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Abstract

A Study on Space Structure Attitude Stabilization and Actuator
Degradation

Rihan Ahmed Irfan Ahmad

This thesis first addresses an important topic concerning space structure control
systems, namely, attitude stabilization and control, which is followed by a study on
subsystem interactions of general Multi Input Multi Output (MIMO) systems for better
performance and actuator fault tolerance.

A novel and simple output feedback stabilization approach is proposed for a space struc-
ture system characterized with kinematics and dynamics. The approach globally, asymp-
totically stabilizes the plant and the closed-loop stability is proved using Lyapunov
analysis. The simplicity and robustness of the designed controller are demonstrated by
investigating the closed-loop response after reducing the degree of freedom in control
structure. The stability of the closed-loop system is further analyzed and the perfor-
mance is compared with two other robust control approaches.

The study carries on to another space plant, a Large Space Telescope (LST). Its dynamic
model which is fitted with reaction wheels initially developed by NASA is analyzed and
the fully coupled dynamics are derived by taking into account the nonlinear coupling
phenomena and other terms neglected in their original (NASA) form. The dynamics
are combined with Quaternion based kinematics to form an intricate yet realistic LST
attitude model. The attitude of the nonlinear LST model is stabilized using a state feed-
back controller and the LST model is shown to track a time varying attitude reference.
Structure configuration is an imperative task in the design of MIMO control systems. In
order to make use of interactions between multiple channels so that the system can deal
with vulnerability due to actuator degradation, a novel interaction measure is proposed.
It is defined as Relative Dependency Index (RDI) and is based on H,, norms. Such
a measurement is effective in understanding the influence of the j™* input on the i
output of a system. RDI based guidelines are outlined for configuring a system towards
coupling/decoupling. RDI is further extended to the Input Impact Index (%.i.2.) which
helps in determining how much an actuator degradation would affect the output of a
system. The validity of RDI and i.i.1. is illustrated by simulation results and tested on
the linearized spacecraft attitude model presented in the former part of the thesis.
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Chapter 1

Introduction

1.1 Overview

The motion of a rigid body in space such as a spacecraft can be distinctly divided into
two types namely, translational and rotational. The position and velocity of a space-
craft describe its translational motion. The rotational motion is specified in terms of
the spacecraft’s attitude and attitude motion. The attitude of a spacecraft is defined
as its orientation in space with respect to a reference system. The process of orienting
a spacecraft in a specified, predetermined direction is called as attitude control. It
consists of two areas namely, attitude stabilization, which is the process of maintain-
ing an existing orientation, and attitude maneuver control, which is the process of
controlling the reorientation of the spacecraft from one attitude to another [61]. This
thesis addresses the problem of attitude stabilization and control of nonlinear rigid space
structures. Attitude Determination and Control System (ADCS) is an impor-
tant subsystem in all types of spacecrafts. Some of the important operations of an ADCS

are as follows:
e Pointing of solar panels normal to the sun for the purpose of solar power generation.

e Pointing at selected ground targets accurately by an earth observing remote sens-

ing spacecraft.
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e Pointing of a space observing spacecraft away from earth with an additional re-

quirement to avoid pointing the sun.
e Pointing of directional antenna and transceiver for transmission and reception.
e Avoiding solar and atmospheric damage to sensitive components.

The key aspects of attitude control are pointing in the right direction, maintaining
the angular velocity and control inputs at the desired value. For example, attitude track-
ing would require that the spacecraft be oriented such that its sensor always points at a
moving target. Such a maneuver is accomplished through a control law that generates
control torques to re-orient the spacecraft to the desired attitude and angular velocity.
A spacecraft’s attitude is affected by disturbance torques that tend to perturb the space-
craft’s attitude. The major environmental torques that affect the attitude are as fol-

lows [61]:

e Aerodynamic torques caused by the rapid spacecraft motion through the tenuous

upper atmosphere.

e Gravity gradient torque due to the small difference in gravitational attraction from

one end of the spacecraft to the other.

e Magnetic torque due to the interaction between the spacecraft’s magnetic field and

the earth’s magnetic field.

e Solar radiation torque due to the electromagnetic radiation and particles radiating

outward from the sun.

In order to overcome such perturbations the spacecraft’s attitude is stabilized and con-
trolled using different techniques such as spin-stabilization where the spacecraft is ro-
tated about its axis. The angular momentum of a spin-stabilized spacecraft will remain
approximately fixed and its attitude is maintained as desired. A spacecraft is three-axis

stabilized when its three mutually perpendicular axes are controlled. In addition to
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the three-axis stabilization the control torques are also required to compensate for the
disturbance torques mentioned earlier which causes the spacecraft’s orientation to drift.
Hence the attitude control of a spacecraft involves the application of torques which can
be generated externally by thrusters, internally by means of momentum wheels, or by a
combination of both by using a wide variety of hardware and techniques. The choice of
hardware depends on the requirements for maneuverability, pointing accuracy, stability
and other mission requirements such as cost and lifetime. Sidi [47], has presented a
notable appendix on hardware specifications.

Common means of validating control laws are numerical simulations and implementa-
tions on mathematical models reflecting the attributes of the real system to be controlled.
The control concepts are effectively illustrated and verified by such simulations.

This thesis can be broadly divided into two parts, the former deals with attitude stabi-

lization and control of two rigid space structures comprised as follows:

1. Spacecraft attitude model defined using Fuler’s equation of rotational dynamics
and kinematic differential equations given by Quaternions and Modified Rodrigues
parameters (MRP). This model is stabilized using an output feedback control law

and the stability is proved in the sense of Lyapunov.

2. A Large Space Telescope (LST) attitude model is formulated by deriving the
coupled nonlinear dynamics considering the coupling phenomena neglected in [44]
and combining it with Quaternion based kinematics. This model is stabilized with

a state feedback control law.

The latter part presents a systematic study of subsystem interactions of general
Multi-Input-Multi-Output (MIMO) systems to achieve better performance and actuator
fault tolerance. A simple and effective interaction index is proposed which helps in
understanding the effect of one input on an output of a multivariable system with the
objective of system structure configuration towards decoupling and prediction of channel

vulnerability to actuator faults and failures.
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In the next section a literature review is presented to familiarize oneself with the prior
work in spacecraft attitude control followed by the contribution and organization of this

thesis.

1.2 Literature Review

George Meyer [34], in 1971, was one of the first to present the problem of attitude con-
trol. He in [34], developed a general procedure for the design and analysis of three-axis,
large angle attitude control system. Properties of three dimensional rotations were used
to formulate a rigid spacecraft model. Error functions were used to assign numerical
values to attitude error. These functions were used to construct asymptotically stable
control laws. This method provided a useful alternative to Lyapunov analysis for deter-
mination of system stability, responsiveness, and sensitivity to disturbances, parameter
variations, and target attitude motion.

Slotine et al [51], proposed a new approach to accurate attitude tracking of rigid space-
crafts handling large loads of unknown mass properties in 1990. The method was based
on the construction of a physically motivated Lyapunov like function inspired from the
adaptive robot manipulator control algorithm. The authors made a comparison between
PD control law and an adaptive control law.

Salcudean [40], presented a new nonlinear angular velocity observer for rigid body mo-
tion in 1991. The observer structure was derived by exploiting the structure of the
dynamics of rigid body motion and the simplicity of the Euler Quaternion representa-
tion of rotation.

Wen et al [60], presented an attitude controller in 1991. The controller structure was of
the form of proportional and derivative feedback and a feed forward compensation. The
proportional term is either the vector Quaternion feedback or the vector Quaternion
and scalar Quaternion product. The research is an extension of the work done in [34].
Shuster [46], in 1993, made a survey of the different type of attitude representations.

The paper discussed in detail the advantages and disadvantages in the three-parameter
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as well as four parameter representations and the relationship between the various rep-
resentations of the attitude and their kinematic equations.

Lizarralde et al [32], in 1996, proposed a new attitude stabilization technique when the
angular velocity is not available. In contrast to the past observer based approach, a
passivity approach was used to derive a large class of filters for the error Quaternion
which replaced the angular velocity in the standard PD control law.

Ahmed et al [4], in 1998, addressed the problem of spacecraft tracking a desired trajec-
tory using adaptive feedback control. The algorithm assumes no knowledge of inertia
of the spacecraft and is thus unconditionally robust with respect to this parametric un-
certainty. Periodic commands are used to identify the inertia matrix.

Miroslav et al [30], in 1999, presented an approach for constructing optimal feedback
control laws for the regulation of a rotating rigid spacecraft. The inverse optimal con-
trol approach requires the knowledge of a control Lyapunov function and a stabilizing
control law is constructed using integrator backstepping. The resulting design includes
a penalty on the angular velocity, orientation and the control torque.

Wong et al [66], in 2001, addressed the problem of attitude tracking of uncertain space-
craft without angular velocity measurements. The adaptive control incorporated a veloc-
ity generating filter from attitude measurements. A high pass filter was used to generate
a pseudo velocity tracking error signal while a gradient type, adaptive law accounted for
the inertia uncertainty.

Sharma et al [45], in 2004, devised a nonlinear-optimal controller for the attitude track-
ing problem of spacecraft maneuvers through Hamilton-Jacobi formulation, applying
penalty on angular velocity and attitudinal kinematics resulting in closed-form expres-
sions for unknown Lyapunov parameters.

Gollu et al [19], in 2007 presented a Lyapunov based controller synthesis performed using
sum of squares technique for large angle attitude maneuvers. The rigid body attitude
was parameterized in terms of MRP’s.

Doruk [16], in 2009, linearized the nonlinear satellite model which uses MRP as the
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attitude representation mechanism based on Jacobian matrix linearization, around the
origin and the reference values of MRP. A linear quadratic regulation approach was de-
signed for attitude stabilization and it was shown that the closed-loop system converges
but there exists a tracking error which can be reduced by increasing the controller coef-
ficients.

Chen et al-a [15], in 2010, presented sliding mode control based on RBF neural network
using reaction wheels for attitude tracking. The controller is divided into two parts,
the former is the traditional sliding mode control, and the latter part is neural network
based and is used for estimating the plant’s uncertainties.

Hu et al [23], in 2011 improved the basic PSO algorithm and applied it to a flexible
satellite attitude controller for parameter optimization.

Chen et al-b [14], in 2011 applied the PSO algorithm to optimize the controller param-

eters presented in [15].

1.3 Contribution and Thesis Organization

1.3.1 Thesis Contribution

The thesis has attained the following objectives:

e A novel and simple output feedback stabilization approach is proposed for the
nonlinear spacecraft attitude model defined in terms of Euler’s equation of rota-
tional dynamics and the kinematic formulation using MRP and Euler’s symmetric

parameters (Quaternions).

e The output feedback approach is proved to be globally asymptotically stable with
the help of Lyapunov stability analysis and requires only the plant output as a
measurement. It is in contrast to the previously proposed approaches in literature

which require additional state measurements such as angular velocity.

e The proposed control law is shown to be robust because of its non-dependency on
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the spacecraft inertia and degree of freedom in the controller parameters selection.
This is illustrated by reducing the degree of freedom in the controller and proving

its global asymptotic stability in the sense of Lyapunov.

A nonlinear attitude model of a LST fitted with reaction wheels as actuators is
analyzed and its nonlinear coupled dynamic equations are derived by taking into
account the nonlinear coupling terms, inertia tensors and the angular velocity

terms neglected in the original work [44].

The derived nonlinear coupled dynamic system is combined with a Quaternion
based kinematic model to form a nonlinear attitude model of the LST system with
reaction wheels as actuators. A state feedback control law is shown to stabilize

the nonlinear LST attitude model and track a time varying attitude reference.

A new measure of interaction known as Relative Dependency Index (RDI) and
some guidelines are presented for stable open-loop MIMO systems. RDI is defined
in terms of H,, norm of the individual subsystems and helps in understanding the
effect of one input on an output. RDI based guidelines are shown to configure
a MIMO system structure towards coupling and decoupling and the veracity of
this approach is verified using a performance measure defined in terms of Root
Mean Square Error (RMSE). The effectiveness of the approach is illustrated by

simulation results and the approach is compared with the existing measures.

RDI is extended to the case of closed-loop MIMO systems. A similar performance
measure is used to verify the RDI based approach and its associated guidelines in

studying the subsystem interactions. Suitable examples are demonstrated.

RDI is further extended to understand the tendency of fault and failure and the
influence of actuator input on system output by presenting an index known as
Input Impact Index (i.i.2.) based on RDI. The i.i.i. and its associated guidelines

are shown to predict the actuator fault/failure that would least and most affect the
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overall performance of open-loop stable and closed-loop systems. The effectiveness

of this approach is illustrated by examples.

e The research carried out has resulted in a few conference publications [9], [7], [5],

8], [28], [6] & [29]. Some journal papers are currently under preparation.

1.3.2 Thesis Organization

The thesis is organized into six chapters including this chapter and four appendices. A

summary of each is given below:

e Chapter 1: This is the current chapter in which the concept of attitude is famil-
iarized and the importance of attitude control as a major subsystem in a spacecraft
is described. A literature review is presented describing the prior work in the field

of attitude stabilization and control.

e Chapter 2: This chapter covers the fundamentals of spacecraft attitude dynamics.
Different types of attitude representations to be used in the proposed work are
discussed. Their pros and cons are pointed out. Euler’s equation of rotational
dynamics are introduced. The nonlinear spacecraft attitude model comprising of
the dynamics and the kinematics is formulated using two different types of attitude
representations, namely, MRP and Quaternions. Nonzero equilibrium points are
found for the nonlinear attitude model and are then linearized at these operating

points based on Jacobian linearization.

e Chapter 3: In this chapter a novel and simple output feedback stabilization
approach is proposed for the nonlinear spacecraft attitude model presented in
chapter two. The approach is shown to globally asymptotically stabilize the non-
linear plant and the overall closed-loop stability is proved in the sense of Lyapunov.
Particle Swarm Optimization (PSO) algorithm is used as a tool to infer the best
controller parameters depending on an objective function which minimizes the ab-

solute value of the attitude error. Two robust controllers are synthesized namely,
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H, loop shaping and H,, mixed sensitivity for the linearized spacecraft attitude
model presented in chapter two. The robust controllers are tested on the non-
linear attitude model and the simulation results are compared with the proposed
Lyapunov based output feedback approach.

The proposed output feedback control law is modified by reducing the degree of
freedom in the control structure. The overall closed-loop stability is proved with a
modified Lyapunov function which globally asymptotically stabilizes the nonlinear
plant. Simulation results are illustrated for attitude stabilization and time varying

attitude tracking of the nonlinear plant.

Chapter 4: In this chapter a LST model developed by NASA [44] in 1973, fitted
with reaction wheels as actuators is described. The LST model is further developed
into a fully coupled nonlinear dynamic equation of the original model itself and
the reaction wheels (actuators), which are derived by taking into account the non-
linear coupling phenomena and the inertia terms neglected by [44]. The dynamic
equations are then combined with a Quaternion based kinematic formulation to
form a nonlinear LST attitude model. This model is globally asymptotically sta-
bilized using a state feedback control structure and is shown to track time varying

attitude.

Chapter 5: In this chapter a systematic study of subsystem interactions for
MIMO systems is performed. The existing interaction measures required to de-
couple the structure configuration and their shortcomings are outlined. A new
approach for structure configuration of MIMO systems in open and closed-loop
systems is presented by proposing interaction indexes defined in terms of H
norm. The new interaction index helps in understanding the effect of one input
on an output of a multivariable system in open-loop stable and closed-loop sys-
tems. Additionally, it is also shown that the index identifies the least and most
vulnerable channel to an actuator degradation. Sufficient examples are illustrated

to show the effectiveness of the index and its guidelines which help in structure
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configuration of distillation column examples. The index is also shown to predict
the least and most vulnerable channel prone to actuator degradation for the lin-
earized spacecraft attitude model presented in chapter two and stabilized with an

output feedback controller proposed in chapter three.

Chapter 6: In this chapter a summary of the achieved results is presented followed

by some thoughts on future research.

Appendix-A: In this appendix the Jacobian linearization of nonlinear spacecraft
attitude model defined in terms of MRP’s and Euler’s equation of rotational dy-

namics is presented.

Appendix-B: The Euler’s equation of rotational dynamics and the MRP’s based
kinematic differential equation are combined to form a second order nonlinear

equation of the Hamiltonian form.

Appendix-C: The Euler’s equation of rotational dynamics and the Quaternion’s
based kinematic differential equation are combined to form a second order nonlin-

ear equation of the Hamiltonian form.



Chapter 2

Spacecraft Dynamics and

Kinematics

2.1 Introduction

The spacecraft is considered to be a rigid body, i.e. the distance between any two points
on the body is fixed all the time. The rigid body attitude can be described by two sets
of equations, namely, Kinematic equation and Dynamic equation [61] and [25]. They

are defined as follows.

1. Kinematic Equations of Motion: The study of motion irrespective of forces
that bring about motion. They are set of first order differential equations speci-
fying time evolution of attitude parameters. It relates the time derivatives of the

orientation angles to the angular velocity vector.

2. Kinetic or Dynamic Equations of Motion: The study of motion with respect
to forces that cause motion. The equation expresses time dependence of angular
velocity. This equation describes the time evolution of the angular velocity vector

due to torque. It is also known as the Euler’s equation of rotational dynamics.

The equations of motion of a rigid spacecraft deals with two frames of reference. The

first is the body axis system which is fixed to the body of the spacecraft and is constantly

11
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moving and the other is inertial axis system which is fixed to the center of the Earth.
A transformation is needed to transform the orientation between the body axis and the
inertial axis. Rigid body orientation has been studied by great scholars such as Euler,
Jacobi, Hamilton, Cayley, Klein, Rodrigues and Gibbs [42]. A detailed description of
the various attitude representations, their advantages, disadvantages and their respective

kinematic differential equations can be found in [46].

2.2 Direction Cosine Matrix

Figure 2.1: Direction cosines between reference frames B and N

Direction Cosine Matrix (DCM) is one of the basic coordinate transformation that
maps the vectors from the body axis system to the inertial axis system. Let the two
reference frames N and B each be defined with sets of mutually perpendicular sets of

vectors given as follows:

ny b1
A A
ng bg

The unit vectors of the frames N and B are shown in Fig. 2.1. Let aq1, ais and aq3 be
the angles formed between the first body vector b; and the three inertial axes namely,
ny, ng and ng. The cosines of these angles are called the direction cosines of by relative

to the N frame. The unit vector b; can be projected onto the frame N as follows:
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by = cos a;1ny + cos aang + cos azns (2.2)

Analogously, the direction cosines of by, and bs relative to no and ns can be written

as follows:

ba = cos aia1ny + €OS (igaNa + COS (ra3n3 (2.3)
2.3

bs = cos aiz1ny + oS (3N + COS (r33Mi3

In matrix form the reference frame B can be expressed in terms of reference frame

N as follows:

COS (X117 COS (X192 COS (13

1>

COS (Vg1 COS Qigg  COS Qo3 N= [Crot]N (2-4)

COS (131 COS (V39 COS (V33

where [C,.4] is called the DCM.

2.3 Euler Angles

"
2° b2

Figure 2.2: Euler angle orientation

The attitude parameters are most commonly represented using Euler angles. They
describe the attitude of the reference frame B relative to the frame N by a sequence of

three principal rotations. One possible sequence is shown in Fig. 2.2 as follows:
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1. A rotation of angle ¢ about the original n3 axis.
2. A rotation of angle § about the intermediate ny axis.
3. A rotation of angle ¢ about the transformed n; axis.

This transformation is called a 3-2-1 attitude sequence or the yaw-pitch-roll convention
and is very common in aerospace applications. In this case the rotation matrix C,.

from B to N is given by:

cl cip cl s —s0
Crot(1,0,0) = | s¢ 0 cp —chd st sp s s+ cd ey s¢ b (2.5)

co sO e+ sp s cp sl s —spc coch
where the short hand notation ¢ = cos and s = sin. There are 12 possible sets of Euler
angle rotations. Six of them are called symmetric sets because the first and last axis of
rotation are the same. The other set of six rotations are called the asymmetric Euler

angles. They are also referred to as Cardan, Tait or Bryant angles [46].

Symmetric sets ~ Asymmetric sets

1-2-1 1-3-1 1-2-3 1-3-2
2-3-2 2-1-2 2-3-1 2-1-3
3-1-3 3-2-3 3-1-2 3-2-1

If the Euler angle set is symmetric, then singular orientation occurs at ¢ = 0 or 180°
and for an asymmetric set there is a singular orientation at § = £90° [42]. The Euler
angles are a compact, three parameter attitude representation whose coordinates are
easy to visualize. The main drawback in Euler angles is that a reference frame is never
further than a 90° rotation away from a singular orientation [46]. Hence their use in
describing large rotations is limited. Euler angles based kinematic differential equations
are fairly nonlinear comprising of computationally intensive trigonometric functions and
their linearized form are only valid for a relatively small domain of rotations [42].

The kinematic differential equation of the (3-2-1) Euler angles is given by:
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@b 0 sin @ cos ¢ w1
1
= s 2.6
05 0 0 cos¢pcos —sin ¢ cosb Wy (2.6)
) cos sin¢gsin® cos ¢ sin b w3

where wy, wo and ws are the angular velocities of the rigid body about the roll, pitch

and yaw axes in the body fixed frame.

2.4 Euler’s Theorem

One of the important contributions of Euler is the Euler’s theorem which tells us that
only one rotation is necessary in order to reorient from one frame to another. This is
formally stated as follows [61]:

Euler’s Theorem: The most general displacement of a rigid body with one point
fixed is a rotation about some axis.

Thus a single rotation about a fixed axis is sufficient to keep track of rotational
motion instead of three rotations about three angles. The axis of rotation is called
Euler axis or eigenaxis, denoted as ® and the angle of rotation is called as Euler angle
or eigenangle, denoted as k where k = [k ko k;3]T . Each vector of frame B can be

expressed with respect to reference frame N in terms of k and & as follows [46]

B2 [cos ®[I3x3] + (1 — cos D) k kT — sin & S(k)] N = [C]N (2.7)

where [543 is an identity matrix with 3 rows and 3 columns, k kT is the outer vector dot
product of the vector k and S (l%) is the skew-symmetric matrix representing the cross

product operation of k as follows:

0 —ks ks
Sk =| ks 0 —k (2.8)
“ky k0

The eigenaxis and eigenangle can be computed from the DCM, C in (2.7) using the
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following relationship [42]:

- 1
d = cos™! [?tmce(@) - 1)] (2.9)
Ky Co3 —Csp
~ 1
k= = . _ 2.10
ko 9 sin Cs1—Cy (2.10)
ks Ci2—Cy

where C; ; represents the i row and j* column element of C matrix.

2.5 Euler’s Symmetric Parameters

The Euler symmetric parameters also known as Quaternions are the preferred form of
attitude representation as they globally represent the spacecraft attitude without any
singularities. They provide a very convenient parametrization of attitude which is more
compact than the DCM as only four parameters, rather than nine, are needed and is
also superior to FEuler angle parametrization which involves computationally intensive
trigonometric functions, requiring time consuming computer operations [61]. They are

defined in terms of the eigenaxis and eigenangle as follows:

(2.11)
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The Quaternions are not independent and satisfy the following constraint equation

30 + 531 + 552 + 633 =1 (2.12)

The kinematic differential equation in terms of the Euler symmetric parameters is

given as follows [42] :

qu 0 —Wwip —W2 —Ws qu
ﬁ:ql _ w1 0 Wz  —Wy ﬁql (2'1?))
By2 wp —w3z 0w By2
5q3 wg wy —w; 0 By3
Alternatively (2.13) can also be written as follows:
qu qu _Bql _6q2 _ﬁqS 0
ﬁ:ql _ 5(11 ﬁqo _Bq?) 5(12 w1 (214>
Bq? 6q2 ﬁqS qu _ﬁql W2
Bq3 Bq?) _Bq2 Bql ﬁqo w3

2.6 Classical Rodrigues Parameters

The classical Rodrigues parameter vector also known as the Gibbs vector is another set
of attitude parametrization which reduces the redundant Euler symmetric parameters

to a minimal three parameter set through the following transformation

o Ba

o; fori=1,2,3 (2.15)
Byo

The Gibbs vector is defined in terms of the eigenaxis and eigenangle as follows:

01 Ky

ky | tan (%) (2.16)

03 ks

1>

02
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The kinematic differential equation in terms of the Gibbs vector is given by [42]

d’l 1+O’% 0109 — 03 0103 + 02 w1

1
o 5| 2or o 1+ 02 0903 — 0y Wo (2.17)
0"3 0301 — 09 0309 + 01 1+O’§ w3

The kinematic differential equation in terms of Gibbs vector has no trigonometric
functions as in the case of Euler angle approach. It is also a three parameter attitude
representation. Hence, the additional constraint of four parameters in quaternion’s is not
present. However, the Gibbs vector has a drawback that it is defined for any rotation
except for & = £180°. Although it has more freedom of rotation in comparison to
Euler angles but a singularity is encountered whenever d — +180°. This impediment

is overcome in the modified form of Gibbs vector and is presented in the next section.

2.7 Modified Rodrigues Parameters

The MRP are a recent form of attitude representation. They are defined in terms of the

eigenaxis and eigenangle as follows:

41 k1 R

b
o | 2| K |tan (Z) (2.18)
qs k3

The MRP’s reduce the redundant FEuler symmetric parameters to a minimal three

parameter set through the following transformation

é qu
1+ Boo

i fori =1,2,3 (2.19)

The MRP’s have a singularity at $ = +360°. Hence any rotation can be described
except a complete revolution back to the original orientation. It has twice the rotational
range of the Gibbs vector. The kinematic differential equation in terms of MRP’s is

given by [42]
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¢1 I+ -6 -G 2(ae—a) 2(q1q3 + q2) w1
¢ | = }1 0@n+4¢) 1-a+6G -6 20— o) W
3 2(q3q1 — q2) 2(q3q2 + q1) l-¢ -6+ a@ w3
) T(q)
(2.20)

In addition to these, there exists other attitude parameterizations and will not be

discussed here. Interested readers can refer to [42] and [46].

2.8 Euler’s Equation of Rotational Dynamics

The Euler’s equation of rotational dynamics also known as the dynamic or kinetic equa-

tions are defined as follows:

Jo 2 —wx JutT= —S(w)Jw+T (2.21)

where J is the spacecraft’s constant inertia matrix defined as follows:

Ju Jia Jig
A
J = Jor Jaa Jos (2.22)
Js1 Tz Jss
w = [w; wy ws]T is the angular velocity of the rigid spacecraft in body fixed

frame. S(w) is the skew symmetric matrix representing the cross product operation of

the angular velocity vector given by

SWy =1 ws 0 —uw (2.23)
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T = [ 7 3T Is the control torque input. The rigid body dynamics can be
further simplified by choosing a particular orientation of the body fixed frame relative
to the rigid body such that the products of inertia in (2.22) vanish. Such a frame is
called the principal body fixed frame [55]. The moment of inertia in this case will be

given as follows:

Ji1 0 0
A
0 0 Js3

In (2.24) all non-diagonal elements will be zero. The Euler’s equation defined in

(2.21) for the principal moment of inertia is given by the following equations:

Jnwr + (Jz3 — Jao)wows = 7
Josta + (J11 — Jaz)wiws = Ty (2.25)
J33ws + (Jog — Ji)wiws = T3

If the spacecraft is assumed to be axis-symmetric, for instance, J1; = Jag, then (2.25)

can be simplified as follows:

Jiwr + (Jz3 — Jag)wows = 1
Jaowo + (J11 — Ja3)wiws = To (2.26)

J33ws = T3
2.9 Nonlinear Spacecraft Attitude Model

In this thesis, the nonlinear spacecraft attitude model is formulated using both MRP’s
and Quaternions. Both these attitude representations have some advantages and dis-
advantages over each other and the Euler angles approach. A few of these can be

summarized below

1. MRP’s have a singularity occurrence only at £360°, whereas, in Euler angles no

rotation is more than 90°.
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2. Singularity can be completely avoided in Quaternions but it suffers from non-

minimal parameterizations.

3. Both MRP and Quaternions do not involve computationally intensive trigonomet-

ric functions as in the case of Euler angles.

2.9.1 MRP based Attitude Model

| q
O 9 . .
o . q, q q
® o, - ' q, —_
3 ) ()} 0 2
®, q
. 1 ®, 3
R ®s — > o,
E S o,
Kinematics Equations
Euler's Equations (MRP)

p—

v

©»n

(anzyts)T‘

Initial (q,,q,, q;)" |

Initial (0, ®,, 0,)"

Figure 2.3: Nonlinear spacecraft attitude model with MRP

The kinematic differential equations in terms of MRP described in (2.20) and the
Euler’s equation of rotational dynamics described in (2.21) are cascaded to form the

nonlinear spacecraft attitude model as shown in Fig. 2.3.

2.9.2 Quaternion based Attitude Model

The kinematic differential equations in terms of Quaternions described in (2.14) and
the Euler’s equation of rotational dynamics described in (2.21) are cascaded to form the

nonlinear spacecraft attitude model as shown in Fig. 2.4.

2.10 Linearized Spacecraft Attitude Model

In this section the linearized spacecraft attitude model formulated in terms of MRP’s

and Euler’s equation of rotational dynamics is presented.
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Figure 2.4: Nonlinear spacecraft attitude model with quaternions

2.10.1 MRP based Linearized Attitude Model

| -

v

The spacecraft attitude model described in section 2.9.1 is nonlinear and is linearized

based on Jacobian matrix linearization approach. The linearized plant approximates

the nonlinear model about a set of operating points which are the angular velocities

and the attitude respectively. The Jacobian matrix linearization is performed based on

non-zero equilibrium points of the nonlinear model. Non-zero equilibrium points are the

set of attitude and angular velocities such that the angular acceleration and the rate of

change of attitude is zero. These set of points are considered as the operating points

here. The characterization of equilibrium points for this class of systems is discussed

in detail in chapter 7 of [10]. The analysis of Jacobian matrix linearization of satellite

attitude dynamics with MRP’s as attitude representation is given in [16].

Mathematically, this can be written as follows

(2.27)

such that w,q,7 # 0 in (2.20 & 2.21). The detailed Jacobian matrix linearization

of the nonlinear model is presented in Section A.1.1 of Appendix A. The linearized

spacecraft attitude model is given by
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q q
_Amrp +erp7—
w w
(2.28)
q
q_Cmrp
w
where A,,,p, Byrp and C,,,, are found to be
—0.0656 —0.0595 —0.1955 0.2148  0.1227 —0.2206
0.0595 —0.0656 —0.0680 —0.2248 0.2248 —0.0938
0.1955  0.0680 —0.0656 0.1149 0.2104 0.1882
Amrp: (229)
0 0 0 —0.0245 —0.0350 —0.0106
0 0 0 0.0194 —0.0104 0.0689
0 0 0 0.1055 —0.0142 0.0349
0 0 0
0 0 0
0 0 0
erp: (230)
0.0503 —0.0033 —0.0027
—0.0033 0.0595 —0.0054
—0.0027 —0.0054 0.0673
100000
Cowp=101 0000 (2.31)

001000

The rigid spacecraft inertia matrix is taken from [66] given as follows:
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J:

20 1.2 0.9
12 17 14 | (kgm?) (2.32)
09 14 15



Chapter 3

An Attitude Stabilization Approach

3.1 Introduction

In this chapter, a novel and simple approach to stabilize the nonlinear spacecraft attitude
model (plant) is proposed. The plant is a second order, nonlinear, MIMO system com-
posed of the kinematic differential equations in terms of MRP and the Euler’s equation
of rotational dynamics presented in Section 2.9 of Chapter 2. The plant is stabilized us-
ing an output feedback controller comprising of two loops (inner and outer) wherein the
angular velocity is not measured directly. The spacecraft’s attitude (plant output) ex-
pressed in terms of MRP’s is the only measurable state. The inner loop has a first order
controller and the outer loop has a proportional gain matrix. The control scheme inher-
its the simplicity and robustness of a PD (Proportional-Derivative) controller, but does
not require the measurement of attitude rates or use of differentiators, which makes the
approach more practically useful and acceptable by practising engineers. A Lyapunov
argument is used to show that the nonlinear plant can be globally stabilized using the
proposed output feedback control structure. The control law does not directly depend
on plant inertia matrix or its structure parameters (principal inertia matrix or inertia
matrix with all non-zero elements). The overall closed-loop gives robust stability and
zero tracking error performance. Particle swarm optimization is used as a tool to find the

best controller parameters with regard to an objective function which minimizes the ab-

25
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solute value of the attitude error. For the purpose of comparison, two robust controllers
are synthesized, namely, H., loop shaping and H,, mixed sensitivity for the linearized
spacecraft attitude model presented in chapter two. The robust controllers are tested on
the nonlinear attitude model and the simulation results are compared with the proposed
output feedback approach, wherein the output feedback control law is modified by re-
ducing the degree of freedom in the control structure. Simulation results demonstrate
the effectiveness of the proposed approaches. The effectiveness of the output feedback
control structure is further demonstrated in a Quaternion formulation where the plant
is defined by Euler’s equation of rotational dynamics and Quaternion based kinematics.
The approach is shown to globally stabilize the plant based on Quaternions instead of
MRP’s in the sense of Lyapunov using a new candidate Lyapunov function. Simula-
tions are again showing good results on attitude stabilization and time varying attitude

acquisition.

3.2 Lyapunov Theory

The most important question for a control system is whether it is stable, because an
unstable control system is undesirable. A system can be qualitatively described as being
stable if it is in operation about a desired operating point and it would stay around that
point ever after [52]. Every control system, whether linear or nonlinear, involves a sta-
bility problem which should be carefully studied. The most useful and general approach
for studying the stability of nonlinear control systems is the theory introduced at the
end of the nineteenth century by the Russian Mathematician Alexsandr Mikhailovich
Lyapunov [53] and [52]. Lyapunov theory constitutes of two methods namely, a direct
method and an indirect method. The direct method deals with the energy concepts asso-
ciated with a mechanical system and states that a system is stable if its total mechanical
energy decreases with time. This method can be used in stability analysis of nonlinear
systems by the construction of a Lyapunov function and its first order derivative should

be negative definite for a system to be stable. Nonlinear controllers can be designed
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with the help of the direct method. For such an analysis, a Lyapunov function has to be
formulated and a control structure has to be designed such that the Lyapunov function
decreases with time. The major drawback in the direct method is the identification of
a suitable Lyapunov function. It is common practice to use the energy of the system
in constructing the Lyapunov function [51]. The Lyapunov’s stability theorem can be
stated as follows [50]

Theorem I: Lyapunov’s stability theorem: Given a positive definite function
V(z(t)) > 0V z(t) # 0 and an autonomous system &(t) = f(x(t)), then the system
dx

pri f(z(t)) is stable if

V(z(t)) = Z—Zf(x(t)) <0 Vz#0Vt (3.1)

3.3 Nonlinear Spacecraft Model Formulation

The Euler’s equation of rotational dynamics and the kinematic differential equations
using any one of the attitude representation such as Euler angles, Fuler symmetric
parameters, Gibbs vector or MRP discussed in chapter 2 can be combined to form
a second order nonlinear dynamic equation known as the Hamiltonian form [52]. A
detailed derivation of such a formulation in terms of Euler’s dynamic equation and the
MRP’s can be found in Section B.1.1 of Appendix B. The second order nonlinear model

in terms of MRP is given by the following equation [66]:

J*§+C*g=PT'r (3.2)
where
J* £ PTIP

(3.3)

C* £ —J*TP — PTS(JP§)P
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The inertia matrix J* is positive definite and symmetric, and can be bounded as

follows [66].

aillel? < 2" 7 (g)x < jo(llgl]) ||, Ve € R? (3-4)

where j; is a positive constant, and j5(|| ¢ ||) is a positive non decreasing function. The

matrices J* and C* satisfy the following skew-symmetric relationship [51], [66] and [52]

1.
x’ (5‘]* — C*) z=0 (3.5)

The derivation of (3.5) can be found in [17].

3.4 Motivation and Previous Work in Attitude Sta-
bilization

In literature, the rigid spacecraft attitude model has been stabilized using state feedback
wherein additional measurements such as rate of change of attitude is required [51], [52],
[62] and [56]. Additional requirement also includes measurement of the angular velocity
vector, [34], [4], [60] and [62]. In reality such requirements are not always available.
Hence it is a common practice to approximate the angular velocity vector through an
adhoc numerical differentiation of the attitude angles or with the design of angular
velocity observers, [40] and [32].

[51], [52], [62] and [56] have proposed state feedback control laws for stabilization of the
nonlinear attitude model comprising of the nonlinear kinematic and dynamic equations.
These approaches will be briefly discussed as they form the basis of the proposed work

to be presented in the forthcoming sections.
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3.4.1 Slotine and Benedetto Approach [51]

The spacecraft attitude model is defined using the Euler’s equation of rotational dynam-
ics and Gibbs vector stated in (2.21) and (2.17). The kinematic and dynamic equations

are formulated to form second order nonlinear equation given as

J*(0)6 + C*(0,6)6 = [B(o)] ', (3.6)

A PD control law is proposed by [51] to stabilize the second order nonlinear equation

in (3.6) given by

Ta = —[B(0)]" (kyo + kad) (3.7)

where k, and k; are constant symmetric positive definite matrices. The stability is

proved by taking a Lyapunov candidate function of the form

Vi(t) = = [6" "6 + 6" kyo | (3.8)

The time derivative of Vi () is given as

Vi(t) = —6" ka6 < 0 (3.9)

The drawback in this approach is the assumption that the system’s state vectors,

namely o and &, are available or computable from measurements.

3.4.2 Slotine and Li Approach [52]

A similar approach is presented in chapter 9 of [52]. The control input is given by

Ty = —lﬂp(} — kdO' (310)

where k, and ky as before are constant symmetric positive definite matrices. The

stability is proved by taking a Lyapunov candidate function of the form
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Vo(t) == [67 "6 + 6" kyo| (3.11)

The time derivative of V5(t) is given as

Va(t) = 6" ke <0 (3.12)

This approach also has the drawback of two measurement requirements namely o

and o.

3.4.3 Bong Wie Approach [62]

The spacecraft attitude model is defined by the Euler’s equation of rotational dynamics
and quaternions described in (2.21) and (2.14).
A state feedback control law is presented in chapter 7 of [62]. The control input is

given by

Te = _kaﬁq - kbw (313)

where k, and k;, are constant symmetric positive definite matrices. [63] and [64] have
shown global asymptotic stability for selected control gain selections in (3.13). The
drawback of this stabilization approach is that the control law requires the measurement

of attitude and the angular velocity.

3.4.4 Tsiotras Approach [56]

The spacecraft attitude model given by the Euler’s equation of rotational dynamics and

MRP vector are given by

Jw=—wx Jw+ 14

¢=T(q)w

(3.14)

[56] presented a globally stabilizing feedback control law of the form
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Ta = —kew — kagq (3.15)

where, k. and k; are constant symmetric positive definite matrices.

The stability is proved by taking a Lyapunov candidate function of the form

1
Vi(w, q) = §wTJw +2 kg log(1 +q"q) (3.16)

The time derivative of V3(w, q) is given as

Vas(w, q) = —w kew (3.17)

This approach also requires the measurement of both the attitude and angular ve-

locity. A similar control law is presented in [57].

3.5 Problem Formulation

The objective of this chapter is to design an output feedback control structure such that
the nonlinear spacecraft attitude model described in terms of MRP and Euler’s equation
is stabilized and gives zero steady state error for a step input. It is assumed that the
spacecraft attitude is the only measurable quantity. Let ¢ represent the attitude error
ie. ¢ = qq(t) — q(t), where g4(t) is the desired reference attitude and ¢(t) is the actual

attitude. The stabilization objective is accomplished if

lim g(t) = 0 (3.18)

t—00

3.6 Output Feedback Controller Design

The closed loop system for the proposed output feedback control structure is shown in
Fig. 3.1. The control approach is relatively simple. It involves two loops, namely an

inner and an outer loop. The outer loop has a negative feedback path and a feed-forward
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Figure 3.1: Attitude stabilization using output feedback

gain. The inner loop has a first order controller. This approach globally asymptotically
stabilizes the nonlinear model in closed-loop and the overall stability is proved in the
sense of Lyapunov. The control parameters can be any positive values as far as stability
is concerned. However, they can be selected accordingly based on a design requirement.

This will be illustrated by way of simulation results. The proposed control law is given

as follows:
A T ~ *
T=T" (G —q") (3.19)
where
sp = diag(Sp1, Sp2; Sp3) (3.20)
q" = diag(qi, 43, 43) (3.21)

q* is defined as follows, for i=1, 2, 3.

i (3.22)

The design parameters in the control scheme are s, in (3.20) and s; and « are defined

as follows:

Sd = diag(sdb Sd2, Sds) (3-23)
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a = diag(aq, ag, as) (3.24)

—3 S Plant —>

_Ad Bd
_Cd Dd

Figure 3.2: Closed-loop attitude stabilization in state space

The closed-loop system in state space for the output feedback controller is shown in
Fig. 3.2. The plant represents the nonlinear system described in section (2.9.1), where,

Plant = f(q,w) + 7. The control signal is given as follows:

T=35yqa—q" (3.25)
where
i = Aqu, + B,
1 dU1 aq (3.26)
q" = Cqu1 + Dgq
Ay, Bg and Cy matrices are defined from (3.20, 3.23 & 3.24) as follows:
Ay = —a, By = sqo,Cq = diag(1,1,1), Dy = s, (3.27)

3.6.1 Stability Analysis

The control law described by (3.19) ensures the global asymptotic stability as delineated
by the following theorem.

Theorem II: For the nonlinear system given in (2.20 & 2.21), the control scheme in
(3.19) makes the closed-loop system stable and the tracking error ¢(t) in (3.18) converges

to zero.
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Proof: Consider the following positive function

* o~ |y * ~ ~ * -1 _x
Vilg',4,0) = 5 [q" T G+ @ spd + q*" (sac) ' q"] (3.28)

1
The positive definite function is composed of mechanical energy given by é[qTJ *q] and
the three gains discussed in (3.20, 3.23 and 3.24). The time derivative of the positive

definite function in (3.28) can be written as follows:

. Lop e ops s 1.0 -
V, = §[qTJ G+ T g+ T Q]+§[qupq
o ~ 1 * —1 -% - % —1 x
+q" 5,4 + 3 [ (s40) 7 q* + ¢ (sa) q"] (3.29)
: T owe Ll —1-x
Vi=q"JG+ §qTJ G+ q spq+ ¢ (sa) g (3.30)
) 1 ... )
Vi=d¢'(-C*q+ PT7) + 5qTJ*q' +q"s,G + ¢ 7 (s40)71G" (3.31)
. 1. .
Vi=q" (57* — C*) G+ ¢ P+ q"spq 4 a7 (s40) ¢ (3.32)

By the property of skew symmetry from (3.5), (3.32) can be written as follows

Vi=¢"PTr +§"s,4 + ¢ (s40) 14" (3.33)

Then substituting the control law from (3.19) in (3.33)

Vi=q¢"P T (5,0 — q") + ¢ spd + ¢ (sa) 1" (3.34)

Vi=q"s,q— "¢ + ¢ 5,0 + ¢ (sa) 14" (3.35)

From PTTT =], § = —¢, we can get

VZL — _q-Tq* _i_q*T(SdOé)flqwk (336)
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Substituting ¢ from (3.22) in (3.36) we get
Vi=—q"¢" + " (sa0) " (sa0q — aq) (3.37)

Vi=—q"(sq0) rag* <0 (3.38)

It is critical to verify that the system does not get "stuck” at a stage where V; = 0
by invoking the invariant set theorem [52]. If V4 = 0 then it can be shown that Vj = 0
as follows:

When V; = —¢*7 (sqa)"'ag* = 0, then this implies that ¢* is identically zero (¢* = 0).

From (3.22), ¢ = s4iG; — a%q

* and if ¢* = 0 then ¢* = 0 so ¢ = 0. This is a regulator
problem, hence without loss of generality, the reference input ¢4 can be assumed to be
zero, hence  is zero.
Therefore, ¢ is a constant. If ¢ is a nonzero constant, then this implies that 7 is also a
nonzero constant. Such a 7 does not generate a constant output of the system. Hence
G = 0. Therefore, V; = 0, when v, = 0.

Hence it can be stated that the nonlinear spacecraft attitude model can be globally
stabilized by the control law in (3.19). The advantage of using the proposed scheme is
that the plant stabilization is achieved by selecting a total of nine positive gains in the

feedback and feedforward path of the closed loop system wherein the feedback consists

of only the plant output.

3.6.2 Simulation Results

To demonstrate the application of the proposed scheme, the simulation results are il-
lustrated in this section. The mathematical model of the spacecraft attitude given by
(2.20 & 2.21) is simulated with (3.19) as the control input and the inertia matrices are

given by (2.32) and as follows
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200 1.2 0.9
=1 12 150 1.4 | (kgm?) (3.39)
09 1.4 100

The initial conditions are taken from [42] given as follows:

q(0) = [-0.3 —0.4 0.2 (3.40)

w(0)= (0.2 0.2 0.2]7 rad/sec

The selection of the nine gains namely s,,s; and o to stabilize the nonlinear plant
can be any positive values as far as convergence is concerned, as shown in the Theorem
IT in Section 3.6.1. Since there are no specific design requirements with respect to each
individual channel in this example, we choose for simplicity the same values for the
controllers on the three channels. We vary the parameter values over the range from 0
to 100. By trial and error, the following values are chosen to illustrate the results. All
of the four cases shown in Table 3.1 show satisfactory step responses in terms of rise
time, overshoot and settling time, though different in different channels and the four
case plots explain the effect of gain variation on the plant output. In addition to step
input the closed-loop system is excited with a ramp signal for a single channel. The
purpose of such an illustration is to visualize the inter-axis coupling and how a specific
output can be achieved in spite of the interactions from the other channels. The control
signal is limited to £10Nm in all the cases.

Table 3.1: Controller gains, inertia matrix selection & channel excitation - Output
feedback approach

Case Sp S84 o Inertia matrix Channel Excitation

Case-I 1 2 15 J channels - 1, 2 & 3
Case-II 10 20 15 J channels - 1, 2 & 3
Case-IIT 20 100 50 J channel - 1
Case-IV. 20 100 50 hy channel - 1

Figures (3.3 & 3.5) shows the step responses and errors for cases I and II and their
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Figure 3.3: Case-I step response and error

respective controller efforts are shown in Figs (3.4 & 3.6). In both these cases all the
three input channels are excited with the reference signal.

Fig. (3.7) shows the step responses and errors for case III and the respective controller
effort is shown in Fig. (3.8). Fig. (3.9) shows the step response and error of the closed
loop system with case III controller gains and increased inertia matrix i.e. (h;). The
required controller effort can be seen in Fig. 3.10. In both these cases (III & IV) the
first input channel alone is excited with the reference signal. Cases I1I and IV illustrates
the robustness of the proposed control law. It can be inferred that the step response of
the system is not affected for a certain amount of variation in the inertia and the control
law does not directly depend on the inertia matrix. In addition to the step response,
the closed-loop system is excited with a ramp signal of slope 0.01. Fig. (3.11) shows the
ramp response for case III and the required controller is shown in Fig. (3.12).

The nonlinear spacecraft attitude model and the inertia matrix discussed in (2.20,
2.21 & 2.32) is taken from [66], wherein the authors have synthesized an adaptive track-
ing control structure. The maximum control torque input in this case was bounded
between 4 and -2 Nm and zero steady state error was achieved in about 80 seconds.

In our case the steady state response is achieved in less time and it depends on the
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Figure 3.4: Case-1 control torque input
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Figure 3.5: Case-II step response and error
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Figure 3.6: Case-II control torque input
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Figure 3.7: Case-III step response and error
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Figure 3.8: Case-III control torque input
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Figure 3.9: Case-IV step response and error
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Figure 3.10: Case-IV control torque input
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Figure 3.11: Case-III ramp response and error
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Figure 3.12: Case-III ramp excited control torque input

tuning of controller parameters. In the next subsection, the effectiveness, simplicity and
robustness is further demonstrated by reducing the degree of freedom in the control

structure and illustrate the stabilization capability by way of simulation results.

3.6.3 A Modified Approach to Lyapunov Based Output Feed-

back Control Law

In this section the output feedback control law proposed in Section 3.6 is modified by
reducing the control freedom in the selection of the controller gains. The modified control
law is shown to stabilize the nonlinear attitude model. Global asymptotic stability is
proved for the modified approach by a new candidate Lyapunov function. Similar cases
of simulations are performed as presented before in Table 3.1. It is illustrated by way
of simulations that the modified approach demonstrates very close results to the former
approach. In addition to stabilization, time varying attitude acquisition of the nonlinear

plant is also demonstrated using the modified output feedback approach.
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Figure 3.13: Attitude stabilization using modified output feedback

3.6.4 Modified Output Feedback Control Law

The closed loop system for the modified control structure is shown in Fig. 3.13 and the

modified control law is chosen to be as follows:

TméTT(vd—q;)zTTv{qd—diagKH - >’(1+ = )’(H o )} "

s+ By s+ o s+ B3
(3.41)
where
v = diag(vy, v, V3) (3.42)
G, = P0G (Grn1: G2 Do) (3.43)
q;,; is defined as follows, for i=1,2,3.
* ﬁis
Tms = Uiy 5 (3.44)
Ui + Bily; = ViBisqi (3.45)
Taking inverse laplace transform of (3.45)

Bi
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The control law in (3.41) differs from the previously proposed approach in (3.19) in
terms of controller parameters. There are a total of nine tunable parameters in (3.19),
whereas, there are only six tunable parameters in (3.41) which are v in (3.42) and

defined as follows:

B = diag(Bi, B2, Bs) (3.47)

3.6.5 Stability Analysis

The control law described by (3.41) ensures the global asymptotic stability as delineated
by the following theorem.
Theorem III: For the nonlinear system given in (2.20 & 2.21), the control scheme in
(3.41) makes the closed-loop system stable and the tracking error ¢(t) in (3.18) converges
to zero.

Proof: Define the following non-negative function

© o~ % L. * ~ ~ * —1 _*
V5(4, 4, m) = 3 (" T+ @ vi + ¢ (vB) gl (3.48)

Differentiating (3.48) with respect to time, we get

. 1 . 1 ..

Vi = 5 |d" i a i) + 5ld v

~ ~ 1 * —1 -%x - % —1 %

+qTUQ]+§[qu(vﬁ) Y @ (vB) g (3.49)

. o Lo ap . 1 -4
Vs = ¢ T+ §qTJ q+q vi+ g (vB) g, (3.50)

. 1 .. .

Vs =" (=C*q+ P'ry) + =¢" J*g+ ¢ vi + ¢ (vB) ¢ (3.51)

2
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o |30 = C | P v+ 08 (352

By the property of skew symmetry from (3.5) and substituting the control law from

(3.41), (3.52) can be written as follows

Vs =¢"PTT" (vi— qi,) + ¢ vi + q;f (vB) "4, (3.53)
Vs = ¢"vq — q" g, + ¢ og + ¢ (vB) 14, (3.54)

P'TT =1, 4=~
Vs = —q"q + T (wB) (3.55)

Substituting ¢, from (3.46) in (3.55) we get

Vs = —q"q, + q;l (vB) M (vBid — Ba,) (3.56)
Vs = —qil (vB)™'Bq;, <0 (3.57)

The time derivative of the non-negative function is negative semi-definite for all
nonzero values of ¢!, and v by invoking the invariant set theorem [52]. This shows
that the nonlinear attitude model can be globally stabilized using the proposed control
structure by selection of just six gains which can be any positive values instead of nine
gains as discussed earlier. The stabilization results in the simulation results section

illustrate this fact more clearly.

3.6.6 Attitude Tracking System Design

The attitude tracking control system is shown in Fig. 3.14. The desired attitude is
expressed in terms of roll (¢), pitch () and yaw (¢)) angles in degrees. The Euler angles

are transformed to the DCM using (3-2-1) Euler angle sequence wherein the z,y & =
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Figure 3.14: Attitude tracking control system

axis are rotated about an angle of ¥,0 & ¢ degrees. The resulting DCM is given by
the relationship stated in (2.5). The Euler eigenangle, ® and Euler eigenaxis, k are
calculated from the DCM using the relationships discussed in (2.9 & 2.10). The MRP’s,
4z, ¢y & q. are calculated from the Euler eigenangle, ® and Euler eigenaxis, k using the
relationship stated in (2.18).

The attitude model consisting of the Euler’s equations of rotational dynamics and
the MRP based kinematic differential equations described in (2.20 & 2.21) is modeled
in simulink as shown in Fig. 2.3. The attitude model consists of two integrators blocks.
The first block calculates the angular velocity vector, w with initial conditions specified

in degrees/second. The second integrator calculates the attitude of the rigid body with
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initial attitude specified in terms of roll, pitch and yaw angles expressed in degrees. The
control torque is applied in the Euler’s equations block and the kinematics equations
block calculates the plant’s output. The output feedback controller schematic was shown
in Fig. 3.13 with the control law stated in (3.41). The regulated attitude from the
attitude model is transformed from MRP’s to roll, pitch and yaw angles using the inverse

transformations from MRP to Euler eigenaxis and eigenangle and DCM respectively.

3.6.7 Simulation Results

The following initial conditions taken from [7] are chosen for the simulations of the

attitude model given in (2.20 & 2.21) and the proposed control law given in (3.41).

w(0) = [11.45 11.45 11.45]T rad/sec (3.58)
¢ = 10°
0 = 8 (3.59)
Y = 5

The inertia matrices are given by (2.32) and (3.39). The selection of the six positive
gains namely, v in (3.42) and (3 in (5.29) to stabilize the nonlinear plant can be any
positive values as far as convergence is concerned, as shown in Theorem III in Section
3.6.3. Since there are no specific design requirements with respect to each individual
channel in this example, we choose for simplicity the same values for the controllers on
the three channels. The controller parameters are varied over the range from 0 to 100.
By trial and error, the controller values shown in Table 3.2 are chosen to illustrate the
results. All the four cases shown in Table 3.2 show satisfactory step response in terms
of rise time, overshoot and settling time, though different in different channels and the

four case plots explain the effect of gain variation on the plant output. The model under
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study is nonlinear and the output feedback controller gains in closed-loop are selected
on trial and error. A more formal approach could have been considered if the model
was linear. Particle swarm optimization algorithm is used as a tool to infer the optimal
controller gains based on a cost function which minimizes the absolute value of tracking

error and is discussed in the next section.

Table 3.2: Controller gains and inertia matrix selection - Modified output feedback
approach

Cases v [ Inertia Matrix

Case-1 1 2 J
Case-II 10 20 J
Case-III 50 100 J
Case-IV. 50 100 hy

Fig. 3.15 shows the step response for case-I and the required controller effort is
shown in Fig. 3.16. Likewise the step responses for case-II and case-III are shown in
Figs. (3.17 & 3.19) and the required controller effort is shown in Figs. (3.18 & 3.20).
Fig. 3.21 shows the step response for case-IV which has same controller gains as in
case-1IT with a large variation in the inertia matrix from J to h;. The respective control
signal in case-IV is shown in Fig. 3.22. Case-IV step response shows the robustness
of the modified control law. The step response of the attitude model is satisfactory
even when the inertia matrix is varied to large diagonal values keeping the controller
parameters unchanged.

The desired attitude is selected to be time varying and is expressed in terms of Euler
angles as follows:

(61, 01,11 = 20°,15°,10°] for time ¢ = (0 — 200) sec
(B2, 0o, 109 = 30°,25°,20°]7 for time ¢ = (200 — 400) sec
(3, 03, 1h3 = 45°,35°,30°]7 for time ¢ = (400 — 600) sec

Figs. (3.23 & 3.24) show the case-III attitude tracking and the observed error. The
respective control signal is shown in Fig. 3.25. Figs. (3.26 & 3.27) show the attitude
tracking and the observed error for case-IV and the respective controller effort is shown

in Fig. 3.28
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3.7 Output Feedback Controller Tuning using PSO

In this section, a recently introduced evolutionary algorithm based optimal design ap-
proach is presented. The output feedback control law proposed in Section 3.6 involves
a total of nine parameters to be selected in the control law that drastically influences
the performance of the controlled system. The fact that there is no straightforward cor-
relation between these parameters and the performance of the system may impede its
utilization. In this section, the use of PSO algorithm as a tool to infer the best param-
eters is presented. The PSO optimization is performed in time domain using a simple
cost function which minimizes the absolute value of the tracking error while varying
the controller gains. Simulation results are illustrated to show the effectiveness of the
proposed approach.

PSO has been proposed and introduced in the literature not long ago [26]. This tech-
nique combines social psychology principles in socio-cognitive human agents and evolu-
tionary computations. PSO has been motivated by the behavior of organisms, such as
fish schooling and birds flocking. Generally, PSO is characterized as a simple concept,
easy to implement, and computationally efficient. Unlike the other heuristic techniques,
PSO has a flexible and well-balanced mechanism to enhance the global and local ex-
ploration abilities. Therefore, it has been extensively used in engineering as an efficient
optimization tool as in [3], where the author uses it in an electrical engineering context
to optimize the design of a power system stabilizer.

Similar to evolutionary algorithms, the PSO technique conducts searches using a pop-
ulation of particles, corresponding to individuals. Each particle represents a candidate
solution to the problem at hand. In a PSO system, particles change their positions by
flying around in a multidimensional search space until a relatively stationary position
has been encountered, or until a desired requirement is achieved. There are numerous

advantages of PSO over conventional methods including [3]:

e PSO inherently features parallel search which makes it less vulnerable to undesired

solutions known as local minima.
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PSO does not require the cost function to be differentiable, and thus extends
the optimization criteria formulation. Thanks to the relaxed performance index
that gives information for guiding the search, PSO is relieved from conventional

constraints resulting from conformity assumptions.

PSO is a stochastic optimization method and thus utilizes probabilistic transition
rules in contrast with deterministic rules. Stochastic exploration and communi-
cation of the swarm is a clear advantage for searching complicated and uncertain

spaces.

PSO has the ability to control the balance between global and local exploration
of the search space unlike the other heuristics like Genetic Algorithm (GA). This

alleviates premature convergence problems and enhances the search.

PSO is computationally lighter than many evolutionary based optimization algo-
rithms like GA. It has even been implemented in some real-time applications for

process industry [38], [59] & [54].

PSO has been used in parametric optimization of a flexible satellite controller
in [23]. Additionally, it has been used in the parametric design of a radial basis
function neural network based sliding mode controller for attitude tracking in [14]
and it was shown that PSO provided strong global search ability and convergent

performance.

PSO gives consistent solutions regardless of the initial population selection. The

optimal solution being not affected by the initial guess is a desired practical feature.

3.7.1 Preliminary

Before stating the algorithm it is important to understand the jargon used in the liter-

ature. For the thesis to be self-content we can recall some definitions [3]:
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e A particle X (t) is a temporary candidate solution. It is a real vector of dimension

m where m is the number of parameters to be optimized. The 7 particle can be
described as X;(t) = [zj1,Zj2 . .. Tjm), where 2’s are the optimized parameters and
zjx is the position of the j™ particle with respect to the k' dimension (i.e., the

value of the k™ “optimized” parameter in the j* candidate solution).

A population represents a set of n  particles at time t (i.e. pop(t) =

[(X1(t), Xo(t) ... X, (0)]F).

A swarm is a population of moving particles that tends to cluster together while

each particle seems to be moving in a random direction.

Each particle is characterized by a velocity. The moving particles velocity V (¢) is
a real vector of dimension m. At time ¢ the j particle velocity V;(t) consists of
Vi(t) = [vj1(t), vja(t) ... vjm(t)], where v, is the velocity of the j™ particle with

respect to the k& dimension.

The inertia weight w(t) is a parameter that controls the impact of the previous
velocities on the current velocity. Hence, it influences the trade off between the
global and local exploration abilities of the particles. For initial stages of the search
process, a large inertia weight to enhance the global exploration is recommended,

and for later stages, the inertia weight is reduced for better local exploration.

The decrement function for decreasing the inertia weight given as w(t) = dw(t—1)

, where d is a decrement constant smaller than but close to 1, is used in this work.

Individual best X*(), as a particle moves through the search space, it compares its
fitness value at the current position to the best fitness value it has ever attained
at any time up to the current time. The best position that is associated with
the best fitness encountered so far is called the individual best X*(¢). For each
particle in the swarm, X*(¢) can be determined and updated during the search. In

a minimization problem with objective function .J, the individual best of the ;"
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particle X7(t) is determined so that J(X(t)) < J(X;(7)), VT < t. For simplicity,
define J; = J(X7(t)). For the j'* particle, individual best can be expressed as

Xi(t) = [T, ¥y - - Tl

e The global best X*™*(¢) is the best position among all of the individual best
positions achieved so far. Hence, the global best can be determined such that

J(X3(t) < J(X;(t),j = 1,2...n. For simplicity, define J** = J(X**(¢)).

e The stopping condition is the event that triggers the end of the optimization
process. For our case the search will terminate either if the number of iterations
since the last change of the best solution is greater than a prespecified number
or the number of iterations reaches the maximum allowable limit or when the
objective function is achieved.

The particle velocity in the k™ dimension is limited by some maximum value, v}

This limit enhances the local exploration of the problem space. The maximum
velocity in the k' dimension is characterized by the range of the k' optimized

parameter and is given by:

prar — Zh Tk (3.60)

where N is a chosen number of intervals in the k** dimension.

3.7.2 PSO algorithm

In this section we can thus summarize the PSO algorithm [3]:

1. Initialization: at time ¢t = 0 generate n random particles {X;(0),7 = 1,2...n},

where x,;,(0) is generated by randomly selecting a value with uniform probability

min ,.max

over the k™ optimized parameter search space [z, 7"*]. Similarly, it is possible
to generate randomly initial velocities of all particles {V;(0),j = 1,2...n}, where

v;(0) is generated by randomly selecting a value with uniform probability over the
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k™ dimension [—ovja® pina?]

. Each particle in the initial population is evaluated
using the objective function J. For each particle, set X7(0) = X;(0) and J; = Jj,
j=1,2...n. Search for the best value of the objective function Jy.s. Once this is

found set the particle associated with Jyes as the global X**(0) with an objective

function of J**. Set the initial value of the inertia weight w(0).

. Time increment: update time by t =t 4 1.
. Weight update: Update the inertia weight according to w(t) = dw(t — 1).

. Velocity update: Using the global best and individual best, the j** particle velocity

in the £ dimension is updated according to the following equation:

vik(t) = w(t)v(t—1)
+cir [l’;k(t — 1) — .Clﬁjk(t — 1)]
+eora[rip(t — 1) — zjp(t — 1)]

(3.61)

where ¢; and ¢y are positive constants and r; and 7y are uniformly distributed
random numbers in [0, 1]. Check the velocity limits. If the velocity violated its
limit, it must be set at its proper limit. It is worth mentioning that the second term
represents the cognitive part of PSO where the particle changes its velocity based
on its own thinking and memory. The third term represents the social part of PSO
where the particle changes its velocity based on the psychological adaptation of

knowledge.

. Position update: Based on the updated velocities, each particle changes its position

according to the following equation:
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2(t) = v(t) + wult = 1) (3.61)

6. Individual best update: each particle is evaluated according to updated position. If

Jj < J;, j=1,2...n then update individual best by X7 (t) = X;(t) and J; = Jj,

otherwise go to the following step.

. Global best update: Search for the minimum value .J,,;,, among J;, where min is

the index of the particle with minimum objective function value, i.e. . If J,,,;, < J**
then update the global best as X** = X,,;,(¢), and J* = J,,;,, otherwise go to

next step.

8. End check: If one of the stopping criteria is satisfied, then stop, else go to step 2.

The loss function intuitively suggested for optimizing the parameters s,,sq & « of the

controller is defined as follows:

min J = min /0 " ) — q(t) | dt (3.62)

Sp,Sd,& SpySd,&

where ¢4(t) is the reference signal and ¢(t) is the output signal.

3.7.3 Parameter Determination and Simulation Results

The PSO algorithm was run several times showing consistent results despite the random

choice of the initial solution. However, though minor fluctuations in the final value for

the loss function have been observed. Table 3.3 summarizes the parameters that were

finally selected for the PSO algorithm showing the particles (P), generations (G), inertia

weight (wp) and decreasing factor (d). It is common practice to start with relatively

large values for the inertia weight so as to enhance the exploration capability and then

to limit it in order to favor local search.
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Table 3.3: Parameters for PSO algorithm

P G Wo d
30 | 100 | 0.8 | 0.8

The initial conditions were taken as

q1(0) =—-0.3
¢(0) = —0.4 (3.63)
43(0) = 0.2

wi1(0) = 0.2
w(0) = 0.2 | rad/sec (3.64)
UJ3(0) =0.2

The inertia matrix for the spacecraft model is selected to be

20 1.2 0.9
h=1| 12 17 14 |kgm® (3.65)
09 14 15

The optimal values of the controller parameters were found to be
s, = 42.5455, 54 = 121.8785, & o = 61.7203 with an associated cost of J = 47.8649. Fig.
3.29 shows the learning curve of the PSO algorithm where we notice that convergence
is attained after 130 generations and that there is relatively minor cost difference after
100 iterations.

The gains in Table. 3.1 were selected by trial and error, ranging from very small
values shown in case-I to considerably large values as seen in case-II1. However, from the
simulations results in Section 3.6.2 it can be inferred that the minimum time to achieve
zero steady state error was in case-III which was approximately 25 seconds whereas in
the case of PSO based tuning steady state is achieved in 12 seconds. Figs. (3.30 &

3.31) shows the step response and the respective error of the stabilized non-linear plant,
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Loss function J
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Figure 3.29: Learning curve of PSO algorithm

Fig. 3.32 shows the respective angular velocity plot and Fig. 3.33 shows the required
controller effort for the plant stabilization. Figs. (3.30 & 3.32) show that the attitude
and the angular velocity plot start with their assumed initial conditions and reach a

steady state value in 12 seconds.

3.8 H, Controllers Design of Spacecraft Attitude

In this section, we analyze two robust control approaches namely H., Loop-shaping
and H., Mixed sensitivity approaches for controlling the spacecraft attitude and com-
pare their results to the proposed output feedback approach presented in Section 3.6.
The linearized spacecraft attitude model in terms of Euler’s equation and MRP’s was

presented in Section 2.10 of Chapter 2 given as

Amr
Gy = r (3.66)

Omrp D mrp

where Apy Bimrp Cinrp and Dy, are stated in (2.29-2.31).
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Figure 3.31: Step response error

3.8.1 H, Loop-Shaping Controller Design

The H., Loop Shaping Design Procedure (LSDP) was proposed by [33]. In this proce-

dure we shape the open loop response of the plant. Since, we are dealing with a MIMO
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Figure 3.32: Angular velocity plot

system, the singular values of the plant are preferred over the eigenvalues as they give
better information about the gains of the plant and the plant directions [50]. In the
loop-shaping procedure the plant is augmented with pre and post-compensators to give
a desired shape to the singular values of the open loop frequency response of the system.
The loop-shaping design procedure for the linearized plant stated in (3.66) is carried out
in the following steps.

1) Using a pre-compensator, W, as depicted in Fig. 3.34 the singular values of the
nominal system, G,,,, are modified to give a desired loop-shape. We choose the desired
loop-shape such that the singular values of the open loop gain have a gain cross-over
frequency of 0.7 rad/second [47]. W; is a MIMO stable minimum phase shaping pre-
filter. The shaped plant is Gy = G p Wi

2) A feedback controller, K is synthesized using normalized co-prime factorization of
the shaped plant, G, to compute an optimal loop-shaping controller, K¢ = W; K.

3) The synthesized controller, K g is of 19"* order and satisfies the desired loop shaping
requirement and is tested on the linear as well as the nonlinear system with a step input.

The simulation results are illustrated in Section 3.8.3.
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Figure 3.33: Control torque input
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Figure 3.34: H,, Loop shaping controller design

3.8.2 H, Mixed Sensitivity Controller Design
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Figure 3.35: S/T Mixed sensitivity controller design
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In the H,, mixed sensitivity approach an optimal controller, Kgp is synthesized
for the plant, G,,,, by adding weighting functions to the sensitivity transfer function,
s 2 (I + GrpKsr)™! and the complementary sensitivity transfer function, T = (I +
Grrp K ST)’IGWPK st of the closed-loop system. These weights contain the design goals
and the extended plant is denoted by P as shown in Fig. 3.35. The weighting function
W5 has the control error ¢(t) = Squ(t) as the input and, similarly the input to the
weighting function, Wy is the measurement ¢(¢) = Tqq(t). The extended plant is given
as follows [50]:

Wy —WsoG
P = 0 W,G (3.67)
I -G

The closed-loop transfer function of the extended plant is given as follows:

W5S
Tyas = (3.68)

W,T

This approach of using a combination of sensitivity, S and complementary sensitivity, T
is called a stacking approach and has the advantage of specifying a lower bound given
by W5S and an upper bound specified by W3T [50]. The mixed sensitivity approach

results in the following overall specifications:

WoS
[N]|oo = maxa(N(jw)); N = (3.69)
© W5T

(N (jw)) is the maximum singular value at each frequency w. The weighting functions
are chosen to be
i+

Wy = M (3.70)
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Wo
S+ 37

W32A3+w0

(3.71)

where

w, = 0.70 rad/sec is the desired closed-loop bandwidth

A =1073 is the desired disturbance attenuation inside the bandwidth and

M = 1.5 is the desired bound on ||S||« and || T||~. The optimal controller, K g7 resulting
from (3.69) is of 12" order. The controller is tested on the linear and nonlinear system

and the simulation results are illustrated in Section 3.8.3.

3.8.3 Simulation Results

H,, Loop Shaping Results

0.5 L L L L L L L L L
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Figure 3.36: Channel-1 step response and control torque input of linear plant using
LSDP

The H., loop-shaping controller, K g is designed such that the open-loop singular
value frequency response of the loop gain L = GmrpK s has a gain cross over frequency
of 0.7 rad/sec [47]. The synthesized controller Kpg is of 19" order. The closed-loop
system is excited with a step input for channel-1 in order to visualize the inter-axis

coupling from other channels which are not excited with a reference signal. Fig. 3.36
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Figure 3.37: Channel-1 step response and control torque input of nonlinear plant using
LSDP

and 3.37 shows the closed-loop attitude stabilization and the required control signal for
the linear plant and the nonlinear plant using the LSDP based controller. In both the
cases the control signal is limited to +50 Nm. The loop shaping accuracy, () achieved
in this case was ;s = 1.4772. ~s > 1 where v;, = 1 for a perfect match. The inter-axis
coupling in closed-loop is considerably stronger which is evident from both the linear
and nonlinear responses of ¢» and ¢3 which do not attain a steady state value of 0 till
60 seconds when their respective reference inputs are i.e. ¢4 = qq3 = 0. The LSDP
results illustrate that both the linear as well as nonlinear plant can be stabilized with
this approach. The closed-loop poles in the case of the linear plant were found to be as

follows.

—4096.34 £ ¢53.15, —4098.90, —4097.71, —4093.08, —4094.28, —24.46, —9.04,
—4096 =+ 10.4186, —4096, —4096 4= 0.005, —4095.99,

—0.065 £ i0.2153, —0.0272 % 0.063, —0.0256 = 0.0589, —0.0655, —0.053, —0.75, —0.75, —0.75
(3.72)

However, the order of the loop-shaping controller is much larger than the output

feedback controller.
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H,, Mixed Sensitivity Results
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Figure 3.38: Channel-1 step response and control torque input of linear plant using
mixed sensitivity approach
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Figure 3.39: Channel-1 step response and control torque input of nonlinear plant using
mixed sensitivity approach

In the H,, mixed sensitivity approach the designed controller, Kgr is of 12" order.
The closed-loop system is excited with a step input for channel-1 in order to visualize

the inter-axis coupling from other channels which are not excited with a reference signal.
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Fig. 3.38 and 3.39 shows the closed-loop attitude stabilization and the required control
signal for the linear plant and the nonlinear plant using the mixed sensitivity approach.
In both the cases the control signal is limited to £50 Nm. The closed-loop H,, norm
described in (3.69) is found to be | N||oc = 1.2645. The inter-axis coupling in closed-loop
is considerably stronger which is evident from both the linear and nonlinear responses
of g2 and g3 which do not attain a steady state value of 0 till 60 seconds when their
respective reference inputs are zero i.e. ¢z = qq3 = 0. The desired bound on S,, and
T was defined as M = 1.5 and was found to be S, = 1.062 and S, = 1.121. The
inter-axis coupling in closed-loop is considerably stronger and can be visualized from
both the linear and nonlinear responses of ¢, and g3 which do not attain a steady state
value of 0 when their respective inputs are zero i.e. gz = gq3 = 0. Similiar to the case
of LSDP, the mixed sensitivity approach results illustrate that both the linear as well as
nonlinear plant can be stabilized with this approach. The closed-loop poles in the case

of the linear plant were found to be as follows.

—673.79, —658.81, —636.08, —292.13, —236.33, —188.79, —166.09, —18.03, —7.169,

—0.722, —0.697, —0.684, —0.0655 =+ i0.2153, —0.0264 & —0.0611, —0.0655, —0.053
(3.73)

However, the order of the mixed sensitivity controller is much larger than the output
feedback controller. The proposed output feedback controller shown to stabilize the
nonlinear plant given in (2.20-2.21) is tested on the linearized plant shown in (3.66).
The controller gains are selected based on the PSO optimization presented in Section
3.7. Fig. 3.40 shows the linearized plant step response and the required controller effort
with a saturation of 50 Nm. It can be inferred that the output feedback approach
stabilizes both the linear and nonlinear plant in a very similar way whereas attitude
stabilization is comparatively poorer in the robust control approaches for the nonlinear
case. These are enunciated as follows:

The linear and nonlinear plant stabilization results based on loop-shaping and mixed
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Figure 3.40: Linearized plant step response and control torque input with saturation of
450 Nm using output feedback control law
sensitivity approaches illustrate the following facts in comparison to the Lyapunov based

output feedback approach presented in Section 3.6.

1. Both loop-shaping and mixed sensitivity approaches stabilize the linearized plant
with a higher controller effort in comparison to the proposed output feedback

approach presented in Section 3.6.

2. The robust control techniques synthesized for the linearized plant show poor sta-

bilization results for the nonlinear case.

3. The output feedback approach shows good stabilization results for both the linear

as well as the nonlinear case.

4. The order of the output feedback controller is small compared to the higher order
controllers (Loop-shaping & mixed sensitivity) which also results in less controller

effort.

Therefore, the output feedback approach globally asymptotically stabilizes the non-

linear as well as the linearized spacecraft attitude model defined in terms of the Euler’s
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equation of rotational dynamics and MRP’s and shows satisfactory results in comparison

to the existing robust control approaches.

3.9 Output Feedback Control in Quaternion Formu-
lation

In this section the Quaternion based nonlinear spacecraft attitude model presented in
Section 2.9.2 is stabilized using the previously proposed output feedback control law.
The attitude defined in terms of Quaternions are assumed to be the only measurable
quantity and angular velocity is not measured. This approach is similar to the one
presented in Section 3.6. However Quaternion are used instead of MRP. The output
feedback control law is shown to globally stabilize the nonlinear Quaternion based atti-
tude model in the sense of Lyapunov by proposing a new candidate Lyapunov function.
Simulation results are illustrated to demonstrate the attitude stabilization and time

varying attitude acquisition of the nonlinear model.

3.9.1 Output Feedback Control Law

Figure 3.41: Quaternion based attitude stabilization using output feedback

The closed-loop system for the output feedback control law in Quaternion formula-
tion is shown in Fig. 3.41 and the control law is given as follows:

2

[B(By)]" (saBy — B) (3.74)

TBq
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where

Sq = diag(Sao, Sa1; Sa2s Sa3) (3.75)

ﬁ; = diag(ﬁ;oa ﬂ(}kla 6;27 633) (376>

B, is defined as follows, for i = o, 1, 2, 3.

* VS
R 3.77
Pai = si 7 Vi (3.77)
Buis + ViBy = suiViSBgi (3.78)

Taking inverse Laplace transforms of (3.78) we get

B; + 7By = S4By (3.79)

/qu = Sbiﬁqi - ;/qu (380)

The design parameters in the control scheme are s, in (3.75) and s, and v are defined

as follows:

sp = diag(Sees So1, Sb2, Sb3) (3.81)

v = diag(Vo, 11,72, 73) (3.82)

To facilitate the subsequent control formulation, the nonlinear spacecraft attitude
model defined in terms of Euler’s equation of rotational dynamics and the Quaternion
described in (2.14 & 2.21) are combined to form the following second order nonlinear

dynamic equation of the Hamiltonian form, [52]. The detailed derivation can be found
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in Section C.1.1 of Appendix C and can be stated as follows:

M*B,+ N*B, = 13, (3.83)

where

M= €T ¢
(3.84)
. A .7 .
N*=—M*BE - £7S(JE0,)E
The nonlinear dynamic equation in (3.83) shares similar properties with the rigid-

link robot manipulator dynamics. Specifically, the inertia matrix M* is positive definite

and symmetric, and can be bounded as follows [66] & [52].

aillel* < 2" M Bz < ja(l1BelD) 2%, Vo € R (3.85)

where j; is a positive constant, and jo(|| 5, ||) is a positive non decreasing function. The

matrices M* and N* satisfy the following skew-symmetric relationship [51], [66] and [52]

1 .
zT (§M* - N*) r=0 (3.86)

The derivation of (3.86) can be found in [17].

3.9.2 Stability Analysis

The control law described by (3.74) ensures the global asymptotic stability as delineated
by the following theorem.

Theorem IV: For the nonlinear system given in (2.14 € 2.21), the control scheme
in (3.74) makes the closed-loop system stable and the attitude tracking error, Bq(t) con-
verges to zero.

Proof: Consider the following positive function
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Va8, i ) = & [N B4 Bsubi+ BT (515 (3.87

The positive definite function, Vs is composed of the mechanical energy given by
1 . i
5[53M*6q} and the gains discussed in (3.75, 3.81 & 3.82). The time derivative of the

function, Vg in (3.87) can be written as follows:

Ve = SUATM B+ BINE S, BEMB 4 S (T s,
FBTsaBal + 5 BT ) B+ BT (o) B (3.55)
Vo = BEMBy+ LB By + B sally + 5 (s02) B (359

. . . 1 ... Y i3 ~ . o
Vo = Bq (=N"By + £ 7q) + 58y M By + By saly + 87 (s7) 7157 (3.90)
. . 1 . . . . I ~ . 1ok
Vo= 87 (5017 = N°) By AT+ AT 4 7 )y (300
By the property of skew symmetry from (3.86), (3.91) can be written as follows
Vo = 1€ 5y + 81 saby + B (517) ' 5 (3.92)
Then substituting the control signal from (3.74) in (3.92)
Vs = BLETBY (508 — B) + BLsaBy + BT (sv7) ™ 5; (3.93)
Vo = Bl saBy — BLB; + B1 s + B  (sv7) ' B; (3.94)
From ¢7BT =1, éq = —3,, we can get

Vs = =B85 + B (7)1 (3.95)
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Substituting 5; from (3.80) in (3.95) we get
Vo = =03 By + B;7 (s7) ™ (5078, —75;) (3.96)

Vo = =BT (sp7) "B, <0 (3.97)

The time derivative of the positive definite function, Vg is negative semi-definite by
invoking the invariant set theorem [52]. Therefore, it can be stated that the Quaternion
based nonlinear spacecraft attitude model can be stabilized by the output feedback
control law in (3.74). The advantage of using this scheme is that the plant stabilization
can be achieved by selecting a total of twelve positive gains in the feedback and feed-
forward path of the closed loop system where the feedback consists of the plant output

alone.

3.9.3 Simulation Results

The demonstration of the proposed scheme is illustrated with simulation results pre-
sented in this section. The mathematical model of spacecraft attitude given by (2.14
& 2.22) is simulated with (3.74) as the control input and the inertia matrix is given by

(2.32). The initial conditions are taken from [7] and are described as follows

wi(0) = 11.45
wy(0) = 11.45 | Deg/sec (3.98)
ws(0) = 11.45

¢ =10

=8 | Deg (3.99)

v=5
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which corresponds to the following quaternions.

B, = 0.9931
B, = 0.08383
o (3.100)
By = 0.07322
By = 0.03727

The reference attitude is selected to be time varying and is expressed in terms of
roll, (), pitch, (0) and yaw, () angles as follows:
[p1, 01,91 = 20°,15°,10°]7 for time t = (0 — 100) sec
(B2, 02, 1h9 = 30°,25°,20°] for time ¢ = (100 — 200) sec
(03, 03,103 = 45°,35°,30°] for time ¢ = (200 — 300) sec

The selection of the twelve positive gains stated in (3.75, 3.81 & 3.82) can be any
positive values as far as convergence is concerned, as shown in Theorem IV in Section
3.9.2. Since there are no specific design requirements with respect to each individual
channel in this example, we choose for simplicity the same values for the controllers on

the four channels which are as follows:

s, = diag(42,42,42)
sp = diag(121, 121, 121) (3.101)
v = diag(61,61,61)

Fig. 3.42 shows the desired attitude (roll, pitch and yaw angles) namely, (¢4, 04, %4),
measured attitude namely, (¢,6,1) and attitude tracking error namely (¢., 0, 1.). The
required controller effort is shown in Fig 3.43. The results illustrate the fact that the
output feedback controller shows good tracking results with a maximum control torque

of £50 Nm. However the plot is scaled to 10 Nm for clarity.
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Figure 3.42: Quaternion based time varying attitude tracking

10

Tp Ty T3
o
-
5

.10 I I I I I
0 50 100 150 200 250 300

Time (Seconds)

Figure 3.43: Quaternion based attitude tracking control torque



80 3.10 Conclusions

3.10 Conclusions

In this chapter, we have addressed the issue of attitude stabilization and control of a
rigid spacecraft model. The nonlinear plant (attitude model) is defined using the Euler’s
equation of rotational dynamics and the kinematic differential equation represented by
MRP. A new globally asymptotically stabilizing output feedback control law was pro-
posed. The stability was proved by Lyapunov’s theorem with a new Lyapunov candidate
function. The proposed control scheme was shown to possess the robustness and sim-
plicity of a PD controller which does not require attitude rate measurements, angular
velocity measurements or direct use of differentiators as a necessary measurement in
control structure design discussed in the literature. Furthermore, the control scheme
does not require any information about the body principal moments of inertia and is
therefore robust with respect to system parametric uncertainty. This was shown by
case studies in which the inertia values are changed and still the closed-loop system is
stable, while keeping the controller gains fixed. The simulation results illustrated the
robust performance and zero tracking error of the overall closed loop demonstrating the
effectiveness of the proposed approach.

The control law involved the selection of nine parameters which drastically influence
the performance of the controlled system. Particle swarm optimization algorithm was
used as a tool to infer the best parameters using a cost function which minimized the
absolute value of the tracking error while varying the controller parameters. Then two
robust control approaches namely H,, loop shaping and H,, mixed sensitivity were used
to design controllers for the linearized attitude model. Simulations were performed on
the linear and nonlinear plants. The simulation results illustrated that both the robust
controllers take a longer time to stabilize the linearized plant and showed poor results
when tested on the nonlinear case. The order of the synthesized controllers were also
very large when compared with the proposed output feedback controller which illus-
trated good stabilization results for both the linear as well as the nonlinear case and

required comparatively lesser controller effort.
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A total of nine gains are required to be tuned in the output feedback control law. This
was reduced to six in a modified approach. Global asymptotic stability is proved for
the modified approach by a new candidate Lyapunov function and simulation results
are illustrated to signify its effectiveness. The modified approach demonstrated similar
results to the output feedback approach. In addition to nonlinear plant stabilization the
modified approach is also shown to achieve time varying attitude tracking expressed in
terms of roll, pitch and yaw angles.

A similar output feedback stabilization approach was then presented using Quaternion
formulation. As before the global asymptotic stability was proved using a candidate
Lyapunov function. Simulation results were shown to illustrate the effectiveness of the
proposed approach when Quaternion are used instead of MRP. The approach success-
fully achieved time varying attitude tracking with considerably lesser controller effort
and comparatively smaller controller order than the synthesized robust controllers with

only the attitude as an available measurement.

3.10.1 Extension to Chapter 4

The nonlinear spacecraft attitude model discussed in Section 2.9.2 of Chapter 2 in terms
of Euler’s equation of rotational dynamics and Euler’s parameters is further intensified
by including actuator (reaction wheel) dynamics, nonlinear coupling terms, inertia ten-
sors and the angular velocity terms neglected in the dynamics formulation in [44]. The
derived nonlinear coupled dynamic system is cascaded with a Quaternion based kine-
matic model as shown in Section 2.9.2 to form an intricate yet realistic Large Space
Telescope (LST) attitude model. A state feedback control structure is shown to sta-
bilize the attitude of the LST model and track and a time varying attitude reference

expressed in terms of roll, pitch and yaw angles.
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3.10.2 Extension to Chapter 5

The linearized spacecraft attitude model stated in Section 2.10 of Chapter 2 is analyzed
as a case study in predicting channel vulnerability to actuator degradations. The output
feedback control law proposed in this chapter is shown to stabilize the linearized attitude
model and the least/most vulnerable channel to an actuator degradation in the closed-

loop spacecraft system is predicted by proposing interaction indices namely, (RDI) and

(i.ii.).



Chapter 4

Attitude Stabilization and Control

of a Large Space Telescope Model

4.1 Introduction

In this chapter, a case study is presented on the attitude stabilization and control of a
LST model. The LST model was developed by the National Aeronautics and Space Ad-
ministration (NASA) under the direction of the George C. Marshall Space Flight Center
(MSFC), Huntsville, Alabama. It was designed as a general purpose facility, capable of
utilizing a wide range of scientific instruments expecting to contribute significantly to
studies relevant to the origin and structure of the universe, the study of energy processes
that occur in galactic nuclei, the study of early stages of stellar and solar systems, and
observation of such highly evolved objects as supernova remnants and white dwarfs. It
would weigh between 9,000 and 11,000 kg and have a length of 12 to 16 m and a diameter
of 3.6 to 4 m. The basic LST elements are shown in Fig. 4.1, taken from a NASA tech-
nical report [44], are the Optical Telescope Assembly (OTA), the Scientific Instruments
(SI), and the Support Systems Module (SSM). The most important optical element in
the OTA is a diffraction-limited primary mirror approximately 3 m in diameter. The
potential scientific instruments include a diffraction-limited camera, a low and a high

dispersion spectrographs. All support systems such as control actuators, electronics, the

83
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power unit, and the data transmission assembly are combined in the SSM. Solar panels
supply the electrical power to the LST. The spacecraft will orbit earth at an altitude of
600 to 800 km at an inclination of 28.5 degrees. Further details are given in [2].

The aim of this chapter is to derive the nonlinear fully coupled dynamic equations of
motion for the LST model by taking into account the nonlinear coupling terms, inertia
tensors and the angular velocity terms neglected in [44]. The derived nonlinear, coupled
dynamic system will be combined with a Quaternion based kinematic model to form a
nonlinear attitude model of the LST system with three reaction wheels as actuators.

A state feedback control law is designed in this chapter to stabilize and achieve
time varying attitude tracking. Simulation results are illustrated to demonstrate that
the state feedback control law is able to achieve time varying attitude tracking in the
presence of environmental disturbances (gravity gradient, magnetic, aerodynamic &
solar pressure) and actuator failures at specific intervals of time.

In Section 4.2 the LST model is described. The equations of motion are discussed in
Section 4.3. In Section 4.4, we derive the nonlinear fully coupled dynamic equations of
motion. The reaction wheels are discussed in Section 4.5. The attitude model design
and the control law description is given in Section 4.6. Simulation results are illustrated
in Section 4.7 and the chapter concludes in Section 4.8 with some remarks for possible

future research in this direction.

4.2 LST Model Description

The basic elements of LST are shown in Fig. 4.2 taken from [44] which primarily consists
of the OTA, SI and the SSM. The LST model has a nearly cylindrical, beam like shape.
The principal axes frame S, with its origin at the center of mass, is defined as follows [44]:
The zaxis (roll-axis) corresponds to the telescope axis, the y, axis (pitch-axis) is located

along the solar wing axis and the z, axis (yaw-axis) completes the orthogonal frame.
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Figure 4.1: LST spacecraft configuration [44]

196
ssM
METEOROID SHIELD —‘o.ﬂ-- s

—'10.6-—‘ OTA—\

Iib I I\?‘\/ MAGNETOMETE?{
\ ] 4 Py
|

L_ Ls Z—soLaR
/ 34— WINGS
LIGHT SHIELD

5

5 PRIMARY RING

/

EXTENDED

PRIMARY MIRROR
VERTEX

LIGHT SHIELD

NOTE: ALL DIMENSIONS ARE IN METERS

Figure 4.2: Basic elements of LST [44]
The LST is assumed to be a rigid body. The inertia matrix I of the LST is given by
I, 0 O

I'=1 0 1, 0 (4.1)

0 0 I,
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where I, = 14,656 kgm?, I, = 91,772 kgm? and I, = 95,027 kgm? in the on-orbit
configuration with extended light shield and solar wings. The corresponding mass totals
9,380 kg. Inside the SSM there are three symmetric reaction wheels mounted orthogo-
nally and parallel to the x;, ys and z, axes as shown in Fig. 4.3 wherein rw-1, rw-2 and
rw-3 are the reaction wheels. rw-1 is mounted parallel to the roll axis, rw-2 is mounted
parallel to the pitch axis about the solar arrays and rw-3 is mounted parallel to the yaw

axis. The reaction wheels have the following inertia tensors.

L, 0 0 L, 0 0 I, 0 0
L= 0 L, 0 [ L=| 0 L, 0 |.Is=| 0 L O (4.2)
0 0 Iy, 0 0 I 0 0 I

solar arrays solar arrays

Figure 4.3: Reaction wheel configuration of LST model

The roll, pitch and yaw angles of the LST are denoted as ¢, 6 & 1 and are related

to their respective angular velocities as follows:

Wg = ¢
o (43)
Wy = w

where w,, w, and w, are the angular velocities about the z, y; and z; axes. Similarly the
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angular velocities of the three reaction wheels can be expressed in terms of components

as follows:
Wy 0 0
O ) wyr 9 0 (44)
0 O wZT'

The internal torque (control torque) produced by the reaction wheels can be written as

follows:
Mlx Mzg; M3x
My || My || Ms, (4.5)
M]_Z M2z M3Z

The external torques (disturbances) acting on the LST about its three orthogonal axes
are denoted as M,, M, & M,. The dynamic equations of the LST model are presented

n section 4.3.

4.3 LST Model Equations of Motion

In this section the equations of motion for LST model and the three reaction wheels
serving as actuators are stated [48].

The dynamic equations for the LST model are as follows:

L, + wyw, (I, — 1)) + Is,wawy — Loywy,w, + L1,Wer = M, (4.6)
Ly + waw, (I, — 1) + Lawerw, — I3,w.0wy + Loy, = M, (4.7)
L, + wewy (L, — 1) + Loywyrwy — T1pwerwy + 15,0, = M, (4.8)

The dynamic equations for the reaction wheel mounted parallel to the x, axis are:

]lxwz + Ilrwmr - Mlx (49>



88 4.3 LST Model Equations of Motion

Ilywy + (le - Ily)wywz + Ilmwxrwz - Mly (410)

]lywz —+ (Ily — [1$)wzwy — Iuwmwy = Mlz (411)

The dynamic equations for the reaction wheel mounted parallel to the y, axis are:

Loy + (Loy — Ioz)wew, + Ioywyw, = Mo, (4.12)
Igywy + ]2ywyr - M2y (413)
IQZCZ)Z + (IQZ - IQy)wywz - Igycuwwz = MQZ (414)

The dynamic equations for the reaction wheel mounted parallel to the z, axis are:

]3;5(,2)5,; + (]33; — I3Z)wxwy + ]3szrwy = ng (415)
Igrd)y + (Igz — Igm)wxwz + ]32(,()2.7«(,02; = ng (416)
]32002 —|— [3zwzr - Mgz (417)

For simplification, [48] and [44] assumed that the reaction wheels are small, so that
L, < I, Iy < I, I3, < I, and they have one degree of freedom only. Then the

equations (4.6-4.17) can be simplified to

L, + wyw, (I, — 1) + 1105 = M, (4.18)
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ILwy + waw, (I, — 1) + Iyyw,, = M,

L, + wewy (I, — 1) + I3,0, = M,

]lwwr + Ilmwxr - Mlx

Igyd)y + Igyd}yr == ng

L}zwz + ISzwzr = M3z

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

Substituting (4.21 in 4.18), (4.22 in 4.19) & (4.23 in 4.20), we get the following three

equations describing the motions along the individual axes and their interconnections

[48]

I.w, + wywz(lz — Iy) = (Mx — Mlx)
L, +wew, (I, — I,) = (M, — My,)
L, +wewy (L, — 1) = (M, — Ms,)

(4.24) can be further simplified as follows:

(M, — M) — wyw, (I, — 1))

Wy =

I,
.o (My — Myy) — waw, (I, — 1)
Wy =

I,
s (M, — Ms,) — wywy (I, — 1)

I.

(4.24)

(4.25)

(4.26)

(4.27)

The LST model discussed in this section is linear [44], [48] and it ignores the nonlinear



90 4.4 Derivation of Coupled Equations for LST Model

coupling phenomena and may not be an entirely satisfactory description of the LST
model as stated by [48]. In the next section we derive the fully coupled equations of
motion for the LST model including the three reaction wheels. The nonlinear coupling
terms, inertia and the angular velocity terms neglected in (4.24) will be accounted in
the forthcoming derivation. The attitude of the coupled and decoupled LST model is
controlled. Single channel attitude stabilization is illustrated in order to visualize the

inter-axis coupling and is demonstrated in the simulation results section.

4.4 Derivation of Coupled Equations for LST Model

The LST model dynamics stated in (4.6-4.8) can be viewed as the dynamics about each
axis with the influence of reaction wheel dynamics about all the axes. This can be
expressed about each axis of the LST as follows:

Dynamics about z axis + Reaction wheel dynamics about z,,y, and z, axes =
External torque about z, axis (M)

Dynamics about y, axis + Reaction wheel dynamics about g, ys and 2, axes = External
torque about y; axis (M)
Dynamics about z, axis + Reaction wheel dynamics about g, ys and 24 axes = External
torque about z, axis (M,)

The reaction wheel dynamics about xg, ys and zs from (4.9, 4.14 & 4.15) can be re-
arranged and substituted in z, axis dynamic equation stated in (4.6). In a similar way,
the reaction wheel dynamics about zg, ys and z, from (4.10, 4.13 & 4.16) are re-arranged
and substituted in y, axis dynamic equation stated in (4.7) and the reaction wheel
dynamics about xg,ys and z from (4.11, 4.12 & 4.17) are re-arranged and substituted

in z, axis dynamic equation stated in (4.8).

wx([x_j?)x_[193)_wxwy([?)x_[3z)+wywz<[z_ly_12z+[2y)_IZsz = M:(J_Mlx_M3:1:_M2z
(4.28)
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wy(Iy—Ily+13x—12y)+wxwz([x—[Z+1'3z—13x) —wywz<[1x—[1y> = My—M1y+M3y—M2y

(4.29)

_I2zww+wz(Iz_Ily_-[&z)+W:rwy(ly_]m_lly+llx)_waz(l2y_l2z) = MZ_M23:_M12_M3Z

(4.30)

Inter substitution of (4.28 & 4.30) and simplifying (4.28-4.30), we get the following:

Wy

Wy =

o My - Mly + MSy - M2y - wxwz([z - Iz + [3z - [3x) + wywz(llx - [1y)

_[ilAilwxwy(IzIE}m — LI, — Iyyl3, + Iyyls, — I3. 13, + I3) +
LA (12 + LI, + LIy, — LIy, + I,I, — I,1,)

L AT wyw. (— Ty L. + Lyloy + Is 1 — Is. I, — Is.Io. + Is. 1,
— L' AT L (M, — My, — Ms, — Ma,)

— I AT Ly (= My + My + M, + Mo,)

— I AT 5 (— My + My, + M, + Ms,)

A ww, (I, — I, — Ly + 1)

A_lwmwz(—lgy + 1,)

A_l(_MZ + M2x + Mlz + M3Z) (431)

(4.32)

(Iy - [1y + I3y — [2y)
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G, = —L A oy (<Ll + 12+ Ly — Ly + Iso 1y — Is. 1)
— I A wpwy (Ise Iy + Isp Dy + oy — Loly = Tiplhy + 17,)
I AT wow. (I Doy — Iploe — Isg Doy + Isgloe — DDy + Iiols.)
—L AT L (M, — My, — My, — Ms,)
~ LA 3 (=M, + My + My, + Ms,)
— I AT (=M, + Moy + My, + Ms,)
A wpwy (= Iz, + I3,)
A wyw (I, — I, — Iy, + Iy,)

AN (=M, + My, + Mz, + My.) (4.33)

where

A = I2z+~[2;1[_Izlm+IzI3x+IzIIm+Ilny_IlyI3m_Ily]1x+l3z]m_132131_13211x] (434>

(4.31-4.33) are the coupled nonlinear dynamic equations of the LST model with reaction
wheels as actuators in contrast to the linear decoupled equations described earlier in

(4.25-4.27).

4.5 LST Reaction Wheels

Reaction wheels are used as actuators when accurate and time optimal attitude control
is mandatory. In [47] it is stated that the choice of reaction wheel depends on the
performance to be achieved by the satellite’s attitude control system. Some of the
basic technical features required from a reaction wheel for the desired performance to

be achieved are maximum achievable torque, maximum momentum capacity, low torque
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Figure 4.4: Reaction wheel [1]

noise and low coulomb friction torques [47]. Some of the drawbacks of the reaction wheels
are relatively small effective torque and the possibility of reaction wheel saturation [43].
Fig. 4.4 shows a reaction wheel manufactured by SSBV Space and Ground Systems,
UK [1]. Let z,y & z be three mutually perpendicular axes, m be the mass in (kilogram),
h be the height and [ = w be the length and width of the reaction wheel shown in Fig.
4.4. The reaction wheel rotates about its x — axris and its moment of inertia about x,y

& z axes can be calculated as follows:

mr
he ==~
1 (4.35)
]ly = Ilz = ﬁ(?ﬂ"Q + h2)
where r = % = 5. The technical specifications of the reaction wheel shown in Fig.

4.4 are given in appendix D. Its physical characteristics will be used in calculating the

moment of inertia of the reaction wheel for the LST model and are given as follows:

Mass = 1.550kg
Length=width = 102mm (4.36)

height = 105mm

The axial and transverse inertias of the LST reaction wheel are calculated using the
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relationship stated in (4.35) and the physcial characteristics in (4.36) and are given as

follows:

I, = 0.002 kgm?
(4.37)
]1y = Ilz = 0.0016 k?ng

4.6 Attitude Stabilization and Tracking of LST Model

Desired ((p, 0, \u)

v

((p, 0, \|1) to DCM

v

DCM to
k @
k, @

to Quaternions

g1

State Feedback

Controller

Initial Conditions
l ‘ (9,6,v), (wx,my,mz)
LST
Attitude Model

L 4

uaternions

tolA(.d)

v

k, ® to DCM
L 2
D.CM. to(¢, 6, y)

Figure 4.5: LST model attitude tracking control system

In this section the derived nonlinear coupled dynamic equations of LST given in
(4.31-4.33) are cascaded with the kinematic differential equations in terms of Quaternion

formulation discussed in Section 2.5 of Chapter 2. The attitude tracking control system
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for the LST Model is shown in Fig. 4.5. The desired attitude is time varying and
is expressed in terms of roll, pitch and yaw angles in degrees. The Euler angles are
transformed to the DCM using (3-2-1) Euler angle sequence wherein the z,y & x axis
are rotated about an angle of 1,0 & ¢ degrees. The resulting DCM is given by the

following relationship:

cl cp cl sy —s6
DCM = | s¢sbcp—copsip spssp+codel soch (4.38)
cp s e+ s¢ sy co sl sy —spc) coclh

where the notation ¢ = cos and s = sin of the angles ¢, 0 & 1. The Euler eigenangle, ®

and Euler eigenaxis, k is calculated from the DCM using the following relationship.

1
d = cos? (5 (011 + Cy + Cs3 — 1)> (439)
k1 Coz — sy
- 1
k= ko = 25ind Cs1 — Ch3 (4.40)
ks Cia — COn

where C; ; is the iy, row and jy, column element of the DCM. The Quaternions, f3,

are calculated from the Euler eigenangle, ® and Euler eigenaxis, k using the following

relationship.
Byt klsin(%)
kosin(2
8, = Po | _ | Fasins) (4.41)
qu ]{338271(%)
Bao cos(3)

The kinematic differential equations of motion in terms of Quaternion’s was stated
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in (2.14) and is mentioned below [42]:

qu ﬁqo _ﬁql _6q2 _BqS 0
B:ql _ ﬁql ﬁqo _6q3 6(12 Wy (442)
BqZ ﬂq? 6{13 5(10 _Bql Wy
Bq3 ﬁq?) _BqQ Bql ﬁqo W

where [, w, w,]? istheangular velocity of the LST model in a body-fixed frame.

4.6.1 Attitude Model Design

LST Model Kinematics Equations

Euler's Equations

o, Bai 3 ’
E o oLl oo P | B

, ® Q)] E;j qu —

o, Bo
-

Initial (o, 6, \u)T

Reaction wheel-1 (M,\, M, M,z)I

Reaction wheel-2 (sz, M,,, Mgl)I

YV VY
A

Reaction wheel-3 (MSX, M, , M;, )T

Initial (wX , 0, 0, )T

Figure 4.6: Attitude model design in simulink

The attitude model consisting of the Euler’s equations, (4.31-4.33) and the kinematic
equations, (4.42) is modeled in simulink as shown in Fig. 4.6. The attitude model
consists of two integrators blocks. The first block calculates the angular velocity vector,
w with initial conditions specified in degrees/second. The second integrator calculates
the attitude of the LST model with initial attitude specified in terms of roll, pitch and
yaw angles expressed in degrees. The control torque is added in the Euler’s equations

block and the kinematics equations block calculates the plant output.
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Figure 4.7: LST model attitude stabilization
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4.6.2 State Feedback Controller

A state feedback control structure is shown to stabilize the attitude of the formulated

nonlinear LST model as depicted in Fig. 4.7. The control law requires the angular

velocity vector and the attitude error vector in terms of Quaternions in computing the

control law. The angular velocity vector is given by

(4.43)

where w,, w, and w, are the angular velocities about the z, y; and z, axes of the LST

model. The attitude error Quaternion vector is computed using the current attitude

quaternions, (841, Bq2, By3, Bgo) stated in (4.41) and the desired attitude quaternions

given by

The attitude error Quaternion vector is given in [62] as follows:

ch

1>

Bate
Baze
Base
Bqoc

(4.44)
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4.7 Simulation Results

Bate
Baze
Base
Bgoe

5qoc
_Bq?)c
ﬁch

L Bqlc

Bq3c
ﬂqoc

_51110

Bch

—Boze —Pac
Bare  —Paze
Baoc  —DBase
Beze  Boc

Ba
Be2
Ba3
Bao

(4.45)

The state feedback control law to stabilize the attitude of the nonlinear LST model

can be stated as follows:

ky 0

0 0

0 k.
———

Bqle
6(126
6q3e

c; 0 0

+1 0 ¢ O

0 0 ¢
—_———

(4.46)

where the control law involves two feedback loops, namely, inner and outer. The

inner loop comprises of angular velocity feedback with a positive definite gain matrix c.

The outer loop feeds back the measured attitude in terms of quaternions. The attitude

error Quaternion vector computed in (4.45) is multiplied with a positive definite gain

matrix k.

4.7 Simulation Results

4.7.1 Initial Conditions

The following initial conditions stated in [42] are chosen for the simulation of the LST

attitude model given in (4.31-4.33 & 4.42) and the control law given in (4.46).

w, = 11.45
w, = 11.45

w, = 11.45

Deg/sec

(4.47)
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6 = 10°
0 = 8§
= 5° (4.48)
The inertia matrix, (I) of the LST is given as follows [44]:
14656 0 0
I= 01772 0 | (kgm?) (4.49)
0 95027

The axial and transverse inertia of the reaction wheels discussed in section 4.5 were

calculated in (4.37) and are given as follows:

0.002 0 0
I 0 00016 0 (4.50)
0 0  0.0016
0.0016 0 0
I 0 0002 0 (4.51)
0 0 0.0016
0.0016 0 0
I3 0 0.0016 0 (4.52)
0 0  0.002

The external torques (disturbances) acting on the LST depend on the external en-

vironment in space. The maximum values of the respective external torques are given
in [2] and are mentioned below:
Gravity gradient 0.2200 N-m

Magnetic 0.0500 N-m
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Aerodynamic 0.0001 N-m
Solar pressure 0.0004 N-m
The total external disturbance acting on the LST model is taken to be M,=M,=M_,=0.2705

N-m.

4.7.2 Attitude Tracking

The desired attitude is selected in terms of Euler angles as follows:

6 = 20°
§ = 15°
¢ o= 10° (4.53)

The selection of the two gain matrices namely, k & ¢ in (4.46) has to be positive
definite and are selected by trial and error. We choose for simplicity the same values for

the controllers on the three channels to be as follows:

k = diag(50, 50, 50) 10? (4.54)

c = diag(80, 80, 80) 10° (4.55)

The transverse torques produced by the reaction wheels are very small when com-
pared to the axial torques i.e. My, My, < My, Moy, Mo, < My, & Ms,, Ms, < Ms,
and are neglected in [44]. In this simulation, the transverse torques are taken into

consideration and are chosen to be 5% of the axial value as shown below:
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My = My, = %M,
My, = My, = 5% Mo, (4.56)
Ms, = Ms, = 5%M;,

Fig. 4.8 shows the attitude tracking of the coupled and decoupled LST model. The
required controller effort for both the models is shown in Fig. 4.9. The control signal
is limited to £2000Nm. The attitude error Quaternions are shown in Fig. 4.10. The
attitude tracking, controller effort and the tracking error plots shows the small but
significant amount of coupling present in the coupled LST model. Fig. 4.8 shows the
overshoot in attitude tracking for the coupled model and is slightly higher than the
decoupled case. Fig. 4.9 illustrates a slightly higher controller effort for the coupled
LST compared to the decoupled case, although the control signal is bounded between
4+2000Nm. In a similar manner the peak value of the tracking error is higher for the
coupled case when compared to the decoupled model and is evident from Fig. 4.10.
Fig. 4.11 shows the roll axis stabilization and control for the coupled and decoupled LST
model wherein the objective is to achieve attitude tracking about the roll axis i.e. (¢ =
20°). The pitch and yaw attitude remain the same as specified in the initial conditions
stated in (4.48). The purpose of such an illustration is to visualize the inter-axis coupling
and how a specific channel output is achieved in spite of the interactions from other
channels. The control signal is limited to +2000Nm and the required controller effort
is shown in Fig. 4.12. The attitude error Quaternion in this case is shown in Fig.
4.13. Figs. 4.11-4.13 illustrate that there is a significant amount of coupling in the
LST model and is slightly more in the coupled case when compared with the decoupled
model. Although pitch and yaw reference is unchanged from their initial values, they
vary a lot before settling back to their initial values of § = 8° and ¢ = 5°. Steady
state values for 6 and v in the decoupled case is achieved at approximately 35 seconds
whereas in the coupled case steady state is achieved in 37 seconds. The peak value of
the second channel control signal (My,), exceeds 1000 Nm in the coupled case while

in the decoupled case it is less than 1000 Nm. A similar response is observed for the
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Figure 4.8: Attitude tracking of coupled and decoupled LST model

negative peak value of the first channel control signal (M;,). Similarly, from Fig. 4.13
the error in coupled case takes a longer time to go zero while it is less in the decoupled
case. These facts explain the significance of the coupling terms involved in the coupled

model.

4.8 Conclusions and Future Work

In this chapter, a case study was presented on a LST model developed by NASA [2]
& [44]. The LST model considered by [44] is linear and decoupled. We have attempted
to derive a fully coupled nonlinear dynamic model fitted with three reaction wheels as
actuators. In doing so, we took into account the nonlinear coupling terms, the inertia
tensors and the angular velocity terms neglected in [44]. The derived LST model dy-
namic equation was cascaded with a Quaternion based kinematic model and simulated
using a state feedback control law proposed in [62] to achieve time varying attitude
tracking. Simulation results have been illustrated demonstrating the stabilization and

control of the coupled and decoupled LST model. Single channel attitude stabilization is
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illustrated in order to visualize the inter-axis coupling. It was verified from simulations
that the state feedback control law is able to achieve time varying attitude tracking in
the presence of environmental disturbances such as (gravity gradient, magnetic, aero-
dynamic & solar pressure) and actuator failures at specific intervals of time. The state
feedback control parameters have been selected at random in this case study. The use
of optimal algorithms to infer the best controller parameters can be a possible extension

in the future. A Lyapunov stability analysis can be performed which ensures global
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Figure 4.13: Roll axis stabilization error for coupled and decoupled LST model

asymptotic stability of the LST model using the state feedback approach.



Chapter 5

Study of MIMO Subsystem
Interactions for Better Performance

and Fault Tolerance

5.1 Introduction

A MIMO system comprises of more than one input and output and is generally cate-
gorized into two types, namely, decoupled and coupled. In a decoupled MIMO system,
an individual input mainly affects an individual output whereas in a coupled system
multiple inputs affects a single output. Coupled systems are more difficult to control in
comparison to decoupled systems because of the channel interactions. MIMO systems
can either be controlled by a centralized control structure or by a set of Single-Input-
Single-Output (SISO) decentralized controllers. Decentralized control is preferred over

the centralized control for the following reasons [39]:
e Decentralized control has a simple design and can be easily implemented.

e Each loop can be independently tuned with fewer tuning parameters compared to

centralized controllers.

106
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On the contrary, centralized controllers are more complex and lack integrity which is
a key property in decentralized control and ensures that the closed-loop system remains
stable as the subsystem controllers are brought in and out of service [50]. There are
two key steps involved in the successful design of a decentralized controller, namely,
loop configuration and controller tuning [27]. Loop configuration is defined as pairing
the manipulated variables and the controlled variables to achieve minimum interactions
among loops so that the resulting multivariable control system mostly resembles a collec-
tion of SISO counterparts and the subsequent controller tuning can be largely facilitated
by SISO design techniques [68]. Hence the main objective in selecting an appropriate
loop configuration is to result in a multivariable plant close to being diagonally dom-
inant. In order to have such a loop configuration, we need to have some information
about the subsystem interactions. The concept of Relative Gain Array (RGA) was first
introduced by Bristol in 1966 [11]. The RGA is an empirical measure of interaction and
has found widespread acceptance in the control community because of its simplicity. In
order to overcome its limitations many extensions and generalizations like, the Nieder-
linski Index (NI) [36], Dynamic Relative Gain Array (DRGA) [65], Effective Relative
Gain Array (ERGA) [68], Partial Relative Gain Array (PRGA) [21], Relative Interaction
Array (RIA) [69] and Effective Relative Energy Array (EREA) [35] have been proposed.
These generalized forms of RGA have outlined their set of rules which can be followed
to form a loop configuration resulting in the most decoupled system. As the decoupled
system would be least interactive, its controller design would be much easier when com-
pared to its most interactive counter part.
However, the choice of best loop configuration when an input channel is prone to actua-
tor degradation has not been explicitly addressed in the literature. While decentralized
control aims to decouple a MIMO system such that there are minimum interactions
among its subsystems by choosing an appropriate loop configuration depending on in-
teractive measures such as (RGA, NI, RIA, ERGA & EREA), the "opposite” case can

prove to be useful when there are actuator degradations. In such a case the subsystem
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interactions can aid the degraded channel for a better performance of the whole system.
In this chapter such an actuator degradation problem is considered along the line of sys-
tem configuration. A new approach for structure configuration of MIMO systems in both
open and closed-loop is presented. A simple interaction measure based on H,, norm of
the MIMO subsystems is defined namely, the (RDI). The RDI helps in understanding
the effect of one input on an output. Simple guidelines are given which are effective
in configuring an open and closed-loop system towards coupling and decoupling. The
effectiveness of the RDI is verified by simulation results and a performance measure
given in terms of RMSE. The RDI is further extended to the (i.7.4.) which helps in
investigating how the overall system output would be affected by actuator degradation
which occurs on each individual input channels. Applications of RDI and i.i.i. are
analyzed and compared with the use of RGA, NI, RIA, ERGA & EREA in examples.
In literature, the concept of system configuration has been addressed by existing in-
teraction measures stated earlier and their effectiveness was mainly demonstrated by
examples on distillation columns. In this chapter, RDI and its associated guidelines are
tested on similar examples to verify the effectiveness of the approach and compare it
with existing interaction measures. i.7.¢. has been shown to predict the channel vul-
nerability to actuator failure based on the inherent plant interaction for the spacecraft
attitude model discussed in chapter 3.

In the next section the existing interaction measures and their guidelines are first intro-

duced and their decoupling measures are illustrated with examples.

5.2 Existing Interaction Measures

In this section we give an overview of RGA. Some important properties, drawbacks
of RGA and its extensions to overcome the drawbacks are outlined. It is worthwhile
to mention that RGA and its subsequent analysis are transfer function based. The

extension of RGA based on the state space model can be found in [27].
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5.2.1 Relative Gain Array

Consider a multivariable system with "n” inputs and "n” outputs described by the

following transfer function matrix

[ 90(9) g1als) - guals) |
G(S) _ 921(3) gaa(s) ... 92n($) (5 1)
| 9n1(8) Gn2(s) - Gnn(s) i

The relative gain for a selected pair of input-output variables is defined as the ratio of
the open loop dc-gain of that pair, with all other loops open, to their open loop gain

when all other loops in the system are closed

(8yi/auj)all loops open

Aij = (OYi /OU;)all other loops closed except for 100P,, _u (5:2)
where y; is the i controlled variable and w; is the j manipulated variable.
The RGA is then defined as follows:
[ A1 A2 oo A ]
MG = GaGT— | 2 A (5.3)
I Al An2 oo Aan |

where the operator ” ® ” is the Hadamard product and G~7 represents the transpose of

the inverse of G.
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Example 5.2.1 Consider the following multivariable system [24]

T —2e7° 1.5e7° e
10s+1 s+1 s+1
1.5e7° e’ —2e®
Gi(s) = 5.4
1(s) s+1  s+1 10s+1 (5:4)
e’ —2e7* 1.5e™*
L s+1 10s+1 s+4+1 A
The corresponding RGA is
—0.9302 1.1860  0.7442
AGi(s)) = | 11860  0.7442 —0.9302 (5.5)

0.7442  —0.9302 1.1860

The RGA matrix for the multivariable system in (5.4) is shown in (5.5). The RGA

possesses the following main properties [11]:
1. Summation of the rows and columns of the RGA are equal to unity
2. It is independent of input/output scaling
3. \i; is independent of how the n-1 loops are paired

4. Any permutation of rows and columns in the system transfer function matrix G(s)

leads to the same permutation in the RGA

5. If the transfer function matrix G(s) is triangular or diagonal, the RGA will be an

identity matrix

5.2.2 Implications of RGA

The values of \;; can cover all possible numbers from —oo to 4+-00. They can be classified

into six different categories as follows:
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5. 0< )\1'7]' <1
6. )‘i,j >1

A discussion of each category with its properties and implications can be found in [31]
& [27]. The role of RGA as an indicator of sensitivity to uncertainty is dealt with in [50].
The most desirable value of A is 1, which indicates that the open loop and the closed
loop gains in (5.2) are the same and there is no interaction from other subsystems. A
general square system with ”n” inputs and "n” outputs will have n! loop configurations.
The system described in Example 5.2.1 will have six different loop configurations and

their respective RGA values are shown in Table 5.1

Table 5.1: Loop configurations and their respective RGA

Loop Configurations RGA

Uy — Y1, ug — Y2, uz — Y3 diag(-0.9302, 0.7442, 1.1860)
Uy — Y1, Uz — Y3, uz — y2  diag(-0.9302, -0.9302, -0.9302)
Uy — Yo, ug — Y1, uz —y3  diag(1.1860, 1.1860, 1.1860)

Uy — Yo, ug — Y3, ug —yp  diag(1.1860, -0.9302, 0.7442)
Uy — Ys, Uz — Y1, uz — Y2 diag(0.7442, 1.1860, -0.9302)

W — Yz, s — Yo, uz — 1y diag(0.7442, 0.7442, 0.7442)

It can be observed from Table 5.1 that the possible choice of loop configurations which
are close to being decoupled are uy — yo, us — y1, us — y3 and uy — ys3, Us — Yo, U3 — Y1 AS

they satisfy the RGA based pairing rule of closeness to 1. However, several pairs may
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satisfy the RGA guideline and one may run into ambiguity as in the present case. To
resolve this issue an intuitive measure of the overall interaction was suggested in [70]

given as follows:

minz IAF; =1 (5.6)

where )\ﬁ ; denotes the paired RGA elements corresponding to the k" loop configu-
ration. Therefore in the case of several pairing alternatives proposed by the RGA, the
overall measure given in (5.6) can be used for identifying the pairing with minimum
overall interaction. However, as the distance of the RGA elements from 1 does not
quantify the amount of interaction, this measure is found to be inadequate under some
circumstances and inherits the same limitations from the RGA [69] & [27]. The concept
of RIA was introduced to overcome these shortcomings in [69] and will be discussed

next.

5.2.3 Relative Interaction Array

The RIA is defined as follows [69]:

= ——1 :

and also
1

Hence in matrix form RIA can be defined as follows

b11 P12 ... b1

e Oop
(G) = o1 P2 2 (5.9)
L ¢n1 ¢n2 cee ¢nn ]

The corresponding RIA matrix for the system described in (5.4) is given as follows
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—2.0750 —0.1568 0.3437
O(Gi(s)) = | —0.1568 0.3437 —2.0750 (5.10)
0.3437 —2.0750 —0.1568

The RIA matrix characterizes the following implications about loop interactions [69]:
1. ¢;; = 0 implies that there is no interaction and \;; = 1

2. ¢;; > 0 implies that interaction acts in the same direction as the interaction free

system.
3. ¢;; > 1 implies interaction dominates over interaction free system gain.

4. ¢;; < 0 implies interaction acts in the reverse direction as interaction free system

gain.

5. ¢;; < —1 implies reverse interaction dominates over interaction free system gain

5.2.4 Niederlinski Index

Integrity is an important and desirable feature of a decentralized control system which
ensures the closed-loop stability as the subsystem controllers are brought in and out
of service [11]. Niederlinski, [36], in 1971 introduced a theorem for solving the in-
tegrity problem which is stated as follows [18]: "The closed loop system consisting of the
multivariable system in (5.1) and a multiloop control system is structurally monotonic
unstable if and only if”

N a SiV) (5.11)

k
[[1 Gii(0)
where 'k’ is the total number of individual loops. The NI serves as an important stability
rule which states that the loop should be configured in such a way that the corresponding

NI is positive. In addition to the stability and integrity depending on its sign, NI has
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been extended to measure the overall interaction by its size [70], which states that the

loop should be configured in a such a way that the resulting NI is close to 1.
RGA-RIA-NI based pairing rules:

Based on the properties of RGA, RIA and NI the following points are crucial for a

decoupled loop configuration:
e Configure the system loop with corresponding RGA close to one, [11].
e RGA elements must be positive.

Large RGA elements are not appropriate for loop configuration [49].

NI must be positive and close to one, [18] & [70].

Configure the system loop such that all the RIA elements are close to zero, [69].

All the RIA elements should be greater than -1 and the elements close to -1 should

be avoided, [69].

For ease of notation the loop configurations will be denoted as follows:

U — Y1, U2 — Y2,U3 — Y3 = UYq93
UL — Y1, Uz — Y3, U3 — Y2 = UY139
Ur — Y2, U2 — Y1, U3 — Y3 = UYgi3
U — Y2, U2 — Y3, U3 — Y1 = UY93y
UL — Y3, Uz — Y1, U3 — Y2 = UY319

U — Y3, Uz — Y2,U3 — Y1 = UY39

The RIA and NI values for the six different loop configurations of the MIMO system
in (5.4) are shown in Table 5.2.

Following the RGA-RIA-NI based rules uy,q3, Uy139, Uyss; & uysy, are not recom-
mended and only two loop configurations, namely, uy213 & uys, can be selected. Similar

to the RGA, two pairing candidates satisfy the pairing rules. In order to choose the best
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Table 5.2: Loop configurations and their respective RIA, NI & ®,,,;,,(G1(s))

Loop Configurations RIA NI i (G)
uY123 diag(-2.0750, 0.3437, -0.1568)  1.7917  2.5755
Uy132 diag(-2.0750, -2.0750, -2.0750) -0.6719  6.2250
uy213 diag(-0.1568, -0.1568, -0.1568) 1.5926  0.4704
UY231 diag(-0.1568, -2.0750, 0.3437)  1.7917  2.5755
uys12 diag(0.3437, -0.1568, -2.0750)  1.7917  2.5755
uys21 diag(0.3437, 0.3437, 0.3437)  5.3750  1.0311

pair for a decoupled loop configuration an overall interaction measure based on RIA is

proposed in [69] given as follows:

Cpin(G) = min Y _ |¢h| (5.12)

where gbfj denotes the paired RIA elements corresponding to the k% loop configura-
tion. This interaction measure identifies the pairing with the minimum overall interac-

tion. (5.12) can also be expressed in terms of its respective RGA elements as follows.

, 1
mznZ|E—1| (5.13)
ij
Hence the following statement can be added to the RGA-RIA-NI set of rules [69].
e Configure the system loop for which, ®,,;,(G) is minimum

From Table 5.2, it can be inferred that the loop configuration corresponding to w45
is the most decoupled system as it has the least overall interaction based on RIA in
addition to satisfying the RGA-RIA-NI set of rules. The RIA and NI measures do not
provide much insight about the subsystem interactions than the RGA, although they
provide valuable alternative points. This is mainly due to the fact that RGA, RIA

and NI analyze the system at steady state, but otherwise the interactions may vary at
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different operating frequencies. To address this issue the concept of Dynamic Relative
Gain Array (DRGA) was introduced by Witcher & McAvoy [65] in 1977. It is basically

an extension of RGA [11] defined as follows:

DRGA(G) = G(jw) @ G(jw)~ (5.14)

The DRGA is a computationally involved approach which overcomes the limitations
of the static RGA by considering the effects of the system dynamics. However, RGA
is independent of controller design, but these features are lost in DRGA which depends
on the controller structure [12] & [58]. To combine the advantages of both RGA and
DRGA and overcome their deficiencies the concept of ERGA was proposed by Xiong et

al in 2005 [68] and will be discussed in the following section.

5.2.5 Effective Relative Gain Array

ERGA is an extension of RGA, wherein two factors are considered namely, the steady
state gain and the response speed or the system bandwidth. ERGA utilizes both these
information in providing a measure of the subsystems interaction. The steady state gain
reflects the effect of the manipulated variable u; on the controlled variable y; and the
response speed accounts for the sensitivity of y; to u; indicating the interaction rejection
ability of the plant. The notable feature of ERGA is that it is controller independent and
suggests a loop configuration with minimal interaction within the interested frequency

range both statically and dynamically and is defined as follows [68]:

Gy = 24 (5.15)

where e; ; is the effective gain for a particular transfer function when all other loops

are open, given by
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WB, i,j
o= a0 [ bl (5.16)
NS 0 >
steady state gain g

response speed

where wp, ;; for 7,7 = 1,2, ..,n are the bandwidth of the transfer function g?j (Jw).

The bandwidth of a transfer function are the frequencies from which the steady state
gain is attenuated more than 3 dB i.e.

9i;(Jws, ij) = gl\]/(;) (5.17)

To simplify the calculation the integration of e;; is approximated by a rectangular area

and e;; is given by [68]:

€i,j ~ gi,j<0)wB, 1,7 for Z?] = 17 27 ey 1 (518)

¢;; is the effective gain between the controlled variable y; and the manipulated
variable u; when all other loops are closed.

In terms of matrix the effective gain can be expressed as follows:

E=G0)®Q (5.19)
where ~ .
g11(0)  912(0) ... g1a(0)
G(0) = 921(0)  g22(0) ... g2,(0) (5.20)
| 9n1 (0) gn2(0> S gnn(o) i

and
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Wp11 WRB12 ... WBIn
Wp21 WRB22 ... WBRB2n

Q= (5.21)
WBn1 WBn2 ... WBnn

Finally, in terms of matrix the ERGA is given by

Cll C12 s Cln
T(G) - E ® EiT _ C21 C22 s Cll (522>
| Cnl Cn2 s Cnn ]

As both RGA and ERGA use relative gains, the properties and implications of RGA
discussed earlier can be extended to ERGA. Similar to the RGA-RIA-NI based pairing
rules the ERGA-NI based pairing rules can be summarized as follows [68]:

ERGA-NI based pairing rules

1. Configure the system loop with corresponding ERGA elements closest to one and

are positive.
2. Large ERGA elements should be avoided.

3. NI must be positive.

The corresponding ERGA matrix for the system described in (5.4) is given as follows:

0.0554 0.6977 0.2468
T(Gi(s)) = | 0.6977 0.2468 0.0554 (5.23)
0.2468 0.0554 0.6977

From the above ERGA matrix for the system in (5.4), the loop configuration corre-
sponding to uy,;5 satisfies the ERGA-NI set of rules, primarily the rule of being closest

to 1 [68] and suggests uy4;4 as the most decoupled loop configuration. In the next section
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another measure of interaction called the Effective Relative Energy Array is discussed

which complements ERGA.

5.2.6 Effective Relative Energy Array

EREA is an extension of ERGA proposed by Naini et al [35] in 2009. Similar to the
case of ERGA both the steady state gain and response speed are utilized in calculating
subsystem interactions of a coupled system. The effective energy of a particular transfer

function is defined as follows [35]:

efij = 19,(0)]9:;(0)ws, i (5.24)

where wp, ;; for i, j = 1,2,..,n are the bandwidth of the transfer function ggj (jw). The

effective energy matrix is calculated as follows:

F =|G(0) ® G(0) ® Q (5.25)
where
9] 1920)] - 191 (0)] |
o= | 19201 19200 o) 0
1900 1920 . lgun(0)] |

and € is the bandwidth matrix defined in (5.21)

In terms of matrix the EREA is given as follows

NG =FeF " (5.27)

The EREA matrix also possesses the important property of rows and columns sum-
ming to one. Similar to the cases of RGA-RIA-NI and ERGA-NI, EREA-NI based loop

configuration rules have been proposed in [35] and are discussed below:
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EREA-NI based pairing rules

1. Configure the system loop with corresponding EREA elements closest to one and

are positive.
2. Large EREA elements should be avoided.

3. NI must be positive.

The corresponding EREA matrix for the system described in (5.4) is given as follows:

0.0556 0.8179 0.1264
T(Gi(s)) = | 0.8179 0.1264 0.0556 (5.28)
0.1264 0.0556 0.8179

From the above EREA matrix for the system in (5.4), the loop configuration corre-
sponding to uy,,5 satisfies the EREA-NI set of rules, primarily the rule of being closest

to one [35] and suggests uy,;5 as the most decoupled loop configuration.

Therefore, ERGA and EREA pairing rules complement each other and in certain cases
EREA measure can provide valuable insight and suggest an acceptable loop configu-
ration while ERGA may guide us to an improper loop configuration. This has been
demonstrated with an example in [35].

Based on the existing interaction measures and their guidelines, one can configure a sys-
tem towards more coupling by following the "counter” pairing rules of RGA, RIA, NI,
ERGA & EREA discussed before. In this case the input-output pair should be chosen

such that:

1. RGA, NI, ERGA & EREA are farthest from one or negative.

2. RIA is close to -1 or farthest from zero.
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Table 5.3: Existing interaction measures for G(s)

—0.2010 1.2024 —0.0014
RGA: A(Ga(s)) = | 15941 —0.3623 —0.2318
—0.3931  0.1599  1.2332

NI —4.0544, NI

UY132

—21.8037, NI

UY213

= 0.6757

UYi123

NI = —3.6039, NI = —8.6494

UY231 UY312

— 8.7575, Nl
~5.9759 —0.1683 —701.6000
RIA: ®(Gy(s)) = | —0.3727 —3.7604 —5.3140
—3.5439 52554  —0.1891

Boyrs = Prnin(Ga(s)) = 0.7301
0.0053  0.6855  0.3092
ERGA:  T(Gafs —0.1257  0.3277  0.7980
11204 —0.0132 —0.1072

0.0184  0.5852  0.3965
EREA: T1(Gsy(s)) = | —1.8893 04302  2.4591
2.8709 —0.0154 —1.8556

Example 5.2.2 Consider a transfer function model, Go(s) given by [41]

Y1 Uy
yo | = Ga(s) | uy (5.29)
Y3 Uus
where
i 0.4 A(s +3) —2 :
(s+1)2 (s+5)(s+2) s+4
2 2 1
W= Grer) (rop 12 (5:30)
_O(=s+1) 4 8
L (s+5)(s+4) (s +3)2 (s+2)(s+5)

Table 5.3 shows the existing interaction measures for the MIMO system in (5.29).

The RGA-NI-RIA pairing rules suggest uy,,5 as being close to decoupled [27] & [41].
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The ERGA-EREA pairing rules suggest pairing wuy,s; but their corresponding NI is
negative. [41] have used the approach of Participation Matrix (PM) in suggesting uys13
as the most decoupled pair. The system structure towards coupling cannot be accurately
known from the existing measures following the "opposite” rules and can be any one from
the six possible pairs. A system configured towards coupling and decoupling can be
accurately known by its simulation and assessing its response in terms of a performance

measure to be defined in the next section.

5.3 RMSE based Performance Measure

(=13

Yo

u RMSE

Pl M

Ym

Figure 5.1: RMSE based plant-model performance measure in open-loop

In this section a performance measure is defined which illustrates the decoupled
and coupled system configuration based on the simulation of the system and its model.
RMSE is used as a performance measure in identifying the system configured towards
decoupling and coupling. Fig. 5.1 shows the plant (G) and its model (M). Actuator
degradation is considered in this work. Hence, when there is no actuator degradation,
M = @ in the simulation.

Aoy is the input effectiveness matrix given as follows:

dbon 0 0 O

0 60[2 0 0
Aop = (5.31)

0O 0 ... 0

0 0 0 don
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Table 5.4: RMSE for different system configurations and Agy, for Ga(s)

System configuration

RMSE Aor, = diagl011] App =diag[l 01] Apy = diag[110]
0.3940 1.1918 0.4969
Cuy123 0.9875 0.4950 0.4962
0.2979 0.1467 0.7932
0.3940 0.4969 1.1918
Cuy132 0.9875 0.4962 0.4950
0.2979 0.7932 0.1467
1.1918 0.3940 0.4969
Cuy213 0.4950 0.9875 0.4962
0.1467 0.2979 0.7932
1.1918 0.4969 0.3940
Cuy231 0.4950 0.4962 0.9875
0.1467 0.7932 0.2979
0.4969 0.3940 1.1918
€uy312 0.4962 0.9875 0.4950
0.7932 0.2979 0.1467
0.4969 1.1918 0.3940
Cuy321 0.4962 0.4950 0.9875
0.7932 0.1467 0.2979
Y= [Up1 Yp2 - ypn]T is the plant output and y,, = Y1 Ymz - - ymn]T is the

model output. RMSE between the plant and its model is given by the following relation:
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1>
=] -
[ =

e1 ‘ (Yp1 (1) — Yma ()2
er 2 %\ > l02(0) = i)
= (5.32)
A1 N )
En = N\ ;[ypn@) - ymn(l)]

A
e= ey, €2, ..., €]

where N is the number of sampling points.

When a system structure is closer to decoupling an output will largely depend on its
respective input and be less affected from other inputs. A structure closer to coupling
is affected from other inputs as well as its respective input. The actuator effectiveness
array Aoy in (5.31) is selected such that only one input is faulty. For a system structure
closer to decoupling the channel with faulty input will have the maximum error and the
structure closer to coupling will have the minimum error given in (5.32).

Table 5.4 shows the RMSE values for the six possible loop configurations of the
MIMO system described in (5.29) with the input effectiveness matrix defined in (5.31).
It can be observed from Table 5.4 that for the system structure uy.13 the RMSE for a
channel is maximum in comparison to the other loop configurations, when its respective
input is zero i.e., for the input-output pair uysi3, e = 1.1918 when u; = 0, e5 = 0.9875
when us = 0 and e3 = 0.7932 when us = 0. Hence the RMSE based performance
measure confirms the system structure wuyo3 as the most decoupled configuration. It
should be recalled that the (RGA-NI-RIA) based pairing also recommends uys13 as the
most decoupled configuration, whereas (ERGA-EREA) based pairing recommends 231

as more towards decoupling. In order to find the system structure towards coupling,
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we look for the channel with minimum RMSE value when its respective input is set
to zero from Table 5.4. In this case the RMSE will be minimum because the output
will depend more on other channel inputs rather than its corresponding input. The
system structure uy;3s has the minimum RMSE namely, e; = 0.3940, when u; = 0
and e3 = 0.1467, when uz = 0. Although ey in uy3; is greater than ey in uys3s, i.e.
0.4962 > 0.4950 but the difference is negligible when compared to e3 in uyi3s & uyias3,
i.e. 0.1467 < 0.7932. Hence in comparison the RMSE is minimum for uy;30 when Agy,
is varied. This illustrates that wuy;3o is the most coupled configuration. However this
cannot be inferred from the existing measures using the "counter” pairing rules discussed

previously.

5.4 H,, Norm based Interaction Index

In this section, a new index called as Relative Dependency Index (RDI), and RDI Array
(RDIA), is introduced. The proposed index shows the relative dependency of an output
upon an input of an open and closed-loop MIMO system. It is efficient in providing

information in MIMO systems to help facilitate:

1. Decoupling in open-loop stable systems.
2. Decoupling in closed-loop systems.

3. Predicting channel vulnerability in case of actuator degradation for open and

closed-loop systems.

5.4.1 Decoupling in Open-loop Stable System

Relative Dependency Index: The RDI for the MIMO system G(s) in (5.1) is defined

as follows, for the pair of i'® output and j** input:

- 1935 (5)| o
i 11gi1(8) -+ gij—1(8) gij+1(8) - - Gim(9)]]l o (5.33)
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fij =00, 1f [gi1(s) ... gij—1(5) gij+1(S) ... gin(s)] is a zero transfer function vector. f;
shows the relative dependency of the i output upon the j input of a MIMO system.
The constant matrix f(G) = [fij], fori,j =1,..,nis called RDIA of G(s) in (5.1). With
f(@), structure configuration of G(s) can be inferred. The following procedure can be
followed in studying the open-loop interactions of the system.

Near-decoupling configuration procedure of an open-loop system

1. Calculate the RDIA, f(G), for the MIMO system G(s).
2. Select the largest element of f(G) for the i*" row, say f; ;.
3. Permute the i output and the j* input to the first output and input, respectively.

4. Repeat the above steps over the bottom-right (n — 1) x (n — 1) sub-matrix of

permuted f(G).

Consider the MIMO system Gs(s) in (5.29), an example taken from [41]. The RDIA

for G5(s) defined in (5.33) is given as follows:

0.3077 1.8741 0.3953
RDIA : f(Ga(s)) = | 1.4142 0.4472 0.4472 (5.34)
0.8406 0.1734 1.1687

The RDIA for G5(s) in (5.34) shows the relative dependency of i*" output upon the

4t input as follows:
1. y; predominantly depends on us and less depends on u;.
2. yy predominantly depends on u; and less depends on both us and ws.

3. y3 predominantly depends on us and less depends on us.

Therefore, the near decoupling configuration procedure suggests uys13 system struc-

ture more towards decoupling
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In order to verify the veracity of RDIA, it can be compared with the RMSE based
performance measure shown in Table 5.4. Since y; largely depends on usy, the error e;
in e,y123 will be maximum when uy = 0, i.e. (1.1918 > 0.3940 & 0.4969). In a similar
manner from the RDIA, it is known that y, largely depends on uq, so the error e; in
€uy123 Will be maximum when u; = 0, i.e. (0.9875 > 0.4950 & 0.4962) and as y3 mainly
depends on wug, the error e in ey,103 will be maximum when uz = 0, i.e. (0.7932 >
0.2979 & 0.1467). For the system configuration towards minimal input dependence, the

following can be inferred from Table 5.4:

1. As y; minimally depends on u; and the error e; in e,123 will be minimum when

uy = 0, i.e. (0.3940 < 1.1918 & 0.4969).

2. As y3 minimally depends on ug, so the error es in eyy123 will be minimum when

us = 0, i.e. (0.1467 < 0.2979 & 0.7932).

Hence the RMSE based performance measure also shows that the system structure
uyo13 is decoupled.

The existing interaction measures (RGA, NI, RIA, ERGA & EREA) and its asso-
ciated guidelines aiming to decouple a system or the "counter” guidelines leading to a
coupled system structure are inconsistent in configuring the system structure and un-
derstanding the effect of 5% input upon the #*" output. The RDI and RDIA overcomes
these limitations and is efficient in studying the MIMO system interactions. This is
further demonstrated by the following examples.

Example 5.2.3 Consider the two-input-two-output linearized transfer function

model of a two product distillation column given in [20] as follows:

= G3(5) (535)

where
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Gils) = 9aal(s) - gae() (5.36)

Ged(8)  Gee(s)

0.012441(s + 0.2247) (s + 0.07857) (s> + 1.14s + 2.355) (s> + 12.245 + 93.58)

9aa(5) = T 788)(s + 0.2536) (s + 0.07541) (5 -+ 0.005154) (52 + 1.3285 + 3.133)
(s) = LOIBTT2(s — 32.12)(s + LIST)(s +0.2315)(s +0.09287)(* + 1315 + 3.16)
9ael3) = T 1788 (s + 0.2536) (s + 0.07541) (s + 0.005154)(s2 + 1.328s + 3.138)
ps) = L0T0I2(s +0.2082)(s + 0.07361)(s* — 35785 + 4.237)(s? — 2.374s + 1169
ed =

(s + 1.788)(s + 0.2536)(s + 0.07541)(s + 0.005154)(s2 + 1.3285 + 3.138)

~0.0055124(s — 181.3)(s + 1.229) (s + 0.2169) (s + 0.06691) (s> + 1.328s + 3.407)

9ee(8) = 7 7788)(5 1 0.2536)(s T 0.07541) (5 + 0.005154) (52 + 1.3285 + 3.133)
(5.37)

o y,: distillate

e y.: bottom product composition
o u,: reflux flow

e u,: boilup flow

The detailed nonlinear and linearized dynamic model of the distillation column can
be found in [20]. The distillation column given in (5.35) has two possible structure

configurations and for ease of notation will be denoted as follows:

Ud = Yd; be — Ye = UYde (5.38)
Ud = Ye; Ue — Yd = UYed
Table 5.5 shows the existing interaction measures for the distillation column given
in (5.35). In order to configure the system towards decoupling based on (RGA, RIA,
ERGA & EREA), the corresponding interaction measures should be close to one and

large interaction elements have to be avoided [49], [68] & [35]. This would lead to
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Table 5.5: Existing interaction measures for G5(s)

36.8720 —35.8729
RGA: A(G3(8>):(_35.8729 36.8729)

N1, =0.0271, NI, =—0.0279

—0.9729 —1.0279
RIA:  ®(Gs(s)) = ( —1.0279 —0.9729 )

)

O, (G3(s)) = 1.9458

UYde

34.1568 —33.1568
ERGA: T(Gg(s))Z(—sg.ms 34.1568)

EREA: 1(@3(8)):( 17.9847  —16.9847 )

—16.9847  17.9847

a dubious situation as all the interaction measures have large elements for both the
diagonal (uy,.) and off-diagonal (uy,.) system structure in Table 5.5. However the NI
and RIA based system structure with minimum overall interaction given in (5.12) would
suggest uyg. as decoupled and wuy.q as the coupled system structure. The RDIA for
Gi3(s) defined in (5.33) is given as follows:

1.0150 0.9852
RDIA : f(Gs(s)) = (5.39)
0.9852 1.0126

The RDIA based system interaction guidelines points out the following:

1. y4 predominantly depends on u, and less depends on ..

2. y. predominantly depends on u, and less depends on u,.

Therefore the RDIA based near decoupling configuration procedure suggests uyg. as
more towards decoupling.

The RMSE based performance measure for Gs(s) in (5.35) is shown in Table 5.6. yq4
largely depends on u4 and g, largely depends on u.. Therefore, the error e; in e, will

be maximum when u; = 0, i.e. (32.5251 > 31.5970) and the error ey in e, will be
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Table 5.6: RMSE for system configurations of G3(s)

System configuration

RMSE Apr = diagl0 1] App = diag[1 0]
32.5251 31.5970
Cuyae 40.1171 41.8090
. 31.5970 32.5251
Uled 41.8090 40.1171

maximum when u, = 0, i.e. (41.8090 > 40.1171). For the system configuration towards

minimal input dependence, the following can be inferred from Table 5.6:

1. As y4 minimally depends on ., the error e; in e,,, will be minimum when u, = 0,

i.e. (31.5970 < 32.5251).

2. As y. minimally depends on ug4, the error ey in e,,, will be minimum when u4 = 0,

i.e. (40.1171 < 41.8090).

Hence the RMSE based performance measure also shows that the system structure

Uy is decoupled.
Example 5.2.4 Consider a transfer function model for a pilot scale, binary distilla-

tion column used to separate ethanol and water given by [13]

Ya Uq

g | =Gals) | w (5.40)

Ye Uc
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where
0.66¢~26s —0.61e735 —0.0049¢ 3
6.7s +1 8.64s + 1 9.06s + 1
1.11¢7 655 —2.36e73° —0.012¢~ 128
Gal(s) = € ¢ e (5.41)
3.25s +1 5s +1 7.09s + 1

—33.68¢ 72 46.2¢%%  0.87(11.61s + 1)e*
8.155 + 1 109s+1  (3.89s+1)(18.85s+ 1) |

where y, is the overhead mol fraction of ethanol, ¥, is the mol fraction of ethanol in
the side stream, and . is temperature on Tray 19; u, is the overhead reflux flow rate,
up is side stream draw-off rate, and wu, is reboiler steam pressure. The detailed model
of the distillation column can be found in [37]. Table 5.7 shows the existing interaction
measures for the distillation column described in (5.40). The RGA, NI, RIA, ERGA and
EREA pairing rules suggest the system structure uy23 as being close to decoupled [27]
& [13]. The system structure towards coupling cannot be accurately known from the
existing measures following the "opposite” rules described previously and would possibly

be any one from (uyi3s/uye13/uyas1 /uysiz/uysa1)-

The RDIA for G4(s) defined in (5.33) is given as follows:

1.0819 0.9242 0.0055
RDIA : f(Gu(s)) = | 0.4703 2.1260 0.0046 (5.42)

0.7289 1.3713 0.0152

The RDIA for G4(s) in 5.42 shows the relative dependency of it output upon the

4 input as follows:
1. y, predominantly depends on u, and less depends on ..
2. y, predominantly depends on u; and less depends on ..

3. y. predominantly depends on u; and less depends on ..
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Table 5.7: Existing interaction measures for G4(s)

1.9454 —0.6737 —0.2718
RGA: A(Gy(s)) = | —0.6643 1.8991 —0.2348
—0.2811 —0.2254 1.5065

N3 = 0.3752, NIz = —1.3896, NI,3 = —0.8632
NIuy231 = 206257 N[uy312 = 20235, Njuyggl = —13055
—0.4860 —2.4844 —4.6794
RIA:  ®(Gu(s)) = | —2.5053 —0.4734 —5.2598
—4.5573 —5.4361 —0.3362
Duy123 = Prin(Ga) = 1.2956
23338 —1.1017 —0.2321
ERCGA: T(Gu(s)) = | —0.8550 2.0366 —0.1816
—0.4788 0.0651  1.4138
1.3507 —0.2851 —0.0657

EREA: TI(Gu(s)) = | —0.2621 1.3040 —0.0420
—0.0887 —0.0190 1.1076

Table 5.8: RMSE for system configurations uy,23 and Agy, for G4(s)

System configuration

0.6260 0.5699 0.0046
Cuy123 1.0503 2.2537 0.0114
30.5892 41.2788 0.8131

Table 5.8 shows the RMSE based performance measure for the system structure
uyq03 for all possible values of Apy. From Table 5.8, it can be inferred that since
Yo largely depends on wu,, the error e; in e,y123 will be maximum when u, = 0, i.e.
(0.6260 > 0.5699 & 0.0046). In a similar manner from the RDIA in (5.42), it is known
that y, largely depends on us, so the error e in e,,123 will be maximum when u;, = 0, i.e.
(2.2537 > 1.0503 & 0.0114) and as y. mainly depends on uy, the error es in e,,123 will be

maximum when u, = 0, i.e. (41.2788 > 30.5892 & 0.8131). For the system configuration
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y
K—PG—‘

Figure 5.2: Multivariable output feedback control system
towards minimal input dependence, the following can be inferred from Table 5.8:

1. As y, minimally depends on u. and the error e; in e,;123 will be minimum when

ue = 0, i.e. (0.0046 < 0.6260 & 0.5699).

2. As y, minimally depends on ., the error e, in e,,123 will be minimum when u. = 0,

i.e. (0.0114 < 1.0503 & 2.2537).

3. As y. minimally depends on ., the error es in e,,;123 will be minimum when u. = 0,

ie. (0.8131 < 30.5892 & 41.2788).

Therefore, the near decoupling configuration procedure suggests uy,23 system struc-

ture more towards decoupling

5.4.2 Decoupling in Closed-loop System

The general block diagram of a multivariable output feedback control system is shown
in Fig. 5.2, where G is given by (5.1), K is the multivariable stabilizing controller which
can have a centralized or decentralized form. wu is the control input, r is the reference

input and e is the error signal. y is the closed-loop system output given by:

Y= [(Inxn + GK) 'GK|r = Gr = [gi]r for i,j=1,..,n (5.43)

where I,,xp, 2 Diag|1],xn

Then

19,5 ()l o
11gi1(8) -+ Gij—1(8) Gijr1(8) - - Gim(8)]ll

>

(5.44)

Mij =
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mi; = 00, if [gi1(s) ... Gij—1(5) Gij+1(8) ... Gin(s)] is a zero transfer function. m, ;
shows the relative dependency of the i"® output upon the j* input of a closed-loop
MIMO system. The constant matrix m(G) 2 [m;j], for i,j = 1,..,n is called the
RDIA of G(s) in (5.43). With m(G), structure configuration of G(s) can be inferred.

The following procedure can be followed in studying the closed-loop interactions of the

system.

Near-decoupling configuration procedure of a closed-loop system

1. Calculate the RDIA, m(G), for the closed-loop MIMO system G(s).
2. Select the largest element of m(G) for the i row, say m; ;.
3. Permute the 7' output and the j** input to the first output and input, respectively.

4. Repeat the above steps over the bottom-right (n — 1) x (n — 1) sub-matrix of

permuted m(G).

Example 5.2.5 Consider the methanol-water distillation column of Wood and Berry

(1973) [67] given by:

ZL’D(S) _ PU(S) P12(S) R(S) (545>
zp(s) Pyi(s) Paa(s) S(s)
P(s)
where 12.8 18.9¢73
8e™? —18.9¢77%
P = P -
n(s) = e )= 5
(5.46)
6.6e77¢ —19.4e 3
Py(s) = —o Ppys) = ——
n(s) = oos 1 20T T

The detailed dynamic model of the distillation column can be found in [67] and will be

discussed briefly in this chapter.
e zp(s): overhead product composition

e x5(s): bottom product composition



135 5.4 H,, Norm based Interaction Index

Py (s): direct process transfer function (tf), relating overhead composition to re-

flux flow

Pio(s): interacting process tf, relating overhead composition to steam flow

Py (s): interacting process tf, relating overhead composition to steam flow

Pys(s): direct process tf, relating bottom composition to steam flow

e R(s): reflux flow rate

S(s): steam flow rate

[22] in 1997 proposed two multi-loop Proportional-Integral (PI) controllers used
to control the multivariable process P(s) in (5.45) based on gain and phase margin

specifications. The PI controller values were found to be [22]:

. 1 1
Geal(s) = diag [0.57 (1 + 20‘705) ,—0.11 (1 + 12.883)] (5.47)

. 1 1
Gea(s) = diag [0.38 <1 + 21'6%) ,—0.07 <1 + 14.8()3)] (5.48)

The closed-loop transfer function from the reference input to the system output for
the multivariable process P(s) in (5.45) with the PI controller G.(s) and G.(s) given

in (5.47) and (5.48) can be written as follows:

D ~ T1
=P, (5.49)
B T2
where
Py 2[(I+PGy) PGy fori=1,2 (5.50)

For ease of notation the closed-loop structure configuration of (5.49) will be denoted as

follows:
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™ —Ip,T2 —TB = ITDB

' —ZB,T2 —XTp = ITBD
The RDIA for P.; in (5.50) from (5.44) can be written as follows:

i 5.3104 0.1883
RDIA : m(P,) =

0.5586 1.7902

(5.51)

. 5.2735 0.1896
RDIA: m(Ps) =

0.5259 1.9015

The RDIA for P,; and P in (5.51) shows the relative dependency of i output upon

the 5% input as follows:

1. For both ﬁ’cl and PCQ, xp predominantly depends on r; and z depends on r, and

2. xp minimally depends on ry and xp minimally depends on 7.

The RDIA based procedure for the closed-loop system P,.; in (5.49) suggests that
for both the controllers G.; and G., xrppg is closed to being decoupled and xrgp is
close to being coupled. Similar to the case of open-loop, the veracity of RDIA for the
closed-loop systems is verified with a performance measure which suggests the decoupled
and coupled configuration based on the simulation of the closed-loop system and its
respective model.

RMSE based performance for closed-loop systems

Fig. 5.3 shows the multivariable process discussed in (5.45) with the PI controllers,
Ge and G in (5.47 & 5.48). Py = P is the model of the multivariable process. A¢p,

is the input effectiveness matrix given as follows:

der 0 0 O

0 5cl2 0 0
Aop = (5.52)
0O 0 ... 0

0 0 0 Odun
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Figure 5.3: RMSE based plant-model performance measure in closed-loop

[xp xp]l I8 the plant output and [xp,, 5,7 18 the model output. [r1 ro]T
is the reference input. RMSE between the plant and its model is given by the following

relation:

Al . A\2
€p = N\ ;(xD(Z) - xDIM(Z))
(5.53)
Al . Y2
€ = N\ ;(CL’B(Z) - xBM@))

where N is the number of sampling points.

As in the case of open-loop stable systems, the closed-loop system structure closer to
decoupling will be less affected from other channel inputs, whereas a coupled structure
is more influenced from other inputs. The input effectiveness array Acy in (5.52) is
selected such that one input is zero alternatively. For a closed-loop system structure
closer to decoupling the channel with no input will have the maximum error and the
structure closer to coupling will have the minimum error given in (5.53).

Tables (5.9 & 5.10) shows the RMSE values for the two loop configurations namely,
xrpp and zrgp for the multivariable process described in (5.45) with the input effec-
tiveness matrix defined in (5.52). It can be observed from tables (5.9 & 5.10) that for

the system structure xrpp, ep is maximum when r; = 0, i.e. (0.9672 > 0.0271) and
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Table 5.9: RMSE for system configurations of P.;(s)

System configuration

RMSE Acp = diag[01] Acyp = diag[1 0]

. ep = 0.9672 ep = 0.0271
bB eg = 0.0314 ep = 0.9344

. ep = 0.0271 ep = 0.9672
BD ep = 0.9344 eg = 0.0314

Table 5.10: RMSE for system configurations of P(s)

System configuration

. ep = 0.9504 ep = 0.0433
DB eg = 0.0563 ep = 0.8857
. ep = 0.0433 ep = 0.9504
BD ep = 0.8857 eg = 0.0563

(0.9504 > 0.0433) as xp predominantly depends on r; and similarly ep is maximum
when ro = 0, i.e. (0.9344 > 0.0314) and (0.8857 > 0.0563) as xp predominantly de-
pends on 75. Hence this verifies that xrpp is close to being decoupled. In a similar way
ep is minimum when ry, = 0, i.e. (0.0271 < 0.9672) and (0.0433 < 0.9504) as xp mini-
mally depends on 75 and similarly ep is minimum when r; = 0, i.e. (0.0314 < 0.9343)
and (0.0563 < 0.8857) as xp minimally depends on 7. Hence this shows that zrpp is
close to being coupled. A similar analysis based on the existing interaction measures
such as RGA, RIA, ERGA & EREA and their associated guidelines would give incon-
sistent results as they are based on open-loop stable systems and cannot be applied to
a multivariable system in closed-loop. This inadequacy is overcome in RDI and RDIA
which is a simple and useful interaction measure and enables one to study closed-loop

interactions of MIMO systems. The examples discussed so far illustrate the effective-
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ness of RDI applied to distillation columns with the flexibility of input-output pairing
or structure configuration. However this may not be possible in many dynamic systems.
In such a case, the RDI becomes a useful tool in investigating a channel vulnerability
to actuator faults and failures by identifying the least and most vulnerable channel to

actuator failures and is discussed in the next section.

5.4.3 Predicting Channel Vulnerability in Case of Actuator

Degradation for Open-loop Stable Systems

Figure 5.4: Open-loop stable MIMO system with actuator uncertainty

The general block diagram of an open-loop stable MIMO system with actuator un-
certainty is shown in Fig. 5.4, where G is a stable MIMO system given by (5.1). u, is
the system input with actuator uncertainty Ay, incorporating the actuator degradation

as follows:

S 0 00

0 bpp 0 0
A = 12 (5.54)
0 0 ... 0

0 0 0 b

where 0 < 64;; < 1. dp; = 0 and dy;; = 1 implies no and maximum actuator fault in
the i*" channel. r, is the reference input and 7, is the open-loop stable system output

given by:
Yo = G(I — Ap)r, (5.55)
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The transfer function from the output y, to the uncertain actuator input u, can be

written as follows:

Yo = G, = [pij]u, fori, j =1,..,n (5.56)

15,5 (s) |l
[1Pi1(5) - - Dij—1(8) Pijr1(8) - - Pim ()l oo

>

i, (5.57)

Gij = 00, if [Pi1(s)...Dij—1(s) Dij+1(s) ... Din(s)] is a zero transfer function. ¢ ;
shows the relative dependency of the *" output upon the j* actuator input. The
constant matrix ¢(G) £ (@i, for 4,5 =1, ..,n is called the RDIA of G(s) in (5.55).

In the case of actuator degradation consideration, we don’t desire the system to be
decoupled, otherwise one of the outputs will be totally or majorly lost. Rather, we
want to spread out the dependency of the outputs over all the input channels. Hence,
when one actuator fails, the outputs would be affected, but hopefully the effect would
be reduced to minimum. In the scenario that one actuator is particularly vulnerable to
faults/failures, the problem is which input channel should be selected for this actuator.
For this purpose it is necessary to introduce another index, Input Impact Index (i.i.1.),
which reflects how each actuator input influences the system outputs and is naturally
based on RDI. Input impact index can be defined in different ways. The following is
one of them.

Input Impact Index: The i.i.i. of the j/ input channel is defined as, for
j=1,....n.

2

Poj = MaxX {Gi;} (5.58)

With such defined input impact index and following a minmax approach, the input
channel ¢, which would produce least impact on the system outputs in the case of

actuator degradation could be selected as
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€o 2 arg min{p,; } (5.59)
{j=1,...,n}

The following procedure can be followed in studying the closed-loop interactions of
the system from actuator to the system output.
RDI-i.1.1. based procedure for studying open-loop stable system interac-

tions in case of actuator degradation
1. Calculate the RDIA, ¢(G), for the MIMO system G(s) from (5.57).
2. Select the i.i.i. for each input channel as defined in (5.58)

3. The degraded channel should be selected with the input channel whose 7.i.7. is

minimum defined in (5.59)

4. In the case that more than one p’s reaching the minimum value, the second largest
RDI in each corresponding columns should be compared and the least one among

those is to be selected. And this procedure can be repeated accordingly.

5. If two columns of g(G) are same, then those two corresponding inputs will have

same impact on the system output.

Consider the transfer function model, G4(s) from example 5.2.4 for a pilot scale,
binary distillation column discussed in equations (5.40-5.41) taken from [13]. The RDIA

for G4(s) can be calculated from (5.57) and is given as follows:

1.0819 0.9242 0.0055
RDIA : G(G4(s)) = | 0.4703 2.1260 0.0046 (5.60)
0.7289 1.3713 0.0152

The i.i.i. for each input channel of G4(s) defined in (5.58) is given as follows:

po1 = 10819, poo = 2.1260, poz = 0.0152 (5.61)



142 5.4 H., Norm based Interaction Index

Then from (5.59), the input channel that would produce the least impact on the

system outputs in case of actuator degradation is given by the following equation.

€o 2 arg min{ p,; } (5.62)
{j=1,2,3}

It can be stated from (5.61-5.62) that the third input would produce the least impact
on the system output in case of actuator degradation. The accuracy of RDIA and i.1.1.
based procedure is verified with a performance measure based on the simulation of the
open-loop system and its model.

RMSE based performance measure in case of actuator degradation for

open-loop stable systems

Figure 5.5: RMSE based performance measure in case of actuator degradation for open-
loop stable systems
Fig. 5.5 shows an open-loop stable plant (G) and its model (P). Ay is the actuator
uncertainty defined in (5.54). y, = [Yo1 Yg2 .. Ygn)* 1s the plant output and y, =
[Yp1 Yp2 - ypn]T is the model output. RMSE between the plant affected from
actuator degradation and its model (free from degradation) is given by the following

relation:

o 2\ () = a0+ .+ (3 = )
when Ay = Diag[0.9,0,0,...,0],xn

(5.63)
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et 24 (0 0) = a0+ -+ ()~ 1)
when Ay = Diag[0,0.9,0,...,0],x,

(5.64)

com 2] (1) = s O+ ..+ (o) = )
when Ay = Diag|0,0,0,...,0.9],xn

(5.65)

where N is the number of sampling points.
In (5.63), epy1 is the RMSE between the plant and its model when the first actuator
degrades by 90%. In a similar manner e, in (5.65) is the RMSE between the plant and

"nth” actuator degrades. Figs 5.6, 5.7 and 5.8 show the open-loop

its model when the
step response when the first, second and third actuators degrade by 90% respectively.
The simulation is run for 200 seconds with a sampling time of 0.01 seconds and the
actuators degrade at 100 seconds. The RMSE plot when the actuators in channels 1, 2
and 3 degrade is shown in Fig. 5.9. It can be inferred that the error is minimum when
there is a degradation in channel-3 and the error is maximum when channel-2 actuator

degrades. The average values of €41, €,52 and e,g3 in (5.63-5.65) can be calculated as

follows

N

ep1 = mean(epg1)

€p2 2 mean(epg2) (5.66)
N

ep3 = mean(epgs)

The average values are found to be

e,1 = 0.4643
€2 = 0.6155 (5.67)
ey3 = 0.0127

From (5.67), the average RMSE values in order of magnitude can be written as
follows, ep3 < ep1 < ep2 Which also suggests that an actuator fault in channel-3 produces

a minimum impact on the overall open-loop system response and an actuator fault in
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Figure 5.7: System response with channel-2 actuator degradation

channel-2 leads to a maximum performance degradation. Hence the RDI-i.i.i. based
guidelines can be effectively used as a tool in predicting a channel vulnerability in case
of actuator degradation in open-loop stable systems. This approach can be extended to

closed-loop systems as well and will be addressed in the next section.
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Figure 5.10: Multivariable output feedback control system with actuator uncertainty

5.4.4 Predicting Channel Vulnerability in Case of Actuator

Degradation for Closed-loop Systems

The general block diagram of a multivariable output feedback control system with actu-
ator uncertainty is shown in Fig. 5.10, where G is the stable or unstable MIMO system
given by (5.1). K is the multivariable controller stabilizing G having a centralized or
decentralized form. wu is the control input with actuator uncertainty A, incorporating

the actuator degradation as follows:

S 0 0 0
0 6n 0 0
A= “ (5.68)
0 0 0
0 0 0 bum

where 0 < ¢; < 1. 9; = 0 and 6; = 1 implies no and maximum actuator fault in the
i" channel. r and e are the reference input and error signal. y is the closed-loop system
output given by:

y=(I+GI - ANK) G - AKr (5.69)

The transfer function from the uncertain actuator input @ to the output y can be

written as follows:

y=[(I +GK)"'Glu=Gu = [glafori,j=1,.,n (5.70)
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1gia(8) - Gij1(5) Gij+1(5) - Gim ()]l

hij = oo, if [§i1(8) ... Gij—1(5) Gij+1(S) ... Gin(s)] is a zero transfer function. h;;
shows the relative dependency of the ¥ output upon the ;¥ actuator input. The
constant matrix h(G) = [hij], for i,j = 1,..,n is called the RDIA of G(s) in (5.70).

Similar to the case of open-loop stable systems considering the case of actuator
degradation, it is not desired that the system to be decoupled, otherwise one of the
outputs will be totally or majorly lost. Rather, we want to spread out the dependency
of the outputs over all the input channels. Hence, when one actuator fails, the outputs
would be affected, but hopefully the effect would be reduced to minimum. In the
scenario that one actuator is particularly vulnerable to faults/failures, the problem is
which input channel should be selected for this actuator. For this purpose the i.7.1.
introduced previously is extended to the case of closed-loop systems which reflects how
each actuator’s input influences the closed-loop system outputs and is naturally based
on RDI. Input impact index can be defined for closed-loop systems as follows:

Input Impact Index for closed-loop systems: For a closed-loop system

the i.i.i. of the j* input channel is defined as, for j=1,...,n.

p; = max {hi;} (5.72)

With such defined input impact index and following a min-max approach, the input
channel € which would produce least impact on the system outputs in the case of actuator

degradation could be selected as

e2 arg min{p;} (5.73)
(=1}

The following procedure can be followed in studying the closed-loop interactions of
the system from actuator to the system output.

RDI-i.1.e. based procedure for studying closed-loop interactions in case
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of actuator degradation
1. Calculate the RDIA, h(G), for the MIMO system G/(s) from (5.71).
2. Select the 4.4.7. for each input channel as defined in (5.72)

3. The degraded channel should be selected with the input channel whose 7.7.7. is

minimum defined in (5.73)

4. In the case that more than one p’s reaching the minimum value, the second largest
RDI in each corresponding columns should be compared and the least one among

those is to be selected. And this procedure can be repeated accordingly.

5. If two columns of h(G) are same, then those two corresponding inputs will have

same impact on the system output.

Example 5.2.6 Consider the linearized spacecraft attitude model in terms of Euler’s
equation of rotational dynamics and the MRP’s stated in (2.28-2.31). It was shown that
this model can be stabilized using the output feedback control law presented in (3.19)

of section 3.6 given as follows:

7 £ T7[Ky(qa — q) — K3 q] (5.74)

In (5.74), T(q) is the Jacobian matrix stated in (2.20) and K, and K3 are given as

follows: .

Ko = diag(20,20,20)

50s 50s 90s
K; = diag |1 1 1 .
3 Z“g{ 00 (s+50>’ 00 (s+50>’ 00 (s+50)} (5.75)

Amrp

erp

>

In Fig. 511, Gpyp = is the linearized spacecraft attitude
C"m'rp Dmrp

model described in (2.28-2.31), A is the actuator uncertainty defined in (5.68), 7 =
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q T
_—i}@—’ I{2 TT Gmrp q >

Figure 5.11: Spacecraft attitude stabilization using output feedback

11 7 73]T is the control input described in (5.74) where K3 and K3 are the con-
troller gains and qq is the desired reference. The closed-loop transfer function from the

uncertain actuator input to the output from Fig. 5.11 can be written as follows:

q = —([Ixs + Gy TT (Ko + K3)| ' Grurp) T = [Gorp) T (5.76)

The RDIA for Gy, in (5.76) from (5.71) can be written as follows:

9.1086 0.0617 0.0928
RDIA : 1(Gurp) = | 0.0516 10.4344 0.0808 (5.77)
0.0849 0.0594 9.7795

The RDIA, h(Gpyp) in (5.77) and the procedure for closed-loop interactions in case

of actuator degradations identifies the i.7.i. for each input channel of ém,.p as follows:

p1=9.1086, po = 10.4344, p3 = 9.7795 (5.78)

Then from (5.73), the first input channel would produce the least impact on the
system outputs in the case of actuator degradation. It is worthwhile to mention that
the objective of i.7.7. and its procedure is not to configure the system structure (actuator-
plant pairing) like the open and closed-loop cases discussed previously, but to familiarize

a control engineer of the channels least and most prone to the actuator degradation



150 5.4 H,, Norm based Interaction Index

(channel vulnerability). For example, we have three d.c. motors which are operating on
a coupled MIMO system and one of the d.c. motor is more likely to breakdown because
of its operational history and durability, then it should be connected to the channel
with least input impact i.e. channel corresponding to € in (5.73). From the procedure
of RDIA and i.i.i., it can be inferred that in example 5.2.6, an actuator degradation
in the first channel would least affect the overall performance of the closed-loop system
and an actuator degradation in the second channel would produce the maximum effect
on the overall performance of the closed-loop system. Similar to the case of predicting
channel vulnerability in open-loop stable systems, we verify the effectiveness of RDIA
and i.7.7. based procedure with a performance measure based on the simulation of the
closed-loop system and its model.

RMSE based performance measure in case of actuator degradation for

closed-loop systems

q
KZ
dq K, l¢—] RMSE
—_— 3
qdm
T
K, T" p1 M,
K, le——

Figure 5.12: RMSE based performance measure in case of actuator degradation for
closed-loop systems

Fig. 5.12 shows the plant (G2) and its model (My), discussed in (2.28-2.31) with the
output feedback control structure 7 described in (5.74). A is the actuator uncertainty
defined in (5.68). ¢ is the plant output and g,, = [Gm1 Gm2  Gms]? 1S the model output.

RMSE between the plant affected from actuator degradation and its model (free from
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degradation) is given by the following relation:

2 £ \/ ((0108) = @1 () + (g2(9) — qm2())? + (g3(2) — @ma(4))?) (5.79)
when A = Diag[0.9, 0, 0]

2 2 ((010) = a0 + (00— 0000)? + (050) = a())) (550
when A = Diag]0, 0.9, 0]

23 £ \/ ((q1(8) = @m1(9))* + (q2(0) = gma(#))* + (g5(i) — qm3(i))?) (5.81)

when A = Diag]0, 0, 0.9]

where N is the number of sampling points.

In (5.79), 21 is the RMSE between the plant and its model in closed-loop when the
first actuator degrades by 90%. In a similar manner (5.80) and (5.81) is the RMSE
between the plant and its model in closed-loop when the second and the third actuator
degrades by 90%. The simulation is run for 120 seconds with a sampling time of 0.01
seconds and the actuators are degraded at 30 seconds. Figs. 5.13, 5.14 and 5.15 show the
attitude stabilization (plant output) when the first, second and third channel actuators
degrade by 90% respectively.

Fig. 5.16 shows the RMSE plot when the actuators in channels 1, 2 and 3 degrade.
It can be inferred from Fig. 5.16 that the error is minimum when there is a degradation
in channel-1 and the error is maximum for a degradation in channel-2. The average

values of 21, z; and z3 in (5.79, 5.80 & 5.81) can be calculated as follows:
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A2 2 mean(zs) (5.82)

The average values are found to be

2N =0.0164
22 = 0.0599 (5.83)
2(3) = 0.0590

In order of magnitude 2z < 2 < 2(®. The performance measure suggests that an
actuator fault in channel-1 least affects the overall performance and an actuator fault
in channel-2 causes the maximum performance degradation.

The following remarks can be stated as a result of the RDIA, i.i.7. and their performance
measure in terms of RMSE.

Remark I: The input channel corresponding to ¢, defined in (5.73) has the least
impact on the system output. Thus, the system would be least affected from the actuator
degradation occurrence on that channel and its RMSE defined in (5.79-5.81) is minimum.

Remark II: The input channel corresponding to v 2 arg max{p; }, has the largest
impact on the system output. Thus, the system would be mgét: 1a&iifgc}ted from the actuator
degradation occurrence on that channel and its RMSE is maximum.

Remark III: The input impact index is defined for each input channel. Hence it is

also useful for non-square systems.

5.5 Conclusions

In this chapter, a new approach for structure configuration of MIMO systems in open
and closed-loop is presented. A simple interaction measure defined in terms of the H,
norm of the individual subsystems known as RDI was introduced. The RDI was shown

to help understand the effect of one input on an output of a MIMO system for open-
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loop stable and closed-loop systems. Simple guidelines were presented in configuring
a system towards decoupling and RDI was shown to overcome the drawbacks of the
existing interaction measures such as RGA, RIA, ERGA and EREA and the ambiguity
associated with them was demonstrated with some examples. The RDI was extended
to ¢.4.7. in predicting the channel vulnerability in case of actuator degradation for open-
loop stable and closed-loop systems. RDI-i.i.i. based guidelines were shown to aid a
control engineer in identifying the least and most vulnerable channel to an actuator
degradation in open-loop stable and closed-loop systems. The effectiveness of RDI and
1.1.9. was illustrated by simulation results and verified using a performance measure
defined in terms of RMSE between the plant and its model. The linearized spacecraft
model stated in chapter 2 and the output feedback control law proposed in chapter 3
were used as an example in testing the RDI-i.i.i. based approach in predicting the
channel vulnerability to actuator degradations and this case study was verified using

the RMSE based performance measure.



Chapter 6

Conclusions

6.1 Accomplishments

This chapter concludes the thesis by summarizing important contributions and accen-
tuates some future avenues of research which may be pursued as a result of this work.

This thesis can be broadly classified into two parts, namely:

1. Attitude stabilization and control of nonlinear rigid space structures.

2. Study of MIMO subsystems interactions for better performance and

fault tolerance.

1. Attitude stabilization and control of nonlinear rigid space structures.

The concept of attitude stabilization and control has been extensively addressed
in the literature wherein the attitude control laws are synthesized based on more
than one measurement i.e. in addition to the attitude, angular velocity or its
rate is assumed measurable. In the event where the angular velocity or its rate
was not measurable the control law was designed to have a velocity generating
filter formulation which made the control structure very complex. The spacecraft
inertia was assumed to be known and if unknown periodic commands were used

for its identification. The literature presented in chapter one briefly discussed such
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techniques. In this thesis, attitude stabilization is achieved by synthesizing control

laws involving just one measurement which is the attitude.

The design problem dealt here is a challenging one, owing to the nonlinear behavior

of the plant involving both the kinematics and dynamics, attitude as the only

measurement available. This would lead one to think that the performance of the

designed controller would be questionable and would be inferior to the previously

mentioned control structures in literature. However, the approach developed and

presented in this thesis achieves its goal of attitude stabilization and control of

nonlinear rigid space structures with simple control design and robust performance

The main conclusions and contributions are now discussed.

(a)

A novel and simple output feedback stabilization approach is proposed for the
nonlinear spacecraft attitude model defined by Euler’s equation of rotational
dynamics and the kinematics in terms of Modified Rodrigues parameters.
The control law is shown to globally asymptotically stabilize the nonlinear
plant and the overall closed-loop stability is proved in the sense of Lyapunov
by proposing a new candidate Lyapunov function. The control structure
involves two loops namely, inner and outer, requires only the plant output to
be measured, does not directly depend on the spacecraft inertia matrix and
is shown to be robust with respect to system parametric uncertainty which

is illustrated by simulation results.

Particle swarm optimization algorithm is used as a tool to infer the optimal
controller parameters based on an objective function minimizing the absolute

value of the attitude error.

The novelty and simplicity of the proposed output feedback control structure
is further demonstrated by comparing it with two robust control approaches
namely, loop-shaping and mixed sensitivity. The robust control approaches
stabilize the linearized plant with a higher control effort when compared

to the proposed output feedback approach. The output feedback controller
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demonstrates good stabilization results for both the linear and nonlinear plant
with limited control input, whereas the loop-shaping and mixed sensitivity
based approaches show poor stabilization results for the nonlinear plant with

a comparatively higher order of controller.

The output feedback control law is modified by reducing the degree of freedom
in the control structure requiring the tuning of six gains instead of the orig-
inal nine gains. The overall closed-loop stability is proved with a Lyapunov
function proving the global asymptotic stability of the modified approach.
Simulation results are illustrated in order to demonstrate the attitude stabi-

lization and time varying attitude tracking of the nonlinear plant.

The output feedback approach is demonstrated in a Quaternion formulation
where the nonlinear spacecraft attitude model is defined by Euler’s equation
of rotational dynamics and Quaternion based kinematics. The output feed-
back control law is shown to globally stabilize the nonlinear model in the
sense of Lyapunov by proposing a new candidate Lyapunov function. Sim-
ulation results are illustrated to demonstrate the attitude stabilization and

time varying attitude acquisition of the nonlinear model.

A case study is presented on a LST model developed by NASA, [44] & [48].
Nonlinear fully coupled dynamic equations of motion of the LST model fit-
ted with reaction wheels are derived by taking into account the nonlinear
coupling terms, inertia tensors and the angular velocity terms neglected in
the original reference [44]. The derived nonlinear coupled dynamic system is
combined with a Quaternion based kinematic model to form a nonlinear atti-
tude model of the LST system with three reaction wheels as actuators. The
LST attitude model was stabilized with a state feedback control law and time
varying attitude tracking was achieved. Simulation results are illustrated to
demonstrate the stabilization and control of the coupled and decoupled LST

models. Single channel attitude stabilization is shown in order to visualize
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the inter-axis coupling.

2. Study of MIMO subsystems interactions for better performance and

fault tolerance.

Structure configuration is a principal task in the design of decentralized control
systems. The objective is to pair the manipulated and controlled variables such
that there is minimum interaction among the input-output channels of a MIMO
system. This has been addressed in the literature by means of various interaction
measures and their associated guidelines such as RGA, NI, RIA, ERGA and EREA.
These measures show inconsistency among each other in the loop configuration of
a system as they either depend on the dcgain of a system such as RGA, NI, RIA
or a limited bandwidth as in the case of ERGA and EREA. They cannot be used
in configuring an unstable system with a controller having a stable closed-loop
system. In order to overcome these drawbacks a simple yet effective interaction
measure and some guidelines were presented which are effective in structure con-
figuration for open and closed-loop systems and clarify the ambiguity associated
with the existing measures. The major conclusions and contributions are now

discussed.

(a) A new measure of interaction known as (RDI) and some guidelines were
presented for the stable open-loop MIMO systems. RDI is defined in terms of
H, norm of the individual subsystems and helps in understanding the effect
of one input on an output. RDI based guidelines were shown to configure a
MIMO system structure towards decoupling and the veracity of this approach
was verified using a performance measure defined in terms of root mean square
error. The effectiveness of the approach was illustrated by simulation results

and the approach was compared with the existing measures.
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(b) RDI was extended to the case of closed-loop MIMO systems. A similar
performance measure was used to verify the RDI based approach and its as-
sociated guidelines in studying the subsystem interactions. Suitable examples

were demonstrated.

(¢) RDI was extended to understand the vulnerability of fault and failure and
the influence of actuator input on the system output by presenting an index
known as i.7.¢. based on RDI. The i.i.2. and its associated guidelines were
shown to identify the actuator fault/failure that would least and most affect
the overall performance of the open-loop stable and closed-loop systems. The

effectiveness of the approach was illustrated by examples.

The contributions of this thesis have been accepted as conference publications,
namely, [9], [7], [5], [8], [28], [6] and [29]. A few journal papers are currently under

preparation.

6.2 Suggestions for Future Work

The work presented in this thesis requires further research, in terms of both design and

implementation. These are discussed below.

e The output feedback attitude stabilization and control approach and its modified
form presented in chapter 3 can be further improved and investigated by including

actuator dynamics, environmental disturbances in the simulations model.

e Practical implementation of the output feedback control structure on a small scale

satellite.

e The use of optimal algorithms to infer the best controller parameters in the state

feedback control law stabilizing the LST attitude model in chapter 4.

e A Lyapunov stability analysis can be performed ensuring the global asymptotic

stability of the LST model using the state feedback approach.
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e In chapter 5, the interaction measures namely, RDI and i.i.7. can be further stud-
ied and the possibility of redesigning a control structure based on the subsystem

interactions due to the actuator faults and failures can be investigated.



Appendix A

Linearization of Spacecraft Attitude
Model based on Euler’s Equation of

Rotational Dynamics and MRP

A.1 Introduction

The aim of this appendix is to present the detailed Jacobian linearization of the nonlinear
spacecraft attitude model defined in terms of MRP’s and Euler’s equation of rotational

dynamics presented in Section 2.9 of Chapter 2.

A.1.1 Linearization

The kinematic differential equation in terms of MRP is stated in (2.20) and the Euler’s
equation of rotational dynamics is stated in (2.21). Let the inertia matrix and its inverse

in (2.21) given by the following;:

Ju Jiz iz a b c
A 1A
J= Jn Jn Ja Jh=d e f (A1)
J31 Iz Js3 g h 1
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Expanding (2.20) and (2.21), we get the following

.1 1 1
©=7 [wi(l+ ¢ — @ —a3)] + B [wa(q1q2 — q3)] + 5 [w3(q1q3 + ¢2)] (A.2)

1>

fi

A L 1 1 1
Jo=¢= B [wi(qiq2 + g3)] + 1 [wo(1—qf + @5 — @3)] + 5 (ws(q2q3 — q1)]

£ 2 s = 5 lorans — )] + 5 lonlots + )]+ 7 (s~ — G+ )] (A4)

alws(Ja1wy + Jaswa + Jagws) — wa(J1w1 + Jzaws + J33ws)]

—blws(Jiiwr + Jiaws + Jisws) + wi (Js1w1 + Jsaws + Jazws)] (A5)

[I>

fa=w =
+clwa(Jrwr + Jraws + Jizws) — wi(Jarwy + Jaaws + Jagws)]

aty + by + ¢73

d[ws(Ja1wr + Joows + Jagws) — wa(Js1wi + Jzaws + J33ws)]
—efws(Jiiwr + Jiowa + Jizws) + wi(Js1w1 + Jzaws + J33ws)] (A.6)

>

fs =wy =
+ flwa(Ji1wr + Jiaws + Jizws) — wi(Jariwy + Jaows + Jozws)]
dr +em + f13
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glws(Jarwr + Jaaws + Jagws) — wa(Js1w1 + Jsows + Jazws)]

AL —h[W3(J11W1 + J]_QCL)Q + J13W3) + wl(ngwl + Jgg&]g + J33W3)]
Jo=ws = (A7)
+ijwa (Jiiwr + Jraws + Jisws) — wi(Jarwr + Jaows + Jozws)]
gT1 + hmo + 173

The linearized spacecraft attitude model can be stated as follows:

= Amrp + erp T

(A.8)

where A, Birp and C,,,, are given as follows:

of 0fi Oh Oh O Oh
O O0qp 0Ogqs Owi Owy Ows

of, 0f Ofs 0fs Ofr Of;
O 0gqp 0Ogqs Owi Owy Ows

Ofs 0fs 0fs Ofs Ofs Ofs
dgn Og2 0q3 Owy Owy Ows
Amrp = (A9)
Ofs O0fs Ofs Ofs Ofi Ofs
dgn 02 0q3 Owy Owy Ows

ofs 0fs 0fs Ofs Ofs Ofs
0qp 0gq2 Ogqs Owp Owy Ows

9fc 0fs 9fc Ofc Ofs Ofs
O O0qp 0Ogqs Owi Owy Ows
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87'1 87'2 87'3

87’1 87’2 87'3

0fs Ofs 0fs
87’1 87’2 87'3
By = (A.10)
87’1 87’2 87'3

0fs 0fs 0
67—1 87'2 87'3

0fs 0fs Ol
67—1 87'2 87'3

100000
Corp=101 00 0 0 (A.11)
001000

The elements of A,,,, and B,,,, in (A.9 & A.10) from (A.2) to (A.7) are found to be

af:

Cy 0.5(w1q1 + waqa + wW3qs) (A.12)

q1

0

00t — 0 5(—aonto + ot + 3 (A13)
q2

0

a—fl = 0.5<—W1Q3 — Wy + Ungl) (A14)
ds

0

O 9501+ ¢~ 2 - @) (A1)

8w1
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0
a—f}; = 0.5(q1¢2 — q3)

o

(%)3 N

Ofs _
oq

ofs _
0qs

o

of
awl

af

(%)

= 0.5(q1¢3 + ¢2)

0-5<W192 — Waq1 — w3)

0.5(w1q1 + waga + w3qs)

s = 0.5(w1 — wagqs + w3qa)

=0.5(q1¢2 + ¢3)

=0.25(1 — ¢} + ¢ — q3)

dfy
6_003 = 0-5(QQCJ3 Ch)

9fs

9fs

g2

9fs

g3

3_611 = 0.5(w1q3 + wo — w3q1)

0.5(—w1 + waqs — w3q2)

0.5(w1q1 + wa@a + wsqs)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)
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g—fj = 0.5(g5q1 — 2) (A.27)
g_f; = 0.5(¢3q2 + q1) (A.28)
g—i =0.25(1 — ¢ — ¢; + ¢3) (A.29)
Z_ﬁ:%:g—ﬁzo (A.30)

0
8_0]:4 = a(wsJn—wa 31 ) +b(—wsJ1142w1 Js1 +waJsatwsJss ) +c(we i1 —2w1 Jor —wsJas—ws Jas)
1
(A.31)
0
8_3:4 = a(wsJoe—w1 J31—2wa J30—ws J33) +b(—ws J1a+wi J32)+c(wr Ji11+2we J1a+ws Jiz—wi Jaz)
2
(A.32)
Ofs _ g Joo+2ws.J J33)+b(—wy J Jio—2w3 J J. J T
a_cu?, = a(wy Jo1FwaJoo+2ws Jag—wa J33) +b(—wr J11 —wa J12—2ws Ji34wi Ja3) +c(wa Ji3—wi Jas)
(A.33)
s ok T (A.34)
a(h aq2 8q3
0
a—f’ = d(wsJo1—waJ31)+e(—wsJ11+2w; J31+wa Jsa+wsJs3)+ f (wa i1 —2wy Jo1 —wa Jae —ws Jaz)
1

(A.35)
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0
a—f) = d(wsJag—w1J31—2wa J39—wsJ33)+e(—wsJiotwi J32)+ f (w1 J11+2we J12+ws J13—wi Joz2)
2
(A.36)
0
a—f) = d(wy Jo1+waJag+2ws Jog—wa J33)+e(—wy J11 —we J1o—2ws Ji3+wi J33)+ f (we J13—wi Jaz)
3
(A.37)
Ofc _ 0fs _ 0fs _ (A.38)
oq 0qa 0qs3
0 .
8—({;6 = g(wsJor—waJ31)+h(—wsJ11+2w; J31+wa Jsa+wsJs3)+i(waeJ11 —2wy Jog —wa Joo—w3 Jo3)
1
(A.39)
0 .
8—0]:6 = g(wsJao—w1J31—2wa J30—w3J33) +h(—wsJia+wi Js2)+i(wy J11+2we Jiot+ws J13—wi Jag)
2
(A.40)
0 .
a—fj = g(wy Jo1+waJag+2ws Jog—wa 33 ) +h(—wi J11 —wa J12—2ws Ji3+wi Js3)+i(we J13—wi Jo3)
3

(A.41)

Non-zero equilibrium points are found by solving the six nonlinear equations de-
scribing the spacecraft’s attitude stated in equations (A.2-A.7). The spacecraft’s inertia
matrix is given in (2.32) and is taken from [66]. The non-zero equilibrium points are

found to be as follows:
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¢ = 0.3042
g2 = —0.3354
g3 = —0.3475
wy = —0.2652
wy = 0.2652 (A.42)
wy = —0.1107
7 = 0.0415
7 = 0.1578
73 = 0.2785

The state space matrices A, and By, in (A.9 & A.10) are then calculated using

the non-zero equilibrium points in (A.42) and are stated in (2.29 & 2.30)



Appendix B

Dynamic Formulation of Euler’s

Equation of Rotational Dynamics

and MRP

B.1 Introduction

The aim of this appendix is to combine the Euler’s equation of rotational dynamics and
the MRP based kinematic formulation presented in Section 2.9.1 of Chapter 2 and form

a second order nonlinear dynamic equation of the Hamiltonian form [52].

B.1.1 Dynamic Formulation

The Euler’s equation of rotational dynamics and the kinematic differential equation in

terms of MRP is given as follows:

Jw=—-wxJw+T (B.1)
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Differentiating the kinematic equations of motion in (B.2) with respect to time we

get

¢ = T(gw+T(gw

i = T(qQw~+T(q)J  Jw (B.3)

Substituting (B.2 & B.1) in (B.3) we get

i = (T (0)q+T(q)J ™ (Jwx w+7)
i = T(@QTq)i+T(q)J " Jwxw+T(q)J 'r

i = T(QT " (@)q+T(q)J " JTq)g x T~ (q)q+ T(q)J "7 (B.4)

Multiplying throughout by T~ (q)JT~'(q) we get

TMq)JT N @)q = T "()JT q)T()T " (q)d +

T~ "(q)JT (q)T(q)J ' IJT(q)g x T~ (q)g +

T"(q)JT (q)T(q)J "7 (B.5)

Defining

we get
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P"(q)JP(q)i = P"(q)JP(q)T(q)P(q)q+

PT(q)JP(q)g x

P(q)q+ PT(q)T (B.8)
J*(q)d — J*(¢)T(q)P(q)g — P"(q)JP(q)g x P(q)d = P"(q)T (B.9)
J*(q)i — J*(9)T(q)P(q)g — P"S(JP(q)q)P = P (q)T (B.10)

Hence the nonlinear dynamic model of spacecraft is given by the following equation

T (@)q+C*(q:9)g = P'r (B.11)
where
T (@) = PT(q)JP(q)
C*(¢,d) = —T(@)T(q)P(q) — PT(q)S(JP(q)d)P(q) (B.12)

For ease of notation we simplify J*(¢) = J*, P(q) = P and C*(¢,q) = C*



Appendix C

Dynamic Formulation of Euler’s
Equation of Rotational Dynamics

and Quaternions

C.1 Introduction

The aim of this appendix is to combine the Euler’s equation of rotational dynamics and
the Quaternion’s based kinematic formulation presented in Section 2.9.2 of Chapter 2

and form a second order nonlinear dynamic equation of the Hamiltonian form [52].

C.1.1 Dynamic Formulation

The Euler’s equation of rotational dynamics and the kinematic differential equation in

terms of Quaternion’s is given as follows:

Jw=—-wxJw+T (C.1)
Bq = [B(8y)]w=Bw (C.2)
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Differentiating the kinematic equations of motion in (C.2) with respect to time we

get

Bq = Bw+ Bw

B, = Bw+ BJ 'Jw (C.3)

Substituting (C.2 & C.1) in (C.3) we get

B, = BB'f,4+ BJ ' (Jwxw+T)
Bq = BB_IBQ—I—BJ_IwaquBJ_lT

B, = BB 'f,4+BJ'JB'f, x B~f,+ BJ 'r (C.4)

Multiplying throughout by B=7JB~! we get

B TJB'3, = B TJB'BB 'S, +
B TJB'BJYUB™B, x B76, +

B 1JB'BJ 't (C.5)

Defining
¢EB L TERT (C.6)

we get

ryep, = IEBBTIB, +

' JeBJ Y IB B, x B7p, + £ JeBI "\ r (C.7)
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r'Jep, = JEBB B+ €T I8, x BB, + €17 (C.8)
M*By — M*BB™' 5, = €7JEB, x B™' 5, = €77 (C.9)
M*B, — M*BEB, — £7S(JEB,)E = €77 (C.10)

Hence the nonlinear dynamic model of spacecraft is given by the following equation

M*(ﬁq)éq + N*(Bm Bq)ﬁq = gTT (C.11)

where

1>

M*(B) 2 €7(B,)JEBy)
N*(BsBa) = =M (B)B(BEWB,) — ET(B)S(JEBNBIEB)  (C.12)

For ease of notation we simplify M*(3,) = M*, £(8,) = € and N*(3,,3,) = N*



Appendix D

Reaction Wheel Specifications

D.1 Introduction

The aim of this appendix is to give the technical details of the reaction wheel manu-
factured by SSBV Space and Ground Systems, UK [1]. The details mentioned in this
appendix are taken from the company’s web site. The physical characteristics mentioned
here are used in calculating the reaction wheel inertia of the LST model discussed in

chapter four.

D.1.1 Functional Characteristics

Max wheel torque: 20 mNm

Max wheel momentum: 0.65 Nms

Speed range: -9000 to +9000 rpm

Rotor moment of inertia: 1.0 x 1073 kgm?
Speed control tracking error: <1 rpm

Current consumption: 40 mA / mNm
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D.1.2 Physical Characteristics

Mass: 1550g
Dimensions: 102 x 102 x 105 mm
Static unbalance: < 5 g mm

Operating temperature -30 to +60C

D.1.3 Current Consumption

0 rpm: 45 mA
100 rpm: 65 mA
4000 rpm: 165 mA

D.1.4 Interfaces

Power supply: 28V unregulated unregulated
Data: RS422
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