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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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C h a p t e r 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 re�ectors 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 e�ective.

Another area of interest where these deployable structures are extremely bene�cial

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 �rst proposed[1] in

1968 by Dr. Peter Glaser. By that time, deployable structures were not in fashion.

As a result, the �rst engineering proposal[2] by NASA in 1979 (Figure 1.1, left) was

not only large (� 6 :<), 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 o�ce (e.g. NASA Sun tower concept

in Figure 1.1, 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 di�erent approach. Rather

than assembling an extremely large space structure in space, it calls for several small

spacecraft �ying 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[5].

Caltech's Space Solar Power Satellite (SSPS) consists of an ultralight structure with

a multilayered planar architecture, which can e�ciently 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 una�ected by the remote location

or even during disaster events. Several versions of SSPS are anticipated in the near

future including 10 m � 10 m , 30 m � 30 m, 60 m � 60 m and so on. Each version

is signi�cantly challenging[6] 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 �exible than the traditional sti� bus

spacecraft due to tradeo� between packaging e�ciency and structural sti�ness.
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Figure 1.3: SSPS structure two-dimensional packaging scheme[7] (left) and deploy-
ment mechanism[8] (right).

A signi�cant 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 e�ciently 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. 1.3 (right). A smaller

prototype 1.7 m x 1.7 m called Deployable on-Orbit ultraLight 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 e�ciency, they have relatively low sti�ness. As a result their �rst 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 speci�c 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 �exible 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 e�cient 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 1.4. This optimal solution necessitates a requirement for

rapid slew maneuvers.

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 �exible 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 �exible 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 �nal state.

These closed loop correction strategies were prone to instabilities due to uncer-

tainties in the �exible body and actuator �nite 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 �nite rise time by the means of gradually increasing the actuator

e�ort. These smooth maneuvers are also shown to reduce residual vibrations for a

rigid/�exible body system with low damping[9, Section 3]. Thus, they are far more

robust towards reducing excitations in the �exible 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 �rst 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 di�erential 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 �ywheels by attaching a motor/generator at the end of high

inertia rotor. They are also used for designing passive dampers called inerters[25],

which work with opposing forces proportional to acceleration unlike conventional

viscous dampers with velocity based forces. MEMS gyros use linearly vibrating
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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 1.4) 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 e�cient torque production

based on power metrics, exhibit torque ampli�cation allowing torques ¡ 10 #<,

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

CMGs target usage from medium to large satellites. A set of available, large CMGs

is shown in Table 1.1.

CMG Torque Angular Momentum Mass Size
»#<¼ »#<B¼ »:6¼ »< � < � <¼

Airbus CMG 75 75 75 69 0•5 � 0•5 � 0•5
Honeywell M50 CMG 75 75 28 0•6 � 0•4 � 0•2
Blue Canyon CMG-12 12 12 18 0•3 � 0•4 � 0•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 de�ned 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 de�ned by a perpendicular line along the gimbal

axis. Blue Canyon CMG-12 is quite di�erent than these two. A high inertia spinning
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