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Abstract

Structurally connected and multiple spacecraft interferometers are compared in an

attempt to establish the maximum baseline (referred to as the "cross-over baseline")

for which it is preferable to operate a single-structure interferometer in space rather

than an interferometer composed of numerous, smaller spacecraft. This comparison

is made using the total launched mass of each configuration as the comparison metric.

A framework of stud)" within which structurally connected and multiple spacecraft

interferometers can be compared is presented in block diagram form. This methodol-

ogy is then applied to twenty-two different combinations of trade space parameters to

investigate the effects of different orbits, orientations, truss materials, propellants, at-

titude control actuators, onboard disturbance sources, and performance requirements

on the cross-over baseline. Rotating interferometers and the potential advantages of

adding active structural control to the connected truss of the structurally connected

interferometer are also examined.

The minimum mass design of the structurally connected interferometer that meets

all performance requirements and satisfies all imposed constraints is determined as a

function of baseline. This minimum mass design is then compared to the design of

the muhiple spacecraft interferometer.

It is discovered that the design of the minimum mass structurally connected in-

terferometer that meets all performance requirements and constraints in solar orbit is

limited by the minimum allowable aspect ratio, areal density, and gage of the struts.

In the formulation of the problem used in this stud)', there is no advantage to adding

active structural control to the truss for interferometers in solar orbit.

The cross-over baseline for missions of practical duration (ranging from one week

to thirty )'ears) in solar orbit is approximately 400 m for non-rotating interferometers

and 650 m for rotating interferometers.
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Chapter 1

Introduction

1.1 Motivation and Objective

NASA and the scientific community have recently been attempting to determine the

direction of future space astronomy and astrophysics research. In May of 1996, NASA

created the Origins Program [1], whose purpose is to help in answering fundamental

questions regarding the origins of life and the universe:

(i) \Vhere did galaxies, stars and planets come from?

(ii) Are there worlds like the Earth around nearby stars? If so, are the}, habitable

and is life as we know it present there?

(iii) What is the origin of the universe?

These questions are very interesting both scientifically and philosophically and

one way to attempt to solve them is to obtain direct observational evidence. Very

young, and hence, very distant, galaxies can be observed in an attempt to determine

how the},, and the stars of which the}' are composed, were formed. Earth-like planets

can be searched for by direct observation of nearby stars.

There are two decisions that must be made when determining how to make these

observations. The first is the location of the observing instrument, whether it is to

be located on Earth or in space, and the second is the type of instrument, whether it
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will be asingle, large aperturetelescopeor a multiple aperture interferometer. These

decisions are not necessarily independent of each other.

Earth-based observatories suffer from image degradation caused by the atmo-

sphere. This degradation includes both distortion caused by refraction and the ab-

sorption of certain wavelengths. Earth-based infrared observatories additionally suffer

from the large amount of infrared noise caused by thermal emissions. (Observations

of very young galaxies must be done in the infrared because of the red-shift of their

spectra caused by their high rate of apparent recession from the Earth.)

In order to be able to observe very faint objects, such as distant galaxies, large

light collecting areas are desired. Large collecting areas are also desired for high

angular resolution which in turn leads to more accurate astrometric measurements

(such as position) and higher resolution image capability. Unfortunately, there are

practical limits to the size of an aperture that can be launched into space.

One solution to this problem is to use an interferometer with multiple smaller

apertures. The angular resolution is then dependent upon the separation distance of

tile apertures, which is also called the baseline. Greater resolution can be obtained

by longer baselines and images can be taken by rotating the interferometer to fill in

the image plane. The basic operating principles of interferometers are discussed in

Section 1.3.

Three different groups have convened in the past five years in an attempt to

determine the future needs of astronomy and astrophysics research. The Hubble

Space Telescope (HST) and Beyond Committee was formed to examine the future

of space-based astronomy [2]. The Space Interferometry Science Working Group

(SISWG) [3] was formed in response to the recommendation of the Bahcall Report [4]

for an Astrometric Interferometry Mission (AIM) which would accurately measure the

positions of astronomical objects to within a few millionths of an arcsecond. Finally,

the third group was charged with establishing a plan for the future Exploration of

Neighboring Planetary Systems (ExNPS) [5]. The Origins Program was created in

response to these three committees in an attempt to integrate their recommendations.
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Each of thesestudies recommendedthe future developmentof large infrared in-

terferometers. Even though there is much science that can and should be done by

large ground-based telescopes and interferometers, the atmospheric and background

noise effects limit their performance to well below that required for Earth-size planet

detection. Furthermore, even a space-based observatory will require a baseline on the

order of tens to hundreds of meters to detect Earth-sized planets, which is well beyond

the practical size limit (around 10 m) of a single-aperture space-based telescope.

The one question that hasn't been answered is whether or not it is "better" to

launch and operate an interferometer that is composed of one large, connected struc-

ture or an interferometer that is composed of many individual spacecraft that are

flown in formation.

Finally, there exists the option of having no metering [connecting] struc-

ture at all [for the interferometer]. For some baseline greater than 75 m,

it will become cheaper to operate each telescope as an independent space-

craft flying in precise formation to produce the desired array configuration.

Detailed studies will be required to establish the cross-over baseline length

at which a multi-spacecraft design becomes more cost effective than a de-

ployed or inflatable approach. 1

It is the objective of this research to establish a .framework within which such

a study can be undertaken and to provide a preliminary estimate of this cross-over

baseline.

1.2 Future and Proposed Missions

Before discussing the approach taken by this study in order to achieve the above

objectives, the three proposed second generation missions of the Origins program

will be presented. These missions will be referenced throughout this document.

1C.A. Beichman, ed., A Road Map ]or the Exploration o] Neighboring Planetary Systems
(ExNPS), (Pasadena, CA: Jet Propulsion Laboratory, 1996), p. 6-3.
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More information on the Origins Program can be found at the Origins web page

http://www.hq.nasa.gov/offlce/oss/origins/Origins.html

The Space Interferometry Mission (SIM) [3] was proposed by SISWG to fulfill

the Bahcall report's recommendation that an interferometer be launched that could

measure the position of 20 th magnitude objects to within 3-30 micro-arcseconds. SIM

is a connected Michelson interferometer with a baseline of 10 m and seven 30cm

apertures. It is to be launched into a 900 km Sun-synchronous orbit. SIM's resolution

will also allow it to detect Uranus-sized planets in orbit about nearby stars.

The Next Generation Space Telescope (NGST) was recommended by the HST and

Beyond committee as a follow-up to HST and its objective is to study the origin of

galaxies and the early universe. NGST is proposed to be a deployable, single aperture

telescope operating in the near infrared range (0.5-20 pm wavelengths). It will have

a diameter of 8 m and be launched into a halo orbit about the L2 Lagrange point of

the Sun-Earth system.

The third mission was proposed by the ExNPS team and is called Planet Finder

(PF). The objective of Planet Finder is to detect the presence of Earth-like planets

around the nearest 1000 stars and to determine if they are capable of supporting life

as we know it. The proposed configuration of PF consists of a structurally connected

Michelson, nulling interferometer with four 1.5 apertures and a baseline of 100m.

The interferometer will operate in the infrared range of wavelengths and will be

operated in an orbit 5 astronomical units (AU) from the Sun in order to minimize

the background noise associated with the zodiacal dust cloud.

Numerous additional missions have been proposed to demonstrate the technologies

necessary for the above three missions to be successful. Optical interferometers have

been successfully tested on Earth [6] but none have been tested in space. A mission

demonstrating the technologies necessary to operate a space-based interferometer,

such as active vibration control, is planned and one proposal for this flight is the

Jet Propulsion Laboratory's Interferometric Stellar Imaging System (ISIS), a shuttle-

based interferometry experiment [7].

Two freeflying interferometers have been proposed to NASA. The New Millen-
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nium Interferometer (NMI) [8] is planned as the third Deep Spacemission of the

New Millennium program and will demonstrateautonomousformation flying of three

spacecraftand the ability to perform interferometry with thesespacecraft.The Mul-

tiple Spacecraft Interferometer Constellation (MUSIC) [9] is another JPL concept

to demonstratethe feasibility of operating a long baseline(1-100km) interferometer

composedof numerous(sixteen) freeflyers.

Studieshavebeenperformedfor eachof the aforementionedmissionsto determine

their most feasibledesign. Thesestudies, however,have always assumeda priori

the type of interferometer to be designed(structurally connectedversus multiple

spacecraft)and then optimized that designto bestdemonstratethe new technologies.

No stud)' has been conducted that attempts to determine, in general, under what

conditions a structurally connectedinterferometer (SCI) is preferableovera multiple

spacecraftinterferometer (MSI).

1.3 Introduction to Stellar Interferometry

This section briefly outlines the operating principles of an interferometer used for

astrometry and astronometric imaging and reviews the advantages of a space-based

interferometer (from Colavita [10]). Shao and Colavita [11] provide a more detailed

history and explanation of optical stellar interferometry, both ground- and space-

based. They also provide an extensive list of references for more information.

Figure 1-1 shows the basic operation of a Michelson interferometer. The interfer-

ometer combines the light from two different apertures separated by a distance, L,

equal to the baseline. The incoming light is collected by two mirrors called siderostats

and is then reflected off a series of smaller mirrors until it is finally passed through

a beam splitter and the light is interfered on the detector. The interference of the

two beams creates a series of fringes on the detector. Two detectors are shown in the

diagram.

In order for high-quality measurements to be taken, the instrument must combine

light from the same wavefront. This requires that the optical path lengths of the
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Figure 1-1: Operation of a Stellar Michelson Interferometer

two legs of the interferometer be equal to within fractions of a wavelength, typically

to within A/10, where ), is the wavelength of observation. The optical path length

difference (OPD) is controlled by moving an optical delay line (ODL) in one of the

legs.

The are two additional requirements of interferometers for measurements to be

accurate -- minimal beam overlap difference (BOD) and wavefront tilt (WFT). There

must be a large percentage of overlap of the two beams on the detector and the two

beams must not be tilted relative to one another at the detector. The BOD and

WFT are controlled by the operation of fast steering mirrors (FSM) in the two optical

paths. The ability to maintain the OPD, BOD, and WFT to the required levels in

the presence of various sources of disturbance vibration is the major challenge in

interferometer operation.

The use of an interferometer to perform astrometry, the measurement of position

and velocity of celestial bodies, is illustrated in Figure 1-2. Astrometry is performed
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Figure 1-2: Astrometry Performed by a Michelson Interferometer

by measuring the difference in ODL position required to capture fringes on two dif-

ferent stars. The extra delay is a measure of the angle between the two stars. The

longer the baseline, the smaller the angle between the two stars that can be measured,

i.e. the greater the angular resolution. Changes in the apparent position or velocity

of a star over time may indicate the presence of one or more orbiting planets.

The imaging process is shown pictorially in Figure 1-3, modified from [10]. An

interferometer measures the Fourier transform of the object. For each orientation

of the interferometer baseline, two points in the image plane (also called the uv-

plane) are measured because of symmetry. The uv-plane can be filled in by taking

measurements at many different baselines and the image can then be recreated by

taking the inverse Fourier transform of the uv-plane.

In order to detect planets, spatial resolutions on the order of 0.038 arcseconds

are required [5]. This requires a baseline on the order of 40-90m for near-infrared
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observations at wavelengths of 7-17 pm. This required baseline is beyond the practical

size of an orbiting, single aperture telescope. Furthermore, even though larger Earth-

based telescopes can be constructed, the atmospheric degradation and the background

noise level prohibit them from achieving the necessary resolution. Only a space-based

interferometer can achieve the level of performance required for the Origins Program.

There are two possible configurations for orbiting interferometers, as shown in

Figure 1-4. The interferometer can either be composed of one large structure with

the collecting optics located at opposite ends of a connecting truss and the combining

optics contained within the central portion of the spacecraft, or the interferometer can

be composed of individual freeflyer spacecraft flying in formation with the collecting

and combining optics located on separate spacecraft. For this work, the "collecting

optics" refers to the siderostats and the "combining optics" refers to all other opti-

cal components, including the fast steering mirrors, the optical delay line, and the

detectors. See Figure 1-5.

There are advantages and disadvantages to each of these configurations. The

connecting structure of the structurally connected interferometer (SCI)provides a

passive means of maintaining the baseline to some accuracy, on the order of centime-

ters. However, this same structure that provides knowledge of the baseline distance

also allows the propagation of vibration disturbances between the collecting and com-

bining optics. Furthermore, the structure itself exhibits flexibility and responds to

vibration disturbances.

These disturbances must either be isolated from tile optics or rejected by some
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combination of structural and/or optical control. Structural control is performed

by placing actuators on the structure itself while optical control is provided by the

optical delay line and the fast steering mirrors. Considerable work has been done in

this area, including that done by Hyde [12], Spanos et. al. [13] and the work done

on the Middeck Active Control Experiment (MACE) by MIT's Space Engineering

Research Center [14]. An exhaustive list of references on this topic is provided by

Hyde [12].

The main advantage of a multiple spacecraft interferometer is the possibility of

longer baselines, potentially on the order of thousands of kilometers. The major

disadvantage is this baseline must be actively maintained over the period of time re-

quired to make the desired measurement, which requires verb, precise formation flying

accurate to within centimeters. Preliminary technological requirements of formation

flying are presented in the preliminary designs of NMI [8] and MUSIC [9].

A third possible configuration that is not addressed in this work is the construction

of an interferometer on the Moon. The Moon has the benefits of being a large,

stable platform for the observing optics and of not having an atmosphere to degrade

observations. However, the European Space Agency recently conducted a study [15]

that compared a free-flyer interferometer with a Moon-based one and concluded, for

a variety of reasons, that the free-flyer version was preferred as a near term mission.

1.4 Approach

As mentioned above, the primary objectives of this work are:

(i) to establish a framework of study within which a comparison of structurally

connected and multiple spacecraft interferometers can be made; and

(ii) to make a preliminary estimate of the cross-over baseline, for a variety of oper-

ating parameters, beyond which it is preferable to operate a multiple spacecraft

interferometer.

(iii) to investigate the advantages of adding active structural control to the SCI.
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The calculation of the cross-over baseline is performed for a variety of operating pa-

rameters -- such as orbit, truss material, propellant, performance requirement etc.

-- in an attempt to bound the range and to determine the effect of each parameter on

the cross-over baseline. This calculation requires the identification of the design pa-

rameters that constrain the designs of the SCI and MSI. Future research in those areas

could enable the use of a particular configuration under a wider range of operating

conditions.

The potential trade space of the problem is immense, so simpli_,ing assumptions

are made to make the problem tractable. Figure 1-6 illustrates the assumed configu-

rations of the structurally connected and multiple spacecraft interferometers used in

this study.
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The first and most important assumption is that a comparison of structurally

connectedand multiple spacecraftinterferometerscan be made without a detailed

analysis of the optical subsystems. It is assumed that if the absolute positions of

the collecting and combining optics are maintained within a specified range, on the

order of centimeters, then the optical control subsystem alone will be able to reduce

the remaining OPD to the distance required, on the order of tens to hundreds of

nanometers (corresponding to a gain of 100-120dB), and to control the WFT and

BOD to the required levels.

The second assumption is that the problem can be analyzed in two dimensions

instead of three. All motion of the interferometers is constrained to lie within the YZ-

plane of the global XYZ coordinate system. The axes are centered on the combiner

optics with the X-axis along the line-of-sight of the interferometer which is out of the

plane of the page, the Y-axis parallel to the baseline, and the Z-axis completing the

right-handed coordinate system. Local xyz-axes are centered on the collector optics

and are parallel to the global XYZ-axes.

Furthermore, only linear interferometers composed of two sets of collecting op-

tics are analyzed. In reality, a structurally connected interferometer would probably

consist of numerous collectors arranged along the structurally connecting member,

as is the baseline design for SIM [3]. This interferometer would then only need to

be rotated through 180 degrees to fill in the uv-plane. Similarly, a multiple space-

craft interferometer would probably consist of numerous spacecraft arranged along a

circle so that minimal translation of each spacecraft would be required to fill in the

_v-plane. (See the designs for MUSIC [9] or the interferometer studied by ESA [15].)

As a first attempt at determining the cross-over baseline, it is believed that it is not

necessary to model these more complex interferometer designs.

The final assumption is that a fair comparison of SCI's and MSI's can be made

based on mass rather than the explicit calculation of cost or complexity. This allows

a comparison of SCI's and MSI's to be made without requiring detailed models of the

interferometers, which are not available at this early stage of decision-making. This

assumption is further discussed in Chapter 2.
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1.5 Outline

The cross-over baseline is calculated by first determining the minimum mass design

of the structurally connected interferometer that meets all performance requirements

and imposed constraints and then comparing this design with that of the multiple

spacecraft interferometer. This process is described in the following chapters.

This report can be divided into three parts -- the methodology used, the modeling

of the trade space, and the comparison of the modeled interferometers.

Chapter 2 describes the methodology used in this work to make comparisons

between structurally connected and multiple spacecraft interferometers. The formu-

lation of the problem in block diagram form is presented, as well as the examined

trade space and the imposed constraints. The presentation of the methodology in

block diagram form makes it very easy for future investigators to input different as-

sumptions, constraints, and models. In the end, it may be this methodology which is

the greatest contribution of this work.

Chapters 3 and 4 describe the modeling of the trade space. Chapter 3 presents

the modeling of the performance and operational scenario of the interferometers as

well as the modeling of the interferometers themselves.

Chapter 4 describes the modeling of both the external environmental disturbances

that affect the attitude of the interferometer and the onboard disturbances that might

affect the interferometer's performance. All assumptions that are made in these

modeling steps are also presented.

Chapters 5 and 6 present the comparisons of the modeled interferometers for 22

different combinations of trade space parameters. Each combination is referred to as a

separate case. The reference case to which the results of all other cases are compared

is described in Chapter 2.

Chapter 5 describes in detail the process of designing the minimum mass struc-

turally connected interferometer that meets all performance requirements and con-

straints for the reference case. This minimum mass SCI design is then compared to

the design of the multiple spacecraft interferometer.
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Chapter 6 presentsthe comparisonsof the SCI and MSI designs for the remaining

21 cases and explains the differences between these results and the results of the

reference case.

Finally, Chapter 7 summarizes the results of this study and presents those areas

where future research can be performed to determine a more accurate estimate of the

cross-over baseline beyond which multiple spacecraft interferometers are preferred

over structurally connected interferometers.
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Chapter 2

Methodology

The first purpose of this work is to establish a framework of study within which

structurally connected and multiple spacecraft interferometers can be compared. The

second purpose is to then perform actual comparisons within this framework. This

chapter addresses the first purpose, establishing the framework.

In order to determine whether it is "better" to build and operate a structurally

connected interferometer (SCI) instead of a multiple spacecraft interferometer (MSI),

it is first necessary to select a metric upon which the comparisons will be made.

The next step is to specify the trade space over which the study will be conducted.

The trade space consists of those parameters that will be varied to determine under

what operating conditions SCI's are preferable over MSI's and to what extent struc-

tural control is beneficial. To maintain a sense of realism in the trade space, it is

also necessary to identify and impose constraints on various parameters, such as total

mass and component size.

After the selection of the comparison metric, trade space, and constraints, the

process of calculating the metric must be identified and applied. This methodology

specifies the areas that need to be modeled and their interactions.

The framework of study consists of the above four steps -- the selection of a

metric, the specification of the trade space, the identification of constraints, and

the formulation of the methodology. The first three are specific to this particular

stud)' but it is believed that the methodology formulated is general to the problem
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of designingspaceinterferometers. Different metrics, trade space,constraints, and

modelsof componentscanbe usedwith the methodologs,presentedwhich potentially

makesit extremely beneficial to the spaceinterferometry community.

Section2.1 discussesthe selectionand presentationsof a comparisonmetric. Sec-

tion 2.2 describes the trade space of the study, while the imposed constraints are

described in Section 2.3. Finally, Section 2.4 formally presents the methodology and

the areas that require modeling.

2.1 Comparison Metric

2.1.1 Metric

When selecting the configuration for an experiment to be launched into space, many

times the decision is made based on cost. The configuration that achieves the same

level of performance at the lowest cost is commonly chosen. It is noted that to first

order for many space payloads, the cost is proportional to the total mass launched.

Therefore, it is natural to look at the mass launched as the comparison metric in

order to avoid the length)' and detailed cost analysis.

The mass launched is a function of both the size of the interferometer and the

mission duration. The size determines the dry mass of the interferometer while the

mission duration determines the propellant mass. For this study, the total mass

launched is calculated by adding the dr)' mass to the product of the average propellant

mass rate with the mission duration.

The dry mass of the structurally connected interferometer consists of the mass

of the connecting truss and the dry mass of all other subsystems, including optical,

attitude determination and control, electrical, thermal, other structural, etc. Hence,

the total SCI mass is

Fl'tsc i --- Tno,sc i + TI2 t "4- ¥12sci_rn (2.1)

where mt is the truss mass, mo,sc, is the dr), mass of all other subsystems, Thsc, is the
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averagepropellant massrate and tm is the mission duration. The truss mass and aver-

age propellant mass rate are both calculated properties and vary with interferometer

size. The dry mass of the other subsystems is an assumed quantity based on esti-

mates for planned missions and does not scale with size. Inherent in this approach

is the assumption that the variation with baseline of the mass of the components

of the other subsystems identified above (optical, electrical, thermal, etc.) is small

compared to the variation of the mass of the truss.

The total mass of the multiple spacecraft interferometer is calculated in a similar

fashion.

rams i = md,msi -_ Yt_msiT_m (2.2)

In Equation 2.2, md,msi is the sum of the assumed dry masses of the three or more

freeflyers and rhm_i is the sum of the calculated average propellant mass rates for all

of the maneuvering spacecraft. The dry masses are based on estimates for planned

missions and do not scale with baseline.

Laskin [16] identifies a potential problem with using mass as the comparison met-

ric. He points out that interferometers tend to be very light for their size and com-

plexity and may not conform well to accepted notions of mass equating to dollars.

The added cost of the connecting truss of an SCI may be small compared to the cost

of the additional attitude control equipment required on each of the freefiyers, even

if the masses are equal. The fear is that a mass comparison may unfairly penalize

SCI's.

It is beyond the scope of this study to fully address this problem, since to do so

requires a detailed cost analysis. This study does, however, include the additional

mass of the attitude control equipment required by assuming that rnd,rnsi is greater

than rno,sci. This does not address the cost issue but does make the mass comparison

more realistic. One way to potentially address the cost problem without explicitly

performing the cost analysis is to add non-physical penalty mass to md,msi to represent

the additional cost of the attitude control equipment. This is not done in this study.
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Thus, the comparisonmetric of this study is the total launchedmass. (The to-

tal launchedmassis also referred to as the wet massof the interferometer.) The

minimum massof eachconfiguration (MSI and SCI, the latter both structurally ac-

tive and passive)necessaryto meet the performancerequirement,subject to various

constraints to maintain realizability, is compared.(As discussedin the first chapter,

the performancerequirement is that the interferometerdesignbe able to constrain

the absolutedisplacementof the collecting optics to a specified level under all dis-

turbances present.) The next section describesthe presentation of the comparison

metric.

2.1.2 Critical Time Plots

Examination of Equations 2.1 and 2.2 reveals that given the dry masses and average

propellant mass rates of the two configurations, there is at most one mission duration

for which the total wet masses are equal.

tcri, = mo,,_i + mt - mel,msi (2.3)
?J2msi -- #lsci

This mission duration will be referred to as the "critical time" throughout this work.

For the various operating conditions examined in this study, the critical time is the

maximum mission duration for which it is preferable to use an interferometer com-

posed of multiple spacecraft. For missions shorter than the critical time, the total

wet mass of an MSI is less than the wet mass of an SCI, so MSI's are preferable.

Alternatively, for missions longer than the critical time, a structurally connected in-

terferometer is desirable.

This interpretation of the critical time allows the different interferometer config-

urations to be compared without the explicit calculation of the total launched mass.

This is beneficial because only one plot is necessary for a given set of operating

conditions to identify" the range of baselines and mission durations for which one con-

figuration is preferred over the other. The dry masses and average propellant mass

rates can be calculated as functions of interferometer baseline only, so the critical
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time is also only a function of baseline. Instead of a seriesof plots, one for each

baseline,showingthe total massof the SCI and MSI configurationsas a function of

missionduration, only oneplot showingthe critical time asa function of baselineand

the aboveinterpretation is neededto comparestructurally connectedand multiple

spacecraftinterferometers. The critical time is an "indicator" of the total launched

massmetric.

Theendproduct of this study isa plot of critical time versusbaseline.As discussed

in Chapter 1, the baseline is the distance between the two sets of collector optics and

ranges between 10 and 1000 meters. Critical time plots are generated for both passive

and active structurally connected interferometers. In this way, direct comparisons can

be made between freeflyers and passive structurally connected interferometers as well

as between freeflyers and actively controlled SCI's. Comparing the two critical time

plots then allows indirect comparison of passive and active SCI's. Figures 2-1 through

2-3 are sample plots of dry mass, average propellant mass rate, and critical time versus

baseline, respectively.

In Figure 2-1, the solid line is a plot of dry SCI mass required to meet the perfor-

mance specification and all constraints. The dashed line is the dry MSI mass required

to meet the same specifications. An important distance is the distance where the dry

masses are equal, which occurs at 127m as shown by the vertical dotted line. This

distance will be referred to as the "equal dry mass" point throughout this work.

Similarly, in Figure 2-2, the solid line is a plot of average SCI propellant mass

rate necessary to meet the requirements while the dashed line is the plot of average

MSI propellant mass rate. An important distance is the distance at which the average

propellant mass rates are equal, which occurs at 343 m as shown by the vertical dotted

line. Similar to the equal dry mass point, this distance will be referred to as the "equal

mass rate" point.

Performing the calculation in Equation 2.3 generates Figure 2-3, the plot of critical

time versus baseline. The line extends from zero at the equal dr)' mass point to infinity

at the equal mass rate point. The shaded area is the range of mission times for which

the freeflyer configuration is better than the structurally connected configuration
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based on the mass launched metric and subject to the constraints imposed.

For baselines shorter than the equal dr)' mass point, a structurally connected in-

terferometer is ahvays optimal. This is because both the dry mass and the average

propellant mass rate of the SCI are less than the corresponding MSI values. The

structurally connected interferometer is initially less massive and consumes less fuel

than the multiple spacecraft interferometer at every time instant so regardless of mis-

sion duration, the SCI will be optimal. Similarly, for distances above the equal mass

rate point, a multiple spacecraft interferometer is always optimal because it is initially

less massive and consumes less fuel than the structurally connected interferometer.

For baselines between the equal dr)" mass and equal mass rate points, there is a

finite mission duration for which the launched mass of an SCI equals the launched

mass of an MSI. Even though the SCI has greater dry mass, it requires less propellant

so eventually the MSI savings in dry mass are offset by the increase in propellant mass.

It is in this range of baseline lengths that it is necessary to know the intended mission
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duration in order to beable to determinewhich configuration is best.

Figure 2-3 is typical of the shape of all critical time plots in this study. The actual

values of the equal dry mass and equal mass rate points may vary but it is only

between these two points that there exists a critical time plot. Table 2.1 summarizes

the properties of the equal dry mass and equal mass rate points and assigns each a

number that is used in Figure 2-5, the methodolog)' block diagram.

Table 2.1: Important Critical Time Plot Parameters

]NO.

M1

M2

Parameter Description

Equal Dry Distance where MSI and SCI dry masses are equal

Mass Point Below this baseline distance, SCI always better

Equal Mass Distance where MSI and SCI propellant mass rates are equal

Rate Point Above this baseline distance, MSI always better

2.2 Description of Trade Space

After determining the comparison metric, it is necessary to select the set of design

parameters of interest to determine the sensitivity of the critical time. These param-

eters make up the trade space of the study. Table 2.2 lists those parameters that were

varied in this work to determine their effects on the critical time. The baseline design

value against which other variations is compared is in boldface type. Recall that

the critical time plot compares an MSI configuration with an SCI configuration and

that critical time plots are generated for both passive and active SCI's. Consequently,

these trades are not explicitly listed in the trade space.

The number beside each entry is used to identify the variable parameters in the

methodology block diagram, Figure 2-5. A brief description of each entry in Ta-

ble 2.2 follows. More detailed descriptions and the actual values associated with each

parameter can be found in Chapters 3 and 4.

(T1) Operational Scenario: Both rotating and non-rotating interferometers are stud-

ied. The rotating interferometers rotate at a constant rate while image-taking
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Table 2.2: Trade Space

"Irade Parameter Options

T1 Operational Scenario Rotating (RPM scales with size)

Stationary- 5 °, 15 ¢, 45 °, 75 °, 85 °

T2 Orbit LEO, GEO, 1 AU, 5.2AU

T3 Truss Material G/E, A1

T4 Propellant GN2, N2H,, PPT

T5 Attitude Control Thrusters, RWA

T6 Thruster Location Tip, Central S/C

T7 Onboard Disturbances Thruster, RWA, ODL, Thermal Snap

T8 Deadband (Amp.) 0.225 cm, 0.450cm, 2.250cm

T9 Performance (Amp.) 0.25cm, 0.50cm, 2.50cm

and this rate scales with interferometer size. The non-rotating interferometers

hold a constant orientation relative to the body about which they orbit. Five

different orientations are studied: 5°, 15°_ 45 °, 75 ° and 85 °. See Section 3.2.2,

for a detailed description of these orientations.

(T2) Orbit: Four different orbits for the interferometers are studied:

(i) 300 km Low Earth Orbit (LEO)

(ii) 35,786 km Geosynchronous Earth Orbit (GEO)

(iii) Solar Orbit at Earth Distance (1AU)

(iv) Solar Orbit at Jupiter Distance (5.2 AU)

(T3) Truss Material: Graphite/Epoxy (G/E) and aluminum (A1) are the two dif-

ferent materials used for the structural truss of the SCI's.

(T4) Propellant: Three different propellants are studied: nitrogen cold gas (GN2),

hydrazine (N2H4) and pulsed plasma thrusters (PPT).

(T5) Attitude Control: Two forms of attitude control are studied:

(i) Thrusters - The thrusters use one of the three propellants listed above

and are located at one of the two locations below.
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(ii) ReactionWheels(RWA) - Reactionwheelsare usedasthe primary source

of attitude control but still require thrusters for desaturation. As above,

the thrusters useone of the threepropellants listed aboveand are located

at one of the two locationsbelow.

(T6) Thruster Location: Two locations of the thrusters on SCI for attitude control

or reaction wheel desaturation are studied:

(i) Tip - The thrusters are located at the tips of the connecting truss, i.e. at

the location of the collecting optics.

(ii) Central Spacecraft - The thrusters are located at the edges of the central

spacecraft.

(T7) Onboard Disturbances: Four different onboard disturbances are studied:

(i) Thrusters - If thrusters are used for primary attitude control, their distur-

bance spectrum is input into the plant. No thruster disturbance spectrum

is input if thrusters are only used for reaction wheel desaturation.

(ii) Reaction Wheels (R\_,:a,) - If reaction wheels are used for primary attitude

control, their disturbance spectrum is input into the plant. Only one of

the reaction wheel or thruster disturbance spectrums is input.

(iii) Optical Delay Line Reactuation (ODL) - The forces exerted by the

optical delay line on the spacecraft are always input into the plant.

(ix,) Thermal Snap (Snap) - A thermal snap disturbance is used in conjunction

with any of the above disturbances for the structurally connected interfer-

ometer. Cases are run both with and without thermal snap.

(T8) Deadband: If thrusters are used for primary attitude control, the deadband of

the interferometer must be specified. For this study, the deadband is assumed to

be 907c of the performance requirement. The amplitude of the linear deadband

of the multiple spacecraft interferometer is set to 90% of the performance spec-

ification below (90% of 0.25 cm, 0.50 cm, or 2.50cm.) The angular deadband
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of the structurally connectedinterferometeris set to limit the amplitude of the

rigid body tip displacementof the truss to the samedeadbandspecification.

(T9) Performance: As discussed in Section 1.4, the performance specification is to

keep the amplitude (half peak-to-peak) of the absolute displacement of the col-

lector and combiner optics to one of three levels: 0.25 cm, 0.50 cm, or 2.50 cm.

Even though this is a small subset of the total number of variable parameters of

the problem, this is still a very large trade space having almost 3500 combinations.

In an attempt to capture the important trends in this trade space, 22 cases were

selected. The selected cases are shown in Table 2.3.

The first case is the baseline case, which is a non-rotating interferometer in orbit

about the sun at 1 AU and oriented at 15 ° from the stable gravity gradient orienta-

tion. Attitude control is provided by hydrazine thrusters located at the tips of the

interconnecting truss which is made of graphite/epoxy. The onboard disturbances

are the thrusters and the ODL reactuation. The 3a absolute displacement amplitude

of the collector and combiner optics is specified to be 0.50 cm (1 cm peak to peak.)

In every other case, one or two of the above trades are selectively made, as shown

in Table 2.3. The baseline case is described in detail in Chapter 5 while the results

of the other runs are presented in Chapter 6.
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2.3 Imposed Constraints

In this work, a minimum mass structurally connected interferometer and a multiple

spacecraft interferometer are designed to meet the performance requirements specified

in Chapter 1. In order to ensure that the design is realizable, constraints must be

imposed on various structural and component parameters. The various constraints

enforced in this trade study are summarized in Table 2.3 and described below. More

detailed descriptions are given in Chapter 3. Table 2.3 also assigns to each constraint

a number that is used in Figure 2-5, which is discussed in Section 2.4.

Table 2.4: Imposed Constraints

Constraint Value Active

Dr:)' Mass LEO, GEO, 1 AU 15,400 kg SCI
5.2 AU 3850 kg

Passive

C2 Truss Natural Frequency Active

C3 Maximum Thrust

C4

C5

C6

C7

C8

GN_

N2H4

PPT

Reaction Wheel Mass

Strut Minimum Thickness

Strut Maximum Stress

Strut Maximum Force

C/E
A1

Propellant Percentage of Dry Mass

1 decade above ACS BW

1 decade below ACS BW

1N

25 N

5mN

100 kg

SCI

SCI

MSI

SCI

MSI

0.5 mm (20 mils) SCI

830 kPa
SCI

120 kPa

_< 1/2 buckling load SCI

< 30%
SCI

MSI

(C1) Dr3' Mass: Modern launchers limit the amount of mass that can be put into

orbit, and the interferometers designed in this study must meet these limits.

For launch into LEO, GEO, and 1 AU orbits, the limit used is 20,000 kg, based

on Shuttle capabilities. A limit of 5,000 kg is used for launch into the 5.2 AU

orbit (compared with the 2,500kg and 5,800kg masses of Galileo and Cassini,

respectively.)
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This total massis composedof the dry massof the interferometerand the pro-

pellant massas indicated by Equations 2.1 and 2.2. Since the total massis

neverexplicitly calculated,23%of this masslimit is set asidefor the propellant

required to counter the attitude disturbances.This correspondsto the propel-

lant massequaling30%of the dry mass.No allowanceis madefor the massof

propellant required for orbit transfer.

Therefore, the dry massof the interferometersmust be lessthan or equal to

77%of the valuesgiven above,which is 15,400kg for the LEO, GEO, and 1AU

orbits and 3,850kg for 5.2AU orbit.

In theory this constraint is applied to both the MSI and SCI designs,but in

reality sincethe dry massof the multiple spacecraft,interferometer is fixed and

doesn't scalewith baseline,this constraint is only active on the SCI design.

(c2) Truss Natural Frequency: In order to prevent undesired excitation of flexible

modes by the attitude control subsystem, traditional spacecraft design requires

the first structural natural frequency of the spacecraft to be at least one decade

above the attitude control bandwidth. This limit is imposed on the structurally

passive SCI.

By actively controlling the structure, however, it is possible to reduce the flexible

response and thereby allow the natural frequency to fall within the attitude

control bandwidth. It is still desirable, however, to limit the number of modes

within the bandwidth to a manageable number. In many cases this can be done

by limiting the fundamental structural natural frequency to one decade below

the ACS bandwidth. This limit is imposed on the active SCI.

Since the multiple spacecraft interferometer is treated as a collection of three

rigid bodies, no constraint can be imposed on their structural natural frequen-

cies.

(C3) Maximum Thrust: Present-day technologs" limits the maximum size of attitude

control thrusters. The maximu,n thrust limits for the three propellants studied
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are, from Larsonand Wertz [17]and Olin Aerospace[18]:

(i) Nitrogen Cold Gas (GN2) - 1 N

(ii) Hydrazine (N2H4) - 25 N

(iii) Pulsed Plasma Thrusters (PPT) - 5 mN

These limits are enforced on both the MSI and SCI designs.

(C4) Reaction Wheel Mass: Similar to maximum thrust, there is a maximum mass

for the reaction wheels necessary to fight attitude control disturbances. In this

study, the maximum mass assumed is 100 kg. This limit is enforced on both the

MS] and SCI designs.

(C5) Strut .Minimum Thickness: The minimum thickness of the struts that compose

the SCI truss is 0.5 mm or 20 mils.

(C6) Strut Maximum Stress: The struts must not fail so it is required in this study

that the maximum stress allowable is one-half the yield stress of the material

used. This corresponds to 830kPa and 120kPa for graphite/epoxy and alu-

minum, respectively.

(C7) Strut Maximum Force: The struts must also not buckle so it is required that the

maximum force be less than one-half the corresponding critical buckling load.

(C8) Propellant Percentage of Dry Mass: In order to not violate the assumptions

made in calculating the propellant mass rate as discussed in Section 4.1.4 and

for the SCI design to meet the launch mass constraints, the total propellant

mass must be limited to 30% of the dry mass of the interferometer. For the

multiple spacecraft interferometer, the propellant mass of each of the freeflyers

must be less than or equal to 30% of its dry mass,

Unlike the other limits which are explicitly checked for when designing the mini-

mum mass SCI (and MSI where applicable), this last constraint is enforced graphically

on the critical time plot. In addition to plotting the critical time, the times at which
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Figure 2-4: Sample Critical Time Plot with Propellant glass Constraints

the propellant mass of the SCI and MSI equal 30% of the respective dry masses are

also plotted.

For mission durations beyond this time, the propellant mass is greater than 30%

of the dry mass so the Taylor series approximation to the rocket equation which

is used in Section 4.1.4 to calculate the average propellant mass rate may not be

accurate. Additionally, even though the dry mass of the SCI design meets the dry

mass constraint, the propellant mass required may cause the total launched mass of

the interferometer to be greater than the launch limits discussed above. Therefore,

for mission durations beyond this time, both the total mass and the propellant mass

rate should be checked and the results of this study applied carefully.

Figure 2-4 shows these mass fraction constraints. The solid line is the critical

time, the dashed line is the time at which the propellant mass of the SCI equals 30%

of the SCI dry mass at that baseline, and the dash-dot line is the time at which the

propellant mass of one of the freeflyers of the MSI equals 30c/c of its corresponding

dry mass. The time constraint shown for the multiple spacecraft interferometer is the

minimum of the time constraints for each of the freeflyers.
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2.4 Formal Methodology

2.4.1 Presentation of Methodology

There are two processes necessary to generate the critical time plots discussed in

Section 2.1.2. The first is the design of the minimum mass structurally connected

interferometer that meets all the performance requirements and constraints described

in Sections 1.4 and 2.3, respectively. The second process is the actual calculation of

the critical time plot using these minimum mass SCI's.

Traditionally, three areas need to be modeled -- the performance, the plant, and

the disturbances -- in order to determine if a given design meets the performance

requirements. In the case of the interferometer, some disturbances are dependent on

its mission scenario, which includes its orbit and operating conditions. Hence, for this

problem, there are four top-level areas that need to be modeled -- the performance,

the mission scenario, the plant and the disturbances. Chapters 3 and 4 describe the

detailed modeling of these areas while this section details the interaction among them.

Each area can be subdivided as shown in Table 2.5. Each of these subdivisions is

an element that needs to be modeled and corresponds to a block in Figure 2-5. The

description of each element is contained in the explanation of Figure 2-5.

Figure 2-5 is the piece de r_sistance of this chapter. It is the formal methodology

for solving the problem of space interferometer design. As will be seen, this is a

Table 2.5: Subdivision of Modeled Areas

Area Elements

Performance Performance

Mission Scenario Orbit

Operational Scenario

High-Level Plant

Plant Internal Plant

Optical Train

Disturbances External/Attitude Disturbances

Onboard Disturbances
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general methodology and is not limited to the assumptions made in this study. It

can be used to describe both the steps involved in the determination of the existence

of a solution to the problem and in the calculation of the comparison metric. (In the

formulation of the problem used in this study, the former refers to the determination

of the minimum mass interferometer while the latter refers to the calculation of the

critical time.)

Additionally, in conjunction with Tables 2.1, 2.2, and 2.3, the methodology block

diagram can be used to qualitatively determine which of the comparison metrics and

constraints are affected by changes in the trade space.

Each block in Figure 2-5 consists of four parts. The top row contains the name of

the element that is modeled. The bottom row consists of three columns whose entry

numbers correspond to the numbers in Tables 2.2, 2.1, and 2.3 respectively.

The first column indicates which of the trade space parameters are input at that

stage, i.e. are contained within the scope of the element. The second column indicates

which constraints can be violated at that stage while the third column indicates which

comparison metrics can be calculated after modeling of the element.

The arrows between blocks indicate where the results of the modeling of one

element are used as inputs to the modeling of another element. Hence, by noting

where a specific trade space parameter is entered it is possible to determine which

metrics and constraints could be affected by following the flow downstream.

It is important to note that not all metrics and constraints downstream will be

affected. It is necessary to look at the actual modeling equations to determine which

will be affected and to what degree. Table 2.6 at the end of this chapter qualitatively

lists which metrics and constraints are affected by which trade space parameters for

this study. The performance of the interferometer is affected by every trade space

parameter except for propellant (C4). All comparison metrics and constraints are

affc,cted by the overall geometry of tile SCI.
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2.4.2 Step-by-Step Modeling Process

By illustrating the input/output relationships between the different elements, Fig-

ure 2-5 makes clear the step-by-step process that must be undertaken in order to

soh,e the space interferometer problem. Even though the process will be described

using the trade space, comparison metric and constraints for this study, it is impor-

tant to remember that the process itself is general. A different trade space, a different

comparison metric, different constraints, even different models of any of the elements

can be used so long as they are input at the appropriate locations. The relationship

between a particular trade parameter and constraint or metric may change, but the

input/output relationships between the elements will not.

Below, the modeling steps of this study are described. Each description includes

a brief discussion of which trade space parameters are input at this step and which

comparison metrics and constraints can be calculated or checked after the modeling

step. The details of how each element is modeled are in Chapters 3 and 4. The

modeling of the first three steps can be performed in any order.

(i) Model High-Level Plant: The "high-level plant" is the most general level of

plant modeling and includes the overall mass distribution and geometry of the

interferometer. This is where decisions regarding propellant and truss material

are input. This is also where the scaling of the truss parameters (such as height

and cross-sectional area) with length is decided. The constraint on dry mass is

imposed here.

Note that in this study, the actual scaling of the truss is calculated based on

the minimum mass configuration. Once the minimum mass SCI as a function of

length has been determined, the equal dry mass point of the critical time plot

can be calculated here. No knowledge other than the dry masses of the SCI and

MSI is required.

(ii) Select Orbit: One part of specifying the mission scenario consists of selecting

the orbit of the interferometer. This is one of the trade.parameters of this stud?'.
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(iii) Specify Operating Scenario: The second part of mission scenario selection con-

sists of specifying the operating scenario of the interferometer. This is where

the decision between a rotating and non-rotating interferometer is made in this

study. This is also where the orientation of the non-rotating interferometer is

specified.

(iv) Compute Selected External/Attitude Disturbances: Once the orbit and orien-

tation of the interferometer and its size have been specified, the magnitudes

of the environmental disturbance forces and torques can be calculated. These

forces and torques affect the attitude of each independent component of the

interferometer as well as the location of the freeflyers relative to each other.

The mass of propellant required to overcome these disturbance is calculated

at this point. No information is needed about how often the thrusters fire or

their size because the calculation is based on the conservation of momentum

principle.

An important observation is that the entire critical time plot can be constructed

at this stage. The equal mass rate point can be calculated and the limit on pro-

pellant mass relative to dry mass can be plotted. This particular comparison

metric allows the SCI and MSI designs to be compared at a very early stage, pro-

vided all the performance requirements and constraints are met. The following

steps need only be conducted to ensure that this is the case. Hence, these steps

need to be performed when determining the minimum mass interferometer.

If a different comparison metric is chosen, such as cost, the following steps

might have to be conducted, for example to size the internal components so

a cost model can be run. By assuming an initial mass for the interferometer

independent of the size of these components, these steps have been avoided.

It will be necessary, however, to check this assumption that the mass of the

reaction wheels is negligible compared to the mass of the truss.

(v) Model Internal Plant: The second level of plant modeling involves the design of

the subsystems required to counteract the external disturbances. In this study,
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this consistsof the selection, placementand sizing of attitude control actua-

tors. Given a different comparisonmetric and different assumptions,different

subsystemsmay be designed(e.g. thermal).

Many assumptionsare employedin sizing the componentsand the reader is

referred to Chapter 3 for details. If thrusters are used for primary attitude

control, onespecification that must be made is the allowabledeadbandof the

spacecraft. In this study, the allowabledeadbandis equal to the performance

specification,but this neednot alwaysbe the case.

Once the actuators are sized, the limits on their size, the interaction between the

frequencies of the structure and attitude control subsystem, and the strength

of the truss struts can be checked.

(vi) Compute Selected Onboard Disturbances: The subsystems designed above may

generate their own disturbances, such as mechanical vibrations, that could affect

the performance of the interferometer. These disturbances are identified and

modeled at this step.

(vii) Model Optical Train: In order to calculate whether the performance require-

ment is met, a model must be developed that takes the onboard disturbances

as inputs and outputs the level of performance achieved. The performance

requirement for an interferometer is commonly given in optical terms so this

step consists of assembling an integrated model of the structure and the optical

components.

It is believed that a first-order estimate of the critical time can be achieved with-

out this detailed modeling of the optical train, as is discussed in Section 1.4.

Therefore, there is no modeling of the optical train in this study. The per-

formance can be computed by running tile onboard disturbances through the

structural model of the interferometer designed in Step 1.

(viii) Compute Performance: The onboard disturbances are input into the appropriate

model specified in the above step and the resulting performance is computed and
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comparedto the requirement.For this study, the performancethat is calculated

at this step is the absolutedisplacementof the collector and combineroptics.

If theperformancerequirementisnot met, thereare threepossiblewaysto improve

performance, indicated by the three feedbackloops in Figure 2-5.Improvedoptical

control is indicated by the loop back to the optical train modeling, but this option

is not modeledhere. The secondoption is to modify the internal plant to alter the

onboarddisturbances,which includesisolation and the selectionof different actuators.

Only the effectof different actuators is examinedin this study. Finally, the overall

geometryof the interferometercanbealteredin anattempt to modify stiffnessand/or

reducethe external disturbancesthat determine the sizeof internal components.

Active structural control would traditionally be included in the integratedmodel-

ing of the optical train. Sincethe optical componentsarenot modeledin this study,

generalizedeffectsof structural control are included by modifying the frequencycon-

straint and increasingthe damping ratio of the truss, asdescribedin Section3.3.1.

For eachcasein Table 2.3,the following procedurewasperformedto generatethe

plots of critical time versusbaseline.

First, a wide range of possible scalingsof the SCI truss was selected. These

scalingsare describedin Chapter 3.

Second,all of the abovemodeling stepswereperformed for eachscalingover the

entire rangeof baselines.This wasdoneto determine if that particular truss scaling

could meet all constraints and satisfy the performance requirement. Typically, a

scalingwould be able to satisfy all constraintsfor somebaselinesbut not for others.

Third, the truss scaling that satisfied all the constraints and requirementsand

minimized the truss mass.fora particular baseline was selected as the "optimal" scal-

ing for that baseline. This process was repeated for each baseline in the range. The

result was the determination of the minimum mass structurally connected interfer-

ometer as a function of baseline.

Note that since the dry mass of the multiple spacecraft interferometer is an as-

sumed quantity and is independent of baseline, there is no need to deterinine the

minimum mass MSI that will satisfy all requirements and constraints. Either the

57



assumedmultiple spacecraftinterferometerwill or will not satisfy the requirements

and constraints. To determine if the requirementsand constraints are met, all of

the abovemodelingsteps wereperformedfor the multiple spacecraftinterferometer

design.

Finally, the critical time plot wasgeneratedby comparing the MSI designwith

the "optimal" scaling of the SCI and performing the calculation in Equation 2.3.

Onceagain, it is important to note that all of the quantities in Equation 2.3can be

determined after only the first four modeling stepsdescribedabove,provided all the

performance requirements and constraints are met. All of the modeling steps had to

be initially performed to confirm this.

2.5 Summary

This chapter first described the selection of the comparison metric for this study.

The metric used is mass and the comparison of the SCI and MSI configurations is

done through the generation of a critical time plot. The critical time is the time at

which the masses of the two configurations are equal. Two important parameters

that characterize the critical time plot are the equal dry mass and equal mass rate

points, which are summarized in Table 2.1.

Sections 2.2 and 2.3 then described the trade space and imposed constraints of

the stud3'. The results are summarized in Tables 2.2 and 2.3, respectively.

Finally, Section 2.4 presented the organization of the problem in block diagram

form. Figure 2-5 shows the interaction between the various model blocks and can

be used in conjunction with Tables 2.1, 2.2 and 2.3 to qualitatively determine which

comparison metrics and constraints are affected by changes in the trade space. Ta-

ble 2.6 explicitly lists which trade parameters affect which metrics and constraints

for this stud),.
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Table 2.6: Metrics and ConstraintsAffected by TradeParameters

Affected Metrics and Constraints
Trade Parameter M1 M2 C1 C2 C3 C4 C5 C6 C7 C8

T1 X X X X X X X
T2 X X X X X X X
T3 X X X X X X X X X
T4 X X
T5 X X X
T6 X X X
T7 performanceonly
T8 X X X X
T9 X X X X
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Chapter 3

Performance, Mission Scenario,

and Plant Modeling

This chapter describes the modeling of three of the four areas identified in Table 2.5.

The fourth area, the disturbance modeling, is described in Chapter 4.

The performance of the various interferometer configurations is calculated in the

frequency domain. Section 3.1 describes how this is accomplished. The two aspects

of mission scenario modeling -- the selection of an orbit and the specification of the

operating scenario -- are discussed in Section 3.2.

The third area modeled in this chapter is the plant itself. As discussed in Chap-

ter 2, the modeling of the plant can be subsequently broken down into three sub-areas.

The first is referred to as the "high-level plant" and includes the overall geometry of

the interferometer. The second area that is modeled is the selection and placement

of attitude control actuators and is referred to as the "internal plant." The modeling

of the optical train is the third area that can be modeled in the formulation of the

problem as presented in Chapter 2. However, as discussed in Chapter 2, the optical

train is not modeled in this work. Only the high-level and internal plant modeling

are discussed in detail in this chapter. The high-level plant is described in Section 3.3

and the internal plant is described in Section 3.4.
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3.1 Performance Modeling

3.1.1 Performance Cost Requirement

As discussed in Section 1.4 and shown in Figure 3-1, the performance requirement

is to maintain the absolute displacement of the collector and combiner optics within

the range specified in both the y- and z- directions. (The range shown in Figure 3-1

is exaggerated.) The allowable range is specified as one of the trade space parameters

(T9). The maximum amplitude of the allowable displacement, dmaz, is one of the

following three values -- 0.25 cm, 0.50 cm, or 2.50 cm. The reference case maximum

amplitude is 0.50 cm.

2d

Figure 3-1: Range of Allowable Motion of Collector and Combiner Optics

In order to determine if this performance requirement is met, the allowable max-

imum displacement must be allocated between the deterministic rigid body motion

within a deadband and the "stochastic" motion caused by the onboard disturbances.

Figure 3-2 illustrates this allocation for the reference case where thrusters are selected

for attitude control.

The dashed line is the deterministic motion of the collector due to the constant
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Figure 3-2: Sample Collector Displacement
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disturbanceacting on the spacecraft(adisturbancetorque on the SCI or a differential

accelerationof the MSI) and the thrusters firing with a period of Att. The amplitude

of the deterministic motion equals the amplitude of the deadband specified in trade

space parameter (T8). In this study, the deadband amplitude, ddb, is equal to 90%

of the performance requirement.

ddb = 0.9dma, (3.1)

The solid line in Figure 3-2 is the actual collector displacement, dtot, which is

the summation of the deterministic displacement, alder, and the displacement, dstoc,

caused by the onboard disturbances described in Section 4.2.

dtot = dda + ds,oc (3.2)

It is this total displacement that must be less than the maximum allowable displace-

ment at all times.

dtot <_ dmaz V t

Since the deterministic displacement is known a priori from the specification of the

deadband, the enforced stochastic performance requirement, z_¢q, is defined as

Zreq = dma_ - ddb (3.3)

This requirement is treated stochastically as a 3a bound on the amplitude of the

displacement caused by the onboard disturbances

3a_ <_ Z_q (3.4)

The subscript z is used to illustrate the fact that the displacement is the performance.

The computation of the standard deviation of the actual performance, a_, is explained

in Section 3.1.2. Table 3.1 summarizes the stochastic performance requirements for
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Table 3.1: Stochastic Performance Requirements (All values in cm)

dmclx

(T9)

0.25

0.50

2.50

SCI z_q

MSI z,_qAttitude Control Actuators (T5)

Thrusters Reaction Wheels

0.025 0.25

O.O50 0.5O

0.250 2.50

0.025

0.050

0.250

the SCI and MSI.

If thrusters are selected as the attitude control actuators for the SCI, the deadband

amplitude is defined by Equation 3.1. If reaction wheels are selected as the SCI

attitude control actuators, the deadband amplitude is zero and the enforced stochastic

performance requirement is equal to dm_, specified as a trade space parameter (T9).

Reaction wheels can. only reject the individual disturbance torques on the freeflyers

composing the MSI, so thrusters must always be used on the freeflyers to control the

displacement of the collector and combiner optics in the y- and z-directions. Hence,

the stochastic performance requirement for the MSI is given by Equation 3.3 with a

deadband defined by Equation 3.1.

3.1.2 Calculation of Performance Cost

For the structurally connected interferometer, dstoc of Equation 3.2 is composed of

the sum of the flexible response to the deterministic thruster firing and both the rigid

body and flexible responses to the "stochastic" onboard disturbances -- the optical

delay line reactuation, the reaction wheel imbalances, and thermal snap. Since these

disturbances are treated stochastically, the structural response is also stochastic. In

order to be able to sum the response to these disturbances and the flexible response to

the thruster firing in a coherent fashion, the flexible response to the thruster firing it

treated as a stochastic process even though it is caused by a deterministic disturbance.

The onboard disturbances that are active for each case examined in this work is a

trade space parameter (TT) and are presented in Table 2.3.
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There is no flexible response for the multiple spacecraft interferometer, so dstoc of

the individual freeflyers of the MSI consists of only the stochastic rigid body response

to the optical delay line and reaction wheel disturbances.

In this study, the actual performance cost of the designed interferometer is calcu-

lated through the use of transfer functions in the frequency domain. For each distur-

bance, the performance of the interferometer, Zi(co), is calculated by multiplying the

disturbance spectrum, I¥_(co) in units/v/-H-_, by the structural transfer function from

the location of the disturbance to the location of the performance, Gzw(co), for each

frequency point in the range of interest.

=

The frequency range of interest for this study' is 10 .6 to 104 Hz.

Since the various disturbance sources are assumed to be uncorrelated, the to-

tal performance cost is the summation of the squares of the absolute values of the

individual performances.

= Z lz,( )l
i=1

The standard deviation, az, of the absolute displacement is the square root of the

area under the cost curve.

¢O2
az = J_(co)dco

1

Three times the standard deviation must be less than the stochastic performance

requirement, as given by Equation 3.4.

Section 3.3 describes the modeling of the performance to disturbance transfer func-

tions for both the structurally connected and the multiple spacecraft interferometers.

The modeling of the spectra of the various disturbances is described in Section 4.2.
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3.2 Mission Scenario

3.2.1 Orbit

Four representative orbits of the interferometer were selected to be studied -- a 300 km

altitude Low Earth Orbit (LEO), a 35,786 km altitude geosynchronous orbit (GEO),

a solar orbit at 1 AU (the distance between the Earth and the Sun), and a solar orbit

at 5.2 AU (the distance between Jupiter and the Sun.)

These orbits were selected to characterize the potential orbits of future missions.

The orbits baselined for the proposed missions described in Chapter 1 are shown in

Table 3.2.

Table 3.2: Baseline Orbits for Proposed Missions

Mission Type Mission Orbit

SCI SIM Earth Orbit at 900 km altitude

Planet Finder Solar Orbit at 5 AU

MSI NMI Solar Orbit at 1 AU

MUSIC Solar Orbit at 1.01 AU (Sun-Earth L2 point)

Telescope NGST Solar Orbit at 1.01 AU (Sun-Earth L2 point)

The 300km altitude Low Earth Orbit selected is not baselined as the orbit for

any long-term mission. This orbit was chosen to be studied in order to determine

the effects a worst-case disturbance environment has on the "optimal" interferometer

design. It is more typical of the orbit of a shuttle-based experiment, which would be

neither long duration nor long baseline.

3.2.2 Operational Scenario

The operational scenario of an interferometer consists of the daily maneuvers required

to obtain the desired images. These operations include the order and number of

images or measurements taken, and the lengths of time required for each image and

for repositioning. These operations determine the mass of propellant required for the

mission. It is therefore necessary to model them in some fashion.
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Unfortunately, mission planning is very complex and very mission dependent. In

an attempt to achieve an estimate of the propellant mass, this study makes some

simplifying assumptions regarding the operational scenario of the interferometer.

As discussed in Section 1.4, the first assumption made involves constraining all

motion of the interferometer to lie within the YZ-plane, the plane of the orbit. Both

rotating and non-rotating interferometers are examined within this plane.

In order to model non-rotating interferometers, one of five possible orientations is

assumed to be maintained for the duration of the mission. The possible orientations

are 5 ° , 15 ° , 45 ° , 75 ° , and 85 ° off the stable gravity gradient orientation. The reference

case orientation of 15 ° is shown in Figure 3-3. (The reference case is Case 1 of Table

2.3.) Fifteen degrees was selected for the reference case because the gravity' gradient

torque is one-half the maximum value, which occurs at 45 ° .

4

_r

Z

Y

I

To Center of Mass

of Primary

Figure 3-3: Reference Case Orientation

It is assumed that by, holding the orientation constant throughout the mission,

the propellant mass rate calculated is representative of the average over the entire
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mission, which includes the propellant necessary for both disturbance rejection and

interferometer reorientation. If the examination of a variety of orientations does

not reveal significant differences in the propellant mass rate calculated, then this

assumption is valid. It will be seen in Chapter 6 that this is the case. The calculation

of the average propellant mass rate is presented in Section 4.1.4.

The rotation rate of the interferometer is assumed to be 1 revolution per hour for

a 10 m baseline. This rate scales inversely as the square-root of the baseline which

gives the following equation for the rotation rate _o_ in radians per second

_t- 3600 --

where L is the baseline.

This scaling matches the proposed rotation rates of SIM and Planet Finder. The

Stellar Interferometry Mission has a proposed baseline of 10 m and a rotation rate

of 180 ° in 30 minutes while the Terrestrial Planet Finder has a proposed baseline of

75 m and a rotation rate of 180 ° in 90 minutes.

3.3 High-Level Plant Modeling

The first level of plant modeling consists of the overall layout of the interferometer

and includes the selection of the material and propellant used. Both the structurally

connected and multiple spacecraft interferometer layouts are specified as a function

of baseline. These layouts can then be used to calculate the equal dry mass point of

the critical time plot. These layouts are also used to generate the structural transfer

functions, Gzw, necessary to compute the performance as discussed in Section 3.1.

Sections 3.3.1 and 3.3.2 describe the modeling of the structurally connected and

multiple spacecraft interferometers, respectively. Section 3.3.3 discusses the various

propellants examined in this study.
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3.3.1 Structurally Connected Interferometer

Overall Geometry

The overall geometryof the structurally connectedinterferometer is shown in Fig-

ure 3-4. The line of sight of the interferometer in Figure 3-4 is out of the planeof the

page,along the X-axis.

L /_Z I

< / - [ --I

Col lector Central Collector

Optics Spacecraft Optics

Figure 3-4: Overall Geometry of Structurally Connected Interferometer

At the center of the interferometer is the central spacecraft which houses the

combining optics as well as most of the other subsystems necessary for the operation of

the interferometer. The collecting optics are located at opposite ends of the connecting

truss, which corresponds to a baseline of L. For long baselines, the length of the truss

is approximately equal to the baseline. The height of the truss is denoted as h in the

figure. The depth of the truss is assumed to be equal to the height.

The truss is assumed to be composed of cubic bays with side length equal to tt.

Each bay consists of four longerons, four diagonal struts, and a square batten frame

with one diagonal. Figure 3-5 shows a typical truss bay.

One way to characterize such a truss is to use the three independent parameters

length, L, cross-sectional area, A, and radius of gyration, r, each a dimensional

quantity. The method used in this work is to characterize the truss by one dimensional

quantity, the length, L, and two non-dimensional quantities -- the aspect ratio, AR,

and the areal density, v.

The aspect ratio is defined as the ratio of the truss length to the truss height (or

width, since the cross-section is square.)

L
AR=-

h
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Figure 3-5: Typical Truss Bay

where h is the height of the truss.

The areal density is a measure of the truss cross-sectional area as a fraction of

the cross-sectional area of a solid beam with the same height and width as the truss.

Hence, the total cross-sectional area of the truss is

(L) 2A = vh2 = v (3.5)

The area moment of inertia of the truss is calculated assuming only the four

longerons contribute to the stiffness of the truss. Additionally, from Figure 3-5, the

radius of gyration is assumed to be equal to half the height of the truss. Therefore,

(3.6)

In order to maintain realistic values of the aspect ratio and areal density parame-

ters, three actual trusses were used as a reference. These reference trusses are shown

in Table 3.3, The Middeck 0-gravity Dynamics Experiment (MODE) was a deploy-

able truss flown on STS-48 and STS-62 to study the dynamics of deployable truss
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Table 3.3: Important Parameters of Example Trusses

Parameter MODE SADE ISIS SCI Model

Length 72 in 385 in 25 m 10 - 1000 m

Height

Cross-Sectional Area

8in

0.12in 2

Aspect Ratio 9
1

Areal Density v ,_._--6

55 in

3.5 in 2

7
1

860

83 10- 1000
1 1

130 1000

structures in zero-gravity [19]. The Structural Assembly Demonstration Experiment

(SADE) was a proposed Space Shuttle experiment designed to test the assembly and

deployment of structures in space [20]. The third truss was MIT's model of the design

for JPL's proposed Interferometrie Stellar Imaging System (ISIS) [7].

Also shown in Table 3.3 are the allowable ranges of the parameters for the SCI

model used in this study. For each baseline, the aspect ratio is varied from 10 to 1000

and the areal density from 1/1000 to 1 to determine if there exists a minimum mass

SCI that meets all performance requirements and constraints.

The mass of the truss can be calculated from

rnt = (8 + 5v/2)L,A,pN (3.7)

where L, and As are the length and cross-sectional area of an individual strut cal-

culated below, p is the density of the truss material, and N is the number of bays

which, for cubic bays, is equal to the aspect ratio.

N= AR

The truss material is a trade parameter (T3) and two materials are examined --

graphite/epoxy and aluminum. The relevant properties of each material are listed in

Table 3.4. Graphite/Epoxy is the reference case material.

In addition to the truss mass, there are three concentrated masses in the SCI

model -- two at the tips and one at the center representing the mass of the collector
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Table 3.4: TrussMaterial Properties

Property Graphite/Epoxy Aluminum
Young'sModulus, E (GPa)

Density, p (kg/m 3)

Yield Strength, (MPa)

Coefficient of Thermal Expansion, _ (per °C)

276

1744

1660

2 x 10-6

70

2700

240

22 x 10 -6

optics and the mass of the central spacecraft, respectively. The collector optics are

assumed to have a mass of 30 kg apiece while the central spacecraft has a mass of

200 kg, which includes the combiner optics. The summation of these three masses

equals the dry mass of all non-structural subsystems as discussed in Section 2.1.

rrlo,sc i : 2rr_ o + rl2cnt

where mo,sci is the dry mass of all non-structural subsystems in Equation 2.1, and rno

and rnc,_t are the masses of the collector optics and the central spacecraft, respectively.

The total dry mass of the SCI is then

md,sci : 2?rto -}- 7Ftcnt -[- rnt (3.8)

The mass nmment of inertia of the central spacecraft is also modeled as a lumped

parameter at the central node of the finite element model. The central spacecraft is

assumed to have dimensions of 2.0 m x 2.5 m x 2.0 m which gives mass moments of

inertia about the x- and z-axes of 171 kg.m _ and about the y-axis of 133 kg.m 2. These

moments of inertia will be denoted by I_,c,,t, I_,c,,t, and I_,c,_t, respectively.

The projected side area of the truss, which is necessary for the calculation of the

solar pressure and aerodynamic drag disturbance torques, can also be calculated by

examining Figure 3-5.

At = 2(3 + x/2)L_rsN
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where rs is the radius of an individual strut calculated in Section 3.3.1 below. Adding

this area to the area of one face of the central spacecraft

Acnt : 5 m 2

gives the total projected area of the SCI in both the XY- and YZ-planes.

A_, = 2(3 + x/2)L_r_N + 5 (3.9)

These projected areas are equal because all interferometer dimensions in the X-

direction have equal dimensions in the Z-direction. In other words, the height and

depth of the truss are equal as are the height and depth of the central spacecraft. This

area is used in Sections 4.1.2 and 4.1.3 to calculate the solar pressure and aerodynamic

drag torques on the interferometer.

The overall mass moments of inertia of the interferometer are also needed to

calculate the gravity gradient torque in Section 4.1.1 and to size the attitude control

actuators in Section 3.4. The mass moments of inertia are

1 2

Ixx : --_mtL + 2tooL 2 + I_,cm
(3.10a)

Iy_ = -_mt + Iyu,cm (3.10b)

1

I:_ = -_nTtL 2 + 2rnoL 2 + I_,_,_ (3.10c)

where I,_ is the mass moment of inertia about the ith axis of the interferometer.
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Strut Geometry

In order to enforce the constraints on minimum gage (C5), maximum stress (C6),

and buckling (C7), the geometry of the individual struts that compose the truss must

be modeled. The minimum gage constraint can be enforced immediately after the

scaling of the strut is determined. The maximum stress and buckling constraints can

only be imposed after the modeling of the internal plant, discussed in Section 3.4.

As can be seen from Figure 3-5, the length of one strut is equal to the length of

one bay. Therefore,

L

Ls - AR (3.11)

Additionally, the cross-sectional area of one strut must equal one-eighth the total

cross-sectional area of the truss. Using Equation 3.5

(3.12)

Each strut is assumed to be a tube with radius r_ and thickness t_. Therefore, the

strut area must equal

A, = - (,s - t,) (3.13)

Setting Equations 3.12 and 3.13 equal to each other allows one to solve for the strut

thickness given the radius

ts=r - (3.14)

This thickness must be greater than tile minimum gage allowable, which is 0.5 mm

(20 mils).

The minimun_ radius of a strut is assumed to scale from 1 mm for a I cm deep
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truss to 1 cm for a 1 m deep truss. Therefore,

rs,mi, = 10-2v[L R (3.15)

As the cross-sectional area of the truss varies, the strut radius is assumed to be equal

to this minimum radius and the thickness is scaled using Equation 3.14 to give the

desired area. Note that there will be some minimum areal density for which the

required thickness equals the minimum gage.

2

which upon substitution of Equation 3.15 becomes

v,_i,_ = 8rots,rain t_,mi,_ - 2 x 10 .2 (3.16)

Smaller areal densities result in the minimum gage constraint being violated.

There is also a maximum areal density for which the required thickness equals the

radius of the strut.

Vmaz = 8rrrs,min

which upon substitution of Equation 3.15 becomes

v,_ = 8 x lO-4rr AR (3.17)
L

For larger areal densities, the individual struts are assumed to be solid rods and the

radius is scaled to give the desired cross-sectional area.

L _ (3.18)r, = A--

The scaling of the radius and thickness as functions of baseline, aspect ratio, and
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areal density are then

(3.19)

ts= { rslO-_R (1-- ¢1--_0:v__._)
(3.20)

It must be noted that this scaling of the individual struts is only consistent with

the modeling of the overall truss area moment of inertia, I, and the projected truss

area, At, for a sparse truss. For trusses with large areal densities, this strut scaling

causes physical interference between the struts. It will be seen, however, that the

selection of the minimum-mass truss leads to a sparse truss so this logic problem can

be ignored.

Finite Element Model

The structurally connected interferometer is modeled in finite elements as a Bernoulli-

Euler beam of length L equal to the baseline. The finite element model is composed of

ten beam elements. Each element has six degrees of freedom -- two translations and

one rotation at each end -- which is consistent with constraining the motion of the

interferometer to lie in a plane. Two of the elements have lengths equal to one strut,

L_, and are necessary for the thermal snap disturbance. The other eight elements are

all equal in length and are much longer than the previous two. The length of these

elements, L_, is calculated from the relation

L = 8L_ + 2L_

A representation of tile finite element model of the structurally connected interfer-

ometer is shown in Figure 3-6. Figure 3-6 shows all the nodes and local degrees of

freedom of the model with a schematic of the interferometer in the background.
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Figure 3-6: Finite Element Model of the Structurally Connected Interferometer

The cross-sectional properties of the finite-element beam are designed to give

equivalent stiffness characteristics of the truss. In other words, the cross-sectional

area, A, and area moment of inertia, I, of the beam must equal those of the truss.

The finite element mass and stiffness matrices are used in conjunction with the

assumed structural modal damping to generate a state space model of the SCI in the

standard form

dl = Aq+Bww

z = C._q+D_.wW

(3.21)

where q represents the modal coordinates of the system, w is the set of disturbance

inputs, and z is the vector of performance outputs.

The system described by Equation 3.21 contains both rigid body and flexible

modes and can be rewritten as

qr

4f

Z

Ar

0

Czr

0

Af

Czf ]

q_ + Bw_

qf nwr

qr q- D_w w

qr

w (3.22)

where the subscripts r and f refer to the rigid body and flexible modes, respectively.

Only the first five flexible modes are kept in the model.

The structural transfer functions, G_,, used to determine tile response of the SCI
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to the optical delay line, reactionwheel,and thermal snapdisturbancesaregenerated

usingthe state-spacemodel of Equation 3.22. As discussedin Section3.1.2,only the

flexible responseto the thruster input is desired,so the structural transfer functions

usedwith this disturbanceare generatedfrom the following state-spacemodelwhich

keepsonly the flexible modes.

Cir = Arqr+Bwrw (3.23)

z = Czrqr+D..ww

Both the passive and actuated structurally connected interferometers are modeled

in the above fashion. The only difference in the modeling is that the passive truss is

assumed to have 0.1% modal damping while the actuated truss is assumed to have

10% modal damping.

3.3.2 Multiple Spacecraft Interferometer

The MSI freeflyers are each modeled after the preliminary design of the New Millen-

nium Interferometer [8, 21]. Each spacecraft is modeled as a cube with a side length

of 1.7m. The combiner spacecraft has a dr), mass, mcomb, of 200kg and the two

collector spacecraft each have a dry mass, mcou, of 125 kg. The combiner spacecraft

is assumed to have mass moments of inertia about the x- and z-axes of 90 kg.m 2 and

about the y-axis of 80 kg.m 2. The collector spacecraft are each assumed to have mass

moments of inertia about the x- and z-axes of 60kg. m 2 and about the y-axis of

55 kg.m 2.

The mass and geometry of the freeflyers does not scale with baseline. The sum-

mation of these three masses equals the total dry mass of the multiple spacecraft

interferometer as discussed in Section 2.1.

?Tld,ms i _ 27"r_coll .nc mcomb (3.24)

where rnd,,,,s, is the total dry mass in Equation 2.2. The equal dry mass point, can be
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calculatedby equating Equation 3.8with Equation 3.24.

The freeflyersare treated as rigid bodies. The structural transfer function used

to compute the stochasticresponseof the central combinerspacecraftis just that of

a massequal to 200 kg. The state space representation of the Hill-Clohessy-Wiltshire

equations described in Section 4.1.1 is used to calculate the performance of the col-

lector spacecraft under the influence of the stochastic disturbances presented in Sec-

tion 4.2. The Hill-Clohessy-Wiltshire equations describe the relative motion of bodies

in neighboring orbits.

3.3.3 Propellant

The propellant used for attitude control and station keeping of the structurally con-

nected and multiple spacecraft interferometers is one of the trade parameters (T4).

Specific impulse, Isv, varies with propellant and determines the mass of propellant

required. The various propellants examined in "this study and their specific impulses

are listed in Table 3.3.3 [22]. Also given in Table 3.3.3 are the assumed maximum

attitude control thrusts for each propellant taken from Larson and Wertz [17] and

Olin Aerospace [18]. Hydrazine is the reference case propellant.

Table 3.5: Properties of Various Propellants

Propellant I_p (seconds) Maxinmm Thrust (N)

Cold Gas (N2) 60 1

Hydrazine (/-/204) 210 25

Pulsed Plasma Thrusters (PPT) 1000 5 x 10 -a

3.3.4 Summary of High-Level Plant Modeling

The previous three subsections (Sections 3.3.1 - 3.3.3) described the high-level model-

ing of the structurally connected and multiple spacecraft interferometers. Figure 3-7

shows the block diagram of the steps performed. Tile numbers in parentheses refer

to equation numbers in this chapter while blocks in bold indicate where trade space
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parameters are input, imposed constraints are checked, or comparison metrics are

calculated.

Many assumptions were presented in the high-level modeling of the structurally

connected and multiple spacecraft interferometers. Table 3.3.4 summarizes the im-

portant assumptions in the baseline designs of these two configurations.

Table 3.6: Baseline Structural Parameters

Baseline

Structural Parameter SCI MSI

Central Spacecraft Dimensions 2.0 x 2.5 x 2.0 m -

Freeflyer Dimensions 1.7 x 1.7 × 1.7 m

Collector Mass

Combiner Mass

Collector Moments of Inertia

XX

Izz

Combiner Moments of Inertia

Passive

Actuated
Structural Damping Ratio

30 kg

200 kg

171 kg.m 2

133 kg.m 2

171 kg.m 2

0.1%

10%

125 kg

200 kg

60 kg.m 2

55 kg.m 2

60 kg.m 2

90 kg.m 2

80 kg.m 2

90 kg.m 2

After the overall geometries of the interferometers have been determined, the equal

dry mass point of the critical time plot can be calculated (M1) and the maximum dry

mass (C1) and minimum gage (C5) constraints can be checked. Additionally, these

high-level models are necessary to calculate the attitude disturbances in Section 4.1.
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3.4 Internal Plant Modeling

The second level of plant modeling consists of the modeling of the internal subsystems

of the interferometer. For this study, this consists of the sizing of the attitude control

actuators necessary to counter the attitude disturbances described in Section 4.1.

Thrusters are necessary to compensate for the differential motion associated with the

multiple spacecraft interferometer while, in this study, either thrusters or reaction

wheels can be used to overcome the disturbance torques on the structurally connected

interferometer. The decision to use attitude control thrusters or reaction wheels is

one of the trade parameters of this study (T5).

The sizing of the attitude control thrusters is presented in Section 3.4.1 while the

sizing of the reaction wheels is described in Section 3.4.2. Block diagrams showing the

steps performed to model the internal plant are presented in Figures 3-13 and 3-14 for

the structurally connected and the multiple spacecraft interferometers, respectively.

3.4.1 Attitude Control Thrusters

If thrusters are used as the primary source of attitude control, there are two pos-

sible methods to size them. Either the thrusters are sized to be able to counteract

the external disturbances, or the thrusters are sized to be able to meet the slew re-

quirements of the instrument. Typically both the thruster size necessary to reject

the disturbances and the thruster size necessary to satisfy the slew requirements are

calculated. These two sizes are then compared and the larger is selected as the design

thruster size. This is the procedure followed in this work.

The sizing of the thrusters refers to the determination of four parameters -- the

thrust Ft, the thrust, firing time h, the period of the thrust cycle Art, and the duty

cycle _t. Only three of these parameters are independent since the duty cycle is

defined as the ratio of thrust firing time to the thrust cycle period.

tt

'_' = At---_ (3.25)
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Figure 3-8: Sample Thrust Firing Sequence for Disturbance Rejection

Figure 3-8 shows the relation of these four parameters for a sample thruster firing

sequence for disturbance rejection. The bandwidth of the attitude control system in

Hz is defined to be

1
fac_ = -r-:-, (3.26)

/-art

The thrusters modeled in this study are assumed to always fire in pairs and to

exert either a pure rotation about, or a pure translation of, the center of mass of the

spacecraft. These pure rotations and translations are ideal models and are normally

not physically realizable because of the misalignment or mismatch of the thrusters.

This non-ideal coupling of rotational and translational motion is ignored in this work.

Thruster Sizing for Disturbance Rejection

The derivation of thruster sizing for disturbance rejection presented in this section

closely follows that of London [22]. The derivation is presented for a constant force

disturbance, Fd, acting on a mass, m, which causes linear motion. It is desired to

maintain the displacement of the mass within a deadband of amplitude xe_ (2xeb

peak-to-peak). The duty cycle is assumed to be (t and the thruster force, Ft, and

frequency f_ are to be determined. Figure 3-9 shows the thrust and displacement

profiles as a function of time for this derivation.

By the conservation of momentum principle, the total impulse imparted to the

spacecraft by the thrusters during the period of thrusting nmst equal the impulse
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Figure 3-9: Plots of a) Thrust and b) Displacement vs Time for Disturbance Rejection

Thruster Sizing

imparted by the disturbance force over the entire thrust cycle period.

2Fth = FdAtt

The factor of 2 is a result of the assumption that two thrusters fire sinmltaneously.

Therefore, the thruster force required is

Fd
Ft = -- (3.27)

2(t

Using the relation,

• (t) = z(o) + _(o)t + _t _

the following expression can be written for tile position at time Att/2

:_,,b= -x,_,,+ _ G 2- --F

(3.28)

Tile time between firings can be found by the substitution of Equations 3.25 and 3.27
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into Equation 3.28

/. 16x_m (3.29)
At, = VFd( 1 _ &)

Using the conservation of angular momentum and following the same procedure

as above, equations similar to Equations 3.27 and 3.29 can be derived for a constant

torque disturbance, rd, acting on a body with a mass moment of inertia Iii. The

half-angle deadband is Odb.

2"rt = rd (3.30)
&

16 Oeb Iii

The required force of one thruster is therefore

(3.31)

Ft= re (3.32)
2_tL_

where Lt is the moment arm of the thruster and is one of tile trade parameters (T6)

of this study,.

Thruster Sizing for Slew Requirements

The attitude control thrusters can also be sized to be able to meet the slew require-

ments of the instrument. As above, the derivation is presented for linear motion. The

equivalent results for angular motion are presented after the derivation.

The desire is to move a mass m initially at rest through a distance x,l_. and to

bring it to rest in a total time oft_l_. Figure 3-10 shows the thrust and displacement

profiles as a function of time for this derivation.

External disturbance forces are ignored and the thruster duty cycle is assumed

to be _t. The following equation relates the stew time, t_,,,, to the thrust cych'
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Figure 3-10: Plots of a) Thrust and b) Displacement vs Time for Slew Requirement

Thruster Sizing

period, Att.

t,u_ = (1 + _t)Att (3.33)

Therefore

_t tstew
tt - (3.34)

1 +(t

Classical mechanics and Figure 3-10 can be used to determine the following equation

for the final displacement

= tt + --) tt(tstew 2tt) (3.35)

The thruster force can be found by substitution of Equation 3.34 into Equation 3.35

Ft _ (1+ _t)2 (rnxste_ )_t 2t_t_,_ (3.36)

The equivalent equation for the thruster force required to rotate a body of inertia

I. through an angle 05_c_ in a time tste_ is

Ft : (1 + _t) 2 ( I, iOuc_, '_
{, 2L--_5_, ] (3.37)_, Ltt ,t_w

86



Selection of Thruster Size

In order to calculate the required thruster sizes for disturbance rejection using Equa-

tions 3.27 and 3.32, values for the duty cycle, deadband, and thruster moment arm

must be specified. For this study, the duty cycle for disturbance rejection is assumed

to be 1% and the deadband and thruster moment arm are trade parameters (T8 and

T6, respectively). An orientation of 45 ° is assumed for the rotating interferometer

in order to determine the magnitudes of the attitude disturbances used in the dis-

turbance rejection calculations. The calculation of these disturbances is described in

Section 4.1.

Similarly, in order to calculate the thruster sizes necessary to satisfy slew require-

ments using Equations 3.36 and 3.37, values for the duty cycle, slew distance, slew

time, and thruster moment arm must be specified. For this study, the duty cycle

for slew is assumed to be 10% and the thruster moment arm is a trade parameter

(T6). If the thrusters are located at the tips, the moment arm is equal to one-half

the baseline. If the thrusters are located on the central spacecraft, the moment arm

is equal to one-half the length of the central spacecraft, which is 1.25m.

1.25 m located on central spacecraftLt = L/2 located at tips

It is also assumed that the interferometer must slew through all angle of 20 ° in

a time of V_100hrs. This corresponds to a slew rate that scales from 19 minutes

for a 10m baseline to 3 hours and 10 minutes for a 1000m baseline. The 20 ° slew

angle requires a linear displacement of (L/2) sin 20 ° of the collector spacecraft of the

multiple spacecraft interferometer. Table 3.7 summarizes the parameters required to

size the thrusters.

The formal procedure for sizing the thrusters of the multiple spacecraft inter-

ferometer is presented in Figure 3-14 at the end of this chapter. The thruster size

required for differential acceleration compensation / disturbance rejection is calcu-

lated from Equation 3.27. The thruster size required to satis_' the slew requirements
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Table 3.7: Thruster SizingParameters

Parameter
Duty Cycle Ct

Deadband
Amplitude

(T8)

Linear x_b (cm)

Angular 0db (rads)

Slew Displacement xste_ (m)

Angle 0su_ (degs)

Slew Time tsl_ (hrs)

Disturbance Rejection

1%

0.25, 0.50, 2.50

• (,+0)(m)(L/2)

Slew

10%

(L/2) sin Ost_

2O

v/L/100

is calculated from Equation 3.36. These two thrust levels are then compared and

the larger is set as the thruster design size. The maximum thrust constraint (C3) is

enforced by comparing the thruster size to the maximum allowable thrust level given

in Table 3.3.3.

A similar procedure is followed to size the thrusters of the structurally connected

interferoineter and is shown in Figure 3-13. The thruster size required for disturbance

rejection is calculated from Equation 3.32. The thruster size required to satisfy the

slew requirements is calculated from Equation 3.37. These two thrust levels are then

compared and the larger is set as the thruster design size, Ft.

If the thrust required to reject disturbances is larger, this thrust level is substituted

into Equation 3.36 to calculate the actual duty cycle for the slew maneuver. This

duty cycle is then substituted into Equation 3.33 to calculate the actual thrust cycle

period, Att, of the slew maneuver.

On the other hand, if the thrust required to satisfy the slew requirements is larger,

this thrust level is substituted into Equation 3.27 to calculate the actual duty cycle

for disturbance rejection. This duty cycle is then substituted into Equation 3.31 to

calculate the actual thrust cycle period of the disturbance rejection firings.

The shorter of the two thrust cycle periods calculated from Equations 3.33 and 3.31

for the design thruster size is then substituted into Equation 3.26 to calculate the

bandwidth of the attitude control system, f,_c_. This frequency is then compared

to the flmdamental structural frequency computed from the finite element model in
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order to enforcethe frequencyconstraint (C2). The maximum thrust constraint (C3)

is enforcedby comparing the thruster size to the maximum allowable thrust level

given in Table 3.3.3.

3.4.2 Reaction Wheels

As with the sizing of the attitude control thrusters, there are two possible methods

to size reaction wheels. Either the wheels are sized to be able to meet the momentum

storage requirements (disturbance rejection over time), or the wheels are sized to be

able to meet the slew requirements of the instrument. For all the reaction wheel

cases examined in this work, meeting the slew requirements is the design driver of

the wheel.

For this study, all spacecraft motion is constrained to the orbital plane so there is

only one axis about which rotation can occur. This section describes the modeling of

a reaction wheel with its spin axis coincident with this axis of rotation. It is assumed

that all disturbance torques and slew maneuvers are about this axis.

The reaction wheel is modeled as a solid ring of stainless steel with a radius of

gyration denoted by r,_. The cross-section is square and has a thickness equal to

one-tenth the radius. Figure 3-11 shows the top and side views of the modeled wheel.

The torque exerted on the spacecraft by the reaction wheel is proportional to the

angular acceleration of the wheel, c_w and its mass moment of inertia about the spin

axis, Iw.

_-_ = I_a_ (3.38)

For the reaction wheel geometry of Figure 3-11,

2 (3.39)I w _ WtwT w
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Figure 3-11" Model Reaction Wheel Geometry

where mw is the mass of the wheel and is calculated from

3

rnw = 2rr pw rw
100 (3.40)

The density of tile wheel, Pw, is 7860 kg/m a.

With this geometry, there are two parameters that determine the size of the re-

action wheel -- the radius r_ and the angular acceleration aw. An additional design

constraint is placed on the reaction wheels to keep the maximum circumferential

stress constant. For a wheel with the geometry of Figure 3-11 where the thickness is

small compared to the radius, the maximum circumferential stress is

2 2 (3.41)O'ma x _ tgw r w t..dw,rnax

where w_,m_ is the maximum rotational rate of the wheel. Given the maximum

allowable stress, the Equation 3.41 defines the radius as a function of maximum

wheel speed.

1
r_, - _/ "----'_ (3.42)

w_,,naz V Pw
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Table 3.8: Major Characteristics of Hubble Reaction Wheel (HR195)

Parameter HR195 Value

Angular Momentum

Output Torque

Wheel Speed
Outside Diameter

264.2 Nms

0.7Nm

3000 RPM

0.65 m

Table 3.9: Derived Parameters of Hubble Reaction Wheel

Parameter Value

Rotor Density p_ 7860 kg/m 3

Rotor Radius r_ 0.325 m

Moment of Inertia Iw 0.84 kgm '_

Rotor Mass mw 7.95 kg

Max Internal Stress ama_ 81.9 MPa

Substitution of Equations 3.42 and 3.40 into Equation 3.39 gives the moment of inertia

of the wheel as a function of maximum wheel speed and maximum circumferential

stress.

I_ - 100_z5 ma_ V "_
(3.43)

The maximum circumferential stress for this study was calculated by applying

Equation 3.41 to the Hubble reaction wheels and is given in Table 3.9. Table 3.8

presents the major characteristics of these wheels, taken from Honeywell specification

sheets [23].

Table 3.9 presents the values of parameters that were derived based on the values

in Table 3.8 and assuming the radius of the rotor to be equal to one-half the outside

diameter.
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Figure 3-12: Plots of a) Thrust and b) Displacement vs Time for Slew Requirement

Reaction Wheel Sizing

SCI Reaction Wheel Sizing for Slew Requirements

As is the case with attitude control thruster sizing, reaction wheels can be sized either

for disturbance rejection or for slew maneuvers. It is first necessary to determine which

of these two requirements dominates the wheel size. In this study, reaction wheels

are only considered for 1 AU solar orbits (See Table 2.3) where the slew requirements

drive the design of the reaction wheels. For other orbits, such as LEO, the disturbance

rejection requirement drives the reaction wheel design so the sizing process is different

than that used in this study.

The same slew requirements as in Section 3.4.1 are used to size the reaction wheels.

It is assumed that the wheel accelerates to its maximum speed in half the time of the

slew and then decelerates at the same rate. The constant angular acceleration of the

wheel during the slew maneuver is then

a_,,ste_- tste_/2 (3.44)

Figure 3-12 shows the reaction wheel torque and spacecraft angular displacement

profiles as a function of time for this derivation.

Using classical mechanics and Figure 3-12

_0,t_ = _c_,ci (3.45)
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where asci is the spacecraft angular acceleration during the slew maneuver. The

spacecraft angular acceleration is related to the angular acceleration of the wheel by

Iw

asci = --aw (3.46)

Upon substitution of Equations 3.46, 3.44 and 3.43 into Equation 3.45,

imum wheel speed is

4 _r tste_ /'a_

-

the max-

(3.47)

This maximum wheel speed is substituted into Equation 3.42 to determine the

radius of the reaction wheel. The mass of the reaction wheel is then calculated

by substituting the radius into Equation 3.40. The maximum reaction wheel mass

constraint (C4) is enforced by comparing this mass to the maximum allowable, 100 kg.

Determination of Reaction Wheel Saturation Time

In order to reject the disturbance torques and maintain a constant orientation, the

torque exerted by the reaction wheel nmst equal the total disturbance torque on the

spacecraft. Denoting the time required for the wheel to reach its maximum rotational

rate by ts_t and substituting Equation 3.39 into the equation for the torque exerted

by the reaction wheel, Equation 3.38, gives

2 w,_,m_, (3.48)
7"d =mw rw tsar

The saturation time is solved for by substituting the maximum rotational rate

from Equation 3.47 into the above equation.

27r _ (3.49)
t o,=100 , v

Tile reaction wheel must be desaturated after reaching the maxinmm rotational

rate. Thrusters are used for desaturation in this stud)' and the frequency at which
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the thrusters fire is

1
AC$ _ --

t sat

This frequency is compared to the fundamental structural frequency computed from

the finite element model in order to enforce the frequency constraint (C2).

The size of the thrusters necessary for desaturation is dependent on their location

and the desaturation time. Recalling, however, that this is another conservation of

angular momentum problem, the thruster size can be determined very easily. The

total angular impulse imparted to the spacecraft by the thrusters during desaturation

must equal the angular impulse imparted by the disturbance torque over the sum of

the saturation and desaturation times.

2Ttt&sat = T_(t&sat + tdesat)

If the thrust duty cycle is defined as

tdesat
(t =

tdesat -t-tdesat

then tile thruster force is given by, Equation 3.32. In this study, it is assumed that

if reaction wheels are selected as the primary source of attitude control, then the

desaturation thrust duty' cycle will be selected such that the required thrust size does

not violate the maximum thrust constraint (C3).

MSI Reaction Wheel Sizing

Reaction wheels for the multiple spacecraft interferometer are only sized for mo-

mentum storage since the reorientation maneuver must be done by, thrusters. The

maxinmm rotation rate is solved for by assuming the saturation time is ten times the

thruster firing period, Att, necessary for thrusters to reject tile disturbance torque on
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an individual spacecraft which is given by Equation 3.31.

= 10 /160ma_,msiIxx (3.50)

where 0,,,a_,msi is assumed to be 1 arcmin, I_, is the spacecraft mass moment of inertia

about the x-axis given in Table 3.3.4, and the disturbance rejection duty cycle, (t),

is 1%. This saturation time is then substituted into the following equation for the

reaction wheel speed which is derived by rearranging Equation 3.49.

4 27r /-a_. (3.51)

_"'_"_ - 100 t,_t rd V'-_

The reaction wheel mass constraint (C4) is checked but is never violated in this

stud)' since the disturbance torques on the individual freeflyers are very small.

3.4.3 Induced Internal Stresses

Once the attitude control components have been sized and located, it is necessary to

determine whether the strut maximum stress (C6) and strut buckling (C7) constraints

are met on the structurally connected interferometer. The torque exerted on the

spacecraft by the firing of thrusters or the acceleration of the reaction wheel induces

internal moments in the truss which must be transmitted as forces by the individual

struts.

In order to estimate the forces within a strut, an approach based on statics is first

used to estimate the maximum induced moment in the truss, which will be denoted

Mm_. It is assumed that this moment is transmitted only by the four longerons and

not by the diagonals in a bay. From the bay geometry presented in Figure 3-5, the

magnitude of the induced force in each of the four longerons is

(3.52)
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This force must be less than one-half the critical buckling load, Fc,-/,

rr2E L,
Fcrit - (3.53)

where I, and L, are the strut cross-sectional area moment of inertia and length,

respectively, and are calculated in Section 3.3.1.

The maximum induced normal stress is

F_,_a:_ (3.54)
a8, az - As

and this stress must be less than one-half the yield stress of the strut material. This

corresponds to 830 MPa and 120 MPa for graphite/epoxy and aluminum, respectively.

Calculation of Maximum Induced Moment

The maximum moment is induced during a slew maneuver and is dependent on the

form of attitude control and the location of the thrusters, as discussed below. The

inertia of the interferometer is modeled as an opposing virtual force distributed along

ttle truss and all estimate of the internal moment is made by, balancing this inertial

force with the externally applied forces.

If reaction wheels are used as the primary source of attitude control, the maximum

moment is induced at the root of the truss and is approximately equal to

1 I (3.55)

where I_ is the total mass moment of inertia of the interferometer, I_.t is the mass

moment of inertia of the central spacecraft, and a,ci is the angular acceleration of the

interferometer during the slew maneuver and is calculated from Equation 3.46.

If thrusters are used as the primary source of attitude control, the maximum

moment is dependent upon tile thruster location. If the thrusters are located on the

central spacecraft, the maximum moment is induced at the root of the truss and is

also approximately given by Equation 3.55. In this case, the angular acceleration of

96

"2



the interferometer, os¢i, is given by

asci- 2FtLt (3.56)

where Ft is the thruster force and Lt is the thruster moment arm and is equal to

one-half the length of the central spacecraft.

If the thrusters are located at the ends of the truss, the maximum moment is

induced at the ends of the truss and is approximately

T -- Trl°OLsci

Upon substitution of Equation 3.56 for the angular acceleration of the interferometer,

this becomes

(rn°L2_(-F_) (3.57)M._, _- 1 2Ix_ ]

3.4.4 Summary of Internal Plant Modeling

The last part of this chapter presented the modeling of the internal plant, which for

this study, consisted of the sizing of the attitude control actuators. Figure 3-13 shows

the block diagram of the steps performed for the structurally connected interferometer

while Figure 3-14 is the MSI block diagram. The numbers in parentheses refer to

equation numbers in this chapter while blocks in bold indicate where trade space

parameters are input, or imposed constraints are checked.

This level of plant modeling is necessary to ensure that all constraints on strength

and realistic component size are met. The design of the internal plant also determines

the size of onboard disturbances that could affect performance. The modeling of

the disturbance spectra associated with the size of the attitude control actuators is

discussed in the next chapter in Section 4.2.
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Chapter 4

Disturbance Modeling

As discussed in Chapter 2, two sets of disturbances are modeled in this formulation

of the problem. The first set includes those disturbances that are the result of the

interaction between the spacecraft and the space environment and affect its overall

attitude. Hence, they are referred to as "external/attitude disturbances." The second

set is referred to as "onboard disturbances" because these are disturbances that are

generated by components onboard the plant.

Section 4.1 describes the three attitude disturbances used in this study -- gravity

gradient disturbances, solar radiation pressure and aerodynamic drag. The magni-

tude of these disturbances determines the size of the attitude control subsystem as

well as the propellant mass rate. The calculation of this rate is described in Sec-

tion 4.1.4. Section 4.2 describes the onboard disturbances that are input to the plant

to determine if the performance requirement is :net. These disturbances are thruster

forces, reaction wheel mechanical noise, optical delay line reactuation force and ther-

mal snap.

More information regarding spacecraft disturbances can be found in Hughes [24],

French and Griffin [25], Larson and Wertz [17], and Eyerman and Shea [26].
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4.1 External/Attitude Disturbances

The space environment interacts with spacecraft in many different ways ranging from

the imposition of torques to the impingement of both charged and uncharged particles

on the body. The main external disturbances of interest for the preliminary design

of a space interferometer are those disturbances that cause some error in the overall

pointing of the instrument. (This does not mean, however, that the other disturbances

such as micro-meteoroidal impact and space radiation can be ignored or can not be

catastrophic to the mission.)

For single, connected spacecraft, this pointing error is a result of the angular mo-

tion caused by the environmental disturbance torques. For a separated spacecraft

interferometer, in addition to the disturbance torques on the individual spacecraft,

the environment also causes relative motion between the spacecraft. In most cases,

compensating for this relative motion requires more fuel than overcoming the indi-

vidual disturbance torques, so these individual disturbance torques are neglected in

this study. Figure 4-1 shows the attitude disturbance torques on the structurally

connected interferometer while Figure 4-2 shows the relative motion between the

spacecraft of the MSI caused by the external disturbance forces.

Z

Gravit

Solar Pressu_re Torque _ y

Aerodynamic Drag Torque --

Figure 4-1: SCI Attitude Disturbance Torques
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Gravity Gradient

Z Solar Pressure
_" Aerodynamic Drag

Y

Gravity Gradient _ <

Figure 4-2: MSI Relative Motion Caused by External Disturbance Forces

Expressions for both the disturbance torque'and relative motion forces are derived

below. For this study, all disturbance torques are assumed to be about the X-axis of

the interferometer and all relative motion is in the YZ-plane of the orbit.

4.1.1 Gravity Gradient Disturbances

The dependence of the gravitational force on distance causes a spacecraft in orbit

about a star or a planet to experience a gradient of gravitational force. If a spacecraft.

is oriented such that none of its principal axes are aligned with this gradient, there is a

net torque imposed on the spacecraft. (The star or planet about which the spacecraft.

orbits will be referred to as the "primary" throughout this chapter.) Similarly, there

is relative motion between two bodies in orbit about a common primary (if the two

bodies are not in the same orbit initially) because the body closer to the primary

experiences a larger gravitational force.
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Gravity Gradient Torques on Individual Satellites

From Hughes [24], the expression for the resulting torque on a single spacecraft ori-

ented as shown in Figure 4-3 is

3#^
7g = _-suc x I. _c

where # is the gravitational constant of the primary body (equal to the product of

the universal gravitational constant, G, and the mass of the body), R is the distance

between the centers of mass of the spacecraft and the primary, tic is a unit vector

from the center of mass of the spacecraft to the primary mass center, and I is the

spacecraft inertia dyadic.

L/2

Velocity u z

Gravity Gradient

Torque .. Uy
U c

®

To Center of Mass

of Primary

Figure 4-3: Spacecraft Orientation for Gravity Gradient Torque Calculation
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Assuming principal axes for the spacecraft, the inertia dyadic is

where fix, fiyand_ are unit vectors in the directions of the principal axes and Iii is

the mass moment of inertia about the ith axis.

This study only allows displacement in the plane of the orbit (the YZ-plane), so

the disturbance torque is about the X-axis of the interferometer. The torque equation

reduces to

3p Ii_ _ iyy I sin(20)
_'9 = 2R a

(4.1)

where 0 is the angle shown in Figure 4-3 and is one of the trade space parameters.

Relative Motion of Satellites in Nearby Orbits

The linearized equations of relative motion between two satellites in orbit about a

common primary are known as the Hill-Clohessy-Wiltshire Equations. These equa-

tions are valid for small separation distance between the satellites (small as compared

to the distance to the center of the primary) and are derived in Prussing and Conway

[27]. They are derived in a rotating reference frame with its origin at the center of

mass of one of the satellites and rotating at the orbital rate of that spacecraft. See

Figure 4-4. Note that it is not necessary that the origin of the reference frame be

located at the center of mass of one of the satellites. Any orbit can be selected as the

reference and the motion of each satellite relative to this rotating reference frame can

be calculated using the Hill-Clohessy-Wiltshire Equations.
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Rref

Primary ( )
Figure 4-4: Axis System for Hill-Clohessy-Wiltshire Equations

The Hill-Clohessy-Wiltshire Equations are

z = f_:_ + ae (4.2a)

= -2ftz + a_ (4.2b)

_: = 3f_2_ , + 2fi_) + a_ (4.2c)

where 2, is radially outwards, 9 is in the direction of motion, and • is perpendicular to

the orbit plane and completes the right-handed coordinate system. The accelerations

ae, ag, and ae are external accelerations acting on the second satellite in the :_, /7, and,_

directions. The orbital frequency, f2, of the reference satellite is calculated from the

relation

Setting all derivatives equal to zero in Equations 4.2a-c gives the accelerations
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Figure 4-5: MSI Orientation for Hill-Clohessy-Wiltshire Equations

required to have no relative motion between the two satellites.

a:_ = -f22_: (4.3a)

ct_ ---- --3f22_ " (4.3b)

In this study, the MSI is composed of three satellites that are collinear and share a

common orbit plane, i.e. g: = 0, as shown in Figure 4-5. The central combiner space-

craft is taken as the reference so that each collector spacecraft requires an acceleration

a 9 of magnitude

ag] 2= 3Lf2co,,bz,_e_ cos 0 (4.4)

but in opposite radial directions.
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4.1.2 Solar Radiation Pressure

Solar radiation consists of photons, which, upon impact with the surface of a space-

craft, exchange momentum with that surface. This momentum exchange leads to a

net pressure force on the spacecraft. From Griffin and French [25], the solar pressure

force on a spacecraft oriented as shown in Figure 4-6 is

F_p = PsA±,p(1 + K)(-S)
C

where P_ is the solar radiation intensity at the orbit of interest, c is the speed of light,

K is the reflectance of the spacecraft (assumed to be 0.4), and A±,p is the projected

spacecraft area normal to the unit sun vector, S.

For separated spacecraft of different masses, this force causes differential motion.

(This is the primary NMI disturbance [21].)

If there is an offset between the center of the solar pressure and the center of mass

of the spacecraft (cp/cg offset), a disturbance torque is produced according to

Tsp = rcpsp × Fsp

Am sp

To Sun

rcpsp

Z

Y

Figure 4-6: Spacecraft Orientation for Solar Pressure Force and Torque Calculation
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For this stud),,the projectedareaof the SCI in Earth orbit is assumedto beequal

to Asci from Equation 3.9 since the orientation of the interferometer relative to the

Sun is unknown. In solar orbit, the interferometer has a constant orientation relative

to the Sun so the projected area is equal to Asci sin 0, where 0 is the angle shown in

Figure 4-3. The %/cg offset is assumed to be 0.05_ of the baseline. Therefore, the

solar pressure torque is

Tsp = 1.4PsA_c,(5 x 10-4L) (4.5)
C

in Earth orbit and

T_p = 1.4P_A_ci(5 x 10-4L) sin0 (4.6)
C

in solar orbit.

A decision was made to scale the cp/cg offset with baseline instead of keeping it

a constant 5 cm. If the offset were constant, the solar torque would vary from ten

times greater to ten times less than those calculated as the baseline increased from

10In to 1000m. It will be seen from the critical time plots in Chapter 6 that the

critical range of baselines is greater than 100 m so the scaling of the cp/cg offset is a

worst-ease scenario.

The projected area of each of the freeflyer spacecraft is equal to the area of one

face, denoted by Amsi. Because the projected areas are equal, the solar pressure forces

on each of the spacecraft are also equal. The resulting acceleration of the combiner

spacecraft is less than the acceleration of either of the collector spacecraft because

the combiner spacecraft is more massive. A compensatory acceleration equal to

(, 1)asp = 1.4PSAm_i (4.7)
C ?TIco u ?Ytcomb

nmst be applied to the combiner spacecraft to maintain the interferometer configura-

tion. The solar torques on the individual satellites are neglected.
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4.1.3 Aerodynamic Drag

In Earth orbit, spacecraft experience drag due to interaction with the particles com-

posing the atmosphere. A detailed discussion of atmospheric drag can be found in

Hughes [24]. The drag force exerted on a spacecraft oriented as shown in Figure 4-7

is

Faa = lpaV2A±._CD(--I/)
Z

where pa is the atmospheric density, V is the spacecraft velocity equal to _R, V is

a unit vector in the direction of the velocity in the reference frame of the spacecraft,

A±_ is the projected area of the spacecraft perpendicular to the velocity vector, and

Co is the coefficient of drag and assumed to equal 2.

The aerodynamic drag torque is then

Ta ---- rcpad × Fad

where rcvad is the vector from the spacecraft center of mass to the center of aerody-

A± ad

Velocity

rcpad
Z

Y
I

I

I

I

To Earth
Centerof Mass

Figure 4-7: Spacecraft Orientation for Aerodynamic Drag Force and Torque Calcula-

tion
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namic pressure.

The calculation of the drag torque and combiner accelerationto overcomedrag

are similar to the abovecalculationsfor the solar pressuredisturbance. The same

projected areasand cp/cg offset are assumed. Therefore, the SCI aerodynamic drag

torque is

T,_d = p_(f_R)2Asc,(5 x 10-4L) (4.s)

The required combiner acceleration is

asp=Pa(f_R)2Amsi( lmcou mcombl ) (4.9)

Again, the individual drag torques are neglected.

4.1.4 Propellant Mass Rate Calculation

After the external disturbances have been calculated, the average propellant mass

rate necessary to reject those disturbances can be computed. For a static orientation,

this average rate is independent of the choice of attitude control actuators (thrusters

or reaction wheels) or the thruster duty cycle. Reaction wheels eventually saturate

and the angular momentum they have stored must be dumped, which in this study

requires the firing of thrusters. When the thrusters fire, the)" must impart the same

amount of angular momentum to the spacecraft as the external disturbance did in

the period of time since the last firing. Since the propellant mass is dependent upon

the momentum imparted, knowledge of the size and duty cycle of the thrusters is

not needed to calculate an average rate. Only the thruster location is necessary to

perform this calculation.

The mass of propellant necessary for a mission is dependent upon the total AI r

required. The relationship is given by the rocket equation

rnp = rni(1 - e av/I*_g)
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wheremp is the propellant mass,mi is the initial wet spacecraft mass, and g is the

gravitational acceleration of Earth at sea-level, 9.81 m/s 2.

For small AV, this can be approximated using a Taylor expansion and noting that

m_AV '_ Fttt

where Ft is the thruster force and tt is the time of thrusting. It is this approximation

that requires the constraint on propellant mass being less than or equal to 30% of the

dry spacecraft mass.

Recalling that the momentum imparted by-the thrusters must equal the momen-

tum imparted by the disturbance and that the disturbance force acts over all time,

the average propellant mass rate is

Fd
%

Ispg

where Fd is the disturbance force. The equivalent relation for a disturbance torque is

rhp __ LtIspg (4.11 )

where 7d is the disturbance torque and Lt is the thruster moment arm. Equations 4.10

and 4.11 are used to calculate the propellant mass rates for the separated spacecraft

and structurally connected interferometers, respectively. Disturbance torques about

the individual freeflyer spacecraft are neglected in the calculation of the MSI propel-

lant rate because the propellant required to overcome them is much less than that

required to compensate for the differential motion, at all orbits and orientations. For

the _ISI. the mass rate is calculated for each of the freeflyers and the rates are then

sununed. The 30% limit is placed on each individual spacecraft.
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Rotating Interferometers

Forstructurally connectedinterferometersthat rotate, the averagedisturbancetorque

is calculated by integrating the disturbancetorque magnitude overone rotation and

dividing by the period of rotation. This averagetorque is then usedin Equation 4.11.

For reaction wheels, this method leadsto a conservativeestimateof propellant use

becausethe wheelsmay not saturate.

For rotating multiple spacecraftinterferometers,thedifferential accelerationof the

central combinerspacecraftdue to solarpressureand aerodynamicdrag is the sameas

in the non-rotating casebecausethe projectedareasof the individual spacecraftare

assumedto be the sameas in the non-rotating case..The thruster force required on

oneof the collectorcraft canbe foundby setting the desiredmotion asdescribedby the

Hill-Clohessy-Wiltshire equationsto be sinusoidalat the rotation rate, _. Letting

5: = 0, _ = L sin(wt) and Z = L cos(wt) in Equations 4.2a-c gives the following

expressions for the required accelerations as a function of time. (Once again, no

displacement is allowed out of the plane of the orbit.)

ai=O

a9 = -L(2fkz + _v2) sin(at)

az = -L(3fl 2 + 2fia + w 2) cos(at)

Integrating the magnitudes of these accelerations over one rotation and dividing by

the period gives the average accelerations required in each direction.

7r

2
a_. = -L(3f2 _ + 2_, + w2)

7r
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An upper bound on the averagetotal force required can be found by adding the

average_ and f accelerationsand multiplying by the collector mass.

Ft <_ 2-mco,tL(3fl2 + 4_w + 2w 2) (4.12)
"IF

Notice that if the rotation rate is much less than the orbital rate (_) << _) Equa-

tion 4.12 reduces to

4
Ft <_ -mco.Lw 2

"IF

which is slightly larger than the magnitude of the radial force required to maintain

an object of mass rncou rotating at a rate equal to w. (The discrepancy is due to the

fact that in this formulation the thrusters fire in the _7 and f directions as opposed

to in the local y directions. See Figure 4-5.) Only in Earth orbit where the rotation

rate is not necessarily much less than the orbital rate do the thrusters also have to

fight the gravity gradient.

4.1.5 Attitude Disturbance Summary

The first half of this chapter presented the equations for the attitude control force and

torque disturbances that are used to size the ACS components as well as determine the

average propellant mass rate. The assumptions made in modeling these disturbances

are summarized in Table 4.1. Component sizing was discussed in the previous chapter

(Section 3.4) while ttle calculation of the average propellant mass rate was described

in Section 4.1.4.
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Table 4.1: Summary of Attitude Disturbance Assumptions

Disturbance Parameter Assumption

Orientation of Interferometer

SCI Projected Area

MSI Projected Area

SCI cp/% Offset

Coefficient of Drag

Reflectance

Contained within plane of orbit

Earth orbit Asci, Solar orbit Asci sin 0 (eq. 3.9)

One face = 1.7 m s

5 x 10-SL

2

0.4

4.2 Onboard Disturbances

The performance of an interferometer can be affected by the unwanted spacecraft

vibrations caused by the operation of onboard components. Eyerman and Shea [26]

provide an extensive overview of these internal disturbance sources. This study only

includes those internal disturbances which are of primary importance for the operation

of space interferometers. These include the components required to compensate for

the external disturbances discussed above (reaction wheels and/or control thrusters),

the motion of the optical delay line (ODL), and the thermal snap of the SCI truss.

After selecting those disturbances that will be active for a particular case (trade

space parameter T7), models of the disturbance spectra are generated and input to

the plant at the appropriate location, as shown in Figures 4-8 and 4-9.

All four disturbances can be input to the finite- element model of the SCI to

determine their effect on tip displacement. Only the reaction wheel, and ODL reac-

Central Spacecraft

Thruster Torque

Reaction Wheel Torque

Tip Thruster Force ODL Torque _ Z Tip Thruster Force

I Thermal Snap _'N_ Reacti°n wheel F°rce I

........., ................-........ ...............................................

Figure 4-8: Location of Onboard Disturbances for SCI
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Torque _z ODE Torque _ Z Torque I zI

a n Wheel Force a n Wheel Force _,-x---+--_ t:.rc e

Collector I "-9, I y Combiner_ y Collector _ y

L

Figure 4-9: Location of Onboard Disturbances for MSI

tuation spectra can be input to the models of the freeflyers, but as will be seen in the

next chapter, as expected, the onboard disturbances have negligible effect on the dis-

placement of the spacecraft. This section discusses the modeling of these disturbance

spectra.

4.2.1 Attitude Control Thrusters

The attitude control thrusters were sized in Section 3.4.1 and it was found that

the time spectrum of the firing can be characterized by three parameters -- the

thruster force Ft, the time between firings Att, and the length of time of one firing

tt (or, equivalently, the duty cycle (t). An overbound of the spectrum of this firing

history is input as a disturbance to the finite-element model of the SCI that contains

only flexible modes in order to determine the flexible response, as was discussed in

Section 3.1.

It is important to note that this modeling of the attitude control thrusters in the

frequency domain is done in an attempt to estimate the effects of the non-linear bang-

bang control on the structurally connected interferometer without performing the

numerically intensive calculation of the time history. In this study, the time history

of tile firing of the attitude control thrusters is assumed to be equal to that determined

analytically for a rigid spacecraft with no flexibility and no other disturbance sources.

In reality, however, the spacecraft is not rigid and a real-time control system would

deternfine when the thrusters fire. Sensors would be used to measure either the tip

displacement or the orientation angle of the central spacecraft and whenever these

measurements exceeded the allowable values, the thrusters would fire. This firing
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history would most likely not be equal to the analytically predetermined time history

used in this study.

If the flexible response and the effects of the other disturbances are small, the

difference between the two thruster firing time histories will be small and the response

calculated in this study will be representative of the real response. On the other hand,

if the flexible response and the effects of the other disturbances are large, the difference

between the two thruster time histories will be large and the response calculated in

this study will not be representative of the real response.

This is not a problem in this study, however, because, as will be seen in Chap-

ters 5 and 6, very few of the cases in this study have large enough responses to have

performance limited designs. Furthermore, when the response is greater than the per-

formance requirement as given by Equations 3.3 and 3.4, that particular SCI design

is not allowed as the minimum-mass design.

In other words, every minimum-mass design of the SCI meets the performance

requirement and therefore, has a small flexible response and response to the other

disturbances. Consequently, the actual firing time history will only vary slightly from

the firing time history used in this study. SCI designs that don't meet the performance

requirement of this study, may be able to meet the performance requirement in reality

by firing the thrusters at a greater rate than that assumed a priori in this study. This

possibility is not examined, however.

A plot of a sample thruster spectrum and its overbound is presented in normalized

units in Figure 4-10. The disturbance spectrum is a convolution of the spectrum of

a single pulse of height Ft and width tt, which is flat out to a frequency of 1/tt and

then rolls off at -1, and the harmonics of the firing frequency 1/Att. The overbound

has a 1-pole rolloff at 1/tt and is scaled to have the same RMS force as the actual

spectrum.

Keeping the overbound RMS equal to the spectrum RMS without modeling the

spikes at the harmonics of the firing frequency means that the model will underesti-

mate the effect on the performance at those fi'equencies. It wilt also overestimate the

effect at other frequencies. The net error can be neglected for this initial system-level
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Figure 4-10: Sample Thruster Disturbance Spectrum and Overbound (tt = Att/100)

study.

For the structurally connected interferometer, this overbound of the disturbance

spectrum is input as a force at the tips of the truss or as a moment about the central

node dependent on the location of the thrusters, as shown in Figure 4-8. No thruster

disturbance spectrum is input to the model if reaction wheels are used as primary

attitude control actuators because it is assumed that the image-taking occurs between

the thruster firings to dump the angular momentum stored by the reaction wheels.

Therefore, these firings do not affect the performance of the interferometer.

As discussed in Section 3.1, no thruster disturbance spectrum is input to the

model of the multiple spacecraft interferometer because the individual spacecraft are

treated as rigid bodies which have a deterministic displacement known a priori from

the specification of the deadband. Tile spectrum is not necessary to determine the

individual spacecraft response to the thruster firings.
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4.2.2 Reaction Wheels

Reaction wheels compensate for disturbance torques by spinning up and slowing

down, exerting a compensatory torque on the spacecraft in so doing. However, due

to imperfections in the design and construction of the wheel, variations in the torque

about the spin axis as well as forces in the radial and axial directions are also imparted

to the spacecraft.

Characterization of these disturbances was performed by Davis et al. [28] for the

reaction wheels used on the Hubble Space Telescope. The spectrum of the disturbance

had force spikes at various harmonics of the wheel speed with the amplitudes of these

forces at low frequencies (less than 100 Hz) being proportional to the wheel mass and

the square of the wheel speed.

Melody [29] then fit an analytical solution to this data to create a broadband

disturbance spectrum for a Hubble-type wheel with a uniformly distributed random

speed between 0 and ww revolutions per minute. A sample spectrum is shown in

normalized units in Figure 4-11.

.g 10 -_

-__

:_ 10 -2

10 _

10-3 I t('0 ........ J10 -1 101

Frequency { x t_ }

Figure 4-11: Sample Reaction \Vheel Axial Force Disturbance Spectrum for \\'heel

Speeds Between 0 and 60fT_,_ RP_I

119



In order to generatethe disturbancespectra for the reaction wheelsusedin this

study, the broadbandHubble spectraneedto be scaled. (Onedisturbance spectrum

is generatedfor eachof the axial and two radial forcesas well asfor the disturbance

torque.) This is to account for the differencein sizeand speedbetweenthe reaction

wheelsdesignedin Section3.4.2and the Hubble wheels.

To scalethe spectra, the disturbanceforce amplitudesare assumedto be propor-

tional to someradius of imbalance,aswell asto the wheelmassand the squareof the

wheel speed.This radius of imbalanceis assumedto scalelinearly with the radius of

the wheel. Therefore, sincethe scalingof the spectrawith wheelspeedis accounted

for in Melody's model, the magnitude of the spectrumgeneratedmust be multiplied

by ?71wrw/muub rHub.

Similarly, the disturbance torque amplitudes are assumed to be proportional to

the mass moment of inertia of the wheel about its spin axis. Hence, the magnitude

mwrw/rrtHubof the torque spectrum must be multiplied by 2 2r Hub.

The broadband reaction wheel spectra generated by Melody's analytical model and

scaled in the manner described above, are used directly in this study. The modeled

spectra are not overbound. Additionally, all of the reaction wheel disturbances are

assumed to be uncorrelated.

For the structurally connected interferometer, the reaction wheel spectra are input

at tile central node, as shown in Figure 4-8. It is assumed that there is one wheel for

each of the X-, Y-, and Z-axes so one axial force spectrum and two radial force spectra

are input in the Z-direction. No spectra are input in the Y-direction because it is

the Z-direction response that is the most sensitive. If the performance requirement

is met in tile Z-direction, it will also be met in tile Y-direction. The torque spectrum

is input about the X-axis.

For the multiple spacecraft interferometer, one axial force spectrum and two radial

force spectra are input in the z-direction of each spacecraft, as shown in Figure 4-9.

Tile torque spectrmn is also input about the x-axis.
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4.2.3 Optical Delay Line Reactuation

The movement of the optical delay line to compensate for optical pathlength differ-

ences transmits forces to the structure at the points where the ODL is mounted. A

model of these forces was created by Masters [7] for a 2 cm stroke ODL. The mag-

nitude of the disturbance forces is dependent on the size and stroke of the ODL. In

this study, the size and stroke of the ODL are taken to be constant over all baselines

so this disturbance remains constant and does not scale.

The spectrum of the model reactuation disturbance force used in this study is

shown in Figure 4-12. A worst case moment, arm of 12.7cm (5 in) between the location

of the force and the center of mass of the spacecraft is assumed. (This is the same

moment arm as was used in the ISIS study [7].)

For the structurally connected interferometer, the resulting torque is input about

the central node of the finite-element model, as shown in Figure 4-8. For the mul-

tiple spacecraft interferometer, the resulting t6rque is input about the x-axis of the

combiner spacecraft, as shown in Figure 4-9. Note that this disturbance, then, has

no effect on the displacement performance of the combiner spacecraft. This is not a

problem because in reality, tile optical delay line would be designed to ensure that

the forces it exerts on the spacecraft do not cause the performance requirement to be

violated.

4.2.4 Thermal Snap

The differential thermal expansion of struts in the truss can cause the phenomenon

of thermal snap to occur. When the force due to constrained thermal expansion in

a strut becomes too large, there is some mechanism by which the strut slips and

releases some of its energy into the rest of the truss structure. This energy release

occurs through a nearly impulsive force, thereby causing unwanted vibrations in the

structure.

Even though thermal snap has been observed to occur for many years, the mech-

anism by which it occurs is unknown. The model proposed by Kim [30] claims the
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Figure 4-12: Optical Delay Line Disturbance Force Spectrum

magnitude of tile force imparted to the rest of the structure is equal to the difference

between the static and dynamic friction forces at the location of the slip.

Fs, = Fs_at - Few

For lack of ext)erimental determination of the force imparted to the rest of the

structure, three different values for the thermal snap force are used in this study --

10%, 1%, and 0.1% of the buckling load of one of the struts of the truss. Therefore,

7rE Is
Fs.=n-- (4.13)

L_

where n is the fraction of the buckling load (one of 0.1, 0.01, or 0.001), E is the

moduhls of elasticity, Is is the cross-sectional area moment of inertia of the strut and

Ls is the strut length. The scaling of a strut is described in Section 3.3.1.

The rate at which thermal snap occurs depends on the thermal and stiffness

properties of the strut as well as on the orbit and orientation of the spacecraft. This

stu(h" assumes as a worst-case that the thermal snap occurs at a frequency of 1 Hz.
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The thermal snap frequencywill be denotedby fs,. The time history of the force

exerted on the structure is shown in Figure 4-13.

O
rr
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Fdyn
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1/fsn 2/fsn 3/fsn 4/fsn 5/fsn 6/fsn

Figure 4-13: Sample Time Profile of Thermal Snap

The spectrum of this time history is then overbound by setting the RMS force

of the overbound equal to the RMS force of the time history. Both the disturbance

spectrum and its overbound are shown in normalized units in Figure 4-14. The

overbound rolls off at -1 after the snap frequency.

The overbound of the disturbance spectrum is converted to a moment by multi-

plying by half the truss height, which is the distance of one strut from the neutral
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Figure 4-14: Sample Thermal Snap Disturbance Spectrum
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axis of the truss. This disturbance is then input to the SCI finite-elementmodel as

shownin Figure 4-8. A pair of oppositemomentsare input at the two nodeslocated

a distanceL/4 from the tip of the truss. Thermal snap is not a disturbance for the

multiple spacecraft interferometer.

4.2.5 Onboard Disturbance Summary

The second half of this chapter discussed the modeling of the disturbance spectra

of the four onboard disturbances that are used in this study -- attitude control

thrusters, reaction wheels, optical delay line reactuation, and thermal snap. These

disturbances are input to the plant to determine their effects on the performance of

the interferometer.

Overbounds of the disturbance spectra of the attitude control thruster and the

thermal snap models are input to the model of the structurally connected interfer-

ometer. The scaled, broadband disturbance spectra generated by Melody's analytical

model of the reaction wheels [29] and the spectrum of the optical delay line reac-

tuation modeled by Masters [7] are input to the models of both the SCI and MSI.

Figures 4-8 and 4-9 show where these spectra are input to the models of the SCI and

MSI, respectively.

Tile selection of the disturbances that are input to the plant is one of the trade

space parameters (T7). The effect of these disturbances on the performance of the

interferometer is discussed in the next two chapters.
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Chapter 5

Reference Case Results

This chapter presents the results of the reference case. The reference case is a non-

rotating interferometer in orbit about the sun at 1 AU and oriented at 15 ° from the sta-

ble gravity gradient orientation. Attitude control is provided by hydrazine thrusters

located at the tips of the interconnecting truss which is made of graphite/epoxy.

The onboard disturbances are the thrusters and the ODL reactuation. The absolute

displacement amplitude of the collector and combiner optics is specified to be 0.50 cm.

Results for both passive and active structurally connected interferometers are

presented in this chapter. This chapter uses the passive SCI case to demonstrate how

the minimum mass SCI is calculated as a function of baseline and how the critical

time plots are generated. This passive SCI case is also used to ilhlstrate and explain

the various plots that characterize the design of the interferometer.

The first step in calculating the critical time plot consists of the determination of

the ininimum mass structurally connected interferometer. Section 5.1 introduces the

passive baseline case and Section 5.2 presents the three-dimensional surface plots that

are used to determine if there exists a minimum mass SCI that meets all performance

requirements and constraints. Section 5.3 then presents some sample calculations of

the minimum mass configuration for various baselines.

The final minimum mass design of the passive truss is presented and explained

in Section 5.4 and the MSI freeflyer design is described in Section 5.5. The critical

time plot is generated flom these designs and is presented in Section 5.6. Finally,
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tile structurally active SCI is discussedin Section5.7. This sectionalsodescribesthe

differencesbetweentile passiveand active SCI designs.

5.1 Introduction to the Passive Reference Case

The determination of the minimum mass structurally connected interferometer that

meets all the performance requirements and constraints requires considerable cal-

culation. Ten logarithmically spaced aspect ratios between 10 and 1000 and areal

densities between 1/1000 and 1 are specified giving a total of 100 possible combina-

tions for the truss geometry for each baseline. For each of these combinations, the

performance and the parameters necessary to enforce the constraints (such as total

dry mass, attitude control component size. internal truss force, etc.) are calculated

as functions of baseline using the appropriate equations in Chapters 3 and 4.

As examples of these calculations, the plots of total dry mass (Equation 3.8) and

strut thickness (Equation 3.20) for a truss with an aspect ratio of 600 and an areal

densit.v of 1/100 are presented in Figures 5-1 and 5-2. In each figure, the dashed line

is the constraint value.

From Figure 5-1, it can be seen that for this combination of aspect ratio and areal

density, the total dry mass constraint of the interferometer (C1) is violated for all

baselin('s greater than 548 m, at which the mass exceeds the limit of 15,400 kg. For

short baselines less than 50m. the total dry mass is set by the masses of the central

spacecraft and the collector optics, which are denoted by rncm and mo in Equation 3.8.

Beyond 150 m, the truss mass is dominant and the L a dependence of this mass for a

constant areal density and aspect ratio can be seen. (The L a dependence is a result

of the substitution of Equations 3.11 and 3.12 into Equation 3.7.)

Figure 5-2 shows the strut thickness as a function of baseline as calculated by

Equation 3.20. The mininmm gage constraint (C5) is violated for all baselines less

than 48m, at which the gage drops below the limit of 0.5ram. The kink in the curve

betw(,en 100 and 200 reelers is due to the fact thal at a baseline of 150-m. the maxi-

mum ar¢,aI density of Equation 3.17 is equal to 1/100. For baselines long¢'r than 150m.
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tile maximum areal density of Equation 3.17 is lessthan 1/100 sothe strut is a solid

rod. For baselinesshorter than 150m, the maximum arealdensity of Equation 3.17

is greater than 1/100 so the strut hasa thicknessgivenby Equation 3.20.

For completeness,the remainingconstraint and performanceplots of the sample

truss with an aspect ratio of 600 and an areal density of 1/100 are presentedin

Figures 5-3 through 5-7. In eachfigure, the dashedline is the constraint value.

Figure 5-3 showsthe first truss natural frequencyasa function of baselineascal-

culated from the finite-elementmodelgeneratedin Section3.3.1. The first structural

frequencyof the interferometer isplotted asthe solid linewhile the dash-dotline is the

attitude control bandwidth. The first natural frequencynmst beat leastone decade

above this bandwidth, and this constraint (C2) is represented by the. dashed line.

Even though the natural frequency does not violate this constraint for this particular

combination of aspect ratio. 600, and areal density, 1/100, it is apparent that for a

different combination, the constraint could be violated twice because of the U-shape

of the curve. The constraint could be violated once for a minimum baseline and once

tbra maximum baseline.
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Figure 5-3: Truss Natural Frequency vs Baseline for AR = 600 and _= 1/1_)0
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Tile internal strut stressand internal strut forcecurvesarealso U-shaped,ascan

be seen in Figures 5-4 and 5-5. Similar to the natural frequencycurve, the strut

stressand force curvesdo not violate the respectiveconstraints for this combination

of aspect ratio, 600, and areal density, 1/100. The calculation of the internal strut

stressand force wasdescribedin Section3.4.3.

The curvesof thruster forceand performanceasfunctions of baselinearepresented

in Figures 5-6 and 5-7, respectively. Both the thruster force constraint (C3) and

the performance requirement are satisfied for all baselinesfor this combination of

aspect ratio, 600, and areal density, 1/100. The calculation of the thruster force

was described in Section 3.4.1 while the performancecalculation was described in

Section 3.1.2.

Similar plots can be generatedfor the performanceand for all other constraints

for each of the 100 combinationsof areal density and aspect ratio. However, the

only important information conveyedby those curves is the baselineat which the

constraint is violated or the performancenot met. Therefore, each curve can be

characterizedby that baseline.An overall surfaceplot of these lengthsasa function

of aspect ratio and areal density can then be assembled.Thesesurfaceplots will be

referred to as "constraint surfaceplots".

As discussedabove,the truss frequencyand strut strength curvesare U-shaped

and could (:rossthe respectiveconstraint lines in two locations. Therefore, the fre-

quency and strength curvesare characterizedby two baselines-- a minimum and

a maximum baseline. Betweenthesetwo baselines,the constraint is met. For clar-

ity, the surfaceplot of the minimum baselinewill be referred to as the "lower" fre-

quency/stress/buckling surfaceplot and the surfaceplot of the maximum baseline

will be referredto asthe "tipper" frequency/stress/bucklingsurfaceplot.

5.2 Constraint Surface Plots

This section presents the process of constructing the constraint surface plots which

are used tcJ determine the minimum mass SCI. (Recall that the l)robh, m forlnulation
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is to minimize the massof the SCI subject to meetingthe performancerequirement

and satisfying the imposedconstraint.) There area total of elevenconstraint surface

plots -- onefor the performancerequirement,onefor eachof the imposedconstraints

C1, C3, C4, and C5 (dry mass,maximumthrust, reactionwheelmass,and minimum

gage),andtwo for eachof the strut strengthconstraintsC6andC7 (maximum internal

stressand buckling, respectively)and two for tiw natural frequencyconstraint C2.

Sevenof the surfaceplots -- dry mass(C1), upper frequency(C2), thrust (C3),

reaction wheelmass(C4), upper stress(C6), upper buckling (C7), and performance

-- representthe mazimum baseline for which that constraint is met as a function of

aspect ratio and areal density. For baselines shorter than this length: the constraint

is met: for baselines longer than this length, that particular combination of aspect

ratio and areal density can not meet the constraint.

As an example of this type of mazimum surface plot, the dry mass (C1) constraint

surface is plotted in Figure 5-8. The dry mass surface plot is interi)reted m the

following way. In order to meet the dry mass constraint (C1), the geometry of the

truss must lie below the surface of Figure 5-8. The geometry of the truss consists of

the specification of the areal density (z-axis of Figure 5-8), the aspect ratio (_;-axis)

and the baseline (z-axis).

It is important to note that this dry mass constraint surface is common to all

cases in Table 2.3. As illustrated by the Inethodology block diagram. Figure 2-5, and

discussed in Section 3.3, the dry mass of the interferometer is only dependent upon

the baseline, the aspect ratio, and the areal density.

Of the eleven constraint surface plots, the other four plots -- minimum gage

(C5), lower frequency (C2), lower stress (C6), and lower buckling (C7) -- represent

the minimum baseline tbr which that constraint is met and are interpreted in the

opposite fashion. For baselines longer than this length, the constraint is met; for

baselines shorter than this length, that particular combination of aspect ratio and

areal density can not meet the constraint.

As an example of this type of minimum surface plot. the minimum gage constraint

surface is plotted in Figure 5-9. In order to meet the minimum gage constraint (C5),
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the geometry of the truss must lie above the surface of Figure 5-9. Again, it is

important to note that this minimum gage constraint surface is common to all cases

in Table 2.3. As illustrated by the methodology block diagram, Figure 2-5, and

discussed in Section 3.3.1, the thickness of an interferometer strut is only dependent

upon the baseline, the aspect ratio, and the areal density.

The flattening off of the surface at a baseline of 5 m is an artificial construct of

the computation of the surface. For each of the 100 combinations of aspect ratio and

areal density, the baseline was increased from 5 m to 2000 m to determine the baseline

at which each of the constraints was violated. For a minimum type constraint like

the minimum gage constraint, if the constraint were not violated for any baseline ill

that range, the limit was set to be tile minimum value, 5 m. If the constraint were

violated for every baseline in that range, the limit was set to the maximum baseline,

2000 m.

Similarly, for a maximum type constraint like the dry mass or thrust constraints,

tile limit was set to the maxinmm baseline, 2000 m, if the constraint were not violated

for any baseline checked and the limit was set to the minimum baseline. 5 m, if the

constraint were violated for every baseline.

Consequently, baselines of 5m and 2000m on the constraint surface plots should

not be interpreted as actual linfits. They should be interpreted as indications that

the constraint is either met for all or for none of the baselines in the range.

The eight remaining constraint surface plots for the passive SCI reference case are

presented in Figures 5-10 through 5-15. (There is no reaction wheel mass constraint

surface for the reference case because reaction wheels are not used.)

Figure 5-10 indicates that the performance requirement is met for all truss ge-

ometries, while Figure 5-11 and 5-12 indicate that there are some truss geometries

for which the maxinmm thrust (C3) and natural frequency (C2) constraints are not

met. Figures 5-14 through 5-17 illustrate that the strength constraints (C6 and C7)

are met for all truss geometries.
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5.3 Determination of Minimum Mass SCI

The truss geometries that meet all requirements and constraints are located within

the volume that is common to all of the above constraint surface plots, i.e. below

the lowest of the maximum constraint surface plots and above the highest of the

minimum constraint surface plots. The optimum SCI is determined by identifying,

for each baseline, that combination of aspect ratio and areal density that lies within

this constraint volume and that gives the minimum total dry mass of the SCI.

An easy way to visualize this process is by plotting for a given baseline, on the

same graph, the intersection of each of the constraint surfaces with the surface of

constant baseline. Figure 5-18 is an example of such a plot for a baseline of 10 m.

Notice that there are only three lines in Figure 5-18 -- one in the lower right corner

that corresponds to the intersection of the dry mass (C1) constraint surface with the

10 m constant baseline surface, another in the middle of the figure that corresponds to

the intersection of the minimum gage (C5) constraint surface with the same constant

baseline surface, and a third in the upper left corner that corresponds to the lower
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Figure 5-18: Minimum Mass Truss Calculation for 10m Baseline
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frequency(C2) constraint surface.Noneof the other constraint surfacesare active at

10m, and thereforedo not intersectwith the 10m constantbaselinesurface.

Figure 5-18is interpreted in the following way. The only constraints which linfit

the acceptablecombinationsof aspectratio and arealdensity are the dry mass(C1),

frequency(C2) and minimum gage(C5) constraints. The performancerequirement

and all otherconstraints aremet for all combinationsof aspectratio and arealdensity

for a 10m baseline. Each of the lines in Figure 5-18 indicates the combinations of

aspect ratio and areal density for which the calculated parametervalue is equal to

the value of the correspondingconstraint. The side of that bound that is allowed

must be interpreted from the constraint surfaceplots, Figures 5-8, 5-12,and 5-9 for

the dry mass(C1), frequency(C2) and minimum gage(C5) constraints, respectively.

The ticks on eachof the lines indicate the areaof possiblecoinbinationsof aspect

ratio and areal density for which the constraint is met. For the lower frequency

(C2) and miifimum gage (C5) constraints, combinationsof aspect ratios and areal

densitiestoward the lowerright corner of Figure 5-18are allowed. For the dry mass

(C1) constraint, combinationsof aspectratios and areal densities toward the upper

left corner of Figure 5-18 areallowed.

The crosses(x) in Figure 5-18then indicate the zoneof possiblecombinationsfor

which all performancerequirementsand constraints aremet. This areaof acceptabh'

combinations is bounded by the "active" constraints for this baseline. In this case,

the active constraints are the dry mass(C1) and minimum gage(C5) constraints.

The truss masscorrespondingto eachof the acceptablecombinationsis calculated

using Equation 3.7. The combinationof aspectratio and arealdensity that givesthe

minimum truss mass(and thereforethe minimum dry mass) is indicated by a circle.

For a 10m baseline,the minimum massSCI hasan aspectratio of 1000and an areal

density of 0.19. An important point to be madeabout the minimum massgeometry

is that for this baseline,the minimum massgeometryis onh' limited by the minimum

gageconstraint.

The aboveprocessis carried out for a range of baselinesfrom 10m to 1000m.

Illustrations of the cah'ulations of the minimum masspassiveSCI for baselinesof
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100m and 1000m are shownin Figures5-19 and 5-20, respectively.

It can be seenfrom Figures 5-19 and 5-20 that as the baseline increases,tile

frequency (C2) and minimum gage(C5) constraints relax while the dry mass (C1)

constraint becomesmore stringent. In fact, tile frequency(C2) and minimum gage

(C5) constraints relax so much that the frequencyconstraint (C2) is met by all com-

binations of aspectratio and arealdensity for a 100m baselineand tile minimum gage

constraint (C5) is satisfiedby all combinationsfor a baselineof 1000m. The maxi-

mum thrust constraint (C3) alsoappearsin Figures5-19and 5-20but this constraint

is never active. Only the minimum gage(C5) and total dry mass(C1) constraints

are everactive.

The minimum massgeometry, however, is still limited by the minimum gage

constraint (C5) for the 100m baselineand by the limits placedon the allowableaspect

ratio and arealdensity for the 1000m baseline.This is an important conclusion. The

minimum massof a passivetruss necessaryto meet the perfornlancerequirement and

the imposedconstraintsfor tile referencecaseis only limited by minimmn gage(C5),

aspect ratio and areal density constraints. Noneof the other requirements,including

performance,frequency,and strength, areactive factors.

5.4 Minimum Mass SCI Results for the Passive

Reference Case

This section presents tile design of the passive SCI as a function of baseline for the ref-

erence case which was determined using the method described in the previous section.

This section also presents the corresponding values of performance and constraint pa-

rameters as proof that this optimal design does meet all performance requirements

and constraints.

Tile first four figures presented in this section (Figures 5-21 through 5-24) describe

the high-level modeling of the plant for this reference case. Figures 5-21 and 5-22

present the truss aspect ratio and areal density as fuuctions of baseline. The aspect
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ratio is constant at the maximum allowable value, 1000, while the areal density de-

creases from 1/5.33 to the minimum allowable value of 1/1000 at a baseline of 400 m.

This scaling of aspect ratio and areal density with baseline and Equation 3.7 give

the truss mass shown in Figure 5-23. The dashed line is the maximum truss mass

that satisfies the total dry mass constraint (C1) and the truss mass never reaches this

value.

As discussed in Section 2.4.2, the minimum strut thickness constraint (C5) is

imposed during the modeling of the high-level plant, and Figure 5-24 shows the strut

thickness of the minimum mass passive SCI as a function of baseline. The dashed

line is the minimum allowable thickness (C5) and it can be seen that the designed

strut has the minimum thickness for all baselines less than 400 m.

The aspect ratio, areal density and strut thickness curves presented (Figures 5-

21, 5-22, and 5-24) also illustrate another way to determine those constraints that

limit the design of the structurally connected interferometer. For baselines less than

400m. the design is limited by the minimum gage constraint (C5) and the maximum

allowable aspect ratio. This can be inferred because the values of the strut thickness

and truss aspect ratio for the lninimum mass SCI equal the imposed limits on these

parameters for baselines in this range. Similarly, for baselines greater than 400m,

the truss design is limited by the minimum areal density and maximum aspect ratio

allowable.

The next two plots presented in this section (Figures 5-25 and 5-26) illustrate the

modeling of the external/attitude disturbances acting on the minimum mass SCI.

Figure 5-25 presents the external disturbance torques acting on the interferometer.

These disturbances were calculated using the equations described ill Section 4.1.

The solid line is the disturbance torque due to the gravity gradient caused by the

sun and the dashed line is the solar pressure disturbance torque. Not unexpectedly,

the solar pressure torque dominates.

As discussed in Section 2.4.2. the average propellant mass rate can l_e calcu-

lated with knowledge of the disturbance torques, the location of the' attitude control

thrusters and lhe t)roI)('llant. Figure 5-26 pr(,sents the averag(' I)rOl)ellant mass rate
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for this referencecase. The averagepropellant massrate wascalculated from tile

equationsin Section4.1.4.

Tile modeling of the internal plant is illustrated by the next four figures -- Fig-

ures5-27 through 5-30. The requiredthrust is shownin Figure 5-27. The solid line

is the thruster sizerequiredto meet the slewrequirementsdescribedin Section3.4.1.

The dash-dot line is tile thruster sizerequiredfor disturbancerejectionasdescribedin

Section3.4.1. Tile dashedline is the maximum thrust constraint (C3). The thrusters

are sized to meet the slew requirementsand the thrust levels required are over 3

orders of magnitude lessthan the maximum allowable.

Figure 5-28 presentsthe frequencyconstraint (C2). Tile fundamental structural

frequency of the interferometer is calculated from the finite element model and is

plotted as the solid line. There are two frequenciesassociatedwith the attitude

control subsystemsas discussedin Section3.4.1. The thrusting frequencyrequired

to reject the disturbancesof Figure 5-25 is plotted as the dash-dot line while the

thrusting frequencyassociatedwith tile slew maneuveris plotted as tile dotted line.

The first natural flequency of the SCI must be at least one decadeabove the

maxinmm of thesetwo frequencies,and this limit is plotted asthe dashedline. For this

referencecase,the thrusting frequencyassociatedwith slew maneuversis dominant

and the flmdamental structural frequencyof the minimum massSCI is ahvaysgreater

than a decadeabovethis frequency.

Figures5-29 and 5-30presentthe strengthconstraintson the individual struts, as

calculated in Section3.4.3. Figure 5-29presentstile maximum inducednormal stress

in onestrut (C6) while Figure 5-30presentsthe maximum inducednormal force (C7).

In eachfigure, the calculatedparametervalue is the solid line while the dashedline

is the constraint. The strength constraints areeasilymet.

The last two figures of this section present the calculated performanceof the

miniinum massSCI. Figure 5-31 showsthe stochasticdisplacelnentin bending (the

z-direction) of one of the tips of the truss. (The performance levels of each tip are

equal because of tile symmetry of the problenl.) The dashed line is the performance

requirement, z,,_q from Table 3.1, which is met for all baselines.
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Figure 5-32 shows the stochastic displacement in the z-direction of tile central

spacecraft of the SCI as a solid line. The dashed line is the performance requirement,

zr_ from Table 3.1, which is met for all baselines.

5.5 MSI Reference Case Results

This section presents the multiple spacecraft interferometer design for the reference

case. The figures in this section illustrate that all performance requirements and

constraints are satisfied.

The external/attitude disturbances acting on the MSI are displayed in Figures 5-

33 and 5-34. Figure 5-33 presents the differential acceleration of the fl'eeflyers caused

by the external disturbances. The solid line represents the differential acceleration

due to th(, gravity gradient and described by Equations 4.3a and 4.3t) which are the

solutions of the Hill-Clohessy-\Viltshire equations. The dash-dot line represents the

differential acceleration caused by solar pressure.

Figure 5-34 presents the attitude disturbance torques on a collector spacecraft.

Again, the solid line is the gravity gradient torque while the dash-dot line is the solar

pressure torque.

Since these torque levels are very small, the total I)ropellant mass rate as presented

in Figure 5-35 is dominated by the propellant required to compensate for the differ-

ential accelerations of the spacecraft. Additionally, the thruster sizing is determin(,_t

by the slew requirements and the compensation of the differential acceleration, not

the rejection of this disturbance torque.

The differential accelerations and attitude disturbance torques determine the av-

erage propellant mass rate of the MSI. Figure 5-35 presents the propellant mass rate

required to compensate for the differential acceleration (solid line) and to reject the

attitude disturbance torques (dash-dot line). The total propellant mass rate is the

sum of these two rates and is dominated by the differential acceleration contribution.
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Tile required thrust for the MSI is shown in Figure 5-36. The solid line is the col-

lector thruster size and the dash-dot line is the combiner thruster size. The collector

thruster is sized to meet the slew requirements. The combiner thruster is sized to

compensate for tile differential acceleration due to solar pressure. The thrust levels re-

quired are over four orders of magnitude less than the maximum allowable, illustrated

by the dashed line.

Finally, the performance of tile individual spacecraft is presented in Figures 5-

37 and 5-38. Figure 5-37 shows the maximmn displacement of a collector spacecraft

relative to its desired orbit as described by tile Hill-Clohessy-Wiltshire equations 4.2a-

c. This displacement is in the direction of the orbital velocity.

Figure 5-38 shows the maximum displacement of the combiner spacecraft relative

to its desired orbit as a result of the difl'erential solar pressure acceleration. This

displacement is directed along the vector from the spacecraft to the Sun.

In both figures, the performance requirement is plotted as a dashed-line. This

performance requirement is met for all baselines. Note that in the reference case. as

discussed in Section 4.2. there are no stochastic force disturbances input to the XISI

freeflvers, so the performance shown in Figures 5-37 and 5-38 is the rigid body motion

of the spacecraft between the limits of the deadband. There is only a stochastic torque

disturbance caused by the ODL reactuation input to the combiner spacecraft, but this

has no eflect on the displacement of the combiner spacecraft. As was discussed in

Section 4.2.3, the optical delay line would be designed to ensure that it did not cause

the combiner spacecraft to exceed the maximum allowable displacement.

5.6 Baseline Critical Time Plot

This section presents the critical time plot for the reference case with a passive struc-

turally connected interferometer. It is important to recall from Section 2.1.2 that the

critical time plot is generated flom onh" the total dry mass plots and the average

prol)('llant mass rate plots of the SCI and MSI.

Thc, total dry masses of the nlinimum mass SCI and 5ISI arc plotted in Figme 5-

146



1011

:_10 _

r_

G

-- SC!

-- MS]

376

10:
101 10 2 10 _

Baseline (m)

Figure 5-39: SCI and MSI Total Dry Masses versus Baseline

39. The solid line is the dry inass of the SCI, rne.,_i given by Equation 3.8, while the

dashed line is the MSI dry mass, m<,,,si. From Figure 5-39, the equal dry mass point

is 376 m.

The average propellant mass rates of the nlinimunl mass SCI and MSI are plotted

in Figure 5-40. The solid line is the propellant mass rate of the SCI. 7h_ci, while the

dashed line is the MSI propellant mass rate, fibnsi. For this case, the propellant mass

rate of the SCI is always less than that of the multiple spacecraft interferometer for

all baselines.

Use of Equation 2.3 generates the critical time plot shown in Figure 5-41. The

structurally connected interferometer is the optimal design for all baselines less than

376 m, the equal dry mass point. For baselines longer than this, there is a finite time

shown by the solid line below which the .NISI is the optimal design.

Looking at. the scale of the graph, however, this critical time ranges from 1 to over

10.000 years! The freeflyer design is optimal for all baselines longer than 376m for

a one week mission and for all baselines longer than 403 nl for a thirty year mission.

This is shown more explicitly in Figure 5-d2 where the critical time scale is I)r('sented
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for realistic mission lengths ranging from one week to thirty years.

The critical time curve presented in Figure 5-42 has a very steel) slope because

the propellant mass rates are so small. Even though the propellant mass rate of the

MSI is greater than that of the SCI, the absolute magnitude of the XlSI propellant

mass rate is so small that it would take a very long time for the extra t)ropellant mass

required for the MSI to equal the extra structural mass of the SCI.

Also shown in Figure 5-41 as the dash-dot line, is the propellant mass fraction

constraint (C8) for the MSI. Once again, however, this constraint which indicates that

for missions longer than 367 years the propellant mass flaction of the combiner space-

craft is greater than 30_,, is well beyond the range of reasonable mission durations.

The mass fraction constraint of the SCI is even greater than this time. Therefore.

all requirements and constraints are met for the reference case design and the critical

time plot is given by Figure 5-42.
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5.7 Structurally Actuated Reference Case Design

Tile addition of active structural control to the truss of the structuralh" connected

interferometer is modeled in this stud)' by relaxing the frequency constraint (C2)

and by increasing the structural damping. Increasing the structural damping will

only affect tile achieved performance of the interferometer and will not affect any

of tile imposed constraints. Therefore, the addition of active structural control only

alters the frequency and performance surface plots of Section 5.2 (Figures 5-12, 5-13,

and 5-10.)

Furthermore, the addition of active structural control can only improve these

surface plots. Since the upper frequency constraint, Figure 5-13, and the performance

requirement, Figure 5-10, are satisfied for all 100 combinations of aspect ratio and

areal density for the passive reference case. this constraint and requirement are also

satisfied for every combiuation for the actuated reference case. The onh" constraint

surface plot that is different from those of the passive reference case is the lower

frequency surface plot. This is presented in Figure 5-43. Adding active structural

control has caused the frequency constraint to be met for all combinations of aspect

ratio and areal density.

It is important to recall that this lower fiequency constraint was not active in

the minimum mass SCI design of the passive reference case. Relaxing this con-

straint.therefore, does not affect the nfinimuln mass SCI design of tile actualed refer-

ence case. The design of the minimum mass truss is still limited by the minimum gage

constraint and the allowable aspect ratio and areal density so the design is exactly

the same as that presented above in Section 5.4. Additionally, the critical time plot

is also the same as that in Figure 5-41 and Figure 5-42.
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5.8 Summary

Tile design of the minimum mass SCI that meets all performance requirements and

constraints for the passive reference case was presented and it was found that the

design is limited by the minimum gage constraint and the allowable aspect ratio and

areal density. The critical time plot for this passive reference case was presented

in Figure 5-42. From this plot, it was determined that a structurally coimected

interferometer is optimal for all baselines less than 376 m for a one week mission

and for all baselines less than 403 m for a thirty 3"ear mission. A multiple spacecraft

interferometer is optimal for longer baselines.

Since the minimum mass SCI for the passive reference case is limited by the

minimum gage constraint and not by performance or frequency, the addition of active

structural control can not reduce the mass of the truss necessary. Therefore, there

is no benefit to adding active structural control to the interconnecting truss for the

reference case.
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Chapter 6

Non-Reference Case Results

This chapter presents the results of the remaining 21 cases of Table 2.3 in an attempt

to determine the effects of the various trade parameters on the mission critical time.

In order to present the results in a concise fashion, the cross-over baseline for a mission

duration of ten years is presented for both the passive and actuated structurally con-

nected interferometer configurations for each of the 21 cases. The cross-over baseline

is that distance beyond which a freeflyer configuration is preferred to a structurally

connected interferometer. These cross-over baselines are compared to those of the

reference case and selected plots are presented to explain the differences. All plots

of the dependence on baseline of dry mass, average propellant mass rate, and critical

time can be found in Appendix A.

Sections 6.2 - 6.4 discuss the effects of different mission scenarios on the critical

time. Different orbits and orientations as well as rotating interferometers are ex-

amined. Sections 6.5 - 6.7 discuss the effects of different onboard disturbances and

changes to the plant. Different truss materials and propellants are examined, as are

different locations of the thrusters and the use of reaction wheels. The inclusion of

thermal snap as a disturbance source is also discussed. Finally, Section 6.8 examines

the effects of changing the performance requirement.
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6.1 Cross-Over Baseline Plots

The cross-over baseline is an alternate interpretation of the critical time plot. When

planning future interferometry missions, it may be more convenient to determine the

maximum baseline for which an SCI is less massive than an MSI for a given mission

duration, than to determine the maximum mission duration for a given baseline. This

maximum baseline will be referred to as the "cross-over baseline" for the specified

mission duration.

Figure 6-1 presents the critical time plot of the passive SCI reference case discussed

in Chapter 5 and shows the cross-over baseline for a mission duration of ten years.

The critical time plot can either be interpreted as having a cross-over baseline of

397 m for a ten year mission duration or it can be interpreted as having a critical

time of 10 years for a baseline of 397 m.

This chapter determines the effects of the va.rious trade parameters on the critical

time plots by plotting changes in the cross-over baseline for a mission of ten year du-

ration. Recalling that the critical time plots are derived from the total dry masses and
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averagepropellant massrates of the structurally connectedand multiple spacecraft

interferometers(recall Equation 2.3), a change in the ten year cross-over baseline is

indicative of a change in one or both of these quantities.

Therefore, the procedure of this chapter is to first determine if the cross-over

baselines of each of the cases in Table 2.3 differ from that of the reference case and,

if so, to then explain the reason for the change by describing how the variation of the

trade parameter affects the total dry mass and/or the average propellant mass rate.

Before presenting the non-reference cases, it is important to recall some properties

of the critical time plots. First, it must be recalled that the equal dry mass and

equal mass-rate points set the minimum and maximum baselines of the critical time

plot, respectively. This can be seen in Figure 6-1. The second property that must

be remembered is the value of the critical time plot, and therefore of the ten year

cross-over baseline, is determined by the difference between the MSI and SCI average

propellant mass rates.

6.2 Various Orbits (Cases 2-4)

This section presents the effects of varying the orbit of the interferometer (Cases

2-4 of Table 2.3). Figure 6-2 presents the ten year cross-over baselines for the four

different orbits examined. The structurally connected interferometer is preferable over

a smaller range of baselines for Earth-orbiting interferometers than for interferometers

in solar orbit. Furthermore, there is an advantage to adding active structural control

to interferometers in Earth orbit, but no advantage for solar-orbiting interferometers.

These results are explained below.

It is recalled from Chapter 5 that the reference case SCI design in solar orbit at

1 AU is gage limited and the sizing of the attitude control thrusters is dominated by

the slew requirements of the interferometer. Since the minimum mass design is neither

performance nor frequency limited, there is no advantage to using active structural

control.

It can then be reasoned that putting the interferometer in a 5.2 AU solar orbit
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Figure 6-2:10 Year Cross-Over Baselines for Various Orbits (Cases 2-4)

will not change the minimum mass SCI design. The thrusters are still sized for the

slew requirements which are independent of orbit, so the performance and frequency

constraints are still not active. Just as in the reference case, the design is gage limited.

Therefore, the dry mass versus baseline plots for the two orbits are identical, as can

be seen in Appendix A.

Even though the average propellant mass rate curves are different for the two

orbits (see Appendix A), this has no effect on the cross-over baseline for practical

mission durations (i.e. mission of less than 30 years.) Similar to the reference case,

the required mass rates for the 5.2 AU orbit are so small that the equal dry mass point

is essentially the cross-over baseline for all practical mission durations. Therefore, the

critical time plots of the 1 AU and 5.2 AU orbits are nearly identical and there is no

measurable change in the ten year cross-over baseline.

The Earth-orbiting interferometers (Cases 2 and 3) have different cross-over base-

lines and critical time plots than the reference case because these minimum mass

SCI designs are performance limited, not gage limited. The entire minimum mass

design of the passive SCI in LEO is presented in Appendix B so the reader can see
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how the various designparameterschangefor a performance limited design. The

external/attitude disturbancesare greater in Earth orbit and are large enough that

disturbance rejection drives the designof the thrusters. These effectsare seenin

Figures 6-3 and 6-4. In both figures, the baselineat which the curvesfor the LEO

casestop (around 200m) is the maximum baselinefor which all constraints and re-

quirementsare met.

Figures 6-3 and 6-4 show the thrust levelsand thrust frequenciesrequired for

both disturbancerejection and slew requirementsfor the passiveSCI minimum mass

designsin LEO and in a 1AU solar orbit. From these figures, it is clear that the

disturbancerejection requirementsdeterminethe thruster sizeand frequencyin LEO,

whereastheslewrequirementsdeterminethe thruster sizeand frequencyin solarorbit.

The larger thrusters and the increasedfrequencyof thruster firing causethe per-

formanceand frequencyconstraints to becomeactive in the designof the minimum

massSCI. This is best seenin Figures 6-5 and 6-6, in which the active constraints

for a baselineof 100m as functions of the areal density and aspectratio are plotted

for the structurally passiveand active SCI's, respectively. Theseplots are obtained
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following the procedure described in Section 5.3. Similar plots can be generated for

the interferometer in geostationary orbit, but are not presented here. The trends are

the same as those described below.

Figure 6-5 reveals that the combinations of areal density and aspect ratio that

satisfy all performance requirements and constraints for a passive, 100 m SCI in LEO

are bounded by the performance requirement (T9) and the total dry mass constraint

(Cl).

Figure 6-6 shows the advantage of using active structural control on an SCt whose

design is performance limited. The allowable region of areal density and aspect ratio

is still bounded by the performance requirement and the dry mass constraint, but by

increasing the structural damping of the truss, more combinations of areal density

and aspect ratio are enabled. Furthermore, the frequency constraint is no longer a

factor.

Since the Earth-orbiting interferometers are performance limited and not gage

limited, their dry masses are greater than that of the reference case. Figure 6-7

shows the dry mass plot for the passive LEO interferometer and can be compared

158



Minimum

Gage (C5)

Upper Frequency (C2)

Min Mass = 25.87 kg
A Den = 1.00E-03

AR = 129.8

X X X

X X

ss (C1)

Thrust (C3)

Areal Density

Figure 6-5: Computation of Minimum Mass Passive SCI for a 100 m Baseline in LEO

10 -_

Minimum Min Mass = 8.27 kg

Gage (C5) A Den = 1.00E-03

Performance

X X X X X

X X × X

X X X

X X

Lss (C1)

Thrust (C3)

Areal Density

Figure 6-6: Computation of Minimum Mass Active SCI for a 100m Baseline in LEO

159



10'

3
_10

--SCI IMSI

10 A
101 10 2 10 3

Baseline (m)

Figure 6-7: Total Dry Masses for Passive Interferometer in LEO

to Figure 5-39. Since the total dr:}' mass of the multiple spacecraft interferometer is

assumed constant, the equal dry mass points of the Earth-orbiting interferometers

are less than the equal dry mass point of the reference case. Note from Appendix B

that for baselines longer than 200 m, the maximum thrust constraint (C3) can not be

satisfied by the structurally connected interferometer in low Earth orbit.

The greater attitude disturbances also require greater average propellant mass

rates, as can be seen by comparing Figure 6-8 with Figure 5-40. The mass rates are

small enough, however, that the decrease in the equal dry mass point causes a decrease

in the ten year cross-over baseline. The fact that the Earth-orbiting minimum mass

structurally connected interferometers are performance limited then explains the de-

crease in cross-over baseline as compared to the reference case. This fact also explains

the benefit of using active structural control on Earth-orbiting interferometers.

All plots of dry mass, average propellant mass rate, and critical time for Cases

2-4 can be found in Appendix A. As mentioned earlier, the entire minimum mass

design of the passive SCI in LEO is also presented in Appendix B. It will be noticed

that the performance requirement of the minimum mass passive SCI is not met for
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all baselines.This is a consequenceof using interpolation to generatethe constraint

curvesof Figures 6-5and 6-6. When a designis performancelimited, the calculation

of the minimum masscombination of areal density and aspect ratio selectsa point

on the interpolated performancecurve. Sincethe performancerequirement surface

is not as smooth as the other constraint surfaces, the points on this interpolated

curve may not actually satisfy the performancerequirement. There is, however,a

combination of areal density and aspect ratio closeto that combination calculated

that doessatisfy the requirement,sothe errors in the calculation of the minimum dry

massand averagepropellant massrate aresmall.

6.3 Various Orientations (Cases 5-8)

Figure 6-10 presents the ten year cross-over baselines for various orientations of a non-

rotating interferometer in a solar orbit at 1 AU. These are Cases 5-8 of Table 2.3.

It is apparent from Figure 6-10 that changing the orientation of the interferometer,

does not affect the ten year cross-over baseline. It can be inferred from this that
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Figure 6-10:10 Year Cross-Over Baselines for Various Orientations (Cases 5-8)

162



the critical time plots for the various orientations aresimilar, and this can be seen

in Appendix A. Furthermore,just as in the referencecase,adding active structural

control to the SCI doesnot alter the critical time plot.

Changing the orientation of the interferometer does affect the external/attitude

disturbance environment, as can be seen in Appendix A. However, none of the ac-

tive constraints that drive the minimum mass design of the SCI nor the important

propellant mass-rate parameters that determine the critical time plot are affected.

The minimum mass SCI is limited, in both the structurally passive and active

cases, by the minimum gage constraint (C5). A change in the orientation does af-

fect the thruster size and frequency associated with disturbance rejection, but tile

thruster design is still dominated by the slew requirements, which are independent

of orientation. This can be seen in Figures 6-11 and 6-12. The minimum mass SCI

design is therefore gage limited and is the same for all orientations. Consequently,

the equal dry mass points of all the critical time plots in Appendix A are the same.

The value of the critical time plot for baselines beyond the equal dry mass point

is calculated from Equation 2.3. Since the dry mass plots are the same for all orien-
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tations, the similarity of the critical time plots (and hence the equivalence of the ten

year cross-over baselines) can be explained by examining the average propellant mass

rate plots of Appendix A and the reference case, Figure 5-40.

The critical time is a function of the difference between the propellant mass rates

of the SCI and MSI. Figure 5-40 illustrates that this difference is dominated by

the MSI propellant mass rate. The MSI propellant mass rate is in turn dominated

by the compensation of the differential acceleration of the freeflyers caused by solar

pressure. (See Figure 5-35.) Since, the differential acceleration due to solar pressure is

independent of the orientation of the MSI and dominates the MSI average propellant

mass rate for all orientations, the critical time plots of the various orientations are

the same.
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6.4 Interferometer Rotation (Cases 9-12)

Rotating interferometers in different orbits (Cases 9-12 of Table 2.3) are investigated

in this section. The critical time plots of these cases are presented in Appendix A

while Figure 6-13 presents the ten year cross-over baselines for these cases.

The minimum mass design of the rotating interferometers is assumed to be the

same as the minimum mass design of a non-rotating interferometer oriented at 45 ° to

the gravity gradient in the same orbit. From Sections 6.2 and 6.3, it is known that the

minimum mass designs of non-rotating interferometers in solar orbit are gage limited,

while the minimum mass designs of non-rotating interferometers in Earth orbit are

performance limited. Since the rotating interferometers have the same designs as

the non-rotating interferometers, the fact that only Earth-orbiting interferometers

are performance limited explains why active structural control increases the ten ),ear

cross-over baseline only for rotating interferometers in Earth orbit.

The increase in the ten year cross-over baselines for rotating interferometers as
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Figure 6-13:10 Year Cross-Over Baselines for a Rotating Interferometer in Different

Orbits (Cases 9-12)
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compared to non-rotating interferometers is due to the increase in average propellant

mass rate required to rotate the multiple spacecraft interferometers. This is shown

in Figure 6-14 where the mass rates required for the 1 AU rotating and non-rotating

interferometers are compared. For reference, a propellant mass rate of 3 x 10 -6 kg/s

is approximately equal to 100 kg/yr.

6.5 Different Materials and Propellants (Cases 13-

15)

This section presents the results of changing the truss material to Muminum and using

different propellants for attitude control (Cases 13-15 of Table 2.3). The critical time

plots of these cases are presented in Appendix A.

Figure 6-15 shows tile effect of using aluminum instead of graphite/epoxy as the

truss material for the SCI. An aluminum truss is relatively worse than one made of

graphite/epoxy and the reason is straightforward. As can be seen in Appendix A, the
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minimum mass SCI design is still gage limited. The geometries of the graphite/epoxy

and aluminum trusses are identical, so consequently the SCI with an aluminum truss

is more massive. This is shown in Figure 6-16. Once again, since the SCI design is

neither performance nor frequency limited, the critical time plots of the structurally

passive and active SCI's are the same.

Figure 6-17 shows the lack of effect of using different propellants for attitude

control. Changing the propellant affects the average propellant mass rate required

because of the change in specific impulse. This is shown in Figure 6-18. The mass rates

required, however, are still extremely small so the effect on the cross-over baseline for

realistic length missions is negligible.

For this study, the different propellants also had different corresponding maxi-

mum allowable thrusts. However, in the 1AU solar orbit where slew requirements

determine thruster size, these maximum thrust levels were only reached for pulsed

plasma thrusters (PPT) for baselines beyond 800 m, which is well beyond the ten 3'ear

or even thirty year cross-over baseline. It must be noted once again that because the

SCI design is gage limited, there is no advantage to using active structural control.
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6.6 Central Spacecraft Thrusters and Thermal Snap

(Cases 16-17)

Figure 6-19 presents the results of placing the attitude control thrusters on the central

spacecraft and of including thermal snap as a disturbance (Cases 16-17 of Table 2.3).

There is no effect on the ten year cross-over baseline if the attitude control thrusters

are placed on the central spacecraft instead of at the tips of the truss. The minimum

mass SCI design is still gage limited and the SCI propellant mass rate is still much less

than the propellant mass rate of the MSI, so the critical time plot is nearly identical

to the reference case, Figure 5-41.

The effect of thermal snap is very sensitive to the modeling of the disturbance.

Figure 6-20 presents the ten year cross-over baselines for thermal snap forces equal

to 10%, 1%, and 0.1% of the strut buckling load.

From Figure 6-20, it is apparent that the minimum mass passive SCI design for a

thermal snap force equal to 107c of the buckling load is performance limited. This is

so because the active SCI design has a larger cross-over baseline. In fact, as can be
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seen in Appendix A, the passive SCI can not meet the performance requirement for

any baseline greater than 130 m. As the thermal snap force becomes smaller, however,

the active and passive designs both have the same cross-over baseline as the reference

case, implying that both designs are gage limited.

It must be noted that the thermal snap modeling process produces snap forces that

are very high. This is shown in Figure 6-21 for the passive SCI. At first glance then,

it is surprising that these strong forces don't affect the performance more strongly,

and thereby alter the critical time plots. The reason for this is the thermal snap is

input to the model as a pair of equal and opposite moments separated by the length

of one strut and located roughly one-fourth of the distance between the collector and

combiner optics away from one of the tips of the truss. \¥hen the length of one

strut is very small compared to the distance between the tip and the location of the

disturbance, the net effect of these two opposite moments on the displacement of the

tip is very small. The ratio of strut length to the distance between the disturbance

input and tile tip performance output is plotted in Figure 6-22. Additionally, the

shorter the strut, the less distance there is between the location of the thermal snap

force and the neutral axis of the truss. This causes a reduction in the magnitude of

the moment applied to the structure.

Some of the problems of tile thermal snap results are the consequence of the

interpretation of the modeling of the truss. By interpreting the truss design to be

composed of cubic bays, the use of very high aspect ratios produces very short struts.

For example, the gage limited reference case design has a constant aspect ratio of 1000

for all baselines, which produces strut lengths of 1-100 cm over the range of baselines.

The combination of these strut lengths with the minimum gage constraint and the

v_ scaling of the strut radius of gyration produces very high critical buckling loads,

as can be seen from Figure 5-30. It is also the cause of the small ratio of strut length

to separation of snap disturbance and performance.

One possible counter argument to this is that for high aspect ratios and short

baselines, the design should not be interpreted as a truss of bay size 1 cm but rather

as a single deployable boom, or possibly a tether, with a diameter of lcm. If this
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werethe case,the modeledmechanismby which thermal snap occurs,the differential

heating of different struts in a truss bay,would not apply. It is conceivablethat if a

singleboom wereused,thermal snap would not be aslargea disturbanceasit would

be in a truss-like structure, so the conclusionthat thermal snapmay not havea large

effecton the critical time plots maybecorrecteventhough the derivation is incorrect.

The most important conclusionis that morework needsto be doneon the modeling

of thermal snap,and specifically,moreexperimentaldata needsto be analyzed.

6.7 Reaction Wheels as Attitude Control Actua-

tors (Cases 18-20)

This section presents the results of using reaction wheels as the primary source of

attitude control (Cases 18-20 of Table 2.3). The critical time plots of these cases are

presented in Appendix A. Figure 6-23 presents the ten year cross-over baselines for a

non-rotating interferometer with reaction wheels for attitude control and in solar orbit

at 1 AU. The two cases presented are distinguished by the location of the thrusters

used for desaturation, whether the thrusters are located at the tips of the truss or on

the central spacecraft.

Figure 6-23 is identical to Figure 6-19 which indicates that the use of reaction

wheels, instead of thrusters, as the primary source of attitude control has little effect

on the critical time plots. Even though the reaction wheels introduce different dis-

turbances, these disturbances are not large enough to cause the minimum mass SCI

design to be performance limited. The design is still gage limited. The only difference

between the critical time plots presented in Appendix A and the critical time plots

discussed in Section 6.6, is the SCI can not meet the maximum reaction wheel mass

constraint of 100 kg (C4) for baselines beyond 600 m. Figures 6-24 - 6-26 present the

design of the reaction wheels for the minimum mass SCI.

The reaction wheels are sized according to the procedure described in Section 3.4.2

and Figures 6-24- 6-26 reveal that very small wheels are required. This indicates that

173



1000

900

800

E
700

0o

"_ 600

_3 400

300
c

20O

100

13

--_- Passive SCIActive SCI

MSI Optimal

X X

SCI Optimal

l

Tip 1181
I

s/C [_91
Reaction Wheel Attitude Control [Case]

Figure 6-23: 10 Year Cross-Over Baselines for Reaction Wheel Attitude Control

(Cases 18-19)

maybe it is not realistic to scale the wheels by keeping the internal stress constant

over all sizes. One possibility would be to limit the minimum reaction wheel size to

the size of the Hubble wheels and to then scale larger wheels by keeping the stress

constant.

The effect of including thermal snap as a disturbance is presented in Figure 6-27

for three different thermal snap force levels. Unlike Figure 6-20, there is no difference

between the passive and active SCI designs for any of the force levels. All designs are

gage limited. The thermal snap force does not cause the performance requirement

to be violated when reaction wheels are used because the stochastic performance

requirement, Z_¢q, associated with reaction wheels is larger than that associated with

attitude control thrusters. See Table 3.1. The elimination of the rigid body deadband

through the use of reaction wheels allows a greater flexible response.
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6.8 Various Performance and Deadband Require-

ments (Cases 21-22)

Figure 6-28 presents the results of varying the performance requirement, and hence

the deadband, of the interferometer (Cases 21-22 of Table 2.3). As expected, since the

reference case design is not performance limited, relaxing the performance require-

ment to 2.50 cm in amplitude does not affect the ten 3'ear cross-over baseline nor the

critical time plot. Tightening the performance requirement to 0.25 cm in amplitude

also does not affect the cross-over baseline nor the critical time plots. This result,

however, hides the fact that for short baselines around 10 m, the minimum mass SCI

design is performance limited, as shown in Figure 6-29. Even though the design is

performance limited, the dry mass of the SCI is still less than that of the MSI. For

baselines greater than 16 m, the design is again gage limited so the critical time plot

shown in Appendix A is nearly the same as that for the reference case.
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6.9 Summary

This chapter described the effects of the various trade parameters on the critical time

by explaining the differences between the ten year cross-over baselines of the cases

in Table 2.3. All plots of dry mass, average propellant mass rate, and critical time

versus baseline can be found in Appendices

It was discovered that .the minimum mass SCI designs for all interferometers in

solar orbit are gage limited. For non-rotating interferometers, the disturbance levels

are extremely small so very little propellant is required to reject them. This causes

the critical time plot to have a very steep slope when plotted on the scale of practical

mission durations, regardless of orientation, propellant, attitude control actuators, or

performance requirement. Only a change of truss material causes a noticeable change

in tile critical time plot.

It was also discovered that the propellant required to rotate a multiple spacecraft

interferometer is very large. This caused an approximate two-thirds increase in the

ten year cross-over baseline for solar orbits.

Another important observation was made concerning the effect of thermal snap.

\\Then thrusters are used for attitude control, the minimum mass SCI design is sensi-

tive to the modeling of the thermal snap forces. When reaction wheels are used, tile

minimum mass design is insensitive to the inclusion of thermal snap. This is because

the use of thrusters necessitates the budgeting of the performance requirement, be-

tween rigid-body motion within a deadband and allowable flexible motion. The larger

the deadband, the greater the possibility that the vibrations induced by thermal snap

will cause the performance requirement to be violated.
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Chapter 7

Conclusion

7.1 Summary and Key Assumptions

This study used the total launched mass of each configuration to compare structurally

connected and multiple spacecraft interferometers. To make this comparison, it was

assumed that detailed models of the optical subsystems were not necessary. It was

assumed that if the absolute positions of the collecting and combining optics were

maintained within a specified range, on the order of centimeters, then the optical

control subsystem alone would be able to reduce the remaining optical pathlength

difference to the required level, on the order of tens to hundreds of nanometers. This

corresponded to an assumed gain of 100-120dB for the optical control system.

Twenty-two different combinations of trade space parameters were used to inves-

tigate the effects on the comparison of different orbits, orientations, truss materials,

propellants, attitude control actuators, onboard disturbance sources, and performance

requirements. Rotating interferometers were also examined in this study. Addition-

ally, this study investigated the advantages of adding active structural control to the

SCI in order to keep the collecting and combining optics within the range specified.

The comparison of the structurally connected and multiple spacecraft interferom-

eters was performed through the generation of critical time plots, a process which was

described in Chapter 2. Chapter 2 also presented, in block diagram form, the method-

ology used in this study to compare structurally connected and multiple spacecraft
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interferometers. The methodology block diagram, Figure 2-5, graphically illustrates

the interactions between the trade space parameters, imposed constraints, and com-

parison metrics which allows an investigator to qualitatively determine which metrics

and constraints are affected by changes in the trade space, without a large modeling

or computational effort.

The methodology used in this study required the modeling of four areas -- the

performance, the mission scenario, the plant, and the disturbances. Chapters 3 and 4

described the modeling of these areas and presented the assumptions inherent in

each model. Future investigators may use different assumptions or models than those

presented, but the interactions of these areas will still be governed by the methodology

block diagram, Figure 2-5.

Finally, Chapters 5 and 6 presented the comparisons of the structurally connected

and multiple spacecraft interferometers for the 22 different combinations of trade

space parameters.

7.2 Conclusions

This section summarizes the most important conclusions of this study.

(i) For non-rotating interferometers, the cross-over baseline is nearly constant over

all practical mission durations and parameter variations in solar orbit and is

approzimately equal to the value of the equal dry mass point. This corresponds

to a cross-over baseline of approximately 400 m for the SCI with a truss con-

structed of graphite/epoxy and 300 m for an aluminum truss with the assumed

dry masses of the other subsystems (optical, thermal, attitude control, etc. as

described in Section 2.1) used in this study.

(ii) The minimum mass SCI designs for all interferometers in solar orbit that do

not include thermal snap as a disturbance are gage limited. This is indepen-

dent of orientation, truss material, propellant, attitude control actuators, other

disturbance sources studied, or performance requirement.
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(iii) There is no benefit to placing the attitude control thrusters at the tips of the

connecting truss. Even though more propellant is required if the thrusters are

located on the central spacecraft, the space environment in solar orbit is very

benign so the propellant rate required for non-rotating interferometers is very

small (less than 10 -_ kg/s.) The savings in propellant mass do not offset the

added complexity of locating the thrusters at the tips of the connecting truss.

There may, however, be an improvement in response. This study did not address

that issue.

(iv) There is no benefit to adding active structural control to the interconnecting

truss for interferometers in solar orbit and for the formulation of the problem

used in this study, i.e. in order to keep the collecting and combining optics

within the range specified. Since the minimum mass SCI for the non-thermal

snap cases are limited by the minimum gage constraint and not by performance

or frequency, the addition of active structural control can not reduce the mass

of the truss necessary. There may be other reasons for using active structural

control which are not apparent in this formulation of the problem. For example,

active structural control may be needed to robustify the plant for the optical

control system to work.

(v) The propellant mass required to rotate the multiple spacecraft interferometer is

very large. The ten )'ear cross-over baseline for rotating interferometers in solar

orbit is approximately two-thirds larger than that of non-rotating interferome-

ters.

(vi) The selection o/mass as the comparison metric allows the SCI and MSI designs

to be compared at a very early stage in the modeling process. This is illustrated

in the methodology block diagram, Figure 2-5. The fact that the SCI and MSI

designs can be compared at a very early stage in the modeling process saves

the designer time by the elimination of many potential configurations after the

calculation of only the external attitude disturbances.
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7.3 Recommendations for Future Research

This study was a first attempt at determining the cross-over baseline of structurally

connected and multiple spacecraft interferometers. It is by no means the answer to

the question. The results of this study, however, can be used as a guide for future

investigators. Obviously, different assumptions regarding parameter values, or even

different models of the areas discussed in Chapters 3 and 4, can be used. The following

recommendations, however, are those areas of future research that the author believes

may contribute significantly to the determination of the cross-over baseline.

(i) More Accurate Modeling of Operational Scenario

A more accurate model of the operational scenario of the interferometer would

allow a better estimate of the propellant requirement. This estimate is required

for the calculation of the value of the critical time between the equal dry mass

and equal mass rate points.

One issue in particular should be looked at -- the propellant required for reori-

entation of the interferometer. This issue requires a more detailed model of the

day-to-day operations of the interferometer which includes length of time per

measurement, number of measurements per dab' and average slew distance and

time between measurements.

(ii) More Accurate Characterization of Onboard Disturbances

As mentioned in Section 4.2.4, there is very little, if any, experimental data

available to characterize the thermal snap disturbance. However, as was seen in

this study and in the ISIS performance study [7], thermal snap does have the

possibility of greatly affecting the performance of the structurally connected

interferometer. Therefore, it is important to characterize this disturbance in

order to know if it is necessary to compensate for it. Experiments should be

performed to verify analytical models, like that proposed by Kim [30] and sum-

marized in Section 4.2.4. The other solution is to design the connecting truss
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sothat it doesn't snap, for example,by using a material with a zerocoefficient

of thermal expansionor by using a tether. (Seebelow.)

Additionally, the reactionwheelssizedin this study for the SCI maybe too small

to be realistic. One possibility is to limit the wheels from being smaller than

those used on the Hubble Space Telescope, which would increase the onboard

disturbance levels and may cause the SCI design to be performance limited for

short baselines.

(iii) Investigation of the Use of Tethers and Other Structural Configurations

The fact that the minimum mass design of the structurally connected inter-

ferometer was gage limited in all but one of the solar orbit cases implies that

it may be possible to use a tether or some other structural configuration to

maintain the separation distance between the combining and collecting optics.

A tether would be less massive than an interconnecting truss (although some of

the trusses designed in this study are probably best interpreted as single deploy-

able booms) and would still require less propellant than a multiple spacecraft

interferometer for station keeping and reorientation. The tether may also act

as an isolator between the combining and collecting optics.

(ix,) Reduction of the Gain Requirement of the Optical Control System

This study assumed a gain of 100-120 dB for the optical control system. If the

real gain of the optical control system is less than that assumed, it is necessary

to maintain the position of the combiner and collector optics to more stringent

requirements. Studies should be performed to investigate how tightly the posi-

tion of the optics can be maintained using both passive and active structures

in order to reduce the gain required of the optical control system.

(v) Modeling of the Optical Subsystem

The primary assumption of this study was that SCI's and MSI's could be com-

pared to first order without modeling the optical subsystems. It was assumed

that if the absolute positions of the combining and collecting optics, treated as
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lumped masses,could be maintained within a specifiedrange on the order of

centimeters,then the optical control systemwouldhandlethe rest of the control

necessary.

It may bethe case,however,that the optical controlsubsystemis not sufficiently

isolatedfrom the structure that the residualstructural vibrations, although not

the causeof large deformationsof the tips of the truss, may interact with the

optical subsystemin sucha way that preventsthe nanometerlevelperformance

requirementfrom being met. Or, aswasmentionedabove,it may be necessary

for active structural control to be used to robustify the plant, thus enabling

the performancerequirement to be met. A generalizedmodel of the optical

subsystemcould be devisedand then scaledfor the different baselines.

On the other hand, it may not bepossibleto determineif activestructural con-

trol is necessarywithout a very detailed modelof the layout of the interferome-

ter, which is not availableat this stageof decisionmaking. A generalizedmodel

may not begoodenoughbecausethe nanometerlevelperformancerequirement

is highly dependenton the motion of the individual elementsof the optical sub-

system. Instead of designingthe structure to allow the predeterminedoptical

layout to meet the performancespecification,it makesmoresenseto designthe

optical layout to meetthe performancespecificationgiventhe structural design.

It may be possibleto simultaneouslydesignthe structure and the optical sub-

system,and in so doing, to designan "optimal" interferometer for a given set

of operating conditions and disturbances. Once again, however, this requires

extremely detailed models of the structure and optical subsystem which are be-

yond the level of fidelity available, or even necessary, at this stage of decision

making. This optimal integrated design could be performed for the final design

of the structurally connected interferometer but is not necessary to determine

the cross-over baseline that will be used in making decisions concerning future

missions.
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Future investigatorswill haveto determine the feasibility and benefits of mod-

eling the optical subsystem.

(vi) Modeling of the Cost

The actual decisionasto whether to build and operatea structurally connected

or a multiple spacecraftinterferometer will be made basedon cost, not mass.

It wasassumedin this study that thesetwo are related, which is true for many

spacepayloads,and to first order would give the sameresult.

This assumptioncan, however,becheckedby running astandard cost modelon

both designs. This would, unfortunately, require more detailed modelsof the

two configurations.

(vii) Investigationof Other Structural and Non-Structural Issues

There may be other structural and/or non-structural issuesthat actually drive

the design of the interferometer and that aren't addressedin this study. In

that case,the estimatesderivedhere for the cross-overbaselineare only upper

boundson the real solution. A simplestructural exampleis the issuesinvoh'ed

in deploying a 400m truss havenot beenexaminedhere. There may be some

reasonwhy this is not feasible(and which may further indicate the advantages

of using a tether.)

An example of a possiblenon-structural issue that may drive the design of

the interferometer is the communicationsbandwidth required for the multiple

spacecraftinterferometer to control optical elementson different spacecraft.At

somepoint, this issuewill haveto be resolvedin order to operatethe thousand

kilometer baselineinterferometernecessaryto map other planetsenvisionedby

the Origins program. Even if this issue is resolved in the future, however,

it may be necessaryin the near term to only operate structurally connected

interferometers.

Additionally, there is the possibility of investigating different configurationsof

nmltiple spacecraftinterferometers. For example,an interferometer with more
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than two collector spacecraftmay reducethe total propellant requirementfor

acquisitionof an image. It will also reduce the required time by making multiple

measurements simultaneously. The fact that more targets can be imaged or

measured in less time may also play a role in decision making.
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Appendix A

Total Dry Mass, Average

Propellant Mass Rate and Critical

Time Plots

This appendix contains tile total dry mass_ average propellant mass rate and critical

time plots versus baseline for all 22 cases in Table 2.3, reproduced here for tile reader's

convenience. All of the plots for tile passive SCI are presented. Tile plots for the active

SCI are presented only if they differ from tile passive case, which is true for Cases 1.

2, 3, 9, 10,

For the total dry mass and average propellant mass rate plots, the solid line is the

curve for the minimum mass structurally ccnnected interferometer while the dashed

line is the multiple spacecraft interferometer curve.

In the critical time plots, the solid line is the critical time, the dashed line is the

time at which the propellant mass of the SCI equals 30% of the SCI dry mass at that

baseline, and the dash-dot line is the time at which the propellant mass of one of

the fi'eeflvers of the MSI equals 30_ of its corresponding dr5" mass. The shaded area

represents the combination of mission durations and baselines for which the multiple

spacecraft interferometer is optimal.
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Figure A-I' Plots for Passive Case 1 (Reference Case)
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Figure A-2: Plots for PassiveCase2
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Figure A-3: Plots for Active Case2
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Figure A-4: Plots for Passive Case 3
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Figure A-5: Plots for Active Case3
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Figure A-6: Plots for Passive Case 4
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Figure A-7: Plots for PassiveCase5
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Figure A-8: Plots for Passive Case 6
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Figure A-9: Plots for Passive Case 7
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Figure A-10: Plots for PassiveCase8
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Figure A-11: Plots for PassiveCase9
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Figure A-12' Plots for Active Case 9
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Figure A-13: Plots for PassiveCase 10
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Figure A-14: Plots for Active Case 10
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Figure A-15: Plots for PassiveCase11
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Figure A-16: Plots for PassiveCase12
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Figure A-17: Plots for PassiveCase13
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Figure A-18: Plots for Passive Case 14
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Figure A-19: Plots for Passive Case 15
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Figure A-20: Plots for PassiveCase16
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Figure A-21: Plots for PassiveCase17with SnapForceEqual to 10%Buckling Load
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Figure A-22: Plots for Active Case17with SnapForceEqual to 10% Buckling Load
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Figure A-23: Plots for PassiveCase 17 with Snap Force Equal to 1% Buckling Load
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Figure A-24: Plots for PassiveCase17with SnapForceEqual to 0.1_ Buckling Load
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Figure A-25: Plots for Passive Case 18
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Figure A-26: Plots for Passive Case 19
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Figure A-27: Plots for PassiveCase20with SnapForceEqual to 10%Buckling Load
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Figure A-28: Plots for PassiveCase20with SnapForceEqual to 1%Buckling Load
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Figure A-29: Plots for Passive Case 20 with Snap Force Equal to 0.1c7c Buckling Load
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Figure A-30: Plots for PassiveCase21
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Figure A-31: Plots for Passive Case 22
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Appendix B

Minimum Mass Passive SCI

Design for LEO (Case 2)

This appendix presents the plots that characterize the minimum mass design of a

passive structurally connected interferometer in Low Earth Orbit. Following the

presentation of the minimum mass design are the constraint surface plots used to

generate this design. This is an example of a design that is performance limited. If

not otherwise indicated, solid lines represent the parameter value and dashed lines

represent the constraint value.

It will be noticed that the performance requirement of the minimum mass passive

SCI is not met for all baselines. This is a consequence of using interpolation to

generate the constraint curves of Figures 6-5 and 6-6. When a design is performance

limited, the calculation of the minimum mass combination of areal density and aspect

ratio selects a point on the interpolated performance curve. Since the performance

requirement surface is not as smooth as the other constraint surfaces, the points on

this interpolated curve may not actually satisfy the performance requirement. There

is, however, a combination of areal density and aspect ratio close to that combination

calculated that does satisfy the requirement, so the errors in the calculation of the

minimum dry mass and average propellant mass rate are small.

For the constraint surface plots, the following constraints are satisfied by combi-

nations of areal density, aspect ratio, and baseline that are below the surface -- dr)'
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mass (C1), upper frequency (C2), maximum thrust (C3), upper stress (C6), upper

buckling (C7) and performance. The following constraints are satisfied by combina-

tions of areal density, aspect ratio, and baseline that are above the surface -- lower

frequency (C2), minimum gage (C5), lower stress (C6), and lower buckling (C7).
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LEO Lower Stress (C6)
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