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ABSTRACT

Ultralight deployable spacecraft structures are at least an order of magnitude lighter
and more volume efficient for launch than state-of-the art spacecraft structures of
the same size, thanks to advancements in thin lightweight composites and new
packaging schemes. As a result, they are suitable for a wide range of applications
requiring extremely large apertures. For example, one of the application that we
are currently interested is in-space computer servers. These ultralight spacecraft
could not only support photovoltaics that generate large amounts of power, but at the
same time act as extremely large radiators for dissipating heat. Similarly, for space-
based solar power missions, they can hold functional layers of photovoltaics and
phased array antennas to provide uninterrupted energy transmission to any location
on Earth.

However, this improvement in mass/volume efficiency comes at a price. Ultralight
spacecraft exhibit high structural compliance posing new challenges in spacecraft
attitude control, which includes residual vibrations in the flexible structure and de-
creased pointing accuracy, leading to new requirements in structure/control design
and testing of these architectures. The present work demonstrates new maneu-
ver techniques and testing methodologies for Caltech’s Space Solar Power Project
(SSPP) architecture.

Real-world structures are imperfect and require ground tests to characterize their
in-space behavior. We present an experimental methodology to perform slew ma-
neuvers to help study the simultaneous behavior of the actuator, control scheme,
and the flexible structure response. We present the design of a momentum device
prototype and a small-scale, lightweight, flexible structure built for performing slew
maneuvers. The flexible structure is designed to be highly compliant along the
maneuver direction, allowing the study of its elastic deformation. Smooth poly-
nomial maneuvers are performed with the actuator-structure system mounted on
an air bearing; the central hub orientation and flexible structure response is mea-
sured. Assuming deformations to be comprised of a single dominant mode, input
shaping is applied to the smooth polynomial maneuver, using Zero Velocity (ZV)
shaper to suppress vibrations post maneuver. Input-shaping experiments show a re-
markable reduction in structural vibrations for high-agility rotations, which directly

contributes to an increased power transmission capability in full-scale spacecraft.
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Although small-scale prototypes are useful for demonstrating control techniques
and system-level performance, its quite complex to predict results for full-sized
space structures given the lack of detailed similitude models for a combination of
actuator-structure behavior and real-world defects. Moreover, full-scale structures
are difficult to test on the ground in their deployed configuration, due to limitations
in the current gravity compensation techniques. With increases in computational
capability, data-centric system identification is the solution to robust modeling of
real-world structures. These techniques are powerful not only in decomposing
spatial-temporal variations but also in finding complex nonlinear behaviors. In
the present work, reduced-order models are created from actuator-flexible structure
experiments with equation-based nonlinear extensions to existing data-driven tech-
niques. These models are then used to explore vibration-optimal agile maneuvers
without making any assumptions about structural properties. These maneuvers,
when tested in the experiments, result in fast rotations with a significant reduction
of residual vibrations. This work directly contributes to improving the robustness
of existing control schemes, enabling scalability to larger spacecraft and decreasing

sensitivity to variations in the deployed structure over time.

Together, these results demonstrate that large ultralight spacecraft can be designed
and robustly controlled while addressing unwanted effects due to their low stiffness.
This development enables their application to next-generation space missions such
as space-based solar power, in-space servers, solar sail demonstrations, and much

more.
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Chapter 1

INTRODUCTION

1.1 Large deployable structures and space solar power

Space structures are no longer constrained to the size of launch vehicle fairings,
thanks to the era of modern deployable structures. Large space reflectors and
solar arrays enable extreme science objectives such as sample collection and return
missions from adjacent planets or surrounding asteroids, all of which were beyond
imagination a few decades ago. From communication satellites to deep space

landers, deployable structures have proven to be quite effective.

Another area of interest where these deployable structures are extremely beneficial
is space-based solar power. The objective is to provide energy to terrestrial power
grids which is not only renewable but also economically competitive compared to
conventional sources. The idea of harnessing Solar Power was first proposed[1] in
1968 by Dr. Peter Glaser. By that time, deployable structures were not in fashion.
As aresult, the first engineering proposal[2] by NASA in 1979 (Figure[I.1] left) was
not only large (= 6 km), it required huge amount of resources in terms of materials
and astronauts for assembly. Three decades later, about thirty new architectures(3]
had emerged at the NASA Advanced Project’s office (e.g. NASA Sun tower concept

in Figure [[.T] right).

Figure 1.1: 1979 Reference SSPS(left) and NASA Sun tower concept (right).

Several more proposals were submitted in the next four decades with unique struc-
tural architectures. More recently, the California Institute of Technology proposed
Space Solar Power Project[4] (SSPP) with a radically different approach. Rather
than assembling an extremely large space structure in space, it calls for several small

spacecraft flying together to coherently collect and transmit power wirelessly to
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earth (Figure 2.1)). Each spacecraft is proposed to be 60 m by 60 m in size. This

makes the mission to be feasible economically[3]].

Caltech’s Space Solar Power Satellite (SSPS) consists of an ultralight structure with
amultilayered planar architecture, which can efficiently collect solar power and beam
the energy wirelessly in the form of electromagnetic radiation to a ground station on
earth. Major advantages include power collection unaffected by the remote location
or even during disaster events. Several versions of SSPS are anticipated in the near
future including 10 m X 10 m , 30 m X 30 m, 60 m X 60 m and so on. Each version
is significantly challenging[l6] in terms structural design and requires a thorough

analysis regardless of the similarities in the architecture.

Figure 1.2: Overview of Caltech Space Solar Power Project concept originally
introduced in[4]].

These ultralight spacecraft are made possible by recent advances within materials
and structures. They fall into a new category of spacecraft which exhibit higher
performance and lighter weight by the virtue of unfurling into extremely large area
apertures. These space structures are more flexible than the traditional stiff bus

spacecraft due to tradeoff between packaging efficiency and structural stiffness.
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Figure 1.3: SSPS structure two-dimensional packaging scheme[7] (left) and deploy-
ment mechanism[8]] (right).

A significant amount of work has been done towards the deployment of SSPS struc-
ture. A two-dimensional packaging scheme [7]] allows folding each quadrant of the
structure in Z-folds to develop an intermediate star shape with four arms. These
arms are then be coiled around using pressure wrapping between polyimide mem-
brane to achieve an efficiently packaged structure within near cylindrical volume.
Coiling [8] is achieved by pressure wrapping the folded structure between four inner
cylinders and corresponding outer rollers as shown in Fig. [[.3] (right). A smaller
prototype 1.7 m x 1.7 m called Deployable on-Orbit ultralLight Composite Exper-
iment (DOLCE) of SSPS structure was succesfully launched and demonstrated in
early 2024. As mentioned earlier, because these ultralight structures are built for
packaging efficiency, they have relatively low stiffness. As a result their first natural
modes are several orders of magnitude lower than the current state-of-the-art [9]
in space structures and this introduces new challenges in the light of spacecraft

dynamics and control.

1.2 Spacecraft attitude control

The attitude of the spacecraft tends to change as the spacecraft separates from the
payload adapter of the launch vehicle. Further into the mission life, it is often
perturbed due to internal motion of the payload, sloshing propellant, which requires
careful control methodologies for successful completion of the mission. Thus,
attitude changes are necessary, be it orbit raising or changing orientation. Orientation
change maneuvers also called slew maneuvers are quite commonly executed to
achieve specific mission objectives such as sun acquisition, maintain line of sight on
a ground station etc. In contrast to rigid spacecraft, these rotations excite structural

dynamics in the flexible spacecraft and need to be studied in depth.
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Apart from the external perturbations, sometimes mission requirements are the
driving force for on-orbit station keeping and pointing. In the case of Caltech’s SSPS
architecture, power optimal guidance[10] can provide efficient power collection and
transmission depending on the functional layers in the architecture. For e.g., a
single layer PhotoVoltaics (PV) and a single layer Radio Frequency phased array
(RF) requires the spacecraft to be slewed periodically during each orbit to maximize
collection of solar power along with maintaining line-of-sight towards the ground
station shown in Figure This optimal solution necessitates a requirement for

rapid slew maneuvers.

£ 7N

Figure 1.4: SSPS optimal attitude in GEO orbit[10] for a single PV, single RF
architecture.

Earliest developments on slew maneuvers focused on utilizing a control strategy
which could reorient the spacecraft towards a target direction. Often, maneuvers
along the major or minor eigen-axes of the spacecraft were practiced and were
termed as eigenaxis maneuvers. This was done utilizing a proportional-derivative
control[11] in attitude angles. This technique even allowed to establish gain opti-
mization based on flexible appendage characteristics using linear-quadratic-gaussian
regulation on these spacecraft. However, this methodology was sensitive to model-
ing uncertainties and required further studies. Later, various attitude control strate-
gies emerged from time-optimal (or fuel-optimal) control [12] to near-minimum
time optimal control for flexible appendage[13] with root strain as feedback, slightly
improving robustness to uncertainty. However, all these were performed assuming
constant eigenaxis rotation. In 1990, Bilimoria and Wie [[14]] showed that an eige-
naxis rotation about one of the principal axes is not time optimal. This led to several

studies [15] on inertia symmetry within the satellite and optimal axis of rotation
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for time optimal maneuvers. Later, more practical aspects were studied based on
slew rate constraints and actuator saturation limits [[16] or uncertainty in the inertia
tensor[/17] with linearly perturbed state update matrices. Another strategy explored
by Mclnnes [18]] was the inverse control which involves a combination of feedfor-
ward and feedback terms in the control law. This allowed control law design relative

to a trajectory rather than a single final state.

These closed loop correction strategies were prone to instabilities due to uncer-
tainties in the flexible body and actuator finite rise time. Hence, often open loop
maneuvers were preferred in practice. Commonly, bang-bang control is practiced
to minimize the time to reach desired line of sight. However, certain mathematical
functions like smooth polynomials are proposed [19],[20] to allow for accommo-
dation of actuator finite rise time by the means of gradually increasing the actuator
effort. These smooth maneuvers are also shown to reduce residual vibrations for a
rigid/flexible body system with low damping[9, Section 3]. Thus, they are far more
robust towards reducing excitations in the flexible structure regardless of their known
model details. This thesis will combine the robustness of these smooth polynomial

manevers with the trajectory tracking methodology discussed by Mclnnes|[/18]].

In general, it is necessary to know the spacecraft attitude at all times for feedback
correction. The large angle orientation can be represented either by a direction
cosine matrix, Euler angles, Rodrigues Parameters or quaternions. For the first time,
Quaternion-based feedback control laws were developed by Wie and Barba[21] in
1984. Quaternions [22],[23], allow the description of the spacecraft orientation
in all possible attitudes. They have no inherent geometrical singularity; there are
no singularities in the kinematical differential equations; and successive rotations
follow the quaternion multiplication rules. Moreover, quaternions are well suited for
onboard real-time computation since only products and no trigonometric relations

exist in the quaternion equations.

1.3 Momentum control system - a suitable actuator

Momentum devices are characterized by rotating or translating masses. They have
a wide range of applications. For example, mechanical gyroscopes allow storage of
energy[24] in case of flywheels by attaching a motor/generator at the end of high
inertia rotor. They are also used for designing passive dampers called inerters[235]],
which work with opposing forces proportional to acceleration unlike conventional

viscous dampers with velocity based forces. MEMS gyros use linearly vibrating



mass elements [26]] to measure the acceleration on the system.

In case of spacecraft systems, momentum devices are used to perform attitude
maneuvers using rotating discs called rotors. These devices make a closed system
with the spacecraft allowing for a momentum exchange, hence they are called
Momentum Control Devices (MCDs). The SSPP spacecraft portrays periodicity
of attitude[10] with net zero rotation at the end of orbit (Figure [I.4) based on its
power optimal guidance. The equal and opposite sense of the maneuvers allow for
momentum recovery in these devices, reducing the extra de-saturation operation via
attitude thrusters. Moreover, the projected mission life of 10-20 years [5] makes

momentum devices much more feasible compared to conventional attitude thrusters.

Commonly, there are two kinds of these devices, Reaction Wheels Assemblies
(RWAs) and Control Moment Gyros(CMGs). The former category works with
increasing or decreasing the speed of the spinning rotor to exchange momentum in
the spin direction. CMGs on the other hand, may or may not have the same capability
plus they can gimbal the spinning rotors about another set of axes to exchange
momentum. Compared to RWAs, CMGs have very efficient torque production
based on power metrics, exhibit torque amplification allowing torques > 10 Nm,
and provide high pointing accuracy [27, Ch 3]. Especially Single Gimbal CMGs
(SGCMGs) or gyrodynes are a popular choice due to their high agility and slightly
lower complexity than Dual Gimbal CMGs (DGCMGs). Commercially available
CMG:s target usage from medium to large satellites. A set of available, large CMGs
is shown in Table

CMG Torque Angular Momentum Mass Size
[Nm] [Nms] [kg] [mXxmxm]
Airbus CMG 75 75 75 69 05x0.5x%0.5
Honeywell M50 CMG 75 75 28 0.6x0.4x0.2
Blue Canyon CMG-12 12 12 18 0.3x04x0.3

Table 1.1: CMG market survey.

Airbus CMG 75 has two high inertia spinning rotors side by side attached to a
central bracket which can be independently gimbaled. This allows for great torque
authority in any direction on a plane with perpendicular defined by the gimbal
axis (perpendigular to base). Honeywell M50 CMG has a single gimbal axis
perpendicular to spin axis of the rotor at the center. Again, this allows for torque
authority in any direction in a plane defined by a perpendicular line along the gimbal
axis. Blue Canyon CMG-12 is quite different than these two. A high inertia spinning



Figure 1.5: Left to right, Airbus CMG 75, Honeywell M50 CMG, Blue Canyon
CMG-12.

rotor is placed on a Stewart-platform base enabling angular momentum vector to be
changed in all three directions. The restricted range of motion in the linear actuators
results in limited movement of the spin axis on a portion of surface of an imaginary
unit sphere. This creates higher torque authority in-plane compared to the direction
perpendicular to base. Isolating the spinning rotor from the base mounting bracket
allows for a possibility of passive/active damping through the linear actuators useful

to reduce jitter effects from mass imbalance in the rotor.

1.4 Ground tests

In a study of 156 spacecraft[28], 32% turned out to be failures due to Attitude
and Orbit Control System (AOCS) failures. Out of those, around 50% were at-
tributed to the actuators used for control and the rest remain unresolved due to lack
of information or improper validation tests. In 2005 NASA launched the Demon-
stration of Autonomous Rendezvous Technology (DART) mission inspired from
previous, successful demonstrations of the technology from JAXA and Roscosmos
during that time. The DART mission failed due to accelerated end of mission life.
Investigations[29] pointed towards incorrect estimation of spacecraft position after
a expected flight software reset, leading to control authority saturation in the very
early phase of mission life. As a result, Mishap Investigation Board (MIB) recom-
mended that a validation of all simulation and math models should be carried out in

all upcoming missions.

Thus, it is sufficient to say that, ground based Hardware In Loop (HIL) experimental
testing is vital for demonstrating closed loop stability. It requires accurate models
of the actuator, spacecraft and the sensors to attain acceptable predictions. This
is achieved by real-world experiments, investigating actuator working, validating

control algorithms in the presence of sensor/environment noise, etc.

However, it poses a unique set of challenges. Computer simulations must include
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a variety of nonlinear phenomena found in momentum devices, which fundamen-
tally limits the way these simulations can be architected. And, because momen-
tum systems rely on the conservation of angular momentum for proper operation,
hardware-in-the-loop test facilities must reproduce the dynamics of a free body
with great precision. There are several real world imperfections which should be
accounted by the simulation based on the current phase of project development.
The University of Michigan developed one of the early testbeds[30] (Figure [1.6]
left) in 2005 to perform attitude hardware-in-loop simulations. These facilities can
also provide a method to emulate the effect of robotic appendages on spacecraft
dynamics, for e.g. the Cepheus facility[31] at National Technical University, Athens
(Figure[I.6] mid). Another purpose could be to test docking dynamics of two space-
crafts, as studied at the M-STAR simulation facility[32] at Caltech (Figure [1.6]
right).

Figure 1.6: Left to right, University of Michigan’s triaxial air bearing testbed,
Robotics space emulator "Cepheus" operated at the National Technical universit of
Athens, M-STAR spacecraft simulator at Caltech.

1.5 Research objectives

The main objective of this thesis is to develop and demonstrate slew maneuvers which
achieve faster pointing than state-of-the-art without exciting structural response in
the next generation ultralight flexible spacecraft by the means of a momentum control

system actuator specifically a Control Moment Gyroscope (CMGQG) array.

A flexible structure exhibits elastic deformations based on maneuver duration. A
very slow maneuver results in very little or no deformations in a flexible body creating
an almost rigid body rotation. The ratio of maneuver duration to the system’s natural
period (@ = T/T,) is often used to design and classify slew maneuvers [33]. A
heuristic practice for design of spacecraft slew maneuvers is @ > 10 or sometimes
even @ ~ 100. However, for very large spacecraft like SSPP with very high natural
period[6] 7,, € [80 s, 200 s], this would result in very slow maneuvers with duration
T € [30 minutes, 5 hours], reducing the geometric efficiency of the SSPP
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system. As a result, it becomes crucial to develop and test aggressive maneuvers
with @ < 10 but also keep the residual vibrations in the structure to a minimum for

coherent power transmission.

The computational tools developed in this thesis span from analysis of the flexible
spacecraft response with a CMG actuator based on assumed physics-based models
to an assumption-free real-world applicable identification framework allowing for

robustness to the dynamic property variations of the system.

Then, the experimental procedures help identify challenges in 3-DOF testing of
flexible body slew maneuvers with demonstration of attitude tracking using the
developed closed-loop control law. As a motivating case study, the thesis focuses
on next-in-line 10 m X 10 m version of Caltech Space Solar Power Project (SSPP)
structural architecture[[6] and a small-scale representative structure for experimental

purposes.

The thesis addresses the following research objectives:

1. Theoretical formulation for flexible structure response to agile maneuvers ac-
counting for actuator dynamics

Momentum control devices provide torque to the spacecraft by virtue of momen-
tum exchange. As the momentum vector of the actuator changes in time, its time
derivative results in the applied torque. Due to the local elastic deformation in the
flexible structure near the actuator, the torque gets modified and results in a coupling

between the two.

This thesis estimates the structural response of a flexible spacecraft structure ac-

counting for this coupling with high fidelity modeling of thin lightweight composites.

2. Vibration-optimal agile slew maneuvers with assumed dynamic properties

It is possible to reduce structural oscillations based on assumptions about dynamic
properties of flexible structures. Flycast[34] maneuvers were done in NASA’s Space
Radar Topography Mission (SRTM) shuttle with the X-band Synthetic Aperture
Radar (SAR) antenna on a long boom. The lowest frequency of the boom was
utilized to perform the maneuvers with a combination of pulses and delays at precise

times allowing for net swift motion but no oscillations at the end of the maneuver.

However, by construction CMGs are unable to provide instantaneous changes in
torque [27, Ch 3] because of their inability to provide instantaneous gimbal velocities

and are thus more suitable for smooth variation of the setpoint torque function.
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For these reasons, an input shaping framework adapted to momentum devices is
proposed which not only results in smoother variations of maneuver angles but
also retains the vibration suppression properties of the original impulse-based input

shaping.

3. Data-driven vibration-optimal agile slew maneuvers

Real-world structures are imperfect. Their dynamic properties like stiffness and
damping exhibit uncertainties. Thus, it is essential that they should be characterized
before sending to space. However, very large spacecraft structures are difficult to

test on ground due to limitations in the available gravity compensation procedures.

This is addressed by a novel system identification methodology which enables
developing Reduced Order Models (ROM) of large flexible spacecraft and actuator
on-the-go in space. A new set of observables is proposed accounting for various
nonlinearities and the proposed methodology is used to optimize maneuvers for

reducing elastic deformation in the flexible structure in the agile regime.

4. Experimental design of Hardware-In-Loop testbed to perform flexible body slew
maneuvers

While extensive work[35][36] has been done for slew maneuver experiments with
control moment gyroscopes, most of them allow only one Degree Of Freedom
(DOF) rotational motion. There are others[37],[30],[38] with 3 DOF capability with
a variety of gravity compensation techniques, but only for rigid body experiments.
There has been no investigation of 3 DOF experiments with CMGs that addresses

flexible body deformation during slew maneuvers.

There are several difficulties in designing such experiments. Firstly, real world flex-
ible structure assemblies are not perfect and they show uncertain dynamic behaviors
like change of mode frequencies, mode shapes, or damping etc. Secondly, the pres-
ence of gravity, in these experiments, makes flexible structures prone to buckling or
structural instabilities. It is crucial to understand how these uncertainties combine
with other sources of error like sensor noise, modeling error and control algorithm

etc.

These challenges motivate the current work towards designing experimental pro-
cedures to simulate space-like conditions for demonstrating slew maneuvers with
minimum interaction from the gravitational body loads and development of a com-

pliant flexible structure robust to buckling.
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1.6 Outline of the thesis

The remaining contents of this thesis are organized in six chapters. A brief summary
of each chapter is provided below:

Chapter 2] provides an overview of the slew maneuvers considered and their prop-
erties in the context of flexible spacecraft. With assumed inertia, mode shapes, and
linear superposition to describe the flexible spacecraft, a theoretical formulation is
discussed to estimate response due to coupling effects of the actuator. Results for a
10 m x 10 m Caltech’s SSPP spacecraft are discussed.

Chapter [3| proposes equation-free data-centric methodology to approximate slew
maneuver dynamics with measured data without any assumptions, thus addressing
the real-world uncertainties in these systems. This framework is applied to the
motivating 10 m X 10 m Caltech’s SSPP spacecraft example to estimate a Reduced-
Order-Model (ROM). Then, this model is used in maneuver optimization to reduce

elastic displacements and results are presented.

Chapter[d|presents design of a small-scale flexible structure, CMG array and relevant
procedures for slew maneuver experiments. Proposed maneuvers from Chapter

are demonstrated and results compared.

Chapter[S|presents system identification results based on ROM proposed in Chapter[3]
by disturbing the experimental prototype in closed-loop at different locations. Then,
these ROMs are used to predict optimal maneuvers to decrease residual excitation in
the flexible structure. These candidate maneuvers are then excited in the experiments

and results are then compared to a baseline maneuver experiment.

Chapter [0] proposes a novel idea of integrating a momentum control device together
with the existing deployment mechanism DOLCE[S8] for volume efficient multifunc-
tional actuator design for performing rest-to-rest maneuvers. Discussion on sizing
of actuator is followed by efficient maneuver execution strategies and sensitivity

studies with respect to initial conditions in the actuator.

Lastly, Chapter [/| summarizes the most important conclusions from the thesis and

outlines possible directions for future research.
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Chapter 2

PHYSICS-BASED DYNAMICS MODELS

2.1 Flexible spacecraft model

Caltech’s next-in-line SSPP spacecraft is proposed to be a 10 m X 10 m that is
similar to its previous counterpart DOLCE[S8]], although much larger. The structural
architecture consists of composite ladder-like strips supporting pre-tensioned mem-
branes with functional elements. These trapezoidal strips are arranged into four
symmetric quadrants, to form concentric squares with a void at the center or hub,

where the deployment mechanism is located.

Membrane

Diagonal tapes

Figure 2.1: Next-in-line SSPP architecture.

Each strip is connected to two tapes running parallel to the diagonals on either side,
forming a single quadrant. The array is supported by four diagonal booms deployed
from a central mechanism. Recent work [[6] on detailed finite element modeling
provides us estimation of the natural frequencies and mode shapes of the system.
For the purpose of slew maneuver dynamics, model M10-S4 is utilized with fully
connected interface as described in [6]. This Abaqus FE model is then used to
perform frequency analysis with free-free boundary conditions. First four elastic

free-free mode shapes are shown in Figure 2.2]
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Figure 2.2: First four elastic mode shapes from top left - top right - bottom left -
bottom right at 0.31 Hz, 0.33 Hz, 0.37 Hz and 0.37 Hz respectively.

2.2 Slew maneuvers

2.2.1 Baseline polynomial maneuver

Past research[20] shows that it is possible to achieve agility despite structural flex-
ibility for ultralight flexible spacecraft by the means of tailoring the “shape” of the
slew profile to decrease the excitation of the flexible modes. A smooth polynomial
slew in angle y of degree seven P’ is known to perform well for reducing residual

vibrations in the flexible structure. It is defined as follows:
7
o(t) = Z axtt (2.1a)
k=0

a7 = =20A0/T" ; ag=T0A0/T ; ag=—84A0/T> ; as=35A0/T* (2.1b)

This is the lowest-order polynomial that can simultaneous satisfy boundary condi-
tions on ¥ and its velocity, acceleration, and jerk (the time derivative of acceleration)
shown in Equation [2.2]

Y(0)=0; ¢(0)=0; y(0)=0; §(0)=0 (2.2a)
y(T)=Ay 5 y(T)=0; y(T)=0; ¢(T)=0 (2.2b)

This maneuver will be used as baseline for comparing results with other techniques.

2.2.2 Ninth degree polynomial maneuver
Instead of fully defining the polynomial with the initial and the terminal conditions,

one can also add more terms allowing for further flexibility in the shape change.
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For example a ninth degree polynomial P® can be used in combination with the
conditions in Equation [2.2] to enable a simplest two d.o.f. basis for maneuver
optimization purposes:

9
01) = > apt® (2.3)
k=0

2.2.3 Input shaped polynomial maneuver
It is possible to reduce the oscillations, based on a system’s dynamic characteristics.
One can either perform a closed-loop feedback from the structure’s strain measure-
ments to develop the control law, or change the setpoint itself knowing the dynamic
properties in advanced. This is called input shaping. An early form of modifying
inputs was used in posicast control by Smith[39]. It involves breaking a step into
two smaller steps, delayed in time, allowing for reduced settling time. An advanced
version of this technique, called Flycasting[34] was done in NASA’s Space Radar
Topography Mission (SRTM) maneuvers with the X-band Synthetic Aperture Radar
(SAR) antenna on a long boom. Maneuvers were performed by three pulses and
two delays in between, using cold gas thrusters. However, by construction CMGs
are unable to provide instantaneous change in torque [27, Ch 3] because of their
inability to provide instantaneous gimbal velocities and are thus more suitable for

smooth variation of the setpoint torque function.

Frequency shaping techniques were proposed by Gupta[40], and Junkins and Turner[4 1],
involving derivative of the control input in a penalty function to produce smooth
functions. Experiments were performed on near-minimum-time slew maneuver us-
ing combination of optimal control and root strain feedback[42] assuming a single
dominant mode in the structure. It was shown to work well with the closed-loop
feedback on the root strain. This technique exhibits robustness in presence of ex-
ternal disturbances but cannot accommodate system identification errors. A more
advanced version of posicast control was developed by Singer and Seering[43],
which allowed a combination of impulses (two or more) to reduce tracking errors
and post-maneuver oscillations at the same time. They also showed that one can
shape an already existing baseline maneuver using combination of these impulses

with the help of signal convolution.

Thus, this technique is suitable on the present CMG because it allows modification
of the already existing smooth polynomial maneuvers. Moreover, the properties of

the original maneuver remain intact i.e. zero jerk, zero acceleration, zero velocitiy
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at the terminal point of the maneuver. Hence, the resulting torque function remains
smooth throughout the maneuver, making it possible to be executed using CMG.
The simplest form of input shaping, called Zero-Velocity(ZV) shaper, which uses
sum of two impulses, was adopted, assuming a single dominant mode of the system
at w, and damping ratio of . With this known information, one can superimpose
the solutions from two impulses to achieve a net positive motion with no vibration

after the input has ended

1
Al = ;11 =0 2.4
1= 12§ 1 (2.4)
K b8
Ap = ; = ——— (2.5)
I+K wn1 = 22
Where ,
i
K=e Vi-&2 (2.6)

Applying convolution of these impulses with the smooth polynomial acceleration

a(r) = (1)

a;s(t) = /5=°° a(s)(01(t —s) + 82(t —s))ds 2.7
= /S=°° a(s)(A10(t—t1 —5)+ Ax5(t —tr — 5))ds (2.8)
=AH(t—t)a(t—1t)) + AoH(t —tr)a(t —12) (2.9

2.3 Flexible structure dynamics

This section will develop a numerical framework to establish dynamics of a flexible
structure using mode displacement method[44]. Instead of the absolute coordinates
to describe the flexible body, it is possible to decouple the dynamics equations of
motion by utilizing appropriate transformation to principal coordinates. Consider
a momentum control actuator placed at the center of the spacecraft. Assuming the
flexible body to be a multi-degree of freedom linear time invariant system with
mass matrix [M] including flexible structure, actuator mass, and actuator inertia.
Damping is assumed to be viscous with matrix [C] and stiffness matrix [K]. These
matrices describe motion of the system in physical coordinatesa = [qy, q2, . . .qn]
at N number of nodes in Equation[2.10|relative to inertial frame O. Body fixed frame
B resides on the center of the spacecraft. External torque and loads are represented

by vector f. Each coordinate has 6 DOF q; = [x;, yi, zi, 67, GZ.y , 6;] (position
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vector X, finite rotation vector 6 [45] ):

[M]ii + [Cli + [K]u = f (2.10a)
u(0) = u, (2.10b)
1(0) = v, (2.10¢)

O

B - >
0O;

Figure 2.3: Flexible spacecraft with actuator at the center. Configuration at time
t = 0 (left) and ¢ > O (right).

2.3.1 Kinematics

Given the finite rotation angles of a node with position vector A relative to frame O,
its location a relative to frame B can be calculated using the exponential map[46]
[A].
a=[A]A (2.11)
sin||0|]| 1 — cosl|0]|
161l CE

[A] = exp([0]x) = cos]||0]]|1 + [6]x + 06" (2.12)

where [A] is the rotation matrix and [0]x is the skew symmetric matrix given by :

0 -0; 6,
[Blx=]|6; 0 -6 (2.13)
6, 6, 0

Instantaneous angular velocity at any node can be acquired from finite rotation

vector rates (6) using the (symmetric) Hessian[47] [45]

Q=[H()]6 (2.14a)

o sin||0]| [1 1 T] N 1 —cos||0||

1
[H(6)] = 007 + -
11617 61| |16]1? 116]12

[6]x  (2.14b)
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2.3.2 Mode-displacement method

Assuming the spacecraft is free floating in the space with free-free boundary condi-
tion, it will exhibit rigid body modes. One can transform the system into principal
coordinates using modal superposition with these modes as basis to describe the
dynamics. This is achieved by assuming that mode shapes remain constant for the

required range of deformations:

"’(t)] -0 (2.15)

U=1uUr+u,= [d)r Ci)e] [Ue(f)

It is crucial to take all the rigid body modes and truncate to N, elastic modes signif-
icant for response calculation stored in ®,. One can substitute the transformation
map in Equation [2.15]in the equation of motion in Equation [2.10] and pre-multiply
by [@]7 to get

o7 [M]Dij + DT [C| D1y + OT [K] Dy = BT f (2.16)
Assuming mass normalized mode shapes, pre-multiplying by [®7 [M]®]~! in Equa-
tion and by ®’ [M] in Equation yields two decoupled systems of equations

[44, Ch 11] for rigid and elastic displacements each and appropriate initial conditions

in principal coordinates, as follows:

iy = @ f (2.17a)

iie + [Clie + [K1ne = @ f (2.17b)
n(0) = " [M]u, (2.17¢)
1(0) = " [M]v, (2.17d)

where ,

s [C] = (T [M)D) DT [C]P = diag(2¢7w7,23ws, ....) (only in case of

modal damping)

* [K] = (@ [M]®) DT [K]D = diag(w3, wi, ....)

Modal superposition for rigid body modes can be applied to a single node and then
extrapolated later across the complete geometry. Center of the spacecraft is selected

as this reference node (). The extrapolation is as follows

x(1) = X0 + A0 (1)) [x(0) = x7(0)] (2.18a)
0(t) = (1) (2.18b)
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2.3.3 State space formulation

The eigenvalue problem for decoupled system of equations is quadratic. One can
develop a state space Linear Time Invariant (LTT) system from Equation We
follow an approach similar to[48] with state vector consisting of mode amplitudes
and velocities 7. We can write two LTI systems, one for rigid body motion and the

other for elastic motion of the structure.

28 =PIz + [Q]°f> (2.19a)
Z=[P)"Z +[0] f (2.19b)
where,
0 1 0 0 n° 0

Pl¢ = _ _ 1, ¢ — ¢ = s 7 = 2.20

=gk a9 T o e el ‘f' 2200
, (01 , |0 0 . 10

[P] - [O 0] 4 [Q] - 0 (q)r)T > - ’7}, ’ fZ - f (220b)

After solving the two LTI systems in " and ¢, displacement in absolute coordinates
is:

u=(P)n" (1) + (©°)n° (1) (2.21)
A momentum actuator is mounted at the center of the spacecraft and its goal is to

provide the rigid body maneuver torque N,,
N; = [0, I24/, 0] (2.22)

where ¥ is the seventh degree polynomial maneuver defined in Equation [2.1] and
inertia of the spacecraft in relaxed/reference state /2. Zero modal damping is

assumed in the model for all modes:
i =0.001 Vie{7,8,9, ... }

2.3.4 Coupling terms

One can use Newton’s method to determine the coupling term. Consider the actuator
used to perform the maneuvers to be System-I and the rigid hub altogether with the
flexible structure as System-II . Actuator angular momentum "H," is written in

frame B fixed on the hub rotating with "Q." with respect to an inertial frame O.
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Figure 2.4: Torque generated by the actuator is applied to the rigid hub of the flexible
structure.

The net torque exchange on the central hub is the derivative of the total angular

momentum H,, of actuator (System-I)
N,=H,+Q.xH, (2.23a)
where Q. can be calculated using Hessian matrix H from Equation [2.14]
Q. =H(6,)6. (2.24)

Hence, actuator torque becomes a function of local angles 6. and angle derivatives
0

Nu(Hg, Ha, O, gc) = Ha + [H(ec)]éc X H, (2.25)
Rotation degrees of freedom at point C are function of local rotational mode shape
@Y, mode amplitudes 7(¢), velocities 7(z).

0, =% ; 6, =% (2.26)

Thus the instantaneous actuator torque is as follows:
Ny (Hg, Hyy 1,17, ®Y) = Hy + [H(®Y n)]®F 17 x H, (2.27)

To establish angular momentum and its derivative, we need state of angular mo-
mentum device 6. This is achieved by assuming rigid body maneuver ¢ from Equa-
tion 2.22]and using the inverse dynamics discussed in Subsections[2.5.Tand [2.5.2]

This state ¢ and its derivative 6 when applied in the momentum device at the central

hub excites the mode amplitudes 7 and mode velocities 7} as per the mass-normalized
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mode shape ® of the flexible body:

0

i+ [Cli + [K]n = ~@7 o
Na(5, 67 n7 77, ®g)

(2.28)

As mentioned earlier, free-free mass normal mode shapes of a 10 m x 10 m SSPP are
utilized. Previous studies[6] provide a finite element model of the SSPP spacecraft
with highly detailed flexible composite structure elements with their layup stiffness
matrices and various preloads studies in the diagonal boom elements. Mode shapes
from 10 m, fully connected structure are chosen for this analysis. Modal truncation
is performed at 50 mode shapes by the means of convergence of simulation results.

The first few flexible mode shapes are shown in the Figure [2.2]

2.3.5 Results for smooth maneuver

A smooth polynomial maneuver P’ of duration T = 16 s and Ay = 90° is simulated.
The natural time period of the structure is 7, = 3.2 5. The time of simulation is
twice the maneuver duration to observe dynamics post maneuver as well. Peak
modal amplitudes 7, and velocities 7j, are estimated over the entire simulation.
These are shown in Figure 2.5] Two points at different locations (Figure [2.6]left)
are observed on the spacecraft for elastic displacements. A time-history of these are
shown in Figure [2.6]right. This maneuver excites specific mode shapes more than
others called dominant modes. They are shown in Figure [2.8] This occurs because
the chosen maneuver has more projection towards certain directions in the chosen

basis of mass-normalized mode shapes.
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Figure 2.5: Peak mode amplitudes and velocities.
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Figure 2.6: Out-of-plane elastic displacements at points P and Q.
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Figure 2.7: In-plane elastic displacements at points P and Q.

Figure 2.8: Dominant mode shapes, flexible mode 4 (left) and mode 13 (right) at
0.37 Hz and 0.65 Hz respectively.

2.4 Control scheme
A 3 DOF trajectory tracking problem in attitude is formulated for the actuator-
spacecraft system. Usually, this is achieved with feedback from current state of
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spacecraft allowing for the momentum device to act as per the error in state as
shown in Figure 2.9 We use inverse dynamics[49] and quaternion/angular rates
feedback together to ensure that the spacecraft follows the desired trajectory ps, Q4

i.e. smooth polynomial maneuver about body axis B>

0
i 0
pa=| ((%) S Y (2.29)
o))

Using the nonlinear inverse control scheme allows perturbation in the state to con-
verge to the reference trajectory rather than a reference state. The subscripts (), and
(). represent desired and error signal in consideration. Spacecraft state y consists
of angular velocity vector and the quaternion [€2, p] For the purpose of our discus-
sion, we will consider closed loop control of spacecraft attitude and assume that
the momentum exchange actuator state ¢ is perfectly measurable and controllable
i.e. 0 = 64. Depending on over/under-actuation in the actuator to control attitude
degrees of freedom, a steering law is utilized to develop relationship between error
torque 7, and actuator state 6. More discussion about steering law in Section[2.5| The

closed loop quaternion control schematic is shown in Figure [2.9]

desired Q, inverse | Na e N, steering % MG
maneuver dynamics + law dynamics
+
P, Q
Ne
feedback
PO f
Figure 2.9: Closed loop quaternion control.
We use Hamiltonian right quaternions with unit magnitude p € H; = [p, p;sl

with conjugate p* = [—p, ps]. The quaternion product, denoted by ®, is used to
implement rotations. Given quaternions p;, p2 € Hj, the quaternion product is
defined as

p2 ® p1 = L(p2)p1 (2.30)

pslz + [Polx Py

L(p2) = T »

(2.31)
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Where, [Vv]x is the skew symmetric matrix of a vector v

[Vlx =] v3 0 -w (2.32)

Procedure in [49] develops the control scheme by explicitly differentiating the con-
straint in terms of finite rotation angles relative to the desired trajectory of rotation
angles. We develop a similar formulation with the constraint s(z) € H; in terms
of the desired quaternion p; and the measured quaternion p instead. We chose our

constraint
s(t) =p;()®p(r) -1, ; seH, (2.33)

Quaternions p; and p can be propagated by respective angular rates £, and € in the
body frame as shown in [23] ,[50]. For example, the rate of change of the current

quaternion

p= 59 ®p (2.34)

where, Q € H, is the pure quaternion constructed from the body fixed frame

angular rate vector Q as Q = .Utilizing the product rule for derivatives and the

aforementioned propagation of each quaternion as shown in Equation[2.34] the time

derivatives of the constraint in Eqn{2.33] are calculated:

NS BRSPS
$(1) = 5p; ® (2~ Q) ©p (2.35)

1 A A 1 A A U A A ~
§(t):§p2® (Q—Qd)+§(ﬂ—ﬂd)®ﬂ—Eﬂd®(ﬂ—ﬂd) ®p (2.36)

Again, following the technique in [49] , instead of enforcing §() to be null, feedback
terms are added using the lower derivatives of the constraint times the constant gains

matrices A;, A, as follows
S+ 48+s=0  ; A, b eM¥ seH (2.37)

Using equations{6.5]2.35]2.36] and substituting in [2.37 we can get a relationship
between actuator torque and lower derivatives of the constraint. The vector part of
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the final equation gives the actuator control law for our attitude trajectory tracking

as follows

N, = 1Q, +1[Q4]xQ + [Q]IQ -1 [1; (2 - Q) + 212(ps ® p*)] (2.38)

feedforward feedback
This control law consists of two kinds of terms. The first few are grouped together in

NUD

the feedforward part of the control or , which come from the inverse dynamics.

Néf b), which come from the

The second set of terms are grouped as the feedback or
constant gain times the lower derivatives of the constraints. Diagonal gain matrices
are used. Diagonal values are selected based on assuming the second order error

dynamics system to a damped second order system:

(ADkk = 28ciwel (2.39a)
(A2)kk = w2 (2.39b)

2.5 Control moment gyroscope equations of motion

A frequently used configuration is four CMGs arranged in a pyramid shape [S1]]. This
configuration is selected because its torque envelope is close to a sphere allowing
nearly uniform actuation in any direction [S2]]. The shape of this torque envelope can
be adjusted by the means of skew angle 8 shown in Figure 2.10} increasing /3 results
in an increase momentum exchange capability about B3 axis and vice versa. The
design parameter stored angular momentum H,, is designed to perform a zero-jerk
smooth polynomial maneuver [2.1|based on maneuver momentum and torque, more

discussion in Section 4.4.11

H angular momentum vector
1

61 gimbal axis
skew angle

Figure 2.10: Pyramid CMG nomenclature.

2.5.1 Theoretical model of actuator
To develop a theoretical model, assume a body fixed cartesian coordinate frame

B. The pyramid CMG consists of four rotors spinning at constant angular velocity
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w. The angular momentum magnitude is 7, = Jw for each rotor. Each angular
momentum vector H; can rotate on the surface of an imaginary pyramid, as shown
in Fig. [2.10] along its respective gimbal axis ¢;. To perform a maneuver, one can

change each of the four ;(7).

To develop a solution, one starts by writing the total angular momentum of the
system Hy as the sum of the angular momentum of the supporting frame of inertia
I and that of the CMG:

Hr =1Q+H, (2.40)

where I is the inertia tensor for the assembly rotating with angular velocity € in
frame B and £ is the angular momentum of the CMG. For a closed system with no

external loads, the angular momentum is conserved:

dH .
—dtT —Hr+QxHr=0 (2.41)

and hence,
IQ+H,+Qx(IQ+H,) =0 (2.42)

The angular momentum of the CMG actuator H, can be written as a function of the

gimbal angles ¢; and the pyramid angle $ as follows

he
4 CpSs;, Cs, —CpgSs; —Cs, A
Ha:ZH(k): -Cs,  CgSs, Cs, -CpSs, . (2.43)
k SpSs, SpSs,  SpSs; SpSs, ho
B®P) ~——
HO

and the time derivative can be calculated using the Jacobian of equation [2.43]

d1

CsCs, —Ss, —CsCs, S, 5

: 2
Ho=| S CpCs =Ss =CpCo, || o |he (2.44)

3

SpCai SsCo SpCay  SsCoi ||

4

AP

The matrices B®) and A®) are the Pyramid configuration and the Pyramid Jacobian
matrices which depend on the orientation of the each CMG in the cluster. Using
equations [2.40] through [2.44] one can develop a nonlinear system of ordinary dif-
ferential equations in the state 6 = [d] d2 I3 54]7. Given the maneuver angular
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velocities Q and angular accelerations Q with chosen initial values of gimbals §(0),
gimbal angle variation can be estimated. This requires solving for four gimbal angles
using three equations from Equation [2.44] As the Jacobian loses rank, the gimbal
rates necessary to produce a finite torque approach infinity. This describes the onset
of a singularity in the CMG. Singularities are primarily classified in two different
types. Saturation singularities at the limit of the array capability are common to any
array. Such singularities, also known as external singularities, are accommodated in
the sizing of the control system and cannot be avoided by numerical regularization
techniques. Another class of singularities called internal singularities are of much
greater importance. They arise by unique combination of gimbal orientations due to
cancellation of contribution from each CMG in the array leading to net zero angular
momentum. No incremental motion in any of the gimbal can recover from this state.

Hence the notion of avoiding these states is important.

2.5.2 Steering algorithms

CMG steering algorithms[27][Ch 7] enable to pick a unique choice from these
set of solutions based on required torque. Two different steering algorithms are
implemented in the current work depending on theoretical modeling or hardware

implementation.

1. Moore—Penrose inverse steering:

The most commonly used steering law in the literature is based on pseudoinverse of
the Jacobian called the Moore—Penrose inverse. This is also known as the "perfect
torque tracking" law where the sole objective is to the reduce the norm of é given the
solution exists. The biggest downside is that it is incapable of avoiding or escaping
singularities and does not accommodate constraints on gimbal angles, rates, or
accelerations. This makes it a bad choice for real world implementations but ideal

for theoretical controlled simulations

§= (A(P))T(A(P)(A(P))T)—lh (2.45)

2. Singularity escape steering:

Singularity-escape algorithms allow passing through the singularities and recovering
with minimal (but not necessarily zero) deviation from the commanded torque.
They work on the addition of a scalar or matrix enabling numerical conditioning
of the matrix inverse. They are inexact mappings from commanded torque to

gimbal rates. Several algorithm exist for the escaping singularities in single gimbal
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CMGs. Singularity Robust inverse steering[l53]] regularizes the singular values of
the matrix AP (AP)T at the singularity so that the matrix to be inverted remains
positive definite which makes it a good choice for experimental implementation.

The steering law is described as follows:
§ = (AT [AP (AT 4 g ey (2.46)

where, o = /|A(P) (A(P)T| is called the singularity index. It provides a measure of
the distance of the CMG array from singularity.

2.6 Discussion

This chapter has formulated a numerical model to estimate flexible spacecraft re-
sponse accounting for coupling emanating from the momentum device by Newton’s
third law. Free-free mass normalized mode shapes are used to decoupled flexible
structure deformations. Main findings include estimation of spatial and tempo-
ral variation of elastic displacements throughout the structure and identification of
dominant modes for jerk-smooth polynomial maneuver of seventh degree. These
results help in design improvement of next-generation 10 m x 10 m SSPP spacecraft
structure and are relevant to target vibration-suppression techniques if required. The
main takeaways are that the structural response depends on free-free mode shapes
of the architecture and the deformation might not be dominated by lowest eigen-
value elastic mode of the system. Moreover, actuator-flexible structure coupling
does not significantly change the dynamics in case of constant eigenaxis rest-to-rest

maneuvers.

While the results focus on a specific class of architectures called Ultralight flexible
spacecraft[9]], the developed framework is agnostic to the type of flexible body, or
actuator, or kind of control algorithm and it is robust with respect to finite element

modeling in software of choice.

Different kind of maneuvers discussed in this chapter will be utilized in the upcoming
Chapters 3 {] and [5] to study structural response during slews. Pyramid CMG
equations of motion, respective steering laws and closed-loop quaternion feedback
trajectory tracking will all be used in real-world slew maneuver experiments of a

small-scale flexible structure in Chapters 4] and 3]
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Chapter 3

DATA-BASED DYNAMICS MODELS

Lightweight composites provide a great opportunity to develop larger and larger
spacecraft. The Hubble Space Telescope, the Starshade, and the Advanced Com-
posite Solar Sail Spacecraft are all examples of highly volume efficient deployable
spacecraft with large surface area enabling challenging goals in contrast to con-
ventional satellites. However, when it comes to testing of these spacecraft, only
subsystem level testing or a small part of the big assembly is performed with space-
like conditions. More specifically, attitude dynamics of such spacecraft is often
analyzed from finite element models of flexible bodies which are governed by as-
sumed deterministic design choices and measurements with uncertainties. These
models are often corrected based on trial and error from the on orbit data collection
and rely on heritage based design evolution. This demands several spacecraft of

similar nature to be flown before converging to a robust design.

However, for a very large spacecraft like SSPP, multiple trials are not feasible
economically. Moreover, the dynamic properties of the structure are prone to uncer-
tainties either due to slight changes in the final shape in space through deployment
mechanics or variation of material properties due to viscoelasticity or material
degradation of composites. All this uncertainty leads to change in stiffness and
damping of the structure. This demands a new methodology which is robust and

updates the model parameters with measurements done online.

Unlike the conventional physics-based approach, data driven methods are projected
to perform better because of their insensitivity to any underlying assumptions or
equations. Many critical problems, such as climate prediction[54], predicting
epidemics[335]], or controlling turbulence for energy efficient power production[36],

are all primed to take advantage of progress in the data-driven discovery of dynamics.

The method called Dynamic Mode Decomposition(DMD) originated in the fluid
dynamics community to simplify complex flows into a decomposition based on spa-
tiotemporal coherent structures. Schmid and Sesterhenn[57] first defined the DMD
algorithm and demonstrated its ability to provide insights from high-dimensional
fluids data. It became quite popular because it is an equation-free method which can

provide an accurate decomposition to be used for short-time future-state prediction
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and control. An extension of DMD called DMDc (DMD with control) provides

the capability to disambiguate between measurement dynamics and input-output

relationship simultaneously for closed loop system.

The purpose of this chapter is to identify and develop a reliable model identification
framework based on DMDc which can create new maneuvers that not only are agile
(a < 10) but also decrease the residual vibrations in system without exact knowledge
of the dynamic properties. Meaningful extensions to the existing algorithm are
provided. This is followed by an optimization formulation to explore a subspace of

maneuvers using the proposed Reduced-Order-Model (ROM).

3.1 Dynamic Mode Decomposition with Control (DMDC) algorithm

Assume a closed loop system with vector of observables y; and input vector u; at
time #; called measurement snapshot and input snapshot respectively. The temporal
iteration of this discrete dynamics system can be defined as with contribution from

previous measurement via matrix A and from the previous input through matrix B:

Yi+1 = Ayi + Buy 3.1

One can arrange time snapshots of measurements in the increasing order of time to
form measurement snapshot matrix Y and shifted measurement snapshot matrix Y’
as shown in equations [3.2]. Similarly, the input matrix I" can be constructed with

input snapshots, as shown in Figure[3.3]

| | | |
Y=y ¥2 ¢ Yu1 |3Y =|¥2 ¥3 - ¥u (3.2)
| | | |

F'=|lw uwu - w, (3.3)

A compact way of describing Equation [3.1] for all times is possible through these

snapshot matrices:

v=[a B ‘F{ (3.4)
G S——
S

— G=YS!;GeRrxna (3.5)
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Using SVD of S = UZV* truncated to first 7 singular values
G=YVZ U (3.6)

Approximations of the operators A and B can be found by splitting the left singular

vectors U into two separate components:

[A,B] ~ [YVET'ULYVETIT;] 3 U eR™, U, eRYY 3.7)

For high dimensional systems (n >> ¢), DMDc cannot use truncated U to find
the low-rank model of the dynamics and input matrix since U is defined for the
measurement-input augmented space. Hence, a reduced order subspace is con-

structed from the output measurements Y’ with truncation till r values (r < 7)

Y =02V ; UeR™,EecR™, VeR™ !, (3.8)

Using the transformation Y = UY, the following reduced-order approximations of

A and B can be computed

A,

*

Il
(e
> |

A
B

=0YVEIO0 ;A eRrR™ (3.9)
‘B=UYVE'D;, ;BeR™ (3.10)

Il
>

The Reduced-Order Model (ROM) can be defined as follows

Fret = Ay + By (3.11)
j1=0'x (3.12)

Retrieve the measurements back in original coordinates

yi = U3 (3.13)

Because of a central issue with DMD that was first observed in Tu et al. [S8]], a delay-
augmentation[S9][Ch-7] on the measurement is required. This is done due to the
fact that DMDc fails to capture a single sine wave and cannot return the conjugate
pair of complex eigenvalues and instead returns a single real eigenvalue. Delay
coordinates refer to an augmented vector obtained by stacking the measurement y

at the current time along with copies of y at future times. A delayed stack for both
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input and state sequences with the augmented snapshot matrices is shown below:

yi Y2 Yin-1 y2 y3 Ym

Y = y2 y3 s Ym Y = y3 Y4 0 Ym+ :
| | | | | |
| Yos Yus+1 0 Yus+m—2 | | Yos+1 Yus+2 0 Yus+m-1 ]
(3.14)
U oW Uy
u u PR u
I' = |2 |3 |m where , ns = # of stacks (3.15)
| Uys Upg+l -0 Upsem-2

3.2 Proposed nonlinear DMDC algorithm

For DMDc to be able to resolve nonlinearities in the dynamics, one needs to find
a group of nonlinear observables. It enables not just better reconstruction but
also correct predictions. Here, reconstruction is defined as ROM capability for
reproducing the training data. Whereas, prediction is referred to either extrapolating
the training data for a longer time or estimating response to a completely different

set of inputs than the training data.

Consider a flexible structure actuated by a CMG. For the inspiration to develop
nonlinear observables, one can look at the rigid body equations of motion with
torques applied due to the CMG actuator N,, gravity N, and from the flexible

structure N Iz

[MQ+Qx [I]Q=N,+ N, +N¢ (3.16a)
——— N——
nonlinear nonlinear
-N,=H,+QxH, (3.16b)
~——
nonlinear

Depending on the scenario whether it is a ground test or an actual spacecraft,
additional terms like the gravitational torque N, can influence the dynamics. It

depends on the present orientation defined by passive rotation quaternion p with
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center of mass eccentricity .., relative to the center of rotation as follows:

Ng = reom X Cay™ {p ® [0,0,-1,0]" ® p*} Mg (3.17a)
nonlinear
piry+ pir2 — (p3 + p3)ra + 2papars + 2pipar;
= —p%rl - pgrl + (p% + pi)rl —2p1pars + 2popars| Mg (3.17b)

—2(p2p3r1 + p1pari — p1p3ra + papara)

where the function cay~'() is known as the inverse Cayley map[60][Pg 62]. More
discussion about gravitational torque in Section[5.2] Expanding the first nonlinear
term Qx/Q in Equation[3.16, we see that the basis Q fully defines all the components:

131Q1Q) + 1395 — L1 Q1Q3 — InQQ3 + I30Q3 — 13Q3
QX IQ = —I31.Q% — 130Q1Q) + 111921923 — [330Q21Q3 + 1120,Q3 + 113Q§
1193 = [1Q1Q + 1QQ) — 1129 + 1321Q3 — 113,93

(3.18a)

- T
Q=@ @ @ Q0 20 00 (3.18b)

Similarly, a good basis for gravitational torque N, is p (look at Equation

T
P =|pip2 Pap3 P3pa Pap1 PIP3 paP4a DT P3 D3 pﬁ] (3.19)

With all these ideas, following nonlinear ROM model is proposed with cross terms

as state - state and state - input nonlinear adjustments in the derivative.

Y
r
Y = (A Buxg Puxs Quxs Ruxio| |Qux Ha| = GS (3.20a)
Q,
Dh
Ax
Y = ., . T'=H, (3.20b)
Q
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where, the each column of measurement snapshot matrix Y consists of elastic
displacements Ax at different spatial locations on the flexible structure relative to
hub fixed frame, CMG actuator angular momentum H,, hub angular velocities €y,
and hub orientation quaternion pj. Input snapshot matrix I' has columns of partial
derivative of CMG angular momentum H,. Nonlinear observables Q and p are
measured at the hub. We assume the structure is deforming in the linear regime

(N o< Ax) and hence the choice of linear observables for elastic displacements.

The DMDc algorithm needs to be updated for estimates of the new matrices P and
Q. Using SVD of S = UZV* truncated to first 7 singular values

G = Y,Vi_lﬁ* . I’j c M(n+q+3+6+10)><;7 (321)

Approximations of the operators A, B, P, Q and R can be found by splitting the left

singular vectors U into five separate components :
[A,B,P,Q,R| ~ [YVE™'U;, YVET'U;, YVE'U; YVEU,, YVEUZ]
(3.22)
ﬁl c Mn)(f , ﬁz € Mq)(f, ﬁ?) € M?)Xf, ﬁ4 € M6><f’ ﬁs € MIOXF
(3.23)

Similar to regular DMDc with high measurements compared to the inputs (n >> ¢),
a reduced order subspace is constructed from the shifted output measurementsY’

with truncation till » values (r < 7)
Y =02V ; UeR™,LecR™, VeR™ !, (3.24)

Using the transformation Y = UY, the following reduced-order approximations of

A and B can be computed

A=UAU=0'YVE'O;0 ;A eR™ (3.25)
B=UB=UYVE'U;, ;BeR™ (3.26)
P=UP=0'YVE'U;, ;PeR™ (3.27)
Q=0 Q=UYVE'U;,, ;QeRrR™ (3.28)
R=UR=0'YVE'U;, ;ReR™ (3.29)

Discrete time nonlinear update in reduced coordinates is defined as follows

Fre1 = A + Buy + P([Q]xHo )i + Q(Qn)i + R(pa)k (3.30)
y1 =0y (3.31)
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Retrieve the measurements back in original coordinates
i = U3 (3.32)

3.3 Maneuver optimization formulation
The baseline for slew maneuvers is a seventh degree polynomial P fully defined
by the means of initial and terminal conditions (Equation [2.2) in time till the third

derivative or jerk:

Y (0)=0; ¢(0)=0; ¢(0)=0; ¢(0)=0 (3.33a)
y(T)=Ay 5 y(T)=0; y(T)=0; ¢(T)=0 (3.33b)

An extended polynomial basis is proposed which not only follows the smoothness
properties of the baseline but also allows freedom to explore for an optimal behav-
ior. A ninth degree polynomial is proposed P° which gives two additional d.o.f.
for optimizer if imposed with same initial and final value constraints. Unlike the
input shaping technique discussed in Section [2.2.3] this method can address several
requirements apart from residual deformation reduction in the flexible structure. Be-
haviors like terminal angle error in the rigid hub, elastic deformation of the structure
during the maneuver, residual elastic deformation of the structure post maneuver, and
residual vibration of the rigid hub post maneuver can all be tuned with appropriate
penalty weights. Given the measurements of hub angles 6;, maneuver angle change
Ay, duration of maneuver T and elastic displacements in the flexible structure Ax,
one can define a general objective function with parts of measurement snapshot
matrix Y, input snapshot matrix I" during discrete times {t1, 2, ... ty , t+1, --- IN}
(t,, = T) as follows:

JOY,T) = A||(81)m — AY|)* +B

( Ily:m(gh)i_ Z/l:l(gh)k)-l-

| —— m
terminal
during
(1-1—p) Fon (007 =S40 001\ (SR (A7 = S (A
‘ N—m N-m
post

(3.34)

The summation terms together represent the signal variance. Because of the con-
ditions in Equation [2.2] the terminal term in the objective function is automatically

satisfied. Consider a special case when [4, 8] = [0, O] with only the second term in
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the post terms. Then, this would minimize the residual deformation in the flexible
structure. It can be used in combination with the reduced order model defined in
Equation [3.20]

We define an optimization problem with the intention of finding a better trajectory
y*(t) = [Ax* H; Q) 67] € R" and control input u*(¢) = H: as compared to our
baseline resulted from seventh degree polynomial maneuver u,(t) = (H;), . ROM
is used to estimate states y; during and post maneuver t; € [0,2T]V k € {1,N}
where, T is the maneuver duration. Following is a mathematical representation of
the maneuver optimization problem. Given measurements Y = {y;, y2, ... yy} and

inputs I' = {uy, us, ... un}

min  J(Y,I)
ai, bia Ci
s.t. Fia1 = AFp + Bug + P([Qu]xHo)k + Q(Qn)ks
y1 = Uy,
vk = Uy,
9 _ 9 . 9 . r
Y = Zait;c , Zbitz , Zcilﬁc ,
i=0 i=0 i=0
uk = (Ha)ka
(Ha)k = BV (5¢)H° (see Equation [2.43),

(Ha)k = —Up — (w)k X (Hg)y (see Equation@ >
+ .

Ser = At [AP (61)] " (Ha)i/ o,

(.)"denotes Moore-Penrose pseudo inverse,

0<1t <2T

3.4 Numerical experiments
Theoretical model from Chapter[2]is used to perform identification experiments nu-
merically. Elastic displacements Ax are measured at several points on the spacecraft

whereas other measurements are performed at the hub as shown in Figure[3.1]

Traditionally, DMDc method is applied with snapshots during closed loop inputs as
the observation period. However, in our system, for better disambiguation between
the dynamics and the control, we perform our identification with special conditions
by combining both open-loop phase and a closed-loop phase. A short disturbance
is provided at the beginning and behavior of the system observed after. Open loop

at the beginning helps estimate the matrix A without any control input from the
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Figure 3.1: Elastic displacement measurement locations (in orange) and central hub
measurements (in blue).

CMG. A time of 20 s after the impulse excitation is chosen for open-loop period
and then the closed-loop begins. To develop sufficiency of excitation, we utilize a
short impulse by thrusters to excite structural modes. We perform CMG-flexible
structure stabilization in our numerical model about a reference orientation using

Equation [2.38| with gains corresponding to {.; = 0.5, w. = 270.1.

Excitation is applied as a torque at the central hub in the form of a finite time gaussian
impulse which is equivalent to an attitude thruster firing for a real world scenario.
Only the data corresponding to post excitation is utilized for developing a ROM.

The thruster torque disturbance is assumed as follows:

A, _w?
e 202 ; 30=0.1s5, Ao =3Ns; r;=03m (3.35)

Nt(t) =T
oVN2nr

Where, A, is the area of the impulse, o is impulse shape parameter with 30~ equal

to finite time width of the excitation applied at a moment arm r;.

3.4.1 ROM results - reconstruction

The truncated singular values are shown in Figure [3.2] The measurement-input
augmented matrix is set to a higher threshold than the measurement snapshot matrix.
The algorithm is executed for data from the open-loop(¢ < 20) phase and a following
closed-loop(t > 20) phase of the simulation. The number of stacks ns used as

augmented measurement vector is 20.

Numerical model hub quaternion (solid) and the corresponding reconstructed com-

ponents (dashed) are shown in Figure [3.3] with exceptional performance. Elastic
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Figure 3.2: Singular values for measurement-input augmented matrix S and mea-
surement snapshot matrix Y.
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Figure 3.3: Reconstruction of hub root angles.

displacements from numerical simulation (solid) are also reconstructed (dashed) at
the points P and Q in the structure as shown in Figure[3.4] The out-of-plane compo-
nent Ax; is very well reconstructed whereas in-plane component Ax3 suffers from
slight underestimation in magnitude. Yet all components perform well in terms of

capturing oscillations at the right time.

The estimated matrices for the ROM are shown in Figure[3.5] Matrix A is observed to
have three high magnitude broad diagonals consisting of several elements along the
width. This indicates that elastic displacements update on a point is predominantly
dependent on the displacements of nearby points on the structure and corresponding
points on the opposite side of maneuver axis. A low magnitude in matrix P suggests
small state-input coupling Q5 X H, between hub angular velocity €2, and actuator
angular momentum H,. Similarly, magnitude of components in matrix Q points to
a small nonlinearity in the dynamics due to Coriolis torque / x Q. Within matrix
Q, higher values in columns one (Q%) and four (Q;Q,) representing the basis Q (see

Equation [3.18b]is explained by small cross inertia terms /31, I and inertia along
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maneuver axis I»;. (See Equation [3.18a).
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Figure 3.4: Reconstructed elastic displacements (superscript (.)(")) at points P (top)
and Q (bottom).
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Figure 3.5: Estimated matrices.

3.4.2 ROM results - prediction
This ROM defined by matrices A, B, P and Q is then used for prediction with inputs

corresponding to the baseline seventh degree polynomial slew maneuver about axis
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B». Then, the results are compared with the behavior from the full-fidelity numerical

model obtained from Chapter 2]
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Figure 3.6: Hub root angles for a seventh degree smooth polynomial maneuver input
torque. The ROM (solid) predicts well as compared to full fidelity model(dashed).

The hub angles are predicted well during the maneuver by this ROM as shown in
Figure [3.6 but the error increases as the time progresses after the maneuver. The
ROM struggles to capture magnitude of elastic displacements. For example at points
P and Q on the structure, ROM under-predicts the elastic displacements in Figure[5.7]
compared to the results from full fidelity numerical model in Figure 2.6] and 2.7]
However, it does capture the oscillatory behavior post maneuver. These errors can

be improved by tuning the ROM threshold for truncation of singular values.
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Figure 3.7: Elastic displacements on the structure as predicted by ROM.
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3.4.3 ROM results - optimization

The baseline for slew maneuver experiments, the seventh degree polynomial P’
defined in Subsection[2.2.1]is used as a reference to compare results. A ninth degree
polynomial is used to address residual deformation reduction in the flexible structure.
Because of the initial and terminal conditions as mentioned in Equation [2.2] the
terminal term in the objective function in Equation [3.34]is automatically satisfied.
Consider a special case where [4, 8] = [0, 0] and the post maneuver requirements
are to minimize the residual deformation in the flexible structure (second term in
the post terms in Equation [3.34)).

The algorithm in section [3.3] is applied to the reduced order model as shown in
Figure [3.5] and resulting optimal input (solid) in the form of actuator angular mo-
mentum is compared with baseline seventh degree polynomial solution(dashed).
This overlay plot is shown in Figure 3.8] Corresponding hub angle comparison is
shown in Figure [3.9) with resulting optimized maneuver exhibiting a slightly slower
angle change in the first half and a faster variation in time in the second half. Elastic
displacements are compared between the optimal (solid) and baseline (dashed) ma-
neuver excitations at two different locations P and Q on the structure in Figure[3.10]
Optimal maneuver show better performance in significantly decreasing residual ex-
citations for same duration baseline maneuver. However, the peak deformations
during the maneuver are slightly increased. This behavior can be improved with
a combination of objective function and maneuver basis modifications. Penalizing
peak deformations more than the residual ones and using a higher order polynomial
for optimization basis will enable even better maneuvers. Modal amplitudes and
velocities are reduced by a factor of five post maneuver by means of these optimal
excitations compared to baseline as shown in Figure[3.I1] Another interesting obser-
vation is that the optimal maneuver suppresses the structural modes in a non-uniform

fashion in the post maneuver phase.

3.5 Discussion

This chapter has described a new data-driven identification methodology for CMG-
flexible spacecraft system. Unlike commonly used data-centric schemes where
the major focus is towards equation-free modeling, the present work utilizes the
equations of motion to establish new observables addressing nonlinearities and
enabling robustness to variation of dynamic properties of the system. A good
quality reconstruction of the training data from the numerical model is achieved.

More importantly, the algorithm is able to predict hub angles quite well even for a
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Figure 3.8: CMG angular momentum derivative resulted from optimization on
ROM shown in solid lines compared to baseline seventh degree polynomial based
curve in dashed lines.
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Figure 3.9: Hub root angles from full numerical model (absolute truth). Baseline
torque (dashed) and optimal polynomial torque (solid).

larger hub angle change inputs compared to the training data. On the other hand,
flexible body elastic displacements are under-predicted and could be improved with
reduced order model parameter adjustments like singular value thresholds or number
of stacks in the augmented measurement vector. Finally, the optimized maneuver
using the reduced order model shows promising results in terms of reducing residual
elastic displacements for a maneuver of same duration with a simplest basis of ninth
degree polynomial without any assumptions on the dynamic properties of the flexible

structure.

Although a motivating example of SSPP spacecraft is analyzed in the present work,
the proposed algorithm can be adjusted depending on system of choice by im-
plementing different observables to produce a reduced-order-model accounting for
various nonlinear behaviors. This technique could prove very beneficial for ap-
plications involving multi-physics interaction. For example, ablative shield design

for a re-entry spacecraft with a combination of thermal, aerodynamics and mate-



42

50 T T T ! 2
¢ Q,E_,u,-,_‘_..‘-mﬂ,‘ E O fl\ ‘. /-:\ % ,’\ ‘| P!
. g | TN
| | | B
10 15 20 25 15 20 25
Time [s] Time [s]
—Az} - Az
100 ‘ ‘ ‘ : ‘ —Axs~ Axg 5
' Az;- T
22 : - Az
= 0 / S :.‘E_____-,_“__,J g 0 a;%e,‘é;aa
.i. 1 i A e - ’
-100 ‘ e -5
0 10 15 20 25 15 20 25
Time [s] Time [s]

Figure 3.10: Elastic displacements at points P (top) and Q (bottom) from full
numerical model on the left with baseline torque (dashed) and optimal polynomial
torque (solid). Plot on the right shows the same data post maneuver in the form of
residual excitations.

rial science aspects; a morphed aircraft wing design driven through aerodynamic
effects coming from control surfaces, elasticity of the base structure wing; landing
dynamics of reusable launch vehicle with coupled effects through control schemes,

aerodynamic regime changes, ground effects and structural modes, etc.

The ideas proposed in this chapter will be validated in Chapter|[5|through small-scale

slew maneuver experiments.

Limitations of this technique in our application include sensitivity to noise in the
observations, repeated eigenvalue of flexible modes for symmetric structures and
I1l-conditioned control matrix B due to insufficient excitation. Another caveat is
choosing enough observables so as to fully define system dynamics or choice of
dimensionality of the reduced order system. Moreover, in case of implementation
of this technique on real spacecraft computers, low fidelity versions of the model
need to be estimated and numerically easier SVD algorithms need to applied. All

of these require careful attention and further research.
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Figure 3.11: Peak modal amplitudes post maneuver with baseline torque (left) and
optimal polynomial torque (right).
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Chapter 4

PHYSICS-BASED SMALL SCALE SLEW MANEUVER
EXPERIMENTS

Ground testing of momentum control devices is quite challenging. A major
difficulty is compensation for gravity. Experiments must be done in a way that ap-
proaches a closed system, i.e. without external torques. There are several techniques
to create zero-g like conditions for experimental purposes, for example buoyant sup-
ports, offloading mechanisms etc. However, the use of air bearings is the most
popular choice because they can provide very low friction suspension. Based on the
number of degrees of freedom, one can either choose planar, cylindrical, spherical
or other combinations of air bearings. The majority of previous work [35]],[36] has
focused on air bearings that allow only one degree freedom motion which decreases
the complexity of dealing with the center of mass imbalance of the structure. Others
[371,[300,[38]] presented methods with 3 DOF capability with a variety of gravity
compensation techniques, but only for rigid body experiments. There is no mention
of 3 DOF experiments with CMGs that address flexible body deformation during

slew maneuvers.

Figure 4.1: State of the art gravity compensation techniques. Sliding masses with
the system on an air-bearing (left)[37]. Passive adjustment between system and an
outside truss (right)[38].

This chapter focuses on experiments with three rotational degrees of freedom using a
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commercially available spherical air bearing. The goal is to develop a ground test set
up to demonstrate slew maneuvers with a flexible structure attached to an actuator.
We will perform rotations around a general axis without any active center of mass
control. This chapter will describe design of the pyramid CMG (equations described
in Section [2.5) and a small-scale flexible structure for slew maneuver experiments.
Structural response for the seventh degree zero-jerk smooth polynomial maneuver
(Section [2.2.T)) and input-shaped polynomial maneuver (Section [2.2.3]is presented

and compared.

4.1 System overview

A pyramid configuration of CMG is selected for the experiments. The theoretical
model is discussed in Section The material for the rotors is selected as Brass
360. Each rotor is designed with mass moment of inertia 2.374E — 4 kgm?. Rotors
are supported with high speed ball bearings on either side enclosed within metal
bracket assembly made from stainless steel 410 as shown in Figure 2] Axial
preload is provided to ensure any unwanted vibrations using a Belleville disc spring.
The wires from the spin motor are carefully swept towards a slipring allowing for
continuous power supply to the spin motor throughout the motion of the gimbal

motor.

Figure 4.2: Rotor assembly schematic on left, and actual hardware on the right.

A 6V 10:1 micro metal high power carbon brush gear-motor is selected for spinning
the each rotor. For each gimbal, a high gear ratio 227:1 Metal Gearmotor 25Dx71L
mm low power 6V with 48 counts per revolution encoder is selected. Each spin
motor/gimbal motor pair is controlled via a DRV8833 Dual Motor Driver Carrier.
Teensy 4.1 controller is selected due to its large number of I/O pins. The motor
control electronic architecture shares similarity with[36]. The chosen architecture

is shown in Figure #.3]
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Gimbal motor - 1
DRV8833
Wheel motor - 1

Gimbal motor - 2
DRV8833
Wheel motor - 2

Teensy 4.1 Gimbal motor - 3

DRV8833
Wheel motor - 3

Gimbal motor - 4
DRV8833
Wheel motor - 4

Figure 4.3: Motor-driver architecture.

The assembly is constructed with combination of custom build Aluminum 6061

parts and commercially available t-slotted frames.

A schematic of the assembly is shown in Figure 4.4] left.

Figure 4.4: Pyramid CMG prototype schematic (left), smooth polynomial maneuver
(right).

4.2 State estimation
Consider the measurement vector y with gimbal angles ¢, assembly angular velocity
Q and quaternion describing passive rotation from body fixed frame to local frame
p.

y=1[6,Q,p] (4.1)

Gimbal angles ¢ are measured using encoder counts in gimbal motors. The ori-
entation of the assembly is estimated by Inertial Measurement Unit(IMU) chip
MPUG6050 which has a combination of three axis gyro rate sensors and three axis
linear accelerometer sensors. Angular velocity of the assembly  is measured from
gyro rate sensor. The quaternion p representing rotation from body frame to iner-
tial fixed frame requires estimation. Madgwick algorithm[61] is selected to get an

approximate quaternion with data fused from rate-gyro and accelerometer sensors.
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Both gyro and accelerometer type sensors have measurement uncertainties and
especially rate sensors have bias drifts on top of the noise. Gyro-rate sensor data

while being placed flat on the table is shown in Figure 4.5

The position of the sensor in the body-fixed frame (Figure {.4] left) is ry =
(1.18mm, 69.24mm, 90.33mm) based on CAD.
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—1rX

-0.02 —1Y|q
—17Z

o

-0.04
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-0.06

Time [s]

Figure 4.5: Adafruit MPU6050 (left), Gyro rate sensor data with MPU6050 flat on
table.

4.2.1 Estimating quaternion from gyro sensor

Updating from angular velocity measurements(£2)

0 Q3 —-Qr

-Q3; 0 Q Q
() =0.5 = [D(Q(¢ t 4.2
p(1) o - 0 o’ [D(Q()]p(1) (4.2)

-Q - -Q3 0
Estimate in time discrete form

P2, = ([D(Q)]AL + 1) pi (4.3)

4.2.2 Estimating quaternion from accelerometer
Accelerometer sensor reads contributions from Coriolis, angular acceleration, grav-
itational acceleration in local frame B. The relationship between accelerometer

reading a, and the corresponsing quaternion p? is defined below:

aszgx(ers)+a/xrs+[pG®(A?®pG*]1:3 4.4)

A

G = [0,0,—-g0,0] 4.5)
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For a fastest 3 s, 25° maneuver possible with the CMG, maximum contributions

from Coriolis and angular acceleration are as follows

Q x (Q x 1) ~ [0.0,-0.007 — 0.009] (4.6)
a x ry ~ [0.0,-0.03,0.02] (4.7)

Therefore it is safe to assume
as ~ [pG TG ® pG*] 3 (4.8)
Expanding Equation .8 we get a set of three nonlinear equations shown in[4.9]

; 2(p1p3 — p2pa)
— = | 2(p2p3 + p1pa) 4.9)
80 2,2 .2 2

p+pi-p?-p}

Solution of non linear system of accelerometer equations

* System of equations

2(p1p3 — p2pa) .
2paps+pipa) |- — = f(p°) (4.10)
2, 2.2 of 80
Dy + P35 —P1—DP;
* Jacobian with respect to quaternion on unit sphere can be calculated

2ps  —2ps 2p1 —2p>
Vi=J(p%) =|2ps 2p3 2p2 2p (4.11)
—4py —4p2 0 O

+ Use steepest gradient with objective g(p) = (fTf)/2 = Vg= (VAT f

v
(k1) )G _ () )G _ Y8 . 60.1,2,3..n) (4.12)

IVell”

* A conventional approach to optimisation would require multiple iterations of
equation to be computed for each new orientation and corresponding

sensor measurements

* However, it is acceptable to compute one iteration per time sample provided
that the convergence rate governed by u is equal or greater than the physical
rate of change of orientation

Vg
G G *
P =P —H 7o (4.13)
AR 1Vl
W= a||p®ar ;a1 (4.14)
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4.2.3 Fusing two estimations

Fusing two measurements to estimate quaternion

p=yp¢+(1-y)p? (4.15)

An optimal value[61] of  is related to gyro sensor rate error Awgg:

3
y==t— . p= \/;Awgs (4.16)
ar t P
After several assumptions a good estimation of the quaternion p; is the following
R At .V . .
p= (—# (—g) ) +(1=0) (Pt + Aep?) (4.17)
H 11Vell/,

With this formulation , the estimator takes around 20 s to converge to its steady state

values at the beginning of the experiment.

4.3 Flexible structure

A four-fold symmetric structure was designed for the experiment. Its four sides
form a square and four diagonals are connected to the CMG at the root. Each
diagonal member joins two side members using brackets of mass m. The members
are pultruded carbon fiber strips. The diagonals are circular cross-section tubes with
outer radius » and thickness #. The side members have a rectangular cross-section of
width b and height a. The assembly is performed using 3D-printed PLA brackets,

which hold the members in place with epoxy glue.

A planar structure would impose several difficulties, because it has a finite state
of self stress (Figure [4.6] left) and hence a small change in member length due to

bonding or cutting can result in buckling of the structure.

Figure 4.6: Finite state of self stress in the planar structure (left) and non planar
structure (right).

To remove the state of self-stress, the geometry of the structure was modified by

moving the center connections slightly out of plane so that the diagonals make an
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angle y with the plane of outer vertices, shown in Figure 4.6 right. These changes
make the structure statically determinate and also reduce the out-of-plane deflection
due to self-weight significantly from 12.4 cm in the planar configuration to 1.01
cm in case of the frustum geometry for the same boundary conditions and material
properties. The planar version has the first mode at 0.98 Hz while the frustum
version has first frequency of 1.41 Hz. The mode shapes of the final structure are
shown in Figure 4.§]

Parameter Value Units

Ly 200 mm

Ly 1400 mm

a 0.8 mm

b 3 mm

r 1 mm

t 0.5 mm

5 g

0% 10 degrees
Figure 4.7: Schematic showing the non-
planar structure attached to CMG. Table 4.1: Flexible structure details.

/\\ AN == AT —
= e
(a) Mode 1: 1.41 Hz (b) Mode 2: 1.41 Hz (c) Mode 3: 1.8 Hz (d) Mode 4: 2.4 Hz

Figure 4.8: Mode shapes for fixed boundary condition at the center.

Details about the geometry and member cross sections are provided in table §.1]
An experimental validation of the frequencies was done with a laser vibrometer
setup. The structure is attached to a rigid frame fixed to a shaking table as shown
in Figure 4.9] left. A periodic chirp excitation of the table with frequency changing
from 1 Hz to 2.1 Hz in a time of 128 s was imposed. Three peaks were observed, but
the phase data was too noisy to be certain that the peaks corresponding to natural
vibration modes. As a result, we proceed with another experiment to confirm the
peaks to be mode shapes.

An OptiTrack motion capture system with a network of four cameras at 120 Hz was
used to capture the time history of vibrations. The strucre was lightly tapped to excite
it. For example, modes-1 and 2 were excited by tapping in phase adjacent vertices.

A similar technique was applied to excite the in-plane twisting mode 3. The fourth
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Figure 4.9: Vibrometer experimental setup (left), velocity and phase measurements
(right).

mode was excited by moving two opposing vertices out of plane upwards and other
downwards. Discrete Fourier transform of the time data were used to identify the
major frequency content and compare them with the previous experiment. There is
good agreement in results for both experiments (table d.2). These results show that
the structure is slightly softer compared to Abaqus model, for e.g. the first mode as
measured from experiments appears at 1.18 Hz, in contrast to 1.4 Hz estimated by
finite element analysis(Figure [4.8a)). This likely due to the addition of extra mass of
epoxy while bonding the members to the PLA brackets. Upon adjusting the point

masses at the corners from 5 g to 7.4 g, good agreement between the experiments
and the FEA model was achieved.

Mode Abaqus Vibrometer OptiTrack

[Hz] [Hz] [Hz]
1 1.14 1.19 1.18
2 1.14 1.19 1.18
3 1.6 1.5 1.49
4 2.2 1.92 1.93

Table 4.2: Frequencies of flexible structure with fixed BC.

4.4 Design of a maneuver experiment

It is important that the flexible structure exhibits observable elastic displacements
during the maneuver. The Optitrack motion capture system is capable of position
detection within 0.2 — 0.25 mm accuracy. The elastic deformations depend on the
flexibility of the chosen structure relative to the maneuver a. A agility of @/ = 5
is selected for structure design with respect to a 4 s duration maneuver. This agility
ratio is same as the results for numerical slew maneuvers of a 10 m X 10 m SSPP

structure in Chapter[2] This helps design a maneuver duration.
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From table , the first fundamental period for the prototype structure is T,SP) =
0.84s. We can develop a minimum bound on our maneuver agility which gives a
maximum maneuver duration of 7") < 4.23s for the prototype. Once the maneuver
agility is established, an actuator able to perform the constant eigen axis smooth
polynomial maneuvers of the chosen flexible structure is designed. By changing the
gimbal angles §; over time, the actuator is able to perform a rotation maneuver about
the center of the spherical air bearing, along the direction shown in Fig. B.10[right).
The gimbal angles and the corresponding gimbal rates for a smooth polynomial
maneuver of duration of T(P) = 4 s are shown below in Figure (left,center).
The maneuver angle was selected as 10° due to constraints on air bearing range and
actuator saturation. A second maneuver of equal magnitude yet opposite direction
was performed from this extreme position to bring the orientation back to zero.
This was done so that the structure would orient itself back perpendicular to gravity.
A rest time of 7, = 5 s was introduced between the two maneuvers to observe
transient vibration. This composite maneuver is called Go-Rest-Return (GRR)

maneuver. The angle and velocity changes with time for GRR maneuver are shown
in Figure 4.10] left.

10

0 [deg]
&3]
staft-1
end-1
start-2
end-2

10 15

(=]
(S

6 ldeg/s]

!
[

0 5 10 15 nanewver direction &
Time |s]

Figure 4.10: Go-Rest-Return (GRR) smooth polynomial maneuver (left), and ma-
neuver direction relative to prototype (right).

4.4.1 Design details

A key component of a CMG is the spinning rotors. They are constrained to rotate
along their axis using ball bearings on either side with stainless-steel enclosure. The
rotor mass m,, radius r and spin velocity w can be related to the max torque output
7, from each gimbal rotor subassembly along maneuver axis in the system using the

maximum possible gimbal rate §:

1 .
Ty = Emrrzwésin(ﬁ) (4.18)
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Assuming equal torque contributions from each CMG, one can arrive at a relation-

ship between CMG parameters and the maximum maneuver acceleration 6:
4x 1, 210 (4.19)

Apart from torque requirements, the stored angular momentum should also be
sufficient for exchange with the body based on desired maneuver. When the CMG
reaches the limits of its angular momentum capability, it exhibits external or elliptic
singularities[27]. One can visualize these surfaces based on CMG array placement.
Following [62]], the outermost singular surface 4H{++++} is obtained (Figure{.T1)
for the chosen configuration. If /., is the momentum stored in each wheel, the
maximum possible momentum exchanges along the body axes B, B», B3 directions
are 3.36h,, 3.36h,,and 3.06h, respectively. These values were used to size the

CMG rotors with respect to maneuver momentum /i
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Figure 4.11: External singular surface for pyramid CMG with g = 50°.

A maneuver requiring high gimbal rates would result in larger gimbal excursions
which would increase the likelihood of the CMG reaching a singularity. For example,
the present design results in gimbal excursions within 10° as shown in Figure 4.12]
Nonetheless, a singularity-robust steering algorithm [27]] was implemented to make
sure that the solutions to Equation [2.44] exist as the singular values are close to
zero. This technique works well for internal singularities. However, external
singularities are impassable and require careful planning. In the present experiments,
singularities were prevented by minimizing the external gravity torque on the system

and performing maneuvers with momentum exchange within the surface shown in
Figure fiTT)

The CMG frame design accommodates coarse adjustments in the Center of Mass
(CoM) position in the vertical direction as shown in blue in Figure [d.13] right. Finer
adjustments were performed using slotted weights placed on each side of the CMG.

The square base of the pyramid was designed to physically restrict the in-plane
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Figure 4.12: Gimbal angle (left) and rate (right) solution for pyramid CMG.

rotations through contact with the air bearing pedestal. The prototype placed on the
air bearing can perform complete 360° rotations about the B3 axis perpendicular to
the table, and in-plane rotations ranging from +21° upto +30°, depending on height
adjustment of the assembly, before the square base comes in contact with the air
bearing pedestal (Figure[d.13] left). Table[4.3]gives a summary of the manufactured

design.

Slipring

Rotor

Air bearing

Pedestal 4 Vs X
o L

Square base — ‘

Figure 4.13: Schematic of prototype on air bearing (left) and, assembled truss (right)
with adjustable points shown in red for performing center of mass adjustments along
Bs.

4.5 Experimental procedure

The designed flexible structure was attached to the CMG at four points using 3D
printed PLA brackets. The assembly was then placed on the air bearing powered
with a 45 psi compressed air line. The whole system was balanced by positioning

slotted weights on all four sides. This was followed by careful placement of three
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Table 4.3: CMG prototype details.

Property Value Units
Total mass 5.2 Kg
Dimensions 0.43 x 0.43 x 0.29 m
Total inertia diag(0.1085, 0.1038, 0.144)  kg-m?
Rotor inertia about spin axis 2.374E—4 kg-m?
Pyramid skew angle (3) 50 degrees
Rotor nominal spin velocity 2000 RPM

support blocks at the bottom of the assembly restricting the movement relative to
the surface of the table. Once the wheels reached the desired RPM, the support
blocks were carefully removed. The closed loop control was activated relative to
the quaternion at this orientation (gravitationally stable point). The advantages of
using the gravitational equilibrium point (trim state) for closed-loop are two fold.
Firstly, it saves control effort during non maneuver times, which leads to delayed
occurrence of singularities. Secondly, it desensitizes the effect of error in mounting

of the Inertial Measurement Unit (IMU) sensor on maneuver dynamics.

Four OptiTrack motion capture cameras were placed above the structure, looking
down to have line of sight at all times. For the purpose of measurements, a body
fixed cartesian coordinate system B was placed on the CMG such that the By axis
is along the maneuver axis, see Figure .14} Position measurements are performed
in a global cartesian coordinate system O, calibrated to have O3 along the local
gravity. The maneuvers were planned with a change in angle A0 = 10°in7T =4s
according to the smooth polynomial. After the first maneuver had been completed,
the CMG was commanded to hold the same orientation for 7, = 5 s. Finally,
it was reorientated back by the same polynomial to its original configuration and

commanded to stabilize.

A control law was developed for closed loop quaternion trajectory tracking in attitude

by constructing error dynamics of the spacecraft attitude as a second order system:

7 =1Q4 + I[Q4]xQ + [Q]IQ — (Kppe + K, (Q - Qy)) (4.20)
K, € Mixa, Ky € Mags 4.21)

where []x represents skew symmetric tensor of the vector inside. The error in the
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Figure 4.14: Experimental set up of CMG with the flexible structure.

quaternion state p, relative to desired quaterion p, given by:

P4 p3 —p2 —Pi1||Pdl

* —P3 P4 Pi P2 | |Paz
Pe=pPa®p = 4.22)

p2 p1 p4  p3||pas

P1 P2 P3  pa||pas

where ()* represents quaternion conjugate and () ® () represents quaternion product.
Quaternions p, p., pq € H follow the right-handed Hamiltonian convention[23]].
The quaternion p defines a passive rotation from the local (body fixed) to global
(inertial) frame for the CMG hub. It is important to note that the control law does
not contain any terms related to strain or strain rates in the flexible structure over
time and is purely controlled from the orientation of the central rigid body or CMG
hub.

4.6 Experimental results for smooth polynomial maneuvers

The orientation of the CMG was measured as a function of time, comparing the Opti-
Track measurements (absolute truth) with micro-controller values. Since quaternion
data lacks intuitive insight, they were converted into a vector-angle [n, ¢] combi-
nation to present the transformation from body frame to inertial frame. This vector
angle pair is the Rodriguez parameter notation[50]. A maximum positional error of

0.15 mm was achieved during the OptiTrack system calibration.

Tracking was performed throughout the maneuver with the control law. The state es-
timation with the micro-controller shows an attitude error within [y — /4| nax = 0.4°
in all three directions combined (Figure left). However, from the OptiTrack
measurements, this value was 1.33° (Figure right). This minor inconsistency

in the orientation error is explained by the limitations in the estimation algorithm
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and the lack of magnetometer sensor in the IMU chip. We used the Madgwick
algorithm[61] to filter and apply sensor fusion from gyro sensor and accelerometer

sensor at 250 Hz sampling.
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Figure 4.15: Rodrigues parameters from Madgwick filter (left) and absolute truth
(right).

The excitations in the flexible structure during the maneuver was studied. The elastic
displacements Ax‘®) were calculated in the body frame B for side mid point and
corner point as shown in Figure #.14] The pure quaternion corresponding to the
position of a point in inertial frame O is X () € H,

A

<0
X = le(0>||] (4.23)

0

The position relative to CMG fixed frame B is given by
B =[p'eXepls (4.24)

Finally, elastic displacements need to be computed relative to the configuration at

the beginning of the maneuver

AxB) = x(B)(t =0) - x(B)(t) (4.25)

As seen in Figure 4.16, in-plane oscillations AxiB) and AxéB) are limited to 1 mm
w.r.t to the CMG fixed frame.

The out of plane component AxéB) is rather interesting. Apart from the small period
small amplitude oscillations, it shows a static component of deflection as well. This
can be observed at the end of the first polynomial maneuver where the out of plane
elastic displacements reach 10 mm and around 1.8 mm peak-to-peak post maneuver

excluding the DC component for both the locations on the structure.
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Figure 4.16: Elastic displacements for side mid point (left) and corner point (right).

A Discrete Fast Fourier Transform of the elastic displacements was used to establish
dominant frequencies from the time data. Two major peaks were observed, one at
1.26 Hz and other at 1.611 Hz. Both are higher than their corresponding counterparts
from the vibration table experiments, i.e. 1.18 Hz and 1.45 Hz. This is explainable
in terms of change in boundary conditions, with a floating root i.e. rotations free yet

translations fixed in these spherical air bearing tests as compared to the fixed root

in the vibrometer experiments.

Spatially, at side mid point and corner point, the elastic displacements in the fre-

quency domain are quite similar as shown in Figure They both exhibit same
peak frequencies except for Ang) , where the corner point has an additional peak at

1.61 Hz.
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Figure 4.17: Fourier Transform of elastic displacements in body frame for side mid
point (left) and corner point (right).

4.7 Experiments with reduced excitations

Input shaping technique with two impulses is utilized to get new polynomial ma-
neuvers as discussed in Section 2.2.3] For demonstrating input shaping in the
experiments, a slightly more aggressive polynomial acceleration with A@ = 10° and
T =2 s was chosen, to facilitate the observations of the elastic displacements of the
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structure

A1 =0507 ; /=0 (4.26)
A =0492 ; 1, =0.789 (4.27)

Input-shaped maneuver plots are shown in Figure[d.T8| All derivatives up to the jerk
6 exhibit piecewise continuity. The only penalty is the additional increase in time
of maneuver from AT =2 sto AT =2+, =2.789 s.
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Figure 4.18: Resulting maneuver jerk, velocity and angle from input shaping accel-
eration.

4.7.1 Results

The elastic deformation in the case of the 2 s maneuver is higher than the 4 s
maneuver at all locations. For example, for the mid-point on the side, the out-
of-plane oscillations Ang) without the DC component increases from 1.8 mm
(Figure [4.16)) to 5.89 mm peak-to-peak as shown in Figure d.19] However, after the
application of input shaping to the baseline maneuver, the same oscillations reduce
to 1.15 mm within 4 s post maneuver and 0.47 mm in the next 4 s (Figure [4.20). An
interesting observation is that the elastic deformation magnitude along the maneuver
axis remains unaffected by this technique, at least in the experiments. A comparison
between elastic displacements in the frequency domain for the two polynomial GRR
maneuver and the input-shaped polynomial maneuver is shown through Figures
and §.22|respectively. A reduction of amplitude of the frequency peak for out of
plane deformation Ang) is observed, which is evidence of vibration suppression for
that mode.
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Figure 4.19: Elastic displacements for side mid point with seventh degree smooth
polynomial maneuver.
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Figure 4.20: Elastic displacements for side mid point with input shaped polynomial
maneuver.

The maximum pointing error for the aggressive 2 s polynomial maneuver is 3.03°,
which is worse than its 4 s counterpart. A high pointing error of 3.39° is observed
in the input shaped maneuver as well. This is due to the limitations of the current
Inertial Measurement Unit (IMU) chip MPU6050 which lacks magnetometer sensor,
which provides rather poor estimation along body axis B3. The accelerometer data
is not reliable for estimating rotations along B3 axis, which forces the control to rely
heavily on the gyro sensor in the algorithm, especially in case of dynamically slow
events, which eventually results in small errors in state estimation due to inherent

drift in these sensors.
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In a further extension of the study above, slightly incorrect variants of shaped
maneuvers were performed to understand the effects due to model uncertainty. The
target frequency for input shaping is changed to 1% and 5% of the original value
in two separate experiments. The elastic out of plane deformations on the side
mid points were observed to be 3.28 mm and 5.79 mm respectively peak-to-peak.
A formal way of comparing the effectiveness of input shaping is to plot residual
vibrations as a function of uncertainty as originally shown by Singer et. al.[43]]. A

similar version of this plot is shown in Figure [4.23]
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Figure 4.21: Fourier Transform of elastic displacements for side mid point with
seventh degree smooth polynomial maneuver.
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Figure 4.22: Fourier Transform of elastic displacements for side mid point with
input shaped polynomial maneuver.
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Figure 4.23: Sensitivity of experimental residual vibrations to modeling errors in
terms of frequency uncertainty and their comparison to theoretical two impulse
sensitivity[43].

4.8 Discussion

This chapter has presented the experimental results of closed-loop smooth slew ma-
neuvers performed on a flexible structure with an in-house pyramid CMG. Flexible
structure strains were not utilized for closing the loop, but only central body orien-
tation and angular rate estimations were used to perform tracking in attitude. A 10°
smooth polynomial maneuver with 4 s maneuver time is performed within the mea-
sured 1.33° combined error in all directions. The measured elastic displacements
and the their frequency content provide information of the modes excited during the
maneuver. These results could be utilized to improve mathematical models in future

studies.

With the second set of experiments, the results for maneuvers modified for vibration
suppression are presented, observing significant reduction in elastic deformation of
a continuous system by input shaping of the original maneuver accounting for only
one mode. Based on the experimental application of this technique, it seems to be
ineffective in reducing excitation in the structure along the direction of the maneuver
axis. However, apart from this limitation, if applied with correct model information,
input shaping is demonstrated to be strong candidate for reducing flexible structure

excitation in out of plane direction with little impact on attitude error.

Another limitation based on the construction of ZV input shaping is its sensitivity to
modeling errors. Very large spacecraft structures are difficult to test in their deployed

configuration and show uncertainty in terms of mode shapes and frequency relative
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to their respective finite element models. And hence, data-driven methods of system
identification on board appear to be an attractive solution for this problem and its

implementation is discussed in Chapter 3
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Chapter 5

DATA-BASED SYSTEM IDENTIFICATION EXPERIMENTS
FOR OPTIMAL SLEW MANEUVERS

The purpose of this chapter is to demonstrate the nonlinear system identification
framework extension based on DMDc discussed in Chapter [3] which can enable
discovery of new maneuvers that not only are agile (o < 10) but also decrease the
residual vibrations in the system without accurate knowledge of the dynamic prop-
erties. The discussion begins with the proposed reduced order model (Section [3.2))
applied to a numerical model of the experimental CMG-flexible structure system
similar to formulation developed in Section [2.3] The intention is to identify the
system dynamics from this numerical model via time discrete data to re-validate the
chosen technique with numerical model of a smaller scale 1 m. This is followed
by an optimization formulation to explore better maneuvers. Compared to the input
shaping technique discussed in Subsection[2.2.3] the proposed system identification
framework addresses many different kinds of requirements whether it is reducing
hub oscillations, or residual elastic deformations, or peak deformation during the

maneuver etc.

Once successful optimization is achieved within the numerical model, the same
technique is deployed in the CMG-flexible body experiment described in Chapter 4]
First set of experiments involve disturbing the closed-loop system and correspond-
ing ROM fitted using the measurements and inputs. This is followed by offline
optimization subject to the ROM obtained. And finally, these candidate optimal
maneuvers are applied in the experimental setup and deformation measured and

compared to the seventh degree zero-jerk polynomial baseline response.

5.1 Validation of identification methodology through flexible body-CMG nu-
merical model

Traditionally, DMDc method is developed to analyze measurement data collected

from complex systems where closed loop force has been applied during the observa-

tion period. However, in our system to develop sufficiency of excitation, we utilize

an external disturbance source other than the CMG i.e. tapping the structure at a

point to excite structural modes. We perform CMG-flexible structure stabilization

in our numerical model with respect to a single reference orientation.
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For better disambiguation between the dynamics and the control, we choose special
conditions for our numerical experiment by combining both open-loop phase and
a closed loop phase. Open loop at the beginning helps identify the matrix A by
the algorithm without any control from the CMG. A time of 10 s after the tapping

excitation is chosen for open loop period and then the closed-loop begins.

We observe elastic the deformations Ax of the 12 different points on the structure
relative to the hub fixed body frame highlighted in orange in Figure[5.1] hub angular
velocities €, and hub quaternion pj, to form linear measurements. The nonlinear
observables comprise of cross term between angular velocity and angular momen-
tum of the actuator Q;, X H,, quadratic angular velocities at hub Q,, and quadratic
quaternion at hub pj (see Section [3.2). The corresponding CMG actuator angular
momentum time derivative H, at discrete times forms the input snapshot matrix I'.
The linear observables Y, input snapshot matrix I' and the non linear observables

combined together to form the augmented snapshot matrix S.

i < 7
| N\
/ N

Figure 5.1: Prototype structure (1.2 m X 1.2 m) with disturbance location F (left),
observation points on the structure (right).

As mentioned before following non linear reduced order model will be utilized for

system identification

Y
r
Y = |Ana Bug Pus Que Ruxio| [QxH [ 2GS (.o
Qy
Ph
Ax
y = M . T=H, (5.1b)
Q)
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Gravity is not considered for these numerical experiments. Excitation is applied us-
ing gentle tapping in the experiment which could be equivalent to an attitude thruster
firing. Only the data corresponding to post excitation is utilized for developing an

ROM. The tapping disturbance is assumed to be a gaussian pulse:

A, _0?
P(t) = e 202 ; 30=05s, A, =0.1 5.2)
oVN2r

5.1.1 ROM results - reconstruction

The truncated singular values are shown in Figure 5.2] The measurement-input
augmented matrix has higher threshhold than the measurement snapshot matrix.
Reconstructed hub angles and elastic displacements are shown in Figure [5.3] and
respectively. The algorithm works well for both the open-loop(r < 10) and
closed-loop(t > 10) phases of the simulation.

—e— [measurement, input
1021 —4— [measurement|

100 L

Singular value

1072

0 10 20 30 40 50
ID

Figure 5.2: Reconstruction of hub root angles.
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Figure 5.3: Reconstruction of hub root angles.
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Figure 5.4: Reconstruction of elastic displacements of side mid points.

The estimated matrices for the ROM is shown in Figure[5.5] The measurements are
arranged in an order spatially varying from edge of the structure towards the center

or hub which is oberservable as larger values of a;; towards top left of the A matrix.

A B M . .
v Side mid pts Ax
0.08
o . . 006 10 Corner pts Ax
0.04 . .
% ad 002 g Diagonal mid pts Ax
e L ! CMG momentum H,
30 30 .
0ot measurement = Hub velocity €,
-0.06
40 005 40 = p Hub angles 6,
10020 30 40 123 Cross term Q, X H,
P x x . . =
Y Q _ o Quadratic hub velocity €,
3 3
10 | T | R | Quadratic hub quaternion pj |
= = &
20 — 20 = o
30 130 1 input = CMG mom deriv dH, /0t
2 )
40 40
-3 3
123 246

Figure 5.5: Estimated matrices.
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5.1.2 ROM results - prediction

This ROM defined by matrices A, B, P and Q is then used for prediction with inputs
corresponding to the baseline seventh degree polynomial slew maneuver about axis-
1. Then, the results are compared with the behavior obtained from a full fidelity

numerical model.

10 -
—0; - -
— —0y - - 1y
o0
= 03 Ps3
z 5¢
)
=
<
0l— ‘ a
0 4 6

Time [s]

Figure 5.6: Hub root angles for a seventh degree smooth polynomial maneuver input
torque. The ROM (solid) predicts well as compared to full fidelity model(dashed).

The hub angles are very well predicted by this ROM as shown in Figure [5.6
However, the ROM struggles to capture all elastic displacements. For example
at side mid points on the structure, ROM underpredicts the magnitude of these
elastic displacements but captures the oscillatory behavior post maneuver as shown
in Figure as compared to the results from the full fidelity numerical model as
shown in Figure This inconsistency is overlooked for now and the ROM is used

to explore optimal maneuvers next.
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Figure 5.7: Elastic displacements at four points on the structure on the middle of
each side as predicted by ROM.

5.1.3 ROM results - optimization
The baseline for slew maneuver experiments, the seventh degree polynomial P’

defined in Subsection [2.2.1]is used as a reference to compare results.

0.02

0.01}

0

Ha [N'm]

-0.01 |

-0.02
0

Time [s]

Figure 5.8: CMG angular momentum derivative resulting from optimization on
ROM shown in solid lines, compared to baseline seventh degree polynomial based
curve in dashed lines.
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Figure 5.9: Hub root angles from full numerical model (absolute truth). Baseline
torque (dashed) and optimal polynomial torque (solid).
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Figure 5.10: Elastic displacements at side mid points from full numerical model
(absolute truth). Baseline torque (dashed) and optimal polynomial torque (solid).
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Figure 5.11: Peak modal amplitudes post maneuver with baseline torque (left) and
optimal polynomial torque (right).

5.2 Nonlinear DMDc for experiments

Experimental identification is done similar to numerical model identification, with
tapping excitation. Two different identification experiments were performed with
different tapping locations as shown in Figure [5.12] left. A combination of open-
loop, closed-loop experiment was not performed because of the restrictions on

in-plane-rotation angles of the air bearing.

maneuver
—"—'2 Os axis

1 »O / . \
/ N\

Figure 5.12: Prototype structure (1.2 m X 1.2 m) with disturbance locations E and
F (left), observation points on the structure (right).

Experiments on ground are slightly different from attitude maneuvers in space. This

is due to the presence of gravitational torque on the system. Several advances in
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gravitational compensation for attitude experiments have been discussed in [37] and
[38]]. The current hardware setup utilizes combination of adjustable truss and slotted
weights for minimizing the distance between Center-Of-Mass(COM) and Center-
Of-Rotation(COR) as shown in Figure 4.13] right. However, there is still a small
offset || Xcom — Xcorll = 0.1 mm = Ty = 20 s time period of air-bearing/CMG
system is present which is a limitation of balancing technique and compensation
procedure. This means that gravitational torque oscillates zero-peak-zero values
from equilibrium orientation to extreme tilts and back with this time period 7;. To
make sure that this is accounted for, the ROM with p basis as a nonlinear observable

is required (see Section [3.2).

5.2.1 Identification results from tapping at root of the structure

The closed loop angles and angular velocities as measured from the OptiTrack
system are shown in Figure[5.13] left and right respectively. Only a single stack of
measurement vector is selected to capture the behavior in the CMG/flexible structure
system due to noisy measurements of CMG angular momentum H, from the micro-
controller. Measurements are started at the peak value in the hub angle, when the
closed-loop torque from the CMG starts to kick in. The singular value thresholds for

measurement, input augmented matrix and shifted measurement matrix are shown
in Figure[5.14}

. 6 :
4 ] —o0u|] 7 i —h
| —h. w i 0.
EO‘ i zg o . 4 1 gl
E‘ 2 L i 31 8 3
g : 2
?::D 0 . i‘% -*"“-\.\_\’/\’__" E [
<X M go 0 I}\‘M} :\W‘M’W"”" 2 M
& |
-9 2 < -2 :
0 20 40 0 20 40
Time [s] Time |s]

Figure 5.13: Hub angles and angular velocities due to tapping excitation.
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Figure 5.14: Singular values.

Experimental hub quaternion and the corresponding reconstructed components are
shown in Figure with exceptional performance. However, the algorithm results
in partial reconstruction of the elastic deformations at the side mid points in the
structure as shown in Figure [5.16] The oscillations are captured but the magnitude
is underestimated for elastic displacements for long time horizon. This could be
improved by utilizing by performing measurements with noise improvement and

multiple stacking of measurement vector as augmented state.
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Figure 5.15: Reconstruction of hub root angles.

The estimated matrices for the ROM are shown in Figure[5.17] Similar to results for
10 m spacecraft (Figure[3.5]), Matrix A is observed to have three diagonals be higher
magnitude than the rest of the elements. This indicates that elastic displacements
update on a point is predominantly dependent on the displacements of at least one
other point on the structure. Moreover, higher values in several columns at the
end of matrix A suggests strong dependency on CMG angular momentum H,, hub
angular velocity €, and hub orientation quaternion pj. A low magnitude in matrix
P suggests small state-input coupling Q; X H, between hub angular velocity €,

and CMG angular momentum H,. Similarly, magnitude of components in matrix
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Q points to a small nonlinearity in the dynamics due to Coriolis torque [ X €.
Higher values in matrix R means that the gravitational torque is still affecting the
the dynamics which explains the DC component in elastic displacements. Within
matrix R, higher values in columns four (p4p) and six (p,p4) representing the basis

p (see Equation [3.19) is explained by a higher out-of-plane component of the COM
r3. (See Equation [3.17b).
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Figure 5.16: Reconstruction of elastic displacements of side mid points.
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Figure 5.17: Estimated matrices with tapping at root of the structure.

5.2.2 Identification results from tapping at edge of the structure

This identification method results in more vibration modes visible in the data and
smaller disturbance in Hub angles as compared to the previous identification mea-
surements. The closed loop angles and angular velocities as shown in Figure [5.18§]
left and right respectively, have higher frequency content as compared to tapping at
root (Figure [5.13). Measurements are started slightly after the tapping, when the
closed-loop torque from the CMG starts to kick in. Singular value thresholds for

measurement, input augmented matrix and shifted measurement matrix are shown
in Figure[5.19|

Experimental hub quaternion and the corresponding reconstructed components are
shown in Figure[5.20] with exceptional performance. However, the algorithm results
in partial reconstruction of the elastic deformations at the side mid points in the
structure as shown in Figure 5.21] The frequencies are well matched but the

amplitudes become incorrect at a later time in the training data.

The estimated matrices for the ROM are shown in Figure[5.22] Matrix A is observed

to have higher values in several columns at the end, suggesting strong dependency
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Figure 5.18: Hub angles and angular velocities due to tapping excitation.
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Figure 5.20: Reconstruction of hub root angles.

on CMG angular momentum H,, hub angular velocity €, and hub orientation
quaternion pj,. A low magnitude in matrix P suggests small state-input coupling €, X
H, between hub angular velocity ;, and CMG angular momentum H,. Similarly,
magnitude of components in matrix Q points to a small nonlinearity in the dynamics
due to Coriolis torque 7 X IQ. Higher values in matrix R means that the gravitational
torque is still affecting the the dynamics which explains the DC component in elastic
displacements. Within matrix R, higher values in columns four p4p; and six pap4

representing the basis p (see Equation [3.19]is explained by a higher out-of-plane
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Figure 5.21: Reconstruction of elastic displacements of side mid points.

component of the COM r3, (see Equation [3.170).

5.3 Maneuver optimization on experimental ROM and prediction results

The baseline for slew maneuver experiments, the seventh degree polynomial P’
defined in Subsection [2.2.1] is used as a reference to compare results. A ninth
degree polynomial is used to address residual deformation reduction in the flexible
structure. Similar to Section |3} a special case is considered where [4, 8] = [0, 0]
and the post maneuver requirements are to minimize the residual deformation in the

flexible structure (second term in the post terms in Equation [3.34).

The algorithm in Section [3.3]is applied to the reduced order model as estimated
in Subsections [5.2.1]and [5.2.2l The resulting optimal inputs (solid) in the form
of actuator angular momentum for system identification with root disturbance (Fig-
ure[5.23] left) and edge disturbance (Figure[5.23] right) are compared with baseline

seventh degree polynomial solution (dashed).

Corresponding hub angle comparison as predicted by ROM is shown in Figure[5.24]
with resulting optimized maneuver exhibiting a slightly slower angle change in the
first half and a faster variation in time in the second half in both these candidates.
Elastic displacements as predicted by ROM are compared between the optimal
(solid) and baseline (dashed) maneuver excitations at a single point on the middle of

a side on the structure in Figure[5.25] Optimal maneuvers show better performance



78

A B P
- = 600 s
10 s B 50 10 400 10 el 110
H — 200 =\
20 s o 20 — o 20 =
30 : F, 30 : -20030 — -5
= 50— -400 =10
40 40 -60040 -15
10 20 30 40 12 3 1 2 3
Q R
20 150
10 == 20 10 = 100
— 10 — 50
20 —_— o 20 — 0
30 e = 50
20 100
40 -3040 -150
2 4 6 2 4 6 8 10

Figure 5.22: Estimated matrices with tapping at edge of the structure.

in significantly decreasing residual excitations for same duration baseline maneuver
in ROM predictions. The magnitude of predicted displacement is accurate by the
first candidate (Figure [5.25] left).

0.02
0.02
0.01
= 0.01 =
Z o Z 0
%001 001
-0.02 0,02
0
Time s Time 3]

Figure 5.23: Momentum derivative candidates #1(left) and #2(right) from optimiza-
tion with ROM based on experimental identification.

5.4 Experimental optimal slew maneuver results

These maneuvers are then selected to perform in the actual CMG experiment proto-
type and structural response measured. A comparison of results using the candidate
maneuver #1 and #2 in the form of elastic displacement at a corner point in the
structure is shown in Figures [5.26] and , left and right respectively in solid
lines. When compared to the baseline seventh degree maneuver in dashed line, both
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Figure 5.24: ROM hub angle predictions from candidates #1(left) and #2(right)
shown in solid relative to baseline polynomial prediction in dashed lines.
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Figure 5.25: ROM elastic displacement prediction at a single side mid point from
candidates #1(left) and #2(right) shown in solid relative to baseline polynomial
prediction in dashed lines.

these candidates show promising reduction in residual vibrations in direction 2 and
3. Similar to input shaped maneuvers, peak vibrations in direction 1 are unchanged

excluding the DC component.

In the case of side mid point on the structure, both optimal maneuver candidates do
not show any decrease or increase in the residual excitations as seen in Figures[5.2§]|
and

5.5 Discussion

This chapter has presented results of the novel identification technique developed
in Chapter [3] when applied to the experimental slew maneuver apparatus developed
in Chapter f] CMG/flexible structure system in closed-loop is provided a torque
impulse by gentle tapping at a location and measurements performed some time
after the tapping. Two Reduced-Order-Models(ROMs) are obtained in two separate
experiments with change being the disturbance location, i.e. root vs. edge. Both
these models successfully reconstruct the structural response within the training
data. ROM established with root disturbance performed better for predictions

in terms of hub angle prediction and magnitude of elastic deformations in the



80

optimal |4
baseline

10
optimal
baseline ||

10

10 T

— optimal

g
o 0 |
S

8

q 10+ i

0 2 4 6 8 10

Time [s]

Figure 5.26: Experimental elastic displacements at a single corner point with torque
candidates #1 shown in solid relative to baseline polynomial excitation in dashed
lines.

structure. Maneuver optimization is performed in each of the two ROMs and this
results in two vibration optimal maneuver candidates. Both these candidates show
a promising of 60-70% reduction in elastic deformation. This is less affective as
compared to input-shaped maneuver with 80% reduction in Chapter @ Another
observation in the structural response from both the optimized maneuvers is limited
time vibration supression. After about 4 s post maneuver, the elastic displacements
begin to increase and reach a value similar to baseline maneuver response. This is

undesirable and could be happening due to the following reasons.

* Spillover: Proposed DMDc considers only the modes excited during tapping.
Higher order modes can make the system unstable in long term. Often the

structural damping suppresses this phenomenon automatically but not always.
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Figure 5.27: Experimental elastic displacements at a single corner point with torque
candidates #2 shown in solid relative to baseline polynomial excitation in dashed
lines.

This has been pointed out as one of the major issues in active control of large

space structures[63] suggesting nonlinear control strategies [64] and [65]].

* Observability/Controllability loss due to repeated eigenvalues: Symmetric
observation points can lead to loss of controllability. Detailed conditions are
discussed in [66]. Moreover, modes captured during identification have very
little overlap between their observability and controllability gramians leading
to unbalance identification[l67, Ch 9].

 Simplified basis for optimal maneuvers: The ninth-degree polynomial in
Sec[2.2.2] provides a simplest basis with two degrees of freedom to shape the
polynomial for optimization purposes. It is certainly possible that this is not

enough for suppressing higher modes.
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Figure 5.28: Experimental elastic displacements at a single side mid point with
torque candidate #1 shown in solid relative to baseline polynomial excitation in
dashed lines.

Regardless of these observations, the data-driven methodology has its strength in
not requiring any assumption of the dominant mode shapes or frequencies. With
future research towards the directions mentioned above, it is certainly applicable to

real-world structures with uncertainties in stiffness and damping.
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Figure 5.29: Experimental elastic displacements at a single side mid point with
torque candidate #2 shown in solid relative to baseline polynomial excitation in
dashed lines.
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Chapter 6

NEW ACTUATOR CONCEPT FOR ULTRALIGHT SPACECRAFT

This chapter presents the design of a novel orientation control actuator for SSPS
architecture of size 10 m x 10 m. The work presented is motivated by utlizing
the existing volume on the spacecraft for attitude actuator capability. Components
of the SSPP deployment mechanism DOLCEJS] are used for this purpose. Anal-
ysis on sizing of the actuator is presented. This is followed by optimization of
maneuver execution with regards to prevention of geometrical interferences and
ensuring repeatability as required by the periodic maneuvers in the power optimal
guidance[10]. Finally, closed-loop control strategy is motivated based on sensitivity

studies performed in the open-loop control.

6.1 A new momentum control device

With the onset of large aperture spacecraft, attitude actuators need to be inno-
vative and efficient. For example momentum flap on JWST telescope allows for
counterbalance[68]] of solar pressure from sun-shield, saving significant amount of
propellant for the additional trim torque throughout mission life. Mass translators
and reflectivity control devices on ACS3 spacecraft enable redundancy in control
strategies [69]. The International Space Station (ISS) is controlled by CMGs[50,
Ch-7], which are custom-designed for high-inertia applications. It has four parallel-
mounted double-gimbal CMGs. Rotors have an RPM of 6600 with total angular
momentum of 3500 ft-1b-s or 4745 N-m-s each about its spin axis. This value is a

full order of magnitude higher compared to 100 N-m-s available commercially.

The work in this chapter uses the inverse dynamics of rigid spacecraft as developed
in Chapter 2] to design a novel momentum actuator design governed by the seventh
degree polynomial slew maneuver (Subsection [2.2.T)). It has been shown that these
maneuvers have several benefits compared to more traditional minimum time bang-
bang maneuvers. Especially for a rigid/flexible body system with low damping,
these maneuvers are effective in achieving less angular velocities in the residual
vibrations [9, Section 3]. For the purpose of the work presented in this chapter, a
maneuver with duration 7 = 16 s (o = 5) and angle change of A6 = 90° (Figure[6.1)

is selected.
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Figure 6.1: Smooth polynomial maneuver with 90° angle change in 16 s.

For the SSPS architecture, we estimate momentum requirements by a scaling study
for different spacecraft sizes assuming a planar architecture with areal density 0.1
kg/m? [4]. We utilize peak angular velocities within the seventh-degree zero-jerk
smooth polynomial maneuver[9] to estimate the maximum momentum exchange
required. Different time duration of maneuvers relative to the spacecraft flexibility
can change the required peak angular momentum. Maneuvers ranging from highly
agile (@ = 5) to relatively slower maneuver (¢ = 20) are considered. We use
frequency of the flexible spacecraft from previous work[6] (Figure [6.2] top) to

define agility relative to the maneuver duration.

Spacecraft of different sizes are considered ranging from 10 m to 60 m. Peak torque
and peak angular momentum required for four different maneuvers of increasing
agility are plotted in Figure [6.2] mid and bottom respectively. Spacecraft larger
than 30 m x 30 m in size requires angular momentum above 100 Nms even for
relatively slow state of the art maneuvers with @ = 20 as shown in Figure [6.2]
bottom. Moreover, the target size of 60 m SSPP requires two to three orders of
magnitude higher angular momentum than 10 m spacecraft. All these observations

motivate our need to design a custom momentum exchange actuator.

The main goal of this chapter is to present a preliminary design of a momentum
control device integrated with the existing deployment mechanism for the structure.
Momentum device design is presented, followed by the governing equations of
motion for the designed configuration. Next, we focus on actuator sizing based on
selected maneuver requirements, assuming a rigid spacecraft with details shown

in Table Due to the system being over-actuated, there exist infinitely many
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Figure 6.2: Fundamental frequency of SSPS structure FE model[6] (top), Torque
required (middle), Momentum required at different & (bottom).

solutions to perform a single maneuver. This behavior is exploited by performing
optimization on the solutions to develop efficient actuation of the device. Once the
design is selected, we combine the developed framework with a local sensitivity
analysis to understand the effect of parameters on spacecraft dynamics. Based on
these studies, we then present results of rigid spacecraft maneuvers using the closed-

loop quaternion feedback scheme developed in Section[2.4]based on inverse control.
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Quantity Magnitude Units

Loy 172.1 kgm?
Iyy 86.5 kgm?
1. 86.5 kgm?
D 10 m

Table 6.1: Spacecraft parameters.

6.2 Mechanism concept

In the present work, we propose to develop an SGCMG cluster using components
from the DOLCE deployment mechanism[8] itself. In the previous work, the
cylinders act as a central support for the pressure wrapped structure and while
deployment hold the folded strips at a higher strain energy state. Once deployed,
these cylinders release the pressure wrapped structure which then achieves the flat
deployed shape. However, once the deployment is over, these cylinders remain

functionally inactive and become a dead mass.

The present work proposes an idea to add high inertia rotors in these cylinders
thereby creating multi-functionality. These rotor components can spin about their
individual axes to store angular momentum. These spin axes can be controlled
independently using high torque motors. With four inputs in cylinder orientation,
control of three rotational degrees of freedom of the spacecraft is achieved. A sketch
of the idea is shown in Figure[6.3]

rotor with

structure ; inertia

high torque
motor

Figure 6.3: SSPS momentum control device with the spacecraft structure stowed.

6.2.1 System description and equations of motion

Consider a 10 m x 10 m SSPS architecture with the satellite hub at the center of
the structure (Figure [6.5). For the purpose of designing the attitude control device,
the whole hub-structure combination is considered rigid body with inertia tensor I

and angular momentum H. One can define a body fixed Cartesian coordinate frame
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Figure 6.4: SSPS momentum control device with structure deployed and attitude
control functionality active.

B at the center of mass of the spacecraft with B and B3 along the eigenaxes in
plane and B; along the normal as shown in Figure [6.5] Consider another frame
O coincident with frame B at time t=0 but is fixed to an inertial observer. Mo-
mentum device will have four cylinders spinning about their independent axes s;
determined by two angles (i, ;). These axes can be independently controlled via
high torque motors in the base of the mechanism. Each cylinder is assumed solid
with inertia tensor with respect to a coordinate frame located at one of its ends as

. ML2+3R> ML2+3R*> MR>
J:d’ag( 2z 12 2

used to estimated stored angular momentum while the other components are re-

). Inertia components about the spin axes are

quired to estimate the torque input in the high torque motors. Maneuver 6(z) about

B is achieved using independent motion of the cylinders as shown in Figure[6.3]

cylinders —— ?%jj,ii:;,
i

)

10m

spacecraft hub

Figure 6.5: Momentum control device nomenclature.

The total angular momentum of the closed system is sum of angular momentum of

spacecraft with structure plus that of the momentum device actuator
Hr = [I]Q+ H, (6.1)

where, € is the angular velocity of rigid spacecraft/structure combination. If each
rotor is spinning with the same angular velocity w, one can write the total angular

momentum stored in the momentum device actuator based on gimbal angle of each
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cylinder ¢; as follows:

sin(61) sin(d2)  sin(03) sin(dy4)
H, = |cos(51) 0 —cos(63) 0 h, = [B]h, (6.2)
0 cos(87) 0 —cos(64)

where h, = /330 [1, 1,1, I]T =h,[1,1,1, l]T is the vector of scalar angular momen-
tum of rotors. Matrix, [B] is called the configuration matrix. Assuming absence of

external torques, total angular momentum is conserved:

dHr

pral 0 (6.3)

Due to non-inertial rotating frame B above equation becomes,
HT+QXHT:O (64)

Using equations [6.1]/6.2]in [6.4] we can get a system of equations between spacecraft
angular velocity € and actuator torque N,

1+ Qx [1]1Q =N, (6.5)
-N, =H,+QxH, (6.6)

Time derivative of actuator angular momentum depends on the Jacobian matrix [A]

cos(61) cos(62) cos(63) cos(d4)
H, = |-sin(6)) 0 sin(83) 0 |ho  =[A]dhs (6.7)
0 —sin(87) 0 sin(d4)

Using equations [6.5] [6.6] and one can develop a solution for gimbal angles
6 € R* given the maneuver Q. The system of equations are nonlinear three ODEs

with four states being the gimbal angles. A sample solution for initial value of
8o = {45°,-45°,45°, -45°} is shown in Figure[6.6]

6.3 Design exploration
This section will include design study relevant to rotor sizing. This will be fol-
lowed by optimal selection of gimbal angle solution for the chosen design based on

geometric and periodic constraints.

6.3.1 Rotor design and sizing
Several parameters for the rotors are studied, including radius (r), mass (M), and

angular spin velocity (w) . We generate design spaces by identifying whether the
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Figure 6.6: Gimbal angle solution for 90° polynomial slew with duration 16 s.

solution for the nonlinear system of equations exists. This is achieved by numerical
integration of equations [6.5/and [6.6]

Let (r, M, w) € A c R? be the variable space constrained with possible radius,
mass and velocity of the cylinder. We can define amap S : A — {0, 1} where "1"
represents the scenario when the non linear system (Eqns [6.5]/6.6) has a solution
for the polynomial smooth maneuver 6(¢)Vt € [0,T] and "0" otherwise. It turns
out that A space has multiple design points satisfying the solution requirements i.e.
multiple design points with value "1". 10,000 designs points are explored in each
of the two dimensional design spaces. In the solution zone, input torque in the
high torque motor is calculated for each design. The peak torque required in the
cylinders (N,) to perform the maneuver is a function of radius, mass and RPM. It

will be utilized to define the optimal set A* as follows

Ng(r,M,w) = J116(t;r, M, w) (6.8)
A* = {(r*,M*,a)*) s arg (r,]{/IITi)I;eA [Ng]} (6.9)

Results

For the purpose of developing simple visualizations, only two variables are varied at
a time and the third one is kept constant. All results below are for initial angle vector
6, = 7(1,—=1,1,-1). Solution variable equals zero is defined as non convergence
at (At)min ~ 10713 in the Runge-Kutta Four solver used for numerically solving
Equations [6.5]and [6.6] Nominal cylinders are 1 m long. Results for (R, M) design

space are shown in Figures|6.7/and[6.8] We can observe a clear separation boundary
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between solution and no solution. Results for (R, w) space are shown in Figures[6.9]
and It turns out that A* or the solution boundary is not a good design point
because of the no solution risk it accompanies if the practical uncertainty is variables
is accounted for. Hence a design point (red star) is chosen away from the boundary.

Solution space sV Gimbal Torque (mNm)
0.25 1.0 0.25
10°
0.2 *
E)
2015
3 107
e
0.1
0.05 0.0 0.05 102
1 15 2 2.5 3 1 15 2 2.5 3
Mass [kg] Mass [kg]
Figure 6.7: Solution space for mass- Figure 6.8: Torque contours for mass-
radius parameters for 5000 RPM in  radius solution space for 5000 RPM in
cylinders. cylinders.
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Solution space sV
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0.2 *
)
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£
<
"
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0.05 1072
0.05 00 4000 6000 8000 10000
4000 6000 8000 10000 RPM
RPM
. . . Figure 6.10: Torque contours for
Figure 6.9: Solution space for radius- & >
. radius-RPM solution space for 2 kg
RPM parameters for 2 kg cylinder. .
cylinder.

6.3.2 Geometry-constrained maneuver execution.

The second study is focused on exploring optimal initial positions of the cylinders
based on practical requirements faced during the maneuver execution. For e.g. |,
during the maneuver, a |§;| > 90° would mean the cylinders interference with the
payloads on top/bottom of the spacecraft hub. For solution shown in Figure [6.6] at
t = 5 s, interference situation is shown in Figure [6.11] This is taken care off by

exploring initial position space (G € R*) of the cylinders.
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Figure 6.11: Interference with spacecraft components.

Finding the best initial positions of the cylinders is formulated as an optimization
problem. Pattern search optimization routine is utilized. Several design parameters
were frozen within variable space A to establish variation only over G space. 2 kg
cylinders with radius 0.2 m and length 0.5 m spinning at 5,000 RPM are considered.
Objective function to establish constrained movement of cylinders within |§;| <
0, = 90° is as follows:

Mi 0o) = Mi M o;(t 6.10
M%f 1(00) 5.¢G {iel,2,3,4;a?e[O,T]| ()l} (6.10)

Results

After 200 iterations of the algorithm, the optimal initial position vector is estimated
to be 65 = [0°,-22.8.4°,56.2°,18.0°] with f;" = 56.2°. Cylinder position profiles
for the smooth polynomial maneuver at the optimal initial position is plotted in
Figure [6.12] left. Trajectories from the optimal solutions are well constrained

within £74°.

6.3.3 Periodicity constrained maneuver execution
Another requirement in maneuver execution is repetition of same maneuver every
new pass[10]. Periodicity in the cylinder gimbal angles (6;) ensures optimal initial
positioning for the next maneuver occurrence. Based on geometry constrained
execution only, as shown in Figure [6.12] (left), noticing cylinders 2 and 4 (6, and
d4), they do not return back to their initial positions. This substantiates a need for
modification in the objective function enforcing periodicity with maneuver time 7'
as follows

Minf>(6.) = Min {iel’zé\,&?z[mléi(ﬁl +|[6(T) - 5(0)|I} (6.11)
With the updated objective function, the new optimal initial position is 0, =
[0.1°,-24.6°,56.2°, —24.6°] with f = 56.2°. Corresponding solution of gim-
bal angles is shown in Figure[6.12] right.
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Figure 6.12: Resulting cylinder solution based on only constrained movement ob-
jective fi (left) and additional peridocity enforcement f, (right).

6.4 Sensitivity studies

The purpose of this section is to understand parameter sensitivities while designing
the momentum control device. The designed system may not be perfect. First order
sensitivity analysis is performed relative to the parameters of choice. This involves
studying the effects of variations in the fixed coeflicients or boundary conditions
on the time varying states of the system. For a first order system such as the con-
trol moment gyro, one can develop sensitivity coefficient S;; by calculating partial

derivative of the system state y; with model parameter a; as per the algorithm in [70]

y(t;a) =f(y,t;a); y(0) =y.; yeR",aeR" (6.12)

The governing equations for the first-order sensitivity coefficients

181 = sl + 20

$,(0) = {1’ ifa; =yi(0) (6.14)

(6.13)

0, otherwise

where :

* S;j = 0y;/da; is the n X m sensitivity coefficient matrix
* Jij = 0fi/0y; is the n X n Jacobian matrix
A major downside of this method is that it can only provide local sensitivities. It pri-

marily focuses on understanding how our system’s behavior changes in the vicinity

of a chosen parameter configuration. Consequently it may fail to provide insight on
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how combination of parameters could lead to higher/lower sensitivities. Nonethe-
less, it is a good starting point to develop intuitive understanding of parameter

sensitivities.

One can select a variety of parameters for these studies including system inertia,
initial conditions of the spacecraft, initial angles of the cylinders, rotor size etc.
However, this chapter will discuss only the initial cylinder positions as parameters
for maneuver sensitivity i.e. a = [01(0), 62(0), 93(0), 54(0)]. With this choice, we
want to understand the implications of error in initial cylinder orientations (5(0))
onto the maneuver dynamics of the spacecraft undergoing the smooth polynomial
maneuver 6(¢). Assume that gimbal angle solution for no error in initial value is
0, (). In reality, these angles may have an error of J, at the beginning. The actual

gimbal angles are sum of nominal and error values:
0(t) = 0,(t) + 0, (6.15)

To obtain nominal solution, we use Equations [6.5][6.6] and which simplify to
become Equation [6.16]

[A(6,)16,h0 = [0, 126,0]" (6.16)

Let the combined state y be composed of angular velocities and quaternion y =
[Q, p]. We use right handed Hamiltonian unitary quaternion[23] to define passive
rotation from frame B to frame O. Time propagation is similar to approach in [71,
Ch 2] as follows:

0 Q3 —Qr Q
-Q 0 Q Q

p=05 3 1 2 p
Q -Q 0 Q3

—-Q; - -Q; 0

[D]p; p € H, (6.17)

With the error in initial angles of gimbals, the forward dynamics of the spacecraft

becomes
-1
y= Q| |7 [[Q] x [1]2 + [A]6he + [] X [B] 4] . 5(1) = 6, (1) + 6,
p D]p

(6.18)
=f(z,y;a) ;a=0, (6.19)
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Open loop results

Using the results from constrained and periodic motion of the cylinders, the initial
orientation is chosen to be: [—4.8°,31.4°,-73.2°,31.4°]. Sensitivity coefficient
history is calculated with zero parameter values a = [0, 0, 0, 0] r locally. Coefficients
for angular velocities are shown in Figure[6.13] In the maneuver direction, €, is the
most sensitive with a sensitivity of —0.16°/s per 1° of error in the initial value of
the third gimbal. However, in the non-maneuver direction, €23 is far more sensitive
with 0.37°/s per 1° of error in the initial value of the second gimbal. Similar plots
can be created for quaternion sensitivities. However, they show an identical trend

of increased sensitivity in the non-maneuver components.

0.2 0
T 0.1 0 .
= 0.1 \/ o
%g %‘CQ ay
L~ 0.2
0 10 20 0 10 20
Time [s] Time [s]
0.4
)
=.0.2
IS
0 y
0 10 20

Time [s]

Figure 6.13: Angular velocity sensitivity coefficients.

To further increase understanding of the dynamics, one can purposefully add error
in the initial values of the gimbals. An error of +1° is provided in initial values of
all the gimbals. State history for maneuver dynamics in case of nominal and error in
initial conditions is shown in Figure[6.14] Spacecraft Euler angles (ZYZ), in case of
perturbed dynamics, are far from nominal at the end of maneuver. In the direction
of maneuver, spacecraft orientation is off by —2.5° from the final 90° position and
getting worse later on. In the other two directions, the results show non zero angles

of —2.3° and 8.1° in the first and third Euler angle respectively.

6.4.1 Closed loop results
In this subsection, we show results using the control scheme proposed in Section[2.4]
The inertia properties are taken from Table We use the perturbation of +1°
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Figure 6.14: Spacecraft quaternion (top), angular velocities (middle) and ZYZ Euler
angles (bottom) in open-loop control. Left three plots show nominal dynamics, right
three show dynamics with a +1° error in initial angles of all gimbals.

error in initial gimbal angles. Thus, we keep same initial conditions corresponding
to the open loop results in Figure[6.14] The reference trajectory is the same smooth
polynomial as introduced in Equation [2.1] with time of maneuver 16 s and change
in angle of 90°. The gains are chosen to be (A1)xx = 1 and (A2)xx = 1 with zero
non diagonal terms. These values correspond to {; = 0.5 and w.; = 1 rad/s along

each body axis. This simulation was performed in Simulink for a time span of 40 s.

Figure[6.15]shows time evolution of spacecraft quaternion, Euler angles and angular
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Figure 6.15: Spacecraft quaternion (left), angular velocities (middle) and ZYZ Euler
angles (right) with closed-loop control.
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Figure 6.16: Error in Euler angles (left) and error in angular velocity components
(right).

rates for close loop scheme proposed. As seen in Figure [6.16] (left), the error in
Euler angles is bounded within 0.5° and converges to zero as the simulation goes
forward. Similarly, in Figure [6.16] (right) the maximum error in angular velocity

components are [0.02,0.05,0.1]°/s along respective body axis.

Time evolution of the components for constraint s(z) are shown in Figure It
takes about 10 s for the system to realize about the discrepancy in initial gimbal

angles, which is roughly the same order as 7,; = 27w, = 6.3 s. There is an
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Figure 6.17: Time evolution of the constraint components.
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Figure 6.18: Actuator control effort terms, feedforward on left and feedback on
right.

approximate 10 s settling time after the end of maneuver along each component

which is very close to the approximate settling time for a second order system in a

2% tolerance band ¢, = 7 ,1) - = 8s

Control efforts are shown in Figure [6.I8] Feedforward or the inverse component
forms the majority of control effort with peak torque of 4 N-m. Feedback is 1/8 of
the feedforward control, which points to the ability of closed loop system to handle
the system uncertainty with ease. In case of an extreme perturbation in the system,

the feedback will increase and might exceed the feedforward term.
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6.5 Discussion

This chapter has described a novel concept for a momentum control device integrated
with the existing deployment mechanism for a 10 m X10 m SSPS architecture with
the goal of performing the required rest-to-rest maneuver. Sizing of the momentum
device is performed by exploration of the design space of rotor parameters, size,
spin speed, and mass. The resulting scatter plots contain all the information about
the possible actuator sizes that are capable of performing the maneuver. After
this, a single design is selected based on the practical implications of the actuator
size and its accommodation together with the existing assembly without geometric
interference. Once the rotor geometry is fixed, a methodology for performing
the maneuver by identifying optimal initial cylinder positions is developed. A
geometrically constrained motion is considered along with the periodicity in the
cylinder motion as the criteria for the optimization scheme. These studies show
that it is possible to achieve repeatable, constant eigen-axis rest-rest maneuvers
for the SSPS architecture without relying on reorienting the cylinders each time.
These changes in the maneuver execution improve the concept of operations of the

spacecraft both in terms of power and complexity, considering a long mission life.

A sensitivity analysis for specific initial condition reveals that a higher state sensitiv-
ity is observed in the dynamics of non-maneuver directions. Open-loop simulations
with a known error in initial conditions are performed. An error of 8.2° in Euler
angles is estimated for an uncertainty as low as even 1° in initial cylinder angles.
This could magnify into an alarming offset on the power transmitting beam when
projected on the ground. Further, we also observed that the spacecraft enters into
tumbling mode with rates as high as 1.5°/s post maneuver. These results enforce
the requirement of a closed-loop control scheme for attitude tacking. The developed
framework resulted in convergence to the desired attitude within 8 seconds from
the time of maneuver completion, for a very low 5% additional feedback effort

compared to the open-loop maneuver.
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Chapter 7

CONCLUSIONS

7.1 Summary and Contributions

This thesis has presented a feasible theory and experimental validation of a family
of agile slew maneuvers for ultralight flexible spacecraft with natural frequencies
several orders of magnitude lower than the conventional spacecraft. The traditional
heuristic of designing maneuver duration based on lowest frequency of the architec-
ture results in extremely slow maneuvers impacting efficiency of science objectives
for the mission thereby creating economic implications. With the current research,
a substantial improvement in maneuver times have been achieved in simulation and

validated experimentally.

Chapter 2] provided a motivating example of Caltech’s Space Solar Power Architec-
ture [4] in the category Ultralight flexible spacecraft[9)]. A theoretical framework
for estimating structural response is presented with decoupling of equations using
principal coordinate transformation (free-free mode shapes) taking into account the
coupling effects from a momentum control device. Numerical simulation of slew
maneuver with agility @« = 5 (much smaller than state of the art @ >> 10) is per-
formed and results are presented. Maximum out of plane deformation of 75 mm is
observed for a 10 m X 10 m SSPP spacecraft undergoing a maneuver of duration
16 s and angle change of 90°. After the maneuver, the flexible structure results
in a residual deformation along a set of mode shapes. These dominant modes are

presented and found to be different than the lowest eigenvalue mode.

Chapter 3| presented a novel identification methodology for ultralight flexible space-
craft used to develop agile vibration optimal slew maneuvers. By using a small
torque disturbance applied through thrusters in space, resulting flexible body de-
formations and hub orientation are proven to be useful measurements to develop a
reduced order model. Additional functions of measurements have been proposed to
capture nonlinearities. The algorithm has been applied to the numerical model of
Caltech SSPP spacecraft developed in Chapter 2] A Reduced Order Model (ROM)
has been developed by providing small torque disturbance with a finite time im-
pulse in the form of a gaussian pulse to the hub of the spacecraft. The structural

response due to the impulse has been perfectly reconstructed by means of the ROM
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fit. Applying a seventh order polynomial zero-jerk maneuver torque to this ROM
resulted in a good prediction of hub angles and angular velocities. Finally, this ROM
is used to explore and minimize structural response within a family of maneuvers
defined by a ninth degree zero-jerk polynomial. The resulting optimal maneuver
when provided to the numerical model in Chapter 2]resulted in significant reduction

in residual vibrations post maneuver.

Instead of applying an additional disturbance as proposed in this chapter for sys-
tem identification technique, opportunistic identification seems to be more feasible
in terms of fuel budget. For example, spacecraft constellation optimal trajectory
requires several milli-Newtons of thrust per orbit for optimized orbit constellation
trajectory as shown in [72]. This additional thrust firing could be utilized to period-

ically correct the spacecraft model, thus improving robustness.

Chapter [ focused on addressing the challenges in performing slew maneuvers of
a flexible body on earth while maintaining space-like conditions of a closed sys-
tem(zero external force). Design of a Pyramid CMG is presented with details
pertaining to the physical structure, electrical framework and center-of-mass bal-
ancing. Quaternion based closed-loop control to track hub orientation relative to a
reference trajectory, as developed in Section [2.4] is implemented and demonstrated
in the designed CMG. This chapter also developed new requirements for designing
a small-scale flexible structure appropriate for slew maneuvers. The designed struc-
ture is sufficiently compliant, enabling agile slew maneuver tests, yet it is robust
enough to not buckle under the influence of gravitational body loads. These prop-
erties allow experiments without the use of any gravity compensation like hanging
springs, helium balloon supports etc. directly applied to the flexible structure. A
seventh degree smooth polynomial zero jerk baseline maneuver (Section[2.2.1)) with
4 s duration and 10° maneuver angle is performed within the measured 1.33° com-
bined error in all directions. Even though demonstrated with a flexible structure
attached, this error is very close to the rigid body published experimental results
within the community [35]],[73]], [74]. Finally, structural response results from the
baseline have been compared to the input-shaped smooth maneuver (Section [2.2.3)
with the latter resulting in 80% reduction in elastic displacements for same maneuver

agility.

Chapter [5] validated the system identification theory developed in Chapter [3| using
experiments. Identification experiments are performed by tapping the CMG/flexible

structure in closed-loop and responses measured. Then an ROM fit is created from
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these measurements which enables discovery of vibration-optimal agile slew ma-
neuvers using a simple two degree of freedom basis (Subsection 2.2.2). These
candidate maneuvers when performed in the experiments result in significant reduc-
tion in residual vibrations for same maneuver durations when compared to baseline
zero-jerk smooth polynomial maneuvers (Subsection [2.2.1)). Apart from contribut-
ing to robustly identifying structural properties, the developed framework is also
able to quantify the effect of gravitational body loads in the slew maneuver dynamics

on ground using the observable p (see Equation 3.19).

Chapter [6] presented a new concept of an attitude control device based on a control
moment gyroscope array embedded within the deployment mechanism DOLCEJS]].
Contributing to the essence of stowed volume-efficient design of ultralight space-
craft, this work discusses actuator sizing and multiple methods of executing a single
maneuver re-purposing specific components in DOLCE. Concepts like reducing
actuator motion within a physical envelop and enforcing periodic movement in the
gimbals are formulated which quite advantageous with the power optimal guidance
schemes as presented by Marshall et. al. [10]. Finally, a sensitivity study on the
rigid spacecraft-actuator system shows that a 1° uncertainty in the initial position
of the gimbals results in substantial orientation and angular rate errors of 8.2° and

1.5°/s respectively.

7.2 Future Research Directions

1. Formation flying of flexible spacecraft

Much of the work presented in this thesis assumes decoupling of rotational degrees of
freedom with the position of spacecraft and absence of loads like gravity-gradients,
radiation pressure, oblate earth etc. A recent study[72] showed optimal trajectory
involving a combination of thrust firing and attitude change simultaneously for SSPP
spacecraft constellation assuming rigid structure. Ideally, flexibility of the spacecraft
needs to be accounted for precise constellation management. Hence, a possible
avenue of for future work involves combining the orbital position dynamics with
local thrust vector correction from attitude dynamics model for flexible spacecraft
(Chapter ). Ultimately, after adding in the translational-rotational coupling, the
effectiveness of agile manauvers discussed in this thesis need to be reevaluated with
simultaneous orbit correction maneuvers and thereby its impact on the constellation

shape.

2. Balanced system identification
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Dynamic Mode Decomposition with control (DMDc) serves has a major backbone
for the proposed system identification of flexible spacecraft in this thesis for perform-
ing a model-based control. One of the strengths of DMDc is ability to disambiguate
contribution of dynamics driven by the previous state versus the previous input. In
the work presented in this thesis, this was achieved by truncating the SVD modes af-
ter arranging them in ascending order of eigenvalues or descending order of energy.
Several iterations in the truncation thresholds were performed to eventually develop
reduced order models which were not only good at reconstructing the training data
but also crisp enough to capturing the behavior of system to predict very different

set of inputs.

These iterations in deciding truncation thresholds were required because energy
based truncation results in unfaithful capturing of input-output dynamics, because
it may be the case that the most energetic modes are nearly uncontrollable or
unobservable, and therefore may not be relevant for control[67, Ch 9]. This makes

the model infeasible for real-time applications.

However, a different hierarchy based decomposition of the system makes truncation
much straightforward for model-based control. A balanced system identification
only keeps the coherent structures that are most important for control. This would
mean accurate long time horizon predictions and similar input-output characteristics
with the ROM for a variety of inputs. Thus subsequent experiments with the
CMG/flexible structure can study more complex ROMs based on combination of

controllability and observability of the modes.

3. Physics Informed Neural networks (PINNs)
It would be interesting to compare PINNs with the proposed version of DMDc
algorithm on two accounts: training data required vs. computational cost. as trade

study in-line with real spacecraft implementation.

4. Increased fidelity structural response

The presented numerical model in Chapter [2] made several assumptions. Firstly,
the free-free mode shapes of the flexible structure were assumed to be constant and
the linear superposition valid, relative to any degree of deformation. This could be
validated by comparing the results from the approach presented in this thesis with a

finite element code accounting for geometric nonlinearity.

Secondly, the inertia of the actuator was assumed to remain approximately constant

during the maneuvers. Although, for the experimental prototype in Chapter [4] the
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proposed design resulted in a constant CMG inertia at any orientation in the gimbals,
the SSPP momentum device developed in Chapter [6] can result in changes in inertia
tensor as the cylinders move up or down. Cylinder gimbal axes do not pass through
their individual center of mass (COM) leading to movement in the net COM as the
cylinders move up or down. This not only changes system’s COM by a small amount
but also modifies inertia tensor of the central hub leading to over/under execution
of maneuver angle change. Relaxing this assumption will improve orientation
accuracy during maneuver. This can be accounted for by adding an extra term /Q
in the Euler’s equations presented in Equation 2.42] and reformulating the solution

in the gimbals accounting for the change in inertia tensor.

5. Failed actuator components

The momentum device, as explained Chapter [0 has four inputs to control three out-
puts, which makes it an over-actuated system. An interesting future direction would
be to study the effect of failure of one of these inputs leading to only three inputs for

three rotational degrees of freedom to perform the required slew maneuvers.

6. Agile maneuvers with attitude thrusters

The techniques demonstrated in this thesis can be well applied with combination
of attitude thrusters burns. Piecewise constant functions can be convolved with
the input shaping impulses to achieve correct thrust duration and magnitude for
suppressing vibrations. Similarly, data-driven approach with a basis comprised of
"N" on-off impulses could be used for optimization framework constrained to the

reduced order model resulting in sequential bang-off-bang type impulse maneuvers.

Identification of real world flexible spacecraft can be challenging. A lot of work
needs to be done towards the kind of impulse that can be practically applied via
attitude thrusters and its impact of the quality of identification. For example, one
could tune the width and amplitude of these impulses to keep the oscillations within

the safe limits, thus preventing spacecraft sensor saturation and other effects.
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Appendix A

SYSTEM ID ON SMALL-SCALE SYSTEM NUMERICAL
MODEL WITH CONVENTIONAL DMDC

The purpose of this section is to show how traditional DMDc fails to capture
the dynamics of the small-scale CMG-flexible structure prototype as discussed in
Chapter @ DMDc algorithm is applied on the data measured from full fidelity
numerical model. Number of stacks ns = 4 is chosen. The truncated singular
values are shown in Figure [A.T, Measurement reconstruction works quite well for
both the hub angles (figurgfA.2] and elastic displacements (Figure [A.3).
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Figure A.1: Singular values for augmented matrix S and measurement shifted matrix
Y.
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Figure A.2: Reconstruction of hub root angles.
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Figure A.3: Reconstruction of elastic displacements of side mid points.

The Reduced-Order Model (ROM) defined by matrices A and B as shown in Fig-
ure[A.4]is then used to establish results for an input torque defined by a polynomial
slew maneuver about axis-1 with maneuver duration 7 = 3 s and maneuver angle
Ay = 10°. Then the results are compared with full fidelity numerical model. The
ROM model is not able to provide good predictions of either the hub rotation an-
gles (Figure[A.3)) or the elastic displacements (figures [A.6[A.7) as compared to the

ground truth from numerical model.
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Figure A.4: Estimated matrices.
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Figure A.5: Hub root angles for a smooth polynomial maneuver input torque. The
ROM on the top does not perform well as compared to full fidelity model at the

bottom.

x1073
0.05 4 \
EN ERHVA
& £ \
-0.05 -4
—an O 2 4 6 0 2 4 6
A Time [s] Time [s]

x1073

[mm]
/)
[mm]

»
|

-0.02 \ )

0 2 4 6 0 2 4 6
Time [s] Time [s]

Figure A.6: Elastic displacements at side mid points for a smooth polynomial
maneuver input torque for ROM.
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