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A Variable Speed Control Moment Gyroscope (VSCMG) is a momentum exchange
device used for attitude control in various objects such as satellite, aircraft, and underwa-
ter vehicles. The main body accomplishes the desired attitude maneuver by changing the
direction of the angular momentum vector of the momentum exchange device. Momentum
exchange devices such as VSCMG, Control Moment Gyroscope (CMG), and Reaction
Wheel (RW) achieve precise attitude control since they operate in a continuous manner
contrary to the on/off operation of gas jets. The VSCMG is regarded as a hybrid between
a CMG and RW since the spinning rotor can be rotated or gimbaled for momentum
transfer with an extra degree of freedom (DOF) resulting from the variable speed flywheel.
Hence, the VSCMG can take advantage of torque amplification like a conventional CMG
and can additionally acquire several benefits like singularity escape, power tracking, in-
ternal momentum management, start-up, and so on by its extra DOF resulting from the
flywheels with variable speed.

The focus of this dissertation is to develop various control laws and further a new
singularity detection method for a VSCMG-actuated satellite in the presence of uncertain
satellite inertia, uncertain actuator inertia, and uncertain dynamic and static friction.
Using novel control laws, this research achieves attitude stabilization as well as energy

storage, initial start-up, and power reduction in the presence of friction.
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A kinematic model quantified by quaternion and a nonlinear VSCMG-actuated
satellite dynamic model are developed in Chapter 2. To actively and effectively utilize
CMG mode of VSCMG, analysis for CMG singularities is also included in this chapter.

In Chapter 3, an adaptive robust integrated power and attitude control system
(IPACS) is presented for a VSCMG-actuated satellite. The key concept is that the
VSCMG cluster stores kinetic energy by spinning up the flywheels during sunlight
periods so that during eclipse periods supporting power for the satellite subsystems by
spinning down its flywheels. Such energy storage capability can be used as a mechanical
battery. The developed IPACS method is capable of achieving precision attitude control
while simultaneously achieving asymptotic power tracking for a rigid-body satellite in
the presence of uncertain friction in the VSCMG gimbals and wheels. In addition, the
developed controller compensates for the effects of uncertain, time-varying satellite inertia
properties. Some challenges encountered in the control design are that the control input is
premultiplied by a non-square, time-varying, nonlinear, uncertain matrix and is embedded
in a discontinuous nonlinearity.

In the presence of uncertain actuator friction, Chapter 4 provides an adaptive
attitude controller developed for a satellite that is actuated by a pyramidal arrangement
of four single gimbal VSCMGs. From a cascade connection of satellite, gimbal, and
wheel dynamics equations, a backstepping method is exploited to develop the controller.
Internal friction is included in each torque expressions of the gimbal and the wheel
assemblies since friction effects are significant when scaling the size of the VSCMGs.

A system utilizing internal friction can reduce the consumption of battery power when
decelerating on the developed dynamic structure. A null motion strategy lets the wheels
operate in deceleration mode while simultaneously performing the gimbal reconfiguration
for singularity avoidance. The applied torques of the wheels containing friction losses

contribute to power reduction when in deceleration mode.
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Chapter 5 develops a new initial start-up method for a satellite actuated by a
pyramidal arrangement of VSCMGs despite the effects of uncertain, time-varying satellite
inertia properties and uncertain actuator inertia properties. The method provides closed-
loop internal momentum tracking control to enable the flywheels to start from rest
and reach desired wheel speeds in the transition from safe hold mode (SHM) to initial
attitude acquisition mode. The proposed controller functioning as a VSCMG steering
law is developed in terms of the gimbal rates and the flywheel accelerations which are
weighted by a singularity measure. Specifically, using null motion, a strategy is developed
to simultaneously perform gimbal reconfiguration for singularity avoidance and internal
momentum management for flywheel start-up.

Using obvious benefits of artificial intelligence (AI) techniques which can effectively
approximate nonlinearity and complexity, a recurrent neural network (RNN)-based adap-
tive attitude controller developed in Chapter 6 achieves attitude tracking in the presence
of parametric uncertainty, actuator uncertainty, and nonlinear external disturbance
torques, which do not satisfy the linear-in-the-parameters assumption (i.e., non-LP). The
adaptive attitude controller results from a RNN structure while simultaneously acting as
a composite VSCMG steering law. In addition to accurate attitude control, a null motion
strategy is developed to simultaneously perform gimbal reconfiguration for singularity
avoidance and wheel speed regularization for internal momentum management.

Chapter 7 develops a new singularity detection method using fuzzy logic system
(FLS). If a specific type of singularity is detected, a VSCMG steering law can efficiently
select operation modes such as CMG mode and RW mode corresponding to the singularity
type. The FLS-based singularity detection method is based on the passibility condition by
null motion near singularity to classify a singularity identity into elliptic and hyperbolic
singularity, and then using additional information denoted as a conventional singularity
measure index degenerate hyperbolic singularity can also be escaped. The FLS effectively

extracts significant information from singularity with nonlinear and complex patterns.
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By using the FLS-based singularity detection method, all internal singularities can be

classified and escaped online.
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CHAPTER 1
INTRODUCTION

1.1 Motivation and Problem Statement

A control moment gyroscope (CMG) is an attitude actuator that generates torque
by exchanging momentum with a main body. Compared to momentum exchange devices
such as a reaction wheel (RW), CMGs yield advantages such as torque amplification and
rapid response. CMGs can provide a precise attitude control and rapid retargeting in a
continuous manner, whereas a thruster for attitude control operates on/off discontinuous
gas jets with propellants affecting mass, power, and volume.

CMGs can be configured in different ways. The extra gimbal in a double gimbal
control moment gyroscope (DGCMG) provides an additional degree of freedom (DOF).
Additional DOF can be used for singularity avoidance strategies, but DGCMGs are me-
chanically complex and massive [30,42,82,110]. Single gimbal control moment gyroscopes
(SGCMGs) have a mechanically simpler structure which consists of single controllable
gimbal and constant flywheel and can generate more torque amplification than DGCMGs.
However, since a CMG system only changes the direction but not the magnitude of the
angular momentum vector, SGCMGs inherently suffer from singularity problems. In a
three-dimensional workspace, SGCMGs are unable to produce torque along an arbitrary
singular direction since all admissible torque directions lie on a two-dimensional surface
perpendicular to the singular direction. SGCMGs singularities are classified as an exter-
nal /saturation singularity and an internal singularity. The specific arrangement of the
gimbals affects the type and number of singularities.

A variable speed control moment gyroscope (VSCMG) combines the properties of
a CMG and a RW in that the flywheel speed is variable, providing an extra DOF. This
extended capability enables a VSCMG cluster to avoid internal elliptic and hyperbolic
singularities. Therefore, VSCMGs can be considered a geometrically singularity-free

device. If all the CMG torque axes lie in a plane, torque generated by the variable
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flywheel of the VSCMG cluster will enable the CMG configuration to be out of the plane
(i.e., RW mode). The extra DOF present in VSCMGs provides more robust options
against singularity encounter than CMGs. For instance, the gimbal null solutions of
CMGs allow the gimbal angles to reconfigure without any request of torque generation.
The singularity avoidance method using gimbal null motions reduces/eliminates the
amount of time that the VSCMG has to operate in RW mode when the CMG Jacobian
becomes singular. Based on the quaternion-based kinematic model and the VSCMG-
actuated satellite dynamic model developed in Chapter 2, the wheel null motions enable
dual use objectives including: power storage as a mechanical battery (Chapter 3), wheel
deceleration for power reduction (Chapter 4), and internal momentum tracking for initial
start-up (Chapter 5) while maintaining precise attitude control.

In Chapters 3 - 6 of this dissertation, various intelligent control methods are devel-
oped for VSCMG-actuated satellite in the presence of uncertain satellite inertia, uncertain
actuator inertia, and uncertain dynamic and static friction. In Chapter 7, a new singu-
larity detection and classification method is developed using a fuzzy logic system (FLS)
under analysis for CMG singularities in Chapter 2. Following the existence of the null
motion, a type of singularity can be primarily detected into elliptic singularity and hyper-
bolic singularity, and then using additional information which is a conventional singularity
measure index, the method can further discriminate degenerate hyperbolic singularities
which do not affect the rank of CMG Jacobian.

By combining the attitude control capability of CMG with the energy storage
capability of variable-speed flywheels, VSCMGs offer the potential to combine energy
storage and attitude control functions in a single device. This integration of attitude
control and energy storage functions can reduce the satellite bus mass, volume, and cost.
In light of launch costs as a function of mass, the advantage of integrated functionality is
apparent. The variable wheel spin rates of VSCMGs endow them with additional DOF,

which can be used to achieve multiple objectives such as simultaneous attitude control
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and energy storage. For this reason, VSCMGs are often utilized in the design of integrated
power and attitude control system (IPACS) [1,2,21,22,25,41,43,79,84-86,89, 92,99, 100|.
However, the energy storage and attitude control capabilities of VSCMGs can deteriorate
over time due to changes in the dynamics such as bearing degradation and increased
friction in the gimbals or wheels [68|. For example, the ramifications of friction buildup
include degraded power transfer capabilities and potential destabilizing disturbances.
Friction buildup in the constant speed CMGs on the Skylab space station and the
Magellan satellite [32] resulted in catastrophic failures of those systems. The potential

for a failure due to friction uncertainties/changes in the gimbal and flywheel dynamics
necessitates special consideration in designing TPACS for VSCMG-actuated satellites.
Motivated by the virtues of using VSCMGs, the problem of designing IPACS in the
presence of uncertainties has been investigated by several researchers. In [89], a feedback
control law is designed for a VSCMG-actuated satellite, which achieves asymptotic
attitude regulation for a satellite with known inertia properties. Model-based and adaptive
control strategies are presented in [15], which achieve asymptotic tracking for a spacecraft
in the presence of constant uncertainty in the spacecraft inertia, while simultaneously
tracking a desired energy /power profile. In [100], model-based and indirect adaptive
controllers are developed for a spacecraft with uncertain inertia properties. An adaptive
control algorithm is developed in [102], which achieves attitude control for a VSCMG-
actuated satellite in the presence of unknown misalignments of the axis directions of the
VSCMG actuators. The control developments in [15,89,100,102| assume that the satellite
inertia properties are constant. While this assumption may be valid for larger satellites,
significant fluctuations in the overall satellite inertia can occur in smaller satellites (small-
sats) due to the motion of the VSCMGs. Further, the controllers in [15, 89, 100] assume
no dynamic uncertainty in the VSCMG actuators. While the aforementioned controllers
perform well for applications involving large satellites, they may not be well suited for

IPACS for VSCMG-actuated small-sats. The control development in [47, 48] and in

19



Chapter 3 is motivated by the desire to include the uncertain dynamics of the gimbals and
flywheels in the control design for improved robustness to these disturbances.

The majority of research focused on VSCMGs has assumed ideal conditions such
as frictionless flywheel and gimbal bearings and a system of VSCMGs as a rigid body.
When scaling the size of CMGs/VSCMGs, the effects of friction present in the system
are significant (i.e., due to less efficient bearings and motors and the lack of available
hardware components) [63, 65, 68]. IPACS and/or flywheel attitude control and energy
transmission system (FACETS) use VSCMGs for a mechanical battery by de-spinning the
flywheels of the VSCMG and utilizing their kinetic energy (21, 40,47, 76, 84, 100]. This
approach may seem feasible for VSCMG systems with more efficient motors and bearings
(i.e., large spacecraft); however, for smaller systems the effects of friction are more
significant and cannot be neglected. Hence, Chapter 4 explores the utilization of bearing
and /or motor friction to decelerate the VSCMG flywheels. Utilizing system friction in
deceleration mode provides an avenue to reduce the consumption of battery power. Even
if the friction coefficient is modeled, the friction model may not be able to reflect variable
friction since it is difficult for the friction coefficient to be constantly predicted. Hence
using an adaptation mechanism to estimate the uncertain friction coefficients can be an
alternative. To develop a controller that acounts for uncertain friction, coupled dynamics
of the satellite, gimbals, and wheels is developed in Chapter 4. Based on the coupled
dynamics, a backstepping method is used to design adaptive control torques. The wheel
deceleration mode resulting from the wheel null solution contributes to input power
reduction.

Various spacecrafts use momentum devices such as momentum wheels (MWs), RWs or
CMGs to maintain and/or perform precise attitude maneuvers. For these spacecrafts, the
operational spin rate of the wheel must be obtained, and several wheel initialization meth-
ods have been investigated for initial acceleration [11,31,58]. A pitch MW method can be

used during an initial attitude acquisition mode, where the wheel requires magnetorquers
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to maintain its spin rate while providing attitude stabilization [11]. A pitch MW method
can also be used to acquire the gyroscopic stiffness along the roll and yaw axes [31].
During the initial wheel acceleration and holding the nominal speed, the attitude determi-
nation and control system (ADCS) uses a sequential mode change of the MW controller
and the magnetorquer while maintaining a nadir-pointing attitude with gravity-gradient
stabilization. For initial start-up of RWs, wheel start-up and attitude stabilization can be
achieved when transitioning from safe hold mode (SHM) and initial attitude acquisition
mode by using four RWs with magnetoquers [58]. CMGs have also been employed in
various large space missions such as Skylab, MIR, and internal space station (ISS) to
take advantage of the torque amplification and power saving properties of CMGs. De-
spite their benefits, singularities are an inherent problem for CMGs [26, 55,59, 70,77, 98|.
Various solutions address the CMG singularity issue, and with the development of mini-
CMGs [6, 9, 35,49, 51, 60, 63, 65, 66, 68, 77|, several recent space missions using CMGs
have been launched or scheduled [8,73,75]. To achieve wheel start-up and stabilization
with a CMG system, magnetorquers can be used to maintain cooperation with the ground
station for desired configuration modification to accelerate the CMG wheels [73|. In gen-
eral, previous space missions using CMGs use a separate feedback control loop to spin up
the rotor to the required spin rate and maintain it while securing attitude stabilization
using additional devices such as magnetorquers [88]. The extra degree of freedom present
in VSCMGs provides an avenue to condense the initial start-up and initial attitude ac-
quisition mode into one step. Hence, Chapter 5 is motivated by the question: Can an
additional DOF of VSCMG be used to start a system from rest? The results in Chapter
5 focus on the development of a flywheel momentum management strategy to bring the
actual flywheel momentum from zero momentum (i.e. initial start-up from rest).

To compensate for uncertain system parameters in Chapters 3 - 5, typical adaptive
control methods are used. However, for complex and practical problems where accurate

mathematical models may not be available, artificial intelligent method can be beneficial,
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which can be used to approximate any nonlinear system within an arbitrarily small
residual error [3,36]. In particular, neural network (NN) is widely utilized to approximate
uncertainties in dynamic systems |33|, and NN-based control has proven to be an effective
means of achieving accurate attitude control of satellites in the presence of dynamic
uncertainty [10, 13, 29, 38, 61, 62, 69, 90, 93]. In [90], a NN-based controller is used to
compensate for uncertainties resulting from atmospheric effects and non-rigidity which

are often neglected in typical attitude control designs. Radial basis function (RBF) NNs
are utilized in [93] for direct adaptive control in the presence of unmodeled effects and
parametric uncertainty. In [50], Krish et al. investigate the use of back-propagation NNs
to provide robust adaptive nonlinear satellite attitude control. The result in [50] illustrates
the design and implementation of a neuro-controller for a nonlinear space station model.
Attitude tracking and vibration stabilization of a flexible spacecraft are achieved in [38]
using a RBFNN-based adaptive control design. Utilization of an additional gain technique
(i.e., the Nussbaum gain technique) in [38] enabled Hu et al. to relax the sign assumption
for high-frequency gain for a neural adaptive control. Although feedforward neural
networks (FNNs) using multilayer perceptrons or radial basis function networks are
effective to compensate for uncertainties and unmodeled disturbances, emerging research
shows that recurrent neural networks (RNNs), where connections between units form a
directed cycle, are superior to FNNs in both modeling of nonlinear systems and prediction
of time-series states [12,19,39,67|. The research in [19] illustrates the increased capability
of RNNs over FNNs to contain time-varying and dynamic behavior in the presence of
noise. In [67], Li et al. illustrate how a dynamical time-variant system can be effectively
approximated using the internal state of a continuous-time RNN. The utilization of
dynamically driven RNNs can be more efficient for identification and modeling of dynamic
plants in a control-theoretic framework. The capability of RNN modeling for nonlinear
dynamic systems enables a dynamical system to evolve the states corresponding to

nonlinear state equations [33, 72]. Chapter 6 is motivated by the following question:
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Can RNN modeling proper to a dynamical time-variant system effectively compensate for
uncertain system parameters in VSCMG system? To address this motivating question,
an adaptive RNN-based attitude controller is developed in Chapter 6 in the presence of
uncertain, time-varying satellite inertia properties, actuator uncertainties, and nonlinear
external disturbances.

The singularity avoidance methods used in Chapters 4 and 6 maintain torque
amplification while avoiding singularities. However, to more properly react to singularity
corresponding to characteristics of each singularity, it is essential to understand singularity
and detect a specific type of singularity. To overcome long-standing singularity issues
which have remained problematic since Margulies and Aubrun [70] established a theory
to investigate CMG singularity, various CMG configurations and steering laws have
been proposed [4, 14, 17, 20, 34, 53, 54, 78,94, 103, 104]. CMG configurations can be
mainly classified into roof type arrangement and pyramidal arrangement. The roof type
configuration is able to avoid all internal singularity using 6 CMG units but inefficient
since the radius of workspace (i.e., total angular momentum envelope) is small in spite of
the redundancy of CMG units [54,56,57|. On the other hand, the pyramidal configuration
has larger workspace than the roof type but elliptic singularity which can be escaped
only by changing the magnitude of angular momentum makes it difficult to actively
utilize this configuration. Hence, if a steering method for the pyramidal configuration
can escape internal singularities, various missions will be able to effectively utilize CMG
actuators. To resolve singularity problems has introduced a variety of steering methods.
Global avoidance methods including path planning |78], preferred gimbal angle [94],
and workspace restriction [53, 54| can steer a set of gimbal angles based on a priori
knowledge of the singular states but such off-line calculation limits the workspace of
CMG arrays [53,54, 78,94|. Gradient methods for which a null motion is determined to
increase or decrease distance to singular states are not effective due to elliptic internal

singularities [14, 34, 103]. Steering laws that allow torque errors (i.e., a singularity robust
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methods) avoid singularities but sacrifices precise attitude control [6, 27, 70, 74,97]. A
hybrid steering logic for SGCMG recently developed by [64] simultaneously utilizes null
motion and torque errors to cope with a specific type of singularity.

For a VSCMG system, a combination of a SGCMG system and a RW system can be
geometrically considered as a singularity-free device. To utilize the torque amplification
property of CMG, the singularity avoidance of the CMG system is still essential for the
VSCMG system [87,101]. Further, when the specific type of singularity is distinguished
online, the CMG system can achieve precise attitude tracking performance [64]. If the
specific type of singularity can be determined, the VSCMG can acquire more effective
performance since the VSCMG can make the best use of the torque amplification in CMG
mode and also utilize the wheel null motions (e.g., start-up, power reduction, etc.) while
properly responding to each type of singularity while maintaining holding precise attitude
control. Using singularity metric and the FLS classifier in Chapter 7, all of the singular
surfaces inside the angular momentum envelope can be classified and escaped/avoided
online.

1.2 Contributions

This dissertation focuses on developing a variety of multi-functional intelligent control
laws for VSCMG-actuated satellites in the presence of uncertain satellite inertia, uncertain
actuator inertia, and uncertain dynamic and static friction, and further a new singularity
detection method for a VSCMG-actuated satellite. Using novel control laws, this research
achieves attitude stabilization as well as energy storage, initial start-up, and power
reduction in the presence of friction. The contributions of Chapters 3-7 are as follows.

Chapter 3, Precision IPACS in the Presence of Dynamic Uncertainty: The contribu-
tion of this work is the development of an IPACS for VSCMG-actuated satellites in the
presence of uncertain dynamic and static friction in the VSCMG gimbals and wheels so
that the controller is capable of achieving attitude tracking while simultaneously tracking

a desired power profile asymptotically. In addition, the controller compensates for the
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effects of uncertain, time-varying satellite inertia properties. The wheel null motions
resulting from the extended DOF of VSCMGs allow the VSCMG system to accomplish a
novel combined objective as precision attitude tracking and power storage (i.e., mechanical
battery). The developed controller includes the uncertain dynamics of the gimbals and
flywheels in the control design for improved robustness to these disturbances. The diffi-
culties arising from dynamic friction and uncertain satellite inertia are mitigated through
strategic manipulation of the closed-loop derived from a Lyapunov-based analysis. In the
presence of static friction, the control design is complicated due to the control input being
embedded in a discontinuous nonlinearity. This difficulty is overcome with the use of a
robust control element.

Chapter 4, Integrated Power Reduction and Adaptive Attitude Control System of
a Satellite: The contribution of this work is the development of coupled dynamics of
the satellite, gimbals, and wheels including static and dynamic friction on gimbal and
wheel bearings. When scaling the size of CMGs/VSCMGs, the effects of friction present
in the system are significant (i.e., due to less efficient bearings and motors and the lack
of available hardware components). In the presence of uncertain dynamic and static
frictions in both the gimbals and the flywheels, the controller is developed by using
a Lyapunov-based backstepping technique. The system is capable of achieving global
asymptotic attitude tracking while simultaneously performing singularity avoidance and
wheel deceleration by the null motion. In the wheel despinning mode, the wheel friction
torque is beneficial for the total applied torques of the wheels. Since the wheel friction
provides additional torques for the wheel dynamics, the despinning wheels contribute to
power reduction without an additional torque request. Power reduction results from the
wheel deceleration mode and yields both torque and power reduction. Also, the applied
control torque can responsively compensate for uncertain parameters allowing the system

to maintain consistent performance in the presence of dynamic uncertainty.
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Chapter 5, A New Initial Start-up Method Using Momentum Management of
VSCMGSs: The contribution of this work is the development of an adaptive attitude
controller for a VSCMG-actuated satellite which achieves initial start-up and initial atti-
tude stabilization in the normal transition from SHM to initial attitude acquisition mode.
Previous space missions using CMGs have used a separate feedback control loop to spin
up the rotor to the required spin rate and maintain it while securing attitude stabilization
using additional devices such as magnetorquers. In this chapter, the VSCMG steering law
including the internal momentum management allows the flywheel to start from rest and
to reach the desired speed. In the presence of satellite inertia uncertainty and actuator
uncertainty, the proposed attitude controller is capable of achieving global asymptotic
attitude tracking while simultaneously performing singularity avoidance and internal
momentum management. The significant benefit of the developed steering law is to con-
dense several discontinuous, separate feedback control steps such as the initial start-up
and initial attitude acquisition mode into one continuous and simultaneous control step.
The controller also compensates for the effects of uncertain, time-varying satellite inertia
properties. The difficulties arising from uncertain satellite inertia are mitigated through a
Lyapunov-based stability analysis derived controller.

Chapter 6, A RNN-based Attitude Control Method for a VSCMG-actuated Satellite:
The contribution of this work is the development of a RNN structure while simultane-
ously acting as a composite VSCMG steering law which achieves attitude tracking for
a VSCMG-actuated satellite in the presence of uncertainty in the satellite and actuator
dynamics and unmodeled external disturbances. The internal state of a continuous-time
RNN can effectively approximate a dynamical time-variant system. Since the utilization of
dynamically driven RNNs can be more efficient for identification and modeling of dynamic
plants than one of FNNs, the capability of RNN modeling to evolve the states correspond-

ing to nonlinear state equations is exploited to compensate for actuator uncertainties of
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VSCMGs. Simulation results indicate the RNN system properly approximate a nonlin-
ear system within a small residual error. A Lyapunov-based stability analysis is used to
prove the controller achieves attitude stabilization while compensating for the effects of
uncertain time-varying satellite inertia properties, parametric uncertainty, and nonlinear
external disturbance torques.

Chapter 7, A Singularity Detection method for VSCMGs Using FLS: Although
various endeavor to resolve the long-standing problem caused by CMG singularity has
been studied, there have been no CMG steering laws to escape all internal singularities
(i.e., elliptic, hyperbolic, and degenerate hyperbolic) while achieving precision attitude
control. In this chapter, a FL.S-based singularity detection method provides an avenue to
answer the troublesome issues. Since FLS copes with complex and nonlinear patterns of
singularity, the FLS provides an effective singularity detection strategy. The developed
singularity detection and classification method can escape/avoid internal singularities,
including the degenerate hyperbolic singularity. This method is the first result that can
escape all internal singularities for the pyramidal arrangement. By detecting a specific
type of singularity, the VSCMG can acquire more effective performance since the VSCMG
can make the best use of the torque amplification in CMG mode and the wheel null
motions (e.g., start-up, power reduction, etc.) while properly responding to each type of

singularity while maintaining precise attitude control.
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CHAPTER 2
SYSTEM MODEL

2.1 Kinematic Model

The rotational kinematics of a satellite modelled as a rigid-body can be expressed as

(¢;w® + qow®) (2-1)

N | —

QU:
-__1TS B
Go = —5% " (2-2)

where w® (t) € R? denotes the satellite angular velocity, and q(t) = {qo(t), ¢,(t)} € R x R?
represents the unit quaternion describing the orientation of the satellite body-fixed frame

Fs with respect to the inertial reference frame Z, subject to the constraint
9 g+ g5 = 1. (2-3)
In (2-1), ¢ Y¢u = [Quys Quas qvg]T denotes the following skew-symmetric matrix:

0 _Q”U:; %2

q1>1< = Qus 0 —Qu,

Rotation matrices that bring Z onto F¢ and Z onto the desired body-fixed orientation Fg,

are denoted by R(qo, q,) € SO(3) and R4(qoa, quva) € SO(3), respectively, are defined as

R2 (¢ —q q0) Is + 2q.q" — 2q0q (2-4)

Ra = (G — 4yqva) Is + 2¢uadry — 290445, (2-5)

where I3 denotes the 3 x 3 identity matrix, and q4(t) = {qoa(t), gua(t)} € R x R? represents
the desired unit quaternion that describes the orientation of Fg, with respect to Z.
2.2 VSCMG-actuated Satellite Model
The total angular momentum A, (wB,wS, 5, Q) € R3 for a VSCMG-actuated satellite

consisting of a bus (i.e., an infrasturcture of a satellite, usually providing locations for the
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Figure 2-1. Geometry of satellite with i** VSCMG.

payroad) and four VSCMGs can be expressed as

Cema; !

4
th (,UB + Z IC’MG1 Z hCMG,-/S (2*6)
i=1

where sub- and superscript of each notation indicate a point of interest and a body,
respectively, w? (t), w® (t) € R? denote the angular velocities of the bus and the satellite,
d(t) 0 (t),Q(t) € R* are the gimbal angle, gimbal rate, and flywheel speed, respectively.
The geometry of the dynamic model is shown in Figures 2-1 and 2-2. In (2-6), J&_ (9) €
R3*3 is the moment of inertia matrix of the bus relative to the center of mass (C.M.) of

the satellite (Cs) and I& (5) € R is the i" CMG unit’s inertia matrix relative to Cs

given by
B _ 1B T T B
Jog, = Jo, +mp [(T‘CBTCB) I3 — TCB’I’CB] , (2-7)
C’MG _ CMG 7CMG T T T
I - DCMG ICCMGZ DCMGi + mCMGi [(TCCMGi TCCMGZ-) I3 - rCCMGi TCCMGZ- ?

where J& € R*? is the moment of inertia matrix of the bus relative to the C.M. of the
bus (Cg), mp € R is the mass of the bus, rc, € R? is the position of Cy relative to

Cs, CMGIgg;IJGC; € R3*3 is expressed in the CMG-fixed frame F¢ysq, and the moment of
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Figure 2-2. Pyramidal arrangement of 4 VSCMGs system.

inertia matrix of the i CMG relative to the C.M. of the i CMG (Ccune,), moma, € R
is the mass of the i** CMG, TComea. € R3 is the position of Ccyq, relative to Cs, and
Decrg, (6) € R3*3 is the direction cosine matrix (DCM) which transforms Feopsg, to Fs.

Specifically, the moment of inertia matrix of " CMG expressed in Foprg, is defined as

CMG; TCMG; A G T T
[CCJWGi - [CCMG +mg, [(rCGi TCGi) I3 — 'Cg, TCGZ-:|

W; T T
+ICCZ'MG mw; [(TCWi rCWi) I — ow, TCWi:| ’

where 1S i

oo Aot € R¥S are the moments of inertia matrix of each gimbal and wheel

relative to Cong,; ma,, mw, € R are the masses of i gimbal and wheel; TCq,s TCw, € R3
are the positions to the respective C.M. of the i" gimbal and of the i"* wheel from Ccysq, .
Also in (2-6), hgg/[]fé/ 5 (6, Q) € R? represents the angular momentum contributions from

the flywheel and the gimbal and is given by

CMG;/S _CcMG; 1CMG; ¢ ~ CMG,; 1CMG; (y A
Coema; ICCMG,L-(;iaGi + ]CCMG,L-Qi Wi

where the angular momentum of the CMG is expressed in terms of a CMG-fixed basis

B = { ag,, aw,, ar, }; ag, is a gimbal axis, aw, is a spinning wheel axis, and ar,

CMG,; JTCMG;
t ZICC

o is a principal inertia matrix, the CMG

is a transverse axis. Assuming tha
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. . . CMG; JTCMG;  _ - CMG; CMG; :
inertia matrix can be defined as [CC]MGZ- = diag ([ I Iy, ]Ti since

CMGiIggVIGC;dWi = Iy.aw,. In addition, w (t) = w®(t) = w?(t) in (2-6) under the
assumption of a rigid body satellite, where w (¢) is expressed in Fg. Using the principal
inertia of the CMG system and the rigid body assumption, the total angular momentum

of the satellite can be rewritten as
4
s B CMG; CMG;/S
hcs - Z |:(JCS + [Cs )w + hCC]vIGi ]
i=1

4
=1

where J§ (0)w (t) = (JE + S [géwai (6)) w (t). The inertial derivative of the total

angular momentum ha (w, 5, Q) is expressed as

e, = JEg) w+ JE 0+ w I w (2-9)

S

+ Z [fgj” “iac, + Lw,Qaw, + 157 diac, + ]WiQidWi} .
=1

Expressing w (t) in Foag, which is given by the i" CMG-fixed basis B, the satellite

angular velocity w (t) can be written as

CMG; _ T _ A ~ ~

= Wwg,aq, +ww,aw, + wr,ar;,

(t) = at.w (t). The inertial derivatives

(3

where we, (t) = ag,w (1), ww,

of B in (2-9) are

ag, = wraw, —ww,ar,
CAlWZ, = _wTidGi + <(5 + wGi> &Ti (2*1 1)
ar, = ww,ag;, — <(5 + wGi> aw, .
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Substituting (2-11) into (2-9) and performing some algebraic manipulations, the inertial
derivative of the total angular momentum can be represented as

. d .
hgs = = (Jgs) w + Jgsw + w Jgsw (2-12)

4
2 <IglMG15.z‘ - fWiinTi) ag,

i=1

4

=1

4
=1

where 4 (2, (9)) = Z?Zl a(?si (J&, (6)) d; (t) since the direction cosine matrix Deag, (6)

constructing the total satellite inertia JZ_ (§) depends on §; (t). Hence, the kinetic

equation governing the motion of a rigid satellite following Fuler’s equation yields
he = gE., (2-13)

where ggs <w,w, 8,8,0,9, Q> € R? is the external torque applied to the satellite. Using
(2-12) and (2-13), the equation of motion for a rigid VSCMG-actuated satellite can be

written as

96, = Jw+ Jo+wJw (2-14)
+C4 ([ngG} 15— 1) fwr]® Q)
+Cur (1Iw]* @+ [16Y] " [wr]* )

+Cr ([w)! [90° 5 + [Tw] [wel @ = [16Y9)" [ww)?4) |

where the uncertain total satellite inertia matrix J3 (6), henceforth denoted by J (9) for

simplicity, is positive definite and symmetric such that

Swin (T IEIP < €776 < S AT P VE € R (2-15)
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where Apin {J/}, Amax {J} € R are the minimum and maximum principal inertias of J(¢),
respectively. In (2-14), Cq, Cyw (0), Cr (§) € R34 for the CMG-fixed axes (ag,, aw,, ar,)

are defined as

sinB 0 —sinf 0

A . . . . .
Ca = |:G,G1 ag, GG, ag4} 0 sing 0 —sinfB |
cosfp cosf  cosf  cosf
—cossindy —c0809 cos3sinds 0804
C A ~ N . .
W= aw, aw, aw, aw, | = 0801 —sindgcosS  —cosds  cosfsindy |
sinfsind;  sinfsindy  sinfsinds sinFsindy
—cosfcosdy 51109 cosf3cosds  —sindy
Cr Ay ~ ~ . .
T = ar, ar, ar, ar, —sind; —c0805c08[3 $inds cosfcosdy | >

stnfcosd;  sinfcosdy  sinfcosds sinfcosdy,

where [ is a skew angle for the pyramidal arrangement of four VSCMGs, and the inertia

matrices [IgMG}d, [Iy]" € RY* are
[IgMG}d é dlag (|: IgMGl _[gMG2 [gMGg IgMG4 :|) ,
[Iw]? & diag ({ Iw, Iw, Iw, Iw, D :

where [[gM G]d is the unknown constant positive-definite, symmetric about its gimbal axis,

gimbal inertia matrix but [I;y]? is the known constant positive-definite, symmetric about

its spin axis, flywheel inertia matrix, and the angular velocity projected to B is denoted as
wo ()" 2 diag ([ oy (8) oy (1) oy () oy (1) D (0:G, W, T) € R, and [ (1)"

and [5 (t)] denote diagonal matrices composed of the vector elements of measurable Q (),
d (t) € RY, respectively.
2.3 Singularities

A VSCMGs system is a geometrically singularity free device since it can generate

control torques along an arbitrary direction. The extra DOF resulting from a variable
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wheel speed (i.e., RW mode) does not allow the VSCMG to encounter a singularity.
However, to make the best use of torque amplification which is a significant advantage
of operating in a CMG mode, it is important to investigate singularities of the CMGs
since the existence of singular states is an obstacle to generate a torque along arbitrary
directions.

2.3.1 What is a singularity?

The term Singularity has various definitions. In the dictionary, a singularity is
generally defined as the state of being singular, distinct, peculiar, uncommon or unusual.
In physics, a singularity is defined as a point or region in which the quantities (e.g.,
gravitational force) that are used to measure the gravitational field become infinite (i.e.,
the point is associated with black holes). In mathematics, a singularity is the value or
range of values of a function for which a derivative does not exist, and the term Singular
matrix is defined as a square matrix that does not have a matrix inverse (i.e., A matrix is
singular iff its determinant is 0). Of partiular interest in this dissertation, however, is the
definition of Singularity in a workspace or angular momentum envelope of CMGs.

2.3.2 Singularity of CMGs

Singularity of CMGs is defined as the case where the mapping from an input to an
output space (a nonlinear, vector-valued mapping H (§) : R® — R? ) is not locally onto,
or equivalently a matrix does not have a full rank (i.e., rank(Cr) < 3), where § () € R* is
the gimbal angle vector and Cr (§) is a CMG Jacobian matrix. At singular states, in the
three-dimensional workspace the CMGs are unable to produce a torque along an arbitrary
singular direction since all admissible torque directions lie on a two-dimensional surface
perpendicular to the singular direction. The specific arrangement of the gimbals affects
the type and number of singularities. The CMG singularities can be classified according to
the location of the total momentum vector relative to the workspace: external /saturation

singularity and internal singularity.
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For analyzing the singular momentum surfaces [70, 96|, an arbitrary vector u is

. . . A N A A
represented in terms of a satellite-fixed basis S = {3,,5,,5.} as
U = UypSy + UySy + U5,

and defined as
U={u:l|ul=1u#tag,,i=1,..,n},

where u = £ag, only happens in a special configuration such as DGCMGs system or a
roof-type configuration. A condition for which the CMG arrangement cannot generate any

torques along the singular direction u is defined as
ar, - u =0, (2-16)

where all az, become coplanar (i.e., rank(Cr) = 2), and an arbitrary vector u is perpen-
dicular to that plane. In the CMG-fixed frame F¢ ¢, as shown in Figure 2-1, a¢, and
u spans a plane normal to ar,, and ay, has a maximal or minimal projection onto the
singularity vector u (i.e., aw, - u > 0 or aw, - u < 0). The singularity condition of (2-16)

can be rewritten as

R o CALGZ. XU
ar, = €17,
aG, X ul
R R R (CAZGZ X u) X dGi .
aw, = ar, X ag, = € ,i=1,...,n,

|dGi X u|

where ¢; = sign (aw, - u). Hence, the singular momentum vector is expressed as [54,70,96]

(GG, X u) X ag,
— L 2-17
ZGW Z lag, % ul (2-17)

Figure 2-3 shows the total angular momentum envelope considering the singular

momentum vector of (2-17) for a pyramidal arrangement with 4 CMG units. The angular
momentum envelope in Figure 2-3 includes two types of singularities denoted as external

and internal singularities which are smoothly connected.
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Figure 2-3. Total angular momentum envelope of CMGs

2.3.2.1 External singularity

The gimbal angles for which the total angular momentum reaches the envelope of
Figure 2-3 become singular since the CMGs are unable to produce a torque outward
the envelope. This is because a CMG system changes only the direction but not the
magnitude of the angular momentum vector and therefore in external singularity the
CMG system experiences a maximum workspace and does not have additional angular
momentum for the singular direction. In other words, external/saturation singularities are
associated with the maximum projection of the total angular momentum along a certain

direction. The criteria for this type of singularity can be expressed as
rank (Cr) <3, aw, -u >0 Vi=1,23,4.

External singularities can be addressed in the design process since they can be easily
predicted from sizing of the CMG actuators and mission profile.
2.3.2.2 Internal singularity

Internal singularity is defined as a case where the total angular momentum vector

for any singular state is inside the angular momentum envelope as shown by Figure 2-3.
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The internal singularity occurs at a specific combination of gimbal angles which makes
the CMG Jacobian singular and at this singularity the torque vectors lie on the same
plane perpendicular to the singular direction vector. Internal singularities can be classified
according to the possibility of the null motion into two types: elliptic singularity and
hyperbolic singularity. The null motion is defined as a motion that changes gimbal angles
without producing any torque. Using null motion, the CMG system can be reconfigured
in a continuous manner so that the CMG Jacobian becomes nonsingular. The singularity
that can be escaped by null motion is termed hyperbolic singularity. However, the case
where a set of gimbal angles for the angular momentum envelope has an isolated point is
termed elliptic singularity. Elliptic singularities cannot be escaped by null motion. A test
for possibility of null motion is specifically discussed in Chapter 7. Although null motion
is possible at hyperbolic singularity, the mere existence of null motion does not guarantee
escape from the hyperbolic singularity. There are degenerate solutions which do not affect
the rank of the CMG Jacobian. This means that the degenerate hyperbolic singularities
cannot be escaped through null motion [5,6,55,64,96]. A singularity detection strategy

which can handle all internal singularities is introduced in Chapter 7.
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CHAPTER 3
PRECISION IPACS IN THE PRESENCE OF DYNAMIC UNCERTAINTY

In this chapter, an adaptive robust attitude controller is developed, which compen-

sates for uncertain, time-varying inertia and unknown friction in the VSCMG gimbals
and wheels while simultaneously providing asymptotic power tracking. The inclusion of
friction effects in the VSCMG gimbals and wheels creates significant complications in the
control development. The dynamic friction effects manifest themselves as non-square,
time-varying, input-multiplicative uncertainty in the tracking error dynamics. The static
friction effects in the dynamic model result in the gimbal angular rate control input being
embedded inside of a discontinuous nonlinearity (i.e., the standard signum function). A ro-
bust control method is used to mitigate the disturbance resulting from the static friction,
and an adaptive control law is used to compensate for the dynamic friction and inertia un-
certainties. Lyapunov-based stability analyses are provided, which prove attitude tracking
and power tracking in the presence of the aforementioned VSCMG anomalies and satellite
inertia uncertainty. Numerical simulations are provided to illustrate the performance of
the controllers for simultaneous attitude control and energy storage.

3.1 Dynamic Model for IPACS in the Presence of Dynamic Uncertainty

The dynamic model in (2-14) can be expressed for IPACS considering friction as

T = Ju+Jio+wxJw (3-1)
+C4 ([JgMG} *§ — [Iw]” [wr]” Q)
+Cur (1] @+ [167]) fwor)* )
+Cr ([T 19078 + [Tw] el @ = [IEY9]" fuw]3) .
In (3-1), 77 (t) € R* denotes the torque generated by the flywheels and the torque vector
T(5,6,Q) € R* in (3-1) is defined as

T=—Cr (ngé + Fyysqn (5)) — Cw (FiuQ + Fuusgn (). (3-2)
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In (3-2), Fy,, Fsy € R¥™* and Fy,, F,, € RY* are diagonal matrices containing the
uncertain dynamic and static friction coefficients for the gimbals and wheels, respectively,
and sgn (5(t)> € R* denotes a vector form of the standard sgn (-) function where the
sgn (-) is applied to each element of d(t).
3.2 Control Objectives

3.2.1 Attitude Control Objective

The attitude control objective is to develop a flywheel acceleration and gimbal rate
control law to enable the attitude of F to track the attitude of F,;. To quantify the
objective, an attitude tracking error denoted by R(ev, eg) € R33 is defined that brings F
onto F as

R4 RRY = (ef — erey) I3 + 2epe, — 2eqey), (3-3)

where R(qy,qo) and Ri(qud, Goa) were defined in (2-4) and (2-5), respectively, and the

quaternion tracking error e(t) = {eg(t),e,(t)} € R x R? is defined as
€0 = Qoo + d Gud (3-4)

€v = Qoady — Q0Gva + 4 God- (3-5)
Based on (3-3), the attitude control objective can be stated as

R (e,(t),eo(t)) — I3 as t — oc. (3-6)

Based on the tracking error formulation, the angular velocity of F with respect to JFy

expressed in F, denoted by @(t) € R?, is defined as
~ A ~
O = w— Ruw,. (3-7)

From the definitions of the quaternion tracking error variables, the following constraint
can be developed [16]:

ele, +e2 =1, (3-8)

39



where

O<fle( <1 0<]eo(t)] <1, (3-9)
where ||-|| represents the standard Euclidean norm. From (6-7),
leo ()| = 0= leo(t)] = 1 (3-10)

and hence, (3-3) can be used to conclude that if (3-10) is satisfied, then the control
objective in (3-6) will be achieved.
3.2.2 Power Tracking Objective
The kinetic energy E () € R stored in the flywheels of a VSCMG can be expressed
as [24]
E(t)= %QT (t) Iw 2 (t). (3-11)

The power tracking control objective is to develop a flywheel acceleration control law
to enable the actual VSCMG power to track a desired power profile P; (t) € R while
simultaneously tracking a desired time-varying attitude. The desired power profile can be

related to a desired kinetic energy profile Ey(t) € R as

Ed(t) = /Ot Pd(O')dO', (3*12)

where the desired kinetic energy and power profiles are assumed to be bounded. To
quantify the energy tracking objective, a kinetic energy tracking error ng(t) € R is defined
as

ne = Eq— E. (3-13)

Based on (3-13), the power tracking control objective can be stated as

ng — 0 as t — o0. (3-14)
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3.3 Adaptive IPACS
In this section, an adaptive IPACS is developed that forces a satellite to track a
desired attitude trajectory while simultaneously providing asymptotic energy/power
tracking. In Section 3.3.1, an adaptive attitude controller is developed for a VSCMG-
actuated satellite in the presence of gimbal and wheel friction. In Section 3.3.2, a power
management system is developed which operates in tandem with the attitude controller.
3.3.1 Adaptive Attitude Control Development

To facilitate the controller design, an auxiliary signal r(t) € R? is defined as [24]
r 2 w— Rwy + ae,, (3-15)

where @ € R3*3 is a constant, positive definite, diagonal control gain matrix. After

substituting (3-15) into (3-7), the angular velocity tracking error can be expressed as
W=r—ae,. (3-16)

Motivation for the design of r(t) is obtained from the subsequent Lyapunov-based stability
analysis and the fact that (3-3) - (3-5) can be used to determine the open-loop quaternion
tracking error as

1
éo == (e +eols)w €= —éefcﬁ. (3-17)

N —

After taking the time derivative of (3-15) and multiplying both sides of the resulting

expression by J (9), the following expression can be obtained:
~ ~ 1
Jr = Jw+ Jw* Rwg — JRwa + 57 (eX +eols) @, (3-18)

where the fact that
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was utilized. Under the standard assumption that the gimbal acceleration term Cg [IgMG}d J(t)

is negligible [26,83,89], (3-1), (3-2), (3-15), and (3-17) can be used to express (3—-18) as

—CrFsysgn (5) — Cw Fypsgn (),

where the uncertain matrix T, (e,, eg, 7, 6, Q) € R3** is defined via the parameterization

T 2 —%5 (%r + Ruwg — aev) — CrFyyd (3-20)

—Cw [[gMG]d [wT]d5 yon <[[W]d [Q]d _ [IgMG]d [WW]d> 5'7
and the uncertain matrix T (§) € R** is defined as
Ty 2 —Cyw [Iw]”. (3-21)
Also in (3-19), Y} (e, €g, T, w, wa, W, 9, ) 61 is defined via the parameterization
Y0, & —CwFuQ - CeIw]! [wr] Q — Cr [Tw]” [we]? @ (3-22)
—w*Jw + Jw* Rwy — JRwy + %J& (e: + 60[) @.
In (3-22), Y; () € R3®*P! is a measurable regression matrix, and ; € RP! is a vector

of unknown constants. In (3-19), the auxiliary matrices Y, (-) and Y5 (-) contain only

linearly parameterizable uncertainty, so the terms are grouped as
T16 + T2 2 Ysbs, (3-23)

where Y, (ev, €0, T, W, Wy, 0,0, Q) € R3*P2 is a measurable regression matrix, and 6, € RP2
is a vector of unknown constants. Some of the control design challenges for the open-loop
system in (3-19) are that the control input §(¢) is premultiplied by a non-square, unknown
time-varying matrix Yy (-), and the gimbal rate control input §(¢) is embedded inside of

a discontinuous nonlinearity (i.e., CpFs,sgn (5)) To address the fact that the control

input is premultiplied by a non-square, unknown time-varying matrix, estimates of the
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uncertainty in (3-23), denoted by Ty (¢) € R*** and Ty(t) € R3**, are defined as
T8 4+ Yo £ Vb, (3-24)

where éQ(t) € R is a subsequently designed estimate for the parametric uncertainty in

Ty () and Yo (-). Based on (3-23) and (3-24), (3-19) can be rewritten as

N N ~ 1.
Jr = 110+ ToQ + Y16, + Yo, — 5Jr (3-25)

—CrFygsgn (5) — CwFspsgn (),
where the notation y(t) € R is defined as
0y = 0y — 0. (3-26)

Based on the expression in (3-25) and the subsequent stability analysis, the flywheel

acceleration control input is designed as
O =—Tiu.— (14 - T;T2> g, (3-27)

where ¢ (t) is an auxiliary control signal designed to achieve the subsequent power tracking

objective [24]. In (3-27), the auxiliary control input w. (t) is designed as
ue = Y10, + ey, (3-28)
and the gimbal rate control input is designed as
6= —=TF (k+ ko), (3-29)

where k, k, € R denote positive control gains. Since the matrices Ty (¢) and Ty(t) are
non-square, the pseudo-inverses T € R™3 Vi = 1,2 are defined so that T, T = I,

and the matrix [,, — T;“ATZ, which projects vectors onto the null space of Ti, satisfies the
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following properties:

(1 —T+T) (Jn—TjT)
(1 _T+~r) ~ 0
(1 —T+T)T _ (In—TjTi>

([n . TW) T+ = o (3-30)

After substituting (3-27)-(3-29) into (3-25), the following closed-loop dynamics for r (t)

can be obtained:

1. N 3
Jr = —§JT + Y10, + Y505 — kr — k,r (3-31)

—CrFyysgn <5> — CwFsysgn () — ey,
where the notation 6;(t) € R is defined as
0, = 0, — 0. (3-32)

Based on (3-25) and the subsequent stability analysis, the parameter estimates 0, (t) and

0, (t) are designed as
0, = proj (FlYlTr) 0y = proj (FQYQTT) , (3-33)

where ['; € RP**Pr and I'y € RP2*P2 denote constant, positive-definite, diagonal adaptation
gain matrices, and proj(-) denotes a projection algorithm utilized to guarantee that the "

element of 6 (¢) and ,(t) can be bounded as
0y <0 <0y 0y < 0y < 0, (3-34)

where 0,;, 61; € R and 0,,, f5; € R denote known, constant lower and upper bounds for

each element of 6, (t) and 6,(t), respectively.
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3.3.2 Adaptive Power Tracking Control Development

Based on (3-12) and (3-13), the power tracking error can be quantified as

ip = Py — E. (3-35)

To develop the closed-loop dynamics for the power tracking error, the time derivative of

(3-11) is substituted into (3-35) for F (t) as

ne = Pg— 158, (3-36)
where the uncertain vector Y3 (2) € R4 is defined as
T3 2 Q' Iy (3-37)

Since the uncertainty in (3-36) is linearly parameterizable, the following parameterization

can be developed:

T30 £ Y30, (3-38)

where Y3 (Q, Q) € RY™P3 js a measurable regression matrix, and 3 € R is a vector of
unknown constants. To address the fact that the control input € (t) is premultiplied by

an unknown time-varying matrix, an estimate of the uncertainty in (3-38), denoted by

A

T3 (t) € R™ is defined as
T30 £ Vi, (3-39)

where é3(t> € R is a subsequently designed estimate for the parametric uncertainty in

T3 (2). Based on (3-38) and (3-39), (3-36) can be rewritten as
i = Py — Ys03 — 159, (3-40)
where the notation f5(t) is defined as

O3 2 05 — 0. (3-41)
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From (3-40) and the subsequent stability analysis, the parameter estimate f (t) is
designed as

05 = proj (—FngTnE) , (3-42)

where ['3 € RP3*P3 denotes a constant, positive-definite, diagonal adaptation gain matrix,
and proj(-) denotes a projection algorithm utilized to guarantee that the i** element of

05(t) can be bounded as

0s; < O < 03, (3-43)

where 0.;, f3; € R denote known, constant lower and upper bounds for each element of
05(t), respectively. After substituting (3-27) into (3-40), the following expression can be
obtained

Given (3-44), g (t) is designed to satisfy the following relationship
Tg <[4 — T;TQ) g = —Pd - 'Afgﬁ';uc - kE’ﬂE, (3*45)

where kp € R is a positive constant control gain. Based on the Moore-Penrose pseudo-
inverse properties introduced in (3-30), the minimum norm solution of (3-45) is given

as
g = (n=T0) 17 [T (1 - T57) 73] (3-46)
: <_Pd — T3 ue — kEUE) -

The result in (3-46) indicates that simultaneous attitude and power tracking is possible
anytime <[4 — T;Tg) TgT # 0. Since (14 — Y;'E) £0V T, (t), the simultaneous attitude

and power tracking objective can be achieved as long as the following two conditions are
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satisfied simultaneously:
T3 (1) #0
T ¢ N (- TET2).
where N/ (14 — T;T2> denotes the null space of the matrix I, — T3 T,. Since Y5 (¢) con-
tains the adaptive elements of 0 (t), the projection function in (3-42) can be selected to

expand the domain within which the simultaneous objective is possible. After substituting

(3-46) into (3-44) for g (), the following closed-loop error system can be obtained:
N = —kene — Ysbs. (3-47)

3.3.3 Stability Analysis
Theorem 2-1: The flywheel control input of (3-27), (3-28) and (3-46) along with
the adaptive update laws given in (4-27) and the gimbal rate control input of (3-29)

ensure globally uniformly ultimately bounded (GUUB) attitude tracking in the sense that
leo (D) < eoexp (—ert) + e, (3-48)

where g¢, 1,69 € R denote positive bounding constants and asymptotic energy/power
tracking in the sense that

ng(t) -0 as t— 0. (3-49)

Proof: To prove the asymptotic power tracking result, let Vg (ng, 05, t) € R bea

nonnegative function defined as
2 1 2 E”T ~1p _
Vi £ S+ 505750, (3-50)
After using (3-42) and (3-47), the time derivative of Vg (¢) can be expressed as

Vi = —kpnj. (3-51)
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Based on (3-50) and (3-51), ng (t) € Lo N Ly. The assumption that 03 € L can

be used along with (3-43), to show that 65 (t) € L. Given that ng (t) € Lo, (6~

8), (3-27), (3-28), (3-34), and (3-46) can be used to show that Q () € L. Since

Q(t) € Lo, (3-39) can be used along with (3-43) to conclude that Y3 (t) € L. Given
that 1z (), 05 (t), Y3 (1) € Lo, (3-47) can be used to conclude that 9z (t) € Lo (ie., ng (1)
is uniformly continuous). Barbalat’s Lemma can now be used to show that ng () — 0 as

t — oo.

To prove the GUUB attitude tracking result, consider the nonnegative function V(e,,

€0, 7, 01, By, t) € R defined as
A T 2 1 T 1~T -1 1~T -1p

By using the bounds given in (2-15), (6-8), and (3-34), V() can be upper and lower
bound as

Az + e SV () < Ao |2 + e, (3-53)

where i, \g, ¢, c; € R are known positive bounding constants, and z(t) € R® is defined

as
T
z £ { evT TT :| . (3*54)

From (3-17), (3-26), (3-31), and (3-32), the time derivative of V' () can be expressed as

v

Vo= el (X +eols) @+ (1—ep) el + 17 (1/1(51 FYaly — kr —kyr — e, (3-55)
—CrFyysgn <5> — CwFsusgn (Q)) — éffflél — égf‘;lég.
By using (3-16), (4-27), and exploiting the fact that
€€y

erw =0,

the expression in (3-55) can be upper bounded as

Vo< gzl =Kl + (Go 1 Fsgllie + G Eswllice) 171 (3-56)
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where A3 = Apin {@, k} € R. After completing the squares, (3-56) can be written as
2

Vi) < —da 2l + o (3-57)

where 8 £ (o || Fsgll,o. + G | Fowll;o- Since the inequality in (3-53) can be utilized to lower

bound [|z(t)||* as

2 1 C2
> —V(t)— — 3-58
2l = oV @) - 2, (359)
the inequality in (3-57) can be expressed as
. A3
V() < -3V ) +e (3-59)
2
where ¢ € R is a positive constant that is defined as
_ 3 A3C2
R v (3-60)
The linear differential inequality in (3-59) can be solved as
A A A
V) <V(O0)exp (-2t +eZ2 |1 —exp [ 222 (3-61)
A2 Az A2

The expressions in (3-52) and (3-61) can be used to conclude that r(t) € L. Thus,

from (6-8), (3-16), and (3-54), w(t), 2(t) € L, and (3-15) can be used to conclude that
w(t) € Lo. Equation (3-17) then shows that é,(t), éy(t) € L. Hence, (3-22), (3-24),
(3-27)-(3-29), (3-34), (3-46), and (3-49) can be used along with the assumption that
E4(t), Py(t) € L to prove that the control inputs §(t),Q (t) € Lo. Standard signal
chasing arguments can then be utilized to prove that all remaining signals remain bounded
during closed-loop operation. The inequalities in (3-53) can now be used along with

(3-60) and (3-61) to conclude that

Ao [|2(0)]1 + ¢ A3 Ao 3? C2—
2 < 2 _ 3y . 3-62

The result in (3-48) can now be directly obtained from (3-62).
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3.4 Simulation Study

To test the performance of the proposed IPACS, the dynamic parameters of the UF
CMG test bed were used to create a numerical simulation. While the UF CMG does
not have variable wheel speed capabilities, a realistic numerical simulation environment
was created as a stepping stone to actual experimental validation of the proposed con-
trol law. To that end, using the physical parameters of the UF CMG test bed to create
the VSCMG model, the controller performance was tested in a simulation environment
containing measurement noise and time delays. Moreover, to ensure that the simula-
tion demonstrates the capability of the controller to perform satisfactorily in practical
implementation, the controller parameters were tuned such that the control objective is
achieved using actuator commands that are within practical saturation and rate limits.

Using the dynamic equations of motion in terms of the VSCMG test bed in (3-1)-(3-
2) and the VSCMG test bed inertia matrix Jysemg (6) € R**3 is defined using the parallel
axis theorem as

4
vacmg = JO + Z |:B<]gi + Memgi (7”?7’1’]3 - Ti,rzT)] : (3763)
=1

In (3-63), the VSCMG parameters J, = Josemg (0) = diag{6.10 x 1072, 6.10 x 1072,
7.64 x 1072} kg - m?, mepgi = 0.265 kg, r; € R® Vi = 1,2, 3,4 are defined as

T

r = {0.1591 0 0.1000] m (3-64)
T

Ty £ {o 0.1591 0.1000} m (3-65)
T

rgé{—0.1591 0 0.1000} m (3-66)
T

ry = {o —0.1591 0.10001 m, (3-67)

B J,i (6) € R¥3 Vi =1,2,3,4 denotes the inertia matrix of the i'" gimbal as expressed in

the CMG body-fixed frame defined as

BJgi = [OBgi] [gijgi} [CBgi]Tv (3*68)
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and I,, denotes the n x n identity matrix. The actual values for the parameters Jy, L,

I

cgs

ng7 qun F.

sgr Fsw, Memgi, and giJgi Vi =1,2,3,4 are used to generate the plant model

in the simulation, but they are not used in the control law. The adaptive control law
compensates for these uncertain parameters. In (3-68), the coordinate transformation
matrix Cpy € SO (3) Vi = 1,2,3,4 relates the i gimbal-fixed frame to the VSCMG
body-fixed frame, and 9'.J,; = diag{ 2.80 x 107® 4.80 x 107* 2.49 x 1073 } kg - m?

Vi = 1,2,3, 4 represents the inertia matrix of the i gimbal as expressed in the i* gimbal-
fixed frame. Also in (3-1), ISMY = 2.80 x 10731, kg - m?, and Iy = 6.95 x 107%1, kg - m>.
The skew angle of the VSCMG pyramid is § = 54.74 deg.

The objective is to regulate a satellite’s attitude to the desired quaternion defined by
T
Qd:{l 00 O] (3-69)
with the initial quaternion orientation of the satellite given by

q(0) = {0.4 —0.3 0.8 o.4r.

The adaptive estimates were initialized to arbitrary values in the simulation to test a case

when limited knowledge of the parameters is available. The initial values for the adaptive
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estimates were selected as follows.

0:(0) = [6x107%6x107%,9x107%7.5x 1077,
1.2x107%,6 x 1073,3 x 10743 x 1074,
3x107%,3x107%,0.3,0.3,0.3,0.3,

1.04 x 107,1.04 x 1073,1.04 x 1073,
1.04 x 1077]

0>(0) = [1.2x107%,6.0 x 107°,1.5 x 1072,
1.5x1072,1.5 x 1072, 1.5 x 1072,
1.04 x 1073,1.04 x 10731.04 x 1073,
1.04 x 1072,3 x 107%,3 x 1073,3 x 1072,
3% 1079

05(0) = [2.78 x 107%,2.78 x 107%,2.78 x 107,

2.78 x 107%] |
and the gimbal angles (rad) and flywheel speeds (rad/s) were initialized as
T
6(0) = { 1111 }
T
Q(0)—[10 10 10 10} :

respectively.

The friction matrices Fy,, Fyy, Fsy, and Fy, for the simulated VSCMG are (e.g.,
see [66])

Fiy=2x1071;  F,,=4x107"%I, (3-70)

Fu,=2x 10741, Fo, =4 x 10741,
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To test the scenario when a sudden increase in the friction occurs, an instantaneous jump
(i.e., step function) of 1072 in the Fy,, Fy,, Fs,, and Fy, parameters is programmed to
occur 1 second into the simulation. Additionally, a sudden increase of 10% in the friction
parameters is programmed to occur after the first period of power tracking at 6,000 sec! .
To improve the realism of the simulation environment, Gaussian distributed random
number noise of 10% was added to all sensor measurements in the simulation, and a fixed
time step of 1072 sec was used.

Figures 3-1 - 3-16 show the simulation results of the closed-loop system. Figure 3-1
shows the quaternion tracking error during closed-loop operation for the entire duration
(15,000 sec) of the numerical simulation. To show the initial transient response, Figure
3-2 shows a plot of the first 200 sec of the quaternion tracking error plot. Figure 3-3
highlights the quaternion tracking error response during the sudden friction increase at
6, 000 sec. Figures 3-4 and 3-6 show the power and energy tracking achieved during
closed-loop controller operation. Figure 3-4 shows the power and energy profiles and
the corresponding closed-loop system response for the entire duration of the simulation,
and Figure 3-5 shows the first 10sec to highlight the initial transient response. Figure
3-6 highlights the power and energy tracking error responses during the step increase in
friction occurring at 6000 sec. Figures 3-7 - 3-9 show the control input gimbal rates
0 (t) and wheel accelerations € (t) during closed loop operation. The spikes shown in
the control input responses 0 (£) and € (¢) occur at instants where the desired power
profile instantaneously changes sign from negative to positive (see Figure 3-4). Although
the spikes appear to exceed practical rate limitations of the actuators, this is due to

the resolution of Figure 3-7. The effect of the sudden friction increase on the control

! In a realistic situation, the gimbal friction would most likely increase gradually over
time (e.g., due to bearing degradation, corrosion, etc.), so the instantaneous increase in
friction in the simulation tests a worst case scenario.
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Figure 3-1. Quaternion tracking error e(t) during closed-loop operation.
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Figure 3-2. Transient response of the quaternion tracking error e (t).

54



x 10 ‘ ‘ ‘ x 107

1
2,
0.5
—~ 1 —~
s = o—————\- ,\P————
(O] or ()
_0-5,
_1,
5900 5950 6000 6050 6100 1 5950 6000 6050 6100
x10°
1r 1.1
s o S
™ o 1
(O] ()
_1,
0.9
2 5950 6000 6050 6100 5900 5950 6000 6050 6100
Time (s) Time (s)

Figure 3-3. Response of the quaternion tracking error e (¢) during the sudden increase in
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Figure 3-7. Control input gimbal rates é () and wheel accelerations €2 (t).

input responses is shown in Figure 3-9. The commanded control inputs remain within
reasonable rates throughout controller operation. The wheel speeds used during
closed-loop operation are shown in Figure 3-10. The maximum wheel speed commanded
was approximately 9,500 rpm, which is a reasonable value for practical implementation.
The time variation of the adaptive parameter estimates is shown in Figures 3-11 - 3-16.
Some of the parameter estimates did not vary much during closed-loop operation, but

the estimates remained bounded for the duration of the numerical simulation. Figure

3-11 shows the elements of the adaptive parameter vectors 6y (), 6 (t), and 65 (t) for

the entire duration of closed-loop controller operation. Figures 3-12, 3-14, and 3-16 show
the transient response of the adaptive parameter estimates during the first 10 seconds of
closed-loop operation. Figure 3-12 depicts the vector elements of 6, (t), Figure 3-14 depicts
the elements of 0, (t), and Figure 3-16 depicts 03 (t). Figures 3-13 and 3-15 highlight the
responses of 0; (t) and 0, (t) during the sudden increase in friction at 6,000 sec. Since
different vector elements of 0, (¢) and 6, (t) had different initial conditions and amounts of

variation, the plots in Figures 3-12 - 3-15 were divided into multiple windows for clarity.
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Figure 3-10. Wheel speeds € (¢) during closed-loop controller operation.

Some of the parameter estimates vary by small magnitudes on the order of 10~%. However,
after utilizing equations (3-1), (3-2), (3-22), (3-23), (3-27) - (3-29), and (3-38), it can be
shown that the equivalent control torque resulting from the feedforward terms 6; (t), 65 (t),
and 0 (t) all have similar magnitudes, which is of the same order of magnitude as that of
the feedback control terms.
3.5 Summary

In this chapter, an IPACS design method for a VSCMG-actuated satellite is pre-
sented. In the presence of uncertain dynamic and static friction in the VSCMG gimbals
and wheels, the controller is capable of achieving GUUB attitude tracking while simul-
taneously tracking a desired power profile asymptotically. In addition, the controller
compensates for the effects of uncertain, time-varying satellite inertia properties. The
difficulties arising from dynamic friction and uncertain satellite inertia are mitigated
through innovative development of the error system along with a Lyapunov-based adaptive
law. In the presence of static friction, the control design is complicated due to the control

input being embedded in a discontinuous nonlinearity. This difficulty is overcome with the
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use of a robust control element. The attitude and power tracking results are proven via

Lyapunov stability analysis and demonstrated through numerical simulations.
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CHAPTER 4
INTEGRATED POWER REDUCTION AND ADAPTIVE ATTITUDE CONTROL
SYSTEM OF A SATELLITE

In this chapter, an attitude controller is developed to adaptively estimate actuator
friction where attitude control torques are generated by means of a pyramidal arrange-
ment of four single gimbal VSCMGs. To develop the controller from coupled dynamics
composed of the satellite, gimbals, and wheels, a backstepping method is exploited. In-
put power reduction results from a wheel deceleration mode induced by null solution in
addition to internal friction of the flywheels. Internal friction reduces the potential input
torque to be produced by the flywheels since the friction in deceleration can play a role
as additional torque generation to the resultant torque which consists of the applied con-
trol torque and friction. The developed VSCMG steering law is a function of the gimbal
rates and the flywheel velocities which are weighted by the singularity measure [97] to
actively exploit the additional degree of freedom afforded by the VSCMGs [55,89,100]. In
a stationary state after completing an arbitrary attitude maneuver, the wheel speeds can
potentially be reduced. A benefit of the controller is that power reduction can be achieved
when the wheels decelerate while the gimbals null motion simultaneously performs the
gimbal reconfiguration for singularity avoidance. The singularity avoidance method re-
duces/eliminates the amount of time that the VSCMG has to operate in RW mode when
the CMG Jacobian becomes singular in impassable/passable singular surface through the
use of null motion [55,64, 96, 100]. Numerical simulations demonstrate the performance
of the adaptive VSCMG steering law to indicate the input power reduction for control of
VSCMGs in the presence of friction and the efficacy of singularity avoidance with reduced
reaction wheel modes.

4.1 Coupled Dynamics
4.1.1 Dynamics for VSCMGs
The gimbal and flywheel of a VSCMG assembly (Figure 2-1) have a center of mass

(CM), Cg, and Cyy,, respectively. By placing the CMG assembly inside a satellite, the
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angular momentum pEMGi (w, ('51, QZ> € R3 of the i" CMG with respect to its CM, Comg,

Cowma;
is written as

pCMG: _ [CMG;
Cema; — “Comg,

CMG;/S (4-1)

Cema; !

w—+h
where the sub- and superscript notation indicate a point of interest and a body, respec-

tively, w (t) € R® denotes the angular velocity of the satellite, &; (), 0; (t),Q; (t) € R

are the gimbal angle, the gimbal rate, and the flywheel velocity of the " CMG, and

ICMGi

Cor € R is the moment of inertia tensor of the i** CMG relative to Cog,. Specifi-

cally, the moment of inertia tensor of the i** CMG is

CMG; _ 71G; T T W; T T
ICC]MGZ' - [CCAIG+mGi [(rCGi TCGi) I3 B TCGZ' TCGi] +ICCMG+mW’i [(TCWZ» TCWi) [3 B TCWi TCWi ’

where I Wi

, € R*3 are the moments of inertia tensor of each gimbal and wheel
Cema’ "Coma

relative to Cong,, and mg,, my, € R are masses of the it" gimbal and wheel, where T, s
rey,. € R? are the positions of the CM for Cg, and Cyy, with respect to Copg,. Also in
(4-1), hgé\ffg/ s (51, Ql> represents the angular momentum contributions from the flywheel

and the gimbal and is given by

CMG;/S _ ;CMG; § -
hCCMGi _[CC]\/IGiéla

IEMC Qi (4-2)

Cema;

¢ T

where the angular momentum of the CMG is expressed in terms of a CMG-fixed basis
B = { ag,, aw, ar, }; ag, is a gimbal axis, ay, is a spinning wheel axis, and ar, is a
transverse axis. To obtain the kinetic equation governing the motion of the i CMG, the

time derivative of (4-1) yields

CMG, _ [CMG; - MG, CMG,/S _  cMG, B
hCCMGi - ICCMGZ-W + % (ICC]\/IGZ-> w+ hCCZ\/IGZ- =9 ? (4 3)
where gOMGi (1) = 7OMGi (1) — gCMGCi <6I, QZ> € R3 represents the applied gimbal and/or

CMG; (t)

flywheel motor torques 7 and the associated friction torques g&M%1 (52, Ql>
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Given a CMG-fixed frame Fc)q,, the transport theorem indicates that

; . . . N A - X
hgguea - [gé\ffg (w + dag, + QiCLWi) + <w + 5agi) he,
. X
+ (w+ S, + Qiaw,) b, (4-4)

A i N A : A~ . . .
where hqg, = ]ggﬁ; (u} + 5(16‘1;)7 and hy, = ]gxfi Q;aw, € R3. Considering a coodinate

system with origin Cepse, and basis B fixed in each CMG unit, (4-4) is expressed as

CMG;j,CMG; _ CMG; jCMG; T R o
thCJ\lGi - Z]CC]\/[GZ. (DCJ\/fle + 6aGi + Q’LaWi>

. X . X
+ <D2’MG7;W + 5dGz> hGi + (DgMGiw + 5dGi + QZ&W1> hWiv

where CMG [EME ¢ R3*3 i the moment of inertia matrix of the i*" CMG expressed in
3

]CMGi
Ccma,

the CMG inertia matrix can be defined as CMGi [GMGi — diag <[ [gMG Iy, [%MGi ])

the CMG-fixed frame F¢yq,, and assuming that M is a principal inertia matrix,

Cema;

; CMG; JTCMG; 4 — P A P T 3x3 ;
since 16, @w; = Iw,dw, so that hy, = Iw,Qiaw,, and Dy, (0;) € R is the

direction cosine matrix which transforms Fg to Fong,. The gimbal motor torque and

bearing friction contributions are obtained from

x
CMG;;,CMG; ~ A CMG; TCMG; T . A ~ T CA
1hCC’]\/IGZ~ “ag; = 4G [ ZICC]MGi (DCMGiw + 5aGi>i| +ag; - {(DCMGZ-W + 6an’> th}
__CMG; CMG; _
- TGimbalmotor - Gimbal Friction’ (4 5)

CMG; ( ) CMG;

where T, » IGimbal priction

Gimbalmotor

<5Z> € R are the applied torque and friction torque of

the i gimbal. Similarly, the flywheel contributions can be expressed as

CMG;; CMG; _ ~ lema rema; T . ¥a
hCCMGi'aWi = ay, [ [CC]VIGi (DCMGiw—i_(SaGi)]

. X .
+a, - [(w + 5@Gi> hcl} + ayy, -CMGs [CMGi ()

Cema;

CMG; CMG; B
- TWh@@lmota'r - gWheElFriction7 (4 6)

CMG; ( ) CMG;

where Ty 0 (1), GWheet i, ($2i) € R are the applied torque and friction torque of

the i"" wheel. The equations of motion of the gimbal and flywheel in matrix form can be
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expressed as

. a\ 1

§ = ([16YC)) A+ w0 [wa] + 7500800 — Ittt |

. -1

Q = <[[W]d> |:B + Tglj}\izmotor - g%/jgeglFriction} ) (477)

where A (w,w,d), B (w, w, 0, 5) € R* are residual terms obtained by algebraic ma-
nipulations of (4-5) and (4-6), and [wa (6;)] € R?*is a vector resulting from ag, -
{DZyc, (6:)w (t)} " aw,; the inertia matrices [[gMG]d, [Iw]? € RY4 are [IgMG]d =
diag ([IgMGl [gMG2 [CC;MG?’ IgMG4 }), []W]d 2 diag <{ Iy, Iw, Iw, Iw, }>7
where [[gMG]d is the unknown gimbal inertia matrix, and [[W]d is the known fly-
wheel inertia matrix; the satellite angular velocity w (t) projected to B is denoted

as [wo ()] £ diag ([ Wor (1) wop () woy (1) oy (1) D (c:G, W, T) e R
and Hd denotes a diagonal matrix expressed by components of each VSCMG; and

o (t),Q(t) € R* are gimbal rate and flywheel velocity vectors, respectively. In (4-7),

e (t), TG (t) € R* are the applied control torques, and the friction vectors

oMG ' CMG 4
gGimbalFriction <6>7 gWheelFriction <Q) € R* are

CMG = ngS + Fyysgn (5) (4-8)

gGimbalFriction

gI?VAf{eCe;lpmtim £ FauQ+ Fowsgn (€2)

where Fy,, Fy, € R and F,, Fy, € R* are diagonal matrices containing the uncertain
dynamic and static friction coefficients for the gimbals and wheels, respectively, and
sgn () € R* denotes a vector form of the standard signum function where the sgn (-) is
applied to each element of §(¢) and Q (¢).
4.1.2 Dynamics for a satellite actuated by VSCMGs

The total angular momentum H, <w, 5, Q> € R? of a rigid VSCMG-actuated satellite
can be written as

H, = Jw+ Cq [IM9]§ + Cy [Iw]" 2 (4-9)
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where the angular momentum of the CMG is expressed in terms of a CMG-fixed

basis B = { ac,, aw., ar, }; and Cg, Cy (), Cr (§) € R*** are defined as

s | s | . R R X N
CVG == |: ag, ag, ag; aa, :|7 C(W - |: aw, aw, aw, aw, :|7 C(T - |: ar, ary
Gr, g, |- In (4-9), the uncertain total satellite inertia matrix J () € R**® is positive

definite and symmetric such that
1 1
i {HIENT < €77E < Sdnma (T3 [IE]° VE €R

where Apin {/}, Amax {J} € R are the minimum and maximum principal inertias of J(4)
and § (t) € R* is the gimbal angle. The equation of motion for a rigid VSCMG-actuated

satellite can be written as

96, = Jw+Jw+wJw (4-10)
+Cg ([JgMG} T~ I ] Q)
+Cy ([ Wl + [16M9) [wy)? 5)

+Cr ([T (9075 + [Tw] el @ = [I§Y9)" [ow]?4) |

where g&_ <w,w, 5,8,0,9, Q> € R3 is the external torque applied to the satellite,

o (t),Q(t) € R are the gimbal acceleration and flywheel acceleration, and [Q ()]°

and [5 (t)] ’ denote diagonal matrices composed of the vector elements of Q (t), é (t) € R?,
respectively. Based on (4-7) and (4-10), the coupled dynamic equations for a VSCMG-

actuated satellite can be represented as

.. -1

§ = ([16Y)") " [A+ w90 [wal + 750801 e = Gt |

O = (") (B — 0 ]

P l[dﬁ Jw+w*Jw+ Cg ([ngG]dés'—[zW]d[wT]dQ) (4-11)
1Oy < [CMG} lwr] 5)
+Cr ([[W 15+ [w) [wa]' @ = [16€]" [ww]3)]
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4.2 Attitude Control Objective

The attitude control objective is to develop a gimbal rate and flywheel velocity
control law to enable the attitude of Fg to track the attitude of Fg,. The objective is
quantified in 3.2.1 in Chapter 3.

4.3 Attitude Control Development

To facilitate the design of a composite VSCMG steering law, an auxiliary signal

r(t) € R? is defined as [23]
r 2w — Rug + ae,, (4-12)

where o € R is a constant control gain. Using (3-7) and (4-12), the angular velocity

tracking error can be expressed as

W=1T— e, (4-13)

In the absence of external disturbances, the satellite dynamics of (4-10) can be used to

rewrite the open-loop error dynamics for r (¢) as
_ ) 1.
Jr:G+D5+HQ—§JT, (4-14)

where the auxiliary terms G (eg, €,,w, wg,wq,0) € R3, D (eq, €y, w, wq, 7,0,Q) € R¥>* and
H (w,0) € R¥** are defined as
~ .
G 2 —wJw+ Jw*Rwg — JRug + §Ja (e + eols) @,
, oJ (1 ~
D £ —Cy [I§M wr)? + Crp [1§M9) [ww]” — o <§r + Rwqg — ozev)
—Cp [Iw]* (97,

H 2 Cqllw]wr]® — Cr [Iw] [we]?,
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and the terms Cg [[gMG}dg (t) and Cy (8) [Iy]* Q2 (t) are assumed to be negligible
[26,83,89]. After some algebraic manipulation, the error dynamics in (4-14) are
: - N
Jr = G+D5d+HQd+D§+HQ—§JT

~ ~ 1.
= G+QW+D5+HQ—§JT, (4-15)

where Q (eg, €, 7,w,0,Q) = D (eq, 0,7, w,6,9) H(w,8) | € R ny(t) =

T
l o Q7 } € R8, and the backstepping errors 0 (t), Q (t) € R? are defined as
bES—0;,  QE2Q-Q. (4-16)

Based on the error dynamics of (4-15), the auxiliary backstepping input @ (eq, €,,7,w, d, Q) 14 (t)
is designed as

Qna = —G — kir — ey, (4-17)

where k; € R is a positive constant gain. Substituting (4-17) into (4-15), the closed-loop

error dynamics for r (¢) can be determined as
: N ~ 1.
Jr:D(5—|—HQ—§J7“—k1r—ev. (4-18)

In addition to attitude control, the control development also targets reduced power
consumption during flywheel despinning. The flywheel can achieve deceleration by
null motion control. To facilitate the development of a null motion controller, the new

composite VSCMG steering law in (4-17) is expressed as

na = —QL (G+kr+e)— (Is—Q Q) So (4-19)
—Ry — N5,k 2
—Ry — NaSyug
where Q (eo, ev, 7w, 0,Q) =W (0) QT (1) {Q (-) W (8) QT (-)}_1, and W (0) € R®*® denotes

a mode weight matrix that determines whether the VSCMGs system operates in a CMG
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mode or a RW mode, and S (§) € R®*® is a null motion weight [45,46] to arbitrate the null

motion o (t) € R®¥! of the gimbal and flywheel defined as

k51
o2 |7, (4-20)
g

where the null motion o (t) generates gimbal reconfiguration and wheel deceleration, k., €
R denotes a positive constant, and g (¢) is an auxiliary control signal to track the desired
flywheel speed trajectory. In the partitioned steering law of (4-19), R; (eo, €y, 7,w,d,Q) =
[QF () {G (ep, ey, 7, w,8) +kir (t) + e, (t)}]; indicates components of each R* term,

N; (eg, €y, 7, w,d,Q) € R is the projector onto N'(Q), and 5, (), 5, (§) € R¥* are

composed of components s,, s, € R*** of null motion weight S (§), defined as

T T
59 = { Sg Osxa } Sw = [ Osxs  Sw } :
The mode weight matrix W (§) € R®*® is designed as [87,89,101]

W A W6[4><4 04><4 7 (4721)

Osxa  Walixa

where W, (0) is defined as
Wa £ Wooexp (A1 f)

where A\, Wqo, Ws € R are positive constants, and the singularity measuring objective
function f () is

f=—det (CrCT). (4-22)

The control input g (¢) of (4-20) is designed as
g=- [N2=§w]_1 (R2 + Qf) ) (4723)

where Q (t) € R* is a desired, given flywheel deceleration trajectory. In a stationary
f g

state after completing an arbitrary attitude maneuver, the wheels do not need to maintain
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high speeds. Decelerating the wheels can reduce the potential for wheel speed saturation,
but typical strategies require battery power to decelerate the wheels while maintaining

a desired attitude. The auxiliary control input g (¢) results from an internal momentum
management strategy that enables internal friction to be used along with null space
motion as a power reduction method to decelerate the flywheels while maintaining a
desired attitude.

Remark 4.1. The bracketed term in (4-23) is invertible, and simultaneous attitude and
wheel deceleration is possible when Ny (+) 5, (0) = (Is — Q) () Q () 4ueg Sw (0) # Ouxa. Since
(Is — Q4 (1) Q(-)),xg is nonzero for all Q (-), Ny () # Ouxs and simultaneous attitude and

wheel deceleration can be achieved provided
S0 # 0 and 5, ¢ N (Ns),

where N (Ny (+)) denotes the null space of the matriz N (). Hence, 5, (§) ¢ N (N2) except
when Sy, (6) = Ogxa, which means the CMG’s Jacobian itself is singular, which does not
occur unless it is initially singular. Accordingly, as long as the system does not start in a
singular configuration, the control input g (t) exists and simultaneous attitude and wheel
deceleration can be achieved.

The composite steering law in (4-19) has an extra degree of freedom resulting from
the variable speed flywheel, enabling the VSCMG system to escape an elliptic singularity
and a gimbal lock singularity [89,100]. Since the steering law of (4-19) is produced by four
VSCMG units, (4-19) is also a solution to an underdetermined system containing four
gimbal rates and four flywheel velocities as unknowns [55, 89, 100]. In (4-19), the term
(Is — Q% (1) Q(+)) S () o (t) generates the VSCMG null motion for singularity avoidance
and wheel deceleration. The singularity avoidance method reduces/eliminates the usage of
RW mode in continuous manner when encountering elliptic/hyperbolic singularity. Since
Q (+) is nonsquare, the pseudo-inverse Q; (-) € R®*3 is defined so that Q (-) Q/ (-) = I3,

and the matrix Ig— @} () Q (-), which projects vectors onto the null space of @ (-), satisfies
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the properties

(Is—Q5Q) (s —@Q5Q) = Isi—QiQ (4 24a)
QL —QiQ) = Oaxs. (4-24b)

The composite VSCMG steering law in (4-19) provides a desired gimbal and flywheel

velocity. Since the actual control inputs are gimbal and flywheel torques, a backstepping

approach is used to design 7,

cMG CMG ‘o
TGimbalmoron (t) and TV heelnoror (t) by examining the open-loop

error system for the mismatch between the desired and actual gimbal and flywheel

velocities, denoted by the backstepping errors & (t), Q (t). Specifically, after using (4-7)

and (4-17) and performing some algebraic manipulation, the open-loop error system for

0

S

(1), Q1) is
a1 .. . )
= ([16™)") | A+ [l [ [wa] + 7808t e = 95t + D (D G 4 Fr )
—1 .
= (Iw)?) " [B+ 7 e = 9] + H (4 60). (4-25)
here

G 2 = (Jt 10) 4+ (Ju+ 10) R+ S (md i Rw)
.~ ~ ~ 1 . X .
—JRioa = T Rica = T Ridu + 50 [(Jev + Jév> O+ Jekd
+ (j@o[g + J€0[3> w + Jeolgu;):| s

D 2 —Cr [S]d [[CMG}d [MT]d — Oy [[gMG]d [@T]d

d
—Cw [5] CMG ]d 4Oy [IgMG]d [ww]d
1 oJ (1
_W5 57“ + Rwd ae ) % (—7" + Rwd + Rwd - aev)
d d
+Oy [(5 — O [Iw]* M ,
H 2 Collw)'[wr]’ — = (CT)5[ wl? wal” = Cr [Iw]” o]

0
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The internal frictions ggmer, (5) and giilS () in (4-25) are parameterized in
terms of known regression matrices Y; (5) Y5 (Q) € R and vectors of eight unknown

constants 6,0, € R® as

Y160, £ ng5 + Fygsgn (5) Ya0; & FQ + Fopsgn ().

Based on the open-loop error dynamics of (4-25), the applied control torques rgﬁfalmw (t)

CMG .
and Ty (t) are designed as

T = —A = )1 1Q) wa] + Vi) = [1§7€){ D* (Dda + G + ki ) }(4-26)
_ [IgMG}dDTT &y [[gMG}dS
TGMG B4 Yol — [Iy]° {H+ (HQd + e)} I HTr — Ky [T 0,
where ko, ks € R are positive constant gains, and 0y (t), 6 (t) € RS are estimates for the

parametric uncertainty Fy,, Fyy, Fuy, and Fy,. The parameter update laws for 0, (1), Oy (t)

are designed as

51 = —F11GT<[ISMG]‘1>_1S (4-27)

by = —TLY7! ([Iw]d>_19,

where I'y, I'y € R®¥*8 denote constant, positive-definite, diagonal adaptation gain matrices.
After substituting the control torques of (4-26) into (4-25), the closed-loop error dynamics
for 6 (t), Q (t) are

L . -1 .

5 = —D"r—kud— ([184)") Vb,

. . -1

O = —HTr — k) — ([Iw]d) Yals, (4-28)

where 0, (t), 65 (t) € R® are defined as

0,20, —0,, 0,2 0,—0,. (4-29)
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4.3.1 Stability Analysis
Theorem 4.1. The weighted steering law (4—19) including the gimbal rate and the flywheel
velocity, and the applied control torques (4-26) along with the adaptive update laws given

in (4-27) ensure global asymptotic attitude tracking in the sense that
lew(t)]] — 0 as t — oo. (4-30)

Proof: To prove the attitude tracking result, let D C R3! be a domain containing

p (ev,eo,r,g,ﬁ, 51,52) = 031, where p (ev,eo,r, 5,@,@1,52) € R3! is defined as

T
p2 {fﬂ“ e AT ET T G 92]

v

Let V (p) : D x [0,00) — R denote a continuously differentiable, positive definite function

defined as
T 2 1 g Lepe  lope  lop s L1
V=e,e,+(1—ep) —|—§r JT’-I—§5 5—|—§Q Q+§91F1 91+§92F2 6, (4-31)

After differentiating (4-31) and using (4-11), (3-17), (4-18), and (4-28), the resulting

expression is given as
Vo= el (ef +eplz) @+ (1—ep)elw+rT (DS + HQ — %Jr — kyr — ev> (4-32)
+57 (—DTr — kb — (16" d)_l Ylél) + Q7 (—HTT — ks ([Iw]d)_1 Y2é2>
—éfrflél —6F r;1§2.

After performing some algebraic manipulations, and using (4-13), (4-27) and exploiting

the fact that eleX® = 0, the expression in (4-32) can be upper bounded as

V <Az, (4-33)
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where A = Auin {, k1, k2, k3} € R and z(e,, 7,8, Q) € R™ is defined as
T

22| T T 5T QT | . (4-34)
From (4-31) and (4-33), 7(ey, €0, w), ey (), 0 (£) ,Q (t) 01 (t) 05 (t) € Lo. Thus, from
(6-8), (4-13), and (4-34), e,(t), eo(t), @(t), z(ey,,0,Q) € Lo, and (4-12) can be used to
conclude that w(t) € L. The open-loop quaternion tracking error in (3-17) can be used
to conclude that é,(t), éo(t) € L. The fact that ¢ (¢)-dependent functions result from
direction cosine matrices indicates that the functions contain § (¢) within bounded trigono-
metric functions. Since e, (t), eo(t),r (€4, €0,w), w (t), Q2 (t) € Lo, (4-19) can be used to
show that 0q (t),Qq € Loo. Through (4-16) and 6 (t),d4(t), Q(t),Qq (t) € Lo, then
5 (t),Q(t) € Loo. The fact that 7(e,, eg,w), €y (t), €0 (t) ,w (t), Q2 (t),0 (1), Q(t),0(t) € Lo
can be used with (4-18) to conclude that 7(e,, eq,r, 5,9, Q) € Lo. The time derivative
of (4-12) shows that w(t) € Lo with w(t), e, (t),é,(t),e0(t),wa(t),wq(t) € L.
From (4-29), 0y (t),05 (t) € Lo In (4-26), TS (t) € Lo based on the fact
that w (£),w (), (t),Qq (t), Q) , 7 (en, €0, w) , €y (t) 02 (t) € Loo. From the fact that
w(t),w(t),dt),Q() T (t) € Lo, (4-7) indicates that Q(t) € Lo In (4~
26), TSMS,  (t) € Lo based on the fact that w (t), & (t), 6 (£),0a(t), 0 (t),Q (1),

Q(t),7 (ey, €0,w) , 7 (ev, €0, 7, 0,0, Q) , €y (1), 6y (1) .60 (t) € L. Under (4-7) and the fact

that w (t),w (t),0 (t),Q (), TEME,  (t) € Lo, 0(t) € Loo. From (4-7) and (4-28),
it is said that S(t) : Q (t) € L. Standard signal chasing arguments can then be utilized

to prove that all remaining signals are bounded during closed-loop operation. The fact
that e, (t),r (ey, €0,w) , €y(t), 7 (ev, e, 7, 0,0, Q) 0 (1), Q(1), S(t) ,ﬁ(t) € L is suf-
ficient to show that e, (t),r (ey, €g,w), 6 (t), and Q (t) are uniformly continuous. Since
eo(t), 7 (t),0 (t), and Q (t) are uniformly continuous, e,(t), 7(e,, €o,w), 8 (t),Q(t) € LooN Ly
from (4-33), Barbalat’s Lemma can be used to prove e, (t),7 (e, €o,w),0 (t), Q(t) = 0 as

t—o0. N
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4.4 Simulation Study
4.4.1 Simulation Setup
Numeric simulations are presented to examine the performance of the developed
controller. Parameters used for the satellite are based on a high fidelity model and
are given in Table 4-1. The desired angular velocity trajectories wy (1) are wy (t) =
0.05sin (27¢/3000) 0 0 | (rad/sec) and the desired decreasing flywheel speed trajec-

tory for each wheel is designed

where c is a coefficient that can determine a degree of deceleration, €2;, is an initial desired
flywheel speed and is set as 50 rad/s (= 500 rpm), and €, is a final desired flywheel

speed and is set as 10 rad/s (=~ 100 rpm). The initial conditions are given in Table 4-2.

’ Physical Parameter \ Value ‘
J(0) (kg - m?) diag{ 6.10 x 107 6.10x 10~ 7.64 x 1072 }
Memg (Kg) 0.165
Ic (kg - m?) 2.80 x 10731,
Iy (k’g . m2) 6.95 x 1074[4
skewangle (°) 54.74

Table 4-1. Physical parameters for the VSCMG simulation.

] Initial Parameter \ Value ‘
q(0) [01 03 08 04 |
w (0) (T’(Ald/S) 0
0, (0), 6 (0) 0.02, 0
§(0) (rad) [ 13352 0 —1.3352 0 |
Q(0) (rad/s) 50

Table 4-2. Initial parameters for the VSCMG simulation.
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Figure 4-1. Quaternion tracking error e(¢) during closed-loop operation.

4.4.2 Simulation Results

Figures 4-1 - 4-11 show the simulation results of the closed-loop system to achieve
the control objective denoted in (3—6) during a 200s simulation period. Figure 4-1 shows
the quaternion tracking error results during the entire 200s. Figure 4-2 shows the actual
gimbal rates 0 (t) and the actual wheel velocities Q (t).  Figure 4-4 depicts f, S, W,
which indicate the singularity measure, the null motion weight, and the mode weight,
respectively. Based on the singularity measure, f, S and W generate specific values to
properly perform their dual tasks for the VSCMG. For a normal environment, the mode
weight W allows the VSCMG to be a conventional CMG so that it can take advantage
of a torque amplification as Wy has a bigger value than W as seen by Figure 4-4. Only
when encountering a singularity above an acceptable level, Wq becomes bigger than
Ws. Additional solutions provided by the VSCMG as an underdetermined system brings
about additional null solutions which enable wheel deceleration. Hence, to use both null
motion benefits such as gimbal reconfiguration and wheel deceleration, the null motion
weight S is introduced. Corresponding to the variation of f, s, generates proper gimbal

reconfiguration and s,, allows steady wheel deceleration depicted in Figure 4-5. For the
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null motions, the role of null motion weight S shown in Figure 4-4 becomes remarkable
because the S can inhibit the wheel deceleration when the CMGs Jacobian approaches
singularity so that the flywheel can work in RW mode. Although S cannot distinguish
between different singularities, the weight matrix can adjust the intervention of the
flywheel when approaching a singularity. Hence, the composite weighted steering law in
(4-19) can cope with an elliptic singularity while maintaining precision attitude control
since the steering law generates the required torque in RW mode to pass through or
escape an internal singularity differently from the singularity escape methods for CMGs
that require added torque [6,27,64,77,95,97]. This observation indicates a benefit that
results from the extra controllable degree of freedom of the VSCMG. Specifically, s,
depicted in Figure 4-4 allows wheel deceleration when in normal operation and restricts
the wheel deceleration when approaching a singularity. Thus, in most regions gimbal
reconfiguration is responsible for singularity avoidance by exploiting gimbal rate null
solution. The null motion weight S serves as a switch that acts as an alternative to cope
with both elliptic and hyperbolic singularities while achieving wheel deceleration. The
extreme singularity encounter during 80 — 85s shown in Figure 4-4 causes the wheel torque
generation to escape the singularity as seen in Figure 4-3. Such singularity escape is
considered as an advantage resulting from an extra DOF of the VSCMGs but not possible
in the conventional CMG. The time variation of the adaptive parameter estimates is
shown in Figures 4-6 and 4-7 which shows the elements of the adaptive parameter vectors
0, (t) and 0, (t). In Figures 4-8 and 4-10, the friction torque consisting of the dynamic
friction and the static friction denoted in (4-8) have a steady impact on the entire system.
The absolute value of the gimbal torque in Figure 4-9 indicates consistent performance
despite the uncertain friction effects. The wheel torque in Figure 4-11 induced by the
wheel deceleration shows the input power reduction effect in that the wheels have more
torques added by both the dynamic and static friction. Such effect can yield total power

reduction by attitude control system (ACS).
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4.5 Summary

In this chapter, a backstepping method is used to develop the controller from a
cascade dynamics connection for a VSCMG-actuated satellite. In the presence of uncertain
dynamic and static frictions in both the gimbals and the flywheels, the controller is
capable of achieving global asymptotic attitude tracking while simultaneously performing
singularity avoidance and wheel deceleration. Simulations show that the applied torques
of the wheels containing friction contribute to power reduction in that the friction enables
the wheel to obtain more torques without an additional torque request. Such benefit
is induced by the deceleration mode resulting from the null motion and can give the
actuator both torque and power reduction effect. Also, the applied control torque can
responsively realize more realistic torque considering friction loss in practical use and such
consideration can allow the system to maintain consistent performance in the presence of

dynamic uncertainty.
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CHAPTER 5
A NEW INITIAL START-UP METHOD USING INTERNAL MOMENTUM
MANAGEMENT OF VSCMGS

An adaptive controller is developed in this chapter that use internal momentum
management and singularity avoidance while simultaneously yielding attitude control.
The null solution of the closed-loop flywheel control input achieves internal momentum
management so that the flywheel starts from rest and reaches the desired wheel speed
without a separate feedback control loop. The closed-loop VSCMGs steering law yields
simultaneous asymptotic attitude tracking, exponential internal momentum tracking, and
singularity avoidance. The singularity avoidance method reduces/eliminates the amount
of time that the VSCMG has to operate in RW mode when the CMG Jacobian becomes
singular through the use of null motion. The controller is developed for a satellite with
an uncertain, state-dependent inertia along with an uncertain inertia in the VSCMG
actuators. Numerical simulations illustrate the performance of the developed adaptive
controller as a VSCMGs steering law.

5.1 Control Objectives
5.1.1 Attitude Control Objective

The attitude control objective is to develop a flywheel acceleration and gimbal rate
control law to enable the attitude of Fg to track the attitude of Fg,. The objective is
quantified in 3.2.1 in Chapter 3.

5.1.2 Flywheel Angular Momentum Management Objective
The angular momentum % () € R* generated by the flywheels of the four VSCMGs

can be expressed as

h=[Iw]* Q. (5-1)

The flywheel angular momentum management objective is to develop an internal momen-
tum tracking control law resulting from the null solution of the flywheel control input so
that the actual angular momentum tracks a desired constant angular momentum hy € R,

while simultaneously tracking a desired time-varying attitude. To quantify the momentum
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management objective, an angular momentum tracking error p (2) € R* is defined as
% = hd - h, (5*2)

where the desired angular momentum is defined as kg 2 [Iy]* Qq.
5.2 Controller Development
5.2.1 Adaptive Attitude Control Development

To facilitate the control design, an auxiliary signal r(w, g, ¢,) € R? is defined as [23]
rew-— Rwd + aey, (5-3)

where o € R3*3 is a constant, positive definite, diagonal control gain matrix. After

substituting (5-3) into (3-7), the angular velocity tracking error can be expressed as
O =r—ae, (5-4)

Taking the time derivative of (5-3) and multiplying both sides of the resulting expression
by J () yields
. ~ 1
Jr = Jw+JwXRwd—JRwd+§Ja (ef +eols) @, (5-5)

where the fact that

R=—-w*R
was utilized. After substituting (2-14) into (5-5), the open-loop error dynamics for

r (w, €9, €,) can be written as

. ) 1.
Ji = =Qi+ Y16 — 5Jr+Co [Iw]? [wr]? Q@ — Cp [Iw]? [we]* Q, (5-6)
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under the standard assumption that the gimbal acceleration term Cg [IgMG]d o (t) is

negligible [26,83,89]. In (5-6), Q (eq, €y, 7, w, 6, 2) € R3*8 is defined as

Q £ [ Culw)' O 1§ forl +Cr (11w [
d aJ (1 -
— [1EMC] [wW]d) + 55 (57’ + Ruwg — aev)l ,
T
n = { Or 5T } € R¥! is a composite control input consisting of the flywheel accel-
erations and the gimbal rates, and Y] (eq, e,,7,w, d) 61 represents linearly parametrizable

uncertainty in terms of a measurable regression matrix Y (eg, €,,7,w,d) € R3*P! and a

vector of p; unknown constants 6; € RP* defined as
. _ 1
Y16, & —w x Jw—l—JwXRwd—JRwd+§Joz (ej —1—6013) @. (5-7)

To compensate for the linearly parametrizable uncertainty present in @ (eq, e,, r,w,d,$),
another regression matrix denoted by Y5 <60, ey, T, w, 8,80, 0, Q) € R3*P2 and a vector of p,

unknown constants #, € RP? are defined as
Yaf 2 —Qn, (5-8)

To address the fact that the control input 7 (¢) is premultiplied by the nonsquare, state-
dependent uncertain matrix @ (eg, e,,7,w, d, 1), an estimate of the uncertainty in (5-8),
Q (t) € R¥*® is defined as

Yaby £ —Qij, (5-9)

where 0, (t) € RP2 is a subsequently designed estimate for the parametric uncertainty in

Q (eo, ey, T,w,06,Q). Based on (5-8) and (5-9), the expression in (5-6) can be written as
: <~ AL 1.
Ji = Yol = @+ Va0 — SJr + Co [Ty [wr]® Q — Cp [Iw]* [we]* £, (5-10)
where the notation 0, (t) € R?? is defined as

0y 2 0y — 0. (5-11)

88



Based on the open-loop error dynamics of (5-10), the composite weighted VSCMG

steering law is designed as
i = Qb (Vi + kr + ey + Ca [Iw) [wr] Q@ = Cr [w]" [l Q) + (I = Q1Q) So, (5-12)

R R R . -1
where k € R denotes a positive control gain, Q. (§,t) = W (8) QT (¢) (Q ()W (6) QT (t)) :
and T (0) € R®*® denotes a weight matrix that determines if the VSCMGs system uses a

CMG mode or a RW mode. Specifically, W () is designed as [87,89,101]

Wé WQI4><4 O4><4 <5 13)
O4><4 W6[4><4

where W, (0) € R is defined as
Wa £ Wogexp (A1 f)

A1, Wao, Ws € R are positive constants, and the objective function f (§) measuring the
singularity is defined as

f & —det (CrCT). (5-14)

The control input in (5-12) has an extra degree of freedom resulting from the variable
speed flywheel, and thus enables the VSCMG system to escape a gimbal lock singularity
[89]. Since the control input in (5-12) is produced by VSCMG units, (5-12) is also a
solution to an underdetermined system containing flywheel accelerations and gimbal rates
as unknowns [55, 89, 100]. The term (Ig —Q(6,1)Q (t)) S (0) o (t) in (5-12) generates
the VSCMG null motion for internal momentum management and singularity avoidance.
Since the matrices Q7 (6,¢) and Q (t) are nonsquare, the pseudo-inverse Q7 (5,¢) € R®*3

is defined so that Q () QF (0,t) = I, and the matrix Iy — Q7 (6,t) Q (t), which projects
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vectors onto the null space of Q (t), satisfies the properties

(55— Qi) (5-Q1Q) = L—-@QiQ (5-15)
Q (Ig - CZt@) = 0. (5-16)

To generate null motion for momentum tracking and gimbal reconfiguration, the null

motion o (t) € R® is defined as

T
aé[kwgf’ kvg_ﬂ | (5-17)

where k,,, k, € R denote positive constants, ¢ (t) € R* is a subsequently designed auxiliary
control signal to track the desired flywheel angular momentum, and the second row allows
the null motion to perform the gimbal reconfiguration corresponding to a variation of the

singularity measure index «y, which is defined as |97]

Y = Y0 €Xp (Azf) ) (5*18)

where the objective function f is defined in (5-14), and A5, € R denote positive
constants. The matrix S (§) € R®*® in (5-12) is used as a null motion weight for the
VSCMG null motion, which can weigh a proper null motion based on the singularity

measure. Specifically, S (0) is designed as

5 & diag ([su.5,]) = sech (—kddet(clTC%)ﬁ) Tyxa O4x4  (519)
0454 sech (k:g det (CTC'%)) Iy
where kg, ky,,e € R. In (5-19), s, (6) and s, (0) selectively arbitrate between internal
momentum tracking and gimbal reconfiguration, corresponding to how approximate or
far the CMG configuration is to a singularity. Gimbal reconfiguration results from null
motion when the CMG Jacobian becomes singular (i.e., a hyperbolic singularity), allowing
simultaneous attitude and internal momentum tracking with the benefits of torque

amplification in CMG mode. When the CMG experiences a degenerate singularity (i.e.,
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even though the null motions exist, the singularity cannot be escaped by the null motions)
or when a gimbal lock singularity (i.e., an elliptic singularity) occurs, then s, (§) ~ 0
which inhibits momentum tracking so that the VSCMG will operate in RW mode.

The control input 7 (¢) in (5-12) can be partitioned as

Q R1 4 Ni5ukwg
o Ry + No5yk- 21

where R, = [Q; (Ylél 4 kr 4 ey + Cg [Iw]* Twrl* Q — Cp [Iw]* [we)? Q)} indicates

)

components of each R* control input, N (t), Ny (t) € R**® are defined as

N2 Ny (IS—Q?ZQ

o (5-21)
N, (5s— Qi

N—— —

and 5, (9), 8, (8) € R¥* are defined as

T T
s A s A
Sw = [ Sw  Oaxa } Sg = { O4xa S84 } .

After substituting (5-12) into (5-10) and using (5-16), closed-loop dynamics for

r (w, €g, €,) are given by
' 1. . N
Jr = —§J7“—|—Y191+Y2¢92—k7“—6v, (5-22)
where the notation 6;(t) € RP" is defined as
0, = 6, — 0. (5-23)

Based on (5-22) and the subsequent stability analysis, the parameter estimates 0, (t) and

~

05 (t) are designed as

él = proj (I1Y;{'r) 52 = proj ([2Yy'r), (5-24)
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where ['; € RP1*P1 and 'y € RP2*P2 are constant, positive-definite, diagonal adaptation
gain matrices, and proj(-) denotes a projection algorithm utilized to guarantee that the i’

element of 6;(¢) and 5(t) can be bounded as
0y <0 <0y 0y < 0y < 0, (5-25)

where 0, 01; € R and 0,,, f5; € R are known, constant lower and upper bounds for each
element of 6 (t) and 6,(t), respectively.
5.2.2 Momentum Tracking Control Development

The open-loop dynamics for the momentum tracking error can be obtained by taking
the time derivative of (5-2) as

(= —IyQ. (5-26)

Multiplying (5-26) by the known positive-definite symmetric matrix Iy, and substituting

(5-20) into the resulting expansion for 2 (t) yields
I = —Ry — Ni3,kug. (5-27)
Based on the structure of (5-27), the null-space control g () is designed to satisfy
kwN15wg = — Ry + ke, (5-28)
where k,, € R is a positive constant control gain. The minimum norm solution of (5-28) is
g = [kwNi5w] " (= Ry + kmpt) - (5-29)

The result in (5-29) indicates that simultaneous attitude and momentum tracking is
possible when k,, Ny (6,1) S, (0) is invertible. After substituting (5-29) into (5-27), the
closed-loop error system is

It = =k (5-30)
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Remark 5.1. The bracketed term in (5-29) is invertible, and simultaneous attitude and

momentum tracking is possible when Ny (6,t) 8, (9) = (Ig — Qi (6,1)Q (t))4 S (0) # 0.
x8

Since (Ig —Qr(6,1)Q (t)) is nonzero for all Q (t), Ny (6,t) # 0 and simultaneous attitude

and momentum tracking can be achieved provided
S0 # 0 and 5, ¢ N (Ny),

where N (N1 (0,t)) denotes the null space of the matriz Ny (0,t). Hence, 5, (6) ¢ N (N;)
except for 8, (6) = 0, which means the CMG’s Jacobian itself is singular, but 5, (0) = 0
does not occur for the CMGs Jacobian unless it starts out that way initially. Accordingly,
as long as the system does not start in a singular configuration, the minimum norm
solution of (5-28) exists and simultaneous attitude and momentum tracking can be
achieved.
5.2.3 Stability Analysis

Theorem 5-1: The weighted control input (5-12) along with the adaptive update

laws given in (5-24) ensures global asymptotic attitude tracking such that

lles ()|l — 0 as t — o0, (5-31)
along with exponential momentum tracking in the sense that

2@ < e (0) exp (—Iwkmt) - (5-32)

Proof: The exponential internal momentum tracking result is evident from (5-30).
To prove the attitude tracking result, let D C R® be a domain containing p (e, eg, 7, P) =

0, where p (e,, ep, 7, P) € R® is defined as

PO 2| (1) eolt) 17 (ewenw) P(01().5: () ]
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and the auxiliary function P (él (t), 6, (t)) € R is defined as
alarnag | Laro g

and let V (p,d) : D x [0,00) — R be a continuously differentiable, positive definite function
defined as

1
VEele, +(1—e)’+ 5rTJr + P (5-34)

After using (3-17), (5-11), (5-22), (5-23), and (5-33), the time derivative of V' (p, d) can

be expressed as

vV = el (ef +60]) O+ (1—ep)efo+rT <Y10~1 + Yoy — kr — ev>
—0TT'0, — 61T7560,. (5-35)

By using (5-4), (5-24), and exploiting the fact that el (t)eX (t)@ (t) = 0, the expression in
(5-35) can be upper bounded as
V< Al (5-36)

where A = Apin {, k} € R, and z(e,,r) € R is defined as

z & el (t) rT (e, e0,w) - (5-37)

v

From (5-34) and (5-36), 7(ey, €0, w), €y (t) , 61 (t),05 (t) € Lo. Thus, from (6-8), (5-4),
and (5-37), e,(t),eo(t), @(t), z(€y,7) € Lo, and (5-3) can be used to conclude that

w(t) € Lo. The open-loop quaternion tracking error in (3-17) can be used to conclude
that é,(t), éy(t) € Lo. From (5-32), u(t) € L and then (5-1) and (5-2) can be used
to indicate that the fact that Q(¢) € L. In (2-8), conservation of angular momentum,
w(t), and Q (t) € Lo shows that 6(t) € L. The fact that ¢ (£)-dependent function result
from direction cosine matrices indicates that the functions contain ¢ (¢) within bounded
trigonometric functions. Since e,(t), eq(t), r (€4, €0, w) ,w (t),Q(t) € Lo, (5-7) and (5-25)

can be used to show that ¢ (t) € L. The fact that 7(e,, eg,w), €y (t),0 (t), 01 (1), b5 (t) €
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L can be used with (5-22) to conclude that 7(e,, g, 7, 0,601,602) € Loo. From (5-11) and
(5-23), 61 (t), 05 (t) € Lo. Hence, (5-12), (5-17), (5-25), (5-29), and z(e,,7), Q2 (t) €
L+ can be used to prove that the control input 7 (f) € L. Standard signal chasing
arguments can then be utilized to prove that all remaining signals are bounded during
closed-loop operation. Since e, (t),7 (e,, e, w) , é,(t), 7 (ev, €0, 7, 0,01, éz) € Lo, €y(t)
and r (e,, g, w) are uniformly continuous. Since e, (t) and r (e,, €9, w) are uniformly
continuous, and e, (t),r(e,, €9,w) € L N Ly, Barbalat’s Lemma can be used to prove
r(ey, e0,w), €, (t) > 0ast — oco. B
5.3 Numerical Examples

5.3.1 Simulation Setup

Numeric simulations illustrate the performance of the developed controller. The
satellite parameters are based on a model of a prototype pico-satellite and are given in

Table 5-1. A gimbal rate limit was included in the model as

: o, for [6;| < 25(rad/ sec) Vi=1,2,3,4
sat (8;) = . _ , (5-38)
25sgn (52) , for > 25 (rad/ sec)

0i

where sgn () denotes the standard signum function. The desired angular velocity trajecto-

ries wy (t) are wy (t) = { 0.004 sin (27£/2000) 0 0 } (rad/ sec), and the desired flywheel

speed for each wheel is Q4 = 200 rad/s (=~ 2,000 rpm). The initial conditions are given in

Table 5-2.
’ Physical Parameter \ Value ‘
J(0) (kg-m?) | diag{ 6.10x 102 6.10 x 10 2 7.64x 102 }
Memg (k) 0.165
Ic (kg - m?) 2.80 x 10731,
Ly (kg - m?) 6.95 x 1071,
skewangle (°) 54.74

Table 5-1. Physical parameters for the VSCMG simulation.
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’ Initial Parameter \ Value ‘

q(0) [0.1 0.3 0.8 0.4 ]
°i<0) (r(}d/s) 0
61 (0), 62 (0) 0
6 (0) (rad) [ 0.5498 0.2333 0.5498 0.2333 |
Q(0) (rad/s) 0

Table 5-2. Initial parameters for the VSCMG simulation.
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Figure 5-1. Quaternion tracking error e(t) for Case 1.

5.3.2 Simulation Results

The simulation results are developed for two cases. Case 1 is included to illustrate
how the controller responds when the momentum tracking has a long transient. For this
case the VSCMG has to operate in RW mode during the transient, resulting in gimbal
rate saturation. The results are given in Figures 5-1 - 5-8. Case 2 is included to illustrate
a more favorable condition (which can be achieved through control gains) where the
momentum tracking error has a short transient response. Results in Figures 5-9
- 5-12 illustrate that for this case, gimbal rate saturation is avoided and the VSCMG
operates in RW mode less than for Case 1. Figure 5-1 shows the quaternion tracking

error results to achieve the control objective denoted in (3-6) during a 500s simulation
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Figure 5-2. Control input gimbal rates ¢ (¢) and wheel accelerations € (t) for Case 1.
The left column illustrates the response for the entire duration, and the right column
illustrates the transient response, including gimbal rate saturation.
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Figure 5-3. Flywheel speed 2 (¢) induced from internal momentum management for Case
1.
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Figure 5-4. Singularity measure function f (J) and null motion weight S (§) for Case 1.
The left column illustrates the response for the entire duration, and the right column
illustrates the transient response, including gimbal rate saturation.
period. Figure 5-2 shows the control input gimbal rates 4 (t) and wheel accelerations €2 ().

While the control inputs achieve attitude stabilization, the wheel acceleration control
input € (t) contributes to the internal momentum management by regulating the wheel
speed after starting from rest. Figure 5-3 indicates the initial start-up of flywheels from
rest. To compensate for the lack of torque generated by the flywheel due to the slow
momentum tracking, the gimbal rates in Figure 5-2are shown to generate more torques
(including torque saturation) during the transient response.  The increased transient
response of the gimbal rate yields increased singularities in the CMG Jacobian, but
these singularities are effectively avoided as shown in Figures 5-4 and 5-5. As a result of
approaching singularities, the flywheels are required to operate in RW mode as shown in
Figure 5-3. The null motion weight S in (5-19), depicted in Figure 5-4, has an increased
transient in this case because S inhibits the momentum tracking when the CMG Jacobian
approaches a singularity so that the flywheel can work in RW mode. Although S cannot

distinguish between different singularities, the weight matrix can adjust the intervention
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Figure 5-5. Null motion: gimbal reconfiguration and internal momentum tracking error
w(t) for Case 1.
The left column illustrates the response for the entire duration, and the right column
illustrates the transient response, including gimbal rate saturation.
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Figure 5-6. Adaptive parameter estimates 6; (t) and 0, (t) for Case 1.
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Figure 5-7. Transient response of adaptive parameter estimate 0, (t) for Case 1.
The notation 6; (¢) (z) denotes the z-element of 6; ().

of the flywheel when approaching a singularity. Hence, the composite weighted steering
law in (5-12)can cope with an elliptic singularity while maintaining precision attitude
control since the steering law generates the required torque in RW mode to pass through
or escape an internal singularity differently from the singularity escape methods for CMGs
that require added torque [6,27,64,77,95,97].  This observation indicates a benefit that
results from the extra controllable degree of freedom of the VSCMG. Specifically, s, in
(5-19), depicted in Figure 5-4, allows momentum tracking when in normal operation and
restricts the momentum tracking when approaching a singularity. Thus, in most regions
gimbal reconfiguration is responsible for singularity avoidance by exploiting gimbal rate
null solution. The null motion weight S serves as a switch that acts as an alternative to
cope with both elliptic and hyperbolic singularities while achieving internal momentum
management. This benefit provides an avenue to effectively acquire the initial start-up
without a separate feedback loop. The time variation of the adaptive parameter estimates
is shown in Figures 5-6 - 5-8. Figure 5-6 shows the elements of the adaptive parameter

vectors 0y (t) and 65 (). Figures 5-7 and 5-8, divided into multiple windows for clarity,
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Figure 5-8. Transient response of adaptive parameter estimate 0y (t) for Case 1.
The notation 65 (¢) (z) denotes the z-element of 65 ().

highlight the adaptive parameter estimates of 0; (t), 6 (), respectively. The adaptation
mechanism adjusts the uncertain parameter estimate so that attitude tracking can be
asymptotically achieved. Moreover, the initial values of the uncertain parameters are
chosen to be zero, indicating no a priori parameter knowledge. Even though some of the
parameter estimates indicate the variation by small magnitudes, the equivalent control
torques arising from the feedforward terms 0, (t), 0, (t), resulting from (2-14), (5-7),

(5-8), (5-12), and (5-24), have similar magnitudes to that of the feedback control terms.

Case 2 is developed for the closed-loop operations in fast momentum tracking and
the simulated results are provided in Figures 5-9 - 5-12. Figure 5-9 shows the gimbal rate
4 (t) and the wheel acceleration € (t) control inputs. Figure 5-10 shows that the flywheel
speed tracks the desired wheel speed from rest. The momentum tracking gain k,, denoted
in (5-28) controls the momentum tracking speed. Since the flywheels rapidly arrive at
the desired constant speed, fast momentum tracking allows the VSCMG steering law to

operate longer in the CMG mode which provides torque amplification and power savings.
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Figure 5-9. Control input gimbal rates ¢ (¢) and wheel accelerations € (t) for Case 2.
The left column illustrates the response for the entire duration, and the right column
illustrates the transient response, including gimbal rate saturation.
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Figure 5-10. Flywheel speed € (¢) induced from internal momentum management for Case
2.
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Figure 5-11. Singularity measure function f (J) and null motion weight S (J) for Case 2.

Figure 5-11 illustrates the singularity measure function f and the null motion weight S.
Corresponding to the moderate variation of f, s, allows steady momentum tracking, and
s, generates the proper gimbal reconfiguration as depicted in Figure 5-12.

5.4 Summary

In the presence of satellite inertia uncertainty and actuator uncertainty, the devel-
oped attitude controller in this chapter is capable of achieving global asymptotic attitude
tracking while simultaneously performing singularity avoidance and internal momentum
management. The benefits such as singularity avoidance and internal momentum man-
agement emerge from the null solution of the control inputs. In particular, the internal
momentum management allows the flywheel to start from rest and to reach the desired
speed. To maximize operation in CMG mode, the steering law exploits the singularity
avoidance strategy resulting from the gradient method, and the null motion weight adjusts
the internal momentum tracking of the flywheels when approaching an internal singularity.
The VSCMG-actuated satellite can accomplish asymptotic attitude tracking and expo-

nential internal momentum tracking while simultaneously achieving singularity avoidance.
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Figure 5-12. Null motion: gimbal reconfiguration and internal momentum tracking error
p (t) for Case 2.

The controller also compensates for the effects of uncertain, time-varying satellite iner-
tia properties. The difficulties arising from the uncertain satellite inertia are mitigated
through an innovative development of the error system along with a Lyapunov-based
adaptive law. The attitude tracking and momentum tracking results are proven via a

Lyapunov stability analysis and demonstrated through numerical simulations.
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CHAPTER 6
A RNN-BASED ATTITUDE CONTROL METHOD FOR A VSCMG-ACTUATED
SATELLITE

An adaptive RNN-based satellite attitude controller is developed to achieve precision
attitude control of a VSCMG-actuated satellite in the presence of uncertain, time-varying
satellite inertia properties and actuator uncertainties in addition to unmodeled external
disturbances. The challenge encountered in the control design is that the control input
is premultiplied by a non-square, time-varying, nonlinear, uncertain matrix. The RNN
estimator resulting from the RNN structure serves as a composite VSCMG steering law
for the satellite, which compensates for satellite and actuator uncertainties present in the
nonlinear dynamics. Using null motion, a strategy is developed to simultaneously perform
gimbal reconfiguration and wheel speed regularization. Numerical simulations demonstrate
the performance of the adaptive RNN-based VSCMG steering law and the RNN training.

6.1 Dynamic Model

The equation of motion for a rigid body VSCMG-actuated satellite can be written as
Ly = Jw+ Jo +wJw + 74, (6-1)

where w (t) € R? is an angular velocity of the satellite, and J (§) € R3*3 is a total satellite
inertia matrix containing a bus and a set of CMG units. The inertia matrix J (§) is

positive definite and symmetric and satisfies
1 9 T 1 9 "
i LI} € < €76 < L () €] Ve € R, (6-2)

where Apin {J/}, Amax {J} € R are the minimum and maximum eigenvalues of J(¢),
respectively and § (t) € R* is a gimbal angular position vector. In (4-10), 74 (t) € R3
represents unknown, smooth disturbance torques acting on the system, which are assumed

to be bounded as

7all < p1, (6-3)
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where p; € R is a known positive bounding constant, and the control torque L, (t) € R?

produced by a set of four VSCMGs can be expressed as

L. = —Qu+ Cq[Iw]" [wr]*Q — Cr [Iw]? [we]*

—Cg [1§M9]"5, (6-4)
In (6-4), Qo (w,d,Q) € R¥® is defined as

Qo 2 [Cwlw]®  Cw [1§49)" fwr]" (6-5)

Lo ([IW]d [Q]d - []gMG]d [ww]dﬂ ’

Q (t) € R* denotes the er;eel angular velocity, and 7 (t) € R® denotes the time derivative of
n(t) = [ QT (t) o7 (1) } . Since 7 (t) depends on reaction caused by the satellite tracking
corresponding to conservation of angular momentum, provided that the satellite trajectory
is bounded, 7 (t) can be bounded as

[l < pa, (6-6)

A

where p; € R is a known positive bounding constant. In (6-4) and (6-5), Cq
|: dG1 dGQ dGs dG4 :|’ CW (5) = |: &W1 sz de dW4 :|’ and CT (5> = |: dT1 dTQ
ip, ap, | € R¥* where g, aw, and ar are gimbal, wheel, and transverse axes.

Also in (6-4) and (6-5), the inertia matrices [IgMG}d, [Iw] € R*4 of CMG unit

are denoted as []CC;MG}d £ diag ([ IgMGl [gMG2 ISMG3 [gMG4 ]) and []W]d =
diag ([ Iw, Tw, Tw, Iw, }), and the angular velocity projected to the gimbal-fixed
axes is denoted as [w,]? £ diag ([ Wo, Way Wos Woy ]) (o:G, W, T) e R¥™ and

. qd

[ (£)]” and [5 (t)] denote diagonal matrices composed of the vector elements of € (),
d(t) € R, respectively. The expression in (6-4) represents the actuator dynamics. The
subsequent development focuses on designing the composite VSCMG control inputs (1)

and ¢ (t) to impart a desired torque on the satellite body.
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6.2 Control Objectives
6.2.1 Attitude Control Objective
The attitude control objective is to develop a flywheel acceleration and gimbal rate
control law to enable the attitude of F to track the attitude of F,;. The tracking error
formulation is quantified in 3.2.1 in Chapter 3. From the definitions of the quaternion

tracking error variables, the following constraint can be developed [16]:

ele, +ef =1, (6-7)
where
O<flee® <1 0<leo(®)] <1, (6-8)
where ||-|| represents the standard Euclidean norm.

6.2.2 Flywheel Angular Momentum Management Objective

The flywheel angular momentum management objective in this chapter is to
develop a flywheel acceleration control law so that the actual angular momentum
h(Q) = IwQ(t) € R tracks a desired constant angular momentum hy = Iy, while
simultaneously tracking a desired time-varying attitude. The angular momentum tracking
error 11 () € R* is quantified in the sense that (5-2) of Chapter 5 is determined.

6.3 Adaptive RNN Controller

6.3.1 Adaptive Attitude Control Development
6.3.1.1 Open-Loop Error System

To facilitate the control design, an auxiliary signal r(¢) € R? is defined as [23]
r 2w — Rug + ae,, (6-9)

where o € R3*3 is a constant, positive definite, diagonal control gain matrix. Motivation
for the design of r(t) is based on the subsequent Lyapunov-based stability analysis. After

multiplying the time derivative of (6-9) by J () and using (6-1) and (6-4), the open-loop
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error dynamics for 7 (t) can be written as
1.
Ji = =Qi+ Cq [Iw]" [wr]" Q@ = Cr [Iw] [wa]" Q@ — 74 + Y16, — 5Jr (6-10)

where the term Cg [ISMG]dg is assumed to be negligible [26,83,89], and @ (e,,r,w,,Q) €

R3*8 is defined as

Q = [CWUW]d

Cw [16"]" fwr]* + Cr (] [

— [[gMG]d [ww]d> + % (%T + Ruwy — Ozev>} )

In (6-10), Y} (€4, €0, w,d) € R3*P1 is a measurable regression matrix, and 6; € R is a

vector of p; unknown constants defined via the parameterization
~ - 1
Y101 £ —w x Jw + Jw* Rwg — JRig + §Joz (ej + 6013) @. (6-11)

To compensate for the linearly parametrizable uncertainty in @ (e,, 7, w,d, (), the following

parameterization will be defined:

Yoy £ —Qi), (6-12)

where Y, (ev,r,w, 5,9,96, Q) € R3*P2 ig a measurable regression matrix, and 0, € RP2
is a vector of p, unknown constants. To address the fact that the control input 7 (t)
is premultiplied by the nonsquare, time-varying uncertain matrix @ (e,,r,w,d,2), an

estimate Q (t) € R?*® of the uncertainty in (6-12) is defined via
Yafy £ —Qn, (6-13)

where 0y (t) € RP2 is a subsequently designed estimate for the parametric uncertainty in

Q (ey,7,w,0,8). Based on (6-12) and (6-13), the expression in (6-10) can be written as

. N 1.
Ji = Yaby — Qi+ Y10y + Co [Iw]* [wr]* Q@ — Cr [Iw]” [we] Q — 74 — I (6:14)
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where the notation 6, (t) € R”? is defined as
ég == 92 - ég. (6*15)

Based on the open-loop error dynamics of (6-14) and the composite VSCMG steering law

of (6-4), the required control torque L, (ev, T, 5) € R3 of (6-4) is designed as

o oJ - /1 -
L. = Y10, — (k1 +ky)r—e, + %5 (57‘ + Rwg — aev) ) (6-16)

After substituting (6-16) into (6-4) and performing some algebraic manipulations, the

resulting expression for the composite VSCMG steering law can be written as
Yaly — Qi+ C [Iw]* [wr]*Q — Cr [Iw]* [we] Q@ = =Yi0, — (ky + ko) 7 — €y, (6-17)

where ki, k, € R are positive constant gains. By exploiting the universal approximation
property of NNs, the terms C [Iiy]” [wr]? Q—Cr [Iw] [we]® 2 in (6-16) can be represented
as

Ca lw]" [wr]* @ = Cr [Iw]" [we]" @ = f (X)), (6-18)

(2

T
where y £ [ el T o7 } € R and f (y) is defined as

FO)EWro (VIx) +e(x). (6-19)

In (6-19), o (-) € RN¥*! is a basis function vector with smooth, bounded, monotonically
increasing elements [3, 18,28, 37], W € RW+Dx3 and V € RV are constant unknown
matrices of ideal RNN weights, N is the number of hidden layers, and ¢ (x) € R? denotes
the functional reconstruction error.

Remark 6.1. For any positive constant real number e € R, f (x) is within ey of the NN
range if there exist finite hidden neurons N and constant weights so that for all inputs in

the compact set S, the approzimation holds with

le QI < ew- (6-20)
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The Stone-Weierstrass theorem indicates that any sufficiently smooth function can be
approximated by a suitably large network. Therefore, the fact that the approximation error
e (x) is bounded follows from the universal approzimation property of NNs.

Substituting (6-19) into (6-14) yields

~ . 1.
Ji = Yol — Q0+ Y10, + Wi (VTx) +e(x)—Ta— §Jr. (6-21)

Based on (6-21) and the subsequent stability analysis, the desired steering law can be

designed as

no= QO {WTO' (VIX) + e+ Yy + (ke + ko) 7+ ev} (6-22)

— (ks + k) + (I — Q5Q) S,

1
, and ko, k;, € R are positive

where QF (0,6) = W, (6) Q (1) (Q (1) W (6) Q" (1))
constant gains, and W, (§) € R®*® denotes a weight matrix determining whether the

VSCMG system uses a CMG mode or a RW mode designed as [87,89,101]

woa Walixa  Osxa

Oaxa  Wslixa

where W, (0) € R is defined as
Wa = Wogexp (\h),

where A, Woo, W5 € R are positive constants, and the objective function h (§) € R

measuring the singularity can be denoted as
h £ —det (CrCT) . (6-23)

In (6-22), the second term <Ig —QF (1) Q (t)) S (0) ¢ (t) generates the VSCMG null
motion for momentum management and singularity avoidance. Since the matrices Qj; (1)

and Q (t) are nonsquare, the pseudo-inverse Q7 (t) € R¥ is defined so that Q (t) Q7 (t) =
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I3, and the matrix Iy — ng (1) Q (t), which projects vectors onto the null space of Q (1),

and satisfies the properties

(5= Q@) (- QiQ) = L-QiQ (6-24)
Q (Is - Q;Q) = 0. (6-25)

To generate null motion for momentum tracking and gimbal reconfiguration, the null
motion ¢ (t) € R®*! is defined as

o | (6-26)
e
where k; € R denotes a positive constant, and ¢ (t) € R? is an auxiliary control signal
to track the desired flywheel angular momentum. In (6-26), k, € R denotes a positive
constant and the second row allows the null motion to perform the gimbal reconfiguration

corresponding to a variation of singularity measure index -, which is defined as [97]
7 £ qoexp (Ah), (6-27)

where the objective function h (§) is defined in (6-23) and 7, A2 € R denote positive
constants. Also in (6-22), S (6) € R®*® gelects a proper null motion based on the

singularity measure. Specifically, S () £ diag ([s, 5,]) is designed as

1
sech | ————+~— 1
(kwd%(CTC%)+a;> 4x4 O4x4

04><4 sech (]{Zg det (CTC%)) I4><4

) (6728)

where ky, kg, €5 € R are positive constants. In (6-28), s, s, weight either the momentum
tracking or the gimbal reconfiguration corresponding to how approximate or far the CMG
configuration is to a singularity.

The steering law in (6-22) cannot be implemented because it depends on the un-
known ideal weight matrices W and V' and the reconstruction error €. The implemented

steering law f](t) € R¥ is developed based on the recursive, internode feedback-based RNN
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structure as
n o= Q:Z {WTU (VT>2> + Y1é1 + (k1 + ko) 7 + €u} — (ks + kp) )+ <[8 - CHQ) S6+29)

T
where f(¥) £ Wio (VT)O € R? and ¥ (t) is defined as [ el T jT 1 c R,
W (t) € RVEDX3 and V (1) € RN are estimated weights. The error equation for the

RNN estimator can be obtained from (6-22) and (6-29) as
o= QLW e (VIX) = Wa (VTR) +2f = (ks + k)i (6-30)
where the estimation mismatch 7 () € R® is defined as
P2y — i, (6-31)

To facilitate the subsquent closed-loop analysis, the open loop equation for r (t) in (6-21)

can be rewritten as

- N . 1.
Ji = Yol — Qi — Qi+ Y10, + Wio (VIx) +e(x) —Ta— EJT. (6-32)

6.3.1.2 Closed-Loop Error System
The steering law ﬁ(t) functioning as a control input is designed as a self-tuning

adaptive controller constructed in terms of the estimate function W20 (V%Z) resulting

A

from the RNN structure where the weights W (¢), V (¢) are updated online via adaptation
laws. Substituting (6-29) and (6-30) into (6-32) yields
- - . 1.
Jr = Y101+ Yaly — (ky + ko) 7 + (ko + k) Q0 — €, — Ta — §=]7“7 (6-33)

where the notation 6, (t) € RP! is defined as

él = 91 - él. (6*34)
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Based on (6-33) and the subsequent stability analysis, the parameter estimates 0, (t) and

~

0, (t) are solutions to the update laws
0, = proj (I’lYlTr) 0, = proj (FQYQTT) , (6-35)

where 'y € RP17*P1 and I'y € RP2*P2 denote constant, positive-definite, diagonal adaptation
gain matrices. In (6-35), the function proj(-) denotes a projection algorithm utilized to

guarantee that the i element of 6, (¢) and 6(¢) can be bounded as
Op; < 62 < O, (6-36)

where 6;, 01, 0,;, 02;,€ R denote known constant lower and upper bounds for each

element of 6 (t) and 6(t), respectively. Minimizing the estimation error 7 (t) ensures

that the state estimate 7 () in (6-29) dynamically approximates the system state 7 (¢) in
(6-22). After adding and subtracting the terms W'o (VT)Z> and WTo (VTY) inside the
bracketed expression in (6-30), the following is obtained:

i = O {WT [a (V7R) — o (f/%)} + W (VIX) = WTo (VTR) + Wo (VTx) te (X)}

— (kg + k) 7. (6-37)
The Taylor series of the vector function o (V%) in the neighborhood of VTR is
o (VIX) = (VIx) + o (V%) Vi + 02 (V1%). (6-38)

where o’ (V/Tf() 2 do (VTR) Jd (VTR) lyreepre V() 2 V =V (1), and O? (VT92>
denotes higher order terms. Using the Taylor series of o (V7x) given in (6-38), (6-37) can

be rewritten as

q= QF {WTU/ (VTf() Vix+WTo (VTX) + w} — (ko + k) 7, (6-39)
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where W (t) € RN*D%3 and V (t) € RN denote the RNN weight estimate mismatches

defined as

~

WaEW-W VA2V-V, (6-40)

and the disturbance term w (e,,r,7,t) € R? is defined as
w 2 W (VTy) = W (VTR) + W7o’ (f/%z) VT + W02 <I7T>2> +e. (6-41)
The disturbance w (e,,r,7,t) in (6-41) can be upper bounded as
[wl] < ps + pallzl, (6-42)
where ps, ps € R are positive bounding constants, and z (t) € R!* is defined as
T
z = |: @Z rT ﬁT :| . (6*43)
Also, based on (6-6), (6-13), and (6-36), the following inequality holds:

Q < e, (6-44)

<m HCH .

100

100
where 71,7, € R are known positive bounding constants and ||-||,_ is the induced infinity

norm of a matrix. Based on the subsequent stability analysis, the weight update laws for

the RNN are designed via

W = I'sproj [0 (‘A/T)AO (f]TC:H)] (6-45)

Vo= Tuproj [% (7Q5) Wo' (VIX)]

where I'; € RWFUXWV+D) T, ¢ R4*M denote constant, positive definite, diagonal
adaptation gain matrices, and proj () denotes a projection algorithm utilized to guarantee

that the i’ element of W (¢) and V (t) can be bounded as

~

W, <W, <W,, V,<V,<V, (6-46)
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where W,, W;, V., and V; € R denote known, constant lower and upper bounds for each
element of W (¢) and V' (¢).
6.3.2 Momentum Tracking Control Development

To achieve the flywheel angular momentum management objective while maintaining
the attitude stabilization, the closed-loop error system is developed in (5-30) in Chapter 5.
6.3.3 Stability Analysis

Theorem 6-1: The adaptive control law given in (6-29) resulting from the RNN

structure ensures uniformly ultimately bounded (UUB) attitude tracking in the sense that
leo|| < eoexp {—eit} + &2 (6-47)

where ¢, €1, €2 € R denote positive bounding constants while along with exponential

momentum tracking in the sense that
()] < 11 (0) exp (=T himt) - (6-48)

Proof: The exponential momentum tracking result is evident from (5-30) of Chapter

5.
Proof: Let V(e,,eq, 1,1, 61,0, W,V, t) € R be defined as the following nonnegative
function:
V o2 e+ (1—e) + %TTJT + %ﬁTﬁ + %é{rl—lél + %ég’ r;'0, (6-49)

1 - N1 e
+5tr (WTPglw) +5tr (VTF;1V> .

Based on (6-2), (6-8), (6-31), (6-34) - (6-36), (6-40), (6-45), and (6-46), (6-49) can be

upper and lower bounded as

collzIP +e1 <V () < eol|z|]” + e, (6-50)
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where ¢y, ¢1, ¢2, ¢3 € R are known positive bounding constants. After using (3-17), (6-33),

and (6-39), the time derivative of V () can be expressed as

Vo= el (eX+epls) @+ (1—ep)el
+r’ {3/1@1 +Yaby — e, — 74
— (k1 + ka) 7+ (ks + k) Qn |
+i" |5 T (VTR) Vi)
+ Qi W7o (V%) } + Qb (6-51)
— (ko + kp) 7] — 9~1TF1_1§1 - 0~2TF2—1§2
—tr (WTF§1W) —tr (VTFZW;/) .

By using (6-35) and (6-45), and exploiting the fact that eleX® = 0, (6-51) can be

rewritten as
Vo= — (k1 + kaq) rTr — ozefev — (ko + ks) T
+77 Qb w + (kg + k) rTQn — rTry. (6-52)

Using (6-3), (6-6), (6-42), and (6-44), the resulting expression of (6-52) can be upper

bounded as
Vo< —(ki+ka) Ir)? = e lleal” = (ko + k) 171> + ps 121l + ps |2, (6-53)

where ps = (ko + ky) 7102 + Y203 + p1 and pg = Yop4. Based on (6-43), 14 (t) can be written
as

V< =207 = el + ps |l-] (6-54)

where A\; = min (ky, /2, k) and Ay = min (kq, /2, k) — ps. After completing the squares

in (6-54), the upper bound of V (t) can be expressed as

2
V<M (el - 22 o
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where ~; £ i. Since (6-50) can be used to lower bound ||z||* as
73 = 1,

2 1 C3
> —V(t)— —. 6-55
ol 2 v (8) - 2 (6-5)
The lower bound of ||z||* in (6-55) yields
v< My
<My, (6-56)
C2
where 74 is defined as
Arc:
T2 —é ] (6-57)
2

The linear differential inequality in (6-56) can be solved as

V(1) <V (0) exp {—2—2%} +74§—j (1 — exp {—i\—;t}) . (6-58)

The expressions in (6-49), (6-50), and (6-58) can be used to prove that 7 (t), 77(t) € L.
Thus, (6-9) can be used to conclude that w (t) € L., and from (3-7) and (6-8), @ (t) €
L. The attitude kinematics in (3-17) can then be used to show that é, (¢),éy (t) € L.
Since W (t),V (t) € Lo from (6-46), the assumption that W,V € Lo, can be used along
with (6-40) to prove that W (t), V (t) € L. The facts that e, (t),w (t) € Lo can be
used along with (6-2) to show that Y; (t) € L. Based on the assumption that ¢, € L,
(6-34) and (6-36) can be used to prove that 6; (t) € L. From (6-48), u(t) € Lo and
then (5-1) and (5-2) of Chapter 5 can be used to indicate that Q (t) € L. The fact
that § (t)-dependent functions are resulting from direction cosine matrices indicates that
the functions contain ¢ (¢) within bounded trigonometric functions. Hence, the input

set y 2 [ el T gt }T € L in RNN network of (6-19) following the Universal

approximation theorem |3, 18]. Given that 77 (t), W, V, 61 (t), 7 (t), ey (t) € Lo, (6-
20), (6-22), and (6-44) can be used to prove that 7 (£) € Lu. Since 1 (t) € Lo, 0 (1),
Q(t) € Loo. Given that Yy (1), 0y (), 7 (1), ey (), 6 (t) € Lo, Ly (1) € Lo from (6-
16). Given that e, (t), r(t), n(t) € Lo, the RNN input vector x (t) € L. Since n (),

7 (t) € Lo, (6-31) can be used to conclude that 7 (t) € L. By utilizing the fact that
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Figure 6-1. Quaternion tracking error e(¢) during closed-loop operation.

J (t)-dependent functions only contain 6 (¢) within bounded trigonometric functions and
e (1), (1), w(t), Qt),5(t), Q(t) € Loo, (6-12) can be used to show that Y5 (1) € L.
Given that W (), V (t), 7 (t), e, (t), 01 (1), 05 (£), Y1 (1), v (t) € Loo, (6-29) and (6-44)
can be used to prove that the control input vector ﬁ(t) € L. Since 7 (1), e, (t), § (1),
Y1 (1), Ya(t), 01 (t), 65 (t) € Lo and by (6-3), (6-33) can be used to show that 7 (t) € Le..
Standard signal chasing arguments can then be used to prove that all other signals remain
bounded during closed-loop operation. The inequalities in (6-50) can be used along with
(6-57) and (6-58) to conclude that

2 < (cz 12 (0)|]” + 03> exp {—ﬁt} N Ales + Y3 e — c (6-59)

Co (&) Co

The result in (6-47) can now be directly obtained from (6-59).
6.4 Numerical Example
Numeric simulations illustrate the performance of the developed controller.
The satellite parameters are based on a model of a prototype pico-satellite which

has a pyramidal arrangement of four VSCMGs. The model has the total inertia of
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Figure 6-3. Induced infinity norm of RNN weight matrices W (¢),V (t) .
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Figure 6-4. Singularity measure function A (4), null motion weight S (J), and mode weight
W (9).

Jrotal = diag{ 6.10 x 1072 6.10 x 1072 7.64 x 1072 } and the VSCMG unit mass of

Mysemg = 0.165 kg. The control objective is to stabilize a satellite’s atttiude while tracking
the desired angular velocity trajectory. The simulation results are given in Figures 6-1 - 6-
4. Figure 6-1 shows the quaternion tracking error results during a 500s simulation period.
The RNN estimation error 7 (Q, 5) shown by Figure 6-2 illustrates a steady-state response
while the RNN estimator resulting from (6-29) compensates for the actuator uncertainty.
Since the state 7 (€2,9) of the nonlinear function f () is dynamically updated in the RNN
structure consisting of 10 hidden layers, the state feedback actively contributes to training
of weight estimates, W, V shown in Figure 6-3. Also, the RNN estimator functions as the
composite VSCMG steering law which arbitrates between the CMG and RW mode corre-
sponding to mode weight W, induced by the singularity measure h () as shown in Figure
6-4. The null motion strategy performs gimbal reconfiguration for singularity avoidance
and wheel speed regularization for internal momentum management responding to null
motion weight S in Figure 6-4. Although the VSCMG is a geometrically singularity-free

device and the singularity avoidance is not always necessary, the singularity avoidance
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method reduces/eliminates the amount of time that the VSCMG has to operate in RW
mode when the CMG Jacobian becomes singular through the use of null motion.
6.5 Summary

In this chapter, a RNN-based control technique is presented, which achieves attitude
tracking for a VSCMG-actuated satellite in the presence of uncertainty in the satellite
and actuator dynamics and unmodeled external disturbances. A Lyapunov-based stability
analysis is used to prove the controller achieves UUB attitude tracking while compensating
for the effects of uncertain time-varying satellite inertia properties, parametric uncertainty,
and nonlinear external disturbance torques. Innovative development of the error system
along with a Lyapunov-based adaptive law mitigates the difficulties resulting from satellite
inertia uncertainty. Numeric simulation results illustrate performance of RNN estimator
which functions as a composite VSCMG steering law as well as benefits provided by

gimbal and wheel null motions.
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CHAPTER 7
A NEW SINGULARITY DETECTION METHOD FOR VSCMGS USING FLS

As seen in Chapter 4-6, the null motions of VSCMG can provide beneficial effects
such as gimbal reconfiguration and internal momentum management for spacecraft opera-
tion while the motions generate no net torque from the VSCMGs. Even if the VSCMG is
geometrically a singularity-free device except saturation, the singularity avoidance method
using the gimbal null motion can reduce/eliminate the amount of time that the VSCMG
has to operate in RW mode when the CMG Jacobian becomes singular. According to
whether the total angular momentum vector is inside or outside the momentum envelope,
the singular state is defined as internal or external. The CMG system encounters external
(saturation) singularities when the individual angular momentum has maximum mag-
nitude for its direction. Internal singularities can be classified into elliptic or hyperbolic
singularity by whether the null motion is possible around the singular state. The null
motions can be generated at the hyperbolic singularity but not at the elliptic singular-
ity |5,52,55,64,70,91,96]. However, the fact that the null motion exists does not guarantee
escape from the hyperbolic singularity. There are degenerate solutions which do not affect
the rank of the CMG Jacobian. This means that the degenerate hyperbolic singularities
cannot be escaped through null motion [5,55,64,96]. If the specific type of singularity can
be determined, the VSCMG can acquire more effective performance since the VSCMG can
make the best use of the torque amplification in CMG mode and also utilize the wheel
null motions (e.g., start-up, power reduction, etc) while properly responding each type of
singularity as well as holding precise attitude control.

In this chapter, a new singularity detection method is developed using a fuzzy
logic system (FLS). The FLS-based singularity detection and classification method can
determine a specific type of singularity using the necessary condition for the null motion

and a singularity measure. Numerical simulations demonstrate the performance of the
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adaptive VSCMG steering law with FLS-based singularity detection method in the efficacy
of singularity avoidance with reduced reaction wheel modes.
7.1 Singularity Detection Strategy

For the pyramidal arrangement of the VSCMG system, all internal singularites can
be escaped through torque generation in RW mode while maintaining precise attitude
tracking performance. The possibility of escape by null motion near singularity that has
been studied in [5, 55, 64, 96| can be a desirable criteria to distinguish singular states.
However, the singular regions inside the momentum envelope in Figure 2-3 are nonlinear
and complex. For degenerate hyperbolic singularities, the surface looks like a hyperbolic
singularity which can be escaped by the null motions, but have a feature of an elliptic
singularity (i.e., the null motions do not affect the rank of CMG Jacobian.). In this
singularity, the null displacements do not allow the singular configuration to be disturbed
since the singular state is located on a point on null trajectories for a set of gimbal angle.
Hence, singularity escape by the admissible null variations is not possible. Based on the
given information such as the passability condition by the null motion near singularity
and the singularity measure index, a FLS can be an appropriate tool. A FLS can deal
with nonlinear and complex problems in the realms of search, question-answering decision
and control, and provides a foundation for the development of new tools for dealing with
linguistic information and knowledge representation |7,71,105-109]. The basic structure of
a FLS is composed of a fuzzifier, fuzzy product inference engine, and defuzzifier.
7.1.1 Passability Condition by Null Motion near Singularity

For the VSCMG case, a null motion always exists since a VSCMG Jacobian induced
by a combination of 4 gimbals and 4 wheels always spans the three-dimensional space (i.e.,
the rank deficiency of the VSCMG Jacobian is escapable.) [101]. The passability condition
by null motions near singularity is used in CMG mode of the VSCMG system which
maintains torque amplification. The test for existence of the null motion is established by

a Taylor series expansion about a singular state 6° € R* [5,55, 64,96]. Suppose that §° is

123



a singular point and H (6°) € R? is on the singular surface, a second order Taylor series

expansion of H (J) in the neighborhood yields
0H = H(6°+dd)— H (6°)

4
Oh; 1 (PR .
- 2G5 one 3 (G o |

=1

where AJ; is the gimbal angle displacement between a gimbal angle §; and a singular point

07. By using the following relations

oh; 0%h;

the null motion constraint can be expressed as

4
1
OH = Z[fiAéi—ghiAéer--- = 031,

i=1
where 6H £ 0 near a singularity since the total angular momentum H is not affected by
null motion.

To obtain the constraint equation for null motion, the inner product of 0 H with an

arbitrary singular vector u € R? is

4 4
1 2 : 2 1 § : 2
=1 i=1

where u =null(Cf (6)) and u - f; = 0(i = 1,2,3,4) by the definition of a singular vector.

Hence, the second order necessary condition for null motion is written as

4
> PAS; =0,
=1

where P = w - h; denotes the projection matrix. In matrix form, the condition can be
rewritten as

ASTPAS = 0. (7-1)
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By using the null-space basis vector n; € R* of the CMG Jacobian matrix Cr (§) € R3*4,

the null motion of gimbal angles can be represented as

4-2
A = Zcmi = N, (7-2)

i=1
where c is a set of weighting coefficients denoted as ¢ = (¢1, ¢2), and the null space

N € R¥[4=rank(Cr)] jg written as
N (Cr) ={n, e R*| Cr-n; = 0351 } .
Substituting (7-2) into (7-1), a necessary condition for null motion is obtained as
c'Qc =0, (7-3)

where Q = NTPN. The quadratic form of (7-3) represents a null motion constraint
equation in the vicinity of a singular state, and can be a singularity classification criteria
according to properties of (7-3): 1) definite @, or 2) indefinite or singular @ [5,96]. If @
is a definite matrix, ¢ = 0 is the only solution and the null motion is not possible. The
definite matrix () indicates an elliptic singularity which has no null motions. When @ is
an indefinite (or singular) matrix, @ indicates a hyperbolic singularity and the null motion
is possible. Although the classification criteria based on () implies the existence of null
motion, the mere possibility of null motion does not guarantee escape from a singularity.
Degenerate hyperbolic singularities which do not affect the rank of the CMG Jacobian
must be excluded [5,96]. For the detection of degenerate hyperbolic one, the conventional
singularity measure index denoted as f (§) £ —det (C7 (6) CF (6)) can be used to provide
additional information. Such convoluted criteria to determine a type of singularity can be
effectively classified by IF-THEN rules of FLS.

7.1.2 Fuzzification

The first step in fuzzy logic system is to convert the measured signals into a set of fuzzy

variables. Specifically, the fuzzification process turns each

125



sign(multiplication of eigenvalues) of @ in (7-3) for the null motion passability conditions
near singularity and a measured conventional singularity index f () into a set of fuzzy
variables. Based on whether null motions are possible, the type of singularity is

determined as

sign(multiplication of eigenvalues) > 0, Elliptic singularity

sign(multiplication of eigenvalues) < 0, Hyperbolic singularity. (7-4)

However, in this criteria, it’s impossible to detect degenerate hyperbolic singularity.

As an additional information for degenerate hyperbolic singularity, the conventional
singularity measure index f (0) is used. This information supplements the null motion
passability condition of (7-4). For example, let a singular state be included to a criterion
of hyperbolic singularity. However, if the singularity measure index stays around zero
(i.e., even though the null motions exist, the rank of CMG Jacobian is still deficient) and
it occurs the variation of angular momentum by the torque generation of RW, it can be
considered to be a degenerate hyperbolic singularity. The integrated IF-THEN rules for

singularity detection are as follows:

[F sign(multiplication of eigenvalues) > 0, THEN Elliptic Singularity
[F sign(multiplication of eigenvalues) < 0 AND f < 0.3, THEN Hyperbolic Singularity (7-5)

[F sign(multiplication of eigenvalues) < 0 AND f < 0.1, THEN Degenerate Hyperbolic Singularity,

where for detecting elliptic singularity, it is not essential for the singularity measure index
1 (0) to be used since the IF clause of (7-5) clarifies the specific type of singularity. The
degenerate hyperbolic singularity which does not affect the rank of CMG Jacobian makes
the index f (6) approach to zero although the null motion exists. Hence, IF-THEN rules
of FLS in (7-5) detects a type of singularity and singularity measure, and by using the

determined singularity identity the steering law can determine an efficient operation mode.
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Figure 7-1. Membership function for singularity measure index f (9).

Specifically, f (0) < 0.3 in (7-5) is determined as a reference to start gimbal null motions;
otherwise, the steering law does not need even gimbal null motions but needs CMG mode
as a minimum norm pseudo-inverse solution. Also, in sign(multiplication of eigenvalues) <
0 and f(6) < 0.1, the singularity is referred to as a degenerate hyperbolic singularity

and the steering law requires the torque generation of RW. The singularity measure and
threshold reference for refining hyperbolic singularity are determined and fuzzified by
membership functions as shown by Figure 7-1. The dotted line fuzzifies the singularity
measure index f () to additionally detect degenerate hyperbolic singularity and the
region intersected by two triangles reflects fuzziness between hyperbolic singularity and
degenerate hyperbolic singularity in the singularity measure index f (9). Specifically, when
a singularity is determined as hyperbolic singularity (sign(multiplication of eigenvalues) <
0) and there exists null motions, the fact that singularity measure index f (9) still decrease
to 0.1 under 0.3 allows RW to induce torque generation following the consecutive FLS

process.
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Figure 7-2. Block diagram of FLS-based singularity detection method.

7.1.3 Product Inference Engine

The FLS-based singularity detection method uses fuzzy equivalents of logical
AND operations to build up fuzzy logic rules. If pgg4, is the membership of class
sign(multiplication of eigenvalues) for indicating a type of singularity and py, is the
membership of class f; (0) for a conventional singularity measure, then the fuzzy AND is

obtained as the multiplication of the membership values:

Hsign AND f; = Hsign A Kt = Hsign X Hf;

where the symbol A is used to denote the fuzzy AND operation and i, has a value of 0
or 1 (i.e., If a sign in (7-5) is determined, ji4,, has 1).
7.1.4 Defuzzification

The last step in building a fuzzy logic system is turning the fuzzy variables generated
by the fuzzy logic rules into a singularity detection index. The defuzzifier combines the
information in the fuzzy inputs so that it obtains a single crisp output variable using the
center of gravity method. To be more specific, if the fuzzy levels given in (7-5) have
membership values fi5q4, and piy,, then the crisp output signal D; is defined as

k
—1 Wik
D, — 2z Wit (7-6)
D et Mi
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where D; (j = 1,2) is a defuzzified value: D, and D, are resulting from the rules for
elliptic singularity and hyperbolic singularity, respectively, u; is a fuzzified value like fig;g,,
oy, and fisign anD £, Tesulting from the IF-THEN rule or the product inference engine,

W; is a weight value designed by heuristic information, and k is the number of fuzzified

values. A new singularity detection index as seen in Figure 7-2 is defined as
A = sech(Dy + Dy +v), (7-7)

where v denotes a shift constant to adjust a function output signal.
7.2 Implementation of FLS-based singularity detection index
Based on the proposed singularity detection index A (t), the composite VSCMG

steering law of Chapter 5 can be written as
=07 (ylél 4k ey + O [Tw]* wr]“ @ — O [Tw] [wa]® Q) + (18 - Q;@) So, (7-8)
where a mode weight matrix W (A) is designed as

WA Walixa  Ouxa

O4><4 W5]4><4

where W5 € R is defined as
Wi £ WsoA,

Ws,, Wa € R are positive constants, and the new singularity detection index A (t) is
obtained as (7-7). Since the index A (¢) detects the singularity type and property of
the singularity, the flywheels can generate the required torque in RW mode at elliptic
singularity and degenerate hyperbolic singularity based on the FLS-based singularity
detection. In (7-8), to generate null motion for internal momentum tracking and gimbal

reconfiguration, the null motion o (¢) € R® is defined as

T
o2 { kwg? k’yg_gT} 7 (7-9)
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where k,, k, € R denote positive constants, g (t) € R* is an auxiliary control signal to
track the desired flywheel angular momentum, and the second row is the gradient method
for the gimbal reconfiguration. The matrix S (A) € R®¥*® in (7-8) is a null motion weight

for the VSCMG null motion denoted as
S & Algys, (7-10)

where Igyg € R¥® is an identity matrix. When the singularity detection index detects
elliptic singularity or degenerate hyperbolic singularity, the index A (¢) inhibits both
gimbal and wheel null motions so that the VSCMG can be operated as RW. When
encountering hyperbolic singularity and in normal workspace, the steering law works for a
conventional CMG with the torque amplification and internal momentum tracking.
7.3 Numerical Examples

7.3.1 Simulation Setup

Numeric simulations illustrate the performance of the developed controller. The
satellite parameters and initial conditions are based on a model of a prototype pico-
satellite in Table 5-1 and 5-2 of Chapter 5. The initial and desired flywheel speed for
each wheel are Qy = Q; = 200rad/s (=~ 2,000 rpm). The simulation parameters for
defuzzification are W, = —1, Wy, = —3, v = 3 where W; and W5 are weight values for each
membership function of Figure 7-1, and v is a shift constant. Differently from the initial
startup of Chapter 5, the wheel null motion achieves the internal momentum tracking to
maintain the desired flywheel speed so that the VSCMG system can steadily gain torque
amplification in CMG mode.
7.3.2 Simulation Results

The simulation results are developed to show the performance of the FLS-based
singularity detection index for two cases. To illustrate the performance of the singularity
detection and escape at internal elliptic singularity, Case 1 is started at an internal elliptic

singular point denoted as § (0) = [ —90 0 90 0 } (deg) and the results are given in
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Figure 7-3. Quaternion tracking error e(t) for Case 1.

Figures 7-3 - 7-9. Case 2 is started at an internal hyperbolic singular point denoted as
5(0) =10 90 180 —90 | (deg) and the results are given in Figures 7-10 - 7-13.
Figure 7-3 shows the quaternion tracking error results during a 100s simulation
period. Figure 7-4 shows the control input gimbal rates 0 (t) and wheel accelerations
Q) (t). The wheel acceleration control input 2 () contributes to the internal momentum
management by equalizing the wheel speed after escaping from the internal elliptic
singularity at an initial point while the control inputs achieve attitude stabilization.
Since the simulation for Case 1 starts at an internal elliptic singular point, the det(Q)
regarded as multiplication of eigenvalues shows a positive sign in Figure 7-6 and the
singularity measure index f (&) shows the start at 0 in Figure 7-7. Also, the FLS-based
singularity detection index A (¢) inhibits both gimbal and wheel null motions while it
allows a torque generation of RW as shown by Figure 7-6, 7-7, and 7-5. Once the CMG
Jacobian escapes the internal elliptic singularity, the gimbal null motions help the system
escape the singularity while the wheel null motions achieve wheel speed equalization
(internal momentum tracking error p (t) — 0) as shown in Figure 7-8. Figure 7-9 shows

the elements of the adaptive parameter vectors 6; (t) and 6, ().
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Figure 7-4. Control input gimbal rates & () and wheel accelerations € (t) for Case 1.
The left column illustrates the response for the entire duration, and the right column
illustrates the transient response.
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illustrates the transient response.
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Figure 7-11. Singularity measure index f (), null motion weight S(A), and mode weight
W(A) for Case 2.
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The simulation results for Case 2 (started at an internal hyperbolic singular point)
are provied in Figure 7-10 - 7-13. In Figure 7-10, the det(Q) showing the null motion
condition illustrates a negative sign at the starting point which means the start from the
internal hyperbolic singularity. The singularity detection index shows two variations which
are shown in Figure 7-10. The second variation is resulting from access to another singular
point right after escaping from the internal hyperbolic singularity. Corresponding to the
second variation of A (¢) and f (§) , the singularity encounter is escaped by the gimbal null
motions without the torque generation of RW shown in Figure 7-12 and 7-13.

7.4 Summary

In this chapter, a FLS-based singularity detection method is developed for the pyra-
midal arrangement of the VSCMG system. The FLS fuzzifies the possibility by null
motion near singularity to primarily classify singularity into elliptic and hyperbolic one,
and then use additional information denoted as the existing singularity measure index to
even detect degenerate hyperbolic singularity. Based on the determined singularity iden-
tity, the steering law can determine an efficient operation mode depending on singularity
detection input and steadily maintain torque amplification. Numeric simulations have
two cases divided into elliptic and hyperbolic singularity case, and each case illustrates
both the singularity detection performance and the singularity avoidance of the FLS-based

singularity detection method.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

To make the best use of an extra DOF provided by VSCMGs, various multi-
functional steering laws are developed in Chapters 3 - 6. Since the VSCMG system
includes satellite and actuator uncertainties such as dynamic and static friction, inertia,
etc., the difficulties resulting from uncertain properties are mitigated through innovative
development of the error system along with a Lyapunov-based adaptive law. The previ-
ous chapters provide the Lyapunov-based stability analysis to prove precision attitude
tracking while simultaneously achieving additional tracking objectives denoted as power
tracking and internal momentum tracking. Chapter 7 promotes the effective utilization of
hybrid mode (i.e., CMG mode and RW mode) resulting from an extra DOF of VSCMGs.
Although the VSCMG is geometrically a singularity-free device, the singularity avoidance
method using the gimbal null motion can reduce/eliminate the amount of time that the
VSCMG has to operate in RW mode when the CMG Jacobian becomes singular. More-
over, detecting a specific type of singulairty can provide the maximum use of CMG mode
to utilize torque amplification and a stable, efficient singularity avoidancec effect. Hence, a
FLS-based singularity detection method developed in Chapter 7 distinguishes the specific
type of singulairty, which arbitrates gimbal and wheel null motions so that all internal
singularities can be escaped/avoided.

In Chapter 3, in dynamic and static friction in the VSCMG gimbals and wheels, the
controller is capable of achieving GUUB attitude tracking while simultaneously tracking a
desired power profile asymptotically. In addition, the controller compensates for the effects
of uncertain, time-varying satellite inertia properties. The wheel null motions resulting
from the extended DOF of VSCMGs allow the VSCMG system to accomplish a novel

combined objective as precision attitude tracking and power storage (i.e., mechanical
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battery). The attitude and power tracking results are proven via Lyapunov stability
analysis and demonstrated through numerical simulations.

In Chapter 4, the majority of control research focused on VSCMGs has assumed ideal
conditions such as frictionless flywheel and gimbal bearings and a system of VSCMGs as
a rigid body. When scaling the size of CMGs/VSCMGs, the effects of friction present in
the system are significant. To actively consider friction effect inside dynamics, a coupled
dynamics connection of a satellite, gimbals, and wheels is developed. A backstepping
method is used to develop the controller from a cascade dynamics connection for a
VSCMG-actuated satellite. In the presence of uncertain dynamic and static friction
in both the gimbals and the flywheels, the controller is capable of achieving globally
asymptotical attitude tracking while simultaneously performing singularity avoidance and
wheel deceleration. Simulations show that the applied torques of the wheels containing
friction contribute to power reduction in that the friction enables the wheel to obtain more
torques without an additional torque request. Such benefit is induced by the deceleration
mode resulting from the null motion and can give the actuator both torque and power
reduction effect.

Previous space missions using CMGs have used a separate feedback control loop
to spin up the rotor to the required spin rate and maintain it while securing attitude
stabilization using additional devices such as magnetorquers. In Chapter 5, the VSCMG
steering law including the internal momentum management allows the flywheel to start
from rest and to reach the desired speed. In the presence of satellite inertia uncertainty
and actuator uncertainty, the developed attitude controller in this chapter is capable of
achieving global asymptotic attitude tracking while simultaneously performing singularity
avoidance and internal momentum management. The significant benefit of the developed
steering law is to condense several discontinuous, separate feedback control steps such
as the initial start-up and initial attitude acquisition mode into one continuous and

simultaneous control step. The attitude tracking and internal momentum tracking
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results are proven via a Lyapunov stability analysis and demonstrated through numerical
simulations.

Chapter 6 shows a RNN-based control technique which achieves attitude tracking for
a VSCMG-actuated satellite in the presence of uncertainty in the satellite and actuator
dynamics and unmodeled external disturbances. The capability of RNN modeling to
evolve the states corresponding to nonlinear state equations is exploited to compensate
for actuator uncertainties of VSCMGs. A Lyapunov-based stability analysis is used to
prove the controller achieves UUB attitude tracking while compensating for the effects of
uncertain time-varying satellite inertia properties, parametric uncertainty, and nonlinear
external disturbance torques. Numeric simulation results illustrate performance of the
RNN estimator which functions as a composite VSCMG steering law as well as benefits
provided by gimbal and wheel null motions.

In Chapter 7, a FLS-based singularity detection method is developed for the pyrami-
dal arrangement of the VSCMG system. Since the FLS copes with complex and nonlinear
patterns of singularity, the FLS provides an effective singularity detection strategy consid-
ering the passability condition for the null motion and the singularity measure index. The
FLS fuzzifies the passability condition of the null motion to primarily classify singularity
into elliptic and hyperbolic one, and then use additional information denoted as the exist-
ing singularity measure index to detect a degenerate hyperbolic singulairty. Based on the
determined singularity identity, the steering law can determine an efficient operation mode
depending on singularity detection input and steadily maintain torque amplification. The
developed singularity detection methods can escape all of internal singularities including
degenerate hyperbolic singularity and this method is the first result that can escape all
internal singularities for the pyramidal arrangement. Numeric simulations have two cases
divided into elliptic and hyperbolic singularity case, and each case illustrates both the sin-
gularity detection performance and the singularity avoidance of the FLS-based singularity

detection method.
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8.2 Future Work

The IPACS method in Chapter 3 needs a electronic device to store mechanical energy
in practice. It is important to compare friction energy loss of wheel with kinetic energy
growth to grasp reliablity of IPACS. In the same manner of Chapter 4, IPACS methed
can also consider actuator friction in a physical torque level. For Chapter 4, the steering
law is developed by a combination between gimbal rate and wheel speed. A practical test
for this steering law can illustrate a realistic effect about power reduction in despinning
mode and give a comparison with a steering law developed by gimbal rate and wheel
acceleration. Considering external disturbance for the initial startup method in Chapter
5, the start-up method can provide more attractive results to use the startup steering
law in practice. The quantified investigation of start-up method using just one feedback
loop can illustrate viable effects of the start-up method developed in Chapter 5 comparing
with other start-up methods using separate feedback loop and extra devices. Hence, the
hardware implementing and comparison study are required to ensure reliability for various
multi-functional steering laws.

One of shortcomings of the RNN-based steering law is that UUB stability is achieved.
Further investigation which includes addtion of robust feedback control term or other
intelligent method is needed to improve the stability result. Avenues to obtain a semi-
global asymptotic result are provided in [44,80,81] under a set of assumptions.

The FLS-based singularity detection method developed in Chapter 7 can be also
applied to SGCMG without loss of generality. Hence, the development of CMG steering
law utilizing the FLS-based singularity detection method is needed and future efforts can
focus on comparing the method of Chapter 7 with a variety of established CMG steering

laws.
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