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Summary

The TU Delft Deployable Space Telescope (DST) proposes to meet increasing demand for high spatio-temporal
resolution Earth observation imagery by reducing the mass, volume and launch cost of space telescopes with
the use of segmented deployable optics. A consequence of this approach is the need to approximate a single
optical surface with several discrete elements. Their alignment must be maintained in orbit despite deploy-
ment errors and perturbations from thermo-elastic drifts and structural vibrations. To that end, a three de-
gree of freedom (DOF) piston/ tip/ tilt fine positioning mechanism has been proposed to actively align the
primary mirror segments in orbit.

Two architectures for the Primary Mirror Active Optics (PMAO) mechanism were generated. A trade-off
based on first order estimates of their structural, thermal and kinematic performance lead to selection of a
final concept. The chosen design uses standard high precision fabrication techniques and high Technology
Readiness Level piezoelectric actuators. A preliminary thermo-mechanical design of the mechanism was
synthesised and its mechanical performance verified in terms of requirements based on modelling with an
efficient, low order finite element model.

The results showed that the mechanism was able to support the mirror through launch without a hold
down mechanism; has a piston step size of 10 nm; a range of +4 um in piston and +9 urad in tip/ tilt with
accuracies of 0.005+£0.780 um (20) in position and 0.000+0.041 prad (20) in rotation respectively. A Monte
Carlo ray tracing analysis showed that the PMAO was able to successfully align the mirror segments in all
considered deployment scenarios. With the addition of continuous wavefront error corrections from the
DST Aberration Correction System (ACS), the PMAO and ACS delivered a Strehl ratio greater than 0.8 for all
deployment scenarios on the central field within the given tolerance budgets.

This work has shown that it is feasible, at a preliminary level, align a deployable segmented primary mirror
in low Earth orbit with a 3DOF mechanism based on existing technology, thus enabling the next generation
of very high resolution Earth observation space telescopes.

Keywords: Deployable Space Telescope, space telescope, Earth observation, fine positioning mechanism,
flexures.
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Introduction to the Deployable Space
Telescope

This chapter provides the context and justification for the broader Deployable Space Telescope project and
more specifically, the subject of this thesis: The design of a primary mirror fine positioning mechanism for a
Deployable Space Telescope.

Section 1.1 provides a brief analysis of the modern high resolution Earth Observation (EO) market, making
the case for a Deployable Space Telescope (DST), formalised in the Mission Need Statement and Mission
Goal. It is within this context that the thesis need and research goals were developed, introduced in Section
1.2 along with a description of the expected deliverables. The status of the DST project is summarised in
Section 1.3, followed in Section 1.4 by a synopsis of the mission architecture and concept of operations that
have been developed to meet the Mission Need. This section also establishes the physical scope of the thesis
within the overall architecture. The chapter concludes with a breakdown of the structure of this report in
Section 1.5. The bulk of the content in this chapter has been adapted from the Literature Study that preceded
this thesis [96].

1.1. The Earth Observation Market & Need for the DST

Remote sensing has become a crucial tool in the evidence-based decision making processes of governments,
NGOs, academia, industry and individual users throughout the world. Satellite data is used to address re-
source management, disaster response, climate change, business analytics, disease outbreaks and to enforce
international law [67, 80].

A good first indicator of a satellite imaging platform’s performance is ground sampling distance (GSD),
the distance between the projection of the centres of two adjacent pixels measured on the ground. A smaller
sampling distance generally correlates to a higher resolution image and thus higher fidelity data. It is infor-
mative to look at the effect of GSD on spacecraft mass and constellation size, and how this is evolving in the
current EO market.

Market data was collected for 19 EO visual spectrum imaging platforms in Low Earth Orbit (LEO), sum-
marised in Figure 1.1. Each bubble represents an individual platform, whether that be a single spacecraft or
a constellation. Platforms are categorised by their date of entry into the market. DigitalGlobe (Maxar) and
Airbus are the incumbent market leaders, as opposed to "New Space" entrants that largely began operations
from 2010 with the increase in popularity of small- and mini-satellites. Future entrants reflect those platforms
that have been proposed, but are not yet operational. The data in this category is highly speculative, but it
does give valuable insight into future market trends.

Market demand is driving mission architectures towards large numbers of light weight spacecraft to gen-
erate high spatio-temporal resolution imagery [25]. Image resolution is fundamentally limited by the diffrac-
tion limit, so that larger mirrors are needed to get better resolution'. As a result, high resolution imaging plat-
forms are necessarily large, heavy and costly satellites. The global supply of commercially available very high
resolution imagery is controlled by the two EO operations market leaders, DigitalGlobe (now Maxar Tech-
nologies after a merger with MacDonald, Dettwiler & Associates [55]) and Airbus Defence & Space. No other

IMore detail is provided in Section 2.4 Geometric Optics.
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Figure 1.1: Basic performance data for 19 current and future visual spectrum imaging satellite platforms. Bubbles represent individual
platforms, rather than companies. Size & labels indicate number of spacecraft in the constellation. Range of possible DST spacecraft
mass shown by red bar. See Appendix A for data, sources and further detail. Ground Sampling Distance (GSD) has not been corrected
for altitude.

company has been able to afford the expense of sub-0.5 m resolution imagery. The cost of launch alone for
WorldView-4, as estimated using the United Launch Alliance RocketBuilder website, was likely on the order
of US$127 million?, with a full development cost of US$850 million including ground station works3.

Additionally, the realities of orbital dynamics force the use of constellations to re-image the same location
on Earth’s surface more frequently. To be financially viable, individual spacecraft must be small and light
to keep development and launch costs down. To deliver both high spatial and temporal resolution data, a
paradigm shift in the way Earth Observation (EO) imaging satellites are designed is needed.

In 2012, Dr.ir. Hans Kuiper identified a possible solution to this need: the Deployable Space Telescope.
The DST uses a synthetic aperture telescope [48, 50], which achieves the same or similar aperture diameter
as a single mirror but with multiple, smaller (and crucially, lighter) segments. To reduce the launch volume,
the spacecraft is delivered to orbit with the segments folded into a compact package, ready to be deployed in
space. The DST need statement and mission goal were first formalised by van Marrewijk [116]:

Need Statement
There is a need for a dramatic decrease in launch cost of high-resolution Earth observation telescopes

to provide data with a higher temporal resolution and at a lower price than is currently available.

The Mission Goal follows from the need [116]:

Mission Goal
To design and develop a Deployable Space Telescope that is capable of achieving the same GSD as

state-of-the-art Earth imaging satellites, but at a fraction of the stowed volume and mass.

1.2. Thesis Need and Research Goals

Building a mechanism that can reliably deploy the segments to a position that will guarantee diffraction lim-
ited performance is extremely difficult. Poor alignment is caused by slop in mechanical joints, non-linear
microdynamic effects in the mechanism elements, some of which can be very hard to predict and control
[74] and small assembly errors. Thermal gradients and on-board structural disturbances will also perturb the
alignment after deployment.

Traditionally, optics and the supporting structures used in space instruments rely on heavy, stiff designs
to passively meet their position and shape tolerance budgets. This conflicts with the mission goal. Instead,
the DST proposes active control of the primary mirror segments [48], using a mechanism that is smaller
and lighter than the equivalent traditional, passive structure. Only recently have these mechanisms become

2 Available from: https://www.rocketbuilder.com/, original citation and estimate from [116].
3Available from: https://spacenews.com/geoeye—2-price-tag-rises—ground-system-upgrades-0/. Accessed:
[31 October 2018]. Originally cited by [116].
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feasible, thanks to recent advances in light-weight mirror technology [21, 109] and the increasingly mature
space-flight heritage of actuators with native nanometre resolution [4].

The DST proposes to use separate subsystems to remove the aberrations caused by misalignment, and
deformation of the optical elements. A three degree of freedom (DOF) piston/ tip/ tilt fine positioning mech-
anism to actively support and align the primary mirror segments in orbit. This mechanism has been dubbed
the "Primary Mirror Active Optics" (PMAO). The Aberration Correction System (ACS) uses a Deformable Mir-
ror (DM) to remove the remaining continuous wavefront errors. The ACS was developed by G. van Marrewijk
in his MSc thesis [116], where he also derived the useful flow of needs and solutions leading to the PMAO and
ACS conceptualisation, shown in Figure 1.2. In that work, he found that it was indeed feasible to correct the
continuous wavefront errors using the ACS.

Reduced cost for Earth imagery with high spatial and temporal resolution

A

% Reduced launch costs for space telescopes 7]
o S
5 Reduced telescope mass and volume E’
° 3
% A telescope with deployable (foldable) mirrors S
= g

Reduction of optical path difference introduced by mirror misalignment and deformation o

Y A system to remove optical aberrations in the telescope

Figure 1.2: The need to remove optical aberrations from the DST imagery, and thus the need for the Primary Mirror Active Optics and
Aberration Correction System, follows directly from the mission Need Statement. A bottom up approach, developing solutions to con-
secutively higher level needs will establish the feasibility of the Deployable Space Telescope. Figure and concept adapted from van
Marrewijk’s earlier MSc thesis on the ACS [116].

With the feasibility of the ACS confirmed, there remained an open question as to the feasibility of imple-
menting an active optics mechanism on a low-mass/ low-volume Earth observation telescope. To that end,
the following thesis goal was formulated:

Thesis Goal
The goal of the thesis will be to generate a preliminary thermo-mechanical design of the primary mir-

ror active optics mechanism to enable diffraction limited performance of the DST, to verify the design
through analysis and to assess the feasibility of implementing it in a deployable space telescope. The
work shall be done within the time and resource constraints of a normal MSc thesis at TU Delft.

Research Questions
The thesis goal was further distilled into two research questions to guide the academic effort. The objective
of the remainder of this report is to answer these questions:

1. What modifications need to be made to the existing PMAO thermo-mechanical design to comply with
the requirements, and how can that compliance be verified?

2. Isit technically and economically feasible to implement the verified PMAO thermo-mechanical design
in a space telescope?

Thesis Deliverables
The key deliverables of the thesis are listed below. Their purpose was to provide the tools necessary to an-
swer the thesis research questions, as well as facilitate the continuation of research on the PMAO mechanism
within the DST team.

1. A preliminary thermo-mechanical design of the PMAO mechanism.

2. Integration of a mechanical model of the PMAO in the End To End Performance (ETEP) model to al-
low rapid prototyping and analysis of the relationships between the bottom up and top down systems
engineering.

3. An assessment of the technical and economic feasibility of implementing the PMAO in the DST.
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1.3. Status of the Deployable Space Telescope Project

The TU Delft Deployable Space Telescope project began in 2014 with the MSc thesis project of Dennis Dolkens
[48]. It has since remained an active student project, with five MSc students graduating through research on
the telescope. The present team structure is shown in Figure 1.3. Currently, two PhD researchers lead the
optical and mechanical teams respectively, comprising a further six MSc students. The MSc level research
topics generally focus on individual subsystems.

Supervisor/ Manager
Dr. Ir. Hans Kuiper

+ v v
Optical Design Thermo-Mechanical Design Subsystems
Ir. Dennis Dolkens Victor Villalba Corbacho Airbus Defence & Space
|
M1, M2, M3 Optical Design | M1 Mechanical Design |
Ir. Dennis Dolkens Ir. Boris van Putten Instrument Thermal Model
- - Tim van Wees
M1 Segment Phasing Control || I|V|2J '\L’le‘:hg"'cta[ ?eAs'gn ]
Ir. Dennis Dolkens e e e M2 Hinge Thermal Modell
Bl Testing
Aberration Corr. Sys. Design |_| Baffle Design n Stefan Leegwater
Ir. Gijsbert van Marrewijk Essi Korhonen N M2 Hinge Testing
T T Matys Voorn
Phase Dl\;ersn_y Wavefront . M1 Deployment Design | Yy
Dirkng:sI;gda Ir. Matthew Corvers*®
M1 Active Optics
le!

Sean Pepper

Figure 1.3: The TU Delft DST team structure. Starred names indicate graduated students.

Early work conducted by Dolkens [48] established the optical architecture for the DST. Dolkens also de-
veloped FORTA [50], a MATLAB based ray tracing package for segmented optics. It has been wrapped in a
Structural, Thermal, Optical Performance (STOP) model of the telescope, capable of simulating the effects
of alignment and deformation errors of the optics on the optical performance of the telescope. This model
has been dubbed the "End To End Performance" (ETEP) model of the DST and was central to establishing
the top down systems budgets [50], introduced later in Chapter 3 Requirements Generation, which govern the
required performance of the thermo-mechanical subsystems.

The majority of the ensuing research has focussed on establishing a preliminary thermo-mechanical de-
sign of each of the major telescope subsystems. Where the optical work used a top down approach to define
high level requirements, the mechanical efforts have adopted a bottom up approach to rigorously demon-
strate the technical feasibility of implementing the Deployable Space Telescope. The overarching objective of
the mechanical work is to prove that each of the opto-mechanical subsystems are able to meet the top down
systems budgets, ideally by integrating a valid model of each subsystem into the ETEP model for statistical
analysis.

An initial design for the PMAO mechanism was developed by van Putten [117]. That design is referred to
as the original baseline design throughout this thesis. It is discussed in greater detail in Chapter 5 Baseline
Functional Verification.

It is emphasised that the DST is a university led project with no commercial funding, though Airbus De-
fence & Space Netherlands B.V. (ADSNL) have been providing coaching and periodic design reviews. The
level of design for each subsystem need not proceed farther than a preliminary design stage. The objective of
the project is to establish the feasibility of the concept. Throughout this and other DST theses, many design
decisions have been made in recognition of this context and limitations.

The current state of the DST concept and architecture are summarised in the next section.
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1.4. DST Mission Concept & Architecture

The physical architecture of the DST* is shown in Figure 1.4. The instrument housing accommodates the
tertiary, deformable and fold mirrors, along with the main detectors. The external envelope of the housing
offers mounting points for the M1, M2 and baffle deployment mechanisms. The "piston cam", a sensor suite
used to detect misalignment of the primary mirror segments, and the field stop, are permanently mounted to
the housing. The spacecraft bus, outside the scope of the current DST project, houses all necessary ancillary
functional elements including the payload processor and data storage.

Deployable Baffle

Radiation from Earth
Spacecraft Bus

M1 Deployment
Mechanism AOCS
Commands

|

Instrument Housing CDHS ‘

M3
Data Communications
»

Mount M2 Field m -~

DI 1
StopH |cam B DI 2 OBC

AD Power
M2 Deployment E FM ﬂ
Mechanism MS <+ - — 1 Power
Thermal Control
Primary Mirror

M1 Segment Active Optics AD - Array Detector (Sharpness Sensor)
Mechanis DM - Deformable Mirror

FM - Fold Mirror(s)
M1 - Primary Mirror
M2 - Secondary Mirror
M3 - Tertiary Mirror
MS - Multispectral Detectors
TDI - Time Delay & Integration Sensor (Panchromatic)

Figure 1.4: Schematic of the Deployable Space Telescope payload physical architecture. The Primary Mirror Active Optics mechanism
mates the primary mirror segments to the M1 deployment mechanism.

The DST uses a Korsch annular-field three mirror anastigmat (AFTMA) optical configuration which, thanks
to its fully reflective design, does not introduce any chromatic aberrations to the image [50]. Further advan-
tages of the Korsch design include inherent correction of spherical aberration, coma, astigmatism and field
curvature, a highly accessible focal plane and a large proportion of usable field [70]. A schematic is shown in
Figure 1.5.

Detectors

DM - Deformable Mirror
FM - Fold Mirrors

M1 - Primary Mirror

M2 - Secondary Mirror
M3 - Tertiary Mirror

Figure 1.5: DST implementation of the Korsch annular-field three mirror anastigmat. Note that the focal point of M2 lies above the
optical axis, giving the off-axis configuration its name. Adapted from [50].

The Cassegrain part (M1 and M2) constitutes most of the focal length of the instrument, thus reducing the
amount of magnification needed at the tertiary mirror. This relaxes the misalignment tolerances on the pri-
mary and secondary mirrors compared to a full field Korsch design [50, 75]. One of the main disadvantages,

“4Note that in, this and virtually all other DST project literature, the term Deployable Space Telescope (DST) refers to the telescope itself.
The spacecraft bus, which would typically house supporting subsystems such as power supply, propulsion, AOCS and data handling, is
not included.
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particularly for large fields of view, is that a lot of baffling is required to eliminate straylight [107]. Neverthe-
less, the same arrangement allows the focal plane to be positioned behind the telescope, so that the baffling
does not cast a shadow over the exit pupil or incoming field [75]. Moreover, the larger size and improved
accessibility of the focal plane makes it easier to arrange multiple detectors across the focal plane, as is com-
mon in space instrumentation [50, 70]. The DST modifies the traditional AFTMA arrangement by replacing
one of the fold mirrors with a deformable mirror to correct for continuous wavefront errors via the Aberration
Correction System (ACS).

The physical embodiment of this architecture is shown in Figure 1.6. One PMAO mechanism resides be-
neath each of the four primary mirror segments, not shown in the figure. In the depicted design iteration,
which is subject to change, an arrangement of ribbons tension the deployed Cassegrain structure. Though it
has little influence on the mechanical realisation of the PMAO mechanism, coupling the M1 and M2 struc-
tures does make it much more difficult to meet the top-down budgets by coupling their thermo-mechanical

interaction.
a) -
! W 5 5
Deployment winch

b) d)

M1 deployment
mechanism support frame

Location of PMAO

Deployment ribbons

M1 deployment
kinematic interface

Stowed Deployed

Integral strain energy slotted hinge

Figure 1.6: a) The stowed and deployed configurations of the primary mirror. Note that the A-frame deployment mechanism support
frame and strut have been superseded by the winch and ribbon system depicted in panels b and d. Adapted from [117]. b) The current
DST concept in the deployed configuration (baffle and spacecraft bus not shown). The integral strain energy slotted hinges mid way
along the M2 booms draw out M2 and pull the M1 segments with them via the deployment ribbons. Adapted from [33]. c) The folded,
stowed M2 boom hinges unfold and snap into the deployed configuration similar to a carpenters measuring tape. Adapted from [83],
originally cited in [72]. d) Rear view of the deployed M1 assembly. M1 and M2 are coupled via the deployment ribbons. The winches
apply tension, which provides the nesting force for the kinematic interface at the root of the deployment mechanism support frame and
increases the resonant frequency of the M2 sub-assembly. Adapted from [33].

The concept of operations functional flow block diagram is shown in Figure 1.7. The most relevant blocks
to this thesis are F-8, which effect the deployment of the PMAO mechanism, and F-11. The current optical
control philosophy assumes that the primary mirror can be deployed directly within the coarse alignment
budgets, so block F-10 is considered irrelevant for present design studies. It is retained in the figure in case it
is shown in other work that this isn’t possible.
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Figure 1.7: Typical DST mission functional flow block diagram. Adapted from [116].

A brief description of the interaction between the prescribed functions in Figure 1.7 relevant to the PMAO
and their physical realisations shown in Figure 1.6 is given below.

1.

To reduce the mass and volume of the telescope through launch, the primary and secondary mirrors
are stowed in a folded configuration. The primary mirror is divided into four segments to allow this. A
Hold Down & Release Mechanism (HDRM, not shown in Figure 1.6) secures the M1 deployment mech-
anism to the DST housing during launch. The PMAO mechanism, mounted between the deployment
mechanism and each M1 mirror segment, directly supports the segment during launch.

. Once in orbit, the deployment mechanism unfolds the stowed mirrors. Strain energy in the M2 boom

slotted hinges provides the energy to extend M2, simultaneously bringing the M1 segments with it via
the ribbon arrangement. Winches on the rear of the M1 segments control the release.

A kinematic interface between the M1 deployment mechanism and DST housing provides a repeat-
able deployment position of the M1 segments. A nesting force keeps the mirrors in position during
operations. In the current iteration, this is provided by the tensioned ribbons.

Discontinuous wavefront errors arise due to a difference between the nominal and actual deployed
position of the M1 segments. Further sources of error in orbit are small, slow drifts cause by thermo-
elastic strains and faster structural vibrations caused by excitation sources on board the spacecraft.

. The PMAO mechanism works in concert with the calibration algorithm to remove discontinuous wave-

front errors. Piston cams focused on the adjacent corners of the segments monitor the relative position
and orientation of the segments.

The aberration correction system removes the remaining continuous wavefront errors to retrieve a
diffraction limited image.

Steps 5 and 6 are repeated periodically throughout the mission to recalibrate the M1 position due to
recurring thermal and structural perturbations.
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Thesis Scope

The performance of the PMAO is strongly coupled to the mirror and mirror deployment mechanism designs.
Both components were excluded from this thesis to keep the scope of work within the resource constraints
of a MSc thesis. With reference to Figure 1.8, the physical limits were drawn at the mirror support/ mirror
interface and PMAO mechanism/ deployment mechanism support frame interface.

Primary mirror segment Mirror support
assembly
I PMAO actuators
Instrument ‘%
Housing PMAO mechanism
sub-assembly
X ’ ‘ll“r"]m

Deployment
mechanism support frame

M1 deployment mechanism
C sub-assembly

— . —-=Physical limits for this thesis

Figure 1.8: Breakdown of the main primary mirror subsystems and components. This thesis is primarily concerned with the PMAO
mechanism, demarcated by the dashed red lines.

The existing mirror design is very immature, receiving only cursory attention in the Msc thesis from B.
van Putten [117]. The baseline primary mirror design was frozen, to allow exploration of other subsystems.
Several flow down requirements are given in Chapter 9 Verification to ease integration of future mirror designs
with the revised PMAO mechanism design developed in this thesis.

1.5. Introduction to the Report

The Primary Mirror Active Optics mechanism bottom up engineering effort, and subsequently this report,
were broadly structured in line with the systems engineering Vee model. The structure of the report is de-
picted in Figure 1.9.

‘ Introduction to the DST ‘ 1

Customer Requirements Feasibility of PMAO in DST | Conclusions and 10
Mission Definition | Recommendations

‘ Theory ‘ 2

v Requirements Definition Verification &
Flow Down Requirements e s
3 | Verification 9

4% Verification Plan

Baseline Functlonal ‘ 5

Requirements Generation

Verification

Concept Generation

7

Selectuon

‘ Mechanism Archltecture

Revised Baseline

Mechanical Design ‘ 8

Figure 1.9: Structure of the report. The Theory section was not part of the bottom up systems engineering effort.

Chapter 2 Theory very briefly covers the most fundamental theory of designing precision mechanisms to
provide a basis for the technical discussions that follow. A full treatise on precision mechanisms is beyond
the scope of a Masters thesis so in the interest of brevity, the theory is presented "as-is" with no further proof.
Many of the concepts follow from good mechanical intuition and several references are provided for further
reading.

The technical effort began in earnest with the requirements generation, documented in Chapter 3 Re-
quirements Generation. The chapter concludes with a summary of the system requirements used to guide
the remainder of the thesis.
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The process used to verify the PMAO mechanism was formalised in the verification plan, introduced in
Chapter 4 Verification Plan. The output of this chapter also lead to the genesis of the DST Requirements and
Verification guidelines document. This is now a live, team document and will ideally reduce the verification
workload for future student theses. The original version, developed by the author of this report, is included
in Appendix D.

The verification plan was used twice through the course of the thesis. First, to verify the compliance of
the original baseline design with several critical functional requirements. The results are set out in Chapter 5
Baseline Functional Verification. It was found that the original baseline mechanism concept needed revision.

A detailed concept generation phase followed. The output of this work package has been divided between
two chapters. First, Chapter 6 Concept Generation documents a search through the design space, and selec-
tion, of concepts at the component level. Chapter 7 Mechanism Architecture Selection then documents the
synthesis of these elements into two mechanism architectures, and justifies the final selection.

Following the selection of the concept, each of the main components were sized using simple, first prin-
ciples relations in Chapter 8 Mechanical Design. SPACAR®, a reduced order finite element package for multi-
body mechanisms, was used to verify the PMAO mechanism design by modelling. The construction of those
models, and their verification with similar ANSYS models, are documented in parallel with the mechanical
sizing. The final product of the chapter was a verified SPACAR model of the integratedPMAO mechanism
assembly.

This model was used in the second and final application of the verification plan. Chapter 9 Verification
documents the verification results, the verification of several requirement definitions generated earlier in
Chapter 3 Requirements Generation and defines several new flow down requirements for other subsystems.

The report concludes in Chapter 10 Conclusions and Recommendations with a summary of the final de-
sign, and a discussion of the feasibility of implementing the revised PMAO mechanism baseline design in
the Deployable Space Telescope. The thesis research questions are answered and general conclusions drawn
with regards to fine positioning mechanisms for space based optics. The chapter closes with a series of rec-
ommendations for future work.

The thesis has been written with the objective of meeting both academic requirements and providing a
standalone document to ease handover of the design of the PMAO mechanism to future students. To that end,
the chapter summaries list major findings, items identified for future work and the most significant assump-
tions. Considerable supplementary material that may be useful to future students, but is not immediately
relevant to the technical arguments made in the body of the report, are included in the appendices.

5SPACARis not an acronym






Theory

The objective of this chapter is to give the uninitiated reader enough background information on the funda-
mentals of precision mechanism design to understand the technical decisions made throughout the concept
generation and mechanical design chapters. The theory is presented "as-is" with no further proof. Blanding
[17], Hale [57] and Hopkins [61, 62] each provide more thorough treatments of the basics presented here. The
bulk of the discussion has been adapted from the Literature Study that preceded this thesis [96].

The basic elements of exact constraint design, first introduced by Blanding, are summarised in Section
2.1. Several considerations regarding putting the theory into practice are introduced in Section 2.2. Chapter
6 Concept Generation relies heavily on the Freedom And Constraint Topology (FACT) method, introduced in
Section 2.3. The chapter concludes in Section 2.4 with the basics of geometric optics as relevant to the PMAO
mechanism requirements and performance.

2.1. Elements of Exact Constraint Design

This section details the fundamental elements of exact constraint design. The theory presented here is taken
from the foundational text by Blanding [17]. Blanding presents the tenets of exact constraint design as a series
of succinct statements. The same approach is used here. This theory applies for small motions only. This is an
unfortunately ambiguous definition. As a rule of thumb, "small" motions are those where a rotation about a
centre can be locally approximated as a translation over the domain of interest, without exceeding the desired
level of accuracy.

Constraints and Degrees of Freedom

All rigid objects in space have six independent degrees of freedom, three each in translation and rotation. In
two dimensions, a body has only three degrees of freedom. A constraint is a mechanical connection between
a body and a reference object. For every non-redundant constraint added to a body, a degree of freedom
(DOF) is lost.

If six non-redundant constraints are imposed upon a body such that no degree of freedom is overcon-
strained or left underconstrained, then the body is said to be exactly constrained. Exact constraint design
refers to a deliberate accounting of each of these degrees of freedom during the design process of a machine
or mechanism [17]. It is the rigorous application of kinematic principles to machine design in order to pro-
duce low cost yet high performance designs [57].

The fundamental constraint element is a link which prohibits translation along its axis but allows rotation
about any axis at its ends, for small motions. The axis of the link is called a constraint line. Any constraint
device can be modelled as one or more constraint lines on a constraint diagram.

This introduces the first and second of Blanding’s statements:

Bl. Constraints
"Points on the object along the constraint line can move only at right angles to the constraint line, not
alongit" (17, p. 3].

B2. Functional Equivalence of Constraints Along a Given Line
"Any constraint along a given constraint line is functionally equivalent to any other constraint along the
same constraint line (for small motions)" [17, p. 5].

11
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Overconstraint

Overconstraint occurs when two or more constraints try to remove the same degree of freedom, such as when
two links act along the same constraint line, shown in Figure 2.1. This results in a loss of performance (internal
stresses, slop, imprecision), higher cost (tight tolerances, advanced assembly techniques), or both.

Figure 2.1: Left: Two overconstrained systems, each with two constraint lines lying along the same axis. Right: The consequences of
overconstraint are usually poor performance: slop, stress, imprecision; or high cost: tight tolerances, expensive assembly and metrology
techniques. Adapted from [17].

Constraint Diagrams

A body’s degrees of freedom and constraints can be represented by using constraint diagrams. Examples are
shown in Figure 2.2 and 2.3. Bold face R’s’ symbolise a rotational degree of freedom. Boldface C’s represent a
constraint line. Not demonstrated in the figure is a translational degree of freedom, symbolised by a T.

Instant Centres of Rotation
Consider a two dimensional case (three DOFs maximum) where a plate is constrained by two links, shown in
Figure 2.2.

Figure 2.2: Instant centre of rotation. Adapted from [17].

From statement B1, since points along a constraint line can only move at right angles to the constraint
line, then the body must rotate about a point along the constraint line. With two constraints imposed upon
the object, the only point about which the body is able to rotate is the intersection of the two constraint lines.
This point is called the instant centre of rotation®, or simply, the instant centre. Put more generally:

B3. Equivalence of Intersecting Constraint Pairs I
"The axes of a body’s rotational degrees of freedom Rs will each intersect all constraints Cs applied to the
body" [17, p. 23].

B4. Equivalence of Intersecting Constraint Pairs II
"Any pair of constraints whose constraint lines intersect at a given point is functionally equivalent to any
other pair in the same plane whose constraint lines intersect at the same point. This is true for small
motions and where the angle between the constraints does not approach 0° [17, p. 8].

The instant centre need not necessarily be on the object as illustrated in Figure 2.3. In the limiting case
where the angle between the constraint lines tends towards zero, the constraints become parallel and are said
to intersect at infinity as in Figure 2.3.

INot to be confused with a remote centre of rotation.
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Figure 2.3: Left: Example of instant centre of rotation lying outside of the constrained body. Right: Parallel constraints intersect at infinity,
giving an instant centre at infinite distance from the body. Adapted from [17].

Two conclusions can be drawn from this result. First, note that in the right hand frame of Figure 2.3 it
would be possible to translate the object up and down a small amount. Yet, the constraints are still considered
as intersecting at infinity and must therefore allow a rotation. This gives the next statement:

B5. Rotations at Infinite Distance
"A T can be equivalently expressed as an R located at infinity" (17, p. 10].

An extension of this principle to the three dimensional case is shown in Figure 2.4. An object is con-
strained by five constraints lying in two separate but parallel planes. As for two lines in the 2D case, the two
planes in the 3D case intersect at infinity. The resulting translational degree of freedom is shown diagram-
matically as an R about any tangent line on a circle with infinite radius centred upon the object, and parallel
to the two planes.

\ C3 /

Figure 2.4: Two parallel planes of constraints intersect at infinity to give a single translational degree of freedom. Adapted from [17].

Second, due to the equivalence of intersecting constraint pairs, two pairs of parallel constraints, each also
parallel to the other, intersect at infinity and are equivalent:

B6. Functional Equivalence of Parallel Constraint Pairs
"If two lines of an infinite plane of parallel lines represent a pair of Cs applied to a body, then any two
parallel lines from that plane can equivalently represent the two Cs applied to that body" [17, p. 11].

In practice, translation T’s are normally represented as a rotation R at infinity such that all degrees of
freedom can be represented as R’s and all constraints as C’s.

Constraint Pattern Analysis

With the basic basic rules for describing a body’s constraints and degrees of freedom in hand, it is possible to
use constraint diagrams to synthesise a constraint pattern to achieve a desired freedom of motion, or diagnose
the resulting freedoms from a given constraint pattern. The designer can move from synthesis to diagnosis
via the Rule of Complementary Patterns, which describes the general relationship between constraints and
DOFs in three dimensions:

B7. Rule of Complementary Patterns
"When a pattern of C-lines is imposed between two objects, there is a resulting and complementary pat-
tern of R-lines that exists between the two objects. Given one or the other of these patterns containing n
lines without redundancy, the complementary pattern will contain 6-n lines. Furthermore, every line of
one pattern will intersect every line of the complementary pattern” [17, p. 39].
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Redundant Constraint Lines
A redundant constraint is one which, if removed from the body, will not lead to a change in the degrees of
freedom of the body permitted by the remaining constraints [57, p. 77]. From statement B7, the Rule of Com-
plementary Patterns only applies in the absence of redundancy. In order to find the pattern of freedom lines
resulting from a given constraint pattern (or vice versa), it is necessary to first identify and remove redundant
constraints.

Two further statements, illustrated in Figure 2.5 but given without further justification, can be used to
identify redundant lines:

B8. Intersecting Pairs of R’s and C’s
"An intersecting pair of Cs or Rs defines a disk of radial lines any two of which (provided the angle between
them is not too small) may be selected to equivalently replace the original pair (for small motions)" [17,
p- 42].

B9. Parallel R’s
"If two lines of an infinite plane of parallel lines represent two Rs of a body, then any two parallel lines
from that plane can equivalently represent the two Rs of that body" [17, p. 44].

qp;
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Figure 2.5: Left: Example of Statement B8 - Two Rs defining a disk of radial lines, any two of which may be selected to equivalently replace
them. Right: An example of Statement B9 - Equivalence of two parallel coplanar Rs to any other two Rs in the same plane. Adapted from
[17].

With these statements in hand, four rules for identifying redundant constraint lines in 3D space can be
formulated, listed in Table 2.1.

Table 2.1: Rules for redundant lines in constraint pattern analysis.

1. Two collinear lines are redundant.
Two coplanar lines intersect each other by definition (parallel lines intersect at infinity). Ad-
dition of a third coplanar line is redundant if it intersects the first two lines at the same point.

3. Three coplanar lines are non-redundant so long as no more than two lines intersect at any
one point in the plane (including infinity). Addition of a fourth coplanar line will be redun-
dant, irrespective of its orientation to the first three lines.

4. Three non-coplanar lines may intersect each other at the same point. Addition of a fourth
line intersecting the same point will be redundant, irrespective of its orientation to the first
three lines.

Compound Connections
Constraint pattern analysis is normally concerned with understanding the constraint or freedom pattern of a
body with respect to a reference body. In some mechanisms, the connection between the two bodies can be
mediated by one or more intermediate bodies, as shown in Figure 2.6. Constraints can be imposed through
the serial chain of intermediate bodies and/ or directly between the reference and final bodies.

All examples considered so far in this section have been of direct connections between two bodies. The
resulting constraint pattern of all direct connections between two bodies is found by adding the constraints
from each connection.
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Figure 2.6: Example of cascaded restraints. The vertical translational DOF between the table and intermediate body is added to the
horizontal translational DOF between the intermediate body and drafting head. Adapted from [17].

The series connection of two or more rigid bodies is called a cascade. The resulting degrees of freedom of
the whole assembly are given by the addition of the Rs permitted by the connection between the reference
body and first intermediate body, to those of the second intermediate body and so forth through to the final
body in the chain.

Complex arrangements of compound connections can be analysed through an equivalent electrical net-
work analogy. Cascaded connections are modelled as resistances in series and direction connections as resis-
tances in parallel. The problem can then be decomposed into a series of simpler constraint pattern analyses.
Treatment of compound connections is summarised in Table 2.2.

Table 2.2: Treatment of compound connections in constraint pattern analysis [17].

Direct Cascade
Electrical equivalent Parallel resistance Series resistance
Add C’s R’s

2.2. Exact Constraint Design in Practice: Compliant Mechanisms

The theory presented so far has only considered ideal constraints: rigid lines with frictionless joints at either
end that release all bending moments such that only forces are transferred between bodies, through infinites-
imally small point contacts. One of the main tasks of precision mechanism design is how to best make use of,
and approximate, exactly constrained arrangements in the physical world.

As stated previously, a constraint line is composed of a rigid link with a joint at either end. Designing the
rigid link is straightforward: a beam or pin will suffice. Designing a frictionless joint to connect and interface
two or more bodies, however, requires a little extra thought.

A kinematic interface derives its name from its mobility: it has a mobility of exactly zero. Kinematic in-
terfaces have well defined load paths making analysis and prediction of their performance much easier than
for overconstrained interfaces. This can be physically realised by applying six independent, non-redundant
forces through infinitesimally small points such that only axial forces and no bending moments are trans-
ferred to the part [52, p. 409]. Using small points does however generate very high contact stresses that cause
local deformation in the part.

A semikinematic interface provides very similar constraint but distributes forces over larger contact areas,
including line, annular or larger patch contacts. An example of a semi-kinematic interface is the flexured
bipod, which was ultimately selected for the M1 mirror support in Chapter 6 Concept Generation. This comes
at the expense of the possibility of transferring bending moments to the part. Bending moments can be
released by using joints that allow relative motion between two links in a mechanism.

Revolutes and ball joints are common for typical engineering mechanisms though they introduce hys-
teresis and other micro-dynamic position errors [74]. Flexures allow motion through elastic deformation of
thin, compliant sections without introducing friction or hysteresis. The trade-off for their frictionless perfor-
mance is a much smaller range of motion compared to contacting, friction-based joints [126, p. 548]. It is the
use of flexures and other mechanisms specifically design to be compliant in one or more directions and stiff
in others, that gives compliant mechanisms their name.

There is a wide range of compliant mechanisms that a designer can choose from. Defining the flexure
profile itself (sheet/ blade/ leaf, notch, circular, elliptic, monolithic), and the arrangement of flexures and
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their assembly, is a vibrant field of research. For simplicity, the PMAO design utilises the simplest type of
flexure: a sheet flexure with rectangular cross-section.

2.2.1. Sheet Flexures

An ideal sheet flexure can be equivalently modelled as three ideal constraint lines in the plane of the sheet.
This constraint pattern constrains two in plane translations and one in plane rotation, leaving the three out
of plane freedoms unconstrained: translation in z and rotation in 6 and 0,, per Figure 2.7.

7

Figure 2.7: Left: An ideal sheet flexure. Centre: Equivalent constraint pattern with three coplanar constraint lines. Note that no more
than two constraint intersect at the same point. Right: The complimentary freedom pattern. Adapted from [17].

2.2.2. Example Constraint Pattern Analysis for a System of Sheet Flexures
An example of how to apply the fundamentals of constraint pattern analysis to a simple system of sheet flex-
ures may clarify the theory covered so far.

Consider two sheet flexures directly connecting two bodies: either a crossed flexure, or two parallel flex-
ures as shown in Figure 2.8. Both are examples of a parallel connection in the equivalent electrical network
analogy. The system can be analysed using the compound connection rules in Table 2.2.

Figure 2.8: Examples of two bodies directly connected with sheet flexures. Left: A cross-hinge. Right: Parallel sheet flexures. Adapted
from [17].

Since this is a direct connection, the Cs of both connections are added to give a total of six Cs. By applying
the redundancy rules in Table 2.1, it can be found that six constraints in two parallel planes results in a single
redundant line. Thus for two directly connected ideal sheet flexures, a single degree of freedom R results,
located at the intersection of the two flexure planes.

The resulting degree of freedom for the cross-hinge is a pure rotation R about the axis defined by the in-
tersection of the flexure planes. The parallel flexures in the right hand frame of Figure 2.8 intersect at infinity,
resulting in a freedom R at infinity, equivalently a translation T along the axis perpendicular to the planes of
the flexures.

2.2.3. Constraint Redundancy
It was stated earlier that overconstraining a body can lead to undesirable consequences, such as a loss of
performance or higher cost. In some cases, and with appropriate forethought, addition of (sometimes many)
redundant constraints can actually be beneficial.

Take the two systems in Figure 2.8 as examples. In both instances, it is possible to add an infinite number
of extra sheet flexures as direct connections between the two bodies without altering the resulting freedom
space so long as [61]:
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1. For the cross-hinge, the plane of every new flexure sheet intersects the existing rotation R line.

2. For the parallel flexures, every new flexure sheet remains parallel to the existing flexure sheets.

The increased redundancy in either case is often used in machine design to increase stiffness, load bearing
capacity and/ or dynamic performance of a mechanism [61]. Redundant constraints are also often added to
a mechanism to create symmetry and better balance the stiffness or thermal stability of a system. The main
trade-off is that very careful fabrication and assembly is needed to ensure that misalignments do not cause
undesired overconstraint. The increased stiffness also naturally reduces the compliance of the flexure system,
requiring greater forces to generate a desired motion.

2.2.4. Effectiveness of a Constraint
This section returns to the concept of an instant centre of rotation to explain the effectiveness of a constraint.
In the three constraint planar problem, each constraint restricts motion about the instant centre formed by
the intersection of the other two constraints. This is demonstrated in Figure 2.9.

In this arrangement, two constraints C1 and C2 produce an instant centre IC at the centre of the segment.
An anti-clockwise moment M,,; would lead to a small rotation about the IC. Adding a third constraint C3
provides a countering moment M¢s through the lever arm acting along the line of length L drawn perpendic-
ular to the third constraint, through the instant centre. The greater the length of the moment arm, the more
effective the constraint [57, p. 72]. Equal length constraints fixed to the vertices of an equilateral triangle will
have equal moment arms and balanced stiffness, which is often the ideal arrangement.

Body

Instant centre (+)

Moment arm of

Attachment to body constraining moment

Attachment to ground
Constraint

Figure 2.9: Constraining moment of an ideal constraint. An external moment M.y rotates the segment about an instantaneous centre
IC at the intersection of constraints C1 and C2. Constraint C3 counters the moment with reaction moment M3 acting over lever arm
length L, halting the motion and constraining the segment. Also shown are the instant centre’s resulting from the combined action of C2,
C3&Cl1,Cs.

2.2.5. Thermal Centre

As the bulk temperature of a body changes, it expands or contracts according to its coefficient of thermal
expansion (CTE). A mechanism can be made insensitive to thermal expansion through careful constraint
design.

Consider the case where a feature or location of a part, such as the bore in the left frame of Figure 2.10
needs to remain stationary regardless of thermal expansion. By ensuring that all constraint surfaces lie along
lines radial from the target point, expansion or contraction of the part will not result in motion of that point.
This is called the thermal centre. Not all constraint patterns define a thermal centre.

This principle is very useful in the design of mirror supports, which are often arranged to allow radial
growth of the optic without displacing the focal point, as in the right frame of Figure 2.10. Note that the
central point will remain stationary even when the support struts themselves expand and contract. However,
the body will undergo a "clocking" rotation about the z axis. Mirroring the struts so that each support is
opposed by its symmetric opposite will negate this effect, at the expense of a build up of internal stresses in
the overconstrained system. Those stresses can be passed on to the optic, deforming the optical surface and
ultimately, causing yield or buckling failure in the struts or optic. Clearly, careful design is needed.

An alternative method to reduce the effects of thermal expansion is to athermalise the structure by us-
ing re-entrant ("switchback") structures or using two materials in series with differing CTE’s to tune the net
thermal expansion of the structure.
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Ground
Strut

Ground Strut

Figure 2.10: Using exact constraint design to define a thermal centre. Left: The point of intersection between the lines drawn along
constraint surfaces will be stationary as the body thermally expands and contracts (dotted lines). The position of the bore will therefore
be insensitive to thermal expansion. Adapted from [17]. Right: The mirror is free to grow radially while the focus remains aligned with
the optical axis A. Adapted from [126].

This concludes the theory regarding exact constraint design. The Freedom And Constraint Topology
method was central to the concept synthesis phase documented in Chapter 6 Concept Generation. The
method is introduced in the next section.

2.3. The Freedom And Constraint Topology (FACT) Method

The Freedom and Constraint Topology (FACT) method was introduced by Hopkins & Culpepper in two foun-
dational papers [61, 62], upon which the following section is based. The FACT method was instrumental to
methodically exploring the design space for the PMAO mechanism. It demonstrably facilitates an exhaustive
exploration of the available constraint design space, which was the reason it was selected for the synthesis
phase of this thesis. This is only a very brief synopsis, with no further justification and several large gaps. The
reader is referred to the original papers for a very readable tutorial.

2.3.1. The Principle of Complementary Topologies

Constraint and freedom sets are collections of constraint and freedom lines, arranged in several elemental
geometries, shown in Figure 2.11. The entities shown in this figure are those most frequently encountered in
compliant mechanisms. See the original paper for the complete set of possible constraint sets.

(A) B)

Figure 2.11: Geometric entities used to describe collections of freedom and constraint lines. Only those that are immediately relevant to
flexure based design are shown. See the text for a description of each. Adapted from [61].

The descriptions given by Hopkins for each of these entities are repeated below [61]:

A Line: Aline of a given orientation.

B Pencil: All co-planar lines that intersect at a common point.
C P-Plane: All co-planar, parallel lines of a given orientation.
D A-Plane: All lines on a given plane.

E Sphere: All lines that intersect at a common point.
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F Box: A box of infinite extent that contains all parallel lines of a given orientation.
G Hoop: A circle that has a radius approaching infinity.

H Hoop Surface: All hoops with normal vectors that are orthogonal to a given axis.

A freedom or constraint set is usually insufficient to fully describe the constraint state of a mechanism.
Instead, a freedom or constraint space is used, which is simply the superposition of two ore more freedom or
constraint sets [61].

The central idea of the FACT method is the Principle of Complementary Topologies, which extends Bland-
ing’s Rule of Complementary Patterns from constraint lines to more topologically generic freedom and con-
straint spaces. Two corollaries also follow:

F1. Principle of Complementary Topologies
A freedom space and a constraint space contain complementary freedom and constraint topologies when
all lines in the constraint space are complementary to all lines in the freedom space [61].

F2. Principle of Complementary Topologies: Corollary I
The freedom and constraint spaces are uniquely mapped to each other [61].

F3. Principle of Complementary Topologies: Corollary I1
Rotational freedom lines and constraint lines must intersect in order to be complementary [61].

The second corollary has been truncated here to represent the case of rotation freedom lines only. The
original also considers screws, which were not necessary for the PMAO concept synthesis. The most impor-
tant outcome from these statements are that a catalogue of uniquely mapped freedom and constraint spaces,
helpfully provided by Hopkins in [61], can be used to synthesise a constraint pattern for a desired freedom
space, or the reverse process can be used to find the freedom pattern resulting from an existing arrangement
of constraints in a mechanism. These diagnosis and synthesis processes are summarised in Figure 2.12.

Flexure concepts

RO
el gy T GE e
@ / \ and Plane
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P q Red Plane
Red Plane and Hoop
and Hoop© \/'
(C 3 ﬂ(\\

Red Rotations F_/%

Figure 2.12: Synthesis and diagnosis using the FACT method. Adapted from [61].

It will be shown in Chapter 3 Requirements Generation that the PMAO must control the mirror in three
degrees of freedom. The complete set of matching freedom and constraint spaces permitting three degrees
of freedom is shown in Figure 2.13. The final four sets use geometric entities that were not introduced earlier
in Figure 2.11. These provide freedoms that are of no use to the PMAO, but are included to reinforce the
notion that this method provides an exhaustive catalogue of all possible constraint patterns that will allow
motion in three degrees of freedom.

The terminology used to refer to freedom and constraint spaces in [61] is re-used throughout this thesis.
A freedom space is denoted F;; and a constraint space C;;. The case i categorises the number of freedoms
allowed by each of the constraint spaces and the type j is simply a sequential ID to catalogue each of the
matching spaces in the case family. For example, panel A in Figure 2.13 is formally denoted F3;/ Cs;.
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Figure 2.13: All constraint spaces (blue) giving three degrees of freedom in either rotations (red) or screws (green). Adapted from [61].

2.4. Geometric Optics

This section introduces several basic elements of geometric optics relevant to the operation and performance
of the PMAO mechanism. The diffraction limit is introduced first, followed by the Strehl ratio which is used to
quantify the optical performance of the active optics. The section concludes with the most critical aberrations
that effect the PMAO and what causes them.

The Diffraction Limit

The primary task of any optical system is to make an image of an object or source. For many optical perfor-
mance metrics, it is simplest to look at how the optical system images a point source of light, however for
an Earth observation telescope the source is most often a ground scene. For simplicity, the discussion below
relates to point sources, though the metrics can be extended to describing imaging performance for scenes
as well.

Due to the wave nature of light, light from a point source passing through an optical system is diffracted
into an Airy Disk, shown in Figure 2.14. The Airy Disk describes the best focussed spot of light that can be
retrieved from a perfect optical system. Approximately 84% of the incident radiation will be focussed into the
central Airy disk with the remaining radiation spread out into surrounding concentric rings.

The resolution of a system is a measure of how well it can resolve two closely spaced objects. This is
fundamentally limited by diffraction. Thus the best possible resolution is called the diffraction limit, defined
as the smallest distance between two point sources of light with equal intensity that can still be resolved by
the system. The Rayleigh Criterion can be used to approximate this theoretical limit for a spacecraft via

Ah
L=122— (2.1)
D
where the minimum resolvable spacing L on the ground is a function of the wavelength A of the radiation,
the altitude & of the spacecraft and diameter D of a circular primary mirror.

The Strehl Ratio

In practice, imperfections in the shape, position and orientation of the optical elements introduce aberra-
tions, which spread the light out from the centre of the Airy disk. The Strehl ratio is the ratio of the light in the
centre of the Airy disk of the aberrated image to that of the perfect system, shown in Figure 2.14. For a well
corrected system, a Strehl ratio of 0.80 indicates that the system has reached the diffraction limit. Thus one
of the main DST mission requirements is to design a system capable of imaging ground scenes with a Strehl
ratio of at least 0.80.
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\i/ ABERRATION-FREE POINT IMAGE

ABERRATED POINT IMAGE

Figure 2.14: The Airy disk and Strehl ratio from a point source of light. Adapted from [107].

Aberrations, Wavefront Errors and Optical Path Difference
Aberrations are the manifestation of wavefront errors, deviations between the aberrated and ideal spherical
wavefronts emanating from a source, as illustrated in Figure 2.15. As aberrations are introduced, the amount
of energy in the central disk decreases, thus decreasing the Strehl Ratio. The combined function of the PMAO
and Aberration Correction System (ACS) is to remove these wavefront errors: the PMAO removes discontinu-
ous errors while the deformable mirror in the ACS removes continuous wavefront errors.

The Optical Path Difference (OPD) gives a measure of these errors. It is the difference between the dis-
tance from a reference point on the optical axis to a point on a reference spherical wave front centred on the
reference point, and the distance along the same line from the reference point to the actual wavefront.

SPHERICAL WAVE- OPTICAL SYSTEM
FRONTS FROM ABERRATED WAVE FRONTS
OBUECT POINT. EMERGING FROM SYSTEM

~<—REFERENCE SPHERE

MAXIMUM

OPD.  PARAXIAL or MINIMUM
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\ 0 Y ™
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(PATH OF
MARGINAL RAY)

Figure 2.15: Left: Schematic of OPD calculation for a small defocus error. Right: Graphical representation of OPD against zone for third
& fifth order spherical aberration. Adapted from [107].

The OPD of the DST optics is calculated via ray tracing using the MATLAB FORTA package, which can
then be converted to the overall Strehl ratio to verify the mission requirements.

Two of the main aberrations to be corrected by the PMAO are decentre and defocus, caused by translations
of the primary mirror segments, depicted in Figure 2.16. A decentre occurs when the mechanical axis of an
optical element is translated a small amount normal to the optical axis. A defocus occurs when the focal point
of an optical element is translated along the optical axis away from the image plane. Defocus is corrected
with compensating piston translations of the M1 segment along the Z), axis, while decentre can be somewhat
corrected by tip and filt rotations of the segment about the X, and Y, axes.
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Figure 2.16: Decentre and defocus caused by translations of the M1 segments can be correct with piston, tip and tilt motions driven by
the PMAO.

This concludes the basic theory underlying much of the technical work in this report. The next chapter
begins the front-end systems engineering efforts, with the requirements generation.






Requirements Generation

The need analysis and general concept for the DST were introduced in Chapter 1 Introduction to the Deploy-
able Space Telescope. The mission goal was synthesised into two top level mission objectives, listed in Table
3.1.

Table 3.1: DST mission objectives.

ID Description

MIS-OBJ-01 The Ground Sample Distance of the DST shall be no larger than the state of the art in commercial
visual spectrum Earth Observation imaging platforms. As of 2017 this was DigitalGlobe’s WorldView-
4 satellite with a Ground Sample Distance of 0.31 m in the panchromatic band.

MIS-0OBJ-02 The lifetime cost of the DST shall be less than the state of the art in commercial visual spectrum
Earth Observation imaging platforms. As of 2017 this was DigitalGlobe’s WorldView-4 satellite with
an estimated cost of USD$850 million including ground network upgrades.

The requirements generation process was conducted within the context of these two mission objectives.
The stakeholder analysis and mission requirements were defined at the mission level, while the functional
analysis was conducted at the subsystem level of the primary mirror active optics in line with the research
goals of this thesis.

The interaction between the DST instrument and various stakeholders was investigated in a stakeholder
analysis, summarised in Section 3.1. The Customer and TU Delft were identified as the critical stakeholders.
The key outcome of this section was a series of customer requirements which have been adopted by the
DST team as mission requirements. A functional analysis was then carried out in Section 3.2 to extract the
functional requirements of the PMAO. These were translated into system requirements in Section 3.3.

DST Requirements and Verification Document

The DST Requirements and Verification document is attached in Appendix D. This is a team level document
that was the synthesis and culmination of the work carried out in this chapter and Chapter 4 Verification
Plan. Prior to this work, requirements, requirement ID’s, safety factors and other verification inputs were
inconsistent and often duplicated across the several student projects already completed for the DST. The
document includes the complete list of requirements for the DST as of its writing early on in this thesis. It has
since been used by other team members in their work on other subsystems.

Several new requirements were added to the M1 subsystems to propagate the PMAO requirements. Nearly
100 requirements involving the PMAO directly, or in conjunction with other M1 subsystems, were subse-
quently generated. Designing to so many requirements was far beyond the level of detail expected of a pre-
liminary design. Instead, several critical requirements were identified and taken as the main requirements
for this thesis. These are highlighted in Section 3.3.

23
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3.1. Stakeholder Analysis

The requirements generation process began with a stakeholder analysis. The system boundary diagram in
Figure 3.1 identifies the numerous stakeholders of a possible DST mission. It is important to note at the
outset that the DST project is a conceptual study. For the purposes of this requirements generation process,
critical stakeholders are those who have an immediate impact on the DST design at the current, conceptual,
level. These stakeholders are indicated by the shaded boxes in Figure 3.1.

Total System Boundary

Organisational Boundary (Inter)National
Regulators
(UN, Gov.,

Patents Offices)

Technical System Boundary
Data Product Launch Provider Prime AIT
Customers Contractor

Mission Control
Data Processing Equipment
Centre Suppliers
Ground Station(s)

International
[Telecommunication|
Union

TU Delft
(DST Project
Team)

Insurer

Certification
Standards

Figure 3.1: DST mission system boundary diagram. The technical system boundary delineates those stakeholders that actively interact
with the DST mission; the organisational boundary defines system managers and developers; and the total system boundary encom-
passes all other stakeholders.

The customer is identified as the first and most critical stakeholder for the DST since the mission need and
goal statements are predicated on the basis of the customers’ desire to have access to low cost, high spatio-
temporal resolution EO imagery. Since the DST has no commercial customer, the "customer" is included as a
place holder. For backwards compatibility with prior work, the customer stakeholder requirements are con-
sidered synonymous with the existing mission requirements, which were formalised in technical language in
[48]. All mission requirements are summarised in Table 3.2 with traceability back to the mission objectives.

The inclusion of TU Delft in Figure 3.1 denotes both the DST project team as well as any academic, com-
mercial or licensing concerns that may be derived from university administrators. The academic nature of the
DST project leads to several constraints for the concept development phase of the project thus the TU Delft is
also identified as a critical stakeholder. The stakeholder requirements have been derived on the understand-
ing that the DST project may be a future space mission, rather than as an avenue for students to work towards
the award of degrees. This means that academic requirements for the DST team projects are not included.
However, there is a desire to foster collaboration within European industry and to control procurement &
knowledge flows throughout the project. Both needs are traceable to a desire to keep development costs low.
This is greatly simplified by avoiding ITAR controlled technologies and designing for a European launcher.
These requirements are new to the project, they have not been previously formalised.

The remaining stakeholders are not considered critical for the purposes of this requirements generation
process. Airbus Defence & Space NL are included in the "Prime AIT Contractor" stakeholder category as this
is the perspective from which they have been providing advice to the DST team. However, they are not driving
any requirements for the DST. Although prior work has identified launch cost as a major contributor to the
overall cost of providing EO imagery to customers [48, 116], the launch provider is not considered a critical
stakeholder as it is the customer that drives the need for a low cost product.

3.2. Functional Analysis

With the mission requirements defined, the system requirements for the PMAO could be derived. The usage
of the PMAO subsystem within the context of the greater DST payload operation was presented in the func-
tional flow block diagram in Figure 1.7 on page 7. From discussions with DST team members, the DST project
manager and experts at ADSNL, it has been widely accepted that the major design challenges lie in designing
systems that can fulfil the functions required of functional blocks F-7 to F-14. The main PMAO functionality
arises in functional blocks F-8 "M1 Deployment", F-10 "M1 coarse alignment", F-11 "M1 phasing" and F-13
"Start image acquisition". The PMAO must meet the top down budgets through deployment, phasing and
image acquisition.
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Table 3.2: DST mission requirements with traceability back to the mission objectives. WorldView-4 cost from [116].

Mission Mission Description

Objective Requirement

MIS-OBJ-01 MIS-REQ-01 The Ground Sampling Distance of the instrument shall be equal to 25 cm in
the panchromatic band from an orbital altitude of 500 k.

MIS-OBJ-01 MIS-REQ-02 The swath width of the instrument shall be wider than 1 km (threshold) / 5
km (goal).

MIS-OBJ-01 MIS-REQ-03 The system shall have one panchromatic channel with wavelength range 450
- 650 nm and GSD of 25 c¢m at 500 km.

MIS-OBJ-01 MIS-REQ-04 The system shall have one blue multispectral band with wavelength range
450 - 510 nm and GSD of 100 cm at 500 km.

MIS-OBJ-01 MIS-REQ-04 The system shall have four multispectral bands with the wavelength ranges

and GSD indicated (at 500 km):
Blue (450 - 510 nm) - 100 cm
Green (518 - 586 nm) - 100 cm
Yellow (590 - 630 nm) - 100 cm
Red (632 - 692 nm) - 100 cm

MIS-OBJ-01 MIS-REQ-05 The Signal-to-Noise Ratio (SNR) of the instrument shall be higher than 100
for a reflectance of 0.30 and a sun Zenith angle of 60°
MIS-OBJ-01 MIS-REQ-06 The nominal Modulation Transfer Function (MTF) at both the Nyquist fre-

quency and half the Nyquist frequency shall be higher than 5% (threshold) /
15% (goal).

MIS-0OBJ-01 MIS-REQ-07 After calibration, the residual Strehl ratio of the system shall be higher than
0.80.

MIS-OBJ-01 MIS-REQ-08 The mass of the instrument shall be lower than 100 kg (threshold) / 50 kg
(goal).

MIS-OBJ-01 MIS-REQ-09 In the stowed configuration, the volume of the instrument shall not exceed
1.5 m3 (threshold) / 0.75 m3 (goal).

MIS-OBJ-01 MIS-REQ-10 The DST shall not use any ITAR controlled components or technology.

MIS-OBJ-02 MIS-REQ-11 The DST shall be designed for compatibility with the TBD launcher.

MIS-OBJ-02 MIS-REQ-12 The DST shall comply with national (NL) and international regulations dur-

ing AIT activities, launch, operations and end of life.

A context diagram was used to identify the scope of the system and its interactions with stakeholders,
other systems and subsystems in Subsection 3.2.1. Icam DEFinition for Function Modelling (IDEF0) func-
tional flow diagrams were used to formalise the interaction between the PMAO and related systems during a
typical use case in orbit in Subsection 3.2.2. The top-down systems budgets, which guide the relationship be-
tween the optical and thermo-mechanical domains, are introduced in Subsection 3.2.3. An N2 chart was em-
ployed to understand critical interfaces between functions, presented in Subsection 3.2.4. It was found that
there was a critical interface between the mechanical design of the PMAO and the optical/ electrical/ con-
trol elements of the telescope. In practice, this interaction is embodied by the calibration procedure which
was accordingly explored in detail in Subsection 3.2.5. The functional analysis also revealed that the original
baseline mechanical design included a coordinate frame rotation that had not been included in the ETEP
modelling. This is discussed in Subsection 3.2.6.

3.2.1. PMAO Context Diagram

The context diagram in Figure 3.2 illustrates the context within which the PMAO must operate through the
relevant functional blocks described by Figure 1.7. Major inputs, outputs, environments, stakeholders and
subsystems are included. The context diagram helped to identify functions, interfaces, inputs and outputs
that may be outside of the more obvious use cases.

The main input is light from the Earth ground scene. The primary output is the stacked and phased
image from the primary mirror which continues on through the DST optics. Although there are numerous
instances of precision mirror fine positioning mechanisms on Earth and in space (for example, [82, 93, 108,
120]), the combination of the environment it must operate in, the mass it must move and the tolerances on
its performance are unique. No deployable optics have yet operated in low Earth orbit.

The PMAO must survive the launch environment and survive and operate in the space environment.
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Figure 3.2: Context diagram of Primary Mirror Active Optics (PMAO).

Stresses, deflections, heat, contamination are all environmental inputs. The PMAO will be part of command
and control loops at various levels: within the telescope itself, within the larger spacecraft and through direct
control from mission operations. Data on the subsystems’ status is transmitted to controllers with commands
transmitted back. The spacecraft bus itself is also a major contributor to the PMAO performance. Vibration
and shocks from onboard mechanisms, power delivery and thermal control are input to the PMAO while
stresses, deflection, heat and data are transmitted back to the bus. Regulations restrict certain aspects of
design, procurement and operation. The context diagram gives a good picture of how the PMAO will interact
with the DST and stakeholders.

3.2.2. Functional Modelling
Since the PMAO must fulfil certain functions at different stages of operation, it is useful to look at the com-
bined functionality of the wider image correction system. The functional architecture of the calibration sub-
system was formalised over a series of interviews with the optical design team [49]. The results are illustrated
by the contextual level IDEFO0 functional architecture in Figure 3.3. The IDEFO0 (Icam DEFinition for Function
Modelling) diagram compactly summarises the flow, inputs, outputs, controls and mechanisms of a family of
related functions.

Some of the major concepts of Figures 3.3 and 3.4 and justification for their inclusion are listed below.
The top down systems budgets are central to the bottom up engineering effort. They are discussed in detail
in Section 3.2.3.

Active Calibration Functions

The major function of the PMAO will be to phase and stack the primary mirror segments, indicated as func-
tional block F-11 "M1 phasing" in Figure 1.7. Thus there are two main functional blocks within the active
calibration subsystem: FCAL-02 “Phase & Stack M1 Segments” and FCAL-03 “Correct Continuous Wavefront
Errors”. The first block refers to manipulation of the M1 segments relative to each other, known as “phasing”.
This block corrects for errors described by the first three Zernike polynomials. These are often referred to as
phasing errors and manifest as discontinuities in the wavefront. The FCAL-03 block refers to manipulation of
the deformable mirror to remove continuous wavefront errors. These blocks currently act in series, though
it is possible that they could work in parallel. This is a topic for future discussion once a model of the PMAO
performance is integrated into the End-to-End Performance (ETEP) model of the telescope.

The required functionality is considered in greater detail in Figure 3.4, which drills down on block FCAL-02
of Figure 3.3. A critical sub-function of block FCAL-02 is that the PMAO must permit independent manipu-
lation of each M1 mirror segment individually in three degrees of freedom: Piston, Tip and Tilt. These are
defined within the individual segment coordinate frames.
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Calibration Scene

The calibration scene is the image that is used by the telescope for the active calibration subsystem. The
AOCS system will need to point the telescope at this scene as the spacecraft traverses its orbit. References to
“extended scene” in this report and other project literature refers to the use of an image for calibration instead
of a point source (ie. a star or light source carried on board) as is the case for most traditional EO imaging
missions.

Sensors

So far, only optical sensing methods, using the telescope itself rather than direct measurement of optical
element positions, have been considered. Optical methods provide a direct link between the data out of
the calibration sensors and the image quality. If position sensors (such as capacitive edge sensors) are used
instead, then additional physical processes are introduced between the sensed property and the performance
of the optical system (that is, the image quality, which is optimised by the calibration system). In practical
terms this would mean that the position sensors would also need to be calibrated in orbit before they could be
used to calibrate the optical elements. It would be strongly preferable to avoid this extra layer of complexity, if
possible. The current design uses sharpness and phase diversity methods, though Shack-Hartmann sensing
will be considered if the thermo-mechanical design shows poor drift and stability performance.

Actuators (PMAO Actuation and Deformable Mirror)

Figure 3.3 shows that the actuation mechanism cannot be adequately designed by considering the top down
budgets alone. The calibration algorithm dictates the full range of motion of the mechanism and how often
it will be utilised, leading to fatigue and thermal control requirements.

3.2.3. Top-Down Systems Budgets

A number of interactions between functional blocks in Figures 3.3 and 3.4 are highlighted with bold red text.
These interactions must meet specifications defined by the Top Down Systems Budgets. These budgets, of-
ten referred to as the "Top Down Budgets" or "Top Down Tolerance Budgets" in DST literature, are a series
of allowable tolerances on the location, orientation and shape of the optical elements in the optical coordi-
nate frame. They are critical functional requirements dictated by the optical design and guide all bottom up
engineering efforts.

The latest budgets, summarised in Table 3.3, were defined by Dolkens in late 2017. Note that the primary
mirror budgets are the most strict. A working value of < 10 nm has been adopted by the team for the PMAO
resolution budget [49]. The definitions in the emphasis boxes and following discussion have been adapted
from the literature study for this thesis [96].

Table 3.3: Top down systems engineering budgets [51]. Each budget must be met with a standard deviation of 20, which is dictated by
the top-down modelling. Note: These budgets are defined in the telescope reference frame. To apply them in this thesis, they must be
converted to the fixed PMAO mechanism coordinate frame Oy frame, by rotating the frame such that the X and Y axes are switched.
See for example the axes in Figure 3.10.

Position Orientation Radius Shape Error
Element X [um] Y [um] Z[um] X [prad] Y [urad] Z [urad] [%] [nm]
Deployment/ Coarse Alignment Budget
M1 2 2 2 2 4 50 1x1073 50
M2 15 15 10 100 100 100 1x10°2 25
M3 4 4 4 10 10 50 1x1073 10
In-Orbit Drift Budget
M1 2x 1072 2x1072 2x1072 1x1072 2x1072 5 1x107% 5
M2 4 4 2 6 6 12 1x107% 5
M3 1x1071 1x1071 1x1071 1 1 5 1x107% 5
Stability Budget
Ml 5% 1073 5x1073 5x1073  25x1073 1x1072 5x107! n/a n/a
M2 1 1 5x1071 1.5 1.5 3 n/a n/a

M3 25x1072  25x1072  25x1072  25x10"! 25x107! 1.25 n/a n/a
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Deployment Budget

The maximum allowable deviation of the position of the optical surface from the desired datum after
deployment and prior to coarse (or fine) calibration. This only applies to the deployable elements: M1
and M2.

Coarse Alignment
The maximum allowable deviation of the position of the optical surface from the desired datum after
coarse alignment. This only applies to the active optics elements: M1 and M3.

Active Optics Resolution Budget
The maximum allowable increment between two successive actuated positions of the active optics. Cur-
rently only applies to the PMAO actuators.

In-Orbit Drift Budget

The maximum allowable spatial deviation of an optical surface that can occur between completion of the
last active calibration procedure and the end of the next image acquisition, provided that the deviation
can be considered (pseudo-)static over the period of image acquisition.

Stability Budget
The maximum allowable spatial deviation of an optical surface during image acquisition. Note that this
only applies during image acquisition.

Deployment and Coarse Alignment

Figure 3.5 illustrates the deployment, coarse alignment and actuation resolution budgets. The in-orbit drift
and stability budget concepts are shown in Figure 3.6. The drift and stability budgets differ from the others in
that they must be held only over certain periods of time, though the spatial definitions of “piston” and “tilt”
in Figure 3.5 still hold.

Optical Surface

- 1‘ _ Datum
—>A ¢ ¢
I T e il
L |
5! 5! * “
s ( ) s
& E E @
[} c c [}
(-4 o o o
e ‘_; = = — i c
2 > Section A-A —>A v £
- a B
g g 8
< (6} (5] <
Tip/ Tilt Budgets Piston Budgets

Figure 3.5: Illustration of deployment, coarse alignment and calibration resolution budgets as applicable to an M1 mirror segment. If
the segment were to deploy to the position shown, the DST would not need a coarse alignment system. Adapted from [96].

The team has assumed that the deployment mechanism will be able to meet the coarse calibration budget
directly, precluding the need for a coarse calibration system. Therefore the deployment budget is considered
the same as the coarse alignment budget. If the deployable elements are not able to meet this goal, a coarse
actuation mechanism and separate deployment budget will be implemented. An extra sensing system will
also be needed as the range of the current optical sensing methods is not big enough to determine the position
of the optical surface beyond the coarse alignment budget. This analysis is a topic for future work.

In Orbit Drift and Stability
The purpose of the in-orbit drift budget is to ensure that the optical system delivers an image of sufficient
quality that it may be corrected using post-processing. The literature study for this thesis found no quantita-
tive definition in any of the existing project literature of what may be considered a "pseudo-static" periodic
displacement. A first attempt was made in that publication and is repeated here [96].

As a minimum, optical modelling has shown that diffraction limited image quality is maintained for dis-
placements no greater than that stipulated by the stability budget. Applying this over the period of image
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Figure 3.6: Illustration of drift and stability budgets. The time between the last active calibration ¢,,; and completion of an image
acquisition is Ar. The calibration establishes a datum from which the maximum allowable displacement Ax;;; between .,; and
any time during image acquision At¢q is defined. A periodic motion can be considered pseudo-static if the maximum displacement
AXgriftacq is no greater than the stability budget Axs;qp;;i;y Over the acquisition time. Adapted from [96].

acquisition, currently on the order of one second [51] though an exact number is yet to be defined, gives a
threshold for the maximum allowable rate of change of displacement over time.

With reference to the quantities in Figure 3.6 then, a periodic displacement can be considered pseudo-

static if, at no point during image acquisition, the instantaneous rate of change of the displacement % isno

A:'Csmbility
greater than Ry

3.2.4. N2 Chart: System Interfaces

From the context diagram and IDEFO diagrams, system interfaces can be explicitly identified and docu-
mented using an N2 chart. The N2 chart shown in Figure 3.7 helps to visually identify strongly interacting
systems and functions. The chart uses the common convention with functions listed across the diagonal,
outputs horizontal to the functions and inputs vertical. Its purpose is to optimise and focus tight control
of the interfaces between functional blocks. The blocks are not listed sequentially as in the IDEF0 diagrams.
Instead, they have been organised so that functions with significant interaction are grouped together into log-
ical modules. Since the subsystem is being considered at an abstract level, interfaces are specified in broad
categories of mechanical, thermal, optical, environmental and electrical.

It is logical to separate interface control between the thermo-mechanical and sensing and control func-
tions, indicated by the two shaded boxes in Figure 3.7. Unsurprisingly, the work packages assigned to mem-
bers of the DST team have been divided into either thermo-mechanical design or optical & control design.
The heavy reliance of the mechanical elements on the thermo-mechanical aspects of the environment and
mission phases are immediately visible in the top left block of the N2 chart.

Note also the long interaction between synthesis of the actuator commands and actuation of the seg-
ments. Care must be taken in defining what these signals must look like, when and how they are transmitted
and what information they must contain. This interaction is currently mediated by the M1 calibration al-
gorithm. The results in Section 9.4 Operations Functionality Verification Activities will demonstrate the high
sensitivity of the PMAO mechanical requirements to decisions made within the calibration algorithm.

The primary interface between the two modules is via the optical performance of the mechanical ele-
ments. It helps then to specify the interface between them in terms of optical performance. This has already
been done from a top-down perspective: The top-down systems budgets define the allowable motion in the
mechanical elements such that diffraction limited imagery is possible. From a bottom-up perspective, it will
also be useful to assess the performance of the mechanical elements in terms of optical metrics such as spot
size, RMS OPD and/ or Strehl ratio. The literature study for this thesis found that a similar approach was
used for the development of the JWST, see for example reference [63]. Integration of the model of the PMAO
mechanism performance in the ETEP model, a key deliverable of this thesis, will enable this in future work.

The N2 chart highlighted the need to pay special attention to the interface at the mechanical/ optical
boundary. In practice, this interface is mediated by the calibration procedure, which is explored in more
detail in the Section 3.2.5. Although the procedure had been set out in other DST publications [50], it had not
been translated into mechanical requirements of the PMAO before this thesis.
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Figure 3.7: N2 chart of PMAO subsystem only, showing mechanical, thermal, optical, environmental and electrical interfaces. Functions
are listed across the diagonal, outputs are horizontal from and inputs are vertical to, each function.

3.2.5. Primary Mirror Calibration Procedure

The calibration procedure & required range of motion in each DOF at the segment level is illustrated in Figure
3.8. First, the tilt error is corrected through a Nelder Mead Simplex optimisation algorithm which seeks to
minimise the total error in 64,5, followed by a similar procedure for the tip error. Correcting the tip and tilt
orientation of the segments is called co-alignment. A piston scan stage then determines the positions of each
of the segments relative to one another. This scan procedure dictates the maximum required piston range of
motion of the mechanism and is outlined in more detail below. Aligning the segments in the piston direction
is called co-phasing. New tip and tilt orientation values are then calculated.

Required Range at Segment
per Calibration Stage

Oxm Oym
—> 1. Tilt Optimisation 8,y Oprad + £2prad +
|—> 2. Tip Optimisation 6, +4 pyrad + £2 prad +
|—> 3. Piston Scan A, v +4 pyrad + +£2 prad +
|—> 4. Piston Phasing A, v +4 pyrad + £2 prad +
|—> 5. Recalculate Tilt Optimisation 6, +4 pyrad + £2 prad +

|—>6. Recalculate Tip Optimisation 6, *4 prad + +2 prad +

Figure 3.8: Segment calibration procedure and required mechanism range of motion in each DOF at the segment level for the serial scan
procedure. The largest combined range of motion requirement is during the piston scan stage. Note that the coordinates given in the
figure are in the fixed PMAO mechanism coordinate system Oy, ot in the telescope optical coordinate system as in other DST project
literature.

The mechanism must be capable of delivering the combined range of motion in each degree of freedom
simultaneously. The ranges are governed by the deployment/ coarse alignment budgets in Table 3.3, and
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whether a serial or dual simultaneous scan procedure is used. The largest combined range of motion re-
quirement is during the piston scan stage. Both piston scan procedures are outlined below and illustrated
schematically in Figure 3.9.

Mechanism piston
Piston scan motion _ scan range 8um

Deployed
- positions

Datum
+2um [~ |

Wavefront error
detection zones

@ @) ® @
Serial Piston Scan

Mechanism piston Deployment/ coarse

scan range 4um alignment tolerance
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Figure 3.9: Segment phasing schemes. The dual simultaneous scan scheme requires half the piston stroke of the serial scheme but re-
quires each mechanism to scan through its range twice. Only a single scan is illustrated for the simultaneous scheme. In operation,
segments 1 and 2 would first scan, then 2 and 3, 3 and 4 then finally 4 and 1. The horizontal dashed lines indicate the nominal deploy-
ment/ coarse calibration tolerance budget. The datum is the nominal deployed position.

Serial Piston Scan Procedure

In the serial scan, each segment is scanned through its full range whilst the remaining segments are held
stationary. The serial scan method has a segment range of motion equal to twice the full range of the deploy-
ment tolerance budget. This is best understood by examining Figure 3.9. The deployment/ coarse alignment
tolerance is indicated by the two horizontal dashed lines. In this example, all four segments deployed within
the tolerance but there are considerable misalignments. Note that segments 1 and 4 were deployed to the
maximum and minimum of the deployment tolerance respectively.

The scanning procedure begins with segment 1. Since there is no knowledge of which side of the datum
the adjacent segments deployed to, and to guarantee that segment 1 will align with segment 2 at some point,
it must scan through the full deployment tolerance range. Since segment 1 deployed at the deployment tol-
erance maxima, it must be capable of scanning all the way through to the deployment tolerance minima, a
range of -4um for the piston DOE Similarly, if the segment had deployed to the deployment tolerance min-
ima as is shown for segment 4, it would have to scan through a range of +4um in the opposite direction to
guarantee that it would capture the adjacent segments. Thus the mechanism must be capable of moving
the segment through a bidirectional range of motion twice that of the full range of the deployment tolerance
budget.

Throughout the segment scan, the wavefront error is measured in the two detection zones of the actuated
segment to find the relative locations of the two adjacent segments. All four segments scan through the Zy,
axis one after the other until the relative positions of the segments are known.

Dual Simultaneous Piston Scan Procedure
Instead of scanning a single segment at a time, the dual simultaneous scan method actuates two adjacent
segments at once in opposite directions, again illustrated schematically in 3.9. Since both segments operate
at once, the simultaneous method requires only half of the segment range of motion in each DOF compared
to the serial scan method. The trade-off is that each segment must execute the scan operation twice.

The current calibration scheme utilises the serial piston scan method so there will be no further discussion
of the simultaneous scan method. Furthermore, designing for the serial scan method provides greater design
flexibility for future iterations of the DST. The top down system budgets listed in Table 3.3 are given to within
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two standard deviations. As the DST design matures, these values may need to be adjusted to 3 standard
deviations, possibly leading to an increased range of motion requirement. Additionally, future work may
show that it is not possible to achieve the larger range of motion needed for the serial method. Using the
simultaneous method with half the required range of motion could be a valid backup solution in either case.

3.2.6. Coordinate Frame Rotation

In the initial design of the M1 segment, the rear plane of the mirror and upper plane of the M1 deployment
mechanism support frame were parallel to the XpYp plane as in Figure 3.10a. This meant that the PMAO
mechanism coordinate frame X, Yy, was also parallel to the optical X Yo plane. This was the ideal geomet-
ric arrangement as the system requirements, which are modelled & reported in the optical frame, could be
directly translated into the mechanism frame.

a) Initial Design b) Basline Design c) Current Design

Rinitial = 3,000 mm Rbaseline = Rinitial Reurrent = 3,777 mm

6rotation = 0° 6rotation = 8° 6rotation = 0°

) )
M1 aspheric profile Rbaseline Light-weighted Rcurrent > Rinitial
) substrate
Mirror segment
ZM
Z
00 00 %0
Yo l/'/ — Yo T T Yo
Orotation XM

oM > )

20 20 20

Support frame

Instrument housing

Figure 3.10: History of mechanism coordinate frame rotations. The PMAO design in this thesis uses configuration c) "Current Design".

However, this led to a thick & heavy mirror substrate that occupied a large volume when stowed. To reduce
mass, the rear plane of the substrate was given an 8° rotation as indicated in Figure 3.10b. The nominal
position of the deployment mechanism support frame in the deployed position was also rotated 8° such that
the interface plane of the support frame and back of the mirror continued to be parallel. This resulted in
an 8° rotation between the optical and mechanism coordinate frames about the X axis. No consideration
of the effect of this decision on the requirements flow down or opto-mechanical performance of the active
optics was given at the time. Indeed, the end to end performance modelling continued to model the state
in Figure 3.10a despite the updated mechanical design in 3.10b, and had gone unnoticed until the detailed
requirements flow down was conducted for this thesis.

Dolkens conducted a brief analysis of the 8° offset [49]. It was concluded that the 8° rotation could be
accommodated by the system and still meet requirement MIS-REQ-07, a minimum Strehl ratio of 0.80. The
results are shown in Figure 3.11.

c) Corrected Piston Error with

a) No Piston Error b) 5 pm Piston Error Mechanism Frame Rotation
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Figure 3.11: Point spread functions of M1 5 pum piston error and correction in presence of 8° PMAO mechanism coordinate frame
rotation. MIS-REQ-07 states that the Strehl ratio must be greater than 0.8. Note that after the piston correction this requirement is met,
even with the coordinate frame rotation. Figures courtesy of Dennis Dolkens.
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The radius of curvature of the M1 optical surface has since also been increased from 3,000 mm to 3,777
mm. The larger radius will not require such a large rotation of the mirror backplane to fit within the stowed
envelope. The 8° value is therefore considered a worst-case state. Additionally, forming & polishing off-axis
mirrors is much easier if the mirror backplane is parallel to the transverse plane in the mirror’s optical frame.
For these reasons, it was assumed that the backplane of the mirror could once again be made parallel to
the XYy & deployment mechanism support frame planes. The validity of this assumption will need to be
confirmed when the mirror is designed in a future thesis. The requirement for a flat backplane parallel to the
deployment mechanism frame has been specified in Section 9.6 Flow Down Requirements.

For completeness, it should be mentioned that the PMAO mirror support could, in principle, be modified
to accommodate the rotation while still allowing actuation parallel to the optical frame axes. This was not
considered in the PMAO design as the mirror angle & design are still subject to change. The simplest, ideal
design in Figure 3.10c was adopted instead. The analysis summarised in Figure 3.11 demonstrates that this
design can still meet the optical requirements even with a rotation of up to 8° if needed.

3.3. System Requirements Analysis

The system requirements analysis translated the functional requirements from Section 3.2 into a set of mea-
surable system requirements. The output of this section was the requirements that the PMAO preliminary
design must meet to fulfil the mission requirements. The control and electrical requirements were outside
the scope of this thesis; the relevant areas were the upper left thermo-mechanical block of Figure 3.7.

Requirements discovery trees were used to decompose the high level functional requirements into sub-
functions until they were at a level that could be described by specific system and functional requirements.
The trees are included in Appendix B and introduced briefly in Section 3.3.1. The requirements were then
detailed and collated into the full list included in Appendix D.

A number of requirements that were identified as being critical to establishing the feasibility of the PMAO
were extracted and used to guide the design of the PMAO in this thesis. These requirements are discussed
within the broad themes of system level requirements, operations functionality, launch survival and opera-
tions survival in Sections 3.3.2 to 3.3.5. These requirements are listed in several tables at the end of the chapter
on pages 40 and 41.

To facilitate continuity from this project to future projects on the PMAQ, further discussion and informa-
tion regarding a number of requirements included in the full list but excluded from the requirements targeted
in this thesis is provided in Appendix D. The note below aims to provide some clarity on the terminology used
throughout the remainder of the report to describe the different configurations and states of the telescope.

A Note on Configurations and HDRM

A broad categorisation of the PMAO mechanism requirements can be divided into those which must be ful-
filled in different instrument configurations: deployed, stowed, or requirements applicable to both states.
For simplicity, throughout this thesis whenever the spacecraft is in the stowed configuration it will be as-
sumed that any HDRM (Hold Down and Release Mechanism), if present, is engaged. Conversely, whenever
the spacecraft is in the deployed state the HDRM will be disengaged. It was assumed that no HDRM will be
used between the mirror and PMAO. This means that the structural interface between the mirror and PMAO
mechanism will not change between the stowed launch and stowed/ deployed operational configurations.
It was assumed that there would be an HDRM between the M1 deployment mechanism and the instrument
housing.

Additionally, throughout the requirements development, a distinction has been made between the de-
ployed configuration and nominal deployed configuration. The nominal deployed configuration is the ideal
position of the primary mirror segment upon deployment. It is the position that would occur in the absence
of any manufacturing, assembly, deployment, thermal drift and/ or stability errors. Lack of the world "nomi-
nal" in a requirement description implies that the requirement applies for all segment positions whilst in the
deployed state.

3.3.1. Requirements Discovery Trees

Requirements discovery trees are a simple method of systematically exploring what a system must do. They
were used to decompose the high level functional requirements into sub-functions until they were at a level
that could be described by specific system requirements. Separate trees were developed for the functional re-
quirements (capabilities), characteristics (system objectives, non-functional requirements) and constraints.



36 3. Requirements Generation

They are reported in Appendix B. Survival requirements were treated as functional requirements whereas
compatibility requirements were treated as constraints since survival is generally performance based whereas
compatibility constrains interfaces, volumes, standards and so on.

The context diagram in Figure 3.2 informed all trees while the IDEF0 and N2 charts from Section 3.2
primarily informed the functional requirements tree. Check lists [54, p. 619], [114] were also employed to
check that all aspects of the mission and system were considered. Although the requirements discovery trees
are extensive, only requirements relevant to the short to medium term objectives of the wider DST project
were developed to maintain a realistic scope. Many requirements are still To Be Determined (TBD) because
of immaturity in the payload and spacecraft bus definitions. It was beyond the scope of this thesis to rectify
these design immaturities.

3.3.2. System Level Requirements
The system level requirements for the PMAO are given in Table 3.5 on page 40. They focus on the high level
characteristics and programmatic requirements of the PMAO.

Requirement M1-MEC-13 formalises the need for the primary mirror to be deployable. PMAO-SYS-03
restricts the use of all parts to non-ITAR controlled components in a flow down from mission requirement
MIS-REQ-10. In line with the goal to develop a feasible PMAO design, the PMAO manufacture, fabrication and
assembly should not require new or low TRL technology, equipment or processes. This is captured in PMAO-
SYS-06. Although there is an overall mission cost target for the DST defined in mission objective MIS-OBJ-02,
no top-down analysis has been conducted to define sub-assembly level cost requirements. A placeholder
requirement is included in the full list but is not included in the thesis requirements.

The mass requirement was also included in the system level requirements list. Review of space mecha-
nism literature found that the original mass requirement for the M1 subsystems was optimistic. A revision
was necessary, as discussed below.

Revision of PMAO Mass Requirement

The 6 kg mass of the baseline mirror design [117] was used to generate the mass requirement for the M1
segment, PMAO-SYS-01 (see the full requirements list in Appendix D), and thereby the PMAO mechanism
mass requirement. This is relatively heavy by modern standards at an areal density of 21.5 kg/m? so this
value was taken as a conservative first estimate.

The original mass requirement for the PMAO was 4 kg for each segment deployment mechanism and
PMAO mechanism combined. The literature study for this thesis found that this was very optimistic. Take for
example the GAIA and Euclid secondary mirror mechanisms which provided five and three DOF control for
mirrors of mass 1.9 kg and 3.1 kg respectively. The mechanisms themselves had masses of 5.0 kg and 3.0 kg
respectively[8]. The Euclid mechanism completed development in 2017, reflective of a more modern design
compared to that of GAIA which was developed circa 2011 [32]. No data was found for the mass of other space
telescope mirror fine steering mechanisms.

Therefore, the mass requirement for the PMAO mechanism was separated from the deployment mech-
anism mass requirement and revised by scaling the M1 segment mass by the Euclid 3DOF mechanism to
mirror mass ratio. Requirement PMAO-SYS-02 now states a PMAO mechanism mass of no more than 6.2 kg
per segment assembly.

3.3.3. Operations Functionality
The top level functional requirement for the PMAOQ is to remove discontinuous wavefront errors from the full
field of view during operations and AIT. This flows down to the PMAO mechanism which must enable con-
trolled manipulation of the primary mirror segments in three degrees of freedom, and to the PMAO support
which must provide a load path without over constraining the mirror. The kinematics of the mechanism dic-
tate the flow down to the mechanism and individual actuators, so TBD values were assigned until a concept
was selected. The operations functionality requirements are listed in Table 3.8 on page 41.

Further discussion for specific requirements is given below, starting with the top down tolerance budgets
which define the range of allowable mirror deployment positions, and motions during image acquisition.

Top Down Tolerance Budgets

Flowing down the top-down system budget requirements to the PMAO was complicated by the lack of design
maturity in all of the M1 subsystems. There were two options to define the top-down tolerance budgets for
the PMAO.
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First, their definition could be left at the M1 level per Table 3.3 so that no analysis would be necessary
to decompose them to the deployment and PMAO mechanism levels. However, the top down requirements
would then only be verifiable by modelling or testing both subsystems together. The preliminary M1 deploy-
ment mechanism design, system thermal modelling and definition of sources of on-board excitations would
have to be relatively mature to allow this. Each of these elements were ongoing topics of research in parallel
with this thesis, so it was reasonable to assume that this might occur. An analysis tool capable of modelling
the whole M1 subsystem would also be needed, but was not yet available to the team.

Secondly, the requirements could have been flown down to the PMAO level, via either extrapolation of
budgets from similar systems or statistical modelling akin to that already used to define the top down bud-
gets at the telescope level (see for example [73]). The former option was not possible since there are very
few systems comparable to the DST and its application, much less publications providing detailed tolerance
breakdowns. The latter option would have required models of the deployment and PMAO subsystems to be
integrated into the ETEP model to provide a basis for the statistical analysis. An objective of this thesis was
to produce such a model for the PMAO however at the conclusion of the thesis, an equivalent model for the
deployment mechanism remains a topic for future work.

Thus, the top down tolerance budget requirements were left at the M1 level, reflected in requirements M1-
MEC-01, -04 and -07, listed in Table 3.8. This exposed the project to the risk that they would be unverifiable
should the other subsystems not reach a useful level of maturity, or the necessary analysis tools not become
available by the time verification started. These risks were fully acknowledged.

Mirror Radius of Curvature and Shape Error Tolerance Budgets

Mirror radius of curvature and shape error requirements were excluded as they are integrally linked to verifi-
cation of the mirror design, which is outside the scope of the thesis. The PMAO design does, however, need
to be aware of these requirements, so they are included in Appendix D.

Image Quality

In reality, the PMAO must operate in both flight and terrestrial Assembly, Integration and Testing (AIT) op-
erations. This is reflected in the description of requirement PMAO-OPT-01. To keep this thesis work within
reasonable bounds, it was assumed that the flight mechanical, thermal and electromagnetic environments
will be more onerous than those during AIT and thus that if it could be shown that PMAO-OPT-01 could be
met in the space environment then it could be met for terrestrial AIT.

Thermal Centre
For a mirror, it is desirable for the focal point to remain stationary under thermo-elastic strains to minimise
decentre errors. This can be achieved by aligning the thermal centre with the focal point. Additionally, the
mirror should be allowed to expand symmetrically about the thermal centre (and thus, focal point). Any
stresses generated within the mirror due to the expansion should also be as symmetrical as possible to create
symmetrical distortions of the optical surface, and to minimise astigmatism and/ or higher order optical
aberration errors.

Since the M1 segments are off-axis mirrors, the focal point is far outside the footprint of the mirror sup-
port, so the above guideline could not be met. After discussion with the optics team, it was decided to set the
thermal centre to the mirror centroid in requirement M1-MEC-35 as a first estimate [49].

Revision of Clearance Requirement

Requirement M1-MEC-08, derived in earlier work [117], stipulated that the M1 deployment and PMAO sub-
systems shall not position the back of the mirror more than 100 mm away from the instrument housing wall.
This is not physically possible since the mirror segment would conflict with the space reserved for the stowed
M2 booms. The actual minimum acceptable clearance is 120 mm, reflected in the removal of requirement
M1-MEC-08 and inclusion of requirement M1-MEC-17.

Mechanism and Actuator Level Requirements

Requirements PMAO-MEC-23 and PMAO-MEC-29 to -31 define the range of motion and step size require-
ments at the mechanism level. These were defined through interviews with the optics team [49]. Note that
there is no step size requirement in tip and tilt: there is freedom for these performance characteristics to flow
on from the piston step size requirement PMAO-MEC-23. The actuator level requirements flow down directly
from the mechanism requirements. Their definition was one of the outcomes of this thesis.
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DST Compatibility

The PMAO must be compatible with the rest of the telescope. At the current level of design maturity, the
main compatibility requirements relate to location and configuration of the components, including allowing
the primary and secondary mirrors to deploy, being correctly located in the optical path and defining a usable
volume. Future compatibility requirements will undoubtedly involve contamination, electrical interfaces &
protocols, data rate, EMC and computational aspects.

3.3.4. Launch Survival

The launch survival requirements are given in Table 3.6 on page 40. Survival is defined as no degradation
of the functional capabilities of the system as a result of being exposed to a given environment. It was clear
that the DST design was too immature to allow detailed launch survival analysis. Instead, a survey of launch
requirements across common European launchers was carried out to justify definition of a set of simple,
conservative launch survival requirements. The data collected as part of this analysis is collated in Appendix
D.

The survey found that the requirements recommended by subject matter experts at Airbus Defence &
Space NL (ADSNL) in earlier DST studies [117] were well justified. Similar values have also been used in
other space based fine pointing mechanisms. For example, 20g quasi static loads and minimum natural
frequencies of 100 Hz were used in the preliminary design of the GAIA M2M mechanism [115] as well as on
the IRIS spectrometer [121].

Therefore, the launch survival requirements stipulated by ADSNL were retained. Namely, that the de-
sign must survive 30g quasi-static loads which encompass the worst-case simultaneous loading by the actual
quasi-static loads and various sources of vibration, as well as have a minimum natural frequency of 100 Hz.
To account for worst-case loading and to verify survival against shear, the quasi-static loads were to be ap-
plied simultaneously along two axes in the launch vehicle coordinate system at once. Loads imposed by the
thermal environment and any further qualification or safety factors were assumed to be included in this value
already as well.

Finally, it was decided that the PMAO mechanism should not need power to function during launch so
that the PMAO will not dissipate any heat or generate an electric field whilst in the payload fairing, easing
launcher compatibility requirements. All of the launch survival requirements apply in the stowed configura-
tion only.

3.3.5. Operations Survival

The operations survival requirements are given in Table 3.7 on page 40. Operations survival is defined as
survival in the space flight environment. Assembly, Integration & Testing (AIT) operations were excluded
from consideration to maintain a reasonable project scope. The PMAO assembly must survive the operational
environment in the stowed configuration during Launch & Early Operations (LEOP), as well as in the deployed
configuration during the main operational phase and end of life.

Requirements PMAO-MEC-41 and -42 stipulate that the PMAO must survive operations and deployment.
External loads during flight operations can come from thrusting, thermal shocks, pyrotechnic shocks, ADCS
pointing, debris impacts, atmospheric drag, radiation pressure and gravity. Internal loads can come from
actuation of the PMAQO itself and overconstrained thermo-elastic strains.

Since the structural interface between the mirror and PMAO mechanism does not change between launch
and operations, it was assumed that if the mechanism could withstand the launch loads in the stowed con-
figuration then it should be able to withstand external operational loads in both the stowed and deployed
configurations. This simplifies the requirements for operational survival: inertial load requirements need
only be defined and verified for launch.

LEOP Thermal Calculation

Perhaps the largest difference between the stowed and deployed configurations is the absence of the baffle
and the thermal protection it offers prior to deployment in the LEOP mission phase. Stresses from differ-
ential thermo-elastic strains, caused either by overconstraint or interfaces between materials with different
coefficients of thermal expansion (CTE), can cause structural failures over large temperature swings.

A simple thermal model using the equivalent network method was developed to make a rough prediction
of the worst-case steady state hot and cold temperatures experienced by the M1 systems while in orbit, prior
to baffle deployment. The calculation, including a discussion of methodology, assumptions and results is
included in Appendix C Stowed Operations Thermal Model. The results are summarised in Table 3.4.
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Table 3.4: Summary of steady state LEOP hot and cold case temperatures for primary mirror segments from the simple nodal equivalent
network thermal model. See Appendix C Stowed Operations Thermal Model for more detail. Thermal uncertainty margins taken from
Appendix D DST Verification Document and Requirements List.

Case Calculated Design Acceptance  Qualification
Hot [K] 384 399 404 409
Cold [K] 188 173 168 163

It was found that the M1 system could experience temperatures from 188 K to 384 K, which was captured
in requirement PMAO-MEC-52. Entries including several thermal uncertainty margins, used at different ver-
ification levels, have also been included in Table 3.4 for completeness. These margins are used to provide
conservatism in the preliminary design stage and are formally introduced in Chapter 4 Verification Plan.

3.4. Verification of Requirement Definitions

Verification of requirement definitions refers to checking that the values and performance encoded in the
requirements will lead to a system that provides the expected performance, thus meeting stakeholder expec-
tations. This was initially conducted by inspection through interviews and discussions with senior DST team
stakeholders. The definitions of several kinematic requirements were later verified as part of the telescope
ETEP modelling, discussed in further detail in Chapter 9 Verification. The requirements should ultimately be
validated with testing of the integrated system.

3.5. Chapter Summary
The boundary diagram helped identify critical stakeholders which led to the high level mission requirements.
The IDEF0 diagrams fed into the N2 chart which showed that development of the PMAO should be divided
into two logical blocks, first the thermo-mechanical elements and secondly the sensing and control. The N2
chart demonstrated that the interface between these blocks will be critical and established that the perfor-
mance of the thermo-mechanical elements should, ultimately, be measured in tops of optical metrics.
IDEFO0 diagrams were used to generate the requirements discovery trees which were decomposed until
each function could be built up from individual requirements. A list of system requirements for the PMAO
mechanism at the conceptual design level were developed as a result of each of these systems engineering
tools. Critical requirements were extracted as focal points for the remainder of the thesis.
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Table 3.5: PMAO system level and programmatic requirements used in this thesis.

ID Description Parent
System
M1-MEC-13 The primary mirror shall consist of four deployable segments. MIS-REQ-07
PMAO-SYS-02 The combined mass of all four PMAO mechanisms shall be no more than 24.8 kg. M1-MEC-11
PMAO-SYS-03 The PMAO shall not use any components, technology or processes controlled by ITAR. MIS-REQ-10
PMAO-SYS-06 The PMAO manufacture, fabrication and assembly shall not require development of new technology, equipment or processes. MIS-OBJ-02
Table 3.6: PMAO launch survival requirements used in this thesis.
ID Description Parent
Structural
PMAO-MEC-03 The PMAO support shall support the primary mirror segment during launch without overconstraint in the stowed configuration. Support PMAO-OPT-01
is defined as providing a load path to the instrument housing.
Mechanical
PMAO-MEC-40 The PMAO shall be able to survive launch in the stowed configuration. Survival is defined as no impairment to the nominal functional PMAO-OPT-01
capabilities of the system resulting from exposure to a given set of environmental conditions.
PMAO-MEC-40-01 The PMAO shall survive a quasi-static load of 30g applied simultaneously to the x- and y- axes in the launcher coordinate frame in the =~ PMAO-MEC-40
stowed configuration during launch.
PMAO-MEC-40-02 The PMAO shall survive a quasi-static load of 30g applied simultaneously to the x- and z- axes in the launcher coordinate frame in the =~ PMAO-MEC-40
stowed configuration during launch.
PMAO-MEC-40-03 The PMAO shall survive a quasi-static load of 30g applied simultaneously to the y- and z- axes in the launcher coordinate frame in the =~ PMAO-MEC-40
stowed configuration during launch.
PMAO-MEC-40-04 The PMAO first-mode natural frequency shall be greater than 100 Hz in the stowed configuration during launch. PMAO-MEC-40
Electrical
PMAO-ELE-01 The PMAO shall not require power during launch. MIS-REQ-11
Table 3.7: PMAO operations survival requirements used in this thesis.
ID Description Parent
Mechanical
PMAO-MEC-04 The PMAO support shall support the primary mirror segment during operations without overconstraint in the stowed and deployed con- PMAO-OPT-01
figurations. Support is defined as providing a load path to the instrument housing.
PMAO-MEC-41 The PMAO shall be able to survive the operational environment in the stowed and deployed configurations. Survival is defined as no PMAO-OPT-01
impairment to the nominal functional capabilities of the system resulting from exposure to a given set of environmental conditions.
PMAO-MEC-41-01 The PMAO shall survive steady state temperatures between 188 and 384 K (calculated temperatures) in the stowed configuration during PMAO-MEC-41
LEOP.
PMAO-MEC-42 The PMAO shall be able to survive deployment. Survival is defined as no impairment to the nominal functional capabilities of the system PMAO-MEC-41

resulting from exposure to a given set of environmental conditions.
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Verification Plan

This chapter sets out the verification plan for the PMAO preliminary thermo-mechanical design. The work
conducted in this chapter is synthesised into two documents: the DST Requirements and Verification guide-
lines document in Appendix D and the PMAO Requirements Verification Plan in Appendix E. The objective of
the verification plan was to check that the preliminary design meets the design specifications as flowed down
from the mission requirements and top down tolerance budgets within the resource constraints of the thesis.

The DST Requirements and Verification guidelines document includes definition and justification of ver-
ification methods, factors of safety and verification criteria. In the interest of brevity, this information is not
repeated in this chapter and the reader is referred to the Appendices. The guidelines document has helped
the team work towards a standardised verification method using clear documentation that is open to internal
and external review. It is a "live" document and has undergone minor revisions since its introduction to the
team. The version included in the Appendices is the original revision produced for this thesis by the author,
with discussion input from A. Krikken and H. Kuiper.

The Requirements Verification Plan formalises the application of the guidelines document to the PMAO
mechanism preliminary thermo-mechanical design. It lists a series of verification activities which, at their
conclusion, will objectively demonstrate compliance of the design with the requirements listed in Tables 3.5
to 3.8.

Section 4.1 introduces the verification objective, constraints and strategy. Section 4.2 defines certain con-
cepts relevant to the PMAO verification not included in the guidelines document. Most verification activities
listed in the plan are self explanatory however several activities warrant further explanation, which are in-
cluded in Section 4.3.

4.1. Verification Philosophy

The verification philosophy governs the type, number and sequencing of verification activities to be carried
out. The verification philosophy itself was a function of programmatic and resource constraints, the type of
product, the development status and the desired level of development. The verification objective, constraints
and strategy are set out in Subsections 4.1.1 to 4.1.3 respectively.

4.1.1. Verification Objective

The objective of the verification plan was to provide a structured approach to generating quantitative proof
that the design complies with the requirements to the level expected by the thesis goal. The goal of the the-
sis was to develop a preliminary thermo-mechanical design for the PMAO mechanism, to verify that design
within the capabilities of an MSc thesis and to assess the verified design’s technical and economic feasibility.
Put plainly, the end product shall be a conceptual design delivered "on paper" to no more than a preliminary
level of design completion.

4.1.2. Constraints
Three major constraints limited the scope of the PMAO verification process: level of definition of the DST
hardware; availability of verification tools; and time. Each is discussed below.
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Design Definition

The top down engineering, governed by the optical requirements, is relatively mature. The bottom up engi-
neering of the mechanical subsystems and characterisation of the thermal environment are ongoing, while
the spacecraft bus is still entirely undefined. Useful verification is very difficult if the test conditions are not
representative of anticipated flight conditions, which is why many requirements in the full list in Appendix
D were not included in Tables 3.5 to 3.8. Indeed, some of the requirements included in these tables in the
early stages of the thesis were expected to be verifiable near its conclusion, however this turned out not to be
the case. In particular, the feasibility of the deployment mechanism was still being established at the time of
writing. Further exploration of this constraint was provided in Chapter 3 Requirements Generation and will
be referred to again in Chapter 9 Verification.

Verification Tools

Rigorous verification of the top down tolerance budgets requires analysis or testing of the integrated systems.
Testing a device like the PMAO was beyond the resources available to the thesis so verification relied upon
analysis and in particular, the finite element method.

ANSYS Mechanical Workbench v.19' was originally selected for consistency with previous and ongoing
DST work. When the verification plan was put together, it was known that the ANSYS Academic Teaching
Mechanical and CFD license available to TU Delft students would not be sufficient to verify compliance with
the top down budgets at the integrated mechanism level. A commercial license would be necessary, and a
plan was put in place to secure a copy through industry partners.

Ultimately, the commercial license never eventuated. SPACAR?, a low order finite element package writ-
ten in MATLAB and freely available to TU Delft students, was used instead. SPACAR is introduced in Section
8.1 The SPACAR Finite Element Package, along with further justification for its selection.

Schedule

The schedule of the design work was limited to that of a standard MSc thesis. Conceptual design and mod-
elling is a highly iterative process. Given the high interdependence of the PMAO on the M1 deployment
mechanism and characterisation of the thermal environment during operations, the short schedule exposed
the project to the risk that some requirements may not be verifiable due to delays in work by others. This was
anatural and accepted consequence of working in a student team on a complex system.

4.1.3. Verification Strategy

Due to the above constraints, verification activities were limited to analysis and review/ inspection methods.
Analysis was used when the requirement to be verified was too complex for simple inspection or review and
there was sufficient data to permit a meaningful analysis.

Exclusions

To keep the work effort manageable, on-mission contingency events were not considered. These are unde-
sired events that the spacecraft should survive. An example would be a PMAO mechanism actuator inadver-
tently driving to its full range of motion when the remainder of the kinematic mechanism is not also driving
to a compatible position, forcing the mirror segment out of the achievable workspace.

Additionally, fatigue effects from repeated and sustained loads are ignored in this thesis since very little
information is available for the DST regarding duty cycle of the PMAO, calibration times, image acquisition
time, LEOP duration and so on. The model of the PMAO developed in this thesis can be used to find this
information in future work.

Assumed Test Philosophy

The factors of safety listed in Appendix D are based on the assumption that the DST would undergo proto-
flight qualification if it were to be built. The objective of verifying to qualification levels is to demonstrate that
the design has sufficient margin to accommodate variation between multiple instances of the design [103,
p- 398]. This gives the advantage that only one of each identical instance of a flight article must be tested,
however it does carry a high factor of safety and thus decreased mass efficiency. In general, this option is
useful for a fleet if the first flight article can accommodate the time for test in its schedule [103, p. 371], which
is a possible application of the DST.

lnttps://www.ansys.com/
2https://www.utwente.nl/en/et/ms3/researchfchairs/WAoud_niets_uit_wissen_aub/software/spacar/
2015/intro/
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Verification Level

The weakness of relying on graphical, mathematical or statistical models without testing is the inability to
verify the models. Factors of safety and thermal uncertainty margins were used in the modelling to account
for this, with the expectation that they would be reduced in line with correlation between model and test
results should they ever be conducted. The factors of safety depend on the desired verification level.

In line with the assumed test philosophy, verification of survival based requirements was conducted to
qualification conditions to demonstrate that the concept could not only survive flight, but also testing.

To simplify verification for preliminary design, qualification conditions were captured by using slightly
higher factors of safety as listed in the guidelines document. Additionally, the 30g launch loads were assumed
to already include qualification loads. The qualification level temperature ranges were used for thermal sur-
vival calculations.

4.2, Verification Definitions

The following criteria, methods and assembly levels, summarised in Subsections 4.2.1 to 4.2.3, are referred to
throughout the verification plan.

4.2.1. Verification Criteria

The verification criteria for strength requirements are a margin of safety (MS) against yield and/ or buckling
greater than or equal to 0. Definition of the margin of safety is given in Appendix D. For non-trivial stress states
in members, the "equivalent stress" or von Mises stress was used for comparison with the yield strength of a
material.

Yield failure is defined as a permanent detrimental deformation of a part. The yield strength of a material
is commonly defined as the stress at which the material has permanently (plastically) deforms by 0.2% [103, p.
367]. This may be too much deformation for the PMAO to continue functioning however it is used throughout
the thesis for simplicity. Coupon testing is typically required to determine allowable loads for the candidate
material such that no deformation occurs at the design limit load. This is beyond the scope of the thesis so it
was assumed that the factors of safety applied sufficient conservatism to ensure yield does not occur.

The verification criteria for most of the functional requirements were the quantities defined in the require-
ments themselves. Thus for mechanical functional requirements, the limit loads were equal to the calculated
loads (no safety factor applied). Per the verification guidelines document, the design temperature range for
thermal functional requirements was taken to be the calculated temperature range plus the design thermal
uncertainty margin of +£15 K. The survival range was the calculated value +25 K.

4.2.2. Verification Methods

The following definitions taken from [76] were used to select the verification activities.

Table 4.1: Summary of verification methods used in the Verification Plan. Definitions adapted from [76].

Method Description

Analysis Mathematical or computational techniques. Can be deterministic or stochastic.

Inspection/ Review Inspection of the product itself (inspection) or inspection of design documentation (re-
view of design).

Test Physically testing a test model of the design in representative conditions.

Similarity Checking if the item is similar in design, process and quality control to another that has
already been verified to the same or more stringent requirements.

Demonstration Demonstration of the requirement through operation of the item.

4.2.3. Assembly Levels

The requirements apply variously to different levels of the PMAO mechanism assembly and its integration
into the spacecraft. Table 4.2 defines how those levels were broken down within the verification plan. Some
of these assembly levels can be further broken down into sub-levels per Table 4.3.
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Table 4.2: Assembly levels for verification activities.

Level Description
Spacecraft Telescope integrated to spacecraft bus.
Telescope Whole DST, assembled to instrument housing but not to spacecraft.

M1 Segment Assembly  Includes fully assembled PMAO mechanism assembly with deployment mechanism.

M1 + PMAO Assembly  Includes fully assembled M1 segment, PMAO mechanism with actuators & PMAO sup-
port. No deployment mechanism.

PMAO Assembly PMAO mechanism assembly only, no mirror segment or deployment mechanism.

Actuator Primary mover used to actuate the PMAO mechanism.

Table 4.3: Assembly sub-levels for verification activities.

Sub-Level Description

Per item Four independent verification activities are conducted, one for each segment assembly.
Sum of all items A single verification activity, covering all four instances at once.

Representative Representative of all instances. A single verification activity on a single representative

item or design. This assumes that the representative item can be instantiated as required
with sufficient repeatability to warrant a single verification activity.

4.3. Verification Requirements Plan

The Verification Plan sets out the verification activities necessary to demonstrate compliance of the prelim-
inary PMAO mechanism thermo-mechanical design with the requirements generated in Chapter 3 Require-
ments Generation. Most verification activities are self explanatory however a few warrant further explanation,
given below.

M1-MEC-01, M1-MEC-04, M1-MEC-07: Top Down Tolerance Budgets

It was already mentioned that verification of requirements M1-MEC-01, M1-MEC-04 and M1-MEC-07 would
require inputs from others, as well as an extended FEA license. In the absence of this license, an estimate of
the PMAO’s contribution to the thermal drift budget would be made by hand. It was likely that estimating the
contribution to the deployment and stability budgets would not be possible without a mature M1 deployment
mechanism design.

PMAO-MEC-35: Maintenance of a Thermal Centre During Imaging

The ideal method to verify that the PMAO and support maintain a thermal centre at the mirror segment
centroid, is to conduct a finite element simulation at the full M1 segment assembly level in the presence of
operational thermal loads. This was not possible so an estimate of the thermal centre drift was to be made by
inspection of the kinematics of the mirror support.

PMAO-MEC-03: Supporting the Mirror During Launch

To support the mirror through launch, the mechanism must provide a load path from the mirror through to
the DST housing; the support must survive launch; and it must not overconstrain the mirror. Two verification
activities, VA-05-02 and VA-05-03, check compliance with this latter requirement.

First, the kinematic design was inspected to make sure it is exactly constrained. Second, the equivalent
lateral stiffness of the support (ie. in the direction of radial expansion of the mirror) was checked to be less
than 1000 times the opposing stiffness of the mirror. This was to make sure that small displacements of the
support do not result in deformation of the optical surface. A crude estimate of the mirror stiffness can be
made from finite element simulations. It was assumed in all launch survival strength checks that the actuators
are unpowered.

PMAO-MEC-04: Supporting the Mirror During Operations

Activity VA-08-01 assumes that since the load path from the mirror to the PMAO doesn’t change with the
configuration, then if the PMAO survives and can adequately support mirror through launch (ie. require-
ment PMAO-MEC-03, -40 are verified), then the PMAO can withstand the inertial loads experienced during
operations. Verification activity VA-08-02 makes additional checks for thermo-elastic induced loads.
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PMAO-MEC-41 & PMAO-MEC-41-01: Survival of Operations

Verification of requirement PMAO-MEC-41 (survival of operations) via activity VA-09-01 followed the same
assumption logic as above for PMAO-MEC-04. Additionally, only components that were overconstrained
were to be verified to survive the worst case thermo-elastic stresses in verification activity VA-10. Compo-
nents that are not overconstrained are free to expand without build-up of internal stress. Yield failure under
actuation loads was also checked.

PMAO-MEC-42: Survive Deployment

Verification that the PMAO can survive deployment was difficult given that the deployment concept is still
being studied. A basic level of verification was sought by comparing the deployment method and likely de-
ployment loads to the launch loads. If the expected deployment loads were less than the launch loads and
that requirement PMAO-MEC-40 was verified, then it was assumed that the PMAO could survive deployment.

4.4. Chapter Summary

With the documents provided in Appendices D and E, this chapter set out the verification plan for the pre-
liminary PMAO thermo-mechanical design. Overall, the verification philosophy was conservative, commen-
surate with such an early phase of design and exposure to the risk of absence of detailed data and verification
tools. This conservatism can be decreased as the design develops by:

* Correlating models with test data to reduce uncertainty factors.
¢ Improving the fidelity of subsystem design and mission definition.

» Ensuring access to detailed, verified analysis tools.

The verification plan was used twice throughout the PMAO development. In the first instance, the original
baseline design was verified for compliance with several critical functional requirements in a bid to answer
the first research question of the thesis. The results of this process are documented in the next chapter. It
will be shown that the original baseline did not comply with those basic requirements, necessitating a design
revision. The verification plan was then applied again, this time to the revised PMAO design. The results of
that second process are documented in Chapter 9 Verification.

Major assumptions from the verification plan development are summarised in Table 4.4.

Table 4.4: Major assumptions for the verification plan.

ID Description

ASM-VER-01 External loads during operations including pointing, thrusting, deployment of other parts are less than
the launch loads.
ASM-VER-02 Manufacturing loads are not larger than the launch loads.

ASM-VER-03 The yield strength can be used as the yield failure criterion for compliant parts rather than the elastic
limit.
ASM-VER-04 Actuators must survive launch and operations in an unpowered state.

ASM-VER-05 Deployment loads will be less than or equal to the 30g launch loads.







Baseline Functional Verification

The original baseline design of the primary mirror active optics was developed by van Putten in a single
project that also covered conceptual design of the M1 deployment mechanism and mirror segment [117].
The original baseline was divided into two main components: a whiffle tree mirror support and the actuation
mechanism. Both components received initial sizing, and structural and thermal analyses.

The objective of the PMAO baseline design verification was to conduct a limited set of verification activi-
ties to verify the basic functionality of the baseline prior to more detailed design and verification efforts.

The original PMAO support and mechanism designs are introduced in Section 5.1, along with a sum-
mary of requirements to which these designs had not yet been verified. Two major activities were identified.
First, verification activity VA-05-02 checked if the support adequately constrained the mirror, documented
in Section 5.2. Second, verification activity VA-21 checked if the mechanism was able to provide sufficient,
independent 3DOF control of the mirror, documented in Section 5.3.

5.1. Primary Mirror Active Optics Baseline Design

This section begins by introducing the baseline mirror support in Section 5.1.1. The basic functionality of
an ideal mirror support is described and outstanding verification activities needed to prove this functionality
highlighted. Similarly, the baseline actuation mechanism is introduced in Section 5.1.2 and outstanding re-
quirements highlighted. Section 5.1.3 provides a summary of the outstanding requirements, their associated
verification activities and the rationale for the remainder of the baseline verification exercise.

5.1.1. PMAO Baseline Mirror Support

Ideal Mirror Support Functions

An ideal mirror support isolates the mirror from external stresses, and prevents build up of internal stresses
caused by thermo-elastic effects by exactly constraining the mirrors’ six rigid body degrees of freedom. Since
no mechanical system is perfect in reality, an appropriately designed exact constraint ensures, to within
some allowable tolerance, that where stresses are imparted to the mirror, that they are exerted repeatably
and can thus be characterised and calibrated out. A common method used to achieve this condition is a
semi-kinematic mount known as a whiffle tree.

Additionally, the arrangement of constraints should be such that a chosen thermal centre of the mirror
does not move (again, to within some tolerance) as it undergoes thermo-elastic strains. This is normally most
easily achieved by using a symmetric arrangement of constraints. Additionally, the stiffness of the support
should be equal in all directions within the plane of the mirror so that stresses imparted to the mirror as it
contracts/ expands are symmetrically distributed.

In practice, there are exceptions to these guidelines but they are taken here as a rule for the purposes of
the preliminary design.

Baseline PMAO Support Design

The baseline PMAO support consists of a two level whiffle tree, shown in Figure 5.1. The first level utilised the
transmission flexure to release the lateral translation degree of freedom of the mirror. Three whiffle plates,
bonded to the top of each transmission flexure, form the foundation of the second level of the whiffle tree,

49
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which consists of three sets of three individual whiffle flexures. Together, the whiffle flexures were intended
to release a second translational degree of freedom, orthogonal to that of the transmission flexures. Note the
difference in terminology between the I-shaped whiffle flexures and the monolithic A-frame shaped trans-
mission flexures, shown in Figure 5.2.

Mirror substrate Whiffle plate

Whiffle flexure Transmission flexure

Figure 5.1: Left: Primary mirror segment. Centre and right: PMAO support baseline design with transmission flexures in the first level
(right) and whiffle plates with whiffle flexures in the second level (centre). Adapted from [96].

Top beam Side wall sheet flexure

Middle beam

Figure 5.2: Transmission flexure (left) and whiffle flexure (right) from the PMAO baseline design. The transmission flexure design is
based on the James Webb Space Telescope (JWST) design [120]. The flexures are not shown to scale. Adapted from [117].

The ability of the baseline whiffletree to provide an exactly constrained support condition, per require-
ments PMAO-MEC-03 and PMAO-MEC-04, had not been verified. Additionally, a transient thermal simula-
tion using finite element analysis had shown that the mirror support induced an undesired tilt rotation of the
optical surface, which was suggestive of a lack of an exactly constrained mirror [117]. There was a need to
verify requirement PMAO-MEC-35: that a thermal centre was present and in the correct location.

5.1.2. Baseline PMAO Mechanism
Three DOF control of the mirror segment was provided by three stepper motors. The steppers were coupled
to transmission flexures adapted from a similar implementation used in the James Webb Space Telescope
(JWST)! that converted the rotary motion into a vertical translation, which then drove the whiffle plates. The
motors were coupled to the flexure with an eccentric bearing housed in the central ring shown in the left hand
frame of Figure 5.2. Then, by designing the side walls of the A-frame as flexures, the macroscopic motion of
the middle flexure was able to push the walls in and out, generating a reduced vertical motion of the top beam
on the nanometre scale [120]. The advantage of the transmission was that it removed the actuator from the
primary structural load path.

Note that the transmission flexures are the same elements that were used in the first level of the whiffle
tree. This part had two functions:

1. To act as a transmission for the stepper motors.

2. To provide lateral compliance for the whiffle support.

1https ://www.jwst.nasa.gov/.
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In the JWST implementation, the transmission flexure is used as a frictionless reducer only: separate
devices are used to support the primary mirror segments. It had not been verified that stresses imparted
to the PMAO baseline transmission flexure from the small strains needed to allow the lateral compliance
required of its role in the whiffle tree, would not alter its ability to provide repeatable reduction of the stepper
motion. Therefore it was concluded that requirement PMAO-MEC-01, independent control of each DOE had
not been verified.

Moreover, the stepper motor specified in the baseline is not space rated, which is a vital part of meeting
requirements PMAO-MEC-40 and PMAO-MEC-41 (launch and operations survival), although this would be
easily rectified by specifying a space rated component. Additionally, it was found that the JWST transmission
flexure will remain under US and global patents until 2022 [105, 111], though flexure based motion trans-
missions are now ubiquitous in precision mechanisms (for example see [30, 69]). It is possible that this may
violate requirement PMAO-SYS-03 (no ITAR restricted components).

Therefore, the baseline mechanism was found to either not comply with or not have been shown to com-
ply with requirements PMAO-MEC-01, PMAO-MEC-40, -41 and PMAO-SYS-03.

5.1.3. Summary of Outstanding Verification Activities

In summary, the baseline design was found to be either non-compliant or not yet verified for seven of the key
PMAO requirements. These are summarised in Table 5.1 along with their associated verification activities,
defined in the Verification Plan.

Table 5.1: Summary of outstanding verification activities for PMAO baseline design. VA = Verification Activity, per Appendix E.

RequirementID  Description Compliance Verification Comment

Activity
PMAO-SYS-03 No ITAR components Unconfirmed VA-03 Transmission flexure
PMAO-MEC-01 Independent 3DOF control Unconfirmed VA-21 Transmission flexure
PMAO-MEC-03 Support mirror (launch) Unconfirmed VA-05-02 Overconstraint?
PMAO-MEC-04 Support mirror (operations)  Unconfirmed VA-08-01 Overconstraint?
PMAO-MEC-35 Thermal centre location Unconfirmed VA-17 Tilt in transient thermal([117]
PMAO-MEC-40 Survive launch Non-compliant VA-06-01 Terrestrial stepper
PMAO-MEC-41 Survive operations Non-compliant VA-09-01 Terrestrial stepper

It was established in Section 5.1.2 that a space rated stepper motor could be specified to replace the model
in the original baseline with relative ease. Similarly for the design of an alternative transmission.

Verification activity VA-05-02 checks that the mirror support does not overconstrain the mirror. Verifi-
cation activity VA-08-01 assumes that if PMAO-MEC-03 is verified (in part by VA-05-02), then requirement
PMAO-MEC-04 is also verified. Therefore, in order to answer the first research question for the thesis, the
baseline design was to be verified via activities VA-05-02, VA-17 and VA-21 prior to further detailed design.
The results of each of these activities are discussed in the following sections.

Activities VA-05-02 and VA-21 are documented in the following sections. It will be shown in VA-05-02 that
the mirror was not exactly constrained and that it did not define a thermal centre, therefore activity VA-17
was not required.

5.2. Baseline PMAO Support Constraint Analysis

Verification Activities: VA-05-02 [fail]

The objective of verification activity VA-05-02 was to check that the mirror support did not overconstrain the
mirror. This was achieved by inspecting the support kinematics using the methods introduced in Chapter 2
Theory.

Equivalent Electrical Network Representation
The baseline PMAO support can be represented as a combination of direct and cascaded constraints in the
equivalent electrical network diagram in Figure 5.3. Each ideal constraint line was modelled as a "resistor" in
the network diagram. All motions are assumed to be small with respect to the characteristic dimensions of
the system.

When discussing compound connections, the word "parallel" can be used to describe two or more lines
or planes that are geometrically parallel to each other, as well as to describe parallel connections in the equiv-
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alent electrical network sense. For the purposes of this constraint analysis, "parallel” is used only to describe
geometrically parallel features. The terminology "direct" is used to describe multiple connections between
the same two bodies.

The constraint analysis assumed that the transmission flexure could be modelled as two parallel clamped
flexures with a single translational degree of freedom in the direction of its long axis normal to the two flexure
planes. Since this analysis was concerned with checking the ability of the flexure arrangement to fulfil its
function as the mirror support, the actuator was assumed to be stationary. Thus the piston degree of freedom
of the transmission flexure was constrained and the top and middle beams assumed to behave as a rigid body.
Then only the two side wall sheet flexures contributed to the constraint pattern of the support arrangement.

Thus each transmission flexure was modelled as two parallel sheet flexures, directly connecting the de-
ployment mechanism support frame with a single whiffle plate. Three whiffle flexures directly connect each
whiffle plate to the mirror substrate, and are each modelled as a single sheet flexure. Each sheet flexure was
modelled as a collection of three non-redundant coplanar direct constraints.

Mirror Substrate

mm§%%§§%%

Whiffle Platesl:
Actuated Flexures
/// -
-
’

\\ Deployment Mechanlsm Support

/ / \

/ r N
s

Sheet Fle‘xure///

A RO m

Figure 5.3: Equivalent electrical network of constraints in the baseline PMAO support.

The analysis proceeded by employing the compound connection rules in Table 2.2, working from the
inner most level of the network to the outer most.

Adding the constraints of two or more parallel sheet flexures directly connecting two bodies results in a
single R at infinity, equivalent to a translation perpendicular to the planes of the flexures (see the right hand
frame of Figure 2.8). Thus the freedom pattern for the transmission flexures is each a single R at infinity.
Similarly, the combined freedom pattern for three whiffle flexures between a whiffle plate and the mirror
substrate is also a single R at infinity orthogonal to that of the transmission flexures, providing a translation
perpendicular to the translation allowed by the transmission flexures.

The mirror is connected to the deployment mechanism support by three cascaded connections, mediated
by the whiffle plates. Therefore the freedoms R are added to give two orthogonal translational degrees of
freedom at the centre of the connection of each whiffle plate to the mirror substrate. The resulting freedom
pattern is shown in Figure 5.4a.

The reduced freedom pattern has six degrees of freedom. Intuitively, there must be some degree of redun-
dancy in these freedoms. It is easier to identify redundant lines by modifying the freedom diagram such that
all Rs are in the same plane. In three dimensions, a translation T is equivalent to a R line tangent to any point
on a circle whose plane is perpendicular to the translation. Thus each of the Rs in Figure 5.4a can be shifted
to tangent lines on the same circles with infinite radius without any loss of definition of the freedom space as
shown in Figure 5.4b.

There are now six Rs in the same plane, each allowing an in-plane translation of the mirror. A rigid body
has only two in-plane translational degrees of freedom, so there were four redundant constraints. The overall
freedom pattern for the baseline PMAO support was two rotations R located at infinity, equivalent to two
in-plane translations T. Requirement PMAO-MEC-03 requires that all six rigid body degrees of freedom be
restrained. The baseline support restrains only four. This lack of constraint partly explains the twist about the
longitudinal axis of the mirror segment in the transient thermal analysis of the baseline design [117].

Local Overconstraint
Inspection of the arrangement of the whiffle tiers reveals that although the mirror can expand along its long
axis, it cannot expand along its short axis within the lengths between the outer whiffle flexures of each whiffle



5.3. Baseline PMAO Mechanism DOF Control Analysis 53

. Coum
‘r

C D I

e

R R Transformation of freedoms
3 S to equivalent freedoms in
. <=1 o o —|=p . a single plane

Figure 5.4: Freedom patterns for the baseline PMAO support. a) Equivalent freedom pattern after reduction from compound network. b)
Equivalent freedom pattern with all Rs in the same plane. The R lines are tangents to circles of infinite radius, shown by the grey dashed
lines. For small motions, a rotation about an axis an infinite distance away is equivalent to a translation at the segment.

plate. This is illustrated schematically in Figure 5.5. This is a function of the orthogonal, cascaded arrange-
ment of flexures. Unless the support, mirror and support base are all made of the same material and have the
same bulk temperature, the mirror substrate will be stressed due to coefficient of thermal expansion (CTE)
mismatch, leading to deformation of the optical surface.
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Figure 5.5: Constrained thermal expansion of mirror segment in baseline PMAO support design.

Finally, there is an asymmetric distribution of stiffnesses between the two whiffle tiers as well as between
the inner and outer portions of the mirror segment in the length direction either side of the centroid. Six
whiffle flexures are located on the "inner" side of the centroid whilst only three are located at the tip side of
the centroid. This will cause an asymmetric stress response in the mirror substrate, ultimately manifested as
astigmatism in the optical performance.

Thermal Centre

Since the mirror is underconstrained, there is no thermal centre [17]. This can also be confirmed by in-
spection: To have a thermal centre, all constraint surfaces in a mechanism must be oriented radially from
the thermal centre, whereas the baseline PMAO support has multiple constraint surfaces orthogonal to each
other.

5.3. Baseline PMAO Mechanism DOF Control Analysis
Verification Activities: VA-21 [fail]
The objective of verification activity VA-21 was to demonstrate that the PMAO mechanism was able to supply
independent 3DOF control of the mirror segment. This was achieved, in this instance, with finite element
analysis of the transmission flexure to check the input/ output performance of the transmission in the pres-
ence of the nominal operational thermal environment. The results were compared to a similar verification
study conducted when the transmission was originally designed [117].

The premise of the relationship between the stiffness of a flexure and its displacement is established in
Subsection 5.3.1. The verification model setup is described in Subsection 5.3.2. The results are given in Sub-
section 5.3.3 followed by a discussion in Subsection 5.3.4.
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5.3.1. Change in Stiffness of a Flexure with Deflection

It has been shown in the literature that the stiffness in the supporting direction of parallel leaf spring guid-
ing compliant mechanisms decreases as the mechanism translates in its compliant direction [23]. This is
shown schematically in Figure 5.6. The plot on the right of Figure 5.6 shows results from FEA simulations for
various ratios of flexure length, width and thickness, plotting the stiffness in the z direction as a function of
displacement in the y direction. The stiffness is normalised with respect to the undeformed mechanism sup-
port stiffness. The displacement u is scaled by the leaf spring thickness ¢. It is evident that support stiffness
decreased dramatically for all simulated flexure geometries.
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Figure 5.6: A displacement u of a parallel guiding compliant mechanism in its compliant (y) direction leads to a dramatic decrease in
the stiffness of the mechanism in its supporting (z) direction. The plot shows the normalised supporting stiffness in the z direction as a
function of displacement in the y direction, from [23].

The lower portion of the PMAO baseline transmission flexure approximates this type of compliant mech-
anism. For the purposes of this analysis, the mirror was assumed to be sufficiently stiff so that it could be
considered rigid relative to the transverse compliance of the transmission flexure, similar to the y direction
in Figure 5.6. A scenario could be foreseen where the mirror thermo-elastically deforms, driving a horizontal
motion of the top beam of the transmission flexure along its long axis. It was expected that this would alter
the internal stress state and thus the stiffness in the vertical, supporting direction. The transmission flexure
is more complex than the simple parallel guiding mechanism shown in Figure 5.6, so results from the litera-
ture [23] could not be immediately extrapolated. A simple finite element model was used instead, described
below.

5.3.2. Finite Element Model Setup

A brief finite element analysis study was conducted to understand the effects of the dual usage. It was ex-
pected that lateral displacement of the top beam would modify the input/ output relationship of the trans-
mission. The influence would be considered strong if the change in output was larger than the maximum
expected step size of 10.72 nm due to expansion of the mirror within the nominal operation temperature
range of +1 K. Note that this was a forgiving temperature condition since the verification guidelines docu-
ment stipulates a design range of +£15 K.

A static structural analysis was conducted in ANSYS. The transmission flexure was modelled as Ti-6Al-4V
at 22°C per the material properties used in the original verification to ensure like-for-like comparison of data
[117]. Those properties are repeated in Table 5.2.

Note that the initial verification of the transmission range with a solid 10 mm plate of Titanium alloy
integral to the upper beam of the flexure to simulate the effect of the whiffle plate [117]. This was not repeated
in the present analysis as it artificially increased the stiffness of the upper beam (the baseline design actually
used an adhesive bond between the upper beam and CFRP whiffle plate).

Thermo-Elastic Expansion of Mirror

The maximum anticipated lateral displacement of the top beam was calculated assuming thermal expansion
of the mirror substrate from the rest state through a 1 K bulk temperature increase. The transmission flex-
ures nominally relieve thermal expansion across the width of the mirror segment. Since the baseline mirror
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Table 5.2: Material properties for Ti-6Al-4V used in transmission flexure verification. From [117]. These are marginally different from the
material properties given in Appendix K, which were used in the remainder of this thesis.

Property Value
Density 4430 kg/m?®
Tensile Yield Strength 880 MPa
Compressive Yield Strength 970 MPa
Young’s Modulus 113.8 MPa
Poisson’s Ratio 0.24

CTE 8.6 ue/ K

support arrangement blocks the flexure at the tip end of the mirror from "seeing" the thermal expansion of
the mirror, only the two transmission flexures at the housing end were considered. See Figure 5.5 on page 53.

The centres of the housing end flexure are 95 mm from the centreline of the segment. Assuming a Silicon
Carbide mirror with CTE given in Appendix K Material Properties and a 1 K temperature rise the transmission
flexures would need to accommodate a lateral displacement of approximately 209 nm. The maximum vertical
displacement of the middle beam was calculated in earlier work to be 0.1 mm in either direction [117]. This
value was re-used here for consistency.

The finite element simulation was conducted with the same vertical displacements of the middle beam
either side of the rest position as the original verification study. One series of simulations investigated the
resulting vertical displacement of the top beam with no lateral displacement (ie. no mirror expansion), and
a second series of simulations investigated the effects of a 209 nm transverse displacement (ie. akin to the y
direction shown in Figure 5.6, as applied to the transmission flexure). Only the vertical translation DOF of the
middle beam was constrained in the analysis.

The mean vertical displacement of all nodes on the upper surface of the top beam was used for the results
given in Table 5.3. The initial verification [117] gave no indication of whether the results refer to the dummy
whiffle plate or transmission flexure displacement, nor whether they are the averaged displacement or from
a chosen node.

5.3.3. Results

A summary of the results from the FEA study are given in Table 5.3 and plotted in Figure 5.7. An extract of the
FEA results is given in Appendix F. An indicative comparison of the results for a 0.1 mm vertical displacement
of the middle beam, with a 0 nm and 209 nm lateral displacement of the top beam, is shown in Figure E1.

Table 5.3: Transmission flexure FEA verification results. Analysis results with dummy whiffle plate from [117], for comparison. Azt is
the piston displacement of the top beam (output of the transmission). Az is the piston displacement of the middle beam (input of the
transmission).

Azyi Azt With Whiffle Azt No Whiffle Plate

[um] [um] [pm]
Ay 0 0 0.209
100 17.09 19.189 17.451
87 14.80 16.694 15.183
50 8.54 9.594 8.726
0 0.00 0.000 0.000
-50 -8.52 -9.594 -8.726
-87 -14.74 -16.694 -15.182
-100 -17.01 -19.189 -17.451

The von-Mises stress throughout the structure was checked in each simulation to make sure that the
structure stayed within the linear-elastic region. The highest stress state was with 0.1 mm vertical displace-
ment of the middle beam and 209 nm displacement of the top beam in the -y direction, giving an equivalent
stress of 111.2 M Pa, well below the yield strength of Ti-6Al-4V.

Comparison of the results with no transverse displacement with and without the 10 mm "dummy" whiffle
plate, shows that the addition of the plate reduced the output range of the transmission.
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5.3.4. Discussion
Linear fits to the data both with and without the transverse displacement, shown in Figure 5.7, were excellent,
with R? values of 1.0. This was expected since the flexures were not stressed beyond their linear elastic region.
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Figure 5.7: Results from finite element analysis of transmission flexure performance with and without thermal expansion induced dis-
placement of top beam.

The average difference between the output of the top beam with and without the transverse displacement
was 9.05%. Consider a scenario where the mechanism was commanded to deliver the maximum required pis-
ton displacement of 4 um after the mirror had expanded due to a 1 K bulk temperature change. Relationship
AZ7 shown in Figure 5.7 can be used to find that the necessary mid-beam displacement would be 20.85 um.
Relationship AZ7, then gives an actual expected displacement of 3.64 um at the top beam, a difference of
nearly 34 maximum size steps at 10.72 nm. This would change as a function of the temperature distribu-
tion of the mirror, a result which strongly diminishes the expected repeatability of the baseline design. The
original baseline mechanism did not comply with requirement PMAO-MEC-01.

With a maximum piston displacement of =19 um, the FEA results suggest that the nominal transmission
has a total piston range nearly five times that required by the top down system budgets. Forseeably, it could
correct the displacement error in conjunction with a method to sense the output motion, though knowledge
of the temperature distribution of the segment would be needed for accurate control. Both a temperature
map of the segment and/ or edge sensors would themselves need to be calibrated once in obit.

Capacitive edge sensors could, and indeed have been considered, as additional inputs to control the seg-
ments. However, at the time of writing there was a strong desire from the optics and control team to develop
a fine actuation mechanism concept that did not rely on such sensors [49] that would largely serve to only
add more cost, complexity and risk.

5.4. Chapter Summary

The constraint pattern analysis in Section 5.2 demonstrated that the baseline PMAO support constrained
only four of the mirrors’ six rigid body DOFs. The whiffletree also locally overconstrained the mirror, exposing
the optical surface to deformations from build up of internal stresses. The original baseline support did not
meet requirements PMAO-MEC-03 or PMAO-MEC-04 and the absence of a thermal centre meant that PMAO-
MEC-35 was also not met.

The support additionally relied upon the transmission flexure to release a degree of freedom. A brief finite
element analysis simulation demonstrated that this dual use strongly reduced the transmissions’ ability to
reliably perform its core function: provide a repeatable piston output. It was shown that requirement PMAO-
MEC-01 was not met.

It was concluded that the mirror support needed to be redesigned. It was also desirable to use a trans-
mission and actuator that could be confidently used free of ITAR complications. A methodical concept gen-
eration process was initiated in an effort to explore alternative actuation and support options. This is docu-
mented in the next chapter.



Concept Generation

Chapter 5 demonstrated that the original baseline design for the PMAO mechanism did not meet the basic
kinematic requirements. A rigorous concept generation and synthesis exercise was undertaken to revise the
design, detailed in this chapter and the next. An overview of the main synthesis tasks is given in Figure 6.1.
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Figure 6.1: Major tasks within the PMAO concept generation & synthesis process as documented in Chapters 6 & 7. Several subsections

have been omitted for clarity.

This chapter details the concept generation process. The design requirements are set out in Section 6.1.
The mechanism arrangement selection is documented in Section 6.2 followed by definition and trade-off of
the constraint topology Sections 6.3 and 6.4. The actuator type is selected in Section 6.5.
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6. Concept Generation

6.1. Design Requirements

This section summarises the design requirements for the PMAO mechanism, summarised in Table 6.1. Sev-

eral clarifying notes for the requirements set out in Table 6.1 are also given in the following subsections.

Table 6.1: Summary of design requirements for concept generation.

Domain Description Comment
Kinematic Performance
DOFs 3DOF - piston Az py, tip 0y, p, tilt O v
Segment Range 4um A, pm PMAO-MEC-29, scan procedure
t4prad 0y pp PMAO-MEC-30
*2urad 6y p PMAO-MEC-31
Resolution 10nm Az pm M1-MEC-01, PMAO-MEC-23
Thermal stability Per top down budgets, Table 3.3 M1-MEC-04.
With deployment mechanism
Structural stability Per top down budgets, Table 3.3 M1-MEC-07.
With deployment mechanism
Stiffness First natural freq. > 100Hz PMAO-MEC-40-04, -05
Mass <6.2kg PMAO-SYS-02, per segment.
Excludes electronics.
Volume 120 x 450 x 620 mm PMAO-MEC-50. With deployment
mechanism. Excludes electronics.
Interfaces M1 depl. mechanism support frame. PMAO-MEC-50
Mirror. Mirror design TBC
Environmental

Survival temp.
Operational temp.
Load

188 - 384 K (calculated), Table 3.4
298+ 1K
2x orthogonal, combined 30g QSL

DST-WP1-CALC-001 (rev. L), App. C
M1-MEC-15, deployed with baffle
PMAO-MEC-40-01 to -03, launch

Atmosphere Operate Earth ambient 50% relative hu- PMAO-SYS-06, PMAO-MEC-43

midity for testing.
Space LEO for operations.

TRL = 6 for components MIS-OBJ-02

Other HDRM PMAO-ELE-01
Regulations: ITAR free only Undefined, assume not needed
Power off hold PMAO-SYS-03

If possible (soft requirement)
Volume

The stowed height of the combined deployment and active optics mechanisms must be no more than 120
mm from the instrument housing to the backplane of the mirror. This keeps the stowed configuration within
the minimal possible volume which is dictated by the segment size, whilst still providing space for the stowed
M2 booms.

The mechanism must not extend beyond the periphery of each segment in the stowed configuration so
that it does not conflict with the stowed booms, as well as in the deployed configuration to minimise stray
light reflections during imaging. The usable volume in the stowed state is a trapezoidal prism of dimensions
120 x 450 x 620 mm, to be shared with the M1 deployment mechanism. See Figure 8.14 on page 127 for an
indicative sketch, which was used to size part of the selected mechanism architecture.

Cost

The DST project does not have the funds to support development and space qualification of fundamentally
new technology. The primary objective of the project is to demonstrate the feasibility of very high resolution
Earth observation imagery at an affordable price. Therefore the minimum acceptable TRL s set to 6!, a Model
demonstrating the critical functions of the element in a relevant environment for components.

Inttp://sci.esa.int/sci-ft/50124-technology-readiness—-1level/ [Accessed: 21 march 2018].
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Interfaces

The physical interfaces of the PMAO mechanism with the mirror and deployment mechanism were indicated
schematically in Figure 1.8 on page 8. They demarcate the scope of the thesis. The deployment mechanism
support frame is nominally a planar surface. The only equipment currently residing on the upper surfaces
is the PMAO. The underside, shown in Figure 6.2 houses the winches for the ribbons that control & tension
the M1 & M2 deployment mechanisms. The frame geometry shown in Figure 6.2 is indicative only and can
be modified to suit the PMAO. The material is Carbon Fibre Reinforced Polymer (CFRP), likely with a non-
isotropic coefficient of thermal expansion (CTE). The mirror support must mate to the back of the mirror to
keep the optical surface free from obstruction.

Deployment mechanism
support frame

Deployment ribbon
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Figure 6.2: Underside of the DST primary mirror, showing the deployment mechanism support frame, winches, ribbons and M2 deploy-
ment boom root hinges. Render courtesy of André Krikken.

Other Requirements

A locking or caging mechanism utilising a Hold Down & Release Mechanism (HDRM) is often used to pro-
tect optical systems through launch [125]. There are also examples of fine steering mechanisms without an
HDRM, such as in the GAIA & Euclid space telescopes [8, 115]. There is no fundamental need for an HDRM
to secure each primary mirror segment during launch for the DST.

Discussions with a precision mechanism subject matter expert found that the combined 30g quasi-static
launch loads would be difficult to meet without an HDRM [58], whereas a supplier of space rated precision
opto-mechanical mechanisms suggested that it is strongly preferable to design the mechanism so that it can
support the mirror without an HDRM through launch [31]. In the latter case, the penalty to system reliability
due to an extra mechanism with moving parts, power, volume, expense & integration complexity was consid-
ered to outweigh the advantages of using smaller, lighter compliant elements that do not have to support the
relatively massive mirror, which was the main concern in the former case.

Since there are examples of space optics with and without hold down mechanisms, and with conflicting
advice from two subject matter experts, it was decided to pursue the simplest design option first. That is,
to design the PMAO to support the mirror through launch without an HDRM. Ultimately, the verification
resulted in Chapter 9 Verification showed that this was a feasible approach.

6.2. Mechanism Arrangement Options

This section discusses the mechanism arrangement options, set out in Figure 6.3. The mechanism arrange-
ment refers to the topological layout of the links, joints and bodies in the mechanism. When discussing
mechanisms, the mirror segment is often referred to as the end effector and the deployment frame as the
base.



60 6. Concept Generation
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Figure 6.3: Design option tree for Mechanism Arrangement options.

The mechanism arrangement is the highest level design choice that can be made for the PMAO. The re-
quired out of plane degrees of freedom of the end effector dictate the use of a spatial mechanism, thus planar
mechanisms were not considered. Only options that provided a minimum of three controlled DOFs were
considered. For completeness, options with more than three controlled DOFs were considered as this meets
the performance requirements, but were quickly eliminated as this would lead to unnecessary mass, volume,
cost & power. Each arrangement concept is investigated briefly in the following subsections, culminating in
a final selection.

6.2.1. Serial

A serial mechanism is comprised of two or more linkages joined together consecutively, illustrated by design
option MA-AI in Figure 6.3. The position of the end effector is controlled through actuation of one or more
joints or links, allowing great flexibility in the choice of DOFs. Perhaps the most ubiquitous controlled serial
mechanism is the industrial robot, which has found widespread use in car assembly lines.

Serial mechanisms are more susceptible to stacking of position errors through the linkage than parallel
mechanisms [61] which must be controlled with more rigorous (and thus expensive) assembly jigs, fixtures,
metrology and sensing. In the DST, these errors could be compensated with the PMAO and Aberration Cor-
rection System (ACS) though this would diminish their ability to correct errors caused by other perturbations.

The range of motion of serial chains is usually larger than that of parallel mechanisms [119], though it is
difficult to maintain a symmetric arrangement, and thus thermal stability, of the serial chain. The literature
study for this thesis found that no purely serial mechanisms were in use for either terrestrial or space based
fine pointing mechanisms, further discouraging this design option.

In light of the shortcomings of serial mechanisms, they were not considered for the PMAO.

6.2.2. Parallel

A parallel mechanism is made of direct connections between the mechanism base and end effector only. A
very common type of parallel mechanism is the hexapod as shown in design option MA-BI in Figure 6.3.
Hexapods are also known as Stewart platforms [110], commonly used in flight simulators. An example is
shown in Figure 6.4.

In contrast to serial mechanisms, parallel mechanisms are generally stronger, stiffer and have better
dynamic behaviour [61, 119]. In some configurations, they also offer a limited degree of failure tolerance
thanks to coupling between individual actuators and the output degrees of freedom. This was the case for
the hexapods used in the James Webb Space Telescope primary mirror segment fine position mechanisms
which could continue to meet requirements even after two actuator failures [79]. As mentioned in the serial
mechanism section, a downside of parallel mechanisms typically have a small range of motion compared to
serial mechanisms [119].

A hexapod was also considered for 6 DOF control of the secondary mirror in the HYPATIA/ STOIC ac-
tive optics concept for application to future European UV, optical and Infra-Red space telescopes [38]. The
authors noted that although a 3 DOF tripod could have been used to provide the necessary decentre cor-
rection for that application, the ability to fully control the mirror’s position with the hexapod led to smaller
RMS wavefront errors. However, optical analyses for the DST have already shown that 6DOF control is not
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necessary with the current optical design.

Figure 6.4: A commercial off the shelf (COTS) hexapod, providing 6 DOF control for laboratory use. [92].

Hale provides a table of all possible orthogonal constraints that generate zero to six independent rota-
tional and/ or translational degrees of freedom [57, p. 74], reproduced from Blanding [17] and shown again
in Figure 6.5. It can be used as a starting point for exact constraint design.

3T 2T 1T
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Figure 6.5: Table of all possible parallel orthogonal constraint sets giving combinations of rotational and translational degrees of freedom.
The combination of the 1R/ 2T set (A) with the 2R/ 1T set (B) constrain in and out of plane motions respectively. When combined in
parallel they give full 6DOF constraint (C). Adapted from [57] and in turn from [17].

Note that each of these constraint patterns is purely parallel and that the combination of the 1R/ 2T set A,
a tripod of parallel actuators as shown in design option MA-B2, with the 2R/ 1T set B constrains out- and in-
plane motions respectively, and when added in parallel give full 6DOF constraint (C). This demonstrates that
a purely parallel mechanism can meet the basic kinematic requirements. Indeed, this is demonstrably the
only purely parallel combination of constraints that can be used to deliver the required exactly constrained
kinematic performance. Freedom and Constraint Topology synthesis can be used to further refine the con-
cept. The interface of the tripod option will also be smaller than that of the hexapod since it needs half the
number of actuators.

It was concluded that a parallel mechanism may offer the necessary dynamic, strength and symmetry
performance for the PMAO. With the very small stroke requirements, the diminished range of motion com-
pared to a serial arrangement is not considered an issue. The hexapod option was ruled out based on the
complexity of including six actuators. The tripod concept with three actuated constraints and three passive
constraints was considered feasible.
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6.2.3. Hybrid

A hybrid mechanism uses a combination of serial and parallel connections between the mechanism base
and end effector. They combine several of the advantages and disadvantages of purely serial and parallel
mechanisms but offer a much larger design space to meet the design requirements. The original DST baseline
design from [117] was an example of hybrid design option MA-C2.

An example of option MA-C2 with flight heritage is the 3 DOF tip/ tilt/ piston tripod style parallel mecha-
nism shown in Figure 6.6 used on the 0.95 m, 87 kg primary mirror for the Kepler space telescope [71]. Three
vertical, linear actuator assemblies provide the actuated out of plane degrees of freedom while parallel sheet
flexures constrain in-plane motions. Three bipod supports stacked on top of each of the vertical actuators
connect the mechanism to the mirror.

Flexured bipod mirror support In-plane constraint Actuated out of plane DOF
Kepler Primary Mirror Focus Mechanism 2 Pinion/Spur gear match drilled and pinned to shafts
Parallel
r| Support Upper/Lower Hard Nops Dir:blee Primary Mirror

Bearing match drilled and pinnd{ to .
Bladed Interface ‘shelf’
Ball Sorew Shaft o

Flexures

I E—'!
Ball Screw
I-;- ﬁ.

Duplex
Support
Bearings

+/- 8.4 mm Drive Flexure Pivot Flexure™ 35 5 10

Ball Nut Travel

Focus Mechanism 1 Kepler Aft Bulkhead Focus Mechanism 3

267 mm

Figure 6.6: Kepler space telescope primary mirror focus mechanism. Left: Primary mirror mounted via flexured hexapod to three actua-
tor mechanisms, each providing single DOF vertical actuation of a bipod. Right: Section view of one of the actuator mechanisms. Note
stepper motor coupled to ball screw via reduction gearing, lever arm and drive, pivot and parallel flexures. Bipod mates to the interface
shelf. Adapted from [71].

Hybrid mechanisms were also used for the Thirty Metre Telescope (TMT) and European Extremely Large
Telescope (E-ELT) primary mirror segment support designs, shown in Figure 6.7, and are good examples of
design option MA-C1 [90, 93]. This allowed separation of the 3DOF actuation mechanism and mirror support
sub-assemblies to isolate the mirror from the actuation forces and differential thermo-elastic deformations
of the mirror & support cell. This was an important trait that can be used to simplify component design by
separating challenging functional requirements out across multiple parts.

E-ELT M1 Segment Support & Mechanism TMT M1 Segment Support & Mechanism

 Warping harness Segment Position . Actuator flexure

leaf-spring, typ. Actuator

Moving frame flexure

Moving frame

Inner tripod

Outer tripod

B Toplevel
tripod
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:ﬂp'zve‘ Tower Assembly with /

s Repeatable Interface

Mirror Cell / \ Fixed Frame

Figure 6.7: Left: Support and actuation assembly for the European Extremely Large Telescope [93]. Centre & right: Similarly for the Thirty
Metre Telescope primary mirror segments [90].

Fixed frame

A hybrid concept is attractive for the extra design freedom and mirror isolation it permits. However, this
is at the cost of the disadvantages of a serial mechanism: reduced load capability and stiffness, as well as
stacking of errors at each joint. The hybrid options MA-C1 and MA-C2 were considered feasible.

6.2.4. Mechanism Arrangement Selection

While parallel mechanisms generally offer the best stiffness, strength and dynamic performance, the ability
of a hybrid arrangement to isolate the mirror from thermal and actuation loads that would otherwise distort
it make hybrids the most favourable option. Hybrid arrangements also lends itself well to modularisation of
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the mirror, mirror support and actuation mechanism. An arrangement using the layout in design option MA-
CI was chosen. Like the E-ELT & TMT primary mirror segment mechanisms, a parallel actuation mechanism
is attached serially to a parallel mirror support assembly. The arrangement is shown schematically in Figure
6.8.

:I Mirror

:I Parallal mirror supports
J Intermediate body

Parallel actuation mechanism

Instrument
Housing

Support & actuators
connected serially

Figure 6.8: Elements and layout of hybrid arrangement design option MA-CI.

Sections 6.3 to 6.5 step through the selection of constraints and actuators for the actuation mechanism.
The mirror support assembly is described in Chapter 7 Mechanism Architecture Selection.

6.3. Constraint Topology Design Options

This section details the selection and arrangement of ideal constraints to provide the desired degrees of free-
dom of the mechanism. Constraint topology design options were synthesised using the Freedom & Con-
straint Topology (FACT) method [61, 62] introduced in Section 2.3. The following assumptions were made to
simplify the design synthesis:

¢ Compliant mechanisms were considered exclusively. Sliding contact joints (bearings, ball joints, guide-
ways) are ignored due to friction effects such as hysteresis & other microdynamic effects.

¢ Work on phasing algorithms has already begun [50] and assumes that tip, tilt and piston motion can
each be controlled independently. To ease integration of the PMAO design with existing work, mecha-
nisms with coupled translation and rotation freedoms were not considered.

¢ For the purposes of the constraint synthesis, the mirror was assumed to be a rigid body.

* The intermediate body is sufficiently rigid so that actuation deformations are not passed on to the
mirror and support.

The constraint synthesis process is described in Subsection 6.3.1. The actuator constraint space is se-
lected in Subsection 6.3.2 followed by the passive constraint space selection in Subsection 6.3.3. Several de-
sign options for redundancy of the support constraint space were found. Selection was conducted using a
graphical trade-off documented in Section 6.4.

6.3.1. Constraint Topology Synthesis Process
The FACT method guarantees an exhaustive exploration of the design space of flexure based mechanisms.
It gives the designer confidence that all topologies have been considered and allows rapid negation of those
that give incorrect freedoms, would have poor symmetry and/ or are difficult to fabricate or assemble [61, 62].
The synthesis objective was to actively control tip, tilt and piston motions of the mirror whilst provid-
ing passive constraint of the remaining rigid body freedoms. The mechanism should be symmetrical to aid
thermal stability and be low profile to minimise both the volume occupied in the stowed state and the me-
chanical advantage of the massive mirror during launch. It should be simple, robust and meet the dynamic
performance requirements.
The synthesis process was conducted as follows, adapted from the process devised in [61]:

1. Define the system geometry:
The end effector to be manipulated, available volume and interfaces for the mechanism.

2. Identify the freedom space containing the freedoms that should be actuated:
Identify the corresponding complimentary constraint space. This constraint space constitutes the set
of fixed constraints for the passive support of the mechanism. Here, it is called the support constraint
space.

3. Identify the freedom space that should be left unconstrained by the actuators:
The complementary constraint space is the constraints to be controlled by the actuators. Here, it is
called the actuator constraint space.



64 6. Concept Generation

4. Identify available sub-constraint spaces for each of the support and actuator constraint spaces:
Sub-constraint spaces ensure that the constraints in each space are independent. This is not relevant to
the 3DOF constraint space and is skipped. Constraint spaces with more than one constraint set benefit
more from the use of sub-constraint spaces.

5. Select sub-constraint spaces:
To satisfy geometry, symmetry and performance requirements for support and actuator constraint
spaces.

6. Select non-redundant constraints for each constraint space:
For exact constraint design.

7. Select redundant constraints:
To improve symmetry, stiffness, load bearing & dynamic performance.

6.3.2. Actuator Constraint Space Synthesis

The usable volume and interfaces were defined in the summary of design requirements in Table 6.1. There are
no strict requirements on where the constraints must attach to the deployment mechanism support frame.
The constraints should all mate to the intermediate body. All parts must reside behind and within the periph-
ery of the mirror to keep the optical surface free and minimise stray light reflections.

Recall from Chapter 2 Theory that Hopkins found all possible constraint sets giving three degrees of free-
dom using flexure based mechanisms [61], repeated in Figure 2.13 on page 20. The actuator constraint space
must constrain the actuated freedoms: two out of plane rotations (tip, tilt) and one out of plane translation
(piston). Physically, the constraints will be the actuators themselves. Changing the dimension of the con-
straint by actuating it then alters the pose of the platform. Inspection of Figure 2.13 shows that the only
constraint set satisfying these conditions is set (E), a box of every parallel constraint line parallel to a chosen
direction [61]. To avoid redundancy, the only choice is to have no more than two coplanar constraints.

Selection of non-redundant constraints for each of the constraint spaces must also take into account the
possibility of incurring redundancy once the actuator and support constraint spaces are combined in parallel.
The constraint redundancy rules in Table 2.1 can be applied to the combined constraint space to check that
this does not happen. It will be shown in Subsection 6.3.3 that the support constraints use constraint space
(A) in Figure 2.13. Examining the rules in Table 2.1 confirms that so long as the constraints selected for each
of the two individual constraint spaces are not internally redundant, the combined constraint space will also
not be redundant.

It was mentioned in Chapter 2 Theory that symmetry aids thermal stability and balance of stiffness. The
preferred configuration is then three parallel constraint lines positioned at the vertices of an equilateral tri-
angle, giving three lines of symmetry. The result is shown in Figure 6.9.

Intermediate body

Actuated constraint Attachment to body

%g - / / Fixed end

Figure 6.9: Non-redundant actuator constraint set. Three actuated parallel constraint lines, shown by thick blue dashed lines, arranged
on the vertices of an equilateral triangle, attached to the intermediate body. FACT constraint set diagram adapted from [61].

Selection of redundancy in the actuator constraint space is dependent upon the choice of actuator, so is
left to the synthesis of the mechanism architecture in Chapter 7 Mechanism Architecture Selection.

6.3.3. Passive Constraint Space Synthesis
The support constraint space must constrain the non-actuated freedoms. Inspection of Figure 2.13 reveals
that only option (A) meets this condition. The passive support must therefore supply three co-planar con-
straints, no more than two of which intersect at the same point on the plane, including at infinity. Four
options are illustrated in Figure 6.10.

Symmetry can help select the ideal arrangement. The three coplanar constraint lines should intersect to
form an equilateral triangle [57, p. 72] for balanced stiffness. Their lengths should be equal with the fixed
ends also forming the vertices of an equilateral triangle [126, p. 516].
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a)e =0° b) 8 = 90° c) 6 = 270° d) Acyclic

Figure 6.10: Multiple arrangements of three ideal constraints attached to the segment at the vertices of an equilateral triangle. The
arrangement in a) was selected. Orange arrows indicate direction of in-plane thermal drift due to expansion of the constraints. The in
plane constraints (solid blue lines with cross-bars) are attached to the intermediate body (dashed circle). The mirror segment is shown
for illustrative purposes.

Recall from Section 2.2 that the greater the length of the moment arm of a constraint, the more effective
it is at maintaining the position of a body. For three constraints attached to a body equidistant from a central
point, the moment arm is maximised when the constraints are oriented tangent to the circle that circum-
scribes the attachment points. This is illustrated in Figure 6.10a in the 0 = 0° case. This arrangement also
defines a thermal centre and allows radial growth of the body or base without building up internal stresses.

Note that it is not possible to arrange three in-plane constraints such that they are all independent and
would not cause a rotation and/ or translation of the body as they undergo thermal expansion. For example,
consider the limiting cases in Figures 6.10b & ¢ with the constraints arranged radially. Thermal expansion of
the constraints will not cause a twist about the Z axis but they have zero length moment arms, so would make
for mechanically poor constraints. Moreover, since the three constraints intersect at the same point, there are
actually only two non-redundant constraints, resulting in a 4DOF structure for small motions.

A further example is the acyclic case in Figure 6.10d. The moment arms are all roughly equal, but the
stiffnesses are not balanced and there is no thermal centre.

Therefore, it was concluded that the arrangement shown in Figure 6.10a was the ideal passive constraint
configuration despite the thermal drift rotation. A first approximation of the magnitude of the rotation 6 in
radians due to thermal expansion of the tangential flexures made from a material with CTE a and heated by
temperature differential AT is given by [124, p. 381]

0 =V3aAT 6.1)

Constraints made of Ti-6Al-4V with CTE of 10 ue/K expanding over the design operational temperature
differential of £1 K, produce a drift of approximately +17.3 urad. This is more than three times larger than
the allowable thermal drift budget of 5 urad. Either athermalisation of the tangential constraints and/ or
appropriate addition of redundant constraints would be needed. This is investigated in the next subsection.

Addition of Redundant Constraints

There is considerable design freedom within the selected tangent constraint arrangement. Six initial design
options were considered, illustrated in Figure 6.11. This section summarises the merits of each before nar-
rowing the field down to three candidates for a final graphical trade-off, documented in Subsection 6.4. It
must also be noted that the thermal performance could also be improved by athermalising the constraints,
but it is simpler to first try to meet the requirements without addition of other complex parts.

PS-A: Strut/ Wire Constraints

The canonical physical embodiment of an ideal constraint is a wire, or wire flexure. These are strong in
tension but comparatively much weaker in compression and bending. Struts, similar to the design shown in
Figure 6.12, can be used to improve the buckling strength of the constraint. The increased thickness along
the centre of the flexure improves the out of plane stiffness and dual orthogonal flexures at each end act as
universal joints, preserving the single constraint line of the link.

Each of the PS-A design options could be equivalently designed with struts or wire flexures, depending
on the need for buckling strength. The finer choice of whether to use a wire or strut depends on the launch
loads, so is left to Chapter 8 Mechanical Design.

The three strut option PS-Al was included as the baseline. Since it does not mitigate the thermal clocking
issue, it is excluded from the trade-off.
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a) 3-Strut/Wire b) 4-Strut/Wire c) Opposing Strut/Wire d) Sheets e) Folded Sheets f) Diaphragm
PS-A1 PS-A2 PS-A3 PS-B1 PS-B2 PS-C1

Figure 6.11: Three families of selected design options for passive constraints with redundancy. Passive support constraints (thick blue
lines) grounded to the deployment mechanism support frame (cross-hatching or small blue cross-bars) and intermediate body (dashed
circle). Segment geometry shown for illustrative purposes. Design option ID’s shown in the top left corner of each concept.

The four strut option PS-A2 was included as an example of the infinite number of 3 + N redundant con-
straint options. It makes the system stiffer but still suffers from thermo-elastic rotation. This constraint pat-
tern and its variations are commonly seen in the spider that holds the secondary mirror in Cassegrain tele-
scopes. Since it is preferable to control the thermal clocking with the passive constraints, option PS-A2 was
not retained.

The opposing strut option PS-A3 uses mirrored constraints to oppose the thermo-elastic deformation
of the constraints and to ensure that one constraint in each pair is always in tension (under axial loads) to
avoid buckling of the other constraint. The trade-off is a build-up of internal stress in the constraints that will
ultimately cause them to yield or buckle. This can be compensated for with careful design. For mechanisms
that can be constructed monolithically, thermo-elastic stresses can be avoided as the parts grow & contract
together. Design option PS-A3 was selected for trade-off.

Figure 6.12: Example of a rigid strut used to replace an ideal wire flexure. Note dual orthogonal flexures at either end. These are the
flexure equivalent of a ball joint. This strut is used with the actuators on the E-ELT. Adapted from [126].

PS-B: Sheet Flexures
The PS-Bfamily of sheet flexure design options replaces the idealised wire flexures with sheet flexures. Option
PS-Bl illustrates a version with three radial sheet flexures.

The centreline of each of the sheets intersects at the centre of the mirror to remove the clocking motion.
Since sheet flexures can be modelled as three coplanar constraints, those constraints do not all intersect
at the same point. Thus, unlike concepts 6.10b and ¢, the constraint redundancy doesn’t result in a fourth
freedom. However, the radial orientation does reduce the effective moment arm of the constraints. A benefit
of this option is the small, simple design. Athermalisation or compensating flexures are still necessary to
avoid internal stresses and buckling if the coefficients of thermal expansion of the flexures and base material
differ.

Design option PS-B2 consists of three folded sheet flexures. An example from the European Extremely
Large Telescope is given in Figure 6.13. Only one of several ways to arrange these flexures is given in Figure
6.11e. It has similar costs and benefits to the sheet option and so is considered a subset of the sheet flexure
option for the purposes of the trade-off.

PS-C: Diaphragm
The literature study for this thesis found the diaphragm to be the most commonly implemented method of
providing radial support for terrestrial segmented mirrors [96], finding use on the Keck and the future E-ELT
and TMT primary mirrors [14, 93, 113]. The James Webb Space Telescope is the only known segmented space
telescope and uses a hexapod with whiffle tree to support the primary mirror segments.

The diaphragm adds significant constraint redundancy and therefore stiffness, as well as symmetry. The
diaphragm requires a mushroom type support which can be large. Examples are shown in Figure 6.14. A
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Figure 6.13: Example of the folded sheet flexure support for the E-ELT primary mirror segment moving frame support. Three triangular
folded flexures mounted to the central hub of the moving frame constrain its motion. A simpler representation of the folded sheet flexure
concept is shown in the right graphic. Adapted from [126].

flexured interface between the diaphragm support ring and mirror accounts for CTE mismatch between the
support and mirror materials.

The diaphragm option was included in the trade-off as the "tried and true" option for segmented optics.
This concludes the FACT constraint synthesis exercise. The final selection of the passive constraint set is
conducted in the next section.

Outer ring

Elexure (6x)

Mounting bolts to
mirror segment

Figure 6.14: Examples of a diaphragm support. Left: Support for the segments of the Keck telescope primary mirror, adapted from
[14]. Right: Detail view of the diaphragm in the same type of support used on the E-ELT primary mirror segments. Note the six outer
flexures, which are used to compensate for differential thermal expansion between the mirror substrate and outer membrane support
ring. Adapted from [126].

6.4. Passive Constraint Redundancy Trade-off

A candidate for detailed design was chosen using a qualitative trade-off. Quantitative methods were not
favourable since it would have taken considerable design effort to assess each candidate fully. The validity of
a trade based on analogous systems would have been questionable since the assumptions and conditions of
performance are not always communicated clearly or uniformly across different publications.

Since the DST is an ongoing project, it is important to communicate design decisions clearly and suc-
cinctly. The graphical method was used for all trade-offs in this thesis as it is fast, transparent for both the
designer and future users and clearly identifies unacceptable performances.

Subsection 6.4.1 outlines the trade-off criteria and scoring method. The latter was also used for all subse-
quent trade-offs. The trade-off is then conducted, and justified, in Subsection 6.4.2.

6.4.1. Trade-off Criteria & Scoring

The four mission requirements listed in Table 6.2 were identified as the critical stakeholder requirements by
their direct correlation to the mission objective. They were translated into the trade-off criteria listed in Table
6.3. The design candidates were assessed relative to each other rather than against absolute performance
metrics using coarse scoring over these criteria.

Note that in all trade-offs, cost could not be directly quantified without a costed bottom-up design or by
analogy from similar systems. The latter option was very difficult as publicly available mechanism budget
data is virtually never broken down into this level of detail. In the absence of this data, cost was assumed to
correlate with the complexity of each design candidate throughout the system life cycle. The label "cost" was
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Table 6.2: Stakeholder requirements for all concept trade-offs.

ID Description

MIS-OBJ-02 The lifetime cost of the DST shall be less than the state of the art in commercial vi-
sual spectrum Earth Observation imaging platforms. As of 2017 this is DigitalGlobe’s
WorldView-4 satellite with an estimated cost of USD$850 million including ground

network upgrades.
MIS-REQ-08 The mass of the instrument shall be lower than 100 kg (threshold) / 50 kg (goal).
MIS-REQ-09 In the stowed configuration, the volume of the instrument shall not exceed 1.5 m3

(threshold)/ 0.75 m3 (goal).
MIS-REQ-07 After calibration, the residual Strehl ratio of the system shall be higher than 0.80.

retained to indicate that this was the higher objective in using this criteria.

Table 6.3: Passive support constraint redundancy option trade-off criteria.

Criteria Weight Considerations

Mass 1/6 Flow down of MIS-REQ-08. Mass of mechanism parts as well as impact mech-
anism has on mass of other parts (for increased stiffness or surface area for
interfaces).

Volume 1/6 Flow down of MIS-REQ-09. Space occupied by parts. Considers interface re-

quirements - size, number of interfaces and accommodations that must be
made in other parts.

Cost 2/6 Flow down of MIS-OBJ-02. Includes cost driven by complexity. Difficulty of
analysis and ability to predict accurate performance. Design flexibility - how
easily can it accommodate changes in design of interfacing parts. Number of
parts. Constructibility of parts (minimum dimensions, need for non-standard
methods). Difficulty of assembly, integration and testing.

Performance 2/6 Flow down of MIS-REQ-07. Thermal stability. Relative effectiveness of con-
straint moment.

Sum 1

Mass is arguably a flow down of cost due to launch costs, however these criteria were separated since
mass also affects the dynamic behaviour of the mechanism. Additionally, the mass of the mechanism is
small compared to the expected overall mass of the spacecraft and will make only a small contribution to
launch cost. The cost of the mechanism itself is expected to be more strongly linked to development and
programmatic costs, and thus complexity, rather than material and launch cost.

Volume and performance as criteria follow logically from the stakeholder requirements. Volume is sepa-
rated from mass since the stowed volume of the instrument is linked to the goal of decreasing launch costs.
For the in-plane passive support, the constraints can occupy a large plan-form envelope. For example, the
options in Figure 6.11¢,d,f.

More weight is given to the cost and performance criteria in a 2:1 ratio to mass and volume. The over-
arching objective of the mission is to reduce cost, which is assumed to be more tightly linked to design com-
plexity than mass or volume of the mechanism itself, for the reasons given above. Good performance is
equally critical, from a qualitative perspective.

A simple, qualitative scoring system was used, as defined in Table 6.4.

Table 6.4: Concept trade-off scoring categories.

Category Description

++ Excellent performance. Possible over-fulfilment of requirement.
+ Good performance. Fulfils requirement.
0 Minor deficiencies in performance but could be corrected within scope of resource constraints.

- Several deficiencies. Would require dedicated effort to correct, likely at the expense of other systems.
-- Unacceptable performance. No foreseeable way to correct deficiencies within scope of project.
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6.4.2. Trade-off Justification

The results of the trade-off are given in Figure 6.15. The diaphragm option was the least feasible while the
opposing strut/ wire and sheet options received similar scores. The opposing strut/ wire option was consid-
ered less complex than the sheet options, driving cost down. PS-A3 also had the best performance thanks to
its symmetry and absence of parasitic motions. Overall, it is clear from Figure 6.15 that option PS-A3 with
opposing strut/ wire flexures was the favourable choice with higher scores in the two most heavily weighted
criteria. It was selected for integration into the overall concept. Justification for each of the scores is given
below.

PS-A3 PS-B1, B2 PS-C1
Opposing Strut/ Wire | Sheet & Folded Sheet Diaphragm

Mass

Volume

Cost

Performance

++ Excellent

- Several deficiencies

+ Good

0 Minor deficiencies

Figure 6.15: Graphical trade-off for passive constraint redundancy options. Row height is indicative of relative weight of trade-off criteria.

PS-A3: Opposing Struts or Wires

This option has good mass performance (+) since the constraints nominally have very small cross-sections,
are low profile and they can be machined as a single part with their mating parts (ie. monolithically), remov-
ing the need for additional interfaces. They also leave the centre of the mirror free for the possibility of an
HDRM. This gives it a good volume performance (+).

The presence of overconstraint complicates assembly. Precise jigs, metrology and fabrication techniques
would be needed unless the constraints and structure can be made monolithically, which is possible and in-
deed common, with standard wire-EDM (Electro Discharge Machining). This reduces the number of discrete
parts as well. Due to this simplicity, this option also has good cost performance (+).

This option has good performance (+). The tangential orientation of the constraints gives the best pos-
sible mechanical advantage. Thermo-elastic clocking is mitigated & constraint buckling prevented during
launch by the opposing constraint. The symmetry maintains a well defined thermal centre and the geometry
can be easily modified to change the stiffness.

PS-B1,B2: Sheet and Folded Sheet

The sheet option has a small cross section and therefore good mass performance (+). The interfaces could be
bonded onto, or integral to, the mating parts. The flexure can be shorter than the opposing strut/ wire option
since only a single sheet needs to be accommodated, rather than the four sheets needed if a strut is used.
If the flexures are external to the circle of interfaces to the intermediate body as depicted in Figure 6.11d,
then a larger support base will likely be needed though. If arranged internally, there may not be room in the
centre to house a hold down mechanism if needed in the future. Overall, this design option has good volume
performance (+).

Option PS-BI1,B2 has minor deficiencies in cost performance (0). Like option PS-A3, application of sheet
flexures is well understood and documented and readily fabricated with wire EDM techniques. However,
there is less design freedom since the constraints must be oriented radially to the centre of the segment. A
further deficiency is that the flexures would need to be fabricated separate to the intermediate body or base,
leading to a more complex assembly procedure.
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The two sheet options have minor functional deficiencies (0). They have a much shorter lever arm over
which the restraining moment can be applied compared to the strut/ wire option. Although this option re-
moves the thermal clocking, radial thermal expansion of the intermediate body can lead to parasitic piston
shifts of the body with folded sheets, illustrated in Figure 6.16.

Parasitic piston motion Radial expansion

A

| I—>
U
Y

"

Figure 6.16: Parasitic motion of a folded sheet flexure undergoing radial displacement.

PS-C1: Diaphragm

The diaphragm option has several mass deficiencies (-). Both the support pillar & outer diaphragm support
ring require large & more numerous interface components than the other design options, as illustrated in
the example of Figure 6.14. The diaphragm option is better suited to ground based mirrors where mass is
less of a problem. The large central post can be hollow to accommodate a hold down mechanism but it
still dominates the central area of the segment and must be high enough to accommodate the membrane,
clamping assembly and travel stops. It is therefore not a low profile option. Overall, the diaphragm option
has minor volume deficiencies (0).

The diaphragm option has minor cost deficiencies (0). The diaphragm itself is simple, though the mating
interfaces require multiple components and assembly jigs. This is in contrast to the simple monolithic design
of option PS-A3. It may also require an extra flexure based interface with the intermediate body to account
for CTE mismatch between materials. Otherwise, the diaphragm option has good performance (+). It is
symmetric, does not generate thermal expansion induced clocking and provides balanced radial support
without addition of parasitic motions. CTE mismatch will still impart stresses to the mating components as
mentioned above. It is a valuable support method but is heavy and not well suited to space applications.

6.5. Actuator Design Options

The PMAO mechanism design strongly depends on the type of actuator that drives it, from the mechanical
load rating and the interface requirements, to the arrangement, sensing and thermal considerations. Like-
wise, selecting a specific actuator model requires knowledge of likely loads, stroke and resolution require-
ments, each of which depend on the mechanism design.

An iterative approach was therefore needed to develop a cohesive design and to select an appropriate
actuator. First, a specific type of actuator was selected, which is documented in this section. Two overall
architectures based on this actuator were then synthesised, allowing reasonable estimates of the actuator
strength and kinematic requirements. These requirements were then used to select a specific actuator. These
latter operations are documented in Chapter 7 Mechanism Architecture Selection.

Thus, the objective of this section was to select systematically reduce the field of design options to a list of
feasible candidates. Subsection 6.6 documents the trade-off based on analogous performance data sourced
from commercial and academic literature, from which a single actuator type was selected.

6.5.1. Actuator Type Down Selection
The design option tree in Figure 6.17 shows the many different families of actuators that can be used in mod-
ern space mechanisms. In line with the actuator constraint set selected in Section 6.3, and to simplify the
investigation, only linear output actuators were considered, where available. Additionally, only high TRL
COTS actuators, preferably with space flight heritage, were considered since the DST project does not have
the resources to qualify fundamentally new actuator technology.

This subsection documents the down selection of this broad field to no more than three feasible candi-
dates for trade-off. Each of the actuator types are analysed.



71

6.5. Actuator Design Options

3-10V
21Uyda30.4Ad

¢-12-10V
Jaube|y Buinop

T-10-10V
110D Bulroy

z-28-10v
dijs->pns

T-2g9-10v
wJiomyoug

10-10v
2a-1ov oy

ulgeled Atows|y adeys

a-1ov
abuey) aseuyd

12-10V
10D 33107

J-10V
onaubep

S

+9a1 uondo udrsap adA) 101eMOY :21°9 9131

¢g-10v
buiddeis

19-10V

Jeaur]

4g-10v
214109]90Z31d

2-2v-10v T-2v-10V
m.um_uﬂm.m‘\ souein ey 1ubeN Mmmﬁ_m_m_%m ﬂwﬂww%
! a|qeren jusuewWId

Cv-10V
sio0jol buiddays

TV-10V
1030 D4

V-10V
122143033

1oV
si03enpy



72 6. Concept Generation

ACT-A1: Electrical - DC Motors

DC motors are ubiquitous throughout terrestrial and space servomotor devices, available in either brushed or
brushless variants. They offer good efficiency, low cost and simple driving electronics. Brushless DC motors
avoid the lifetime limiting wear of brushed motors, which are not commonly used in space applications [103,
p. 686]. They also have fixed coils and rotating magnets which can ease control of heat dissipation during
operation compared to brushed DC motors, which have rotating coils [34], [103, p. 690]. Both types of motor
are best suited to continuous or servo-style operation applications. Since the PMAO mechanism will undergo
alot of move and hold duties, they were not considered a feasible option.

ACT-A2: Electrical - Stepping Motors

A stepper motor is a brushless DC motor with two to five phases. Motors with more phases tend to have less
vibration at each step but are more expensive. There are three types of stepper motor: permanent magnet,
variable reluctance and hybrids [103]:

¢ Permanent magnet steppers are able to hold their position without power provided external torques do
not exceed the unpowered holding torque (detent torque) of the motor. Gearing can help increase the
effective detent torque and can be used to prevent back driving.

¢ Variable reluctance steppers do not have a detent torque but can hold a position when powered.

¢ Hybrids combine the operation of permanent and variable reluctance steppers and are normally used
for very fine steps, on the order of 200 steps/ rev or 1.8° per step. The output torque of hybrid steppers
is more variable than for the other two types.

Stepper motors have been the actuator of choice for fine actuation space mechanisms for many years (see
for example [8, 71, 104, 115, 120]. A summary of the advantages and disadvantages of stepper motors is given
in Table 6.5. They were included included in the trade-off as the feasible "tried and true" method of actuating
space mechanisms.

Table 6.5: Advantages and disadvantages of stepper motors. Compiled from [4, 60, 120].

Advantages Disadvantages

Significant space heritage and COTS availability. Requires lubricant.

Simple, standard power and control. Can have backlash, hysteresis, non-linear effects.
Detent torque can provide power-off hold. Comparatively large, heavy. Lower power density.
Range of motion only limited by external mechanism. Require extra parts (gearing, reducers) for nano level
Can use open loop control. steps and transmission.

Hard to accurately calculate torque in long transmis-
sions due to uncertain efficiencies.

ACT-B1: Piezoelectric - Linear

Piezoelectric actuators are the most mature "smart" material technology used in space actuators [4], with
growing flight heritage, finding use on SOHO, LISA, LISA Pathfinder, Rosetta, Curiosity, Gaia, Solar Orbiter
and others [4, 11, 22, 60, 77, 78]. Notably, many of these opto-mechanical systems operate without actuator
supplied power-off hold. The Cedrat Technologies APA model is shown in use for the ATLID instrument in
Figure 6.18b.

These actuators make use of the inverse piezoelectric effect: the production of a mechanical force upon
application of a voltage, typically on the order of 100 VAC, across stacks of piezo ceramic wafers. Resolutions
down to the sub-nanometre level are possible [28] though their range is typically no more than a few tens of
microns.

One of the major disadvantages of piezo actuators is the need for continuous power to hold a position.
The driving frequency dictates the speed and acceleration of the actuator with higher frequencies causing
greater self-heating of the ceramic. Thermal management of the stack is crucial in vacuum and can limit the
duty cycle of the actuator at high loads and/ or bandwidths. The DST PMAO will likely be driven in "quasi-
static" mode at no more than 10 Hz so total heat dissipation is expected to be no more than a few Watts at
most and certainly less than inductive coil actuators [31].

The major advantages and disadvantages of piezoelectric actuators are summarised in Table 6.6. Linear
piezoelectric actuators are attractive as they provide the necessary range and resolution without the need for
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Figure 6.18: Left: Operating concept of a piezoelectric stack, adapted from [127]. Right: Four Cedrat Technologies APA amplified piezo-
electric actuators in a beam steering mechanism for the ATLID (ATmospheric LIDar) instrument on the ESA-JAXA EarthCARE spacecraft.
Note use of elliptical frame for mechanical amplification of stroke. Adapted from [22].

a transmission and can be designed to survive launch without use of an HDRM [31]. They were included in
the trade-off.

Table 6.6: Advantages and disadvantages of piezoelectric actuators. Compiled from [4, 12, 127]

Advantages Disadvantages

High power density. Normally no power-off hold.

High reliability, no sliding parts. Non-traditional power bus requirements.

No lubrication. Performance sensitive to temperature of ceramic.
Compact, light (not considering electronics). Large non-linearities without closed-loop control.
Low power losses in quasistatic operation. Low stroke.

Space heritage. Sensitivity to humidity (complicates ground testing).
Magnetic cleanliness. Less standardisation than other actuators.

High force production. Piezo ceramic is brittle, must be isolated from torsion
Stiff, even when not powered. and bending.

Very high resolution, accuracy & repeatability with
closed-loop control.

ACT-B2: Piezoelectric - Stepping
Two types of stepping piezoelectric actuators were considered: inchworm and stick-slip. No COTS stick-slip
style actuators with space environment qualification or heritage were found in an extensive survey so were
not considered further.

Inchworm style actuators can have different configurations but all operate on the principle of the alter-
nating expansion and contraction of at least two sets of piezoelectric stacks in contact with a driven runner.
Figure 6.19 illustrates the working principle.

Fixed housing /A B A B A B A B A B A B
Runner - - e =
B B B
A B A S A B A S N B AR
Piezo stacks
B-stack releases A-stack walks B-stack clamps
A B A B A B A B A B A B
— e -
- - — - —
—
B B B
A S A A
AL A LB . e .
A-stack releases B-stack walks A-stack clamps

Figure 6.19: Example of the walking drive inchworm style piezoelectric actuator in "nano-step" mode. The parallelogram shaped piezo-
electric elements expand and contract alternately along an axis oblique to the central runner. Adapted from [97].

An adaptation of a COTS Physik Instrumente NEXLINE walking drive style inchworm actuator was used
on the LISA Pathfinder spacecraft as part of the test mass Grabbing, Positioning and Release Mechanism
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(GRPM) [20, 85, 91]. A model from PiezoMotor Uppsala AB will also be used on the evolved LISA spacecraft
for the In-Field Pointing Mechanism [123].

Although stepping piezo actuators offer power-off hold, the available clamping force is not very high.
They are also not as stiff as linear piezo actuators when clamped due to their reliance on friction. An HDRM
would be needed with piezo steppers holding large masses through launch [31] though the power-off hold
would still be useful during operations. Otherwise, stepping piezoelectric actuators have much the same
advantages and disadvantages as regular piezoelectric actuators per Table 6.6. They were included in the list
of feasible concepts.

ACT-C1: Magnetic - Voice Coil

Also called moving coil actuators, voice coils have found application on several space missions in both rotary
and linear output forms [15]. A controlled current is passed through a coil of wire attached to the part to be
displaced. The coils’ associated magnetic field opposes that of a magnet fixed to the stationary frame of the
actuator, displacing the coil. Voice coils can be built with redundant coils and/ or stators as shown in Figure
6.20. No space heritage for moving magnet actuators could be found, so they were eliminated from the list of
options due to low TRL.

[t

Figure 6.20: a) Profile view of a voice coil. b,c) Voice coil stator assembly. d) Voice coil coil assembly. Note second, redundant coil.
Adapted from [15].

Commercially available voice coils for space applications have strokes between 1 - 30 mm and can gen-
erate forces between 1 - 200 N in packages weighing less than 250 g2. They typically demonstrate constant
force and can be adapted to use flexures for high precision applications. Voice coils are more robust to tem-
perature excursions than piezoelectric actuators as they are not limited by the Curie temperature of the piezo
ceramic but are essentially small heaters when in use. A summary of the advantages and disadvantages of
voice coils is given in Table 6.7.

Table 6.7: Advantages and disadvantages of voice coils. Compiled from [15, 82]

Advantages Disadvantages

Larger stroke than piezo actuators. No inherent stiffness.

Constant force output, can be large. No power-off hold.

No cogging, low hysteresis give very linear motion. Require sensor for position knowledge.

High bandwidth. Continuous power draw and heat dissipation.
Light, relatively compact. Less space heritage than other actuators.

No lubrication or contacting parts, high reliability. Moving coil is hard to cool.

High resolution.

Voice coils were not considered a feasible candidate as they require power for both stiffness and stability.
Thermal control is also difficult as the dissipating element, the coils, are mobile during operation.

ACT-D1: Phase Change - Shape Memory Alloy

Shape memory alloy actuators (SMA) operate by heating an alloy beyond their transition temperature, typi-
cally about 343 K. At this point the alloy changes its geometry to a pre-defined shape, thus they are typically
only used in binary position applications such as hold down & release mechanisms or valves. Shape memory
alloy actuators were not considered feasible for the PMAO mechanism since fine position control is required.
Additionally, the nominal operating temperature of the DST is 298 K. Heating several devices to 343 K behind
the primary mirror would unnecessarily complicate the thermal design.

2See http://www.cedrat-technologies.com/fileadmin/user_upload/CTEC/Technologies/Actuators/
Magnetic_actuators_motors/Voice_coils/Voice_Coils_Actuators.pdf. Accessed: [22 February 2018].


http://www.cedrat-technologies.com/fileadmin/user_upload/CTEC/Technologies/Actuators/Magnetic_actuators_motors/Voice_coils/Voice_Coils_Actuators.pdf
http://www.cedrat-technologies.com/fileadmin/user_upload/CTEC/Technologies/Actuators/Magnetic_actuators_motors/Voice_coils/Voice_Coils_Actuators.pdf
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ACT-D2: Phase Change - Paraffin

Paraffin based phase change actuators rely upon the change in volume of paraffin stored in a reservoir as it is
heated up and beyond its phase change temperature. These actuators offer a high load bearing capability due
to the low compressibility of paraffin [94] but only binary actuation. They are not well suited to fine motion
control applications so were not considered feasible candidates.

ACT-E: Pyrotechnic

Pyrotechnic actuators are single use devices, generate very high shock loads, are hazardous and can release
particulates and material detrimental to the performance of optical surfaces [59]. They have been included
in the design option tree in Figure 6.17 for completeness but were not considered feasible candidates.

6.6. Actuator Type Trade-off

Brushless DC stepper motors and linear and inchworm piezoelectric actuators were selected as feasible de-
sign options. A graphical trade-off was conducted using indicative performance values taken from space
rated COTS components per mission objective MIS-OBJ-02. Preference was given to European suppliers in
line with mission requirement MIS-REQ-10. Each of the selected indicative models are shown in Figure 6.21.
The performance characteristics of each actuator are summarised in Table 6.8. The mass, volume, range,
resolution and load/ torque characteristics are all exclusive of any transmission components.

a) ACT-B1: Linear Piezo b) ACT-B2-1: Stepper Piezo c) ACT-A2: Stepper Motor
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Figure 6.21: Indicative models for feasible actuator types. a) Cedrat Technologies (FR) APA120ML amplified piezoelectric actuator. b) PI
(DE) Nexline N-111.2A1 walking/ stepping piezoelectric actuator. c) Phytron (DE) phySPACE two phase hybrid stepper motor. Adapted
from [28, 97, 98].

The linear piezoelectric actuator are from the Cedrat Technologies APA120ML. The APA family has already
seen use in space [28]. The APA50S was used in the MIDAS XYZ scanning mechanism on the Rosetta space-
craft [77]; the APA35XS will be used as part of double tilt translator for the PHARAO atomic clock to be sent to
the ISS in 2018 [78]; and the APA60S will be used in the ATLID Beam Steering Mechanism for ESA’'s EarthCARE
satellite also due for launch in 2018 [22]. Data for the APA120ML is given, rather than these other actuators
as it is more comparable in size to the Phytron stepper motor and PI NEXLINE walking mode piezo actuator.
For comparison, the masses of the APA35XS and APA60S actuators are 2.0 g and 8.5 g respectively. Data for
the APA in Table 6.8 is also indicative of some of Cedrat’s PPA non-amplified linear piezo actuators.

A customised Physik Instrumente (PI) Nexline walking mode/ stepping piezoelectric actuator was used
on the LISA Pathfinder Grabbing, Positioning and Release Mechanism (GPRM) [85, 91]. A prototype from the
same family has also undergone thermal vacuum testing in the literature [27]. Since this was a customised
actuator, indicative performance values are given for a COTS Nexline N-111.2A1 with integral linear encoder
instead.

Finally, a Phytron phySPACE 32-2 two phase hybrid stepper motor was used to supply indicative perfor-
mance data for the stepper motor option. The phySPACE family of stepper motors are COTS space rated
products [98]. The 32-2 is selected for its comparable dimensions with the piezoelectric actuators. Several
smaller and larger stepper motors are available in the space qualified phySPACE family.

6.6.1. Trade-off Criteria & Scoring
The actuator type was selected based on a graphical trade-off method using the selection criteria in Table 6.9.
This table also explicitly traces the criteria back to the relevant stakeholder requirements in Table 6.2.

As was the case for the passive support constraint trade-off, cost could not be directly quantified without a
bottom-up design or by analogy from similar systems. Suppliers were unwilling to provide cost data without
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Table 6.8: Summary of indicative performance characteristics for feasible actuator candidates. N/A indicates property is Not Applicable

to the actuator. Hyphen (-) indicates data not available. Compiled from [28, 97, 98].

Manufacturer
Country
Model

Motion type
Power-off hold
TRL (assumed)
Mass

Volume

Range
Resolution
Accuracy
Speed

Driving force/ torque

Unpowered holding force/ torque

First eigenfrequency

Transmission requirements

Power requirements
Lubrication required

Displacement sensing required

Thermal control required?

ACT-B1 ACT-B2-1 ACT-A2

Linear Piezo [28] Stepper Piezo [97] Stepper Motor [98]
Cedrat Technologies Physik Instrumente Phytron

France Germany Germany
APA120ML Nexline N-111.2A1 phySPACE 32-2
Linear Linear Rotary

No Yes Yes

7 7 7

0.160 kg 0.325 kg 0.211 kg
45x78.9x22.5 mm 62x28x46 mm 47x47x60 mm
130 um +5mm Continuous

1.3 nm 5 nm closed loop 1.8°

- - 3-5% of step
Variable 0.4 mmls 400 r pm continuous
700 N 50 N 28 mNm

N/A 70N 2mNm

1750 Hz - -

Nil Nil Yes

-20t0 150 V +250V 48V

No No Wet or dry

Yes Yes Recommended
For high duty cycles For high duty cycles Possibly

Table 6.9: Actuator trade-off criteria. Tribology is the study of interacting surfaces.

Criteria Weight  Considerations

Total mass 2/11 Flow down of MIS-REQ-08. Mass of actuator and auxiliary components
(transmission, driving electronics).

Volume 2/11 Flow down of MIS-REQ-09. Includes auxiliary components. Considers inter-
face requirements - size, accommodations that must be made in other parts.

Range & resolution 2/11 Flow down of MIS-REQ-07. Ability to meet actuation needs.

Cost 2/11 Flow down of MIS-OBJ-02. Complexity, need for additional or non-standard
power, sensing, transmission or thermal control elements. Difficulty of as-
sembly, integration and testing including tribological complexity.

Driving force/ torque 1/11 Flow down of MIS-REQ-07. Greater driving force/ torque advantageous as
stiffer flexures can be used to improve the dynamic performance of the
mechanism.

Holding force/ torque 1/11 Unpowered only. Flow down of MIS-REQ-07. May minimise required duty
cycle of mechanism, ease thermal control requirements. Reliability of PMAO
improved if mirror is stable in case of power failure. Inherent stiffness.

Risk 1/11 Flow down of MIS-OBJ-02. Low risk components require less project re-
sources for testing & qualification. Improves reliability of system. Also in-
cludes consideration of auxiliary components.

Sum 1

the likelihood of a sale, so again cost was assumed to correlate with various aspects of programmatic and

technical complexity.

The functional performance of each actuator was broken down into range & resolution, driving force/
torque and holding force/ torque to provide better discrimination between the relative strengths of each de-
sign option. Total mass of the actuators and driving electronics was a critical trade-off criteria. A lighter

actuator eases support requirements as well as overall mass. Similarly for volume.

Technical and programmatic risk were considered together. Although each actuator type has space flight
heritage, the exact model that may be used in the DST conceptual design may not. This introduces program-
matic risk as additional final qualification could be necessary. Furthermore, even though the actuator may
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have a high TRL, auxiliary components such as a custom transmission may have low TRL. This was consid-
ered in the trade-off.

Mass, volume, range & resolution and cost were considered primary trade-off criteria each with twice the
weighting of the secondary criteria: volume, risk, and driving & holding force/ torque.

6.6.2. Trade-off Justification
The trade-off results are summarised in Figure 6.22. Scores were applied using the definitions in Table 6.4.

The DC stepper motor option was at a strong disadvantaged due to the need for an additional transmis-
sion. The two piezoelectric actuators could only be separated on the secondary criteria. The linear piezo-
electric actuator was selected since power-off hold is only a soft requirement. It is also conceivable that these
actuators can hold the mirror through launch without an HDRM which is very unlikely with the piezo stepper
as it relies on friction between the piezo stacks and runner.

The lower programmatic risk & much greater availability of performance data for the linear piezo actua-
tors was also a strong advantage. The linear type was ultimately selected.

Comments regarding the performance of each actuator across the seven criteria are given below.

ACT-B1 ACT-B2-1 ACT-A2
Linear Piezoelectric Piezoelectric Stepper Stepper Motor

Total Mass

Volume

Orange
Range & Resolution

Cost -

Driving Force/ Torque

Holding Force/ Torque

Risk

++ Excellent - Several deficiencies
+ Good m - - Unacceptable

0 Minor deficiencies

Figure 6.22: Graphical trade-off table for actuator type selection. Row height indicates relative weighting of the trade-off criteria.

Total Mass

Mass and volume specifications for the space rated power electronics for each actuator are not publicly ad-
vertised. A rough estimate was inferred from terrestrial OEM products. For example, three Cedrat linear
amplified piezoelectric actuators can be driven by the LA75A-3 linear amplifier with mass 1 kg and four am-
plifiers can be supplied by a single LC75A AC/ DC converter with mass 0.68 kg [28]. The approximate mass of
driving electronics per actuator unit is then 0.39 kg, not including cable harness. It is assumed a similar per
unit mass would be required for the PI Nexline stepping actuator.

Similarly, the Phytron MCC-2 programmable controller is a compact industrial stand alone unit providing
power, CPU and motor indexer for two stepper motors. The total mass is 0.75 kg for a mass of 0.375 kg per
actuator [99]. Given this first estimate, there is no clear discrimination between the mass performance of
either driving electronics package.
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The Amplified Piezoelectric Actuator (APA) type typically has lower mass than the other two actuator types
thanks to its simple construction. The piezo stepper is roughly twice the mass due to the encapsulating hous-
ing. A transmission is not mandatory for either piezoelectric actuator type. A gearbox and motion translation
transmission certainly will be mandatory for the DC stepper. Assuming that the stepper motor gearbox and
transmission are of similar mass to the motor itself, the combined motor plus transmission assembly could
weigh up to twice that of a piezo based solution.

The linear amplified and stepper piezoelectric actuators were each given a score of (+) as both meet the
initial, albeit rough, mass requirement. The stepper motor was given a score of (0) because of the added mass
of the transmission.

Volume
The power electronics typically consist of several PCBs arranged in a compact fashion. No engineering draw-
ings or specifications were available, so the volume of these parts were neglected in the trade-off.

The length & width dimensions of the usable volume are less constrained than the height. The two piezo-
electric actuators have similar total volumes, albeit in different form factors. The APA is wider and planar,
while the piezo stepper is more box like. Other linear piezos are typically columnar. Either of the piezo actu-
ators can be accommodated in the available volume. The stepper motor occupies approximately 65% more
volume than the piezo options without addition of a transmission. It is likely that there would be enough
space to accommodate the extra components, though it would be congested.

The piezoelectric actuators were both given a score of (+) and the stepper motor (0).

Range & Resolution

The piezo stepper couples a large range of motion with very good resolution in closed loop operation which
could be utilised in a lever type transmission to increase its drive and holding force capabilities. The piezo
stepper was given a score of (++).

The linear piezo actuator had a much smaller range but better resolution. Both parameters still easily
met the requirements. As discussed in the following driving force section, the APA has a natively high driving
force so may not need the large range of the piezo stepper for amplification. The linear amplified piezoelectric
actuator was given a score of (++).

A review of the relevant space mechanism literature has shown that all stepper motors require a reducing
transmission of some kind to meet nano-scale resolutions [8, 71, 115, 120]. Thus the stepper motor was given
a score of (-) for not meeting the required motion resolution without dedication of additional resources to
transmission development.

Cost
Closed loop operation is necessary for each of the actuator types. Piezoelectric actuators suffer from signifi-
cant hysteresis and the stepper motor suffers from backlash.

Stepper motors and their electronics have broad space flight heritage. Fabrication, product assurance,
AIT tasks and facilities are well standardised and widely available. Thanks to their adoption in a growing
number of precision space mechanisms, similar standardisation and facilities are increasingly available for
piezoelectric actuators [4, 31].

It is difficult to assess flow-on requirements and additional complexity for the thermal control system
without knowing actuation loads and duty cycle. Qualitatively, the piezo stepper will dissipate comparatively
little heat since it can hold a position without power. The linear amplified piezo must be continuously pow-
ered though in the quasi-static mode, can be expected to dissipate no more than tens of milliwatts, typically
much less than the inductive losses in a DC stepper motor [31]. The piezo ceramic temperature must be
controlled to avoid excursions above its Curie temperature.

If considered in isolation, the power supply requirements for the stepper motor are preferable to those
of the piezoelectric actuators as the voltage is lower, product assurance and AIT methods are very well char-
acterised and there is greater standardisation across buses, adapters and protocols. However, other work on
the DST aberration correction system has shown that a deformable mirror driven by piezoelectric actuators
should be included in the instrument [116]. This means there will already be a high voltage power supply
requirement for the spacecraft bus.

The APA linear piezoelectric actuator was given a cost score of (0) as extra sensing and thermal control
mechanisms may be required to compensate for minor deficiencies in the system. The piezoelectric stepper
was also given a cost score of (0) mostly for the higher programmatic risk compared to the APA type actuator.
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The piezo stepper option has much less space flight heritage as a purely COTS component than the APA and
DC stepper motor options. Finally, the stepper motor was given a cost score of (0). The comparatively low cost
of using a true COTS space qualified actuator was offset by the need to develop a transmission mechanism.

Driving force/ torque
This trade-off is based on the qualitative assumption that greater available driving forces are better as they
enable stiffer flexures and thus better dynamic performance.

The APA actuator has a very high available driving load even without a transmission to amplify the force.
Smaller actuators from the same family are available if less force is necessary. It received a score of (++).

The piezo and DC stepper motors also produce a reasonable driving force and torque. Assuming a 100:1
reduction ratio similar to that used on the Kepler M2 mechanism stepper motor [71] and lever arm of 23.5
mm equal to the radius of the phySpace 32-2 housing [98] gives an output driving force of approximately 119
N for the stepper motor. The piezo stepper has a driving force of 50 N. Both actuator options are assumed to
meet the requirements and given a scored of (+). These assumptions were later verified in the driving forces
found in the SPACAR modelling, reported in Subsection 9.4.5.

Holding force/ torque

The linear amplified piezoelectric actuator has no power off hold capability. It is conceivable that a brake or
clamp like mechanism could be designed to rectify this deficiency, which would require a dedicated effort to
develop. This option was given a score of (-).

Both the piezoelectric and DC stepper motors offer power-off hold. Although this was considered a soft
requirement, it adds flexibility to the technical feasibility of the PMAO mechanism. The piezo stepper offers
50 N hold force. With the same reduction and lever arm assumptions discussed above, the DC stepper motor
could hold between 8 and 9 N on detent torque alone. Neither capability would be enough to hold the mirror
during launch but they could be adapted through a transmission to increase this capability. Both options
were given a score of (+).

Risk

APA linear piezoelectric actuator received the best score for risk (+). Several different linear amplified piezo-
electric actuators from European suppliers have flown on past missions and are scheduled for use on future
missions. From a programmatic point of view, continuity of development and AIT facilities can therefore be
relied upon. It is also not strictly necessary to design and qualify a transmission stage.

Given the use of a custom Nexline on LISA Pathfinder [20], it was assumed that the actuator TRL is at least
7 A model demonstrating the element performance for the operational environment has been built>. However,
the manufacturer was unwilling to provide documentation declaring the true TRL, or specifications of the
space rated Nexline family. A prototype from the same actuator family has undergone thermal vacuum testing
in the literature, improving confidence in its applicability to space applications [27]. It would be better if a
true COTS model, rather than a customised version, had space flight heritage, therefore the piezo stepper is
given a score of (0) for risk.

The DC stepper motor is a true COTS space qualified component. On its own it has the lowest technical
and programmatic risk of all three actuator types. However, the need for a custom transmission reduced the
risk score to (0), similar to the piezo stepper. Review of the literature has shown that development of such
mechanisms can be complicated, largely due to the tribological requirements [32, 71, 120].

6.7. Chapter Summary
This chapter documented a methodical exploration of the PMAO mechanism design space. A hybrid ar-
rangement was selected and the actuator and passive constraint constraint spaces selected. A final configu-
ration for the passive constraints, including redundancy to improve the thermal performance, was selected
via graphical trade-off. The linear piezoelectric family of actuators was also selected by graphical trade-off,
largely thanks to their excellent native resolution capabilities and burgeoning space heritage.
With the actuator type selected, the concept generation exercise continued on to synthesis of two mech-
anism architectures and final selection of an actuator model. These activities are covered in the next chapter.
Major assumptions from this chapter are aggregated with those of Chapter 7 Mechanism Architecture Se-
lection at the conclusion of the concept generation & selection process. See Table 7.4 on page 99.

Shttp://sci.esa.int/sci-ft/50124-technology-readiness—level/ [Accessed: 21 march 2018].
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Mechanism Architecture Selection

This chapter details the final actuator model choice and trade-off between two architectures to deliver the
revised PMAO mechanism design. Section 7.1 details the selection of a family of COTS actuators based on
the results of the trade-off in Section 6.6. Derivation of the top down system budgets assumed that the M1
segments could be rotated about a point on the optical surface of the mirror. This is very hard to achieve in
practice within the usable volume and interface constraints. Section 7.2 establishes that a more reasonable
arrangement uses a remote centre of rotation below the mirror instead. Sections 7.3 and 7.4 describe two
architectures for the PMAO mechanism. Each sets out that concept’s operating principles and delves into
sizing calculations for the launch loads and kinematic performance requirements for the actuators. A discus-
sion of the actuator model selection is given in Section 7.5, which facilitated the final architecture trade-off in
Section 7.6. The chapter concludes with a summary of the main findings and assumptions in Section 7.7.

7.1. Actuator Family Selection

The actuator type trade-off in Section 6.6 led to selection of a linear amplified piezoelectric actuator. Sup-
pliers were contacted to find a specific model that had space flight heritage and could meet the system re-
quirements. The Parallel Pre-stressed Actuators (PPA) XL family of actuators from Cedrat Technologies (FR)
were selected for initial analysis in the concept trade-off. This product offers a standardised interface across
the actuator family for interchangeability as the PMAO design matures. The core technology of the actuators
can also be readily modified to suit individual applications whilst still using the same manufacturing, assem-
bly, integration and testing procedures that led to success in prior space missions. Figure 7.1 shows a COTS
Cedrat PPA40XL actuator. The form factor is indicative of all PPA XL actuators.

Figure 7.1: Cedrat Technologies PPA40XL piezoelectric actuator [29]. A paper clip is shown for scale.

The PPA actuator uses an external metallic elastic frame to pre-stress the piezo ceramic. Since they are
solid state they are very stiff and have very good dynamic performance. When holding a static position they
consume on the order of tens of milliwatts [31]. These actuators are not covered by ITAR restrictions, are
available off the shelf with ECSS compliant strain gauge sensors for closed loop control and can be modified
to provide different strokes. For example, the PPA40XL is approximately 60 mm high and offers 42.90 um
stroke. It is possible to make a 20 mm high actuator with =10 um stroke using the same technology [31].

These actuators can only withstand axial loads and must be mounted with flexures at either end to isolate
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them from bending and transverse loads. Two architectures using the PPA XL family were synthesised. Cedrat
was consulted to verify that the actuator mechanical interface, loading and sensing specifications were met.

7.2. Remote Centre of Rotation

The passive constraint set selected in Section 6.4 defines the plane in which the tip and tilt axes are located.
Since the constraint flexures cannot occupy the same space as the mirror, the rotations must necessarily be
about a point remote from the optical surface of the mirror. This is contrary to the definition of the top down
systems budgets, which were derived assuming rotations about a point on the optical surface of the mirror.

No space borne, precision, opto-mechanical mechanism with an axis of rotation defined in the plane of
the optical surface was found during the thesis literature study [96]. Cedrat Technologies, subject matter
experts in space qualified precision mechanisms, also noted the severe difficulty of implementing this [31].

After discussion with the optical team, it was decided that the PMAO mechanism would not need to pro-
vide pure rotations at the optical surface, provided that the parasitic translations at the surface were less than
the deployment/ coarse alignment system budgets in Table 3.3. The residual decentring caused by the par-
asitic translations in the co-alignment calibration step would then be compensated in a later optimisation
stage of the M1 calibration procedure.

ZS Axes used in top-down Zs
A tolerance modelling A

BYs
>
M — % Yoe—b-----
azSI
Rotated position / h
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Actuator
Actuator
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Mechanism tip & tilt axes

Figure 7.2: Geometry for calculation of parasitic decentre and defocus caused by remote centre of rotation during a worst-case 0, .
rotation.

Indicative geometry of both architectures is illustrated schematically in Figure 7.2. Concept B is depicted
in the figure since it gives the worst-case offset h. The results apply equally to concept A. Both concepts are
explained in more detail in the next sections. For now, it is sufficient to know simply that the tip and tilt axes
are far from the mirror. The worst-case decentring occurs for the largest tip or tilt rotation at the greatest
allowable distance between between the rotation axes and the optical surface of the mirror. The maximum
distance between the constraint plane and optical surface is =150 mm. The largest rotation is +4 urad about
the mechanism X, axis, causing a parasitic decentre 6 Ys and defocus § Zs. From the geometry, the parasitic
motions are then

8Ys =hsin(0x,,;) (7.1)
=0.15m x sin(4.0 x 10 ®urad) (7.2)
=0.6um (7.3)

6Zs=h(1-cosOx,,;)) (7.4)
=0.15m x (1 - cos(4.0 x 10 °urad)) (7.5)
=1.2x 10 um =~ oum (7.6)

Per Table 3.3 the deployment & coarse alignment tolerances in the Yg and Zg directions are both 2 um.
Therefore the effect of a worst-case decentre and defocus caused by the shift in tip & tilt rotation axes is ac-
ceptable. This result also suggested that the segment range requirements could be applied in the mechanism
coordinate frame without significant loss of accuracy in order to simplify the flow down of the kinematic
requirements from the segment level to the actuators. The workspace verification activity in Chapter 9 Verifi-
cation was used to verify this assumption.
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7.3. Concept A: 3x NLA Actuator Assemblies

Concept A uses six PPA actuators in three Nanometric Linear Actuator (NLA) sub-assemblies offered as a
tested, but custom, product from Cedrat. The main driver behind this design was the very good thermal
stability of the NLA actuator assemblies, demonstrated by thermal vacuum testing [101]. The concept is
shown schematically in Figure 7.3.

450mm

Max usable volume
(applies for both concepts)

NLA attachment x3
(below)

Mow ng frame

Flexured universal ]mr\ls
Flexured universal joint connections
to NLA m\dp\ane

NLA assemblies (x3)

120mm

leed frame

Left: In-plane constraint connection between moving
frame and fixed frame not shown for clarity.

250mm

Figure 7.3: Mechanism architecture concept A with three NLA actuator assemblies. Six PPA10XL actuators are used, two each in three
Nanometric Linear Actuator (NLA) assemblies. Left: Profile view of the concept with in-plane constraints not shown for clarity. The
usable volume, indicated by the trapezoidal outline, also applies for concept B. Right: Top view of the moving frame assembly showing
in-plane constraints.

Each of the basic building blocks of the concept are described in more detail in Subsection 7.3.1. The
launch loads on the actuators are estimated in Subsection 7.3.2. The linearised inverse kinematic equations
are derived in Subsection 7.3.3 and are then used to find the flow down actuator stroke requirements in Sub-
section 7.3.4. The section concludes with a summary of the concept in Subsection 7.3.5.

7.3.1. Description of Mechanism Elements

This subsection describes each of the major elements in concept A starting with the fixed and moving frames,
to the in-plane constraints, universal joints and mirror support bipods. The final two subsections introduce
the Nanometric Linear Actuators and the displacement sensing approach that gives them their very good
thermal stability.

Fixed Frame
The fixed frame provides the foundation for the mechanism and the primary interface to the deployment
mechanism support frame. All parts in the 3DOF mechanism are nominally the same material so that they
expand and contract at the same rate, avoiding stresses from CTE mismatch and thermal drift.
Encapsulating the mechanism in a single housing rather than attaching the actuators directly to the de-
ployment mechanism as in the original baseline design (see Figure 5.1) has both systems and programmatic
benefits. It simplifies the mechanical interface between the PMAO and the deployment mechanism so that,
within the framework of the DST project, it can be developed & tested independently of the deployment
mechanism.

Moving Frame

The moving frame is the intermediate body referenced in the arrangement selection of Section 6.2. It pro-
vides an interface between the parallel, out of plane, actuators, the passive in-plane support constraints and
the mirror support. As anticipated in the hybrid topology trade-off, the moving frame adds complexity and
weight but it plays the vital role of isolating the mirror and mirror support from the bending loads induced by
the actuators.

In-plane Constraints

In-plane constraint is provided by three pairs of tangentially oriented wires or struts per the trade-off in Sub-
section 6.4.2. The moving frame and in-plane constraints can be manufactured monolithically to simplify
assembly and provide a continuous heat conduction path.
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The in-plane constraint methodology is the same for both concepts A and B. The monolithic wire flexure
option was pursued first as it was nominally simpler, lighter and easier to assemble than the strut option.

Universal Joints
The PPA XL actuators in both their standard and NLA formats can only withstand axial loads. Flexured uni-
versal joints are included at either end of the actuators in both concepts A and B to make sure no transverse
loads or moments are transmittedl. These loads are instead reacted by the in-plane constraints.

Examples of compact flexured universal joints are given in Figure 7.4. These joints constrain only transla-
tion in the axial direction. They can have a cylindrical form factor per Figure 7.4 or a square form-factor. The
latter is stronger but heavier due to the increased amount of material in the central annular section.

<)

Segment 1

-

")

Segment

Figure 7.4: An example of a five DOF flexured universal joint a) in schematic form; b) as fabricated, showing rotational degrees of free-
dom; and c) schematic representations of the degrees of freedom of each of the pairs of orthogonal blade flexures. Adapted from [57, p.
194], [89, p. 2259].

Mirror Support

Rigorous definition of the number and distribution of support points relies upon knowledge of the stiffness
of the mirror, however its design remains the subject of a future MSc thesis. It was decided in consultation
with the optical team to progress the PMAO design by assuming that the support would only need to define
the location and maintain the structural integrity of the mirror in the optical assembly when on Earth and
through launch [49]. It was also assumed that a separate metrology mount would be used to maintain the
correct optical surface figure for terrestrial AIT activities. This permitted separate, modular development
of the mirror and mechanism designs, in line with the stepped development timelines of each of the DST

subsystems. Appropriate flow down requirements for the mirror design are given in Section 9.6 Flow Down
Requirements.

FLEXURE STIFF AXIS
FORCE DIRECTION
PASSES THROUGH CG
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Figure 7.5: Examples of flexured bipods used as mirror mounts. a) The bipods are normally angled so that their lines of constraint
intersect at the centre of mass of the mirror. b) A schematic representation of three bipods supporting a mirror at its edge. c) Real world
embodiment of flexured bipods, used on various mirrors on NASA’s IRIS spectrometer. Adapted from [38, 118, 121].

Three flexured bipods were chosen for the mirror support element. Examples are shown in Figure 7.5.
Flexured bipods were used in almost all space optics mechanisms investigated in the literature study [96]. The
tangential mounting and radial compliance defines a thermal centre that remains stationary under varying
thermal loads which, if it coincides with the focal point of the mirror, avoids decentration aberrations.
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To avoid overconstraint, each strut has an integral orthogonal flexure cut into the ends to allow out of
plane bending, twist along the axis and small out of plane translations. This arrangement was shown earlier
for the strut in Figure 6.12 on 66. This gives each strut a very high axial to bending stiffness ratio.

The struts constrain only a single degree of freedom. With six struts, the combined assembly exactly con-
strains the six rigid body degrees of freedom of the mirror. Kinematically, this achieves the same constraint
condition as the OR/ 0T purely parallel constraint arrangements introduced in Figure 6.5 from Hale on page
61. If they are bonded to their mating parts, this constraint is achieved without introducing any friction or
hysteresis to the assembly.

A further advantage of the flexured bipod is that the instantaneous centre of rotation of a pair can be
controlled by changing the included angle of the two struts such that it intersects the neutral plane passing
through the mirror’s centre of mass as in Figure 7.5a. This minimises the shear forces and bending moments
exerted on the mirror, which are liable to cause astigmatism and other aberrations [125, p. 82].

The Nanometric Linear Actuator

The Nanometric Linear Actuator (NLA) utilises two PPA actuators in series. The main advantages of the as-
sembly over a PPA actuator on its own are very good thermal stability and a centred stroke [31, 101]. Testing
in vacuum at 298+1K demonstrated a stability of +5 nm over two weeks [101]. The trade-off is that two PPA
actuators are required for a single linear output, requiring twice the driving electronics, mass and volume
compared to a regular actuator.

Displacement
output of the
actuator

Attachment of
the actuator

Figure 7.6: The Cedrat Nanometric Linear Actuator. Actuators (14) and (15) are driven to expand/ contract or contract/ expand respec-
tively, providing a linear displacement between the fixed based (11) and mobile interface (13). Adapted from [39, 101].

With reference to the patent extract in Figure 7.6, the central base (11) and output interface (13) must be
mated to the mechanism assembly via universal joints to isolate the actuators from shear and moments. The
NLA operates through simultaneous opposing motion of the two actuators. That is, as the upper actuator (15)
expands, the lower actuator (14) contracts to provide an upwards output at (13) and vice versa for downwards
output. The full stroke of the assembly is twice the stroke of the two constituent actuators.

Piezoelectric ceramics exhibit strongly non-linear displacement with very poor repeatability as they ex-
pand and contract. This non-linearity, or hysteresis, must be compensated with closed-loop position control
to ensure good repeatability. The proposed displacement sensing and control method is described in the next
section.

Displacement Sensing
Typical linear piezoelectric actuator displacement sensor choices include non-contact capacitive and eddy
current sensors, as well as strain gauges. Capacitive and eddy current sensors have well established high
performance at the expense of cost, volume and complexity for multi-axis motion detection. Strain gauges
on the other hand are relatively cheap, small and light weight but suffer from thermal sensitivity and creep
effects. They are also bonded directly to the piezo ceramic rather than the output, so only provide an implicit
measurement of the actual displacement of an actuator. Importantly, strain gauges are a standard option for
the PPA actuators from Cedrat. They were selected for closed-loop control of the actuators in both concepts
A and B using the same method as Porchez to enable the very high stability of the NLA actuators [101].

A strain gauge is a pattern of resistive material, the resistance of which is proportional to its length. When
bonded onto the ceramic stack of the piezoelectric actuator, the length of the strain gauge increases or de-
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creases as the stack expands or contracts in response to the driving voltage. The gauge factor GF relates the
change in resistance AR of the strain gauge with unstrained resistance Ry to the strain, e = AL/ L, via

_ AR/Ry
" AL/L

(7.7)

If a constant current is passed through the strain gauge, then the change in resistance can be detected by
measuring the change in voltage across the gauge over time and in turn, calibrated and mapped to a change
in length of the underlying structure. This information can be used in a closed loop control algorithm to
correct for the displacement hysteresis commonly experienced in piezoelectric ceramics.

However, the length of both the stack and the strain gauge can also change due to thermal expansion.
There is no way to know if the reported strain is caused by the piezoelectric effect or thermal expansion
without also measuring the temperature of the stack. One of the main reasons for stacking two PPA actuators
in series in the NLA assembly is to render the strain gauge sensing circuit insensitive to changes in the bulk
temperature of the actuators & gauges. This is achieved by using a full Wheatstone bridge circuit.

Two high stability strain gauges are bonded onto the ceramic stacks in each of the actuators. Each pair of
gauges form half of a full Wheatstone bridge, illustrated in Figure 7.7.
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Wheatstone Bridge Circuit Ceramic Stacks

Figure 7.7: Full Wheatstone bridge circuit and Cedrat NLA.

The two PPA actuators in each of the NLA pairs operate in a push/ pull configuration. Thus as one stack
increases in length by a small amount +AL the other decreases by an amount —AL leading to changes in the
resistance AR in each of the gauges proportional to its gauge factor.

In practice, the strain € of each strain gauge has two components: the mechanical strain €,,,.;, caused
by the driven expansion of the ceramic stack and the thermal strain €5, from the thermal expansion or
contraction of the strain gauge caused by a bulk temperature change from the calibrated temperature. As-
suming no temperature gradient across across the actuators in each pair, the total strain measured by each
strain gauge for a given push/ pull displacement of each stack is

€1,2 =1+ €mech T €therm (7.8)

€3,4=—€mech T €therm (7.9)
The mechanical strains are equal but in opposite directions, whereas the thermal strains are all equal and

in the same direction. Assuming that the unstrained resistances Ry and gauge factors GF of each strain gauge
are equal’, the change in the resistance of each gauge AR; is

ARy 2 =RoGF (+€mech + € therm) (7.10)
AR3 4 =RyGF (—€mech + €rherm) (7.11)

such that the resulting resistance of each gauge is

1n reality, the gauge factors of each strain gauge differ slightly but so long as the factor is known it can be calibrated for without affecting
the validity of this discussion.
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Ry =Ro+ARy (7.12)
R34=Ro+AR34 (7.13)

The measured output voltage Vp is the difference between that at nodes C and D in Figure 7.7:

Voo (7.14)
Cc= R, +Rs exc .
_ 1+ GF (€mech + €therm) (7.15)
2 + ZGFetherm
and similarly for the voltage at Vp:
veo_ta o (7.16)
D — R, + Ry exc .
_ 1+ GF (=€mech + €therm) (7.17)
24+ 2GFetherm
The measured output voltage Vp is then
Vo=Vc-Vp (7.18)
GFe
= _mech y (7.19)
1+ GFetherm
An approximate estimate for the thermal strain can be found via
AL
€therm = — =aAT (7.20)
Lo

Per Table 6.1, the maximum design bulk temperature deviation AT during operation is 1 K. The coeffi-
cient of thermal expansion « of the ceramic multilayer material that makes up the piezo stack is on the order
of 107%/K [10]. Therefore the thermal strain is also on the order of 10~m/m. Gauge factors are typically on
the order of 10° [95], such that the GFe e, ,, term of equation 7.18 is on the order of 1075.

Referring to equation 7.18, it can be seen that 1 >> 10~ giving the final result

Vo = GFemech Vexc (7.21)

Thus with two strain gauges in a half Wheatstone bridge configuration on each of the actuators in a push/
pull pair and provided there is negligible temperature gradient across those actuators, the output voltage is
insensitive to bulk temperature changes.

This is the driving principle behind the use of two actuators in a push/ pull pair in the NLA assembly and
why the NLA’s have been included in one of the PMAO concepts. Push/ pull pairs have also been used in the
design of the tip/ tilt Cryogenic Fine Steering Mirror (CFSM) for ESA's EChO mission [13] which forms the
basis of concept B.

7.3.2. Launch Loads on the Actuators
This section estimates the maximum load that will be imposed upon each actuator during launch. The ide-
alised geometry of the concept A architecture for sizing calculations is shown in Figure 7.8. An example load
case with a single 30g launch load F; applied in the +Xy/r direction is shown for illustration purposes. The
three NLA actuators are positioned at locations I through III. The in-plane constraints, which react the trans-
verse loads, are not shown for clarity. The compliant universal joints at either end of the actuators ensure that
only loads acting along the axis of each actuator are transmitted to and from the actuator. The subscript MF
indicates a vector in the coordinate frame Oyr fixed to the centre of the moving frame.

The load requirements in Table 6.1 stated that the mechanism must survive combined 30g loads in two
orthogonal directions, giving 12 possible load cases. The total compressive or tensile load experienced by
each actuator during launch can be found by summing the contributions from each of the two individual
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Figure 7.8: Geometry of the idealised mechanism in concept A with an example launch load of F; = 30g x m,;,; o, applied in the + Xp;r
direction during launch. a) Geometry of actuator layout in plan view. Actuators are positioned at the vertices of an equilateral triangle of
side length [, circumscribed by a circle with radius Rp;. b) Geometry of actuator layout in profile. c), d) Equivalent free body diagrams in
different planes of the moving frame with moment My = F; x h imposed by launch load F;. The moment is reacted by the actuators.

external loads per load case. Recall from Chapter 4 Verification Plan that the 30g launch loads were assumed
to already include a safety factor. Throughout all discussions of launch loads in this document, "in-plane"
loads refer to those in the XY plane. An out of plane load refers to a load in the Z direction.

The maximum axial load that can be withstood by a PPA actuator without damage is roughly one third of
the rated blocked force?.

The launch loads F; were applied at the centre of mass of the mirror segment. It was assumed that the
mass of the mirror segment was much greater than that of the bipods, moving frame, universal joints and ac-
tuators such that their contribution to the launch loads experienced by the actuators could be neglected for
these sizing calculations. It was also assumed that the actuators and mirror are assembled with perfect sym-
metry such that any actuator sitting on the axis of an imposed moment M|, on the moving frame contributes
a negligible reaction force. An example is actuator I in Figure 7.8, which would not react a launch load in the
Y\ direction.

The launch load calculations are included in Appendix G Actuator Strength and Stroke Requirement Cal-
culations. The largest loads experienced by the actuators due to combined in-plane launch loads were

1+\/§%)

(7.22)

F, in— =z
max,in—plane ( 3 Ry

Where a positive load indicates compression in the actuator. These loads occur in actuator II for the
—XumrE, + Yy and + Xy r, — Yyr load cases and in actuator I in the — Xy r, — Yy r and + Xy, + Yarr load cases.
The largest loads experienced by an actuator in the eight load cases that included an out of plane load was

lp .2 ML) (7.23)

F, _ =t|-F+-—
max,out—plane (3 L 3 Ry

Where loads F; = 30gmy, are from m), the estimated mass of a single M1 mirror segment, the corre-
sponding moment My = Fr h. Tension in the actuator is indicated by a negative sign.

For a given mirror mass, the launch loads on the actuators depend on the ratio //Ry,. For the actuator
loads, it is beneficial to have the radius Ry as large as possible and the height / between the centre of mass
of the mirror and the moving frame as small as possible. This intuitively makes sense because the height
increases the mechanical advantage of the launch load, and radius R, increases the mechanical advantage

2See http://cedrat-technologies.com/fileadmin/user_upload/CTEC/Mechatronic_products/User_s_
manual/Inst_Man_Actuator_v6.1.pdf [Accessed: 16 June 2018].
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of the reacting load imposed by the actuators. However, Ry, also drives the size of the moving frame and
thereby the whole mechanism. It should be as small as is practical to keep mass down.

Equating equations 7.22 and 7.23 shows that the critical load case transitions when h/Ry; = 1.366, with
the greatest load case on an actuator given by

h

FOTE <1.366, |Fmax,in—plane| < |Fmax,out—plane| (7.24)
h

Forﬁ >1.366, |Fmax,in—plane| > |Fmax,out—plune| (7.25)

Inspection of the original baseline design suggested that the ratio i/Ry; would likely be in the range 0.77
< h/Rps < 1.50 for most design scenarios and therefore the out of plane launch loads would dominate. To
provide future design margin, the largest value for i was taken at roughly 150 mm and an initial estimate of
Ry = 125 mm was assumed, giving h/Ry; = 1.2. A more explicit argument supporting these assumptions is
given in Appendix G.

Taking this ratio, and assuming a mirror mass of 6 kg per the original baseline design, equation 7.23 gives
a maximum load of =2,000 N to be withstood by a NLA actuator during launch.

7.3.3. Inverse Position Kinematics

This section derives the inverse position kinematics for concept A. The segment level kinematic requirements
and mechanism geometry determine the flow down actuator stroke and step size requirements. The segment
range of motion depends on both the deployment/ coarse alignment tolerance budget and the M1 deploy-
ment calibration procedure, which was analysed in Section 3.2.5. Ranges of 4 um 0 1, £2 prad 0,,) and
+4 prad A4y were derived at the segment level.

Figure 7.9 illustrates a simple model of the concept A system. Note that the passive support constraints do
not contribute to the kinematic derivation so are omitted for clarity. Recall from Section 6.3 Passive Constraint
Space Synthesis that they were selected precisely because they do not constrain the three DOFs controlled by
the actuators.

Actuator

Deployment

Moving frame |\ mechanism support frame

Moving frame/ mechanism
interface plane

] B I |
. - Mechanism/ support
Universal joint frame interface plane

Instrument housing

Figure 7.9: Schematic of the 3DOF mechanism for concept A. Changing the length of the actuators adjusts the pose of the moving frame
and thus the mirror segment with respect to the base in 0y, 57, 0,3 and Az ps degrees of freedom.

The interface planes are depicted in Figure 7.9. The mechanism base is assumed fixed. The mechanism/
base interface plane is assumed parallel to the moving frame/ mechanism interface plane in the initial po-
sition and coplanar with the upper surface of the M1 deployment mechanism support frame. The moving
frame/ mechanism interface plane is taken to be the plane of ideal pivot points of the upper universal joints.

For simplicity, the derivation uses a rigid body model which assumes all bodies are rigid and that the
universal joints can be modelled as perfect 3DOF ball joints. In reality the pivot point of the flexures in the
universal joint will shift giving rise to small parasitic translations as well as rotations. These are ignored for
the purposes of the flow down requirements but are included in the finite element verification modelling.

Coordinate Frames

Figure 7.10 sets out the geometry and coordinate frames used in the mechanism kinematics. The fixed mech-
anism coordinate frame {Owm, Xys, Yar, Zp} is centred on the projection of the mirror segment centroid onto
the mechanism/ support frame interface plane in plan view with axes directions shown in the figure. The
body fixed moving frame coordinate frame {Owmg, Xpr, Ymrr, Zyr} is centred on the projection of the segment
centroid onto the moving frame/ mechanism interface plane with axes directions as shown in Figure 7.10.
The axes of both frames are aligned in the nominal deployed configuration.
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Figure 7.10: Coordinate frame definition for the 3DOF mechanism for concept A. The joints are positioned at the vertices of an equilateral
triangle centred on the projection of the centroid of the M1 segment to the fixed and moving frame interface planes. The orientation of
the triangles are given by a and § on the fixed and moving frames respectively. Joint attachments are on circles of radius Rys and Ryr
respectively. Segment and deployment support frame outline shown to illustrate orientation of the coordinate frames.

Linearised Inverse Position Kinematic Equations

The inverse position kinematic equations describe the relationship between the actuator lengths L; and the
pose P of the moving frame, and thus mirror segment. The analytical solutions were simplified by linearis-
ing using the small angle approximation. This made the interaction between the mechanism geometry and
segment pose far more transparent.

Actuator I links joints A, D, actuator /I links joints B, E and actuator II1 links joints C, F. Frame Oyg has
pose P = {Az, M>0x,0m, 0y, M}T with respect to mechanism frame Oy for translation A s in the Zjs direction
and rotations {0, 1,0,,,} about the {Xy, Yj} axes respectively.

The full derivation of the inverse kinematic equations is provided in Appendix G. The result is the set of
linearised equations 7.26 to 7.28 describing the small changes in the length of each actuator AL; necessary to
achieve small changes in pose:

AL[Z—RMQyYM+Az,M (7.26)
R
AL = TM(\@HX,M+9%M)+AZ,M (7.27)
R
AL[[[Z—TM(\/gex,M—Hy,M)+AZ,M (7.28)

Note that it was assumed that the orientation angles @ = = 0°. The position and orientation of the
mirror segment with respect to the moving frame can be found with a coordinate transform, assuming that
the mirror is rigidly connected to the moving frame.

7.3.4. Actuator Kinematic Requirements Flow Down
This section documents the flow down of the segment level kinematic requirements the individual actuators.
Both the stroke and step size were investigated.

Actuator Stroke Requirement
For the very small motions used in the PMAO mechanism, the linearised equations show that, in the ideal
scenario, there is no coupling between mechanism DOFs in the calculation of each actuator output. Thus, for
any given actuator, the stroke required to achieve a commanded displacement in one of the DOFs is linearly
independent of the stroke required to achieve commanded displacement in the other DOFs. The largest
required actuator stroke will then occur when the moving frame is at the maximum range of each of the
three degrees of freedom. Subsection 3.2.5 Primary Mirror Calibration Procedure found that the worst-case
combination of required ranges was in the piston scan stage of the calibration procedure.

The piston displacement has no dependence on the actuator mounting radius Ry, however both tip and
tilt do. As Ry, increases, so does the required actuator stroke for a given tip or tilt rotation. The mounting
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angle only effects the distribution of actuator output for a given tip or tilt command. The worst-case actuator
stroke will be for the largest possible Ry given the usable volume of the mechanism.

Since the mechanism cannot protrude beyond the periphery of the segment, and with reference to the
geometry set out in Figure 7.8, Ry; = [v/3/3. For length [ set to 450 mm for the shortest side of the segment,
the largest possible mounting radius is 259.8 mm. Allowing for a 10 mm buffer radius around each of the
mounting points to fit the width of the actuator and mounting to the base gives a maximum useful mounting
radius Ry, of 239.8 mm.

Substituting these values into equations 7.26 to 7.28 for each of the eight maximal poses gives the results
summarised in Table 7.1. The largest required actuator output is +4.959 um, found for the actuator at position
B in Figure 7.8.

Table 7.1: Worst-case required actuator displacements AL; for calibration piston scan, calculated via linearised inverse kinematic equa-
tions for concept A. Ryy = 239.8mm, a = 0°. Maximum actuator displacements are underlined.

0x,m 0ym Azm ALy ALjy ALjyy
[urad) [urad) (um] (um] (um] [um]
-4.000 -2.000 -4.000 -3.520 -4.959 -4.480
-4.000 -2.000 4.000 4.480 3.041 3.520
-4.000 2.000 4.000 3.520 3.041 4.480
-4.000 2.000 -4.000 -4.480 -4.959 -3.520
4.000 2.000 4.000 3.520 4.959 4.480
4.000 2.000 -4.000 -4.480 3.041 -3.520
4.000 -2.000 4.000 4.480 4.959 3.520
4.000 -2.000 -4.000 -3.520 -3.041 -4.480

Thus the three NLA actuator assemblies must deliver a stroke of no less than 9.918 um to meet the kine-
matic performance requirements for concept A. Since the stroke of the two PPA actuators are added to the
total output of each NLA assembly, each PPA need only supply 4.959 um stroke each.

Actuator Step Size Requirement

The Cedrat PPA XL family of actuators are all capable of sub-nanometre level resolution with closed-loop
displacement control per their datasheets. The linearised equations show that the piston displacement maps
directly to the actuator stroke, so no further analysis is required to verify that these actuators can meet the 10
nm piston step requirement,

7.3.5. Summary of Concept A

In conclusion, the main driver behind concept A is the very good thermal stability, lack of overconstraint in
the actuation constraint set and smaller mechanical advantage of the launch loads. The required actuator
stroke was also usefully small. It does however require six actuators & supporting electronics so is more
expensive.
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7.4. Concept B: 4x PPA Actuators

Concept B is illustrated in Figure 7.11 with four PPA actuators in parallel. Concept B is modelled on the Cryo-
genic Fine Steering Mechanism (CFSM) developed for ESA’s EChO space mission [13], which was a candidate
for the Cosmic Vision Programme with a launch in 2024. In concept B, the push/ pull actuator pairs from the
NLA concept were retained, however where the pairs were stacked in series in concept A, they are mounted
in parallel in concept B. The immediate advantage of concept B was that it does not depend on the custom
NLA assemblies, and it uses two less actuators than concept A. The downside is that it adds the requirement
for a small thermal gradient in each actuator pair.

In-plane constraints (x3)

—

Mirror support (x3)

Flexured universal joint §

/\ Moving frame
M1 mirror segment @ //I
\ PPA Actuator (x4)

PPA

Mirror mounting pattern

Mirror support
(Flexured bipod (x3)

Moving frame ]

Fixed frame

Above: In-plane constraint connection between moving frame

and fixed frame not shown for clarity. ;gﬁfhé?u” actuator

Push/ pull actuator
pair #2

Connection to fixed frame

Figure 7.11: Concept B mechanism architecture with four PPA actuators. Left: Profile view of the concept with in-plane constraints not
shown for clarity. Right: Top view of the moving frame assembly showing in-plane constraints.

Each of the basic building blocks of the concept are described in more detail in Subsection 7.4.1. The
launch loads on the actuators are estimated in Subsection 7.4.2. The linearised inverse kinematic equations
are derived in Subsection 7.4.3 and are then used to find the flow down actuator stroke requirements in Sub-
section 7.4.4. The section concludes with a summary of the concept in Subsection 7.4.5.

7.4.1. Description of Mechanism Elements

The design principles behind the fixed frame, in-plane constraints and mirror support are the same as those
in concept A and require no further discussion here. Descriptions of the moving frame, actuators and dis-
placement sensing are given below.

Moving Frame

The moving frame is attached to the bottom of the actuators in a "re-entrant" design to save space. It can
also be designed to provide some degree of passive athermalisation. Thermo-elastic growth of the mirror
support & fixed frame can be compensated by that of the actuators and universal joints. The functionality of
the moving frame is otherwise the same as that as in concept A.

Actuators

The actuation concept is illustrated in Figure 7.12. Each pair of actuators drives one of the rotations. All of the
actuators expand or contract together to provide the piston motion. The tops of the actuators are attached to
the fixed frame.

The actuator constraint space identified in Section 6.3 specified a need for three actuated constraints.
Since there are four parallel actuators in concept B, it is an overconstrained system. The moving frame must
be stiff enough that internal stresses from small displacement errors between the actuators in each pair aren’t
passed on to the mirror.

Avoiding the NLAs foregoes the mass penalties of concept A whilst retaining the thermal stability offered
by two push/ pull pairs. Three actuators could be used in the future if ongoing thermal modelling shows that
the in orbit drift budget can be met without a full Wheatstone bridge sensing circuit. Complexity is instead
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Tip (8x,m) Tilt (8,,1) Piston (A,,y)
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pair #1 pair #2

Figure 7.12: Push/ pull concept with four actuators for Concept B. Each opposing pair drives one of the rotations. All actuators expand
or contract together to provide the piston motion.

passed on to the mechanical design and AIT activities since the overconstraint must be carefully controlled
to avoid build up of internal stresses between the fixed and moving frames.

Displacement Sensing

Again, two strain gauges on each actuator in each pair form a full Wheatstone bridge to null the effect of
thermal drift on the actuator displacement sensing. Note that this configuration still relies on a negligible
temperature gradient across the two piezo stacks in each push/ pull pair. Maintaining a "negligible" tem-
perature gradient between two actuators at opposite sides of the mechanism may be more onerous for the
thermal control system than maintaining the same condition across two actuators next to each other as in
conceptA.

7.4.2. Launch Loads on the Actuators

The launch loads were calculated using a similar method and the same assumptions as documented for Con-
cept A. The idealised geometry is shown in Figure 7.13 for an example load case with a single 30g launch load
applied in the + X, direction. Again, the in-plane constraints are not shown for clarity. The actuators are
mated to the fixed and moving frames with flexural universal joints such that they see only axial loads.

d) R;
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)
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Transverse load reacted by in-plane constraints
(not shown).

Figure 7.13: Geometry of the idealised mechanism with an example launch load of F;, = 30g x m,;rror applied in the + X, direction
during launch. a) Geometry of actuator layout in plan view. Actuators are positioned at the vertices of an equilateral triangle of side
length [, circumscribed by a circle with radius Rps. b) Geometry of actuator layout in profile. c¢) Equivalent free body diagrams in
different planes of the moving frame with moment M; = F; x h imposed by launch load F;. The moment is reacted by the actuators.
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The full derivation of the loads is included in Appendix G. It was found that the critical load case occurs
when an out of plane load is applied simultaneously with an in plane load per

FL 1M
—L+——L) (7.29)

F, - =+
max,out—plane (4 2 Ry

Once again assuming a mirror mass of 6 kg, mounting radius Rys of 125 mm and thus h/Ry; = 1.2, equa-
tion 7.29 gives a launch load of 1,501 N, 500 N less than in concept A.

7.4.3. Inverse Position Kinematics

This section derives the inverse position kinematics for concept B. The mechanism planes used to define the
kinematic equations are sketched in Figure 7.14. The actuators are mated to the inside of the fixed frame
while the moving frame is suspended from their other ends. The entire assembly is fixed to the deployment
mechanism support frame, which acts as the base.

Mechanism/
Actuator [—— base interface plane

Moving frame

Moving frame/
Base mechanism interface plane

Instrument housing

Figure 7.14: Schematic of the 3DOF mechanism for concept B. The fully encapsulating fixed frame is indicative only. In plane constraints
between moving and fixed frames not shown for clarity.

The derivation process was much the same as that of concept A with the exception that an extra actuator
was included. Again, the full process is documented in Appendix G. Assuming mechanism orientation angles
a = B =0°, the resulting linearised inverse kinematic relations are given by equations 7.30 to 7.33:

ALp=-RpOym+Azm (7.30)
ALrr=RpmOxm+ Az M (7.31)
ALpr=RuOym+ Az M (7.32)
ALy =—RyOxm+Azm (7.33)

7.4.4. Actuator Kinematic Requirements Flow Down
This section documents the flow down of the segment level kinematic requirements the individual actuators.
Both the stroke and step size were investigated.

Actuator Stroke Requirement

Following the same arguments as in Section 7.3.4, the greatest range of motion will occur at the worst-case
combination tilt, tip and piston displacements. Similarly, the mounting radius Ry; was once again set to
239.8 mm. Substituting these values into equations 7.30 to 7.33 gave the predicted stroke requirements over
the entire segment workspace, summarised in Table 7.2.

The largest range of motion was needed by those actuators providing the 0, 3 motion since the segment
level range in that DOF was +4 urad, compared to the +2 urad requirement for 8, 5; motion. The PPA actua-
tors must be able to deliver a stroke of no less than 9.918 um to meet the kinematic performance requirements
for concept B. This was twice the stroke required for concept A. Since the length of this style of piezoelectric
actuator is roughly linearly proportional to its stroke, concept B requires a PPA actuator that is approximately
twice the length of the PPA actuator required in concept A. However, since the two shorter PPA actuators are
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Table 7.2: Worst-case required actuator range of motion for calibration piston scan calculated with the linearised inverse kinematic
equations for concept B. Ry = 239.8mm, a = 0°. Maximum actuator displacements are underlined.

0x,m 0ym Azm ALy ALjy ALpyy ALpy
[urad] [urad] [um] [um] [um] [um] [um]
-4.000 -2.000 -4.000 -3.520 -4.959 -4.480 -3.041
-4.000 -2.000 4.000 4.480 3.041 3.520 4.959
-4.000 2.000 4.000 3.520 3.041 4.480 4.959
-4.000 2.000 -4.000 -4.480 -4.959 -3.520 -3.041
4.000 2.000 4.000 3.520 4.959 4.480 3.041
4.000 2.000 -4.000 -4.480 -3.041 -3.520 -4.959
4.000 -2.000 4.000 4.480 4.959 3.520 3.041
4.000 -2.000 -4.000 -3.520 -3.041 -4.480 -4.959

stacked on top of each other in concept A, the total height of the NLA is roughly the same as that of the single
PPA actuator needed for concept B. There is no significant difference between the heights of the two actuator
concepts.

Actuator Step Size Requirement

The only step size requirement is in piston, with a maximum allowable step size of 10 nm. As for concept
A, the segment piston motion maps directly to the actuator step size per equations 7.30 to 7.33 for a pure
piston motion. Therefore the actuators need only supply a 10 nm step. Since the Cedrat PPA XL is capable of
sub-nanometre resolution, this requirement is met.

7.4.5. Summary of Concept B

In conclusion, concept B reduced the load on each actuator by 500 N through addition of a fourth actuator.
This overconstrained the system, complicating assembly, though a well designed moving frame would isolate
the mirror from untoward stresses. The stroke requirement per actuator was double that of concept A but
this doesn’t translate to a larger actuator stack since two actuators are required in series in the NLA concept.
Perhaps the greatest advantage was that the mechanism could be tested with analogous actuators, whereas
the NLA sub-assemblies are proprietary Cedrat technology.

7.5. Actuator Model Selection

With the flow down requirements for the actuators in both concepts specified, a specific model could be
selected to complete the synthesis of both architectures.

The smallest COTS Cedrat PPA XL actuator, the PPA40XL, has a maximum blocked force capability of 6,653
N [28]. Assuming that the maximum external load that can be applied to the actuator is roughly one third of
this at 2,218 N gives a design margin of roughly 11% for concept A and 48% for concept B during launch using
the 30g launch loads, assumed inclusive of safety factor. The load calculations did not consider the weight
of the mirror support, moving frame, flexures or self-weight of the actuators so the extra margin provides a
useful design buffer.

The PPA L family of actuators, the next size down in standard models available from Cedrat, have a
blocked force capability of approximately 985 N. This is less than the imposed launch loads of = 2 kN and
1.5 kN respectively. Therefore the PPA XL family was needed for both concept A and B.

The PPA40XL offers a 42.90 um stroke in a 60 mm high package. After discussion with Cedrat, it was found
that a PPA10XL with 10 um stroke in a 20 mm high package could be easily manufactured using identical
technology and processes used for the PPA40XL [31]. Cedrat also confirmed that the specifications for such
an actuator could be approximated by those of the PPA40XL for preliminary design purposes. Although this is
not a pure COTS component, the PPA10XL meets the stroke and load requirements of both concepts A and B
in a package a third the size of the PPA40XL with no significant extra development requirements. All actuators
in the PPA XL family are capable of providing sub-nanometre steps with closed-loop control via strain gauges.

The PPA10XL was ultimately selected for the following reasons:

 Standardisation
The PPA10XL is a custom part, though it is derived from an existing COTS part, the PPA40XL. The
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PPA10XL is a shortened variant as the DST 3DOF mechanism does not require the full stroke of the
PPA40XL and the reduction in height makes it easier to fit into the usable volume.

Design Flexibility

The PPA10XL has been selected based on conservative QSL launch loads of 30g. Cedrat supplies PPA
actuators in less robust (and thus lighter) form factors that provide the same stroke and resolution. The
PPA10XL could be interchanged for larger or smaller models if required in future design iterations.

Heritage

The PPA family of actuators with strain gauge sensing have flown on the PICARD/ SODISM telescope
[86], ESA ROSETTA/ MIDAS scan mechanism of the SPICE spectrometer [60]. While the PPA10XL is a
new model, the technology (the piezo ceramic stack, strain gauge sensing and design and AIT qualifi-
cation processes) has well established space heritage.

Kinematic performance
The PPA10XL has approximately 10 um stroke and resolution better than 1 nm, although reproducibil-
ity must be tested [29, 31].

Thermal performance

The actuators dissipate very little heat when holding a static position, typically tens of milliwatts and
conservatively no more than 0.2 W each [31]. The PICARD/ SODISM mechanism consumed 2 W max-
imum during active operation [86] to drive three PPA40M actuators.

Dynamic performance

The PPA actuators have very high stiffness and can be used in the mechanism to hold the mirror during
launch without the need for a separate hold down and release mechanism and still be able to meet
the 100 Hz minimum natural frequency requirement [31]. This simplifies the overall design of the M1
subsystem and improves reliability by using fewer separate mechanisms.

7.6. Architecture Trade-off

This section details the trade-off to select the final concept to start preliminary design. The graphical trade-
off method was used for the same reasons given in the prior trade-offs. The trade-off criteria are introduced
in Subsection 7.6.1, followed by the trade-off results and justification in Subsection 7.6.2.

7.6.1. Trade-off Criteria
As with the prior trade-offs, the stakeholder requirements identified in Table 6.2 were used to define the
trade-off criteria and weights, given in Table 7.3. All criteria were equally weighted.

Table 7.3: Overall concept trade-off criteria.

Criteria Weight Considerations

Mass 1/5 Flow down of MIS-REQ-08. Mass of mechanism parts as well as impact mechanism

has on mass of other parts.

Stowed volume  1/5 Flow down of MIS-REQ-09. Space occupied by parts. Considers interface require-

ments: size, number and accommodations that must be made in other parts.

Performance 1/5 Flow down of MIS-REQ-07. Static performance: loads imparted on sensitive compo-

nents (actuators), kinematic performance (range, resolution etc), thermal stability.

Cost 1/5 Flow down of MIS-OBJ-02. Also indicated by complexity. Design flexibility: how eas-

ily can it accommodate changes in design of interfacing parts. Number of parts. Con-
structibility of parts. Difficulty of assembly, integration and testing.

Programmatics 1/5 Flow down of MIS-OBJ-02. Low risk components require less resources for testing &
& Risk qualification. Can the concept be broken down into smaller but relevant elements

for further design & testing using resources available to MSc students?

Sum 1

Again, complexity was used as a cost indicator. Programmatics & risk were included as there was a strong

desire within the team to begin testing of prototypical hardware to demonstrate the feasibility of the DST
mechanisms. To aid this, a 3DOF mechanism with high TRL and short lead time parts would be highly desir-
able. The scoring system defined in Table 6.4 was used once again.
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7.6.2. Trade-off Justification

Concept B was scored at or above the same level as concept A in all trade-off criteria. Since all criteria also
have the same weighting, concept B was selected for further design work. The trade-off results are given in
Figure 7.15. Justification for each of the scores are set out below.

Concept A: 3x NLA Concept B: 4x PPA

Mass

Stowed Volume

Blue
Performance

Orange
Cost 9

Orange

Programmatics & Risk

- Several deficiencies
I - vvocceptable

++ Excellent

+ Good

0 Minor deficiencies

Figure 7.15: Graphical trade-off for final 3BDOF mechanism concept selection. Row heights indicate relative weighting of trade-off criteria.

Mass

Scores for both concepts were based on the =6 kg mechanism mass requirement. The fixed and moving
frames were expected to dominate the mechanism mass budget for both concepts and were expected to have
similar forms and masses. The total mass of the actuators in either concept did not make a large contribution
to the mass budget. A single Cedrat PPA40XL weighs 254 g and is 60 mm high. Assuming a 20 mm high
PPA10XL is roughly one third the mass of a PPAXL gives a total actuator mass of 85 g. For concept A with six
actuators this gave roughly 500 g for total actuator mass alone or about 8% of the total mass budget. The mass
contribution from the concept B actuators was even less. The remaining elements are very similar across both
concepts so there was no strong discriminator. Both received a score of good (+).

Stowed Volume

The usable volume in the stowed configuration is trapezoidal, shown in Figure 7.3. As the occupied height
increases, the available length and width of the mechanism decreases. The load calculations showed that it
is preferable to have a low, wide mechanism to reduce the launch loads on the actuators.

It was mentioned in Subsection 7.4.4 that the total height of the actuator stacks in both concepts was
expected to be similar. With its re-entrant design, concept B gives more design flexibility as the height of the
components do not stack whereas concept A could become congested quite quickly. There is no reason to
differentiate the volume needed by either concept in the length & width dimensions at this stage.

Concept A has minor deficiencies (0) due to the stacking of components whilst concept B is considered
to have good (+) performance since it is easier to fit all elements within the limited height.

Performance
Performance was assessed based on the actuator launch loads and stroke requirements. The PPA10XL was
selected for both concepts and can handle axial loads up to 2.2kN. Concept A required that the actuators
withstand loads of up to 2,000 N during launch and that each actuator be able to provide slightly less than 5
um stroke. Concept B generated loads up to 1,500 N on the actuators and a stroke requirement of a little less
than 10 um. The larger margin of safety in Concept B was attractive since the sizing calculations only took
the mass of the mirror into account though both concepts were workable. The additional stroke capability in
concept A was not necessarily an advantage as the calibration algorithm uses the telescope itself to measure
phasing errors. This technique is unable to detect - and thus control - displacements beyond the deployment
tolerance budget.

The NLA actuator assemblies used in concept A have been shown to exhibit excellent thermal stability
whereas there is no testing data for the thermal stability of the configuration in concept B. However, the
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push/ pull configuration in concept B operates on the same principle as concept A, so good thermal stability
should also be possible.

There were no stand-out differences between the anticipated performance of the two concepts upon
which to separate them. Both concepts scored with good (+) performance.

Cost

An immediate discrepancy between the two concepts was the cost of the actuators. The supplier was unwill-
ing to provide a hard cost estimate though they did confirm that if optimising for cost, that concept B would
be best [31].

From an instrument systems perspective, both concepts require a very small temperature gradient to be
maintained across the actuator pairs. This will likely require active thermal control, to be defined in future
MSc theses. The complexity of implementing such a system for concept B is greater than that for concept A
because of the larger distance over which the gradient must be maintained.

Most of the components in both concepts rely upon precision CNC and wire EDM machining, as well as
precision assembly techniques - particularly for the overconstrained elements. Both concepts are expected
to have similar manufacturing costs and complications.

Cost is most relevant in the short term for breadboarding which will be largely limited to equipment al-
ready available at TU Delft. The working principle of concept B could be demonstrated by testing with an
analogous, non-space rated (and thus cheaper) piezoelectric actuators. Testing and demonstration of con-
cept A necessarily requires the NLA assemblies from Cedrat which are custom products and are invariably
more expensive.

Concept B has minor deficiencies (0) with respect to cost as, over the short to mid term, breadboarding
could be possible, but difficult with the available resources. Concept A has several deficiencies (-) as testing
would require a dedicated effort or extended support from the supplier.

Programmatics & Risk

There is a strong desire in the team to begin testing the design concepts to demonstrate their feasibility. The
necessary test infrastructure, including a vibration isolation tables, interferometers and climate control, are
nominally available at Airbus Defence & Space NL who are supporting the project. The mechanism hardware
however, must be supplied by the project.

As alluded to in the previous discussion of cost, concept B, or elements thereof, could forseeably be tested
with an analogous actuator whereas the NLA assemblies in concept A cannot. Structural & engineering mod-
els of the fixed and moving frames, in-plane constraints, and mirror supports can be fabricated at one of
several TU Delft workshops which have prior experience manufacturing precision mechanisms for other re-
search purposes. Therefore in terms of short to medium term DST programme objectives concept B has,
qualitatively, lower schedule and resource risk. Unless the supplier is willing to donate or loan the NLA actu-
ators, selection of concept A would likely require significant diversion of resources from other DST activities
to test.

In terms of technical risk, flight models of the PPA actuators have demonstrated adequate operation in
space and thus have high TRL whereas the NLA has only undergone thermal vacuum testing on Earth. All
components in both concepts are ITAR free so do not present a regulatory risk.

Concept A had several deficiencies (-) with respect to programmatics & risk. Concept B on the other hand
only had minor deficiencies (0) as the DST programme could still be progressed with this concept, albeit with
an analogous actuator.

7.7. Concept Synthesis Summary
A methodical concept generation and synthesis process led to definition and selection of a mechanism that
represents a considerable evolution from the original baseline design.

A hybrid arrangement was chosen to isolate the mirror and support from the actuation loads. Four Ce-
drat PPA10XL linear piezoelectric actuators were selected to operate in two push/ pull pairs to provide sub-
nanometre level resolution motion. Displacement of the actuators is monitored with strain gauges bonded
directly onto the piezo ceramic stacks in a circuit configuration that renders the assembly immune to bulk
temperature changes. However, this requires very small thermal gradients across the actuator pair, which rep-
resents the greatest technical risk in the mechanism. Ongoing and future thermal modelling will determine
if this is viable.
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The actuators do not need a transmission and an HDRM is not required to support the mirror through
launch, simplifying its design. All parts are ITAR free.

Major assumptions made throughout the concept synthesis work detailed in both Chapters 6 and 7 are
listed in Table 7.4. The next chapter details the preliminary mechanical design and development of the mech-
anism finite element model.

Table 7.4: Major assumptions for concept generation work.

ID Description

ASM-CON-01 The M1 segments were assumed to be rigid bodies. Future work will need to verify effects of gravity
off-load on mirror surface figure with the flexured bipod support.

ASM-CON-02 A metrology mount will be available for terrestrial AIT unless the mirror segments are design to be
sufficiently stiff so that gravity sag is not a problem. The flight mirror support was not designed to
maintain the surface figure tolerances in Earth gravity.

ASM-CON-03 The M1 deployment tolerance budgets, which were defined in the segment coordinate frame, were
assumed to apply in the mechanism coordinate frame without transformation or loss of accuracy.

ASM-CON-04 The 8° rotation of the mirror backplane in the original baseline design was ignored. It was assumed
that the backplane can once again be made parallel to the deployment mechanism support frame
plane.

ASM-CON-05 A high voltage power bus will be available since the deformable mirror will also be driven by piezo-
electric actuators.







Mechanical Design

The objective of the bottom up mechanical design was to develop a preliminary design that could be verified
by modelling against the system requirements, and thereon used to assess the feasibility of implementing
a fine pointing mechanism for the DST. This chapter steps through the design process for the architecture
selected in Chapter 7 Mechanism Architecture Selection.

Design Concept
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Figure 8.1: Major tasks in the mechanical design chapter. IPC = In Plane Constraint.

The main tasks of the chapter are set out in Figure 8.1. Each of the main components were sized in turn.
To provide some context for the component level work, the reader is encouraged to turn to the final product
in Figure 8.30 on page 146, and examine the general layout of the mechanism.

The bulk of the mechanical verification analysis presented in Chapter 9 Verification was conducted using
SPACAR, a low order multi-body finite element modelling package written in MATLAB. ANSYS was used to
verify the SPACAR models, however because of the ANSYS license limits, this could only take place at the
component level. Therefore, the SPACAR and ANSYS finite element model development, and verification of
the SPACAR models with the ANSYS results, were executed in parallel with the component level mechanical
sizing. This is reflected in the presentation of those results throughout this chapter. The verified SPACAR
models of each component were then combined into a single assembly level model, extrapolating the verified
performance of the component models to the assembly model. The major weakness of this approach was that
the interactions between components predicted by the SPACAR assembly model have not been verified. This
is a topic for future work, either through acquisition of a commercial FEA license or ideally, testing.
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8.1. The SPACAR Finite Element Package

SPACAR is a MATLAB compatible software package for kinematic and dynamic analysis of flexible multibody
systems [66, 87]. It provides an avenue to calculate the rigid & flexible body kinematics, stresses, natural
frequencies & mode shapes, linear buckling, state space input/ output matrices and dynamic behaviour of a
mechanism [2].

SPACAR was selected for the mechanical verification activities first and foremost because it is developed
at TU Delft and the University of Twente, so licenses able to model the full PMAO mechanism were freely
available. Secondly, computation times were much shorter than those of meshed finite element packages
like ANSYS, so it became feasible to include the finite element simulations "in the loop" with the telescope
ETEP model for Monte Carlo statistical analyses.

The major trade-off with this method is that the pre-defined elements only exhibit a limited set of be-
haviours that are strongly dependent upon the user defined setup. Therefore, ANSYS was used to verify the
SPACAR models.

A survey of the technical literature was conducted to understand what level of accuracy could be expected
from SPACAR. The results of that survey are given below. A more detailed introduction to the SPACAR mod-
elling methodology in Subsection 8.1.1, followed by how it was implemented for the PMAO mechanism in
Subsection 8.1.2. A description of ANSYS and the analyses used in the model verification exercises is given in
Section 8.2.

Expected Accuracy of the SPACAR Models

SPACARhas found use in several other compliant mechanism prototyping, optimisation and modelling stud-
ies [1, 19, 65, 88]. Studies using SPACAR to model the dynamics of relatively simple mechanisms found that
while the trends and overall behaviour were predicted well, the numerical differences were typically on the
order of 10% compared to verification with ANSYS and experimental results [56, 87, 88]. The accuracy of
the SPACAR calculations have also been shown to degrade as the order of the eigenmode or buckling mode
increases [56].

Additionally, the performance of precision mechanisms can be strongly influenced by imperfections in
the test materials and set up [56] which can be difficult to capture in analytical models. This does apply to all
modelling approaches though and not just SPACAR. A sensitivity analysis to assembly tolerances can help to
understand these effects before committing to testing.

It was concluded that SPACAR models are best suited to understanding trends rather than precise results,
which was acceptable for the purposes of this feasibility study. It was expected that the SPACAR models should
be able to predict the first eigenfrequency and critical buckling load to within approximately 10% of the value
calculated by the ANSYS verification model. Ultimately, the worst-case error in the prediction of both values
were 6% and 11.2% respectively. The degradation in accuracy for higher buckling and eigenmodes was also
present. Both outcomes were thus in reasonable agreement with the limitations of SPACAR reported in the
literature. However, the accuracy of the maximum equivalent stress in launch was much worse, with a max-
imum error of 29%, caused by SPACAR’s inability to predict stress concentrations with the same fidelity as
ANSYS.

8.1.1. Modelling Methodology

SPACAR models are defined with keyword based text files. They can be defined in 2D or 3D, built up with one
or more elements from a pre-defined library connected via translational and/ or rotational nodes. These co-
ordinates define the position and orientation of each of the elements with respect to a fixed global coordinate
frame.

SPACAR has a series of standard elements such as planar beams, spatial beams, hinges and trusses with
which a mechanical system can be realised. Each type of element has a fixed number of independent defor-
mation modes which describe the shape of the element and the position of the nodes of that element relative
to each other. The position & orientation nodes and the deformation modes can be "fixed" or "released" by
the user, allowing fine grained control of the model. It is this mechanism that reduces the computation so
much compared to meshed methods: the order of the model - the number of degrees of freedom - is greatly
reduced through this selectivity.

The most frequently used, pre-defined, element through all of the PMAO SPACAR models is the "spatial
beam", a simple beam with closed cross-section, shown in Figure 8.2. In addition to the normal six degrees
of freedom in rigid body motion, the spatial beam also has six independent deformation modes, e;: an elon-
gation deformation along, and a torsional deformation about, the longitudinal axis of the beam; and four
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bending deformations, two in each of the planes with normal vectors perpendicular to the longitudinal axis.
Including the deformation modes in the model allows the user to model the elastic behaviour of flexible ele-
ments in a compliant mechanism.

Mass and inertia can be assigned by the user to elements as a distributed property or lumped at nodes.
Stiffness properties of elastic elements must also be specified. Additionally, external loads, internal stress-
states and inertial acceleration of the whole model all provide avenues for a variety of mechanisms and load
cases. Further description of how to set up and use SPACAR can be found in the user manual [1]. An example
SPACAR setup file for a sheet flexure model is given in Appendix L.

In all of the PMAO models, only the flexures were modelled as elastic elements. This was verified by
confirming that the equivalent stress in all elements remained below the yield strength of the material. All
other elements were modelled as rigid beams, as it was assumed that their stiffnesses were several orders of
magnitude greater than the flexures. The ANSYS verification confirmed the validity of this assumption.

Figure 8.2: Spatial beam element as modelled in SPACAR with deformation modes e;. The location of each beam is defined with location
nodes p and q. Adapted from [19].

8.1.2. Implementation

A suite of handler functions were written to automate definition of each of the SPACAR models and test cases,
batch process each of the SPACAR runs and automate post processing of the load, stress, modal and displace-
ment data. A flow chart describing the operation of this suite is given in Figure 8.3.

runManager can be operated as a standalone function for prototyping or called from an external func-
tion, such as pmaoFORTA, to interface with the DST end to end performance (ETEP) model. As its name
suggests, it manages all user inputs, calls datBuilder to write the SPACAR setup file for the tests requested
by the user, calls SPACAR to execute the simulation then passes the data to postProcessing to extract
loads, stresses, deformations, modal and buckling results. SPAvisual is part of the SPACAR package and pro-
vides a visualisation of the model. A very useful package, spascripting developed by S. Boers!, was used to
synthesise the SPACAR input *.dat files in datBuilder.

Assumptions universal to all of the SPACAR modelling are set out in Table 8.18 on page 148 at the end
of this chapter. The methods used to calculate the equivalent stress, eigenmodes, frequencies and buckling
modes are given in the following subsections. Figures mapping out the element and nodal setup for each of
the SPACAR models are given in Appendix I.

lContact: s.e.boer@utwente.nl.
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Figure 8.3: Flow diagram of SPACAR handling functions. spascripting, SPACAR and SPAvisual were developed by others.

Equivalent Stress

SPACAR reports a series of cross-sectional stress resultants for every element in a model. For the elements
used in the PMAO SPACAR models, which were all spatial rigid beams, these can be translated into normal
and shear stresses, and there-on to an equivalent stress using von Mises theory via [19]

Oeq=1\/0%+37%,+31%, (8.1)

where the subscripts are given in the local coordinate frame of the beam element. A more detailed de-
scription of the process is available in [19]. SPACAR provides an internal function to execute this calculation.
The accuracy of the stress calculation can suffer under the following conditions [18]:

¢ In the vicinity of supports or concentrated loads.
» Thick walled circular hollow cross-sections. Stresses are calculated using thin-walled assumptions.

* For cross-sections where the shape would undergo gross deformation. SPACAR assumes that the cross-
section does not change shape.

Eigenmodes, Eigenvalues & Buckling Modes

SPACAR calculates the mass M, structural stiffness K and geometric stiffness G matrices based on linearisation
of the system behaviour for each load or time step [18]. Vibration modes and eigenfrequencies can be found
for an undamped system by solving the generalised eigenvalue problem,

Kv=AMv (8.2)

where v is an eigenmode with eigenvalue A for eigenfrequency w in rad/s per A = w?.

The linear buckling analysis is valid for static equilibrium or steady state motion conditions [1]. Using
this analysis for the highly dynamic launch environment is acceptable for now since the launch loads are
conservatively estimated using quasi-static values.

The critical buckling load parameters A; can be found from the solution to a second eigenvalue problem,
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Kv=-1Gv (8.3)

The critical loading parameters relate buckling loads f; to reference input loads fo via

fi =Aifo (8.4)

To obtain the system matrices and extract the buckling results, the user must specify a reference load,
nominally 1 N, at a location of interest and in a specific direction. The buckling loads are simply then the
critical buckling loads for external loads applied at that location and in that direction.

Note that this is a linear analysis based on the standard assumptions of Euler buckling. It does not accu-
rately simulate non-linear buckling phenomena. Since any amount of buckling & local yielding is detrimental
to the PMAO performance, the conservatism of Euler buckling was considered acceptable for prototyping.

8.2. SPACAR Model Verification Methods

The accuracy of SPACAR depends on the fidelity of the model and validity of its assumptions. That is, the num-
ber of elements and DOFs the user assigns to each physical member, and their material properties. ANSYS,
which can have orders of magnitude more elements in each member and thus greater fidelity and accuracy,
was used to verify the accuracy of the SPACAR component models. This verification is not final: there were
still many assumptions in the ANSYS modelling. Only testing could truly verify the SPACAR models.

The following analyses were carried out to verify the static and dynamic results generated by SPACAR:

¢ Modal analysis for eigenmodes & eigenfrequencies.
e Linear buckling analysis for critical buckling loads and mode shapes.
e Static structural analysis for maximum equivalent stress under launch loads.

e Static structural analysis for maximum equivalent stress under maximum nominal displacement dur-
ing operations.

The setup and assumptions for each analysis method are described in Subsections 8.2.1 to 8.2.4 respec-
tively. In general, automatic meshing was used with an adaptive sizing function based on a minimum element
size. All simulations used linear elastic models, which remain valid so long as no components were stressed
beyond the linear elastic region. This was acceptable since any degree of yield was considered a failure for
the PMAO.

Unless noted otherwise, the same method was applied for each component model with the only major
change being the component geometry and locations of fixity or force application, which are generally self
explanatory. Some component models required extra analyses. These are noted in the component model
descriptions in Sections 8.4 to 8.8. An initial note on the ANSYS license limitations is given below.

License and Limitations

ANSYS Mechanical Workbench v19.0 with Academic Teaching Mechanical and CFD license was used for the
SPACAR model verification. This license is available to TU Delft students as standard, and has a 256,000 mesh
node limit. This was insufficient to gain mesh independence for the integrated assembly model, and was
only just sufficient for the component analyses. The main challenge was that the smallest dimensions of the
flexures, which dictated the nominal mesh element size, were up to four orders of magnitude smaller than
the largest dimension of the greater part. Filling out a larger part with very small elements inevitably lead to
very large mesh node counts. Exploiting symmetry and varying the density of the mesh throughout a part did
improve the efficiency of the analysis, but not enough that the integrated model could be verified.

8.2.1. Modal Analysis
The modal analysis was conducted with the parts in the nominal unloaded, non-displaced resting state in
static equilibrium conditions. The modal verification was the primary method used to verify the choice of
which deformation modes to include in the SPACAR models. No pre-stress was applied to the model for the
modal analysis.

The first three eigenfrequencies and eigenmodes were extracted from the ANSYS model to check the
SPACAR models’ ability to predict the qualitative performance of each PMAO component. The same logic
was applied for the linear buckling verification described below.



106 8. Mechanical Design

8.2.2. Linear Buckling Analysis

The buckling modes and critical bucklingloads were calculated using the eigenvalue buckling analysis toolset,
which uses the classical Euler solution. This is the same solution used in the linear calculations in SPACAR. It
is an optimistic solution since imperfections in the material, and fabrication/ assembly alignment tolerances
not included in the model decreases the buckling performance of almost all structures.

Similar to the modal analysis, the linear buckling analysis was conducted in the non-displaced resting
state in static equilibrium conditions with no pre-stress. As in the SPACAR analysis, the ANSYS buckling
analysis calculates the critical buckling loads in a reference direction defined by a reference load set by the
user. Each of the PMAO components were primarily susceptible to buckling along their slender axes, so
critical buckling loads were calculated in both SPACAR and ANSYS those single directions only.

One end of the part was fixed in all degrees of freedom with a 1 N reference load applied at the other
end of the part, along the slender axis. The same load and end conditions were also applied in the SPACAR
buckling analysis.

8.2.3. Maximum Equivalent Stress: Launch

SPACAR uses the von Mises stress to calculate the equivalent stress in a beam, so the same output was gen-
erated in ANSYS. The objective of this analysis was to compare the location and magnitude of the maximum
equivalent stress in each part. However, the use of rectangular section flexures without corner fillets gave rise
to large stress concentrations at the roots of each flexure in the ANSYS models. It was found that the finite
elements in the SPACAR models were incapable of predicting the presence of these stress concentrations with
the same fidelity, so the maximum stress through the centreline of a part in ANSYS, away from sharp corners,
was often used instead. More detail is provided on a per part basis throughout the rest of this chapter.

It was assumed that this would still give a reasonable indication of whether a part could be expected to
survive the launch loads, since the stress concentrations would certainly be designed out during detailed
design. The maximum stress through the body of the flexure would then be more indicative of the stress state
in launch.

8.2.4. Maximum Equivalent Stress: Displacement

The largest loads experienced by the mechanism throughout its lifetime will be in either testing, or launch.
However, the SPACAR models were also used to confirm that the components will not yield during nominal
operations.

The maximum equivalent stress was found for each part after a nominal displacement had been applied.
As for the launch stresses, the von Mises stress was used to find the maximum equivalent stress away from
stress concentrations.

The first step in the sizing and modelling operations was selecting the material. This process is docu-
mented in the next section.

8.3. Material Selection

The preliminary PMAO mechanism design uses a single material to simplify the thermal design. Material cost
is expected to be a small percentage of total system cost so the focus of this selection was on attaining high
performance instead.

The PMAO material selection process uses much of the method and justifying arguments first presented
by Smith & Chetwynd for precision mechanisms [106]. General requirements were translated into desired
material behaviours characterised by quantifiable property groups, typically a ratio of material properties
such as density, yield strength or thermal conductivity. The property groups for each material were then
collated into a property profile which is a graphical representation of the performance of the material across
each of the desired behaviours. Candidate materials could then be readily compared over a broad range
of criteria with a single tool. Flexures require a strong, elastic material with homogeneous and isotropic
properties, so only metals were considered.

Important property groups are discussed in Subsection 8.3.1, separated into mechanical and thermal do-
mains. Candidate materials and their property profiles are constructed in Subsection 8.3.2 based on data
tabulated in Appendix K Material Properties. The comparison and selection are documented in Subsection
8.3.3.
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8.3.1. Material Property Groups
This section translates the general PMAO requirements into desirable material behaviours and derives the
appropriate property groups. The main use cases for the PMAO mechanism will be:

1. In the stowed configuration during launch.
2. In the stowed configuration with no baffle during LEOP (Launch and Early Operations).

3. In the deployed configuration with the baffle also deployed during nominal operations.

The flexures must provide highly repeatable behaviour whilst also restraining the comparatively massive
mirror segment through the rigours of launch. The whole assembly should undergo very little shape change
in the presence of dynamic thermal loads and reach equilibrium with its surroundings as quickly as possi-
ble. A high thermal stability is necessary to meet the thermal drift budget. Appropriate material selection is
central to achieving all of these requirements.

The following property groups were derived using simple physical models to estimate how the material
influences the behaviour of more complex structures.

Mechanical Properties
Material Response to Static Loads
The PMAO will undergo severe mechanical loads during launch and similarly severe thermal excursions dur-
ing LEOP. During both phases, it will be sufficient for the mechanism simply to survive these conditions: the
stress in all components shall not exceed the yield strength? Sy.

An appropriate property group given the need to minimise weight is strength to weight ratio Sy /p with p
the material density. This maximises the load capacity of small structural members.

Very high repeatability is a critical behaviour of the flexures, requiring that they not undergo any amount
oflocal yielding. The maximum strain of a flexure is governed by the Young’s Modulus E and yield strength of
the material,

Sy
€= —

E (8.5)

Maximising this ratio Sy /E will therefore provide a larger allowable deflection without a loss of mechan-
ical repeatability. Yield strength is taken instead of ultimate strength since the flexural components must
remain in the linear elastic region at all times.

Material Response to Dynamic Loads
It is desirable to have high resonant frequencies both to meet the launch requirements and to maximise the
bandwidth of the mechanism. The fundamental frequency of a simple mass-spring system is given by

1 [k
fn — (8.6)

“2i\m
where f;, is expressed in Hz, k is the stiffness of the spring and m the mass supported at its end. Consid-
ering a beam of length L, cross-sectional area A, tensile stiffness EA/L and mass p AL, gives a fundamental
frequency of

1 [E
fn—g m 8.7)

So for all other parameters held constant, the resonant frequency of a beam is maximised by increasing
the ratio (E/p)'/2. Increasing the ratio E/p also minimises self-weight deflection of a beam [106], which is
desirable for elastic mechanisms calibrated on the ground but operated in the microgravity environment of
low Earth orbit.

2Recall from Subsection 4.2.1 that it has been assumed that the yield strength of a material can be used to approximate the elastic limit
throughout this thesis.
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Thermal Properties
It is expected that the largest thermal transients and gradients will occur as the spacecraft transits the termi-
nator, moving from the coldest to hottest conditions. This is also when the actuators are expected to be most
active, dissipating heat behind the mirror as they work to compensate for the ensuing thermal drift. Once the
position of the primary mirror has been calibrated, the actuators must hold their position, dissipating a small
but steady quantity of heat.

The operational thermal environment can therefore be characterised by longer periods of equilibrium
with stable internal heat dissipation, punctuated by short intervals of abrupt change, in external radiative
heat input and varying internal dissipation from the actuators.

Material Response to a Temperature Gradient
Each of the actuators will have different displacement profiles and thus differing self-heating profiles. Since
they are overconstrained, the ensuing thermal expansion will cause an increase in internal stress governed by

o =EaAT (8.8)

where « is the coefficient of thermal expansion of the material and AT the difference in temperature
between the warmer actuators and cooler bulk of the fixed & moving frames. This relationship holds so long
as the material is homogeneous, isotropic and does not exceed its elastic limit. Similar behaviour may occur
if one actuator stack is inadvertently powered while the others are left stationary and cold. Internal stress can
cause stress stiffening of flexures, degrading the repeatability of their force/ displacement behaviour.

Minimising aE is clearly desirable to keep the induced stresses low. This same principle is applicable to
any other clamped, constrained components that may undergo differential heating, including the in-plane
constraints.

As a general comment, where the coefficient of thermal expansion « appears in a property group, the
quantity @ E should be used for clamped members, rather than just a, since it is usually desirable to keep
internal stresses low. Free members are not overconstrained so don’t have this problem. In that case, the
objective is normally to minimise dimension growth by minimising « alone.

Material Response to Steady Heat Sources

The operation of the actuator push/ pull pairs relies upon a negligible thermal gradient across the ceramic
stacks. It is also desirable to conduct the internally dissipated heat away from the actuators to prevent them
from exceeding their Curie temperatures. Once the mirror is calibrated, the structure will also have to exhibit
very high thermal stability in the presence of steady state heat from the actuators during image acquisition.
The very thin in-plane constraints are also one of the primary conduction paths between the moving and
fixed frames.

For each of these reasons, materials with a high thermal conductivity and/ or a high volume specific heat
are desirable. This means that fluctuations in heat flux lead to comparatively smaller temperature changes
for a given volume of material.

To find an appropriate property group, consider a source generating a heat flux ¢ W/m? through a beam
of constant cross-section A and length L. From Fourier’s law for heat conduction, this will cause a tempera-
ture gradient AT across the beam [106],

_4aL
Tk

To ensure good dimensional stability, the strain in the beam resulting from the average temperature in-
crease AT/2 over the beam should be minimised. Thus from

AT (8.9)

_qLa
2k
the ratio &/ k should be kept as low as possible for free members and a E/ k for clamped members.

(8.10)

Material Response to Unsteady Heat Sources

The mission concept of operations anticipates a settling period upon exiting each transition through the
terminator so that the components can fall back within the thermal drift tolerance budget. It is desirable for
this to happen as fast as possible to maximise imaging time. Materials with high diffusivity are advantageous
in this case.
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The one dimensional heat equation [106] gives

oT  k 0°T 811
ot cpp 0x? ®.11)
with x the position along the conductive path and ¢ the time. ¢, is the specific heat capacity of the material
at constant pressure and is considered negligibly different from the value at constant volume in solids for the
purposes of this analysis. Thus the diffusivity k/c,p can be increased by using with materials with better
thermal conductivity or lower density and specific heat capacity.
The calibration procedure puts the actuators through a period of very dynamic use and equivalently, un-
steady heat dissipation, after deployment and possibly after every transition through the terminator. Assum-
ing all of the heat is absorbed by the structure, the change in temperature is given by

Qin =Qour (8.12)
Qactuator =mcpAT (8.13)
=ALpcp,AT (8.14)

The quantity pc, is called the volume specific heat and should be maximised to reduce the rise in tem-
perature of structure for a given heat input. The resulting strain € from that temperature rise is

aQ
ALpcy

(8.15)

e=aAT =

Ideally, a free, thermally stable structure such as the mirror supports should have a small a/pc), to be
dimensionally robust in the presence of transient heat sources. Clamped structures should have low aE/pc),.
Table 8.1 summarises the results of the property group derivations.

Table 8.1: Summary of property groups used in material selection.

Property Group Behaviour Desired Trend

%Y Increases strength to weight ratio. High

STY Increases flexure repeatability. High

% Increases fundamental frequency. Decreases self-weight deflection. High

C,,Lp Increases thermal diffusivity. High

% Decreases dimensional stability in presence of unsteady heat sources  Low
for free members.

% Increases thermal stresses in presence of unsteady heat sources for Low
clamped members.

a Decreases dimensional stability in presence of temperature gradient Low
for free members.

aE Increases thermal stresses in presence of temperature gradient for Low

clamped members.

% Decreases dimension stability in presence of steady state heat Low
sources for free members.
% Increases thermal stresses in presence of steady state heat sources for Low

clamped members.

8.3.2. Material Profiles

Material profiles were created by ordering each of the materials’ quantified property groups side-by-side in a
line plot. A logarithmic scale helps comparison of order of magnitude differences in performance. Normali-
sation to a "standard", but fictitious, material allows property groups with widely different magnitudes to be
compared next to each other on that same scale.
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The "standard" material has properties that would normally be considered "good" for the application
under review. This is somewhat subjective but avoids the danger of a user considering a certain material to
be the "standard" option before conducting a proper comparison of the available options [106]. Properties
for the fictional standard material are given in Table 8.2, taken from [106] for use in precision mechanism
applications.

Table 8.2: Fictitious standard material used to normalise property groups for material comparison. Taken from [106].

Property Value
Young’s modulus 200 GPa
Maximum strength 300 MPa
Density 4000 kg/m?®
Coef. thermal expansion 7x1076 k1
Thermal conductivity 150 W/m—-K
Specific heat capacity 750 J1kgK

Each of the candidate materials are introduced below. Their property profiles are shown in Figure 8.4. All
material data is collated and referenced in Appendix K Material Properties. All data was collected at room
temperature since the nominal design temperature is 298 K. Only a qualitative understanding of changes in
material behaviour for large temperature excursions were used when considering performance during LEOP.

Aluminium

One of the most common Aluminium alloys used in structural applications is 6061-T6. It has medium strength,
good dimensional stability and machinability, and excellent weldability [126]. It is comparatively cheap and
easy to source. It has a high thermal expansion coefficient. 7075-T6 is another common high strength al-
loy though is prone to stress corrosion cracking. It also has good machinability but poor weldability. Pure
Aluminium is very weak and not considered.

Steel

Steel is rarely used in optical applications due to its high mass [126] though where it is used in spacecraft,
most of it is stainless due to its corrosion resistance and ability to maintain its strength at high temperatures
[103]. Steel normally has good machinability and weldability but non-stainless variants require a coating to
protect it from corrosion. Stainless steels are more ductile than low carbon steels and the 300 series are non-
magnetic and hard to machine due to work hardening [126]. The common 304 stainless alloy is included.

Beryllium

Beryllium is light weight, has high stiffness, high thermal conductivity and has very good properties at cryo-
genic temperatures [126]. The segmented mirror blanks and support structure of the JWST primary mirror
are made of Beryllium [79]. The main advantages of Beryllium are its very high specific stiffness, low CTE and
high thermal conductivity, thus it finds a lot of use in alignment applications in space [103]. It is more expen-
sive than many other metals and is toxic in powder form, complicating fabrication. Welding is difficult and
the coefficient of thermal expansion can differ strongly, depending on the orientation of the microstructure
in its pure form [126]. Beryllium Copper is a popular alloy in aerospace applications and has high strength,
high fatigue strength and similarly good cryogenic performance [115].

Invar

Invar 36 and Super Invar are two varieties of very low expansion Iron-Nickel alloys. The main advantage of
Invar 36 is its very low coefficient of thermal expansion, though this is only over a limited range and it is
very heavy compared to lighter metal alloys [126]. The minimum steady state temperature expected during
LEOP is 188 K. Super Invar changes phase at temperatures below 223 K, so is not suitable for use in the
primary mirror subsystems and not considered in this comparison. It has a similar CTE to Silicon Carbide,
the material of choice for the mirror substrate, reducing the likelihood of stresses from differential thermo-
elastic expansion.
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Magnesium

Magnesium is very light compared to most other metals, has a high heat capacity and medium strength but
poor resistance to corrosion and a high coefficient of thermal expansion [103, 126]. Its influence on gal-
vanic corrosion of other metals cannot be ignored, particularly for stainless steels, Titanium, Copper and
Aluminium alloys [126].

Titanium

Titanium alloys are very popular in aerospace structures due to their high strength to weight ratio and good
retention of its properties up to 973 K [103]. It has good corrosion resistance, is non-magnetic and has a CTE
compatible with many glasses used in optics. Ti-6Al-4V is a common alloy that has reasonable workability
though it rapidly degrades cutting elements during machining. Welding is possible though difficult, whereas
brazing is a more common method of joining [126].

Dimensional stability, free member
Stress buildup, clamped member
Dimensional stability, free member
Stress buildup, clamped member
Dimensional stability, free member
Stress buildup, clamped member

Fundamental frequency &

Self-weight deflection
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(specifici strength)
Temperature gradient
Temperature gradient
Steady heat source
Steady heat source,
Unsteady heat source
Unsteady heat source
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Figure 8.4: Candidate PMAO material property profiles. Note that scores in each property group are linked to provide a visual cue for
comparison only, the line has no physical meaning. Successive quantities in each profile are independent. Values are normalised to
performance of a fictitious standard material defined in Table 8.2.

8.3.3. Material Selection

Beryllium Copper has the best strength to elasticity ratio, but middling performance over the remaining cri-
teria so was not a strong candidate. Similarly, while Magnesium offers outstanding specific elasticity and
strength to weight, it also exhibits mediocre performance in the remaining criteria. 304 Stainless Steel has
consistently poor performance. This was expected, its inclusion was mainly to provide a commonly used
reference material to gauge the performance of the other, more exotic, metals. Neither stainless Steel nor
Magnesium were good candidates.

Despite its excellent performance wherever low CTE was important, Invar-36 is usually considered a poor
choice for flexures due to its very low mechanical repeatability and poor deflection under self weight [121].
It was not considered for the flexures. Beryllium I-70 performs very well where dimensional stability around
heat sources is important. Its poor strength to elasticity ratio and requirement for special safety precautions
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makes it less attractive. Aluminium 7075 outperforms the 6061 alloy across all but three mechanical property
groups. It is light and easily workable but was let down by its high CTE.

The Titanium alloy had the best overall performance except where thermal conductivity was concerned.
Its mechanical performance is very good - important for flexure repeatability and surviving launch. It also
performs very well where dimensional stability is required. Its ability to retain these properties to high tem-
peratures is advantageous for the LEOP use case. Ti-6Al-4V was selected for the preliminary PMAO design,
with Beryllium I-70 and Aluminium 7075 as secondary options if further light-weighting or better transient
thermal performance is needed. Invar-36 remains a possible choice for the support bipods if the thermal
stability needs improving thanks to its closely matched CTE to that of Silicon Carbide.

The Ti-6Al-4V material properties listed in Appendix K were used in the SPACAR and ANSYS models.

8.4. Sheet Flexure

The sheet flexure is the fundamental compliant element used throughout the PMAO mechanism. The pur-
pose of this section is to set out the basic design equations and modelling assumptions for sheet flexures,
and to verify those design methods and assumptions for re-use throughout the rest of the PMAO. Only slight
modifications were necessary to use the same equations and assumptions for the in-plane wire flexures.

The design equations are presented in Subsection 8.4.1. As an example, they are applied to the universal
joint hinge flexures in Subsection 8.4.2. A description of the SPACAR model for the universal joint flexures is
given in Subsection 8.4.3, followed by the ANSYS model verification results in Subsection 8.4.4. The section
concludes with a summary in Subsection 8.4.5.

8.4.1. Flexure Sizing Relations

Different flexure profiles offer a range of advantages and disadvantages including ease of accurate analysis,
ease of manufacture, reduction of stress concentrations and better definition of the rotation axis which leads
to smaller parasitic errors. Circular notch flexures, for example, offer a much smaller drift of the rotational
axis of the flexure compared to rectangular section sheet flexures [106, p. 118], which is useful if parasitic
errors must be controlled.

For simplicity, all PMAO flexures were modelled either as rectangular sheet flexures or square-section wire
flexures®. The rectangular cross-section lends itself to simple analysis, though the abrupt change of cross-
section can lead to high stress concentrations [126, p. 569], which will be seen in the ANSYS verification
model results.

The flexures have both stiffness and strength design criteria that can be used to guide the necessary sizing
relations:

Strength Criteria

1. To withstand the stresses from deflections during operations without yielding or buckling.
2. To withstand the launch loads without yielding or buckling.

Stiffness Criteria

3. To adequately decouple the desired freedoms from desired constraints.
4. To have a fundamental frequency greater than 100 Hz.

Stresses from Transverse Loads
Sheet flexures are compliant under transverse loads and stiff under axial loads. Thus the strength criteria dur-
ing operations generally focus on bending stresses due to actuation loads and the strength criteria generally
focus on axial stresses due to launch loads.

All of the sizing relations for the sheet and wire flexures are based on Euler-Bernoulli beam theory of a
cantilevered beam per Figure 8.5.

The second moments of area are given by

1

IXX:Ebt?’ (8.16)
1

Iyy = Etbg (8.17)

3References [81], [106] and [126] are good resources to guide selection of new flexure profiles in future iterations of the PMAO.
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Figure 8.5: Left: Sheet flexure modelled as a cantilevered beam. Right: Bending of cantilevered beam under transverse load Fy.

Sheet and wire flexures are used in the PMAO mechanism to variously allow translations and/ or rotations
about an ideal pivot point. The right hand frame of Figure 8.5 illustrates the resulting geometry for the case
with transverse load Fy. The displacement at the tip of the beam 6y is given by [128, p. 189]

FyI3
Y=—r (8.18)
3EIxx
Note the small motion d 7 that occurs due to conservation of length of the beam. In this context, it is
called a parasitic displacement because it is a small, unwanted motion in a direction that would nominally be
a constraint for the sheet flexure, but is unavoidable given the physical realities of the material. It is calculated
in SPACAR, but ignored in these sizing calculations as it is not one of the main design criteria.
For these sizing purposes, the rotation 6x of the beam due to the transverse displacement is modelled as
the angular deflection at the tip:

FyI?
2EIxx
There is a parasitic shift of the pivot point as the beam deflects which, given the small deflections used in
the PMAO, were assumed negligible for sizing purposes. The maximum stress in the beam due to bending is

X = (8.19)

Mc
Ixx

with M the applied bending moment and c the distance from the neutral axis to the point of load appli-
cation. For small motions M = Fy L. Additionally with ¢ = /2, equation 8.20 can be substituted into equation
8.18 to find the maximum bending stress as a function of transverse displacement d y

(8.20)

Omax =

3Etdy
212
Equation 8.21 can similarly be expressed in terms of the rotation 6x by substituting equation 8.19 into
equation 8.20 to give

(8.21)

Omax =

Et0y

L
To remain in the linear elastic region and prevent yield, the maximum allowable stress is the yield strength
Sy, reduced by a suitable safety factor n = 1, giving the maximum allowable bending stress,

(8.22)

Omax =

Sy
Omax < — (8.23)
n
Either equation 8.21 or 8.22 can be substituted into equation 8.23 to give a limiting design equation for
yield strength. Note that transverse shear stress has been ignored. This is acceptable for rectangular beams
so long as the length to thickness ratio is greater than 10 [26, p. 98] as is typically the case for sheet and wire
flexures.
The transverse displacement 6y can also be given in terms of the rotation 0 x of the end of the flexure via
[128, p. 18p]

2
Oy = —§L9X (8.24)

Equation 8.24 is used as a convenient input in ANSYS and SPACAR to find the maximum equivalent stress
under the nominal maximum deflection.
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Stresses from Axial Loads
The stress from an axial load F is calculated via

o= (8.25)

Equation 8.25 can then be compared to equation 8.23 to check for yield.

Buckling
A simple if optimistic check against buckling can be made. Assuming that the flexure can be modelled as an
Eulerian column? with fixed-free end conditions, the critical unit load is

2ELpin

P = 412

(8.26)

where I,,;, = bt3/12 is the smallest second moment of area of the flexures’ cross-section. The flexure
will not buckle so long as the cross-sectional area is large enough that the critical unit load is not exceeded.
Similarly for a beam with fixed/ fixed end conditions

2
o = 2 min le min (8.27)
Fundamental Frequency

It is useful to have an estimate of the fundamental frequency of a flexure to compare against results from
both the SPACAR and ANSYS analyses. This can be found by solving the Euler-Lagrange equation for a fixed/
free cantilevered beam. In the absence of external loads, the beam undergoes free vibration. Assuming that
the beam has constant rectangular cross-section & material properties along its length, the Euler-Lagrange
equation takes the form

ot wix, 1) ?w(x, 1)
T T
For transverse displacement w(x, t) of the beam along its length 0 < x < L over time ¢. For a stationary,
unforced beam, the initial conditions are

EI

0 (8.28)

ow(x,0)
w(x,0) =0 — =0 (8.29)
ot
The boundary conditions with one end clamped and the other free are
ow(0,1)
w(0,1) =0 — =0 (8.30)
0x
prfeLn prfeLn (8.31)
0x2 0x3 '

where the last two equations give the bending moment and shear force at the free end of the beam re-
spectively. The general solution gives the modes w,, with natural frequencies w, in the form

wn(x, 1) = Ag (sin(xBy)) + Az (cos (xB,)) + Az (sinh (xB,)) + A1 (cosh (xB,)) (8.32)

where the A; are constants whose values can be found from the specific geometry of the problem and the
natural frequencies are given in rad/ s by

EI

_ 2
wpn = (ﬁnL) pAL4

(8.33)

If only the fundamental frequencies are of interest, the problem can be reduced to solving the equation

4This is not strictly valid. Euler’s formula is derived assuming that the length of the column is large relative to the thickness and width of
the column, which is not true for dimension b in this case. Nevertheless it provides a quick and simple sanity check of the finite element
results.
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cosh(BnL)cos(fr,L)+1=0 (8.34)

Note that the Euler-Lagrange equation was solved over the x dimension only. This is sufficient to provide
the fundamental mode and frequency of a cantilevered beam undergoing free vibration but is incapable of
predicting higher order modes. This is acceptable for the current analyses since its purpose is only to provide
a sanity check of the computational methods.

8.4.2. Application: Universal Joint Sheet Flexures
The universal joint was first shown in Figure 7.4 on page 84. A simple implementation is used in the prelimi-
nary PMAO design, shown in Figure 8.8 on page 119.

Each of the universal joints are identical, as are the four flexures arranged in two pairs in each joint. Since
the flexures are compliant for out of plane motions, the assembly was designed so that the universal joints
only undergo axial loads. Each flexure takes half of the axial launch load placed on the joint. It was assumed
that the peak stress in the joints will occur in the region of smallest cross-sectional area (ignoring the effects
of stress concentrations). That is, the flexures.

Launch Loads

To start, the minimum cross-sectional area needed to withstand the launch loads was found. The width was
dictated by the dimensions of the actuators. The centre aperture of the joint must provide clearance for an
M5 bolt for one of the actuator/ universal joint interfaces. Assuming hexagonal socket head machine screws
are used, the minimum inner diameter must be 10 mm to provide clearance for the 9.8 mm diameter socket
head. Since the outer diameter of the actuator is 30 mm, the maximum allowable universal joint flexure width
b was then 10 mm.

It was assumed throughout the mechanical design that the minimum feature size for all parts should be
no less than 0.5 mm to enable standard high precision machining methods. This dictated the minimum
flexure thickness t.

A rule of thumb in flexure design is for the width b to satisfy the condition L < b < 2L to maintain reason-
able stiffness against in-plane shear loads [126, p. 572], whilst still minimising torsional stiffness [57, p. 191].
For the Euler-Bernoulli beam theory to hold, the ratio L/t > 10 must be satisfied, as should the ratio b/t > 10
so that the flexure is stiff against rotation about the local y axis [102], as defined in Figure 8.5. Assuming a
width of 10 mm and length 6 mm satisfies each of these conditions.

The launch load per flexure was derived from equation 7.29 assuming a mirror mass of 6 kg and worst-
case ratio h/ Ry of 1.2 per the concept B launch load sizing in Section 7.4. Also recall from Section 3.3 System
Requirements Analysis that the 30g launch loads already include a safety factor and need no further amplifi-
cation. The resulting launch load per flexure, neglecting self mass of all components except the mirror, was
750 N.

Substituting the assumed flexure geometry into equation 8.26 to find the critical buckling load and com-
paring to the launch load, as well as substituting the launch load into equations 8.25 and 8.23, revealed that
the dominant strength criteria was buckling. The minimum thickness to stay below the critical load was
approximately 0.48 mm, confirming that the assumed flexure geometry was acceptable.

The maximum equivalent stress was equal to the normal stress on the flexures’ end section, 150.1 MPa
per equation 8.25. The critical buckling load was 821 N, larger than the anticipated launch load.

Displacement Loads

Neglecting the influence of parasitic motions and assuming mounting angle a = 0°, The linearised inverse
kinematic equations 7.30 to 7.33 showed that the rotations 6 s and 8, 5s are independent, and that a piston
displacement A, js has no effect on the rotation of the joints. The geometry of the PMAO mechanism is also
such that the tip or tilt rotations of the moving frame will always be greater than the rotation needed in the
universal joints necessary to accommodate that tip or tilt.

Therefore as a first approximation, the largest rotation of a universal joint will occur when the moving
frame rotates about the X, axis with a magnitude of 4 urad. Checking that the flexure is able to make this
full rotation without yielding therefore provides a conservative check for allowable deflection.

Combining equations 8.22 and 8.23 with the flexure geometry above gives a maximum allowable rotation
of 0.11 rad, several orders of magnitude larger than the required rotation. For the 6 mm long flexure and tip
rotation of 4 urad, equation 8.24 gives a transverse displacement of 16 nm.

The von Mises equivalent stress in the beam due to this stress was calculated with
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Oeqg = \/U§—0x0y+0'§,+3‘[§y (8.35)
The maximum stress occurs on the top of the beam along the centreline. The shear stress here is zero as
is the normal stress in the transverse x direction such that 7,, = 0,0, = 0. Therefore the equivalent stress

simplifies to .4 = 0}, the maximum bending stress given by equation 8.20 and related to the transverse
displacement by equation 8.21, giving a maximum expected stress of 0.038 M Pa.

Fundamental Frequency
The solution to the transcendental equation 8.34 must be found numerically. The Reduce function in Math-
ematica’ was used to determine the quantity ;L = 1.8751. For the sizing geometry derived above, this gives
a fundamental frequency of 11.47 kHz. As expected for such a small part, this is considerably higher than the
100 Hz necessary to survive launch.

Design parameters for the flexure are summarised in Table 8.3.

Table 8.3: Design parameters for the universal joint sheet flexures.

Parameter Value
Geometry
Length L 6 mm
Width b 10 mm
Thickness ¢ 0.5 mm
Material Ti-6Al-4V
Test Conditions
Applied launch load Fj, 750 N
Nominal rotation 6 x 4 urad
Nominal transverse displacement § y 16 nm

8.4.3. SPACAR Model Definition

This subsection sets out the methodology and assumptions used to model the sheet flexures. The assump-
tions verified for the simple sheet flexure model discussed in this section were applied in all of the subsequent
SPACAR modelling, unless specifically noted otherwise.

Selection of Deformation Modes

The flexures were modelled using rectangular cross-section spatial beams. Elongation along the longitudinal

axis of the sheet was assumed negligible and thus suppressed, as were the bending deformation modes in the

plane of the sheet. Out of plane bending was enabled per the normal freedoms of a sheet flexure.
Torsion-elongation coupling, a shortening of a beam due to twisting, as well as correction factors for shear

effects on stiffness, were assumed negligible over the very small deformations used in the mechanism.

Constraint Warping and Flexure Discretisation

Short, wide flexures are susceptible to constraint warping which is a torsional stiffening of the flexure in close
proximity to a clamped end, reducing the effective length of the flexure [87, 88]. An approximation of this
effect was included in the model by suppressing the torsion deformation mode at the fixed ends over the
length bv/(1 +v)/24 with b the width of the flexure and v Poisson’s ratio of the flexure material.

It is common practice in SPACAR modelling to divide a flexure into a discrete number of beam elements
of equal length to increase the degrees of freedom, and thus fidelity, of the model. A small discretisation error
will result as it is generally not possible for the sum of one or more of those elements to equal to constraint
warping length. A brief study, summarised in Appendix H, was conducted to determine the necessity of
including constraint warping and to find the minimum number of beam elements needed to retrieve useful
results.

It was concluded that three beam elements should be used for the fixed/ free model of the flexure used in
this section, and six elements in the fixed/ fixed flexures used in the rest of the SPACAR modelling. It was also
confirmed that constraint warping did need to be included at both fixed ends. Constraint warping was not
considered at all for the in plane constraint wire flexures, sized in Section 8.7, due to their very high aspect
ratio.

5https://www.wolfram.com/mathematica/
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8.4.4. Results & Discussion

The ANSYS sheet flexure modelling used the method described in Section 8.2 SPACAR Model Verification
Methods. A minimum mesh element size of 0.3 mm was found to give mesh-converged results, listed in Table
8.4. Theoretical estimates are also provided as a sanity check. A comparison of the first three eigenmodes and
longitudinal buckling modes are given in Figures 8.6 and 8.7 respectively.

Table 8.4: Results of sheet flexure modelling in SPACAR and verification with ANSYS. The error is the difference between the SPACAR and
ANSYS results.

Item Theory SPACAR ANSYS Error
Eigenfrequencies
w1 11470 Hz 11.46 kHz 11.99 kHz 4.44%
w2 - 18.76 kHz 19.86 kHz 5.53%
w3 - 45.30 kHz 41.63 kHz 8.82%
Critical Buckling Loads
il 821 N 821 N 892 N 7.92%
b - 7445 N 2683 N 178%
f3 - 21500 N 7737 N 178%
Maximum Launch Stress
Oeq 150.1 MPa 150.1 MPa 153.9 MPa 2.46%
Max. Displacement Stress
Oeq 0.038 MPa  0.038 MPa  0.040 MPa 4.57%

SPACAR

First Mode Second Mode Third Mode
Wansys = 11.99 kHz Wansys = 19.86 kHz Wansys = 41.63 kHz
Wspacar = 11.46 kHz Wspacar = 18.76 kHz Wspacar = 45.30 kHz

Figure 8.6: Comparison of first three eigenmodes from ANSYS and SPACAR simulations of a sheet flexure. Note that SPACAR incorrectly
predicts the third mode shape. Undeformed geometry depicted by dashed red line. Colouring in the ANSYS results indicates scaled
deflection. L=6 mm, b=10 mm, t =0.5 mm.

The launch and displacement stresses reported in the ANSYS results were taken from the centreline from
the fixed to free ends, as ANSYS calculated artificially high stresses at the outer vertices of the fixed end.
This was a result of using a fixed support condition which is a poor approximation of a real world support.
Additionally, fixing the end face constrains the Poisson effect in two directions, leading to higher stresses.
The remaining discrepancy between the theoretical and ANSYS values in the displacement load case exists
because beam theory is only able to give an approximate answer for three dimensional beams.

The SPACAR model very closely replicated the theoretical results for the simple sheet model, with no more
than an 8% error compared to the ANSYS values for the quantities of interest. The higher order buckling mode
predictions were very poor. Both results were in line with expectations from SPACAR results in the literature.

The results showed that the flexure was able to survive the launch and displacement stresses. As expected,
the launch loads were the dominant design case.
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SPACAR

First Mode Second Mode Third Mode
fansvs = 892 N fansvs = 2683 N fansvs = 7737 N
fspacar = 821 N fspacar = 7445 N fspacar = 21500 N

Figure 8.7: Comparison of first three buckling modes from ANSYS and SPACAR linear buckling analysis simulations of a sheet flexure.
Note that SPACAR incorrectly predicts the second and third mode shapes. Colouring in the ANSYS results indicates scaled deflection. L
=6mm,b=10mm, t=0.5 mm.

8.4.5. Summary: Sheet Flexure

In summary, the universal joint sheet flexure was shown to survive the launch loads in both buckling and
yield, as well as the operational displacement loads in yield. The SPACAR model was verified with good
agreement with the results from ANSYS. The accuracy of the SPACAR model diminished for the higher order
eigenmodes and buckling modes for the low order results as expected, though these are not critical outputs
for prototyping the PMAO.

8.5. Universal Joint

This section describes the remaining thermo-mechanical sizing work for the universal joints. The body and
interfaces are sized in Subsection 8.5.1. The SPACAR model definition is summarised in Subsection 8.5.2. The
SPACAR and ANSYS verification results are compared in Subsection 8.5.3, followed by a brief conclusion of
the universal joint modelling in Subsection 8.5.4.

8.5.1. Initial Sizing

The universal joints were designed so that they could be fabricated monolithically using wire EDM to reduce
manufacturing time, cost and assembly errors, increase reliability and improve repeatability compared to
multi-part components. Both mechanical and thermal effects were taken into account with the universal
joint sizing. They are discussed below.

Mechanical: Interfaces and Body Geometry

A solid model of the joint is shown in Figure 8.8. A circular cross-section was selected for ease of integration
with the standard 30 mm diameter circular mechanical interface on the PPA actuators. This is a bolted con-
nection, via four M3 bolts and/ or a single centred M5 bolt. A rule of thumb for designing bolted joints is to
have at least 1.5 diameters of thread engagement depth to avoid thread tear-out [24]. To accommodate M3
bolts, the universal joint must have a thickness of at least 4.5 mm at each end. Further detailed design of the
interface is a topic for future work. Repeatability of the bolted connections between the joints and actuators
would certainly need to be considered.

The two pairs of flexures are connected by an annulus of material at the joint mid-plane. It was assumed
that an uninterrupted depth of material equal to the length of each flexure should be maintained at either
end of the flexures so that this annulus could be modelled as a rigid body. The length of the joint was dictated
by the length of the flexures and the required thickness for thread engagement. The resulting geometry is
summarised in Table 8.5 at the end of this sizing exercise. The flexure geometry is taken from Table 8.3. Note
that the full 1501 N launch load was applied to the joint.
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M5 clearance hole Central aperture

End cylinder if
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Figure 8.8: Geometric idealisation and parametrisation of universal joint for SPACAR analysis. Outer diameter D, inner diameter of
aperture Dj;, height of frustum, frustum hoofs and end tents equal to flexure length Lg, end interface cylinder heights ¢p.

Solid Model Geometry

Thermal Considerations

It is useful to gain an initial understanding of the thermal characteristics of the joints so that flow-down re-
quirements can be passed on to the thermal control subsystems. Note that thermal uncertainty margins
should be applied to the temperatures as necessary, per the DST Requirements and Verification guidelines
document.

Bulk Temperature Change
The baffle and thermal control system should control the thermal environment around the optics well enough
during operations that the components in the PMAO mechanism stay in thermal equilibrium. If that is the
case, then stresses from differential bulk temperature changes will be low or almost non-existent. This may
not be the case during LEOP when the baffle is stowed, so an estimate of the maximum allowable bulk tem-
perature difference the joint and its surroundings was made.

It was shown in Section 8.3 Material Selection that the stress in a clamped structural member due to a
change in its bulk temperature AT with respect to the surrounding structure is given by

UhulszaAT (8.36)

Temperature gradients from steady state heat sources must also be considered.

Steady State Heat Source
In the absence of additional thermal control equipment, the universal joints act as the sole conductive path
from the actuators to the fixed and moving frames. Since the actuators and joints are overconstrained, the
worst-case steady state thermal load on a universal joint will be if its mating actuator is powered with the
dissipated heat travelling solely via conduction, while the remaining actuators stay cold.

The internal stress from the constrained expansion caused by a steady state heat source through a mem-
ber can be found via

o _qLoEa
P57 2kA

where k is the thermal conductivity of the material, Ly the initial length and A is the cross-sectional area
of the member. This is not a likely scenario during nominal operations, however it is a possible failure mode.

In both the bulk temperature change and steady state heat source cases, the components are put under a
compressive load with the flexures liable to buckling first due to their slender cross-section. Thus the thermal
stresses will lead to a buckling failure when

(8.37)

OputkA=Per O 0gssA=Per (8.38)

where P, is the critical Euler buckling load for a beam with fixed/ fixed end conditions given by equation
8.27.

For the universal joint dimensions given in Table 8.5, a temperature difference of 2285 K between the bulk
temperature of the flexure with respect to the surrounding structure will lead to buckling failure. Additionally,
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the flexures should be able to withstand steady state heat flows of up to 27.4 W. The PPA10XL actuators are
expected to dissipate on the order of tens of milliwatts [31].

Neither the bulk temperature change nor steady state heat flow are a problem, even with the qualification
thermal uncertainty margins. Transient heat flows from other sources require better definition of the thermo-
mechanical environment and are not treated here. They are a topic for future work.

Table 8.5: Design parameters for model of universal joint. SS = steady state.

Parameter Value

Body Geometry

Length Lp 27 mm

Outer Diameter Do 30 mm

Inner Diameter D; 10 mm

Interface thickness (x2) tg 4.5 mm
Flexure Geometry

Length Lg 6 mm

Width bg 10 mm

Thickness tg 0.5 mm
Material Ti-6Al-4V
Test Conditions

Applied launch load Fj, 1501 N
Thermal Requirements

Allowable bulk temp. change AT 2285 K

Allowable SS heat flow ggg 274W

8.5.2. SPACAR Model Definition

Stresses are transmitted from one pair of flexures to the other via the central frustum cylinder. SPACARis only
able to model simple geometric elements, so some simplification of the universal joint geometry was neces-
sary. The interface bolt pattern was ignored, with a constant 10 mm diameter aperture modelled through the
whole joint, shown in the right hand frame of Figure 8.8.

The ends and frustum were all assumed to be orders of magnitude stiffer than the flexures, so were mod-
elled as rigid bodies for simplicity. The ends and central frustum were modelled using lumped masses and
inertias extracted from the CAD model, listed in Table 8.6. Using the lumped inertia method solves the diffi-
culty of modelling non-standard beam cross-sections in SPACAR, however it also means that stresses cannot
be calculated in the element. This is no great loss since the critically stressed elements will be the flexures
due to their much smaller cross-section. The flexures were modelled per the description in Subsection 8.4.3.

Table 8.6: Mass and inertia properties for universal joint lumped mass modelling in SPACAR. Extracted from CAD model of joint with
geometry listed in Table 8.5. Coordinates are in the SPACAR model global coordinate frame, shown in Figure L.1.

Body Mass Ixx Ixy Ixz Iyy Iyz | P
[><10’3kg] [x10’9m/kg2]

Lower end 21.9 1626 0 0 1272 0 2620

Frustum 27.0 2112 0 0 2111 0 3616

Upper end 21.9 1626 0 0 1272 0 2620

The element and nodal setup of the SPACAR model is shown schematically in Figure 1.1 in Appendix I
SPACAR Model Maps.

8.5.3. Results and Discussion

This subsection presents the results and discussion for the universal joint SPACAR model verification. It starts
with a short discussion of the difficulties in generating the ANSYS model, followed by the static, buckling and
modal results.

ANSYS Mesh Convergence
Generating a valid mesh within the ANSYS license limits was non-trivial. A mesh convergence study was con-
ducted to ensure that the ANSYS results were as independent of the mesh size as possible, within the license
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node limit. The study is documented in Appendix H Mechanical Design - Supplementary Material. Ultimately,
a quarter model of the joint using spheres of influence over the flexures with 0.3 mm minimum element sizes
was used for the modal results. The quarter model gave grossly inaccurate results in the buckling analysis, so
an analysis also with spheres of influence over the flexures though with 1 mm element sizes was used to find
the critical buckling loads.

The convergence study showed that there was less than a 4% error in the first three eigenfrequency pre-
dictions between the 1 mm full and 0.3 mm quarter models which was much less than the expected error
between the SPACAR and ANSYS models. Therefore it was assumed that the 1 mm full model buckling results
would be sufficiently accurate for the SPACAR verification.

The results are compared against the SPACAR output in Table 8.7. The equivalent stress in the flexures due
to deformation during nominal operations was not checked again as the flexure dimensions had not changed
from their analysis at the part level in Section 8.4.

Table 8.7: Results of universal joint modelling in SPACAR and verification with ANSYS.

Item SPACAR ANSYS Error
Eigenfrequencies
w1 137 Hz 139 Hz 1.0%
[y 168 Hz 180 Hz 6.8%
w3 706 Hz 693 Hz 1.9%
Critical Buckling Loads
bl 318 N 337N 5.7%
)i 318 N 339 N 6.1%
f3 7302 N 7478 N 2.4%
Maximum Launch Stress
Oeq 150 MPa 205 MPa 27%

Static Analysis Results

The largest stress calculated in SPACAR under application of the 1501 N launch load was 150 M Pa, simulta-
neously in each of the four flexures. This was the expected result given the symmetry of the model. ANSYS,
however, gave considerably different values.

The left hand frame of Figure 8.9 highlights the presence of a stress concentration at the root of a sheet
flexure. It was assumed that since addition of fillets greatly reduces the stress concentration in rectangular
flexures [57, 89], a more representative launch stress would be along the centreline of the flexure, shown in
the right hand frame of Figure 8.9. Here, the maximum stress was 205 M Pa, though still not completely
removed from the influence of the stress concentration. This resulted in a large 27% error in the SPACAR
value. It was concluded that this result would have to be accepted for the preliminary design as SPACAR is
unable to model fine details such as corner fillets. The static stress analysis results in the integrated assembly
verification should therefore be treated as indicative only.

Launch Stress - Joint Launch Stress - Flexure Midline

& Direct Launch Load

Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: Pa

EDirect Launch Load

Equivalent Stress

Typ lent (von-Mises) Stress
Unit

:Pa
Time: 1 Time: 1
18/10/2018 10:30 &AM 18/10/2018 10:28 AM

2.0405¢8 Max
1814168

4.6093¢8 Max
2,097268
3565268
3.0731e8
2561168
2.049:8
153698
1.024%8
5128267
75151 Min

1567628
1361268
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9.0828e7
681847
455397
220047
2.4996e5 Min

0.03(m) 0 0015 003 (m)
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Figure 8.9: Von Mises stress calculation from ANSYS model of universal joint with 1501 N launch load. The left frame shows the full joint
highlighting a stress concentration at the root of a flexure, the right frame shows a section through the flexure. Note that different scales
are used in each frame.
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Buckling Results

The first three buckling modes from both analyses are shown in Figure 8.10. Both models predict a very small
or negligible difference in the first two critical buckling loads, which was expected from the symmetry of the
joint. Importantly, both analyses predicted that the universal joint would buckle under axial compressive
loads less than the expected quasi-static launch load. It will be shown in Chapter 9 Verification that the
stability of the joints is significantly enhanced by the four actuator stacks acting in parallel at the assembly
level, so this was not a concern.

o ams g o o as my o oo o m)
o0 g o7 ot oo o

SPACAR

First Mode Second Mode Third Mode
fansvs = 337 N fansys = 339 N fansvs = 7478 N
fspacar = 318 N fseacar = 318 N fspacar = 7302 N

Figure 8.10: Linear buckling analysis results from ANSYS and SPACAR for universal joint. Colours in ANSYS results are an indication of
displacement, the quantities are unscaled and meaningless. Black lines and dashed red lines in ANSYS & SPACAR results respectively
indicate non-deformed (non-buckled) state of joint. No beams are visible since the mass properties of the bulk bodies are modelled with
lumped mass properties.

Modal Results

Figure 8.11 depicts the first three eigenmodes and frequencies for the universal joint. There was good agree-
ment in the mode shapes between both models which were in line with the expected compliant degrees of
freedom of the joint. The SPACAR model had excellent accuracy when predicting the fundamental frequency
and was only slightly pessimistic for the second eigenfrequency.

First Mode Second Mode Third Mode
Wansys = 139 Hz Wansys = 180 Hz Wansys = 693 Hz
Wspacar = 137 Hz Wspacar = 168 Hz Wspacar = 706 Hz

Figure 8.11: Modal analysis results from ANSYS and SPACAR for universal joint. Colours in ANSYS results are an indication of displace-
ment, the quantities are unscaled and meaningless. Black lines and dashed red lines in ANSYS & SPACAR results respectively indicate
resting state of joint. No beams are visible since the mass properties of the bulk bodies are modelled with lumped mass properties.
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8.5.4. Summary: Universal Joint

In summary, SPACAR was shown to be able to estimate the buckling and dynamic properties of the universal
joint with acceptable accuracy. The launch stress prediction was poor, caused by stress concentrations in the
ANSYS model which were poorly captured in the SPACAR analysis. Regardless, buckling, rather than yield,
was found to be the critical failure mode, which was predicted with good accuracy. Conservatism in the input
30g loads and the knowledge that these concentrations would be designed out with the inclusion of fillets (or
other flexure profiles) allowed this error to be accepted for the preliminary design.

8.6. Actuators
The PMAO mechanism uses four Cedrat Technologies PPA10XL piezoelectric linear actuators, lightly modi-
fied versions of the commercial-off-the-shelf (COTS) Cedrat PPA40XL actuator.

Since no datasheet for the PPA10XL was available, its specifications were scaled from those of the PPA40XL
upon recommendation from the supplier [29, 31]%. The datasheet supplies limited, but critical, information
regarding the actuator’s performance. The SPACAR model is therefore also very simple. The presence of a
datasheet with confirmed performance data enabled verification of the SPACAR model by comparison with
the datasheet, rather than with an ANSYS simulation.

To that end, two SPACAR models were developed. The first model simulated the PPA40XL for verification
of the SPACAR model against the PPA40XL datasheet. The second model utilised the methodology and as-
sumptions verified in the PPA40XL model to create a scaled model for the PPA10XL, to be used later in the
integrated PMAO model.

A discussion of the assumptions used to scale the PPA40XL specifications down to the proposed PPA10XL
are given in Section 8.6.1. The SPACAR modelling methodology and assumptions are detailed in Section 8.6.2,
with the results and discussion for both models summarised in Section 8.6.3.

8.6.1. Cedrat PPA10XL Sizing

Table 8.8 summarises the properties necessary to simulate the PPA40XL and PPA10XL actuator models. All of
the smaller PPA XL actuators share the same 30 mm diameter form factor. The supplier provided a 20 mm
length estimate for the 10 um PPA 10XL, which was also used to scale the estimated mass of 0.085 kg [31].

Table 8.8: Design parameters for PPA actuator model in SPACAR. PPA40XL values from Cedrat [28, 29]. The allowable external load is one
third of the blocked force capability.

Parameter PPA40XL PPA10XL
Geometry
Length L 60 mm 20 mm
Diameter D 30 mm 30 mm
Dynamic Properties
Mass m 0.254 kg 0.085 kg
Axial stiffness k 155x108 N/m  155x10% N/m
Test Conditions
Blocked force capability 6653 N 6653 N
Allowable external load 2218 N 2218 N

Inspection of the extended Cedrat catalogue [28] shows that the axial stiffness of the PPA actuator family
increases as the overall length decreases. In terms of dynamic requirements, a stiffer actuator is better as
it will have a greater fundamental frequency and bandwidth. In the absence of a verified stiffness for the
PPA10XL, the 155x 108 N/m axial stiffness of the PPA40XL was conservatively used instead. The blocked force
and allowable external load were also taken from the PPA40XL specifications. Recall from Subsection 7.3.2
Launch Loads on the Actuators that the allowable external load is approximately one third of the actuators’
blocked force capability.

Finally, the actuator was modelled assuming that the output stroke was independent of the driven load.
This is not true for an unmodified piezoelectric ceramic stack wherein the output displacement decreases
as the driven load increases (ie. when driving a spring). It was assumed that since the ceramic stack in the
PPA actuator is pre-loaded by a very stiff external spring (the external metallic frame, see Figure 6.22), that

6The fixed-free fundamental frequency of the PPA40XL is given in the full Cedrat catalogue [28].
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this effect could be considered negligible. It will also be shown in Subsection 9.4.5 Workspace Definition
Verification & Actuator Performance that the driven loads are on the order of tens of milli-Newtons, far below
the maximum capability of the actuators.

8.6.2. SPACAR Model Definition
Given the lack of information available to fully characterise the static and dynamic properties of the actuator,
the SPACAR model could only be expected to provide a first order estimate of its performance. To that end,
the PPA actuator was idealised as a one dimensional spring, modelled in SPACAR as a single spatial beam with
circular cross-section.

Since the axial stiffness was the only known stiffness of the actuator, only the elongation deformation
mode was released. The mass was assumed to be homogeneously distributed along the cylinder length. Fig-
ure 8.12 shows this simple model with a small elongation from its nominal position.

0.015
0.01

0.005

-0.005
-0.01

-0.015

0.01 Xl

Figure 8.12: Structural model of the PPA10XL actuator in SPACAR. A single spatial beam element with cylindrical cross-section was used.
The elongation was controlled as a user input. The figure shows elongation of the actuator. The undeformed geometry is depicted by
dashed red line. L =20 mm, D =30 mm.

To model the first order dynamic behaviour of the actuator, SPACAR required specification of the Young’s
modulus and density. An average density was calculated from the mass and geometry in Table 8.8. An ap-
proximation of the stiffness k of a beam with uniform cross-section can be found using beam theory via

k= % (8.39)
L

The "equivalent” Young’s modulus E for a beam with cylindrical cross-section was then calculated from
the parameters in Table 8.8. Since bending and torsion deformations were not considered in the actuator
model, the shear modulus G was set to zero and shear effects were not considered. Similarly, since torsion
was ignored there was no need to consider the effects of constraint warping.

8.6.3. Results & Discussion

The results are summarised in Table 8.9. As a short, squat column, the actuator was not expected to be
susceptible to buckling, so that analysis was not conducted. The only failure checks made for the actuators in
the integrated model were that the blocked force (ie. driving force) capability of the actuator was not exceeded
by the force needed to drive the mechanism, and that the external load on the actuators did not exceed one
third of this capability.

Table 8.9: Results of the actuator modelling in SPACAR and verification by comparison with Cedrat PPA40XL datasheet [28, 29].

SPACAR Cedrat Error SPACAR
PPA40XL PPA40XL PPA10XL
First Eigenfrequency w1 6.81 kHz 6.80 kHz 0.15% 11.79 kHz
Mass 0.254 kg 0.254 kg 0.00% 0.085 kg
Longitudinal Stiffness 155x108 N/m  155%x108 N/m 0.00% 155x10% N/m

PPA40XL Verification Model
The modal analysis reported a fundamental frequency of 6.81 kHz, corresponding very well to the blocked-
free (ie. fixed-free) resonant frequency of 6.80 k Hz reported in the Cedrat catalogue [28]. Since SPACAR also
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uses beam theory to model deformations, a check of the stiffness of the beam in its single elongation DOF
yielded the trivial and expected result of 155x 106 N/m, identical to that used to back-calculate the equivalent
Young’s modulus. It was concluded that the simple beam model with a single elongation deformation mode
was able to reliably reproduce the expected first order behaviour of the actuator.

PPA10XL Model
With the scaled down length and mass for the PPA10XL, SPACAR reported a resonant frequency of 11.79 kHz.
The fundamental frequency, in Hertz, of a cantilevered beam is given by

1 k

fo= A\ (8.40)

Itis no surprise then, that since the same stiffness k was used, and the mass m scaled by a third compared
to the PPA40XL model, that the estimated resonant frequency of the PPA10XL model was approximately a
factor v/3 greater than the PPA40XL value.

Note that since the actuator is modelled as a unidirectional spring, that its first eigenmode is a longitu-
dinal oscillation. If it were modelled as a three dimensional beam, the first mode would be in bending as
depicted in the first mode of Figure 8.6. This may, or may not, accurately reflect the true first mode of the
PPA10XL and will need to be confirmed in future work via input from the supplier, or from detailed modelling
and/ or testing of the PPA10XL.

8.7. In-plane Constraints and Moving Frame
The moving frame assembly consists of a central annular or circular plate and three pairs of in-plane con-
straint flexures.

The moving frame plate provides an interface for the mirror support bipods, actuator stacks and in-plane
constraints. It should isolate the mirror from the bulk of the actuation loads, with the bipods providing further
isolation from differential strains between the moving frame and mirror.

The in-plane constraints are the physical embodiment of the passive constraint set, allowing the tip, tilt
and & piston freedoms of the moving frame plate. The entire moving frame was designed so that it could
be fabricated monolithically with high precision milling and wire electro-discharge machining (EDM). The
plane of the constraints defines the moving frame coordinate frame Opr about which the entire mechanism
is manipulated.

The moving frame plate and in-plane constraints are sized in Subsections 8.7.1 and 8.7.2 respectively.
Initial estimates of thermal survival flow down requirements are also made. The SPACAR models are defined
in Subsection 8.7.3. Results and discussion are given in Subsection 8.7.4. The section concludes with a short
summary in Subsection 8.7.5.

8.7.1. Initial Sizing: Moving Frame Plate
The main mechanical functions of the moving frame plate include:

1. Provide an interface to mount the actuator stacks, support bipods and in-plane constraints.
2. Isolate the support bipods & mirror from the actuation loads.

3. Survive launch: transfer in-plane loads to in-plane constraints and out of plane loads to actuator stacks.

Each of these functions influence the geometry of the plate. For a mass efficient design that can be as-
sembled and reassembled repeatably, the plate will likely have quite a complex geometry. This work was left
to future detailed design. The design philosophy adopted here was to provide an initial crude estimate of
the major dimensions based on the launch loads and the basic functional requirements listed above. These
are discussed in more detail below. Thermal considerations for the plate are dependent upon, and discussed
after, sizing of the in-plane constraints in Subsection 8.7.2.

Interfaces: Layout Geometry

The in-plane constraint flexures are positioned on the vertices of the equilateral triangle circumscribed by
the periphery of the plate, ideally providing ample room to house the actuators and supports. A sketch of the
moving frame plate geometry, mirror support, in-plane support flexures and out of plane support actuator
interfaces is shown in Figure 8.13. Although an annulus could have been modelled, a plate was used instead
to give a larger mass and thus more conservative estimate of the dynamic performance.
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Figure 8.13: Moving frame geometry. The in-plane constraint flexures are oriented tangentially at radius Rp, the actuators are mounted
at radius Rys and bipods at base radius Rp in the plane where they interface with the moving frame. The apex of the support bipods
must be on radius Rg in the plane of the mirror centroid. The four actuator/ universal joint stacks are identified by circled letters.

Interfaces: Mirror Support Radius

Note that the radius Rg upon which the bipods interface with the moving plate does not necessarily coincide
with the radius of their apices Rs. The support bipods could therefore be vertical or canted at an angle with
respect to the vertical, possibly conflicting with the actuator stacks. An estimate of the mirror support radius
Rgs was needed.

Finding the optimum support radius with the non-standard geometry of the M1 segments depended
upon a relatively detailed analysis of the mirror design, which was excluded from the scope of this thesis.
An initial estimate was taken from the case of a circular mirror with uniform thickness and no occlusions.
Yoder & Vukobratovich show that for such a mirror with radius R, the peak to valley surface deflection can
be minimised in the presence of gravity by equally spacing the support/ mirror attachments at a radius of
0.645R [125, p159]. This is not so much of a problem in space, but it provides a helpful first estimate for Rg.

The mirror segments are rectangular with side lengths 620x450 mm. Taking the inscribed circle with
diameter 450 mm, the Yoder & Vukobratovich relation gives a nominal support radius Rgs of 145 mm. At this
radius, the bipod apices will likely lie outside of the moving frame radius as shown in Figure 8.14.

Interfaces: Usable Volume
Figure 8.14 shows the range of allowable heights of the moving frame origin Omp within the usable volume
based on the universal joint and actuator geometry sized in the previous sections. Two 15 mm buffers at the
DST housing wall and the M1 backplane reserve space for interfaces to the mirror and DST housing. Vol-
ume reserved for the stowed M2 booms is also shown, along with the position of the current M1 deployment
mechanism support frame. The location of this frame is shown for reference and was not considered a critical
input to the usable volume since the PMAO fixed frame can be recessed into the deployment support frame.
The black actuator stacks and moving frame indicate the case with the actuators hard up against the
upper buffer zone, giving the smallest allowable height h. The greyed design shows the opposite case with
the largest allowable height of the moving frame.
The maximum allowable radius R, of the moving frame as a function of the distance h from the mirror
centre of mass is given by

Rpax(h)[m] =0.125+0.12+ g— h—0.015 (8.41)

This relationship is dependent upon the desired buffer zone depth and DST housing geometry. The max-
imum allowable radii for the various moving frame appendages for the maximum and minimum allowable
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Figure 8.14: Usable volume for the moving frame in the stowed configuration. Light blue rectangles indicate volume occupied by de-
ployment mechanism support frame and stowed M2 booms. Thin red shaded regions are buffer zones to provide space for interfaces
and thickness of the moving frame & fixed frame. Minimum and maximum values for & along with the absolute maximum allowable
radius Ryqx for all parts at those heights, are given in Table 8.10. The actuator stacks, in their current design, are 74 mm high. The fixed
mechanism coordinate frame Oy shown in the lower figure, resides at the lowest extremity of the reserved volume for the PMAO, 15 mm
below the moving frame origin Oy . The distance between the mirror COM and the backplane ¢ is governed by the mirror design.

height i are summarised in Table 8.10. The bipod mounting radius Rp is sized in the next section so has not
been included.

Table 8.10: Summary of maximum allowable moving frame appendage radii. See Figures 8.13 and 8.14 for definition of parameters.
Rpmax assumed equal to Rymax, Ry, max calculated assuming 30 mm diameter universal joint interface, Rg was fixed as discussed in
the text. g was taken from the M1 mirror segment design at the time of writing.

h ZMF q Rmax Rp max RMmax Rs

[mm] [mm] [mm] [mm] [mm] [mm] [mm]
Rin 118 31 28.8 141 141 126 145
Rmax 134 15 28.8 125 125 110 145

Stiffness: Isolation of Mirror from Actuation Loads
The primary stiffness criteria for the plate is that it should not deform excessively under the influence of the
actuation loads during operations. Since it is overconstrained by the four actuator stacks, it must also provide
a repeatable assembly method so that the effects of small, undesired deformations caused by the overcon-
strained condition can be reliably calibrated out. For the purposes of preliminary design, it was assumed that
this is technically possible and not considered further.

Standard solutions for the deflection of circular plates are well publicised for uniform, axisymmetric
boundary conditions and loads, but calculation of the stress distribution for concentrated, eccentric non-
uniform loads with non equi-spaced supports is non-trivial. The standard solution method is to use super-
position and numerical or iterative approaches [128, p. 439] which were beyond the scope of this preliminary
sizing exercise.

To simplify the design and analysis, the plate was assumed to be rigid in the SPACAR and ANSYS analyses.
The verification results in Subsection 9.4.5 Workspace Definition Verification and Actuator Performance will
show that the actuation loads should be no more than several tens of milli-Newtons, so this is not considered
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a difficult design task. The plate thickness was roughly sized to survive the launch loads and provide a mass
estimate. This is discussed in the next subsection.

Strength: Launch Survival

A minimum plate thickness was estimated using a very crude but conservative model of the plate during
launch. The moving frame was modelled as a circular plate with uniform cross-section, simply supported
around its edge as shown in Figure 8.15. Out of plane and in plane launch loads were applied simultaneously
resulting in force F;, and moment Mj.

Roarke [128] gives analytical equations to approximate the maximum bending stresses in a plate for each
of these load cases, to be added via superposition to find the resulting stress. The peak stress occurs in the
centre of the plate, where the loads are applied.

The support condition was not a good reflection of the supports in reality, as the continuous support
distributes the stresses more evenly. However, it is expected that the peak stresses would still be in the centre
of the plate. Again, it is reiterated that this is a crude model used as a sanity check for the plate thickness
necessary to survive launch.

Out of Plane Load Moment from In Plane Load

Figure 8.15: Load cases for crude sizing of moving frame plate thickness, a circular plate with radius Rp and uniform thickness ¢y;r
simply supported about its circumference. Load and moment applied over a small central area of radius r,. Adapted from [128].

It was assumed that the loads were applied to the plate over a pad fixed to the centre of the plate with
radius r, =5 mm, indicative of the foot of a small support bipod, for example. Decreasing this radius increases
the stress concentration and makes for a more conservative estimate. The load F;, o and moment My = Fy h
are taken from 30g acceleration of the 6 kg mirror as in Chapter 7 Mechanism Architecture Selection, where
the subscripts 1,0 indicate an in or out of plane load.

The approximate maximum bending stresses in the plate are given by [128, p. 491, 493]:

3 F R
00,max =_% ((1 +v) ln—P + 1) (8.42)
2wt To
FL,Ih
OI,max :9-478F (8.43)
PipmF

The maximum bending stress from the out of plane load 0o, ;;4x Occur at the centre of the plate, whereas
the maximum stress from the in plane load o ;4 occur at the edge of the pad. Since the plate has quite a
large diameter, the tensile and compressive stresses from in-plane launch loads were considered negligible
compared to the bending stress generated in the plate by the out of plane load’. A rough, conservative esti-
mate for the required thickness #j/r to prevent yield failure was found by summing the two bending stresses.

The resulting total stress is inversely proportional to the plate radius. The worst-case loading condition
occurs for the largest allowable height / of 134 mm and smallest likely diameter 125 mm. A 5.00 mm plate
thickness results in a combined bending stress of 896 M Pa, giving a 0.18 margin of safety against yield failure.
In reality, the launch loads are distributed around the plate, which is a more favourable loading condition.

The moving frame plate radius Rp was set to 125 mm so that some design flexibility was retained to size
the bipods. The resulting mass of the plate was 1.08 kg.

With the plate radius sized, the in-plane constraint flexures were designed per the process in the next
subsection.

“For example, recall that eight flexures with only 0.5 mm by 10 mm rectangular cross-sections were able to withstand the out of plane
launch loads.
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8.7.2. Initial Sizing: In-plane Constraint Flexures

Wire flexures or struts were selected in Section 6.4 Passive Constraint Redundancy Trade-off for the in-plane

constraints. This subsection documents the sizing of the wire flexures, which were found to be adequate.
The subsection begins with a brief introduction to the phenomenon of stress stiffening which can degrade

the performance of parallel flexure arrangements like the in-plane constraints. The design philosophy is then

set out, followed by calculation of the launch loads, the mechanical dimensions and thermal considerations

for both the in-plane constraints and moving frame.

Stress Stiffening

Large displacements of single beam compliant elements can cause stress stiffening, which is an increase in
the stiffness of the member as a result of an increase in its stress state [68]. An example is shown in Figure
8.16b. The use of single beams mirrored about the driving direction is similar to the mirror symmetry of the
in-plane constraints.

Double beam
flexure
Secondary
stage Te—

y Single beam

z flexure

Figure 8.16: Examples of single and double beam flexure guiding arrangements. a) Two single beams; b) Four single beams in symmetric
pairs; ¢) Double parallelogram flexure guide and d) Two double parallelogram flexure guides in symmetric pairs. Note the parasitic

motion § in arrangement a). Arrangements a) and b) are susceptible to stress stiffening for large displacements whereas arrangements
c) and d) allow large displacements at the cost of decreased out of plane stiffness. Adapted from [68].

Stress stiffening can limit the intended range of motion of the element and increase the required driving
force. If the stiffening is too great, alternative arrangements such as those shown in Figure 8.16¢ and d can
be used. However, additional beams in series diminish the out of plane stiffness, degrading the decoupling
between constrained and free DOFs as well as the resonances [68] which is strongly undesirable for the PMAO.

Since the piston motions are on the order of 1075 m and the flexure dimensions are on the order of 1073
to 1072 mm, it was assumed that stress stiffening of the flexures would be negligible [68].

Design Philosophy

When sizing the universal joint sheet flexures, it was found that the launch loads strongly dominated the
design criteria. Since the dimensions, range of motion and imposed loads of the in-plane constraints were all
of similar orders of magnitude to those of the universal joint flexures, it was assumed that the launch loads
would also dominate their design.

Thus the design philosophy was to size to survive launch, accept the resulting stiffness of the flexures and
check that the actuators were able to displace them at the integrated mechanism level further on in the design
process. Initial thermal flow-on requirements for survival of the flexures were also calculated. The actuation
loads calculated in Subsection 9.4.5 Workspace Definition Verification & Actuator Performance later verified
this method.

Strength: Launch Survival
The worst-case load condition for the in-plane constraints occurs when both the Xj/r and Yy in-plane
launch loads are applied simultaneously. The resulting free body diagram is depicted in Figure 8.17.

The wire flexures were approximated by a slender prismatic strut with square cross-section of side length
bp and length Lp. Ideal wire flexures are only able to transmit axial loads, so they were modelled as rigid links
with pinned connections at either end. The overdetermined system was simplified to a statically determinate
system by assuming that the constraint in each pair that was placed under tension in each load case, would
take the full launch load.

Assuming quasi-static equilibrium, the loads reacted by the flexures in the directions indicated in Figure
8.17 were then
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Figure 8.17: Force body diagram (FBD) of the launch loads imposed on the in-plane constraints via the moving frame. A single indicative
load case is shown. The flexure attachments to the moving frame are identified by the circled letters. The greyed flexures are not included
in the FBD but shown for illustrative purposes.
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The greatest load is seen variously by flexures BB and CC depending on the orientation of the orthogonal
launch loads Fpx and Fry. Since the constraints take only axial loads, the stress state is given by equation
8.25. Using the design criteria in equation 8.23 to prevent yield failure, the minimum required width bp of the
square cross-section wire flexures was found with

bp = |Rii,max| (8.47)
Sy

where Rijj max is the largest force to be reacted by one of the constraints over each combination of or-
thogonal in-plane launch loads, given by equations 8.44 to 8.46. Taking the yield strength of Ti-6Al-4V from
Appendix K Material Properties, the minimum flexure width was found to be bp = 1.24 mm.

Ultimately, this method was not conservative enough. Initial results from the SPACAR modelling, doc-
umented in Subsection 8.7.3, indicated that the wires would buckle under the launch loads. A satisfactory
design was quickly found with a few rounds of trial and error using the SPACAR model, highlighting its value
in rapid prototyping new designs. More detail is given in Subsection 8.7.3.

Stiffness: DOF Decoupling

The stiffness criteria for the in-plane constraints was to have a much higher axial stiffness than out of plane
bending stiffness, to decouple those degrees of freedom. Twist of the wires is a much smaller motion com-
pared to bending so compliance in that freedom was neglected.

To sufficiently decouple the degrees of freedom of a rigid body, the ratio of the stiffness in the desired
constraint direction to that of the desired DOF should be at least on the order 103. For mechanisms requiring
performance at the nanometre level, the decoupling should be on the order of 10* to 10° [126, p. 566]. The
axial and bending stiffnesses of a constant cross-section beam are

EA 12E1
kaxial :T kbending = ? (8.48)

Taking the ratio of stiffness equations 8.48 shows that the length of the beam should be no less than = 30
times the width and ideally greater than = 300 times the width to adequately decouple the axial and transverse
degrees of freedom.
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For a square section with side length 1.24 mm, the flexure must have a length of at least =40 mm to
provide the minimum desired separation. A length of 120 to 400 mm would be ideal, but impractical given
the volume constraints. This is a good example of the challenging need to design a structure strong enough
to withstand launch yet fit in a small package and still provide high accuracy at nanometre length scales.

It was decided to continue with the 40 mm long flexures to make sure that the volume requirements were
met, thus accepting that the DOFs may not be sufficiently decoupled.

Thermal Considerations: In-Plane Constraints
The in-plane constraints are one of two structural heat conduction paths from the mirror through the mech-
anism to the fixed frame. Since heat will be flowing from one end of the flexure to the other, there will be a
temperature gradient across its length. The flexures were overconstrained by design so this gradient will give
rise to internal stresses and eventually buckling or yield.

The same thermal design checks using equations 8.37, 8.38 and 8.27 for the universal joint flexures in Sec-
tion 8.5 were repeated again for the in-plane constraints. The results are given in Table 8.11 at the conclusion
of this moving frame and wire flexure sizing exercise.

Thermal Considerations: Moving Frame Plate

A change in the bulk temperature of the plate drives a thermo-elastic strain about the thermal centre defined
by the in-plane constraints. This strain can be accommodated by deflection of the constraints so long as they
remain in their elastic region. Thus there is a maximum allowable change in temperature AT of the plate with
respect to the surrounding structure that must not be exceeded. The mechanism is immune to this failure
mode if all components are at the same bulk temperature and made of the same material.

The stress in a beam as a function of a transverse displacement dy at its tip was given by equation 8.21.
The radial strain of a point on a circle due to a change in temperature AT is given by AR = RyaAT. Equating
the two equations and taking the yield strength as the failure criterion gives the maximum allowable temper-
ature change of the plate:

2 SylL?
T==
3 ERyta

(8.49)

where Ry is the initial radius, L is the length of the beam and  is the dimension of the beam in the direction
of the radial growth. This equation was applied for both the in-plane constraints and universal joint flexures.
The results are listed in Table 8.11.

No flow down requirement for the maximum allowable steady state heat flow through the plate is given
since the plate has a very large thermal capacity compared to the universal joint and in-plane constraint
flexures. They are expected to fail before the plate.

8.7.3. SPACAR Model Definition

The SPACAR model was defined using the geometry in Table 8.11. The moving frame plate was modelled as
arigid beam per the assumption that this condition could be achieved in detailed design. Each wire flexure
was modelled similarly to the sheet flexures of the universal joint with the exception that constraint warping
was not considered due to the high aspect ratio of the wires. The longitudinal axes of the wire flexures were
modelled in the plane of the plate. The layout and geometry is shown in Figure I.2 in Appendix I.

Initial results suggested that the wire flexure design developed from the hand calculations in Section 8.7.2
was inadequate, with a critical buckling load of 1667 N. Considering only the mirror mass, the compressive
load on a wire flexure for launch accelerations along its axis will be at least 30gmy; = 1766 N. Assuming
that the wires could be sized without considering buckling was evidently incorrect. The purpose of the hand
calculations was only to provide initial sizings, and as a sanity check on the modelling results. SPACAR was
used to find a revised design.

Trial and error with the SPACAR model allowed a very quick fix: increasing the thickness of the flexures to
1.4 mm gave a critical buckling load of 2124 N. The length of the flexures was increased to 45 mm to ensure
the minimum decoupling of the axial and transverse stiffnesses, and the thermal flow down calculations were
repeated.

The critical failure mode for the moving frame plate thermal expansion was found to be yield of the uni-
versal joint flexures at a temperature increase of 402 K. The critical failure mode for the wire flexures due to a
temperature difference was buckling at 318 K. Similarly for a steady state heat flow of 0.2 W.
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Table 8.11: Summary of moving frame & in-plane constraint design parameters. No out of plane launch loads are applied since the
moving frame plate is assumed to be rigid and the in-plane constraints do not experience out of plane loads.

Parameter Wire Constraints Moving Frame
Plate Geometry
In-plane Constraint Radius Rp - 125.0 mm
Actuator Mounting Radius Rys - 110.0 mm
Thickness tj/p - 5.0mm
Constraint Geometry
Length Lp 45.0 mm -
Width bp 1.4 mm -
Thickness tp 1l4mm -
Material Ti-6A1-4V
Test Conditions
Applied launch load Fy, 30gmyy in X and Yy directions
Maximum displacement 6 4um
Thermal Requirements
Allowable bulk temp. increase AT 318K 402 K (for uni joint)
Allowable SS heat flow ggg 02w N/A

The thermal calculation in Appendix C estimated the worst-case steady state temperature of the M1 sub-
system during LEOP. The largest departure from the assumed assembly temperature of 298 K is 135 K to the
cold case, including the 25K qualification thermal uncertainty margin per Table 3.4. In the worst-case sce-
nario where one end of a flexure is at the steady state cold case temperature and the other at the hot case
temperature, the difference would be 246 K, again including the qualification uncertainty margin.

Additionally, the actuators are not expected to dissipate more than tens of milliWatts during steady state
quasi-static operation [31]. Conservatively assuming a power dissipation of 200 mW per actuator and as-
suming that all heat is transferred through the in-plane constraints to the fixed frame, this equates to a steady
state heat flow of 0.134 W per wire flexure.

It was therefore concluded that the moving frame and wire flexures should survive LEOP.

8.7.4. Results and Discussion
The presence of a rigid body in the ANSYS model complicated the verification analysis. This is described in
more detail below. The SPACAR model verification results are discussed thereafter.

ANSYS Model Definition

The ideal beam geometry used in SPACAR was modified so that the wire flexures were connected to the plate
using fillets as illustrated in Figure 8.18. Small sectors of the plate were removed in the region of the flexures
so as not to excessively reduce their effective length. The good agreement between the ANSYS and SPACAR
predictions of at least the first eigenfrequency demonstrate that this condition was achieved.

Figure 8.18: Model of moving frame and wire flexures for ANSYS verification analysis. The neck is approximately 5 mm long at the
thinnest point.

For the modal analysis, the plate behaviour was set to rigid to reflect the settings in SPACAR. Therefore,
only the wire flexures were meshed. Approximately 13,000 nodes at an element size of 1 mm were sufficient
to find a mesh-converged solution.
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ANSYS is not capable of linear eigenvalue buckling analysis for systems including rigid bodies. Addition-
ally, forces cannot be applied to rigid bodies in ANSYS. An alternative method could have been to model the
beam as a flexible body with a Young’s Modulus four or more orders of magnitude greater than the Titanium
flexures, however this gave erratic results with sporadic errors. Therefore the buckling results could not be
verified. As with the SPACAR model of the integrated assembly, the quality of the in-plane constraint buckling
results had to be extrapolated from the verification results of the other models.

For the direct launch load the plate was suppressed and a remote force applied at the moving frame coor-
dinate system origin. The force was equivalent to the load from simultaneous 30g accelerations of the mirror
in the X)/r and Yy directions. The equivalent stress was extracted along the midline of the flexure to avoid
the stress concentrations near the connection of the flexure to the plate. The peak stress in the direct launch
load was found in flexure BB in ANSYS, as it was in SPACAR. Large deflection mode was turned on.

For the nominal operations deformation case, a remote in-plane displacement was applied instead of a
remote force. Equivalent stress in the flexures during the maximum nominal piston displacement of 4 um
was found.

The results from the SPACAR analyses and ANSYS model verification are summarised in Table 8.12.

Table 8.12: Results of the moving frame & in-plane constraint modelling in SPACAR and verification with ANSYS. The buckling loads are
for buckling in the plane of the moving frame. Negative values indicate opposite direction to positive values.

Item SPACAR ANSYS Error
Eigenfrequencies
w1 26.1 Hz 277Hz 6%
[y 474 Hz 40.3 Hz 1076%
w3 474 Hz 404 Hz 1075%
Critical Buckling Loads
fi 2124 N - -
f 2124 N - -
fz 2159 N - -
Maximum Launch Stress
Oeq 426 MPa 487 MPa 13%
Max. Displacement Stress
Oeq 0.95MPa 107 MPa 11%

Buckling Results

Results for the SPACAR linear buckling analysis are shown in Figure 8.19. The first in-plane buckling modes
occur when the in-plane load is parallel to the axis of a wire flexure with a critical load of 2124 N. The second
mode equates to the same buckling motion with a load in the opposite direction. The flexures were predicted
to survive launch, though this couldn’t be verified in ANSYS, as mentioned earlier.

SPACAR

First Mode Second Mode Third Mode
fspacar = 2124 N fspacar = 2124 N fspacar = 2159 N

Figure 8.19: SPACAR eigen buckling analysis results for moving frame and in-plane constraints for in-plane loads. Displacement exag-
gerated for illustration purposes, the scale is non-dimensional. Buckling analysis for systems including rigid bodies is unavailable in
ANSYS.
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Modal Results

A comparison of the modal results is illustrated in Figure 8.20. As expected, the first three modes in both
analyses equate to the piston, tip and tilt DOFs. Similarly, the eigenfrequencies of the tip and tilt modes were
very closely matched in both analyses, a result of the symmetry of those modes.

A A

0000 0100 0200(m) 0000 0100 0200(m) 0200(m)

0050 0150 0050 0150 0050 0150

First Mode Second Mode Third Mode
Wansys = 27.7 Hz Wansys = 40.3 Hz Wansys = 40.4 Hz
Wspacar = 26.1 Hz Wspacar = 474.4 Hz Wspacar = 474.4 Hz

Figure 8.20: SPACAR and ANSYS modal analysis results for moving frame and in-plane constraints. Displacement exaggerated for illus-
tration purposes, colouring is non-dimensional. Rigid bodies are unavailable in ANSYS for visualisation of modal results so the plate is
not shown in the top row of results.

The first eigenfrequency is very low in the piston direction, far below the requisite 100 Hz. This is rectified
later in the integrated model with the addition of the actuator stacks which are very stiff in this direction.

ANSYS predicted much lower eigenfrequencies for the second and third modes than that of SPACAR. The
difference between the two analyses could not be explained. Modelling the wires in SPACAR with more ele-
ments, including constraint warping and permitting all deformation modes did not change the results. The
largest difference between the two models is the presence of the elliptical fillets in ANSYS. It is not clear
that they should cause more than an order of magnitude decrease in the second and third eigenfrequencies
compared to SPACAR, as they decrease the effective length of the wires and would therefore be expected to
increase these frequencies.

Regardless, the most important result is prediction of the fundamental frequency, which SPACAR did well
with an error of 6%.

Static Analysis Results

Displacement during nominal operation was clearly not a limiting factor for strength. Each of the wire flex-
ures experiences the peak launch stress depending on the direction of the in-plane launch loads. SPACAR
predicts both the launch and displacement stresses to the correct order of magnitude, however the error was
larger than desired, once again due to stress concentrations in the ANSYS modelling.

8.7.5. Summary: In Plane Constraints & Moving Frame

In summary, SPACAR does a moderately good job of predicting the launch and deformation stresses. The first
three eigenmodes were the same as those found in ANSYS and the first eigenfrequency was predicted with
good accuracy, though higher frequencies were incorrect. The buckling loads could not be directly verified
due to the limitations of the analysis package and assumption that the plate should be modelled rigidly.
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8.8. Bipod Mirror Supports
This section documents the design of the bipod mirror support and verification of the SPACAR model. The
mirror support consists of three bipods each made from two flexured struts. The orthogonal sheet flexures
at either end of the struts ensure that they constrain only a single degree of freedom. An appropriately ar-
ranged assembly of three bipods exactly constrains the mirror with respect to the moving frame, and defines
a thermal centre at the centroid of the mirror segment.

The launch loads and sizing calculations are detailed in Subsection 8.8.1. The SPACAR model is defined
in Subsection 8.8.2. The verification results are discussed in Subsection 8.8.3 followed by a short summary to
the section in Subsection 8.8.4.

8.8.1. Initial Sizing

Unlike the other compliant elements, the mirror support is a static structure not actively deformed during
operations, so the design criteria are slightly different to those in previous sizing exercises. The following
thermo-mechanical functions must be fulfilled:

1. Provide an interface between the mirror substrate and moving frame.
2. Survive launch.

3. Survive LEOP.
4

. Maintain the M1 optical figure error budgets in the presence of thermal fluctuations during imaging.

The resulting design space has several interlinking criteria and variables. It is desirable to keep the struts
as short as possible to minimise the occupied volume and how much their length changes from thermo-
elastic strains, yet, long, widely spaced struts provide the smallest launch loads on the struts. The geometry
of the flexures too, must strike a balance between sufficient strength to resist failure yet not be so stiff that the
optical surface is distorted due to thermal strains.

To that end, the stiffness requirement was defined first with a crude estimate of the transverse stiffness
of the mirror and a simple stiffness model of the interaction between the segment and bipod. The bipod
geometry was then sized, which dictated the loads on the struts. The flexure geometry was then be found
as a function of both the mirror/ bipod stiffness requirement and launch loads. Finally, the worst-case dif-
ferential thermo-elastic strain between the mirror and moving frame was estimated, to be included in the
finite element modelling. The bipod struts are not overconstrained so further thermal survival flow-down
requirements were not necessary.

Each of these sizing operations are documented in the following subsections.

Stiffness: Mirror to Bipod Compliance Ratio

The objective of this design criteria was to provide some confidence that the bipod supports were much more
compliant than the mirror in certain directions. Ideally, the mirror should be a much stiffer spring than its
support so that stresses drive strains in the support structure rather than in the mirror substrate, and by
association, the optical surface [125, p. 321].

Finite element analysis is typically the tool of choice to characterise the effect of external stresses on ir-
regularly shaped optical geometries like the M1 segment. This was beyond the resources and scope of the
thesis. Moreover, the mirror design is very likely to change over the medium term. A simple order of magni-
tude estimate of the mirror and bipod stiffnesses was considered sufficient to establish the feasibility of the
design.

It was assumed that the transverse bipod stiffness should be three orders of magnitude less than that of
the mirror in line with the DOF decoupling design rule used for the wire flexures on page 130. A coarse finite
element model of the mirror segment, limited by the available mesh node count, was used to find a crude
estimate of the mirror stiffness. This analysis and the derivation of a simple stiffness model for the mirror/
support interaction, are introduced in the subsections below.

Estimate of Mirror Stiffness
Figure 8.21 illustrates the ANSYS model setup and results. The material data is given in Appendix K Material
Properties. The analysis was conducted at 298 K, the nominal operating temperature.

Symmetry was used to make the most of the license limitations. One end face of the mirror was given a
fixed boundary condition while a force of 1 N was applied to the opposing free end. The average deformation
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Figure 8.21: Example output of finite element analysis used to derive crude M1 mirror segment stiffness for bipod sizing. Fixed end
condition and 1 N load were applied to opposing faces of the half-segment model (left). The average displacement of the whole body in
the direction of force application was extracted to calculate the bulk stiffness (right).

over the whole body was extracted, rather than from the end face at which the load was applied, as the thin
outer membrane deformed much more than the remainder of the structure, exaggerating the bulk result. See
the right hand frame of Figure 8.21, for example.

The spring constant of the mirror in that direction was then found from F = kéx. The simulation was con-
ducted across the two in-plane dimensions of the mirror, giving the results listed in Table 8.13. The smaller
value was used in the sizing calculations as a conservative estimate. This method was crude but gave a fast,
order of magnitude estimate to predict the maximum allowable bipod stiffness.

Table 8.13: Results from FEA modelling of mirror to extract approximate bulk stiffness of the M1 mirror segment. Directions are given in
the moving frame coordinate system Opg.

Direction Force Ave. Displacement Ave. Stiffness
V] [m] [N/m]
Longitudinal: Xpsp 1.00 1.03x1079 7.97x108
Transverse: Yy 1.00 2.00x10710 4.99x10°
Average 2.98x10%
Stiffness Model

Radial growth of the mirror from its centroid is resisted by the transverse stiffness of the bipods. This interac-
tion is idealised in Figure 8.22.
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Figure 8.22: Simple stiffness model of M1 mirror segment and flexured bipod. a) Model of in-plane radial stiffness ks between the mirror
and bipod. Each bipod has two flexures contributing to the transverse compliance with stiffnesses kg g; b) Equivalent stiffness model;
¢) Stiffness model with equivalent stiffness of each strut ksr4¢; and d) Reduced equivalent stiffness model with the effective in-plane
stiffness of the bipod kp e f-

For this rough approximation it was assumed that since the motions are small, rotation of the flexures
and thus rotation of the line of action of the transverse stiffness of the flexures was negligible. That is, that the
stiffness of the mirror and of each of the bipod flexures stays along parallel axes. This simplifies the equations
by not having to transform the stiffness matrices of each flexure into a single coordinate frame.

All four flexures in each strut have the same geometry. Two of the four flexures are compliant in the
direction of interest with stiffnesses kp s and are included in the stiffness model. The other two flexures
are assumed to be rigid in this direction so are excluded. The mirror segment has stiffness ks in the radial
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direction, given by the smaller value in Table 8.13. The flexure stiffnesses combine in series, then parallel, to
give the effective transverse stiffness of the bipod kg e,

kstrur =kp,s/2 (8.50)
kB,eff =2kstrur = kB,s (8.51)

To ensure that the bipod does not produce excessive deformation of the optical surface due to differen-
tial thermo-elastic deformations, it was assumed that the condition ky;/kpeff = 10% must hold. Thus the
effective stiffness of each strut must be 2000 times less than that of the mirror.

The flexure geometry was sized to meet both this and the launch strength criteria. That process is docu-
mented at the end of the next subsection.

Strength: Launch Survival

As with all previous strength calculations, it was assumed that the launch loads are dominated by the mirror
mass. Figure 8.23 illustrates the assembly geometry, external loads and reaction loads on the mirror from the
struts during launch.

Assembly Geometry Parametrisation

The three bipods Bi (i=A,B,C) are each made of two struts B;; (j=1,2). A local coordinate frame Og; was set
up at the midpoint of the baseline of each bipod, on a circle with radius Rp centred at moving frame origin
Owmr in the Xyr Yy r plane, on the upper face of the moving frame plate. The upper and lower coordinates
of each strut are labelled B; jy and B;j; respectively. Each strut has length sp between the upper and lower
attachment points, with the lower points spaced a distance dp apart along the bipod local x axis. A bounding
circle of radius R; circumscribing the base spacing lengths dp of each bipod was used to check that the
assembly remained within the maximum allowable radius Ryax calculated in equation 8.41. The bipods
were spaced evenly about the circle Rg with angles v;;, identical to those also used in the in-plane constraint
sizing in Figure 8.17.
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Figure 8.23: Geometry of the mirror support assembly with launch loads. Note that the strut lengths sp terminate at the backplane of
the mirror (not shown), a short distance g below the plane of the centre of mass of the mirror. The constraint lines of the struts intersect
in the plane of the centre of mass at a height & from the origin of the moving frame Opg. A local coordinate system Og;j was used at the
base of each bipod in the load derivation, indicated in the right hand figure.

Note that the struts in each bipod terminate a short distance g from their intersection points in the plane
of the mirror centre of mass, indicating their physical termination at the mirror backplane (not shown). The
extension of the constraint lines of the struts intersect in the plane of the mirror COM, so that the resulting
instant centre doesn’t impose bending loads on the mirror.
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Launch Loads

The launch loads were derived assuming quasi-static equilibrium between the mirror and bipod struts. Fully
parametric analytical solutions for the Rga; are derived in Appendix H Mechanical Design - Supplementary
Material. The relations are large, so have not been included in this report for brevity. A short program that
can be used to derive them in Mathematicais also provided in Appendix H.

Other than the launch loads Fy, the strut loads are a function of only three tunable geometric design
parameters: the bipod mounting radius Rp, strut spacing length dp and height i between the centre of mass
of the mirror and point Opg. The mirror support radius Rg is also important, but was assumed fixed in this
work. The selection of these parameters is described in the next subsection.

Assembly Geometry Selection

An interactive parametric tool was developed in Mathematica to visualise the mirror/ support bipod system.
An example of the user interface is illustrated in Figure 8.24. The visualisation is drawn to scale and can be
interrogated in 3D. This was invaluable for rapid discovery of conflicts between parts without having to build
a CAD model.

. R8 [m] [} FLX | 4FLX -FLX ﬂ
him < — ~
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Figure 8.24: Example output of Mathematica interactive parametrised bipod geometry and load tool. Configuration shown is the geom-
etry ultimately selected in this sizing exercise.

The six bipod struts are shown in green with the directions of the reaction loads imposed on the mirror
overlain as orange arrows. The launch loads are shown in blue at the mirror COM and can be toggled in
either direction along orthogonal axes as desired. Four cylinders demarcate the actuator stack positions.
Bipod constraint lines intersect at support circle Rs. Bounding circles Ry for the bipod baselines and Ry, for
the in-plane constraints must remain within allowable radius Rysax.

The following parametric relations were also used to ensure that the bipods did not conflict with each
other nor exceed the usable volume:

q+0.015+6L+41+0.02 < h[m] 0.12+ g —0.015 (8.52)
; 6 2 2
0.001 <dglm] < min ERB,Z\/RMAX—RB (8.53)
3
%dg <Rglml<\/R3,,, —dz/4 (8.54)

h/1.2 < Ry[m] < Ryax —0.015 (8.55)
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where L; and t;, are the familiar parameters from the universal joint parametric model. The constraints on
dp and Rp are derived from the geometry of equilateral triangles and their inscribed/ circumscribed circles.
The various constants in the equation for  are derived from the buffer zones and anticipated thicknesses of
components described in Subsection 8.7.1 Initial Sizing: Moving Frame Plate. The lower limit for Ry; ensures
that the ratio i/ Ry; = 1.2 was not exceeded. The upper limit provides a buffer between Ry 4x and the actuator
stacks.

The largest loads in the struts were in the in-plane launch load cases {iFL, X, iFL,y} in either bipod BB
or BC depending on the specific load case. Bipod BB in load case {+Fy, x,+F,y} was taken as the sizing
example. The tool confirmed the following expected behaviours irrespective of direction and combination of
launch loads:

* Decreasing h reduces the reaction loads.
¢ Increasing Rp reduces the reaction loads.

e Increasing dp reduces the reaction loads.

In general, it was found that a wide, low profile arrangement would decrease loads. There was a trade to be
made between a large and heavy but low-load arrangement or a small, light arrangement with large launch
loads. Larger loads have a flow on to thicker, stiffer flexures that must then be longer to provide sufficient
decoupling between the axial and bending stiffnesses.

From the constraint equations 8.52 to 8.55 it is evident that selection of dg and Rp are interlinked, and
that there is an optimum between the two. Sizing the PMAO using parametric optimisation methods would be
ideal, however developing such a tool was ultimately beyond the scope of this thesis. Instead, the interactive
tool was used to hand pick geometry that led to no conflicts and reasonable launch loads. The area inside the
actuator stacks was reserved for the fixed frame and the area outside the stacks was reserved for the bipods
and in-plane constraints.

Reasons for selecting a small height £ included: reduce the mechanical advantage of the mirror mass; re-
duce the length of the struts; and to increase the maximum usable area in the Xy;r Y)/r plane. The minimum
allowable F for the current design was defined in Table 8.10. A value of 118 mm was selected.

The universal joints were sized, and the actuators selected, based on a ratio h/Rys of 1.2. The actuator
mounting radius R)s was reduced to 100 mm to increase the usable area outside of the actuator stacks, giving
an h/Ry ratio of 1.7, providing a small design margin for both the universal joint flexures and actuators,
which was necessary given that no parts had yet been sized to withstand self-mass through launch.

A bipod radius Rp of 115 mm and spacing dg of 110 mm resulted in a maximum launch load of +1952
N along the axis of a strut. This also provided a minimum 15 mm buffer between the actuators and struts
to accommodate vibration during launch, though confirmation that this is sufficient spacing is a topic for
future work. The system with these parameters selected is shown in Figure 8.24. A summary of the geometry
is given in Table 8.14 at the conclusion of this subsection.

Flexure Geometry Selection

The parametrisation of the bipod strut and strut flexures is shown in Figure 8.25. There was a narrow de-
sign space for a flexure geometry that could meet the launch strength requirements, the operational (mirror)
stiffness requirement and the LEOP survival thermal strength requirement, discussed in the next subsection.
Additionally, the combined length of the flexures, base and transitions was not to exceed the total strut length
sp, defined by the assembly geometry.

The solution to find the critical buckling load of a beam with variable cross-section is non-trivial for more
than two or three different sections. The bipod strut has nine sections. Trial and error using the ANSYS verifi-
cation model was used to determine a flexure geometry that could survive launch and still meet the stiffness
requirement. Both yield and buckling failure during launch were used as strength criteria. The stiffness cri-
teria was set so that the transverse stiffness of the strut was 2000 times less than the radial stiffness of the
mirror, as calculated in the previous subsection. The transverse stiffness of the strut was found by fixing the
foot of the strut, applying a 1 N transverse load to the top and extracting the average displacement of the top
of the strut in the direction in which the load was applied.

Alength of 6 mm, width of 17 mm and thickness of 2 mm were found to be acceptable, giving a critical
buckling load of 2021 N and transverse stiffness of 7.22x 10* N/m per strut. A small transition Lp Ptrans
initially set to 5 mm, was included between each flexure and at the end of the struts. The interface between
the strut and mirror/ moving frame was not crucial to establishing the feasibility of the PMAO so its design
was left to future work.
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Figure 8.25: Geometry of mirror support bipod strut and strut flexures. All flexures have identical geometry. A minimum transition
length Lgprans is maintained between the flexures to transfer the stresses. The thickness of the ends tgpp 45 Was set to the transition
length.

Strength: LEOP Survival
The final design criteria for the bipods was that they withstand the worst-case thermo-elastic strains between
the mirror and PMAO mechanism without plastically yielding. Even micro-yielding will unpredictably alter
the stiffness of the struts to the detriment of the repeatability of the PMAO.

SPACAR is unable to model thermal phenomena so an estimate of the maximum differential strain was
made by hand, documented below. The displacement was then applied to the strut in both the SPACAR and
ANSYS verification analyses.

Load Case Definition

A case with the moving frame at the coldest temperature and mirror at the hottest temperature was con-
sidered, sketched in Figure 8.26. This could forseeably occur in LEOP prior to baffle deployment for an M1
segment fully illuminated by the Sun, shortly after the spacecraft exits the terminator. The worst-case condi-
tion would occur if the mirror heats up very quickly to the higher steady state temperature while the moving
frame, shielded by the mirror, remains at the steady state cold temperature.

¢

| Rs-0y

mPICELY)

- Teod=163 K
- =0R;  Trom=298 K
— Thot=409 K

Figure 8.26: Sketch of thermo-elastic strain geometry during LEOP, used for mirror support bipod sizing. Dashed black parts are initial
state at room temperature. Solid red parts are in hot displaced state. Solid blue parts are in cold displaced state.

The minimum and maximum estimated steady state temperatures for the M1 subsystem during LEOP
with qualification level thermal uncertainty margins were 163 K and 409 K respectively, per Table 3.4. Ther-
mal centres are defined on the moving frame from the in-plane constraints, and in the mirror COM plane by
the support bipods. Assuming that they are well aligned, the resulting thermo-elastic strain in both the mirror
and moving frame extends radially from the Zj,r axis. Room temperature was taken as 298 K, the assumed
assembly and operation temperature of the DST.
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For simplicity, the bipod was assumed to absorb the entirety of this strain through transverse bending of
the flexures, since they should be orders of magnitude more compliant in this direction than both the moving
frame and mirror. This is conservative since the struts are not orthogonal to the moving frame/ mirror planes,
so the radial strain would be reduced by the sine of the dihedral angle between the plane of the bipod and the
horizontal.

Displacement Calculation
With reference to the geometry in Figure 8.26, the change in the radial distance between the centroid of the
mirror and the point between the upper attachments of the two struts to the backplane of the mirror is

ARgp = asic (RS - 6.)/) (Thot — Troom) (8.56)

The change in radial length between the centre of the moving frame and bipod base radius Rp is

ARp = ariRp (Teo1d — Troom) (8.57)

The combined thermo-elastic strain in the radial direction from the centre of the system through the
centre of the bipod is

AR,tot =ARsp —ARp (8.58)

Assuming that the struts are at the steady state cold temperature, their length is reduced by

ALgp=ariLgp (Teo1a — Troom) (8.59)

The primary mirror material selection is based on the GAIA M1 design, which uses BOOSTEC Silicon
Carbide. The CTE varies from 0.9 and 3.0 ue/K between the minimum and maximum LEOP temperatures
[21]. The CTE for Titanium is given in Appendix K Material Properties and was assumed to apply at the cold
temperature. A total differential thermo-elastic strain Ag ;,; 0f 0.201 mm was calculated. The resulting stress
in the strut was checked in both the SPACAR and ANSYS analyses, summarised in Subsection 8.8.3.

Sizing Summary

The bipods were thus sized according to both strength and stiffness criteria. An estimate of the worst-case
differential thermo-elastic strain between the mirror and moving frame was also made. The results are sum-
marised in Table 8.14. The next subsection sets out the SPACAR and ANSYS verification results.

Table 8.14: Design parameters for mirror support bipods.

Parameter Value
Bipod Geometry
Actuator radius (updated) Rys 100 mm
Moving frame height h 118 mm
Bipod mounting radius Rp 115 mm
Strut spacing dp 110 mm
Strut transition length Lgprans 5mm
Strut end interface thickness tgppgse 5mm
Strut Length sp 101 mm
Strut Flexure Geometry
Length Lgp 6 mm
Width bgp 17 mm
Thickness tgp 2mm
Material Ti-6Al-4V
Test Conditions
Applied launch load Fp, +1952 N

Thermo-elastic strain AR o 0.201 mm
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8.8.2. SPACAR Model Definition
The bipod struts were modelled individually rather than in a bipod pair to avoid the unnecessary complexity
of modelling the mirror interface. A sketch of the SPACAR model, showing the definition of each node and
element, is given in Figure 1.3 in Appendix I SPACAR Model Maps. The flexures were all modelled per the sheet
flexures in Subsection 8.4.3.

The end and transition sections were assumed to have comparatively negligible deformation so were
modelled as rigid beams, though mass and inertial effects were included. The transverse displacement pre-
dicted by the LEOP survival thermal expansion calculation was applied at the top of the strut.

8.8.3. Results and Discussion

The results of the SPACAR and ANSYS verification modelling for the bipod struts are summarised in Table
8.15. The first three buckling modes and eigenmodes are shown in Figures 8.27 and 8.28 respectively. The
coarse geometry of the bipod struts simplified the ANSYS mesh generation. The automatic method was used,
guided by a minimum element size setting of 1 mm.

Table 8.15: Results of the mirror support bipod strut modelling in SPACAR and verification with ANSYS. ANSYS values are taken as truth
values for the error estimates.

Item SPACAR ANSYS Error
Eigenfrequencies

w1 147 Hz 139 Hz 5.74%

w2 180 Hz 168 Hz 6.93%

w3 1966 Hz 1678 Hz 17.1%
Critical Buckling Loads

bl 2248 N 2021 N 11.2%

b 2652 N 2370 N 11.9%

f3 16180 N 14795 N 9.36%
Maximum Launch Stress

Oeq 57.4 MPa 80.6 MPa 28.7%
Max. Displacement Stress (LEOP)

Oeq 48.2 MPa 45.1 MPa 6.85%
Transverse Stiffness (Strut)

kstrut 31973 N/m 29312 N/m 9.08%

Static Analysis Results
As in the previous verification analyses, the maximum equivalent launch stress in the SPACAR model was
much lower than the value predicted by ANSYS. The predicted stress from the LEOP transverse displacement
case was considerably more accurate as the stresses were low enough that stress concentrations weren't a
large factor. The 5 mm thickness given to the transitions between flexures was sufficient with equivalent
stresses an order of magnitude lower through these sections than that in the flexures.

The SPACAR transverse stiffness estimate was approximately 9% higher than that from ANSYS. Given the
need to keep this stiffness low, the conservative estimate was acceptable for preliminary design.

Modal & Buckling Results

The SPACAR model correctly predicted the first three eigenmode and buckling mode shapes, and did a good
job of predicting the fundamental frequency, with an error less than 10%. Its prediction of the critical buckling
mode was optimistic with a value 11.2% higher than that of the ANSYS model.

8.8.4. Summary: Bipod Mirror Supports
Trial and error was used to size the flexures so that they would not buckle in launch, yet still meet the stiffness
requirement. An optimisation algorithm using the SPACAR buckling analysis, constrained by appropriate
flexure dimension ratios would be a more efficient method for repeated prototyping in the future. As a min-
imum, the sizing conducted here provided a reasonable mass estimate and initial geometry to quantify the
kinematic performance.

The results from the SPACAR model of the bipod strut were generally quite good, with the ANSYS veri-
fication showing that the modal, buckling and displacement stress analyses worked quite well. As was the
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Figure 8.27: SPACAR eigen buckling analysis results for bipod strut.
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Figure 8.28: SPACAR modal analysis results for bipod strut.

case for all of the other component modelling, SPACAR did a poor job of predicting the maximum launch
stress due to the presence of stress concentrations. Overall, the model was deemed sufficient for the PMAO

prototyping.

8.9. Integrated Assembly

This section finalises the preliminary thermo-mechanical design of the PMAO mechanism. The last major
component to be sized was the fixed frame. One of the major assumptions made in this chapter was that
design of the fixed and moving frames did not pose large technical risks. They would therefore not need to
undergo detailed design and verification to prove the feasibility of their inclusion in the PMAO mechanism.
Accordingly, the objective of the fixed frame sizing was simply to find a preliminary mass estimate. Al-
though the sizing was based on strength calculations, it is important not to read too much into them. Their
objective was to derive a rough approximation of magnitude of what might be expected in a more thorough
design, only. They were not intended to represent a design that could reasonably expect to meet all of the
requirements. The resources of a Masters thesis are finite, the bulk of the technical effort was focussed else-
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where.

Subsection 8.9.1 describes the simple method used to generate a preliminary mass estimate for the fixed
frame. Subsection 8.9.2 summarises the parameters of the final design, details the integrated assembly SPACAR
model setup, and the analyses that fed into the verification activities discussed in Chapter 9 Verification.

8.9.1. Initial Sizing

It was assumed that the fixed frame would consist of a lower plate and a central cylindrical support. The plate
would serve as the interface to the M1 deployment support frame, and mate directly to the PMAO mechanism
in-plane constraint wire flexures. A central cylinder with a radius on the order of the actuator mounting radius
would then provide the foundation for the structure used to mount the four actuators. A sketch of the sizing
geometry is given in Figure 8.29. Each of these components are sized in the following subsections.

trrc

K >2Lp

Figure 8.29: Geometry for PMAO fixed frame sizing. An actuator stack (grey) is shown to illustrate relationship with actuators and moving
frame. The mechanism fixed frame coordinate origin Oy is shown at the bottom of the fixed frame base plate.

Fixed Plate

The fixed plate was modelled as an equilateral triangle with truncated corners 100 mm long to accommodate
the 2Lp =90 mm long in plane constraints. Design of the mounting interfaces was not carried out. The plate
was given a thickness trr of 5 mm per the moving frame sizing, which sees similar loads, leading to a mass of
0.994 kg if made from Ti-6Al-4V.

Central Cylinder
The central cylinder was sized based on two load cases. First, a combined +F, x, +Fr,z combined in and out

of plane load and second, a combined +Fy, x, +Fy y in plane load. As in all other sizing exercises, the launch
loads F were assumed to be dominated by the mirror with a 6 kg mass.

The height of the cylinder iy was assumed to extend to the extremities of the buffer zones at the top and
bottom of the PMAO mechanism in Figure 8.14. For the current design, this gives a height hpr = h—qg+15mm
of 104 mm.

Shigley’'s Mechanical Engineering Design gives simple equations for different types of columns in com-
pression [26]. With a radius on the order of Ry; = 100 mm, the fixed frame cylinder is very short and squat,
so can be classified as a short column where Euler buckling does not apply. For the combined in and out of
plane load case, the maximum compressive stress can be found with [26, p. 188]

P (1+5) (8.60)
Oc=— — .
Al k2
where P is the applied load, A is the cross-sectional area 7(r2 — rl?), e is the eccentricity of the load with
respect to the column centroid here equal to the outer radius of the column Rpp, c is the distance of the
outer most fibre of the column section from the centroid, also equal to Rrr and k is the radius of gyration
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k= (I A)Y2. I is the second moment of area for a cylinder I = 7(r2 — r?). Equation 8.60 applies for columns
with slenderness ratios [/ k less than [26, p. 189]

1 AE 1/2
(1) —am{2)
k), P

A cylinder thickness trr. of 3 mm was selected as the minimum needed to be robust against handling
during assembly and transport, as well as provided a minimum thickness for joining to other components.

For a cylinder made of Ti-6A1-4V with height 104 mm, and outer radius Rrr equal to the actuator mount-
ing radius Rps = 100 mm, the limiting slenderness ratio (I/k); is 98, whilst the actual slenderness ratio I/k is
1.5. Thus equation 8.60 applies.

Assuming that the total applied load would be on the order of four times the launch load on each actuator
given by equation 7.29, equation 8.60 gives an estimated maximum compressive yield stress of 9.8 MPa, far
below the Ti-6Al-4V yield strength of 1060 M Pa.

A simple estimate of the bending stress in the cylinder from the combined F; x and F; y loads can be

found with
Mc hFF\/F)2(+F12/RFF

Obend = —5—
1 Iy

(8.61)

(8.62)

giving a pure bending stress of 2.9 MPa. Thus the fixed frame cylinder geometry derived here should
survive the admittedly strongly simplified load cases given here with a mass 0f 0.851 kg.

A fixed frame that has undergone detailed design will of course be far more complex than the geometry
considered here. The geometry shown in Figure 8.29 would conflict with the bipods and moving frame. It also
doesn’t include any secondary structure to interface with any other components. These extra appendages are
accounted for with an allowance in Subsection 9.1.2 Mass Budget.

8.9.2. SPACAR Model Definition

The state of the PMAO mechanism geometry at the conclusion of the mechanical design process is sum-
marised in Table 8.16. The verification results for this revised design are presented in Chapter 9 Verification,
which made use of the SPACAR model described in this section.

Table 8.16: Design parameters for the final PMAO design.

Parameter Value Parameter Value
Assembly Moving Frame Plate
Actuator mounting radius Rps 100.0 mm Radius Rp
In-plane constraint radius Rp 125.0 mm Thickness tp 5.0 mm
Bipod mounting radius Rg 115 mm Mirror Support Bipods
Mirror support radius Rg 145 mm Strut spacing dp 110 mm
Moving frame height h 118 mm Strut transition length Lppsrans 5 mm
Universal Joint Body Strut end thickness tgppgse 5mm
Outer diameter Do 30 mm Strut length sg 101 mm
Inner diameter D; 10 mm Mirror Support Bipod Flexures
End Interface thickness tg 4.5 mm Length Lgp 6 mm
Universal Joint Flexure Width bgp 17 mm
Length Lg 6 mm Thickness tgp 2mm
Width bg 10 mm Fixed Frame
Thickness tg 0.5 mm Base plate thickness trp 5mm
In-Plane Constraints Cylinder outer diameter Rrp Ry
Length Lp 45 mm Cylinder thickness trp, 3mm
Width bp 1.4 mm Cylinder height hpp 104 mm
Thickness tp 1l4mm

The integrated SPACAR model is the sum of each of the component models described throughout this
chapter. The same assumptions and idealisations used in the verified component models were therefore
re-used at the integrated level. Similarly any trust, or lack thereof, built up from the component model verifi-
cation results was extrapolated to the integrated model.
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The fixed frame was not included in the integrated model as it was assumed that it could be designed
so that it was stiff enough that it would not degrade the performance of the mechanism. Therefore, the top
universal joint interfaces and in-plane constraint interfaces were simply modelled with fixed end conditions.
This is indicated by the small, bright green circles in Figure 8.30. The moving frame plate was still modelled
as arigid body.

An example of the SPACAR visualisation output for the integrated model is given in Figure 8.30. The
SPACAR global coordinate frame was aligned to the mechanism fixed frame Oy, shown in Figure 8.14. Beams
with deformable elements are blue, rigid beams with mass are grey, "dummy" massless beams used to con-
nect the massive elements are shown as dark grey lines. Note that the in-plane constraint wire flexures look
like grey lines, however upon closer inspection they are indeed blue flexible elements.

B Mirror COM
Massive, deformable elements
(blue beams)

Massless rigid elements
(grey lines)

Massive, rigid elements
(grey beams)

T
|
0.05 | \ |
7
I

\ v
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In-plane constraint wire flexures

© Fixed (to fixed frame) @ Actuator In-plane constraint wire flexure @ Bipod

Figure 8.30: SPACAR model of the PMAO integrated assembly. Inset images show the physical embodiment of the lumped mass model
of the universal joints, and a close up view of an In Plane Constraint (IPC) wire flexure.

The massless rigid beams at the top of the model connect the mirror support bipods to the centre of mass
of the mirror, which is modelled using a lumped mass and inertia in a similar fashion to the universal joint
body components. The mass and inertia properties were taken from a CATIA model of the current mirror
design, repeated in Table 8.17. The mirror was assumed to be rigid for all SPACAR analyses.

Table 8.17: Mass and inertia properties for M1 mirror segment lumped mass modelling in SPACAR. Extracted from CAD model. Coordi-
nates are in the SPACAR global coordinate frame Oy, shown in Figure 8.14.

Mass Ixx Ixy Ixz Iyy Iyz I
(kg (m/kg?]
6.0 0.185 0 0.026 0.101 0 0.276

ETEP Model Integration

The main objective of integrating the SPACAR model with the end to end performance model, was to more
accurately model the relationship between a desired segment pose commanded by the calibration algorithm,
and the actual, final, pose achieved by the mechanism.
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It is possible to use SPACAR as a MATLAB Simulink block to calculate the full non-linear inverse kinematic
relations necessary to achieve a certain trajectory, however this requires at least two SPACAR executions for
every commanded pose. It also requires definition of a trajectory from one point to another. Delving into the
details of manipulator control and trajectory planning were beyond the scope of this thesis and perhaps more
importantly, the ETEP model is incapable of making use of trajectory data anyway. The optical performance
is only concerned with start and end points.

Instead, the pmaoFORTA handler function was written to parse the commanded piston, tip & tilt of the
segment from the M1 calibration algorithm, calculate the required actuator strokes using the linearised in-
verse kinematics via pmaoLinInvKin, execute the SPACAR run and return the achieved positions of the
moving frame origin Omp and centre of mass of the segment. The actuator strokes were discretised to the
nearest 10 nm to simulate the actuator step size. See Figure 8.3 at the start of this chapter for the PMAO
program suite.

The execution time for each SPACAR run in the ETEP implementation ranged between 90 seconds to five
minutes depending on the computer hardware and displacement distance. Larger displacements generally
took more iterations for the internal solver to converge. These times were deemed acceptable for the ETEP
Monte Carlo analysis.

This simpler integration of the SPACAR model into the ETEP model was sufficient for the purposes of this
thesis, but it is strongly recommended that the non-linear Simulink model be implemented in future work.
This allows integration of actuator, sensing and control models of the electromechanical systems to provide
arich simulation of the bottom up performance of the active optics.

Buckling Analysis

In all of the component level buckling analyses, one end of each component was fixed while the other was
free - the least stable column end condition. The stability of each of the components improved at the assem-
bly level as this condition changed to fixed/ fixed. A new buckling analysis of the integrated assembly was
required.

Checking the new critical buckling loads on a per component basis in the integrated assembly would have
required an entire buckling analysis for every part, with individual reference loads applied to the ends of each.
The PMAO mechanism is strongly dominated by the mass of the mirror through launch, so a more efficient
way to gain a reasonable first estimate of the assembly’s buckling strength was to treat it as a single part.

Accordingly, buckling failure was checked by applying a 1 N reference load to the mirror centre of mass
node in each of the Xjs, Yy or Zys directions and executing a SPACAR buckling analysis to find the critical
buckling load in that direction. The assembly was considered to survive if the resulting critical load was
greater than the force applied by the mirror mass in that direction during launch, nominally 6 kg x 30 g =
+1765 N.

8.10. Summary

This chapter detailed the preliminary thermo-mechanical design of the PMAO mechanism. A bottom up
approach was used where each of the major components were sized using simple calculations from first
principles to meet the critical strength and stiffness requirements. These calculations adequately predicted
the necessary geometry for the most part, but in isolated instances were severely inaccurate. The designs
were then revised using the SPACAR and ANSYS verification models.

It was found that combining flexures with the high aspect ratios necessary to decouple their freedom and
constraint DOFs could be a considerable challenge for mechanisms that must also survive large loads and fit
into a small volume. The launch loads strongly dominated the design criteria, leading to a wide, relatively
low profile assembly to reduce the mechanical advantage of the mirror. The result is somewhat heavy but
nevertheless, represents a practical revised baseline.

Several trends were evident in the ANSYS verification modelling. SPACAR was able to predict the first
eigenfrequencies and critical buckling loads to within 12% of the values predicted by ANSYS. This level of
accuracy was in agreement with SPACAR models documented in the academic literature. The first buckling
and eigenmode shape predictions were also good, however the accuracy degraded quickly for higher orders.

Additionally, the maximum equivalent stress calculations in the SPACAR models were sufficiently accurate
for small deflections, but routinely under-predicted the maximum stress reported by ANSYS in the launch
load cases, by up to 29%. The ANSYS results were dominated by stress concentrations at the roots of the
flexures, which SPACAR did a poor job of predicting. This was not considered a great cause for concern as
such stress concentrations would be designed out in detailed design with fillets or curved flexure profiles.
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The SPACAR results were therefore assumed to be indicative of reasonable launch stresses for the purposes of
this feasibility study.

There is significant scope for improvement. Detailed design of all components is needed, from interfaces
and the fixed and moving frames, through to refined flexure profiles and removal of stress concentrations.
Other failure criteria such as fatigue also need to be considered, as well as the effects of assembly errors.

Major assumptions used in the mechanical design are summarised in Table 8.18. Verification of the re-
vised design is detailed in the next chapter.

o 1

Table 8.18: Major assumptions for mechanical design. Assumptions with ID’s "ASM-MEC-XX" refer to the mechanical sizing. Assump-
tions with ID’s "ASM-SPA-XX" refer to the SPACAR modelling.

ID Description

ASM-MEC-01 Assume moving frame plate can be modelled as a rigid body. A corollary is that designing the moving
frame to be sufficiently rigid to meet operational requirements does not present a high technical risk.

ASM-MEC-02 Assume fixed frame can be modelled as a rigid body. See also corollary for ASM-MEC-01.

ASM-MEC-03 Assume mirror can be modelled as a rigid body in all analyses. Bipod struts are designed to be
>1000x more compliant than the mirror to facilitate this assumption.

ASM-MEC-04 Assume that the PPA40XL specifications provide a conservative estimate of proposed PPA10XL ac-
tuator performance.

ASM-MEC-05 Assume that the blocked force capability and output stroke of the actuators are not affected by the
driven load, which is very small.

ASM-MEC-06 Assume that connection of bipod struts to mirror and moving frame can be modelled as a pinned
connection. This is enabled by a strong decoupling between the bending and axial stiffnesses of the
struts, which is not necessarily achieved with the final design. Refinement is a topic for future work.

ASM-MEC-07 Assume minimum allowable feature size is 0.5 mm to enable standard precision machining tech-
niques.

ASM-SPA-01 Damping properties of the material are ignored as they are very difficult to characterise accurately.

ASM-SPA-02 The fixed frame and deployment support frames are assumed to be completely rigid. They are ex-

cluded from the model for simplicity. Both components should be included in detailed design mod-
elling as they can strongly impact the resonant frequency in the combined system.

ASM-SPA-03 Only compliant elements (flexures) need to be modelled with deformation modes included, due to
their much greater compliance than larger, stiffer members.

ASM-SPA-04 Yield failure need only be checked in flexures due to their much smaller cross-section than larger
members.

ASM-SPA-05 Assume verification of the component SPACAR models can be extrapolated to the assembly level

SPACAR model.




Verification

This chapter documents the results of the application of the verification plan generated in Chapter 4 Verifi-
cation Plan to the revised PMAO baseline design formulated in Chapter 8 Mechanical Design.

The chapter structure is shown in Figure 9.1. The verification activities were decomposed into four ma-
jor themes: systems level, launch survival, operations survival and operations functionality, each discussed
in turn through Sections 9.1 to 9.4. In the interest of brevity, self-explanatory verification activities are not
discussed in detail. The results of the verification phase are summarised in a series of convenient tables in
Section 9.5. Section 9.6 details a number of flow down requirements to other components or subsystems that
follow from the verified PMAO design. The chapter concludes with tables summarising the outcome of each
verification activity in Section 9.7.

Verified SP»‘QCAR Model
v 1]

Mechanical Analysis Thermal Analysis ETEP Analysis

Revised Baseline

Design Configuration 9.1.1 <{ Simulation Setup ‘ 9.4.2
—+ Systems Level ‘ 9.1 dif ]
Modification o
Mass Budget ‘ 9.1.2 ‘{ Calibration Algorithm ‘ 9.4.3
Yield Failure 9.2.1 Image Qualit 9.4.4
Buckling Failure 9.2.2 ﬂ{ 9e Q 4
. . Workspace Definition &
‘{ Launch Survival ‘ 9.2 Modal Analysis 9.2.3 ‘{ Actuator Performance ‘ 9.4.5
Support Kinematic Accuracy, Precision &
Performance D2 Sources of Error DAL
*{ Operations Survival ‘ 9.3 ~{ Actuation Loads ‘ 9.3.1 ~{ LEOP Thermal Loads ‘ 9.3.2
: . 8 Top Down Budgets Top Down Budgets )
—+ Operations Functionality ‘ 9.4 «{ Deployment, Stability ‘9.4.1 ~{ In-Orbit Drift 9.4.1
Y

Flow Down Requirements | 9.6

Feasibility Assessment

Figure 9.1: Major tasks in the verification chapter.

9.1. System Level Verification Activities

The system level requirements largely cover compatibility and programmatic characteristic requirements.
These are verified in Subsection 9.1.1. An itemised mass budget for the PMAO is formulated in Subsection
9.1.2.

9.1.1. Configuration, Manufacturing and Regulations

Verification Activities: VA-01 [pass], VA-03 [pass], VA-04 [pass], VA-15 [pass], VA-16 [pass], VA-18 [pass]
Inspection of the mechanical drawings and parametric visualisation tool in Figure 8.24, as well as the ETEP
modelling, confirm that the primary mirror is in the correct location, that the PMAO respects the 120 mm
clearance between the back of the mirror and DST housing, that it does not protrude beyond the periphery of
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the mirror and that deployment of M1 and M2 will not be obstructed. The minimum dimension throughout
all of the major components is 0.5 mm to permit standard high precision fabrication methods.

The actuator is not controlled by ITAR regulations and does not require any new fabrication or testing
methods. It is considered a low risk item.

9.1.2. Mass Budget

Verification Activities: VA-02 [pass]

Table 9.1 gives a bill of materials for the preliminary design of the PMAO. A rough allowance of 10% of the pri-
mary structure mass was made for secondary structures (brackets, ribs etc) and interfaces (kinematic joints,
bolts, adhesive). An additional margin of 20% was applied to reflect the uncertainty in the preliminary de-
sign. The total mass with secondary structure allowance and uncertainty margin was 5.854 kg per segment,
approximately 0.35 kg below the mass budget in requirement PMAO-SYS-02. An estimate of the power elec-
tronics mass is provided, but does not contribute to the instrument mass requirement.

Table 9.1: Mass budget for the primary mirror active optics mechanism. Power supply electronics are a separate line item as this does
not contribute to the instrument mass budget.

Item Mass/ Unit No. Units  TotalMass Comment
kgl (-] [kg]
Universal joints 0.071 8 0.566  Ti-6Al-4V, CAD estimate
Actuators 0.085 4 0.340  Scaled from PPA40XL
Moving frame, in-plane constraints 1.075 1 1.075 Ti-6Al-4V, CAD estimate
Support bipods 0.102 6 0.609  Ti-6Al-4V, CAD estimate
Fixed frame 1.845 1 1.845  Ti-6Al-4V, sizing estimate
Secondary structure, interfaces - - 0.443  10% of primary mass (est.)
Total 4.878  Primary + secondary structure
20% Margin 0.976  DST Team standard margin
Total with margin, per segment 5.854
Total with margin, four segments 23.42 PMAO-SYS-02:24.8 kg
Power supply electronics 0.390 4 1.560  Per segment, Subsection 6.6

The total mass would be expected to decrease with detailed design since solid sections have been used in
the structural components. More structurally efficient sections such as I-beams or channels could be used
instead for the moving and fixed frames.

9.2. Launch Survival Verification Activities

The SPACAR model was used to perform the yield, buckling and modal analyses. To reduce the burden of
analysis, yield and buckling were checked in the compliant members only, comprising some 62 individual
flexures. This was automated using the batch processing scripts previously depicted in Figure 8.3. All launch
survival analyses included the 6 kg mirror mass. The strength of the mechanism against yield and buckling
failure are examined in Subsections 9.2.1 and 9.2.2 respectively. The modal analysis results are discussed in
Subsection 9.2.3.

9.2.1. Static Analysis: Yield Failure

Verification Activities: VA-06-[01-03]-01 [pass]

Twelve separate launch load cases were examined, one for each combination of two simultaneous positive
and/ or negative x, y and z inertial launch accelerations. Per the verification plan, the limit load for the beams
was the yield strength of the material, and for the actuators, one third of their rated maximum blocked force
output, approximately 2218 N.

The minimum margin of safety against yield found for each part across all load cases is reported in Table
9.2. Note that the loads and stresses are for the most highly loaded flexures within each part. For example, the
margin of safety listed for the lower universal joint in actuator stack A Uni joint - AL, is the smallest margin
of safety for any part (ie. any flexure) within the Uni joint - AL component. Therefore the listed stress is the
stress through the limiting flexure, not through the whole universal joint. The part locations were described
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in Figure 8.30.

The most critical component in the yield tests were the actuators, with a margin of safety of 0.33 against
their rated axial load. This is a comfortable margin, especially given the conservative 30g launch loads and
heavy 6 kg mirror mass.

It was shown in the SPACAR model verification that there were errors of up to 29% in the maximum pre-
dicted stress compared to ANSYS. Thus the results in Table 9.2 are indicative at best. From a purely qualitative
perspective, the margin of safety is large enough for all parts that there is still confidence that the PMAO would
survive launch if designed without stress concentrations.

The results also confirmed several findings from the initial sizing calculations:

¢ The dominant load case for the universal joints was any combination of an out of plane load F; z and
an in-plane load (Ff x or Fry).

¢ The dominant load case for the in plane constraint wire flexures was any combination of in plane loads
FL,X and FLyy.

¢ The dominant load case for the bipod struts was a combination of the F; x and Fr y load cases on
bipods BB and BC.

9.2.2. Static Analysis: Buckling Failure
Verification Activities: VA-06-[01-03]-02 [pass]
The method used to check for failure in buckling at the assembly level was described in Subsection 8.9.2.
The critical buckling loads in the X, Yy and Zy; directions for an external load applied at the position
of the mirror centre of mass are shown in Figure 9.2. Higher order buckling modes are not shown as the
model verification work in Chapter 8 Mechanical Design found that the moving frame and in plane constraint

SPACAR models were unable to accurately predict these.
Universal joint

I:rei' = iXM Fref = iYM Fref = iZM
fory = 2546 N foy = 2205 N for, = 22460 N

Figure 9.2: First critical buckling load for PMAO mechanism assembly in Xz, Yas, Zps directions. In-plane constraint (IPC) wire flexure
AA buckles first with a 2205 N load applied in the Yj; direction, followed by simultaneous buckling of IPC wire flexures BB and CC under
a 2546 N load in the Xj direction. The universal joints buckle before the bipod struts for loads in the Z); direction, with a very high
critical buckling load of 22.46 kN.

The margins of safety against buckling for the assembly are summarised in Table 9.3. The components
most susceptible to buckling were the very slender in-plane constraint wire flexures, though they were still
predicted to survive with a margin of safety of 0.25. They are weakest when the external load is applied parallel
to their slender axis.

Interestingly, in Section 8.5, the universal joints were predicted to buckle under the launch loads when
analysed on their own. In contrast, their buckling strength at the assembly level increased significantly, with
a critical buckling load of more than 22 kN. This surprising result was attributed to the change in the end
conditions of the joint flexures once integrated into the assembly. The universal joint component models
were analysed with fixed/ free boundary conditions, whereas they are fixed/ fixed in the integrated model.
Still, the increase in strength is very large and worth further verification with ANSYS if a commercial license
becomes available.

Similarly, the bipod strut buckling analysis in Subsection 8.8.3 suggested that the strut flexures would
need to be quite thick to avoid buckling, however their stability also greatly improved at the assembly level.
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Table 9.2: Margins of safety against yield in launch. "Uni joint - A[L/U]" refers to actuator A, Lower joint/ Upper joint. MSy = Margin of Safety (yield). LC = Load Case. IPC = In Plane Constraint wire flexure.

Limit Load Compression Tension
Part or Stress MSy  Stress/ Load LC MSy  Stress/Load LC Critical Failure Mode
IPC- AA 1060 MPa 1.34 453 MPa  -FIx, -Fly & 1.25 471 MPa +Flx, -Fly&  Tension

-FLx, +FLy +FLx, +Fly

IPC - BB 1060 MPa 0.82 583 MPa +FLx, +FLy 0.83 580 MPa -FLx, -FLy Compression
IPC - CC 1060 MPa 0.82 583 MPa +FLx, -FLy 0.83 580 MPa -FLx, +FLy Compression
Uni joint - AL 1060 MPa 2.65 290 MPa  -FLx, +FLz 5.32 168 MPa  +FLx, -FLz Compression
Uni joint - AU 1060 MPa 3.15 256 MPa -FLx, +FLz 2.94 269 MPa +FLx, -FLz Tension
Uni joint - BL 1060 MPa 2.65 290 MPa  -FLy, +FLz 3.41 240 MPa  +FLy, -FLz Compression
Uni joint - BU 1060 MPa 3.15 256 MPa -FLy, +FLz 2.93 270 MPa  +FLy, -Flz Tension
Uni joint - CL 1060 MPa 2.65 290 MPa  +FLx, +FLz 3.41 241 MPa  -FLx, -FLz Compression
Uni joint - CU 1060 MPa 3.15 256 MPa +FLx, +FLz 2.93 270 MPa -FLx, -FlLz Tension
Uni joint - DL 1060 MPa 2.65 290 MPa  +FLy, +Flz 3.41 240 MPa  -FLy, -FlLz Compression
Uni joint - DU 1060 MPa 3.15 256 MPa  +FLy, +FLz 2.93 270 MPa  -Fly, -FlLz Tension
Bipod strut - BA1 1060 MPa 17.16 58 MPa -FLy, -FLz 17.16 58 MPa +FLy, +FLz Tension
Bipod strut - BA2 1060 MPa 17.16 58 MPa +FLy, -FLz 17.16 58 MPa -Fly, +FLz Tension
Bipod strut - BB1 1060 MPa 14.78 67 MPa +FLx, +FLy 14.76 67 MPa -FLx, -FLy Tension
Bipod strut - BB2 1060 MPa 14.83 67 MPa -FLx, +FlLz 14.81 67 MPa  +FLx, +FLy Tension
Bipod strut - BC1 1060 MPa 14.83 67 MPa  -FLx, +FLy 14.81 67 MPa +FLx, -FLy Tension
Bipod strut - BC2 1060 MPa 14.78 67 MPa  +FLx, -FLy 14.77 67 MPa -FLx, +FLy Tension
Actuator A 2218 N 0.33 -1674 N -FLx, +FLz 0.33 1674 N  -FLx, -FLy Tension or Compression
Actuator B 2218 N 0.33 -1674 N -FLy, +FLz 0.33 1674 N +FLy, -FLz Tension or Compression
Actuator C 2218 N 0.33 -1674 N  +FLx, +FLz 0.33 1674 N -Flx, -FLz Tension or Compression
Actuator D 2218 N 0.33 -1674 N +FLy, +FLz 0.33 1674 N  -FLy, -FLz Tension or Compression
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Table 9.3: Margin of safety against linear buckling M Sy, k1. for the PMAO mechanism assembly. Reference and applied loads applied to
the mirror COM. The load applied by the mirror mass Fpplied and the critical buckling load fer are also given. IPC = In Plane Constraint.

Reference Direction fer Fapplied MSpyckle Critical Component
[N] [N] (-]

XM 2546 1765 0.44 IPCwire BB&CC

Yr 2205 1765 0.25 IPCwire AA

Zy 22460 1765 11.72  Universal joints

Their margins of safety against yield at the component level, given in Table 9.2, were also very large. There is
scope here to optimise their design to reduce mass and improve the bending compliance of the flexures. This
will further improve their axial and transverse decoupling, to impose even smaller stresses on the mirror.

Overall, the high margins of safety in both yield and buckling failure criteria demonstrate that the PMAO
design is conservative, especially considering the large 30g quasi-static loads and generous 6 kg mirror mass.
Nevertheless, it should survive launch.

9.2.3. Modal Analysis

Verification Activities: VA-06-04 [pass]

The first three eigenmodes for the PMAO mechanism assembly are shown in Figure 9.3. The results show
that the fundamental frequency was predicted to be almost a factor of two greater than the required 100
Hz, much more than the 15% margin considered acceptable at the preliminary design stage [122, p. 671].
It was concluded that the design was compliant with the dynamic launch survival requirement. With light-
weighting of the moving mass of the PMAO, this margin could be improved further.

Orthogonal Views

Top Views

First Mode Second Mode Third Mode
W; = 197.6 Hz W2 = 203.8 Hz W3 = 204.4 Hz

Figure 9.3: First three eigenmodes and eigenfrequencies for the PMAO mechanism assembly.

The first three eigenmodes were dominated by the in-plane freedoms ostensibly constrained by the IPC
wire flexures. The first mode was a translation in the Y, direction coupled with a small Z,; rotation, the
second was a more pronounced translation in the Yj; direction and weaker Zj; rotation, and the third mode
was a dominant translation in the X direction. Unsurprisingly, all three modes were caused by the much
lower bending stiffness of the wire flexures compared to the universal joint and bipod strut sub-assemblies.

There was very little separation in these first three eigenfrequencies, a consequence of the symmetry of
the in-plane constraint sub-assembly. Recall that the ANSYS verification of the in plane constraint SPACAR
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model showed that the SPACAR analysis made very poor predictions of the second and third eigenfrequencies.
These modes are suppressed by the presence of the universal joints at the assembly level, though the results
presented here should still be treated as qualitative predictions at best.

Although verification of the top down stability budget was not possible without a coupled loads analysis
including the M1 deployment mechanism, these modal results do give a qualitative prediction of the opti-
cal effects of exciting the PMAO at its natural frequency. For example, on its own, excitation of the PMAO
mechanism will primarily cause a decentre with a small rotation about the z axis of the mirror segment.

9.2.4. Support Kinematic Performance

Verification Activities: VA-05-[01-03] [partial], VA-O7 [pass], VA-08-01 [partial]

Requirement PMAO-MEC-03 states the the PMAO must support the mirror through launch. Verification of
this requirement was broken down into three activities: A check that the support could survive the launch
loads with the mirror; a check that the mirror was not overconstrained and a check that the lateral stiffness of
the mirror support was at least 1000 times more compliant than the mirror.

The stress and buckling analysis results in Subsections 9.2.1 and 9.2.2 demonstrated that the PMAO can
support the mirror through launch. It was also shown in Subsection 8.8.1 that the radial stiffness of the mirror
was at least 7.96x108 N/m and that the transverse bending stiffness of one strut was 7.22x10* N/m. The
combined transverse stiffness of the two struts in each bipod was then 1.44x10° N/m, more than 5000 times
less stiff than the mirror.

For the bipods to not overconstrain the mirror, the bending stiffness of each strut should be at least 1000
times less than that of its axial stiffness. This ensures that each strut constrains only a single rigid body DOF
of the mirror. Applying a 1 N reference load to the end of one of the bipod struts along its longitudinal axis
in ANSYS yielded an average displacement of 14.2 nm of that end face, giving an effective axial stiffness of
70.3x10% N/m. The axial to bending stiffness ratio of the strut was thus 974, marginally less than the bench-
mark decoupling.

It was concluded that compliance with requirement PMAO-MEC-03 was partial. The requirement that
the strut have a decoupling factor of 1000 between axial and bending DOFs is a rule of thumb that is violated
by less than 3%. The bending stiffness of the strut can be reduced relatively easily by increasing the flexure
lengths, reducing their thickness and/ or width or by changing their profile. The buckling and yield strength
analyses showed that the struts, at the assembly level, have considerable margins of safety, so there is some
flexibility to weaken them and improve the DOF decoupling.

Moreover, the effect of the less than ideal decoupling on distortions of the optical surface of the mirror
also very strongly depends on the mirror design itself, which is a topic for future work.

9.3. Operations Survival Verification Activities

Verification Activities: VA-09-01 [pass], VA-08-01 [partial]

The verification plan assumed that the launch loads will be much larger than any other inertial loads experi-
enced by the mechanism during AIT, LEOP and imaging operations. It was also noted that the configuration
of the PMAO does not change between launch and operations, with the exception that the actuators are pow-
ered. Thus to simplify the verification, the ability of the PMAO to survive inertial loads in operations was
assumed to logically follow from its ability to survive the launch loads. Since requirement PMAO-MEC-40
was verified by activities VA-06-01 to -05 above, it was assumed that the design also passed activity VA-09-01.

Similarly, the The verification plan assumed that if the PMAO mechanism could support the mirror through
launch then it could also do so during operations. The partial compliance with the launch requirement there-
fore flows down to the operations support requirement, PMAO-MEC-04, through activity VA-08-01.

The results of a yield failure analysis under the internal loads generated during actuation of the mech-
anism are document in Subsection 9.3.1. A similar check for thermal loads during the thermally dynamic
LEOP mission phase is made in Subsection 9.3.2. A brief note regarding the inability to verify the design
against deployment loads is given in Subsection 9.3.3.

9.3.1. Static Analysis: Actuation Loads

Verification Activities: VA-09-03 [pass]

The objective of verification activity VA-09-03 was to check that the mechanism won't fail due to internal
loads from the actuators during nominal operations. It was assumed that the maximum stresses would occur
when the end effector is displaced to the eight corners of the workspace, illustrated conceptually in Figure
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9.4. The margins of safety were calculated using the same process as for the launch loads although a safety
factor for yield of 1.25 was used per the DST Requirements and Verification guidelines document in Appendix
D. Standard Earth gravity was also applied to simulate the maximum actuation loads during terrestrial AIT.
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Figure 9.4: Conceptual representation of the workspace of the mechanism end effector. The origin of the moving frame Oy is manipu-
lated in the region bounded by the minimum and maximum required ranges of motion in tip, tilt and piston.

The results of the load analysis are given in Table 9.4. Only the quasi-static loads required to hold the
mirror in the listed poses were calculated. These will be less than the loads required to deform the compli-
ant elements and accelerate the moving mass. This would be a useful application of the SPACAR model, in
conjunction with trajectory planning, in future work.

The results show that the location of maximum stress moves around the mechanism as a function of the
pose. It is not expected to exceed more than =2.1 MPa. As a sanity check, the maximum bending stress in an
IPC wire flexure can be estimated with the simple model shown in Figure 9.5. Consider for example a 4 um
pure piston motion of the moving frame, driven by a downwards force via the moving frame in the middle of
the wire.

2L,

Figure 9.5: Simple model of a piston deflection z;;4x of an IPC wire flexure. Each end is fixed to the fixed frame and a transverse load F
is applied to the wire by the moving frame.

Since the length to thickness ratio is large, the bending stresses at the outer fibres of the beam will be larger
than the shear stresses along the neutral axis [26, p. 97]. The relationship between the transverse deflection
at the centre of the beam and applied load is

(2Lp)°F

S il 9.1
Zmax 192E1 ©-D

The maximum bending moment is at the centre of the beam, given by M;,,x = F(2Lp)/8. The resulting
stress is 0 = Mc/ I with ¢ the maximum distance from the centre of the beam to the outer fibre, here equal to
tp/2 and I the second moment of area of the cross-section. Combining these equations, the maximum stress
due to a transverse displacement is

_ 12Etpzmax

This gives a bending stress of 0.95 M Pa for the wire flexures under a 4 um pure piston displacement. The
stress can be expected to be a little higher with the addition of tip and tilt displacements, as shown by the
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Table 9.4: Margins of safety against yield for nominal displacements in operations. Safety factor of 1.25 applied. "Uni joint - A[L/U]" refers to actuator A, Lower joint/ Upper joint. MSy = Margin of Safety
(yield). Ox v, Oy, M, Az, m give pose of O for each MSy. IPC = In Plane Constraint wire flexure.

Compression Tension

Part Limit Load/ Stress MSy  Stress/ Load MSy  Stress/ Load Critical Failure Mode

OxMm Oym Azwm Oxm Oym Azm

[urad]lurad]{um] [urad]lurad]pm]
IPC - AA 1060 MPa 722 1.17 MPa -2 4 -4 722 1.17 MPa 2 4 -4 Tension
IPC - BB 1060 MPa 726 1.17 MPa -2 -4 -4 737 1.15 MPa -2 -4 -4 Compression
IPC - CC 1060 MPa - - - - - 726 1.17 MPa 2 -4 -4 Tension
Uni joint - AL 1060 MPa 434 1.95 MPa -2 -4 4 434 1.95 MPa 2 -4 4  Tension or Compression
Uni joint - AU 1060 MPa - - - - - 403 2.10 MPa -2 -4 4 Tension
Uni joint - BL 1060 MPa 429 1.97 MPa -2 -4 4 429 1.97 MPa 2 -4 4  Tension or Compression
Uni joint - BU 1060 MPa 401 2.11 MPa 2 4 4 401 2.11 MPa 2 -4 4  Tension or Compression
Uni joint - CL 1060 MPa 434 1.95 MPa 2 4 4 432 1.96 MPa -2 4 4 Tension
Uni joint - CU 1060 MPa 402 2.10 MPa -2 4 4 402 2.10 MPa -2 -4 4  Tension or Compression
Uni joint - DL 1060 MPa 439 1.93 MPa -2 -4 4 429 1.97 MPa -2 -4 4 Tension
Uni joint - DU 1060 MPa 401 2.11 MPa -2 -4 4 401 2.11 MPa -2 4 4  Tension or Compression
Bipod - BA1 1060 MPa 2161 0.39 MPa 2 -4 -4 2060 0.41 MPa -2 -4 -4 Tension
Bipod - BA2 1060 MPa 2059 0.41 MPa -2 -4 -4 2059 0.41 MPa -2 4 -4 Tension or Compression
Bipod - BB1 1060 MPa - - - - - 2056 0.41 MPa -2 -4 -4 Tension
Bipod - BB2 1060 MPa 2155 0.39 MPa 2 -4 -4 2053 0.41 MPa -2 -4 -4 Tension
Bipod - BC1 1060 MPa 2161 0.39 MPa 2 4 -4 2054 0.41 MPa -2 -4 -4  Tension
Bipod - BC2 1060 MPa 2057 0.41 MPa -2 -4 -4 2057 0.41 MPa -2 4 -4 Tension or Compression

Table 9.5: Summary of critical thermal load strength calculations during LEOP. SS = Steady State. IPC = In Plane Constraint. MF = Moving Frame.

Part Thermal Source Failure Mode E_Q\MH_HM Design Load Status Comment

Universal joint SS bulk temperature change  Buckling AT =2285K 135K to SS cold temp OK  §8.5.1,eqn 8.36 & 8.27, App. C.
Universal joint SS heat source Buckling 274W  0.05 W (estimate) OK  Perjoint flexure. §8.5.1, eqn 8.37 & 8.27
IPC wire flexures  SS bulk temperature change  Buckling AT=318K 135KtoSScoldtemp OK  §8.7.2,eqn 8.38 & 8.27

IPC wire flexures SS heat source Buckling 0.2W 0.134 W (estimate) OK Per wire flexure. §8.7.2, eqn 8.37 & 8.27
MF plate SS bulk temperature change  Yield (of uni joint) AT =442 K 135K to SS cold temp OK  §8.7eqn8.49




9.3. Operations Survival Verification Activities 157

results for the wire flexures in Table 9.4. Evidently the actuation loads will be very small compared to the
launch loads.

There are three instances in Table 9.4 where there are no compression loads listed. This is because the
analysis was conducted with a gravity vector pointing in the negative Z,; direction. For all poses, the actua-
tion loads were much smaller than the reaction forces in the members due to the self weight of the mirror and
mechanism, so some members did not leave the compressive state. A similar analysis could be conducted
with a gravity vector in the X)s or Y) directions to simulate AIT with the mechanism on its side.

It was concluded that the mechanism was more than capable of surviving the internal stresses generated
by the mechanism during nominal operations both on the ground and in orbit.

This analysis was conducted for the nominal mechanism range of motion before the larger +9 urad tip/
tilt and +4 pum piston workspace had been confirmed. The very high margins of safety shown in Table 9.4,
coupled with the knowledge that the displacements of the flexures are dominated by the piston range, which
doesn’t change, provide confidence that the mechanism will not fail during actuation for the larger range of
motion capability.

9.3.2. LEOP Thermal Loads

Verification Activities: VA-08-02 [pass], VA-09-02 [partial], VA-10 [partial]

Analysis of the LEOP thermal loads was divided into three portions. First, stresses on the support bipods for
the worst-case differential thermo-elastic expansion between the mirror and support was checked. This anal-
ysis wasn't necessary for the same parts since they were all assumed to be made of the same material. Thus
the second portion of analysis focussed on stresses arising from temperature gradients across the individual
components. The actuator temperature ratings were also checked.

Mirror/ Support Differential Thermo-Elastic Strain

Activity VA-08-02 checks that the mirror supports do not plastically deform under the worst-case differential
thermo-elastic strain between the mirror and support. A strain of 0.201 mm between the mirror and support
during LEOP was calculated in the bipod sizing process, Subsection 8.8.1. An equivalent stress of 45.1 MPa
with a margin of safety against yield of 22.5 was found in the support struts for this load case during the ANSYS
verification modelling. Thus the support should survive the worst-case LEOP thermal loads.

Component Steady State Thermo-Elastic Stresses

The objective of VA-10 was to make sure that no parts plastically deform due to large operational thermal
loads. It was assumed that the largest thermal loads would occur in LEOP without the protection of the baffle,
and that if the mechanism could be shown to survive the thermal loads of that phase, then it could survive
the thermal loads of all other phases. Thus activity VA-09-02 follows logically from VA-10. It was assumed in
Chapter 4 Verification Plan that the stresses induced by thermal launch loads were captured by the 30g quasi
static loads.

Calculations for VA-10 were already performed at the initial sizing stage for each component and were
refreshed with the revised PMAO baseline geometry in Table 8.16. The results are summarised in Table 9.5,
along with references to the governing equations. The largest predicted departure from the nominal 298 K
assembly temperature is to the LEOP steady state cold qualification temperature, a difference of 135 K per
Table 3.4. None of the parts were predicted to fail. No strength checks were made for those components able
to expand and contract freely (ie. the bipod struts) since their fixture conditions do not drive a build up of
internal stresses from thermal strains.

Actuator Temperature Limits

Critically, the Cedrat PPA XL family of actuators are rated for ambient temperatures of only 288 to 298 K during
powered operations [29]. The datasheet does not supply a maximum non-operational temperature range
however, an environmental temperature limit of 373 K was specified for the SPICE instrument on ROSETTA,
which also used Cedrat PPA actuators [60]. Adopting this same limit, which gives a 50 K buffer from the 423 K
Curie temperature of the piezoelectric ceramic, shows that the thermal conditions around the actuators must
be controlled. This is a key flow down requirement for the thermal control system, formalised in Section 9.6
Flow Down Requirements.

The calculations referenced in Table 9.5 are admittedly very rough and should certainly be verified with
more detailed coupled thermo-mechanical finite element analysis. This will be possible at the conclusion of
the initial thermal modelling for the DST, which was still ongoing at the time of writing. Requirement PMAO-
MEC-41-01 can only be considered to be partially verified until the thermal control system design matures.
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9.3.3. Deployment Loads

Verification Activities: VA-11 [TBD]

Requirement PMAO-MEC-42 "Survive deployment" could not be verified as the loads generated by the de-
ployment mechanism have not yet been quantified. While deployment would nominally be smooth, there is
a known "snapping" phenomena once the M2 booms reach their final position. It is likely that this shock will
be less than any to be experienced by the mechanism during launch, which were already accounted for in
the 30g launch loads. However, this cannot be guaranteed until further analysis is made available. Therefore,
verification of this requirement remains to be determined.

9.4. Operations Functionality Verification Activities

This section sets out the verification status of the PMAO with respect to the functional requirements during
on-orbit operations. A large proportion of the functional requirements are contingent upon the outcomes of
other ongoing thermal and mechanical design efforts, and remain unverified. Further discussion regarding
this is left to Section 10.3 Future Work.

The top down system budgets are addressed first in Subsection 9.4.1. The remaining operations functional
requirements were verified at the telescope level using the newly developed PMAO SPACAR simulation and
its integration with the ETEP model. Subsection 9.4.2 introduces the simulation methodology. Initial results
found that the M1 calibration procedure was requesting unexpectedly large actuator strokes. A modification
to the error function used by the optimisation algorithm lead to a more efficient use of the available actuator
stroke. These findings are presented in Subsection 9.4.3.

The remaining functional verification activities were conducted using the ETEP model with the new cali-
bration algorithm. The ability of the mechanism to facilitate diffraction limited imaging is verified in Subsec-
tion 9.4.4. The mechanism workspace and required actuator stroke requirements are verified in Subsection
9.4.5, followed by a quantitative analysis of the mechanism accuracy, precision and likely error sources in
Subsection 9.4.6. An initial note on the thermal requirements during operations is given below.

Operations Thermal Requirements

Verification Activities: VA-19-[01,02] [TBD]

Requirement M1-MEC-15 states that the PMAO must meet the functional requirements at the operations
design temperature of 298+1 K in vacuum. The design thermal uncertainty margin of +15 K is added to this
range to account for the preliminary design status. Data from ongoing thermo-mechanical efforts by others
in the DST team was needed to rigorously verify this requirement. Where possible, first order estimates of the
PMAO performance at the design temperatures are provided throughout this section. A plan to complete the
remaining verification activities is given in Section 10.3 Future Work.

9.4.1. Top Down Systems Budgets

Since the top down budget requirements M1-MEC-01, M1-MEC-04 and M1-MEC-07 were defined for the
entire M1 sub-assembly, their verification was integrally dependent on the maturity of the deployment and
PMAO mechanism designs. It was acknowledged in Chapter 3 Requirements Generation that dependence on
other components and availability of a FEA license with an analysis domain capable of capturing the entire
sub-assembly would expose the PMAO verification to the risk that some requirements would be unverifiable.

As of the conclusion of the PMAO verification phase, neither the M1 deployment mechanism design had
been completed nor was an extended FEA license available. Nevertheless, a qualitative assessment of the
PMAO mechanisms’ performance was possible for the deployment and in-orbit drift budgets, documented
in the following subsections.

It is strongly recommended that the top down budgets be decomposed to the subsystem level so that ver-
ification is possible with the resources available to MSc students. The addition of the PMAO SPACAR package
to the ETEP model is a sound step in this direction. A plan to continue the verification work is given in Section
10.3 Future Work.

Deployment Tolerance Budget

Verification Activities: VA-12 [TBD]

The deployment tolerance budget will be dominated by the repeatability of the deployment mechanism
kinematic interface. Smaller contributions will come from "settling" of the bolted interfaces throughout the
PMAO and deployment mechanism from mechanical loads during launch and deployment, as well as from
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thermal creep [106]. Rigorous verification of the deployment tolerance budget therefore requires definition
of each of the interfaces and settling forces. As a minimum, a first pass model of the contact stresses in the
deployment mechanism interface is needed. Defining the interfaces is a subject for more detailed, future
work!.

In Orbit Drift Tolerance Budget

Verification Activities: VA-13 [TBD], VA-17 [partial]

In-Plane Drift

Requirement PMAO-MEC-35 was verified via verification activity VA-17, which requires a check of the lo-
cation of the thermal centre. Conceptually, inspection of the kinematics of the PMAO suggest that, due to
symmetry in the X;;Yys plane, the use of exact constraint design principles, monolithic fabrication of the
in-plane constraints and use of a single material throughout the structure, a thermal centre at the mirror cen-
troid will be maintained. This conclusion also assumes that the entirety of the structure can be maintained
at the same bulk temperature.

In reality, imperfections in the dimensions of assembly and fabrication, inhomogeneities in the material
and temperature gradients will all cause small but non-zero drifts. Sensitivity analyses can be used to estab-
lish budgets for the allowable operational gradients however this is well beyond the scope of this thesis. At
the conclusion of the current tranche of MSc projects, the overall design will be in a very good position to
begin this level of verification. It was concluded that the design was partially compliant with PMAO-MEC-35
though it is recommended that a coupled thermo-mechanical FEA study of the whole PMAO mechanism be
conducted.

Out of Plane Drift

Verification activity VA-13 refers to the in-orbit drift budget. An initial estimate of the thermal drift in the
piston direction is possible without detailed analysis tools. The results from the following drift, athermali-
sation and assembly tolerance analyses are summarised in Table 9.6 at the end of this analysis. The vertical
dimension of each of the components connected in series from the DST housing to the underside of the
mirror, shown schematically in Figure 9.6, contribute to the piston drift. Assuming that all components are
maintained at the same temperature, then the piston drift Az is equal to

Az = (hFFaFF = Rstack X srack + (h— q)astrut) AT (9.3)

Taking a 7; from Appendix K Material Properties and dimensions from Table 8.16 with the assumption that
the outer frames of the PPA actuators are made from Ti-6Al-4V, the piston drift for a non-athermalised design
over the nominal operations temperature swing of +1 K is approximately 1.2 um. With the design thermal
uncertainty margin of +15 K applied, the drift increases to 19.1 um. The maximum allowable in orbit drift in
the Zy, direction per Table 3.3 is 20 nm so clearly athermalisation is required.
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Figure 9.6: Component contributions to piston drift and conceptualisation of an athermalisation method.

Re-entrant Al-7075 spacer

Passive Athermalisation

The thermal expansion can be nulled by introducing a spacer that will expand or contract in opposition to
the net growth of the assembly. This is called passively compensated athermalisation. Figure 9.6 illustrates a
simple embodiment of this concept where the Titanium strut is mated to the mirror with a re-entrant spacer
made of a material with much higher CTE. The detailed design of the spacer, its interactions with the stress

1Smith & Chetwynd give a simple but useful introduction to the position errors that arise from Hertzian stresses in kinematic joints [106,
p.131].
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distribution within the mirror and launch survival analysis were not investigated, though each task is not
expected to expose the PMAO feasibility to high technical risk.
With the addition of a spacer, equation 9.3 becomes

Az= (hFFaFF = hstackOstack + (h— @) Qserur — hspaceraspacer) AT (9.4)

For an Al-7075 spacer, this yields a required height of 50.9 mm to null the drift. As suggested in Figure
9.6, the spacer could be divided into two lengths of 25.45 mm that could be accommodated within both the
mirror substrate and below the moving frame. The resulting Az drift is 0.8 nm for the +1 K swing case and
12.8 nm for the £16 K swing case, both compliant with requirement M1-MEC-04 and the top-down budget
in Table 3.3.

Effect of Assembly Tolerances

It is interesting to look at the sensitivity of the athermalisation to fabrication tolerances. Standard (non-
precision) machining methods can provide 0.2 mm dimensional accuracy. The worst-case stacking of this
error from each of the components results in a thermal drift of 48 nm for the £1 K case and 760 nm for the
+16 K case. Clearly, fabrication tolerances must be tighter than 0.2 mm, though some of this could be actively
compensated by the actuators.

Table 9.6: Contributions from PAMO components to piston thermal drift. Unless noted otherwise, all mechanism components are made
of Ti-6Al-4V and the spacer, when used, is Al-7075. All components assumed at the same bulk temperature in each case. Predicted
thermal drifts Az that exceed the 20 nm requirement for M1 are underlined. I-36 refers to Invar-36. "fab. tol." refers to the worst-case
(greatest drift) inclusion of 0.2 mm fabrication tolerances on each of the height dimensions in equation 9.4.

Description AT Ahgp Abhgiack Ahgtrut Ahgpacer Az

[K] [um] [um] [um] [um] [um]
No spacer 1 1.040 0.740 0.892 - 1.192
No spacer 16 16.64 11.84 14.27 - 19.07
50.9 mm spacer 1 1.040 0.740 0.892 1.191 0.001
50.9 mm spacer 16 16.64 11.84 14.27 19.06 0.013
50.9 mm spacer, fab. tol. 1 1.042 0.702 0.894 1.186 0.048
50.9 mm spacer, fab. tol. 16 16.67 11.23 14.30 18.98 0.760
I-36 struts, no spacer 1 1.040 0.740 0.112 - 0.412
1-36 struts, no spacer 16 16.64 11.84 1.798 - 6.598
1-36 struts, 17.6 mm spacer 1 1.040 0.740 0.112 0.412 0.001
1-36 struts, 17.6 mm spacer 16 16.64 11.84 1.798 6.589 0.009

Alternatively, the extent of the thermal expansion and contraction of the mechanism could be reduced by
changing the material of the fixed frame and/ or the bipods. A common candidate in these applications is
Invar-36, which has a CTE almost eight times less than Ti-6Al-4V at room temperature. Recall from Section
8.3 Material Selection, that Invar-36 has a density almost twice that of Ti-6Al-4V, a higher modulus of elasticity
and a yield strength nearly a quarter that of Ti-6Al-4V, so the structure would be heavier and/ or weaker than
the existing design. Nevertheless, simply changing the struts to Invar-36 would reduce the necessary Al-7075
spacer length to a more manageable 17.6 mm.

Thermal Drift Conclusion

The 20 nm piston drift budget is challenging and the relatively large piston thermal drift of the PMAO mech-
anism is certainly one of its major weaknesses. The analysis shows that it is possible to meet the piston drift
budget, even with temperature swings of up to 16 K. For simplicity, the recommended design retains the
50.9 mm Al-7075 spacer with the knowledge that there is some flexibility offered by changing the strut mate-
rial or using the PMAO for active correction.

It is acknowledged that tilt drifts have not been analysed here, nor have the effects of gradients or contri-
butions from the deployment mechanism. It is recommended that the current PMAO design be retained until
the thermal modelling, thermal control system design and assembly tolerance modelling mature, enabling
more informed decisions regarding both what is necessary and what is possible.
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Structural Stability Tolerance Budget

Verification Activities: VA-14 [TBD]

There is little that can be concluded regarding the structural stability tolerance budget without modelling of
the harmonic response of the combined PMAO and deployment mechanism assemblies. It is recommended
that student access to a commercial FEA license be secured to verify this requirement. A consistent verifica-
tion strategy, including standardisation of indicative excitation sources should also be considered to improve
the consistency and efficiency of verification work across the team.

9.4.2. End To End Performance Simulation Setup

The PMAO SPACAR model was integrated into the ETEP model to simulate the performance of the PMAO
at the telescope level. The results summarised in Subsections 9.4.3 to 9.4.6 are based on two Monte Carlo
analysis datasets, each comprised of 500 unique deployment cases simulated with the telescope ETEP model.
The aim of this analysis was to establish the following:

1. Verify the predicted segment workspace, and thus the required actuator stroke.
2. Quantify the average position and orientation error of the mechanism.

3. Demonstrate that the PMAO is able to facilitate retrieval of a diffraction limited image, indicated by a
calibrated Strehl Ratio >0.80, and understand the degradation in performance compared to the ideal
model used in previous ETEP modelling.

In each run of the Monte Carlo simulation, the position, orientation and shape of each of the optical
elements were perturbed by pseudo-randomly generated values extracted from a continuous normal distri-
bution based on the deployment tolerance budgets in Table 3.3.

Note that the PMAO was designed to the top down budget requirements which are based on the 20 val-
ues from normal distributions of position and orientation errors. Since the Monte Carlo method selects the
perturbation from a continuous distribution, approximately 5% of the deployed segment positions will be
beyond the as-designed range of the PMAO. This was an acknowledged trade-off between relaxing the design
requirements and ensuring that the primary mirror can be calibrated post-deployment. Thus the PMAQ, as a
minimum, can only be expected to correct 95.4% of the deployment errors in each degree of freedom of each
segment, though it is possible that more deployment cases can be corrected depending on the nature of the
deployment errors.

Each Monte Carlo run was executed in three phases:

1. Phase 1: Post-deployment
Position, orientation and shape of all optical elements were randomly perturbed from their nominal
state according to the tolerance budgets listed in Table 3.3. Optional coarse calibration can follow,
though this is not currently implemented.

2. Phase 2: M1 co-alignment and co-phasing
Execution of the primary mirror calibration procedure per Figure 3.8. The PMAO was manipulated to
remove discontinuous wavefront errors. Typically two to ten iterations of the calibration procedure
were needed to complete this phase.

3. Phase 3: Aberration Correction System
Continuous wavefront errors were removed using the deformable mirror.

In the early stages of Phase 2, each segment is normally scanned through the full piston range in 100 nm
steps to simulate how the control system would determine the wavefront error after deployment in orbit. To
eliminate unnecessary computation time, the Phase 2 simulation was started at step four "Piston Phasing"
in Figure 3.8, by assuming that the wavefront error was known, removing the need to simulate the piston
scan. The results presented herein are no less valid for having made this simplification since the scan does
not remove any of the deployment errors.

Both Monte Carlo datasets used the same initial set of 500 unique deployment cases. The first was gen-
erated using the original serial piston scan calibration procedure previously described in Subsection 3.2.5
Primary Mirror Calibration Procedure. The second dataset was generated using a modified calibration proce-
dure that made more efficient use of the available actuator stroke®. The results from the original calibration
algorithm are discussed in the next subsection.

2The strategy and execution of the calibration procedure modifications, as well as integration of the SPACAR & ETEP models, were
contributed by Dennis Dolkens as part of his ongoing PhD research.
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9.4.3. Modification of Serial Piston Scan Calibration Algorithm

The histograms in Figure 9.7 show the commanded displacement in each of the three controlled degrees
of freedom for the first telescope simulation dataset, using the original serial piston scan algorithm. Figure
9.8 shows the histograms for commanded stroke for each of the four actuators. Aggregated statistics for the
displacements in each degree of freedom, along with the actuator strokes necessary to achieve them, are
given in Table 9.7.
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Figure 9.7: Histograms of commanded pose from M1 calibration ETEP simulations. The 10 and 20 standard deviation bounds are shaded
in dark and light grey respectively. The arithmetic mean is indicated by the dashed line.

The required workspace was much bigger than the design ranges originally predicted in Chapter 7 Mech-
anism Architecture Selection. Almost 12% of the Monte Carlo simulations required actuator strokes exceeding
the +5 um PPA10XL stroke limit at some point in the M1 calibration procedure, rendering the PMAO unable
to remove the discontinuous wavefront errors. The largest commanded stroke was a little beyond 7.6 um,
requiring a total actuator stroke of almost 16 um.
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Figure 9.8: Histograms of commanded stroke 1 for actuators A through D from M1 calibration ETEP simulations. The PPA10XL has an
available stroke of +5 um. The 1o and 20 standard deviation bounds are shaded in dark and light grey respectively. The arithmetic mean
is indicated by the dashed line.

Table 9.7: Statistics for the commanded pose and actuator strokes ug from ETEP simulations with original calibration procedure.

Oxm Oy m Azwm ug A ug B ugc uo,p Ug 411

(urad]  [urad] [um] [um] [um] [um] (um] [um]

Minimum -14.36 -9.10 -6.71 -7.63 -6.61 -5.79 -7.28 -7.63
Maximum 12.28 9.18 6.69 7.35 6.46 6.02 6.91 7.35
Mean 0.03 -0.05 -0.08 -0.07 -0.07 -0.08 -0.08 -0.08
0 (68.2%) +3.73 +2.90 +1.99 +2.20 +2.03 +1.81 +2.02 +2.02

20 (95.4%) +7.47 +5.79 +3.98 +4.40 +4.07 +3.62 +4.04 +4.04
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Such a high percentage of failed calibrations suggested that the cause was not merely the presence of de-
ployment cases beyond the 20 design bounds. In the original calibration procedure, the first mirror segment
was kept stationary, to be used as the reference datum off of which the remaining segments were co-phased.
In cases where this segment was deployed near the edges of the deployment tolerance budget, such as the
case shown for segment one in Figure 3.9 on page 33, the remaining segments must undergo very large pis-
ton displacements for the co-phasing (piston alignment) plus any extra stroke needed for co-alignment (tip/
tilt alignment). The resulting total stroke requirement was likely to exceed the capability of the PPA10XL
actuators.

This effect was exacerbated by the omission of remote centre error corrections in the actuator stroke flow
down requirement calculation. These errors are quantified in Subsection 9.4.6. The statistics in Table 9.7
demonstrate that this could be more than +14 urad in 6y )/, compared to the anticipated +4urad range
requirement in Figure 3.8.

Recognising this, it was decided to modifying the optimisation algorithm. The inverse kinematic equa-
tions 7.30 to 7.33 show that actuator stroke is directly proportional to the commanded piston displacement
whereas the tip and tilt rotations are mediated by the actuator mounting radius. The piston displacements
thus have a much stronger influence on the required actuator stroke than the tip or tilt rotations.

To illustrate this effect, consider the statistics given in Table 9.8 for the commanded workspace and req-
uisite actuator stroke requirements for all simulations that did not the exceed the £5 pum actuator stroke
capability.

Table 9.8: Statistics for the commanded pose and actuator strokes from ETEP simulations with original calibration procedure that did
not exceed +5 um actuator stroke capability.

Oxm Oy m Azwm ug A ug B upC uo,p Ug 511

urad]  [urad] [um] [um] [um] [um] (um] (um]

Minimum -11.10 -8.60 -4.31 -4.70 -4.67 -4.40 -4.62 -4.70
Maximum 11.71 8.13 4.40 4.93 4.86 4.03 4.31 4.93
Mean -0.01 -0.06 -0.01 0.00 -0.01 -0.02 -0.01 -0.01
o (68.2%) 3.58 2.56 1.75 1.92 1.79 1.60 1.78 1.78
20 (95.4%) 7.16 5.13 3.50 3.84 3.57 3.20 3.57 3.55

The largest commanded segment piston displacement was reduced by 2.3 um from 6.7 um to 4.4 um,
reducing the maximum required actuator stroke from 7.6 um to 4.9 um: a difference of 2.7 um. The reduction
in piston displacement at the segment level reduced the required actuator stroke by 85%. Thus the most
efficient improvement to the calibration algorithm was expected to be a reduction in the piston displacement
requirement. This was achieved by®:

1. Including a penalty against large piston displacements in the optimisation error function.

2. Moving all mirror segments to a position that minimises the largest piston stroke necessary to achieve
that position, rather than leaving one segment stationary.

This was a much simpler solution than the comparatively complex task of modifying the PMAO design
and was one of the key outcomes from the inclusion of the PMAO mechanical model in the ETEP modelling.

Incidentally, the results using the original calibration algorithm were still useful as they give an indication
of the telescope performance should one segment fail. In this case, the failed segment would be used as a
stationary reference, off of which the remaining segments would be co-aligned and co-phased [49]. It would
be harder to retrieve a diffraction limited image, but still possible for almost 88% of deployment cases.

A second 500 run Monte Carlo data set was generated to evaluate the performance of the PMAO mecha-
nism with the modified calibration procedure. The remaining verification activities are based on this second
dataset.

31t is reiterated that this strategy was developed by D. Dolkens as part of his ongoing PhD research.
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9.4.4. Retrieved Image Quality

Verification Activities: VA-20 [Pass]

The left plot in Figure 9.9 illustrates the improvement in image quality through each phase of the calibration
procedure. The right hand plot contrasts the predicted image quality using the ideal PMAO model previously
used in the DST ETEP model, with results using the SPACAR finite element model and modified calibration
algorithm. Accompanying statistics are given in Table 9.9. The same set of 500 unique deployment cases was
used to seed both Monte Carlo datasets.
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Figure 9.9: Left: Results of the Monte Carlo analysis after each phase of the calibration simulation with the new PMAO finite element
SPACAR model. The mean values are the mean Strehl ratio after each phase. Right: Comparison of the final calibrated image quality
with the ideal PMAO model and the finite element PMAO model. The 10 and 20 regions are shaded dark and light grey respectively. All
results in both figures are for the central field (0°).

The PMAO mechanism is used in the second phase: M1 co-alignment and co-phasing. The image qual-
ity is still very poor after this phase because the Aberration Correction System (ACS) must still remove the
continuous wavefront errors: the image quality requirement need only be met after the ACS has done its job.

Table 9.9: Monte Carlo analysis statistics for the Strehl ratio at the end of the calibration procedure for the ideal PMAO model with the
original calibration algorithm, and for the SPACAR finite element PMAO model with the modified calibration algorithm, now including
a penalty against large piston displacements.

Ideal Model SPACAR Model

Calibration Algorithm Original Modified
Minimum 0.819 0.820
Maximum 0.987 0.989
Mean 0.953 0.953
o (68.2%) 0.024 0.023
20 (95.4%) 0.047 0.047
>207 (97.7%) 0.906 0.906
Average No. iterations 5.53 5.81

The average Strehl ratio for the central field after Phase 3 was 0.95 with a minimum of 0.82, indicating that
the modified calibration algorithm with the combined PMAO and ACS systems were able to correct the de-
ployment errors in all considered deployment scenarios. The PMAO design thus meets mission requirement
MIS-REQ-07. In approximately 97.7% of the cases, the Strehl ratio was 0.91 or greater, indicated by the lower
20 bound. This was achieved with an average of 5.81 calibration iterations compared to 5.53 iterations using
the ideal model. This small increase was attributed to the position errors and range of motion limitations that
are now included in the ETEP modelling, which takes the calibration optimisation algorithm a little longer to
correct.

Note that the data in Figure 9.9 is for the central field only. The optical performance for images formed by
light entering at the edge of the field of view has been shown to be much lower than for the central field due to
field dependent aberrations [51]. Decentration caused by the remote centre errors are expected to exacerbate
this degradation. The in orbit drift and structural stability errors have also not been applied to the Phase 3
calibration results, which will cause even greater loss of performance.
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A possible solution would be to increase the number of DOFs controlled by the PMAO to more efficiently
correct the decentre errors, however the PMAO mechanism is already physically congested. Adding another
actuator would be difficult. A further solution would be to recover the lost image details using post-processing
techniques [48]. A phase diversity system is currently being investigated by MSc student Dirk Risselada.

9.4.5. Workspace Definition Verification and Actuator Performance
This subsection verifies the segment level ranges of motion in each of the controlled degrees of freedom. The
actuator range of motion and step size requirements are then verified.

Workspace Definition Verification

Verification Activities: VA-23 [pass], VA-24 [pass], VA-25 [pass], VA-26 [pass]

Histograms for the commanded displacement in each of the three controlled degrees of freedom are shown
in Figure 9.10.
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Figure 9.10: Histograms of commanded pose from M1 calibration ETEP simulations with modified calibration algorithm. The 1o and 20
standard deviation bounds are shaded in dark and light grey respectively. The arithmetic mean is indicated by the dashed line.

The accompanying statistics for both the workspace and actuator displacements are given in Table 9.10.
The modified calibration algorithm made a significant difference to the required workspace with a 73% re-
duction in the piston range of motion and more modest reductions of 18% and 37% in the Ox,; and Oy,
ranges respectively. This translated to a 69% reduction in the actuator stroke needed to calibrate the primary
mirror across all simulated deployment cases, even those that deployed beyond the 2o tolerances.

Table 9.10: Statistics for the commanded pose from M1 calibration ETEP simulations with modified calibration algorithm. The mecha-
nism is able to meet any combination of poses across all three DOFs within the design or capability ranges of motion.

Oxm Oym Azwm ug,A upB upc ug,p Ug a1l Rm

luradl  [prad] (um] (um] [um] [um] [um] [um] [mm]

Minimum -10.98 -6.24 -1.77 -2.05 -2.27 -2.08 -2.37 -2.37 -
Maximum 10.72 5.18 1.80 2.11 2.30 1.99 2.20 2.30 -
Mean 0.04 -0.03 -0.01 0.00 0.00 -0.01 -0.01 -0.01 -
0 (68.2%) 3.31 1.71 0.63 0.66 0.72 0.65 0.7 0.68 -
20 (95.4%) 6.61 3.42 1.26 1.31 1.44 1.29 1.40 1.36 -
Design range +4.00 +2.00 +4.00 +5.00 +5.00 +5.00 +5.00 - 239.8
Capability range +9.00 +9.00 +4.00 +5.00 +5.00 +5.00 +5.00 - 100.0

There is a prominent double peak in the piston data of Figure 9.10, which is also visible in the actuator C
data in Figure 9.11. This is an artefact of the modified calibration approach. Since the algorithm now attempts
to minimise the peak segment displacement in piston rather than the mean displacement of all segments with
respect to the nominal deployment position, the mean of the absolute piston pose will be non-zero. When the
direction above or below the datum is included in addition to the magnitude of the displacement, a double
peak symmetric about the datum results [49].

The peaks are not as visible for actuators B and D. They must correct for twice the deployment tolerance
about the X, axis than actuators A and C do about the Y}, axis, so the contribution of those corrections to the
total actuator stroke masks the piston double peak [49]. A smaller masking effect is visible for actuator A. It
might be expected that the histograms for the actuators in each pair should be identical due to the symmetry
of the mechanism. This is not necessarily the case, as illustrated by the scenario in Figure 9.12. Consider a
case where the segment is, on average, equally often in pose I or pose II. It is possible for the actuator stroke
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Figure 9.11: Histograms of commanded stroke for actuators A through D from M1 calibration ETEP simulations with modified calibration
algorithm. The 1o and 20 standard deviation bounds are shaded in dark and light grey respectively. The arithmetic mean is indicated by
the dashed line.

contributions from the piston and tip or tilt requirement to balance one another such that the mean net stroke
from actuator A is close to zero for most deployments. In contrast, the same piston and tip/ tilt contributions
to the actuator C stroke can additively stack giving large, non-zero mean net strokes.

This is not a definitive answer. There are other scenarios that could generate similar results and it is
difficult to interpret the behaviour of the optimisation algorithm by analysing the pose and stroke data alone.
Further analysis is a topic for future work.
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Figure 9.12: Example of a scenario where the net stroke from the two actuators in a pair need not be similar.

The results also show that the mechanism was able to achieve poses well beyond the design workspace.
This is partly because the actuators were originally sized on a mounting radius Ry; of 239.8 mm compared to
the design radius of 100 mm. Thus a smaller actuator displacement is now required to achieve the same tip
or tilt rotation at the segment level. This also means that the minimum step size in tip and tilt has increased,
however the fact that all deployment cases were successfully calibrated imply that this is not a cause for
concern. The resulting range of motion capability for a simultaneous piston/ tip/ tilt pose is given in the
bottom row of Table 9.10.

Furthermore, the mechanism was able to correct for certain poses beyond its design range if large dis-
placements were not needed in all three DOFs at once. For example, a pure 0y s or 8y, 3 rotation of up to
50 urad is possible if no other simultaneous displacements are needed. The probability that the mechanism
must correct large deployment errors occurring simultaneously in multiple DOFs is small compared to the
likelihood of having to correct for large single DOF errors. Many deployment cases with a deployment error
beyond the 20 bound should be correctable. Indeed approximately 43% of the deployment cases exceeded
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the 20 bound in at least one of piston, tip or tilt [49] yet a Strehl ratio greater than 0.8 was achieved in all cases.

The ETEP modelling verified the predicted workspace requirements PMAO-MEC-29 to -31 and confirmed
the designs’ compliance despite omission of the remote centre tip and tilt correction range. In fact, the aggre-
gate statistics for the actuator stroke data suggest that the workspace prediction was too big. Actuators with
half the stroke of the PPA10XL would have sufficed. Regardless, the results in Subsection 9.4.3 demonstrated
that the workspace and actuator stroke requirements were very sensitive to the calibration approach so it is
recommended that 10 ym range actuators be retained to provide some design margin as the DST evolves.
The extra range also allows calibration of the mirror for up to 88% of deployment cases with a failed segment,
adding to the reliability of the telescope.

Actuator Performance

The actuator stroke and force required to drive the mechanism throughout the nominal workspace are sum-
marised in Table 9.11. Note that 1g of Earth gravity was applied in the negative Zj, direction to simulate the
worst-case inertial loads during AIT on Earth.

Table 9.11: Summary of actuator performance at limits of verified workspace. See Figure 8.30 for a depiction of the actuator locations.
The force is the total force required at the actuator to support the mechanism at each pose.

Pose Required Stroke Actuator Force
Ox Oy Az ug A ug,B ugC ugp Fa Fp Fc Fp
urad]  [urad] (um] (um] (um] [um] [um] [N] [N] [N] [N]

0.000 0.000 0.000 0.000 0.000 0.000 0.000 19.913 19.955 19.989 19.947
-9.000 -9.000 -4.000 -3.100 -4.900 -4.900 -3.100 19.898 19.912 19.946 19.932
-9.000 -9.000 4.000 4.900 3.100 3.100 4.900 19.956 19.970 20.004 19.990
-9.000 9.000 -4.000 -4.900 -4.900 -3.100 -3.100 19.871 19.912 19.974 19.932
-9.000 9.000 4.000 3.100 3.100 4.900 4.900 19.929 19.970 20.032 19.990

9.000 -9.000 -4.000 -3.100 -3.100 -4.900 -4.900 19.898 19.940 19.946 19.904

9.000 -9.000 4.000 4.900 4.900 3.100 3.100 19.956 19.998 20.004 19.963

9.000 9.000 -4.000 -4.900 -3.100 -3.100 -4.900 19.871 19.940 19.974 19.904

9.000 9.000 4.000 3.100 4.900 4.900 3.100 19.929 19.998 20.032 19.963

Maximum without gravityload  +£0.043  +0.043  +0.043  +0.043

The small actuation forces are masked by the force needed at each actuator to hold the =8 kg mechanism
and mirror mass in the 1g environment. The final line in Table 9.11 is the maximum force needed at each
actuator to displace the mechanism with the gravity load subtracted. As a sanity check of the results, appli-
cation of equation 9.1 finds that a force of approximately 39 m N is needed for a 4 um piston displacement of
a wire flexure, which is same order of magnitude in the force needed to achieve the full displacement in one
direction in the table. The maximum drive capability of the PPA10XL actuator is expected to be on the order
of 6550 N [29, 31], which far exceeds the required actuator forces in Table 9.11.

9.4.6. Accuracy, Precision and Sources of Error
Verification Activities: VA-21 [pass], VA-22 [pass]
Verification of the accuracy of the mechanism was broken down into two groups of analysis. First, the perfor-
mance for pure piston, tip and tilt motions were examined individually to quantify the parasitic and remote
centre errors. Secondly, the data from the Monte Carlo simulations was used to quantify the overall accuracy
and precision of the mechanism in operation.

This subsection begins with an introduction to the concepts of accuracy and precision, followed by a
summary of how the pose error was calculated. Results for the simple single DOF scans are then presented.
The subsection concludes with the pose error results from the Monte Carlo analysis.

Accuracy and Precision

Accuracy is defined here as the arithmetic mean of the difference between the desired and (simulated) achieved
pose. Precision is quantified by the two standard deviation bound, indicating an expectation that 95.4% of
the pose manipulations should have an error equal to the stated mean plus/ minus the 20 value assuming a
normal distribution of results. All results are given in the fixed mechanism coordinate frame Oy;.
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Error Calculation Method

The attitude of the mirror segment was extracted from the simulation results using the TRIAD* method which
calculates the Direction Cosine Matrix (DCM) from two vectors rigidly attached to the mirror centre of mass.
The rotation angles 0x,,,0y,, and 6 z,, were then extracted from the direction cosines. The procedure is set
out in Appendix J Pose Error Calculations.

The total error e7 in each degree of freedom of the mirror pose was broken down into remote centre er-
rors erc and parasitic errors ep. Since the mechanism rotates about Oyr below the mirror, a desired pure
rotation of the mirror about its centre of mass Ocom, called the ideal pose TEOM, manifests as a rotation in
combination with a small translation to give the actual pose Tcop.

These small, unwanted, position errors can be predicted from the kinematics of the mechanism. It is
known that all rotations occur about Oy and the position of Ocom with respect to Opg is also known, thus
giving the expected pose T oy inclusive of remote centre errors.

The remaining pose error was attributed to parasitic errors. Causes include, but are not limited to, fab-
rication errors, assembly errors, misalignment of the constraints, poor constraint design (ie. insufficient de-
coupling) and stress stiffening. The results below do not include any fabrication or dimensional error effects,
and all parts were far from their elastic limit, so the parasitic errors are attributed mostly to poor decoupling
of the constraint DOFs and stress stiffening. A more rigorous analysis with assembly tolerances included is a
topic for future work.

The full procedure to calculate the errors is also set out in Appendix J. To summarise that procedure,
the total error er was found be subtracting the ideal pose ‘[EO s from the (simulated) actual pose Tcou; the
parasitic error ep by subtracting the ideal pose from the expected pose and the remote centre error by finding
the difference between the two:

er =TcoM—Tom (9.5)
ep =TcoM —TcoM (9.6)
erc =eér —ep 9.7

Single Degree of Freedom Scans

Verification Activities: VA-27 [pass]

The single DOF scans were executed over the full capability ranges of motion as listed in Table 9.10. The re-
sults are given in Figures 9.13 to 9.15. A summary of the average step sizes and maximum error contributions
is given in Table 9.12.

Table 9.12: Summary of average step size and maximum parasitic and remote centre errors for scans through the full capability range of
motion in each controllable degree of freedom. The maximum parasitic and remote centre errors occur at the maximum extents of the
range of motion in each DOE

DOF Scan No. Tests Range Mean Step Size  ep max €RC,max

Ox,Mm 74 +9 urad 0.1urad 189nrad (F0x,p) 1.074 um (FYyy)
0y,m 74 +9 urad 0.1urad 189 nrad (FOy,) 1.074 um (£Xpy)
Az M 102 t4um 10nm  0.39 nm (FAz pm) 0.000 um

Small parasitic errors were present in each of the DOF scans, acting to shorten the achieved range of mo-
tion slightly relative to the desired pose. The parasitic errors in each DOF were below the structural stability
budgets and thus did not exceed the threshold necessary to achieve diffraction limited imaging.

No remote centre errors were present in the piston scan as there were no rotations. As expected, remote
centre errors were found in the tip and tilt scans, manifesting as small translations in the X, Y, plane. The
very small remote centre translations in the Zj; direction were below the machine precision threshold and
thus negligible. Despite these errors far exceeding the stability tolerance budget, the results from the Monte
Carlo analysis in the next subsection demonstrate that the total errors in each DOF were tolerable in terms of
optical performance.

The parasitic and remote centre errors are static effects so they can be corrected by the PMAO itself and
the Aberration Correction System. Both errors were well behaved so could forseeably be calibrated out of
the system. It was concluded that the PMAO was able to deliver controllable 3DOF motion of the mirror

4TRlaxial Attitude Determination.
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segment. The 10 nm step size requirement at the actuator level was confirmed as sufficient and was verified
by inspection with the PPA datasheet.

It is emphasised that this analysis assumed no assembly errors and perfectly controllable actuators. It is
expected that inclusion of assembly tolerances and a more realistic actuator model in the simulation would
cause less well behaved errors. The SPACAR model was built to facilitate these studies, though they are topics
for future work.
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Position Error Breakdown: et = ep+erc
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Figure 9.15: Pose error breakdown for a scan through piston A, 5y range of motion.

Monte Carlo Results: Overall Mechanism Accuracy and Precision

6ymnrad] 6y p [nrad] zp [nm] ym [nm] xp [nm]

62 m [nrad]

The position and orientation errors from the Monte Carlo results are shown in Figure 9.16. The statistics are
given in Table 9.13. The results suggest that the mechanism has good accuracy with the mean errors close to
zero for all DOFs, however precision in Xj; and Y, position suffers due to the parasitic and remote centre

€eITors.
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Figure 9.16: Histograms of the total error in the segment centre of mass pose. One and two o regions shaded in dark and light grey
respectively. Mean indicated by dashed line.

These results can only be considered preliminary at best. They represent the best case accuracy and
precision that can be expected. It will be very useful to analyse the effect of realistic assembly tolerances on
the regularity of these errors. In particular, whether it is reasonable to expect that they are systematic and can
be calibrated out.



9.5. Summary of Verification Results 171

Table 9.13: Statistics for the error in the segment centre of mass position and orientation over all calibration iterations and Monte Carlo
simulations.

€x Cy €z €ox €gy €gz

[um] [um] [um] [urad] [urad] [x 10_6,urad]

Minimum -0.737 -1.268 -0.005 -0.051 -0.050 -18.114
Maximum 0.613 1.297 0.005 0.050 0.049 14.059
Mean -0.003 -0.005 0.000 0.000 0.000 -0.058
o (68.2%) 0.202 0.390 0.001 0.020 0.021 2.670
20 (95.4%) 0.403 0.780 0.003 0.040 0.041 5.339

9.5. Summary of Verification Results

This concludes the revised baseline design verification work. The verification results are summarised in Ta-
bles 9.15 to 9.18. Verification compliance definitions are given in Table 9.14. Several flow down requirements
from the mechanical design and verification phases are formalised in the next section.

Table 9.14: Verification compliance definitions.

Compliance Definition

Pass Sufficient information available for preliminary verification and design was compli-
ant with requirement.

FAIL Sufficient information available for preliminary verification and design was not com-

pliant with requirement.
Insufficient information available for preliminary verification. Design was compliant
with requirement to the extent that information was available.

TBD Insufficient information available. Design could not be verified, further work
needed.

9.6. Flow Down Requirements

The feasibility of the PMAO concept is based not only on the requirements verified so far in this chapter,
but also on the flow down requirements to other subsystems. This section formalises several of these. Most
relate to the thermal control subsystem and are covered in Subsection 9.6.1. Actuator and mirror flow down
requirements are summarised in Subsections 9.6.2 and 9.6.3 respectively.

9.6.1. Thermal Control System

The critical thermal load strength calculations were summarised for the final design in Table 9.5. They are
formalised as flow down requirements here in Table 9.19. Additional requirements for the actuators and
sensing concept are also included. All of the Thermal Control System (TCS) flow down requirements are
survival requirements, with the exception of the temperature gradient for displacement sensing.

The non-operational temperature range was taken by analogy from the Rosetta SPICE instrument, which
also used Cedrat PPA actuators. Evidently, since the worst-case LEOP temperatures are predicted to fluctuate
from 163 to 409 K, with qualification thermal uncertainty margins, the actuators will need thermal control to
survive. Calculation of the maximum allowable temperature gradient across the actuators in a push/pull pair
is given in the next subsection.

Maximum Allowable Thermal Gradient for Actuator Displacement Sensing
The concept for sensing the displacement of the PPA actuator pairs was introduced in Section 7.3.1. The
advantage of this arrangement was that it rendered the sensors immune to bulk temperature changes. This
performance was predicated on the assumption that there was a "negligible" temperature difference between
the actuators in a pair. An estimate of the allowable difference is derived below and added to the list of flow
down requirements for the thermal control system in Table 9.19.

The strains in equations 7.8 & 7.9 measured by the strain gauges shown in Figure 7.7 on page 86 have
mechanical and thermal components. In the earlier discussion, it was assumed that the thermal strain €0,
in all of the strain gauges was the same. In reality, they will be slightly different, here given values €, m, 4 and
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Table 9.15: PMAO system level and programmatic requirements verification summary.

ID Short Description Verification Activities =~ Compliance Comment
System
M1-MEC-13 Four deployable segments. VA-01 PASS By inspection.
PMAO-SYS-02 Combined mass of four mechanisms < 24.8 kg. VA-02 PAss 23.416 kg with margins.
PMAO-SYS-03 No ITAR controlled parts. VA-03 Pass All European components.
PMAO-SYS-06 AIT require no new technology VA-04 PASS Inspection of feature size and methods.
Table 9.16: PMAO launch survival requirements verification summary. QSL = Quasi Static Load.
ID Short Description Verification Activities = Compliance Comment
Structural
PMAO-MEC-03 Support the mirror segment during launch, stowed. VA-05 Strut Ky xiq1/ kpeng =974 < 1000 required.
Mechanical
PMAO-MEC-40 Survive launch in the stowed configuration. VA-06 PAss Static & dynamic requirements met.
PMAO-MEC-40-01 Survive a QSL of 30g x and y loads, stowed. VA-06-01-[01,02] PASS MSy = 0.82, MSbuckle = 0.25, IPC wires.
PMAO-MEC-40-02 Survive a QSL of 30g x and z loads, stowed. VA-06-02-[01,02] PASS MSy = 0.33, actuators.
PMAO-MEC-40-03 Survive a QSL of 30g y and z loads, stowed. VA-06-03-[01,02] Pass MSy = 0.33, actuators.
PMAO-MEC-40-04 First natural frequency = 100 Hz, stowed. VA-06-04 PASS w1=197.6 Hz.
Electrical
PMAO-ELE-01 No power during launch. VA-07 PAss Inspection of design, verification assump-
tions.
Table 9.17: PMAO operations survival requirements verification summary. TCS = Thermal Control System.
ID Short Description Verification Activities =~ Compliance Comment
Mechanical
PMAO-MEC-04 Support the mirror segment during launch, stowed & de- VA-08-[01,02] See VA-05 results.
ployed.
PMAO-MEC-41 Survive operations, stowed and deployed. VA-09-[01-03] Strength OK. See PMAO-MEC-41-01.
PMAO-MEC-41-01 Survive steady state temperatures between 188 and 384 K, VA-10 Need design & verification of TCS for actua-
stowed. tors.
PMAO-MEC-42 Survive deployment VA-11 TBD Deployment loads not quantified yet.
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€:nerm,p for the gauges on the first actuator stack and second actuator stack. Repeating the same derivation
gives the output voltage Vo

_ GF (zemech +€therm,A— €therm,B)
0=
2+GF (Etherm,A + etherm,B)

The smallest mechanical displacement to be measured is on the order of 10 nm, a single step, generated
by an actuator approximately 20 mm long, gives a strain of 5x10~/ m/m. Assuming that the contribution of
the thermal strain should be less than 1% of the strain to be measured, the difference between €y, 4 and
€therm, Should be on the order of

Vexc (9.8)

€therm,A ~ €therm,B

<0.01 9.9)

2€mech
€thermA—€therm. <0.01 x2x5x 1077 (9.10)
~1078 (9.11)

The thermal strain is a function of the CTE of the piezo ceramic and the temperature difference between
the calibration temperature and the bulk temperature of the piezo,

€therm,A =®piezo (Teativ — Ta) (9.12)
€therm,B =®piezo (Teativ — TB) 9.13)

Assuming the CTE of the ceramic is on the order of 107® /K [10] and combining the above relations gives

€therm,A ~ €therm,B =Qpiezo (I — T4a) (9.14)
o Tg—Ta=~1078/107° (9.15)
~0.01K (9.16)

This is a very difficult condition to maintain, especially over the = 200 mm distance between the actuators
in each pair and could well be a killer requirement for this concept. The four PPA option was chosen primarily
because these actuators are available as "near COTS" components and have space heritage, whereas the NLA
actuators are new, custom products. The expense incurred in the thermal design necessary to maintain such
a small gradient across actuators 200 mm apart might justify a change to the more expensive NLA option.

9.6.2. Actuator

Since the mechanism successfully facilitated retrieval of a diffraction limited image in every Monte Carlo
simulation, the maximum 10 nm step size of the actuators is sufficient. The driving force is the largest force
found in Table 9.11 with a motorisation factor of 1.25 applied per the DST Requirements and Verification
guidelines document in Appendix D. Both requirements are listed in Table 9.20.

It is worth noting the very large difference between the required driving force in actuator requirement
PMAO-MEC-51 and the =1700 N load they must withstand during launch. Clearly the dominant sizing re-
quirement is the need to survive launch. Smaller, cheaper actuators could be used if they can be removed
from the primary load path.

9.6.3. Mirror

In order to progress the design of the PMAO mechanism in the absence of a mature mirror design, several
simplifying assumptions were made that can now be formalised as flow down requirements. These are not
hard requirements. There is scope for the PMAO design to be modified should the flow down requirements
for the mirror listed in Table 9.21 be too strict.



175

9.6. Flow Down Requirements

‘uonen3yuod
pakordap ayy ut W Wy auerd wistueydawr OVIAJ @Y} 01 [9[fered aq Jreys Juawdas 1oL TN aY) Jo aue[doeq Yy, 20-LdO-TIN
-ouewiojrad Aiaeid
-o1otur 10§ paudisap st 1oddns QVIN "SANIANJR [V [eL1sal1a) 10f 11oddns A3ojoneuw [euialxa ue Aq pajioddns aq [[eys Jusurdas 1orrw Arewtid ay, 10-1dO-TIN
1daouoo 110ddns OVIN ‘saseyyd 1y31yj [Te Surmp 11oddns podiq jurod x1s 10 sa1) e Aq parroddns aq [Teys Juswdas 101wt Arewtid ayJ, 61-DHIN-TIN
“JIwI1] peoj youne] QVINd "8 9 uey) a10W OU 3 [[eYs Judwdas Jorruwr Arewrid e Jo ssewr Ay [, 8T-DAIN-TIN
JUSWIWIO)) /30UIIYY uondrsaq al

JUOWAIINDAI UMOP MO[J IO 12’6 9[qRL

‘g 'ddy wo1j 1010€] UONES

-110)0UI 3 T1°6 9[qBL ‘BIep UONB[NUWIS ‘N GZ Ut ss9[ ou Jo 3010§ Suranip e urpiaoid jo ajqeded aq [[eys s101enide OVIA UL 16-DHIN-OVINd
“UONB[NWIS O1e)) 9IUOIA 13d ‘wiu 01 Jo 9z1s dols WNWIXeU B 9ARY [[BYS WISTUBYIIW OVIAJ Y} JO 101eN1ok Yyory ce-DIN-OVINd
"UONB[NUWIS O[1B)) 9JUOIA 193] ‘wir! T Jo uonow jo a3uel [B10} B dARY [[RYS WISIUBYIIW OVIAJ Y} JO 10)eN)Ok Yyory 2€-DAN-OVINd

JUIUIUIO)) /3IUINY uondrsaq ar

.HEOEQHMSUPﬁ UMOP MOTJ 101eNn)IY 0’6 2.l

‘[62] 199Us B1RP TXOVVdd

"[09] HDIdS eROsoy “3ofeuy

‘SJuals

-uer) 0] SUNUWIWI ST 1MNJIID dU0)SIBIYAA
“3urpong ‘6 dqeL

“Burponq ‘2z'8 % L&' uba ‘1°6°8§
‘pPIRIA 1urO( [BSISATUN ‘G'6 S[qRL

“3urpong ‘6 dqeL

“Burpponq ‘g6 S[qeL

*Y 86 01 Y 88¢ 93Ukl a1} paadxa jou J[eys saseyd euonerado ur siojemoe 9 Jo arnjeradural ymq ayL 80-dHL-OVINd
Y €2€ 01 Y 88¢ 98ueI 9} pa3dxa jou [feys saseyd reuonerado-uou ur s1oyemioe 9y} jo ainjeradurd) g ayL, 20-dHL-OVINd
‘sited ay) usamiaq yuarpeid oy} uo yuswraImbal ou st 219y,
*Y 10°0 P999Xa Jou [feys (‘g pue Dy s1ojenyoe) ired nd /ysnd e ur s1o3enioe oY) U9am3aq JUIIPeIS WNWIXeW Y], 90-THL-OVINd
SITUII'T UONIB)USWINIISU]
* M Z°0 PA9IX2 10U [BYS dINXS3[J 91IM Jurensuod aue[d-ur yoes y3noiy) Moyj yeay aiels Apeais ay[, GS0-dHL-OVINd
"M ¥ 2.2 PP99Xa 10U [[eys JUI0[ [eSISATUN 91} Y3NOIY) MOTJ 18y a31e)s Apears oy $0-THL-OVINd
S MO[ YedH 91els Apeais yusuoduwio)
"(¥ 862 A[reurwou)
armjeradwa) A[qUIASSE 9} WO} Y g UBY) 910U 3)RIAdP 10U [[eys a)e[d aurery Sutaowr 9} Jo arnjeradwal ynq ayL, €0-dHL-OVINd
"(Y 86¢ Afreurwiou) ainyerodurdl
A[quuasse o) woj Y 81¢ UBY) 9I0W )BIAIP 10U [[BYS SAINXI[J 91IM Jurensuod aue[d-ur ayj jo arnjeraduwa) ynq ayL, 20-dHL-OVINd
"(Y 86¢ Areururou)
armyeradwd) A[qUISsSSe Y} WOI] Y S8 UBY) 2I0UI 91BIAJP 10U [[eyS S1UIo[ [eSIdATUN 9} Jo arnjeradwa) ynq 9y, 10-THIL-OVINd

syury arnjeradwa], Yng Jusuoduwio)

JUUIWIOY) /IIUINY

uondrsaqg al

"papnour Jou surSrewr AJUre}Iadun [BWIISY ], "WIISAS [0IIUO0D [EULIAY) 31} 10] SJUaWAIMbal umop Mo[] :61°6 d[qeL



176 9. Verification

9.7. Chapter Summary

The Monte Carlo verification analysis showed that the performance of the M1 co-phasing and co-alignment
procedure was sensitive to the calibration algorithm. In its original guise, the algorithm demanded large
strokes from the PMAO mechanism and 12% of the deployment cases could not be calibrated due to large
actuator stroke requirements. A modification to the algorithm introduced a penalty against large piston dis-
placements. The result was a diffraction limited image for all deployment cases with 97.7% above Strehl ratio
of 0.91, requiring maximum actuator strokes of no more than +2.4 um.

The mechanism was largely compliant with the survival requirements, the SPACAR simulations showing
that the launch loads strongly dominate the strength criteria. The PMAO did not fail any verification activities,
however compliance with the top down systems budgets and several thermal requirements remain topics for
future work as the DST thermal modelling and M1 deployment mechanism designs mature.

The next and final chapter gives a summary of the partially verified design, an assessment of the feasibility
of implementing the PMAO in the DST, a summary of general conclusions and recommendations for future
work.
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Conclusions and Recommendations

Chapter 5 Baseline Functional Verification established that the original baseline PMAO design needed revi-
sion. A bottom up systems engineering approach was adopted to develop and verify a new design that could
meet the ultimate aim of enabling the DST to acquire diffraction limited imagery in a compact package. Sec-
tion 10.1 summarises the resulting mechanism design. Conclusions regarding the feasibility of implementing
the PMAO mechanism followed by general comments from an academic and project perspective are pre-
sented in Section 10.2. The chapter ends with a summary of recommendations for future work in Section
10.3.

10.1. Final Design

The revised PMAO mechanism design rectified deficiencies identified in the original baseline design, caused
by poor constraint of the mirror, and a lack of independence of the transmission output from the thermo-
elastic stress state of the mirror. All components are now also independent of any ITAR or US patent con-
trolled hardware. A summary of the major design features is given below, followed by a comparison with the
Euclid M2MM mechanism as a sanity check against the current state of the art in space qualified fine pointing
mechanisms.

Summary of Design Features

The revised mechanical arrangement was shown in Figure 8.30 on page 146. A fixed frame provides a founda-
tion for the mechanism and interface to the M1 deployment mechanism. The structure is mirror-symmetric
and incorporates the fundamental elements of exact constraint design. Flexured compliant elements provide
constraint as necessary absent microdynamic and friction effects. Wire flexures arranged in an equilateral
triangle pattern constrain the in-plane degrees of freedom of the moving frame, which mates the mirror sup-
port to the actuators. They also defined the mechanism thermal centre, in line with the centre of mass of
the mirror. Constraint redundancy was used to prevent thermo-elastic rotations of the mirror about the Zy,
axis. The mirror is isolated from internal stresses built up from that overconstraint by the intervening moving
frame and flexured bipods.

Four linear piezoelectric actuators arranged in two push/ pull pairs drive the mechanism without the need
for a transmission. Displacement is monitored using foil strain gauges in a Wheatstone circuit, configured to
render the gauge readouts immune to transient bulk temperature fluctuations, provided the spatial thermal
gradient can be kept negligibly small by the thermal control system.

The actuators manipulate the moving frame platform, upon which the mirror and support are mounted.
Passive athermalisation of the struts will be necessary to meet the thermal drift budget in the piston direc-
tion, which can be achieved within the volume requirements with standard alloys, even for temperature fluc-
tuations 15 K beyond the nominal operations range. The remaining structure is made from Ti-6Al-4V to
minimise differential strains within the mechanism itself. All compliant elements are intended to be manu-
factured monolithically using wire electro-discharge machining to minimise assembly errors.

177
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Comparison with the State of the Art

The performance characteristics for the revised PMAO mechanism are summarised in Table 10.1. Similar
data from the ESA Euclid visible to near-infrared space telescope M2 mirror mechanism, shown in Figure
10.1, is provided for comparison.

Figure 10.1: Euclid M2 mirror fine positioning mechanism, adapted from [8].

Despite differences in the range and resolution requirements, the PMAO mechanism to mirror mass ratio
scales similarly to the M2MM, the form factors are similar, and the first natural frequencies are not too far
removed. The DST PMAO has a much smaller range of motion and step size requirement, suggesting that
thermal control and structural stability will be critical. Few conclusions can be drawn regarding comparison
of the mechanism accuracies as the PMAO simulation assumes perfect actuators and no assembly, thermal
or stability errors, whereas the M2MM data are taken from experimental results.

Nonetheless, the comparison confirms that the PMAO design and verification output provides a realistic
mass, volume, dynamic and kinematic estimate for the implementation of a fine actuation mechanism for
the DST M1 mirror segments.

Table 10.1: Summary of final PMAO performance characteristics and comparison with Euclid M2MM mechanism from [8]. PMAO accu-
racy values are the 20 standard deviation. PMAO mechanism values are given per segment. The range of motion is the maximum range
for all DOFs extended simultaneously. Effect of assembly and actuator errors not considered in the PMAO accuracy specifications.

Item PMAO Mechanism Euclid M2MM
Mirror mass <6.0 kg <3.1kg

Mass without/ with electronics 5.85kg/ 741 kg <3.0kg/ -

Quasi static load qualification 30g 28g

First resonant frequency 198 Hz 161 Hz

DOF control 3DOF tip/tilt/piston 3DOF tip/tilt/piston

Mechanism range of motion
Mechanism step size
Number of actuators
Actuator stroke

Actuator step size

Position accuracy
Orientation accuracy
Position sensing
Operational temperature
Non-operational temperature
Hold down mechanism?
Power off hold?

Power

Volume

Design year

+4 um/ +9 urad

10 nm/ 0.1 purad

4x linear piezo

+10 um

10 nm

0.005+0.780 um (20)
0.000+0.041 prad (20)
Strain gauge on actuators
28810298 K
28810373 K

No

Datum pose only
-20to 150 VAC,1 Hz
Cylinder

D290 mm x H104 mm
2018

+200 um/ +1500 prad
<55 nm/ <2 purad

3x DC stepper

+ 220 um

<+3um

<40 urad
Microswitch turn counters
100 to 298 K

No

Yes

Hexagonal

214 mm x H150 mm
2017 (launch 2020)
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10.2. Conclusions

This section presents the final conclusions from the work conducted in this thesis. The first research ques-
tion was answered early in the thesis at the culmination of the front-end systems engineering and original
baseline functional verification in Chapter 5. With the revised design and verification activities complete, the
second research question regarding the technical feasibility of implementing the PMAO mechanism could
be answered, now addressed in Subsection 10.2.1. General conclusions from academic and perspectives are
presented in Subsection 10.2.2.

10.2.1. Feasibility

The second thesis research question was concerned with the technical and economic feasibility of imple-
menting the preliminary PMAO design in a space telescope. This subsection addresses that query, with a
focus on the mechanical, thermal, optical and systems engineering disciplines.

Economic Feasibility

Any statements purporting to establish the feasibility of implementing a subsystem in a commercial applica-
tion are undeniably stronger if a sound financial justification can be made. Unfortunately, no data regarding
the cost of this, or similar, opto-mechatronic mechanisms could be found in the academic or commercial
literature. Actuator suppliers were very reluctant to discuss cost without better definition of the project ex-
pectations, schedule or resources. The only conclusion that can be drawn is qualitative: the design uses stan-
dard materials and manufacturing methods with established COTS actuator technology, however they are at
the state of the art in precision actuators so are likely to be expensive. Testing will also be expensive due to
the very small motions that must be measured, but this is not beyond the existing capabilities of commercial
suppliers.

Mechanical Feasibility

The verification results showed that can meet the kinematic requirements within the allotted usable volume
using COTS hardware, and standard materials & precision manufacturing techniques. The high margins of
safety in both the launch yield and buckling analyses demonstrated that the PMAO design is conservative,
especially considering the large 30g quasi-static loads and generous 6 kg mirror mass. Critically, the load
analysis showed that it is feasible to support the mirror through launch without a hold down and release
mechanism.

The Monte Carlo ETEP modelling demonstrated that the remote centre and parasitic pose errors were tol-
erable. Although the ETEP modelling verified the PMAQ’s ability to correct the segment pose in the presence
of the top down tolerance budget errors, the ability of the mechanism to meet those budgets itself could not
be verified. This is a significant gap in the PMAO mechanism verification status. Figure 10.2 in Section 10.3
Future Work sets out a map of tasks to rectify this.

The Cedrat Technologies PPA10XL piezoelectric actuators were a suitable choice, meeting both the strength
and kinematic requirements. There is flexibility to consider using three actuators instead of four to withstand
the launch loads. An alternative design is possible, since the actuator load requirement is dominated by the
need to survive launch, rather than the force needed to manipulate the mechanism. If the actuators can be
removed from the primary load path with a transmission or addition of an HDRM, then smaller, cheaper
actuators could be used.

The mirror support was sized for the mirror design at the time of writing. Flexured bipods are standard
in the field of opto-mechatronics, offering wide design flexibility in terms of dimensions, material and ather-
malisation choices. Reasonable changes to the mirror design should not diminish the mechanical feasibility
of the PMAO mirror supports.

Thermal Control Feasibility
The thermal flow down requirements carry the greatest technical risk for the revised design. In the absence of
any characterisation of the transient thermal environment beneath the M1 segments, it was assumed that it
would be difficult to maintain the small allowable transient fluctuations necessary for stable actuation. This
assumption led to the use of push/ pull actuator pairs with a split Wheatstone bridge sensing circuit to gain
immunity to thermal transients. The trade-off was a very tight 0.01 K gradient requirement between the two
actuators in each pair. This is a potential killer requirement.

The temperature of the actuators in both LEOP and imaging operations must be controlled, though it will
not be clear whether active or passive thermal control will be necessary until the instrument thermal model
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matures. The actuators themselves are not expected to dissipate any more than, conservatively, =200 mW of
heat each, even during intense calibration, which is expected to be manageable in terms of thermal effects
on the mirror segments.

The structural components are very robust to the thermal loads experienced during both imaging and
LEOP. The mechanism must be athermalised to to meet the thermal drift budget. Conceptually, passive com-
pensation will be sufficient, even with inclusion of a +15 K thermal uncertainty margin. Further compensa-
tion is possible if Invar-36 is used for the support bipods.

A key outcome of the ongoing thermal modelling will be to find whether meeting a gradient require-
ment across the actuators, or a transient requirement within the actuator pairs, is more difficult (and thus
expensive). There is still some flexibility in the design to change to the 3xNLA option originally presented in
Chapter 7 Mechanism Architecture Selection if small transient fluctuations are easier to maintain. Using four
actuators through launch gave a margin of safety against failure of 33%, so there is some structural margin
available to remove an actuator. Additionally, the kinematic calculations in Chapter 7 showed that there was
little difference in the stroke requirement between the three and four actuator concepts. If the baffle and TCS
are able to provide a very stable transient environment as well as provide even heating over the PMAO, then
no push/ pull pairs may be needed at all and the PMAO could be simplified even further.

To summarise, the thermal control feasibility of the PMAO remains an open question, however the con-
cept can still be tailored to the findings of the thermal modelling.

Optical Feasibility

The difficulty of using a 3DOF system with a centre of rotation behind the mirror, is that correcting a decentre
with a tilt in one direction induces a decentre in the orthogonal direction. A full 6DOF mechanism, such
as the one to be used on the James Webb Space Telescope primary mirror segments, would provide faster
convergence of the calibration algorithm since each DOF can be controlled directly. The trade-off is the need
for more actuators and thus mass, volume, complexity and cost.

The Monte Carlo ETEP modelling verified that despite these remote centre displacements, it was possible
to retrieve a diffraction limited image in all deployment cases based on the top down system budgets. All told,
97.7% of the cases achieved a Strehl ratio of 0.91 or higher after calibration but before application of the in
orbit drift and stability tolerances. The simulations also showed that the mechanism could be used to achieve
a minimum Strehl ratio of 0.80 in nearly 88% of the deployment cases if one segment fails, demonstrating the
robustness of the PMAO, ACS and calibration algorithm interaction.

The thesis has also answered an open question in an earlier thesis by G. van Marrewijk, namely whether a
mechanism like the PMAO could be used in conjunction with the ACS to correct for discontinuous wavefront
errors [116, p.103]. The results summarised in 9.4.4 demonstrated that the PMAO was indeed able to correct
these discontinuous errors. Thus, with the ACS and PMAO combined, it is feasible to overcome the budgeted
deployment, in orbit drift and stability errors.

Systems Feasibility

The total mass of the M1 subsystem now stands at approximately 68 kg including 20.916 kg for the deploy-
ment mechanism [33], 23.42 kg for the PMAO and 24 kg for the mirrors. With a further 8 kg for the M2
subsystem [72] and an estimated 50 kg for the Aberration Correction System, baffle, tertiary mirror, detectors
and instrument housing, the total instrument mass is approximately 126 kg.

Mission requirement MIS-REQ-08 stipulates a goal mass of 50 kg and threshold mass of 100 kg for the
entire DST instrument. In its current state, it is not reasonable to expect that the DST will meet the goal
mass, and an overall weight saving of =30% will be needed to meet the threshold requirement. No mass
optimisation has been performed on any components so far, so this may yet be feasible. For its part, the
revised PMAO design is conservative: the quasi static launch loads are large and the aerial density of the
mirror is much greater than the current state of the art, so the mass could certainly be reduced with a modest
amount of effort. The PMAO fixed frame could also be merged with the deployment mechanism support
frame to further save mass and volume.

The total power draw for the PMAO actuators is not expected to be any more than 16 W (1 W per actuator)
as an upper limit, which is feasible for a LEO small satellite. A more pressing concern is the high voltage
requirement. Traditionally, this would have been a problem for standard spacecraft buses but piezoelectric
actuators are increasingly well accepted in modern spacecraft [4], and a high voltage AC power source is
nonetheless necessary for the ACS. The power requirements are considered feasible.

It is not feasible to use the revised PMAO arrangement for coarse alignment (displacements greater than
low tens of microns). Longer stroke requirements require longer linear piezo actuators. There is a small
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amount of space left behind the mirror to increase the stroke to no more than 20 um, though this would
require a creative arrangement with the M1 deployment winches.

Overall, the design cannot categorically be deemed feasible until its ability to meet the top down systems
budgets is verified, though the verification work completed so far does suggest that the PMAO concept is
broadly feasible. A complete assessment hinges upon maturation of the M1 deployment mechanism, verifi-
cation of compliance with the top down budgets and an assessment of the feasibility of the TCS flow down
requirements from the thermal modelling.

10.2.2. General Conclusions

The goal of the thesis was to generate a preliminary thermo-mechanical design of the PMAO mechanism to
enable diffraction limited imaging from low Earth orbit with the Deployable Space Telescope. Integration of
a mechanical model of the mechanism in the ETEP simulation as well as a feasibility assessment were also
major objectives. Each of these elements have been delivered, in turn providing the basis for answers to the
two research questions. The novelty of the output from this thesis therein lies in three parts:

1. First, it has demonstrated that it is mechanically and optically feasible to co-phase and co-align an
off-axis segmented mirror with a 3DOF mechanism using the calibration algorithm implemented by
D. Dolkens. The tolerance of the optimisation algorithm to the remote centre errors means that only a
minimum of three actuators are necessary to remove discontinuous wavefront errors. The current state
of the art for active control of segmented space optics, albeit for a very different mission profile, is the
JWST primary mirror assembly which uses a six actuator hexapod. This offers much better control of
the mirror pose than the 3DOF mechanism presented here.

2. Secondly, the mechanism is capable of supporting a large 6 kg mirror segment without a hold down
mechanism through launch and into the dynamic LEO space environment without protection, all in a
volume comparable to existing 3DOF fine pointing space mechanisms. On top of surviving these harsh
environments, the mechanism is able to provide the stroke, accuracy and resolution needed to calibrate
the primary mirror at levels comparable to or exceeding the state of the art in space rated 3DOF fine
control mechanisms, despite needing to support a mirror at twice the mass.

3. The third novelty relates to the systems engineering effort within the DST team. The PMAO SPACAR
model is the first contribution to the ETEP simulation of the Deployable Space Telescope from the bot-
tom up mechanical engineering efforts. The PMAO can now be simulated with feasible stroke, resolu-
tion and accuracy estimates. It marks the start of a process to rigorously demonstrate the feasibility of
the DST concept through the marriage of both top down and bottom up systems engineering processes.

As it stands, the revised PMAO mechanism concept is a promising solution to the need for correction of
discontinuous wavefront errors in the Deployable Space Telescope optics. The current design is relatively
conservative with ample scope for improvement as the thermo-mechanical component and environmental
characterisations mature, though a considerable amount of work remains to rigorously prove its feasibility.
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10.3. Recommendations & Future Work
Numerous tasks for future work at the component level were noted throughout the execution of this docu-
ment. This section focusses on high level recommendations for future work.

Progression of the PMAO design is integrally linked to almost all other DST work packages. A flowchart
setting out the recommended future work is given in Figure 10.2. The overarching goal of the recommenda-
tions is to complete the PMAO preliminary design verification with a focus on the top down systems budgets.

Spacecraft Bus Baffle M1 M1 Deploy M2 Deploy PMAO ETEP Model
[ [
¥
Preliminary Preliminary Preliminary Preliminary Preliminary
Mechanical Mechanical Mechanical Mechanical Mechanical
- Design Design Design Design ., Design .,
S 171 1 Verify
g © (;41 DepAcIJ_yment/(
oarse Alignmen’
s g Deployment Shocks/ Loads Budg%t
oL .
Q Flow down to
g [ T] PMAO
Interface/
Contact Stress
Model i
Imaging Phase i *
Thermal Model M1 Mechanical/ Heat Transfer Model

L . Verify
LEOP Phase [ M1 Iré-uodrg\ett Drift
Thermal Model Steady State Analysis ’
° Flow down to
PMAO

1

Transient Analysis N 1 .

| [] ]

Combined M1/ M2 Structural Model*

Thermal

Verify
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Figure 10.2: Flowchart of remaining work needed to develop the PMAO mechanism. Not all completed design tasks are shown. The
broken border of the M1 mechanical/ heat transfer model task over the M2 deployment mechanism column indicates that it does not
include the M2 assembly. TCS = Thermal Control System.

A broad range of work is needed to progress the PMAO concept, from mechanical design and systems
modelling, to thermal, sensing and control design. Recommended MSc thesis work packages are to first
complete the combined M1 thermo-mechanical modelling to verify the top down budgets. A contact stress
model of the M1 kinematic interface should be included in the ETEP model to verify the deployment budget.

The second work package should focus on the PMAO thermal control system and sensing/ control strate-
gies. Although the TCS and control system designs are depicted in series in Figure 10.2, they will be tightly
interlinked due to the sensitivity of the sensors to the thermal environment. The thermal flow down require-
ments may be killer requirements. The design tools developed in this thesis, most notably the parametric
implementation of the PMAO mechanism in SPACAR, are well suited to these tasks.

Much of this work cannot take place without access to the right tools, particularly an FEA package with a
large mesh allowance. Eventually, testing will be necessary to validate the requirements, design and assump-
tions. Given the limited DST project resources, investing in a breadboard model prior to a formal preliminary
design review would be premature.

It is hoped that the output of this thesis has provided a lasting and useful starting point to facilitate this
future work.
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Market Survey Data

Table A.1: Aggregated market data for Figure 1.1. Constellation Sizeis either current for Incumbents or planned for Future/ New entrants.

Platform Year Class Constellation GSD Spacecraft  Reference
Operational Size [m] Mass [kg]
Aquila Space/ Astro Digital >2018 Future 30 2.5 20 [25, 37]
Axelspace 2022 Future 50 2.5 100 [9]
BlackSky Global 2016 Future 60 1 50 [37]
DigitalGlobe GeoEye-1 2008 Incumbent 1 0.41 1899 [42]
DigitalGlobe WorldView 1 2007 Incumbent 1 0.5 2290 [41]
DigitalGlobe WorldView-2 2009 Incumbent 1 0.46 2615 [44]
DigitalGlobe WorldView-3 2014 Incumbent 1 0.31 2800 [43, 45]
DigitalGlobe WorldView-4 2017 Incumbent 1 0.31 2600 (40, 46]
DMCii: DMC3 2015 New 3 2.5 440 [47,112]
Hera Systems >2018 Future 48 1 22 [37]
ImageSat: EROS 2019 New 3 0.45 400 [53, 64]
Jilin (China) 2030 Future 138 0.72 420 [37]
Planet Doves 2017 New 145 3 3 [25, 37]
Planet RapidEye (BlackBridge) 2010 New 5 6.5 150 [37,100]
Planet SkySats (TerraBella, Skybox) 2013 New 24 0.9 110 [37]
Pleiades 1A/1B 2012 Incumbent 2 0.7 1000 [35]
Satellogic >2018 Future 300 1 35 [37]
UrtheCast Deimos 2 2015 New 1 0.75 300 [36, 37]
UrtheCast OptiSAR (optical platform) 2020 Future 8 0.5 670 [37]
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Requirements Discovery Trees

The requirements trees on the following pages were used in the requirements generation process of Chapter
3 Requirements Generation.
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B. Requirements Discovery Trees
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Figure B.1: Functional requirements discovery tree.
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Figure B.3: Constraint requirements discovery tree.
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Stowed Operations Thermal Model

A simple thermal model was developed to predict worst-case steady state temperatures on the outer com-
ponents of the DST during LEOP. André Krikken contributed the orbital calculations and collaborated on the
methodology and conclusions.
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B 6/04/2018 For use. Earth IR potential removed. Minor corrections. SP, AK




199

PROJECT Deployable Space Telescopel

%
TU Delft JOB No. -

. CALC. REF. NO.: DST-WP1-CALC-001
SUBJECT Stowed Operational Thermal Model <HEET 5 OF 30 eV 5
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
N/A SP, AK -
ITEM: DATE: 6 April 2018 DATE: DATE:
Objective REFERENCE

To find the steady state (worst case) hot and cold temperatures of the four M1 and sole
M2 mirror segments in the stowed configuration during Launch & Early Operations
(LEOP). Results are to be a first estimate for use in thermo-mechanical design sizing
calculations.

Summary of Results

Node Massfkg] Body Materiallilnner CoatingQuter Coating See p. 10.
N1: DST 102.3 N/A CFRP
N2: PM1 5.9 Black paint/[Silver, polished
N3: PM2 5.9 Black paint/[Silver, polished
N4: PM3 5.9 Black paint/[Silver, polished
N5: PM4 5.9 Black paint|Silver, polished
N6: SM1 1.6 C[silver, polished CFRP
Node Definitions - Surface Optical Properties

Node o (inner) « (outer) € (inner) € (outer)
N1: DST N/A 0.93 N/A 0.85
N2: PM1 0.95 0.04 0.85 0.02
N3: PM2 0.95 0.04 0.85 0.02
N4: PM3 0.95 0.04 0.85 0.02
N5: PM4 0.95 0.04 0.85 0.02
N6: SM 0.04| 0.93 0.02 0.85
Q_DST Ijlw Internal heat dissipation in DST housing.
Overall Temperatures (for Design)

Element Max Units See p. 19.

DST Housing

Conclusion

> With 0 W internal heat dissipation in the instrument housing, the coldest and hottest
steady state bulk temperatures experienced by the primary mirror segments are 187 K
and 385 K respectively. The hot case is classified as "high temperature" per ECSS-E-
30:1 (2000).

> The coldest and hottest steady state bulk temperatures for the secondary mirror with 0
W internal heat dissipation are 181 K and 412 K respectively.

> Increasing internal heat dissipation strongly increases housing & M1 minimum
temperatures.

> The largest temperature range is experienced by the secondary mirror, driven by the
significantly larger external heat input and outward facing, highly absorptive mirror cell
back and spider structure.

> In all cases considered, M2 receives~234 W external heat compared to 0 - 13 W for
all other mirrors in all other cases and seasons (see page 13).
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- CALC. REF. NO.: DST-WP1-CALC-001
SUBJECT Stowed Operational Thermal Model <HEET 3 oF 0 REV-
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
SP, AK
ITEM: DATE: 6 April 2018 DATE: DATE:
Assumptions REFERENCE

> The DST housing is modelled as a solid, homogeneous rectangular box with
controllable internal heat dissipation Q_DST.

> The base of the DST housing, which would normally interface with the spacecraft bus,
is assumed to be thermally isolated from the bus and that the bus blocks all radiation
incident on the DST housing base.

> The top of the DST housing is covered entirely by M2 and the M2 support cell spider.
Assume that the top face of the housing only sees the reflective surface of M2 and that

the rear of M2 is Carbon Fibre Reinforced Plastic (CFRP) per current M2 spider design.

Assume that the top of the housing, M2 and the M2 spider are all squares of same
dimension.
> The rear of M2 sees only space and is at the front of the DST, pointing in the
along-track direction.
> The sides of the DST housing are each covered by the four M1 mirror segments.
Assume each side sees the rear surface of each segment only and that
each segment has the same dimensions as the DST housing.
> Assume DST is detumbled and has no roll rate, thus will receive uneven heating (worst
case).
> Assume pitch rate is equal to the mean motion so that one mirror always points in the
nadir direction.
> Assume material and optical properties constant with temperature.
> Assume all opposing surfaces are parallel, diffuse surfaces separated by a distance
that is small compared to the opposing surface areas. Thus effective emittance can be
given by:
g = I
&; + Sj - Si‘gj

> Only beginning of life (BOL) values for surface optical properties are used
since the DST will not be in the stwoed state at EOL.

(p- 368, Fortescue, 2006)
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The Spacecraft REFERENCE

The spacecraft is in a near-polar orbit with inclination i = 97° and altitude h = 500 km.

Mirrors are modelled as plates, labelled as shown in the diagram below.

PM4,
h =500 km |{'
P PM2.,
Earth
Secondary mirror referred to as "SM". Primary mirror as "PMx", x is 1 of 4 segments.
DST Housing Face Areas (Planar)
Node Area [m?] Comment

Top (SM) 0.168 Fillets ignored > Busis 410 x 410 x 600 mm CATIA model as of

Nadir (PM1) 0.246 Fillets ignored 28 march 2018

Zenith (PM3) 0.246 Fillets ignored

C/ Track (PM} 0.246 Fillets ignored

C/ Track (PM4 0.246 Fillets ignored

View Factors

from spacecraft to Earth

> All view factors are calculated using ECSS-E-HB-31-01

Node View Factor
N1: DST 0
N2: PM1 0.86
N3: PM2 0.3 page 19.
N4: PM3 0
N5: PM4 0.3 from h = 500 km
N6: SM1 0.3

Equivalent Electrical Network

Part 1A from December 5th, 2011, section 4.2.2 at

> Note that these must be changed if orbit changes

The thermal model is solved using the equivalen thermal network method.

Thermal elements can be modelled as electrical equivalents per the following table:

Thermal Electrical
Quantity Unit Quantity Unit
Heat, q W Current, |
Temperature, T K Voltage, V A
Thermalres., R Kf'wW Resistance, R 0
Heat capacity, C JK Capacitance, C F
Absolute zero 0K Ground ov

A detailed description of the network and its solution to find the steady

state temperatures is given on the next page.

(Lineykin, 2005)
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|
The full thermal network is shown in Figure D.1, modelled with potential ¢ 7" since heat transfer is as-
sumed to be by radiation only. The DST housing is modelled as a single node with thermal inertia Cpsr =
mpsrcp,nst and internal power dissipation Qpsr. Each of the four side faces as well as the top face are as-
sumed to be entirely covered by the four M1 mirror segments and single M2 mirror respectively.

Each mirror is modelled similarly. A generic mirror nodal sub-network is shown in Figure D.2. It is as-
sumed that the inwards facing surface of each mirror sees only the opposing face of the DST housing with
a radiative coupling. Although the mirrors are physically connected to the DST housing it is assumed that
the conductive heat transfer through these connections is negligible compared to the radiative heat transfer.
This needs to be checked once the mechanical designs are more mature. Each mirror has a thermal inertia
Ci = mjcp,;. The outer face of each mirroris modelled with a radiative coupling to space ata ground potential
of ¢ T} with T, = 0K. Each mirror absorbs power from Solar flux Qs, Earth Albedo Q, and Earth blackbody
radiation Qyr. These parameters can be turned on and off as necessary in the final equations.

The objective of the calculation is to determine the steady state temperature of each of the five mirrors as
well as the DS'T housing. To that end, the thermal network must be reduced through node elimination to the
equivalent single node network of the node of choice. Since the calculation is for steady state, the thermal
inertias have no effect and are neglected.

The network reduction is completed by reducing the network to an equivalent single node diagram of the
DST housing, the central node of the full network. Temperatures for each of the mirrors are then found by
adding the mirror node of interest beack to the network and working backwards to a new single node diagram
of the mirror node alone.

Due to their similarity, each of the mirror model sub-networks can be treated the same way. The network
is simplified by reducing each mirror sub-network to an equivalent power dissipation and thermal coupling
in parallel with the DST housing dissipation. All mirror and DST housing powers and couplings can then be
shown in a large parallel network which can be simply summed to find the housing temperature.

The steps for the network reduction are as follows:

1. Simplity mirror sub-networks.

{a) Consolidate sub-network.
(b) Eliminate mirror node in network with DST housing node.

2. Re-formulate full network with DST housing as single node with equivalent power dissipations and
couplings from mirror sub-networks.
3. Consolidate network to single node diagram. Find DST housing potential.

4, Add back mirror node of choice. Eliminate DST housing node to find single node diagram of mirror
node only.

5. Find mirror temperature.

Each of these steps are given in more detail below.
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Step One - Simplify Mirror Sub-networks
An individual mirror sub-network is shown in Figure D.2.

Figure [1.2: Generic mirror nodal sub-network connected to DST housing node.

The parallel power dissipations can be combined to give intermediate value Q! in Figure D.3:

Q:=Qs,i +Qrr,i +Qai (D.1)

Figure 11.3: Intermediate mirror sub-network values.
The mirror node can then be eliminated to give the equivalent dissipation Q{ and coupling R for the
generic mirror sub-network in Figure D.4

R. -
,;r = i,DST ; (D.2)
Ripst+Ris

Q

R!'= _L.DSTANS (D3)
Ripsr+Ris

oT"4 DST

Figure I.4: Elimination of mirror node.

Step Two - Reformulate Network
The full network can then be reformulated with all equivalent mirror sub-network dissipations Q! and cou

plings R:.’ in parallel with the DST housing dissipation Qpsr in an extension of Figure D.4.

1
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Step Three - DST Housing Single Node Diagram
All parallel dissipations and couplings can be summed to give the effective DST housing dissipation Q’Hl ST
and coupling Rp 57, shown in the single node diagram in Figure D.5.

Qpsr = Z Qf +Qpst (D.4)
i
Rpst=Y R} (D.5)
i
DST
oTrd
: i
[
8
o' E "'_l.' \
R = o ' N
-

Figure D.5: Single node diagram for DST housing in stowed, operational case.

The DST housing temperature can be found from

Qhsr = RosTo Ty (D.6)
o st

S Tpst = - (D.7)
V ORpst

Step Four - Add Mirror Node
The steady state temperature af a mirror node is found by adding the node back to the DST housing single
node diagram and consolidating to a new single node diagram for the mirror node, shown in Figure D.6. Note

that the DST housing dissipation Q. and coupling R}, have an additional prime and are now defined via

L8T
" — r
Qpsr = Qosr —Q; (D.8)
! i
Rpsr = Rpst — R (D.9)
where i is the mirror of interest.
aTra |. R_i,DST . DST
” &
'u-)-l ) i n|
o a 'g‘ TR
R : ol > R -~

Figure D.6; Adding back a mirror node to the DST housing single node diagram.

The final single node diagram for the mirror, shown in Figure D.7 has dissipation (J;,; and coupling R; s

Ripst . i
Q=0 +—22_ . D.10
s =0 Ripst+ Rpyqr <ot (D10
RipsTR,
Rpp S Rygob e WS (D.11)

]
RE,DST =+ R{)s;'




C. Stowed Operations Thermal Model

206
(; PROJECT Deployable Space Telescope
TUDelft JOB No. -
SUBJECT Stowed O ti I Th | Model CALC. REF. NO.: DST-WP1-CALC-001
we perationa erma oae SHEET OF 20 REV: B
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
N/A SP, AK
ITEM: DATE: 6 April 2018 DATE: DATE:
REFERENCE
oT*4 !
8-
R - ;
]
Figure [0.7: Single node diagram for a mirror in stowed configuration.
Step Five - Find Mirror Temperature
The mirror temperature can be found from
Qir=R; ;oT; (D.12)
PE R L (D.13)
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Node Definitions - Materials

p - Density, ¢, - Specific heat capacity, k - Thermal conductivity

Node Masslkg] PBody Materialllnner CoatingOuter Coating
N1: DST 102.306 CFRP M40 N/A CFRP
N2: PM1 5.906 Sic: RB-30% C | Black paint |Silver, polished
N3: PM2 5.906 Sic: RB-30% C | Black paint [Silver, polished
N4: PM3 5.906 Sic: RB-30% C | Black paint [Silver, polished
N5: PM4 5.906 Sic: RB-30% C | Black paint |Silver, polished
N6: SM 1.6 Sic: RB-30% C |Silver, polished CFRP

> All masses from (van Marrewijk & Kuiper, 2017) as of 28 March 2018.
> M1 deployment & support mechanism mass lumped in with DST housing mass.

> M2 support and deployment mechanism mass lumped with DST housing mass.

> DST housing mass is instrument sub-total (inc. 20% margin) less M1 and M2 mirror

masses already taken into account in other nodes.

(; PROJECT Deployable Space Telescope
TUDelft J0B No. :
SUBJECT Stowed O ti I Th | Model CALC. REF. NO.: DST-WP1-CALC-001
wed Operational Thermal Mode SHEET 10 OF 20 Rev: B
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
N/A SP, AK

ITEM: DATE: 6 April 2018 DATE: DATE:

Material Properties REFERENCE

Optical

Material o (BOL) a (EOL) £ (BOL) £ (EOL) Comment

CFRP 0.93 0.93 0.85 0.85 Graphite Epoxy p.801, (Gilmore, 2002)

Silver, polished 0.04 0.04 0.02 0.02 For optical surf. p.798, (Gilmore, 2002)

Black paint 0.95 0.95 0.85 0.85 Assume no degr.| |p. 363, (Fortescue, 2006)

White paint 0.12 0.14 0.9 0.9 silicate p. 363, (Fortescue, 2006)

MLI 0.01 0.01 (Benthem, 2016)

a - Solar absorptivity, € - Emissivity
Thermo-Physical
Material p [ka/m’] | e pll/kgK] | k[W/mK] |CTE[10°/K] Comment

CFRP M40 1610 880 55 = k=13 @90deg| |(Benthem, 2016)

Sic: RB-30% C 2890 670 155 2.4 (Paquin, 1995)

Al (6061-T6) 2770 961.2 167.9 225 not used p.805, (Gilmore, 2002),

(van Marrewijk & Kuiper, 2017)
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External Fluxes REFERENCE

External fluxes are calculated as a function of the spacecraft's position in

its orbit about the Earth. The beta angle is the smallest angle between the

orbit plane and sun vector.

The angle between each surface and the Sun was calculated as function of

time during one orbit. The orbit taken was a 500 km Sun synchronous orbit

with decending node at 10:30.

Beta angles for all mirrors through whole orbit were plotted, four cases were
considered, based on the results. It was observed that the sides in the cross track
direction have a constant angle with respect to the sun. Further, the Earth

albedo and IR will be constant over the orbit, outside of eclipse. This means

that the worst hot cases occur at the locations where the angle between the
remaining surfaces (PM1, PM3, SM) and the sun are the lowest. These three

locations are chosen for the worst hot cases calculations, and those angles are

presented below. For the cold case, a point in eclipse is chosen. This way, the

only possible heat flux into the system is the Earth IR, and all the angles
between the surfaces and the sun are set to 90 deg, or 1.5708 rad.

Beta angles after eclipse and backside
T T T

1.6 T - . T
Iﬁ\ / \ —PM1
/ ! / [\ || ——pm2
1.4 [ f ;o\ || =——-Pma| |
;o ‘/ P P4
/ \ /
/ ) / ; \ SM
o152 ‘,‘ f l,'r
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) % 7 /
2 1 ! !
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o i
@ /-\ h
08 ,
."{ \'. |’."
Vi I
f
0.6 f( ! !
\ Ip'" LY /
A f & 4
N St
A% S
a4 : i - g i
0 1000 2000 3000 4000 5000 8000
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The angles were calculated using the relations presented in SMAD

Angle calculation
The angles are calculated in the spacecraft centered celestial sphere, with
the x-axis pointing nadir, the y-axis pointing towards the orbit pole.

For each moment in time, the ange between each surface and the vector towards the sun

is calculated. This angle is called B. The B angle is calculated by:

cos(PB) = cos(y)*cos(B.') + sin(y)*sin(B,")*cos(AA,)

In this equation, B.' is the angle between the sun and the orbit pole, y is the angle between

the surface normal and the orbit pole, and AAz is the difference between the azimuth

of the sun and the normal of the surface. (see figure below)

(p. 108, Larson, 2005)
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Az, eclipse = Az,Cl tarc COS( COS(p) / Sin(Bs') )

The eclipse of the spacecraft is calculated using the following equation

Where A, qaipse IS the azimuth range of the Sun corresponding to eclipse
A, is the azimuth of the Sun at the midpoint of the eclipse, p is the

angular radius of the Earth. (see figure below)

Since the x-axis is pointing nadir, which is the centre of the eclipse, the angle
A, g is 0 as the azimuth is calculated from the x-axis in this definition.

When angle {8 is larger than 0.5 n rad, sun shines on the back of the panel,
and the panel is in shadow. All B angles calculated to be larger than 0.5 n rad
were set to 0.5 nrad to ensure the panels do not receive any solar radiation.
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(p- 107, Larson, 2005)

(p- 106, Larson, 2005)
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The following tables give the angles between the normal of each respective spacecraft
surface and the sun vector for the three hot cases "PM1 max", "PM3 max", "SM max", and
single cold case being considered in the steady state analysis.

The angles in each column represent the sun - surface normal angle at the moment in time
when the angle between the sun and the surface in the column header is minimal, thus
having the max projected area facing the incoming solar flux and receiving its greatest

heat input. Variation by season is considered.

Spring/ Autumn
Side PM1 max PM3 max SM max Cold case

[rad] [rad] [rad] [rad]

N2: PM1 1.192 1.571 1.570 1.571

N3: PM2 1.182 1.182 1.182 1.571

N4: PM3 1.571 0.389 1.571 1.571

N5: PM4 1.571 1.571 1.571 1.571

N6: SM1 0.558 1.569 0.389 1.571

Northern summer

Side PM1 max PM3 max SM max Cold case
[rad] [rad] [rad] [rad]
N2: PM1 1.188 1.571 1.570 1.571
N3: PM2 1.274 1.274 1.274 1.571
N4: PM3 1.571 0.296 1.571 1.571
N5: PM4 1.571 1.571 1.571 1.571
N6: SM1 0.494 1.569 0.296 1.571

Southern summer

Side PM1 max PM3 max SM max Cold case
[rad] [rad] [rad] [rad]
N2: PM1 1.188 1.571 1.570 1.571
N3: PM2 1.156 1.156 1.156 1.571
N4: PM3 1.571 0.415 1.571 1.571
N5: PM4 1.571 1.571 1.571 1.571
N6: SM1 0.582 1.569 0.415 1.571
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s PROJECT  Deployable Space Telescope
TUDelft JOB No. .
SUBJECT Stowed O ti I Th | Model CALC. REF. NO.: DST-WP1-CALC-001
wed Operational Therma € SHEET 14 OF 20 REV: B
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
N/A SP, AK
ITEM: DATE: 6 April 2018 DATE: DATE:
Power input on the surfaces, due to Sun, Albedo, and Earth IR REFERENCE

External fluxes, user input:

Season S Albedo IR
[W/m2] [-] [W/m2]
Spring/ autum 1367 0.35 204
N. summer 1321 0.35 204
S. summer 1412 0.35 204

> Albedo given as a fraction
of incident Solar intensity.

> IR 237W/m2 scaled by
orbit radius.

The following tables calculate the net external power input for each of the

mirror nodes, for each of the considered steady state cases in each season.

Spring/ Autumn
Side PM1 max PM3 max SM max Cold case
(Wi [W] [wj [W]
N2: PM1 9.88 4.91 4.92 0.86
N3: PM2 6.81 6.81 6.81 0.30
N4: PM3 0.00 12.45 0.00 0.00
N5: PM4 1.71 1.71 1.71 0.30
N6: SM1 212.49 31.49 228.94 8.73
Northern summer
Side PM1 max PM3 max SM max Cold case
[wi [wi wi [w]
N2: PM1 9.63 4.77 4.79 0.86
N3: PM2 5.46 5.46 5.46 0.30
N4: PM3 0.00 12.43 0.00 0.00
N5: PM4 1.67 1.67 1.67 0.30
N6: SM1 212.28 30.73 227.93 8.73
Southern summer
Side PM1 max PM3 max SM max Cold case
[wi [wi wi [wj
N2: PM1 10.24 5.04 5.05 0.86
N3: PM2 7.36 7.36 7.36 0.30
N4: PM3 0.00 12.72 0.00 0.00
N5: PM4 1.76 1.76 1.76 0.30
N6: SM1 216.31 32.24 233.93 8.73

(p- 358, Fortescue, 2006)

(p. 360, Fortescue, 2006)
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(‘; PROJECT Deployable Space Telescope
TUDelft JOB No. i
SUBJECT Stowed O ti I Th | Model CALC. REF. NO.: DST-WP1-CALC-001
wed Operational Therma e HEET = OF m REV:
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
N/A SP, AK

ITEM: DATE: 6 April 2018 DATE: DATE:

Radiative Couplings R = EEJ'AEFEJ REFERENCE

R_ij €_i £ e_ij Ai=Aj[m’] Fij R_ij[m?]

R_PM1,DST 0.85 0.85 0.74 0.246 1.00 1.82E-01

R_PM2,DST 0.85 0.85 0.74 0.246 1.00 1.82E-01

R_PM3,0DST 0.85 0.85 0.74 0.246 1.00 1.82E-01

R_PM4,0ST 0.85 0.85 0.74 0.246 1.00 1.82E-01

R_SM,DST 0.02 0.85 0.02 0.168 1.00 3.35E-03

R_PM1,S 0.02 N/A N/A 0.246 1 4.92E-03

R_PM2,S 0.02 N/A N/A 0.246 1| 4.92e-03

R_PM3,8 0.02 N/A N/A 0.246 1/ 4.92E-03

R_PM4.S 0.02 N/A N/A 0.246 1/ 4.92E-03

R_SM,S 0.85 N/A N/A 0.168 1/ 1.43e-01

Assumes all B_ij = 1.
Miscellaneous Inputs
1D Value Unit
Q_DST 0 w Internal heat dissipation in DST housing.
S-Bconst. | 5.67E-08 | Wm K™

Calculations

Cases are calculated by season, starting on the next page.
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PROJECT Deployable Space Telescope

%
TUDelft JOB No. -

SUBJECT Stowed Operational Thermal Model CALC. REF. NO- pSTWPL-CALCO01
SHEET 16 OF 20 REV: B
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
N/A SP, AK

ITEM: DATE: 6 April 2018 DATE: DATE:

Spring/ Autumn REFERENCE
1D PM1 max PM3 max SM max Cold case Units

Q_PM1 9.88 491 4.92 0.86 U (D.1)
Q_Pm2' 6.81 6.81 6.81 0.30 w (D.1)
Q_PM3' 0.00 12.45 0.00 0.00 ' (D.1)
Q_Pm4! 1.71 1.71 1.71 0.30 U (D.1)
Q_Sm' 212.49 31.49 228.94 8.73 0 (D.1)
Q_PM1" 9.62E+00] 4.78E+00| 4.79E+00] 8.39E-01 w (D.2)
Q_PMm2" 6.63E+00| 6.63E+00| 6.63E+00| 2.93E-01 w (D.2)
Q_PM3" -4.81E-05 1.21E+01| -4.81E-05| -4.81E-05 U (D.2)
Q_PM4" 1.67E+00| 1.67E+00| 1.67E+00| 2.93E-01 W (D.2)
Q_sm" 4.87E+00| 7.21E-01| 5.24E+00| 2.00E-01 w (D.2)
R_PM1" 4,79E-03 4,79E-03 4,79E-03 4,79E-03 m”2 (D.3)
R_PM2" 4,79E-03 4,79E-03 4,79E-03 4,79E-03 m”2 (D.3)
R_PM3" 4,79E-03 4,79E-03 4,79E-03 4,79E-03 m”2 (D.3)
R_PM4" 4,79E-03 4,79E-03 4,79E-03 4,79E-03 m”2 (D.3)
R_SM" 3.27E-03 3.27E-03 3.27E-03 3.27E-03 mA2 (D.3)
Q_DST' 2.28E+01| 2.59E+01| 1.83E+01| 1.62E+00 w (D.4)
R_DST 2.24E-02 2.24E-02 2.24E-02 2.24E-02 mA2 (D.5)
o_psT_PMm1| 1.32E+01| 2.11E+01] 1.35E+01| 7.86E-01 w (D.8)
apsT PM2 | 1.62E+01| 1.93E+01| 1.17E+01| 1.33E+00 W (D.8)
Q_DST"_PM3 2.28E+01| 1.38E+01| 1.83E+01| 1.63E+00 w (D.8)
Q DST" PM4 | 2.11E+01| 2.43E+01| 1.67E+01| 1.33E+00 W (D.8)
Q _DST"_SM 1.79e+01| 2.526+01] 1.31E+01| 1.42E+00 W (D.8)
R_DST_PM1 1.76E-02| 1.76E-02| 1.76E-02| 1.76E-02 m"2 (D.9)
R_DST_PM2 | 1.76E-02] 1.76E-02| 1.76E-02] 1.76E-02 m"2 (D.9)
R_DST_PM3 | 1.76E-02] 1.76E-02| 1.76E-02] 1.76E-02 m"2 (D.9)
R_DST_PM4 | 1.76E-02] 1.76E-02] 1.76E-02] 1.76E-02 m"2 (D.9)
R_DST'_SM 1.92E-02 1.92E-02 1.92E-02 1.92E-02 mA2 (D.9)
Q_PM1f 2.19E+01| 2.42E+01| 1.73E+01| 1.58E+00 ' (D.10)
Q_PM2f 2.15E+01| 2.44E+01| 1.75E+01| 1.52E+00 ' (D.10)
Q_PM3f 2.08E+01| 2.50E+01| 1.67E+01| 1.48E+00 ' (D.10)
Q_PM4.f 2.10E+01| 2.38E+01| 1.69E+01| 1.52E+00 W (D.10)
Q_SMf 2.15E+02| 3.52E+01| 2.31E+02| 8.95E+00 w (D.10)
R_PM1.f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 m”2 (D.11)
R_PM2,f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 m”2 (D.11)
R_PM3,f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 m”2 (D.11)
R_PM4.,f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 m”2 (D.11)
R_SM,f 1.46E-01 1.46E-01 1.46E-01 1.46E-01 m”2 (D.11)
T_DST 366 K (D.7)
T_PM1 368 K (D.13)
T _PM2 367 K (D.13)
T_PM3 363 K (D.13)
T_PM4 364 K (D.13)
T SM K (D.13)
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PROJECT Deployable Space Telescope

%
TUDelft JOB No. -

SUBJECT Stowed Operational Thermal Model CALC. REF. NO- pSTWPL-CALCO01
SHEET 17 OF 20 REV: B
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
N/A SP, AK

ITEM: DATE: 6 April 2018 DATE: DATE:

Northern Summer REFERENCE
1D PM1 max PM3 max SM max Cold case Units

Q_PM1T 9.63 4.77 4.79 0.86 U (D.1)
Q_Pm2' 5.46 5.46 5.46 0.30 w (D.1)
Q_PM3' 0.00 12.43 0.00 0.00 ' (D.1)
Q_Pm4! 1.67 1.67 1.67 0.30 U (D.1)
Q_SM™' 212.28 30.73 227.93 8.73 0 (D.1)
Q_PM1" 9.37E+00] 4.65E+00| 4.66E+00] 8.39E-01 w (D.2)
Q_PM2" 5.32E+00| 5.32E+00| 5.32E+00| 2.93E-01 w (D.2)
Q_PM3" -4.65E-05 1.21E+01| -4.65E-05| -4.65E-05 U (D.2)
Q_Pm4" 1.62E+00| 1.62E+00| 1.62E+00| 2.93E-01 w (D.2)
Q_SMm" 4.86E+00| 7.04E-01| 5.22E+00{ 2.00E-01 w (D.2)
R_PM1" 4,79E-03 4,79E-03 4,79E-03 4,79E-03 m”2 (D.3)
R_PM2" 4,79E-03 4,79E-03 4,79E-03 4,79E-03 m”2 (D.3)
R_PM3" 4,79E-03 4,79E-03 4,79E-03 4,79E-03 m”2 (D.3)
R_PM4" 4,79E-03 4,79E-03 4,79E-03 4,79E-03 m”2 (D.3)
R_SM" 3.27E-03 3.27E-03 3.27E-03 3.27E-03 mA2 (D.3)
Q_DST' 2.12E+01| 2.44E+01| 1.68E+01| 1.62E+00 w (D.4)
R_DST 2.24E-02 2.24E-02 2.24E-02 2.24E-02 mA2 (D.5)
opsT_PMm1| 1.186+01| 1.97E+01] 1.22E+01| 7.86E-01 w (D.8)
apsT P2z | 1.59+01| 1.91E+01| 1.15E+01| 1.33E+00 W (D.8)
Q_DST"_PM3 2.12E+01| 1.23E+01| 1.68E+01| 1.63E+00 w (D.8)
Q_DST"_PM4 1.96E+01| 2.28E+01| 1.52E+01| 1.33E+00 w (D.8)
Q _DST" SM 1.63e+01| 2.376+01] 1.16E+01| 1.42E+00 W (D.8)
R_DST'_PM1 1.76E-02| 1.76E-02| 1.76E-02| 1.76E-02 m"2 (D.9)
R_DST_PM2 | 1.76E-02] 1.76E-02| 1.76E-02] 1.76E-02 m"2 (D.9)
R_DST_PM3 | 1.76E-02] 1.76E-02| 1.76E-02] 1.76E-02 m"2 (D.9)
R_DST_PM4 | 1.76E-02] 1.76E-02| 1.76E-02] 1.76E-02 m"2 (D.9)
R_DST'_SM 1.92E-02 1.92E-02 1.92E-02 1.92E-02 mA2 (D.9)
Q_PM1f 2.04E+01| 2.28E+01| 1.59E+01| 1.58E+00 ' (D.10)
Q_PM2f 1.99E+01| 2.29E+01| 1.59E+01| 1.52E+00 ' (D.10)
Q_PM3f 1.93E+01| 2.36E+01| 1.53E+01]| 1.48E+00 ' (D.10)
Q _PM4f 1.95E+01| 2.24E+01| 1.55E+01]| 1.52E+00 U (D.10)
Q_SMf 2.15E+02| 3.43E+01| 2.30E+02| 8.95E+00 w (D.10)
R_PM1.f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 m”2 (D.11)
R_PM2,f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 m”2 (D.11)
R_PM3,f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 m”2 (D.11)
R_PM4.f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 m”2 (D.11)
R_SM,f 1.46E-01 1.46E-01 1.46E-01 1.46E-01 m”2 (D.11)
T_DST 359 K (D.7)
T_PM1 362 K (D.13)
T _PM2 360 K (D.13)
T_PM3 357 K (D.13)
T _PM4 358 K (D.13)
T SM K (D.13)
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PROJECT Deployable Space Telescope

%
TUDelft JOB No. -

SUBJECT Stowed Operational Thermal Model CALC. REF. NO- pSTWPL-CALCO01
SHEET 18 OF 20 REV: B
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
N/A SP, AK

ITEM: DATE: 6 April 2018 DATE: DATE:

Southern Summer REFERENCE
1D PM1 max PM3 max SM max Cold case Units

Q_PM1' 10.24 5.04 5.05 0.86 W (D.1)
Q_PM2' 7.36 7.36 7.36 0.30 W (D.1)
Q_PM3' 0.00 12.72 0.00 0.00 W (D.1)
Q_PM4' 1.76 1.76 1.76 0.30 W (D.1)
Q_SM™' 216.31 32.24 233.93 8.73 w (D.1)
Q_PM1" 9.97E+00| 4.91E+00| 4.92E+00| 8.39E-01 W (D.2)
Q_Pm2" 7.17E+00| 7.17E+00| 7.17E+00 2.93E-01 W (D.2)
Q_PM3" -4.97E-05| 1.24E+01| -4.97E-05| -4.97E-05 W (D.2)
Q_PMm4" 1.71E+00( 1.71E+00( 1.71E+00 2.93E-01 W (D.2)
Q_sSm" 4,96E+00 7.39E-01| 5.36E+00 2.00E-01 w (D.2)
R_PM1" 4.79E-03 4.79E-03 4,79E-03 4,79E-03 mA2 (D.3)
R_PM2" 4.79E-03 4.79E-03 4,79E-03 4,79E-03 mA2 (D.3)
R_PM3" 4.79E-03 4.79E-03 4,79E-03 4,79E-03 mA2 (D.3)
R_PM4" 4.79E-03 4.79E-03 4,79E-03 4,79E-03 mA2 (D.3)
R_SM" 3.27E-03 3.27E-03 3.27E-03 3.27E-03 mh2 (D.3)
Q_DsT 2.38E+01| 2.69E+01| 1.92E+01| 1.62E+00 W (D.4)
R_DST 2.24E-02 2.24E-02 2.24E-02 2.24E-02 mh2 (D.5)
Q_DST"_PM1 1.38E+01| 2.20E+01| 1.42E+01| 7.86E-01 w (D.8)
Q_DST"_PMm2 1.66E+01| 1.97E+01| 1.20E+01| 1.33E+00 W (D.8)
Q_DST"_PM3 2.38E+01| 1.45E+01| 1.92E+01| 1.63E+00 W (D.8)
Q_DST"_PM4 2.21E+01| 2.52E+01| 1.74E+01| 1.33E+00 W (D.8)
Q_DST"_SM 1.88E+01| 2.62E+01| 1.38E+01| 1.42E+00 W (D.8)
R_DST'_PM1 1.76E-02 1.76E-02 1.76E-02 1.76E-02 mA2 (D.9)
R_DST'_PM2 1.76E-02 1.76E-02 1.76E-02 1.76E-02 mA2 (D.9)
R_DST'_PM3 1.76E-02 1.76E-02 1.76E-02 1.76E-02 mA2 (D.9)
R_DST'_PM4 1.76E-02 1.76E-02 1.76E-02 1.76E-02 mA2 (D.9)
R_DST_SM 1.92E-02 1.92E-02 1.92E-02 1.92E-02 mh2 (D.9)
Q_PM1.f 2.28E+01| 2.51E+01| 1.80E+01| 1.58E+00 W (D.10)
Q_PM2f 2.25E+01| 2.54E+01| 1.83E+01| 1.52E+00 W (D.10)
Q_PM3,f 2.17E+01| 2.60E+01| 1.75E+01| 1.48E+00 W (D.10)
Q_PM4.f 2.19E+01| 2.47E+01| 1.77E+01| 1.52E+00 W (D.10)
Q_SMf 2.19E+02| 3.61E+01| 2.36E+02| 8.95E+00 W (D.10)
R_PM1.f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 mh2 (D.11)
R_PM2,f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 mh2 (D.11)
R_PM3,f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 mA2 (D.11)
R_PM4.f 2.10E-02 2.10E-02 2.10E-02 2.10E-02 mA2 (D.11)
R_SM,f 1.46E-01 1.46E-01 1.46E-01 1.46E-01 mA2 (D.11)
T_DST 370 K (D.7)
T_PM1 372 K (D.13)
T_PM2 371 K (D.13)
T_PM3 367 K (D.13)
T_PM4 368 K (D.13)
T _SM K (D.13)
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ﬁ; PROJECT Deployable Space Telescope
TUDelft 0B No. -
SUBJECT Stowed Operational Thermal Model CALC. REF. NO- pSTWPL-CALCO01
SHEET 19 OF 20 REV: B
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
N/A SP, AK

ITEM: DATE: 6 April 2018 DATE: DATE:

Results REFERENCE

DST Housing Temperature

Season PM1 max Cold case

Spring/ autun 365.8

N. Summer

S. Summer

PM1 Temperature

Season

PM1 max

Spring/ auturr]

N. Summer

S. Summer

PM2 Temperature

Cold case

Season

PM1 max

Spring/ autum

N. Summer

S. Summer

PM3 Temperature

Cold case

Season

PM1 max

Spring/ auturr]

N. Summer

S. Summer

PM4 Temperature

Cold case

Season PM1 max
Spring/ autur 364.2
N. Summer
S. Summer 368.2

SM Temperature

Cold case

Season

N. Summer
S. Summer

Overall Temperatures (for Design)

Cold case

Element
DST Housing




217

PROJECT Deployable Space Telescope

s
TUDelft JOB No. -

; CALC. REF. NO.: DST-WP1-CALC-001
SUBJECT Stowed Operational Thermal Model SHEET >0 oF > BV B
REF. DRG. NO.: MADE BY: CHECKED BY: APPROVED BY:
N/A SP, AK
ITEM: DATE: 6 April 2018 DATE: DATE:
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DST Verification Document and
Requirements List

D.1. Verification and Requirements Document

Included in this appendix is the Verification and Requirements document for the DST. This document was
developed by the author for the team as a direct output of the work conducted in Sections 3 and 4. It is a live
document and has since received further additions by other team members.

Appended to the end of the document is the full list of requirements for the DST as of early October 2018.
All PMAO requirements and several M1 requirements were derived through the efforts of this thesis. The
"Created", "Last Updated" and "Owner" columns have been hidden in this printout to provide more space
for the requirement descriptions and comments.

For simplicity, the requirements structure at the system level are kept relatively flat. With multiple stu-
dents working on the conceptual design, the requirements list can become very fluid. A flat hierarchy reduces
the need to manage complex flow down ID relationships. Every requirement has a parent requirement ID ex-
plicitly listed to maintain traceability. Since the DST team is structured by discipline, discipline identifiers are
added to the requirement ID to help in assigning responsibility.

219
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Deployable Space Telescope
Requirements and Verification

Revision B
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A 02Aprl8 Preliminary S. Pepper
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222 D. DST Verification Document and Requirements List

1. Introduction

The purpose of this document is to document the requirements for the Deployable Space Telescope
and to provide guidelines for verification that those requirements have been met. Brief discussions
on how to apply margins and factors of safety and how to calculate margin of safety in strength
calculations are provided.

2. Requirements

The DST requirements are listed in Appendix A. Each requirement has a parent requirement ID listed
to maintain traceability.

1.1 Requirements Hierarchy

Since the DST team is structured by discipline, discipline identifiers are added to the requirement ID
to help in assigning responsibility. Table 1 sets out the requirements hierarchy. Table 2 explains the
ID breakdown.

Table 1 — Requirements hierarchy.

Level Format Example
Mission Objectives MIS-OBJ-xx MIS-0BJ-01
Mission/ Stakeholder Requirements MIS-REQ-xx MIS-REQ-01
System/ Subsystem Requirements sss-ddd-xx M1-MEC-01
System/ Subsystem sub-requirement  sss-ddd-xx-yy M1-MEC-01-01

Table 2 — Requirements ID breakdown.

Element Description Example

33 System/ subsystem DST — Telescope level

M1 — Primary Mirror

M2 - Secondary Mirror

BAF — Baffle

ACS — Aberration Correction System
PMAQO - Primary Mirror Active Optics
ddd Discipline MEC — Mechanical

STRU — Structural

THE — Thermal

OPT - Optical

CON — Control

ELE - Electrical

XX Sequential numerical ID 01,02 ..

vy Sequential sub-1D 01,02 ..

1.2 Launch Survival Requirements

Requirements M1-MEC-09-01 to M1-MEC-09-03 state that to survive launch, the primary mirror
must withstand a 30g quasi-static load and have longitudinal and lateral first natural frequencies
greater than 100 Hz. These requirements have been taken from the MSc thesis by B. van Putten, in
turn adopted after advice given by ADSNL in 2017.

It is understood that the 30g load is an experienced based estimate to cover the worst case
combination of static and dynamic loads experienced during launch. The 30g load is to be applied
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D.1. Verification and Requirements Document 223

simultaneously along two orthogonal axes to demonstrate sufficient assembly strength, along the x
+vy,x+zandy +z axes.

It is assumed that this load also includes thermal loads, and that no further qualification or safety
factor needs to be applied to this load to check strength in qualification testing.

3. Verification Plan

A full verification plan has not been developed. Each student will conduct verification per the
objectives of his or her thesis, however a number of elements can be defined for common usage
across the team.

2.1 Verification Methods
The following verification methods may be used.

Table 3 = Verification methods.

Method Description

Analysis Mathematical or computational techniques. Can be deterministic or stochastic.

Inspection/ Review | Inspection of the product itself (inspection) or inspection of design
documentation (review of design).

Test Physically testing a test model of the design in representative conditions.

Similarity Checking if the item is similar in design, process and quality control to another
that has already been verified to the same or more stringent requirements.

Demonstration Demonstration of the requirement through operation of the item.

2.2 Factors of Safety for Strength Analysis

The application of test factors, factors of safety, limit loads and safety margins follows the
philosophy given in Space Mission Engineering, The New SMAD [p. 677, Wertz 2011], itself derived
from the General Environmental Verification Standard GEVS (GSFC-STD-7000) from NASA Goddard
Space Flight Center [NASA 2013]. The standard gives guidance on the minimum strength margin
required for structural designs for GSFC. No mode! uncertainty factors are used to account for
uncertainty in the derivation of limit loads.

Table 4 gives the factors of safety to be applied to loads (not the stress resulting from these loads) in
strength analysis and test. The factors of safety have been derived assuming that the DST would
undergo protoflight qualification testing.

Factors of Safety (FS) are used to ensure an adequate margin of safety (MS) under yield or ultimate
conditions. The yield factor of safety is used to decrease the chances of the test article experiencing
detrimental permanent plastic deformation during launch or testing. The ultimate factor of safety is
greater than the yield factor to separate the yield and ultimate failure modes. It decreases the
chances of the test article undergoing rupture or collapse.

The limit load is the maximum load that a structure is expected to experience through the course of
the nominal mission. The design load is the limit load multiplied by the factor of safety, giving either
the design yield load or design ultimate load. The test load is the limit load multiplied by the test
factor. The factors for equipment not critical to personnel safety are used. In Table 4, the test is
assumed to be a qualification test of a protoflight model. The test factor does not compound the
yield or ultimate factors of safety in design calculations or testing.
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Factors of safety should be applied to the limit loads, not the stresses resulting from the limit loads.
This is because some failure modes, such as buckling, are non-linear. Applying the factor of safety to
the stress would under-represent the uncertainty in the applied load. The converse is also true:
applying the factor of safety to the resulting stress can significantly over represent the effects of an
applied load. An example being the contact stress on a ball bearing, which decreases as contact area
increases with load. The net effect would be an overly conservative design.

Table 4 — Summary of safety and test factors used for verification. Factors have been derived assuming DST would undergo
protoflight qualification testing. Adapted from [Wertz 2011] unless noted otherwise.

(a) Taken from [p. 374, Sarafin 1995]

(b) One-time stall test at maximum voltage.

Description FS, FS, Test Comment
Static 1.25 1.4 1.25 See stability factor
Sine 1.25 1.4 1.25 2 oct/ min sweep
Random/ Acoustic 1.6 1.8 +3dB 2 minutes/ axis duration
Thermal®@ 1.0 1.0 1.0 See thermal uncertainty margin
Preloads®® 1.0 1.0 As built
Mechanisms®
Nominal operations | 1.1 1.25 1.0
Stall 1.0 1.0 (b) For contingency only

2.2.2 Thermal Margins

The methodology for designating thermal margins is adapted from ECSS-E-30 Part 1 (2000) “System
Engineering, Mechanical — Part 1: Thermal Control”. Margins are applied as shown in Figure 1. An
abridged interpretation of the standard is given here for use within the DST project. The reader is
referred to the standard itself for more detailed guidance if necessary, particularly with regards to
cryogenic temperatures (< 120 K), high temperatures (> 400 K), verification and testing. All margins
given here are for pre-phase A studies.

Calculated Temperature Range (Clause 3.1.5)

This is the nominal worst case temperature range that the system should experience in the absence
of failure cases. It is obtained by analysis or other means. The calculated temperature range plus
uncertainties from, for example, inaccuracies in material properties, environmental data or
modelling assumptions, is equal to the predicted temperature range and shall be limited to the
design temperature range. A typical uncertainty margin for Phase A studies is 15 K (Clause A.1.1(f))
for a coarse overall spacecraft thermal model with items lumped into the structure.

Design Temperature Range (Clause 3.1.10)

The requirements for the thermal control system design activities. For the DST, equal to the
calculated temperature range plus uncertainty margin.

Acceptance Temperature Range (Clause 3.1.1, 3.1.2, A.2(a))

The acceptance margin is a contingency to account for unpredictable thermal control system related
events. Addition of the acceptance margin to the design temperature range results in the
acceptance temperature range. The acceptance temperature range is the extreme temperature
range that the system can reach but never exceed throughout the entire mission based on worst
case assumptions. For the DST, an acceptance margin of 5 K shall be used.
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Qualification Temperature Range (Clause 3.1.22, 3.1.23, A.2(a))

The qualification margin is a contingency to account for unexpected events. Addition of the
qualification margin to the acceptance temperature range results in the qualification temperature
range. The qualification temperature range is the range in which the system is guaranteed to
function nominally, fulfilling all required performances with the required reliability. For the DST, a
qualification margin of 5 K shall be used.

| Qualification margin A
A
| Accepfance margin
3
A Uncertainties |
(TCS) il (1CS) (1cs) (Ics)
Predicted Calculated temp. range | Design Acceptance  Qualification
femperature (Nominal worst coses) | femperature  temperature  temperature
range Y range range range
v I v
| h 4
| y
TGS performance | TCS requirement

Figure 1 - Temperature definitions for thermal control system. Adapted from ECSS-E-30:1 (2000).

From the standard, the thermal control system shall be able to guarantee that a part is able to fulfil
its performance requirements within the qualification temperature range. For the DST project, the
application of margins to the nominal worst case temperature range shall be as described in Figure 2
unless otherwise approved by the project manager. A design shall be able to meet all of its
prescribed requirements throughout the qualification temperature range.

Qualification: Acceptance = 5 K
Acceptance: Design £ &5 K
Design: Calculated + 15 K

Calculated temp. range

273K

M
WV

Figure 2 — Application of thermal control system margins for the DST project.

2.3 Design Factors
No factor of safety is used when calculating the nominal limit loads for functional requirement
verification. Factors of safety are only used for verification of strength requirements.

2.4 Verification Criteria

2.4.1 Strength

The verification criteria for strength is a margin of safety (MS) against yield or ultimate failure
greater than or equal to 0. The margins of safety are given in terms of load rather than stress for the
same reasons that the factor of safety is applied to the limit load rather than the resulting stress, to
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get the design load. Using stress to calculate the margin of safety can erroneously represent a
structures remaining strength margin. The yield and ultimate margins of safety are given by:

_ Allowable yield load

MS.
Y Designyield load

Allowable ultimate load
MS, =

Design ultimate load

Loads should be combined as required using suitable interaction equations. See for example Chapter
8.2 of [Sarafin 1995].

2.4.2 Functionality
The verification criteria for functional requirements are the quantities defined in the requirements

themselves.
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Appendix A: DST Requirements

See overleaf.
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& |m2-svs-02 The mechanism shall provide structural support for M2 Lopes Barreto, 2017 MSC thesis
£ |m2-svs-03 The M2 mechanism in stowed coenfiguration shall stay within the boundary box given by the primary mirror segments. MIS-REQ-09
.m M2-5YS-04 The M2 mechanism in stowed configuration height, including the instrument bus, shall be equall or less than 1.27m {goal}/2.55m (threshold) MIS-REQ-09
m M2-5Y5-05 The development, production, assembly, integration, and test cost of the M2 mechanism shall be equal to or lower than TBD MIS-0BJ-02 Cost budget not available yet
e |M2-MEC-01 The M2 mechanism shall deploy the M2 along the optical axis (Z axis) to obtain a distance of 1.6 m between M1 and M2, measured between the vertex of both mirrars MIS-REQ-07
m M2-MEC-02 The M2 mechanism deployment accuracy shall be equal to or less than 15um measured along the X axis of the telescope coordinate frame MIS-REQ-07 deployment budget
= |M2-MEC-03 The M2 mechanism deployment accuracy shall be equal to or less than 15um measured along the Y axis of the telescope coordinate frame MIS-REQ-07 deployment budget
2 M2-MEC-04 The M2 mechanism deployment accuracy shall be equal to or less than 10pum measured along the optical axis (Z axis) of the telescope coordinate frame MIS-REQ-07 deployment budget
m M2-MEC-05 The M2 mechanism deployment accuracy shall be equal to or less than 100prad measured around the X axis of the telescope coordinate frame MIS-REQ-07 deployment budget
.m M2-MEC-06 The M2 mechanism deployment accuracy shall be equal to or less than 100prad measured around the Y axis of the telescope coordinate frame of the telescope coordinate MIS-REQ-07 deployment budget
° frame
% M2-MEC-07 The M2 mechanism deployment accuracy shall be equal to or less than 100prad measured around the optical axis (Z axis of the telescope coordinate frame) MIS-REQ-07 deployment budget
M2-MEC-08 The radius of curvature of the M2 mirror shall change less than 0.01% due to the deployment of the mechanism MIS-REQ-07 deployment budget
M2-MEC-09 The shape error of the M2 shall be less than 25 nm due to the deployment of the mechanism MIS-REQ-07 deployment budget
M2-MEC-10 The M2 mechanism in-orbit drift shall be equal or less than 4 pm measured aleng the X axis of the telescope coordinate frame MIS-REQ-07 Drift budget
M2-MEC-11 The M2 mechanism in-orbit drift shall be equal or less than 4 pm measured along the Y axis of the telescope coordinate frame MIS-REQ-07 Drift budget
M2-MEC-12 The M2 mechanism in-orbit drift shall be equal or less than 2 um measured along the optical axis (Z axis of the telescope coordinate frame) MIS-REQ-07 Drift budget
M2-MEC-13 The M2 mechanism in-orbit drift shall be equal or less than & prad measured around the X axis of the telescope coordinate frame MIS-REQ-07 Drift budget
M2-MEC-14 The M2 mechanism in-orbit drift shall be equal or less than & prad measured arcund the Y axis of the telescope coordinate frame MIS-REQ-07 Drift budget
M2-MEC-15 The M2 mechanism in-orbit drift shall be equal or less than 12 prad measured around the Z axis of the telescope coordinate frame MIS-REQ-07 Drift budget
M2-MEC-16 The radius of curvature of the M2 mirror shall change less than 0.0001% due to in-orbit drift MIS-REQ-07 Drift budget
M2-MEC-17 The shape error of the M2 shall be less than 5 nm due to in-orbit drifts MIS-REQ-07 Drift budget
M2-MEC-18 The M2 mechanism stability shall be equal to or less than 1 um along the X axis of the telescope reference frame MIS-REQ-07
M2-MEC-19 The M2 mechanism stability shall be equal to or less than 1 pm along the ¥ axis of the telescope reference frame MIS-REQ-07 Stability budget
M2-MEC-20 The M2 mechanism stability shall be equal to or less than 0.5 pm along the Z axis of the telescope reference frame MIS-REQ-07 Stability budget
M2-MEC-21 The M2 mechanism stability shall be equal to or less than 1.5 prad around the X axis of the telescope reference frame MIS-REQ-07
M2-MEC-22 The M2 mechanism stability shall be equal to or less than 1.5 prad around the Y axis of the telescope reference frame MIS-REQ-07 Stability budget
M2-MEC-23 The M2 mechanism stability shall be equal to or less than 3 prad around the 7 axis of the telescope reference frame MIS-REQ-07 Stability budget
M2-MEC-24 The deployed mechanismshall have a minimumnatural frequency of 5 Hz Lopes Barreto, 2017 MSC thesis
2 |PMAD-SYS-01 The combined mass of all of the primary mirror segments shall be ne more than 24 kg. M1-MEC-11 Systems engineering budgets
"_nu PMAO-5Y5-02 The combined mass of all four PMAO mechanisms shall be no more than 24.8 kg. M1-MEC-11 Systems engineering budgets
m flowdown.
.uh- PMAD-SYS-03 The PMAQ shall not use any components, technology or processes controlled by ITAR. MIS-REQ-10 Simplify procurement, reduce cost,
” increase design transparency and
-3 collaboration.
m PMAD-5YS-04 The combined cost of the PMAD support and mechanism components shall be no more than TBD over the DST mission lifetime. MIS-0BJ-02 Meet mission objectives.
a [Pmao-opPT-01 The PMAO shall remove discontinuous wavefront errors fom the full field of view during imaging operations and AIT. MIS-REQ-07 Enable diffraction limited imaging.
w PMAO-MEC-01 The PMAQ mechanism shall enable individual control of each primary mirror segment independently in translation parallel to the z-axis, rotation about the x-axis and rotation PMAQO-OPT-01  Enable removal of discontinuous
=2 about the y-axis of the PMAO mechanism body fixed frame during AIT and operations. wavefront errors. Main function of
m PMAO mechanism.
N PMAO-MEC-02 The PMAQ support shall support the primary mirror segment during AIT activities without overconstraint in the stowed and deployed configurations.Support is defined as PMAQ-OPT-01  Withstand loads during AIT, enable AIT
= providing a load path to the instrument housing. activities.
W PMAO-MEC-02-01 The primary mirrer segments shall have no more than TBD nm PV sag in one-g on Earth. PMAQ-MEC-02  To enable testing on Earth.
& |PMAO-MEC-03 The PMAO support shall support the primary mirror segment during launch without overconstraint in the stowed configuration. Support is defined as providing a load pathto PMAO-OPT-01 Possibly a driving requirement, may
4 the instrument housing. need to have a different mechanism
m for launch support.
& |pPMAD-MEC-D4 The PMAO support shall support the primary mirror segment during operations without overconstraint in the stowed and deployed configurations. Support is defined as PMAO-OPT-01 Enable diffraction limited imaging &
providing a load path to the instrument housing. connect segment to mechanism. Main
function of PMAO support.
PMAO-MEC-05 The PMAOQ deployment accuracy shall be less than or equal to TBD pm along the X axis of the telescope coordinate frame. M1-MEC-01-01  these should say "during imaging

operations".
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PMADO-MEC-50-02

The depth of the PMAO from the underside of the primary mirror segment to the top of the deployment mechanism support frame shall be no more than TBD mm when in the PMAO-MEC-50

stowed configuration.

PMAD-SYS-05 The PMAQ shall have a minimum operational lifetime of 5 years. M1-MEC-12 Flow down from DST requirement.
PMAO-MEC-39 The PMAO shall be able to survive assembly, integration, testing and ground handling in the deployed and stowed configurations. Survival is defined as no impairment to the  PMAO-OPT-01  To meet mission objectives
nominal functional capabilities of the system resulting from exposure to a given set of environmental conditions.
PMAD-MEC-40 The PMAQ shall be able to survive launch in the stowed configuration. Survival is defined as no impairment to the nominal functional capabilities of the system resulting from  PMAO-OPT-01  To meet mission objectives
exposure to a given set of environmental conditions.
PMAO-MEC-40-01 The PMAOQ shall survive a quasi-static load of 30g applied simultaneously to the x- and y- axes in the launcher coordinate frame in the stowed configuration during launch. PMAO-MEC-40  Inclusive of qualification and thermal
loads? TBC
PMADO-MEC-40-02 The PMAQ shall survive a quasi-static load of 30g applied simultaneously to the x- and z- axes in the launcher coordinate frame in the stowed configuration during launch. PMAO-MEC-40  Inclusive of qualification and thermal
loads? TBC
PMAO-MEC-40-03 The PMAO shall survive a quasi-static load of 30g applied simultaneously to the y- and z- axes in the launcher coordinate frame in the stowed configuration during launch. PMAO-MEC-40  Inclusive of qualification and thermal
loads? TBC
PMAD-MEC-40-04 The PMAQ first-mode natural frequency shall be greater than 100 Hz in the stowed configuration during launch. PMAO-MEC-40  Inclusive of qualification and thermal
loads? TBC
PMAO-MEC-41 The PMAO shall be able to survive the operational environment in the stowed and deployed configurations. Survival is defined as no impairment to the nominal functional PMAQO-OPT-01  To meet mission objectives
capabi s of the system resulting from exposure to a given set of environmental coni
PMAO-MEC-41-01 The PMAO shall survive steady state temperatures between 188 and 384 K (design temperatures) in the stowed configuration during LEOP. PMAQO-MEC-41
PMAO-MEC-42 The PMAO shall be able to survive deployment. Survival is defined as no impairment to the nominal functional capabilities of the system resulting from exposure to a given set PMAO-MEC-41  To meet mission objectives
of environmental conditions.
PMAD-SYS-06 The PMAQO manufacture, fabrication and assembly shall not require development of new technology, equipment or processes. MIS-0BJ-02 Decrease cost, risk, increase
availability of possible suppliers.
PMAO-5YS-07 The PMAO shall allow safe handling by technicians during AIT activities. MIS-REQ-12 Occupational health & safety.
PMAO-MEC-43 The PMAO shall operate at ambient temperature, pressure and hum PMAQ-5Y5-06 mplify AIT facility requirements.
PMAD-MEC-44 The PMAQO shall accommodate a total assembly error of no more than TBD pum in the x-axis direction of the telescope body-fixed frame between the nominal and actual PMAQ-5Y5-06 To make assembly practical at
locations of each primary mirror segment body-fixed frame origin in the nominal deployed configuration. reasonable cost.
PMAO-MEC-45 The PMAO shall accommodate a total assembly error of no more than TBD pum in the y-axis direction of the telescope body-fixed frame between the nominal and actual PMAQO-5Y5-06 To make assembly practical at
locations of each primary mirror segment body-fixed frame origin in the nominal deployed configuration. reasonable cost.
PMAO-MEC-46 The PMAQ shall accommodate a total assembly error of no more than TBD pum in the z-axis direction of the telescope body-fixed frame between the nominal and actual PMAQ-5Y5-06 To make assembly practical at
locations of each primary mirror segment body-fixed frame origin in the nominal deployed configuration. reasonable cost.
PMAO-MEC-47 The PMAOQ shall accommodate a total assembly error of no more than TBD prad about the x-axis of the telescope body-fixed frame between the nominal and actual locations  PMAQ-5Y5-06 To make assembly practical at
of each primary mirror segment body-fixed frame origin in the nominal deployed configuration. reasonable cost.
PMAO-MEC-48 The PMAQ shall accommodate a total assembly error of no more than TBD prad about the y-axis of the telescope body-fixed frame between the nominal and actual locations  PMAQ-5Y5-06 To make assembly practical at
of each primary mirror segment body-fixed frame origin in the nominal deployed configuration. reasonable cost.
PMAO-MEC-49 The PMAO shall accommodate a total assembly error of no more than TBD prad about the z-axis of the telescope body-fixed frame between the nominal and actual locations  PMAO-5Y5-06 To make assembly practical at
of each primary mirror segment body-fixed frame origin in the nominal deployed configuration. reasonable cost.
PMAO-ELE-01 The PMAO shall not require power during launch. MIS-REQ-11 implify launch compatibility
PMAO-5YS-08 The PMAO shall conform with Guiana Space Centre safety regulations. M1-MEC-10 Compatability with European launch
providers.
PMAO-MEC-50 The PMAO shall not impede deployment of the primary or secondary mirror. MIS-REQ-01
PMAO-MEC-50-01 The PMAOQ shall not protrude laterally beyond the periphery of the primary mirror segment in the stowed or deployed configurations. PMAO-MEC-50  Limit of useable volume. Straylight

control.
Limit of useable volume.

Table 2: Mission Objectives

1D

Description

_—qum_.._

Comment

MIS-0BJ-01

The Ground Sample Distance of the DST shall be no larger than the state of the art in commercial visual spectrum Earth Observation imaging platforms. As of 2017 this is
DigitalGlobe's WorldView-4 satellite with a Ground Sample Distance of 0.31 m in the panchromatic band.

N/A

TBD
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D.2. Additional Information Regarding Extended Requirements List

PMAO-CON-01

Bandwidth is a measure of the mechanisms’ performance. It is a measure of how well the mechanism output
can track a sinusoidal input of a given amplitude at a given frequency. Here, it is taken as the frequency at
which the mechanisms’ output falls to 1/v/2 of an input amplitude equal to the mechanism range of motion
in each degree of freedom (piston, tip and tilt).

PMAO-MEC-38

Requirement PMAO-MEC-38 states that the primary mirror segments shall be assembled for optimised per-
formance in zero-g. This requirement has been created on the assumption that a gravity-offload kit will be
needed for assembly as found in prior work on the mirror supports [117]. Moreover, requirement PMAO-
MEC-02-01 gives a limit to the allowable sag of the primary mirror segment in the presence of one-g to enable
optical testing activities. It is anticipated that this sag requirement in would be less onerous than the sag re-
quirement in zero-g as it only needs to enable adequate testing, rather than operational performance levels.
This requirement also removes some of the burden from the design phase at the expense of added complexity
in the AIT phase.

PMAO-SYS-07 & PMAO-MEC-43 to -49

The driving requirement for AIT compatibility will likely be the need to make sure the PMAO mechanism
assembly can accommodate a certain level of assembly error. This requirement is designed to ease the burden
on assembly processes, metrology and workmanship. The total allowable assembly error is still TBD pending
advice from Airbus and tolerance modelling in the end to end performance model. A requirement to operate
at ambient temperature, pressure and humidity is also designed to ease AIT complexity costs. The literature
study found that having to maintain low humidity environments for testing, to enable a certain lubricant
choice, greatly increased the complexity of development for the Euclid M2 mirror mechanism [8].

PMAO-MEC-38, PMAO-MEC-02 & 02-01

Van Putten found that the primary mirror should be assembled with a gravity offload kit to minimise sag in
orbit [117]. This is formalised in the PMAO functional requirements by stating that the PMAO segments be
assembled for optimised performance in zero-g. A flow on effect of this requirement is that the mirror will
experience sag during testing on Earth. To make sure that the optics can be tested and calibrated during AIT,
there is a requirement that the peak to valley sag not exceed a certain amount in the presence of 1g. This may
become a driving requirement for the PMAO support.

Reliability

No reliability requirements were formally generated as part of this thesis though understanding the reliability
requirements of the PMAO design would be very useful. A few requirements that could be included in future
work are included in Table D.1. A motorisation factor is used to account for possible losses in actuator and
power train performance. This goes on top of any load factors as it is related to actuator performance rather
than uncertainty in driven loads. A factor 2.0 has been dictated based on the value used in the design for the
Euclid secondary mirror mechanism [8].

D.3. Launch Survival Requirements Analysis

A survey of launch load requirements and verification was carried out to verify the design estimates provided
by Airbus Defence & Space and now included in the DST Verification and Requirements Document. The results
of this survey are included below for use by future students.

Launch survival requirements are mostly dictated by the launch vehicle user manuals. The requirements
are defined using the design loads given in the environment description sections. Verification should be
achieved using the qualification or acceptance loads as defined in and required by the spacecraft compati-
bility and verification sections. Not included in this survey is thermo-elastic deformation, pressure gradient
and electromagnetic compatibility.

The survey combined the worst cases of the three major European launchers as of writing in early 2018:
Ariane 5, Vega and the European Soyuz [5-7]. Ariane 6 is not considered as it is not yet flight proven. Overall,
these requirements are conservative however this provides margin for design maturation. Eventual selection
of a single launcher and launch configuration will also allow more refined requirement definition.
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Table D.1: Example PMAO assembly reliability requirements for future work.

ID Description

TBD The PMAO mechanism shall continue to operate in the event of up to two actuator failures.
The mechanism need not continue to meet the nominal range of motion, step size and re-
peatability requirements in this instance. Actuator failure is defined to be a complete inabil-
ity to provide mechanical displacement in response to a commanded input or loss of power
condition.

TBD The PMAO mechanism assembly shall meet the stability budget in the event of any number
of actuator failures in the PMAO mechanism. Actuator failure is defined to be a complete
inability to provide mechanical displacement in response to a commanded input or loss of
power condition.

TBD The PMAO mechanism assembly shall meet the in-orbit drift budget in the event of any num-
ber of actuator failures in the PMAO mechanism. Actuator failure is defined to be a complete
inability to provide mechanical displacement in response to a commanded input or loss of
power condition.

TBD The PMAO mechanism actuators shall have a motorisation factor of 2.0.

Critical loads normally occur during the qualification level random vibration tests which deliberately ex-
ceed normal launch conditions [34, p. 67]. Compliance with vibration requirements can be helped by design-
ing to have as many low frequency modes above 200 Hz as possible [34].

Loads

Quasi-Static Loads

Load factors are taken from the launch vehicle user guides as design guidelines for conceptual design. These
are sufficient for preliminary design, at least until a coupled loads analysis can be completed [122, p. 848]
[103, p. 51]. This can't be done for the DST until the bus and instrument housing reach preliminary design
levels. These load factors only apply if the first natural frequencies in the longitudinal and lateral directions
are above a limit set by the launch provider [103, p. 49]. This limit is discussed in the next subsection. It
is assumed that the QSL's given by the launch providers only cover steady-state accelerations and effects of
low-frequency transients.

Quasi-static loads are normally given in terms of load factors, which are a multiple of Earth standard g’s,
indicating the inertial force imposed upon a structure. The structure’s weight on Earth, rather than mass, is
multiplied by the load factor to retrieve the applied load. They typically include gravity already. The sign of
the load factor is opposite to that of the acceleration [103, p. 40].

The load factors apply at the spacecraft centre of mass under the assumption that the spacecraft is a
rigid body. A lateral QSL can act in any direction within the plane orthogonal to the longitudinal axis of the
launcher and is superimposed upon the longitudinal QSL. The load factors are expected to dominate the
strength requirements of the primary load bearing elements of the PMAO [54, p. 248].

The load factors do not necessarily apply to all spacecraft configurations but are a good first start but
may be conservative for short, stowed configurations unless other on board structures have low first natural
frequencies [122, p. 848].

The design (as opposed to acceptance or qualification loads) quasi-static loads for each launch vehicle are
given in Table D.2. Note the minimum frequency requirements set out in the next subsection. The manuals
give separate load factors for static and dynamic loads in the longitudinal direction for different stages of
flight. These have been combined into a single worst-case combined static plus dynamic load case. Lateral
load factors are natively given as a combined value. The Ariane 5 manual states that there is a 4.5g tension
case during SRB (Solid Rocket Booster) jettison for spacecraft under 1,200 kg wet mass and first longitudinal
frequency above 40 Hz. This has been included for conservatism, and indeed defines, the worst-case scenario
for the Ariane 5. Lateral loads can act in combination with longitudinal loads.

Minimum First Natural Frequency

The first natural frequency of the spacecraft must be greater than a threshold limit set by the launch vehicle
provider so that interaction between the spacecraft and launch vehicle do not inhibit the structural and con-
trol functionality of the launch vehicle. This frequency must also be met so that the load factors given in the
previous section remain applicable.
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Table D.2: Worst-case launch vehicle design load factors for quasi-static loads. The loads apply at the payload centre of mass. Negative
signs in the longitudinal axis indicate compression. Vega QSL values are for spacecraft masses greater than 300 kg. Compiled from [5-7].

Launcher Longitudinal Lateral

Ariane 5 -6.0/+7.7¢g -20/+2.0¢g
Soyuz -5.0/+1.8¢g -1.8/+1.8¢g
Vega -70/+3.0g -09/+09¢g

Adhering to this requirement does not guarantee that the coupled interaction will not damage the space-
craft itself. This is a topic for future work as it can’t be checked until there is at least a preliminary design of
the spacecraft bus and DST payload.

Table D.3 assumes the spacecraft is cantilevered at the launch vehicle interface. It is good practice to have
a 15% margin on the first natural frequency requirement at the preliminary design level [122, p. 671].

Table D.3: Minimum first natural frequency requirement for launch vehicles. Assumes spacecraft is less than 4,500 kg at launch and
cantilevered at launch vehicle interface. Compiled from [5-7].

Launcher Longitudinal Lateral Notes

Ariane 5 31 Hz 10 Hz mgc <4,500kg, CoG<1.9m
Soyuz 35 Hz 15 Hz -

Vega 60 Hz 15 Hz -

Acoustic Noise and Random Vibration

Acoustic loads are caused by sound pressure waves. They are dominant at lift-off while the launch vehicle
is close to the pad where sound waves reflect off the pad and ambient air pressure is highest [54]. They can
also be significant through the transonic phase of flight. The launch vehicle itself also responds to acoustic
vibrations and are manifested as random vibrations at the launch vehicle/ spacecraft interface.

The acoustic environment is described by sound pressure levels (SPL) expressed in decibels with respect
to some reference level. Sound pressure levels are the root mean square pressure within a frequency band
and are typically given at the centre frequencies of one-third octave bands on a log scale from 20 to 10,000 Hz
(103, p. 44].

If the fundamental frequencies of a part are known, the magnitude of its response can be found by using
the SPL at the relevant octave band [54]. The acoustic response of a structure is described by a Power Spectral
Density (PSD) plot which is the mean square of acceleration of the structure taken in 1 Hz bands over the
given acoustic spectrum.

The launch vehicle’s response to acoustic noise can be reported as a PSD plot of the random vibrations
that result at the vehicle/ spacecraft interface, though it is not always provided. Indeed, it is only reported
for the Soyuz vehicle. For Ariane 5 and Vega, Arianespace simply report that the random vibrations are a
combination of the sine-equivalent vibrations and/ or the acoustic vibrations.

Structures with low areal density (mass divided by exposed surface area) respond to acoustic loads most
severely, compared to denser, heavier structures. However, these heavier structures can still be excited by the
response of the more susceptible structures. Vibroacoustic response often drives the electro-mechanical and
electrical components in a spacecraft [103, p. 45]. For small payloads, the majority of the acoustic vibration
is transmitted through the launch vehicle interface. For larger payloads the vibroacoustic response is driven
by excitation of large appendages such as solar arrays and dishes [103, p. 215]. It is necessary to have a good
understanding of the spacecraft configuration and structural properties for vibroacoustic verification [103, p.
47].

The translation of these vibrations to loads on the PMAO is strongly dependent on the coupling between
the launch vehicle and spacecraft, both of which are not yet defined. A realistic vibroacoustic analysis is
therefore not possible for the PMAO mechanism assembly.

Table D.4 summarises the acoustic environment for the three European launchers. Worst-case filling fac-
tor values are taken for Soyuz. Lift-off values are taken for Vega, which are worse than the atmospheric phase,
though they last only 3 seconds compared to 55 seconds for the atmospheric phase.

Table D.4 shows that in general, Ariane 5 and Soyuz have higher acoustic noise levels at low to mid fre-
quencies and Vega has higher levels at higher frequencies. These are the design limits and do not have the
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Table D.4: Acoustic noise spectra under launcher fairings. OASPL = Overall Acoustic Sound Pressure Level. Reference SPL 0 dB = 2 x
1075Pa. Compiled from [5-7].

Octave Centre Frequency Flight Limit Level

Ariane 5 Soyuz Vega
[Hz] [dB] [dB] [dB]
31.5 128 126 112
63 131 133 123
125 136 136 126
250 133 138 135
500 129 134 138
1000 123 125 127
2000 116 121 120
OASPL (20 - 2828 Hz) 139.5 141.9 140.3

recommended 3 dB qualification test margin applied as recommended by the user manuals.

The sine-equivalent dynamics are given in Table D.5. These are present during powered flight, predom-
inantly during atmospheric and transonic phases. These levels apply only when the spacecraft meets the
minimum natural frequency requirements.

Table D.5: Sine equivalent dynamics. Compiled from [5-7].

Frequency Longitudinal Sine Amplitude Frequency Lateral Sine Amplitude

Ariane 5 Soyuz Vega Ariane 5 Soyuz Vega
[Hz] (gl (gl (gl [Hz] (gl (gl (gl
1-2 N/A 0.4 0.4 1-2 N/A 0.4 0.4
2-5 1.0 0.4 0.4 2-5 0.8 0.4 0.4
5-10 1.0 0.5 0.8 5-10 0.8 0.6 0.5
10-20 1.0 0.8 0.8 10-20 0.8 0.6 0.5
20-30 1.0 0.8 0.8 20-30 0.8 0.4 0.5
30 -40 1.0 0.5 0.8 30 -40 0.6 0.4 0.5
40 - 50 1.0 0.5 1.0 40 - 50 0.6 0.3 0.5
50 - 60 0.8 0.5 1.0 50 - 60 0.6 0.3 0.5
60 - 100 0.8 0.3 1.0 60 - 100 0.6 0.3 0.5
100 - 110 N/A N/A 1.0 100 - 110 N/A N/A 0.5
110 - 125 N/A N/A 0.2 110 - 125 N/A N/A 0.2

Shocks

Shocks are high impulsive loads imparted to a structure by pyrotechnic mechanisms, release mechanisms or
instantaneous release of strain energy (ie. thermal shock). Exposure of sensitive equipment can be reduced
by using Non-Explosive Actuators (NEA). Shock response is very difficult to verify by analysis even with full
vehicle definition. No specific survival requirement relating to shock is given as it cannot be verified at such
an early stage of design. It will be assumed that no pyrotechnic shock devices will be used near the DST during
payload separation. This is a feasible assumption for now since low shock separation systems or mechanical
isolation can be used to reduce or damp shock transmission to the payload [122, p. 841]. Moreover, shocks
are dissipated relatively quickly through a structure and the PMAO will be at the end of the load path from
the launch vehicle interface to the mirror. For a load path with three or more mechanically fastened joints,
the peak shock reduces to approximately 0.22 times the peak at the source [103, p. 407].
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PMAO Requirements Verification Matrix

* See end of table for description of verification method and factors of safety as well as notes on load cases.
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Activity ID Requirement Verification Assembly Level Phase/ Load Case(s) Factor of Pass Criteria Comment
D Short Method* Configuration Safety*
Description
System Level
VA-01-01 M1-MEC-13 Four segments | IR Telescope (sum = All phases & N/A N/A Four segments Inspection of
of all items) configurations present design
VA-01-02 M1-MEC-13 Four segments | IR Telescope (sum = All phases & N/A N/A Segments can be | Inspection of
of all items) configurations deployed design
VA-02 PMAQO-SYS-02 Combined AN PMAO All phases & N/A N/A 24.8kg Estimate from
mass Assembly (sum  configurations calculation or
of all items) CAD
VA-03 PMAQ-SYS-03 Non-ITAR IR PMAO All phasesand | N/A N/A No ITAR Inspect
Assembly (sum | configurations controlled datasheets
of all items) components
VA-04-01 PMAOQ-SYS-06 No low TRLAIT @ SI PMAO All phasesand | N/A N/A Minimum Inspection of
Assembly (sum  configurations feature size 0.5 design
of all items) mm
VA-04-02 PMAQ-SYS-06 No low TRL AIT | SI PMAO All phasesand | N/A N/A Standard Inspection of
Assembly (sum  configurations aerospace design
of all items) materials
Launch Survival
VA-05-01 PMAO-MEC-03 Support mirror | IR PMAO Launch/ N/A N/A PMAO-MEC-40- | Inspect
in launch (representative) stowed 01to-03 verification
verified results
VA-05-02 PMAO-MEC-03 Support mirror | IR PMAO Launch/ N/A N/A Support does Inspect support
in launch (representative) stowed not over kinematics
constrain mirror
VA-05-03 PMAQ-MEC-03 Support mirror | AN PMAO Launch/ N/A N/A Support lateral Assumption until
in launch (representative) | stowed stiffness £ 1000x | mirror design

mirror lateral
(radial) stiffness

matures. To make
sure mirror
isolated from
mechanism/
support strains.
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stowed & Stowed &
deployed deployed
VA-09-03 PMAO-MEC-41 Survive AN PMAO Imaging, (c) D(1.25) MS yield =20 in Actuation loads
operations (representative) = deployed. all members
stowed &
deployed
VA-10 PMAO-MEC-41-01 Survive steady | AN PMAO AIT/ LEOP/ (d) Q(+25K) | MSyield20in Thermal loads.
state LEOP (representative)  imaging. all relevant Hand calculations
temperatures Stowed & PMAO for all relevant
deployed components PMAQO
components
VA-11 PMAQ-MEC-42 Survive IR PMAO LEOP stowed/ @ N/A N/A Expected Compare
deployment (representative) = deployed deployment expected
loads less than deployment loads
launch (derived by
others) to launch
loads
Operations Functionality
VA-12 M1-MEC-01 Deployment AN M1 segment LEOP, stowed | N/A N/A Top down Stochastic
tolerance assembly & deployed system analysis (FORTA/
budget (representative) tolerance ETEP model) or
budget estimate by hand
calculation
VA-13 M1-MEC-04 In orbit drift AN M1 segment Imaging, Operations D (*15K) | Top down Finite element
budget assembly deployed temperature system analysis or
(representative) per M1-MEC- tolerance estimate by hand
15 budget calculation
VA-14 M1-MEC-07 Stability AN M1 segment Imaging, On board N/A Top down Finite element
budget assembly deployed excitations system analysis or
(representative) tolerance estimate by hand
budget calculation
VA-15 M1-MEC-14 M1 location IR Telescope Imaging, N/A N/A 1600 mm Inspect
deployed mechanical
drawings
VA-16 M1-MEC-17 Deployment, IR M1 segment Launch/ LEOP | N/A N/A 120 mm Inspect
PMAQO usable assembly stowed clearance mechanical
volume (representative) drawings
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VA-22 PMAQ-MEC-23 Segment level = AN M1 segment Imaging N/A N/A 10 nm step size | Finite element

step size assembly (deployed) in piston analysis
(representative)

VA-23 PMAQO-MEC-29 Segment level | AN M1 segment Imaging N/A N/A + 2 prad Finite element
tilt range of assembly (deployed) analysis
motion (representative)

VA-24 PMAQO-MEC-30 Segment level = AN M1 segment Imaging N/A N/A + 4 prad Finite element
tip range of assembly (deployed) analysis
motion (representative)

VA-25 PMAO-MEC-31 Segment level | AN M1 segment Imaging N/A N/A + 4 um Finite element
piston range of assembly (deployed) analysis
motion (representative)

VA-26 PMAO-MEC-32 PMAO IR Actuator Imaging N/A N/A +9.918 um Inspection of
actuator range (representative) (deployed) datasheet
of motion

VA-27 PMAQO-MEC-33 PMAO IR Actuator Imaging N/A N/A 10 nm Inspection of
actuator step (representative) | (deployed) datasheet
size

Load Cases

{(a) Launch Loads: two separate 30g quasi static launch loads applied in indicated directions. Launch loads are applied in the worst case combination of positive/

negative directions in axes of interest for each verification activity. Assume 30g load is inclusive of thermal loads and all necessary safety factors.

(b) Maximum differential thermo-elastic strain between mirror and support in worst case (steady state) min/ max LEOP temps. See DST-WP1-CALC-001.
(c) Maximum actuation loads: the mechanism is actuated to the edge of the workspace, simultaneous displacement to the greatest tip, tilt and piston ranges of

motion.

(d) Maximum thermo-elastic strain for over constrained components in worst case (steady state) min/ max LEOP temps. See DST-WP1-CALC-001.

Factors of Safety
D - design

A - acceptance

Q - qualification

Method
AN — Analysis

TE - Test
Sl = Similarity

IR — Inspection/ Review

DE - Demonstration
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Figure E1: Extract of results from finite element analysis of baseline transmission flexure.



Actuator Strength and Stroke Requirement
Calculations

Included in this appendix are the calculations used to flow down the strength and stroke requirements for the
NLA and PPA actuators in concepts A and B for the overall mechanism architecture, discussed in Chapter 7
Mechanism Architecture Selection.

G.1. Concept A: 3x NLA Actuator Assemblies

G.1.1. Launch Load Calculations
These calculations continue from the assumptions set out for concept A in Subsection 7.3.2.

In-Plane Loads
First consider an in-plane load in the + Xj;r direction, illustrated in Figure 7.8. In this instance the reaction
loads Ry, Ry, R are calculated via

Y Fzyp =0 G.1)
R+ R+ Ry =0 (G.2)
> My, =0 G3)
M — Ry(s1+$2) =0 (G.4)
My
S Rp= (G.5)
S1+ $2
> My =0 (G.6)
+Rys3+ Ryyj(s3+s4) =0 (G.7)
s
cRyp=—-——R (G.8)
§3+ 84
s3+S
—Ryp 33 2 4 Rys+Rypp =0 (G.9)
3
Sy
C.Rip=—Ryy; (G.10)
$3
With the geometry as shown in Figure 7.8,
Ry
=— G.11
1= ( )
S2 =Rym (G.12)
3
3=S3=——Rym (G.13)
4 23
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Such that for aload F; in the + X, direction,

_2 M (G.14)
"3 Ry '
Ry =Rypy = - 21 (G.15)
I=RI== g .
A similar process for aload Fy in the +Y)/r direction gives
My, V3 My,
Rir=-Ri= =—— (G.16)
§3+ S4 3 Ry
R; =0 (G.17)

Reactions for the —Xy/r and —Yyr load cases are found by reversing the sign in the above results. Com-
bining the results above, Table G.1 summarises the net reaction forces on the moving frame, imposed by the
actuators for each of the four possible in-plane load cases.

Table G.1: Summary of in-plane reaction loads on moving frame for initial piezoelectric actuator selection. The first two columns indicate
the direction of the launch loads Fj, along each of the Xj/r & Yy F axes.

Fr Xur Fr vz Ry Ry Rypp
- : R TR
M M M
) ) —2M; 1-v3 Mg 1+v3 My
3Rm 3 Ry 3 Ry
+ + 2My, —1+v3 My, -1-v3 M,
3Ry 3 Ry 3 Ry
N i 2M; -1-v3 M —1+v3 M,
3Ry 3 Ry 3 Ru

The reaction loads indicated in Table G.1 are equal in magnitude but opposite in direction to the loads

experienced by the actuators. The largest loads experienced by the actuators due to an external in-plane load
are therefore

1+\/§ML
3 Ry

Where a positive load indicates compression in the actuator. These loads occur in actuator II for the
—XmrE, +Yyr and + X g, — Yyr load cases and in actuator Il in the — Xk, — Y r and + Xy, + Yasr load cases.

(G.18)

Fmax,infplane == (

Out of Plane Loads
By inspection of equations G.14 to G.17, it can be seen that the largest reaction force due to a single external
in-plane load occurs in actuator I in response to either of the + Xsr load cases, since sy + s2 < $3 + $4.

Either of the + Z)/r out of plane loads are distributed evenly between each of the actuators. Therefore the
largest loads experienced by an actuator in the eight out of plane load cases is given by

L ZAQ) (G.19)

F, _ =+|-F+=—
max,out—plane (3 L 3 Ry

Recall that the launch survival requirements stipulate 30g accelerations with g the acceleration due to
gravity such that Fy = 30gmy with m), the estimated mass of a single M1 mirror segment, moment My = Frh

and & as shown in Figure 7.8. Tension in the actuator is indicated by a negative sign.

Overall Maximum Launch Load

Equating equations G.18 and G.19 shows that these two loads will be equal when h/R); = 1.366, with the
greatest load case on an actuator given by

h

FOI'E <1.366, | Fyuax,in-planel < |Fmax,out—plane (G.20)
h

FOI'E >1.366, |Fmax,in—plune| > |Fmax,out—plane| (G.21)
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The worst-case launch load is when £ is large. The centre of mass of the mirror segment is approximately
28 mm from the backplane of the mirror in the Zj; direction and the maximum available distance from the
mirror backplane to the moving frame is 120 mm, limited by the current design of the M1 deployment mech-
anism and the location of the instrument housing wall in the stowed configuration. Therefore the largest
value for £ is roughly 150 mm and likely to be smaller.

For the actuator loads, it is desirable for Ry, to be as large as possible. Since the mirror segment is 450 mm
wide the largest possible value for Ry such that all three actuators fit within the periphery of the segment is
\/Tg * 450 = 260 mm. An initial estimate of the minimum allowable mounting radius is 100 mm, limited by the
spacing needed to physically fit the actuators, in-plane constraints and support bipods next to each other.
The actuator mounting radius drives the size of the moving frame and thereby the whole mechanism. It is a
strong driver of overall mechanism mass and should be as small as practical.

With the estimates for the maximal & and Ry, the ratio h/R); is therefore likely to be in the range 0.77
< h/Rp; = 1.50 and the out of plane launch loads should dominate in most design scenarios.

The width of the current deployment support frame is 250 mm, dictated by the width of the instrument
housing and volume reserved for the stowed M2 booms. To fit the mechanism on the existing support frame,
an initial estimate of Ry; = 125 mm was taken, giving k/Ry; = 1.2. Assuming a mirror mass of 6 kg per the
original baseline design, equation G.19 gives a maximum load of 2,000 N to be withstood by an actuator
during launch. This mounting radius is also compatible with the configuration in Concept B to ensure a
like-for-like comparison of performance.

G.1.2. Inverse Position Kinematic Calculations

The derivation of the linearised inverse position kinematics concept A continues here from the definition of
coordinate frames in Subsection 7.3.3.

Homogeneous Transform Matrix
The position Mp of a point p in the fixed mechanism coordinate frame Oy is given by

Mp =Mryg + Ryyme M p (G.22)

where Mry is the position of the origin of segment frame Oyg with respect to mechanism frame Oy,
Ryymr is a rotation matrix describing the rotation of Oy with respect to Oy and MFp is the position of point
p in the mobile body fixed coordinate frame Oyg. The preceding superscripts M, M F indicate the coordinate
frame in which the vector is given.

The rotation matrix Rm,mr is given by two consecutive rotations 6y s then 68,y about the X, and Yy
axes respectively:

cos@ym) 0 sin@ym) 1 0 0

R/ ME = 0 1 0 |0 cosOxn) —sin(@xnm)

—sin@ym) 0 cos@y,m) 0 sin@xpy) cos@xn)

cos@ynm)  sinOxnm)sinByn) cos@xn)sin@y,m)

= 0 cos(0x,m) —sin(@x,m) (G.23)
=sin(@yn) sin@xnp)cos@yn)  cosOxn)cosOyn)

The position Myvr of frame Oy with respect to frame Oy is simply a piston translation A ps

MimE = 10,0,A 037 (G.24)

Then
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MF
Rm/mF

oo O -
(=) Nl ]

= Tm/mF-

1

o O O
=

(G.25)

where Ty;mr is the homogeneous transformation matrix (HTM) for piston motion A py, tilt 6, 3y and tip

0y,um, given by

R M
Tvss =|—g° ll‘s] (G.26)
cos@ynm)  sinOxm)sinB@yn) cos@y)sin0y,m) 0
0 cos(@y M) —sin@y pm) 0
- , , M oM (G.27)
=sin(@yn) sin@xm)cos@yn) cos@x)cosOynm) | Azm
0 0 0 |1
1 0 0y,m 0
0 1 -0 0
= oM (G.28)
—Oym Oxm 1 Azm
0 0 0 1

The approximations sin(f) = 8, cos(0) = 1 have been applied since all motions are very small.
The transformation Tymr is used to describe the translation and rotation of coordinate system Oy rel-
ative to frame Op. The HTM is applicable to position vectors only.

Joint Positions

Since the FACT synthesis requires that the actuator links all be parallel to provide the requisite motions, a =
and Rysr = Ry. The positions of joints D, E and F with respect to coordinate system Oy are defined by

MF
Ip =1
My
MF
Ip = <

The positions can then be given in the mechanism world coordinate system Oy with

M
ID-F

Ryrcos(a)
Rysin(a) (G.29)
0
—RTMcos(a) - ‘/7§RMsin(a)
— B sin(a) + Y2 Ryrcos(a) (G.30)
0
—RTMcos(a) + ‘/7§RMsin(oc)
—RTMsin(a) — ‘/TgRMcos(a) (G.31)
0
MFp o
=Tm/mF- (G.32)
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The positions of joints A, B and C in Oy are similarly:

Ryrcos(a)
ra =< Rusin(a) (G.33)
0

RZM cos(a) — ‘[RMsm(a)

rg=+ — RM sin(a) + ‘[RMcos(a) (G.34)
0

- RTM cos(a) + ﬁRMsin(a)
(G.35)

v~

rc= —RTMsin(a) ‘[RMcos(a)
0

Actuator Link Lengths
The length L; of each actuated leg for a desired pose is given by the distance between the two joints of each
actuated leg:

1= |M1‘D —Ml‘A|
. 2 . 2\ 1/2 (G.36)
= ((RMBX_MHy,Msm(a)) +(Azm + RuOx msin(a) — Ry, mcos(a)) )

L= |M1'E - Ml‘B|

2, 1/2
((GxMHy (\/_cos(a)—sm(a))) (AZ,M+6x,MRTM(ﬂcos(a)—sin(a))+6y_MR7M(cos(a)+\/§sin(a))))
(G.37)
Lir= |M1'F—M1‘C|
Ry Ry R 2. 1/2
((6xM9yM—( \/_cos(a)—sm(a))) ( ZM+QXMT( \/_cos(a)—sm(a))+9yM7M(cos(a) \/_sm(a))))
(G.38)

These are the analytical expressions for the inverse kinematic relations, giving the actuator lengths re-
quired to achieve a desired segment pose. They are non-linear and cannot be easily inverted to get exact
analytical equations for the forward kinematics.

Linearised Inverse Position Kinematic Equations
Equations G.36-G.38 can be linearised for small motions of the segment AP about the initial position of the
segment Mryg .

Linearisation is achieved by finding the derivative of the function AL at the initial pose
the Jacobian matrix J of AL

MymE o by using

0Ly 0Ly 9]
0Az M 00, M 00y,
_ 0Ly 0Ly 0Ly
V=138 d0.n 0,u (G.39)
oLy OLyy 0Ly
0A; M 00y M 30y,M

The Jacobian matrix of the function AL gives a linear approximation of AL at the point Mryg .
Assuming no assembly errors or offsets caused by launch, thermo-elastic expansion, creep and other
non-ideal effects, the initial pose Ml‘MFy() = {Az,m0,0x,m0,0y,m0} of Omr with respect to Oy is given by

Mrmeo = {0,0,037 (G.40)

for Iy > 0. Then the required actuator length increment AL = {AL;, ALj;, AL} for a desired small per-
turbing pose change AP can be found with
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AL =Jl (.00, AP (G.41)
where
1 Rysin(a) —Rycos(a)
Tip00 = |1 RTM (V3cos(a) - sin(a)) RTM (cos(a) + V3sin(a)) (G.42)
1 —RTM (V3cos(a) + sin(a)) RTM (cos(@) — V3sin(a))
Giving
AL; = Ry (sin(a)0x,p — cos(@)8y,m) + Az m (G.43)
AL = RTM ((\/5008(60 - sin(oc)) Ox M+ (cos(a) + \/§sin(a)) ey'M) +AzM (G.44)
AL = RTM ((—\/gcos(oc) - sin(a)) Oxm+ (cos(a) - \/§sin(a)) Hy,M) +AzMm (G.45)

Equations G.43 to G.45 give the linearised inverse kinematic relations, valid for small motions.

G.2. Concept B: 4x PPA Actuators
G.2.1. Launch Load Calculations

The load calculation continues from the introduction in Subsection 7.4.2.

In-Plane Loads
Consider an in-plane load in the +Xr direction as illustrated in figure 7.13. Assuming quasi-static equilib-
rium conditions, the following relations hold:

> Fzy =0 (G.46)
=Rr+ R +Ry+ Ry (G.47)
> My, =0 (G.48)
=M+ Rjj$1—Ris2 (G.49)

From inspection of the geometry, the moment arm of R;; and R;y with respect to the line of action of load
Fy is zero such that the moment M| can be reacted by loads R; and Ry only. Thus, noting that s; = s» = Ry,

M
Ryj=-—= (G.50)
2Rpg
Rr=—Ryr (G.51)
Rir=R;jy =0 (G.52)

From symmetry, similar relationships hold for the reaction forces for launch loads Fy applied in the +Yy/r
direction. That is,

1M
Ryp=——-—= (G.53)

2 Ry
Riv=-Ry (G.54)
Rr=Ry1=0 (G.55)

For launch loads F; applied in the — Xj;r and —Y),r directions, the signs of each of the above results need
only be reversed.
The worst-case loads experienced by an actuator due to in-plane launch loads are therefore

1M 30 h
___L - iﬂ (G.56)
2 Ry 2Ry

Fmax,in—plane =
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Out of Plane Loads
From symmetry, an out of plane launch load in the + Zy/r direction will be reacted equally by the four actua-
tors such that

Fr

Ri=Rir=Rir=Riv= iI (G.57)

For a combination of launch loads in the + Z,,r direction and either of the + X,,r or + Y),r directions, the
worst-case out of plane loading on an actuator, recalling the results found above, is

F 1 M,
_L+__L)

(G.58)
4 2Ry

Fmax,out—plane =% (

Overall Maximum Launch Load
Comparison of equations G.56 and 7.29 show that the largest load on an actuator will be for the out of plane
load cases.

G.2.2. Inverse Position Kinematic Calculations

This section derives the linearised position kinematics. As for the kinematics of concept A, the joint positions
are first found in the mechanism coordinate frame Oy using the linearised homogeneous transformation ma-
trix. The transformation matrix is modified to account for the new position Mpvr of frame Oy with respect
to frame Oy;. There is a sign change in the A, 5 coordinate to give

Mime = 10,0, A, ) T (G.59)

Next, the required actuator length for a given pose is found using the Euclidean norm between the two
connected joints. The analytic inverse kinematic equations are linearised about the initial position Mryg o =

{ly,0,0}T, which can then be used to calculate the flow down requirements for the actuators.

Coordinate Systems

The origin Oy of the mechanism coordinate frame is fixed to the fixed frame and resides in the plane of the
joints mating the actuators to the fixed frame. The origin Opmp of the moving frame coordinate frame is fixed
to the moving frame in the plane of the joints attaching the actuators to the moving frame. The orientation
and notation of the coordinate systems remain unchanged from concept A as illustrated in Figure G.1.

X

Moving frame
—_—

Y e €—

Fixed frame
Deployment
mechanism support frame

7777777777

Instrument housing

Segment

Mechanism Base - Fixed Frame Mechanism End Effector - Moving Frame

Figure G.1: Projected geometry of the 3DOF mechanism for concept B. The centre of the mounting circle for the joints coincides with
the projection of the centroid of the M1 segment to the fixed and moving frame interface planes. The orientation can be adjusted
through angles a and f on the mechanism fixed and moving frame respectively. Joint attachments are on circles of radius Ry; and Rysr
respectively. Segment and base (deployment support frame) outline shown to illustrate orientation of coordinate frames.

Joint Positions

The geometry for concept B is shown schematically in G.1. The four actuators mate with the mechanism
base at joints A, B, C and D and the segment at joints E, E G and H. Radii Ry, Ry, angles a, f and coordinate
frames On, Omr are defined as for the concept A geometry. Similarly, since the FACT synthesis requires that
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the actuator links all be parallel, « =  and Ry;r = Ry. The joints are equally spaced about the mounting

radii. The positions of joints E, E G and H with respect to coordinate system Owr are defined by

ME,

ME.

g =

ME,

The positions can then be given in the mechanism world coordinate system Oy with

M
ID-F

Ryrcos(a)
Rysin(a)
0

—Rysin(a)
Rycos(a)
0

—Rpcos(a)

—Rysin(a)
0

Rysin(a)
—Rprcos(a)
0

MF

= Tm/mF-

1

where Ty mr is defined in equation G.26. The positions of joints A, B, C and D in Oy are similarly:

A =

Irg =

Irc=

I'D =

Ryrcos(a)
Ry sin(a)
0

—Rysin(a)
Rycos(a)
0

—Rprcos(a)
—Rysin(a)
0
Ry sin(a)

—Rprcos(a)
0

ID-F

1

(G.60)

(G.61)

(G.62)

(G.63)

(G.64)

(G.65)

(G.66)

(G.67)

(G.68)
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Actuator Link Lengths

The length of each actuated leg for a desired pose is given by the Euclidean distance between the two joints

of that leg. The analytical inverse kinematic relations are then

Li(2,0,0y) = Mrg —Mry|
= ((Rl\/IGXstin(oc))2 + (RmBxsin(a) — Rybycos(a) + 2)2)1/2
Li1(z,0x,0y) = [Mrp—Mrg]|
= ((1!?1\/19,69J,cos(a))2 + (RmOxcos(a) + Ryby sin(a) +z)2)1/2
Li11(2,05,0,) = Mre —Mrc|
= ((RMGxeysin(oé))2 +(~RmOxsin(a) + Rybycos(a) + z)z)”2
Liv(z,04,0y) = [Mrg —Mrp|

/
= ((RMQnyCOS(a))Z +(~RmOxcos(a) — RyBysin(a) + z)z)1 ?

Linearised Inverse Position Kinematic Equations

(G.69)

(G.70)

(G.71)

(G.72)

The equations can be linearised for small motions AP about the initial position of the segment Mryr ¢ by using
the Jacobian matrix J of AL previously defined in equation G.42. The resulting linearised inverse kinematic

equations for concept B, assuming small motions are then

AL; = Ry (sin(a)0x p — cos(@)0y,nm) + Az m
AL =Ry (cos(@)0x m + sin(@)0y,nm) + Az m
ALjrr =Ry (—sin(@)Bxm + cos(@)0yp) + Az m

ALy = Ry (—cos(@)0x,p — sin(@)0y,m) + Az m

(G.73)
(G.74)
(G.75)
(G.76)






Mechanical Design - Supplementary
Material

This appendix includes additional studies and derivations used to support the results in Chapter 8 Mechanical
Design.

H.1. Sheet Flexure Constraint Warping & Discretisation Study

Results from the SPACAR simulation were verified against the theoretical predictions from Euler-Bernoulli
beam theory presented in Section 8.4.1 and a higher order simulation in ANSYS. The first three eigenfrequen-
cies, eigenmodes, critical buckling loads and buckling modes were compared.

Models with one to ten elements were considered. The number of elements for which torsion should be
rigid was found by dividing the length of each sub-element into the rigid length and rounding down to nearest
integer (ie. the f1oor of the result). Thus in the case of the single element, the torsion deformation mode
was not constrained.

The results for the first three eigenfrequencies are given in Table H.1. No external loads, including gravity,
were applied. The three, four and five element models were simulated with and without constraint warping.

Table H.1: Comparison of results for modal analysis of sheet flexure models. Theoretical results from Section 8.4.1. SPACAR results are
identified with the format SP (x,y) where x is the number of beam elements and y the number of torsionally rigid elements at the clamped
end.

Eigenfrequencies [Hz] Difference to ANSYS [%]
Test/ Mode n=1 n=2 n=3 n=1 n=2 n=3
ANSYS 11992 19858 41629 - - -
Theory 11470 - - 4.35 - -
SP (1,0) 11510 11560 106700  4.02 41.8 156
SP (2,0) 11460 12510 30200 4.44 37.0 27.5
SP (3,0) 11460 12690 34670 4.44 36.1 16.7
SP (3,1) 11460 18760 45300 4.44 5.53 8.82
SP (4,0) 11460 12730 36320 4.44 35.8 12.8
SP (4,1) 11460 16920 46230 4.44 14.8 11.1
SP (5,0) 11450 12780 37100 4.52 35.6 10.9
SP (5,2) 11450 21150 57790 4.52 6.51 38.8
SP (6,2) 11450 19130 54480 4.52 3.67 30.9
SP (7,2) 11450 17900 51940 4.52 9.86 24.8
SP (8,3) 11450 20460 59360 4.52 3.03 42.6
SP (9,3) 11450 19200 56290 4.52 3.31 35.2
SP (10,4) 11450 21330 62550 4.52 7.41 50.3

It was found that only one element was needed to correctly predict the first two eigenmodes since con-
straint warping was not automatically included, however the eigenfrequencies for the second and third modes

257
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were very inaccurate. Additionally, none of the models correctly predicted the shape of the third eigenmode
(not shown), so those results are not considered in this comparison. The fluctuation in the error of the second
eigenfrequency for four or more elements is due to poor discretisation of the rigid length of the flexure caused
by constraint warping.

While there was no strong dependence on the number of elements or consideration of constraint warping
in the prediction of the first eigenfrequency & mode, a much more accurate prediction of the second eigenfre-
quency was found for three or more elements compared to the lower order models. The lowest order model
to give good predictions of the first and second eigenmodes & frequencies was the (3,1) model.

The results of the linear buckling analysis are given in Table H.2.

Table H.2: Comparison of results for linear buckling analysis of sheet flexure models. Theoretical results from Section 8.4.1. SPACAR
results are identified with the format SP (x,y) where x is the number of beam elements and y the number of torsionally rigid elements at
the clamped end.

Critical Buckling Load [N] Difference to ANSYS [%]
Test/ Mode n=1 n=2 n=3 n=1 n=2 n=3
ANSYS 892 2683 7737 - - -
Theory 821 7389 20530 7.92 175 165
SP (1,0 827 10710 330900 7.23 299 4177
SP (2,0) 822 7635 25640 7.87 185 231
SP (3,0 821 7445 21500 7.91 178 178
SP (3,1) 821 7445 21500 7.91 178 178
SP (4,0) 821 7408 20880 7.91 176 170
SP (4,1) 821 7408 20880 7.91 176 170
SP (5,0) 821 7397 20680 7.91 176 167
SP (5,2) 821 7397 20680 7.91 176 167
SP (6,2) 821 7393 20600 7.92 176 166
SP (7,2) 821 7391 20570 7.92 176 166
SP (8,3) 821 7391 20550 7.92 176 166
SP (9,3) 821 7390 20540 7.92 176 166
SP (10,4) 821 7390 20540 7.92 176 166

Like the theoretical buckling calculation in the previous section, SPACAR only predicts one dimensional
buckling modes (not shown) whereas ANSYS predicts multi-dimensional buckling modes. Therefore direct
comparison of buckling modes beyond the first is not valid. SPACAR requires only a single beam element
to make a good estimate for the Eulerian critical buckling load as it also uses the linear theory presented in
Section 8.4.1.

To keep the dimension of the model low, particularly as it grows into the full integrated model of the
mechanism, three elements are used to model the flexure and the effects of constraint warping were included.

While the first mode for both the modal & buckling analysis was predicted with less than 10% error, the
assumptions used to idealise the behaviour of the flexure led to poor results beyond the second eigenmode
and beyond the first buckling mode. The SPACAR results for the (3,1) case were conservative compared to the
ANSYS results, predicting eigenfrequencies and critical buckling loads lower than those reported by ANSYS.
The results also justify inclusion of only the torsion and out of plane deformation modes.

It is only the fundamental frequency that is critical for the preliminary design of the PMAO so the lower
accuracy at higher modes is deemed acceptable for preliminary design. Similarly, as soon as there is any
buckling of a flexure, the PMAO will be unable to fulfil its operational requirements so only the first buckling
mode is most important.

Note that the flexure was modelled in the fixed/ free configuration whereas all of the flexures in the PMAO
are in a fixed/ fixed configuration. These latter implementations are modelled as the mirror of the sheet
flexure presented here, with a total of six elements and constraint warping included at both fixed ends.

It is acknowledged that the assumptions and model of a flexure presented here are for one aspect ratio
only and may not be relevant as a generic model of all flexure geometries. A more detailed model can be
considered in future work.
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H.2. Universal Joint ANSYS Mesh Convergence

Generating a valid mesh within the ANSYS license limits was non-trivial. The thin sheet flexures required a
very small element size, which led to large node counts throughout the remaining bulk of the joint.

The size of the analysis domain could be reduced by exploiting the symmetry of the part. By defining
two symmetry planes, only a quarter model needed to be meshed. Since the compliance of the flexures is so
much larger than that of the effectively rigid end bodies and central frustum, the majority of the mesh detail
could be concentrated on the two half flexures and still retrieve meaningful results. Spheres of influence are a
meshing tool that allows the user to instruct the meshing function to increase the density of elements around
regions of critical stresses are more complex responses. One sphere was used on each of the two flexure halves
in the quarter model, shown in Figure H.1.

0.03 (m)
]
0.0075 0.022 0.0075 0.022

0.03 (m)
]

Figure H.1: Mesh for finite element analysis of universal joint quarter model in ANSYS. a) location and size of spheres of influence; b)
The mesh with slightly higher density of elements at flexure locations.

While the use of symmetry did improve the mesh, four separate analyses had to be executed for each
combination of symmetric/ anti-symmetric boundary conditions at the two symmetry planes in order to
retrieve a complete setting of eigenmodes and buckling modes. The lowest positive load factor was taken as
the critical buckling load.

Four meshes were generated with different minimum element sizes in the spheres of influence. The first
three eigenfrequencies were extracted from a modal analysis at each of the four settings to compare the accu-
racy of the results, presented in Table H.3. The 0.3 mm setting was taken as the benchmark since the resulting
=224k nodes was close to the license limit.

A fifth analysis with a full solid model of the universal joint was also conducted to confirm that the sym-
metry model was set up correctly. The minimum element size was set to 1 mm with spheres of influence
placed at the centre of each of the flexures. The modal results are also given in Table H.3.

Table H.3: Modal analysis results of convergence study for universal joint ANSYS modelling. Two spheres of influence encapsulating the
flexures were set to the element sizes indicated. ANSYS Academic Teaching Mechanical license is limited to 256k nodes.

Element Size No. Nodes 1st Mode 2nd Mode 3rd Mode

[mm] [Hz] [Hz] [Hz]
Quarter Model
0.3 224101 139 180 693
0.5 82990 139 181 700
1 42856 141 184 721
2 38350 148 188 850
Full Model
1 142536 141 182 722

The study revealed that increasing the element size to 1 mm in the quarter model gave a five fold decrease
in the number of mesh nodes yet only a 1.4% error in prediction of the first eigenmode. The error in eigen-
frequency prediction increased for higher eigenmodes as the element size was increased, however still only
a 4.1% error was present for the third eigenfrequency in the 1 mm case. The 2 mm case gave comparatively
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poor results with an error of 6.7% in the first mode alone and 22.6% in the third mode. The 0.3 mm setting
gave marginally better results than the 0.5 mm case.

Table H.4: Buckling analysis results of convergence study for universal joint ANSYS modelling.

Element Size No. Nodes Per1 Per2 Pers
[mm] [N] [N] [N]
Quarter Model

0.3 224101 32.4 34.4 301
Full Model

1 142536 337 339 7478

The full solid model analysis demonstrated that the quarter model was providing sensible modal results
with marginally better predictions of all eigenfrequencies compared to the full model with 1 mm element
size. However, the quarter model was far more efficient, using approximately a third of the total number of
nodes. Comparison of the buckling results between the 0.3 mm quarter and 1 mm full models, listed in Table
H.4, demonstrated that the quarter model buckling loads were grossly inaccurate. The cause for this error
could not be found. The symmetry conditions were assumed to be correct given the sensible modal results.

The convergence studied showed that there was less than a 4 % error in the first three eigenfrequency
predictions between the 1 mm full and 0.3 mm quarter models which was much less than the expected error
between the SPACAR and ANSYS models. Therefore it was assumed that the 1 mm full model buckling results
would be sufficiently accurate for the SPACAR verification. The same model was used for the launch load
equivalent stress analysis. A quarter of the launch load listed in Table 8.5 was applied since only a quarter of
the part is present in the model.
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H.3. Mirror Support Bipod Launch Load Solution

The first section below derives the quasi-static loads experienced by the mirror support struts during launch.
The following section provides a program to derive the full analytical solutions in Mathematica. The final
section provides the code for an interactive program that can be used to quickly size the support assembly
geometry, again written for Mathematica.

H.3.1. Derivation of Bipod Strut Loads

See Figure 8.23 for a description of the geometry and coordinate frames used throughout this section. Vectors

defined with respect to one of the local bipod coordinate frames Og; are prefixed with the raised notation

OBirBAlu. The preceding indice is removed for vectors defined in moving frame coordinates Oy for clarity.
The position vectors ropg; of each of the bipod origins Og; in the moving frame coordinate system are given

by

rosi = {Rg cos(y ), Rgsin(y;;),0} " (H.1)

with ¥ = {4, vBs, wcct = {0,27/3,4m/3}. Position vectors OBiy. defined in the bipod local frames can be
transformed into the moving frame coordinate frame via

MFy, — = roBi + ’Ri.OBir (H.2)

where R; is the rotation matrix for coordinate frame origin Og; given by
cos(yi; —m/2) —sin(y;;—m/2) 0

R;i=|sin(w;;—m/2) cos(w;;—m/2) O (H.3)
0 0 1

Thus the position vectors rg;ji, of the lower coordinates of each strut are given by

rgijL = ToBi + Ri.{dp/2,0,0" (H.4)

B

The position vectors © irBi,-U of the upper coordinates of each strut in their local coordinate frames are

OBi gy = {6x,p-6y,h— q}T (H.5)
OBl gioy = {~6x,p— 8y, h— q}T (H.6)

where the parameters 6 x and § y are shown in Figure 8.23, and with p, are given by

6x=qdg/2h (H.7)
6y=pqlh (H.8)
p=Rs—Rp (H.9)

These parameters can also be used to find the length of the strut s between the attachment points

2
sB:\/(dZ—B—(Sx) +(p-06y)2+(h-q)? (H.10)

Again making use of equation H.2, the position vectors of the upper strut coordinates in the Oyr frame
are

OBi
rgiju =roBi + Ri." " IBiju (H.11)
The unit vectors t;j in the direction of each of the struts are

. I'BijU — IBjjL

Igij (H.12)

[rBiju — rBiL

The reaction load exerted by each strut against the mirror as shown in Figure 8.23 are then
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Rgij = Rp;jtBij (H.13)

where Rg;; is the scalar magnitude of the reaction force. The launch load Fy, can be decomposed into
coordinates

FL= {FL,X;FL,YrFL,Z}T (H.14)

and is imposed upon the system at position rg = {0,0, hi}. As in all other component sizing exercises, the
launch load was set to a 30g acceleration of the 6 kg mirror mass in the orthogonal directions. The reaction
loads were then found by solving the set of simultaneous equations arising from

ZF =0 (H.15)
=FL + Rpa1 + Rgaz + Rpg1 + Rgg2 + Rpci + Recz (H.16)
ZM =0 (H.17)

=rf x FL + rga1u % Rpa1 + rgazu % Rpaz + rge1u x ReBi1 + ree2u % ReB2 + rgc1u X Rec1 +reczu X Reez
(H.18)

The solutions for the Rpa; in fully parametric form are very large, running to several pages so are not
included for brevity. A short program that can be used to derive the full analytical solutions in Mathematica
is given in the next section.

H.3.2. Analytical Solution for Bipod Strut Loads

The Mathematica code below produces the (very) long analytical solutions that supply the reaction loads in
the mirror support bipod struts during launch, derived in Section 8.8.1. To execute the program, directly copy
and paste the below code into a Mathematica notebook, select all and execute.

(xAzimuths of Bipod base coordinates Subscript[O, Bi] from \
Subscript [0, MF]x)
\[Psi] = {0, 2 \[Pi]/3, 4 \[Pi]l/3};

(*Rotation about Z_MF axis by angle Subscript[\[Psi], 1]=*)
(xNote that the bipod A local frame x axis is -\[Pi]/2 from XMF axis \
etcx)

\ [ScriptCapitalR]i[\[Psi]_] := {
{Cos[\[Psi] - \[P1]/2], -Sin[\[Psi] - \[Pi]/2], O},
{Sin[\[Psi] - \[Pi]/2], Cos[\[Psi] - \[Pi]l/2], O},
{0, 0, 1}1};

(xPosition vectors of bipod base coordinates Subscript[O, Bi] in \
Subscript [0, MF] framex)

rOBA = {RB Cos[\[Psi][[1]]], RB Sin[\[Psi][[1]]]1, O0};

rOBB {RB Cos[\[Psi][[2]]], RB Sin[\[Psi][[2]]], 0};

rOBC = {RB Cos[\[Psi][[3]11]1, RB Sin[\[Psi][[3111, O0};

*Geometry for position vectorsx)

(

p = RS - RB;

\ [Deltalx (g dB)/ (2 h);
\[Deltaly = (p q)/h;

(xLength of strut from assembly geometryx)

sB = Sqgrt[(dB/2 - \[Deltalx)”2 + (p - \[Deltaly)”2 + (h - q)"2];
(xPosition vectors of strut attachment to moving frame in base frames \
Subscript [0, Bil]«*)

rBA1L = rOBA + \[ScriptCapitalR]i[\[Psi][[1]]1].{dB/2, 0, 0};
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rBA2L = rOBA + \[ScriptCapitalR]i[\[Psi][[1]]]1.{-dB/2, 0, O0};
rBB1L = rOBB + \[ScriptCapitalR]i[\[Psi][[2]]].{dB/2, 0, O0};
rBB2L = rOBB + \[ScriptCapitalR]i[\[Psi][[2]]].{-dB/2, 0, 0};
rBC1L = rOBC + \[ScriptCapitalR]i[\[Psi][[3]]].{dB/2, 0, 0};
rBC2L = rOBC + \[ScriptCapitalR]i[\[Psi][I[3]]].{-dB/2, 0, 0};

(xPosition vectors of strut attachment to underside of mirror in \
bipod base frames Subscript [0, Bi]x)

OBArBAlU = {\[Deltalx, p - \[Deltaly, h - g};

OBArBA2U = {-\[Deltalx, p - \[Deltaly, h - qg};

OBBrBBR1U = OBArBAlU;

OBBrBB2U = OBArBA2U;

OBCrBC1lU = OBArBAlU;

OBCrBC2U = OBArBA2U;

(xPosition vectors of strut attachment to underside of mirror in \
Subscript [0, MF] framex)

rBA1U = rOBA + \[ScriptCapitalR]i[\[Psi][[1]]].0BArBAlU;
rBA2U = rOBA + \[ScriptCapitalR]i[\[Psi][[1]]].0BArBA2U;
rBB1lU = rOBB + \[ScriptCapitalR]i[\[Psi][[2]]].0BBrBR1U;
rBB2U = rOBB + \[ScriptCapitalR]i[\[Psi][[2]]].0BBrBR2U;
rBC1U = rOBC + \[ScriptCapitalR]i[\[Psi][[3]]].0BCrBC1U;
rBC2U = rOBC + \[ScriptCapitalR]i[\[Psi][[3]]].0BCrBC2U;

(xPosition vector of mirror CoM in Subscript [0, MF] framex)
rF = {0, 0, h};

(xExternal launch load vectorx)
FL = {FLX, FLY, FLZ};

(*Unit vectors in direction of struts in Subscript[0O, MF] framex)

rhatBAl = Normalize[rBAlU - rBAI1lL];

rhatBA2 = Normalize[rBA2U - rBA2L]

rhatBBl = Normalize[rBB1U - rBB1L];

rhatBB2 = Normalize[rBB2U - rBB2L];
[ ]
[ ]

14

4

rhatBCl = Normalize[rBClU - rBCIlL
rhatBC2 = Normalize[rBC2U - rBC2L

14

(#Reaction loads along line of strut applied to underside of mirrorx)

RBA1l = RRBAl*rhatBAl;
RBA2 = RRBA2*rhatBA2;
RBB1 = RRBBl*rhatBBl;
RBB2 = RRBB2xrhatBB2;
RBC1 = RRBClxrhatBC1l;
RBC2 = RRBC2*rhatBC2;

(#Solve reaction forcesx)
soln = Solve[{RBAl + RBA2 + RBB1 + RBB2 + RBC1l + RBC2 + FL == {0, O,
O}I
Cross[rBA1lU, RBA1l] + Cross[rBA2U, RBA2] + Cross[rBB1U, RBB1l] +
Cross[rBB2U, RBB2] + Cross[rBClU, RBC1l] + Cross[rBC2U, RBC2] +
Cross|[rF, FL] == {0, 0, 0}}, {RRBAl, RRBA2, RRBB1l, RRBB2,
RRBC1, RRBC2}]1I[[11]






SPACAR Model Maps

I.1. Element and Nodal Maps

The following figures map out the element and nodal ID’s used in each of the PMAO component SPACAR
models. The ID’s refer to the element and nodal numbers used in the datBuilder files for each model,
stored on the TU Delft project repository. They do not refer to the nodal coordinates in the raw *.dat setup
files, which are written by spascriptingviadatBuilder.

Universal Joint

@ Body centre of mass
e Node
Element
—— Spatial beam
Massless (internal)
rigid beams

Figure 1.1: Exploded view of SPACAR universal joint model showing beam elements and node positions in local x'y’z' coordinate frame.
Moving frame coordinate system shown for orientation to global frame. Cylinders shown for illustration purposes only, they are not
modelled as circular hollow beams in SPACAR.
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Moving Frame & In-Plane Constraints

The layout and geometry of the moving frame and in-plane constraint model is shown in Figure 1.2. Massless
"dummy" rigid beams were added in the top plane of the plate element to provide nodes for the wire flexures.
The default settings for the Shampine-Gordon numerical integrator were modified from a maximum of 10
iterations to calculate the stationary solution to 20 and the number of load steps were increased from 4 to 90
in order for the solution to converge.

e Node
, @ Element

——— Spatial beam
——— Massive rigid beams

Massless (internal)
rigid beams

Figure 1.2: SPACAR model of moving frame and in-plane constraints.

Support Bipod Strut

% =
. ¢
-

——— Spatial beam
Massive rigid beams

Figure 1.3: SPACAR model of bipod strut. The local frame of the strut x'y’z is shown with the x’ axis along the longitudinal axis of the
strut. The SPACAR global coordinate frame, equivalent to the moving frame X, Yasr, ZpF is also shown.
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I1.2. Example SPACAR Setup File

Example SPACAR *.dat setup file for the sheet flexure model. Remaining model files are very large, with up to

2,500 lines for the integrated model. They are stored on the TU Delft project repository.

beam 1 1 2 3 4 001

beam 2 3 4 5 6 001

beam 3 5 6 7 8 001

X 1 0.0000000000 0.0000000000 0.0000000000

X 3 0.0020000000 0.0000000000 0.0000000000

b 4 5 0.0040000000 0.0000000000 0.0000000000

X 7 0.0060000000 0.0000000000 0.0000000000

fix 1

fix 2

end

halt

em 1 0.022 0.00000018 0.00000018 0.000000000458 0
em 2 0.022 0.00000018 0.00000018 0.000000000458 0
em 3 0.022 0.00000018 0.00000018 0.000000000458 0
estiff 1 575000 0.0174461424996 4.79166666667 0.0119791666667
estiff 2 575000 0.0174461424996 4.79166666667 0.0119791666667
estiff 3 575000 0.0174461424996 4.79166666667 0.0119791666667
end halt

\

% INV DYN and LINEARISATION

[

% Other options

end
end

visualization
BEAMPROPS 1 2 3
CROSSDIM 0.0005 0.01
VIBRATIONMODE 1
ENLARGEFACTOR 1
TRANSPARENCY 0.6






Pose Error Calculations

This Appendix describes the method used to calculate the pose error. The main quantities of interest in the
analysis of the mechanisms’ performance are the three position and three orientation coordinates {x, y, z,0,0,,0.}
of the mirrors pose in the fixed mechanism frame Oy;. The errors are also desirable.

J.1. Definitions

A variety of notation is used in the following derivations in an effort to clearly communicate the various co-
ordinate transform operations. Note that as elsewhere in this document, vectors are bold and scalars are
regularly typefaced. Prescripts explicitly define the coordinate system in which a vector is defined. Post sub-
scripts describe the object to which the quantity refers to. A summary of the notation is provided below.

M, .

riom Star: The ideal value of a quantity. This would be the value of the quantity in the absence of all error

sources.

Mycom Overbar: The expected value of a quantity. The value that is expected due to known, quantifiable error
sources (here, only the remote centre errors are considered known and quantifiable.)

Mycom No star or overbar: The actual (simulated) value of a quantity, inclusive of all error sources that are

capable of being modelled in the simulation.

Mycomoe Subscript 0: Quantity given at time t=0, before any motion. The nominal resting state of the mecha-
nism.

Ta/p Homogeneous Transform Matrix (HTM). Transformation matrix that applies a translation and rotation
from coordinate frame B to coordinate frame A. Applies to position vectors only, cannot be applied to
vectors describing a relative quantity without a position in space.

Rzyx Rotation matrix that when post-multiplied by a vector in the world coordinate frame, gives that same
vector in the body-fixed coordinate frame. Applies to vectors only, not to points in space. Use the HTM
to transform points.

7 Pose row vector {x, V Z,HX,Hy,HZ}.

e Error, the difference between an ideal and simulated quantity. A RC subscript denotes a remote centre
error, P a parasitic error and T the total error (remote centre and parasitic combined).

Three coordinate frames are of interest:

Om The mechanism coordinate frame, treated here as the fixed world frame. Located on the DST instru-
ment housing wall in the stowed state, otherwise 120 mm below the mirror centre of mass in the nom-
inal deployed state.

Omr The moving frame coordinate frame, located on the top surface of the moving frame, in the centre.
Commanded tip and tilt rotations occur about the axes of this frame. The axes are aligned with the
mechanism coordinate frame in the resting state.
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Ocom The mirror segment centre of mass coordinate frame, located at the centre of mass of the mirror seg-
ment. The axes are aligned with the mechanism coordinate frame in the resting state. This frame is
assumed to be rigidly connected to the moving frame coordinate frame so will rotate and translate due
to pose changes.

The following position vectors are reported by SPACAR at the end of a simulation:

Mpoom Position of the mirror segment centre of mass (and origin of the Ocom coordinate frame) in the Oy
frame.

Mycomx Position of a point 0.1 m along the X axis of the Ocom frame. Used to determine the segment attitude
with the TRIAD algorithm.

MrCOMy Position of a point 0.1 m along the Y axis of the Ocoym frame. Used to determine the segment attitude
with the TRIAD algorithm.

My oMz Position of a point 0.1 m along the Z axis of the Ogom frame. Used to determine the segment attitude
with the TRIAD algorithm.

My e Position of the moving frame coordinate frame origin in the Oy frame.
My uex Position of a point 0.1 m along the X axis of the Oy frame. Used to determine the moving frame

attitude with the TRIAD algorithm.

MrMpy Position of a point 0.1 m along the Y axis of the Opp frame. Used to determine the moving frame

attitude with the TRIAD algorithm.

MymEz Position of a point 0.1 m along the Z axis of the Oyg frame. Used to determine the moving frame
attitude with the TRIAD algorithm.

J.2. Ideal and Expected Mirror Pose

The initial expected (nominal) positions of the centre of Ocom with respect to Opp and Oy with respect to
Ow are given in metres by the ideal assembly geometry chosen in Chapter 8 Mechanical Design:

MFI‘EOM,O =M¥fcomo = "Frcomo = 0,0, 1" J.n
* = T
MI‘MF,O =M1‘MF,0 = Ml‘MF,o ={0,0,0.12+ g — h} (J.2)
M _M.x MF__«
Ycomo = TmMrot  Tcom,o (J.3)

In the current SPACAR simulation, no assembly errors are included so the ideal (starred), expected (over-
barred) and actual initial positions of the mirror and moving frame coordinate frames are equal. If there were
assembly errors included (thus errors would be present even time t=0), then the expected values would be
the same as the actual values, but differ from the ideal values.

The calibration algorithm expects that the mirror will be rotated and translated the ideal commanded tilt,
tip and piston amounts 6%, 6 and A7. These are defined in the mechanism coordinate frame Oy . The ideal
mirror pose after a commanded motion as assumed in the derivation of the top down system budgets, is thus

given by
M__* Mox T px s
Tcom = { Tcom vnggy»o} J.4)
with
Mréom = Mromo + 0.0,45} (.5)

However, due to the kinematics of the PMAO design the actual centre of rotation is about the position
of Opg. Assuming no parasitic errors, the mirror segment will have a slightly different expected position
and thus pose (note that the expected attitude description remains the same as the commanded tip and tilt
rotations since the mirror is expected to be rigidly attached to the moving frame),

= = T px px
MZcom = {Ml‘com ﬁxﬁy,o} J.6)
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The expected position Mrcoy can be found by applying a homogeneous transform matrix Ty mr describ-
ing the attitude of the Opr frame, which moves with the moving frame, with respect to the fixed world frame

o, MF
to the position vector réOM,
* )% *
166, 6
M= 0 1 -0; | Mrmr MFEcom
rcom = . . J.7
-0; 0y 1
0 0 0 | 1 1
MF=
r'com
=Tm/mr. (J.8)
1

Once again, since assembly errors are not being considered, the expected position MFrcoym of the mirror
with respect to the moving frame is equal to the ideal position MFréOM. Additionally, the expected position
of Oy is similarly only a function of the initial expected position of the moving frame and the commanded

piston displacement. These results are summarised via

MF= MF=
rcom = YCOM,0 J.9)

M =MmEo +{0,0, A:}T J.10)

J.3. Actual Mirror Pose

]J.3.1. Determining the Actual Mirror Attitude

A method to extract the attitude of the mirror segment from the position information of the mirror COM is
needed. This is achieved using the TRIAD algorithm [16], first developed in 1964 to determine the attitude of
a satellite from two vector measurements.

The TRIAD Algorithm
The TRIAD algorithm determines the 3 x3 orthogonal attitude matrix A describing the orientation of an object
with respect to a given reference frame. The implementation follows the symmetrical method presented by
Markley [84].

Two measured unit vectors by and by in the body fixed frame are required. These can be to two points or
a measured vector in a vector field, such as Earth’s magnetic field. For the implementation here, they are the
positions of two points trivially aligned with the Ocom x and y axes,

by ={1,0,0" 0.11)
b2 ={0,1,0" 0.12)
Two reference vectors r; and rp describing the positions of these same two points in the reference frame

Op are also needed. These are retrieved from the SPACAR simulation output and converted to unit vectors
via

M M
I'comx —  Tcom

r =

= (J.13)
Mrcomx —Mrcoml

M M
rcomy — fcom

I

= J.14)
Mrcomy —Mrcom!

Note that the direction vectors (from Ocom to Ocomx) are used, not the position vectors. Additionally, only
unit vectors are needed because the length of the vectors holds no information about the orientation of the
body. Furthermore, the only condition on the measured and reference vectors is that they not be parallel or
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antiparallel, else the cosine of the angle between them will be null and the attitude can no longer be uniquely
retrieved. The attitude matrix Acoyy is then such that

Acomr1 =by (J.15)
Acomrz =b J.16)
Three forms of the TRIAD algorithm are available. The third form, which treats the two measured and

reference vectors symmetrically is used, forming the orthogonal triads {b.,b_,bs} in the body fixed segment
frame and {r,,r_,r3} in the fixed world frame respectively. The unit vectors are found via

. r2+r; _ r2+r€ J.17)
T ir+nl T V2041 1) '
ro= rs—Ir; _ rs—r; (J.18)
T oIre-nl V20 -112) '
and
b
b+= 2+b1 _ b2+b1 0.19)
bz +b1l  \/2(1+by -by)
b, -b b, -b
b = 2 1 _ 2 1 (]'20)

“lb2—-bil  \/2(1—b; -by)

Vectors bg and r3 can also be found with the equations below, though they aren’t necessary to find A using
the symmetric method.

r) Xrg

rg=——— (J.21)
Iry X 12
bl X bz
== 22
* 7 Iby xby| 022
The attitude matrix Acoys is finally given by
Acom=biri " +b_r- "+ by xbo) (ry xr)" (J.23)

Euler Angles

With the attitude matrix found, the Euler angles, equivalent to the actual tilt Ox s, Oy,» and tilt about z 6z s,
describing the orientation of the mirror in the Oy frame can be extracted. The orientation depends on the
order of rotations applied to the body from the reference frame to the final body fixed frame. The ETEP
model uses the convention 0, — 0y, — 0, for three extrinsic rotations about the fixed world frame axes [49].
This operation is encapsulated in the rotation matrix

c0yc0, c0ys0,+c0;50,50, $0,50,—cOycO.50,
Rayx = |—cOys0; cOxc0;—5s0x50ys0, 0,50+ cOxs0ys0, (J.24)
56y —clysby cOxchy

The abbreviations ¢ = cos and s = sin have been used for brevity. Since the angles are very small the
rotation matrix can be simplified by linearising,

16, -6,
RZYX = _Bz 1 Gx (1-25)
0, -0, 1

Note that the error from linearising is approximately 1% for the sine of 14° or cosine of 8°. The angles used
in the PMAQO are on the order of 0.0002° at most, so this simplification is acceptable.
The actual segment attitude angles can then be taken directly from the elements of the attitude matrix A
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an  diz  as
Acom= |21 a2 a3 (J.26)

azy dsz a4ss

with

0x,com =az3 (J.27)
0y,com =as1 (J.28)
0;,com =ai2 (J.29)

J.3.2. Actual Mirror Pose

SPACAR directly reports the actual position of the mirror segment after the motion with Mrgoy. Thus the
actual pose of the mirror is

T
Mz com = {MI‘COM ,Hx,COMrgy,COM»gz,COM} (J.30)

J.4. Moving Frame Pose

The ideal, expected and actual moving frame poses are found with the same method described for the mirror
segment above. Here, the only difference between the ideal and expected poses of the moving frame are the
presence (or not) of fabrication and assembly errors. In the current SPACAR simulations, they are equal,

M__* M_x T o g%
Tae = {Mtae -03,0;,0} (.31)
MfMF =MTK,[F (J.32)
T
MTMFZ{MI'MF rex,MF»Hy,MF»Hz,MF} (J.33)

where Mry is reported explicitly by SPACAR at the end of the run and the actual moving frame attitude
angles are calculated using the TRIAD method from the position vectors Mryg and MrMF,y, also reported by
SPACAR.

J.5. Pose Errors
Finally, the errors in the moving frame and segment poses can be calculated trivially via

M M__*
€coM,T = TCOM~— Tcom (J.34)
M= M_ =
€COMRC = TCOM —  Tcom (J.35)
) _M M=
..€coM,P = TCOM— TCOM (J.36)

Since the ideal and expected poses of the moving frame are identical in the current SPACAR model, the
total error is assumed to be composed of only parasitic errors,

emEP = " TME — M TMF J.37)






Material Properties

Table K.1: Thermo-physical material properties. Values have generally been taken from [126] first. Where a range was found, values
closest to those stated in either [103] or [57] have been used. Specific heat capacity for Al6061 was used for Al7075. value for yield
strength of 304SS in [126] is extremely high. Value from [26] taken. p - Density; E - Young’s Modulus; v - Poisson’s Ratio; Sy - Yield
Strength; « - Coefficient of Thermal Expansion; k - Thermal Conductivity; cp - Specific Heat Capacity; x - Electrical Conductivity.

o E v Sy a k cp K Reference
lkg/m3] [GPa]  [nd) [MPa]  [x107°8/K][W/m.K] [J/kgK] [Q.m]
BOOSTEC SiC 3150 420 0.17 400 2.2 180.0 - 10° [21]
Aluminium 6061 2680 68 0.33 276 23.6 167.0 896 - [126, p.146], [57]
Aluminium 7075 2790 72 0.33 503 23.4 142.0 896 - [126, p.146], [103]
Beryllium I-70 1850 303 0.08 350 113 194.0 1900 - (126, p.146], [57]
Beryllium-Copper 8250 127 0.35 1340 17.8 100.0 380 - [126, p.146], [57]
Invar-36 8050 141 0.26 276 1.26 10.4 460 - [126, p.146], [57]
Magnesium AZ31B 1770 45 0.35 255 25.2 97.0 1000 - (126, p.146], [57]
304 Stainless Steel 8000 193 0.27 276 14.7 16.2 500 - [126, p.146], [57],
[26]
Titanium-6Al-4V 4400 115 0.33 1060 10.0 7.2 565 - (126, p.146], [57]
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