
two T-beams. To accomplish this, the workstation is modified by the addition of

~ven laser beam cut heads connected to a laser beam cutting system. Figure 4.14 is
an end view of the rack of seven laser beam cut heads in the workstation. The ASSET

electron beam cutter is eliminated. The reasons for selecting laser technology over
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Figure 4.10 In the top illustration, an angled cut allows a proper fit for the diagonal
truss member in the truss product and also provides a larger surface
area for weld attachment. The bottom illustration shows how a poor
fit occurs without the angled end of the diagonal truss member.

ORIGINAL
ASSET Cut

v "——_ e

12.8 °

g 5.715 =

Figure 4.11 The primary cutter is reprogrammed to produce an angle cut, required
later by the SFP truss maker, on the diagonal truss member.
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Figure 4.12 Side view of the ASSET workstation. The workstation removes the

SOFI and separates the I-beam from the flat plate (31).

LONGITUDINAL MEMBER STORAGE/FEED
MAGAZINE

HEE N
LASER BEAM CUT H
HEADS

LG:!GITUDINAL MEMBER GRASPERS

PRIMARY DRIVE MOTOR DIAGONAL MEMBER GRASPER

COMPOSITE SOFI STRIPPER

SECTION

LONGITUDINAL AND DIAGONAL MEMBER
STORAGE/FEED MAGA2INES

Figure 4.13 Side view of the ASSET workstation, modified to support the SFP.
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Figure 4.14 An end view of the seven laser beam cut heads in the modified ASSET
workstation. The dotted I-beam represents the capability to operate
on composite sections with the I-beam on the opposite side.

electron beam technology are discussed in Section 11.6. This same laser technology

is also used during the SFP truss fabrication phase described in Section 5.3.

Five of the laser beam cut heads are attached above the workstation and serve
two functions: they separate the I-beam from the flat plate material in the 5.715 m
long composite sections, and they slice the 5.715 m flat plates lengthwise. As de-
scribed earlier, the latter function is to produce diagonal members for the truss
product. The two side mounted laser beam cut heads also serve two functions: they
slice the web of the I-beam material lengthwise to produce T-beams. and they cut
the 4.140 m T-beam material cross-wise to form equal length (1.035 m) T-beams.
The 5.715 m and 1.035 m T-beams are the longitudinal and cross members of the
truss product respectively. A side mounted laser beam cut head is required on both
sides of the workstation because the primary cutting procedure produces composite

sections with alternating I-beam side locations.

4.8.8.1 Side Mounted Laser Beam Cu! Heads. As the composite

section is driven past the side mounted laser beam cut head, the I-beam is sliced
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Figure 4.15 Side view of the I-beam on a composite section being driven through a
side mounted laser beam cut head. In this particular illustration, the
resulting T-beams are being cross cut into 1.035 m lengths and will
serve as the cross members of the truss product.

down the center of the web to form two T-beams (see Figure 4.15). For cross member
production, the 4.140 m composite sections are driven 1.035 m, the drive stops, and
the two T-beams are grasped by the cross member graspers. Then, the side mounted
laser beam cut head translates orthogonally to cut the T-beams cross-wise. Upon
completion of the cross-wise cut, the side mounted laser beam cut head returns to its
original position, the drive resumes moving, and cutting continues in the lengthwise
direction. The cross-wise cut is accomplished three times for every piece of 4.140 m
I-beam fed into the workstation. This produces 648 truss cross members that are

1.035 m long.

As soon as the cross-wise cut is made, the cross member graspers translate
and load the cross members into cross member storage/feed magazines (discussed
at the end of this section). The cross member graspers then return to their original

positions and await the next pair of T-beam members.
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The cross-wise cut is unnecessary when salvage operations shift to longitudinal
truss member production. EVA crews extend the workstation distance between
the laser beam cut heads and the graspers to accommodate the 5.715 m composite
sections and bring in longitudinal member storage/feed magazines to replace the
cross member storage/feed magazines. The longitudinal members are loaded into
magazines in exactly the same way as the cross member magazines. This produces

534 5.715 m longitudinal members.

The process of T-beam cutting and magazine loading is accomplished on either
side of the workstation. This means four magazines, two on each side of the work-
station, are required during material processing. Magazine height was a concern due
to the 91 cm diameter manhole each magazine was required to pass through to gain
external tank entry. Therefore, a total of 12 cross member magazines are used to
store the 648 cross members. By increasing the number of magazines, the height
of the cross member storage/feed magazine is reduced to 85 cm. The width of the

cross member storage/feed magazine is 8 cm.

Similar height concerns for the longitudinal member storage/feed magazines
were alleviated by again using 12 magazines for storage. The height of the magazine
was thus reduced to 71 ¢m. The width of the longitudinal member storage/feed

magazines is also 8 cm.

The magazines are changed out by EVA crews. Full magazines are placed
on a rack inside the external tank and will be removed by the remote manipulator
servicing system after the salvage operations are complete. The servicing system is

described in Section 8.2.

4.3.3.2 Top Mounted Laser Beam Cut Heads.  As the 5.715 m com-
posite sections are driven past the rack of five top mounted laser beam cut heads,
the flat plates are cut into five equal width strips (see Figure 4.16). The five diagonal

members generated by this operation are already the proper length due to the repro-
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Figure 4.16 A rack of five top mounted laser beam cut heads cut lengthwise through
the salvaged flat plate material to create five equal width strips and
separate the flat plate from the I-beam.

grammed cut pattern of the primary cutter. Two centimeters prior to completing the
lengthwise cut on the forward most diagonal member, the drive stops. A diagonal
member grasper then grasps the end of each diagonal member about to be sepa-
rated. Because the flat plate is cut at an angle, the diagonal members are separated
in sequence versus simultaneously. Once grasped, the rack of five laser beam cut
heads translates to cut the last 2 em of the lengthwise cut to complete the diagonal
member separation. The diagonal member grasper extends the separated diagonal
member to a position for loading into a diagonal member storage/feed magazine.
The loading process is the same as that described for the cross and longitudinal
storage/feed magazines. When the diagonal member is loaded into the magazine,
the diagonal member grasper resets over the next diagonal member to be separated.
The rack of laser beam cut heads then translates back to the position where the

simultaneous cuts were completed, and the drive/cutting procedures resume.
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Eight diagonal member storage/feed magazines are loaded one magazine at a
time. When five magazines are full, EVA crews change out the full magazines and
place them on the rack inside the external tank for servicing system removal. The

diagonal storage/feed magazine height is 52 cm.

4.3.4  Storage/Feed Magazines. The storage/feed magazines used to store
and eventually feed individual truss members to the SFP truss maker, are modified
versions of the magazines designed during the General Dynam'cs Space Construc-
tion Automated Fabrication Ezperiment Definition Study (12:2.130). In the General
Dynamics case, the truss members were pre-loaded on the ground and eventually
fed the General Dynamics truss maker in space. For a description of the General
Dynamics truss maker, see Section 5.2 and (12). In the case of the SFP study, the
magazines have been modified to allow loading in space as well as feeding the truss
members to the SFP truss maker. This is not a major modification to the original
concept and requires only that the top and bottom of the magazine be accessible
(see Figure 4.17). The top is used for loading truss members, while the bottom is

used for feeding truss members to the SFP truss maker.

Although three different size magazines are required for the three types of SFP
truss members, the operation of all three are basically the same. The only difference
is a pusher device added to the longitudinal member storage/feed magazine. This
is required for feeding material into the SFP truss maker. The magazines are also
fitted with dextrous grappling fixtures for eventual SFP servicing system grasping

and maneuvering.
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Figure 4.17 Side view of a cross member storage/feed magazine. The magazine
is representative of the three different storage/feed magazines used on

the SFP.
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V.  Truss Making
5.1 Introduction

The SFP is designed to fabricate versatile trusses which are basic elements
for the construction of other space structures. Therefore, a literature survey was
conducted to determine whether this type of operation had ever been conceived and

to what extent it had been carried out.

During the late 1970’s and early 1980’s, much attention was paid to the possi-
bility of placing large space structures into orbit. These structures were to be either
built on Earth first and then deployed in space, or manufactured in space from raw

materials brought from Earth.

The structures to be built on Earth were to be manufactured in such a way
as to require as little volume as necessary in order to maximize use of the shuttle
payload bay. Once in orbit however, these condensed packages would be deployed by
different methods such as unfolding or unfurling into their final configuration. Even
though ingenious methods for condensing and deploying these types of structures
were envisioned, numerous shuttle launches would still be required to create a space
structure of significant magnitude. Further, their structures did not possess great
rigidity.

The structures to be manufactured in orbit using raw materials brought from
Earth required new and innovative construction techniques before being considered
feasible. Even though the complexity of the problem was compounded by virtue of
the harsh environment of space, the benefit was the possibility of deploying in one
shuttle mission what would take other methods multiple shuttle flights. It is this

second, more complex space manufacturing method discussed in this design study.
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Figure 5.1 The General Dynamics truss builder automatically produces a truss con-
structed of three formed caps, joined to channel shaped cross members.
It is stabilized with six zig-zag plyed tension cord diagonals (12:2-36).

5.2 Background

General Dynamics Convair Division and Grumman Aerospace Corporation ac-
complished independent studies outlining a method of manufacturing continuous
truss sections in space. Truss sections are the basic building blocks of large space
structures (i.e., platforms, space stations, solar power satellites, etc.) and therefore

a valuable space construction commodity.

The General Dynamics truss building machine (see Figure 5.1) was designed
during the Space Construction Automated Fabrication Ezperiment Definition Study
and the truss building machine by Grumman (see Figure 5.2) was designed during the
Space Fabrication Design Study. Ground versions of both machines were designed
and manufactured. Each demonstrated the capability to automatically manufacture
continuous truss sections. Although subtle differences existed between the two de-

signs, the final product of each machine looked very similar (see Figures 5.3 and 5.4).
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Figure 5.2 The Grumman truss builder is three identical machines arranged around
a common axis. Each has its own coiled supply of material used for
longitudinal cap formation. Pre-formed cross braces are supplied from
cannisters attached to the machine. Some are at right angles, and some

are inclined with respect to the cap members (43).

Figure 5.3 The triangular truss produced by the General Dynamics truss builder
us=d zig-zag plyed tension cord as its diagonal bay support (7).
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Figure 5.4 The triangular truss produced by the Grumman truss builder used pre-
formed channel braces for its diagonal members (43).

5.2.1 General Dynamics Truss Machine.  The General Dynamics machine
was designed to go into orbit via the space shuttle and carry with it all materials re-
quired to manufacture truss sections. The space manufactured truss was constructed
of three formed caps. These caps were joined to channel shaped cross-members and
stabilized with six zig-zag plyed tension cord diagonals. Fabrication of the truss

required the following processes (12:2-36):

e raw material storage

e material heating

longitudinal cap forming

truss drive

diagonal cord application
e cross member application

truss cutoff
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Each of these processes is described briefly in the following sections.

5.2.1.1 Material Storage. Raw material for the truss maker was
pre-processed and stored in a condensed form for use in space. Flat strip material
for the caps was stored on three separate rolls (see Figure 5.1). Each roll could
hold approximately 200 m of 0.0775 cm thick composite strip material and could be
replaced by another roll when depleted.

5.2.1.2 Material Heating.  The flat strip material for the caps was fed
through a heating section in preparation for forming. The heating section applied
heat only to bend zones. The zones were heated to the plastic state prior to entering
the forming section. Applying heat to the material at the bend zones only, provided

significant energy savings.

5.2.1.8 Longitudinal Cap Forming. The General Dynamics’ patented
rolltrusion process was used to form the heated flat strip material into the desired
cross sectional shape (see Figure 5.5). On exit from the forming process, the cap

sections were cooled before exposure to loads.

5.2.1.4 Truss Drive. The truss was moved through the fabrication
process and deployed into spece by a drive mechanism on each cap member. The
drive mechanism also provided the force necessary to extract the cap material from

storage and pulled it through the forming process.

5.2.1.5 Diagonal Cord Applicators.  As the truss advanced through
the fabrication process, the diagonal cord members were plyed across each face of
the truss. The cords were properly tensioned and positioned for attachment. Final
attachment of the tensioned diagonal cord members was accomplished at the same

time as the cross members. This procedure is discussed in the next section.




¢ S T

Figure 5.5 Cap sections formed by the General Dynamics patented rolltrusion pro-
cess (12).

5.2.1.6 Cross Members.  Prefabricated cross members were stacked
closely together and stored in a clip mechanism. The clip had a belt ¢ ed mechanism
designed to advance the stack, one member at a time. The cross members were
positioned by a swing arm handler mechanism. When the cross members were po-
sitioned and the cords properly tensioned and positioned, one of six ultrasonic weld
heads, equipped with a multiple-tipped weld horn, spot-welded the truss elements.
The spot welding process captured each cord within a weld joint, between a cap and

cross member.

5.2.1.7 Truss Cutoff. Once the desired length of truss had been
produced, three guillotines cut through the three beam cap members. The finished

truss was then ready to be utilized as required.

5.2.2  Grumman Truss Machine.  The Grumman truss making machine
was also designed to carry into orbit all materials required to manufacture truss

sections in orbit. The Grumman truss maker employed three cap forming machines

5-6




arranged around a common axis. Each machine was complete with the storage,
heating, forming, cooling, and drive sub-functions required to continuously process
strip material into the desired cap shape. The three cap sectic as emerged from one
end of the machine parallel to each other, 1 m apart to form the longitudinal corner

sections of a triangular truss (43:34).

Just as in the General Dynamics design, pre-formed cross braces were supplied
from magazines attached to each face of the machine. The magazines supplied cross
braces at right angles to the caps. These cross braces were then induction welded to

the longitudinal cap members.

The Grumman truss maker diverged from the General Dynamics truss maker
by using a longer version of the cross brace as the diagonal member instead of crossed
cord material. Grumman accomplished this by attaching, at an angle, an additional

storage magazine to each face to supply the material (43:35).

5.8  SFP Truss Making

Direct application of either of the above truss makers for the SFP is not pos-
sible primarily because raw material thickness is too great to make heat forming
practical. A discussion of this and other decisions related to truss making is located
in Section 11.4. However, several aspects of the truss making processes described

earlier find direct application in the SFP truss making machine (see Figure 5.6).

The SFP truss maker also has some vnique features not found in the truss

makers described earlier. These unique features are:

o the four sides of the truss maker must be accessible by the SFP servicing system

which is described in Section 8.2

o the truss maker rides on rails along the main integrated truss and is necessary

for center of mass considerations which are described in S~ction H




e the top of the truss maker is the mounting point for the docking and delivery

system and is described in Section 8.8

In general, the SFP truss maker shown in Figure 5.6 begins truss fabrication
when longitudinal T-beams are feed into the truss maker at one end and welded into
continuous longitudinal members. The continuous longitudinal members are then
indexed through the truss maker — stopping and starting at prearranged stations
to receive cross and diagonal member attachment. The indexing process required
to move the truss through the truss maker is such that cross and diagonal members
are all welded to the longitudinal members during one stop. An additional stop is
required and occurs to allow the formation of the continuous longitudinal members.
Therefore, during normal operation, only two stops per truss maker cycle are re-
quired. Finally, once the desired length of truss has been fabricated, grapple fixtures
are attached and the completed truss is cut and stored for future use. The remain-
der of this chapter is devoted to a complete description of the SFP truss making

machine.

Simplicity of design and operation was the primary consideration in developing
the tools and automated truss maker concept. This was necessary to achieve high
reliability. For normal operations, no manned interface is necessary. Fabrication of

the SFP truss sections requires the following processes:

e telerobotic manipulation of material storage/feed magazines
¢ feeding longitudinal T-beam from storage/feed magazines
e truss drive and guide wheel mechanism

butt welding T-beams to form continuous longitudinal members

e application of cross members to continuous longitudinal members

e application of diagonal members to continuous longitudinal members

application of dextrous grapple fixtures to truss
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o cutoff of completed truss

e manipulation of completed truss sections

5.3.1  Manipulation of Storage/Feed Magazines.  Thirty-two truss member
storage/feed magazines are loaded during the ASSET salvage operation and must be
moved from the ASSET facility to the SFP. The storage/feed magazines are equipped
with dextrous grapple fixtures to allow the SFP’s servicing system to grapple them.
The truss member storage/feed magazines always reside in the same location in the
ASSET facility. Therefore, a pre-planned, automated operation for grappling and

maneuvering them into place on the SFP is envisioned.

The first four cross and longitudinal storage/feed magazines are attached to the
SFP truss maker. There are a total of eight diagonal member storage/feed magazines.
All eight of these magazines are required by, and attached to, the SFP truss maker.
This leaves 16 additional truss member storage/feed magazines, eight containing
longitudinal members and eight containing cross members. These 16 storage/feed
magazines are maneuvered one at a time to their storage position under the main
integrated truss (see Figure 5.7). Storage racks for the specific purpose of holding
these spare storage/feed magazines are built into the underside of the main integrated
truss. Extra storage racks are built into the underside of the main integrated truss

to store empty storage/feed magazines.

5.3.2  Feeding Longitudinal T-Beams from Magazines.  The truss fabrica-
tion process starts when four longitudinal T-beam magazines simultaneously eject
one member each (see Figure 5.8). Longitudinal members are made available when
the magazine feed belts are advanced one step. This delivers one longitudinal mem-
ber into position for ejection. Once in position, a pusher mechanism guides the
member out of the magazine to waiting drive wheels. The pusher then returns to its

starting position until the next member is required by the truss maker.
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Figure 5.7 Bottom view of stored truss member storage/feed magazines. Sixteen
loaded storage/feed magazines are stored below the main integrated
truss until needed by the truss maker. Magazines are maneuvered one
at a time to their storage position by the SFP’s servicing system.

LONGITUDINAL

LONGITUDINAL
TRUSS MEMBERS MEMBER PUSHER

FEED BELTS

Figure 5.8 Side view of the SFP longitudinal member storage/feed magazine (not
to scale). Stepper motors in the magazine shift the T-beam members
into position one member at a time. Then the pusher drives the T-beam
out of the magazine, thus feeding the SFP truss maker longitudinal truss
members.

5-11




woron / ORIVE wHERL

AXIS OF ROTATION

’!
\ LONGITUDINAL
T-BEAM MEMBER

Figure 5.9 End view of one of the eight SFP truss maker drive wheels. The drive
wheels push the truss through the SFP truss making process.

5.3.3  Truss Drive and Guide Wheel Mechanism. There are four SFP
truss maker drive sections. Each drive section contains two friction drive wheels (see
Figure 5.9) and eight guide wheels (see Figure 5.10). The drive wheels provide the
necessary force to push the truss through the truss maker. The guide wheels provide
support and guidance for the truss as it moves through the truss maker. The drive
sections are located at the end of the SFP truss maker where the longitudinal truss

members are fed by their storage/feed magazines.

When a longitudinal member is fed to the truss maker, it is engaged by the first
drive wheel. The first drive wheel pushes the longitudinal member until it is engaged
by the second drive wheel. Both drives push the longitudinal member until only the
second drive wheel is in contact with the longitudinal truss member (see Figure 5.11).
When this occurs, the second drive wheel stops the end of the longitudinal member

when it is centered in the longitudinal member butt welding section.

Next, another longitudinal member is ejected by the storage/feed magazine.

The first drive wheel engages it and pushes it untii it is butted against the previous
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Figure 5.10 Top view of drive wheels housed in the SFP truss maker drive section.
Drive wheels provide the necessary force to push the truss through
che truss fabrication process while guide wheels provide support and

guidance.
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Figure 5.11 Side view of the SFP drive wheels pushing the truss through the SFP
truss making process.
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Figure 5.12 The drive whcels push the longitudinal truss members into the butt
welding section. The drive wheels stop and hold the longitudinal mem-
bers during the welding process.

longitudinal truss member still being held by the second drive wheel (see Figure 5.12).
The process just described occurs simultaneously at all four tru .s drive sections. The
longitudinal truss members are now in position for the butt welding process described

in Section 5.3.4.

After butt welding is accomplished, the drive wheels push the now continuous
longitudinal members into position for cross and diagonal member attachment. A
new set of guide wheels are placed to allow attachment of truss cross members
without interfering with the process. An inside set of guide wheels would interfere
with cross and diagonal member attachment and is therefore eliminated. The outside
guide wheels are shaped to hold the longitudinal truss members by their edges (see
Figure 5.13 and 5.14). Pressure applied to the truss by the outside set of guide

wheels provides support for the truss as it moves through the truss maker.

5.8.4  Butt Welding of T-Beams.  Laser beam weld heads, one positioned

over the butted surfaces and another positioned to the side of the butted surfaces, are
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Figure 5.13 The SFP truss maker guide wheels, in combination with the drive
wheels, hold the longitudinal members in place for the butt welding

process.
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Figure 5.14 Outside guide wheels guide the truss through the SFP truss making
process without interfering in the welding process.
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Figure 5.15 Top view of one of the truss maker’s drive sections. The SFP laser beam
welding system butt welds longitudinal truss members. The members
are driven and held in place for welding by eight drive wheels, two for
each longitudinal SFP truss maker drive section.

activated when the drive wheels have stopped. The weld heads move orthogonally
across the abutting surfaces until a weld joint is formed. The weld heads are attached
to the truss maker laser beam welding system via fiber optic cables. The fiber optic
cables are laced inside the SFP truss maker framework to avoid possible interference
problems cables on the outside of the truss maker might pose. Laser beam weld
heads are attached to the ends of the fiber optic cables which exit the truss maker
framework at the weld head locations (see Figure 5.15). The welding system used
by the SFP truss maker applies multiplexing laser beam technology described in
Section 11.7. The laser beam welding system is located at the end of the truss
maker (see Figure 5.6). Welding is accomplished in a sequential, as opposed to
simultaneous, manner. This means that no two weld heads ever operate at the same
time. This versatile, multiplexing feature of the welding system keeps the truss
maker power requirements low. The truss maker requires a maximum of 7 kW of
power — 5 kW for the laser beam welding system and 2 kW reserved for truss maker

command and control.
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Figure 5.16 Side view of the 2 m extrusions on SFP fabricated trusses.

5.8.5  Application of Cross Members.  The first longitudinal truss mem-
bers are driven approximately 2 m beyond the cross member storage feed maga-
zines. By driving the members beyond this first cross member attachment point,
four longitudinal extrusions are created (see Figure 5.16). The extruded ends of the
finished truss are intended for customer application of terminating quadpods (see
Figure 5.17). Quadpods provide the desirable capability of centroidal connecting
joints. Centroidal truss attachments are preferred over other types of truss joining,
such as truss overlap, because of the avoidance of eccentric loads at the joints (10:15).
However, centroidal attachments are only one possible technique for joining trusses

in space.

With the longitudinal members properly positioned, cross member storage/feed
magazines (see Figure 5.18) advance the magazine feed belts one step. Awaiting
cross member graspers receive the cross members from the magazines (see Fig-
ure 5.19). The grasping operation is performed via a scissors-type clamp driven
by redundant hold drive motors similar to the one used by the General Dynamics

truss maker (12:2.130) (see Figure 5.20). Sensing the grasped cross member, the




Figure 5.17 Conceptual drawing of truss terminating quadpods. Quadpods are not
the only truss joining technique but they do avoid eccentric loads at
joints while some other joining techniques do not {10:15).
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Figure 5.18 End view of the cross member storage/feed magazine. The cross mem-
ber magazine feeds 1.035 m long T-beam members to awaiting cross
member graspers.
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Figure 5.19 End view of the cross member storage/feed magazines providing a cross
member for each cross member grasper.

Figure 5.20 Finger mechanisms are used to grasp members as they are fed from
storage magazines.
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Figure 5.21 The SFP cross member graspers grasp, translate, and hold members
while welding occurs.

grasper drive is activated causing the grasper arm and grasped cross member to

translate inward toward the continuous longitudinal members.

Grasper system vibrations are damped out by stabilizers attached to the grasper
system. Wheels are fixed to the ends of the stabilizers and ride against the inside of
the longitudinal members (see Figure 5.19). The stabilizers are required to prevent

misalignment of truss members during the grasping and welding process.

When the cross members are in proper welding position, the laser beam weld
heads move into position (see Figure 5.21). The cross member storage/feed maga-
zines are set back 10 cm from the truss maker to allow the laser beam weld heads
access. Finally, the weld sequence is activated and the cross members are sequentially

welded to the longitudinal members.

5.3.6 Application of Diagonal Members. Diagonal members are fed,
grasped, positioned, and welded to the longitudinal truss members via a process

similar to that of the vertical truss cross members. However, the diagonal truss
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Figure 5.22 Side view of a diagonal truss member being held in position by graspers.
The two grasping devices provide diagonal member stability during the
welding process.

members require two grasper devices for their grasping system (see Figure 5.22).
The two graspers are located at both ends of the diagonal storage/feed magazine
and provide stability during the welding process. Two crossed diagonals per bay
are required on each side of the truss. This configuration requires two separate
stations for mounting diagonal members to prevent interference between diagonals
during installation (see Figure 5.6). The crossed aiagonals are attached in two stages.
First, the diagonal storage/feed magazine releases one diagonal member to awaiting
graspers. The diagonal member is held in place by the two graspers and welded to
the longitudinal truss member. The truss is then driven one bay length and stopped.
The second truss diagonal is then fed, positioned, and welded to complete one truss
bay. The completed truss bay is driven unimpeded out the end of the SFP truss
maker (see Figure 5.6). This process is repeated until the desired length truss is

completed or raw material is exhausted.
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Figure 5.23 Side view of the last truss bay fabricated before the cutoff process.
Longitudinal extrusions are generated by cutting through the middle
of the bay. The extrusions can be used for quadpod application.

An exception to the truss diagonal member application process just described,
occurs immediately prior to the truss cutoff process described in Section 5.3.8. The
last truss bay fabricated before the truss cutoff process is created with no diagonals
(see Figure 5.23). By creating a truss bay with no diagonals, the longitudinal extru-
sions for the attachment of quadpods can be formed by cutting through the middle
of the bay.

5.3.7  Application of Dextrous Grapple Fiztures.  Before the truss is cut,
at least two dextrous grapple fixtures are attached to opposite sides of the completed
truss section. More dextrous grapple fixtures can be attached at any point along the

truss if required

The grapple fixtures, minus guide posts, are stacked in their own storage mag-
azines. Th~ guide posts are not initially attached to the stored grapple fixtures. This
allows compact storage of the grapple fixtures in their storage/feed magazines. The

grapp.e fixture storage/feed magazines feed the devices in the same fashion as the
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Figure 5.24 Side view of the truss bay with the dextrous grapple fixture attached.
The SFP servicing system grapples the grapple fixture prior to truss
cutoff.

other SFP storage/feed magazines. The grapple fixtures are fed into place and held
against the outside of the completed truss. Weld heads then move into place and

weld the grapple fixtures to the longitudinal members of the truss (see Figure 5.24).

Grapple fixture guide posts are stored in an upright position on the outside of
the grapple fixture storage/feed magazines. The guide posts are detached from the
storage/feed magazines and attached to the grapple fixtures by the grapple fixture
guide post removal and replacement tool. See Section 8.2 for a description of SFP
servicing system tools available. Once the dextrous grapple fixtures are firmly fixed
to the truss and the guide posts have been attached, the SFP servicing system
grapples one of the two dextrous grapple fixtures and holds the truss in position for

cutoff.

5.3.8  Cutoff of Completed Truss. Four laser beam cutters cut the finished
truss from the truss still being fabricated in the truss maker. The laser beam cut

heads cut the truss at the center of the bay with no diagonals. This produces an
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approximately 2 m extrusion on both the truss being cut and the truss still in the

truss maker.

The four laser beam cutters begin the cutting process by moving orthogonally
across the flange of the longitudinal member. After the flange has been cut, the
laser beam cut heads stop cutting and move around to the side of the longitudinal
members. The ability to move the laser beam cutters while holding the workpiece
in this fashion is one of the advantages of laser beam technology and is discussed
in Section 11.7. After this rotational movement, the laser beam cutters are now in
position to cut orthogonally across the web of the longitudinal members. When all
four longitudinal members have been cut, the SFP servicing system maneuvers the
completed truss to either its storage position or the docking system for customer
hand off. The SFP docking system is described in Section 8.3. The truss remaining

the truss maker is the beginning of the next truss to be produced.

5.8.9  Manipulation of Completed Truss Sections. The SFP servicing
system grapples one of the two dextrous grappling fixtures attached to the completed
truss. The truss is then moved to a storage rack attached to the orthogonal integrated
truss (see Figure 5.25). The truss storage racks are equipped with dextrous latching
devices for attachment to the second SFP fabricated truss grapple fixtures. The
SFP servicing system maintains a positive lock on its truss grapple fixture until
the storage rack mates with the second truss dextrous grapple fixture. Once firmly
secured by the storage rack, the servicing system releases its grapple fixture. The

truss remains locked parallel to the storage rack until it is required by an end user.

When a truss section is required, the SFP servicing system grapples a free truss
dextrous grapple fixture. Once positive lock has been achieved, the truss storage rack
releases the lock on its grapple fixture. The servicing system maneuvers the truss
to the SFP docking system. The SFP docking system mates with the free truss

dextrous grapple fixture. When the docking system has positive lock on the truss,
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Figure 5.25 End view of SFP’s orthogonal truss and truss storage rack. Completed
truss sections are maneuvered to their storage position via the SFP’s
servicing system which grapples one of the two truss grapple fixtures.
Truss sections are stored parallel to the orthogonal integrated truss.
The storage rack is equipped with dextrous latching devices for mating
with the second truss grapple fixture.
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the SFP servicing system releases its grapple fixture. Finally, the docking system,
in conjunction with the SFP’s precision standoff capability, hands the truss section

off to the end user.
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VI.  Shielded Coil Electrodynamic Propulsion

6.1 Introduction

Recent work by Spenny and Lawrence (81) and by Lawrence (49) has shown
electrodynamic propulsion to be a possible method of propulsion for large space
platforms. This design study applies the initial work done by Spenny and Lawrence in
this area, and the initial work done by Ladouceur on the shielding of current-carrying
conductors (48), to develop a shielded coil electrodynamic propulsion system for a
prototype space fabrication platform (SFP). Electrodynamic propulsion relies on the
interaction of a current through a wire with an external magnetic field. Depending
on the configuration of the wire and the magnetic field, the interaction can be used
to generate forces and torques. These forces and torques can be used for propulsion

and attitude control.

An iterative design approach is used to evaluate and modify a proposed design
configuration to achieve an SFP capable of meeting the requirements outlined in
Section 3.2. The iterative design approach uses vehicle controllability as the basis
for evaluating a proposed design. For a proposed design, a linear quadratic regulator
based controller is developed. This controller is then used in computer simulations
to determine the forces required to perform specific maneuvers. From these forces
the vehicles design parameters, such as current carrying capacity, required power,
conductor size, etc., can be determined. This process is repeated until a satisfactory
design is developed. Once the final SFP design is determined, its performance can

be analyzed.

Development of the electrodynamic propulsion system requires the combining
of a number of basic concepts with the performance specifications to achieve a sat-

isfactory platform design. The next section provides a discussion of these concepts.
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Figure 6.1 The orbital reference frame with the origin translated for clarity to a
point on the orbit path.

6.2  Basic Concepts

Before developing the shielded coil electrodynamic propulsion system for the
SFP, some basic concepts such as coordinate systems, forces and torques due to
currents in magnetic fields, modeling of the Earth's magnetic field, and equations of
motion for the SFP must be discussed. These concepts provide the foundation for

the iterative design process for the SFP.

6.2.1  Coordinate Systems.  Throughout the design process, a number of
coordinate systems or reference frames are used. For satellites orbiting the Earth, a
suitable inertial reference frame is the geocentric-equatorial coordinate system — the
i-frame. Another inertial coordinate system, the Earth-centered inertial coordinate
system is also used — this is the é-frame. The use of the dipole model for the Earth’s
magnetic field requires the use of the Greenwich-equatorial reference frame — the

g-frame. An orbital reference frame (see Figure 6.1) — the a-frame — and body-
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centered reference frame — the b-frame — are required to describe the position and
orientation of the SFP. A detailed discussion, as well as diagrams of these reference

frames is contained in Appendix C.

6.2.2 Magnetic Field Generated Forces and Torques.  One of the objectives
of this design study is to use electrodynamic propulsion. Electrodynamic propulsion
relies on the interaction of a current through a conductor with the Earth’s magnetic
field to produce forces. In order to understand how this is applied to the SFP, some
basic concepts must be understood. This section presents the background of how

the current/magnetic field interaction works.

6.2.2.1 Force Law. A charge, go, moving in a magnetic field, B (or

B-field), will, in general, experience a sideways deflecting force that causes it to take

a spiral path. If the velocity, 7, of the charge and the force, Fp, are determined by

observing the path, the magnitude and direction of B can be derived by satisfying
the relation (32:538-540):

Fp=qvxB (6.1)

For direction considerations, the cross product assumes the right hand rule.

A current can be thought of as an assembly of moving charges. Because a
magnetic field exerts a sideways force on a moving charge, it will also exert a side-
ways force on a conductor carrying a current. This is governed by the equivalent

expression:

Fg=iLxB (6.2)

where 7 is the current anc L is the direction and length of the conductor (see Fig-
ure 6.2). This study will refer to Equation 6.2 as the force law. The force law concept

will be used extensively for producing thrust.
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Figure 6.2 A conductor in a magnetic field with a current flowing through it ex-
periences a force normal to the plane made by the conductor and the
vector direction of the magnetic field.

6.2.2.2 Two Parallel Conductors.  With a similar derivation method
to the force law, it can be shown that a conductor carrying a current exerts forces on
a charge a distance, r, away (32:557-559). A B-field, obeying the right-hand rule, is

created by the conductor and has the magnitude:

lol
B= 572-; (6.3)

where g is the free space permeability constant:

fto = 471 x 1077 fﬂ}'ﬂ
The units of B are tesla (T'), where:

N

1T =
1A-m
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Figure 6.3 The cross section of a B-field created by a conductor carrying a current.
The higher concentration of circles represents higher B-field magnitude.
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Figure 6.4 Two parallel conductors with currents in the same direction. Forces are
generated that cause the conductors to attract.

Experiments have shown the B-field created by a conductor resembles Figure 6.3 in
direction and magnitude. The higher magnitude of the B-field is associated with the

higher concentration of circles.

Experiments have also shown that two parallel conductors will exert forces on
each other. This can be seen by using Equation 6.3 to determine the B-field created
by one conductor at the distance between the conductors and then using the force
law (Equation 6.2) to determine the force (due to the generated B-field) experienced
by the other conductor. Figure 6.4 provides a graphic example. Since the same

situation occurs for the first conductor due to the second, conductors with currents
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Figure 6.5 A continuous conducting current loop orthogonal to the B-field (going
into the page) will experiences forces directed outward.

in the same direction attract and conductors with currents in the opposite directions

repel.

6.2.2.3 Conductor Loops. A closed conductor loop in an external
B-field with a current flowing through it also experience forces governed by the
Jorce law (32:541-543). Figure 6.5 shows a rectangular conductor loop orthogonal
to an external B-field. The B-field vector is directed into the page. The conductors
parallel to each other have currents in opposite directions and repel each other to
create hoop tension which tries to open the loop. In addition to the repelling forces,
outward forces generated by the influence of the external B-field and defined by the
force law exist. If the loop is displaced as in Figure 6.6, the outward forces are off the
line of action and create a net torque which rotates the loop back to an orthogonal
position. Notice that all the forces concerned are equal and opposite. The loop does
not experience any translation. These attributes apply to circular conductor loops

as well, and lend themselves to attitude control applications.




Figure 6.6 The forces experienced by a continuous current loop in a B-field create
a torque that drives the loop to a position orthogonal to the field.

Another desirable aspect of multiple conducting loops is that they can be coiled.
Every turn, n, of the coil will experience the same forces as previously described.
This effectively increases the forces and torques involved by a factor of n without
increasing 1. This allows a large single loop to be collapsed into a small coiled loop
which can help reduce support structure mass and size. The torque discussed above

can be calculated from

F=miAx B (6.4)

where A is area of the loop and the vector direction is defined along the normal
of the area, in the direction of the current flow. Electric motors function on this
basic operating principle (32:542). The use of conductor loops and coils for attitude

control and performance enhancement will be incorporated into the SFP.

6.2.2.4 Shielding. Producing thrust with the force law (Equation 6.2)
can theoretically be accomplished in two ways. One way is to drive current through a
conductor and into the ionosphere via plasma contactors at both ends (63:120-121).
This conceptually treats the entire conductor/ionosphere combination as a closed

circuit (see Figure 6.7). In June 1993, an experiment performed from a Delta II
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Figure 6.7 An electrodynamic tether with plasma contactors for creating a closed
circuit with the ionosphere (63).
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Figure 6.8 A continuous conductor loop with a portion shielded.

launch measured a current on a tether using plasma contactors to close the electrical

circuit through the ionosphere (25:3).

Another potential method is to shield a portion of a continuous conductor
loop. Theoretically, the current inside the shielded portion of the conductor loop
would be unable to interact with both the B-field of the Earth and the B-field of the
unshielded portion. Torque would be eliminated, and the current in the unshielded
portion would produce translational thrust (see Figure 6.8). Thrust, Fp, produced
by the unshielded portion of the conductor could be increased by simply increasing
the number of turns, n, in the conductor loop as described in Section 6.2.2.3. The

original force equation would become:

Fpg= nil x B (6.5)

Notice that thrust can be increased by increasing n without increasing L or i.
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Figure 6.9 The effects of a high magnetic flux permeability shell on an external
B-field (53).

In addition to the thrust advantages, shielded conductor loops would not rely
on the ionosphere to complete the circvit. As mentioned, plasma contactor devices
are used to close the electrical circuit of the previously proposed electrodynamic
systei1. The resistance of this configuration has been estimated to be as high as 20
ohms () (63). This high resistance requires that a large power system be used. With
conductor loops, the use of shielding allows closed electrical circuits to be on-board
the platform, rather than closing them through the ionosphere. This makes plasma
contactors unnecessary, and the only resistance would be internal to the closed circuit

itself. Research on magnetic shielding for this application is on-going (48).

Conceptually, magnetic shielding is simple. A ferromagnetic material of high
magnetic flux permeability is made into a shell (a cylindrical shell for this application)
which surrounds part of the conductor. In a B-field, most of the magnetic flux is
concentrated in the shell, thus reducing its interaction with the current flowing in
the shielded conductor (53:67-68). Figure 6.9 shows a cylindrical shell in a B-field.
It is important to realize that a B-field generated by the current in the conductor

is concentrated in the shell as well. In (48), it is shown that the shield is only
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Figure 6.10 The dipole axis is offset 11.5° — Ng is the geographic north pole and
Ny is the magnetic north pole.

subjected to a small torque in the force shielding process. An in-depth review of

shielding theories and properties can be found in (48), (53), and (54).

6.2.3  Earth’s Magnetic Dipole Model. As a first approximation, the
Earth’s magnetic field, B, can be modeled as a dipole; the model is that of a sphere

uniformly magnetized along the direction of the dipole axis (see Figure 6.10).

The simple dipole model for the Earth is a field centered around the dipole
axis which cuts the Earth’s surface at the austral (south) dipole pole, located at
78.5°S-111°E, and the boreal (north) dipole pole 78.5° N-69° W; this orientation
yields the smallest cumulative error between the Earth-centered dipole model and
the actual magnetic field (84:33). As can be seen from the location of the magnetic
poles, the axis of the dipole model does not coincide with the Earth’s rotation axis,

the displacement angle being 11.5°.

While not used for this study, spherical harmonic analysis has been used to

develop a more accurate mathematical model for the magnetic field. The more
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accurate model has been used to define the eccentric dipole model. The origin of
the eccentric dipole model results from displacing the origin of the centered dipole
model 342 km in the direction of 6.5°N-161.8°E. This changes the coordinates of the
austral dipole pole to 76.2°S-120.9°E and the boreal dipole pole 80.0°N-82.8°W. The
error of this dipole model is only about ten percent (84:36).

The geomagnetic field, up to an altitude of 2,000 km, may be represented by
the gradient of a scalar magnetic potential (77:2-21) — this is the simple dipole
model for the Earth. The field is then defined as

B =-yV (6.6)

where V is the scalar magnetic potential. V| is defined as

M7

r3

Vv

(6.7)

where M is the vector magnetic moment, 7 is the vector distance from the center of
the dipole, and r is the magnitude of 7. The form of this relation, derived in detail

in Appendix D, is given as:

=

FZ —3[2mlér~m2&g—m3&3] (68)

-3

where:

m; = ®gfeve(— 0Oy — Ag) — svris (2 — O, — Ag)] + sPosvsi
my = cPp[—svc(N -0, — Ag) — cveis (8 — Oy — Ag)] + sPocvsi

ms = c®osis( — Oy — Ag) + sPocz
a(l—e) i
1+ ecosv
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and

c = cos

s = s

M = magnitude of the magnetic dipole

®;, = latitude of the dipole model’s austral pole

Ao = longitude of the dipole model’s austral pole

and from Appendix C

v = true anomaly along orbit path

! = right ascension of the ascending node
O, = Greenwich sidereal time

1 = orbit plane inclination

a = semi-major axis of an elliptic orbit

re = eccentricity of a conic orbit

It is important to note that all three elements of B are nonlinear and time-variant.
Since the Earth’s magnetic field is fixed with respect to the Earth, the field expressed
in the orbital reference frame varies proportionately to the Earth’s rotation rate; this
is seen by the presence of ©, in m,, m;, and m3 in terms of Equation 6.8. The time
variance is compounded by changes occurring at orbit rate as well. The presence
of v in the m; and m; terms indicates these terms vary at orbit velocity as well.
Finally, there is a constant term in m3, which accounts for the average north/south
orientation of B. While the time variance makes analysis more complex, it also al-
lows for the Larth’s magnetic field to be used to change all six of the classic orbit

elements (63:168-169).

6.2.4  Modeled Forces and Torques.  The iterative design process used in
this study uses a dynamics model of the SFP to determine the platform’s design pa-
rameters. This requires the development of a dynamics model that is simple ecnough

to be solved, yet contains enough fidelity so as to provide meaningful information.
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With this in mind, it is important to consider what forces and torques act on an

orbiting satellite.

6.2.4.1 Modeled Forces. A number of external forces can act on an
orbital vehicle. Among these forces are gravity, aerodynamic drag, magnetic field
effects, non-spherical Earth effects, radiation pressure, meteoroidal impacts, and non
environmental forces, such as mass expulsion; however, this list is not exhaustive.
For the purposes of this study, the only external forces that will be included are
gravity, aerodynamic drag, and magnetic field effects. Gravity and aerodynamic
drag are environmental forces to be overcome, while the magnetic field effects are

used for propulsion.

The force of gravity is described by (93:24):

-—F—g _ —Gmlsz — _GM@AllotF (69)

r3 r3

where G is the universal gravitational constant, Mg is the mass of the Earth, M,
is the mass of the SFP, 7 is the position vector of the SFP relative to the Earth, and

r is the magnitude of 7.

The force due to aerodynamic drag is given by:

T lMtotpV;—
=V, 1
d 5" 8 (6.10)

where

p = the atmospheric density

V., = the velocity of the SFP relative to the atmosphere

V. = the magnitude of V,

B = the ballistic coefficient (94:65)

While, the magnitude of the aerodynamic drag force is negligible compared to the

force due to gravity, and is therefore not expected to significantly affect the gross




motion of the SFP in the short term, relative to the forces produced by the propulsion

system, aerodynamic drag is significant, and cannot be neglected.

6.2.4.2 Modeled Torques. A number of external forces can contribute
to the total external torque acting on an orbiting vehicle. As before, gravity, aero-
dynamic drag, magnetic field effects, and non-environmental forces can all apply
torques to an orbiting vehicle. It is reasonable to expect that if the aerodynamic
drag force is strong enough to be considered in the relative translational equations of
motion, it should be included in the relative rotational equations as well. However,
the SFP’s configuration shown in Figure 3.1 is symmetric across the b; b, plane. The
majority of the prerented area of the SFP is a result of the solar dynamic power
modules and the ASSET photovoltaic arrays. Because of symmetry and the fact
that the b,-axis is essentially aligned with the velocity vector, the aerodynamic drag
is assumed to cause no torque about the b;-axis in this orientation. The remainder
of the area is small and near the center of mass; it is assumed that the drag torque
generated by this area is negligible. It is also assumed that there are no drag effects
due to assymetries in component drag coefficients. The result is that aerodynamic
drag effects are negligible in the relative rotational equations of motion, and for
the purposes of this study, gravity and magnetic field effects will be the only forces

included in the analysis.

An examination of Equation 6.9 shows the force due to gravity changes with
the distance between the two bodies. This change can generate a torque on an
orbiting vehicle, in this case the SFP. Assuming the SFP’s principal body axes are
aligned with the b-frame axes, the approximate component gravitational torques are

given by Wiesel (93:146-147) as:

[3233 (C = B)by + RiRs (A~ C) by + RiRy (B — A) 132] (6.11)

rs




where R;, R;, and R; are the components of 7 expressed in the b-frame, and A,
B, and C are the principal moments of inertia of the vehicle in the i)l, i)z, and b3

directions respectively.

6.2.4.83 Unforced Relative Equations of Motion. Six equations of
motion are required to completely des~ribe the position and orientation of the SFP.
Since the iterative design process chosen for this study requires the dynamics model
to be expressed as a system of linear, first-order, differential equations, a number of
assumptions and linearizations must be incorporated into the equations of motion.

They include:

e assume the SFP is a rigid body
e assume the true anomaly rate of change is constant

e neglect other than first order terms in the relative position and velocity com-

ponents

e assume the atmosphere is fixed to the earth and can be described by an expo-

nential model
e assume small angle approximations for yaw, roll, and pitch

Three of the six equations of motion are translational equations. They describe
the movement of the SFP’s center of mass relative to the inertial reference frame.
While the equations of motion must be derived relative to the inertial frame, it is
convenient to express them in the orbital reference frame shown in Figure 6.1. The
three translation directions are the a,, ag, and the a, directions. Assuming the SFP
is a rigid body (see Appendix E), the translational equations of motion are derived

from the form of Newton’s second law:

7 = Mtog_d (612)

6-16




where F is the sum of all external forces acting on the SFP, M, is the total mass of
the SFP, and @ is the acceleration of the SFP with respect to inertial space (52:406-
408). In deriving the expression of Equation 6.12 for the SFP, the vehicle’s center of
mass (i.e. the origin of the b-frame) will actually be a small distance away from the
orbital reference point in the a-frame. For the scope of this study, the reference point
is assumed to be in a circular orbit. This allows for the development of the relative
equations of motion for the SFP in the vicinity of a point in a circular reference

orbit.

The remaining three equations of motion are the rotational equations. They
describe the rotation of the body about tue center of mass. The rotational equations
of motion can be found by equating the sum of the applied torques, M, to the rate

of change of the angular momentum, H (93:109). Thus, with respect to the inertial

frame,

M=H (6.13)
Assuming the SFP is a rigid body, the angular momentum is defined by

~

=iz (6.14)

and can be used if the reference frame is attached to the body, thus making the mass
moment of inertia tensor, I, a constant. However, the time derivative required in
Equation 6.13 must be taken with respect to the inertial frame. Thus, Equation 6.13

can then be expressed as:
W = P 4 b x I (6.15)

where @ = w, by +wyby +w.bs is the angular velocity of the body frame with respect

to the inertial frame. Aligning the b-frame with the SFP’s principal axes results in
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a diagonal moment of inertia matrix

~

A
i=1o
0

o b o

0
0
C

Solving Equation 6.15 for the individual elements gives the standard Euler’s equa-

tions (35:95)

by: Aw, + (C — Bywpw, = M, (6.16)
by: Bay+ (A= Cuwew. = "M, (6.17)
by: Ca. + (B — Awawr = *Ms (6.18)

These are coupled, nonlinear, first order differential equations.

Equations 6.16 — 6.18 can be used to derive the last three equations of motion
in terms of the yaw, pitch, and roll of the b-frame. Thus, the angular velocity of the

a-frame, with respect to the i-frame, must be defined in terms of ¥, 0, and ¢.

By developing expressions for the linear and angular accelerations due to grav-
ity and aerodynamic drag, and substituting the results into Equations 6.12 and 6.16 —
6.18, the dynamics model used for this study can be found. This process is described

in detail in Appendix F. The process results in six equations of motion, given by:

6F — K61 — 2n7,6i — 3n6r + Kbwr,bv + Kwibz = 0 (6.19)

robb + 2né67 + Krobv — Kbéwébr — Kwy b6z — Kéwr, = 0 (6.20)

63 — K62 — Kwybr + Kuwnrobv 4+ n%6z — Kwer, = 0 (6.21)
Ap+n(C—B—-A)¢+n*(C-B)yp = 0 (6.22)
Bq"s+n(A+B-C)¢+4n2(c—A)¢+3n2§$ﬁaz =0 (6.23)
ch - g'faf +3n2 (B~ A)6 - 3n2@—:—?;M =0 (624)
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completely describe the position and orientation of the SFP, in the neighborhood of
the reference point, for small yaw, pitch, and roll angles when ne forcing functions

are applied (such as the propulsion/control system).

6.2.4.4 Steady State FEquations of Motion. The primary use of the
relative equations of motion is to design a controller to perform steady state tracking
relative to a reference point. The controller design is then used to determine specific
design parameters for the SFP. Some insight into the platform’s required capabilities
can be gained by considering the relative equations of motion under steady state

conditions. Under steady state conditions:

Or = 8F =10 =160 =62 =62=0

Substituting these values intc quations 6.19 - 6.24 gives:

For,y = My [—3n6r + Kwr,6v + Kw,62] (6.25)
Frosv,, = M |[-Kbwbr — Kw 6z — Kéwr,) (6.26)
Fiop = Miot [~ Kwibr + Kunrobv + n?6z — Kwor| (6.27)
My, = A[n*(C - B)y] (6.28)
M,,, = B 42 (C—A)p+ 3n2(CT—_A)¢52] (6.29)
My, = C -3n2 (B—A)§— 3n2@:—?ﬁﬂ] (6.30)

A few conclusions can be drawn from these equations. First, excluding drag effects,
a standoff in the radial direction requires three times as much force as a standoff
of the same distance in the out-of-plane direction; a standoff along the orbit path
requires no force (when drag is excluded). Second, drag effects require steady forces

be applied in both the path and out-of-plane directions to stay at a fixed point, even
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if the SFP is at the reference radius. Steady state forces are required in the radial
direction only if the SFP is not at the reference radivs. If the SFP is not at the
reference radius, the steady state forces are required due to the vector component of
the drag force that is tangent to the orbit path at the SFP’s center of mass. Third,
steady state moments are required to hold a yaw, roll, and/or pitch attitude. If the
SFP is standing off along the orbit path or out-of-plane, steady state moments are

required to maintain any fixed attitude.

6.3  Platform Design Process

6.3.1 Introduction. The this study uses an iterative design process to
develop a satisfactory design for the SFP. The process takes a proposed design,
develops a dynamics model for that design, and then uses a linear system based
controller to determine specific design parameters. Once a satisfactory design is

obtained, the controller is used to help evaluate the design’s performance.

6.3.2  The Iterative Design Process.  The first step in the iterative design
process (see Figure 6.11) is to propose a general design for the SFP. This consists of
determining the number of translation control conductor elements and the number
of attitude control conductor elements. The specific configuration of these elements

must also be specified.

Once the propos~d design is specified, forcing functions for the equations of
motion (Equations 6.19 — 6.24) must be developed. These forcing functions are
incorporated into the equations of :intion, which are then formed into a linear sys-
tem of first-order differential equations. These equations are incorporated into a
MATLAB (65) program (see Section G.1). This program — the time-history de-
sign program — is used to design a linear quadratic regulator based controller. In
the program (see Figure 6.12 for a diagram of the prograi.’'s flow), specific design

parameters, such as vehicle pay’~. !, irdividual conductor lengths, number of turns
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on an individual conductor, the individual conductors diameter, and the thickness
of the magnetic shield are entered. From this information, the program calculates
the vehicle’s mass and mass moments of inertia. This information is then used to
determine the coefficients of the equations of motion. The user enters a reference
command that fixes the location (altitude, inclination, and right ascension of the
ascending node of the reference orbit, the true anomaly of the reference point, the
distance between the SFP’s center of mass, and the reference point) and attitude
(the angular orientation of the SFP with respect to the orbital reference frame) of
the SFP. Using this reference command data, the program derives a linear quadratic
regulator based controller for the derived equations of motion. The controller is
then used to run a time-based simulation. The simulation is used to assess the sta-
bility, over time, of the proposed design. If the design is determined to not have the

stability characteristics desired, the process is repeated with a new proposed design.

Once a proposed design with satisfactory stability characteristics is obtained,
a modified version of the time-history design program — orbit-history design pro-
gram — is used to determine specific design parameters. The same equations of
motion are used, but the operation of the program is changed to simulate the plat-
form moving through its orbit. The same controller derivation process is followed,
but the controller program (see Section G.5) is called iteratively by a driver program.
Each time the driver calls the modified controller design program, a new reference
position is passed to it. The design program then passes back such data as the re-
quired power, the currents in the control elements, and conductor core temperatures
(the program can be modified to pass virtually any of the calculated data back to the
driver program for analysis). By calculating the changes in the true anomaly and
other time variant parameters that affect the coefficients of the equations of motion,
this iterative process can be used to approximate the movement of the SFP through

its orbit. The data generated by this process can be used to assess the characteristics

6-23




for the proposed design. Any changes required are made and the process is repeated

until an acceptable design is determined.

After an acceptable design is determined, its stability is rechecked. If the de-
sign is no longer stable, the process is started all over after any necessary changes are
made. If the design is stable, the performance of the proposed design is evaluated
using the orbit-history design program and the orbital transfer analysis program (see
Section Q). The programs are used to assess such performance characteristics as total
power required, individual conductor currents, conductor core temperatures, stand-
off capability, payload capability, and time-to-climb (descend) for orbit transfer. If
the performance characteristics are not acceptable, the design parameter determina-
tion process is repeated with new parameters. The overall process is repeated until
an acceptable design is obtained. Once an acceptable design is obtained, the design

process is complete.

The following sections review the iterative design process for the final design
of the SFP. The process begins with the performance requirements levied on the

platform and is followed through to the final design of the SFP.

6.5.3 Design Constraints and Considerations. Section 3.2 described
a number of factors which influence the final design of the SFP’s electrodynamic
propulsion system. The factors to be satisfied, or that constrain the design in some

way, are.

e a maneuvering system that utilizes electrodynamic propulsion with maximum
power requirement of 77 kW (of the 82 kW available) and a maximum con-

ductor core temperature of 438.0 ° C
e a delivery capability

e a versatile payload capability with a capacity of at least 30,000 kg
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Figure 6.13 R-bar is defined along the radial direction, V-bar is defined along
the orbit path direction, and Z-bar is defined along the out of plane

direction.

e a versatile stand-off capability with an envelope from 0 m to at least 40 m

around the reference point, at inclinations from 0° to 28.5°, and at altitudes

from 300 km to 500 km
e an open work area for mission ready operations
Since the controllability of the SFP is used to determine the detailed design of
the platform, the factors listed above must be incorporated into the controllability
analysis. Since these are very general requirements, it is possible that a number of
different designs could meet these requirements. To limit the scope of the search for
a design for the SFP a specific maneuver was selected to be used as the performance
characteristic to which the SFP would be designed. Because of the high demand

on the performance of the propulsion system, an R-bar stand-off maneuver (see

Figure 6.13) was selected as the single function the SFP would be designed to perform
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sphere via plasma contactor devices (shaded circles), and two on-

vehicle closed circuit loops.

(see Section 11.2). To begin the iterative design process, a conceptual design for

performing this maneuver is needed.

6.9.4 Conceptual Design. The Spenny and Lawrence propose a large
orbital fabrication platform with an electrodynamic propulsion system consisting of
six conductors (81:1-2). Four of these conductors are arranged in pairs aleng each in-
plane axis (see Figure 6.14). By passing independently controlled currents through

these conductors, they are used to generate the thrusting forces described by
Fg=iLxB (6.31)

Each of these straight conductors uses plasma contactor devices to close their elec-
trical circuits through the ionosphere. The other two conductors are closed circuit
loops. These loops are closed on the vehicle itself, as opposed to closing them through

the ionosphere as is the case with the straight conductors. By passing independently
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controlled currents through them, these closed conductor loops generate attitude

control torques as described by
7 = (niA) x B (6.32)

Even though the conductors can be operated independently, Spenny and Lawrence
point out that the nature of Equation 6.31 precludes using electrodynamic propulsion
to provide thrust control parallel to the B-field. A pair of opposing electric thrusters
were added to provide the necessary thrust capability. The study also indicates that
the straight conductors must be used for pitch control. Equation 6.32 shows that a
conductor loop could not be used for pitch control since the torque would have to
be parallel to B. However, pitch can be controlled by differential application of the

straight conductors.

There are two main drawbacks to this proposed design. The first is the required
size for R-bar stand-off (see Figure 6.13). The sizes analyzed for the POTkYV range
from 275 m (with a current of 500 A and a stand-off of 100 m), to 1,700 m (with
a current of 125 A and a stand-off of 100 m). With conductors of these lengths,
the rigidized truss requirement becomes difficult to achieve. The other drawback
is power. Because of the closure through the ionosphere (estimated to be 1-20 ),
the power required was estimated to range from 63 kW to 1.25 MW. Power levels
this high are hard to achieve. One easy way to reduce the power is to make the
conductors longer, thus reducing the resistive power loss. However, this increases

the rigidized truss problem described above.

The basic design of the SFP incorporates much of Spenny and Lawrence’s de-
sign, but provides some solutions to its problems. The Earth’s magnetic field effects
will be used for propulsion, relying on the application of Equations 6.31 and 6.32.
Unlike Spenny and Lawrence’s design, however, partially shielded conductor loops

with a large number of turns as suggested in Section 6.2.2.4, will take the place of the
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long straight conductors with plasma contactor devices. Five such conductors will
be used in ti'e SFP for translation control. The single-turn conductor loops Spenny
uses for attitude control will be replaced by tightly wound coiled conductors with a
large number of turns. The coiled conductors operate under the principles discussed
in Section 6.2.2.3. Five such tightly wound coils will be used on the SFP. Since it
is not possible to generate thrust or torque parallel to B, augmentation thrusters
are used to provide the needed thrust capability, and split straight conductors are
used to provide the needed torque capability. The addition of the two extra straight
and three extra coiled conductors are to insure that there are no singularities in the
attitude control of the SFP and to preserve the symmetry of the vehicle as much as

possible.

In order to satisfy the basic propulsion system requirements and the system
design constraints and considerations, a number of designs were considered. Fig-
ure 6.15 shows the layout of the ten conductor elements of the SFP. Figure 6.16
shows the configuration of the SFP — including the integrated trusses, the truss
maker, the power modules and arrays, and the docking/delivery system — in an
R-bar orientation. Using these two figures, it can be seen that conductors C, and
C; are housed in the main integrated truss, conductors C3 and C, are Loused in the
cross integrated truss, conductor Cj is housed in the orthogonal integrated truss, and
coiled conductors Cg, C7, Cs, Cy, and Co are housed in the coiled conductor inte-
grated truss. The next section develops the forcing functions for the electrodynamic

propulsion system defined by Figure 6.15.

6.3.5  Forced Fquations of Motion. The ten multiple turn conductors
described above — five long straight loop conductors and five tightly coiled con-
ductors — are used to provide forcing functions for the SFP’s relative equations of
motion (Equations 6.19 - 6.24). Table 6.1 shows how each conductor is mathemat-
ically described in terms of the number of turns in the conductor, n;, the current

through the conductor, ¢;, for the straight conductors, the length of the conductor
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Conductor | Description | Conductor | Description
C nyiy Ly by Cs neigAs b
C, naizLa by Cq nqizAz by
Cs naizls 33 Cs ngigAsg i)a
C, nataly §3 Co ngtgAg ba
Cs nsisLs by Cho niot10410 z'1

Table 6.1 The mathematical descriptions of the SFP’s conductor elements, where n
is the number of turns, ¢ is the current, L is the length of the conductor,
and A is the cross sectional area of the coiled conductor.

assembly, L;, and for the coiled conductors, the cross-sectional area of the coiled
conductor, A;. The descriptions in Table 6.1 are used to implement Equation 6.31
to determine the translational force generated by each straight conductor and to im-

plement Equation 6.32 to determine the torque generated by each coiled conductor.

To begin the development of the forcing functions for the equations of motion,
Equation 6.31 is rewritten to account for multiple conductors and the augmentation

thruster’s thrust, Fi:

Fg = Z (n.-i,-f,- X F) +F¢h

)

= Y (niL:) x B + Fubs (6.33)

3

where Fy;, is the thrust of the augmentation thrusters. Considering the conductors

listed in Table 6.1, the first term in Equation 6.33 is found to be

bm = Z n;i;bf,'
= (nsisLs) Z’l + (n121Ly + ngtzLy) i)z + (naizLa + n4teLy) i’a

= (niLs)by + (niLy + niLy) by + (niLs + nilLy) bs (6.34)

and is expressed in the b-frame. However, since B and the translational equations

of motion are expressed in the a-frame, Equation 6.34 must also be expressed in the
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a-frame. Using the linearized version of Equation C.11 to transform Equation 6.34

and Fy, to the é-frame,

“mil = R, "nil

= [mL5 -0 (niLl + TliLQ) + ¢ (niL3 + mL4)] &r +

[0 (nlL5) + (m'Ll + n’iLg) - ’lll (niL;; + mL4)] &0 +

[—¢ (niLs) + 9 (niLy + niLy) + (niLs + niLy)] as

= ILa, + ILyag + IL3a; (6.35)
and
GT"' = R?il:mar b?“l
= ¢Fua, — PFinas + Fnas (6.36)

Equations 6.8, 6.35, and 6.36 can now be used to solve Equation 6.33:

aTi’z

L. ©

M
”

M .
~ (=ILyma + ILzm,) + ¢Fthl ar +
M )
= (21Lzmy + 1Lym3) — 1/’Fth] ag +

" (—IL1m2 - 2IL2m1) + Fth] &3 (6.37)

The component parts of this expression form the forcing functions of the relative

translational equations of motion:

. M ¢ Fu,

a, = thrg (—IL2m3 + IL3m2) + Mtot (638)

. _ M YFu

ag . = thrg (21L3m1 + Ile;;) Mtot (639)
M F,

&3 = (=ILymy — 21 Lymy) + —2 (6.40)

Mo

Mtot
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It is important to note the forcing functions for the @, and ag equations have terms
which are always non-zero — due to the presence of the m3 components of B — and
are thus always controllable. However, since the a3 equation only has the sinusoidal
m, and m; components of B, there is a possibility that the first term of the right hand
side of Equation 6.40 can go to zero. Without the augmentation thrusters, this term
does in fact cycle through zero as can be seen by considering the controllability of the
final linear system. Without the augmentation thrusters included, the controllability
matrix (discussed in Section J.2) has a rank defect of one. As a result, without
the augmentation thrusters, the system is not completely controllable. This makes
sense from a physical standpoint since it is impossible for any , urely electrodynarnic

propulsion system to generate thrust parallel to the B-field.

The remainder of the forcing functions are determined from the application
of Equation 6.32. It is rewritten to account for multiple coiled conductors, split

translational conductor pairs, and augmentation thrusters:

7=3 (*nidi x 'B) + 3_ ("% x (*niLi x *B)) + 'Fn x *Fr (6.41)

i

where all vectors are expressed in the b-frame and bF; is the vector position of the

center of force of the i:th conductor.

Considering the conductors listed in Table 6.1, *niA; in the first term of Equa-

tion 6.41 is found to be:

I \ e
A = Tz A
i

= (n10t10410) by + (neteAs + nriz A7) by + (ngigAs + ngigAg) bs
= (niAyo) by + (niA¢ + niA7) by + (niAs + nidy) by (6.42)

In order for the forcing torques to be useful in Equations 6.22 - 6.24, B must be

expressed in the b-frame. Using the linearized version of rotation matrix from the
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Conductor CF Position
G 1hbs
Cs ~1L:b,
Cs - (hmit + %hocit) by + %Lsaa
Ci | = (Amit + Shecit) by — $Labs
Cs - (hmit + heeit + %Ls) by

Table 6.2 The center of force positions for each straight conductor. hu; is the
height of the main integrated truss, and h..: is the height of the coiled
conductor integrated truss.

d-frame to the a-frame to transform Equation 6.8, ®B is found to be:

— M . .
bB = — (2m1 - 0m2 + ¢m3) b1 + (—201’"1 — Mg — 1/)7713) b2+

3
L

= (2¢m + pm; — m3) i’s] (6.43)

The first term of Equation 6.41 can now be expanded as:

el Ty M : Y
Z (bmA,- X bB) = 3 [(niAg + niA7) (2¢my + Yyma — m3) —

(TllAg + nZAg) (-—20m1 —mq — ’l/)m3)] 61 +
i“—g' [(mAg + niAg) [(21711 —-- 07712 + ¢m3) -

(niAgo) (2¢ms + Ppmy — mg)]] b, +

M : :
= [~ (niAs + niA7) (2my — Omz + ¢m3) +

(niAw) (2m1 - 0m2 + ¢m3)] i)a (644)

The second term can also be expanded at this point. The F; terms are the positions
of the center of force for each individual straight conductor. Table 6.2 describes

the position of the center of force for each straight conductor. Using the data from
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Table 6.2 and Equations 6.34 and 6.43, the second term of Equation 6.41 is found:

3 (bF; X ("m; x "F)) =

Mir 1 . | | 1 .
.(—inﬂ]Lf + ‘éﬂglng - §n313L§ + 5"414[/3) (2m1—

O0m; + ¢m3)] ih +

2 2
mg — ¢m3)] by +

M 1 . 1 . ) 1
— [(—Enllllff + -2-71222113 + nsisLy (hmit + hecit + -2'L5)) (2¢m1+

Pmg — ms)] by (6.45)

My 1 . | R . 1
3 (—-nslaLg + —muLZ + n_szsLs (hmit + heeie + §Ls)) (—20"11—

where h,,;; is the height of the main integrated truss and k. is the height of the
coiled conductor integrated truss. The third term in Equation 6.41 accounts for
any torque generated by the operation of the augmentation thrusters. With the
expectation that the force generated by the thrusters will be of the same order of
magnitude as the highest forces generated by the electrodynamic propulsion system,
the elimination of any such torque is desirable. To achieve this, the thrusters must
be aligned with the center of mass of the SFP. Because of variable payloads, the

center of mass moves over the range

~4.39bm < 7, < +1.200, m

from a reference point defined as the intersection between the orthogonal integrated
truss axis and the top the main integrated truss (see Appendix H for the analysis of
this required shift). The truss maker moves along the top of the main integrated truss
to keep the vehicle’s center of mass in the b;bs-plane. The augmentation thrusters

must be able to track the shifting center of mass as it shifts along the i)l-axis. To do
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so, they are mounted on movable platforms at the ends of the main integrated truss.
They point along the +b, direction, away from the center of mass. See Appendix |
for a more detailed discussion of the tracking requirement and thruster capability.

5%n, is then always zero, thus eliminating any

The moment-arm of the thruster,
thruster-generated moment, and the third term of Equation 6.41 drops out of the

equation.

Equation 6.41 can now be solved to obtain the forcing functions for the ro-

tational equations of motion. The right hand sides of Equations 6.22 — 6.24 then

become:
s M | 1 . 1 . |
bl e = E (—ETIIZ]L% + 51’1212[4% - 5”323L§ + -2-71424113) (2m1—
Omq + ¢m3) + (niAs + niAz) (2¢m, + Yymg — m3) —
(i As + ni Ag) (—20my — my — 1/)m3)] (6.46)
s M | 1 . : 1
by--- = r_g [<—§n3z3L§ + 5"414[13 + nsisLs (hmit + heeit + §L5)) (—20m,—
mq — ¢vm3) + (nlAg + niAg) (2m1 - Bmg + ¢m3) -
(ni Avo) (26m1 + Ymg — m3)] (6.47)
- M 1 . | ) 1
by--- = r_g <—§n111Lf + '2'7122214;2, + nsisLs (hmit + hecie + ELS)) (2¢m,+
. ) 1
Ym,y — ma) + (—nalsLs — n4tgly (hmit + §hccit)) (2m,—

Om, + ¢m3) + (nide + niAz) (—2m, + Omy — ¢ms) +
(n'iAlo) (—20m1 — ma — ‘ll)m;;)] (648)

where the m; terms with coeflicients of one will be the primary control elements for
each equation due to the presence of the constant term within mj3. Inspection of
the b equation shows the necessity of splitting the conductor housed in the main
integrated truss into two elements. The forces generated by conductors C;, C,, and
Cs are the primary pitch control elements. If conductors C; and C; were not split,

C's would be th~ only nominal pitch control element. However, further consideration
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of the ag equation shows that Cs is also the primary control element for movement
along the orbit path in proximity of the reference point. To insure the SFP can
achieve the desired control capabilities, it is necessary for all six equations of motion
to have separate control elements that provide the primary control authority. To
achieve this, the conductor housed by the main integrated truss was split into two
control elements. This allows C', and C; to provide pitch control, while Cs provides
translation control along the orbit path. Conductors C3, C4, Cg, and Cy do not
provide any primary thrust or attitude capability, but are retained to prevent the

SFP from getting “stuck” in a singularity of the force and/or the torque laws.

The forcing functions for all six equations of motion have now been derived.
With the augmentation of the thrust and rotational capabilities, the SFP has full
control of all relative position and attitude elements, and can therefore be considered

to have full six degree-of-freedom control capability.

6.3.6  Linear System State Space Representation.  The equations of motion
provide the dynamics model of the SFP’s behavior that is used to develop an SFP
design that gives full control over the position and orientation of the SFP while
achieving the operational capability goals. The method chosen to combine these two
tasks was to use the controller design process outlined in the POTkV study (81:4-5)
in an iterative scheme. In order to use this process, the equations of motion must be
converted to a state space representation. The state space representation is checked
for controllability and observability. Based on the state space representation, a linear
systems controller is designed using a linear quadratic regulator and a prefilter. The
state space open loop system is then converted to a closed loop system using full

state feedback. Appendix J provides a detailed discussion of this process.

6.3.7  Time-History Analysis.  Once the dynamics model is converted to a
state space representation, the model is incorporated into the time-history analysis

program. Specific design parameters, such as vehicle payload, individual conduc-
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Resistance 84.000 | uQ2/m
Mass 0.839 | kg/m
Melting Temperature 657 | °C

Table 6.3 Properties of a two centimeter insulated aluminum conductor (20).

tor lengths, number of turns on an individual conductor, the individual conductors

diameter, and the thickness of the magnetic shield are entered into the program.

Asbestos insulated aluminum wire with a 2 em diameter was chosen for the
conductor material for the SFP’s electrodynamic propulsion svsiem (see Table 6.3).
At this diameter, aluminum wire has approximately twice the resistance of copper
wire but weighs 70% less (20). Due to heat transfer considerations, the maximum
current allowed is dictated by a maximum conductor core temperature of 438.0°C
(219°C below the melting point of aluminum which provides a factor of safety of
1.5). In a worst case scenario, no more than 99 turns of the conductor are required to
generate enough force to maneuver the platform. The conductors are bundled into
a 99 conductor element cable and shielded with one shield. A heat transfer analysis

of the shielded cable can be found in Appendix K.

Using these parameters, a magnetic shield was developed to provide shielding
over one half of a conductor loop. A 10.14 mm thick shield will provide the neces-
sary shielding to allow the use of closed conductor loops (see Appendix L) for both
translation and attitude control. Spenny’s work assumed the use of plasma contac-
tor devices to close the current loops through the ionosphere — a very expensive
(in terms of power) method for using electrodynamic propulsion. Using magnetic
shielding will allow the use of closed conductor loops which will result in significantly

lower power requirements.

The time-history analysis program uses the design parameter information to
calculate the vehicle’s mass and mass moments of inertia, which allow the coefficients

of the equations of motion to be determined. The user enters a reference command
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Figure 6.17 Time history of the total power required for a stable controller design.

that fixes the location (altitude, inclination, and right ascension of the ascending
node of the reference orbit, the true anomaly of the reference point, the distance
between the SFP’s center of mass, and the reference point) and attitude (the angular
orientation of the SFP with respect to the orbital reference frame) of the SFP. The
program uses the dynamics model, a user-specified reference command, and proposed
design parameters (vehicle size, conductor length, etc.) to derive a a linear quadratic
regulator based controller. A time-based simulation of the controller is run to assess
the stability properties, over time, of the proposed design. For a specific point
in an orbit, with a stand-off reference command, the controller’s outputs should be
constant. This equates to a flat, horizontal line an a plot of power, for example, versus

time, as can be seen in Figure 6.17 When the outputs demonstrate this behavier,

the controller is assumed to be stable over time. See Section M.1 for a complete set |

of time-based plots and data outputs for the final platform design. |

If the proposed design does not have the stability characteristics desired, the

design is modified. The new dynamics model for the modified design is then de-




veloped, incorporated into the time-history design program, and evaluated. This
process is repeated until a design with satisfactory stability characteristics is found.
When such a design is found, the orbit-history design program is then used to de-

termine the specific design parameters for the platform.

6.3.8  Orbit-History Analysis.  Once determined to be stable, the proposed
design must be evaluated to see if it meets the performance requirements. This eval-
uation is accomplished using a modified version of the time-history design program
and a driver program which form the orbit-history design program. The dynamics
model used in the time-history design program is incorporated into this program in

the same fashion as previously described.

The driver program passes all the reference command and orbit position in-
formation to the sub-program. The driver contains a loop structure that is used to
generate a discrete simulation of the SFP moving through its orbit. The sub-program
then uses that information to generate a new controller (in the same fashion as the
time-history design program), which allows the determination of new control infor-
mation, such as total power required, individual conductor currents, etc. This data
is then passed back to driver program (the program can be modified to pass virtu-
ally any of the calculated data back to the driver program for analysis). The data
is then processed by the driver program to generate plots. The plots show how such
parameters as total power required, individual conductor currents, conductor core
teinperatures, and thrust required change with position in the orbit. Figure 6.18
shows how the total power required for the electrodynamic propulsion system varies
with orbital position. The effective time interval shown is one full revolution of the

Earth.

The data generated by this process can be used to assess the characteristics
for the proposed design. If any of the constraints are violated — too much power

is required, a conductor core temperature is too high, etc. — the proposed design
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Figure 6.18 Orbit-history design program plot of total power required versus true
anomaly.

parameters are changed and the program is re-run. This process is repeated until
an acceptable design is obtained. Section M.2 shows the complete set of orbit-based

plots for the final platform design performing the design R-bar standoff maneuver.

6.3.9  Final Design Characteristics. The final design of the SFP is a
function of the performance/operational requirements levied upon the vehicle. Dif-
ferent requirements would most likely have resulted in a different final design (see
Section 11.2 for more discussion). However, the final design is well suited to the per-
formance/operational requirements discussed in Section 3.2. Table 6.4 lists the basic
characteristics of the final platform design. Table 6.5 lists the dimensions, number
of turns, and mass of each conductor, as well as the size of the individual conductor

elements, and the thickness of the Netic shield.

The platform was designed to perform R-bar standoff, but must perform other

maneuvers as well. The other primary function performed by the propulsion system
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Mass Dimensions
Description (kg) | (ym x bym x bym)
External Tank Payload 31,300 | 8.42 x 46.88 x 8.42
Truss Maker 3000 50 x 100 x 20
Main Integrated Truss 1,000 20 x 500 x 20
Cross Integrated Truss 1,200 20 x 208 x 60.0
Orthogonal Integrated Truss 540 | 270 x 20 x 20
Coiled Conductor Integrated Truss 1951 43 x 486 x 43
Solar Dynamic Power Module (2) [ 11,899 | 214 x 7.8 x 18.0
ASSET Photovoltaic Array (2) 7,194 1 206 x 3.0 x 103
Augmentation Thruster Assemblies | 2,200 | 4.0 x 20 x 2.0
Augmentation Thruster Fuel 2,000
Servicing System 5,000
Salvage Equipment 2,000
Miscellaneous Equipment 12,000

Table 6.4 The estimate or calculated mass and dimensions of the major components
of the final design of the SFP. Note that the dimensions for the solar
dynamic power modules and ASSET photovoltaic arrays is based on them
pointing upward toward the delivery system.

Mass Dimensions
Conductor (kg) | (diameter x length x turns)
Cl 17,530 | 23.16 cm x 250m x 99
C2 17,530 | 23.16 cm  x 250m x 99
C3 234 | 20cm x 250m X 1
C4 234 | 20cm x 250m x 1
C5 3846 | 1258 em x 27.0m x 21
Cé 5,255 | 3.8m x 028m x 137
Cc7 5,255 | 3.8m x 028m x 137
C8 7| 38m x 002m x 1
C9 7 38m x 0.02m x 1
C10 19,064 | 3.8m x 1.8m x 497
Single Conductor Wire Diameter 20 em
Netic Shield Thickness 10.14 mm

Table 6.5 The mass, length, diameter, number of turns for each conductor element.
Also listed is the size of the individual conductor wires and the thickness

of the Netic shielding.
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is orbit transfer. While orbit transfer is not the primary capability driving the design,

how well the task can be accomplished is certainly important.

6.3.10  Orbit Transfer Analysis.  The iterative design process required the
use of a linearized representation of the SFP’s equations of motion. The equations
of motion for gross orbit maneuvers — orbit transfers — do not require such a for-
mulation. In fact, some of the secondary effects lost by linearization are important
to assessing the performance during an orbit transfer. The development of the non-
linear equations of motion is similar to that of the relative equations of motion; as

such, only an abbreviated discussion is included here.

Using the SFP design determined through the iterative design process, an
analysis was undertaken to establish the performance of the vehicle during an or-
bital transfer. The analysis provides the basis for mission time lines, transfer power

requirements, and demonstrates the effects of the changing B-field.

For the POTV, Lawrence performed a simple analysis for an orbital trans-
fer (49:5.1). He assumed the Earth’s B-field has constant magnitude and constant
relative orientation with respect to the vehicle. Applying these assumptions to the
force law results in constant thrust from the propulsion system. Assuming a constant
thrust, Lawrence analyzed the approximate time needed to transfer from a lower al-
titude orbit to a higher altitude orbit. The approximation used is valid for a low
thrust vehicle whose thrust is constant (93:89). However, this approximation is not
valid for an orbit transfer analysis which includes a time varying B-field. To perform
the time variant analysis, a MATLAB program was used to numerically integrate
the vehicle’s equations of motion. The analysis is performed in the Earth centered
inertial (ECI) coordinate system. Numerical integration is used to more accurately

represent the changing B-field’s impact on the vehicle’s motion.

The previous analysis needed the SFP’s relative equations of motion to be

linear. The orbit transfer analysis does not require this restriction. As a result,
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some of the elements of the equations of motion will change. Prior to performing

the orbit transfer analysis, the SFP’s gross equations of motion need to be modified.

6.3.10.1 Orbit Transfer Equations of Motion. The same forces
incorporated into the relative equations of motion — gravity, aerodynamic drag,
and magnetic field effects — are used to develop the nonlinear equations of motion
to be used for the orbit transfer analysis. As before, gravity and aerodynamic drag
are the retarding forces to be overcome, and the magnetic field effects are used for

propulsion.

The dominant force acting on the SFP is due to the Earth’s gravitational field.
Modeling the Earth as a sphere of uniform density, the potential function for the
field is

GMg

V=~

(6.49)

where r is the magnitude of the length of the vector distance from the center of the
Earth to the center of mass of the SFP. The acceleration of the vehicle due to this

potential field is:

@, = -VV
= _GMo, (6.50)

r3

The SFP is a low thrust vehicle. Its performance is significantiy impacted by

aerodynamic drag forces. The acceleration due to aerodynamic drag is:

V; (6.51)

where, as before, p is the density of the atmosphere, V; is the relative velocity of the

SFP with respect to the atmosphere, and § is the ballistic coefficient.
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The propulsive force generated by the SFP is given by the force law as:

F,=iLxB (6.52)

where i is the current through the conductor, L is the length of the conductor, B is
the Earth’s magnetic field. The unit vector describing the direction of I will be L
and its orientation changes with respect to the a-frame changes. Since B is fixed to
the Earth, and rotates with it, it is time varying in the é-frame. As a result, B is

given as:

— . 3(M(t)-7
B(M(t),7(t) = —(M 3O (t))z(t))‘

r (1) r () o
(M) 3(M@)-F() )é
( r(0)° U}
M) 3(M@®)-r) .
_(r(t)" IO A

where z (t), y(t), and z(t) are the components of 7(t) along the é;, é;, and é;

directions respectively.

The resulting acceleration due to the SFP’s electrodynamic propulsion system
is:

iL (L X _E(F,t))
Mtot

(6.54)

6.8.10.2  Orbit Transfer Thrust Control.  To transfer from a circular
orbit to a higher altitude, coplanar, circular orbit, the original orbit is made elliptical.
The semi-major axis, a, is increased until the perigee of the elliptical orbit is tangent
to the original orbit, and the apogee is tangent to the desired orbit. When the desired
altitude is reached, the orbit is recircularized. The most efficient way to perform these
maneuvers is to apply all forces in the orbit plane. However, the electrodynamic

propulsion system generates out-of-plane forces while generating propulsive forces.
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To minimize changes to the inclination and longitude of the right ascension of the

ascending node of the SFP’s orbit, the out-of-plane forces must be minimized.

In Equation 6.52, the length of the conductor is fixedand B = B (M t),7 (t));
only the current, ¢, and direction the conductor is pointing, l";, can be changed.
Because F, is perpendicular to the direction of B, the conductor should be pointed
to minimize the out-of-plane forces being generated by the propulsion system. The
magnitude of F, is controlled by changing both i and L, and is maximized for a

given current when Lis perpendicular to B.

Desired Thrust Direction. For a nearly impulsive propulsion
system, the optimum energy transfer between two coplanar circular orbits was de-
termined by Hohmann (93:71). A change in velocity, A7, is generated in the velocity
direction, . This places the spacecraft into an elliptical orbit whose perigee is tan-
gent to the original orbit at the maneuver, and whose apogee is tangent to the desired
orbit. At apogee, another AT is applied, again in the velocity direction, to circularize
the orbit (see Figure 6.19). This optimization can be explained by the orbital energy

equation:
2

v
7-§=—% (6.55)
Equation 6.55 shows that total energy must be increased in order to increase orbital
radius. The only practical method of increasing the total energy is to increase v. An
acceleration will induce a AT. Because 7 and AT are both vectors, the largest total
velocity (7 + A7) will result when both vectors are co-linear, pointing in the same
direction. Therefore the greatest increase in orbital radius results from the thrust

being applied in the velocity vector direction. Based on this, the SFP should be

oriented to generate the maximum thrust along the orbit velocity direction.

Orientation of the Conductor. For a low inclination orbit, the

average orientation of B is nearly perpendicular to the orbit plane throughout the
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Figure 6.19 The Hohmann transfer is the most efficient coplanar orbit transfer in
total Av.

complete orbit. In his analysis of the POTV’s orbit transfer performance, Lawrence
suggested using a conductor aligned with the radius vector to generate a propulsive
force that is generally in the velocity vector direction (49:5.2). For his analysis,
Lawrence assumed B was constant and fixed the orientation of the vehicle so that
its main conductor was perpendicular to both B and the velocity vector. Because
the actual orientation of B varies with time, it is not always perpendicular to the
velocity and radius vectors. As a result, the component of F, in the velocity vector
direction may not be maximized. Despite this problem, this type of analysis is simple
to implement. For the analysis in this study, this method (Method 1) is compared

to one where B is not assumed to be constant.

An alternative to fixing the direction of the conductor in the radial direction
is to orient the conductor so that it is orthogonal to both B and the velocity vector.
The resulting propulsive force is then in the plane defined by B and the velocity
vector. It also provides the maximum acceleration in the velocity vector direction.

For low inclinations, the angle between propulsive force and the velocity vector is
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small. This type of analysis provides better performance, and is only marginally

more difficult. The time varying B analysis is Method 2.

A comparison of Method 1 and Method 2 is made in Appendix N. The compar-
ison shows that Method 2 is the most efficient orbit transfer method. Consequently,
Method 2 is used for the all orbit transfer calculations.

6.3.10.83  Control for Rendezvous. At the conclusion of an orbital
transfer, the SFP will rendezvous with some orbiting target. Generally this will
entail matching the target’s inclination and line of nodes and then circularizing the
orbit to match true anomalies, v. Conceptually, this requires applying a suitable
force to recircularize the orbit at the appropriate time to achieve the desired final
conditions. The calculation of force application time and the exact sequence of force
applications is assumed to be achievable, but is not included. However, the general

methods of controlling the SFP for rendezvous can be discussed.

Perturbations in the inclination and line of nodes can be controlled through oc-
casional reorientation of the main conductor to provide sufficient out-of-plane thrust-
ing to make corrections. As indicated in Section 6.2.3, higher order terms of the
B-field, not included in this analysis, can be useful for making such corrections. The

augmentation thrusters can be used as well.

The SFP’s orbital eccentricity, e, is close to zero throughout the transfer. This
is the basis of the constant low thrust transfer approximation. At any time during
the transfer, if the propulsion system is turned off, the orbit of the SFP would be
nearly circular. Figure 6.20 shows the velocity of the SFP during a transfer. Also
plotted on Figure 6.20 is the circular orbit velocity, v., at the SFP’s altitude. When
approaching the target altitude, power should be adjusted so that the SFP reaches
the target altitude at t;. The oscillations of the SFP’s velocity about the velocity

to maintain a circular orbit should allow maneuver scheduling that uses a minimum
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Figure 6.20 The SFP’s velocity (—) oscillates about circular orbit velocity (- --);
control of propulsion power can be used to correctly time the intersec-
tions of the velocity curves.

amount of power to reauce the acceleration to zero. This would allow placing the

SFP within the precision maneuvering controller’s operating envelope.

6.3.10.4 Orbit Transfer Performance. In order to estimate the
SFP’s performance, a variety of numerical integrations were run using orientation
Method 2 (see Appendix O). The general characteristics were demonstrated in a
baseline run of 2 days with power limited to 77 kW. The initial conditions are the

same as previously defined.

6.3.10.5 Altitude Changes.  The baseline performance shows the SFP,
carrying an external tank payload, increased altitude by 21.33 km in 2 days (see
Figure 6.21). The small variations in the curve are a result of a cycle of exchange of
kinetic energy for potential energy (altitude), a near circularization, and then a gain
in kinetic energy. The state is always nearly a circular orbit. The long term trend in

Figure 6.21 appears linear, but closer inspection reveals that SFP’s transfer rate is
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Figure 6.21 The SFP raises 21.33 km during the first 2 days of a transfer from a
300 km to 500 km orbit.

Initial Altitude km | rrr km/day | irr o/day | Max AQ 1073°
300 10.67 0.012 2.00
400 12.70 0.012 2.00
500 14.00 0.012 2.00

Table 6.6 Change in performance with changes in starting altitude. For 28.5° incli-
nation starting orbits, the climb rate of the SFP increases with altitude,
while other changes remain relatively constant.

slowly increasing. This is due to the drop in aerodynamic drag as altitude increases
(see Figure 6.22). As the vehicle’s altitude increases, current generally increases to
compensate for the general decrease in the strength of the B-field. However, power
lost to resistance also increases. These trends were verified by performing the runs
at different initial altitudes. Runs with higher starting altitudes (see Table 6.6)
displayed higher daily transfer rates, mainly due to a two order of magnitude drop

in aerodynamic drag.
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Figure 6.22 Aerodynamic drag versus time. During the transfer, the acceleration
due to aerodynamic drag decreases. This decrease results from the
increase in altitude.

The transfer rate of 10.67 km/day can be used for simple estimates for the
time to reach desired altitudes from a 300 km orbit. For simple approximations it
provides a conservative estimate, and avoids using the long and complex numerical

integrations required for more accurate estimates.

Inclination Changes. A change in inclination results from the
components of the out-of-plane thrust and drag forces. The effect of these out-of-
plane forces is to alter the direction of the angular momentum vector. This changes
the inclination and line of nodes. In the course of a normal closed orbit, the posi-
tive and negative changes in inclination generally cancel. However, with the SFP’s
increase in altitude, there is not a complete cancellation and a long term trend de-
velops. The function is complicated by Earth’s magnetic dipole not being aligned
with the Earth’s axis while it rotates with the Earth. As a result, the inclination
changes by approximately 0.012°/day (see Figure 6.23); this includes the changes

due to decreasing aerodynamic drag. The rate is essentially constant with respect
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Figure 6.23 The SFP’s inclination decreases by approximately 0.012°/day.

to altitude (see Table 6.6). The short terin trends can be seen in Figure 6.23. The

long term cycle in Figure 6.23 is due to Earth’s rotation.

The electrodynamic propulsion system can be used periodically to cancel in-
clination change at the sacrifice of longer mission times. These changes are possible
because of the variations in the B-field as discussed previously. If the mission re-
quires more timely corrections to inclination changes than can be made using the
B-field, the augmentation thrusters must be used. For an impulsive inclination

change maneuver at the relative line of nodes, the Av required is given by (93:74):
Av = 2vsin —‘—52—2 (6.56)

At 500 km, the Av is approximately 40 m/s for a 0.3° inclination change. This re-
quires engines whose thrust is similar to the ASSET boost/deboost engines. Because
of the fuel used to perform such maneuvers, it is preferable to take the additional

time to use the B-field.
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Figure 6.24 Through 2 days, |}| varies about zero.

Changes in Ascending Node Right Ascension. The out-of-planc
forces also cause changes in the line-of-nodes. A plot of the absolute value of the
line-of-nodes, ||, demonstrates the change is small and periodic about zero (see

Figure 6.24). A very small trend still exists because of the increasing altitude.

The Earth’s oblateness causes a greater change in {2, with the orbit plane
precessing at the rate:

5 €081 (6.57)

where n is the mean motion, J; characterizes Earth’s oblateness (J, = 0.001082,
and i. determined using spherical harmonic analysis), rg is the radius of the Earth,
a is the semi-major axis, e is the eccentricity, and 7 is the inclination. For the initial

condition orbit, @ = 7.45°/day.

SFP Mission Performance. Numerical integrations were exe-

cuted for the SFP in three possible operating configurations:

o SFP baseline state: 77 kW of power with an external tank payload.
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Target Altitude | Time { A: | Max AQ Comments
km days | deg 10-3°
300 0.00 | 0.000 2.00 Starting altitude
360 5.62 | 0.067 2.00 | ASSET maximum altitude
460 15.00 | 0.180 2.00 Space Station Freedom altitude
500 18.74 { 0.225 2.00

Table 6.7 The baseline SFP can reach a 500 km altitude in less than 19 days from

an initial orbit of 300 km and 28.5° inclination.

Target Altitude | Time | A: | Max AQ Comments
km days | deg 10-3°
300 0.00 | 0.000 0.00 Starting altitude
360 12.00 | 0.132 1.68 | ASSET maximum altitude
460 32.00 | 0.352 1.68 Space Station Freedom altitude
500 40.00 | 0.440 1.68

Table 6.8 With 68 kW of power, the SFP can reach a 500 km altitude in 40 days

from an initial orbit of 300 km and 28.5° inclination.

o Reduced power state: 68 kW of power with an external tank payload.

e No payload state: 77 kW of power with no payload.

The results were used to make linear approximations of critical mission planning

factors (see Tables 6.7, 6.8, and 6.9).

these estimates are conservative. Because the climb rate increases with altitude, the

As discussed previously in Section 6.3.10.5,

Target Altitude | Time | A: | Max AQ Comments
km days | deg 1073¢
300 0.00 { 0.000 0.00 Starting altitude
360 3.59 | 0.061 2.70 | ASSET maximum altitude
460 9.58 | 0.163 2.70 Space Station Freedom altitude
500 11.98 | 0.204 2.70

Table 6.9 With no payload, the SFP can reach a 500 km altitude in less than

12 days from an initial orbit of 300 Am and 28.5° inclination.
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time required to reach the target altitudes is less than the stated times. However,

the additional time will probably be needed to:

e correct the inclination

correct the line of nodes

recircularize the orbit

e correct the true anomaly

Efficiency. In comparison to other space propulsion systems,
the advantage of shielded coil electrodynamic propulsion is that it uses no propellant
other than that used by the augmentation thrusters. Unfortunately, this advantage
also makes comparing electrodynamic propulsion with other conventional propulsion
systems difficult. The specific impulse, I,,, cannot be used since it is directly related
to exhaust velocity of the propellant. There is no way to compare shielded coil

electrodynamic propulsion in this manner.

A different definition of efficiency must be considered for the SFP — output

power divided by input power:
n=— (6.58)

Because useless out-of-plane forces are produced by the shielded coil electrodynamic
propulsion system, this definition must be modified. The output power must be
multiplied by the percent of the total force generated that is used to increase the
velocity along the velocity vector:

Fp.
| £l

<l

n= (6.59)

e

This efficiency can be compared directly against rocket engine thrust efficiency, de-

fined as the thrust power divided by the input power (40:2).
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Figure 6.25 The efficiency of the electrodynamic propulsion system varies with B
and 7; the average during the baseline run was approximately 87%.

The efficiency of the shielded coil electrodynamic propulsion system varies with
the B-field and applied current, :. The B-field affects both the output power and the
percent of useful force. Waste heat generated by the shielded coil electrodynamic
propulsion increases by the squae of the current. Therefore the propulsion system

is more efficient at lower currents.

The peak efficiency for the SFP during the baseline run (see Figure 6.25) is
approximately 97%, while the average efficiency is approximately 87%. The shielded
coil electrodynamic propulsion system ranks the highest in output/input efficiency
when the peak efficiency is considered. The average value compares very well with
other space propulsion systems (see Table 6.10). Note that the thruster with the
highest output/input efficiency, the hydrazine EHT, has the lowest I,,. This indi-

cates it is less fuel efficient than other systems.
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Thruster 7 (%) | Lp ()
Hydrazine EHT 90 300
Shielded Coil Electrodynamic Propulsion 87 NA
Hydrazine Arcjet 35 500
Teflon PPT 5 840
Xenon SPT 55 | 1600
Xenon lon Engine 65| 3000
Xenon Ion Engine 78 | 10000

Table 6.10 Efficiencies of various propulsion systems {40:2). The shielded coil elec-
trodynamic propulsion systzii: ranks second.
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VII.  Electrical Power
7.1  SFP Power Requirements

The ultimate success of the power system is its ability to produce large quan-
tities of power over long periods of time with a minimum investment in mass. Power
management of the SFP can be broken down into several distinct segments. Power
must be provided to the following systems: propulsion, truss making, servicing,
external tank reduction operations, command and control and miscellaneous power
management. Chapter X lists the various operational modes of the SFP. From these,
a worst case scenario for power usage can be drawn. Early in the study, it became
apparent that this worst case would be related to propulsion, specifically during R-
bar maneuvering. The SFP is designed so that currents flowing in various conductors
interact with the Earth’s magnetic field to produce a net force on the vehicle. From
the equations of motion outlined in Section 6.2.4 the forces required to propel the
SFP are determined. Using the equations provided in the following sections of this
chapter, the currents in each of the SFP conductors can be determined from the re-
quired forces. Once the currents are known, the power required can be determined.
Once a power level is chosen, the above scheme can be used to specifically design a

vehicle.

Obviously, more power available allows for greater currents in the conductors.
The greater currents can be used to generate greater forces, resulting in a more
capable SFP. There are some constraints in the actual selection of a power system
that must be considered. The tradeoff analysis that led to the selection of the SFP
power system is located in Section 11.8. The result of this analysis was the selection
of a 70 kW solar dynamic closed Brayton cycle power system. Added to this 70 kW is
the 12 kW of power provided by the ASSET photovoltaic arrays for a total of 82 kW

of available power. A description of this design is included in the next section. Note
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Figure 7.1 Space Station Freedom solar dynamic power module. The main compo-
nents are shown including the concentrator, the receiver, the radiator,
and the interface structure (89).

that the description provided is the actual design from Space Station Freedom. The
SFP design differs slightly in a few areas that will be annotated later in Section 7.3.

7.2 Space Station Freedom Solar Dynamic Power Module

The solar dynamic power module (SDPM) consists of three major assemblies:
the solar concentrator, the radiator and the closed Brayton cycle (CBC) power gen-
eration assembly. The SDPM is shown in Figure 7.1. The SDPM was designed so
that two modules could be transported in one shuttle mission (8:321). The system
masses are shown in Table 7.1. These assemblies must be mounted outboard on
the cross integrated truss to allow for pointing and sun alignment of the assembly.
This will be accomplished with the following: 1) An alpha joint in the integrated
cross truss will allow orbital sun tracking about the SFP’s bs-axis. A more complete
description is provided in Section 9.2. 2) A beta joint between each power module

and the truss will permit rotation about an axis normal to the truss for seasonal sun
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Subsystem Mass kg
Receiver 1752
Radiator 1529

Concentrator 1485.5
Power Control Unit | 807.4

Structure 375.5

TOTAL 5949.4

Table 7.1 Space Station Freedom solar dynamic system masses.

tracking. 3) Two axis joints are provided for fine pointing the concentrator relative

to the sun and the receiver (66:2).

The SDPM does not have a steady state performance condition. Perfor-
mance is transient due to variations in orbital altitude, position in orbit (in sun
or eclipse), seasonal variation in solar insolation and degradation of the -ollector
performance (8:325). To meet the net power output of 25 kW the gross electrical

power at the alternator must be a minimum of 32.15 kW.

7.2.1  Solar Concentrator.  The solar concentrator is an offset parabolic
design consisting of 19 hexagonal truss panels with triangular facets mounted within
the hexes and is shown in Figure 7.2 (8:320). The concentrator focuses the solar en-
ergy into the receiver located at its focal point. This configuration minimizes shad-
owing and permits the SDPM center of mass to be located near the truss structure
minimizing potential dynamic and control problems. The concentrator structure is
connected to the module by six struts mounted on a two axis gimbal which is driven
by redundant actuators for pointing and control. Approximately 30 meters of truss
are necessary to allow the concentrator assembly to swivel on the beta gimbal with-
out encountering any obstructions and to prevent any shadowing by other portions

of the SFP.

7.2.2  Radiator. The radiator accepts the waste heat rejected by a working
fluid through the use of a gas coolant liquid (Flourinal FC-75). The radiator package
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Figure 7.2 The solar dynamic concentrator is an offset parabola with 19 hexagonal
panels (73).

consists of eight panels 2.3 x 8 m. Deployment is accomplished by a scissors type

mechanism similar to the one used on Skylab’s arrays (see Figure 7.1).

7.2.8  Power Generation Assembly. The CBC operates with a helium
xenon, He— Xe, mixture he .: 2d in the receiver heat exchanger and expanded through
a turbine which provides the shaft power to drive the compressor and generator. Most
of the gas exiting the turbine is recycled by the recuperator and used to preheat the
gas entering the receiver. Other components include a controller and an accumulator.
The actual size of the Space Station Freedom design is shown in Figure 7.3 and an
overall view of the power conversion unit can be seen in Figure 7.4. This CBC
power conversion unit is a derivative of the well known, technically mature, gas

turbine cycle used for auxiliary power units on military and commercial aircraft.

7.2.3.1 Receiver. The concentrated solar flux is admitted through
a 43.2 em diameter aperture in the receiver face. The receiver contains 82 tubes

carrying the working fluid that absorbs solar energy (see Figure 7.5). These tubes
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Figure 7.3 Dimensions of the power generation assembly — an approximate 4 m
long by 1 m wide barrel (73).

LIQUID HEAT EXCHANGER

Figure 7.4 Power conversion unit. Figure shows the relative size of the unit in
relation to the receiver (73).
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Figure 7.5 Solar dynamic power module receiver. Solar flux enters the receiver
through the aperture and heats the working fluid flowing through the
tubes as shown (73).

Figure 7.6 Solar dynamic power module receiver with a view of the working fluid
tubes and the salt containment canisters (73).

are surrounded by canisters containing a salt. The salt is a eutectic mixture of
lithium fluoride-calcium di-fluoride, LiF' — CaF3, that operates as a phase change
material (see Figure 7.6 for an illustration of the canisters). The latent heat of
fusion of this salt provides thermal energy storage for use during the eclipse portion
of the orbit. During sunlight the salt approaches a fully liquid state. During eclipse
it begins to solidify. In this state the temperature remains fixed at 767°C and is
used to heat the working fluid (85:247). The containment canisters of the salt are
structurally designed to minimize the highly predictable long term creep and the

actual design lifetime is in excess of 30 years (8:323).




Figure 7.7 Turbomachinery of the power conversion unit. The working fluid passes
through the unit turning the turbine and generating electricity (73).

Speed 32,000 rpm
Compressor diameter 16.51 cm
Turbine diameter 19.43 em
Alternator rotor Diameter | 12.12 em

Table 7.2 Turbomachinery design specifications. Note the small size of the actual
rotating parts.

7.2.3.2 Turbomachinery.  The Turbomachinery involved in the unit
are a radial compressor, solid alternator rotor, and a radial flow turbine suspended
on compliant foil bearings that use the inert working gas as the lubricant (8:324)
(see Figure 7.7). Pneumatic separation of the bearings from the rotor results in
no metal-to-metal contact thereby increasing the lifetime. The rotor is the only
continuously moving part in the power system. The turbine and compressor ratios
are low, less than two to one, allowing very rugged, single stage aerodynamic wheels.

Some specifications are included in Table 7.2.

7.2.3.8 Recuperator. The recuperator is a gas-to-gas heat exchanger

which recovers energy from the turbine exhaust to heat the compressor discharge
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flow prior to final heating in the receiver (see Figure 7.4). This has three beneficial

results:

e a reduction in the amount of heating required in the receiver reducing the

necessary size of the concentrator
e a reduction in the quantity of thermal energy storage for the eclipse

e a reduction in the amount of waste heat to be rejected reducing the size of the

radiator (8:324)

7.2.4 Controller. The controller maintains a constant speed on the
turbomachine by a parasitic load radiator which dissipates any excess power. This
is accomplished by sensing the alternators frequency. Power generated varies based
on how the receiver and the power conversion unit accommodate solar flux. At an
inclination of 28.5°, this power ranges from 33.15 kW in a 300 km orbit to 36.42 kW
in a 500 km orbit (8:324).

7.8  SFP Solar Dynamic Power Module

The SFP operation showed a need for power levels in excess of 50 kW ; therefore,
two Space Station Freedom modules would not be enough. Two CBC solar dynamic
power modules providing 35 kW each were chosen to augment ASSET power to bring
the total power available to the SFP to 82 kW. The 35 kW modules chosen are the
same basic configuration as the previously described Space Station Freedom modules
with the following exceptions: L:F salt is the thermal energy storage medium, the
turbine inlet temperature is increased (1,086 K versus 1,006 K), the concentrator
structure is made lighter, and some other masses are changed due to modifications

made to accommodate the new thermal energy storage medium (89:19).

LiF has a 32% greater heat of fusion potential than LiF — CaF; (Space Sta-
tion Freedom salt) but, this advantage is partially offset by a 16% higher specific
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Subsystem Mass kg
Receiver 1255
Radiator 1471

Concentrator 845
Power Control Unit 1010

Structure 486

TOTAL 5067

Table 7.3 SFP Solar dynamic system weights.

volume (89:309). A higher fraction of efficiency is realized due to the melting temper-
ature of LiF being 79°K greater than that LiF — CaF,;. This higher temperature
forces different materials to be used in the construction of the receiver. Different
alloys actually resulted in a reduction in receiver mass as shown in Table 7.3. In
general most of the receiver design is identical to the Space Station Freedom re-
ceiver except for the wall thickness and material, aperture area, and aperture shield

thickness (89:61).

The largest reduction in weight over the Space Station Freedom design came
in the concentrator. The SFP concentrator has the same shape and size, but the
supporting structure was made lighter with new materials. The higher concentration
ratios necessary for higher temperature operation in the receiver required smaller

reflective segments in the truss hex design (89:54).

This 35 kW design provides 22% more power than the Space Station design
with only the minor changes stated above. The higher cycle performance was due to
the increased operating temperature. The size of the module is virtually unchanged

but a benefit of new materials provided a weight reduction.

7.4  SFP Power Demand Calculations

The two module design of the SFP provides 70 kW which adds to the 12 kW
provided by the ASSET arrays. This 82 kW must be distributed to the previously

mentioned systems. The SFP was designed around this available power constraint.
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The actual power demands of the SFP are related to propulsion, truss making and
a variety of ‘base power’ items. How the actual power demands were determined is

discussed in the following sections.

7.5  Power for Propulsion

The power necessary for propulsion alone can be broken into three main modes

of operation:

e orbit transfer
e orbit maintenance (overcoming aerodynamic drag)
e R-bar maneuvering

In the orbit transfer mode of operation, conductors C1 and C2 are positioned in
the radial direction to provide thrust and are the primary power drain during this
operation. For simple orbit maintenance, conductor C5 is oriented in the radial
direction to provide counteracting thrust — the primary power drain. In the case of
R-bar maneuvering, all conductors interact with the Earth’s magnetic field to one
degree or another depending on the exact orientation of the SFP. All conductors
must then be considered in the power analysis. The MATLAB programs discussed
in Chapter VI were used to calculate power requirements for the R-bar and orbit

transfer maneuvers.

7.5.1 Power for Orbit Transfer. There are two possible methods to
calculate the power requirements for an SFP orbit transfer. The first is through the
force on the platform. Recall from Section 6.2.2.4 that the force on the conductor is

given as:

F=niLxB (7.1)
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The rate of orbital energy increase or decrease (depending on the direction of the
current flow) is (55:343):
P=F.V (7.2)

where P is the power, and V is the velocity. This approach assumes that the cur-
rent flow and conductor length are known quantities. In designing the SFP, these
quantities were unknown initially. They depend upon the required capabilities and

configuration of the SFP.

The second method for power determination uses Equation 7.1 along with the
following analysis. These equations were used iteratively as part of the SFP design

process.

The voltage induced across a straight conductor moving through a uniform

magnetic field is (63:119):

Vind = Eina - L= (5 X E) A (73)

Fina = the electrical field induced across the conductor

T = the velocity of the conductor relative to the magnetic field

ol

= the magnetic field
L = the effective length of the conductor

The induced voltage is a function of orbit altitude, inclination, position in orbit,
and position of the orbit plane with respect to the geomagnetic field. If the SFP is
unpowered, current flows strictly due to the voltage induced by the platforms orbital
motion through the Earth’s magnetic field. A complete, closed circuit allows this
current to flow. In the case of an unpowered SFP, induced current flows downward
for eastward orbital motion to produce a braking force on the vehicle in accordance
with Equation 7.1. To operate the system as a thruster, a high voltage dc power

supply is required to provide a voltage greater than the voltage induced in the wire
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by the magnetic field. This will force the current to flow upward and provide a

thrusting force.

The velocity in the preceding equation is the vehicle orbital velocity minus the
velocity of the co-rotating magnetic field (49:C.1). For a circular, equatorial orbit

this is approximated as:

v = — weT (7.4)

G = the gravitational constant
Mg = the mass of the Earth
r = the orbital radius

wg = the Earth’s rotational angular velocity

For low inclination orbits this equation is approximately correct and can be
used for illustrative purposes. Note that no voltage is induced if the conductor is
perpendicular to the induced electric field. When the induced electric field is parallel
to L the induced voltage is (49:C.1):

Vina = ( G_ﬁ-@‘i — wer)BL (7.5)

Assuming that the length of the conductor (in the case of orbit transfer, conductors
C1 and C2) can be oriented to be perpendicular to the B-field, and the velocity
direction throughout the orbit, then the induced voltage will be the scalar product
shown above. Concept development studies have shown the induced voltage can vary
from a minimum of 113 V/km to a maximum of 207 V/km at an orbital altitude
of 500 km (59:463). These values are even greater at altitudes below 500 km. This
induced voltage must be overcome by the power supply if a thrusting force is desired.
Using the circuit illustrated in Figure 7.8 and Kirchoft’s voltage law, this can be

expressed as:

‘/pa = ‘/ind + ‘Rw (76)
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Figure 7.8 Equivalent circuit for thrusting operations of the SFP utilizing just con-
ductors C1 and C2. Note that current flows upward in an orbital sense
due to the fact that V,, is greater than V4.

V,s = the power supply voltage
Vina = the induced voltage across the conductor
¢ = the current flowing through the conductor

R,, = the total electrical resistance of the conductors C1 and C2

R, the C1 and C2 conductors’ total resistance, is the total length of the con-
ductors times the resistance per unit length of the material. Prior to this study,
most work in this area concentrated on the return circuit loop flowing through the
Earth’s ionosphere. The resistance of the ionosphere as well as that of the neces-
sary plasma magneto generators or passive emitters/collectors is not well known or
modeled (55:357). This uncertainty has been avoided by the shielding concept which
allows the return loop to remain aboard the SFP. This makes the resistance of the

circuit just the resistance of the wire.
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Figure 7.9 A force versus velocity plot for the operation of the SFP. When V,, is
greater than V.4, current flows in the conductor in the direction for a
thrusting force (THRUSTING region). If V,, is less than V44, current
flows in the conductor in the direction for a drag force (REGENERA-
TION region). If V,, is connected in the same direction as V.4, current
flows in the conductor in the direction for a larger drag force (PLUG-
GING region).

The power that must be supplied to operate the system as a thruster is given
by:
Pps = z"/ind + ithot = "f‘fps (77)

The sizing of the conductors was based on using a maximum power of approximately

77 kW (82 kW minus 5 kW for base power).

An analogy can be drawn between the SFP operation and the operation of a
dc motor. In Figure 7.9, force versus velocity is plotted for varying voltages. This is
similar to torque versus rotor angular speed in a dc motor. When the voltage of the
power source is greater than V.4, current will flow in the direction that produces a
thrust force on the SFP. The magnitude of this thrust depends on how much greater
Vs is than Vipg. If V,, = Ving, then no thrust or drag force is produced and no power

is expended since no current is flowing.
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Up to this point, the discussion has been focused on thrusting and thereby
increasing the SFP’s altitude in orbit. If a decrease in orbit is required, a net negative
for-e (opposite the velocity direction) must be applied to the SFP. To accomplish
this, current must flow downward in conductors C1 and C2. If V}, is less than V,q4,
then current will attempt to flow in the direction that produces a drag force on the
SFP. This situation could cause problems if the power supply is connected directly to
the circuit as shown in Figure 7.8. Some type of intermediate energy storage/release
device would be necessary in this case, to allow for this reverse current flow. Normal
power supplies do not allow for a reverse current mode. Because of the naturally
generated current from V.4, this vehicle would be a far more efficient generator than
a thruster. The problem is that power generation takes the energy from the orbit by
producing a drag force. Storing this energy for any significant period of time would
take an extremely large battery mass. This option was not considered in the design
study. For completeness, a discussion of this possibility is included in the following

paragraph.

If a battery storage device were present, then the magnitude of the drag will
depend on how much less V,, is than Vj,q. If V,, equals zero, the current will
flow simply due to Vi,q. The mode of operation, 0 < V,; < V,n4, can be labeled
‘regeneration’ since orbital energy is being converted to electrical energy and has
the potential to be stored and used later. Current, in this case, will be in the drag
direction and has the capability to be quite large if V,, is much less than V4. If
the direction of the power supply voltage is reversed to cause current to flow in
the drag direction, then the power supply voltage and the induced voltage woula
be cumulative and would cause very large current flows in the drag direction. This
mode of operation is called ‘plugging’ and is unachievable with the SFP design due
to the high current flows. It is also unnecessary since the SFP could decay its orbit

in a sufficient period of time due strictly to V,, being less than V,4.




The final SFP design does not use this variable voltage battery storage method
to power the conductors during thrust and drag operations. It was decided instead
to use dynamic braking in which additiunal resistance is switched into the circuit to
replace the power supply. This however, has the potential for heat transfer problems
if the current is not modulated correcily. The SFP is designed so that the core
temperature of the shielded wire never exceeds 438.0°C. This restriction was placed
so that the danger of melting the conducting wires was never approached. The
analysis of this heat transfer problem is discussed in Appendix K. The current flow
that corresponds to this temperature is 300 A. Operation in the drag mode, due
to Vina alone, makes some type of resistance necessary to keep current flow under
this level. The voltages induced by motion through the magnetic field would cause
current flows much greater than this limit if opposed by only the resistance of the
wire. For example, in a 300 km equatorial orbit, Equation 7.5 yields an induced
voltage of 1,927 volts. Using Vinq = R, yields a current of over 2,300 A for the
SFP. This is almost an order of magnitude greater than the SFP design constraint.
Therefore a switch is provided to take the power supply out of the circuit for drag
operations and connect a variable bank of resistors in its place. This is illustrated
in Figure 7.10. A variable resistor is needed to modulate the current flow as the
B-field changes. A minimum resistance of 5.59 1, in addition to the resistance
provided by the conductor wires themselves (0.84 ), is necessary to modulate the
current below 300 A at an altitude of 300 km. The SFP uses a variable resistance
bank that modulates the current flows from 0.1 to 300 A in conductors C1 and
C2. At higher altitudes these resistances will be less due to the decrease in induced
voltage. Therefore the minimum resistance necessary will be lower than the value
stated for 300 km. The actual resistance needed for modulation of current varies
from 20,000 §2 down to approximately 1 2 over the altitudes of 300-500 km. The
forces corresponding to these values vary from 0.027 N up to 80.19 N at 300 km
and 0.009 N up to 28.81 N at 500 km.
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Figure 7.10 Equivalent circuit for orbit transfer drag maneuvering operations of the
SFP utilizing conductors C1 and C2. A switch is provided to take the
power supply out of the circuit and replace it with a variable resistance,
R,. This allows for modulation of current flows.

7.5.2  Power for R-bar Maneuvering.  R-bar maneuvering used the same
analysis as described in the previous section with the exception that all conductors
were included in the model. For a typical R-bar maneuver, conductor C5 is in the
radial direction, and is the primary contributor to any induced voltage problems due
to the orbital velocity of the vehicle. With varying degrees of roll, pitch and yaw,
other conductors can place a significant component of their length in the radial direc-
tion and can therefore greatly increase power requirements through larger induced
voltages. It was recognized early in the design process that this situation would drive
the major power concerns of the study. Figure 7.11 provides an illustrative circuit
diagram that will help explain the power situation for an R-bar maneuver. Although
some individual conductors have current flowing in the drag direction, the overall
force necessary causes a thrusting current out of the power supply. This situation is
unique to R-bar maneuvering. The opposite direction currents being generated by
dragging conductors can then be used in thrusting conductors, reducing the overall

power demand.
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Figure 7.11 Equivalent circuit for R-bar maneuvering operations of the SFP uti-
lizing conductors C1 through C10. Conductors C1 through C5 can
have induced voltages because they are partially shielded. They are
the first five loops shown in the above figure. Conductors C6 through
C10 cannot have induced voltages because they are totally unshielded
coils. They are the second five loops shown in the above figure and are
modeled as simple resistances.

7.5.3  Orbit Maintenance. At 300 km, aerodynamic drag losses cause
the SFP to decrease its orbit 14 km over a four day period. This is a worst case
profile of the SFP. Refer to Section 6.2.1 for a complete discussion and analysis of
this subject. The nominal configuration of the SFP is with conductor C5 in the
radial direction. Overcoming drag at 300 km (the lowest operational altitude) costs
15.0 kW of continuous power for an inclination of 28.5° and 13.8 kW for an equatorial
orbit. The power drain for orbit maintenance reduces as the SFP gains altitude
due to the reduction in drag. This is counteracted however, by a reduction in the
strength of the B-field. At 500 km (the highest operational altitude), the necessary
power to overcome drag forces is 14.5 kW and 13.2 kW for 28.5° and equatorial
orbits respectively. At this altitude drag forces would decrease an unpowered SFP’s

altitude by only 3 km in a four day period.

7.6  Truss Maker and Other Equipment Power

The power required to run the following is included iu this section:
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o truss maker — welder, drive wheels, graspers, etc.
e SFP servicing system

e control and communications

e miscellaneous

The truss maker and its associated equipment use 7 kW when operating at the
maximum rate. The SFP servicing system takes a maximum power of 2 kW. The
docking system is modeled as utilizing up to 2 kW during docking operations. Since
the docking system will be utilized for only a short period of time, this amount
can be included with the servicing system power drains. A base power will be
needed for teleoperation, communications links, lights and cameras as well as other
miscellaneous needs. Due to the complexity of the SFP, 5 kW of power is reserved

for this need.

7.7  Overall SFP Power Usage

It is difficult to quantify the exact power being drawn by an SFP subsystem
at any instant in time. Its fabrication capability means that it operates in a diverse
and dynamic manner. As such, rather than provide a detailed list of power drains,
a worst case analysis will be used. In other words the power used at theoretical
maximum usage of the particular subsystems will be added together to give a total

demand.

It was determined during the ASSET study that actual salvage of material
from an external tank should occur at an altitude of 300 km and would require
approximately five days. Power concerns for the SFP during reduction operations is
summarized in Table 7.4. During salvage operations, power concerns are related to
external tank reduction, base power concerns, and orbit maintenance. This requires

34 kW of power, leaving 48 kW available. If necessary the truss maker could be
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SFP System Power Used kW
Reduction Equipment 12
Command, Control and Communications 5
Servicing System 2
Orbit Maintenance 15
TOTAL 34

Table 7.4 Power concerns for the SFP during salvage operations at 300 km.

operated concurrently with external tank reduction. This would be done as material

becomes available and would drain an additional 7 AW from the power supply.

Subtracting out the 5 kW of base power leaves a total of 77 kW available for
propulsion to accomplish an orbit transfer or an R-bar maneuver. This is an adequate
amount of power to achieve the required performances and capabilities outlined in
Section 3.2. With conductors C1 and C2 in the radial direction, an orbit transfer,
with a full payload of one external tank, from 300-500 km can be accomplished
in 18.74 days for an inclined orbit of 28.5°. Without an external tank it takes just
11.98 days. These are constant power transfers; the current is modulated to maintain
this power level as the B-field changes. If time to transfer is not critical, the power
available for propulsion can be reduced and other activities can be undertaken. In
other words, trusses can be made while enroute to their final destination. Truss
making uses 7 kW of power for a time period of approximately 2 days. This would
leave 70 kW for propulsion for the first 2 days and thereafter 77 kW. This would

not significantly affect the stated time to transfer.

For an orbit reduction, only the 5 kW of base power is used by the SFP. All
forces on the vehicle are provided by the induced currents flowing in conductors C1
and C2. If modulated to a constant flow of 100 A the transfer from 500 to 300 km
would take only 15 days. If run at 300 A, transfer would occur in only 3 days, but

heat transfer problems could possibly occur in the resistor for this level.
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7.8  Power Summary

The result of the power survey and trade off analysis was a 70 kW closed
Brayton cycle that augments the 12 kW of available ASSET power. This 82 kW of
power available was metered to the various subsystems of the SFP. This level of power

greatly influenced the actual design process of the SFP discussed in Section 6.3.
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VIII. Remote Manipulators
8.1  Introduction

The assembly and mission ready operations of the SFP depend heavily on
remote manipulators. This chapter conceptually identifies the two manipulator sys-
tems for the SFP: the servicing system and the docking system. Both systems are
derived from the components of the proposed mobile servicing system developed for
Space Station Freedom by SPAR Canada. The Space Station Freedom system is a

natural extension of the already proven shuttle remote manipulator system.

When applicable, the component associated with the Space Station Freedom
system will be identified to assist in the explanation of the component proposed for
the SFP. Many of the operating limits and procedures for the Space Station Freedom
system are still in the design phase. Those operating limits and procedures that have
been resolved serve only as realistic guidance for their use in this application. They
do not limit the SFP systems in this conceptual analysis. Future engineering for

specific applications on the SFP is required.

8.2  Servicing System

8.2.1 Purpose. Similar to the mobile servicing system of the Space
Station Freedom (42:7.2), the servicing system of the SFP will play a predominant
role in:

e construction and assembly
e maintenance and servicing
e monitoring and inspecting

e truss making

payload handling

EVA support




8.2.2  Components and Procedures.  The servicing system consists of two
independent manipulator systems primarily assigned to each side of the main inte-
grated truss. A complete manipulator system is comprised of the following primary

components:

e a mobile base
e a heavy manipulator
e a dextrous manipulator

The two ends of the heavy manipulator possess heavy latching devices. A heavy
latching device is an end effector for grappling heavy grapple fixtures. Figure 8.1
utilizes a Space Station Freedom illustration to identify the primary components of

one SFP manipulator system and the associated grappling mechanisms.

Figure 8.2 utilizes an illustration of a Space Station Freedom power and data
grapple fixture to identify a heavy grapple fixture for the SFP. The heavy grapple fix-
ture is made up of two components: a circular base with a 0.65 m radius, and a screw
on guide post with a 0.27 m length. On Space Station Freedom, the grapple fixture
is designed to withstand moments of 4,270 N - m and loads of 1,000 N (82:D.11-
D.15). Figure 8.3 identifies a heavy latching device in a pre-grapple or post-grapple

position.

The result of grappling a heavy grapple fixture is the rigidization of the heavy
manipulator to an object. The object may be a payload or a structure secured to the
SFP (anything with a heavy grapple fixture). If the appropriate electrical connectors
have been installed in the grapple fixture, power, data, and video can be transmitted
for controlling the heavy manipulator. In figure 8.1, one latching device of the heavy
manipulator is grappled to a heavy grapple fixture on the mobile base and the other
latching device is grappled to a heavy grapple fixture on the dextrous manipulator.
The words primarily assigned were chcsen because the heavy latching devices on

each end of the heavy manipulator can grapple any heavy grapple fixture associated
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Figure 8.1 One complete manipulator system. The servicing system of the SFP
consists of two independent manipulator systems primarily assigned to
each side of the main integrated truss (82).




Figure 8.2 The heavy grapple fixture provides a grasp area and guide post for a
heavy latching device. When integrated with the appropriate electrical
connectors, it can facilitate the transmission of power, data, and video
for controlling a manipulator (82).

HBEAVY LATCHING
DBEVICE

]
HEAVY GRAPPLE
FIXTURE

Figure 8.3 A heavy latching device in a pre-grapple or post-grapple position.

8-4




Figure 8.4 The Space Station Freedom mobile base attached to its integrated truss.
The remainder of the manipulator system can be mounted to the mobile
base, and the entire system can traverse the length of the integrated
truss (82).

with the SFP. There is no requirement for the heavy manipulator to remain grappled

to the mobile base or to the dextrous manipulator.

8.2.2.1 Mobile Bases.  Mobile bases for the SFP are attached to rails
on the integrated trusses. Figure 8.4 is a Space Station Freedom illustration of a
mobile base attached to an integrated truss. With a heavy manipulator grappled to
a mobile base, and a dextrous manipulator grappled to the heavy manipulator, the
manipulator system is capable of traversing the entire leugth of an integrated truss.

It can perform or assist with work anywhere within its expanded reach.

There are four mobile bases planned for the SFP: one on each side of the
main integrated truss and one on each of the cross integrated trusses. They will
provide the two heavy manipulators and two dextrous manipulators with mobility
throughout the platform. When a manipulator system is configured on the main

integrated truss, it will primarily assist with truss making operations, and when a

8-5




manipulator system is configured on a cross integrated truss, it will primarily assist

with power system servicing.

Similar to the mobile remote servicer base and the mobile transporter of the

Space Station Freedom (61:341), the mobile base of the SFP provides:

e an EVA workstation for direct control of the grappled manipulators
e an umbilical for external control of the grappled manipulators

e space for storing dextrous manipulator tools

e attachment points for transporting payloads

e cameras and lighting for automatic tracking and grappling

e cameras and lighting fo monitoring and inspecting operations

8.2.2.2 Heavy Manipulators. The heavy manipulators of the SFF
are identical to the Space Station Frcedom remote manipulator in appearance and
functions (see Figure 8.5). They are 17.6 m serial linked manipulators with seven
rotary joints. Three wrist joints are clustered at each end and one elbow joint is in the
middle. From the elbow joint out to the heavy latching device on each wrist, they
are completely symmetrical and identical in functions. Because of the previously
described capability to transmit power, data, and video information through the
heavy grapple fixtures into the heavy latching devices, appropriately placed and
electrically configured heavy grapple fixtures can command a heavy manipulator to

walk around the SFP.

As the name implies, the heavy manipulator is designed for manipulating heavy
objects. Heavy objects associated with the SFP aie objects with a mass in excess
of 1,000 kg. The Space Station Freedom remote manipulator is being designed
to manipulate payloads as massive as 136,000 kg (71:34). Also similar to Space
Station Freedom applications (79:38-39), the heavy manipulator of the SFP has the

capability to grapple heavy payloads and transport them across the platform via the
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Figure 8.5 One 17.6 m heavy manipulator with seven joints. It is symmetrical
about the elbow joint and can grapple any heavy grapple fixture (82).

mobile base. It can extend the reach and subsequent capabilities of the dextrous
manipulator, and it can carry a suite of cameras and lighting for automatic tracking

and grappling, or monitoring operations.

8.2.2.3 Dextrous Manipulators. The dextrous manipulators of the
SFP are modeled aiter the special purpose dextrous manipulator of the Space Station
Freedom (see Figure 8.6). Each manipulator consists of a base, an articulated body,
two seven degree of freedom arms, and a head with cameras and lights. The base
section has a heavy r.apple fixture on one end to allow grappling with the heavy
manipuiator. The other end of the base section has a fully functional heavy latching
device of its own. This gives a heavy manipulator the capability to grapple objects
via the base of the dextrous manipulator. The dextrous manipulator can work on
the heavy objects while they are attached in this fashion. If a heavy grapple fixture
is appropriately configured with electrical connectors, and a dextrous manij "lator

is grappled to it, the dextrous manipnlator can be commanded through the heavy
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Figure 8.6 One dextrous manipulator. It can grapple any heavy or dextrous grapple
fixture and/or be grappled by the latching device of a heavy manipula-
tor (61).

grapple fixture. It does not have to be grappled with a heavy manipulator or a

mobile base.

The body of the dextrous manipulator can fold or unfold to allow access to
difficult work areas. It also serves as a storage rack for the many tools that can be
attached to the manipulator arms. The proposed tools for the dextrous manipulators

are:

e dextrous latching device

e non-standard grasping device

e socket drive

e grapple fixture guide post removal and replacement tool

The dextrous latching device facilitates grappling an object with a dextrous
grapple fixture. This feature allows a dextrous manipulator to transport low mo s

objects (objects less than 1,000 kg) or rigidize with objects to increase precision for
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work with the other manipulator arm. When precision is required, one arm acts
as a stabilizer for the other. The dextrous grapple fixture is identical to the heavy
grapple fixture in appearance and ultimate function. It is lighter and smaller than
a heavy grapple fixture, and does not have electrical connectors. The dimensions
of the dextrous grapple fixture are a 0.30 m radius base, and a 0.10 m guide post

length.

The non-standard grasping device gives a dextrous manipulator a limited ca-
pability to grasp an object, or an area of an object, that does not have a dextrous

grapple fixture. It resembles a small vice grip in appearance and function.

The socket drive allows the dextrous manipulator to manipulate a standard

head bolt.

The grapple fixture guide post removal and replacement tool screws the guide
post in and out of both the heavy and dextrous grapple fixture. It is used extensively
in the truss making process for handling and storing items — including the truss

product itself.

Additional or modified tools can be developed to assist in future operations.
Similar to the special purpose dextrous manipulator of the Space Station Free-
dom (79:35), the dextrous manipulator of the SFP will have the following capa-
bilities:

e connecting/disconnecting utilities

e attaching/detaching interfaces and covers

e mating/demating connectors

e removing/replacing components

e manipulating hinged mechanisms such as panels and doors
e providing lighting and cameras for EVA crews

e providing lighting and cameras for automatic tracking and grasping
p g highting g g
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e providing lighting and cameras for monitoring and inspecting operations

The dextrous manipulators, combined with heavy manipulators and mobile
bases, define the SFP servicing system. Its capabilities make it an integral part of

assembly and mission ready operations for the SFP.

8.2.8  Control.  The mobile servicing system for Space Station Freedom
will be controlled from an EVA workstation at the base of the remote manipulator, a
workstation inside the shuttle, or a workstation inside its habitation modules (42:7.6).
There are no plans to control the Space Station Freedom mobile servicing system
from the ground. Because the SFP does not have habitation modules, its servicing
system will be controlled from an EVA workstation, a shuttle workstation, or — to

a limited extent — a ground workstation.

When controlling from the ground, there will be time delays of up to 10 sec
between ground control inputs and servicing system responses (36:78). This sig-
nificantly hinders operations that require real time feedback like grasping a moving
object with a manipulator. However, carefully preplanned automated operations can
be accomplished without complications. Inspections for maintenance, transportation
of payloads, and preprogrammed grapples are not unreasonable applications (36:80).
The designed capability to command any manipulator from any electrically config-
ured heavy grapple fixture also enhances the feasibility of controlling from remote
locations, such as the ground. Section 11.3 provides further analysis of SFP manning

and control issues.

The requirements for the servicing system workstations in space are: video
monitors, two three degree-of-freedom hand controllers (one translational and one
rotational), and manipulator selection switches (see Figure 8.7). Control systems
internal to the workstations must transform six axis control inputs into the proper
commands for seven jointed manipulators. They will be augmented by six axis

force/torque sensors in all the manipulator wrists. The sensors feedback force and
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Figure 8.7 Possible configuration for a servicing system workstation. The worksta
tion could be located on the ground or in a space shuttle (61).

torque information during contact with objects. Additional ground workstation re-
quirements include a world model of the work site stored in memory for collision

avoidance and trajectory planning.

8.8  Docking System

8.3.1  Purpose. In rendezvous terminology, docking identifies the use of
on-board propulsion systems to join the docking ports of any two orbiting vehicles.
The term berthing refers to accomplishing the same task by using a robotic arm to
control the relative motion of the vehicles. Space Station Freedom planners prefer
berthing over docking because relative velocities and impact loads between the ve-
hicles are considerably reduced and the adverse affects of plume impingement from

the propulsion systems do not exist (88:120).

The following procedures describe the berthing process currently planned for
the rendezvous of a space shuttle and Space Station Freedom (18:28). When the

shuttle reaches a position where the remote manipulator of Space Station Freedom
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Closing Velocity 0.005 + 0.001 m/s

Lateral Velocity + 0.002 m/s
Pitch, Roll, and Yaw Angular Velocity + 0.1 deg/s
Lateral Misalignment + 0.040 m

Pitch, Roll, and Yaw Angular Misalignment | + 1.5 deg

Table 8.1 The docking contact requirements for Space Station Freedom and the
European space plane (Hermes) (87:14).

can grapple the shuttle grapple fixture, the relative velocity between the shuttle and
Space Station Freedom is reduced as close as possible to zero (simulation has shown
typical values of .007 m/s). After. achieving this position, the attitude control sys-
tems of both the shuttle and Space Station Freedom are inhibited, placing both in
free drift. At that time, the remote manipulator operator of Space Station Freedom
has approximately five minutes to capture the space shuttle grapple fixture before
the two bodies drift out of the manipulator’s range. Free drift for both the shuttle
and Space Station Freedom is required to minimize the loads on the remote ma-
nipulator during berthing. Although serial linked manipulators are highly flexible,
they are relatively weak, especially when they are in motion (50:6). After capture,
approximately 12 more minutes of free drift are necessary to maneuver and rigidize

the two bodies (4).

If grappling capabilities do not exist between Space Station Freedom and a
different arriving vehicle — as is the case for the planned European Space Plane
(Hermes) — docking agreements mandate stringent operational requirements. Ta-
ble 8.1 identifies the contact requirements for the docking of Space Station Freedom
and Hermes (87:14). Note that the maximum closing velocity allowed (0.006 m/s)
is less than the typical minimized relative velocities achieved by the space shuttle in

the previously described berthing simulations (0.007 m/s).

Both the planned berthing procedures and alternative docking requirements

for Space Station Freedom have undesirable attributes. The berthing procedures
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are complicated by the capabilities of the remote manipulator, and the docking
requirements are difficult to achieve with conventional propulsion systems. The
electrodynamic propulsion system of the SFP provides solutions to these problems.
Electrodynamic propulsion is continuous and variable. With the tracking capability
of the designed controller — demonstrated in Appendix M — relative velocities
and impact loads can be minimized for safe docking. Also, electrodynamic propul-
sion eliminates the plume impingement problem. With docking achievable, remote

manipulator berthing procedures are not required.

A simple remote manipulator has been developed to assist with SFP docking

applications. [ts purpose is to:

e enhance the delivery envelope of the SFP
e grapple arriving external tanks

e secure external tanks to the SFP

8.8.2 Components and Procedures. The docking system has three degrees-
of-freedom (one translational and two rotational). It consists of a scissor extender
— driven by a power screw and mounted above the truss maker — with a two
degree of freedom heavy duty wrist at its apex. The wrist serves as a platform for
a heavy/dextrous latching device (see Figure 8.8). Although the power screw and
wrist configuration is relatively low in flexibility, it can be designed for strength. The

latching device can grapple any object with a heavy or dextrous grapple fixture.

Despite the limited flexibility, three degrees-of-freedom designed into the dock-
ing system will enhance the delivery envelope of the SFP. Payloads with grapple
fixtures built into them — like trusses — can be extended and rotated to arrive
at a target in a desired orientation without changing the attitude of the SFP (see
Figure 8.9). The procedure will be to rigidize the docking system once the desired

orientation is achieved, and dock the payload to the target with the precision elec-
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Figure 8.8 The docking system permanently mounted on the truss maker. The
heavy latching device can grapple a dextrous latching adaptor for dex-
trous grappling capabilities.

DOCKING SYSTEM

TRUSS MAKER

Figure 8.9 The docking system delivering a truss at a desired orientation.

8-14




trodynamic propulsion system of the SFP. Because of the docking system strength,

inkibiting the target attitude syste.n prior to docking will not be required.

In the case of receiving an external tank, the procedure will be similar. As
described in Section 4.3, the external tank will be modified with a heavy grapple
fixture prior to launch. The space shuttle will carry the external tank into orbit and
serve as its attitude control system until i»ndezvous. At orbit altitudes, a separated
external tank will remain stable for a small period of time without an attitude
control system, but studies have shown a shuttle attached to an external tank will
insure its stability (1). Section 11.9 provides further analysis on this subject. At the
rendezvous position, the SFP will maneuver the extended rigidized docking system to
grapple the heavy grapple fixture of the external tank. The shuttle will then release
the external tank, and the docking system will completely retract the external tank

to a secured position flush with the truss maker.

8.3.8 Control. The docking procedures can be implemented from the con-
trol locations of the servicing system: an EVA workstation, a shuttle workstation,
or — under preplanned automated operations — a ground workstation. The shuttle
workstation for the servicing system will also incorporate SFP maneuvering capabil-
ities to execute docking procedures. Maneuvering the SFP, via the electrodynamic
propulsion system, for docking requires real time feedback and will not occur from
the ground. It is feasible for an advanced target — like a large telecommunication
platform — to posses and operate a space shuttle type workstation as well. In this
scenario, the SFP could be flown to the vicinity of the platform, and a delivery prod-
uct could be positioned for delivery, via ground control. Then, control commands
from a habitation module on-board the telecommunications platform could complete

the remainder of the docking procedure.
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The docking system combined with the electrodynamic propulsion system de-
fine the docking components and their capabilities. This combination facilitates

simple, reliable docking procedures that are truly unique to the SFP.
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IX. SFP Assembly
9.1 Introduction

This chapter includes a basic truss design and a conceptual sequence illustrat-
ing a method to bring the SFP to an operational mode in as few shuttle missions
as possible. The final SFP design is shown in Figure 9.1. An illustration of the
conductors within each integrated truss is shown iL Figure 9.2. Complete assembly
of the SFP can conceivably be accomplished in eight shuttle missions. After these
eight missions, the SFP will be fully operational and can accept an external tank for

reduction on every subsequent shuttle mission.

9.2  Truss Considerations and Design

Due to the total length of the main, cross and orthogonal integrated trusses
(137 m), the question of how these trusses are designed, built and placed into orbit
comes to mind. It was originally thought that SFP produced trusses could be used to
construct the entire platform. The feasibility of such a concept was quickly negated
for several reasons. First, the need to place a large bundle of wire inside the truss
would be a difficult EVA task for an astronaut. Second, the wire bundles, shielded
and unshielded, must be separated by at least 1 m to prevent magnetic interference
(reference Appendix L). This would require attaching the conductors to the outside
of the SFP trusses causing a significant amount of interference with other equipment.
Third, the necessity of providing rails on the outside of the trusses so the SFP
servicing system can traverse the entire length of the platform would be a time
consuming EVA task. These rails would have to be attached to the SFP truss after
its manufacture and could only be attached to the two sides without the previously
mentioned conductors present. Fourth, power distribution equipment, batteries and
any other miscellaneous equipment would be difficult to attach internally (the only

space available with the rails and conductors occupying the external faces of the
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Figure 9.1 An illustration of the final design of the SFP. The main, cross, orthogo-
nal and coiled conductor integrated trusses as well as the solar dynamic
power modules, augmentation thrusters, and truss maker must all be
carried into orbit by the space shuttle.

Figure 9.2 Layout of the conductors that must be located within the confines of
the integrated truss structures.
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Figure 9.3 Cross-section of an integrated truss.

truss) to the SFP trusses by astronauts. This led to the conclusion that using
SFP fabricated trusses to build the platform was infeasible and it would be easier
to manufacture integrated trusses on Earth and assemble them in orbit with the

assistance of the space shuttle and crew.

A similar conclusion was made by the designers of Space Station Freedom.
Space Station Freedom trusses were originally designed to be assembled from pieces
by EVA astronauts. A massive redesign effort culminated in the design of a pre-
integrated truss structure (69:1). The pre-integrated structure has the advantages
of simple orbital construction and gives the capability for ground checkout and ver-
ification of truss segments prior to launch. In addition, the pre-integrated truss is
complete with all the necessary subsystems, utilities and mechanisms. Simplifying
construction, minimizing EVA and verifying truss segments prior to launch are three
very beneficial attributes the SFP trusses should have. As such, the decision was

made to adopt an integrated truss structure for the assembly of the SFP.

A cross-section of an SFP integrated truss is shown in Figure 9.3 The shielded
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Figure 9.4 The unpressurized berthing adapter. This adapter is left with the or-
biting vehicle. It provides a berthing mechanism that the shuttle arm
can grapple and mount into its cargo bay (70).

and unshielded portions of the conductor coil are attached to the inside of the in-
tegrated truss structure. This provides sufficient separation between the conductors

and allows for the placement of other equipment within the confines of the truss.

Space Station Freedom pre-integrated truss structure is assembled in the fol-
lowing manner (69:3): Assembled sections of truss are completely outfitted and
checked on the ground. They are left intact and fitted into the shuttle cargo bay for
launch. Upon reaching orbit, the truss section is attached to neighboring sections.
An unpressurized berthing adapter (shown in Figure 9.4) is attached and left with
the first segment (70:6). On subsequent missions, the shuttle berths with the orbiting
segments via this device. The shuttle manipulator arm grapples the unpressurized
berthing adapter and fixes it to a mounting device within the shuttle cargo bay.
Additional truss segments can then be attached with the shuttle manipulator arm.
The actual segment to segment attach mechanism consists of a capture latch, to hold

the segments together in relative alignment, followed by motorized connecting bolts
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Figure 9.5 Layout of the basic integrated truss design of the SFP located within
the confines of the space shuttle cargo bay (70).

engaged at each mating longeron (70:8). The same basic assembly process is used

to construct the SFP from integrated trusses.

The design of the SFP integrated truss is influenced by a variety of factors.
The space shuttle cargo bay imposes the following restrictions upon any structure —
a maximum 4.5 m diameter and 13.7 m length (70:2). The actual length of the
shuttle bay is 18.3 m but, the unpressurized berthing adapter and other miscellaneous
cyuipment occupies a portion of the bay nearest the shuttle nose. If a 4.5 m diameter
truss was used for the SFP a minimum of ten shuttle missions would be needed to
just bring the trusses into orbit. Since the only significant restriction on truss design
was the necessity to have the shielded and unshielded conductor portions 1 m apart,
a 2 m octagonal truss design was chosen. This meant that 2 segments could be
carried per mission and the number of missions for just truss work was reduced to
five. An illustration of the basic truss shape within the confines of the space shuttle
cargo bay is shown in Figure 9.5. It was also decided to construct the SFP integrated
trusses from the same aluminum alloy as Space Station Freedom — Al-2219 (69:9).

A finite element model of a basic truss structure is analyzed within Appendix E. The
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main, cross and orthogonal trusses all share the same basic design with the minor

exceptions outlined in the following paragraphs.

The main integrated truss (50 m in length and housing conductors C! and
C?2) has rails on all four flat faces. This allows for two mobile bases to be placed on
opposing sides of the truss, the truss maker on top and the unpressurized berthing
adapter on the bottom. Mobile bases and heavy manipulator arms on opposing sides
provide the capability to reach both sides of an external tank when it is seated atop
the truss maker. The rail on the top allows the truss maker assembly to move for the
purpose of center of mass management. The bottom rail allows the unpressurized
berthing adapter to move so the shuttle can berth at various points. This is extremely

useful during the construction phase of the SFP.

The cross integrated trusses (38 m in length with either conductors C3 or C4
depending on which side it is) need only one rail on any side. This allows a mobile
base to be placed on each cross truss. A heavy manipulator can then transfer from a
mobile base on the main truss to a mobile base on the cross truss. This is necessary
so the servicing system can access and build the solar dynami. power modules and
ASSET photovoltaic arrays. Note that the first 25 m of the cross truss houses the
conductors, while the remaining 5 m is to ensure clearance for the power systems and
house a rotary joint. A solar alpha rotary joint is located between the two sections of
cross truss so the power module and arrays are able to remain inertially oriented and
track the sun throughout an orbit (70:9). The joint allows for 360° of rotation while
providing structural and electrical continuity between segments and is illustrated in

Figure 9.6.

The orthogonal integrated truss (27 m in length housing conductor C5) does
not have any rails. It does contain an attachment rack to store the trusses produced

by the SFP. The rack is described in Section 5.3.9.

The coiled conductor integrated truss (4.3 m in diameter by 4.86 m in length

housing conductors C6 through C10) does not share the same basic design as the
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Figure 9.6 The solar alpha rotary joint that allows the power subsystem to remain
inertially oriented and track the sun throughout the orbit.

others. A larger structure was necessary to house the coiled conductors and to
allow for attachment points. These points allow for easy connection of the cross and

orthogonal trusses.

9.3  Assembly of the SFP

The following section describes the conceptual assembly of the SFP. It contains

a mission by mission synopsis which outlines the major events taking place.

9.3.1 Mission I. The payload for mission 1 includes 17 m of integrated
truss, the truss maker’s frame and all truss making associated equipment. Refer to
Figure 9.7 for the discussion of this mission. To begin the mission, the space shuttle
approaches and matches the ASSET vehicle orbit and starts assembling the above
listed components (sce Figure 9.7a). Similar to the assembly plans of Space Station
Freedom, the sections of truss are attached to the berthing adaptor and translated
over the shuttle’s nose so the next section can be attached (see Figure 9.7b and c).
Due to shuttle bay size, the 17 m truss is brought in two sections— a 13.5 m length

and a 3.5 m length. The 13.5 m section is attached to the berthing adapter via the
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Figure 9.7 Mission 1 to build the SFP. One 17 m section of the main integrated
truss and the truss maker’s frame, with associated equipment, are
brought into space, assembled, and attached to the ASSET vehicle.




shuttle manipulator arm and then translated forward so the 3.5 m section can be
attached (see Figure 9.7c). Final attachment is accomplished with remote capture
latches and motorized bolts. Once this has been accomplished, EVA astronauts can
begin assembling the truss maker (see Figure 9.7d). A complete description of the
truss maker can be found in Section 5.3. The truss maker frame is approximately
10 m in length and is built in the center of the 17 m section. After the truss maker

assembly is complete, the shuttle is maneuvered to berth with the ASSET facility.

The shuttle must be facing the ‘front’ of ASSET so its manipulator arm can
reach a grapple fixture on the ASSET vehicle. Note that for the purposes of this
chapter ‘front’ relates to the portion of the SFP vehicle where the nose of the external
tank is and ‘rear’ corresponds to the opposite end. Two heavy grapple fixtures have
been added to the external tank prior to its launch (this is discussed in Section 4.3).
One grapple fixture is located on the intertank structure directly opposite the forward
space shuttle mount fixture. The second heavy grapple fixture is offset to the side.
Or.ce in position, the shuttle manipulator arm grabs the offset heavy grapple fixture
on ASSET and places ASSET onto the SFP docking system located on the top
portion of the truss maker assembly (see Section 8.8 for a description of the docking
system). Figure 9.7e is an illustration of this task. The shuttle then returns to Earth

leaving behind the berthing adapter for future missions.

9.3.2 Mission 2. The payload for mission 2 includes two 13.5 m sections of
the main integrated truss. The following discussion refers to Figure 9.8. The shuttle
approaches ASSET from the ‘rear’ and grabs the berthing adapter left behind on the
previous mission (see Figure 9.8a). The berthing adapter and the attached vehicle
(ASSET and first mission SFP) are maneuvered and placed on the mounting point
inside the shuttle bay (see Figure 9.8b). A 13.5 m section of truss is then added
to the main integrated truss (see Figure 9.8c). Unfortunately, this section cannot
be translated rearward because of the clearance necessary between the shuttle’s tail

and the rear of ASSET. This situation precludes the shuttle manipulator arm from
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Figure 9.8 Mission 2 to build the SFP. Two 13.5 m segments of the main integrated
truss are brought up and attached to either end of the assembled truss.

9-10




reaching the front of the main integrated truss and another method has to be found
to attach the second 13.5 m section of truss to the ‘front’. In order to attach the
13.5 m section to the ‘front’, the shuttle must release the berthing adapter and
reposition to the ‘front’ of ASSET (see Figure 9.8d and e). While the shuttle is
repositioning, the berthing adapter translates to the ‘front’ portion of the integrated
truss. The shuttle then re-berths with the vehicle and adds the final 13.5 m to the
‘front’ of the integrated truss (see Figure 9.8f and g). At this point, 44 m of the
30 m main integrated truss is complete. Mission 2 is done and the shuttle can return

to Earth.

9.3.3  Mission 3.  The payload for mission 3 includes the last 6 m of the
main integrated truss, the SFP servicing system and the coiled conductor integrated
truss. Refer to Section 8.2 for a complete description of the SFP servicing system.
The coiled conductor integrated truss is 4.86 m in length and 4.3 m in diameter
(a complete description can be found in Section 6.3.9). The following discussion
refers to Figure 9.9. The shuttle approaches the vehicle from the ‘rear’, attaches
to the berthing adapter perpendicular to the main integrated truss and places the
final 6 m on the main integrated truss (see Figure 9.9a and b). Two independent
mobile bases and their associated heavy manipulators are then attached to oppos-
ing side rails of the main integrated truss (see Figure 9.9c). This allows them to
translate the entire length of the truss. The SFP servicing system is installed prior
to the coiled conductor for the purpose of attaching the coiled conductor integrated
truss. Space shuttle manipulator arm reach limitations and possible conflicts with
the shuttle wingtip clearance makes it necessary for one of the SFP manipulators to
attach the coiled conductor integrated truss. As shown in Figure 9.9a, the shuttle
must berth perpendicular to the main integrated truss at the ‘rear’ end of ASSET.
Possible interference with the ASSET solar arrays precludes berthing at the ‘front’
end. Perpendicular berthing also allows easier access to the shuttle bay by the SFP

remote manipulator. As shown in Figure 9.9d, e, and f, the SFP manipulator grap-
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b)

Figure 9.9

g)

Mission 3 to build the SFP. The last 6 m of the main integrated truss
is connected. A portion of the SFP servicing system, consisting of two
remote heavy manipulators and mobile bases, are placed on either side
of the main integrated truss, and the coiled conductor integrated truss
is attached.

9-12




a) b)

c)

Figure 9.10 Mission 4 to build the SFP. The z-axis augmentation assemblies are
attached to either end of the main integrated truss, and the two mobile
bases are temporarily placed on the main integrated truss, awaiting the
arrival of the appropriate cross integrated truss.

ples the coiled conductor assembly, removes it from the shuttle bay and rotates it
parallel to the main truss. The SFP arm then translates forward and attaches the
assembly to the midpoint of the main integrated truss (shown in Figure 9.9f and g).
Once this connection is made the coiled conductor assembly and the main integrated
truss conductors are hooked up to the ASSET power supply and provide a limited
attitude control capability as well as some gross orbital motion capability. Once this

task is accomplished the mission is complete and the shuttle returns to Earth.

9.3.4  Mission §. The payload for mission 4 includes the z-axis augmen-
tation thruster assemblies (see Section 6.3.9 for a description) and two mobile bases
of the SFP servicing system. Figure 9.10 applies to the following discussion. With
the shuttle berthed perpendicular to the main truss, the SFP servicing system is
used to install the two sets of augmentation thrusters (see Figure 9.10a and b). The

additional two mobile bases are then placed on the main integrated truss. This is




a temporary position since the mobile bases will eventually be placed on the cross

integrated trusses.

9.3.5  Misston 5. The payload for mission 5 includes 27 m of cross inte-
grated truss. Figure 9.11 can be referenced for the following discussion. The shuttle
bay size causes the truss to be broken into two 13.5 m segments. When connected,
the first 25 m of this truss houses the cross conductor, followed immediately by an
alpha joint that allows the final section to rotate for the power systems. Once again,
for easier access and minimal interference, the shuttle berths perpendicular at the
‘rear’ of ASSET (Figure 9.11a and b). An SFP heavy manipulator arm then grap-
ples the first 13.5 m segment, translates forward and attaches it to the side of the
coiled conductor integrated truss (Figure 9.11b and c). The SFP heavy manipulator
arm then removes a mobile base from the main integrated truss and places it on the
section of cross integrated truss. The outboard segment, containing the alpha joint,
is then attached to the first segment (Figure 9.11d, e and f). With the attachment

of the second section, the mission is complete and the shuttle returns to Earth.

9.3.6  Mission 6.  The payload for mission 6 is 27 m of cross integrated
truss. This mission is a repeat of mission 5 and the same discussion applies. Refer
to Figure 9.12 for an overall view of this procedure. After the completion of both

cross conductors, they are connected to the ASSET power supply.

9.3.7  Mission 7. The payload for mission 7 includes 6 m of cross inte-
grated truss and the solar dynamic power modules (SDPM). Refer to Figure 9.13
for the following discussion. For accessibility and minimal interference problems,
the shuttle berths perpendicular to the ‘rear’ of the main integrated truss (see Fig-
ure 9.13a). The 6 m of truss is broken into two 3 m segments that fit on either end of
the cross integrated truss. Once in place these segments complete the 30 m for each

cross truss. Due to reach limitations the SFP heavy manipulators must be moved
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a) b)

Figure 9.11 Mission 5 to build the SFP. A 27 m section of cross integrated truss
is brought up in two equally sized segments. The outboard segment
contains the alpha joint.
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a) b)

Figre 9.12  Mission 6 to build the SFP. This mission repeats Mission 5.

to the mobile bases on the cross integrated trusses, one allocated to each side (see
Figure 9.13a). The SFP heavy manipulators then access the shuttle bay, grapple
the 3 m section, translate out the cross truss and place the section out-board of the
alpha joint (see Figure 9.13b, ¢ and d). Note that an SFP heavy manipulator to
SFP heavy manipulator hand-off must be accomplished to pass a 3 m section to the

side opposing the shuttle.

Once the cross trusses are completed, mission 7 becomes very FVA intensive.
The SDPM’s must be assembled on the end of each cross truss. Assembly of an
SDPM will rely upon both SFP heavy manipulators to transport equipment to the
area outboard of the alpha joint on the cross integrated truss. Transport of materials
will be controlled by the space shuttle crew using telerobotic commands from inside
the shuttle. Space Station Freedom assembly plans called for two EVA crewmen
to accomplish the SDPM assembly (73:305). A similar plan is adopted for use on
the SFP. Note that assembly takes place so that the concentrator is not positioned

on-sun until actual start up is initiated. The entire process encompasses about 20

man hours of EVA (73:306).

A description of the SDPM components can be found in Section 1.2. The EVA
crew will first install the beta gimbal, followed by the receiver/radiator assembly and
the fine pointing gimbal. The siructural and utility connections will be performed
by the EVA crew. The concentrator suppor’ structure is then attached and assembly

of the concentrator itself can begin. The concentrator assembly has a heavy grapple
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a) b)

Figure 9.13 Mission 7 to build the SFP. The final 3 m of cross integrated truss
is placed on the ends of the assembled truss with the help of the SFP
remote manipulators. EVA astronauts then assemble the solar dynamic
power modules and move the ASSET power arrays from the ASSET
vehicle to the SFP.
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fixture mounted on the back side (nonreflective surface) of the central hexagonal
panel (73:306). This fixture is grappled by a heavy manipulator on the cross truss
and each additional panel (18 remaining) is then latched to the panel above. The
wrist joint of the manipulator is rotated as necessary following the latching of each
additional panel to provide clearance and prepare for the next panel. After comple-
tion of the concentrator, the heavy manipulator places it on the support structure

and final connections are made by astronauts.

After the SDPM’s are assembled the ASSET photovoltaic arrays are removed
and placed at the end of each cross truss (see Figure 9.13f). This involves folding the
arrays, moving them and reinstalling them on the cross integrated truss (one panel
to each side) opposite the already installed SDPM. This process is accomplished
using heavy manipulators on the main truss and the cross truss as well as an EVA

crew. Once connected to the cross truss the arrays are redeployed.

9.3.8 Mission 8. The payload for mission 8 includes 27 m of orthog-
onal integrated truss. Figure 9.14 applies to the following discussion. Similar to
previous missions, the truss is brought up in two 13.5 m sections. With the shuttle
berthed perpendicular to the main truss as shown in Figure 9.14a, one of the heavy
manipulators is moved to a cross truss to assist in the installation of the orthogonal
truss. The heavy manipulator on the main truss retrieves the first section of truss
and passes it to the manipulator on the cross truss (see Figure 9.14b). The truss
segment is then attached to the bottom of the coiled conductor integrated truss (see
Figure 9.14c and d). The process is repeated and the second section of 13.5 m truss
is attached to the first (see Figure 9.14e and f). Only the heavy manipulator on the
cross truss has the reach capability to perform this task. The orthogonal integrated
truss also contains the attachment racks for the SFP produced trusses. The attach-
ment racks will have the capability to store a large number of trusses with v=rying

lengths. Refer to Section 5.3.9 for a complete description of the truss rack.
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Figure 9.14 Mission 8 to build the SFP. A 27 m section of orthogonal integrated
truss is brought up and connected to the coiled conductor integrated
truss, completing the construction of the SFP.
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Figure 9.15 A view of the SFP without the shuttle and the external tank attached.

After assembly of the orthogonal truss, all conductors are then connected to
the SFP power supply and the SFP is fully operational and can begin manufacturing
and delivering trusses. Figure 9.15 shows the completed SFP without the external
tank and shuttle attached. This is the configuration the SFP has the majority of its

operational time.
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X.  Operations and Capabilities

The standard SFP mission is a cycle in which the SFP acquires an external
tank, reduces it, converts the reduced material into truss, transports/delivers this
truss to a user, and then returns to the external tank delivery altitude. (see Fig-
ure 10.1). Other missions might include transfer of an intact external tank to a
higher orbit, truss fabrication and station keeping at any orbit, or accommodation
of other space operations with the SFP’s robust and flexible features. The standard
SFP mission fully demonstrates the advantages of truss fabrication in space, and the
advantages of electrodynamic propulsion. Table 10.1 summarizes the specifications
and capabilities of the SFP. Table 10.2 summarizes the specifications and capabilities

of the truss product. Both tables represent the culmination of the design effort.

10.1 Standard Mission Event.

The standard SFP mission consists of six major events. These events will be
described in detail to provide insight into the various capabilities of the SFP. The
major events can be summarized as follows:

Event 1. rendezvous and docking with a space shuttle and its attached external tank
Event 2. reduction of an external tank

Event 3. fabrication of trusses

Eveat 4. transfer to a higher orbit work site

Event 5. rendezvous and delivery of the truss product

Event 6. return to the external tank delivery orbit altitude

Not included in these six events is orbital maintenance during the possible
extended waiting periods. The major events (1-6) of the standard mission will
take approximately 38 days to complete (see Figure 10.2). This includes 5 days

for rendezvous/docking and external tank reduction; 13 days for truss fabrication
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Figure 10.1 A standard SFP mission cycles through six major events. The six
events are: 1) rendezvous/docking, 2) external tank reduction, 3) truss
fabrication, 4) positive orbit transfer, 5) rendezvous/delivery, and 6)
negative orbit transfer.

SFP
Dimensions 50.0 x 64.3 x 38.3 m
Mass 79,309 kg
Primary Propulsion Electrodynamic
Power Source Solar Dynamic & Photovoltaic
Permanent Manning Requirement None
Primary Command and Control Source Ground
Orbital Altitude Envelope 300-500 km
Orbital Inclination Envelope 0-28.5 °
Maximum Payload 31,300 kg
Maximum Acceleration Rate 10.3 x 1075 m/s?
Minimum Time for 200 km Altitude Change | 11.9 days
Maximum R-bar Stand-off Range 82 m
Maximum Continuous Usable Power 82 kW
Standard Mission Avg Power 44.9 kW
Propulsion Efficiency 87%

Table 10.1 The final " " p -vecifications for the SFP.
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Truss Product

Dimensions
Mass/Length
Welding Method
Axial Stiffness
Bending Stiffness
Torsional Stiffness
Production Rate

Laser

1.0 x 1.0 x (variable) m
5.25 kg/m

3.774 x 10" N
9.135 x 108 N - m?
1.103 x 10 N - m?
77 m/hour

Table 10.2 Truss Product Specifications.
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Figure 10.2 A Standard SFP mission lasts for 38 days. The figure above shows
the chronological order of the six major events for the standard SFP

mission.
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Average Time between | Average Number of | Average SFP | Truss Produced
Shuttle Missions days | Missions per year | Wait Time days | meters per year
90 4 52 2920
60 6 22 4380
45 8 7 5840
40 9 2 6570
30 12 - 8760

Table 10.3 The average time the SFP must wait for a shuttle launch based upon a
standard mission round trip (300 km - 500 km) time of approximately
38 days.

and transfer to higher orbit; 5 days for rendezvous/delivery and loiter time at the
construction site; and 15 days to return to a 300 km orbit. In contrast, a mission to
transfer an external tank will have a round trip time of 40 days (1 day rendezvous,

19 days transfer, 5 days delivery, and 15 days return).

The SFP spends the majority of its time in transit between orbits. The reduc-
tion and truss making operations of the SFP (events 2 and 3) take approximately
4 days to complete. This includes additional time for the setup and breakdown of
the reduction equipment, as well as the transfer of materials to the truss maker it-
self. The setup and breakdown portions of this process necessitate the presence of a
space shuttle. EVA astronauts and remotely controlled manipulators are relied upon

heavily during these operations.

The amount of time the SFP spends waiting for an external tank will depend
mainly on the frequency of space shuttle missions and the round trip time of the SFP
(see Table 10.3). Assuming a standard SFP mission, more than nine space shuttle
missions a year would have to be launched to exceed the time line capabilities of
the SFP. In this event, shuttle missions could be scheduled to maximize the truss
production by launching a second shuttle mission just prior to completion of the
first external tank reduction. A second external tank would then be available for

reduction prior to SFP departure. This would be followed by a 38 day interval
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between the next set of launches. The SFP’s mission cycle will then follow a modified
pattern of events. The reduction of an external tank followed by a few days of truss
making and orbit maintenance at 300 km will take place, while awaiting the arrival
of a second tank for reduction. With the subsequent reduction of a second tank, the
SFP would continue its standard event cycle but would arrive at the construction

site with a double load of trusses.

10.2 Detatled Mission Events

To provide further insight into the capabilities of the SFP, the six major events

of a standard mission are described in detail in the following sections.

10.2.1  Event 1 — Rendezvous and Docking.  During this event, the SFP
and a space shuttle with the external tank still attached rendezvous. A typical ren-
dezvous will be at an approximate altitude of 300 km in a circular orbit of 28.5°
inclination. The SFP uses its precision maneuver capabilitly to dock with the or-
biter/external tank combination. During docking, the control of the SFP will be
executed from the shuttle by remote commands. The SFP will maneuver the ex-
tended rigidized docking system to grapple with the heavy grapple fixture on the
external tank (refer to Section 8.3 for a complete description of this process). The
actual docking is illustrated in Figure 10.3. This event will typically take less than
1 day, and the majority of the power will be dedicated to the propulsion system
for docking. This R-bar maneuver can have 77 kW of power available to it. After
docking is complete, the external tank will be secured and rigidly attached to the

SFP.

Once the external tank is grappled, the shuttle is free to release from it and
retreat to a safe standoff distance. From this observation position, the shuttle crew

can assist in the tank reduction efforts.
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Figure 10.3 A typical docking of the SFP and the external tank. The shuttle
orbiter, not shown in this figure, will still be attached to the external
tank during this sequence.

10.2.2  Event 2 — External Tank Reduction.  The second event involves
reduction of the external tank into usable truss making material. It begins with the
astronauts performing an EVA to transfer and install reduction equipment into the
external tank. This process takes two 8 hour EVAs (31:4.2). Astronauts can also
carry out any SFP required maintenance during this period, either telerobotically
or through further EVAs. Any special cargo for shipment by the SFP could also be
transferred from the orbiter to the SFP at this time. The altitude of the SFP will
be maintained at 300 km with the shielded coil electrodynamic propulsion system

which consumes about 15 kW of power.

With the reduction equipment in place, reduction of the external tank can
begin and the shuttle is free to leave the vicinity and carry out its intended mission.
The shuttle returns at the end of its scheduled mission to remove the reduction
equipment and storage/feed magazines of the reduced external tank material from

the external tank. This is done through EVA and remote manipulators of the SFP
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Figure 10.4 The SFP truss maker.

servicing system. Magazines of material are put into place on the truss maker and
reduction equipment is stored on the SFP. If the remainder of the reduced external
tank is not required, it will be separated via the docking system and allowed to
deorbit due to aerodynamic drag. Once material transfer and reduction equipment

breakdown has occurred, the shuttle is free to return to Earth.

In addition to orbit maintenance, the typical power requirement for this event
includes 12 kW for the salvage operation, 5 kW for base power and 2 kW for the

servicing system. The total power consumed during tank reduction is 34 kW.

10.2.3  Event 8 — Truss Making.  Because the SFP has 48 kW of excess
power during external tank reduction, truss making can begin and run concurrently
as soon as sufficient materials are available. Remote manipulators would be used to
remove full magazines of material from the partially reduced external tank and load
them into the truss maker. Figure 10.4 shows the truss maker producing the truss
product. After the end of truss making, the extra and empty magazines are stored

on the magazine storage rack on the underside of the main integrated truss. The
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Figure 10.5 During orbit transfer, the SFP main conductors are aligued parallel
with the radius vector.

completed trusses are placed on a truss storage rack on the orthogonal integrated

truss. The truss storage rack is discussed in Section 5.3.9.

The construction of truss is the primary purpose of the SFP. The truss maker
produces truss with an approximate 1 m X 1 m cross section; the length of the trusses
produced can be specified by the end user. The material recovered from one external

tank will be converted to a total of 730 m of truss in approximately 2 days.

10.2.4  Event 4 — Orbit Transfer.  With the completion of truss making,
the SFP will be rotated to align the main conductors parallel with the radius vector
(see Figure 10.5. Current in the main conductor will be increased until power is
at a maximum of 77 kW and the SFP will begin its transfer to a higher orbit for
rendezvous with a space platform under construction or any other user. During this

event, the SFP will be teleoperated from ground stations.

The SFP’s main conductors, C1 and C2, are oriented in the radial direction

to control the direction of the propulsive force, F,. The propulsive force will mainly
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be directed to maximize the increase in orbital radius. The SFP will slowly spiral
radially outward from the Earth. Occasional redirection of F, will be used to control
the orbital elements such as inclination, ¢, and the longitude of the ascending node,

). This will allow the SFP to rendezvous with its target.

If truss making is underway, full power cannot be devoted to propulsion, only
68 kW is available, and the altitude will rise initially at a long term climb rate, 77,
of 5.0 km/day. With no truss making, 77 kw can be applied to the propulsion system
to raise the altitude of the orbit, 717 will equal or exceed 10.67 km/day. Both of
these rates are for a worst case scenario of a full payload (31,300 kg). If payload is

limited to just completed trusses, 77 kW will give a climb rate of 16.7 km/day.

10.2.5  Event 5 — Rendezvous and Delivery. After rendezvous with a
target vehicle or platform, astronauts in the vicinity will control the SFP via remote
links. At the minimum safe distance to the target vehicle, the SFP will mzneuver
to place the SFP’s working surface toward the target platform. The SFP will use
its precision maneuvering capability to position itself and station keep in the most
convenient relative location for cargo transfer. Maintaining this relative position
may require all available power depending on the stand-off conditions. Delivery will
be accomplished with the remote manipulators and the SFP’s docking system (see
Figure 10.6). Delivery may entail the actual installation or hand-off of truss or other

cargo to another space structure.

10.2.6  Event 6 — Return Orbit Transfer.  After the delivery of the SFP
manufactured trusses, an orbit transfer down to 300 km is necessary to acquire an-
other external tank. The SFP will maneuver to apply the major component of F, in
the —v direction, and transfer back to a lower orbit to rendezvous with a future shut-
tle mission. The duration of this event is dependent on the current allowed through
the conductor; 100 A drops the SFP from 500 to 300 km altitude in approximately
15 days. Control of the SFP will be from ground stations during this event.
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Figure 10.6 The SFP truss maker.

10.2.7  FEvent 0 — Orbital Maintenance. Orbital maintenance occurs
anytime the SFP must remain at a specific altitude. This mainly occurs while
waiting for another external tank. In the worst case, a pause at 300 km would
typically require 15 kW to maintain this altitude. Slightly less power is required as
the altitude of the orbit increases. A reduction in the drag force reduces the power
necessary, but a concurrent reduction in the magnitude of the B-field counters this

reduction.

10.3  Advantages of the SFP

The SFP offers three primary capabilities that enhance the construction of

large structures in space. The SFP:

e fabricates structural trusses in orbit
e maneuvers with limited expenditure of propellants

e docks with precision
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Designing for these capabilities has also resulted in additional capabilities. The large
excess in SFP power during periods of limited maneuvering and the SFP’s servicing
system are important resources that can be exploited. First, the primary capabilities

will be addressed.

10.3.1 Fabrication of Trusses. Trusses will provide the basic structure
for large structures in space. It can be demonstrated that manufacturing trusses in
orbit from expended external tanks is more efficient than launching them from Earth

by comparing the amounts of truss that can be brought to orbit by both means.

The dimensions of the payload compartment of a space launch vehicle is the
limiting factor on how much truss can be brought to orbit in a single mission. Of
the space launch vehicles currently in the U.S. inventory, the space shuttle has the
greatest capacity to carry truss. The shuttle cargo bay is a cylinder 4.57 m in
diameter, and 18.29 m long (17:13.3). The practical constraints, beczuse of tie-down
and handling requirements, are likely 4.5 m diameter and 18 m long in a mission
completely dedicated to carrying truss (no unpressurized berthing adapter). The
maximum number of 1 m x 1 m square cross section trusses (SFP equivalent) that
the orbiter can carry is 10, for a maximum length of 180 m of truss per mission (see
Figure 10.7). If the square truss is replaced with hexagonal truss (1 m cross corner
to far corner in cross-section) for more efficient packing, the orbiter can carry up to
19 trusses, for 342 m of truss per mission (see Figure 10.7). The hexagonal truss

represents the worst case competition for the SFP.

The SFP can produce 730 m of truss from the material provided by the re-
duction of a single external tank. This exceeds the amount of square or hexagonal
truss that can be carried in the shuttle cargo bay. When using the operational SFP,
an external tank from a single shuttle mission will be equivalent to over four truss

dedicated shuttle missions for a square truss and over two dedicated shuttle missions
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Figure 10.7 A cross-section of trusses in the shuttle cargo bay. The maximum
number of SFP equivalent trusses that can be carried in the shuttle
orbiter cargo bay.

for a hexagonal truss. In addition, when delivering an external tank to the SFP, the

shuttle bay is left empty for other cargo.

If all efforts were dedicated to delivering truss into space — as would be the
case for constructing Boeing’s Solar Power Satellite — the space shuttle could carry
loaded material magazines for the truss maker in its cargo bay. The shuttle can carry
the material equivalent to seven reduced external tanks before reaching its maximum
payload mass. The resulting mission could produce 5840 m of truss. Without an
SFP, 32 dedicated shuttle missions would be required to deliver the same square truss,
or 17 mission would be required to deliver similar hexagonal truss. If the shuttle
was unable to carry its external tank to orbit, but the SFP already existed, the
shuttle could supply the SFP from its cargo bay with enough pre-loaded magazines
to produce 5110 r of truss. This is equivalent to over 28 missions carrying the

square truss or almost 15 missions carrying the hexagonal truss.
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Truss Break Even | SFP Total Truss | Space Shuttle Total Truss
Square 11 2190 m 1980 m
Hexagonal 16 5840 m 5472 m

Table 10.4 This table gives the number of space shuttle missions required for the
SFP to break even against dedicated truss shuttle missions and the
resulting amounts of truss.

The cost of the SFP can be considered as the number of missions required to
bring the SFP to an operational status (8 assembly missions plus 1 mission for initial
salvage setup). Atter these 9 missions, the SFP can deliver 730 m of truss. If the
shuttle had not constructed the SFP during those missions, it could have delivered
1620 m of square truss or 3078 m of hexagonal truss from its cargo bay. After SFP
assembly, every external tank from subsequent shuttle missions gets transformed into
730 m of truss while dedicated truss shuttle missions only provide 180 m or 342 m,
respectively. A “break even” point occurs at the total mission number where the
SFP produces more truss than the shuttle can deliver in its cargo bay. Table 10.4
gives the break even points compared against both the square and hexagonal truss.
Remember, on SFP shuttle missions, the cargo bay is completely available for other
payloads. If large amounts of truss are required for future orbital applications, it
is clear that manufacturing trusses in orbit from expended external tanks is more

efficient than manufacturing trusses on Earth.

10.3.2 Maneuvers with Limited Fuel. The electrodynamic propulsion
system has another important economical advantage — it only expends propellant
for augmented z-axis thrust. Fortunately, z-axis thrust is only mandatory during
stand off maneuvers. The ASSET platform was expected to use 5,455 kg of fuel
each year just to maintain its orbit. The SFP uses no fuel for orbit maintenance.
In addition, the SFP was designed with the capability of transporting large cargoes,
such as a complete external tank. It can raise an external tank from a 300 km orbit

to a 500 km orbit without expending any fuel. For a comparison, the mass of the
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fuel required for the ASSET boost/deboost modules to make the same transfer of

an external tank was determined and is presented next.

Using the fuel efficient Hohmann transfer, a total AV of 113 m/s is required.
The empty external tank mass, mgr, is 31,300 kg. Two boost/deboost modules
provide 4,448 N of thrust and have a mass, m., of 1,429 kg. Their initial supply of
hydrazine fuel has a mass, m; of 10,884 kg. The engines have an I,, of 230 s, which

equates to an engine exhaust velocity, V,, of 23.47 m/s. Using the rocket equation:

AV = V,In =2 (10.1)

m

with the initial mass, m¢ = mgr + m. 4+ my, the final mass, m, can be deter-
mined (93:187). Solving for the change from mg to m, the amount of fuel required
is 308 kg. The SFP could make 18 equivalent transfers (9 round trips) in one year
without expending any hydrazine. A total of 5544 kg of fuel would be saved.

All fuel must be launched from Earth — requiring a significant percentage
of the total space launch payload capacity. The advantage of an electrodynamic

propulsion system that does not have to expend fuel is apparent.

10.3.3  Precision Docking.  As described in Section 8.3, the controllability
of the electrodynamic propulsion system and the absence of exhaust plumes make
the SFP ideal for docking maneuvers. The problems that have plagued all docking
systems to date have been eliminated. This capability would be invaluable for the

construction of large structures in space.

10.3.4  Additional SFP Capabilities. In addition to the capabilities di-
rectly resulting from the exploited technologies, two additional capabilities are by-
products of the SFP design, its abundant electrical power and its remote manipula-

tors.
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The SFP has two solar dynamic power units and the ASSET’s photovoltaic
arrays. These provide more than 62 kW of power that can be exploited while the

SFP is simply maintaining an orbit. Possible uses for this power include:

e power for work sites

e power for additional fabrication systems that further exploit the material from

external tanks
e pover for extended duration shuttle missions
e power for science experiments

The SFP has two remote manipulators for the support of truss manufacturing
and product delivery. They are a valuable resource, and can be used in a variety of

tasks, including construction and maintenance of other space platforms.

10.4  Conclusion

The typical operations and primary capabilities of the SFP have been reviewed.
The robust and flexible features of the SFP facilitate the complete or partial accom-

modation of almost all space operations.
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XI.  Design Sensitivities

11.1 Introduction

As described in the introduction, this chapter supports the decisions made
during the design process. It provides increased detail on a collection of subjects
that impacted the study. All of the issues presented arose in the course of the study
and were integrated into the overall design of the SFP. They are developed at the
end of the report because their level of detail would detract from continuity in the
body of the report. The order they are presented in does not reflect a ranking of

their importance.

11.2  SFP Design

The final design of the SFP is unquestionably a result of the requirements and
constraints levied upon the study at its inception. Early on in the design synthesis,
decisions were made that drove the SFP’s design to the end seen in this study. The
primary factor affecting the design was the conscious decision for the SFP to be
capable of performing a steady state R-bar standoff maneuver. This decision, more
than any other, drove the design. The final design of the SFP specifically supports
the R-bar standoff capability outlined in Section 3.2. If different requirements were
levied, the design of the SFP would be different. A number of the components and
subsystems of the SFP would change.

First, consider the conceptual requirements for performing the R-bar maneu-
ver. The POTV design proposed by Lawrence used long towers that were assumed
to be rigid. The POTV was capable of R-bar standoff, but only at the price of ex-
tremely high currents and power requirements. To perform a 50 m R-bar standoff,
the POTYV required sustained current levels in excess of 400 A. With the conductor
circuits closed through the ionosphere, the power levels (estimated to be between

44 kW and 325 kW) and heat transfer problems would be severe. Note that this is
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for a vehicle with a total mass of 37,870 kg. The significance of this is that the SFP’s
total mass is 110,609 kg. The final conductor lengths, at 4950 m, are significantly
longer than those used for the POTV. The most significant difference that allows
the SFP to be more massive is the concept of shielding portions of the conductors,
as discussed in Section 6.2.2.4. This allows the conductor loops to be collapsed and

closed on the SFP itself rather than through the ionosphere.

Prior to the incorporation of the shielded loops concept, trusses similar to those
outlined by Lawrence (49:D.2), were to be used to house the conductors. When
shielding was incorporated, multiple loops were established rather than single con-
ductors closed through the ionosphere with plasma contactor devices. It quickly
became apparent that the conductor loops required to support the R-bar require-
ments would be completely unmanageable due to their size. The main conductors,
C1 and C2, of the final SFP design are 23.16 cm in diameter for each path. There
is no way to bring conductor bundles of this size into orbit, except in pieces. This
would then require assembling the conductors and towers in space — a task deemed
infeasible. This led to the decision to use an integrated truss concept similar to that
used by Space Station Freedom. The truss is manufactured on Earth, and has all
necessary hardware installed prior to launch. As the design process continued, the

sizing of the conductors led to all of the trusses being converted to integrated trusses.

Once the design iterations began, the two primary limiting factors on the size
and performance of the SFP were identified to be power and heat transfer. The best
power systems identified by the analysis of available systems (see Section 11.8 — solar
dynamic power modules — can only provide approximately 82 kW when combined
with the ASSET photovoltaic arrays. Of this, only 77 kW is available for propulsion;
a power level which falls extremely short of the requirement identified by Lawrence.
However, because the shielded loops are closed on the vehicle itself, this power is
sufficient for performing the required R-bar maneuver. Using 77 kW as the maximum

power available for propulsion, the orbit history design program (see Section 6.3.8)
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was used iteratively to determine the lightest configuration that could perform the

required R-bar maneuver.

Closely related to the power issue is the heat transfer problem. Because of the
bundling of the conductors, there is a potential for high temperatures (due tc the
:*R heat dissipation term in the power equation). A one dimensional heat transfer
analysis was incorporated into the design software to make sure the conductor core
temperatures did not exceed the design limit. The design limit was arbitrarily set at
a safety factor of 1.5. The power available for propulsion is low enough that for the
final design of the SFP, heat transfer is not an issue. However, during orbit transfers
from a higher orbit to a lower orbit, additional load resistance must be placed in the
circuits. The additional resistance is required to prevent the induced voltage from

generating currents that would exceed the conductor’s heat transfer capabilities.

Taking all of these concerns into account during the iterative design process,
the final design of the SFP is a compromise between performance and power. The
optimization of the design was essentially heuristic. Portions of the process were
numerically optimized, such as the analysis of the conductor tower size versus the
conductor length (see Section 11.11). The overall process was not numerically opti-
mized in its entirety due to the interaction of the linear system control design process
with the remainder of the process. A specific design was proposed and then tested.
Once the design was near that of the final configuration, the task was to determine

the number of turns in each conductor so as to minimize the total vehicle mass.

While the process itself might not change if the requirements were different, the
final design would certainly be different. The SFP is designed to perform a steady
state R-bar maneuver, not perform optimal orbit transfers, nor any other functions.
The sizing of the vehicle, the sizing of the conductors, the placement of the power
systems, the placement and maneuverability of the truss maker, and the function
of the augmentation thrusters are all oriented toward successfully performing the

R-bar maneuver described in Section 3.2.
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11.3  SFP Manning and Control

During development of the SFP, it was decided to design the prototype without
a habitation module. The primary advantage of this decision is the removal of com-
plications associated with pressurization. Pressurized modules are highly complex
and require increased safety considerations (62:187). Pressurized adapters necessary
for connecting two pressurized environments, like a habitation module and a space

shuttle, also add a high degree of complexity.

The lack of habitation modules on the SFP has two disadvantages: there are no
additional pressurized workspaces available for SFP assembly and operations when
the space shuttle is on a mission, and there are no permanently manned capabili-
ties for SFP assembly and operations when the space shuttle is away from the SFP.
The first disadvantage is an inconvenience and can be overcome with prior plan-
ning. The second disadvantage is significant. There will be no on-orbit crew to
participate in the SFP processes or react to contingency operations when the space
shuttle is away. This deficiency can be countered with an increased emphasis on
ground controlled remote manipulators. There are several groups, including SPAR

Canada, who contend that ground control should be incorporated into Space Station

Freedom (61), (62), and (36).

The Space Station Freedom Program Office anticipates the capability to sup-
port 130 hours/year of EVA over the life of Space Station Freedom. The Space
Station Freedom Task Team estimates the EVA required just to maintain Space Sta-
tion Freedom will average 3276 Aours/year (36:76). Ground control of the Space
Station Freedom mobile servicing system can make a significant impact on eliminat-

ing this dilemma.

Prior to permanently manned capability on Space Station Freedom, ground
based control of manipulators is being proposed for many tasks. For example, time
consuming processes, like inspections, can be accomplished while the crew is rest-

ing between EVA missions or while the space shuttle is away (62:185). Payload
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servicing, maintenance tasks, and assembly work are also being considered in these

situations (36:80).

Primarily, there are two concerns with ground based control: the performance
reliability of the remote manipulators and the time delay associated with space-
ground communications (61:338). Reliability is and must continue to be engineered
into the proposed manipulator systems. The SFP design includes two complete
manipulator systems for its servicing system. This naturally enhances reliability
through redundancy. The 4-10 sec time delay issue is also receiving attention. De-
creasing the time delay has been determined infeasible, so approaches to controlling

the manipulators with a time delay are being considered (61:344).

Currently, there are two competing approaches for managing the time delay:
time delayed teleoperation and supervised automation (36:79). Tests have shown
that whenever a time delay exceeds 0.5 sec, time delayed teleoperations reduce to
a control strategy where the operator commands a small motion of the manipulator
and waits to observe the response at the remote sight (62:189). This strategy is time
consuming, fatiguing, and error prone. Also, when tasks require maaipulator contact
with the environment, the interaction forces are difficult to control. Supervised
automation is a more appropriate, but still limited approach (36:81). In this strategy,
manipulator actions are carefully pre-planned prior to execution. An accurate world
model simulation is required to predict the response of the manipulator system to the
commanded action. Operations consist of many short automated sequences strung
together. The operator commands the start of a sequence, monitors the progress of
the sequence, and verifies the completion of the sequence prior to executing a new
sequence. The major limitation is that the planned manipulator tasks must be time
invariant. This eliminates operations requiring real time feedback like grasping a

moving object.

The SFP will incorporate supervised automation for ground control of the

remote manipulators during time invariant tasks, but when time variance is a factor,
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controlling will be limited to workstations in the vicinity of the SFP that do not
experience a time delay. These concepts extend to the maneuvering control of the
SFP as well. Control of the SFP propulsion system will occur from the ground except

when operations like docking require real time feedback.

In many of the control scenarios, operators will be unable to physically view
the operations they are commanding. Numerous camera and lighting systems — as
described in Chapter VIII — are expected to compensate for the limitation. In 1990,
the Manipulator Development Facility at NASA Johnson Space Center conducted
a study that examined the importance of visual aids during manipulator opera-
tions (39). The study concluded that physical viewing was not required for success-
ful manipulator operations. In their scenarios, the runs accomplished with camera
viewing instead of physical viewing were actually smoother (39:155). In fact, in
the current Space Station Freedom designs, the placement of the habitation module
windows virtually eliminates direct viewing of the mobile servicing system (36:81).

Manipulator operations can be performed without physically viewing the work site.

11.4  Truss Making Machine Tradeoff

It was originally thought ASSET salvaged flat plate material could be welded
together to form continuous flat plates. These continuous flat plates could then
be fed into a triangular truss maker similar to General Dynamics and Grumman
machines to form longitudinal open cap sections. The cross braces and diagonal
braces could be ASSET salvaged I-beam material, cut to appropriate lengths and
attached to the formed longitudinal cap sections. Cross brace feed magazines could

store and properly place the [-beam material for weld attachment.

A structural analysis performed on the triangular truss described above showed
this configuration to be extremely stiff in both bending and torsion for all anticipated
loads. This strength was due in part to the thickness of the aluminum material

salvaged from the external tank during the ASSET salvage operation. However, the
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thickness of the material was one of the reasons the idea of simple modifications
to earlier machines was eventually eliminated. Based on discussions with Hobart
Welding Company (41), the thickness of the salvaged aluminum was too great to

form the material into the desired cap shape.

The inability to form the material into cap sections was not the only reason
for dismissing the idea of modifying the General Dynamics and Grumman truss
making machines from consideration. Using the I-beam material as cross bracing
would have misused material already in a suitable configuration for the longitudinal
members. Also, the complexity added to the SFP truss maker through the heating,
forming, and cooling processes required to produce the truss was not compatible

with minimizing support missions to operate the SFP.

The possibility of making simple modifications to the General Dynamics and
Grumman truss makers was eliminated from further consideration as an option for
the SFP truss fabrication facility. However, several of the truss construction pro-
cesses demonstrated as feasible during the General Dynamics and Grumman design
studies are incorporated into the SFP final design. The SFP truss fabrication ma-

chine design is described in Section 5.3.

11.5 Truss Product and Truss Maker

Modifications to the automated reduction of external tanks accomplished dur-
ing the ASSET salvage operation are required. These modifications are required to

put the ASSET salvaged material into usable SFP truss fabrication form.

The configuration of the SFP truss product was driven by the following:

e product features (strength, ease of joining, ease of handling, etc.)

o reduce excess material/debris when transforming ASSET raw material into

usable SFP truss maker form

e minimize modifications to ASSET salvage operations
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e reduce ASSET and SFP material handling requirements
e ensure the SFP truss maker fits into the shuttle cargo bay

Based upon these constraints and the material available, ar equation was for-
mulated to determine the appropriate length of the diagonal truss member. The
final SFP produced truss configuration is based upon using 1.035 m T-beam cross
members. This left the length of the truss bay as the only unknown. Justification

for the 1.035 m cross member length is discussed next.

11.5.1  Cross Member Length. = The webs of the I-beams produced during
the ASSET salvage operation are cut lengthwise to produce T-beams. T-beams
are used as the longitudinal and cross members of the SFP fabricated truss. The
T shape of the longitudinal members lends itself to either a rectangular or square

shaped truss. The SFP truss maker produces a truss with a square cross section.

Salvaged T-beam material generated during the salvage op- .ation comes in
two basic lengths, 4.14 m and 5.715 m. Quantities of the 5.715 m length material
far exceed the 4.14 m length. However, by cutting the 4.14 m length material into
four equal length pieces of 1.035 m, an adequate supply of cross member material is
produced. By using the shorter material in this manner, the longer material is more
efficiently used as the truss longitudinal and diagonal members. This also reduces
wasted material and because the entire 4.14 m T-beams are equally divided into

fourths, debris is eliminated.

11.5.2  Bay Length. The flat plate material produced during salvage
operations is cut lengthwise to produce five equal width strips. These strips are used
as diagonal members for the SFP produced truss. The length of the truss diagonals

determines the bay length of the truss.

As in the case of the T-beam material generated during the salvage operation,

flat plate material can be produced up to the same two basic lengths, 4.14 m and
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Figure 11.1 Side view of truss bay defining variables used to determine the length
of the truss diagonal member.

5.715 m. However, the actual length of the diagonal member will be less because of
the modified angle cut performed by the primary cutter. The special cut is necessary
to achieve a proper truss diagonal fit and minimize debris. The determination of
whether to use the 5.715 m material or the 4.14 m material for the diagonal member
reduces to a geometry problem. The 5.715 m material will be addressed to illustrate

the problem.

The first step in the problem formulation was to identify appropriate variables
(see Figures 11.1 & 11.2). The followirg variables are defined:
¢ = SFP truss diagonal length
z = inside bay length
6 = angle between the longitudinal T-beam flange and the diagonal member center-
line
y = length of unsalvaged ASSET material

The goal was to solve for length, ¢, from the 5.715 m of available flat plate material.
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Figure 11.2 Angled cut required by the primary cutter — 5.715 m material

Mathematically this is written:

c+y=>5.715 (11.1)
Note from Figure 11.1,
o= 1.035
~ sin(f)
and from Figure 11.2,
_0.2418
y= tan(0)

Plugging these functions into Equation 11.1 and solving for 8 produces:

0=128°

The total length of one bay is determined by adding 3.175 c¢m to the inside bay
length variable, z. This accounts for the small length occupied by the cross members.

Therefore, the total bay length becomes 4.529 m. A summary of where the material
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Member Type | Lengths | Quantities | Bays
Diagonal 4.655 m 1335 | 166
Cross 1.035 m 748 | 187
Longitudinal | 5.715 m 514 | 184

Table 11.1 Summary of truss member lengths when using 5.715 m ASSET salvaged
material to determine diagonal member lengths.

will be used, the material lengths and quantities, and the possible number of truss
bays produceable for each type of material is included in Table 11.1. Using the
smallest number of bays possible and a bay length of 4.529 m, provides a 730 m
continuous truss. This represents the longest continuous truss possible from the

4.529 m bay configuration.

The main advantages of this configuration are its efficient use of material while
minimizing debris, the relatively small quantities of material to be handled, and the

intermediate size of the truss maker required to produce this configuration.

The same analysis was performed on the shorter 4.14 m material (see Fig-

ure 11.3). Solving for § produces:

0=178°

The total length of one bay is determined again by adding 3.175 e¢m to the
inside bay length variable, z. The total bay length becomes 3.304 m. A summary of
where the material will be used, the material lengths and quantities, and the possible
number of truss bays produceable for each type of material is included in Table 11.2.
Using the smallest number of bays possible and a bay length of 3.304 m, provides a
700 m continuous truss. This represents the longest continuous truss possible from

the 3.304 m bay configuration.
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Figure 11.3 Angled cut required by the primary cutter — 4.14 m material.

Member Type | Lengths | Quantities | Bays
Diagonal 3.387Tm 1740 | 217
Cross 1.035 m 848 | 212
Longitudinal | 5.715 m 494 | 214

Table 11.2 Summary of truss member lengths when using 4.14 m ASSET salvaged
material to determine diagonal member lengths.
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The main advantage of producing a 3.304 m truss bay is the small SFP truss
maker required to fabricate the truss. However, the following disadvantages outweigh

this advantage:

e large quantities of individual pieces of material are generated requiring more

storage and handling facilities

o large amounts of welding are required due to the increased quantities of indi-

vidual pieces of material generated

e the primary cutter is required to make a more complex cut on the longer flat

plate material in order to size the diagonal members with no debris

Based upon this analysis, the 4.14 m flat plate material salvaged during the
ASSET operation was discarded as a candidate for the SFP truss diagonal members.
The 5.715 m flat plate material was selected as the best choice for the SFP truss

diagonal member.

11.6  Welding Technology Tradeoff Study

Selecting a welding technology capable of welding aluminum in a space envi-
ronment was a fundamental step in developing a feasible truss making process. A
wide variety of welding technologies were reviewed to determine the best welding
method for the truss making application. The primary factors used in selecting the
welding process were power required, maintainability, and most important, the ver-
satility of the welding system. The goal was to maximize the versatility features of
the welding system due to the large number of welds required, minimize the power

required, and maximize the welder’s maintainability.

11.7  Welding Technologies

On Earth, the welding process can be easily performed by various methods.

In space, welding performance is more complicated due to the extraordinary char-
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Figure 11.4 Typical Phenomena Caused by Main Factors of Space

acteristics of the space environment. Three main characteristics of space can be

distinguished which highly affect the welding process (see Figure 11.4):

e weightlessness
e ultra-high space vacuum
e presence of sharp light-shade boundaries

As can be seen in Figure 11.4 each characteristic changes the nature of physi-
cal phenomena occurring in the process of welding. How the space conditions affect
the welding process depends largely on the method used for joining of the materi-
als (75:12). The three space characteristics have the least effect on those welding
methods which are not accompamed by the use of the liquid phase. Therefore, ex-
plosion, diffusion, cold, flash butt, ultrasonic, laser, and electron beam welding are

serviceable in the zero gravity conditions (75:12).
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11.7.1  FEzplosion Welding. in explosion welding, the detonation of an
explosive is utilized to accelerate one of the components to a high velocity before it
collides with the stationary component. At the moment of impact, the kinematic
energy of the plate is released as a compressive stress wave on the surface of the com-
ponents. The collision progresses across the surface of the plates. Surface films are
liquefied and jetted out of the interface leaving a perfectly clean surface. Under these
conditions, the normal interatomic and intermolecular forces create a bond (92:49).
This joining technique was eliminated from further consideration due to the careful
preparation and fit-up of the components being treated (75:14) as well as the obvious

logistic problems involved in setup and handling of the explosive charges.

11.7.2  Diffusion Welding.  Diffusion welding occurs when properly pre-
pared surfaces are in contact under predetermined conditions of time, pressure, and
elevated temperature. Diffusion welding was eliminated because components must be

specifically designed and carefully processed to produce a joint successfully (92:51).

11.7.8 Cold Welding. Cold welding is a process which uses pressure
at room temperature to produce coalescence of metals. Welding is accomplished
by using extremely high pressures on extremely clean interfacing surfaces (15:221).
This technique was eliminated due to the substantial deformation of the material at

the weld and the surface preparation required.

11.7.4  Flash Butt Welding. Flash butt welding is a resistance welding
process which produces coalescence simultaneously over the entire area of abutting
surfaces by heat obtained from resistance to electric current between the two surfaces
and by the application of pressure after heating is substantially completed (15:219).
This method of welding was eliminated due to the fact that undesirable molten metal

and debris are squeezed out when both components are forced rapidly together to

form the weld (92:16).
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Figure 11.5 Electron Beam Fundamentals

11.7.5 Ultrasonic Welding. Ultrasonic welds are produced by the in-
troduction of high frequency vibratory energy into the weld zone of metals to be
joined (92:48). Welding occurs when the ultrasonic tip is clamped against the work
pieces and is made to oscillate in a plane parallel to the weld interface. This process
is restricted to relatively thin materials normally in the foil thickness range (15:226)

and was therefore eliminated as a viable welding option.

11.7.6  Electron Beam Welding. = With electron beam welding, some form
of an electron gun device (Figure 11.5) is employed to simultaneously accelerate and
shape the electron output directly into a negatively charged, high energy particle
beam. The beam can then be electromagnetically guided and focused into a very
small spot on the workpiece. Generally electron beam processing systems require

reasonably good vacuum surroundings (64:25).
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Figure 11.6 Laser Beam Fundamentals

11.7.7  Laser Beam Welding. = With laser beam welding (Figure 11.6), a
solid, liquid, or gaseous medium is used for providing the lasing action required to
produce a coherent, neutrally charged, high-energy light beam. The beam can then
be optically guided and focused into a very small spot on the workpiece (64:25).

11.7.8  Electron Beam vs Laser Beam Welding. The choice of welding

technology was eventually narrowed down to electron beam and laser beam welding.

11.7.8.1 Capabilities. =~ Both processes exhibit the capability for pro-

viding the following similar weld action properties:

e very localized heat affected zones

¢ joining of either thick or thin materials

e minimal thermal distortion during welding

o extremely high-quality autogenous fusion welds

e high depth-to-width ration weld profiles
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e very high-speed welding

However, the two tend to exhibit a variety of dissimilar process utilization
properties because the fundamental nature of the high energy beam each uses is so
radically different. The electron beam generator is a direct type of energy conver-
sion device, while a laser beam generator is an indirect device; therefore, efficiency
achievable with a laser beam welder is lower than can be achieved with an electron
beam welding system. Also, the degree of focused beam spot control achievable with
an electron beam welder is greater than that attainable with a laser beam welder.
However, due to this slightly lower power density of the focused laser beam, the
tendency for incomplete fusion by the laser beam welder is less than the electron

beam welder (92:22).

The electron beam welder is susceptible to stray electrostatic and magnetic
fields adversely affecting the beam’s travel path due to the negatively charged parti-
cles making up the beam (64:28). The susceptibility to stray electromagnetic fields
by the electron beam welding system causes concern due to the electrodynamic
propulsion system utilized on the SFP. Because a laser beam welder uses a neutrally

charged beam it is not susceptible to stray electrostatic and magnetic fields (64:28).

When an electron beam is impinged on a workpiece, it produces x-rays which
require shielding around both the workpiece and the beam generation/transinittal
portions to ensure personnel safety (64:26). With a laser beam the possibility exists
that some type of laser light reflection might occur. Laser welding has no more
eye safety risk than conventional welding (91:4); therefore, the use of some form of

simple light shield is needed to ensure personnel safety (64:27).

The reliability of both the welding systems is high. However, the beam gen-
eration portion of a laser beam welding system requires relatively low voltages, and
therefore uses power supplies, feed cables and cavity discharge electrode designs
that allow longer intervals of time between the performance of periodic mainte-

nance (64:29).
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The laser beam welding system allows multiplexing or time sharing the output
from a single laser into any one of several fiber optic cables. These fibers can extend
the distances up to 150 meters over which laser energy can be delivered. Because
the fibers are flexible, they can follow any desired route to the workpiece. This
makes fiber optic laser beam welding ideal for robotics, since the workpiece may
be held stationary during processing (33). The multiplexing capability is ideal for
welding at many different workstations, or for one large assembly station requiring
the laser beam to be delivered to separate areas (33). With laser beam technology,
it is possible to share the energy from one laser beam among several fibers, either
alternately or simultaneously (33), which greatly reduces power requirements. An
electron beam is not capable of being switched between various workstations (64:27).
Fiber optic cabling also eliminates the need to constantly re-align mirrors, thus

increasing the stability and accuracy of the process (33).

Comparing electron beam welders with laser beam welders, laser beam welders
are the best choice for SFP use. This selection was based upon the high reliability,
flexibility in directing power where required, and overall versatility of fiber optic

laser beam welding.

11.8  Selection of SFP Power System

The approximate SFP power requirement was initially established as 50-100 kW
The various power alternatives to meet this demand are discussed in Appendix Q.
Some of these power supplies can be ruled out immediately. For example, ASSET
power (12 kW) can not provide the necessary amount. The ASSET electrical power
system was optimized to meet ASSET needs and equipment and must obviously be
augmented to provide the necessary power to the SFP. Given that more power is

needed an additional source must be provided.

Any type of nuclear driven source can be ruled out on the basis of political con-

sequences and technology issues in the multi-kilowatt regime. The issue of shielding
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Solar Dynamic System | Efficiency (%)
CBC 35.6
Stirling 42.0
Rankine 15-20

Table 11.3 Solar dynamic power conversion efficiencies for the end user.

the reactor for man tended operation also becomes a large question mark. The shield
must reduce the radiation level so that the dose received by the astronauts during
rendezvous, fly-by, or EVA is not excessive. This would require a SFP reactor to
be completely encased as well as placed up to 30 m away from any equipment or
payload (44:159). Also, beamed power can not be counted upon due to the large
infrastructure requirements necessary for both lasers and microwaves. This leaves
just one source — solar. But, whether photovoltaic or some dynamic option is chosen

can not immediately be determined.

11.8.1  Dynamic vs Photovoltaic. = The most obvious current technology
choice to lead the solar dynamic option is the closed Brayton cycle (CBC) design
for Space Station Freedom. This was the intended growth mode for Freedom. The
free-piston Stirling cycle (FPSE), however, has shown a lot of advantages. In a
fairly recent theoretical study between various solar dynamic and two photovoltaic
power systems (silicon arrays and a gallium arsenide concentrator) the FPSE was
chosen on the basis of lowest area and lowest weight power system for a 35 kW
design (89:1). All of these designs were based on Space Station Freedom level of
technology. The CBC design ranked second and the alkali-metal Rankine cycle was
found to be incapable of achieving the high thermodynamic efficiencies and was
eliminated early on in the study (89:17). The efficiencies of the solar dynamic and
photovoltaic systems for 35 kW designs are listed in Tables 11.3 and 11.4. The
higher predicted cycle efficiency of the FPSE was the main reason it was chosen
first. In this study, mass was the primary optimization criteria but the SFP is not

so mass critical and other factors such as reliability, safety, technological readiness,
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Photovoltaic System | Efficiency (%)
Silicon Array 14.9
Gallium Arsenide Array 22

Table 11.4 Solar photovoltaic array power conversion efficiencies — to the end user.

performance, operability, lifetime and compatibility take on added dimensions. The
choice was also based on projected improvements in technology expected to take
place. The actual development of the ['PSE, however, has lagged that of the Brayton
cycle system due to budget cuts within NASA. In fact, performance predictions for
the FPSE are believed to be achievable but have yet to be demonstrated whereas the
CBC has been demonstrated (89:66). The heat pipe Stirling receiver which passively
supplies heat to/from the thermal energy storage and to the free-piston engine is at
present no more than a conceptual design (89:24). Also, designs of Stirling engines
were more suitable for nuclear power conversion applications (89:64). As such it
would seem that a CBC has the advantage in technological maturity, reliability,

operability and readiness.

Lower system mass primarily affects transportation to orbit costs. The high
efficiencies of the solar dynamic systems allow for smaller array sizes per unit power.
This reduces the deployed area perpendicular to orbital motion (drag area) and sub-
sequent re-boost costs. Comparative drag estimates for Space Station Freedom are —
solar dynamic power module 266 m? versus photovoltaic modules 714 m? (85:247).
As shown in Section 11.10 this corresponds to a 13.5 km loss in altitude in 4 days
for a solar dynamic SFP versus a 31 km loss for a photovoltaic SFP at an initial

altitude of 300 km.

An additional advantage to solar dynamics is that energy storage in the heat
of fusion of a salt is 97% efficient while battery storage round trip efficiency is on the
order of 80% (85:248). Although the solar dynamic system will require more man

hours to install than a photovoltaic system, the lower maintenance and resupply
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needed for the solar dynamic will quickly overcome the photovoltaic over a lifetime

of 30 years (96:779).

Increments of 25 kW solar dynamic power modules (SDPM) were to be added
to the Space Station Free.om baseline of 75 kW (solar arrays) to bring the total
power to 325 kW (8:321). The most recent cuts to the space station have done
away with growth beyond the baseline and the SDPM’s were not included in the
revised design. Despite this, solar dynamic technology is now ready and NASA is
committed to further development through its Office of Aeronautics, Exploration
and Technology (96:811). As such, the decision of this design study is to use the
closed Brayton cycle solar dynamic power system. A description of this design is

included in Section 7.3.

11.9  Esternal Tank Stability

An investigation was undertaken to determine if a separated external tank
could be left in orbit by the space shuttle and recovered by the SFP at a later date,
and whether it would be sufficiently stable, through passive means, for docking with
the SFP. An investigation was also made to determine whether the shuttle could be

used to maintain the external tank’s attitude if necessary.

It is extremely difficult to dock with an unstabilized spacecraft. An uncon-
trolled satellite with any initial rotational motion will soon begin to spin about its
axis of maximum moment of inertia (45:16). Generally the motion is even more com-
plicated than this rotation because the spacecraft is not a rigid body and a variety
of environmental torques are acting upon it. Some form of passive or active attitude

control on a spacecraft is required if it is a docking target.

The designed operating altitude for the SFP is 300-500 km. The external
tank can be placed into an orbit in this range, with increased orbit altitude trading
for decreased shuttle fuel/payload mass (58:3). It is believed that 425 km is the

minimum altitude the external tank can be left for an extended period of time (57:36).
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Although a variety of space environmental torques are signiticant at these al-
titudes, aerodynamic and gravity gradient are primary. These torques will depend
on the shape, construction, and orientation of the spacecraft. Aerodynamic torques
typically dominate satellite dynamics below 370 km and gravity gradient torques
dominate above 555 km (95:770). Between these altitudes, both torques can in-
teract to varying degrees with the spacecraft (56:2200). When combinea with the
dyuamic nature of the atmospheric density at these extreme altitudes, it becomes
apparent that the applied torque on a separated external tank is difficult to predict.
In the long term, the external tank will rotate about its axis of maximum moment
of inertia (transverse axis, resulting in an end-over-end rotation) and some unknown

angle to the orbital velocity vector (57:28). Coning about this axis is unpredictable.

The above analysis indicates that an unmodified external tank should not be
left in orbit for any length of time. If it is, an attitude control system should be
added. Possible attitude control systems for an external tank have been studied, and

would require installation on every external tank utilized by the SFP (58:4).

An alternative procedure would leave the external tank and shuttle mated
during docking so the shuttle could be used to control the external tank’s attitude.
NASA studies have detailed the required safing procedures to be carried out while
the shuttle is still attached (60). Martin Marietta, the manufacturers of the external
tank, state that the shuttle has full attitude control capability while the external
tank is attached (1). These sources indicate no reason to preclude the use of the
shuttle for attitude control of the external tank during docking. This is the SFP’s

preferted docking method.

11.10  SFP Sensitivity to Aerodynamic Drag

“When the orbit perigee height is below 1,000 km, the atmospheric drag be-
comes increasingly important” (16:213). Without a counteracting propulsive force,

a spacecraft will eventually re-enter the atmosphere due to the cumulative effects of
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atmospheric drag (30:121). Atmospheric drag is expected to deorbit ASSET from
an altitude of 296 km in less than 12 days (31:5.40). The SFP must operate at
the same altitude as ASSET, therefore potential configurations of the SFP must be

investigated to determine the effects of atmospheric drag.

The drag force, F, is given by the equation:

lpviﬂﬂor—

T"d=—2 3 V, (11.2)

where p is the density of the atmosphere, V. is the velocity of the vehicle relative to

the atmosphere, M, is the vehicle mass, and  is the ballistic coefficient (94:65).

The parameters p and V, are discussed in detail in section 6.2.4. The ballistic

coefficient is defined as:
Mtot

ook (11.3)

ﬂ:

The vehicle mass, M,, can be estimated from the vehicle design. The coefficient of
drag, Cp, depends on the shape and motion of the vehicle, but is commonly assumed
to be a constant. References give typical values that vary between 1 and 3, with
values greater than 2 considered more realistic (30:127). For this analysis, Cp equals
2.4 — the value chosen by Miner in his analysis of a space shuttle external tank in
orbit (57:33). The projected area normal to the flight path (drag area), A, varies
because the orientation of the vehicle is constantly changing, and subcomponents,
such as photovoltaic arrays, change orientation relative to the body axes. These ori-
entations generally vary sinusoidally in the orbit. In order to simplify computations,
this analysis uses the worst case vehicle orientation with respect to the flight path

as a constant orientation.

11.10.1 Vehicle Drag Area Comparisons. Estimates of the drag area,
A, were made for the likely orbital transfer orientation for a solar dynamic powered

SFP (see Table 11.5 and Figure 11.7) and an alternative all photovoltaic powered
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Component Quantity | Area, m?*
External Tank 1 400
ASSET Photovoltaic Array 1 424
Solar Dynamic Power Modules 2 276
Main Integrated Truss 1 6
Cross Integrated Truss 1 50
Total 1432

Table 11.5 SFP drag area estimates — solar dynamic powered.

276
sq. m

56 sg. m

212
sq. m

400
sq. m

276
sq. m

212
sq. m

Figure 11.7 SFP drag profile using the worst case drag area of the SFP in the
orbital transfer orientation as projected on a plane normal to the flight

path.
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Component Quantity | Area, m?
External Tank 1 400
ASSET Photovoltaic Array 5 424
Main Integrated Truss 1 6
Cross Integrated Truss 1 50
Total 3340

Table 11.6 SFP drag area estimates -— photovoltaic powered.
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Figure 11.8 Deorbit of a solar dynamic powered SFP without using the propulsion
system to maintain orbit. The solar dynamic powered SFP loses 14 km
altitude in 4 days.

SFP (see Table 11.6).

Each of these was used in a numeric integrator without the electrodynamic
propulsion system functioning. In 4 days, the SFP using solar dynamic power drops
approximately 14 km in altitude (see Figure 11.8), while the all photovoltaic pow-
ered SFP drops 33 km (see Figure 11.7%). This demonstrates the significance of
aerodynamic drag and the significant advantage of solar dynamic power versus pho-
tovoltaic power. The decay rate for an SFP powered by all photovoltaic arrays is

not acceptable because of its higher associated aerodynamic drag.
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Figure 11.9 Deorbit of a photovoltaic powered SFP. This radius vs time plot shows
that without using the propulsion system to maintain orbit, the all
photovoltaic powered SFP loses 33 km altitude in 4 days.

11.10.2  Drag and Altitude. At 300 km altitude, the loss of 14 km in 4 days
is still cause for concern. It was determined that 11 kW is required to overcome the
effects of aerodynamic drag in the transfer orientation at an altitude of 300 km (see
Figure 11.10). This leaves a sufficient surplus of power for external tank reduction
and truss fabrication. The power requirements to maintain orbit are reduced as the

altitude of the orbit is increased.

Aerodynamic drag decreases with altitude due to the two parameters p and
V,. The density of the atmosphere, p, and V, decrease with r. According to Equa-
tion 11.2, a decrease in either of these parameters will decrease the aerodynamic
drag force. The resulting acceleration on the SFP drops two orders of magnitude
(1075 to 10~7 m/s?) as the vehicle rises from 300 km to 500 km altitude. While the
SFP loses 14 km altitude in 4 days at 300 km, at 500 km altitude it loses only 3 km

in the same time period.
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Figure 11.10 Orbit Maintenance. Eleven kW is required to maintain the SFP’s
300 km altitude when it is in the transfer orientation.

11.11  SFP Integrated Truss Length vs Number of Shielded Coils

The shielded coil electrodynamic propulsion system generates thrust propor-
tional to the effective length of the conductor, L. In a constant relative B-field, with
a constant current, 7, the magnitude of the thrust force, F, is given by the scalar
equation:

F=iLB (11.4)

Thus, with ¢ and B fixed, the only way to increase F' is to increase L. The effective
length of the conductor is:

L=nl (115)
There are two ways to increase L; either increase the number of turns, n, or increase
the length of the truss, [.

The performance measure chosen for the analysis was vehicle acceleration, a,
under fixed conditions. The maximum acceleration under fixed conditions can be

directly r<'ated to the vehicle performance, in both orbital transfer and docking
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maneuvers. Acceleration is simply:
0=~ (11.6)

The mass of the vehicle, M, increases with L. With an increase in /, a proportional
increase occurs in the mass of the supporting truss, the conductor, and the shield.
An increase in n causes a proportional increase in the conductor mass, and a possible

increase in shield mass. The equation for the vehicle mass is:
M=My+lpr+2nlpc+1 integer(nﬁ— +1) ps (11.7)
s

M, = the fixed mass of the vehicle

pr = the mass per unit length of the truss

pc = the mass per unit length of the conductor

ps = the mass per unit length of the shield

ng = the number of turns for which the shield is effective

integer(-) = the greatest integer < the value inside (-)

Combining the Equations 11.4, 11.5, 11.6, and 11.7 gives:

«= inlB
" Mo+ 1pr + 20l pc +linteger(,:‘—s +1) ps

(11.8)

A parametric analysis was carried out by varying the truss length from 1 m to
200 m and the number of turns from 1 to 201. Figure 11.11 shows the resulting
surface plot with the acceleration, a, on the vertical axis. The plot shows that an
increase in n is generally better than an increase in [ for increasing @ in regions of
pructical interest. Note that the plot does not take into account any penalty for

increases in size which were a primary concern during the design process because of
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Figure 11.11 The surface plot shows that acceleration, a (vertical axis) increases
faster by increasing n than by increasing [.

increased power requirements. This analysis was verified with the use of a non-linear

optimization computer package, GINO (51).

The use of shielded conductor loops allows the truss lengths to be virtually
any length desired. Because the target payload for the SFP is an external tank,
the main integrated truss was required to be at least 50 m to allow for equipment
clearances. The analysis of increasing the number of turns or the length of the truss
to achieve a given force showed that increasing n was cheaper from a size standpoint
than increasing [. As a result, the length of the main integrated truss was set to

50 m and the number of turns was adjusted to achieve the required forces.
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XII. Conclusion and Recommendations
12.1 Conclusion

As described in the beginning of this report, the SFP design study focused on
establishing the feasibility of a space facility to enhance the construction of other
structures in space. The facility was to utilize external tanks from the space shuttle
and electrodynamic propulsion. A prototype platform was designed that is capa-
ble of reducing external tanks into raw material, fabricating the raw material into
trusses, and delivering the trusses anywhere in low inclination, low earth orbit. These

capabilities were demonstrated in Chapter X.

12.2  Recommendations

The design study lays the foundation for a space fabrication platform by estab-
lishing feasibility. The broad nature of this task required a motivation to address all
essential subject areas pertaining to the SFP. During the course of the study, it was
recognized that further research in some areas will be essential to the SFP program

planning phase. The following list identifies these subject areas:

e The automation required for truss fabrication needs formal design. Work-
ing models and simulations are recommended to refine all details of the truss
fabrication process. The areas of interest span everything from reducing the

external tank to manipulating the completed truss product for delivery.

e Further analysis of the SFP dynamic models is required. Nonlinear, time
variant models should be used to refine the performance and control of the
SFP. Changes to the current models would impact almost every aspect of the

SFP design: propulsion, power, controller, etc.

e The potential for power regeneration and storage in the SFP needs to be re-

addressed. Utilization of V.4 and the forces associated with dragging should
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be considered. Energy storage could include batteries, as well as other devices

such as capacitors and momentum wheels.

A review of the materials used throughout the SFP is required. Improvements
in material technology should be incorporated. In many areas, the same ca-
pabilities may be realized at a lighter weight. For example, composites might
replace aluminum in the integrated trusses, or conducting polymers might re-

place aluminum in the propulsion conductors.

SFP heat transfer issues need further consideration. An in-depth analysis
incorporating all the heat sources associated with the SFP and potential heat

transfer methods is required.

Further analysis of the SFP electromagnetic emission and susceptibility issues
is required. Electromagnetic compatibility between the propulsion system, the
fabrication equipment, and all other devices must be thoroughly considered in

the design of the platform.
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Appendiz A. Additional ASSET Information
A.1  Ezternal Tank

The external tank is 46.9 m long by 8.4 m in diameter. Its mass is approxi-
mately 31,300 kg empty and nearly 752,800 kg when fully loaded with propellants. It
has three primary structural components, the LO, tank, intertank, and LH, tank,
made primarily of aluminum alloys (see Figure A.1). Its surface is coated with a
spray-on foam insulation (SOFI) that helps maintain the temperatures of the pro-
pellants before and during launch (31:3.1). The intertank contains instrumentation,
range safety components, and a solid rocket booster beam assembly, which distributes
thrust loads from the solid rocket boosters. Due to the complexity of the LO; and

intertank structures, only the LH; tank is used for salvage operations.

A.2  ASSET Construction

A dedicated space shuttle mission is required to set up ASSET. Table A.1 lists
the cargo required for the mission. The external tank must be carried into orbit. In
orbit, the remaining fuel is dumped and the range safety system is safed. Then, long
duration EVAs install the boost/deboost modules, photovoltaic arrays, avionics, and

reduction equipment. After the set up, external tank salvage operations begin.

A.3  Reduction Equipment

The following are descriptions of the reduction equipment not thoroughly de-
veloped in Chapter IV but applicable to the SFP. Figure A.2 provides an overview

illustration.

A.8.1 Centerline Track. A pre-installed centerline track allows longi-
tudinal motion of the centerline trolley and primary cutter power truck (31:5.13).

The track is made of 15.2x15.2x0.317 ¢m thick square 2219 aluminum tubing and
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Figure A.1 The external tank is composed of the LO, tank, the intertank, and the

LH, tank.
Item Mass kg
Solar Photovoltaic Arrays 1000
Thermal Control System 1720
Electrical Power Subsystem 3247
IEA Structure 1228
Subtotal Power 7195
Boost /Deboost Modules 1432
First Year Hypergolics 5455
Second Year Hypergolics 5455
Subtotal Orbital Maintenance 12342
Robot Arm Truck 124
Primary Cutter 91
Spare Cutter 91
Centerline Track 125
External Tank Modifications 261
SOFI Workstation 526
Subtotal Reduction Tools 1218
Communications, Cameras, Lights, Avionics 350
Total First Flight Cargo Mass 21105

Table A.1 The space shuttle cargo manifest required for producing an AS-
SET (31:H.9).
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Figure A.2 Side view of the reduction equipment inside an ASSET for salvage
operations.

extends from the forward most major ring frame to the aft most major ring frame

in the center of the LH, tank (23.16 m long).

A.3.2  Centerline Trolley. The centerline trolley consists of an extendible
arm with an end effector that can be rotated about the centerline track (see Fig-
ure A.3). The whole trolley moves along the track on drive wheels. The trolley
allows the transport of material and the primary cutter within the LH, tank. Power

and control are provided through cables from an inertial reel.

A.3.3  Primary Cutter. The primary cutter moves an electron beam cutter
longitudinally and laterally to cut out composite sections of I-beam, flat plate, and
SOFTI (see Figure A.4(31:5.20). It attaches to pairs of adjacent I-beams and is moved
longitudinally by drive wheels positioned below the I-beam flanges. The electron
beam cutter is moved laterally by a shaft to permit cross cutting. The primary
cutter can be moved by the centerline trolley. Power is provided by a line from a

power truck located on the centerline track as shown in Figure A.2.
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Figure A.3 Cross-section of the centerline trolley. The centerline trolley carries an
extendible arin with an end effector.
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Figure A.4 The primary cutter moves along the LH,; tank I-beams cutting out
sections of the tank skin.
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Figure A.5 ASSET uses boost/deboost modules developed for the proposed Ex-
ternal Tank Gamma Ray Imaging Telescope for attitude and altitude
control.

A.4  FEzxternal ASSET Equipment

A.4.1  Boost/Deboost Module.  ASSET attitude and altitude control is pro-
vided by 2 boost/deboost modules attached at the solid rocket booster thrust fittings
of the intertank. The boost/deboost modules are based on the design recommenda-
tions that Martin Marietta developed for the proposed External Tank Gamma Ray
Imaging Telescope (see Figure A.5). Each module has two 2224 N, 230 s specific
impulse main thrusters and six 222 N attitude thrusters, all fueled with hydrazine.
With ASSET maintained in the minimum drag attitude (nose of the external tank
in the velocity vector direction), the initial supply of fuel is estimated to last two

years.

A.4.2  Power. ASSET electrical power is provided by two photovoltaic
arrays attached, one each, to the boost/deboost modules. The drag area for the
entire power system is 424 in%. The arrays produce 31.13 kW of power. Forty-nine

percent of the power is used for charging four N:H; batteries. The batteries provide
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power during the eclipse periods. Eclipse periods occur for approximately 36 out
of every 91 minutes (31:5.23). The remaining 15.88 kW is sent to the electrical
equipment subsystem, allowing a 12 kW load.
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Appendiz B. SFP Produced Truss Properties
B.1  Introduction

The SFP truss maker produces square trusses of varying lengths (see Fig-
ure B.1). The SFP truss is composed of three separate entities: Longitudinal, cross,
and diagonal members. This appendix documents the material and physical prop-
erties of each truss member and the physical properties of the SFP produced truss.
These properties can be used by the end user to determine how and when the SFP

produced truss can be used in their specific application.

B.2  Truss Member Material Properties

All three SFP truss member types are composed of the same aluminum alloy,
Al 2219-T87. The material properties associated with this material are shown in

Table B.1.

B.8  Longitudinal and Cross Member Physical Properties

The longitudinal truss members are continuous T-beams with cross section and
dimensions shown in Figure B.2. The cross members are 1.035 m long T-beams and
are attached orthogonally to either the web or flange of the longitudinal member,

depending upon which side of the truss is being viewed. The cross members have the

Young’s Modulus (E) 7.308 x 10'° Pa
Shear Modulus (G) 2.758 x 10'° Pq
Yield Stress (o) 4.137 x 10% Pa
Ultimate Stress (o,) 4.826 x 10°® Pa
Coefficient of Thermal Expansion | 23 x 107¢/°C
Mass Density (p) 2851 kg/m?
Poisson’s Ratio (v) 0.33

Table B.1 Material properties of the aluminum alloy, Al 2219-T87.
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Figure B.2 T-beam cross section for the SFP produced truss longitudinal and cross
member.

same cross section as the longitudinal members (see Figure B.2). Section properties

for the cross and longitudinal members are shown in Table B.2.

B.4  Diagonal Member Physical Properties

The diagonal truss members are 4.655 m flat strips with cross section and di-

mensions shown in Figure B.3. The diagonal members are also attached to either the

Length (Longitudinal Member) Variable
Length (Cross Member) 1.035 m
Flange Length 3.175 em
Flange Width 0.318 em
Web Length 1.111 em
Web Width 0.254 cm
Area 1.291 cm?
Torsional Constant (K) 0.004 N/cm?

Table B.2 SFP produced truss longitudinal and cross member section properties.
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Figure B.3 Cross sectional view of the box beams used to model the main integrated
truss,

Length 4.655 m
Width 4.582 cm
Thickness 0.3175 cm
Area 1.455 em?
Torsional Constant (K) | 0.047 N/cm*

Table B.3 SFP produced truss diagonal member section properties.

web or flange of the longitudinal truss member. Section properties for the diagonal

member are shown in Table B.3.

B.5  Truss Mass Per Unit Length

The mass of the truss is the sum of the masses for all the longitudinal, cross,
and diagonal members which make up the truss. By dividing the sum of the member
masses by the total length of the truss, the mass per unit length of the truss section

can be determined.
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Figure B.4 Side view of SFP produced truss defining dimensions used to calculate
the mass per unit length of the truss.

The masses of the truss members are:

M, = 4pAL (B.1)
L
M. = 4(Z + 1)pAd, (B.2)
L
My =8(2)pAdy (B.3)

Where M;, M., and M, are the masses for the longitudinal, cross, and diagonal mem-
bers, respectively. Figure B.4 defines the remainder of the terms in Equations B.1,

B.2, and B.3. The total mass of the truss is then:
My = My + M. + My (B.4)
Therefore, the mass per unit length of any truss section can be found by dividing

M7, by the total truss length, L.
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Figure B.5 The intersection of the X and Y axes locates the geometric center of
the SFP produced truss. Ix and Iy were determined for these axes.

B.6  Truss Properties

The product E A is known as the axial stiffness. Where E is Young’s Modulus
and A is four times the cross sectional area of one longitudinal member. The axial

stiffness for the SFP produced truss is then:
EA =4EA; = 4(7.308 x 10'°)(0.0001291) = 3.774 x 10° N (B.5)

The product EI is known as the bending stiffness. Where I is either the moment of
inertia about the X or Y axes which run through the geometric center of the cross
section (see Figure B.5). The moment of inertia about Xg was determined to be
1.34 x 10~* m* and the moment about Y was determined to be 1.25 x 10~% m*.
Because Iy is smaller than I'x, the more conservative value, Iy, is used to determine

the bending stiffness for the truss.

EI =(7.308 x 10'°)(1.25 x 107*) =9.135 x 10° N - m? (B.6)
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Figure B.6 Finite element model for determining the torsional stiffness of the SFP
produced truss.

The product KG is known as the torsional stiffness. Where G is the shear modulus
and K is a torsional constant. K is a factor dependent upon the form and dimensions
of the cross section. For a circular section, K is the polar moment of inertia J. For
non-circular sections, K is less than J and may only be a small fraction of J (12:4.31).
A simple expression for K does not exist for the SFP produced truss. However, the

torsional stiffness of a bar can be expressed by the general expression:

KG= "'—;ﬁ (B.7)

where T is a torque applied to the end of the truss, L is the length of the truss, and 6
is the resulting rotation due the applied torque, T (12:4.32). The torsional stiffness
of the SFP produced truss was determined using Equation B.7 in conjunction with
a small finite element model. The general geometry of the finite element model is
shown in Figure B.6. The finite element model was one bay long, L = 4.529 m and

was subjected to an arbitrary torque as shown in Figure B.7. The resulting rotation,
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Figure B.7 Finite element model for determining the torsional stiffness for the SFP
produced truss.

A 5.820 cm?

Iy 1134 x 107* m*
Iy [125 x 107* m*
AE | 3.7714 x 10' N
ET [9.135 x 10° N - m?
KG]1.103 x 10° N - m?

Table B.4 SFP produced truss stiffness properties.

8 was found to be

6 = 0.017 rad (B.8)
Plugging the value found for @ into Equation B.7 results in a torsional stiffness of:

kG = TL _ (4140)(4:529) _ | 10a o 105 N - m2 (B-9)

The SFP produced truss stiffness properties are summarized in Table B.4.
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Appendiz C. Reference Frames

To develop and use the various equations of motion, five coordinate systems
are needed. For satellites orbiting the Earth, a suitable inertial reference frame is
the geocentric-equatorial coordinate system. Another inertial reference frame, the
Earth-centered inertial coordinate system is also used. The use of the dipole model
for the Earth’s magnetic field requires the use of the Greenwich-equatorial reference
frame. An orbital reference frame and body-centered reference frame are required to

describe position and orientation.

C.1 Geocentric-Equatorial Coordinate System

The origin of the geocentric-equatorial coordinate system, the :-frame, is co-
incident with the Earth’s geographic center. The fundamental plane — the plane
described by the X and Y directions — is defined by the equator with the positive
X-axis pointing in the direction of the vernal equinox (the point in the sky where
the sun crosses the equator from south to north on the first day of spring). The pos-
itive Z-axis points in the direction of the geographic north pole (coincident with the
Earth’s spin axis). The positive Y-axis points in the direction to complete the right-
handed, orthogonal coordinate system (see Figure C.1). It should be noted that this
reference frame is not fixed with respect to the Earth and does not rotate with it.

The unit vectors 2y, 15, and i3, lie along the X, Y, and Z axes respectively (3:55-56).

C.2 Earth-Centered Inertial Coordinate System

The Earth-centered inertial coordinate system, the é-frame, is similar to the
geocentric-equatorial coordinate system. The origin of the Earth-centered inertial
coordinate system is the Earth’s geographic center. The positive X.-axis points in
the direction of the line of nodes of the orbit of interest (defined on page C-7), at

a specific reference time t9. Note that the line of nodes changes over time, so the
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Figure C.1 Geocentric Equatorial Frame: the X-axis points toward the vernal
equinox, the Z-axis is coincident with the Earth’s spin axis, and the
Y -axis completes the basis. Earth Centered Inertial Frame: the X.-axis
points along the line of nodes at a fixed time, the Z,-axis is coincident
with the Earth’s spin axis, and the Y.-axis completes the basis.

reference frame is fixed at ¢y. The positive Z.-axis points in the direction of the
geographic north pole (coincident with the Earth’s spin axis). The positive Y,-axis
points in the direction to complete the right-handed, orthogonal coordinate system.
The unit vectors é;, é;, and é; lie along the X., Y., and Z. axes respectively (see

Figure C.1).

To relate the Earth-centered inertial coordinate system to the geocentric-equa-
torial coordinate system, the angle between €, and 21 must be known. This angle,
g, is the right ascension of the ascending node at a fixed time. To translate a vector
from the é-frame to the i-frame, a rotation matrix, R*(fg), can be defined. For this

“negative 3-rotation,” the rotation matrix is given by Hughes (35:15) as

609 —809 0
R® (fa) = | s0qg g O (C.1)
0 01
C-2




where

c = cos
8 = sin

To translate a vector from the i-frame to the é-frame, a reverse-rotation matrix,
R*(0g), can also be defined. The reverse-rotation matrix is the transpose of R*(dgq)
and is given by
clq s 0O
R%(8q) = | —s0q b O (C.2)
0 01

C.3 Greenwich-Fquatorial Coordinate System

The Greenwich-equatorial coordinate system, the §-frame, is the same as the
geocentric-equatorial coordinate system except for a rotation about the Z-axis. The
Greenwich-equatorial coordinate system is fixed to the Earth and rotates with it.
The fundamental plane is defined by the equator with the ry-axis pointing in the
direction of the Greenwich prime meridian (0°E longitude). The positive z,-axis
points in the direction of the geographic north pole. The ,-axis points in the
direction 90°E longitude to complete the right-handed, orthogonal coordinate system
(see Figure C.2). The unit vectors §,, s, and g3, lie along the ry, 8,, and 2, axes

respectively.

To relate the Greenwich-equatorial coordinate system to the geocentric-equa-
torial coordinate system, the angle between g, and 71 must be known. This angle,
Oy, is called the Greenwich sidereal time. If @, is known for some particular time

to, ©, at any other time, £, can be determined from

O, = Oy + we(t — to) (C.3)




Figure C.2 Greenwich Equatorial Frame: the r,;-axis points toward the Greenwich
prime meridian, the z,-axis is coincident with the Z-axis, and the 6,-
axis crmpletes the basis.

where wg is the angular velocity of the Earth:
we = 7.2021 x 10-55‘?

Values of ©, at 0:00 hours, Universal Time, for each day of the year can be obtained
from the American Ephemeris and Nautical Almanac (21). To translate a vector
from the §-frame to the i-frame, a rotation matrix, R%9(0,), can be defined. For this

“negative 3-rotation,” the rotation matrix is given by Hughes (35:15) as

c®, —-s0, 0
R9(Q,) = | 8, O, 0 (C.4)
0 01

To translate a vector from the :-frame to the §-frame, a reverse-rotation matrix,

R%(0,), can also be defined. The reverse-rotation matrix is the transpose of R*(9,)




and is given by
c®, 50, 0
R*(©,) = | —s0, O, 0 (C.5)
0 01

C.4 Orbdital Coordinate System

The orbital coordinate system, the G-frame, is one of the primary reference
frames for the work that follows. The origin of the a-frame is coincident with the
center of the Earth. The frame is fixed to a point in a reference orbit; the reference
point, and therefore the orbital frame, rotates at orbital rate. This differs from a
perifocal coordinate system in that the orbital frame rotates as the vehicle moves
through the orbit, while the perifocal frame is fixed with the z-axis (or r-axis)
pointing in the direction of the perigee. The fundamental plane of the a-frame is
defined by the plane of the orbit. The r,-axis points along the line connecting the
origins of the i-frame and the é-frame, pointing away from the i-frame origin —
this is the R-bar direction. The 6,-axis points along the tangznt to the orbit path
(for a reference point in a circular orbit), in the direction of motion — this is the
V-bar direction. The positive z,-axis is normal to the fundamental plane, pointing
to complete the right-handed, orthogonal coordinate system — this is the Z-bar
direction (see Figure C.3 and C.4). The unit vectors, a,, g, and a3 lie along the

Ta, 04, and z, axes respectively.

Before developing the transformation matrix to transform from the i-frame to
the a-frame, the orbit must be considered further. Six orbit elements make up the
classic set used to pinpoint the position of a satellite along the orbit at a particular

time. The six elements are given by Wiesel (93:57) as

1. a, the semi-major axis — a constant defining the size of an elliptic orbit.
It is defined as one-half the distance from one focus, to a point on the

orbit path, to the other focus.




Figure C.3 The orbital reference frame with the origin translated for clarity to a

point on the orbit path.
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Figure C.4 R-bar is defined along the radial direction, V-bar is defined along the or-
bit path direction, and Z-bar is defined along the out of plane direction.
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2. e, the eccentricity — a constant defining the shape of the conic orbit. If
e = 0, the orbit is circular (which is a degenerate case of an elliptical
orbit with both foci at the center), if 0 < e < 1, the orbit is elliptical, if
e = 1, the orbit is parabolic, and if e > 1, the orbit is hyperbolic.

3. To, the time of perigee passage — the time the orbit vehicle passes the
point closest to the Earth’s center, thus fixing the position of the vehicle

at one instant in time.

4. Q, the right ascension of the ascending node — the angle measured from
the vernal equinox eastward along the equator to the point where the
orbit’s path crosses the equatorial plane from south to north (the line
resulting from the intersection of the planes being the line of nodes).

0 <2< 180°.

5. i, the orbital inclination — the angle measured from the equatorial plane

to the orbit plane at the ascending node.

6. w, the argument of perigee — the angle measured from the line of nodes,

along the orbit path in the direction of motion, to the perigee point.

Once the position of the vehicle in the orbit is determined, the transformation matrix
going from the i-frame to the é-frame can be determined. The transformation is
carried out by first rotating through ), about the Z-axis — this aligns the X-axis
with the line of nodes. The second step is to rotate the new reference frame (the
X'Y'Z'-frame) through i, about the X’-axis (the axis of the new reference frame
aligned with the line of nodes) — this rotates the Z’-axis to form the z,-axis, and
brings the Y’-axis into the orbit’s fundamental plane. The last step is to rotate the
newest reference frame (the X”Y"z,-frame) through v, the true anomaly (which is
the angle measured from the line of nodes, along the orbit path in the direction of
motion, to the vehicle’s position), about the z,-axis — this aligns the X”-axis with
the r,-axis. If the transformation was to the perifocal coordinate system, the last

rotation would actually be a rotation through w, thus pointing the r,-axis toward
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the perigee. However, the d-frame is actually fixed to the orbital vehicle, so v is
time variant. To find the true anomaly, v, the eccentric anomaly, E, must first be
determined. The value of E is obtained for any time, ¢, from the form of Kepler’s

equation

E —esinE = ;‘%(t—To) (C.6)

where 4 = G(m; + my) — G is the universal gravitational constant, and m; and
mq are the masses of the orbiting bodies. For artificial satellites in Earth’s orbit,

G(m; + m3) = GMg and (90:F-175, F-178)

N
_ -11
G = 6.6720 x 107" =

Mg = 5.979 x 10* kg

3
po= 39802 x 10M
S

and e, a, and Tj are from the set of classic orbit elements. Equation C.6 is transcen-
dental and must be solved numerically. Once E is known, the true anomaly, v, can

be determined from:
l1+e 1
tan 2V =\1 tan —2-E (C.7)

which gives v without quadrant ambiguity (93:54-65). The rotation matrix which
transforms from the i-frame to the a-frame can now be determined. This rotation is

a classic “3-1-3-rotation” and is given by (35:21):

RY = Ry(v)R (i) Rs()
cv sv 0 1 0 0 cl s} 0
= —sv cv 0 0 c s -3 2 0
0 01 0 —si < 0 0 1




Nev — sQeisy sQcv + Scisy  sisv

= —cQsv — sQcicy —sQsv + Qcicv  sicv (C.8)
sQlst —cdst ct
and
R = Ry (—Q) R, (—i) Rs (—v) = R*" (C.9)

C.5 Body-Centered Coordinate System

The body-centered coordinate system (also known as the principal-body-axis
frame), the b-frame, is the other primary reference frame used in this design study.
The b-frame is attached to the SFP, with the origin located at the platform’s center
of mass. The basis is aligned so that the moment of inertia tensor is diagonal; the
unit vectors describing the reference frame lie along the principal body axes (93:104-
106). The orientation of the b-frame with respect to the g-frame is described by three
angles: yaw, 9, pitch, 8, and roll, ¢. The fundamental orientation (¢ = 8 = ¢ = 0°)
of the b-frame aligns the positive z;-axis, the positive y;-axis, and the positive z,-axis
with the positive r,-axis, the positive 8,-axis, and the positive z,-axis respectively.
The unit vectors, 31, i)g, and by lie along the z, ys, and 2 axes respectively. The
transformation from the &-frame to the b-frame s commonly described by first yawing
about the r,-axis, then pitching about the new lateral axis, and finally rolling about

the newest longitudinal axis (93:112). The rotation matrices are given by (35:20):

R" = R, (¢)Rs, (0)R., ()

= Ry (8) Rs(0) R ()
cpcld cpslc) + spsyp  cpshsy) — s¢cy
= | —s6 clcyp clsyp (C.10)

s¢cl spsOcp — chpsyp  sPpshsyp + chpcyp
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and

Ry (—¢) B3 (—0) R (—¢)
R
cpcl —s0 s¢cl
cpslcy) + spsyp clcyp spsbcp — chsip
cpslsy) — spcp clsyp 34303y + codcy)

C-10
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Appendiz D. Earth’s Magnetic Dipole Model

The Earth’s magnetic field can be descrbed as:
B =-yV (D.1)

where V is the scalar magnetic potential. V, is defined as

=

_M.

r3

Vv

(D.2)

where M is the vector magnetic moment, 7 is the vector distance from the center of
the dipole, and r is the magnitude of 7. The magnetic moment vector points toward
the austral dipole pole, along the axis of the simple dipole. Expressed in the §-frame,

the magnetic moment vector is given by

IM = M cos ® cos Ag §, + M co. ®gsin Ao go + M sin ®q g5 (D.3)

where M is the magnitude of the magnetic dipole, ®¢ is the latitude and A is the
longitude of the austral pole of the dipole model:

M = 805x10®°T.-m?
®o

il

78.5°S
Ao

f

111.0°F
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Using the transformation matrices R* (Equation C.4) and R* (Equation C.8), ‘M

expressed in the a-frame 1s

M = RO
= R*RY'M
= Ma, + Maap + Maas (D4)

where, after simplification using various trigonometric identities (6:135-140), M,

M,, and M3 can be expressed as

M,

M,

M;

where

= M {c®o[cvc (R — O, — Ag) — svcis (2 — O, — Ag)] + s®osvsi} (D.5)
= Mm
= M {c®o[—svc(Q — Oy — Ag) — cvcis (1 — Oy — Ag)] + sPocvsi} (D.6)
= Mm,
= M {c®osis (R — O, — Ag) + sPoci} (D.7)

= Mm3

Ccos

sin

and from Appendix C

v
Q
©

™.

I

true anomoly along orbit path
right ascension of the ascending node
Greenwich sidereal time

orbit plane inclination
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The vector, 7, describes the position of the reference point, relative to the center

of the dipole, in the a-frame. For the simple dipole model, 7, is given by (93:63)

) a{l —e) ,
- (r@+rau) 4r = l+ecosua

= T, &,. (DS)

where rg is the radius of the Earth (90:F-175):
re = 6.3713 x 10°m

a is the semi-major axis of an elliptic orbit, e is the eccentricity of a conic orbit, and
a1 1s the reference point’s altitude. This equation shows that the radius vector, in
the a-frame, is time-variant (due to the time dependency of v). The scalar magnetic

potential is obtained from Equation D.2 giving

. YW T Ml'f‘l + M21‘2 + M3'I'3

174 = = 3 (D.9)
where
_(n24 .24 2)2
r= (rl +ry +r3)
The vector magnetic potential is then obtained from Equation D.1
— — ov., oV, oV,
B = —vv——%ar“%ag——a?;aa
B M, 3 (Miri+ Myry+ Msrs) TlJ n
= —|=F ar
r3 rs
(M; 3 (Myry+ Myry + Msrs) 7‘2] .
— | — — ag
r3 rs
3 HT? 3 (Myry + M::z + M3r3) 7'3} is (D.10)

At this poirt, it is useful to make some simplifications. Assuming the magnetic field

is constant in the neighborhood of the reference point, the magnetic moment vector,
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M, and radius vector, ¥, can be simplified as follows:

Ml = Mml N = (1‘$ + ralt) =T,

Mz Mmz T =0

M3=Mm3 T3=0

Applying these simplifications to Equation D.10 gives

-B 703- [2m1&,-—mg&a~—m3&3] (D.ll)

remembering that:

my = c®oleve(— 0, — Ag) — svcis (1 — O, — Ag)] + sPosvse
my = c®o[—svc(Q— O, — Ag) — cveis (2 — Oy — Ag)] + sPocvsi
m3 = c<I>gsi.s (Q - (-)g - Ao) + s(I>ocz'

a(l—e) .
14 ecosv '

All three elements of B are nonlinear and time-variant. The field expressed in the
orbital reference frame varies proportionately to the Earth’s rotation rate; this is
seen by the presence of O, in m;, m,, and m3 in Equations D.5 - D.7. changes occur
at orbit rate as well. The presence of v in the m; and m; terms indicates these terms
vary at orbit velocity. Finally, there is a constant term in m3, which accounts for

the average north/south orientation of B.
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Appendiz E. Analysis of SFP Rigid Body Assumption
E.1  Introduction

The SFP integrated trusses are subjected to a variety of loads due to the SFP’s
shielded coil electrodynamic propulsion system, the augmentation thrusters, and the
rotation of the solar power system. The magnitudes of the loads generated by these
systems are small and are not considered a threat to the structural integrity of the
integrated trusses. However, the equations of motion listed in Section 6.2.4 are
based upon the assumption that the SFP is a rigid body. Therefore, an analysis of
the integrated truss subjected to the maximum loads is required to demonstrate the

validity of the rigid body assumption used to formulate these equations of motion.

E.2  Description of Integrated Truss Loads

The maximum loads applied to the SFP are generated during R-bar stand-
off and were determined by the time history program listed in Section G.1. The
maximum distributed forces due to this standoff maneuver are applied to the main
“ategrated truss and are attributed to the SFP’s shielded coil electrodynamic propul-
sion system. The maximum moments possible during this same maneuver are also
applied to the main integrated truss and are attributed to moveable augmentation
thrusters. The moveable augmentation thrusters produce a maximum thrust of 50 N.
The thrusters are attached to both ends of the main integrated truss. These thrusters
always fire in the same direction and always perpendicular to the main integrated
truss. The farthest distance the augmentation thrusters will ever be from the cen-
ter of the main integrated truss is 1.65 m. This generates a maximum moment of

82.50 N - m about an axis running lengthwise through the center of the truss.

The moments generated by the rotation of the solar power system were deter-
mined in Appendix P. These moments are applied to the ends of the cross integrated

truss. However, the magnitude of these moments are minute compared to the mo-
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2.40 cm

Figure E.1 Cross sectional view of the box beams used to model the main integrated
truss.

ments generated by the moveable augmentation thrusters. Also, the distributed
forces applied to the cross and orthogonal integrated trusses due to the shielded coil
electrodynamic propulsion system are at least an order of magnitude smaller than
that applied to the main integrated truss. Therefore, the rigid body analysis will
focus on the main integrated truss. If the rigid body assumption can be justified for
the main integrated truss, then the rigid body assumption is justified for the cross

and orthogonal integrated trusses as well.

E.3  Main Integrated Truss Model

The main integrated truss was modeled using box beams for all the truss
members (see Figure E.1). The box beams were connected as shown in Figure E.2
to form the main integrated truss. The dimensions of the box beam (shown in

Figure E.1) were chosen so that the mass per unit length of the integrated truss




E-3

Figure E.2 The main integrated truss was modeled using box beams connected to
form a 2 m by 2 m octagonal truss.




was equal to 20 kg/m. This is the value used by all of the design programs listed in
Appendix G. The aluminum alloy, Al-2219, was used as the box beam material. This
is the same material NASA planned to use for Space Station Freedom’s integrated

trusses (70:9).

The main integrated truss is 50 m long. Due to the symmetry of the loads
applied to the integrated truss and the symmetry of the SFP itself, the truss is
modeled as a cantilevered, 26 m long, (due to the 2 m truss bay length) octagonal

truss section (see Figure E.2).

The finite element model is made up of 112 nodes and incorporates 324 box
beam elements. Each element has 6 degrees of freedom generating a 1944 degree of

freedom finite element model.

The load generated by the shielded coil electrodynamic propulsion system is
modeled as two orthogonal, distributed forces applied lengthwise to the integrated
tiuss longitudinal members. The 50 N eccentric load applied to the end of the truss
is modeled as four 12.5 N individual forces and four individual 20.625 N-m moments.
These four forces and moments are applied individually to the two top and bottom
nodes at the free end of the truss. See Figure E.3 for the :nagnitudes and directions

of the forces and moments applied to the truss model.

E.4  Analysis Software

A static, linear, finite element analysis was performed on the SFP main inte-
grated truss described in Section E.3. The analysis was accomplished using I-DEAS
Finite Element Modeling Software produced by Structural Dynamics Research Cor-
poration. This software is a computer aided engineering tool that provides the ca-
pability to build a complete finite element model, including physical and material

properties, loads, and boundary conditions.
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Figure E.3 End view of the maximum loads applied to the main integrated truss.

E.5  Analysis Results

The results of the finite element analysis show very small deflections due to the
maximum loads applied to the main integrated truss. The following output shows

the raw data generated by the program for this maximum load scenario:

AXEREA LKL LLN AR ARA L AN LA AR N LR AN LR LA R ARAX LK LAA LR LRAXALAAARXAAA KR A AR AAX XA XN L ARN A

Page 1

SDRC I-DEAS VI.i(s): FE_Modeling_ & Analysis 22-0CT-93 01:06:02

Main Integrated Truss - Maximum Loads

Group ID : No stored PERMANENT GROUP

Analysis Dataset : 1 - CASE 1,LOAD 1,DISPLACEMENTS

Report Type : Deformed Geometry Units : 81

Dataset Type : Displacements Load Set : 1

KNode Trans-I Trans-Y Trans-2 Rot-X Rot-Y Rot-2

1 0.000E+00 0.000E+00 O.000E+00 0.000E+00 0.000E+00 0.000E+00
2 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.0Q0E+00
3 0.000E+00 O0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
4 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
5 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
6 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
7 0.000E+00 0.000E+00 O.000E+00 0.000E+00 0,000E+00 O.000E+00
8 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
9 3.588E-07 3.599E-07 -1.013E-07 6.864E-08 -3.087E-07 7.972E-07
10 3.729E-07 2.662BE-07 1.226E-07 -2.129E-08 -2.343E-07 -7.026E-07
11 7.071E-07 -7.494E-08 1.375E-07 9.174E-09 -2.912E-07 1.924E-07
12 -2.536E-07 -6.006E-08 3.563E-07 8.667E-08 -4.209E-07 -5.828E-08
13 2.289E-07 4.277E-07 9.921E-08 8.297E-08 -2.782E-07 -6.754E-07
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BB A B B A e ek g s b e
Nd OGNNSO OE®NONS
[]

TSEILF2LR288898R2ELLEBRNR

SORC  [-DEAS VI.i(e):

integ2
Bode

1 31

Co I R I A A I N I W N ]

VOO RNRREROOEsWWLAEEE WO NKNLDNNNDDN = mON

.337E-07

.238E-06
.262E-06
.469E-006
.880E-07
.GT9E-07
.T27E-07

. 237E-07
.596E-08
.609E-00
.641E-086
.016E-08
.185E-08
.190E-08
.434K-08
.223E-06
.392E-06
.406E-08
. 299E~-06
.836E-08
.8418-08
.845K-00
-021E-08
-114K-06
.582K-08
.596K-08
. 404R-08
. 964K-08
. 809K-08
. 893%-00
.056K-08
.3338-08
.118K-08
.1318-08

Trans-X

. 6888K-08
. 436K-08
.283K-08
. 2008-08
. 468K-00
. 857%-08
. 196K-08
.1968-08
. 1698-08
S1178-08
. 097K-08
. 090K -08
.1206-08
. 1688-08
.504K-08
. 508K-06
. 4758-08
-4158-08
.391E8-08

.332E-08 -

{
[

1.974E-07 -1.223E-07 -3.339E-08

.400E~07 -2.063E-07 -1.396E-07 -2.153E-08
.866E-07 -1.996E-07 -3.559E-07 5.764E-08

4.037E-07 -2.309E-07 -1.090E-08
3.716E-07 2.214E-07 -4.289E-08
1.461E-07 3.284E-07 9.899E-08
1.671E-07 6.370E-07 1.473E-07
§.414E-07 2.283E-07 9.722E-10
2.339E-07 -2.210E-07 -5.491E-08
1.240E-07 -3.309E-07 7.126E-08
.2228-07 -6.368E-07 1.192E-07
.335E-07 -3.TO3E-07 -1.256E-09
.039E-07 3.065E-07 -3.001E~09

4

5

4.627E-07 5.399E-07 1.390E-07
4.709E-07 ©.708E-07 1.620E-07
6.414E-07 3.676E-07 1.088E-08
2.960E-0T -3.062E-07 -1.498E-08
5.216E-08 -6.426K-07 1.109E-07
§.114K-08 -8.T04E-07 1.338E-07
6.417E-07 -6.042E-07 3.199E-08
T.112E-07 3.829E-07 4.194E-08
8.0858-07 7.471E-07 1.587E-07
8.163K-07 1.073E-08 1.691E-07
8.201K-07 5.016E-07 4.415E-08
4.327%-07 -3.826k-07 2.889E-08
2.5608K-07 -T7.498E-07 1.304E-07
2.5438-07 -1.073E-06 1.407E-07
7.2978-07 -6.2478-07 6.703E-08
9.066K-07 4.620K-07 7.825E-08
1.1698-08 9.3T0K-O7 1.699E-07
1.1768-06 1.251K-06 1.764E-07
1.0798-06 6.2198-07 7.926E-08
6.371K-07 -4.517E-07 6.616E-08
4.751K-07 -9.396K-07 1.4158-07
4.7198-07 -1.2508-08 1.479K-07
9.7348-07 -7.290K-07 9.583K-08
1.3108-08 §5.140K-07 1.0468-07

FE_Rodeling &_Analysis

Trans~Y Trans-1 Rot-X

1.5438-08 1 .106%-08 1.775K-07
1.6498-06 1.406K-08 1.844K-07
1.3948-08 7.2628-07 1.081K-07
8.897%-07 -5.1378-07 9.246K-08
7.0728-07 -1.100K-08 1.490K-07
7.039€-07 -1.404K-08 1 .567K-07
1.2808-06 -8 .171K-07 1.174K-07
1.606K-08 & .683K-07 1. .234K-07
1.9342-06 1.261K-068 1.831K-07
1.9406-08 1.5368-08 1.9148-07
1.7428-06 6.1428-07 1. 2988-07
1.1748-08 -5.680€-07 1. 1128-07
9.542K-07 -1 .2648-08 1 S44E-07
9 5078-07 -1 5368-08 1 .6268-07
1.6438-06 -8.9008-07 1 334K-07
2.0428-08 6 1488-07 1 .J67R-07
2.3388-08 1.374E-08 1 .865K-07
2.3442-08 1 .6438-008 1 9¢6K-07
2.1078-08 & 871K-07 1 4588-07

E-6

-2.053E-07 8.500E-07
~2.772E-07 -7.030E-08
~4.330E-07 2.048E-07
-6.020E-07 7.802E-07
-4.371E-07 -5.262E-07
-4.609E-07 2.796E-07
-7.318E-07 6.283E-09
-5.743E-07 -5.181E-07
-4.091E-07 8.134E-07
-4.490E-07 -1.728E-08
=7.438E-07 2.800E-07
-8.267E-07 §5.688E-07
-6.636E-07 ~1.707E-07
-6.602E-07 3.238E-07
-9.230E-07 1.009E-07
-7 .976E-07 -1.663E-07
~6.363E-07 5.984E-07
-6.481E-07 7.891E-08
~9.350E-07 3.260E-07
~1.019E-06 4.320E-07
~8.804E-07 1.085E-07
-8.637E-07 3.703E-07
-1.082E-06 1.931E-07
-9.904E-07 1.117E-07
-8.520E-07 4.604E-07
-8.516E-07 1.738E-07
-1.094E-06 3.760E-07
~1.190E-068 3.992E-07
-1.076E-06 2.840E-07
-1.056E-06 4.269E-07
-1.231E-06 2.T68E-07
-1.161E-06 2.883E-07
=1.048E-068 4.269E-07
-1.044E-06 2.588E-07
-1.243E-06 4.333E-07
~1.341E-08 4.346E-07
-1.247E-068 3.926E-07

Page 2

22-0CT-33 01:06:02

Rot-Y Rot-2Z

=1.2298-08 4.9048-07
-1.3698-08 3.6838-07

~-1.3128-08 3.936E-07
-1.2198-08 4.6108-07
-1.2178-08 3.379%-07
«1.381K-08 4.976K-07
-1.471K-08 §6.0168-07
-1.394K-08 4.707K-07
-1.37T98-08 §5.561K-07
-1.4928-08 4.3388-07
-1.4428-08 4.698K-07
~1.306K-08 §.263%-07
-1.308K-08 4.185E-07
-1.5048-08 §.6238-07
~1.6808-08 §.T88E-07
-1.8178-08 5. 396E-07
-1.6068-08 6.176EK-07
-1.5968-08 6.1556K-07
-1.581K-08 5. 387K-07
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SDRC I-DEAS VI.i(s):

integ2
Node

106
107
108
109
110
111
112

Maximum

Ninimum

Average

.392E-05
.418E-05
.4T1E-06
.833E-06
.835E-056
-801E-05
.734E-06
. TOBE-05
.TOTE-06
-7T38E-05
.T98E-05
.180E-05
.181E-06
-144E-05
.069E-05
.Q38E-05
.039E~-05
.O73E-06
.140E-05
.540E-06
.541E-05
.496E-05
.414E-06
.384E-05
.384E-05
.418E-05
.492E-05
.911E-06
.912E-06
.851E-05
.7T62E-05
.740E-05
.T41E-06
.T66E-06
.847E-06
.291E-05
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Trans-1

.291E-056
.201E-05
.107E-05
.106E-06
.106E~-05
.110E-06
.198E-056

Wewwwwww
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3.291E-05 4.450E-06 1.
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.4T8E-06
.214E-06
.211E-06
.848E-06
.429E-08
.762E-06
.7T58E-08
.483E-06
.T928-06
.484E-06
.480E-06
.164E-06
.810E-06
.173E-06
.178E-08
.873E-06
.100E-08
.7T59E-06
.TS5E-06
.518E-06
.157E-06
.597E-06
.802E-06
.301E-06
.375E-06
.037E-06
.033E-06
.952E-06
.421E-06
.022E-06
.028E-06
.808E-06
.564E-06
.315E-06
.311E~06
.516E-06
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-6.
.377TE-06
.643E-08

-1
~1

-9.
6.
1.

.T28E-06

.461E-07

1
9

-6.
-1.
-1.
-9.
6.
1.
1.
9.
-6.
-1.
-1.
.033E-06

-1

7.
.615E~08
.827E-06
.030E-06
.134E-07
.618E-06
.826E-06
.082E-06
.323E-07
.651E-06
.843E-06
.069E-06
.326E-07
.654E-068
.842E-06
.081E~-06

-1
-1
-1

146E-07

491E-07
539E-07
476E-06

538E-07
479E-06
728E-08
961E-07
865E-07
656E-06
T89E-06
931E-07
865E-07
669E-06
T89E-08

134E-07
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. 244E-07
.877E~07
.8T6E~-07
.469E-07
.460E-07
.872E-07
.002E-07
.693E-07
.329E-07
.581E-07
.T13E-07
.630E-07
.5612E-07
.838E-07
.059E-07
.T62E-07
.348E-07
.563E-07
. TAOE-07
.945E-07
.255E-07
.812E-07
.962E-07
.004E-07
.602E-07
.440E-07
.969E-07
. 230E-07
.959E-07 -
.305E-07
.T23E-07
.949E-07
.7T22E-07
.T11E-07
.598E-08
.410E-07
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Trans-Y

3.549E-06 7.
4.447E-06 1.
4.450E-06 1.
4.443E-06 1.
2.622E-06 -7.
2.592E-06 -1.
2.591E-06 -1.
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321E-07
666E-06
843E-06
078E-06
326E-07
670E-06
842E-06

108
843E-06

104

~2.535E-07 -2.053E-07 ~1.842E-06

1.228E-06 1.470E-06 -5.874E-10 1.187E-07 -1.185E-06 7.478E-07
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1.
-2.
1.
1.
1.
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874E-08
584E-07
966E-07
884E-08
586E-07
442E-07
948E-07

98

.959E-07

102
722E-07

-1.

-1
-1

-1
-1

-1
-1
-1

-1
-1

-1
-1

-1

-1

-1

-1

-1
-1

-1
-1

-1.
.914E-06

-1

-1.
.672E-06
-1.

-1

488E-06

.493E-08
.608E-08
-1.
-1.

668E-06
618E-06

.608E-08
.G76E-06
.639E-06
-1.
~1.
-1.
.T3TE-08
.G98E-08
.684E-06
~-1.
-1.
-1.
.672E-06
.T42E-08
~-1.
.T69E-06
.7T32E-08
-1,
.762E-06
-1.
.712E-08
~1.
.840E-06
.720E-06
.696E-08
-2.
.813E-06
.853E-06
-1.
-1.
-1.

589E-08
596E-06
689E-~08

T34E-06
TO8E-06
671E-08

T91E-06

T39E-08

723E-06

792E-08

104E-06

T65E-06
447B-06
673E-06

22-0CT-

Rot-Y

.855E-06
.T44E-06

591E-06

T60E-06

876E-06

.000E+00

100

.104E-08

93

.016E-07
.979E-07
.248E-07
.566E-07
.082B-07
.810E-07
.967E-07
.O34E-07
.TT7B-07
.T92E-07
.884E-07
.328E-07
.T94E-07
.G36E-07
.587TE-07
.7T29E-07
.526E-07
.419E-07
.T18E-07
.O76E-07
.697E-07
.063E-07
.607E-07

.301E-07
.358E-07
.261E-07
.049E-06
.117E-06
.100E-06
.464E-07
.006E-06
.184E-06
.856E-07
. 270E-06
.012E-06
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.104E-05
.142E-07
.B66E-08
.012E-06
.109E-06
.694E-06
.553E-08

.109E-06

.694E~06

495E-07
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A summary of the data appears at the end of the raw data table and shows the
maximum deflections and the nodes to which they apply. In this case, the maximum
deflections are at the free end of the cantilevered truss as expected. The raw data
becomes more pertinent when viewed in graphical form (see Figure E.4). A magni-
fication factor has been applied to the figures deformed geometry case in order to
differentiate between the deformed and undeformed geometry. The actual maximum

deflection generated by the finite element analysis is approximately 0.000033 m.

E.6 Results

The extremely small deflections due to the maximum loads applied to the main
integrated truss are explained by the large mass per unit length of the truss as well

as the design of the truss itself.

The analysis performed on the truss model does not take into consideration the
dynamic effects of the structure due to starting and stopping of the SFP propulsion
system. Even if sporadic firing of the augmentation thrusters and variations in
the thrust applied by the shielded coil electrodynamic propulsion system produce
vibrations 300 times the maximum truss tip deflection, this is still less than a 1 ecm
variation in tip deflection. Therefore, based upon the extremely small maximum
truss tip deflection and the fact that even large multiples of this deflection are small,

the SFP can be considered a rigid body for analysis purposes.
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Appendiz F. Unforced Equations of Motion Derivation

The design process selected for this study uses an iterative process where,
for a proposed design configuration, a linear system controller is developed. The
controller is then used during a simulation where current and power requirements
are determined for SFP-required R-bar standoff maneuver. To be able to use this
process, the SFP’s relative equations of motion must be derived for the proposed
design. Six equations of motion are required to completely describe the position and
orientation of the vehicle. Three of the equations describe the position of the vehicle
in inertial space while the other three equations describe the orientation of the vehicle
in inertial space. Remembering that the final equations of motion must be linear
for the controller design synthesis, anumber of assumptions and linearizations are

incorporated into the equations of motion derivation. They include:

assume the SFP is a rigid body
e assume the true anomoly rate of change is constant

e neglect other than first order terms in the relative position and velocity com-

ponents

e assume the atmosphere is fixed to the earth and can be described by an expo-

nential model
e assume small angle approximations for yaw, roll, and pitch

The development of the relative equations of motion begins with the development of

the translational equations of motion.

F.0.0.1 Translational Equations of Motion. Three of the six equa-
tions of motion ar. translational equations. They describe the movement of the
SFP’s center of mass relative to the inertial reference frame. While the equations

of motion must be derived relative to the inertial frame, it is convenient to express
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VERNAL NODES
EQUINOX

Figure F.1 The orbital reference frame with the origin translated for clarity to a
point on the orbit path.

them in the orbital reference frame shown in FigureF.1. The three translation di-
rections are the @,, @g, and the &, directions. Assuming the SFP is a rigid body
(see Appendix E), the translational equations of motion are derived from the form

of Newton’s second law:

F = Mya (F.1)

where F is the sum of all external forces acting on the SFP, M,,, is the total mass of
the SFP, and @ is the acceleration of the SFP with respect to inertial space (52:406-
408). In deriving the expression of Equation F.1 for the SFP, the vehicle’s center of
mass (i.e. the origin of the b-frame) will actually be a small distance away from the
orbital reference point in the a-frame. For the scope of this study, the reference point
is assumed to be in a circular orbit. This allows for the development of the relative
equations of motion for the SFP in the vacinity of a point in a circular reference

orbit.
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Following the development of the Clohessy-Wiltshire equations outlined by
Wiesel (93:78-80), the derivation begins with the SFP’s position. The position vector
18

“F = (r, + 8r) G, + roévag + 6zd;3 (F.2)

where r, is the distance from the center of the Earth to the reference point (which
could be another vehicle with which the SFP is rendezvousing), and ér, r,év, and 42
describe the relative position of the SFP to the reference point. The relative position
components are assumed to be small relative to r, — i.e. ér € r,, r,6v K 1,, and
8z € r,. To formulate Equation F.1 properly, the differentiation of ¥ to find the
acceleration must be carried out with respect to the :-frame. This process is carried
out by applying

—7Z ==Z+w"x2Z (F.3)

where &% is the angular velocity of the J~frame with respect to the a-frame. This

relationship holds for any vector, Z (52:109). Applying Equation F.3 to Equation F.2

- 'd_
v = 'er
= ;EF + @ xF
= (67)a, + (rob0)de + (83)és +
(#) @3 x [(ro + 6r) @ + robras + b2a3]
T = (8% — 5robv)a, + (robis + bro + 067) b + (62) &3 (F.4)

where 1 is the time rate of change of the true anomaly. For a circular orbit, the true
anomaly is given by

V(t) = VY + (t - to) (F5)




_‘3 = .

where
3

4 = 3.9892 x 10 ':—2

Applying Equation F.3 a second time to find the acceleration:

dt
= :l—ti;‘ + @ x7T
= (6Ff —nr,é0)a, + (r,60 + nbér)dg + (62) a3 +
(n) a3 x [(87 — nr,év)a, + (ro6v + nr, + nér) ag + (62) as)
a = (67" — 2nr,60 — nlr, — n26r) a, + (7'0617 + 2nér — nzro&/) ag +

(6%) és (F.7)

This is the inertial acceleration of the SFP, expressed in the a-frame. Since the total
mass of the SFP is known, the only part of Equation F.1 to determine is the sum of

the external forces, F'.

A number of external forces can act on an orbital vehicle. Among these forces
are gravity, aerodynamic drag, magnetic field effects, non-spherical Earth effects,
radiation pressure, meteoroidal impacts, and non environmental forces, such as mass
expulsion; however, this list is not exhaustive. For the purposes of this study, the only
external forces that will be included are gravity, aerodynamic drag, and magnetic
field effects. Gravity and aerodynamic drag are retarding forces to be overcome,

while the magnetic field effects are used for propulsion.
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The force of gravity is described by (93:24)

F,=— F=——— 7 (F.8)
where T is the position vector of the SFP relative to the Earth. Substituting Equa-
tion F.2 in this equation gives

F, = —GMg M [(ro + 6r) a, + (roév) g + (62) a3
[(ro + 61‘)2 + (1'061/)2 + (52)2]

(F.9)

3
2

Approximating the denominator as a binomial expansion (6:295), and neglecting

higher order terms of relative position elements (O [I6’f|2]) (since 6F € T,)

(70 + 8717 + (robw)” + (827
x (ro+6r)7% = g (7o + 87)° [(robv)* + (62)°] + O [[67/"]
-3 —4 2 3 -5 -6 2
[ro - 3r, 6r+0[6r ” -3 [ro — 51, 6r+0[6r ” .
[0 [6v?] + 0 [82%] + O [|67/]]
~ r2 =3 r+ 0 [|6F|2]

Q

~ r7t(r, — 36r) (F.10)

Substituting this expression back into Equation F.9 and again neglecting O [|6F|2]

terms gives the final expression for the force due to gravity

— GM Mo a - -
F’g — _—Qq_t_.{ (ro - 361’) [(To + 67‘) a, + (7‘061/) ag + (62)‘13]
GMgM,, ) . .
_ __.__fg 2 (ro — 267) &, + (robv) Go + (62) 3]
= —Mun?[(ro — 26r) &, + (robv) o + (62) &3] (F.11)

An expression for the force due to aerodynamic drag must also be determined.

Below altitudes of 1000 km, aerodynamic drag due to the atmosphere can be impor-
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tant (16:213). The forces involved may be relatively small, but will have a significant
impact on the SFP design and therefore are included in the analysis. The force due
to aerodynamic drag is given by:

e _lMtoter-V-

Fi= -5V, (F.12)

where p is the atmospheric density, V, is the velocity of the SFP relative to the
atmosphere, V; is the magnitude of V,, and £ is the ballistic coefficient (94:65).

The gross behavior of the density of the upper atmosphere is well established,
but the properties are difficult to determine and are highly variable (30:122). How-
ever, a reasonable approximation is obtained from a modified exponential model
given by:

p=p e ik (F.13)

where r* is the reference altitude, h, is the scale height, and p* is the atmospheric
density at the reference altitude. For this application of Equation F.13, the ref-
erence altitude was chosen as r* = 300 km. Using the US Standard Atmosphere
Table (30:56), and applying Equation F.13 to the data gives

kg

pro= 1916 x 107" —=
m

h,

50043 £im

To find V,, the atmosphere is assumed to be fixed to the rotating Earth. V,
is then given by (94:65):
V, =7 —(Gg X F) (F.14)

where ¥ is the inertial velocity of the SFP, @g is the Earth’s angular velocity, and

7 is the position of the SFP. To be consistent, all vectors must be expressed in the
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a-frame. Applying Equation C.8 to the Earth’s angular velocity gives:

Wy = Rai (w@;;;)

weStsVa, + wgStcrdy + wgclas

= w,&, + UJQ&O + w;;&;; (F15)

Applying this result, Equation F.2, and Equation F.4 to Equation F.14 gives the

relative velocity as:

V. = [(6F — nroév)a, + (robv + nr, + nér) ag + (62) aa) —
(w18, + wadg + wadz) X [(ro + 87) @, + r,évag + §zas]
= [8F — bwrobv — webz]d, + [6w(r, + 67) + 1,60 +
wiz) g + [w2 (ro + 6r) — wyr,6v + 62 a3
Via, + Vaag + Vzaa (F.16)

where éw = n — w3. Substituting Equation F.16 into Equation F.12 gives:

= | Meoep [, 2 217 (v, - . -
Fu=-3=05~ V2 + V7 + V2]? Vi, + Vaiag + Vada] (F.17)
Expanding the V, termr. — neglecting second order terms of the relative positions

and relative velocities (since 7, 3> ér and T > 87) — gives:

V=0
Vi = 6wir?+ 26w [6wbr + 1,60 + wy62] T,

Vi = Wil 4 2w, [webr — wyrobv + 2] 1,




Assuming r2 > r,ér, 12 > r,(r,6v), and r? > 1,6z, as well as the terms associated

with the relative velocities, the magnitude of V, can be approximated as:

W

Va4 v+ v (b0 4 d) 7] = (82 +)T (R8)

The final term of Equation F.12, the ballistic coefficient is defined as:

_ Mtot

ﬂ_CDA

(F.19)

where Cp is the drag coefficient, and A is the projected area normal to the flight
path. Based on analysis performed on other vehicles (57:33), the drag coefficient
of the SFP is estimated to be Cp = 2.4. The projected area is estimated to be
A = 1435 m? (see Section 11.10.

The final expression for Fy can now be found. Substituting back into Equa-

tion F.12, the force due to aerodynamic drag can be approximated as:

1
Fy = —lC'DAp' [e_("’_r‘)/h’] [ro (6w2 + wg) 2] .
2
[(é7 — bwr,bv — web2z) @y + (6w (1o + 67) + 1,60 + w1 62) Gy +
(wa (1,67) — wir,év + 82) a3 (F.20)

Because the magnetic field effects are used for propulsion, they are not in-
cluded in the homogeneous translational equations of motion. The homogeneous
translational equations of motion are obtained by equating the inertial acceleration,
given by Equation F.7, with the acceleration due to gravity and aerodynamic drag.
However, careful examination of the Equation F.20 shows two constant drag terms
(6wr, and w,r,) which act as forcing functions, and thus, the equations are no longer
homogeneous. The acceleration due to gravity and aerodynamic drag can be ob-

tained by dividing the sum of Equation F.11 and Equation F.20 by the SFP’s total
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mass. The relative translation equations of motion are then given by:

d,: 6F — Kér — 2nr,60 — 3n%6r + Kéwr,bv + Kwbz = 0 (F.21)
ag: 1,00 +2nér + Krobv — Kbwébr — Kw16z — Kéwr, = 0 (F.22)
as: 65 — K63 — Kuwqbr + Kwyr,6v +n%62 — Kwer, = 0 (F.23)

where

CpAP" [ _(ro=r*)/hs 2, 2\7
K=- M, [e ] [ro (6w +w2) ]

With the exception of the terms due to aerodynamic drag, these equations are similar
to those derived by Wiesel (93:80). It is helpful to consider the solutions to these

equations, excluding the drag terms.

Wiesel derives the solutions to Equations F.21 - F.23 (93:80), minus the drag

terms, as
or(t) = - (%ro&) (0) + 36r (0)) cos nt + 61:150) sin nt + 46r(0) +
%ro&'/ (0) (F.24)
év(t) = év(0) — (361’/ (0) +M)t + (461/—(0)
M) sin »t + 27 (0) cos nt — %7 (0) (F.25)
To nr, nr,
6z(t) = bz(0)cos nt + &750) sin nt (F.26)

These equations form the complete Clohessy-Wiltshire solution. Wiesel notes some
phenomena of the solution. The radial motion, ér(t), oscillates at orbit rate and
describes a slight eccentricity in the SFP’s orbit relative to the circular orbit of the
reference point. This effect is always present unless the in-plane radial position of
the SFP is at the reference radius, and the relative velocity between the SFP and

the reference point is zero. The angular motion, év (t), is also oscillatory if any
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eccentricity is present. The motion also includes a term linear in ¢. If the SFP is at
a different altitude or moving in the angular direction relative to the reference point,
it will drift in the track direction. If none of these perturbations are present and the
SFP is some distance along the track from the reference point, it will remain at that
point. The out-of-plane motion, 8z (t), is com; .ctely oscillatory, and oscillates at
orbit rate. It is a result of the SFP being at a slightly different inclination from the
reference point when the initial out-of-plane position and/or velocity are not zero.
These phenomena do not take aerodynamic drag into account. The aerodynamic
drag terms can be expected to dampen the motions described above. The magnitude
of the aerodynamic drag force is negligible compared to the force due to gravity, and
is therefore not expected to significantly affect the gross motion of the SFP in the
short term. However, relative to the forces produced by the propulsion system,

aerodynamic drag is significant, and cannot be neglected.

F.0.0.2 Rotational Equations of Motion.  The remaining three equa-
tions of motion are the rotational equations. They describe the rotation of the body
about the center of mass. The rotational equations of motion can be found by
equating the sum of the applied torques, M, to the rate of change of the angular

momentum, H (93:109). Thus, with respect to the inertial frame,
M=H (F.27)

Assuming the SFP is a rigid body (this assumption is analyzed in Appendix E), the

angular momentum is defined by
H=1Iw (F.28)

and can be used if the reference frame is attached to the body, thus making the mass

moment of inertia tensor, I, a constant. However, the time derivative required in
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Equation F.27 must be taken with respect to the inertial frame. This requires the

application of Equation F.3. Equation F.27 can then be expressed as
M o= %" + Y x e (F.29)

where " = w,.l;l +wbih +w653 is the angular velocity of the body frame with respect
to the inertial frame. Aligning the b-frame with the SFP’s principal axes results in

a diagonal moment of inertia matrix

n

~—
I
o o »

B
0

QA o o

Solving Equation F.29 for the individual elements gives the standard Euler’s equa-

tions (35:95)

bi:  Ads + (C — Blupw. = M, (F.30)
by: Bay + (A - Quww. = M, (F.31)
bs: Co. + (B — Awewy = "Ms (F.32)

These are coupled, nonlinear, first order differential equations.

Equations F.30 — F.32 can be used to derive the last three equations of motion
in terms of the yaw, pitch, and roll of the b-frame. Thus, the angular velocity of
the b-frame, with respect to the i-frame, must be defined in terms of ¢, 6, and ¢.
Since angular velocities add, the angular velocity of the b-frame with respect to the

i-frame is given by

bt — wbd + -"-Jat

(4 b4 ) + (,/fo@aa) (F.33)




Figure F.2 Rotation of the coordinate axes using the Euler angles for pitch, 8, roll,
#, and yaw, 9.

However, @* must be expressed in the b-frame to be used in Equations F.30 - F.32.

Exarination of Figure F.2 shows

i, = cOcpb, — s0by + chspbs
& = —aph+cth
ds = (chsBsyp — sdeyp) by + chsoby + (spsbsyp + coeyp) bs

and using a binomial expansion

GM@ — GM@ (l_éé_':) =n(1_§£1.:) = NSFpP

r3 rd 27, 2r,

F-12




Therefore

T = waby + wibs + webs
= [bebcp — B3¢ + nsrp (chsbsy — spey)| b +
[0 + 6 + nsppchsy| b +
[hehsd + Bcp + nspep (spsbstp + coey)| by (F.34)

Understanding that the last terms in w,, wp, and w, are due to the rotation of the
a-frame, at the center of mass of the SFP, with respect to the i-frame, Equation F.34

is the same as that derived by Wiesel (93:113).

Equation F.34 is the inertial angular velocity, expressed in the b-frame. To
use Equation F.29, the inertial angula .cceleration is also needed. Examination
of Equation F.34 shows that @* is nonliv ‘ar and coupled in the orientation angles.
Since the goal is to obtain three equations of motion describing the orientation of
the vehicle in inertial space, the equations resulting from Euler’s equations should
be in terms of 1, 8, and ¢. The application of Equation F.3 to Equation F.34
further compounds the nonlinearities and coupling. For the scope of this study, it is
not necessary to solve the complete nonlinear equations. To simplify the problem,
@* can L linearized about a point. The point selected to linearize about is the
fundamental orientation (¥ = § = ¢ = 0°), since this is one of the primary operating
orientations for the SFP. Other operating orientations could be chosen, in which

case the elements of Equation F.34 would need to be expanded by Taylor series

expansions about the point of interest.

To linearize about the point ¥ = 8 = ¢ = 0°, assume the perturbations from

this point are small. This allows the use of the small angle assumptions

d=cd=cp=1
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s0~0 sp=~¢ sp=y

It is assumed that the rates of change of the orientation angles are small as well. If
the products of small elements are assumed to be negligible, the linearized ©* can

be obtained. Substituting back into Equation F.34 gives

" = ('/;—nSFP‘ﬁ)i’l'*"(¢+nSFP¢‘)i72+(é+nSFP)i’3
= ()bt )it (04n- 3200 ()

o

This equation is now easily differentiated to give the linearized inertial angular ac-

celeration in terms of the orientation angles. Differentiating,

bbi (7 N\ 1 i *\ % - 3nér\ »
75 -(¢—n¢)b1+(¢+n¢)bz+(0—§ro)ba (F.36)
Equations F.35 and F.36 can be substituted back into Equations F.30 - F.32
to give the rotational equations of motion in terms of the orientation angles. Again
neglecting the products of the orientation angles and/or their rates, the rotational

equations of motion are given by

by Ap+n(C—B-A)p+n*(C-B)yp = "M, (F.37)
b: Bé+n(A+B-C)yp+n?(C—A)¢ = *M, (F.38)
b cé-g'faf = M, (F.39)

These three equations are the inertial angular accelerations, expressed in the orien-

tation angles, due to the external moment, *M.

Similar to the case of the translational equations of motion, °*M °: the sum of
all externali torques acting on the SFP. A nur “er of exiernal forces can contribute to
this total torque. As before, gravity, aerodynamic drag, magnetic field effects, and

non-environmental forces can all apply torques to an orbiting vehicle. It is reasonable
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to expect that if the aerodynamic drag force is strong enough to be considered in
the relative translational equations of motion, it should be included in the relative
rotational equations as well. However, the SFP’s configuration shown in Figure 3.1
is symmetric across the b,5, plane. The majority of the presented area of the SFP
is a result of the solar dynamic power modules and the ASSET photovoltaic arrays.
Because of symmetry and the fact that the by-axis is essentially aligned with the
velocity vector, the aerodynamic drag is assumed to cause no torque about the by-
axis in this orientation. The remainder of the area is small and near the center
of mass; it is assumed that the drag torque generated by this area is negligible.
It is also assumed that there are no drag effects due to assymetries in component
drag coefficients. The result is that aerodynamic drag effects are negligable in the
relative rotational equations of motion, and for the purposes of this study, gravity

and magnetic field effects will be the only forces included in the analysis.

An examination of Equation F.8 shows the force due to gravity changes with
the distance between the two bodies. This change can generate a torque on an
orbiting vehicle, in this case the SFP. Assuming the SFP’s principal body axes are
aligned with the b-frame axes, the approximate component gravitational torques are

given by Wiesel (93:146-147) as

M, = 3;‘-‘5122123 (C - B) (F.40)
M, = 3%3133(/1—0) (F.41)
M,, = 3:‘—53132(3—@ (F.42)
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where R,, Rz, and Rj are the components of 7 expressed in the b-frame. Transforming

7 (Equation F.2) from the a-frame to the b-frame using Equation C.10,

b = RboF
cpcld cdsOcy) + spsyp  cPpsbsy — spcy (ro + 6r)
= -s0 clcyp clsy rodv

s¢cl spsbcy) — chpstp s¢sbsyh + chpcp 5z
= [(cgch) (ro + &r) + (chshetp + 3psp) (robv) + (cpsbstp — spepp) (62)] by +
[(~30) (o + 67) + (cOctp) (ro6v) + (cOsh) (82)] b +
[(spch) (ro + 67) + (spsbcyp — chsip) (robv) +
(spsOsy + che) (82)] bs (F.43)

As can be seen from this expression, the elements of 7 are highly nonlinear in the
orientation angles and do not lend themselves to an analytical solution of Euler’s
equations. If the same assumptions are made as were made for linearizing the angular

velocity and acceleration, the expression for the linear % becomes
b = (1o + 87) by — 1, (0 — 61) by + (rod + 62) bs (F.44)
)

R, = r,+6r
Ry = r,0 —r,bv
Ra = To¢ + 6z
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Before the gravity torque equations can be used, the r~5 term must be expanded

using a binomial expansion

s
2

r = [(ro+ 8r) + (ro = 1o60)’ + (rop + 62)*]

x 15°(r, — 56r) + O [|67°]
Substituting this expression and the R; components back into Equations F.40 -
F.42 gives the linearized, first order approximation of the gravity torques. The full
expressions of components of the gravity torque contain products of position and
orientation components. Assuming these terms are small compared to r,, they can

be neglected, and the gravity torque components become:

M, =0 (F.45)
M,, = 3n’ (qS + %) (A-0) (F.46)
M,, = 3n?(6v—0)(B - A) (F.47)

As with the translational equations of motion, the magnetic field effects are
used for controlling orientation and are not included in the homogeneous rotational
equations of motion. These equations can now be found by substituting Equa-
tions F.45 — F.47 into Equations F.37 — F.39. The relative rotational equations of

motion are then given as

by : Ap+n(C—B-A)$+n*(C-B)p = 0 (F.48)
b, : Bq"s+n(A+B—C)¢+4n2(c—A)¢+3n2M5z = 0 (F.49)
b : Cé—gic6i'+3n2(B—A)0—3n2(B_rﬂ = 0 (F.50)

These are the rotational equations of motion for a reference point in a circular

orbit. They are coupled, linear, constant-coeflicient, differential equations that can
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be used to approxin “te the rotational motion of the SFP for small perturbations
from the condition about which the linearization was performed. They differ from
the equations derived by Wiesel (93:148) due to the presence of terms containing
relative position components (a result of the SFP being at some other point than,
but close to, the reference point) and the orbital frame being fixed to the reference
point rather than the SFP. These equations reduce to those derived by Wiesel when
the relative positions and velocities are set to zero (i.e. attaching the reference point

to the SFP).

F.0.0.3 SFP Relative Equations of Motion. The derivation of the

relative equations of motion is now complete. The six equations

87 — K61 — 2nr,60 — 3n%6r + Kbéwr,bv + Kwybz = 0  (F.51)

robi + 2nér + Kr,bv — Kéwbr — Kuw 6z — Kéwr, = 0 (F.52)

63 — K63 — Kwabr + Kwirobv +n26z — Kwyr, = 0 (F.53)
Ap+n(C-—B—-A)¢+n*(C—B)y = 0 (F.54)
B$+n(A+B—C)¢+4n2(c—A)¢+3n2@.sz = 0 (F.55)
Cl~ gr:f&f‘+3n2 (B — A)0—3n2w = 0 (F.56)

completely describe the position and orientation of the SFP, in the neighborhood of
the reference point, for small yaw, pitch, and roll angles when no forcing functions

are applied (such as the propulsion/control system).

F.0.0.4 Steady State Equations of Motion. The primary use of the
relative equations of motion is to design a controller to perform steady state track-
ing relative to a reference point. The controller design is then used to determine
specific design parameters for the SFP. Some insight into the platform’s required

configuration and performance capabilities can be gained by considering the relative
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equations of motion under steady state conditions. Under steady state conditions:

=8 =rd0 =160 =62=462=0

V=tp=¢=¢=0=0=0

Substituting these values into Equations F.51 - F.56 gives:

Firy = Mot [-30%6r + Kéwrobv + Kwybz (F.57)
Frs,,, = Mi[-Kbwbr — Kubz — K bwr,) (F.58)
Fs.,, = M [—Kw26r + Kwyrodv + n%bz — ngro] (F.59)
My, = A[p*(C - B)y] (F.60)
M,,, = B [4n2 (C-A)¢+ 3n’£E——A—)6z] (F.61)
M,, = C [3n2 (B—A)6 - 3n2w] (F.62)

A few conclusions can be drawn from these equations. First, excluding drag effects,
a standoff in the radial direction requires three times as much force as a standoff
of the same distance in the out-of-plane direction; a standoff along the orbit path
requires no force (when drag is excluded). Second, drag effects require steady forces
be applied in both the pzth and out-of-plane directions to stay at a fixed point, even
if the SFP is at the reference radius. Steady state forces are required in the radial
direction only if the SFP is not at the reference radius. If the SFP is not at the
reference radius, the steady state forces are required due to the vector component of
the drag force that is tangent to the orbit path at the SFP’s center of mass. Third,
steady state moments are required to hold a yaw, roll, and/or pitch attitude. If the
SFP is standing off along the orbit path or out-of-plane, steady state moments are

required to maintain any fixed attitude.
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Appendiz G. Platform Design Programs

Several MATLAB (65) computer programs were developed as design tools for
the task of sizing the propulsion system. The main design programs are a modi-
fied version of the program developed by Lawrence (49:F.1 - F.11). The code was
modified to incorporate all differences between Lawrence’s POTV and the SFP. The

changes included:

e a more detailed breakout of the vehicle mass elements

a more detailed mass moments of inertia determination

e accounting for specific true anomaly, sidereal time, and inclination data
e accounting for aerodynamic drag
e calculation of all forces and moments generated by individual control elements

e calculation of the total power required, to including induced voltage power

requirements
o calculation of the surface and core temperatures of all conductors

The programs determine the currents and thrust required, the state vector and
the outputs over a period of time specified when the program is run. The first
program places the vehicle at a fixed point in the orbit while time goes forward.
The currents required, thrust required, total power required, total voltage required,
position and orientation, and forces and moments are all plotted. This program is
used to study the time-based performance of the propulsion system at a single fixed
point in the orbit. This program can be run at numerous points along the orbit to
build a “gain schedule” for the controller. Several subroutines are used to perform
specialized tasks such as determining the diameter of a conductor bundle based on
the number of individual conductors and checking the surface and core temperatures

of the conductors.
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G.1

Time-History Design Program

The following MATLAB program is one of the primary tools for performing the

detailed design of the SFP. The basic code was developed by Lawrence (49:F.1-F.11).

The code was modified to incorporate all differences between the POTV vehicle and

the SFP. The changes included:

a more detailed breakout of the vehicle mass elements

a more detailed mass moments of inertia determination

accounting for specific true anomaly, sidereal time, and inclination data
accounting for aerodynamic drag

calculation of all forces and moments generated by individual control elements
calculation of the total power required, to include electromotive forces

calculation of the surface and core temperatures of all conductors

The program determines the currents and thrust required, the state vector and the

outputs over a period of time specified when the program is run. The currents

required, thrust required, total required power, totai voltage required, position and

orientation, and forces and moments are all plotted.

AXRR RN RN AN RN KRR K RE XA RA XA RK KR A XA AN LA X LA AL A AL A XL XXX AL X RAAAAXAX XXX LR AAARLEK

Program Variables

-

R R R K B B R S S S B B B _E F_E_ ¥ _F_JF ¥

Total Ixx mass moment of inertia (kgem~2)
Natrix containing SFP accelerations (m/s~2)

Adrag SFP Frontal Area (m"2)
altitude SFP altitude

area Conductor wire area (m"2)

B Total Ixx mass moment of inertia (kgwm~2)
B1 B field component - b1 direction (T)

B2 B field component - b2 direction (T)

B3 B field component - b3 direction (T)

bimomi Conductor C1 moment - bl direction (Nem)
bimom2 Conductor C2 moment - bl direction (Nsm)
bimom3 Conductor C3 moment - bi direction (Nem)
bimomd Conductor C4 moment - bl direction (Nem)
bimom8 Conductor C6 moment - bl direction (Nsm)
bimom?7 Conductor C7 moment - bl direction (Esm)
bimom8 Conductor C8 moment - bl direction (Nem)
bimon9 Conductor C9 moment - bl direction (Nem)
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b2moml Conductor C1 moment - b2 direction (Nem)
b2mom3 Conductor C3 moment - b2 direction (E+m)
bZmom4d Conducior C4 moment - b2 direction (Nsm)
b2momS Conductor C5 moment - b2 direction (Nem)
bZmom8 Conductor C8 moment - b2 direction (Nem)
bImom9 Conductor C9 moment - b2 direction (Nem)
b3mom1 Conductor C1 moment - b3 direction (Nem)
b3mom2 Conductor C2 moment - b3 direction (Nem)
b3mom3 Conductor C3 moment - b3 direction (Nem)
b3mom4 Conductor C4 moment - b3 direction (Nem)
b3momb Conductor C5 moment - b3 direction (Eem)
b3mon6 Conductor C6 moment - b3 direction (Nem)
b3mom? Conductor C7 moment - b3 direction (N+m)
bamom10 Conductor C10 moment - b3 direction (Esm)

c Total Ixx mass moment of inertia (kg*m~2)

cd SFP Drag Coefficient

Cco b-frame to a frame rotation matrix

d1 Diameter of conductor C1 (m)

d2 Diameter of conductor C2 (m)

a3 Diameter of conductor C3 (m)

d4 Diameter of conductor C4 (m)

45 Diameter of conductor C5 (m)

delr Commanded delta r relative position (m)

delr0 Initial delta r relative position (m)

delw SFP relative angular rate (rad/s) (n-w3)

delz Commanded delta z relative position (m)

delz0 Initial rO delta nu relative position (m)
dwire Vire diameter (m)

Fcl Closed loop system matrix

Fays Open loop system matrix

(] Universal Gravitation Constant (Nem~2/kg"2)
Gel Closed loop input matrix

Gsys Open loop input matrix

hapa ASSET array center of mass height (m)

Hapa ASSET array effective height (m)

Hel Closed loop output matrix

hs Scale height (km)

Hspm Povwer module effective height (m)

hspa Power module center of mass height (m)

Hsys Open loop output matrix

Hta Thruster assemdly height (m)

Htm Truss maker height (m)

i Local counter

iSss Conductor C5 steady state current due to drag
incl Orbit inclination (deg)

Ixx(1) I-axis mass moment of inertia for Payload
Ixx(2) I-axis mass moment of inertia for Truss Maker
Ixx(3) I-axis mass moment of inertia for NMain Integrated Truss
Ixx(4) I-axis mass moment of inertia for Thruster Assemblies

Ixx(5) I-axis mass moment of inertia for Cross Integrated Truss
Ixx(6) I-axis mass moment of inertia for Solar Dynamic Cells

Ixx(7) I-axis mass moment of inertia for ASSET Pover Arrays

Ixx(8) I-axis mass moment of inertia for Orthogonal Integrated Truss
Ixx(9) I-axis mass moment of inertia for Conductor Ci

Ixx(10) I-axis mass moment of inertia for Conductor C2

Ixx(11) X-axis mass moment of inertia for Conductor C3

Ixx(12) IX-axis mass moment of inertia for Conductor C4

Ixx(13) X-axis mass moment of inertia for Comductor C5

Ixx(14) I-axis mass moment of inertia for Coiled Conductor Truss Assembly
Iyy(1) Y-axis mass moment of inertia for Payload

Iyy(2) Y-axis mass moment of inertia for Truss Maker

Iyy(3) Y-axis mass moment of inertia for NMain Integrated Truss
Iyy(4) Y-axis mass moment of inertia for Thruster Assemblies

Iyy(5) Y-axis mass moment of inertia for Cross Integrated Truss
Iyy(6) V-axis mass moment of inertia for Solar Dynamic Cells
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Iyy(7) Y-axis mass moment of inertia for ASSET Power Arrays

Iyy(8) Y-axis mass moment of inertia for Orthogonal Integrated Truss
Iyy(9) Y-axis mass moment of inertia for Conductor Ci

1yy(10) Y-axis mass moment of inertia for Conductor C2

Iyy.si) Y-axis mass moment of inertia for Comductor C3

Iyy(12) Y-axis mass moment of inertia for Comductor C4

Iyy(13) Y-axis mass moment of inertia for Conductor C6

Iyy(14) Y-axis mass moment of inertia for Coiled Conductor Truss Assembly
Izz(1) Z-axis mass moment of inertia for Payload

I22(2) Z-axis mass moment of inertia for Trnss Naker

122(3) Z-axis mass moment of inertia for Main Integrated Truss
Izz(4) Z-axis mass moment of inertia for Thruster Assemblies

Izz(5) Z-axis mass moment of inertia for Cross Integrated Truss
Izz(6) Z-axis mass moment of inertia for Solar Dynamic Cells

I12z(7) Z-axis mass moment of inertia for ASSET Power Arrays

1zz(8) Z-axis mass moment of inertia for Orthogonal Integrated Truss
12z(9) Z-axis mass moment of inertia for Conmductor C1

Izz(10) Z-axis mass moment of inertia for Conductor C2

Izz(11) Z-axis mass moment of inertia for Conductor C3

Izz(12) Z-axis mass moment of inertia for Conductor C4

Izz(13) Z-axis mass moment of inertia for Conductor C§

Izz2(14) Z-axis mass moment of inertia for Coiled Conductor Truss Assembly

Jel Closed loop feedforward matrix
Jays Open loop feedforwa.d matrix

K LQR controller constant gain matrix
Kd Drag Factor (1/s)

Lt Total length of conductor Ci1 (m)
L2 Total length of conductor C2 (m)
L3 Total length of conductor C3 (m)
L4 Total length of conductor C4 (m)
L6 Total length of conductor C5 (m)
L6 Total length of conductor C6 (m)
L7 Total length of conductor C7 (m)
L8 Total length of conductor C8 (m)
L9 Total length of conductor C9 (m)
L10 Total length of conductor C10 (m)

Livec Vector length of conductor C1 in b-frame (m)
L2vec Vector length of conductor C2 in b~frame (m)
L3vac Vector length of conductor C3 in b-frame (m)
L4vec Vector length of conductor C4 in b-frame (m)
L5vec Vector length of conductor C5 in b-frame (m)
L1Vind  Conductor C1 induced voltage (v)
L2vind  Conductor C2 induced voltage (v)
L3Vind  Conductor €3 induced voltage (v)
L4Vind  Conductor C4 iaduced voltage (v)
L5Vind  Conductor C5 induced voltage (v)

LamO Longitude of austral simple magnetic pole (deg)
lapa ASSET array position on truss (m)

Lc1 Length of conductor C1 assembly (m)

Lc2 Length of conductor C2 assembly (m)

LC3 Length of conductor C3 assembly (m)

LC4 Length of conductor C4 assembly (m)

LCS Length of conductor C5 assembly (m)

Lecest Length of coiled conductor integrated truss (m)
Leit Cross integrated trusses length (m)

Lmit Integrated truss length (m)

Loit Orthogonal integrated truss length (m)

Lpay Payload length (m)

Lsolé Length of coiled conductor C6 (m)
Lsol? Length of coiled conductor C7 (m)
T 4018 Length of coiled conductor C8 (m)
Lsol9 Length of coiled conductor C9 (m)
Lsol10  Length of coiled conductor C10 (m)
lspa Power module position on truss (m)
Ltm Truss maker length (m)
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nl

Hapa
BaAXCUr
e
NHcl
Nc2
Hc3
Nc4
Hch
Nc6
Nc7
Hc8
Nc9
Hc10
Hccset
Hcit
He

Mmit
Ho
Noit
Rpay
npt
Hspm
Hta

Ntot

n10
neg
atinc
n
Omega
phi
phio
Phio
pos
povl
pov2
pow3
povd
powd

povw?
powd

povill

Magnetic dipole moment of the earth (Tem"3)
B-field factor in ar direction

B-field factor in atheta direction

B-field factor in a3 direction

Asset array Nass (kg)

Naximum currents vector (A)
Controllability matrix

Conductor C1 mass (kg)

Conductor C2 mass (kg)

Conductor C3 mass (kg)

Conductor C4 mass (kg)

Conductor C5 mass (kg)

Coiled Conductor C6 mass (kg)

Coiled Conductor C7 mass (kg)

Coiled Conductor C8 mass (kg)

Coiled Conductor C9 mass (kg)

Coiled Conductor C10 mass (kg)

Mass of coiled conductor integrated truss (kg)
Hass of cross integrated truss (kg)

Hass of Earth (kg)

Local variable - number of rovs in matrix
Mass of main integrated truss (kg)
Observability matrix

Hass of orthogonal integrated truss (kg)
Mass of payload (kg)

Constant gain pre-filter matrix

Hass of solar dynamic power module (kg)
Hass of thruster assembly (kg)

Nass of truss maker (kg)

Total mass of SFP (kg)

Mu factor of coiled conductor C1 (m"2)

Mu factor of coiled conductor C2 (m"2)

Mu factor of cciled conductor €3 (m~2)

Mu factor of coiled conductor C4 (m"2)

Mu factor of coiled conductor C5 (m~2)
Orbital mean motion of reference orbit (rad/s)
Local variable - number of colummns in matrix
Number of turms in comductor Ci

Humber of turns ian comductor C2
Bumber of turns in comductor C3
Bumber of turns in conductor C4
Bumber of turns in conductor C6
Bumber of turns in conductor C8
Number of turns in conductor C7
Humber of turns in conductor C8

Humber of turms inm conductor C9

Number of turms in conductor C10

Vector containing largest negative currents (1)
Number of time increments

True anomaly (deg)

Right ascension of the ascending node (deg)
Commanded roll angle (deg)

Initial roll angl- ‘deg)

Latitude of austra. simple magnetic dipole pole (deg)
Vector containing largest positive currents (4)
Povwer required by conductor Ci (kW)

Power required by conductor C2 (kW)

Power required by conductor C3 (kW)

Poser required by conductor C4 (kW)

Power required by conductor C5 (kW)

Power required by conductor C8 (kW)

Power required by conductor C7 (kW)

Power required by conductor C8 (kW)

Pover required by comductor C9 (kW)

Power required by comductor C10 (kW)
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psi
ps2
ps3d
ped
pss
psi
psio
pwl
pw2
pwd
pv4d
pwb
pucc
Q
qut

r
0
R1
R2
R3
R4
RS
R6
R7
R8
1]
R10

6

x7

r8

9

r10
rdnu
rdnu0
re

rho
rhoO
RK
Rpay
rref
rsols
resol8
rsoil0
reire
ret

t

T10
T20
T30
T40
T80
T80
T70
T80
T90
T100
Ti1
T21
T31
T41
T61
theta
thetal
Thetag
thss

Linear density of conductor Ci shield (kg/m)
Linear density of conductor C2 shield (kg/m)
Linear density of conductor C3 shield (kg/m)
Linear density of conductor C4 shield (kg/m)
Linear density of conductor C5 shield (kg/m)
Commanded yaw angle (deg)

Initial yaw angle (deg)

Linear density of conductor C1 (kg/m)
Linear density of conductor C2 (kg/m)
Linear density of conductor C3 (kg/m)
Linear density of conductor C4 (kg/m)
Linear density of conductor C5 (kg/m)
Linear density of coiled conductors (kg/m)
LQR state weight matrix

Veighting factor of state weight matrix
Natrix of input vectors

Radius of reference orbit (m)

Resistance of conductor C1 (ohms)
Resistance of conductor C2 (ohms)
Resistance of conductor C3 (ohms)
Resistance of conductor C4 (ohms)
Resistance of conductor C5 (ohms)
Resistance of conductor C6 (ohms)
Resistance of conductor C7 (ohms)
Resistance of conductor C8 (ohms)
Resistance of conductor C9 (ohms)
Resistance of conductor C10 (ohms)

Bominal radius of coiled conductor C8 (m)
Nominal radius of coiled conductoxr C7 (m)
Nominal radius of coiled conductor C8 (m)
Nominal radius of coiled conductor C9 (m)
Bominal radius of coiled conductor C10 (m)
Commanded ro delta nu relative position (m)
Initial delta z relative position (m)

Nean Equatorial Radius of Earth (m)
Resistance of aluminum conductor (ohms/m)
Air demsity at reference altitude (kg/m"3)
LQR Control weighting matrix

Radius of external tank payload (m)
Reference altitude (km)

Thickness of coiled conductor C8 (m)
Thickness of coiled conductor C8 (m)
Thickness of coiled conductor C10 (m)
Radius of individual conductor wire (w)
Weighting factor of comtrol weighting matrix
Time vector (s)

Conductor C1 core temperature (deg C)
Conductor C2 core temperature (deg C)
Conductor C3 core temperature (deg C)
Conductor C4 core temperature (deg C)
Conductor C6 core temperature (deg C)
Conductor C8 core temperature (deg C)
Conductor C7 core temperature (deg C)
Conductor C8 core temperature (deg C)
Conductor C9 core temperature (deg C)
Conductor C10 core temperature (deg C)
Conductor C1 Betic temperature (deg C)
Comductor C2 Netic temperature (deg C)
Conductor C3 Netic temperature (deg C)
Conductor C4 Setic temperature (deg C)
Conductor C5 Setic temperature (deg C)
Commanded pitch angle (deg)

Initial pitch angle (deg)

Sidereal time (deg)

Out of plane thrust required due to drag (N)

G-6




tleng Length of time vector

tmax Naxinmum time in time vactor (s)

totpow Total power required by controller (kW)
tshield JNetic shield thickness (mm)

u Hatrix of control vectors

V1 SFP relative velocity - ar direction (rad/s)

v2 SFP relative velocity ~ atheta directiom (rad/s)

v3 SFP relative velocity - a3 direction (rad/s)

VB Velocity/B-field cross product vector

voltage Total voltage required by comtroller (V)

wl Earth’s angular rotation rate - ar component (rad/s)
w2 Earth’s angular rotation rate - atheta component (rad/s)
w3 Earth’s angular rotation rate - a3 component (rad/s)
Vapa ASSET array effective width (m)

Wcest Width of coiled conductor integrated truss (m)

Vcit VWidth and depth of cross integrated truss (m)

we Earth’s angular rotation rate (rad/sec)

wire Diameter of single conductor in cm

mit Vidth and depth of main integrated truss (m)

Woit Width and Depth of orthogonal integrated truss (m)
Wspm Solar dynamic power module effective width (m)

Wta ¥Width and depth of augmentation thruster assemblies (m)
Vtm ¥idth of truss maker (m)

x Matrix containing state vectors

I0 State vector initial conditions

xforcel Radial force generated by conductor Ci (W)
xforce2 Radial force generated by conductor C2 (¥)
xforce3 Radial force generated by conductor C3 (W)
xforce4 Radial force generated by conductor C4 (W)

y Natrix containing outputs

yforce3 In path force generated by conductor C3 (N)
yforce4 In path force generated by conductor C4 (W)
yforceb In path force generated by conductor C5 (N)
zforcel (Out of plane force generated by conductor Ci (N)
zforce2 Out of plane force generated by conductor C2 (W)
zforces Out of plane force generated by conductor C5 (W)

LR R R R R R R R R F B R _E R _E_ B X B R F_ B B R B ¥ E E_F E F FFUETE-R ¥

RRNEAEN RN AR XN A RN AL XKL X KA X RE LA AKX KA XA X AR AR AL XX AL ALK LA XXX AR ALA XA LKLK

disp(’ ?);

disp(’Welcome to the Space Fabrication Platform’);
disp(’Design Analysis Program’);

disp(’ ?);

format short e

AAXAXLXXXXAXAXLAX L AALLAXALALXXAAXAAL XX

%

% Define Constants

3

XAXXXARLAALAXALALRLAXLLAARAXLXLALAXAL XX

G=6.67204¢-11; % gravitational constant (Nem~2/kg"2)

Ke=5.976024; % mass of the earth (kg)

re=6.3784¢06; % mean equatorial radius of earth (m)
we=7.2921¢-05; % Earth’s Rotation Rate (rad/sec)
H=8.06¢15; % magnetic dipole moment of the earth (T)

PhiO=-78.5¢pi/180; ¥ Latitude of austral simple magnetic pole (rad)
LamO=111spi/180; ¥ Longitude of austral simple magnetic pole (rad)

Cd=2.4; % SFP Drag Coefficient

Adrag=1435; % SFP Frontal Area (m"2)

rhoO=1.916e-11; % Air Demsity at Reference Altitude (kg/m"3)
he=50043; % Scale Height (km)

rref=300; % Reference altitude (km)
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3
% Platform Dimensions and Operating Regime
]

LXAXARA XN NN R KN AN R AN AN R A KR ALK LR LA R AL XA XKLL LA AXL AL XL ALLLRXAAALALLXLLALK

LRAXAAAXXAXXAAXAX XXX XL LKA XLLXAXAXAKLLL
3
% Payload Data

X
PRYNYRASS SNSRI NNATANAALaNARiiiatlhig))
¥ Naximum allowable SFP payload = 31,300 kg

Mpay=31300; % Payload Mass (kg)
Lpay=46.88; % Payload Length (m)
Rpay=4.206; % Payload Radius (m)

disp(’Payload Mass (kg) = ’);,disp(Mpay);

XXALARALXXRAARLANXXANRLLARRAAXLLXAAX LA
%

% Truss Naker Mass and Size

*
EAXXXARXAAXRAAX LR ARLXAN XA RAAXAARALXALK
% Maximum allowable weight for truss

% maker = 3000 kg

% Size = 5x10x2 (b1xb2xb3)

Htm=3000; % Truss Naker Mass (kg)

Ltm=10; X Truss NMaker Length (m)
Wtme2; % Truss Naker Width (m)

Htm=5; % Truss Maker Height (m)
ARARAXAXRLLAXARLLAALLL XXX RLXLLLRL LR AL

3

% Main Integrated Truss Mass and Size

13

EAAXEAAARARRLAALRLXLALLAXLAX LA XL LN XA AXY
% Allow 5000 kg for remote manipulators
% Linear demnsity = 20 kg/m for the truss
% structure

% Allovw 2000 kg for ASSET equipment

Luit=50; % Integrated Truss Length (m)
Vmit=2; % Main Int Truss Width and Depth (m)
Mmit=5000 + Lmit+20 +...

2000; % Main Int Tr Misc Weight (kg)

LARAARXALAAXALAARAXLXLL XA XXNXLR XA LLAKY.

]
% Augmentation Thruster Assemblies
3 Mass and Size

)

RAXARAELRARARARARA AN LALARA XN KALA XX ARARY

% Allow 1100 kg for augmentation thruster

% assemblies and associated H/W, plus 1000 kg

% for fuel.

Nta=1100 + 1000; % Thruster Assembly Mass (kg)
Hta=4; % Thruster Assembly Height (m)
Wta=2; % TA Width and Depth (m)

AAXXANAAXKLXAXAAXLXAALA XA L LA XXX AALARARK
%

% Cross Integrated Truss Mass and Size

%
RARXLAAARXARRLXLLLRARXLAR AL RLLLRLRNL KR
% Allow 12000 kg for misc H/W



X Linear density = 20 kg/m for the truss
% strncture

Lcit=30; % Cross Integrated Trusses Length (m)
Ucit=2; % Cross Int Truss Width and Depth (m)
Ncit=Lcits20 +. ..

12000; %X Cross Int Tr Hisc Veight (kg)

LRLXAAXAXAXAAX LA XLAXTLAXAAXAALXRXALX XY
1
% Solar Dynamic Power Nodule Data

3

133853888590 Nttty asasiibsiisiiaid

% Allow 6000 kg/side for Module H/W

% Let Module c.m. be 4m off center of truss
% and 29 m from centerline of SFP

Kspm=6000; % Solar dynamic Power Module Mass (kg)
Uspm=5; % Power Module Effective Width (m)
Hspm=10; % Power Module Effective Height (m)
hepm=4; % Power Nodule c.m. Height (m)
lapm=29; 4 Power Module Position on Truss (m)
XL LEXXXLAN AL LLAXA XL XXX AL AXLLRLNLLAY

3

% ASSET Power Array Data

3

TARRLAATLRAAXRAXAXLLLX X LARANAXLAXAAL XKL

% Allow 2500 kg/side for Array H/W

% Let Array c.m. be 3m off center of truss
% and 29 m from centerline of SFP

Mapa=2500; % Array Nass (kg)

Vapa=2; % Arxay Effective Width (m)
Hapa=7; % Array Effective Height (m)
hapa=3; % Array c.m. Height (m)
lapa=29; X Array Position on Truss (m)

ARAXXLXRAXXLARAALLXAARLX LA XL XXX AAX XKLL
%
% Orthogonal Integrated Truss Hass and Size

%

ALAREXRAR AR AKX RRLRARE L XL XAAN AL XXX XALLR
% Allow 12000 kg for misc H/W

% Linear density = 20 kg/m for the truss
% structure

Loit=27; % Orthogonal Integrated Trusses Length (m)
Woit=2; % Orthogonal Integrated Truss Width and Depth (m)
Moit=Loit#20 +...

0; % Orthogonal Integrated Truss Misc Weight (kg)
AALXARAAXXXAXAXARLXLRA X AN A XAXLALRAXAAAK
13
% Conductor VWire Diameter
L3
RARXRRAAR AL XN KRN KR ALXRAL X AL R RAXX %KL
vire=2; % Wire Diameter (cm)

disp(’The diameter of the conductor wire (in cm) = ?);,disp(wire);
dvire=wire/100; % Wire diameter (m)

ruire=wire/200; % Wire radius (m)

area=pisrvire~2; ¥ VWire area (m~2)

tshield=10.14; % Netic Shield thickness (mm)
disp(’The Netic shield thickness (mm) = ’);,disp(tshield);
tshield=tshield/1000;

LRLLXARALANXALAXLLLAALA LA LKL X LA LALXLA LAY
%




% Platform Design Dimensions

13

AAXXLXAXAXXAAXAXA XXX KX XX XXX XAXAR XX LAY

XX Conductor 1

LC1=25;

ni=99;

Li=LCtent;

disp(’Length (LC1) of main conductor tower C1 (m) = ?);,disp(LC1);
disp(’Rumber of turns in conductors C1 = ’);,disp(n1);

disp(’The effective total length (L1) of conductors C1 (m) = ?);,disp(L1);

%X Conductor 2

LC2s=LCY;

n2=nt;

L2=L%;

disp(’Length (LC2) of main conductor tower C2 (m) = ?);,disp(LC2);
disp(’Number of turns in conductor C2 = ’); ,disp(n2);

disp(’The effective total length (L2) of conductors C2 (m) = ?);,disp(L2);

%1% Conductor 3

LC3=25;

n3=1;

L3=LC3»n3;

disp(’Length (LC3) of cross conductor tower C3 (m) = ?);,disp(LC3);
disp(’Bumber of turns in conductors C3 = ’);,disp(n3);

disp(’The effective total length of conductors C3 (m) = ’);,disp(L3);

%%X Comductor 4

LC4=LC3;

n4=n3;

L4=L3;

disp(’Length (LC4) of main conductor tower C4 (m) = *);,disp(LC4);
disp(’Number of turns in conductor C4 = ’);,disp(n4);

disp(’The effective total length (L4) of conductors C4 (m) = ’);,disp(L4);

%%% Conductor §

LC5=27;

nb=21;

L5=LC6en6;

disp(’Length (LC5) of pole conductor, C6 (m) = ’);,disp(LCS);
disp(’Number of turns inm conductor C6 = ’);,disp(n6);

disp(’The effective total length of conductor C5 (w) = ?);,disp(L5);

%%% Conductor 6
r6=1.9;
né=137;
Lsol6=ceil((n6/10))+0.02;
if n6<S,
rs0l6=(n6+0.02)/2;
else
r8016=0.10;
end
L6=n6+2¢pi*(xr6-rsol6);
mu6=n6spis*(r6-2);
disp(’Radius (r6) of coiled conductor comductor, C6 (m) = ?);,disp(z6);
disp(’Length (L8016) of coiled comductor, C6 (m) = ’);,disp(Lsol6);
disp(’Number of turns in conductor coiled conductor C6 = ?);,disp(né);

%%% Conductor 7

r7=16;

n7=n6;

Lsol7=aLso0l6;

L7sL6;

mu7=mub;

disp(’Radius (r7) of coiled conductor conductor, C7 (m) = ?);,disp(x7);
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disp(’Length (Lsol7) of coiled conductor, C7 (m) = ’); ,disp(Lsol?7);
disp(’Bumber of turns in conductor coiled conductor C7 = ?);,disp(n7);

%%Y% Conductor 8
r8=1.9;
n8=1;
Lsol8=ceil((n8/10))+0.02;
if n8<s,
r8018=(n8+0.02)/2;
else
rs018=0.10;
end
L8=n8e2spie(r8-rsol8);
mu8=n8e*pie(rd~2);
disp(’Radius (r8) of coiled conductor conductor, C8 (m) = ’); ,disp(r8);
disp(’Length (Lsol8) of coiled conductor, C8 (m) = ’);,disp(Lsol8);
disp(’Bumber of turns in conductor coiled conductor C8 = ?); ,.disp(n8);

%%% Conductor 9

r9=r8;

n9=n8;

Lsol9=Lsol8;

L9=L8;

muS=pus;

disp(’Radius (r9) of coiled conductor conductor, C9 (m) = °); ,disp(r9);
disp(’Length (L8019) of coiled conductor, C9 (m) = ?);,disp(Lsol9);
disp(’Number of turms in conductor coiled conductor C9 = ?); .disp(n9);

%%% Conductor 10
rio=1.9;
n10=497;
L80110=ceil((n10/10))+0.02;
if n10<5,
r80110=(n10+0.02)/2;
else
r80110=0.10;
end
L10=n10#2¢pis(xr10-rs0l10);
mu10=n10+pis(r10-2);
disp(’Radius (r10) of coiled conductor conductor, C10 (m) = ’);,disp(r10);
disp(’Length (Ls0110) of coiled conductor, C10 (m) = ?);,disp(Lso110);
disp(’Number of turns in conductor coiled conductor C10 = ’); ,disp(ni0);

KALLXRLALALLAX XXX AXLLAAL XXX AR LA XLA LY
) 3
% Determine Size of Coiled Conductor Support Truss
3
XXAAXLRALLLXXALLAAXXLAAALXLL L XKAANXXALNR
Lecst=Lsol6+Lsol7+max([2¢r8 24r101)+.5;
Wccst*max([2#r6 2¢r8 2+r10])+.5;
Hccst=Lccst*40+. .
0; 1 Mass of Coiled Conductor Int Truss (kg)
disp(’Coiled Conductor Support Truss Length (m) = ?);,disp(Lccst);

disp(’Coiled Conductor Support Truss Width and Height (m) = ?);,disp(Wccst);

disp(’Coiled Conductor Support Truss Mass (kg) = ’);,disp(Mccst);

RAXXLLXAXAAXAN LR LA L XXX KL LLARALX XL XXX KL
%

% Determine Conductor Linear Densities
3 (Includes Shielding)

%
XELLLLAALAAR LA AL XN LLLALXRXLANAAARLAXXAAAL
{pv1,ps1,d1]=vireden(rvire,ni,tshield);
[pw2,ps2,d2]=wireden(swire,n2,tshield);
[pw3,ps3,d3)*wireden(rvire,n3,tshield);
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[pw4,ps4,d4]=wireden(rvire,nd,tshield);
[pw5,psb,d5]=wireden(rvire,nb,tshield);

pucc=pie(rwire) "2¢2.699¢+003;
ARREXALLXALLALX XA LA AT XX XXX L XA N XAXALAN

% Calculate Mass of Towers and Conductors

)

ARAXRAXAALXAXXRXA XA XX KRLLLLAXXAAALRN R,

Nci=(2epul+ps1)sLCt; % Conductor Ci Nass
Rc2=(2+pu2+ps2)+LC2; % Conductor €2 Nass
Nc3=(2+pu3d+ps3) sLC3; % Conductor C3 Nass
Nc4=(2+pud+psd)*LC4; % Conductor C4 Nass
NcS5=(29pub+psb)sLC5; % Conductor C5 Hass
Nc6=puccsLB; % Coiled Conductor C6 Mass
Hc7=pucceL?; % Coiled Conductor C7 Nass
Nc8=puccsls; % Coiled Conductor C8 Hass
Nc9=puccsL9; % Coiled Conductoxr C9 Nass
Mc10=puccsL10; % Coiled Conductor C10 Mass

Ntot=Npay+Ntm+Mmit+2¢Nta+. ..
2¢Ncit+2+Mapm+2+Napaticcst+ioit+. ..
Hc1+Mc2+4McI+Hca+Hch+. ..
Hc6+Hc7+Nc8+NcI+c10; % Total Platform Mass (kg)

disp(’Total Platform Mass = ’); ,disp(Ntot);
disp(’ ?);

AREARAXAXRREAXRKNEARARA KN XAARXNXARANK LR
%

% Platform Noments of Inertia

%

XX ARAERNNN XX RARLXA AN LALELAX XN L XL XXX AL

% Allow 3m offset for cm of ET and 3m offset
% of cm of truss maker

% Geometric Body Approximation

% Payload = Circular Cylinder

% Truss Haker = Rectangular Prism

% Main Integrated Truss = Circular Cylinder

% Thruster Assemblies = Rectangular Prisa

% Cross Integrated Truss = Circular Cylinder

%1 Solar Dynamic Cells = Thin Rectangular Plate
% ASSET Power Arrays = Thin Rectangular Plate
¥ Conductor C1 = Circular Cylinder

% Conductor C2 = Circular Cylinder

¥ Conductor C3 = Circular Cylinder

¥ Conductor C4 = Circular Cylinder

% Conductor C§ s Circular Cylinder

% Coiled Conductor Truss Assembly = Circular Cylinder

%

Nccst=Mccst+Kc6+McT+Mc8+McO+Nc10;

%

Ixx(1)=(¥pay/12)+(3sRpay~2+Lpay~2) +...

Hpay+*(3)-2; % Payload
Ixx(2)=(Htm/12) »(Vtm~2+Ltm"2) +...

Ntm*(3)"2; % Truss Maker
Ixx(3)=(Mmit/12)*(3+(WUmit/2) “2+¢Luit"2) + O; % Main Integrated Truss
Ixx(4)=2+((Mta/12)+(Wta 2+Wta"2) +...

Netas((Lmit/2)+(Wta/2))"2); % Thruster Assemblies
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Ixx(5)=2¢((Mcit/12)9(3e(Wcit/2)"2+Lcit~2) +...

Hcite((Wceot/2)+(Lcit/2))°2),
Ixx(6)=2¢ ((Mspm/12)+(Vspm~2) +...
Hspae((Uccst/2)+lspm)~2);
Ixx(7)=2¢ ((Napa/12)¢(Vapa-2) +...
Napae((Wccat/2)+lapa)~2);
Ixx(8)=(Noit/2)*(VWoit~2) + O;
Ixx(9)=2¢(((Mc1)/24) #(3¢(d1/2)"24LC1"°2) +...
Nc1s((LC1/2)“2+(¥mit/2)"2));

Ixx(10)=2¢(((Nc2)/24)+(39(d2/2)"241LC2°2) +...

Nc2+((LC2/2)~2+(¥mit/2)"2));

Ixx(11)=2¢(((Nc3)/24)+(3¢(d3/2) "241C372) +...

NHc3e(((Wcent/2)+(LC3/2))"2+. ..
(Wcit/2)°2));

Ixx(12)e2¢(((Nc4)/24)*(3+(d4/2)"2+LC4A"2) +. ..

Rcas(((Wccst/2)+(LC4/2))"2+. ..
(Vcit/2)°2));
Ixx(13)=2¢(((Hc5)/4)#(d6/2)"°2 + Rc6¢(.7)"2);
Ixx(14)=(Nccst/12) *((3e¥ccst/2) “2+Lccat~2) ;

3

Iyy(1)=(Npay/2)*(Rpay~2) +...
Npay+(Htm~0.5+Rpay)~2;

Iyy(2)=(Htm/12)*(Vtm~2+Htm"2) +...
Htme (Htm/2)°2;

Iyy(3)=(Mmit/2)*(Umit/2)"2 +...
Mmite((imit/2)+0.5)°2;

Iyy(4)=2¢((Hta/12)s(Hta~2+¥ta"2) + 0);

Iyy(6)=2¢((Mcit/12)¢(3¢(Vcit/2) "2+Lcit"2) +...

Ncite((0.5+imit+(Wccst/2)) 2+, ..
(Lecit/2)°2));
Iyy(6)a2+((Rspm/12)+(Uspm~2+Hspm=2) +...

Mspme(0.5+¥mit+(Vccat/2)-hspm)~2+. ..

((Wccat/2)+1lspm)~2);
Iyy(7)=2¢((Napa/12)+(dapa~2+Hapa~2) +...

Napas(0.5+Umit+(Wccst/2)+hapa)~2+...

((Wccst/2)+1spm)~2);

Iyy(8)=2¢((Moit/12)+(3¢(Woit/2)"2+Loit"2) +...
Moit*(0.5+Umit+¥ccst+(Loit/2))"2);

Iyy(9)=2¢(((Hc1)/4)+(a1/2)"2 +. ..

Hc1+((0.5+(¥nit/2))"2+(Wmit/2)"2));

Iyy(10)=2¢(((Mc2)/4)+(d2/2)°2 +...

Nc2+((0.5+(Wmit/2))~2+(¥mit/2)"2));
Tyy(11)=2+(((Mc3) /24)»(30(d3/2) " 241C3"2) +...

Hc3#((0.5+imit+(VWccst/2))"2+...
((Wccat/2)+(Wcit/2))"2));

Iyy(12)=2¢(((Mc4)/24)»(3+(d4/2)"2+1LCA"2) +. ..

Nc4+((0.5+¥mit+(Wccat/2))"2+. ..
((Wcest/2)+(Wcit/2))~2));

Iyy(13)=2+(((Mc5)/24)+(3+(d5/2) “2+LC5"2) +...

NHc5+(0.5+Umit+Wccst+(1.C6/2))~2);
Iyy(14)=(Mccst/2)*(Wccst~2) +...
Kccst#(0.6+Wmit+(Wccat/2))2;

%
1zz(1)=(Mpay/12)*(3+Rpay~2+Lpay~2) +...
Rpay*((Htm-0.5+Rpay) “2+3°2) ;
Izz(2)=(Ntm/12)*(Etm~2+Ltm"2) +...
Htme((Htm/2) “2+3°2);
Izz(3)=(Mnit/12)+(3¢(Wmit/2) " 2+Lmit"2) +...
Emite((Umit/2)+0.5)"2;
Izz(4)=2¢((Nta/12)*(Wta~2+Hta"2) +...
Htas((Lmit/2)+(Wta/2))"2);
Izz(5)=2¢((Mcit/2)»(Wcit/2)"2 +...
Mcit+(0.5+Wmit+(Wccst/2))~2);
122(6)=2+((Nspw/12)+Hspm~2 +. ..

Nspme (0 .5+imit+(Wccst/2)-hspm)~2);

%X Cross Integrated Truss
% Solar Dynamic Cells

% ASSET Powex Arrays
% Orthogonal Integrated Truss

% Conductor Ct

% Conductor C2

% Conductor C3

% Conductor C4

% Conductor Cb

% Coiled Conductor Truss Assembly
% Payload

% Truss Maker

% Main Integrated Truss

% Thruster Assemblies

% Cross Integrated Truss

% Solar Dynamic Cells

% ASSET Power Arrays
% Orthogonal Integrated Truss
% Conductor C1

% Conductor C2

% Conductor C3

% Conductor C4
% Conductor C5

% Coiled Conductor Truss Assembly

% Payload

% Truss NHaker

% Main Integrated Truss
% Thruster Assemblies

% Cross Integrated Truss

% Solar Dynamic Cells
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I1zx(7)=2¢((Mapa/12)eBapa“2 +...

Kapae(0.5+imit+(¥ccat/2)+hapa)~2); % ASSET Power Arrays
Izz(8)=2s((Noit/12)+(32(Woit/2)"2+Loit"2) +...

Noits(0.5+¥mit+lccst+(Loit/2))~2); % Orthogonal Integrated Truss
122(9)=20 (((Nc1)/24)+(3¢(d1/2)"2+LC1°2) +...

Hc1e((LC1/2)~2+(0.5+(mit/2))"2)); % Conductor C1
Iz2(10)=28(((Mc2)/24)+(3+(d2/2)"241C2°2) +...

Mc2+((LC2/2)°2+(0.5+(imit/2))"2)); % Conductor C2
Izx(11)=2¢(((Mc3)/4)+(d3/2)"2 +. ..

Hc3¢((0.5+imit+(Vccat/2)) 2+, ..

(Wcit/2)°2)); % Conductor C3

Iz2(12)=2¢(((Nc4)/4)+(d4/2)"2 +. ..

NHc4»((0.54mit+(VWccst/2))~2+...

(Wcit/2)°2)); % Conductor C4
I22(13)=2¢(((Nc5)/24)+(3+(d6/2) "2+LCE"2) +...
NHc5+(0.5+imit+Wcest+(LC5/2))~2); % Conductor C6
Izz(14)=(Nccat/2)s(Wcest™2) +. ..
Mccste (0. 5+imit+(Wccst/2))"2; % Coiled Conductor Truss Assembly

LAXRAXAAXAAXAXLAXAXAAXL KL XXX AXLAXAXAXX
]

¥ Display Principle Homents of Inertia

X

RALARAALXXAARLXXAXLLLXAAXLARLXXAXX LR LK

A=gum(Ixx);

B=sum(lyy);

C=sum(Izz);

disp(’Principle moment of inertia, A - x direction (kg-m~2) =’);,...
disp(a);

disp(’Principle moment of inertia, B - y direction (kg-m~2) =?);,...
disp(B);

disp(’Principle moment of inertia, C - z direction (kg-m"2) =?);,...
disp(C);

AARAXEXRAXAAXALLAXXAAX X XAAAAL XA RAXLRAAL
%
% Get orbital reference information from user

%
EAXAAXAAXALXAXEAXAXAAXAXLAXAALNXAXLLANR

altitude=400;

disp(’Altitude of reference orbit (km) = ’);,disp(altitude);
rO=retaltitude+1000; % orbital radius of reference orbit (m)
n=gqrt(GsNe/r0"3); % orbital mean motion (reference orbit) (rad/s)

disp(’0rbital mean motion (rad/s) =?);,disp(n);

nusinput (’True Anomaly (nu) to work with (deg) = ’);

nusnuspi/180; % Convert to rad

Thetag=input (’What is the sidereal time ? ?);
Thetag=Thetag*pi/180; % Convert Sidereal Time to rad
incl=input{’What is the orbit inclimation ? ’);
incl=inclspi/180; % Convert Inclination to rad
Omega=input (’What is the right ascension of the ascending node = ’);
Omega=Omega*pi/180;

AARAXRLATAXAXLLARAALXAA XA XX LK AXXARLX %K

X

% Got reference command information from user

%

RAXLXXAAXARAALLXLAAXARLLLXXLALAXALRAX AN

disp(’Enter the reference command data’);

delr=-60;

G-14




rdnu=0;
delz=0;
psi=0;
phim;
theta=0;

disp(’What is the value of x to attain and track (m) ? ’);,disp(delr);
disp(’Vhat is the value of y to attain and track (m) 7 ’);,disp(rdnu);
disp(’What is the value of z to attain and track (m) ? ’);,disp(dels);
disp(’What is the anglec o/ yaw to attain and trxack (deg) ? ?);.disp(pei);
disp(’What is the angle of roll to attain and track (deg) 7 ’);,disp(phi);
disp(’What is the angle of pitch to attain and track (deg) ? ’);,disp(theta);

psi=psis(pi/180); % Convert degrees to radians
phi=phis(pi/180); % Convert degrees to radians
theta=thetas(pi/180); % Convert degrees to radians

IXLXTAXAAXAXAXLXALLXAXLXXLLXAXXL XX XX LAL
p 3
% Get initial conditions from user

3
AREXXLLLLAXAARALLXXAL XL AN A XXX LA L XX AL L LY
disp(’ ?)

disp(’Enter the initial condition data’);

delr0=-60;
rdnu0=0;
delz0=0;
psio=0;
phio=0;
thetaO=0;

disp(’What is the initial value of x (m) ? ’);,disp(delr0);

disp(’What is the initial value of y (m) ? ?);,disp(rdnu0);

disp(’What is the initial value of £ (m) ? ?);,disp(delz0);

disp(’What is the initial value of the yaw angle (deg) ? ’);,disp(psio);
disp(’What is the initial value of the roll angle (deg) ? ’);,disp(phiO);
disp(’What is the initial value of the pitch angle (deg) ? ?);,disp(theta0);

psiO=psiOe(pi/180); % Convert degrees to radians
phiO=phiO*(pi/180); ¥ Convert degrees to radiams
thetaO=thetaO¢(pi/180); % Convert degrees to radisns

X0=[delxr0 O rdnuO O delz0 O psiO O phiO O theta0 0]’;

FRARXXRAXRXLLLAXY CARARAAR N XA AXLAXAX ALK

3

% Get time history information from user

%

RRLLAALAXARLXARALLRAAXLAXLLLAARLLAXXALY

tmax=5400;

disp(’How long of a time response to plot (s) ? ’);,disp(tmax);
ntinc=540;

disp(’Bumber of time increments (data points) 7 ’);,disp(atinc);

XEXEEXEAXLR LA X XLLXAAA XXX X XALLAL LA LAARY
3

% Generate reference command

13
TELLLLRARTLARE XXX LLLLALLLLRLAAR XA RAL LY
t=0: (tmax/ntinc) :tmax;

tleng=length(t);
r=zeros(tleng,6); Aconstruct reference command

r(:,1)=delr*ones(tleng,1);
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r(:,2)=rdnusones(tleng,1);
r(:,3)ndelxsones(tleng,1);
x(:,4)mpsisones(tleng,1);
r(:,5)=phisones(tleng,1);
r{:,8)=thetasones(tleng,1);

TAXXLAXXXALXAALAXAXAX XXX XAAXARIRXXAAR ALK
13
% Niscellaneous Calculations
§
TAXXXAXXXLXAAXAAL XXX XX LAAXAXKALXAKXLAR
mi=cos(Phi0)+(cos(nu)*cos(Omega-Thetag-Lam0)-. ..
sin(nu)*cos(incl) ssin(Omega-Thetag-Lam0))+. ..
8in(Phi0) #sin(nu) *sin(incl);
m2=cos (Phi0) #(-sin(nu)scos (Omega-Thetag-Lam0)-. ..
cos(nu)¢cos(incl) ssin(Omega-Thetag-Lam0))+. ..
sin(Phi0) »con(nu)*sin(incl);
m3=cos{Phi0)#sin(incl) *sin(Omega-Thetag-~Lam0)+sin(Phi0)*cos(incl);

AXAXLAAAXAX XXX XXAXLLXAXXXAXAALXARELL KXY
13
% Miscellaneous Drag Calculations

3
ERLAAXLAAAAXXLAAL LA XARLAXXLAAXXXALL XY
wi=gessin(incl)esin(nu); % ar component

w2=yersin(incl)ecos(nu); % atheta component
u3=gescos(incl); % a3 component
delw=n-w3;

Kd=-((CdsAdragexho0) /(2¢Rtot) )eexp(-(altitude-rref) /hs)s. ..
(rOssqrt(delv~24u2-2)); X Drag Factor

i5ss=(Kd*delns(r0~4)sNtot)/(Mem3sLE); % In-path Drag Term
thes=(Kdeu2er0siitot) ; % Out-of-plsne Drag Term

AARAXXXAXAXAXXLX LA XA KA L XA AXZXXXAXAXAA XL
)

% Set Up System NMatrices F,3,H,J (open-loop)

1

ERALLAAXXXAAXAALLXAAAAXALLAXLAXAXAXLLAXL

% System Natrix, F

Fays=[01 000000000 0;

(3*n~2) Kd (-(Ededelw)) (2¢n) (-(Kd*w2)) 000 0 0 0 O;
000100000000;

(Kdedelw) (-2¢n) 0 (-Kd) (Kdew1) 0 0 0 0 0 O O;

000001000000;

(Kd*w2) 0 (-(Kdsw1)) 0 (-(n~2)) X4 0 00 0 0 O;

000000010000;

000000 (~(n"2)+(C-B)/A) 0 0 (-ne(-A-B+C)/4) O O;
000000000100;

00 00 ((3sn~2)+(A-C)/(r0*B)) O O (-n+(A+B-C)/B) ((4#n"2)=(A-C)/B) 0 0 O;
000000000001;

0 (3sn/(2¢x0)) ((39n~2)+(B-4)/(x0+C)) 0 0 0 0 0 0 O ((-3*n"2)¢(B-4)/C) 0];

%input matrix

Gsys=(1/x0°3)+({00000000000;

(-(Nem3sL1) /Mtot) (-(Nem3sL2)/Mtot) ((Mem2sL3)/Mtot) ((Mem2¢L4)/Mtot) 0 0 0 0 0 O O;

00000000000O0;

0 0 ((2sMem1sL3)/Ntot) ((2¢NemiesL4)/Ntot) ((Mem3eLE)/Mtot) 0 0 0 0 0 O;

00000000000;

(-(2eNemioL1) /Btot) (-(2¢NemieL2)/Htot) O O (-(Mem2eLE)/Ntot) 0 0 O 0 O ((r0~3)/Mtot);

00000000000;

(-(Mem1oL1sLC1)/4) (Mem1sL2e¢LC2) /A (~{(MomisL3sLC3)/4) (MemisL4s1C4)/A O (-(Mem3emuB)/A) ...
(~(Nem3emu7)/A) (Mem2emu8)/A (M*m2emu9)/A 0 O;
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292000000000 0;

0 0 (Mem2¢L3eLC3)/(24B) (~(Mem24L4A9sLC4)/(2¢B)) (-(Msm2enb¢(Wmit+Wccast+LC6/2)sLC5)/B) 0 O ...

(2¢Nsmi+mu8)/B (2¢Nenismu9)/B (Mem3emui0)/B O;

0000000000 0O0;

(Mom3sL1sLC1)/(2¢C) (~(Mem3¢L2sLC2)/(29C)) (-(2*Nemi*n3e(Wmit+¥Wccat/2)sL3)/C) ...
(~(2eMsmlsnde(Wmit+Wccst/2)¢L4)/C) (-(Mem3snSe(Umit+Wccat+LC5/2)+LC6)/C) ...
(-(2¢H*n1ema6) /C) (-(2¢Nemi*mu7)/C) 0 O (-(Msm2ema10)/C) 0]);

Xoutput matrix (selects positions and attitude angles only)
Hsys={100000000000;

001000000000;

00

»

.e

0
0o
0o
0o

oo o
O OO
cooo
[ =2~ =]
OOO?

©C O m O
[

010
000
000
000 H

Jsys=zeros(6,11); Xno fed-through control signals

AR XXAAXAN XKL LXK AL LAXLLAAXAXX L ARAAL XL
X
% Check Controllability and Observability
3
AALAAXAXXLAXLAAAXKAAXKLXARXZLXAXAAAXL XX
%test controllability and observability
disp(’ ?);
Nc=ctrb(Fsys,Gsys);
if rank(Nc)==12,
disp(’The (Fsys,Gsys) system is completely controllable.’);
else
disp(’The (Fays,Gsys) system has uncontrollable modes!’);
end
disp(’ ?);

No=obsv(Fsys ,Esys);
if rank(Mo)==12 ,

disp(’The (Fsys,Hsys) system is completely observable.’);
else

disp(’The (Fsys,Esys) system has unobservable modes!’);
end

ARARRLXARANRLL A XA A KR LA LR ARAX L LA XKL LRLAR

X

% Derive LQR Compensator K

3

LXXAARAXLAXAXXXXLARAXLX XA N XA XXX AXLXALXR

% User enters state and control signal weightings

X Normalized state veighting matrix

qutsl;

disp(’Veighting on the state veighting matrix Q = ?);,disp(qwt);
%qut=input(’Veighting on the state veighting matrix Q ? °);
Q=qut*([1 0 000000000O0;

010000000000;

001000000000;

0001
0000
0000
0000
0000
0000
000000000
0000000000
00000000000 x0]);

COO0OO O
OO0 OO
3
o
o
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ruts=y;

disp(’Veighting on the control weighting matrix R = ?);,disp(rwt);
Xrwt=input(’Weighting on the control weighting matrix R 7 ’);
REk=rutseye(11); X Set up control weighting matrix
RK(1:5,1:5)=1eRK(1:5,1:5);

RK(11,11)=1000#RK(11,11); X Heavily Penalize Use of Thruster

K=1qr(Fsys,Gsys,Q,RK);

ARLXAXXRXAAAXAARLXXAAAXAXLAXLXAAXAAAAXY
X

% Derive Non-square Pre-filter Mpf

%
ARRAXRAXXLAXXRAALLLAXL XXX L XXXANALAAX LY
YUse optimal pseudo-inverse to find Mpf
Kpf=-pinv(Esyss¢inv(Fays-Gsys+Kk)+isys);

1333533483500 300h00003383003000000858)
%

%X Set Up Closed-Loop Matrices F,G,H,J

x
ALLAXLLXXLLLAXLXXLXAXA A AXLAX LN ARXLRL XL
Fcl=Fsys-Gsyse*K;

Gcl=Gsys*Mpf;

HclsHsys;

Jcl=zeros(8);

[y.x]=1sim(Fcl,Gcl,Hcl,Jcl,r,t,X0) ; %outputs and states
(mm,nnl=size(y);
for i=1:mm,
for j=i:mnm,
if aba(y(i,j))<1e-6,
¥€1,3j)=0.0;
end
end
end

u=(NMpfsr’-K*x’)’; % Control vector includes 10 currents and 1 thruster

for i=1:tleng,
u(i,b)=u(i,5)+ibss;
u(i,11)=u(i,11)+thas;
end

[wm,nn]=size(un);
for i=1:mm,
for j=i:mnm,
if abs(u(i,j))<1e-9,
u(i,j)=0.0;
end
end
end

a=(Gsyseu’)’; % Accelerations
[wm,nn)=size(a);
for i=1:mm,
for j=1:nn,
if abs(a(i,j))<1e-9,
a(i,j)=0.0;
end
end
end

pos=max(u);
neg=min(u);
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for i=1:11,
if abs(pos(i))>abs(neg(i))
maxcur(i)=poa(i);
else
maxcur(i)=neg(i);
end
end

disp(? ?);

disp(’Naximum current required in conductor C1 (A)= ?);,disp(maxcur(1));
disp(’Maximum current required in comductor C2 (4)= ’);,disp(maxcur(2));
disp(’Maximum current required in comductor C3 (4)= ’);,disp(maxcur(3));
disp(’Haximum current required in conductor C4 ()= *);,disp(maxcur(4));
disp(’Naximum current required in conductor C§ (A)= ?);,disp(maxcur(5));
disp(’Naximum current required in conductor C8 (4)= ’);,disp(maxcur(6));
disp(’Maximum current required in conductor C7 (A)= ?);,disp(maxcur(7));
disp(’Naximum current required in conductor C8 (A)= ?);,disp(maxcur(8));
disp(’Maximum current required in conductor C9 ()= ?);,disp(maxcm (9));
disp(’Naximum current required in conductor €10 ()= ’);,disp(maxcur(10));
disp(’Maximum thrust required in thruster (N)= ’);,disp(maxcur(11));
disp(® *);

xforcel=s((~-(Hem3sL1))/(x0"3))*(maxcur(1));
zforcet=a(~(2sNemisL1)/(x0"3))s(maxcur(1));
xforce2=((-(Nm3+L2))/(x0"3) ) s(maxcur(2));
zforce2=(-(2+Nem14L2)/(r0"3) ) +(maxcur(2));
xforce3=((Nm2+L3)/(r0"3))*(maxcur(3));
yforce3=((2¢+Nm1+L3)/(r0"3)) *(maxcur(3));
xforced=((Nm2+L4)/(x0°3)) *(maxcur(4));
yforced=((2¢N*m1+L4)/(x0"3))*(maxcur(4));
yforce5s((Nem3+L5)/(r0~3))*(maxcur(6));
zforceb=(-(Nm2¢L5)/(r0"3))*(maxcur(5));

disp(? ?);

disp(’Maximum radial force in comductor C1 (E)= ?);,disp(xforcel);
disp(’Maximum oop force in conductor C1 ()= ?);,disp(zforcel);
disp(’Maximum radial force in conductor C2 (N)= ?’);,disp(xforce2);
disp(’Maximum oop force in conductor C2 (N)= ’);,disp(zforce2);
disp(’Maximum radial force in conductor C3 ()= ?);,disp(xforce3d);
disp(’Maximum ip lateral force in conductor C3 (E)= *);,disp(yforce3d);
disp(’Naximum radial force in conductor C4 (N)= ’);,disp(xforced);
disp(’Maximum ip lateral force in conductor C4 (E)= *);,disp(yforced);
disp(’Maximum ip lateral force in conductor C5 ()= ’);,disp(yforce5);
disp(’Maximum oop force in conductor C5 (¥)= ’); ,disp(zforceb);

disp(’ ?);

disp(’ ?);

disp(’Distributed radial force in conductor C1 (N)= ’);,disp((1/LC1)#xforcel);
disp(’Distributed oop force in conductor C1 (N)= ?);,disp((1/LC1)*zforcel);
disp(’Distributed radial force in conductor C2 (N)= *);,disp((1/LC2)#xforce2);
disp(’Distributed oop force in conductor C2 (N)= *);,disp((1/LC2)*zforce2);
disp(’Distributed radial force in comductor C3 ()= ’);,disp((1/LC3)#xforce3d);
disp(’Distributed ip lateral force in conductor C3 (¥)= ?);,disp((1/LC3)syforce3);
disp(’Distributed radial force in conductor C4 (N)= ?);,disp((1/LC4)*xforced);
disp(’Distributed ip lateral force in comductor C4 (W)= ’); ,disp((1/LC4)syforced);
disp(’Distributed ip lateral force in conductor C5 (N)= ’);,disp((1/LCE)syforces);
disp(’Distributed oop force in conductor C5 (N)= °);,disp((1/LC5)»zforce5);

disp(’ ?);

bimom1=(-(MsmisL1eLC1)) * (maxcur(1)) * (1/(x0°3));
b3mon1=(N*m3sL1+LC1)/(2) * (maxcur(1)) » (1/(x0°3));
bimom2=(NsmisL2+LC2) * (maxcur(2)) * (1/(x0°3));
b3mom2= (-~ (Msm3+L291C2)/(2)) » (maxcur(2)) s (1/(r0°3));
bimom3=(-(Mem14L3¢LC3)) * (maxcur(3)) s (1/(r0°3));
b2mom3=(Mem2+L3+LC3)/(2) *» (maxcur(3)) * (1/(x0°3));
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b3mom3=(~(29Nemien3e (Vmit+¥ccat/2)sL3)) » (maxcur(3)) * (1/(x0°3));
bimomd=(Nem1sL49LC4) ¢ (maxcur(4)) * (1/(x0°3));
b2momds (- (Nem2¢L40LC4)/(2)) * (mwaxcur(4)) » (1/(x07°3));
b3momd=(-(2¢Nemiends (Wmit+Uccast/2)*L4)) ¢ (maxcur(4)) ¢ (1/(x0°3));
b2momb=( -~ (Nem2¢n6+ (Wmit+lccst+LC5/2)sLC5)) » (maxcur(5)) ¢ (1/(x0°3));
b3mombu(~ (Hem3en5s (Imit+iccat+LC6/2)+LCE)) » (maxcur(5)) s (1/(x0°3));
bimomB=(-(Nsm3*mud)) ¢ (maxcur(6)) s (1/(x0°3));
b3momB=(~(2sHmismut)) ¢ (maxcur(6)) * (1/(x0°3));
bimom7=(-(Msm3*mu7)) * (maxcur(7)) » (1/(x0°3));
b3mom7=(~(2sHmiemu?)) * (maxcur(7)) * (1/(r0°3));

bimomB=(Nem2mu8) ¢ (maxcur(8)) » (1/(x0°3));

b2mom8=(2¢Nsmi*mu8) *+ (maxcur(8)) * (1/(x0°3));

bimom9=(Nem2+mu9) * (maxcur(9)) * (1/(x0°3));

b2mong=(2+Nmi*m9) * (maxcur(9)) » (1/(x0°3));

b2momiO=(Nem3smulO) * (maxcur(10)) » (1/(x0°3));
b3mom10u(~(Hem2emn10)) * (maxcur(10)) ¢ (1/(x0°3));

disp(’The maximum C1 torque around b1l (N-m) = ?),;disp(bimoml);
disp(’The maximum C1 torque around bi (N§-m) = ’),;disp(b3momi);
disp(’The maximum C2 torque around bi (N-m) = ), ;disp(bimom2);
disp(’The maximum C2 torque around bi (N-m) = ’),;disp(b3mom2);
disp(’The maximum C3 torque around bl (E-m) = ?),;disp(bimom3d);
disp(’The maximum C3 torque around bi (N-m) = ?),;disp(b2momd);
disp(’The maximum C3 torque around b1 (N-m) = ?),;disp(b3mond);
disp(’The maximum C4 torque around b1 (N-m) = ’),;disp(bimomd);
disp(’The maximum C4 torque around bi (E-m) = ), ;disp(b2momt);
disp(’The maximum C4 torque arocund bl (N-m) = ?),;disp(b3momdt);
disp(’The maximum C5 torque around bi (E-m) = ), ;disp(b2momb);
disp(’The maximum C5 torque around bi (N-m) = ’),;disp(b3momb);
disp(’The maximum C8 torque around bi (E-m) = ?),;disp(bimoms);
disp(’The maximum C8 torque around bl (E-m) = ’),;disp(b3mom6);
disp(’The maximum C7 torque around bi (N-m) = ’),;disp(bimon?);
disp(’The maximum C7 torque around bi (E-m) = ’),;disp(b3mon?);
disp(’The maximum C8 torque around bl (N-m) = ’),;disp(bimom8);
disp(’The maximum C8 torque around bi (N-m) = ’),;disp(b2mom8);
disp(’The maximum C9 torque around bi (N-m) = ?),;disp(bimomd);
disp(’The maximum C9 torque around bi (N-m) = ?),;disp(b2moms);
disp(’The maximum C10 torque arcund b1 (N-m) = ), ;disp(b2mom10);
disp(’The maximum C10 torque around bi (N-m) = ?),:disp(bImom10);

plot(t,(u(:,1)/1));

title(’Conductor 1 (C1) Current’);,grid;
xlabel(’Time (8)’);

ylabel(’Current (4)°);

print -deps cicurrent.eps;

pause;

plot(t,(u(:,2)/1));

title(’Conductor 2 (C2) Current?);,grid;
xlabel(’Time (8)’);

ylabel(’Current (1)°);

print -deps cicurrent.eps;

pause;

plot(t,(u(:,3)/1));

title(’Conductor 3 (C3) Curremnt’);,grid;
xlabel(’Time (s8)’);

ylabel(’Current (A)’);

print -deps c3current.eps;

pause;

plot(t,(u(:,4)/1));

title(’Conductor 4 (C4) Current’);,grid;
xlabel(’Time (8)’);

ylabel(’Current (4)’);
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print -deps cdcurrent.eps;
pause;

plot(t,(u(:,6)/1));

title(’Conductor 5 (C5) Curremt’);,grid;
xlabel(’Time (8)?);

ylabel(’Current (A)’);

print ~deps cScurrent.eps;

pause;

plot(t,(u(:,8)/1));

title(’Conductor 6 (C6) Cur_ .at’);,grid;
xlabel(’Time (8)?);

ylabel(’Current (4)');

print -deps c6current.eps;

pause;

plot(t, (u(:,7)/1));

title(’Conductor 7 (C7) Current’);,grid;
xlabel(’Time (8)?);

ylabel(’Current (4)’);

print -deps c7current.eps;

pause;

plot(t,(u(:,8)/1));

title(’Conductor 8 (C8) Curremnt?);,grid;
xlabel(’Time (8)?);

ylabel(’Current (1)?);

print -deps c8current.eps;

pause;

plot(t, (u(:,9)/1));

title(’Conductor 9 (C9) Current’);,grid;
xlabel(’Time (8)’);

ylabel(’Cuxrent (4)’);

print -deps c9current.eps;

pause;

plot(t,(u(:,10)/1));

title(’Conductor 10 (C10) Current’);,grid;
xlabel(’Time (8)?);

ylabel(’Current (4)’);

print -deps ciOcurrent.eps;

pause;

plot(t,u(:,11));

title(’Z-Axis Thrust Required’);,grid;
xlabel(’Time (8)?);

ylabel(’Thrust (¥)?);

print -deps thrustrqd.eps;

pause;

rho=2.6556~8;
Ri=rho*(2¢L1/area);
R2urho+(2¢L2/area);
R3=xrho+(29L3/area);
R4=rhos(2¢L4/area);
RS=rho+(2+L5/area) ;
R6=rhos(L6/area);
R7=rho+(L7/area);
R8=rho*(L8/area);
R9=rhoe«(L9/area);
R10=rhos(L10/area);

disp(® ?);
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disp(’The resistance of conductor C1 (Ohms)= ’);,disp(R1);
disp(’The resistance of conductor C2 (Ohms)= *);,disp(R2);
disp(’The resistance of conductor C3 (Ohms)= ’);,disp(R3);
disp(’The resistance of conductor C4 (Ohms)= ?);,disp(M);
disp(’The resistance of conductor C5 (Ohms)= ’);,disp(R6);
disp(’The resistance of conductor C6 (Ohms)= ?);,disp(R6);
disp(’The resistance of conductor C7 (Ohms)= *);,disp(R7);
disp(’The resistance of conductor C8 (Ohms)= ’);,disp(R8);
disp(’The resistance of conductor C9 (Ohms)= ’);,disp(R9);
disp(’The resistance of conductor C10 (Ohms)= ’);,disp(R10);
disp(’ ?);

disp(’Total Conductor Resistance (Ohms) = ?);,disp(R1+R2+R3+R4+R6+RG+RT+RE+R9+R10) ;

B1=(N/(xr0"3))*2wm};
B2=(N/(x0°3))+(-m2);
B3=(N/(r0°3))+(-m3);

Livec={0;L1;0];
L2vec=[0;L2;0];
L3vec={0;0;L3]);
L4vec=[0;0;1L4];
L5vec=[L5;0;0];

for i=i:length(t),

Vi=x(i,2)-delw*x(i,3)-w2¢x(i,5);
V2=delwe(ro+x(i,1)) + x(i,4) + wisx(i,5);
V3=g2¢(r0+x(i,1)) - wiesx(i,3) + x(i,6);

€0(1,1)=con(x(i,9))*cos(x(i,11));

C0(1,2)=-sin(x(i,11));

C0(1,3)=sin(x(i,9))scos(x(i, 11));
C€0(2,1)=cos(2(1,9))*sin(x(i,11))scon(x(1,7)) + sin(x(i,9))*sin(x(i,7));
C0(2,2)=con(x(i,11))*cos(x(i,7));
C0(2,3)=sin(x(1,9))e¢sin(x(i,11))*cos(x(i,7)) ~ cos(x(i,9))*sin(x(i,7));
C0(3,1)=cos(x(1,9))*sin(x(i,11))*sin(x(i,7)) - sin(x(i,9))ecos(x(i,7));
C0(3,2)=cos(x(i,11))*sin(x(i,7));
Cc0(3,3)=sin(x(i,9))*sin(x(i,11))*sin(x(i,7)) + cos(x(i,9))scos(x(i,7));

VB=[(V2+B3-V3+B2) (V3+B1-V1#B3) (V1#B2-V2¢B1)];

L1Vind(i)=VBs(COsLivec);
L2Vind(i)=VB#+(COsL2vec) ;
L3Vind(i)=VB#»(C0sL3vec);
L4Vind(i)=VBs(COsL4vec);
L5Vind (1) =VB+(COsL5vec) ;

poul(i)=((abs(u(i,1)*L1Vind(i)))+(R1su(i,1)"2))/1000;
pow2(i)=((abs(u(i,2)+L2Vind(i)))+(R2%u(i,2)~2))/1000;
pow3(i)=((abs(u(i,3)+L3Vind(i)))+(R3*u(i,3)~2))/1000;
poud(i)=((abs(u(i,4)+L4Vind(i)))+(R4su(i,4)~2))/1000;
powb(i)=((abs(u(i,5)+L5Vind(i)))+(R5su(i,5)"s))/1000;
pow6(1i)=(R6+u(i,6)"~2)/1000;
pow7(i)=(R7#%u(i,7)~2)/1000;
pow8(i)=(R8+u(i,8)"~2)/1000;
pow9(i)=(R9+u(i,9)"~2)/1000;
pow10(i)=(R10%u(i,10)"2)/1000;

totpow(i)=pow1(i)+pow2(i)+pow3(i)+powd(i)+powb(i)+powB(i)+...
pow7(i)+pow8(1)+powd(i)+pow10(i);
voltage(i)=abs(R1#u(i,1))+abs(R2%u(i,2))+abs(R3*a(i,3))+...
abs(R4#u(i,4))+abs(R6*u(i,5))+abs(R6+u(i,6))+...
abs(R7*u(i,7))+abs(R8+u(i,8))+abs(R9*u(i,9))+abs(R10#u(i,10));
end
disp(’The maximum power required (kW) = ’);,disp(max(totpow));

G-22



disp(’The maximum voltage required (V) = ?); disp(max(voltage));
pause

prs RN bbb ieyiysiiaioa i sbsiheyiaybyshysishitohiabasbayinyshysh]
%

% Calculate the shield’s inner surface temperature and the

% conductor’s core temperature.

13

PYS bbby ybyabbasshyayiyosbybibibstshhihibiiasainytiabeyityh)

[T11,T10)=chktempi (maxcur(1) ,LC1,n1,d1,tshield);
{121,720 =chktempi (maxcur(2) ,LC2,n2,d2,tshield);
[131,130) =chktemp1 (maxcur(3) ,LC3,n3,d3,tshield);
[T41,740]=chktempl (maxcur(4) ,LC4,n4,d4,tshield);
[151,750]1=chkt emp1 (maxcur(5) ,LC6,n5,d5, tshield);
[T60]=chktemp2(dwire ,maxcur(6),n6,r6,L8,Ls0l6);
[T70]=chktemp2(dwire ,maxcur(?),n7,r7 ,L7,Ls0l7);
[T80])=chktemp2(dwire,maxcur(8),n8,r8,L8,Ls0l8);
[T90]=chktemp2(dwire ,maxcur(9),n9,r9,L9,Ls0l9);
{T100])=chktemp2(dvire,maxcur(10),n10,r10,L10,Ls0110);

disp(’Max allowed shield inmer surface temperature {(deg C) = 1021°);
disp(’Max alloved conductor bundle core temperature (deg C) = 438’);
disp(’?);

disp(’Conductor C1 shield inner surface and core’);

disp(’ temperatures: Ti, TO (deg C) = ’);,disp([T11 T10]);

disp(’ Safety factors = ’);,disp([(1632/T11) (867/T10)]);
disp(??);

disp(’Conductor C2 shield inner surface and core’);

disp(’ temperatures: T1, TO (deg C) = ’);,disp([T21 T20]);

disp(’> Safety factors = *); ,disp([(1632/T21) (657/T20)]1);
disp(’?);

disp(’Conductor C3 shield inner surface and core’);

disp(’ temperatures: Ti, TO (deg C) = ?);,disp([T31 T20]);

disp(’ Safety factors = ’);,disp([(1632/T31) (657/730)]);
disp(?’);

disp(’Conductor C4 shield inner surface and core’);

disp(’ temperatures: T1, TO (deg C) = ’);,disp([T41 T40]);

disp(’> Safety factors = ?);,disp([(1632/T41) (657/140)]);
disp(’?);

disp(’Conductor C5 shield inner surface and core’);

disp(? temperatures: T1, TO (deg C) = ’);,disp([T51 T50]);

disp(’ Safety factors = ?);,disp([(1532/T51) (857/150)]);
disp(??);

disp(’Conductor C8 coiled conductor core temperature: TO (deg C) = ?);
disp(T60);

disp(’ Safety factor = ’);,disp(657/T60);

disp(?’);

disp(’Conductor C7 coiled conductor core temperature: TO (deg C)
disp(T70);

disp(’ Satety factor = ’);,disp(657/T70);

disp(??);

disp(’Conductor C8 coiled conductor core temperature: TO (deg C) = ’);
disp(T80) ;

disp(? Safety factor = ?);,disp(657/180);

disp(??);

disp(’Conductor C9 coiled conductor core temperature: TO (deg C) = ’);
disp(T90);

disp(’ Safety factor = ’);,disp(657/190);

disp(’?);

disp(’Conductor C10 coiled conductor core temperature: TO (deg C) = ?);
disp(T100);

disp(’ Safety factor = ’);,disp(657/T100);

’);

plot(t,totpow);
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title(’Total Power Required’);,grid;
xlabel(’Time (8)?);

ylabel(’Power (x¥)’);

print -deps power.eps;

pause;

plot(t,voltage);

title(’Total Voltage Required’);,grid;
zlabel(’Time (8)’);

ylabel(’Voltage (V)?);

print -deps voltage.eps;

pause;

plot(t,y(:,1));

title(’Radial Position?);,grid;
xlabel(’Time (s8)?);
ylabel(’Position (m)’);

print -deps rposition.eps;
pause;

plot(t,y(:,2));

title(’Along-Path Position’);,grid;
xlabel(’Time (8)’);
ylabel(’Position (m)’);

print -deps nuposition.eps;

pause;

plot(t,y(:,3));

title(’Cut-of-Plane Position’);,grid;
xlabel(’Time (s)’);

ylabel(’Position (m)’);

print -deps zposition.eps;

pause;

plot(y(:,2),y(:,1));

title(’Along-Path Position vs Radial Position’);
xlabel(’Along-Path Position (m)’);
ylabel(’Radial Position (m)’);

print -deps x_va_y.eps;

pause;

plot(y(:,3),y(:,1));

title(’Cut-of-Plane Position vs Radial Position’);
xlabel(’Out~of-Plane Position (m)’);
ylabel(’Radial Position (m)?’);

print ~deps x_vs_z.eps;

pause;

plot(y(:,3),y(:,2));

title(’0ut-of-Plane Position vs Along-Path Position’);
xlabel(’Cut-of-Plane Position (m)’);
ylabel(’Along-Path Position (m)’);

print -deps y_vs_z.eps;

pause;

plot(t, ((180/pi)+y(:,4)));
title(’Yaw Orientation’);,grid;
xlabel(’Time (8)’);
ylabel(’Orientation (deg)’);
print -deps psiorient.eps;
pause;

plot(t,((180/pi)sy(:,5)));

title(’Roll Orientation’);,grid;
xlabel(’Time (s8)’);
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ylabel(’Orientation (deg)’);
print -deps phiorient.eps;
pause;

plot(t, ((180/pi)ey(:,6)));
title(’Pitch Orientation’);,grid;
xlabel(’Time (s8)?);
ylabel(’Orientation (deg)’);
print ~deps thetaorient.eps;
pause;

disp(® ?);
disp(’Maximum vertical (x) force required (N) = ’); ,disp(max(abs(Mtotea(:,2))));,...
disp(’Maximum horizontal in-plane (y) force required (N) = ?); ,disp(max(abs(Mtotea(:,4))));,...

disp(’Maximum horizontal out-of-plane (z) force required (N) = ’); ,disp(max(abs(Mtotsa(:,8))));,...

disp(? ?),...

disp(’Naximum moment about x required (N-m) = ?);,disp(max(abs(d+a(:,8))));,...
disp(’Naximum moment about y required (¥-m) = ?);,disp(max(abs(Bsa(:,10))));,...
disp(’Naximum moment about z required (§-m) = ?’);,disp(max(abs(C*a(:,12))));,...
disp(? ?);

plot(t,(Btotsa(:,2)));

title(’Force in Radial Direction’);,grid;
xlabel(’Time (s)?);

ylabel(’Force (N)’);

print -deps rforce.eps;

pause;

plot(t,(Htot*a(:,4)));

title(’Force in Path Direction’);,grid;
x1label(’Time (s)?);

ylabel(’Force (N)?);

print -deps nuforce.eps;

pauss;

plot(t, (Mtot+a(:,6)));

title(’Force in Out-of-Plane Direction’);,grid;
xlabel(’Time (s)’);

ylabel(’Force (¥)?);

print -deps zforce.eps;

pause;

plot(t,(asa(:,8)));
title(’bi-Axis Moment’);,grid;
xlabel(’Time (s)’);
ylabel(’NHoment (¥-m)’);

print -~deps bimoment.eps;
pause;

plot(t,(Bea(:,10)));
title(’b2-Axis Moment’);,grid;
xlabel(’Time (s8)’);
ylabel(’Moment (N-m)’);

print -deps b2moment .eps;
pause;

plot(t,(Cea(:,12)));
title(’b3-Axis Moment’);,grid;
xlabel(’Time (8)’);
ylabel(’Noment (N-m)’);

print ~deps blmoment .eps;

IS h I N b iaa bbbl y bbb bbb ahsa b by hihyhiybityiiashityiyeyibiyeyd
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G.2  Wire and Shield Determination Program

This program calls several subroutines to perform specialized tasks. These
tasks include calculating the size and linear density of the conductors and their Netic
shields, calculating the Netic and core temperatures of the long straight conductors,
and calculating the core temperatures of the coiled conductors. The following is
the routine which determines the linear density of the conductor cables and Netic

shielding.

p 353y sy s e Ny byt i by byt bisys i hshihihihya stahibya bt aNAAIAYIYL
function [pw,ps,Dil=wireden(r,n,t)

ZVIREDEN Calculate linear mass density for comductor

wires for the Space Fabrication Platform.
[PW,PS,DI]=WIREDEN(R,¥,T) - R is the radius of the
individual wire elements in meters; § is the
number turns of the conductor; T is the thickmess
of the Netic shield; PW is the linear is the

mass density of unshielded wire in kg/m;

PS linear mass density of unshielded wire in

kg/m; DI is the diameter of the wire bundle.

The linear mass density of a shielded

wire includes the mass of 5.0 mm of shielding.

IR 3R 2R 2% 3L R 2R 2L R R

% Calculate Density of Wire Alone

Aw=pis(r)~2;
pw=Awen*2.699¢+003;

% Calculate Density of Shield
dm2erx;

if (n>0 & n<=1),

Di=d;

elseif (n>1 & n<=7)
Di=m3e4;

elseif (n>7 & n¢=13)
Di=4 484 ;

elseif (n>13 & n<=19)
Di=bed;

elseif (n>19 & n<=31)
Di=6.29+4;

elseif (n>31 & n<=37)
Di=7+4d;

elseif (n>37 & n<=43)
Di=7.93+d;

eslseif (n>43 & n<=H5)
Di=8.21+4;

elseif (n>56 & n<=61)
Di=924;

elseif (n>61 & n<=73)
Di=9.72+4;

elseif (n>73 & n<=85)
Di=10.17+4;
elseif (n>85 & n<=91)
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Dimiled;

elseif (n>91 & n<=97)
Di=11.39¢d;

elseif (n>97 & n<=109)
Di=11.684d;

elseif (n>109 & n<=121)
Di=12.1494;

elseif (n>121 & n<=127)
Di=13ed;

elseif (n>127 & n<»139)
Di=13.17+d;

elseif (n>139 & n<=151)
Di=13.49¢4;

elseif (n>151 & n<=163)
Di=14.110d;

elseif (n>163 & n<=169)
Di=14.86+d;

elseif (n>169 & n<=187)
Di=15#d;

elseif (n>187 & n<=199)
Di=16.42¢d;

elseif (n>199 & n<=211)
Di=16.102d;

elseif (n>211 & n<=223)
Di=16.62+d;

elseif (n>223 & n<=235)
Di=16.87+d;

elseif (n>235 & n<=241)
Di=17ed;

elseif (n>241 & n<=253)
Di=17.37+d;

elseif (n>253 & n<=265)
Di=18.09+4;

elseif (n>265 & n<=271)
Di=18.32+d;

elseif (n>271 & n<=283)
Di=18.44+4;

elseif (n>283 & n<=295)
Di=18.78+d;

elseif (n>295 & n<=301)
Di=19ed;

elseif (n>301 & n<=313)
Di=19.33+4;

olseif (n<0 | n>313)
error(’Density calculation for & of turns is undefined’);

end

As=pie*((Di+(2¢t))/2)"2 - pis(Di/2)"2;
ps=7.86e+003+is;

pYSh b N bty h eyt bbb o b ybisbhbbysey bbbyttt yitysbistyhtyetyd

G.3  Straight Conductor Temperatures Program

The following routine determines the temperature of the Netic shields and the

core temperatures of the long straight conductors.
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YIS o R R d i i a e s b bbb st it st by vt ts s it b bt s tistsshaisy)
function [T1,TO]=chktempi(i,L,n,.d,t)

Routine to check to the temperatures of
inner surface of the Netic shield for

SFP and the core of the conductor bundle.
[T1,T0)=chktemp(i,L,n,d,t)

The current, i (i), the length

of the conductor, L (m), the number of
individual conductors in the bundle, n,

the diameter of the conductor bundle, ¢ (m),
and the thickness of the shield are passed as
inputs. The shield’s inner surface
temperature, T1 (deg C), and the conductor
bundle’s core temperature, T2 (deg C), are
returned.

R R R R B N R _E_B_R_¥ _¥_2

R=84e-06; % Resistance of 2cm aluminum wire (ohms/m)
Tint=288; % Temperature of free space (deg K)
sigma=5.669¢-08; X Steffan-Boltzman constant (¥/(m deg K))
kshield=49.41; % Shield thermal conductivity (¥/(m deg C))
kcable=.20; % Asbestos thermal conductivity (W/(m deg C))

% Note: the conductor is modeled as solid asbestos to
% assess the worst case core temperature.

ARERLR AR LNAARN AL AAR ALK XA X XAX KA XKL R LA ALARX LN XA LXAY
)

% Calculate the heat transfer rate, q

13

RURLXR NN LLA L XL A ALK A XLA XL L XA LA AL AR AL L XAL XA XXALLY

q={1"2) « (R) * (L) » (m);

REARXN LR AL XA LL XN RLL XL XXX XXX AL XL RAKLLLLLXAAXLR
: Calculate the required surface temperature, T2
:xxmmmummxmxzmxmmummmmz

% Calculate surface area
A2=2 = pi = ((4/2)+t) * (L);

% Calculate T2
T2=((q/(sigma*A2))+Tinf"4)~(.26);

% Convert to celsius
T2=T2-273;

AARRARANRLARLN N LA RN RN A RLARAN XA ARRA KA L XX LA LR RN,

: Calculate the required shield inmer surface

% temperature, T1
:z‘mxu1mxzmmmuuzmxxuuxuumumx
T1=((q*((1/(d/2))-(1/((d/2)+t))) )/ (4*piskshield)) + T2;
:xxzuu'mm1mxzuxmmummmuuuum

% Calculate the required conductor bundle core

% temperature, TO

%

RULALLR AR LLRLLRLLRANRARRL AR ARAXRLAN A XX LA AR LLXAAL

To=((q/(pisL))/(4skcadble)) + T1;
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G.4 Coiled Conductor Temperature Program

The following routine dctermines the core temperatures of the coiled conduc-

tors.

pYRNAARAR A ORI NS VRSN R rhi N s s s h sy s abis s i sts iato steihissiisii
function [TO]l=chktemp2(d,i,n,r,Lc,Ls)

Routine to check to the core temperatures of
coiled attitude control elements.
[TO)=chktemp2(d,i,n,r,Lc,Ls)

The wire diameter, d (m), the curremt, i (4),
the number turams in the coil, n, the radius
of the coil, r (m), the length of the
conductor, Lc (m), and the length of the coil
unit, Ls (m), are passed as inputs. The coil
conductor’s core temperature, TO (deg C), is
returned.

IR L 2R 2% 22 2 2R PR PR N

R=84¢-06; % Resistance of 2cm aluminum wire (ohms/m)
Tinf=288; % Temperature of free space (deg X)
sigma=5.669¢-08; % Steffan-Boltzman constant (W/(m deg K))
k=1.4; % Electrically insulated aluminum

3 thermal conductivity (¥/(m deg C))

% Note: the conductor is modeled as conducting substance

A vith lov thermal conductivity to assess the worst
3 case core temperature.
if n<10,
tansd; % Correct for number of turns
else
t=.2; % Assume 10 layers of windings
end
risr-t;

AAAREARAXLA AR R AL ALAL AKX LA X LANRRARRAA XXX XXX ZAXAKL
: Calculate the heat transfer rate, q
:11111111111111111111111111111111111111111111111111
q=(i"2) = (R) » (Lc);
EARRERAAXARRENRXLNAARAALA LR XXAXRALAAAK AN R AL XALA AR
: Calculate the required surface temperature, Ts
:11111%11111111!1111111111111111111111!!11111111111
% Calculate surface area

A2=2 » pi = (1) *+ (Ls);
A1=2 » pi » (r1) = (Ls);
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A=Al + A2;

¥ Calculate Ts
Te=((q/(sigmas4))+Tint"4)~(.25);

% Convert to celsius
Ta=Ts-273;

ALNXAAR LA N XL LA XL AR AAA X XN R XA XKL XXX AL XAAAXRX XXX L
1

% Calculate the required core temperature, TO

]

AL NXAL AR XA LXAAL KL LA A XL XXX A XL AXAALA AL LK XXX LAY

% Calculate qdot
qdot=q/(pi*(r~2-r1-2)sls);

% Calculate constants Ci and C2
Ci=-(qdot*(r~2-r1"2))/(4+kelog(r1/r));

C2=Ts + (qdot/(4#k))*r1~2 - Cislog(ri);
Tos-((qdot/(4sk))»((x+r1)/2)"2) + Cislog((r+r1)/2) + C2;

% Correct for numerical errors resulting in temperatures
% than Tinf.

if TO<Tinf-273,

TO=Tinf-273;

disp(’Error trap in CHKTENP2’)
end

SN YN PNENIS NSNS RRNNINIANENINTONIANIRRSNENYENE A NN LRGN IRNEAINENAYSYIANINIIYN]

All other routines called are standard MATLAB routines (65).

G.5  Orbit History Design Programs

As the design process evolved, using the time-history design program to deter-

mine and evaluate modifications to the SFP design was found to be cumbersome.

A recursive routine was developed to repeatedly call a modified version of the time-

history design program to determine and evaluate design modifications at numerous

points in an orbit. This new routine — the orbit-history design program — simulates

the SFP moving in an orbit and is used to determine the necessary gain scheduling

for the controller. To modify the time-history design program, all of the output state-

ments were stripped out of the routine and it was converted to a function. The driver

program is used to pass in all orbit, position, and orientation information. Using

loops, various parameters can be changed to simulate the SFP’s movement through
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orbit. The user manually sets the desired parameters within the driver program and
then starts the driver. The inputs and outputs can be changed to study how various
outputs change over the course of an orbit. The orbit-history design program is
not really concerned with determining the stability of a particular design — that is
the function of the time-history design program. The orbit-nistory design program
is used to study how parameters such as individual conductor currents, conductor
temperatures, power requiremerts, and thrust of the augmentation thrusters change
for changes in the position of the SFP relative to the orbit. The driver program for

this recursive calling to the design tool follows:

pYNARRNANTINNENNAR A INA BRI NNIINAIN NN AN S NANAT PN NN IASN RN IR FINSNNSASANN

clear deschk maxP;

inputs(1)=-60;
inputs(2)=0;
inputs(3)=0;
inputs(4)=0;
inputs(5)=0;
inputs(6)=0;
inputs(7)=-60;
inputs(8)=0;
inputs(9)=0;
inputs(10)=0;
inputs(11)=0;
inputs(12)=0;
inputs(13)=0;
inputs(14)=0;
inputs(16)=0;

% Commanded Radial Positiom (rx)

%X Commanded Orbit Path Position (ry)

% Commanded Out-of-Plane Position (rz)
% Commanded Yaw Angle (psi)

% Commanded Roll Angle (phi)

% Commanded Pitch Angle (theta)

% Initial Radial Position (x0)

%X Initial Orbit Path Position (y0)

% Initial Qut-of-Plane Position (z0)

%X Initial Yaw Angle (psiQ)

% Initial Roll Angle (phiO)

% Initial Pitch Angle (thetaO)

% True Anomaly (nu)

%X Right Ascension of Ascending Node (Omega)
% Sidereal Time (Thetag)

inputs(16)=28.5; % Inclination (incl)
inputs(17)=400; X Orbital Altitude

G=6.67204¢e-11;
Me=5.976e24;
re=6.378e06;
ne=7.2921e-05;

% Universal Gravitational Constant (Nem~2/kg~2)
% Mass of the earth (kg)

% Mean equatorial radius of earth (m)

% Angular Velocity of the Earth (rad/s)

rO=re+inputs(17)+1000; X orbital radius of reference orbit (m)

no=sqrt (GsNe/r0"3);

% orbital mean motion (reference orbit)

% Change Inclination

%startincl=0;
%stopincl=80;
%stepincl=i;

%stepsi=((stopincl-startincl)/stepincl)+1;
%for i=1:stepsi
%incl=(i-1)estepincl+startincl
%inputs(16)=incl;

% Change True Anomaly and Sidereal Time
Xstartnu=0;
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Xstopnu=6000;

%stepnu=60;

{atartnu=2000;
Lstopnu=3000;

Lstepnu=30;

startnu=2300;

stopnu=2660;

stepnu=10;

%startnu=2350;
Xstopnu=2400;

¥stepnu=5;

steps2=ceil ((stopnu-startnu)/stepnu)+1;
startThg=(startnu)*(ne/no)

for j=1:steps2

nu=(j-1)*stepnutstartnu
Thetag=(j-1)#(stepnu*(ne/no))+startThg

inputs(13)=nu;
inputs(16)=Thetag;

[maxcur, temp ,maxpou,Mtot ,maxforce,maxmom,treq]=deschk3(inputs);

deschk(j, :)=[nu mazcur maxpow temp];
davedat(j,:)=[maxforce maxmon] ;

tshield(j)=treq;
end % End j loop
Xend % End i loop

plot(deschk(:,1) ,deschk(:,13)),grid,title(’Total Power’);

Lprint totpow

pause

plot(deschk(:,1),deschk(:,2:12)),grid,title(’Conductor Currents’);
%print condcur

pause

plot(descuk(:,1),deschk(:,19:28)),grid,title(’Max Temps’);

pause

%plot(deschk(:,1) ,deschk(:,19:28)) ,grid,title(’Core Temps’);
¥print condtemp

%Ypause

%plot (deschk(:,1) ,deschk(:,29:38)),grid, title(’Conductor Power’);
Ypause

Ymax(abs(deschk(:,14:28)))
a=[1:11 1 1:5 1:10];
[Y,I]=max(abs(deschk(:,2:28)));
[a? Y 1°]

Htot

tmax=max(tshield)

S Y PN SIS NFANSARNIATSNINIENSARANSNELAIINTENSATEAISNSAIENSNISNSNNATIRISNIANIAISYNAS

The design tool in its function form follows:

A AN A RN h A bR RN R RN AR A AN NARRANNARNNNAS LNV NNAATTNSE N NbNNNSTIONA YNNG
function [maxcur,maxtemps,maxpow,Mtot,maxforce,maxmom,treq)=deschk3(in)
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AXLAXXXXXALLLAXXLLXLAX L XA XXAXXXAAAR ALY
1

% Breakout Input Data
%
TELAXALLLLLLLLLLLLALLRKLLLLRX AR AR LAL AL
rx=in(1);

ry=in(2);

rz=in(3) ;
rpsit=in(4);
rpsi2=in(5);
rpsi3=in(6);

x0=in(7) ;

yo=in(8);

z0=in(9);
psilO=in(10);
psi20=in(11);
pei30=in(12);
nu=in(13);
Omega=in(14);
Thetag=in(15);
incl=in(16);
altitude=in(17);

XXXXXLXXXXAAALLLLAXAXAXAXL AL X XLXLAALAXK
3
% Define Constants

%
RXRARARAAAAXARARARAAALLERAAAARARARANXXK

G=6.67204¢-11; % Universal Gravitational Constant (B*m~2/kg"2)
Me=5.976e24; % Mass of the earth (kg)

re=6.378e06; % Mean equatorial radius of earth (m)
we=7.2921¢-05; % Eaxth’s Rotation Rate (rad/sec)

N=8.05¢15; % Hagnetic dipole moment of the earth (T m"3)
PhiO=-78 .6+pi/180; % Latitude of austral simple magnetic pole (rad)
LamO=111+pi/180; % Longitude of austral simple magnetic pole (rad)
Cd=2.4; % SFP Drag Coefficient

Adrag=1435; % SFP Frontal Area (m"2)

rho0=1.916e-11; % Air Density at Reference Altitude (kg/m"3)
hs=50043; % Scale Height (km)

rref=300; % Reference altitude (km)

Py R p RN N N bbb a bbb bbb bbb bbb bbb s i bibihibibbbyyhh)
%

% Platform Dimensions and Operating Regime

L3

BLAEEAR NN XN RN XE AN NN KR ANLRLN R RN XA N LA A LA K ARA R AL XXX LLAALAL AN X LA XKL XAN XA LXK

AARRAXAXAXAXXXXAXAAL XA XX XX LARLAXLXLAX
%

¥ Payload Data

*

RRARXLLAXXALXAAXLAXLAXXRLXAX XXX L AAXXEAK

% Haximum allowable SFP payload = 31,300 kg
Npay=31300;

Lpay=46.88; % Payload length (m)
Rpay=4.206; % Payload radius (m)

KRN XALAAAANXLLXL AN XAAALE AL A AAAAL AR LAY
8

% Truss Maker Mass and Size

%

RREL AN XN NNAXLLARR AL AN AL LA AAR LA XX XKL
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% Naximum allowable weight for truss

% maker = 3000 kg

% Size = 5x10x2 (bixb2xd3)

Hta=3000;

Ltw=10; % Length of Truss Maker = 10 m
Wtw=2; % Width of Truss Naker = 2 m
Htms5; % Height of Truss Haker = 6 m

RALLARAARAAAXAALXLAXAL XXX XXX XXX XXX AR AKX
%
% Main Integrated Truss Nass and size

]
LAAXAXAXXAALAXAXXAXLXLAXXLLXLAALAXLAX XL
% Allow 5000 kg for remote manipulators
% Linear density = 20 kg/m for the truss
X structure
% Allow 2000 kg for ASSET equipment
Luit=50; % Length of Integrated Truss (m)
imit=2; % Width and Depth of Nain Int Truss (m)
Mmit=5000 + Lmit*20 +...
2000; X Misc weight of Nain Int Tr (kg)

LXLTAAXXLNAALANAARXL AR XXX AXARAXAXLXA LAY

1

¥ Augmentation Thruster Assemblies

% Hass and Size

%

ARRAREAAAAAXARANAX AL AL L XN XARK KX XAXREARR

% Allow 1100 kg for augmentation thruster

X assemblies and associated E/W, plus 1000 kg
% for fuel.

NHta=1100 + 1000; % Mass of Thrusters (kg)

Bta=4; % Height of Thruster Assembly (m)
Wta=2; % Width and Depth of TA (m)
AXAXXLLAAXAXAL XXX LAXXAXXXLLXAXAXAXAARAK

%

% Cross Integrated Truss Mass and size

3

FAXRAAANA XL XXX XALXLAXAAXXLX XXX XXX XXX
% Allow 12000 kg for misc H/W
% Linear density = 20 kg/m for the truss
% structure
Lcit=30; % Length of Cross Integrated Trusses (m)
Wcit=2; % VWidth and Depth of Cross Int Truss (m)
HciteLcite20 +. ..
12000; X% Misc weight of Cross Int Tr (kg)

REARELLE XXX XAA AR AXAXXE LR AAAX XL AN KLY

b3

% Solar dynamic Power Module Nass and Size

3

LRRARLLEXARLLNLXLAAAXLLLAA XL LLLLXALL XKL

% Allow 6000 kg/side for cell H/W

% Let cell cm be 4m off center of truss

% and 29 m from centerline of SFP

Nspm=6000; % Hass of Solar dynamic Cell (kg)

Uspm=5; % Effective width of Solar Cell (m)
Hspm=10; % Effective Height of Solar Cell (m)
hspm=4; % Height of Solar Cell cm (m)
lspm=29; % Solar Cell Position on Truss (m)

ERXRARLNEAA XKLL AAXAXLXRLX L LA L XL AXLXXAXL
L3
% ASSET Power Array data
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%

XXX EAXX XXX XAAALL AL ANXALAXN L XX XXX XA KXY

% Allow 2600 kg/side for array H/W

%X Let cell cm be 3m off center of truss

%X and 29 m from centerline of SFP

Napa=2600; % Mass of Solar dynamic Cell (kg)

Wapa=2; % Effective width of ASSET arrays (m)
Hapa=7; % Effective height of ASSET arrays (m)
hapa=3; % Height of Solar Cell cm (m)
lapa=29; % Array Position on Truss (m)

AEXAXAAXLARARLAXAAAAXAXXLAXRZARAXAXRXRL
X

¥ Orthogonal Integrated Truss Mass and Size
3

RAXAAXLARXAXAXLAXAXAALA XL XXX AARAXLANLLK

% Allow 12000 kg for misc B/W

X Linear density = 20 kg/m for tl.e truss

% structure

Loit=27; % Orthogonal Integrated Trusses Length (m)
Voit=2; % Orthogonal Integrated Truss Width and Depth (m)
Hoit=Loit#*20 +...

0; % Orthogonal Integrated Truss Misc Weight (kg)
EXLXAAAXXXXAAAXAXAXXAALXALLAXRRLAXRLA LXK
L3
% Diameter of Conductor Wire
%
ARAXXAXXAXAXRALAAXXAARRAL XXX L LA X XAXXAAN
vire=2;

rvire=vire/200; % Wire radius (m)
area=pisrwire~2; ¥ Wirs area (m"2)

tshield=10.13; % Netic Shield thickness (mm)
tshield=tshield/1000;

AAAXRARAXAXEREX XA XAAXLLARLAAXALLXNARK LK
%

% Platform Design Dimensions

4
TARAALXAXLLLXXLXLXLAXLAXARLLXLALAXXALAL
%%% Conductor 1

LC1=25;

ni=99;

Li=LCisni;

%%% Conductor 2
LC2=LCy;

n2=ni;

L2=L1;

%%% Conductor 3
LC3=25;

n3=1;
L3=LC3#n3;

%%% Conductor 4
LCA4=LC3;

n4=n3;

L4=L3;

%%% Conductor §
LC5=27;

nb=21;
L5=LCb#n5;
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%1% Conductor 6
6=1.9;
né=137;
Lsol6=ceil((n6/10))+0.02;
if né6<10,
r8016=(n6+0.02)/2;
else
r8016=0.10;
end
Lé=n6+2spis(x6-rsole);
mub=n6+pis(r6-2);

%%% Conductor 7
x7T=x6;

n7=n6;
Lxol7=Lsol6;
L7=L6;

ma7=mub ;

%1% Conductor 8
r8=1.9;
n8=1;
Lsol8=ceil((n8/10))#0.02;
if n8<10,
rs018=(n8+0.02)/2;
else
r8018=0.10;
end
L8=n8¢2+pis(r8-rsol8);
mu8=n8+*pis(r8-2);

%%% Conductor 9
r9=r8;

n9=n8;
Lsol9=Lsol8;
L9=L8;

muS=mus ;

%L Conductor 10
ri0=1.9;
n10=497;
L80110=ceil ((n10/10))+0.02;
if n10<10,
r80110=(n10¢0.02)/2;
else
r80110=0.10;
end
L10=n10#2spi*(r10-rsol10);
mui10=n10+pis*(r10°2);

RAARRAAANLLLRRAARLRN AL ALARARAAALRALLRN
%
% Coiled Conductor Integrated Truss data
%
AARAXLLAXAXLLAR KL R XA XA RLXAARA XA XX LLANL
% Truss linear density = 40 kg/m
Lcest=Lsol6+Lsol7+max([2¢x8 2¢r10])+.5;
Wccstemax([2¢x6 2¢xr8 2#r10])+.5;
Hccstalcests40+. |
0; % Aass of Solenoid Int Truss (kg)

ARARRARAXARARAXANLNA XA AANAKAR KRN ZARRAXL

X
% Orthogonal Integrated Truss Mass and size
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TAXXALARALXXALAXAAXX XXX LXRLLXRALLXX LY

% Allow O kg for misc H/W

X Linear density = 20 kg/m for the truss

% structure

Loit=27; % Length of Bottom Integrated Trusses (m)
Woit=2; % Vidth and Depth of Bottom Int Truss (m)
Noit=Loite20;

XEXAEAARAXXXAALAL AL AN X XLXXLXAXALL LXK
3

% Determine Conductor Linear Densities
% (Includes Shielding)

8

KRN XR XA AXLAXAAA LA XXX XL LXAAAAXAA XX LK
[pwi,psi,d1]=vireden(rwire,n1,tshield);
[pw2,ps2,d2]=vireden(rvire,n2,tshield);
[pw3,ps3,d3)=wireden(rvire ,n3,tshield);
(pu4,ps4,d4)=uireden(rwire,nd,tshield);
[pu5,psb,d6]1=wvireden(ruire,n5,tshield);

pus=pis(ruire)~2¢2.699¢+003;
RXRXAXA XX XAAAXL LA XXX LAXARALLLXLXXAXY
%

% Calculate Mass of Towers and Conductors

13
FAXRRXAAXAXAXXAXALAXXARXALAXALXLXXXALAXX
Hci=(2spui+psi)sLCl; %X Hass of conductor C1 truss
Nc2=(2+pu2+ps2) sLC2; % Mass of conductor C2 truss
NHc3=(2+pw3+ps3)sLC3; % Mass of conductor C3 truss
Nc4=(2spud+ps4)+LC4; % Hass of conductor C4 truss
HcS5=(2+pub+ps5)sLCH; % Mass of conductor C5 truss
NcB=pussL6; % Mass of coil C6
Nc7=puseL?; % Mass of coil C7
Nc8=pus+L8; % Mass of coil C8
Nc9=pus+L9; % Mass of coil C9
Kc10=pussL10; % Mass of coil C10
Ntot=Npay+Ntmimit+2+Nta+. ..

2sMcit+2¢Nspmt2sNapatNccat+Boit+. ..

Hc1+Nc2+Mc3+Hca+Ach+. ..

Hc6+HcT7+Nc8+NcI+ACc10; % Total Platform Mass (kg)
TALXAAAALNAA XA RN LAL LN XXX L XAXXLANXRR LAY
%
% Platform Moments of Inertia
%

RARLLLY T AARAXXXARLXALLAXXLXLXRAAL LR LXK

% Allow sm offset for cm of ET and 3m offset
% of cm of truss maker

% Geometric Body Approximation

% Payload = Circular Cylinder
% Truss Maker = Rectangular Prism
% Main Integrated Truss = Circular Cylinder
% Thruster Assemblies = Rectangular Prism
% Cross Integrated Truss = Circular Cylinder
%  Solar Dynamic Cells = Thin Rectangular Plate
%  ASSET Power Arrays = Thin Rectangular Plate
% Conductor C1 = Circular Cylinder
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4 Conductor C2 = Circular Cylinder
% Conductor C3 = Circular Cylinder
% Conductor C4 = Circular Cylinder
% Conductor C6 = Rectangular Prism
¥ Solenoid Truss Assembly = Circular Cylinder
3
Nccst=Accat +HcC+Hc7+Nc8+ic9+Nc10;
%
Ixx(1)=(Mpay/12)*(3sRpay~2+Lpay~2) +...
Npay*(3)~2; % Payload
Ixx(2)=(Atm/12)*(Vtm~24Ltm"2) +...
Ntme(3)"2; % Truss Naker

Ixx(3)=(Mmit/12)+(3+(¥mit/2) ~2+Lmit~2) + O;
Ixx(4)=2¢((Hta/12)s(Wta~2+Wta~2) +...
Htae((Lmit/2)+(¥ta/2))"2);

Ixx(5)=2s((Mcit/12)#(3+(Wcit/2)“2+Lcit"2) +...

Rcits((Ncest/2)+(Lcit/2))°2);
Ixx(6)=2¢((Nspm/12)s(ispm~2) +...
Kspus((Nccst/2)+1spm) ~2) ;
Izx(7)=2¢((Mapa/12)+(Wapa~2) +...
Hapas((Wccst/2)+lapa)~2);
Ixx(8)=(Moit/2)*(Woit~2) + O;
Ixx(9)=2¢(((Mc1)/24)+(32(d1/2)"24LC1"2) +...
Hc1#((LC1/2)"2+(Wmit/2)"2));

Ixx(10)=2¢(({Nc2)/24)+(3+(d2/2)"2+LC2°2) +...

Hc2#((LC2/2) ~2+(Wmit/2)"2));

Ixx(11)=2¢(((Nc3) /24)#(3+(d3/2)~2+41LC3"2) +...

Nc3s(((Wccst/2)+(LC3/2))2+. ..
(Ncit/2)°2));

Ixx(12)=2¢(((Mc4)/24)+(3¢(a4/2)"24LCA"2) +...

Hcqs(((Wcest/2)+(LCa/2))"2+. ..
(Wcit/2)°2));

Ixx(13)=2+({({NcB) /4)+{d6/2)"2 + Hc6+(.7)"2);
Ixx(14)=(Nccat/12)+((3sWccst/2) ~2¢Lccst™2);
%
Iyy(1)=(Npay/2)+(Rpay~2) +...

Mpay*(Htm-0.5+Rpay)~2;
Iyy(2)=(Nta/12)+(Vtm~2+Htm"2) +...

Htme (Htm/2)"2;
Iyy(3)=(Mmit/2)+(Umit/2)~2 +...

Mmit+((¥mit/2)+0.5)"2;
Iyy(4)=2+((Nta/12)+(Hta"2+¥ta"2) + 0);

Iyy(6)=2¢((Ncit/12)*(3s(Ncit/2)"2+Lcit"2) +...

Hcits((0.5+umit+(Wccst/2))"2+...
(Lcit/2)°2));
Iyy(6)=2+((Nspm/12)»(Uspm~2+Hapm~2) +...

Hspm* (0.5+Umit+(Wccat/2)-hspm)~2+. ..

((Wccat/2)+1spm)"~2);
Iyy(7)=2+((Napa/12)*(Vapa~2+Hapa~2) +...

Napa+*(0.5+¥mit+(W¥ccat/2)+hapa)~2+. ..

((Wccst/2)+1spm)"2);

Iyy(8)=2¢((Moit/12)+(3#(Woit/2)"2+Loit"2) +...
Hoit*(0.5+Umit+lcest+(Loit/2))"2);

Iyy(9)=2+(((Hc1)/4)*(d1/2)"2 +...

% Main Integrated Truss
% Thruster Assemblies
% Czoss Integrated Truss
% Solar Dynamic Cells

% ASSET Power Arrays
% Orthogonal Integrated Truss

% Conductor C1

% Conductor C2

% Conductor C3

% Conductor C4
% Conductor Cb
% Solenoid Truss Assembly

% Payload
% Truss Maker

% Nain Integrated Truss
% Thruster Assemblies
% Cross Integrated Truss

% Solar Dynamic Cells

% ASSET Power Arrays

% Orthogonal Integrated Truss

Hc1#((0.5+(imit/2))"2+(imit/2)~2)); % Conductor C1

Iyy(10)=2+(((Kc2)/4)»(d2/2)"2 +...

Hc2+((0.5+(¥mit/2))2+(mit/2)"2)); % Conductor C2

Iyy(11)=2¢(((Mc3) /24)#(3¢(d3/2)"2+1C3"2) +...

Hc3+((0.5+Mmit+(Wccst/2)) "2+, ..
((Wcest/2)+(Wcit/2))"2));

Iyy(12)=2¢(((Mc4) /24)+(3+(d4/2)"241C4"2) +...

Kc4*((0.5+Umit+(Wccst/2))~2+. ..
((Wccat/2)+(Hcit/2))"2));

Iyy(13)=2¢(((Mc5)/24)#(35(d5/2)~2+LCE"2) +...

Ncb5+(0.5+imit+Wcest+(LC6/2))"2);

% Conductor C3

% Conductor C4

% Conductor C5
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Iyy(14)={Nccst/2)s(Nccst"2) +. ..

Hccst# (0. 6+imit+(Wecst/2))2; % Solenoid Truss Assembly
%
Izz(1)=(Rpay/12)s(3sRpay“2+Lpay~2) +...
Hpay+*((Htm-O.5+Rpay)~2+3"2); % Payload
Iz22(2)=(Ntm/12) s (Htm"2+Lta"2) +...
Ntme ((Htm/2)"2+3°2); % Truss Maker
Izz(3)=(Mmit/12)+(3+(imit/2) " 2+Lmit~2) +...
Mmite((Wmit/2)+0.5)"2; % Main Integrated Truss
Izz(4)=2¢((Nta/12)e(Wta~2+Hta"2) +...
Hta*((Lmit/2)+(Wta/2))"2); % Thruster Assemblies
Izz(5)=2¢((Mcit/2)+(Wcit/2)"2 +...
Hcits(0.5+¥mit+(Wccst/2))°2); % Cross Integrated Truss
Izz(6)=2¢((Nspm/12)*Hspm~2 +. ..
Hapms (0. 5+imit+(Wccst/2)-hspm)~2); % Solar Dynamic Cells

Izx(7)=2¢((Napa/12)*Hapa~2 +...
NMapa#*(0.5+mit+(W¥ccst/2)+hapa)~2); % ASSET Power Arrays
I1zz(8)=2¢((Moit/12)+(3¢(Woit/2)~"2¢Loit"2) +...
Hoit*(0.5+imit+Wccet+(Loit/2))"2); % Orthogonal Integrated Truss
I122(9)=2+(((Mc1)/24)*(3+(a1/2)"24LC172) +...
Mc1+((LC1/2)~2+(0.5+(Wmit/2))~2)); % Conductor Ct
Izz(10)=2¢(((Nc2) /24)+(3+(d2/2)~2+1LC2"2) +...
Bc2+({LC2/2)~2+(0.5+(imit/2))"2)); % Conductor C2
Izz(11)=2¢(((Nc3)/4)*(d3/2)"2 +...
NHc3+((0.5+imit+(Wccat/2))~2+. ..
(Wecit/2)°2)); % Conductor C3
Iz2(12)=2e(((Nc4)/4)+(d4/2)"2 +. ..
Hca*((0.5+imit+(Wccet/2))"2¢. ..
(Wcit/2)°2)); % Conductor C4
Izz(13)22¢(((Mc5)/24)*(3+(d5/2) “2+1C5"2) +...
Nc5+(0.5+mit+Wccst+(LC5/2))"2) ; % Conductor C5
Iyy(14)=(Mccet/2)»(lccst~2) +...
Hccat* (0. 5+imit+(Wccst/2))"2; % Solenoid Truss Assembly

XAAXLAAAXLLAXLALAARAXAAAR XXX X XXX XALXAXL
%
% Display Principle Moments of Inertia
)

REREXAANXXALAA L LA R LAXAXXNLALLAX XXX AAXAL
A=gum(Ixx);
B=sum(Iyy);
C=gum(Izz);

LAXAAREARXAXAXAXLARAXAAKAX KA XXX AAXXXALX
)

% Get orbital reference information from user

3

PANAASARAR SRR I RN bRAR s s s b ahssss)

rO=re+altitude#1000; % orbital radius of reference orbit (m)
n=sqrt (GsMe/r0"3) ; % orbital mean motion (reference orbit)

nu=nu*pi/i80; % Convert True Anomaly rad
Omega=Onega*pi/180; % Convert Right Ascension to rad
Thetag=Thetagepi/180; % Convert Sidereal Time to rad
incl=incle*pi/180; % Convert Inclination to rad
AAAXLAAXXLAANXLAARKLAXAXAANKRLLAAXLAL AR

%

% Prepare Refersnce Command Information

%

ARAXXAAXRLRLLAXXLARALLXANALAXXAAXAALLAR
rpsil=rpsiis(pi/180); % Convert to rad
rpsi2=rpsi2+(pi/180); % Convert to rad
rpsi3=rpsi3«(pi/180); % Convert to rad
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psil0=psil0e(pi/180); ¥ Convert to rad
psi20=psi20+(pi/180); X Convert to rad
psi30=psid0e(pi/180); % Convert to rad

X0=(x0 O yO O 20 O psil0 O psi20 O psi30 0]’;

CXXAAXEXXALLLX XXX XX AAAXXXAX XXX LAAXRAXK
%
% Get time history information from user

]
ZXXEAXLRXLAAXLXXAXLLXAXAXLAXXXXAXXXALAX
tmaxs2;

ntince=2;

RAXRXAAAXLAARRATARANRRA LXK ALLXXXAAXAN LS
1

% Generate reference command

3
XEXLXLAXREXARERLXLXAAR AL LXAXLLL XL XLXXR
t=0: (tmax/ntinc) : tmax;

tleng=length(t);
r=zeros(tleng,8); Xconstruct reference command

r(:,1)=rxeones(tleng,1);
r(:,2)=rysones(tleng,1);
r(:,3)srzeones(tleng,1);
r(:,4)=xpsiisones(tleng,1);
r(:,5)=rpsi2eones(tleng,1);
r(:,6)urpsi3sones(tleng,1);

XXAXAXXLXAXAXLLALL XL AN LAAAXAXLAXLRXAALY
%
% Niscellaneous Calculations

%
AAXAARAXAAXLAX XXX AXL AR AAX XX XXX XAXANALL
mi=cos(Phi0)*(cos(nu)*cos(Gmega-Thetag-Lam0)-. . .
sin(nu)*cos(incl)*sin(Omega-Thetag-Lam0))+...
sin(PhiO)¢sin(nu)*sin(incl);
m2=cos(Phi0)*(-sin(nu)*cos(Omega-Thetag-Lam0)-. ..
cos(nu)*cos(incl)*sin(Omega-Thetag-Lam0))+. ..
sin(Phi0)#cos(nu) #sin(incl);
m3=cos (Phi0)#*sin(incl)+*sin(Omega-Thetag-Lam0)+sin(PhiO)*cos(incl);

ARRAAARARNAZREAXARAEALL AN XANLNRXARAAX ALK

%
% Miscellaneous Drag Calculations

%
LRAAXRXEAXARAXAXAX AN AN AR R X AXA XA LALALN KN

wisgessin(incl)esin(nun); % ar component
w2=gessin(incl)scos(nu); % atheta component
u3=gercos(incl); % a3 component
dele=n-v3;

Kd=-((Cd*Adrag*rho0)/(2+Mtot) )sexp(-(altitude-rref) /bs)s. ..
(rossqrt(delv~2+v2-2)); % Drag Factor

i6ss=(Kdedelus (r0~4)sNtot)/(Hem3sL5); % In-Path Drag Term
thas=(Kdsu2erOsNtot) ; % Out-of-plane Drag Term

%Set Up System Matrices F,G,H,J (open-loop)

% System Matrix, F
Fsys=[01 000000000 0;
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(3%0°2) Xd (~(Kdedelw)) (2en) (-(Kdew2)) 0 000 0 0 O;
000100000000;

(Kdedelw) (-2+n) 0 (-Kd) (Kd*w1l) 00 0 0 0 0 O;

00000100000 0;

(Kd*w2) 0 (-(Kdew1)) 0 (-(n"2)) Kd 0000 0 O;

000000010000;

000000 (-(n"2)s(C-B)/4) 0 0 (-n*(~A-B+C)/A) O O;
000000000100;

00 0 0 ((3en~2)+(A-C)/(x0%B)) 0 0 (-n*(A+B~C)/B) ((4#n~2)+(A-C)/B) 0 0 O;
00000000000 1;

0 (3sn/(2%x0)) ((3#n~2)+(B-1)/(x0+C)) 0 0 0 0 0 0 O ((-3*n~2)+(B-4)/C) 0];

%input matrix
Gsys=(M/(x0°3))*([0000000000O0;
(-(m3sL1) /Mtot) (-(m3+L2)/Ktot) ((m2sL3)/Mtot) ((m2¢L4)/KHtot) 00 0000 O;
00000000000;
0 0 ((2+m1¢L3)/Mtot) ((2smisL4)/Mtot) ((m3eL5)/Htot) 0 0 00 0 O;
0000000000 0;
(-(2em1sL1) /Htot) (-(2+mi1sL2)/Mtot) O O (-(m2eL5)/Htot) 0 0 0 O O (r0~3)/(Msktot);
00000000000;
(-(m1sL1¢1C1)/4) (m1sL2¢LC2)/A (-(m1sL3sLC3)/A) (m1sL4+LC4)/A O (-(m3smu6)/d) ...
(~(m3*mu7)/A) (m2+mu8)/A (m2+mu9)/A 0 O;
00000000000;
0
0 0 (2*m1*mu8)/B (2*+mi*mu9)/B (m3+mu10)/B O;
00000000000;
(m34L1¢LC1)/(2¢C) (-(m34L2¢LC2)/(29C)) (-(2+m1#n3¢(0.5+imit+Wccst/2)sL3)/C) ...

0 (m24L3+LC3)/(29B) (-(m24L4¢LC4)/(29B)) (-(m2+nb6+(0.5+imit+lccast+LC5/2)+LC5)/B) ...

(~(2+m1en4+(0.5+Wmit+iccst/2)sL4) /C) (-(m3en5+(0.5+Wmit+lccst+LC6/2)#LCE)/C) ...

(~(2*m1#mu6) /C) (-(2*mi*mu?7)/C) 0 O (-(m2+mm10)/C) 0]);

Xoutput matrix (selects positions and attitude angles only)
Hsys=[1 0000000000 O0;
00100000000 0;

000010000000;
000000100000;
00000000100 0;
00000000001 0];

Jays=zeros(6,11); Xno fed-through control signals

Xtest controllability and observability
Nc=ctrb(Fsys,Gsys);
if rank(Nc)==12,

% disp(’The (Fsys,Gsys) system is completely controllable.’);
else

% disp(’The (Fsys,Gsys) system has uncontrollable modes!’);
end

Ko=obsv(Fays ,Esys);
if rank(Mo)==12 ,

% disp(’The (Fsys,Hsys) system is completely observable.’);
else

% disp(’The (Fsys,Hsys) system has unobservaple modes!’);
end

%derive LQR compensator K
%user enters state and control signal weightings

¥normalized state weighting matrix
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[- 2K -2 - 3 - 2 - I - Y - 3 -]
CO0OO0O0O0O0O0O
00000000
CO0O000O0COO
OCO0O0O0O0OO0O =
COO0OOOOm»O

ret=i;

Rurwteeye(i1); 1 Set up control weighting matrix
R(1:5,1:5)=1sR(1:5,1:5);

R(11,11)»1000%R(11,11); ¥ Heavily Penalize Use of Thruster

K=lqr(Psys,Gsys,Q,R);

Yderive non-square pre-filter Npf using optimal psendo-inverse
Hpf=-pinv(Hsys*inv(Feys-Gays+Kk)+dsys);

% Setup closed-loop system matxices

FcleFsys-Gsys*k;
Gcl=Gsys*Npf;
Hcl=Hays;
Jcl=zeros(8);

{y,x)=1lsim(Fcl,Gcl,Hcl,Jcl,r,t,X0); Xoutputs and states

[m,nl=size(y);
for i=1:m,
for j=1:n,
it abs(y(i,j))<1e-6,
y(i,3)=0.0;
end
end
end

us(Npter’-Kex’)?; % Control vector includes 10 currents and 1 thruster

for i=1:tleng
u(i,5)=u(i,5)+ibss;
u(i,11)=u(i,11)+thss;
end

[m,n]=size(n);
for i=1i:m,
for j=i:n,
if abs(u(i,j))<1e~-9,
u(i,j)=0.0;
end
end
end

a=(Gsys*u’)’; ¥ Accelerations
[m,n]=size(a);
for i=1:m,
for j=1:m,
if abs(a(i,j))<1e-9,
a(i,j)=0.0;
end
end
end
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pos=max(u);
negmin(u);
for is1:1%,
it abs(pos(i))>abs(neg(i))
maxcur(i)=pos(i);
else
maxcur{i)=neg(i);
end
ond

Tho=2.066¢-8;
Risrho¢(2%L1/area);
R2=rho*(2¢L2/area);
R3=rho*(2¢L3/area) ;
R4=rho*(29L4/area);
R6=xho*(2¢L6/area);
R8=rho*(L8/area);
R7=rho*(L7/area);
R8=rho+(L8/area);
R9=rho¢(L9/area);
R10=rho*(L10/area) ;

Bi=(M/(r0°3))*2em1;
B2=(N/(x0"3))*(-m2);
B3=(N/(x0"3))*(-m3);

Livec={0;L1;0];
L2vec={0;L2;0];
L3vec=[0;0;1L3];
L4vec=[0;0;14];
L6vec=[L5;0;0];

for i=i:length(t),

Vinx(i,2)~delw*x(i,3)-w2ex(i,5);
VIsdelee(x0+x(i,1)) + x(i,4) + wiex(i,5);
V3=u2+(r0+x(i,1)) - wiex(i,3) + x(1,6);

C(1,1)=cos(x(1i,9))*cos(x(i,11));

C(1,2)=-sin(x(1,11));

c(1,3)=sin(x(i,9))*cos(x(i,11));
C(2,1)2cos(x(i,9))*sin(x(i,11))ecos(x(i,7)) + sin(x(i,9))*sin(x(i,7));
C(2,2)=cos(x(1,11))*cos(x(i,7));
C(2,3)=8in(x(i,9))*sin(x(i,11))*cos(x(i,7)) - cos(x(i,9))*sin(x(i,7));
C(3,1)=cos(x(i,9))*sin(x(i,11))*sin(x(i,7)) - sin(x(1,9))*cos(x(i,7));
C(3,2)=cos(x(i,11))*sin(x(i,7));
C(3,3)=sin(x(i,9))*sin(x(i,11))*sin(x(i,7)) + cos(x(i,9))*cos(x(i,7));

VB=[(V2¢B3-V3¢B2) (V3+B1-V1+B3) (V1#B2-V2+B1)];

L1Vind(i)=V¥B+(CeLivec);
L2Vind(i)=VBs(CsL2vec);
L3V¥ind{1)=VBs(CsL3vec);
L4Vind(i)=VB#(CeL4vec);
L6Vind(i)=VB+(C*Lbvec);

powl(i)=((abs(u(i,1)*L1Vind(i)))+(R1%u(i,1)~2))/1000;
pov2(i)=((abs(u(i,2)+L2Vind(i)))+(R2%u(i,2)~2))/1000;
pow3(i)=((abs(u(i,3)*L3Vind(i)))+(R3su(i,3)"2))/1000;
powd(i)=((abs(u(i,4)*L4Vind(i)))+(R4su(i, 4)"2))/1000;
pows(i)=((abs(u(i,5)sLE5Vind(i)))+(REeu(i,5)~2))/1000;
povw6(i)=(R6su(i,6)~2)/1000;
pow7(i)=(R7#u(i,7)~2)/1000;
pow8(i)=(R8+u(i,8)~2)/1000;
pow9(i)=(R9+u(1,9)~2)/1000;
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pow10(1)=(R10*u(1,10)"2)/1000;

totpow(i)=pow1(i)+pow(i)+powld(i)+powd(i)+pous(i)+powd(i)+. ..
pow? (1) +powd(1)+powd(i)+pow10(i);
voltage(1i)=abs(Risu(i,1))+abs(R2eu(i,2))+abs(R3su(i,3))+. ..
abs(R4su(i,4))+abe(REsu(i,5)) vaba(RBeu(i 6))+. ..
aba(R7su(i,7) )+aba(RB8eu(i,8))+abs(R9eu(i,9)) +abs(R10%u(i,10));
end

pow(1)=(R1emaxcur(1)~2)/1000;
pow(2)=(R2*maxcur(2)~2)/1000;
pow(3)=(R3emaxcur(3)~2) /1000;
pou(4)=(R4smaxcur(4)"2)/1000;
pow(5)=(REemaxcur(5)~2)/1000;
pow(6)=(hGsmaxcur(6)~2)/1000;
pow(7)=(R7*maxcur(7)"2)/1000;
pow(8)=(R8emaxcur(8)~2)/1000;
pou(9)=(R9*maxcur(9)~2)/1000;
pow(10)=(R10smaxcur(10)~2)/1000;

Y5305 h 50 sy hb iy bhibsbibyaiybibiiysaeiabiasishinthatsyebitysd
)

% Calculate the shield’s inner surface temperature and the

% conductor’s core temperature.

%

sy hihobiiiye bbbyt hyhitiaidybysnohiyiysyshiiiyehaiayeyshei)

(maxtemps (1) ,maxtemps(8)]=chktempi (maxcur(1),LC1,n1,d1,tshield);
(maxtemps(2) ,maxtemps(7)]=chktempl (maxcur(2),LC2,n2,d2,tshield);
[maxtemps(3) ,naxtemps(8)]=chktempl (maxcur(3),LC3,n3,d3,tshield);
[maxtemps(4) ,maxtemps(9)]=chktempl (maxcur(4),LC4,n4,d4,tshield);
[maxtemps(5) ,maxtemps (10)]=chktempi(maxcur(§) ,LCS,n5,d5,tshield);
[maxtemps(11)]=chktemp2((wire/100) ,maxcur(6),ns,r6,i.6,Ls0l6);
[maxtemps(12))=chktemp2((sire/100) ,maxcur(7),n7,r7,L7 ,Lsol7);
[maxtsmps(13)]=chktemp2((wire/100) ,maxcur(8),n8,r8,L8 ,Lsol8);
[maxtemps(14)]=chktemp2((wire/100) ,maxcur(9),n9,r9,1.9,Ls0l9);
[maxtemps(15)]=chktemp2((wire/100) ,maxcur(10),n10,r10,L10,L80110);

maxpow=max(totpow) ;

maxforce(1)=((~(Men3eL1))/(r0"3))*(maxcu=(1));
maxforce(2)=(-(2¢Mmi1+L1)/(r0°3) )+ (maxcur(1));
maxforce(3)=((-(Mem3¢L2))/(xr0"3) )+ (maxcur(2));
maxforce(4)=(-(2¢Hom12L2)/(r0~3))*(maxcur(2));
maxforce(5)=((Nem2¢L3)/(r0-3))+(maxcur(3));
maxforce(8)=((2¢Nen1eL3)/(x0°3) )+ (maxcur(3));
maxforce(7)=((Nem2s¢L4)/(r0~3))e(maxcur(4));
maxforce(8)=((2¢Ksu1sL4)/(r0"3))+(maxcur(4));
maxforce(9)=((Nem3+L5)/(r0"3) )+ (maxcur(s));
maxforce(10)=(-(Nsm2¢L5)/(r0~3))s(maxcur(6));

bimom1=(1/(x0"3))*(-(MemisL1sLC1)) & (maxcur(1));
b3momi=(1/(xr0-3)) s (Hem3sL1+1.C1)/(2) » (maxcur(1));
bimom2=(1/(x0~3) )¢ (Hwm1+L2+LC2) * (maxcur(2));
b3mom2=(1/(x0"3) )+ (- (Mem3+L2¢1C2)/(2)) * (maxcur(2));
bimom3=(1/(xr0"3))¢(~(Mem1¢L3*LC3)) * (maxcur(3));
b2mom3=(1/(x0"3) )+ (Hem2¢L3¢LC3)/(2) * (maxcur(3));
b3mom3=(1/(r0~3)) ¢ (-(2eNem1en3e (0.5+¥mit+¥ccat/2)+L3)) * (maxcur(3));
bimomd=(1/(r0"3)) ¢ (Hemi¢L4sLC4) * (maxcur(4));
b2momd=(1/(x0"3)) ¢ (-(Mem2¢L4+LC4)/(2)) ¢ (maxcur(4));
b3momd=(1/(r0"3))» (- (2¢Nemisn4+(0.5+Wmit+iccst/2)sL4)) * (maxcur(4));
b2mom5=(1/(r0"3))#(~(Hem2en5+(0.5+Umit+Wccast+LC5/2)sLC6)) ¢ (maxcur(5));
b3mom5=(1/(x0"3)) (- (Mem3en5+(0.5+imit+lccst+LC5/2)+LC6)) ¢ (maxcur(6));
bimom6=(1/(r0~3}) ¢+ (- (Hem3*mm6)) ¢ (maxcur(6));
b3mom6=(1/(r0~3)) s (-(2*N+mismub)) * (maxcur(6));
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bimom7=(1/(r0°3)) ¢(- (Nem3sm7)) ¢ (maxcur(7));
b3mom7=(1/(x0"3)) ¢ (-(2oKemisnu7)) * (maxcur(7));
bimom8=(1/(r0"3))¢(Kem2+un8) ¢ (maxcur(8));
b2mom8=(1/(r0°3))s(2eNsmismu8) * (maxcur(8));
bimom9=(1/(xr0"3)) s (Nsm2smm9) * (maxcur(9));
b2mom9=(1/(r0°3)) s (2sAm1>mu9) * (maxcur(9));
b2mom10=(1/(xr0~3) ) s(Nem3smm10) * (maxcur(10));
b3mom10=(1/(x0"3)) ¢ (- (N*m2omu10)) ¢ (maxcur(10));

maxmom(1)=bimomi;
maxmom(2)=b3monmt ;
naxmom(3)sbimom2;

naxmom(10)=b3momd ;
maxmom(11)=b2mom5 ;
maxmom(12)=b3mons ;
maxmom(13)sbimon8 ;
maxmom(14)=b3momB ;
naxmom(15)=bimon?;
maxmon(16)=b3monm7 ;
nazmon(17)=bimoms;
maxmon(18)=b2moms ;
maxmon(19)=sbimom9 ;
maxmom(20)=b2mon9 ;
naxmom(21)sb2momiO;
naxmon(22)=b3mom10;

% Calculate required shield thickness

Be=5.4e-5;

Bui=({2e¢-7)s(maxcur(2))*{(n1))/(a1/2);
Bu2=((2e-7)*(maxcur(1))*(n1))/(2.0-(2+d1));
Bsol=((2e-7)*(max(maxcur(6:10)))*(10))/(2.0);
treq=10+((1.571e-6)+(d1»100) *((Be+Buil+Bw2+Bsol) /(pis4e-7))/1.375);

pYSNSNININIEN SN IN AR bbb bbb byt bt bbb bbb N bbbt yiNil]
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Appendiz H. Analysis of Center of Mass Shifts for the SFP

AUGMENTATION
THRUSTER
ASSEMBLY

Figure H.1 SFP reference.

Figure H.1 is essential to this analysis. In the figure, a reference point is de-
fined as the intersection between the orthogonal integrated truss axis and the top of
the main integrated truss. Under most conditions, the mass distribution of the SFP
is symmetric about the main and orthogonal integrated truss plane. When payload
variations and power system rotations are considere-. mass distribution asymmetries
about the main and cross integrated truss plane, as well as the cross and orthogonal
integrated truss plane, occur. To assist the controller, the SFP incorporates trans-
lating augmentation thrusters (in tiie b; direction) and a translating truss maker (in

the b, direction).
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H.1  Augmentation Thrusters

"o insure that the augmentation thrusters do not generate undesirable mo-
ments, they are able to track the center of mass of the platform. It is therefore
necessary to determine the range over which the center of mass will move in the
by direction. The SFP has two configurations that define the high and low limits
of the vehicle’s mass. The center of mass for these two configurations — one with
the maximum allowed payload, and one with no payload — determine the required

range of the augmentation thrusters in the by direction.

Modeling the SFP as a system of particles, an approximation of the position

of the center of mass can be calculated from

_ 1 -~
Te = M(; m;¥;) (H.1)

7. is the position of the center of mass relative to the fixed reference point
m; 1s the mass of each particle
7, is the position of each particle relative to the reference point

M is the total mass of the system (74:302-303)

Table H.1 shows the data for the external tank payload with the solar dynamic
power modules oriented in the by direction. Applying Equation H.1 to the data in
Table H.1 gives:

Fep = 0.65 by m

Table H.2 shows the data for the case of no payload with the solar dynamic
concentrators oriented in the -b; direction. The position of the center of mass for

this case is then:

Teg=—3.62b,m
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SFP Component Position (m) | Mass (kg)
Payload/Truss Maker Assembly 8.61 b, 34,300
Main Integrated Truss -1.00 b, 12,200
Conductors Cy + C, -1.40 b, 11,418
Power System -1.90 b, 17,000
Conductors C3 + C, -3.50 b, 462
Cross Integrated Truss -3.90 b, 25,200
Coiled Conductor Integrated Truss -3.90 b, 195
Conductors Cg + C7 4+ Cs + Cg + Cyo -3.90 b, 7,414
Orthogonal Integrated Truss and Conductor Cs -13.80 b, 2420

Total 110,609

Table H.1 SFP component mass and position data with an external tank payload

and the solar dynamic concentrators oriented in the by direction.

SFP Component Position (m) | Mass (kg)
Truss Maker Assembly 2.50 b, 3,000
Main Integrated Truss -1.00 i)l 12,200
Conductors C, + C, -1.40 b, 11,418
Power System -6.10 by 17,000
Conductors C3 + C,4 -3.50 b, 462
Cross Integrated Truss -3.90 b, 25,200
Coiled Conductor Integrated Truss -3.90 b, 195
Conductors Cs + C7 + Cs + Co + Cio -3.90 b, 7,414
Orthogonal Integrated Truss and Conductor Cs -13.80 b, 2,420

Total 79,309

H-3

Table H.2 SFP component mass and position data without an external tank pay-
load and the solar dynamic concentrators oriented in the -b; direction.




7., and T, represent the approximate required range for the augmentation thrusters

in the i)l direction.

H.2 Truss Maker

The truss maker translates along the top rail of the main integrated truss
so that the center of mass of the combined truss maker/payload assembly remains
symmetric about the cross and orthogonal integrated truss plane. Because of the
SFP’s robust payload capabilities, the truss maker was designed with a full range of

motion along the main integrated truss.

H3 Conclusion

To assist the controller, translating augmentation thrusters reduce undesir-
able moments, and a translating truss maker keeps the SFP center of mass on the

orthogonal integrated truss axis.
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Appendiz 1. Variable Thrust Augmentation Thrusters

Electrodynamic propulsion lacks the capability to produce thrust parallel to B.
The necessary thrust profile for an R-bar maneuver is seen in Figure I.1. The SFP
needs a thruster with variable output of 0-44 N. Using an upper bound of 50 N,
to ensure coverage, rules out any type of electric thruster — most electric thrusters
produce less than 1 N of thrust. Numerous thrusters would be required to achieve
50 N. Multiple thrusters would only be able to discretize the shown profile, and
the size and weight of such a system could be quite extensive. This leaves chemical
thrusters as the ounly alternative. Most liquid propellant rocket engines have been
designed for constant thrust operation; however, it is possible to design an engine

capable of variable thrust.

Given the following set of equations (83:83):
T =t + (P, — P,) A. (L1)

T = CFPcAt (1.2)

k-1

Ve = J%%Tc (1 - (%)(T ) (1.3)

= 2 () ™ (- () 5B

where

T = thrust

m = mass flow rate

v, = nozzle exit velocity
P. = nozzle exit pressure
P, = ambient pressure

A. = nozzle exit area




Thrust Required Profile

3%0023502400245025002550260026502700
True Anomaly (deg)

Figure I.1 The out-of-plane thrust required to perform an R-bar standof. of -60 m.

CFr = coeflicient of thrust
P, = chamber pressure
A; = throat area
k = specific heat ratio
R = universal gas constant
M = molecular weight
T. = chamber temperature
It is easily seen that T is proportional to A, P., m, and /T./M. These

equations show how variations in thrust can affect other factors.

A method of varying thrust is to change A; while simultaneously throttling the
flow (accomplished by inserting a movable, tapered plug into the nozzle)(83:82). In

this case, P, can remain constant, as well as T., M and the specific impulse, I,,. This
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Figure 1.2 A variable thrust injector with movable sleeves to vary the amounts of
fuel and oxidizer entering the chamber.

has been done experimentally but the mechanism is complex, heavy and difficult to

cool.

For liquid propellant rockets, the flow to the chamber can be decreased by
throttling valves/injectors in the propellant feed system, while chamber geometry
and A, are held constant (83:82). This results in a linear decrease in P, with a
slight decrease in T, and I,,. In other words, there is a small penalty for throttled

thrust.

A typical throttleable injector, with variable injection slot areas, is shown in
Figure 1.2. This is an effective means of controlling the propellant flows and injector
pressure drops at various engine thrust levels. The addition of moving parts does
cause some design complications, but this is a proven method that was used on the
lunar lander with a throttling ratio of 10:1 (83:82). The McDonnell Douglas Delta
Clipper (experimental single stage to orbit vehicle) also relies on throttleable valves

for thrust variation from 30% to 100% (47:55).




FUEL THRUST CHAMBER
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VALVE
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Figure 1.3 A variable thrust injector introduces an inert gas to reduce thrust by
varying the propellant/gas mixture ratio.

A second approach to a throttleable injection system is the “aeration method”
shown in Figure 1.3. An inert gas is introduced into the injector propellant mani-
fold to reduce thrust levels by variation of the propellant/gas mixture ratio. This
effectively varies the propellant density to achieve any desired thrust level without
affecting combustion stability. The inert gas can be supplied by the same source

used to pressurize the propellant tanks. This method makes it possible to achieve a

throttling ratio of 100:1 (37:127).

For the SFP, 50 N of thrust can be achieved by a relatively small liquid pro-
pellant thruster and can easily be handled by a set of two 40 N thrusters for each
side of the SFP. The total of four thrusters are mounted in opposing pairs, on stan-
chions at the ends of the main integrated truss. With a throttling ratio of 10:1, these
thrusters will easily achieve the variable out-of-plane thrust requirement depicted in

Figure I.1.

The augmentation thrusters must also track shifts in the center of mass — shifts

due to the changes in payload and rotation of the power systems. This tracking is

required to eliminate undesirable moments that would be caused by the thrusters.




This is discussed in Appendix H. In other words, the thrusters must translate along
the b, direction to provide the thrust through the axis of the shifting center of mass.
Two movable thruster assemblies on stanchions have been selected for the task.
These thruster assemblies are located at the ends of the main integrated truss, and
are designed to thrust in the by direction. The two assemblies will each consist of
a stanchion and movable platform. The platform will house the thruster assemblies
and positioning motor. The thruster assembly will consist of the thruster and any
necessary fuel. These components are powered and controlled by a flexible umbilical

connected to the main integrated truss.



Appendiz J. Linear System Controller Development

The detailed derivation of the equations of motion provides a model of the
SFP’s behav.or that can be used to develop an SFP design that gives full control
over the equations of motion while achieving the operational capability goals. The
method chosen to combine these two tasks was to use the controller design process
outlined in the POTkV study (81:4-5) in an iterative scheme. First, a design for
the SFP is proposed. The equations of motion for the design are derived. They
are then converted to a state space representation. The state space representation is
checked for controllability and observability. Based on the state space representation,
a two degree of freedom controller is designed using a linear quadratic regulator and a
prefilter. The state space open loop system is then converted to a closed loop system
using full state feedback. A linear simulation using the closed loop system is then
run to generate the currents and thrust required by the control elements to achieve
the desired performance. This data is then used to evaluate power, temperature,
and performance. If changes to the design are required, then updates are made, and
the process is repeated. The process repeats until an acceptable design is achieved.
An acceptable design would allow the platform to precisely fly a desired trajectory

and maintain a desired attitude during maneuvering.

J.1  State Space Fquations of Motion

The first step of the design process — deriving the equations of motion —
has been carried out in the preceding sections. The SFP equations of motion can
now be written as a state space representation. However, before this can be done,
the constant aerodynamic drag terms in Equations 6.20 and 6.21 must be removed.
Since the orientation angles are assumed to be small, the control elements that will be
expected to compensate for the aerodynamic drag can be predicted. The forces due

to the constant drag terms will be calculated separately in the control design process.
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Their power and thrust requirements will be added back in prior to evaluation of
the design. This makes the aerodynamic drag part of the equilibrium state for the

controller.

Once the constant terms are removed, the conversion to a state space represen-
tation can occur. In order to convert the equations, the coupling of the currents and
attitude terms in Equations 6.38 — 6.40 and 6.46 — 6.48 must be eliminated. This
decoupling can be performed by linearizing the equations of motion. The lireariza-
tion assumes products of the states and controls are small relative to the other terms
in the equations of motion. For this system, the states are the relative position and
attitude components, and the controls are the conductor currents and the thrust
of the augmentation thrusters. Making this assumption, and dividing both sides of
the equations by the appropriate mass terms, Equations 6.38 — 6.40 and 6.46 — 6.48
simplify to give:

. M : . . .
Grio = g [={(niLy + niLy) ma + (niLs + niLy) my) (J.1)
tot? o
R M : : .
dg: - = s [2(niLs + niLs) m1 + (niLs) mg] (J.2)
tot! o
. M : . . F
dz: - = M3 [~2(niLy + niLly)my — (nils) mo] + M:: (J.3)
s M . ) . .
bl Lo = Ar3 _(—nlzlLf + nzlng - Tl323L§ + n4z4LZ) mi—
(niAg + niAz) mz + (niAs + niAg) my) (J.4)
s M [[nsisL? 4 L2 . L
b, : = B ( 3z23 3 _ n.ﬂ; 2 — nsisLs (hmit + heeit + ?5)) ma+
s M [(ni L} ngipL2 . L
by : = e ( 121 : - 222 2 — nsisLs (hmit + heeit + —-22)) m3—
hcci . .
2 (n3i3L3 — ngtsly (hm;t + ——2i)) my — 2(niAe + ntA;)my —
(nZ'Am) mg] (JG)
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These are now linear, second order differential equations. These equations can now

be used to perform the second step in the iterative design process.

The linear equations of motion can be converted to a state space representation
by defining a new set of variables as described by Franklin, et al (26:362 — 363). The
process yields 12 first order differential equations that are described by the matrix

equations:

8
Il

Fz + Gu J.7)
¥ = Hz (J.8)

where 7 is the state vector, F' is the system matriz, G is the input matriz, U is the
input vector, 3 is the output vector, and H is the output matriz. The state vector

contains the relative position components, the orientation angles, and their rates:
. . . 2T
T = [6r &F robv 10 bz 62 ¢ b 4 b 0 6] J.9)

The system matrix is formed from the coefficients of the left hand side terms of the
converted 12 first order differential equations. This process results in the system

matrix, F:

F 0
F = (J.10)
F: F

where

0 1 0 0 0
n? K —-Kéw 2n —-Kuw;
0 0 0 1 0
Kéw —-2n 0 —-K Kuw
0 0 0 0 0
| Kw, 0 —Kuw; 0 -n? K

F1=

-0 O o O
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00 0 0 0 0]
0 0 0 0 0 0
0 0 0 0 o0 0
F, =
0 0 0 0 325 0
0 0 0 0 0 0
(0 & 328 0 0 0
[ 0 1 0 0 0 0]
—nz% 0 0 —n% 0 0
0 0 0 1 0 0
Fy, =
0 n$ 4m?$ 0 0 0
0 0 0 0 0 1
0 0 0 0 —3n24 0|
and
C, = (C-B) Cs = (A-C)
C, = (—A—B+0C) Cs = (B - A)

The input vector consists of the currents of the ten conductors and the thrust of the

augmentation thrusters:
U= [4 iy i3 &4 85 i 47 is d9 410 Fun]T (J.11)

The coefficients of the conductor currents and the thruster terms in the linearized

equations of motion are assigned to the input matrix. The input matrix, G, is then:

G = [Gl Gz] (J.12)




where

0 0 0 0 0
~lpmy Melp Mm Bbe 0
0 0 0 0 0
0 0 pnme ime SR
0 0 0 0 0
Miny 1y M,ngéa MonsL
2Mtot7‘o - 2Mtotfo 0 0 - Mioery
0 0 0 0 0
_Mlﬂng MlnzL; _ "-llnng Mln‘LZ 0
Ar) Ar) Ard Ard
0 0 0 0 0
O 0 Mg'naLg _ M2ﬂ4 Li _ M21I5L;
2B 2B B
0 0 0 0 0
Mgnng _Msnng _2M1n3L_; _2Mln4L; _MsnsL;
2C 2C C C C
0 0 v 0 o o0 |
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
M; M
0 0 (s Mm M g
0 0 0 0 0 0
— 21"2#6 _ 21\’2.'#7 0 0 - Mzcem 0

and L} = L; (hmit + %hccgt), Ly = L, (hm;t + %hccit)’ and L} = Ls (hm“ + heeit + %ﬁ)

Note that due to the presence of the B-field terms in G, it is actually time variant
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at orbit rate. This makes the control problem linear and time variant. The output

vector consists of the three relative positions and the orientation angles:
7= [6r roév 62 v ¢ 0] (3.13)

The cutput matrix is then:

(100000000000
001CD20000000
000010000000

H = (J.14)
000000100000
000000001000
(00000000001 0]

The goal of the SFP design process is to design a platform that is capable of con-
trolling all six outputs. This can be achieved by designing the SFP so it is fully

controllable and fully observable from a multivariable control standpoint.

J.2  Controllability and Oovservability

A system is completely controllable if and only if the system can be transferred
from any initial state, z;, at any initial time, ¢;, to any final state, z (t;) = =z, within
a finite time, t; — ¢; (68:2.42). Complete controllability implies that all poles of the
system can be moved using feedback. A simple test to check a system’s controllability

uses the controllability matrix, M., given by:
M. = [G | FG | F*G | - | F"“‘G] (J.15)

where n is the number of states in the system. If the rank of M, is equa! to n, then

the system is completely controllable. It the rank is less than n, the system is not




completely controllable, and the rank defect of M, (n — rank (M.)) tells how many

system poles are uncontrollable.

A system is said to be completely observable if every initial state z (¢;) can be
exactly determined from the measurements of the output y (t) over a finite interval
of time ¢; < t < t;. Complete observability implies every state x (t) affects the
output y (¢). A simple test to check a system’s controllability uses the controllability

matrix, M,, given by:
M, = [HT | FTHT | (FT)zyT | o | (FT)"“HT] (J.16)

If the rank of M, is equal to n, then the system is completely observable. If the rank
is less than n, the system is not completely observable, and the rank defect of M,

(n — rank(M,)) tells how many system poles are unobservable.

Since G is time variant, the controllability matrix must have full rank for all
time for the system to be completely controllable. Inspection of G shows there to be
control elements containing M; for each of the controlled state equations. Because of
the constant term in M3, and if the system resulting from this design configuration
is controllable at any time, ¢, it will be controllable for all time. This must be true
since the M; terms are the only time varying terms in G. As a result, the design

proposed by Equations J.7 - J.14 is completely controllable.

J.3  Linear Quadratic Regulator Controller Design

Once a design passes the controllability check, a suitable controller must be
designed. A two degree of freedom controller, using a linear quadratic regulator
and a prefilter, will allow for tracking a reference point at a fixed distance and ori-
entation and good disturbance rejection. The tracking of the reference point —

set-point tracking — is needed to achieve the precision docking and delivery capa-
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Figure J.1 Top level block diagram of the SFP control system. K is the linear
quadratic regulator gain matrix which uses full state feedback. M,y is
the prefilter matrix.

bilities required of the SFP. Good disturbance rejection is needed to compensate for

the inherent fluctuations of the B-field as well as other environmental disturbances.

Figure J.1 is a block diagram of the closed loop system. As can be seen from
the diagram, the controller uses full state feedback; if this were not the case, a linear
quadratic estimator could be included in the feedback path to buiid an estimate of
the full state. The linear quadratic regulator uses the standard quadratic control
cost function which combines the weighted states and weighted controls to generate

the constant gain matrix, K, to be used by the control law:

u = —K7T (J.17)

The gain matrix will be optimal, and has guaranteed closed loop stability mar-

gins (68:6.1 - 6.5,7.1).

J-8




When the feedback loop is closed, the closed loop system equations become:

z = F7T + Gu

= FT + G(My7. — KT)

= (F - GK)T + GM,. (J.18)
HT (J.19)

<
I

Assuming there is no noise, this set of equations can be used to derive an optimal
prefilter. Under the assumption of no noise, the desired performance of the controller
provides set point tracking. This implies that under steady state conditions, the state

does not change over time, and thus £ = 0. This concept can be used to derive the

prefilter:
z = (F-GK)Z+GM,,
0 = (F-GK)Z,, + GMF.
T,y = —(F—GK)" GM,F, (J.20)

With some reference command, 7., if the set point tracking is error-free, the steady
state output, ¥,,, should match the reference command perfectly (i.e. 7,, = 7).
Substituting Equation J.20 back into Equation J.19 and rearranging gives the opti-

mal prefilter:

ysa = zss
= —H(F - GK)™' GM,7.
ysa = -H (F - GK)_I GMPfysa (J21)



For this to be true, the coefficient of the right hand side must be an identity matrix.

Using a pseudo inverse, the prefilter matrix can be found:

—~H(F-GK)'GM,; = U
M, = [-H(F-GK)'G|” (J.22)

where [-]7? denotes the pseudo inverse operator. In the absence of noise, this prefilter

matrix will insure the controller tracks a reference command perfectly.
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Appendiz K. Heat Transfer Analysis of Translational and Attitude
Control Elements

A shielded 99 conductor cable is the thickest conductor loop in the electro-
dynamic propulsion system of the SFP. A one dimensional heat transfer analysis of
the cable was performed to insure the heat transfer is sufficient. The designed cable
consists of 99 individual 2 em aluminum conductors bundled in a hexagonal packing
scheme with each conductor completely insulated by asbestos. All spaces between
the conductors are filled with asbestos as well. The cable has a 23.16 ¢m diameter.
A 10.14 mm thick cylinder of Netic magnetic shielding material surrounds the cable
(see Figure K.1). This provides 19.78 m? of surface area from which the heat transfer
must occur for the shielded section of the conductor. The heat transfer model of
the shielded cable has the same dimensions, but the 99 aluminum conductors are
completely replaced with asbestos to simulate a worst case thermal conductivity for
the cable heat source (see Figure K.2). The thermal conductivities for the materials

used in the shielded cable are listed in Table K.1.

All the power generated in the cable is dissipated into space by conducting
outward from the core of the cable to the surface of the shield and then radiating
tu the space environment. If the shielded cable is not designed correctly, the core
temperature could exceed the melting points of the materials of which it is made.
The correct design is influenced by many variables. Only the most influential vari-

ables were considered in this analysis and any uncertainty was compensated for by

Material Thermal Conductivity (k)-W/m -°C
Aluminum Conductor 204.00
Asbestos Insulation 0.20
Netic Magnetic Shield 49.41
Pyrex Glass 1.40

Table K.1 Thermal conductivities of the materials used in the shielded cable.
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Space

XY Conductors/\\3hield

{2y Insulator

Figure K.1 The designed shielded cable with 99 aluminum conductors insulated by
asbestos.

Figure K.2 The modeled shielded cable with low thermal conductivity asbestos
completely replacing the conductors
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implementing a large safety factor. The methodology of the analysis was to deter-
mine the worst case temperature at the core of the cable by back-propagating the

temperature from outside the shielded cable into the core.

The external shield is coated with a spectrally selective material (76:146-152).
This coating is highly reflective at the shorter wavelengths associated with the Sun,
and highly emissive at the longer wavelengths associated with heat emission. White
paint is a popular coating (76:152). With an emissivity near 1, the radiation of the
power from the surface of the shield is governed by the equation (34:15):

i?R = q~ 0 A(TS — TY) (K.1)

q = the heat transfer rate

o = the Steffan-Boltzmann constant (5.669 x 1078W/m? - °K*)

Az = the surface area of the shielded cable

T> = the surface temperature of the shield

T, = the approximate temperature of space at an orbital altitude of 400 km

(288°K) (77:3-5)
Incident radiation from the Sun is assumed reflected and not considered.

A maximum current of 261.5 A in each conductor of the cable creates the worst

case power dissipation requirement:

12 Rmaz = 14,217 W

From Equation K.1, the surface temperature of the shield (73) can be deter-

mined:

T, =374.0°K =101.0°C
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The temperature between the cable and the shield (7}) is determined with the equa-
tion for heat transfer through a cylinder (34:32):

47!']0_, ze T _T
g = drkapies(Ts — 1) (K.2)

m r2

kshieta = thermal conductivity of the shield
r1 = inner radius of the shield

ro = outer radius of the shield

T, = 116.9°C

Under steady state conditions for this one dimensional analysis, the tempera-

ture at the core of the cable is approximated with the equation (38:97):
¢'ri

To =
0 4kcable

+ T (K.3)

where, ¢* = the heat transfer rate per unit volume, and:

T, = 343.1°C

Note, the lower thermal conductivity of an all asbestos cable was used to
simulate a worst case core temperature. Actual aluminum conductors would decrease
the core temperature significantly. Even with the thermal conductivity of asbestos,
the maximum temperature anywhere in the shielded conductor under the maximum
load is 343.1°C. This is 1.91 times less than the melting point of aluminum (657°C)
and 4.47 times less than the melting point of Netic (1532°C). It is therefore assumed
that a heat transfer problem does not exist with the SFP’s translational conductor

design.

The same type of process as above must also be carried out for the attitude

control coiled conductors. Because of the difference in geometry, several changes
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Figure K.3 The portion of the coiled conductor integrated truss showing the con-
figuration of an attitude control coiled conductor.

must be made to the analysis process. The worst case analysis is of a 137 turn coiled
conductor, wrapped in ten layers. Each wire is coated with insulation such as Pyrex
glass (see Table K.1). The coiled conductor has the geometry of a hollow cylinder
(see Figure K.3). The outer radius is 1.9 m and the inner radius is 1.7 m. For
analysis purposes, the thermal conductivity is assumed to be uniform and equal to

that of the Pyrex glass.

In heat transfer, the power dissipated by each surface is assumed to be pro-
portional to the surface area. For example, if the inner surface were one third of the
total radiating surface area, it would dissipate one third of the power. Thus, the

inner and outer surface temperatures are the same.

As before, the external coating is assumed to have a high emmisivity, so the
radiation of the power is governed by Equation K.1. The worst case power dissipation

requirement is a result of a maximum current of 334.8 A in the 137 turn coiled




conductor. The power is then

?Rpnaz = 14,588.6 W

and from applying Equation K.1, the surface temperature of the coiled conductor is
found to be
Ty = 466.9°K =193.9°C

The core temperature is found by applying the temperature distribution across

a hollow cylinder (38:99)

q
4kcable

T(r)=- r’+Clnr+C, (K.4)

where C; and C, are constants of integration determined by applying the initial
conditions T(1.7) = T(1.9) = 193.9°C. Solving Equation K.4 with the initial

conditions for the radius of the center of the cylinder wall gives

To = 276.2°C

As before, even when assuming less than ideal heat transfer conditions, the
maximum core temperature of any coiled conductor is 276.2°C. This is 2.4 times
less than the melting point of aluminum. Based on this analysis, the heat transfer

problem does not exist for the attitude control elements of the SFP.
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Appendiz L. Determination of Magnetic Shield Thickness

The required thickness of the magnetic shielding material can be easily deter-
mined from the strength of the B-fields that must be blocked. The thickness was
determined by following the instructions for an “off-the-shelf” shielding material
manufactured by the Magnetic Shield Corporation (54). The procedure consists of
determining the strength of the B-field, and then calculating the required thickness
to block a field of that strength. The maximum magnetic fields are created when the
two main conductors are operating at their maximum currents. These two 99 turn,
22.78 cm diameter, conductors reach their maximum currents of 261.5 A during a

steady-state R-bar maneuver at a distance of -60 m.

The B-fields associated with the Earth (B,), the shielded portion of the con-
ductor cable (B, ), the unshielded portion of the conductor cable (B,), and the
coiled conductors (B,.) were considered for shielding requirements. For analysis, the
contributions of the B-fields, in terms of their strengths, H, were determined. The

strength of a B-field is calculated by applying the relation (24:3):

H =

= |

(L.1)

where B is the sum of the fields under consideration, and p is the permeability of the
medium containing the field. The units for H are A/m. In this analysis, the B-fields
emanate from their sources to the shield in free space. The free space permeability

constant, u,, was used. The B-fields for the conductor sources are calculated using:

B ot
2rr
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and are estimated to be

B, = 540x107°T
B, = (47x10~7 (T-m)éz:()'(lzlsgésm /;/turn)(% turns) 4.47 % 10°2 T
B, = (4xx10~7 (T.m)z/;:)l(.:g:s: ;:)[turn)(% turns) 336 x10°2 T
B, = (4rx10~7 (Twr;)’{(,;)'é;f”/:’{)turn)(lo turns) = 1.09%x10°¢T
Summing these B-fields gives
-2
" i?t)—x? 1(2’-7:)/A = 38,289 %

Wich the field strength calculated, the magnetic flux capacity (Bshieia) for a shield
of a giveun thickness, ¢, can be determined. Again, the relation of Equation L.1 is
applied; however, the permeability, u, is that of the shield, not free space. The

Magnetic Shield Corporation’s instructions approximate g with (54):
p

1.571 x 10-%)D
p= LS 107) (L2)

where D is the diameter of the shell and ¢ is the thickness of the shield. The maximum
desired magnetic flux capacity is 1.375 T. Combining equations and rearranging to

find ¢:

(1.571 x 10~ (T - m)/A)DH

t = (L.3)
Bi,hieid
_ (1571 x 10-® (T - m)/A4)(231.6 mm)(38,289 A/m) L0
1.375 T )
t = 10.13 mm (L.5)

The Magnetic Shield Corporation produces four types of magnetic shielding mate-
rial (54). One type, Netic, is rated to 2.10 T and has the lowest specific gravity
(7.86).
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An additional check was accomplished to insure the outer most conductor of
the cable did not exceed the flux capacity of the designed shield because of its small
distance from the shield. A 2 em aluminum conductor, with a current of 261.5 A,
has a 4162 A/m field strength at its surface. A conductor cable made up of 99
individual 2 ¢em aluminum conductors under the same conditions has a 38,289 A/m
field strength on its surface. The contribution from the outermost conductor is less

than that of the entire cable and does not saturate the shield.

To achieve the desired shielding capability for the electrodynamic propulsion
system, a 10.14 mm thick Netic shield was chosen. This shield will be used for all

shielding applications on the SFP.
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Appendiz M. Tracking and Performance

The MATLAB programs generate a wide variety of data that can be used
to analyze the SFP’s design and performance. The time history design program
generates data over time for a specific point in the orbit. The data shows the time
based stability of the controller. If the outputs versus time are straight, flat lines,
the controller was assumed to be stable over time. The orbit history design program
generates data for a short time slice at multiple points around an orbit. Once a stable
design and controller have been designed, the time history design program is called
recursively — for very short time intervals — using initial conditions and reference
command inputs for numerous points around an orbit, so as to simulate the SFP
moving through its orbit. This data can be used to show how controller gains would

have to be scheduled to correct for the changing B-field as the SFP orbits the Earth.

M.1  Time-History Program Outputs

M.1.1 Numerical Qutput Data. The following output shows the final
SFP design performance data output generated by the program for the specific R-

bar maneuver for which the SFP was designed to accomplish:

AR N AR AN b NSIRINSN ORI R AN NSNS ANANISNNAIASIIANSININNNIEINAINIAIIASINIINNYNYS

Space Fabrication Platform
Design Analysis Program

Payload Mass (kg) = 31300

The diameter of the conductor wire (in cm) = 2
The Netic shield thickness (mm) = 1.0140e+001

Length (LC1) of main conductor tower C1 (m) = 25
Number of turns in conductors C1 = 99
The effective total length (L1) of conductors C1 (m) = 247§

Length (LC2) of main conductor tover C2 (m) = 25
Humber of turns in comductor C2 = 99
The effective total length (L2) of conductors C2 (m) = 2475

Length (LC3) of cross conductor tower C3 (m) = 25

Bumher of turns in conductors C3 = 1
The effective total length of conductors C3 (m) = 25
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Length (LC4) of main conductor tower C4 (m) = 25
Humber of turns in conductor C4 = 1
The effective total length (L4) of conductors C4 (m) = 2§

Length (LC5) of pole conductor, C5 (m) = 27
Fumber of turns in conductor C5 = 21
The effective total length of conductor C6 (m) = 567

Radius (r6) of coiled conductor conductor, C6 (m) = 1.9000e+000
Length (Lsol6) of coiled conductor, C6 (m) = 2.8000e¢-001
Number of turns in conductor coiled conductor C6 = 137

Radius (x7) of coiled conductor conductor, C7 (m) = 1.9000e+000
Length (Lsol7) of coiled conductor, C7 (m) = 2.8000e-001
Bumber of turns in conductor coiled conductor C7 = 137

Radius (r8) of coiled conductor conductor, C8 (m) = 1.9000¢+000
Length (Lsol8) of coiled conductor, C8 (m) = 2.0000e-002
Bumber of turms in conductor coiled conductor C8 = 1

Radius (r9) of coiled conductor conductor, C9 (m) = 1.9000e+000
Length (Lsol9) of coiled conductor, C9 (m) = 2.0000e~002
Number of turns in conductor coiled conductor C9 = 1

Radius (r10) of coiled conductor conductor, C10 (m) = 1.9000e+000
Length (Lso110) of coiled conductor, C10 (m) = 1
Humber of turns in comductor coiled comductor C10 = 497

Coiled Conductor Support Truss Length (m) = 4.8600e+000
Coiled Conductor Support Truss Width and Height (m) = 4.3000e+000
Coiled Conductor Support Truss Mass (kg) = 1.9440+002

Total Platform Mass = 1.1061e+005

Principle moment of inertia, A - x direction (kg-m~2) =4.1001e+007
Principle moment of inertia, B - y direction (kg-m~2) =1.3802¢+007
Principle moment of inertia, C - z direction (kg-m"2) =2.0756¢+007

Altitude of reference orbit (km) = 400
Orbital mean motion (rad/s) =1.1316¢-003

True Anomaly (nu) to work with (deg) = 2630

Vhat is the sidereal time 7 169.4830

Vhat is the orbit inclination ? 28.5

What is the right ascension of the ascending node = 0
Enter the reference command data

What is the value of x to attain and track (m) ? -40
What is the value of y to attain and track (m) ? 40

What is the value of z to attain and track (m) 7 40
WYhat is the angle of yaw to attain and track (deg) ? §
Vhat is the angle of roll to attain and track (deg) ? -5
Vhat is the angle of pitch to attain and track (deg) ? -5

Enter the initial condition data

What is the initial value of x (m) ? -40

What is the initial value of y (m) 7 40

Vhat is the initial value of z (m) ? 40

What is the initial value of the yaw angle (deg) ? 6
VWhat is the initial value of the roll angle (deg) ? -5
What is the initial value of the pitch angle (deg) ? -5

How long of a time response to plot (s) ? 5400
Number of time increments (data points) ? 540

The (Fsys,Gsys) system is completely controllable.
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The (Fsys,fsys) system is completely observable.
Veighting on the state veighting matrix Q = 1
Veighting on the control weighting matrix A =

Maximum current
Naximum current
Maximum current
Naximum current
Naximum current
Naximum current
Naximum current
Naximum current
Naximum current

required in
required in
required in
required in
required in
required in
required in
required in
required in

conductor C1 (A)=
conductor C2 (A)=
conductor C3 (A)=
conductor C4 (A)=
conductor C5 (A)=
conductor C6 (A)=
conductor C7 (4)=
conductor C8 (A)=
conductor C9 (A)=

1

1.7173e+002
1.74340+002
-1.4076¢+000
-1.2470e+001
1.5419¢+002
5.2323¢+001
5.2323¢+001
-1.6934¢-001
~-1.6934¢-001

Maximum current required in conductor C10 (4)= -8.1211e+001
HMaximum thrust required in thruster (N)= -2.1490e+001

Naximum radial force in conductor Ci (N)= 8.4348e+000
Maximum oop force in conductor C1 (N)= 1.3486e+001

Naximum radial force in conductor C2 (N)= 8.5628e+000
Naximum cop force im comductor C2 (N)= 1.3691e+001

Naximum radial force in conductor C3 (E)= -1.6808e-004
Maximam ip lateral force in conductor C3 (N)= 1.1166e-003

NHaximum radial force in conductor C4 (N)= -1.4890¢-003
Naximum ip laterzl force im conductor C4 (N)= 9.8916e-003

Maximum ip lateral force in conductor C5 (N)= -1.7349e+000
Naximom oop force in conductor C5 (N)= -4.1758e-001

Distributed radial force in conductor C1 (N)= 3.3739e-001
Distributed oop force ir comductor C1 (E)= 5.39456-001

Distridbuted radial force in conductor C2 (N)= 3.4251e~001
Distributed oop force in conductor C2 (N)= 5.4764e-001

Distributed radial force in conductor C3 (N)= -6.7233e-006
Distributed ip lateral force in conductor C3 (N)= 4.4663e-005

Distributed radial force in conductor C4 (N)= -5.9561e-005
Distributed ip lateral force in conductor C4 (E)= 3.9566e-004

Distributed ip lateral force in conductor C5 (E)= -6.4257e-002
Distributed oop force in conductor C5 (N)= -1.5466e-002

(N-m) = 1.6858e+002
(N-m) = -1.0543¢+002

around b1
around bl

maximum C1
maxjimum C1

torque
torque

(E-m) =
(Fm) =

~1.7114e+002
1.0704e+002

around bl
around b1

maximom C2
maximum C2

torque
torque

(F-m) =
(F-m) =
(§-m) =

-1.3967¢-002
~2.1010e-003
-4.63379-003

maximum C3
maximum C3
maximum C3

around b1l
around b1l
around b1

torque
torque
torque

maxismum C4
maxjimum C4
maxismom C4

(F-m) =
(F-m) =
(F-m) =

1.2364¢-001
1.8613e-002
-4.1050e-002

around bl
around bl
around b1

torque
torque
torque

(E-m) = -8.26814+000
(N-m) = 3.4352e+001

around b1
around b1

maximum C5
maximum C5

torque
torque

maximum C6
maximum C8

(¥-m) = 1.6133e+000
(N-m) = 2.5796e+000

around bt
around b1l

torque
torque
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The maximum C7 torque around bi (N-m) = 1.6133¢+000
The maximum C7 torque around bl (N-m) = 2.5795e+000

The maximum C8 torque around b1l (N-m) = -9.1731-006
The maximum C8 torque around b1l (N-m) = 6.0937e-005

The maximum C9 torque around b1 (N-m) = -9.1731¢-008
The maximum C9 torque around bl (N-m) = 6.0937e-006

The maximum C10 torque around bi (N-m) = 9.0839e+000
The maximum C10 torque around bl (E-m) = 2.1864e+000

Naximum vertical (x) force required (N) = 1.6996e+001

Maxiwum horizontal in-plane (y) force required (¥) = 1.7239¢+000
Maximum horizontal out-of-plane (z) force required (N) = 5.2696¢+000

Kaximum moment about x required (N-m) = 7.7715e-001
Maximum moment about y required (N-m) = 8.3250e-001
Maximum moment about z required (B-m) = 4.3252e+001

The resistance of conductor C1 (Ohms)= 4.1833e-001
The resistance of conductor C2 (Ohms)= 4.1833e-001
The resistance of conductor C3 (Dhms)= 4.2256e-003
The resistance of conductor C4 (Chms)= 4.2256e-003
The resistance of conductor C5 (Dhms)= 9.5836e-002
The resistance of conductor C6 (Ohms)= 1.3094e-001
The resistance of conductor C7 (Ohms)= 1.3094e-001
The resistance of conductor C8 (Uhms)= 1.0036e-003
The resistance of conductor C9 (Ohms)= 1.0036e-003
The resistance of conductor C10 (Ohms)= 4.7503e-001

Total Conductor Resistance (Ohms) = 1.6799e+000

The maximum power required (kW) = 7.5190e+001
The maximum voltage required (V) = 2.1189e+002

Max allowed shield inner surface temperature (deg C) = 1021

Nax allowed conductor bundle core temperature (deg C) = 438

Conductor Ct shield inner surface and core
temperatures: T1, TO (deg C) = 6.7208e+001 1.6479e+002
Safety factors = 2.2795e+001 3.9868e+000

Conductor C2 shield inner surface and core
temporatures: Ti, TO (deg C) = 6.8542e+001 1.6911e+002
Safety factors = 2.23651e+001 3.8850e+000

Conductor C3 shield inner surface and core
temperatures: T1, TO (deg C) = 1.5001e+001 1.5001e+001
Safety factors = 1.0213e+002 4.3798e+001

Conductor C4 shield inner surface and core
temperatures: Ti, TO (deg C) = 1.5046e+001 1.5051e+001
Safety factors = 1.0182e+002 4.3652e+001

-

Conductor C5 shield inner surface and core
temperatures: T1, TO (deg C) = 3.4588e+001 5.1275e+001
Safety factors = 4.4293e+001 1.2813e+001

Conductor C6 coiled conductor core temperature: TO (deg C)
Safety factor

Conductor C7 coiled conductor core temperature: TO (deg C)
Safety factor
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Conductor C8 coiled conductor core temperature: TO {(deg C) = 1.5000¢+001
Safety factor = 4.3800e+001

Conductor C9 coiled conductor core temperature: TO (deg C) = 1.5000e+001
Safety factor = 4.3800e+001

Conductor C10 coiled conductor core temperature: TO (deg C) = 4.2528¢+001
Safety factor = 1.5448¢+001
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M.1.2  Graphical Output Data.  This section shows the data plotted by the
time-history design program for the SFP final design configuration. The following
plots correspond to the data listed in the previous section. The flat lines on the
plots show the controller is stable. The flat lines on the position plots show that the

controller can precisely track the reference position.
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Figure M.1 Time history of current C1.
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Figure M.2 Time history of current C2.
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Figure M.3 Time history of current C3.
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Figure M.4 Time history of current C4.
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Figure M.5 Time history of current C5.
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Figure M.6 Time history of current C6.
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Figure M.7 Time history of current C7.
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Figure M.8 Time history of current C8.
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Figure M.9 Time history of current C9.
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Figure M.11 Time history of the z-axis thrust required.
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Figure M.12 Ti.ne history of the total power required.
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Figure M.13 Time history of the total voltage required.
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Figure M.14 Time history of the tracking of the desired radial position.
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Figure M.15 Time history of the tracking of the desired in-path position.
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Figure M.16 Time history of the tracking of the desired out-of-plane position.

Figure M.17

Along-Path Position vs Radial Position
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Time history of the tracking of the desired radial position versus the
path position.
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Out-of-Plane Position vs Radial Position
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Figure M.18 Time history of the tracking of the desired radial position versus the
out-of-plane position.
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Figure M.19 Time history of the tracking of the desired path position versus the
out-of-plane position.
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Figure M.20 Time history of the tracking of the desired yaw orientation.
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Figure M.21 Time history of the tracking of the desired roll orientation.
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Figure M.22 Time history of the tracking of the desired pitch orientation.
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Figure M.23 Time history of the radial force required to track the desired position.
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Figure M.24 Time history of the in-path force required to track the desired position.
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Figure M.25 Time history of the out-of-plane force required to track the desired
position.
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Figure M.26 Time history of the moment about by-axis required to track the desired
orientation.
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Figure M.27 Time history of the moment about ,-axis required to track the desired
orientation.
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Figure M.28 Time history of the moment about b3-axis required to track the desired
orientation.

M.2  Orbit-History Program Outputs

M.2.1  Multiple Orbit - Design R-Bar Standoff.  The following plots show
the total power required, the currents in each of the conductors, the thrust required
from the augmentation thrusters, and the core temperatures of the conductors using
high current. The data for conductors C8 and C9 is not included — these conductors
are almost completely unused by the controller, and their currents are nearly zero.
The plots emulate the gain scheduling required over the period of one revolution of

the earth:
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Figure M.29 Orbit history of power required.
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Figure M.30 Orbit history of C1 and C2 currents required.
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Figure M.31 Orbit history of C5 current required.
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Figure M.32 Orbit history of C6 and C7 currents required.
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Figure M.33 Orbit history of C10 current required.
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Figure M.34 Orbit history of thrust required from the augmentation thrusters.
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Figure M.35 Orbit history of C1 and C2 core temperatures .
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Figure M.36 Orbit history of C5 core temperature.
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Figure M.38 Orbit history of conductor C'10 core temperature.
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M.2.2  Single Orbit - Design R-Bar Standoff. By changing the range
over which the true anomaly changes, the plots can be refined to a narrow window.
These types of plots were used extensively when the final design was being evaluated
since they quickly show when power, current, and/or temperature constraints are

exceeded. The following plots show the gain scheduling required for one orbit:

Total Power Required Profite
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Figure M.39 Orbit history of total power required.
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Figure M.40 Orbit history of C1 and C2 currents.
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Figure M.41 Orbit history of C3 and C4 currents.
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Figure M.42 Orbit history of conductor C5 current.
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Figure M.43 Orbit history of C6 and C7 currents.
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Figure M.44 Orbit history of C10 current.
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Figure M.45 Orbit history of the thrust required from the augmentation thrusters.
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Figure M.46 Orbit history of C1 and C2 core temperatures.
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Figure M.47 Orbit history of C3 and C4 core temperatures.
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Figure M.48 Orbit history of conductor C5 core temperature.
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Figure M.49 Orbit history of C6 and C7 core temperatures.
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Figure M.50 Orbit history of C10 core temperature.
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M.2.3  Single Orbit - Mazimum R-Bar Standoff.  The following plots show
the single orbit requirements for the maximum capability R-bar standoff. The inter-
val chosen includes the peak power requirement, the peak current requirement, and
maximum temperature reached during propulsion system operations. The interval

is one orbit of the SFP:

Total Power Required Profile
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Figure M.51 Orbit history of total power required.
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Figure M.52 Orbit history of C1 and C2 currents.
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Figure M.53 Orbit history of C3 and C4 currents.
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Figure M.54 Orbit history of conductor C'5 current.
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Figure M.55 Orbit history of the thrust required from the augmentation thrusters.
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Figure M.56 Orbit history of C1 and C2 core temperatures.
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Figure M.57 Orbit history of C3 and C4 core temperatures.
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Figure M.58 Orbit history of conductor C5 core temperature.
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Appendiz N. Comparison of Conductor Orientations with the
B Field
N.1  Introduction

In Section 6.3.10 two methods of orbit transfer were defined: Method 1, track a
fixed average B-field magnitude and direction with the SFP conductors, and Method
2, track a time-varying B-field with the SFP conductors. Method 2 was concluded

to be most efficient. This appendix justifies the conclusion.

N.2  Comparison of Method 1 and Method 2

To compare the two methods, both were implemented with the starting con-

ditions:

r = 300 km

i = 28.5°
Power (P) = T7kW
At = 2 hours

The results were then compared. The total acceleration profiles due to F}, are similar,

but Method 2 has a higher minimum and maximum acceleration (see Figure N.1).

A comparison of the component accelerations in the velocity vector direction
shows that over a 2 hour interval, Method 2 provides more acceleration than Method
1 (see Figure N.2). Figure N.2 also graphically shows the difference between assuming
a constant orientation versus changing the orientation to track the B-field. During
the oscillations of the B-field, the vehicle’s orientation resulting from the application
of Method 2 transitions through the vehicle’s orientation resulting from the appli-
cation of Method 1 using the constant B-field assumption. At these points, the two

methods produce the same thrust. The long term increase in Method 1’'s useful
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Figure N.1 Acceleration versus time for Method 1 (—) and Method 2 (- - -). Method
2 has a higher minimum and maximum acceleration.
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Figure N.2 Method 1 (—) provides less acceleration along the velocity vector than
does Method 2 (---).
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Igure N.3 Method 2 (---) provides less useless acceleration in the out-of-plane
direction than does Method 1 (—).

acceleratior during this period results from Earth’s rotation chan-~ . g the B-field’s
orientation. The out-of-plane acceleration profiles are almost identical. However,
the peaks under Method 1 are broader, indicating more time is spent thrusting out-
of-plane. This out-of-plane is wasted acceleration (see Figure N.3). A comparison
of the percentage of the total acceleration contributing to an acceleration along the
velocity vector indicates Method 2 is slightly more efficient. This is characterized by
the broader peaks in Figure N.4.

Because the forces generated by the propulsion system are small, and the
vehicle’s mass is large, the actual performance differences between Method 1 and
Method 2 is small. After 2 hours, the increase in orbital radius of the SFP using
Method 2 is only slightly greater than when using Method 1 (see Figure N.5). The
major difference in the two methods is the induced changes in inclination and line
of nodes. Method 1 causes larger changes in both inclination and the line of n 'des
(see Figures N.6 and N.7). Using Method 2 will require less effort to counter the

undesired out-of-plane accelerations.
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Figure N.4 Method 2 (- --) has a higher percentage of the total acceleration con-
tributing to increasing velocity along the velocity vector than Method

1 (—).
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Figure N.5 Method 1 (—) increases the SFP’s altitude by 0.77 km in 2 hours while
Method 2 (- - -) increases the altitude by 0.82 km in the same time.
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Figure N.6 Method 1 (—) decreases the inclination by 0.00114° in 2 hours while
the decrease by Method 2 (- - -) is 0.00097°.
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Figure N.7 Method 1 (—) increases § by 1.35 x 1072° in 2 hours; Method 2 (---)
causes an increase of only 1.18 x 1073°.
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These same trends exist for longer time periods. Applying 77 kW for 2 days
shows the same general trends, although changes in the line of nodes are cyclic over
the course of a day. Based on the results of the comparison, reorienting the SFP
to account for the time-variations in the B-field will provide the best performance

during an orbit transfer.

N.2.1  Current and Power. It is apparent from the equation:

the current should be maximized to maximize the propulsive force. However, the
power available to generate the current is limited. The power required is given by

the equation:

P=i((vxB) -I)+i’R (N.2)

where T is the relative velocity of the SFP with respect to the B-field and R is the
resistance of the conductor. The first term on the right hand side is the induced
voltage due to the movement of a current carrying conductor through a magnetic
field. Method 2 will nearly maximize the power required for a given current because

of the induced voltage.

To gain an insight on power requirements for the orbital transfer, the current
was fixed at ¢ = 50 A while the orbital parameters were the same as those previously
defined. The amount of power required to produce a constant current was highly
variable during a 2 day run. The best way to use the SFP’s power resources is to
maintain a constant level of applied power, at the maximum level available, and vary

the current so the power required does not exceed the power available.

The maximum power available for propulsion is 77 kW' The current must be
modulated so that it is maximized without the power required exceeding 77 kW.

Equation N.2 is a quadratic with respect to the current. The current can be solved

N-6




(28.5deg i, 300km, 77iw, 2tvs)

0 20 40 60 80 100 120
time min

Figure N.8 The regulated current varies greatly due to the changing B-field.

for by finding the roots of the quadratic. However, the computational efficiency of the
numerical integration routines can be improved by using the following approximation

for the regulated current, ip:

. — Pma:c
BT (ExB) I) +imek

(N.3)

with #m.; an estimate of the maximum current. Figure N.8 shows the resulting
current profile for a 2 day integration. Figure N.9 demonstrates that power was
near, but below, the 77 kW limit. The variation in the power level is a result of
approximating ig. Using the full quadratic solution for zg makes the power used con-
stant. However, the difference in the two solution methods is small (see Figure N.10).
Approximating :g results in slightly shorter time-to-climb data, but showed better

computational efficiency.
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Figure N.9 The power applied to the electrodynamic propulsion system during or-
bit transfer is kept below 77 kW.
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Figure N.10 The difference between the increase in orbital radius using the true
solution for ¢ (—) and the approximation, ig (:--) is small.
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Appendiz O. Orbital Transfer Performance Analysis
0.1  Orbital Transfer Performance Analysis Program

The orbital transfer analysis program was created for MATLAB. The program
implements first order models fer the Earth’s gravity and magnetic field as well as
an exponential model of Earth’s atmosphere. These models were used to determine
the accelerations due to gravity, shielded coil electrodynamic propulsion, and aero-
dynamic drag. A vector function Xd(t), containing the sum of these accelerations
and the vehicle velocity, is numerically integrated using fourth and fifth order Runge-
Kutta formulas. The result is a vector, X(t), representing the location and velocity

of the SFP, in Earth-centered inertial coordinates, at time, .

The program is in two parts: the main program and the integrator. The
main program defines the initial conditions and calls the integrator. X(t) is used to
calculate a variety of performance parameters (power, inclination, etc.), which are

plotted versus time. The main program is empuvb.m:

pYS SN AR La A bR N bbb ot iishehadibityashonshiheshihiihiatibish]

% This routine establishes the IC’s
% and integrates the functions
% The result is a vector I as a function of time, t,
% where X = [ x
% xdot
L. Y
% ydot
3 z
X zdot ]
% The program computes various performance parameters
% and then makes performance plots.
3

F = ’w‘”’;

t0 = 0; % initial time

tf = 14402; % final time min

) (] = [6678145; O;

0; 6789.53269+60;
0; 3686.416547+60]; % IC‘s

tol = 1.0e-8; ¥ tolerance

trace = 0; % diplatimestep

[t,X] = ode45(F,t0,tf,X0,t0l,trace);
%
% different IC‘s
% 300 28.5 [ 6678145; 0; 0; 6789.53269+60; 0; 3686.41547+60]
% 400 28.5 [ 6778145; 0; 0; 6739.262569+60; 0; 3659,12103+60]
% 500 28.5 [ 6878145; 0; 0; 6600.09281#60; 0; 3632.42402+60]
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% 300 1§ [ 6678145; 0; 0; 7462.51396+60; 0; 1999.57459¢60]

% 300 45 [ 6678145; O; O; 5462.93937+60, 0; 5462.93937+60]

¥ 3005 [ 6678145; O; 0; 7696.38409+60; 0; 673.34461+60)

% 300 0 [ 6678145; O; 0; 7726.76295+60; O; 0260)

3

¥ IC’s for calcs

X
Mu = 3.986012+10"14; % Earth‘s Grav Coef, m~3/8°2
omega = 60%7.292115856e¢~5; X Earth‘s spin rate, rad/min
L = 5099; % Effect conductor length, m DESIGE
mag = 8.05#10°(15); % Earth‘s mag dipole strength, Tm"3
Res = 84¢-6; % resistance/m, ohms/m
rhoref = 1.916e~-11; % Air Density at ref radius, kg/m"3
Rref = 6678145; L ref radius, m
HI = 0.00001998284; % inverse scale ht, 1/m
Cd = 2.4; % Drag Coef. DESIGHN
M = 110609; % Platform mass, kg DESIGN
A = 1435; % effect drag area, m*2 DESIGE
Pow = T7000; % Power limit, watts
IGuess = 35; % max est current, A

%

% vehicle masses

% tranafer with ET 1430
% transfer w/o ET 1200
% transfer w ET SV 3340
%

% Variable Defn’s

r = magnitude of radius vector

mX,my,mz = X,y,z components of Earth‘s dipole moment

Bx,By,Bz = x,y,z components of B vector

B = magnitude of B vector

uBx,uBy,uBz = unit x,y,z components of B vector

v = magnitude of velocity vector

uxd,uyd,uzd = uwnit x,y,z components of velocity vector
vIx,vry,viz ® x,y,z components of relative velocity vector
Lx,Ly,Lz = x,y,z components of conductor direction

LL = magnitude of conductor direction

ulx,uly,ulz ® unit x,y,z components of conductor direction
V1,V2,V3 = subcomponents of back EMF

LE = number of output state vectors

wun = col vector of 1°‘s

RR = quadratics matrix

II = Roots matrix

III = vector of max roots

I = current

P = power

xddp,yddp,zddp = x,y,z components of acceleration due to propulsion
aemp = magnitude of acceleration due to propulsion

Rad = r in km.

Vel = v in m/s.

V¢ = circular orbit velocity

rho = atmospheric density

Vr = magnitude of relative velocity vector

Beta = vehicle Beta value

xddd,yddd,zddd = x,y,z components of acceleration due to drag
adrag = magnitude of acceleration due to drag

bhx,hy,hz = x,y,z components of angular momentum vector

nx,ny = x,y components of lin-of-nodes

inclin = inclination angle

nodes = magnitude of line-of-nodes angle

nullx,nully,nullz = x,y,z components of v cross accel due to propulsion
badx,bady,badz = x,y,z components of wasted accel due to propulsion
bad = magnitude of vasted accel due to propulsion
ubadx,ubady,ubadz » unit x,y,z components of wasted accel

IR I PR PE IR L JR L IR PR IX FX PR PR 3L R 2R IR 3L PR PR PR PR PR PR L JR PR L 38 2L IR PR PR 3L PR PR PR
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good = magnitude of v

ugoodx,ugoody,ugoodz = unit x,y,z components of v
gooda = magnitude of useful accel due to propulsion
bada = magnitude of wasted accel due to propulsion
goodprcat = pexcent of useful accel due to propulsionm
UP = useful power

offic = efficiency

Calc Performance parameters

r= (x(:,1)."2+ x(:,3)."2+ X(:,5)."2).70.5;
nx = magecos(1.3701)*cos(omegast);
my = mage¢cos(1.3701)*sin(omegast);
mz = -magesin(1.3701);
Bx = ~(mx./r."3 - 3¢(mx.+X(:,1)

+ wy.sX(:,3) + mx.¢X(:,56)).¢X(:,1)./r."5);
By = -(my./r.”3 - 3s(mx.*X(:,1)

+ my.oX(:,3) + mz.oX(:,5)).#X(:,3)./r."6);
Bz = ~(mx./r."3 - 3s(mx.*X(:,1)

+ my.*X(:,3) + mz.sX(:,5)).¢X(:,6)./x."5);
B = (Bx."2 + By."2 + Bx."2)."(.5);
uBx = Bx./B; uBy = By./B; uBz = Bz./B;
v= (X(:,2)."2 + X(:,4)."2 + X(:,8).72).~(.5);
uxd = X(:,2)./v; uyd = X(:,4)./v; uzd = X(:,6)./v;
vrx = (X(:,2) + omega®I(:,3))/60;
vry = (X(:,4) - omega*®X(:,1))/60;
vz = (X(:,6))/60;
Lx = (uBy.#uzd - uBz.suyd);
Ly = (uBz.#uxd - uBx.euzd);
Lz = (uBx.suyd - uBy.euxd);
LL = (Lx."2 + Ly."2 + Lz."2).~(.5);
ulx = Lx./LL; uLy = Ly./L' ulz = Lz./LL;

Vi = (vry.sBz - vrz.*By).s(ulx);
V2 = (vrz.#Bx ~ vrx.*Bz).s(uly);
V3 = (vrx.+By - vry.»Bx).s(ulz);

LN = length(Vl);
wun = ones(LN,1);
RR = [(2¢L+Ressvun) (abs(L#(V1 + V2 + V3))) -Powswun];
for NN = 1:L¥;
II = (roots(RR(NE,:)))’;
III(EN) = max(IX);
end;
I = III’;

I = Pow./(abs(Le(V1 + V2 + V3)) + (IGuess)s*2sLsRes);
P = (abs(LeI.*(Vi + V2 + V3)) + (I.-2)*2sL*Res)/1000;

xddp = (L/N)+I.+(uly.*Bz - ulLz.#By);
yddp = (L/M)*I.#(ulz.*Bx - ulx.*B.);
zddp = (L/M)+I.+(ulx.sBy - uly.*Bx);
aemp = (xddp."2 + yddp.~2 + 2ddp.~2)."(.5);

Rad = r./1000;
Vel = v./60;
Ve = (Mus(r.~(-1))).70.5;

rho = rhoref*exp(~HI*(r ~ Rref));

Vr = (vrx."2 + vry."2 + vrz."2).".5;
Beta = N/(Cd#d);

xddd = -, 5erho.sVr+(1/Beta).*vrx;
yddd = - Ssrho.*Vres(1/Beta) .#*vry;
zddd = - _5srho.*Vre(1/Beta) .svrz;
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adrag = ( 1ddd."2 + yddd."2 + 2ddd.~2 ).-0.5;

hx = (X(:,3).¢X(:,6)-X(:,5).9X(:,4));

hy = (X(:,5).¢X(:,2)-X(:,1).X(:,68));

hx = (X(:,1).98(:,4)~X(:,3) .X(:,2));

nx = ~hy; ny = hx;

inclin = (acos(hz./((hx."2 + hy.“2 + hx."2).-0.5)))
+(180/3.1415);

nodes = (acos(nx./((nx."2 + ny."2).~0.5)))+(180/3.1415);

nullx = (X(:,4).9zddp~X(:,8).+yddp);

nully = (X(:,6).+xddp~X(:,2).3ddp);

nullz = (X(:,2).syddp~X(:,4) .exddp);

badx = (nully.*X(:,8)~nnllz.*X(:,4));

bady = (nullz.+X(:,2)-nullx.sX(:,68));

badz = (nullx.sX(:,4)~nully.sX(:,2));

bad = { badx.”2 + bady."2 + badx.”2 ).0.5;

ubadx = badx./bad; ubady = bady./bad; ubadz = badz./bad;
good = ( X(:,2)."2 + X(:,4)."2 + X(:,6).°2).70.5;
ugoodx = X(:,2)./good;

ugoody = X(:,4)./good;

ugoodz = X(:,8)./good;

gooda = (xddp.sugoodx + yddp.sugoody + zddp.eugoodsz);
bada = (xddp.subadx + yddp.subady + zddp.subadz);
goodprcnt = 100sgooda./aemp;

UP = (abs(LeI.s(V1 + V2 + ¥3)).s(goodprcnt/100))/1000;
Effic = 100sUP./P;

Plots

clg;
Plot(t,P) ,xlabel(’time min’),ylabel(’Power k¥’),
title(’(28.5deg i, 300km, 16kW, 2days)?);
print -deps <m2RP2d>;

clg;
plot(t,I),xlabel(’time min’),ylabel(’Current A’),
title(’(28.5deg i, 300km, 16kW, 2days)?);
print -deps <m2RI2d>;

clg;
plot(t,Rad) ,xlabel(’time min’),ylabel(’Radius km’),
title(’(28.5deg i, 300km, 16kW, 2days)’);
print -deps <m2r2d>;

clg;

plot(t,B),xlabel(’time min’),ylabel(’B-field’),
title(’(28.5deg i, 300km, 16k¥, 2days)’);

print -deps <m2B24d>;

clg;
Plot(t,Vel,*+’,t,Vc,?:%),xlabel( time min’),
ylabel(’Velocity m/s?),
title(’(28.5deg i, 300km, 16kVW, 2days)’);
print -deps <mlvel2d>;

clg;
plot(t,inclin) ,xlabel(’time min’),
ylabel(’inclination deg’),
title(’(28.5deg i, 300km, 16k¥W, 2days)’);
print -deps <m2i2d>;

clg;
plot(t,nodes),xlabel(’time min’),




ylabel(’line of nodes deg’),
title(’(28.5deg i, 300km, 16k¥, 2days)’);
print -deps <m2lon2d>;

clg;
plot(t,aemp) ,xlabel(’time min’),
ylabel(?acceleration »/s°2’),
title(’(28.6deg i, 300km, 16k¥W, 2days)’);
print -deps <m2ap2d>;

clg;

plot(t,adrag) ,xlabel(’time min’),
ylabel(’acceleration m/s"2?),
title(’(28.5deg i, 300km, 16k¥, 2days)’);

print -deps <m2Fd2d>;

clg;
plot(t,gooda),xlabel(’time min’),
ylabel(’acceleration m/s"2?),
title(’(28.5deg i, 300km, 16k¥, 2days)’);
print -deps <m2useap2d>;

clg;

Plot(t,bada) ,xlabel(’time min’),
ylabel(’acceleration m/s"2*),
title(’(28.6deg i, 300km, 16kW, 2days)’);

print -deps <mlvastapld>;

clg;
plot(t,goodprent) ,xlabel(’time min’),
ylabel(’percent useful accel?’),
title(’ (28.5deg i, 300km, 16k¥, 2days)?);
Print -deps <m2prcnt2d>;

clg;
Plot(t ,Effic) ,xlabel(’time min’),
ylabel(’Percent Efficiency’),
title(?(28.5deg i, 300km, 16k¥, 2days)’);
print -deps <m2E2d>;
%
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The second program is a subroutine defining the vector function Xd(t) that is
called for integration. The equations of motion and their supporting environment

models and controllers are in the program emdragp.m:

oAb bbb bbb h IR NIRIEAE YR NRNIRYLENSEIRANRNEENLANLANOLNLLINAL]
Shielded EN propulsion with aerodynamic drag

The function is integrated in empvb.m
Xd consists of [ xdot
xdotdot (f1)
ydot
ydotdot (£2)
zdot
zdotdot (£3) ]
Vhere x, y, and z are ECI cartesian coordinates.

function Xd = emdragp(t,X)

] L R R R B & N _F S ¥ _§¥.3

Mu = 3.986012+10"14; % Earth‘s Grav. Coef., m~3/8"2
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omega = 60%7.202115856¢-5; % Eartk‘s spin rate, rad/min

rhoref = 1.918e-11; % Air Demsity at ref radias, kg/m"3
Rref = 66781465; % reference radius, m

BI = 0.00001998264; % inverse scale ht, 1/m

Cd = 2.4; % Drag Coef. DESIGE

N = 110609; % Platform mass, kg DESIGE

A = 1435; % effect. drag area, m“2 DESIGE

P = T7000; 4 Power limit, watts

L = 50#99; % Effect conductor length, m DESIGN
mag = 8.05#10"(15); % Earth‘s mag dipole strength, Tm"3
Res = 84¢-6; % resistance/m, ochmus/m

IGuess = 35; % max est curreat, 4

X

% vehicle masses

% transfer with ET 1430

% transfer w/o ET 1200

% transfer w ET 8V 3340

3
x=X(1); xd=X(2); y=1X(3); yd = X(4);
z = X(5); zd = X(6);

The supporting functions

gravity
r = magnitude of radius vector
xddg,yddg,zddg = x,y,z components of acceleration due to gravity

22 3R 2 32 2R PR 20

r=(x*2+y3°2+2°2)70.5;
xddg = -x*(Mu/(r"3))*3600;
yddg = -ys(Mu/(xr~3))*3600;
zddg = -z+(Mu/(r~3))+3600;

aerodynamic drag

rho = atmospheric density

vIX,vry,vrz = x,y,s components of relative velocity vector

V = magnitude of relative velocity vector

Beta = vehicle Beta value

xddd,yddd,zddd = x,y,z components of acceleration due to drag

3R 22 % PR 22 22 P

rho = rhoref*exp(-HI*(r - Rref));
vrx = (xd + y*omega);

vry = (yd - xeomegsa);

vrz = (zd);

Vs (vrx"2 + vzy“2 + vrz"2)".5;
Beta = N/(Cd+A);

xddd = -~ 5sthosVe(1/Beta)svrx;
yddd = - SsrhosV+(1/Beta)evry;
zddd = -.5%rho+V¢(1/Beta)*vrz;

em propulsion
RX,Ny,NZ = X,¥,z components of Earth‘s dipole moment
Bx,By,Bz = x,y,z components of B vector
B = magnitude of B vector
uBx,uBy,uBz = unit X,y,Z components of B vector
v = magnitude of velocity vector
uxd,uyd,uzd = unit x,y,z components of velocity vector
Lx,Ly,Lz = x,y,z components of conductor direction
LL = magnitude of conductor direction
ulx,uly,ul.z = unit x,y,Z components of conductor direction
V1,V2,V3 = subcomponents of back ENF
RR = quadratics matrix
II = Roots matrix
I = current
xddp,yddp,zddp = x,y,Z components of acceleration due to propulsion

R R R R R R F_ S R _ B _F_F F ¥ E_¥_J
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mx = magecos(1.3701)*cos(omegast);

my = magecos(1.3701)ssin(omegast);

uz = -mag*sin(1.3701);

Bx = -(mx/r"3 -~ 3s(mxex + mysy + mx¢3)ex/r"5);
By = -(my/r"3 - 3¢(mxex + mysy + mzox)ey/x"5);
Bz = -(mx/x"3 - 3e(mxex + myey + mxsx)ez/r"5);
B = (Bx~2 + By"2 + Bx~2)"(.6);

aBx = Bx/B; uBy = By/B; ubz = Bz/B;

v = (xd°2 + yda°2 + 2d4"2)°(.6);

uxd = xd/v; uyd = yd/v; uzd = zd/v;

Lx = (uBy#uzd - uBxzsuyd);

Ly = (uBasuxd - uBxsuad);

Lz = (uBxsuyd - uBysuxd);

LL = (Lx"2 + Ly*2 + Lz"2)"(.5);

ulx = Lx/LL; uly = Ly/LL; ulz = L3/LL;

V1 = (vry*Bz - vrz+By)*(uLx)/60;
V2 = (vrz#Bx - vrxeBz)*(uLy)/60;
V3 = (vrxsBy ~ vryeBx)+(ulz)/60;

RR = [(2¢LoRes) (abs(L#(V1 + V2 + V3))) -P];
II = roots(RR);
I = max(II);

I = P/(abs(Le(V1 + V2 + V3)) + (IGuess)*2sLsResn);

»” 22 28 3R 38 I

xddp = (I*L/(M))*(ulLy+*Bz - uLz#By)+3600;
yddp = (IsL/(M))+(uLz+Bx - ulx*Bz)*3600;
zddp = (IsL/(M))e¢(uLx+By - uLy*Bx)*3600;

combining the accels up

e e

£1 = xddg + xddp + xddd; %
£2 = yddg + yddp + yddd; %
£3 = 2ddg + zddp + zddd; %X

the actual function to be integrated

R e 22

d=[ 1(2);
£1;
x(4);
£2;
x(6);
£3 1;
%

AL TN R KRR N RN R KL A AL LA RL LK LR AR AL A ARL KR KRR XL XL AARLLLAXXLALAXLALNLRX LS

0.2  SFP Performance Analysis

Once the configuration of the SFP was established, the vehicle’s orbital transfer
performance was determined. The equations of motion were numerically integrated
using the above programs with a variety of initial conditions and vehicle states. In
each case, the integration was stopped at a final time, 4, of 2 days. This Appendix

contains the plotted data from this performance analysis.

O-7




The majority of the program executions were made with only one initial con-
dition or state varied from an arbitrary standard. This arbitrary standard was used
to ease analysis. The standard initial condition was a 28.5° inclination circular orbit
with an altitude of 300 km. This is the likely inclination for Space Station Freedom.
The altitude is also the approximate ASSET work altitude. This orbit represents
the typical starting conditions for an orbit transfer of the SFP. The worst case state
chosen for analysis was 77 kW of power for propulsion while carrying a external
tank as payload. 77 kW is the maxiimnum amount of sustained power available for
propulsion, and is the expected operating level during most of a transfer. The exter-
nal tank represents the design specification payload, and is expected to be the worst

case for the SFP total mass and drag area.

0.2.1  Baseline SFP Performance Analysis.

0.2.1.1 300 km Altitude Initial Condition.  This program execution
uses the standard initial conditions and vehicle states. It establishes the baseline
performance for the SFP (see Figures O.1 through O.8). The baseline trends are
discussed in Section 6.3.10.4.

(28.5deg |, 300km, 77kw, 2days)

[} 500 1000 1500 2000 2500 3000
time min

Figure Q.1 The SFP rises 21.33 km in 2 days.
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(28.5deg i, 300km, 77w, 2days)

28.505 _—
28.5¢r

28.495¢ 4
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§ 20 ]
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2"‘7‘!’0 soo 1000 15;)0 zooo m 3000
time min

Figure 0.2 The SFP’s inclination decreases 0.024° in 2 days.

x10° (28.5deg i, 300km, 77kw, 2days)
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Figure 0.3 The maximum |Q)| is less than 2 x 1073°.
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<10 (28 5deg i, 300km, 77kw, 2days)

1.15 -
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! I
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0 500 1000 1500 2000 2500 3000

Figure 0.4 The total a, varies between 0.88 x 10™* and 1.16 x 10™*m/s%.

X107 (28.5deg i, 300km, 77w, 2days)

acceleration m/gr2

8.85
0 500 1000 1500 2000 2500 3000
time min

Figure 0.5 The useful a, varies between 8.81 x 1073 and 9.03 x 107 m/s2.
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x10° (28.5deq i, 300km, 77xw, 2days)
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Figure 0.6 The wasted a, varies between 0 and 7.3 x 10~%m/s?.

(28.5deg i, 300km, 77kw, 2days)
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Figure 0.7 The regulated current varies between 50 and 95 A.
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x10° (28.5deg i, 300k, 77iw, 2days)

[} 500 1000 1500 2000 2500 3000
time min

Figure 0.8 The maximum acceleration due to aerodynamic drag, ag, is 1.59 X
1075 m/s2

0.2.1.2 400 km Altitude Initial Condition. = With the vehicle initial
orbit at an altitude of 400 km, a program execution was made to verify the trends
demonstrated in the baseline (see Figures 0.9 through 0.16). During the SFP’s
upward spiral, the vehicle is always close to circular orbit conditions. Therefore, the
400 km circular orbit is a good approximation of the vehicles orbital state at that

altitude. The baseline trends were verified by this run.
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(28.5deg i, 400km, 77kw, 2days)

R
time min
Figure Q0.9 The SFP rises 25.4 km in 2 days; note that the long term climb rate
has increased relative to the baseline conditions.

(28.5deg i, 400km, 77kw, 2days)
28.505 — \a v r

28.48

28475, 500 1000 1500 2000 2500 3000
time min

Figure O.10 The SFP’s inclination decreases 0.024° in 2 days; note that the long
term decrease has remained relatively constant.
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x10° (28.5deg i, 400km, 77iow, 2days)

16t ‘ 1
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208
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0.4}

0.2

o 500 1000 1500 2000 2500 3000
time min

Figure O.11 The maximum || is less than 2 x 1073°; note that the profile is nearly
unchanged relative to the baseline.

<10% (28.5deg i, 400km, 77w, 2days)

acceleration nmvsA2

o
&

0 500 1000 1500 2000 2500 3000
time min

Figure 0.12 The total a, varies between 0.88 x 10~* and 1.16 x 10~*m/s?; note
that the profile is nearly unchanged relative to the baseline.
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x10° (28.5deq i, 400km, 77kw, 2days)
9.1 — . , .

\
8.85
88 - L A s N
0 500 1000 1500 2000 2500 3000

time min

Figure 0.13 The useful a, varies between 8.81 x 10~ and 9.06 x 10~° m/s?; note
that the maximum useful a, has increased slightly.

x10° (28.5deg |, 400km, 77kw, 2days)

accaloragon m/gA2

(2]

0 1000 1500 2000 2500 3000
time min

Figure 0.14 The wasted a, varies between 0 and 7.3 x 10~° m/s? note that the
profile is nearly unchanged relative to the baseline.
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(28.5deg i, 400km, 77kw, 2days)
110 T v —r

0 500 1000 1500 2000 2500 3000
time min

Figure 0.15 The current varies between 53 and 101 A; note that the average current
has increased.

x10° (28.5deg i, 400km, 77kw, 2days)
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Figure 0.16 The maximum acceleration due to aerodynamic drag, a4, is 2.1 X
107¢ m/s?; note that the aerodynamic drag has dropped with altitude.
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0.2.1.3 500 km Altitude Initial Condition.  The trends of the baseline
were further confirmed by starting the SFP at 500 km (see Figures O.17 through 0.23).

Again, the baseline trends were confirmed.

(28.5deg i, 500km, 77kw, 2days)
6910, — v v

0 500 1000 1500 2000 2500 3000
time min

Figure O.17 The SFP rises 28.0 km in 2 days; note that the long term climb rate
has increased relative to the baseline conditions.
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(28.5deg i, 500km, 774w, 2days)

0 500 1000 1500 2000 2500 3000
time min

Figure 0.18 The SFP’s inclination decreases 0.024° in 2 days; note that the long
term decrease has remained relatively constant.

x 10 (28.5deg i, S500km, 77kw, 2days)

0 500 1000 1500 2000 2500 3000
time min

Figure 0.19 The total a, varies between 0.88 x 10~* and 1.16 x 10~*m/s?; note
that the profile is nearly unchanged relative to the baseline.
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<10° (28.5deg i, 500Km, 77iv, 2days)

) 500 1000 1500 2000 2500 3000
time min

Figure 0.20 The useful a, varies between 8.81 x 105 and 9.08 x 10~° m/s?; note
that the maximum useful a, has increased slightly.

x10° (28.5deg i, 500km, 77kw, 2days)
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il

Figure 0.21 The wasted a, varies between 0 and 7.3 x 10~° m/s? note that the
profile is nearly unchanged relative to the baseline.
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(28.5deg i, S00km, 77w, 2days)
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Figure 0.22 The current varies between 55 and 105 A; note that the average current

has continued to increase.

x10'

(28.5deg i, 500km, 774w, 2days)
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The maximum acceleration due to aerodynamic drag, aq, is 2.8 x 10~7 m/s?; note

800 2000 2500 3000
time min

1000

Figure 0.23 |

that the aerodynamic drag has continued to drop with altitude.
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0.2.2  Reduced Power Performance Analysis. The SFP has sufficient
power to perform an orbital transfer while the truss builder and remote manipulators
are in operation, but the power available for propulsion is reduced (see Figures 0.24
through O.28). This analysis was made to determine the SFP’s orbital transfer per-
formance under this condition. The propulsion power was reduced by the combined
peak power load of the truss maker and remote manipulators (9 kW) to 68 kW. The

results are as follows:

{28.5deg i, 300km, 68kw, 2days)

0 500 1000 1500 2000 2500 3000
time min

Figure O.24 The SFP rises 10.0 km in 2 days; with a reduction of only 9 AW, the
long term climb rate is less than half the baseline’s climb rate.
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{28.5deg i, 300km, 68w, 2days)

28.48¢

28475 500 000 1500 2000 2500 3000
time min

Figure 0.25 The SFP’s inclination decreases 0.022° in 2 days; the change is smaller
than the baseline’s inclination change.

x10° (28.5deg i, 300km, 68kw, 2days)

line of nodes deg
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% 500 1000 1500 2000 2500 3000
time min

Figure 0.26 The maximum |Q| is less than 1.68 x 1072°; the change is smaller
than the baseline’s line-of-node change.

0-22




ey
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Figure 0.27 The total a, varies between 7.9 x 10~° and 10.3 x 10~°m/s?; the
average is smaller than the baseline’s average a,.

(28.5deg i, 300km, 88kw, 2days)
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Figure 0.28 The current varies between 45 and 86.3 A.
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0.2.3  No Payload Performance Anclysis.  To determine the best perfor-
mance of the SFP, the external tank payload was removed. Without the external
tank, the vehicle mass is 79,309 kg, and the vehicle drag area is reduced to 1,196 m?2.
The standard initial condition orbit was used, and the full 77 kW applied (see Fig-
ures 0.29 through 0.33).

(28.5deg i, 300km, 77kw, 2days)
8715, —r T T T

8710

0 500 1000 1500 2000 2500 3000
time min

Figure 0.29 The SFP rises 33.4 km in 2 days; this is the SFP’s best climb
performance.
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(28.5deq i, 300km, 77kw, 2days)

0 500 1000 1500 2000 2500 3000
time min

Figure 0.30 The SFP’s inclination decreases 0.034° in 2 days; note the long term
decrease rate has increased.
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x10® (28.5deg i, 300km, 774w, 2days)
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Figure 0.31 The maximum || is less than 2.7 x 1073°, also greater than the
baseline’s.

x10* (28.5deg i, 300km, 77kw, 2days)
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Figure 0.32 The total a, varies between 1.24 x 107* and 1.6 x 107*m/s? a
significant increase from the baseline.
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(28.5deg |, 300km, 77¥w, 2days)
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Figure 0.33 The current varies between 50 and 96 A, essentially the same as
baseline.

0.2.4  Analysis of Inclination Changes on Performance.

0.2.4.1 5° Inclination Orbit. The method used to direct the propul-
sive force, F,, depends on the B being nearly orthogonal to . The angle between
F, and 7 is dependent on the vehicles position and time. Generally, the angle will
be closer to 90° in lower inclination orbits. The inclination of the initial orbit was

changed to 5° to study the effects of inclination on the the SFP’s orbital transfer
(see Figures 0.34 through 0.37).
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(O5deg I, 300km, 77kw, 2days)
6705 : y —~

6700}

0 500 1000 1500 2000 2500 3000
time min

Figure 0.34 The SFP rises 23.3 km in 2 days; note that the SFP’s long term climb
rate is superior at the lower inclination.

(05deg i, 300km, 77kw, 2days)
5.001 T T T —- ——

0 500 1000 1500 2000 2500 3000
time min

Figure 0.35 The SFP’s inclination decreases 0.0048° in 2 days; this is an order of
magnitude less than the baseline.
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(05deg i, 300km, 77kw, 2days)
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time min

Figure 0.36 The maximum |} is less than 0.0105°; this is an order of magnitude
worse than the baseline.

0.4X 10° {05deg i, 300km, 77kw, 2days)
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Figure 0.37 The total a, varies between 9.00 x 10~° and 9.37 x 10~°m/s?, a
smaller variation in acceleration.
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0.2.4.2 15° Inclination Orbit. Continuing the study of the effects
of inclination on the SFP’s orbital transfer, the inclination of the initial orbit was

changed to 15° (see Figures 0.38 through 0.41).

(15deg i, 300km, 77kw, 2days)

(1} 500 1000 1500 2000 2500 3000
time min

Figure 0.38 The SFP rises 23.28 km in 2 days; note that the JFP’s long term
climb rate is superior at the lower inclination.
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0.2.5  Descending Orbit Transfers.  The program was executed to study
the performance of the SFP in transfers from 500 km to lower altitude orbits. A
thrust in the -v direction is achieved by reversing the direction of current flow through
the conductor. In the code, this is implemented by using a “negative” current. The

analysis was made with the vehicle in the ‘no payload’ configuration.
pay g

A run was made with a current of 300 A. Figure 0.42 shows that the SFP can
reach a 300 km altitude in less than 3 days. Figure 0.43 shows that the shielded coil

electrodynamic propulsion system produces power when the vehicle lowers its orbit.
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(15deg i, 300km, 77kw, 2days)

0 500 1000 1500 2000 2500 3000
time min

Figure 0.39 The SFP’s inclination decreases 0.0014° in 2 days; this is an order of
magnitude less than the baseline.

x10° (15deg i, 300km, 77kw, 2days)

4 T —r—

0 500 1000 1500 2000 2500 3000
time min

Figure 0.40 The maximum |§| is less than 3.6 x 1073°; this is roughly double the
baseline max |Q2].
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Figure 0.41 The total a, varies between 8.94 x 107% and 10.00 x 10~3m/s?, a
smaller variation in acceleration.

radius vs time {28.5deg i, -300amp, 3d)

1

0 500 1000 1500 2000 2500 3000 3500 4000 4500
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Figure 0.42 The SFP can drop over 200 km is 3 days when 300 A are allowed to
flow through the main conductor.

0-33




0 500 1000 1500 2000 2500 3000 3500 4000 4500
time min

Figure 0.43 The negative power in this figure shows that the shielded coil electro-

dynamic propulsion system generates power when the vehicle drops in
altitude.
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Appendiz P. Integrated Truss Moments
P.1  Introduction

The integrated truss components are subjected to a variety of moments. The
majority of moments are induced by maneuvering. The control system will be pro-
grammed to inhibit commanded moments that exceed the strength of the truss. The
moments generated by the solar power system, at the ends of the cross integrated
trusses, fall under different considerations. They must rotate at orbit rate to remain
oriented with the sun. An analysis was accomplished to insure the moments due to
the rotating power system’s center of mass not being aligned with the rotation axis
did not exceed the strengths of the cross integrated trusses. The rotation of the solar
power system occurs mostly about the by axis at approximately 1.1335x 10~3 rad/sec

(see Figure P.1).

Some off axes rotations of individual solar power components do occur because
of inclination changes. Like the majority of moments, these rotations are a function
of controlled maneuvering. They will be categorized as commanded moments and

not a part of this analysis.

P.2  Solar Power Component Models

The primary components on one end of a cross integrated truss are also illus-
trated in Figure P.1. They are the concentrator, the power generation assembly, the
ASSET photovoltaic array, and the radiator. The component’s moments of inertia,
I, were modeled by a spherical cap, a cylinder, and two thin plates respectively.
Table P.1 identifies the primary masses, I parameters, and Cartesian distances from
the truss center mounting point, ¢, on the SFP to the center of masses, CM, for

each of the primary components.
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Figure P.1 The solar power system of the SFP on the end of one cross integrated
truss. The primary components are labeled.

Component | Mass, kg | I parameters, m | distance q to CM, m
Concentrator 845.0 | r = 25.0 (sphere) by =155
h = 2.0 (depth) by =-1.5
by = 28.0
Power 2265.0 [ r = 1.0 by = 4.5
Generation h = 4.0 by = -2.2
Assembly by = 28.0
ASSET 2419.0 [ b = 10.3 b, =-8.7
Photovoltaic h=134 i)) = 0.0
Array by = 28.0
Radiator 1471.0 | b = 8.0 by =12.2
h =184 by = 4.0
by = 28.0

direction.
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Table P.1 The specifications for calculating the moment contributions of the pri-
mary solar power components. The concentrator is oriented in the 5




P.8 MATLAB Program

The MATLAB program that follows was used to calculate the moments of
inertia for each of the primary components, rotate their axes to align with the b-axes
(if necessary), and translate their inertias to the point ¢ (52:421-443). The code
finishes with a calculation of the total moments experienced by one cross integrated

truss due to the primary solar component rotating at orbit rate.

Y830 b s b habo by it a b b aahi el ohb b in st bshobesiiintyhiissiashyhincydiaiesatyl

% Moment calculations on one cross truss due to the moments
X of inertia of the solar power system rotating at orbit rate.

¥ Concentrator (modeled as a spherical cap)

mc = 845; % mass
rc = 25; % radius of spherical cap

he = 2; % depth of spherical cap

blc = 15.5; % Cartesian distance form q to CN
b2c = -7.5;

b3c = 28;

thc = .35; X off axis angle in radians

% Rotation matrix for a 20 degree rotation
Cc = [coa(thc) O ~sin(thc);
0 1 (] ;
sin(thc) O cos(thc));
% Homent of inertia about CN
Icmtrx = [(rc - hc./3) 0 0 ;
)] (rc./2 - hc./12) 0 :
0 ] (rc./2 - hc./12));
Icprime = mc .* hc .» Icmtrx;
Ic = Cc? * Icprime # Cc;
skewc = [0 -blc b3c;
blc O -b2c;
~b3c b2c 0];
% Moment of inertia about q
Icq = Ic - mc .* 3kewc * skewc
% Pover Generation Assembly (modeled as a cylinder)
ra = 1; % radius
ha = 4; % height
ma = 2265; % mass
bia = 4.5; % Cartesian distance from q to CH
b2a = -2.2;
b3a = 28;
tha = .61; X% off axis angle in radians

% Rotation matrix for a 35 degree rotation
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Ca = [cos(tha) O -sin(tha);
(4] 1 0 ;
sin(tha) O cos(tha));

% Moment of inertia about CH

lamtrx = {(ra~2./2 + ha"2./86) 0 o
[+] (ra~2./2 + ha"2./2) 0 ;
0 0 ra~2];

Iaprime = ma./2 .¢ Iamtrx;
Ia = Ca ¢ Iaprime » Ca’;

skewa = [0 -bla Db3a;
bla O -bla;
-b3a d2a 0);

% Noment of inertia about g
Iaq = Ia -~ ma .¢ skewa ¢ skeva
ASSET photovoltaic array (modeled as a thin plate)

bp = 10.3; % base

hp = 13.4; % height

mp = 2419; X mass

blp = -8.7; % Cartesian distance from q to CN
b2p = 0;

b3p = 28;

% Moment of inertia about CR

Ipmtrx = [(dp~2 + hp~2) O o ;
0 hp~2 O ;
0 0  bp2];

Ip = mp./12 .¢ Ipmtrx;
skewp = [0 -bip b3p;
bip O -blp;
-b3p b2p 0];
% KHoment of inertia about q
Ipq = Ip - mp .¢ skewp ¢ skewp;
Radiator (modeled as a thin plate)
br = 8; % base
hr = 18.4; % height
mr = 1471; Y% mass
bir = 12.2; X Cartesian distance from q to CN
b2xr = 4;
b3r = 28;

% Moment of inertia about CN

Irmtrx = [hr-2 0 0o ;
0 (br~2 + hr~2) o
0 0 br-2]);

Ir » mr./12 .* Irmtrx;
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skeur = [0 -bir b3r;
bir ¢ -b2r;
-b3r b2r 0];
Irq = Ir - mr . skeur ¢ skewr
X Total moment of inertia about q
Itotq = Icq + Ipq + Iaq + Irq

% Moment calculations

omega = [ 0 ;

.0011335 ;

o 1;
skevomega = [ 0 -omega(3,1) omega(2,1) ;
omega(3,1) 0 -omega(1,1) ;
-omega(2,1) omega(i,1) 0 1;

K = skewomega * Itotq * omega

pYSR 8 s p b A b b R s b bbb by anbha bbbyt aN R bAILNINISISNINSLIANANY)

P.4  Results

The moments experienced by a cross integrated truss due to the orbit rate
rotations of the primary solar power components about the b axes are listed in

Table P.2.

b axis | Moment, N - m
by -0.1956
by -0.7264
bs 0

Table P.2 The moments experienced by a cross intcgrated truss due to the orbit
rate rotations of the primary solar power components about the b axis.
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Appendiz (). Power System Literature Survey
Q.1  Introduction

What follows is an extensive literature search that outlines the available space
power systems. The discussion is not intended to be all encompassing but rather,

give an overview of currently available technologies.

Q.2  Energy Sources

There are only three on-board input sources of energy available to support
spacecraft. They are direct solar energy, stored chemical energy, and nuclear en-
ergy. A possible oft-board solution is beamed power. There is a wide variety of both
static and dynamic energy conversion systems that can be combined with these heat
sources to form an overall space power system. The interrelationships of the energy
sources and conversion systems is illustrated in Figure Q.1 (46:343). Possible static
conversion systems shown in the figure include batteries, fuel cells, photovoltaic,
thermoelectric, and thermionic devices. The dynamic systems consist of either tur-
bine or reciprocating engines coupled to electric generators (17:4.2). The engines
operate on thermal energy derived from the sun, nuclear reactors, isotopes, or the
combustion of chemicals. A review of the choices shown in Figure Q.1 is essential in

determining the electrical power system design for the SFP.

@.2.1 Solar. The most frequently used power system to date has been so-
lar arrays. At the Earth’s orbit, the solar power available is about 1400 W/m? (19:90).
Solar arrays convert the Sun’s energy directly to electrical energy by means of pho-
tovoltaic cells. Planar solar arrays have been powering spacecraft since the 1960’s
and generally come in two types: rigid and flexible. Rigid planar arrays are fabri-
cated on sandwiched panels constructed by bonding two thin face sheets to either

side of a honeycomb core material. Flexible blanket arrays use coated Kapton as the
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Figure Q.1 Energy sources and their associated derivatives available to power the

SFP (46).

substrate (89:158). Most arrays are of the planar variety and were initially silicon
based. Gallium arsenide, GaAs, cells are the current trend with greater power to
weight ratios and increased radiation resistance (23:318-319). All solar cells vary in
thickness, resistivity and purity and as a result vary in efficiency, cost, and output
characteristics. In fact, most solar arrays continue to be custom designed for specific
needs. Disadvartages of solar arrays include the need for sun tracking mechanisms,
large surface areas, and batteries or some other storage device. Storage devices are
required to provide power during eclipse portions of the orbit. Solar arrays also need

replacing during long duration missions (typically every 15 years).

A concentrator array uses either imaging or non-imaging concentrators to pro-
vide a concentration of sunlight on cells. Imaging systems include simple lenses,
Fresnel lenses, reflectors, and parabolic reflectors. Non-imaging systems include
parabolic mirrors operated out of focus, heliostat fields, and compound parabolic
collectors (23:507). Using concentrators results in a smaller array (less than 2/3 of a

planar) thereby providing a considerable drag and mass advantage (46:343). Other
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advantages of concentrator arrays are a superior radiation tolerance (concentrator
optics shield the cells) and a possible early application of advanced cells, such as the
multi-band gap and indium phosphide, InP (27:362). The draw backs of concen-
trators are an increased sun tracking requirement and a lack of compressibility for

launch packaging.

@.2.2  Chemical.  Chemical power systems are a transportable source of
energy where the actual energy is stored in chemical bonds. At their best, chemical
bonds provide just a few electron volts of energy. The sheer mass of chemicals needed
for time periods greater than one day eliminates them from consideration as the sole

source of energy (19:75).

Q.2.3  Nuclear. Obviously there are enormous implications in putting
a nuclear system in space, especially in low earth orbit. A space nuclear power
system must undergo a highly politicized and very uncertain environmental review
and approval process. Completing this process might not even be achievable for a
facility that calls for man * ~nded operations. Operating nuclear systems emit copious
amounts of gamma rays and neutrons. This requires that the system be shielded
to protect humans and equipment. For space applications, achieving low radiation
levels would require an extremely high shield mass — possibly great enough to make
it infeasible (44:219). The system itself must also be shielded from possible meteoroid

damage.

The Systems for Nuclear Auxiliary Power (SNAP) program was initiated in
the late 1950’s to develop compact, lightweight, reliable energy units and electrical
power conversion devices for space, sea, and land use (17:4-8). To date the U.S. has
successfully flown 38 nuclear power systems (37 radioisotope thermoelectric genera-
tors (RTGs) and 1 reactor). These range from the 2.7 W SNAP-3B to the 500 W
SNAP-10A and the 300 W GPHS-RTG (5:23). Current reactor concepts (out-of-core

thermionic, in-core thermionic, thermoelectric, dynamic, etc.) provide no compelling
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reason to choose one over the other at power levels below 40 kW (5:23). It is sug-
gested to use thermoelectrics with a radioisotope heat source below 2 kW and to
us some type of dynamic conversion system (Brayton, Rankine or Stirling) with ra-
dioisotopes from 2-10 kW. The latter suggestion is based on mass considerations
and technological maturity. Nuclear reactors become the lower mass power source
at approximately 10-15 kW. It is thought that for 40 kW and greater, the best
concept near term would be a liquid metal cooled fast reactor with a closed Brayton

cycle.

The advantages of nuclear power systems are: adjustable power levels and
long life operation. The disadvantages include: actual fabrication, launch consider-
ations, a more demanding safety analysis and testing, uncertainties in technological

development, and reentry nuclear safety considerations.

Q.2.4  Beamed Power. Beaming power from the Earth to the spacecraft
represents an external source of energy. There are currently two methods being

pursued, namely microwave and laser.

Q.2.4.1 Microwave. Earth based stations could be built to relay
power via microwave to an orbiting platform (the reverse of the Solar Power Satellite
concept). A vehicle with a microwave receptor (rectenna) area of 50,000 m? could
absorb enough beam energy to convert it to 20 MW of power (11:1239). The receptor
captures the microwave power and converts it to dc power with an overall capture and
conversion efficiency of 85% (11:1243). A 1 kg/kW specific mass for the rectenna —
compared to a 30 kg/kW specific mass nuclear reactor — provides a great reduction
in mass. The major drawback in such a system is that it has only been proposed
for equatorial orbits. Twenty-four or more power stations on the equator would
be necessary to support a 42,000 kg platform in orbit (11:1249). An infeasible

arrangement to propose for powering the SFP.
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Q.2.4.2 Laser. Similar to microwaves, it is possible to beam lasers
from Earth to space. Beamed laser photovoltaic power has three fundamental ad-
vantages: 1) Laser wavelength is 10,000 times shorter than microwaves allowing for
smaller power and receiver apertures. 2) Conversion efficiency of laser photovoltaic
cells can be three to four times greater than solar cells (60% versus 15%) because
the band-gap energy of the semiconductor material can be closely matched to the
photon energy of the laser. And 3) laser cells operating at 800 nm (near infrared
region) can be subjected to more than five times the natural solar energy without
requiring active cooling (67:166). There are other less obvious advantages to laser
beaming. For example, there is an inherent backup of using the laser array to collect
solar energy. However, the technological maturity must be increased — specifically
large aperture optics. There is also the same problem of numerous ground stations

necessary to support a low Earth orbiting vehicle.

It has been suggested that a constellation of 12 satellites in equatorial orbits
ranging from 24,000-32,000 km could relay power to a vehicle in low Earth or-
bit (2:117). This is an infeasible infrastructure undertaking just to support the SFP
(but an undertaking the proposed SFP could assist with). NASA plans currently call

for testing of limited laser power transmission to existing satellites by 1995 (67:95).

).3  Conversion Cycles

A review of the conversion cycles associated with the solar, chemical and nu-
clear heat sources is provided in the foilowing sections. Major components and how

they relate to the heat source are described as well as currently available versions.

Q.3.1 Organic Rankine Cycle. Organic Rankine cycle (ORC) systems
are similar to conventional steam power plants and can be coupled to various heat
sources (isotopes, chemical combusters, solar collectors, or reactors). The major

system components as shown in Figure Q.2 consist of a boiler, turbopump generator,
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Figure Q.2 Typical organic Rankine cycle showing the system components — heat
source, generator, regenerator and radiator (14).

regenerator, and a radiator in addition to the given heat source. Organic working
fluids such as toluene and RC-1 are used instead of steam to achieve high cycle
efficiencies at moderate temperatures. Current efficiencies are from 18-25% with the
main limitations being zero ¢ operation, possible decomposition of organic fluids,

heat source availability, cost, and safety (14:579).

Space Station Freedom studies provided an cmphasis for a solar powered ORC
in the 23-40 kW range (14:582). An additional requirement is a lithium hydrox-
ide, LtOH, thermal energy storage subsystem to provide a heat source during the
eclipse portions of the orbit. Other major issues in the solar dynamic power system
are collector concentration ratio, pointing accuracy, peak and partial load operat-
ing characteristics, receiver aperture optimization, and structural dynamic interac-
tions (14:583). Currently available derivatives include a 3 kW solar dynamic mercury
Rankine cycle from TRW and a 15 kW solar dynamic rubidium Rankine cycle from

Sunstrand Corporation.




An isotope, Pu — 238, powered ORC could be a candidate for a 1-10 kW
output range. A 1.3 kW demonstration model was developed by Sunstrand Corp.
for the Department of Energy (14:579). For operations of greater than 50 kW the
only alternative heat source would be a nuclear reactor. A good base of technology
already exists for these systems (3 kW SNAP2 and the 35-50 kW SNAPS). A 25 kW
ORC with a compact nuclear power source is currently under development by Los
Alamos National Laboratory (LANL) with cycle efficiencies predicted at 30%. LANL
is also working on a 100-300 kW lithium cooled reactor for the SP-100 program.

Q.3.2  Liquid-metal Potassium Rankine Cycle. The liquid-metal potas-
sium Rankine cycle (LMKRC) is similar to an ORC except that potassium is the
working fluid. This allows for high turbine inlet temperatures and a greater heat re-
jection capability (reducing the size of the radiator) (14:605). In the 1960’s, General
Electric and Pratt and Whitney carried out preliminary research and development
on a SNAP-50 300 kW version, but due to a lack of a specific mission and high
temperature corrosion problems, the project was canceled (14:605). Several compa-
nies are conceptualizing designs based upon Strategic Defense Initiatives (SDI). A

nuclear heat source would seem to be the only viable option for continuous power.

Q.3.3  Closed Brayton Cycle. A closed Brayton cycle (CBC) system is
similar to a gas turbine heat engine, but the working fluid is recirculated rather
than emitted as exhaust to the environment (14:585). A CBC system includes a
combined rotating unit (turbine-compressor and alternator), recuperator, radiator,
and gas management system in addition to the heat source (chemical, solar, nuclear
reactor, or isotope). A typical CBC is shown in Figure Q.3. The working fluid can be
any number of gases but for a space application a helium-xenon, He — Xe, mixture

has been found to be satisfactory.

If a CBC uses a solar collector as its heat source than practical size limitations

give a power level of 10-50 kW. Once again, a thermal energy storage for eclipse
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Figure Q.3 Typical closed Brayton cycle showing the system components (14).

periods is necessary. A 35 kW CBC Solar Dynamic system uses latent heat of fusion
of lithium fluoride, LiF, to maintain the cycle turbine inlet temperature (14:587).
Space Station Freedom plans call for a solar dynamic CBC system in Phase II which
has a specific power to weight ratio of 70 kg/kW.

Isotope driven CBCs have demonstrated power levels of 1-10 kW . For contin-
uous power (7-20 years) in the 75 kW range, a fast high temperature reactor would
be the recommended heat source for a CBC. Typical concepts have included the nu-
clear engine for rocket vehicle applications derivative reactor, gas and liquid-metal

cooled compact reactors, and gas cooled particle bed reactors.

Q.3.4  Free-Piston Stirling Engine. Free-Piston Stirling engine (FPSE)
power systems are akin to a closed cycle piston engine with cyclic re-circulation of
the working fluid (14:596). After some initial problems the FPSEs have become a
more attractive candidate for space applications because they weigh less and have a
smaller volume than other cycles. They operate without physical linkages; relying
instead on internal gas pressures to impart the motion to reciprocating elements.

Figure Q.4 illustrates a typical FPSE. Mechanical Technology Inc. has developed a
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RADIATOR

Figure Q.4 Typical free-piston Stirling engine with a solar heat source. It relies

on internal pressures to impart motion to reciprocating elements rather
than physical linkages (14).

12.5 kW FPSE (designated the space power demonstration engine (SPDE)) which

can easily be configured with isotope, solar, or reactor input sources (14:596).

Two SPDEs in a back to back configuration united with a lithium fluoride,
LiF, thermal energy storage subsystem driven by a solar collector can achieve an
output power of 25 kW (14:598). Higher power levels are possible through the use of
multiple systems. This is dependent on the deployability and erectability of multiple
collectors. Mechanical Technologies Inc. and Sunflower Inc. are developing a 25 kW

space Stirling engine that relies on a nuclear source (89:64).

A Pu — 238 isotope heat source is capable of efficiencies in the 28-35% range
when cttached to an SPDE operating at 12.5 kW. For higher power systems (greater
than 50 kW) a reactor heat source is needed to reduce weight. Rockwell International
is studying a 100 kW design that uses sodium potassium, Na K, heat pipe exchangers
connected to five SPDEs (14:598).

Q-9




ALTERNATOR

COMPRESSOR
HEAT - TURBINE
EXCHANGER N\
Y
—3
HEAT SINK
HEAT SOURCE
PUMP v
J r
e
RECUPERATOR

Figure Q.5 Typical supercritical cycle. Components are similar to other cycles but
are operating at higher temperatures and pressures (14).

Q.3.5  Supercritical Cycle. A thermodynamic cycle that avoids many of
the problems associated with the Rankine, Brayton or Stirling cycles is the super-
critical cycle shown in Figure Q.5. So named because it operates in the supercritical
pressure region of the working fluid (that region above the fluids critical temperature
and pressure). In this region the density of the liquid and the vapor at any point
is the same. The problems of boiling and condensing in a zero g environment are
eliminated (14:605). Common working fluids include carbon dioxide, CO,, sulfur
dioxide, SO;, and ammonia, NH;. Since it is a high pressure cycle, it has per-
formance characteristics that are not suitable for power levels below 25 kW . This

generally rules out isotope heat sources but leaves solar and reactor heat sources.

Q.3.6 Thermoelectric Conversion. Thermoelectric conversion (TEC)
cycles have had the most extensive application in space power systems. They are
compatible with all the previously mentioned heat sources but are typically driven

by isotope sources due to reliability considerations. Thermoelectric systems utilize
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the Seebeck effect in a circuit for power generation, and their efficiencies are related

to the Carnot cycle efficiency and material properties (19:117).

The SP-100 will most probably end up as a TEC system. This is due to lower
development risks and the extensive flight experience of TECs. A possible choice
could be the alkali metal thermal to electric conversion (AMTEC), also referred to
as the sodium heat engine, which is a thermally regenerative electrochemical device
for direct thermal to electric conversion. AMTEC has a specific power to weight

ratio of 18 W/kg and an efficiency of 20% (14:159).

Q.3.7 Thermionic Conversion. Thermionic conversion is based on the
use of a vacuum diode utilizing a temperature difference and employing electrons as
the working fluid (19:118). Similar to TECs it is subject to Carnot cycle efficiency
limitations (generally the maximum temperature of the source and sink). Essentially
the electrons are given off at a heated emitter (cathode) and collector (anode) then
pass through the external load back to the emitter. A thermionic device is shown
in Figure Q.6. Thermionic systems connected to nuclear reactors have received the
most attention, and there are two basic approaches to such systems: in-core or
out-of-core. The Soviet TOPAZ reactor is an in-core version and can reportedly
deliver 6-10 kW (5:24). GA technologies is currently studying a space thermionic
auxiliary reactor for SP-100 applications. So far producing a reliable, long life, in-

core, thermionic fuel element has been elusive for the United States (5:24).

Q.4  Fnergy Storage

In using solar energy, a form of energy storage is necessary because all low
inclination orbits have eclipse periods. Also, inherent to electrodynamic propulsion
systems, there is the possibility of reversing the current and generating power. If it
is chosen to store energy from these sources, an energy storage device is necessary.

An illustration of all energy storage methods for the space environment is provided
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Figure Q.6 A thermionic conversion unit. Electrons are given off at the emitter
(cathode) and collector (anode) and then pass through the external
load back to the emitter (14).

in Figure Q.7. A review of the most promising energy storage devices —rechargeable

batteries and reversible fuel cells (46:343) — is provided in the following sections.

Q-4.1  Batteries. A battery converts the chemical energy contained in its
active materials into electrical energy through an electrochemical oxidation-reduction
reaction. Nickel-cadmium, NiCd, batteries are the industry’s current standard for
energy storage. They are relatively heavy but can be recharged over many cycles.
Lifetime is a complicated function of operating temperature, depth of discharge
(DCD), charge and discharge rates, overcharge, number of cycles, recycling strategy,

and a variety of other factors.

Battery sizing is determined by the voltage desired (the number in series) and
by energy storage requirements in apmere- hours, A- H, capacity. A-H requirements
are determined by the load, eclipse time, and chosen DOD. The number of cycles is

determined by the mission time and the number of orbits per day.
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Figure Q.7 Typical energy storage devices available for use on the SFP (46).

Batteries may be deeply discharged to save on the weight of additional bat-
teries. Life cycle trade studies indicate that low temperature, 0°C, operation with
moderate (20-30%) DOD and higher than minimum initial battery weight is the best
system approach. Batteries must be charged under controlled conditions so that the
charge rate is not too high and overcharge does not occur. Charge and discharge

cycles result in a net inefficiency and in the production of waste heat.

Nickel-hydrogen, NiH;, is the more recent battery technology. It has a slightly
higher DOD than NiCd and can tolerate over-charging better. For example, N:H,
batteries at 40% DOD have lasted greater than 18,000 cycles while NiCd batteries
at 25% DOD last between 14,000-15,000 cycles (46:135). NiH, batteries are 15%
lighter but are 40% larger in volume than NiCd batteries

Current research is being done on a high energy density rechargeable battery
(HEDRB) with a goal of a 110 W—“‘,;—hm‘—’ battery with a 10 year life (14:572). Two
technologies have been identified to meet this goal, lithium iron di-sulfide, L:FeS,,
and sodium sulfur, NaS. The HEDRB could reduce battery weight by 80% compared
to NiCd batteries and 60% compared to NiH, batteries (14:572). These batteries are
also projected to have greater DOD — 75% for NaS and 40-80% for Li FeS, (14:579).

Q.4.2  Reversible Fuel Cell.  The operation of a fuel cell is similar to a bat-

tery except that one or both of the reactants are not permanently contained in the
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electrochemical cell but are fed to it from an external source when power is desired.
Reversible fuel cell (RFC) systems convert hydrogen fuel and an oxidizer, O,, into
electrical energy and water during the eclipse portion of the orbit. An electrolysis
unit is used to electrolyze the water (using electrical energy from the source) back
into H; and O, during sunlight. This is obviously an inefficient process and has not
been perfected yet. Lifetime of the system is a function of operating temperature;
pressure; and the reliability of the necessary pumps, compressors, valves, and regu-
lators. Recent work has dealt with proton membrane exchange RFCs to meet long

life applications for the lunar surface or Mars.
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