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Applied Nonlinear Control of Unmanned
Vehicles with Uncertain Dynamics

Yannick Morel

Abstract

The presented research concerns the control of unmanned vehicles. The results introduced
in this dissertation provide a solid control framework for a wide class of nonlinear uncertain
systems, with a special emphasis on issues related to implementation, such as control input
amplitude and rate saturation, or partial state measurements availability. More specifically,
an adaptive control framework, allowing to enforce amplitude and rate saturation of the
command, is developed. The motion control component of this framework, which works in
conjunction with a saturation algorithm, is then specialized to different types of vehicles.
Vertical take-off and landing aerial vehicles and a general class of autonomous marine ve-
hicles are considered. A nonlinear control algorithm addressing the tracking problem for a
class of underactuated, non-minimum phase marine vehicles is then introduced. This motion
controller is extended, using direct and indirect adaptive techniques, to handle parametric
uncertainties in the system model. Numerical simulations are used to illustrate the efficacy
of the algorithms. Next, the output feedback control problem is treated, for a large class of
nonlinear and uncertain systems. The proposed solution relies on a novel nonlinear observer
which uses output measurements and partial knowledge of the system’s dynamics to recon-
struct the entire state for a wide class of nonlinear systems. The observer is then extended
to operate in conjunction with a full state feedback control law and solve both the output
feedback control problem and the state observation problem simultaneously. The resulting
output feedback control algorithm is then adjusted to provide a high level of robustness to
both parametric and structural model uncertainties. Finally, in a natural extension of these
results from motion control of a single system to collaborative control of a group of vehicles,
a cooperative control framework addressing limited communication issues is introduced.
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Chapter 1

Introduction

1.1. Motivation and Current Methodologies for Con-
trol of Autonomous Vehicles

Autonomous vehicles have proven proficient in handling a considerable variety of tasks.
For instance, Autonomous Marine Vehicles (AMVs) are utilized to perform oceanographic
surveys, coastal patrols, and pipeline maintenance. In addition, use of unmanned vehicles in
military operations is steadily increasing. The Office of Naval Research is considering mobile
robotic solution to minimize human involvement in hazardous areas such as minefields. Sim-
ilarly, Unmanned Aerial Vehicles (UAVs) have been employed in recent conflicts for scouting
and surveillance missions, and Unmanned Ground Vehicles (UGVs) are expected, in the
near future, to provide improved combat effectiveness and personnel safety to ground forces.
Missions assigned to autonomous vehicles typically require or greatly benefit from a high
degree of agility and maneuverability, which can only be provided by a high performance

motion control system.



Uncertain Systems

Design of motion control algorithms for uncertain systems is a challenging endeavor. In
particular, numerous models exist which characterize the dynamical behavior of the consid-
ered systems, many of which include parametric and/or structural uncertainties. Numerous
techniques addressing issues stemming from uncertainties on the system’s model can be
found in the literature. One of such techniques is known as adaptive control and is divided
in two distinct categories. Direct adaptive methods ([10-16]) consist in replacing uncertain
constant parameters in a control law by time varying estimates. The procedure relies on a
certainty equivalence principle ([10,12]), the essence of which is that, given a few assumptions
on the form of the control command (such as that the uncertain parameters appear linearly,
for instance), it is possible to derive estimate update laws providing stability guarantees in
spite of the uncertainty. Indirect adaptive techniques ([13-16]) distinguish themselves from
the direct ones in that the uncertain parameters are estimated as part of the system model,
as opposed to being estimated as part of the control command. While both approaches
provide the same functionality, direct adaptive results are prevalent in the literature. Struc-
tural uncertainties, which imply that the uncertainty on the system model is not limited to
constant parameters, are classically handled using Neural Network (NN) based techniques
([15,17]), which rely on the capacity of a Single Hidden Layer NN (SHL-NN) to approximate
continuous functions with arbitrary accuracy ([15]). Robust control techniques ([18-22])
constitute a powerful alternative to adaptive algorithms in addressing model uncertainties.
The approach typically relies on the existence and knowledge of an upper bound of the norm
of the uncertainty. The control algorithm is then designed with consideration for this upper

bound, in order to achieve stability even in a worst case situation. While robust control



techniques originate from linear control theory ([18]), they have been extended to various
classes of nonlinear systems ([23,24]), such as, for instance, systems in the so-called robust

strict-feedback form ([10]).

Control Input Saturation

Additional difficulties arise from the fact that actuation systems for autonomous vehicles
only provide a limited amount of control authority, resulting in rate and amplitude saturation
of the control command. Most control algorithms for autonomous vehicles in the literature
do not account for this saturation, which can result in poor performance when implemented.
The importance of addressing saturation constraints in the control design is even greater for
adaptive algorithms. As the adaptation mechanism is left free to operate while the feedback
loop is severed by actuator saturation, unstable controller modes are allowed to drift, poten-
tially leading to severe windup effects and instability. The research literature on adaptive
control with actuator saturation effects is rather limited. Notable exceptions include [25-33].
However, the results reported in [25-32] are confined to linear plants with amplitude sat-
uration. Of particular interest is the positive p-modification framework introduced in [32],
which was applied to a specific class of nonlinear systems in [33]. The result presented in [33],
however, does not consider rate saturation. Many practical applications involve nonlinear
dynamical systems with simultaneous control amplitude and rate saturation, which may fur-
ther exacerbate the control problem. For example, in advanced tactical fighter aircraft with
high maneuverability requirements, pilot induced oscillations ([34, 35]) can cause actuator

amplitude and rate saturation in the control surfaces, leading to catastrophic failures.



Separation Principle

Another difficulty stems from the fact that, while motion controllers are more conve-
niently derived assuming full state measurements, full state information is not necessarily
available for feedback. The literature features a wide variety of results solving the output
feedback control problem; that is, solving the control problem when full state measurements
are unavailable ([10,36]). Reliance on a separation principle is a popular and effective scheme
to address the problem. The procedure consists in dividing the output feedback problem
into two relatively simpler problems. More specifically, the approach commonly involves
derivation of a full state feedback control law as a first step. Then, since the full state is not
available for feedback, the unavailable states are estimated and these estimates are used in
place of the actual states in the control law. Hence, following this separation principle, one
can effectively solve the output feedback problem by designing a full state feedback controller

and a state observer.

Observers for Nonlinear Systems

The observation problem for linear systems has received considerable attention from the
research community over the years, and a wide range of results can be found in the literature,
with outstanding contributions from Kalman ([37,38]) and Luenberger ([39,40]), to name
but a few. However, models for unmanned vehicles are typically nonlinear in nature, and
the observation problem for nonlinear systems constitutes a challenging problem which is

still largely open.

The strength of the observation techniques developed for linear systems naturally led to

attempts at extending them to nonlinear systems. Extended Kalman filtering ([41,42]), for



instance, is the result of one such tangent, and has shown its utility in a number of cases
([43]). Alternately, when only the output appears nonlinearly in the system’s dynamics,
it is possible to construct an observer for which the observation error dynamics are linear
([10,44]). Linear techniques can thus be used to solve the observation problem for this
particular type of systems, which are sometimes referred to as being in output feedback

form ([10]).

The observation problem becomes more difficult if the considered nonlinear system is not
in output feedback form, that is, if unmeasured states appear nonlinearly in the system’s
dynamics. High gain observers ([44,45]) can be used to address the problem for such systems.
Such techniques essentially consist in selecting observer gains sufficiently large such that the
negative influence of nonlinearities on the observation errors is overcome. The approach can
however lead to large transient observation errors, due to an issue referred to as peaking phe-
nomenon ([44]). In [46], the authors present an alternate design methodology for nonlinear
observers applicable to systems which are not in output feedback form, with an approach
taking advantage of the notions of immersion and invariance ([47]). Although the technique
is of great interest, it requires solving a set of partial differential equations, which, quoting
the authors, can be “extremely difficult.” Nevertheless, observers for a number of nonlinear

systems can be constructed using the approach, a pair of them being presented in [46].

Output Feedback Control

The practice of relying on a separation principle to solve the output feedback problem
originates from linear control theory. Indeed, for linear systems, existence of such a separa-

tion principle is well established ([48]). Its implications are that one can solve the optimal



linear quadratic gaussian problem by separately solving the optimal estimation and control
problems. However, this separation principle does not in general hold for nonlinear systems
([10]), and substituting observed states for their actual counterparts in a full state feedback
control law can in some instances lead to finite escape time, even in the case of exponen-
tially decaying observation errors, as shown in [10]. Issues stemming from observation errors
can in some cases be addressed by adjusting the state feedback control law, using nonlinear
damping to offset observation errors. However, this particular technique requires exponen-
tially convergent nonlinear observers, which are generally limited to systems linear in the

unmeasured states, thus limiting the scope of the procedure to some extent ([10]).

Alternately, the existence of a separation principle for a wide class of nonlinear systems
was investigated and established for specific types of observers. In [49, 50], the authors
demonstrated that estimates of unmeasured states obtained from high-gain observers ([44])
can be used in state feedback laws. The resulting closed-loop trajectory is shown to ap-
proach the state feedback trajectory (i.e. the hypothetical trajectory obtained if full state
information was available and used in the control law) as the observation gains increase. The
philosophy of the approach is to generate a time-scale separation between observation and
control algorithms. In other words, the observation errors are made to decay rapidly enough
that their impact on the controller’s performance is limited. The approach is powerful and
has been successfully applied to a large number of problems (see [45,51,52] for a few exam-
ples). However, high-gain observers suffer from a well documented issue, known as peaking
phenomenon ([53]). The issue originates from the observer’s high gains, which can lead to
large peaks during the observer’s transient. These can in turn find themselves propagated

to the actual system through the control command. The issue is significant and can lead to



instability, but can oftentimes be accounted for by saturating the control input ([50]).

Approaches similar to the above high-gain observer based output feedback can be found
in [54,55]. A subtle but significant difference is that the systems considered are in canonical
form, such that the states are successive derivatives of the system output. Hence, the problem
of reconstructing the entire state using only output measurements is reduced to estimating
the successive derivatives of the available output. Several techniques allowing to estimate
derivatives with arbitrary accuracy can be found in the literature ([54,56,57]). The results
in [54,55] rely on the High-Order Sliding Mode Differentiator (HOSMD) introduced in [54].
While the resulting control algorithms were shown to perform well when applied to particular
experimental setups ([55]), the algorithms rely on the assumption that the HOSMD can
provide an exact estimate of the derivatives with finite convergence time. Although this
property of HOSMDs is theoretically demonstrated in [54], whether it holds for practical
applications appears to be arguable. Practical restrictions can indeed significantly complicate
the problem, to an extent that, in the opinion of the authors of [55], “exact derivative

reconstruction is not achievable” in practice.

Output Feedback Control of Uncertain Systems

Design of output feedback controllers for uncertain nonlinear systems is a challenging
task which still constitutes an active topic of research to this day ([58-60]). Difficulties
essentially stem from two different issues, which are the lack of full state measurements,
and the uncertainty on the system’s dynamics. While either one of this problems has been

treated extensively in the literature, fewer algorithms address both simultaneously.

A number of results addressing the output feedback control problem for uncertain systems



can be found. The problem can, in some instances, be solved by extending previously
discussed output feedback techniques using either adaptive or robust techniques to handle
system uncertainty. For example, in [58], the authors present a robust state feedback control
algorithm, which is used with a high gain observer. This robust separation-based approach
guarantees uniform ultimate boundedness of the tracking errors, in spite of uncertainty on
the system model. Alternately, in [60], the authors develop an adaptive separation-based
algorithm, in which a full state feedback controller, developed using dynamic surface control (
[61]), operates in conjunction with a neural-based adaptive observer. While separation-based
techniques still appear to be prevalent, alternate approaches can be found. For instance,
in [62], the authors avoid design of a state observer by reconstructing the system’s output

dynamics using a single-hidden-layer neural network.

In [10], the authors introduce the concept of observer backstepping, in which an observer
providing exponentially decreasing observation errors is constructed. Then, a backstepping
based control algorithm is designed. However, whereas in classical separation-based schemes
the control law is designed to control the actual system, in the observer backstepping ap-
proach, it is constructed for a new system, composed of a combination of the actual system
and of the observer. More specifically, the system which is controlled corresponds to the real
system, but the equations for the unmeasured states are replaced by their counterparts from
the observer. While the approach is powerful, it requires systems which are linear in the
unmeasured states. In [59], the authors extend the above idea by constructing an adaptive

output predictor and explicitly designing their control algorithm to control this predictor.



1.2. Contribution of the Dissertation

The objective of the presented work is to produce a control framework for unmanned
vehicles, with special emphasis on issues related to implementation. Reaching this objective
is only possible through the combination and synergy of a significant number of results, a
number of which have a contribution to the current state of the art extending beyond control

of autonomous vehicles.

Control Input Saturation

Chapter 2 introduces a model reference direct adaptive control framework, accounting
for amplitude and rate saturation of the control command ([1]). The algorithm is presented
in two successive steps. First, a Model Reference Adaptive Controller (MRAC, [11]) is intro-
duced. Then, the trajectories of the reference system are reshaped to allow operation of the
control algorithm within the actuation system’s limitations, while maintaining established
stability guarantees. The obtained control algorithm applies to a wide variety of nonlinear
dynamical systems with parametric uncertainties. Few control algorithms account for actu-
ator saturation. The only alternate algorithm relevant to nonlinear systems is itself limited
to amplitude saturation ([32]). The algorithm presented in Chapter 2 improves upon the
state of the art by allowing to account for both amplitude and rate saturation of the control

input.

Control of Unmanned Quadrotor Aerial Vehicles

Chapter 3 presents a more specialized direct adaptive controller ([2]), designed to solve

the tracking control problem for a quadrotor, which is a particular type of vertical take-off



and landing autonomous vehicle. The presented control algorithm provides an improvement
over other adaptive control algorithms designed for this specific type of vehicle ([63,64]), in
particular by explicitly addressing actuator dynamics. In addition, the algorithm in Chapter
3 can readily be augmented to include the saturation algorithm introduced in Chapter 2,

further strengthening its contribution.

Control of Autonomous Marine Vehicles

Chapters 4 to 6 are concerned with the control of marine vehicles. Chapter 4 introduces
a neural-based adaptive controller, addressing the tracking problem for a wide variety of
autonomous marine vehicles ([3]). While the algorithm itself constitutes an application of

classical nonlinear and adaptive control techniques, it provides a useful control framework
which is robust to uncertainties. In
Chapter 5, this framework is special-

ized to a particular class of marine

vehicles, which exhibit unstable in-

Figure 1.1: Examples of non-minimum phase
AMVs, Squidl AUV (left), Squid2 AUV (right).

ternal dynamics (non-minimum pha-
se marine vehicles, see [5,6,65] and
Figure 1.1). The non-minimum phase nature of the class of vehicles considered is rarely
addressed in the literature on marine vehicles, with [66] being a notable exception. The
presented approach improves upon the result in [66], as the latter is limited to way-point
maneuvering, while the proposed controller solves the trajectory tracking problem. The
control algorithm in Chapter 5 is then modified in Chapter 6, using both direct ([4,5]) and

indirect ([6]) adaptive control techniques, to address parametric uncertainties in the vehicle’s

10



model. Two distinct direct adaptive control algorithms are derived, and both perform re-
markably well in simulation ([4,5]). However, derivation of these algorithms relies on specific
approximations. The indirect adaptive algorithm introduced in Chapter 6 constitutes an in-
teresting alternative to the presented direct adaptive controllers. Indeed, while performing
comparably in simulations, it removes the aforementioned approximations and offers rigor-
ously derived stability guarantees. The indirect adaptive control algorithm in Chapter 6 is
based on the control strategy presented in the early part of Chapter 5, but relies on a partial

state predictor to solve the tracking problem in spite of parametric uncertainties ([6]).

Nonlinear Observer

While Chapters 2 through 6 address full state feedback control problems, Chapter 7 to
9 are concerned with the output feedback problem. The approach pursued is similar to
that in separation-based algorithms. More specifically, the problem is solved by designing
a state observer (or output predictor), to work in conjunction with a state feedback control
law (such as those presented in Chapters 2 to 6). One of the difficulties in pursuing the
approach lies in the design of an observer for nonlinear systems. The most commonly found
nonlinear observers in the literature are high gain observers ([44,45]), which suffer from the
peaking phenomenon. Alternative schemes relevant to large classes of systems are few and
far between. The algorithm in [46] provides one such alternative, but it requires solving a
set of partial differential equations, which can in general prove difficult, and thus limits the
practicality of the approach. The novel nonlinear observer introduced in Chapter 7 provides
an attractive solution to the considered problem, as it relaxes high-gain requirements and

proposes a solution which, while still fairly general, is also eminently practical.

11



Observer Based Output Feedback

The output feedback control algorithm introduced in Chapter 8 builds upon the result in
Chapter 7, and introduces a state observer whose output is guaranteed to predict the actual
system’s output with arbitrary accuracy, for any admissible control signal. Then, a state
feedback controller is designed to control the observer’s output. In that extent, the con-
trol algorithm fundamentally differentiates itself from classical separation-based controllers,
which directly control the actual system’s output. This intrinsic difference allows to effec-
tively and elegantly circumvent issues inherent to separation-based algorithms, such as the
peaking phenomenon. The algorithm in Chapter 8 is then modified in Chapter 9 to handle

model uncertainties, which further strengthens the contribution of the scheme.

Collaborative Control of Underwater Vehicles

As previously mentioned, a single autonomous vehicle is able to perform a considerable
variety of missions. However, depending on the task to be performed, several simple coop-
erating autonomous robotic systems can provide an easier, cheaper, more flexible and more
fault tolerant solution than a single, more powerful robot ([67]). A wide range of problems
have been identified as being solvable through a robotic-team approach ([68]). Some of these,
such as exploration, foraging ([69]), and material handling tasks ([70]), have been shown to
benefit from multiple-robot swarm solutions. Others require more involved collaboration

between two or more robots working as a team.

Design of cooperative control algorithms is an involved process. Particular care has to be
given to communication related issues. Indeed, communication requirements and bandwidth

limitations have proven to be the Achilles’ heel of many cooperative control approaches avail-

12



able in the literature. Chapter 10 ([9]) presents a general framework for cooperative control of
autonomous vehicles, satisfying limited-bandwidth, short range and asynchronous communi-
cation requirements ([9]). The presented algorithm proposes the use of additional computing
power to allow for significantly reduced bandwidth utilization. Cooperation between vehi-
cles is obtained through coupling of their respective reference systems. This technique of
introducing coupling through a reference system is referred to as indirect cooperation. It
has been successfully applied to the control of dynamically interconnected systems ([71-73]),

but has yet to be applied to cooperative control of autonomous vehicles.

Future Research

While the results presented in this dissertation form a solid framework for control of
unmanned vehicles, the proposed solutions could be extended and improved in a number of

ways. Suggestions for future research are offered in Chapter 11.
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Chapter 2

Adaptive Control for Nonlinear
Uncertain Systems with Actuator
Amplitude and Rate Saturation
Constraints [1]

The result presented in this chapter was the object of an article published in the International
Journal of Adaptive Control and Signal Processing in January 2009 ([1]). This work was
also presented at the 2007 ASME International Mechanical Engineering Conference and
Ezposition ([74]).

2.1. Introduction

In light of the increasingly complex and highly uncertain nature of dynamical systems
requiring controls, it is not surprising that reliable system models for many high performance
engineering applications are unavailable. While model based control techniques have shown
their efficacy in solving a considerable number of problems, uncertainty of the considered

system’s model complicates the control problem. Robust controllers can be used to address
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issues stemming from such uncertainties. However, they may unnecessarily sacrifice system
performance. Adaptive controllers offer similar benefits, but can tolerate greater system
uncertainty levels and provide improved closed-loop performance. However, an implicit
assumption inherent to most adaptive control frameworks is that the adaptive control law
is implemented without any regard to actuator amplitude and rate saturation constraints.
In practice, electromechanical control actuation devices are subject to amplitude and/or
rate constraints, leading to saturation nonlinearities reflecting the corresponding limitations
on control amplitudes and control rates. As a consequence, actuator nonlinearities arise
frequently in practice and can severely degrade closed-loop system performance, in some

cases driving the system to instability.

In this chapter, a direct adaptive control framework for adaptive tracking of multivari-
able nonlinear uncertain systems with amplitude and rate saturation constraints is presented.
In particular, the Lyapunov-based direct adaptive control framework developed in [75, 76]
is extended to guarantee asymptotic stability of the closed-loop tracking system; that is,
asymptotic stability with respect to the closed-loop system states associated with the track-
ing error dynamics in spite of actuator amplitude and rate saturation constraints. More
specifically, a reference (governor or supervisor) dynamical system is constructed to address
tracking and regulation by deriving adaptive update laws that guarantee that the error sys-
tem dynamics are asymptotically stable, and the adaptive controller gains are Lyapunov
stable. In the case where the actuator amplitude and rate are limited, the adaptive control
signal to the reference system is modified to effectively robustify the error dynamics to the

saturation constraints, thus guaranteeing asymptotic stability of the error states.

This chapter is organized as follows. Section 2.2 introduces a nonlinear control law rel-
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evant to a wide variety of systems. Using a direct adaptive control technique, the control
algorithm is then extended to account for parametric uncertainties in the system model.
The controller is further modified in Section 2.3, in which a dynamic compensator is used
to generate the control command. Section 2.4 describes the algorithm allowing the con-
troller derived in Section 2.3 to account for amplitude and rate saturation of the command.

Numerical simulation results are presented in Section 2.5. Section 2.6 concludes this chapter.

2.2. Adaptive Tracking for Nonlinear Uncertain Sys-
tems

In this section, the problem of characterizing adaptive feedback tracking control laws
for a general class of nonlinear uncertain systems is considered. Specifically, the controlled

nonlinear uncertain system G, given by
i(t) = f(x(t)) + Bu(t), z(0) = o, t>0, (2.1)

will be considered, where z(t) € R", t > 0, is the state vector, u(t) € R™, ¢t > 0, is the
control input, f : R" — R", the matrix B € R™*™ is of the form B = | Opx(n-m) B }T,
with B, € R™*™ full rank and such that there exists A € R™*™ for which B,A is positive
definite. The control input wu(-) in (2.1) is restricted to the class of admissible controls
such that (2.1) has a unique solution forward in time. Here, it is assumed that a desired
trajectory xq(t), t > 0, is given and the aim is to determine the control input wu(t), t > 0, so
that lim;_ [|z(¢) — z4(t)|| = 0.

In order to achieve this, a reference system G, is constructed. It is given by

i‘rl(t) = Arxrl (t) —I— Bﬂ"(t), Tr1 (O) = {L'rlo, t Z O, (22)
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where z,1(t) € R", t > 0, is the reference state vector, r(t) € R™, t > 0, is the reference input,
and A, € R™" and B, € R™™ are such that the pair (A,, B,) is stabilizable. In the following,
a command u(t), t > 0, and a bounded piecewise continuous reference function r(t), t > 0,
will be designed such that lim; . [|z(t) — 2.1 ()] = 0 and limy_o ||z (t) — za(t)|| = 0,
respectively, so that lim; ., ||2(t) —x4(t)|| = 0. Theorem 2.2.1 provides a control architecture
that achieves tracking error convergence in the case where the dynamics in (2.1) are known.
The case where G is uncertain is addressed in Theorem 2.2.2. The statement of this result
requires definition of the tracking error e(t) = () — x,1(t), t > 0, whose dynamics are

described by
é(t) = (f(z(t)) + Bu(t)) — (A (t) + Ber(t)), e(0) = zg — 2y, = e, t>0. (2.3)
Theorem 2.2.1. Consider the nonlinear system G given by (2.1) and the reference sys-

tem G, given by (2.2). Assume there exist gain matrices ©* € R™** and ©F € R™*™ and a

continuously differentiable function F': R®™ — R?* such that
0 = f(z)+ BAO"F(z) — A,x, r e R", (2.4)
0 = BAO; — B,. (2.5)
Furthermore, let K € R™*" be given by
K =—-R;'B'P, (2.6)
where the n X n positive definite matrix P satisfies
0=A'P+ PA, — PB.R;'B'P + R, (2.7)

and R; € R™"™ and Ry € R™*"™ are arbitrary positive definite matrices. Then the feedback
control law

u(t) = A(Orpe(t) +O7r(t),  t=0, (2.8)
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where

o7 £ [ 07, ©;, ATBT|eRmxmtnte) (2.9)

ei(t) 2 [ FT(z(t), e"(t)KT, —ikreT(t)P }T e R™"™ ¢ >0, (2.10)

with k) > 0, guarantees that the zero solution e(t) = 0, t > 0, of the error dynamics given

by (2.3) is globally asymptotically stable.

Proof. Substituting the feedback control law given by (2.8) into (2.3), we obtain
é(t) = f(z(t)) + BAOTp1(t) + BAOIr(t) — Az (t) — Bir(t), e(0) =eo, t>0, (2.11)
which, using (2.9) and (2.10), can be rewritten as

é(t) = (Ar + BAO'K — %kABAATBTP>e(t) 4 (f(z(t)) + BAO*F(2(t)) — A(t))

+ (BAO; — B,)r(t), e(0)=-ey, t>0. (2.12)
Now, using (2.4) and (2.5), it follows from (2.12) that
é(t) = (A + B.K — %k:ABAATBTP)e(t), e(0) =€y, t>0. (2.13)
Next, consider the Lyapunov function candidate
V(e) = e’ Pe, (2.14)

where P > 0 satisfies (2.7). Note that V' (0) = 0 and, since P is positive definite, V(e) > 0
for all e # 0. Now, letting e(t), t > 0, denote the solution to (2.13) and using (2.7), it follows
from (2.13) that the Lyapunov derivative along the closed-loop system trajectories of (2.13)

is given by

Vie(t)) = —e"(t)(Ry + K"RyK + K, )e(t) <0,  t>0, (2.15)
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where K, £ kyPBAATBTP > 0. Hence, the zero solution e(t) = 0 of the error dynamics

given by (2.13) is globally asymptotically stable. O

Theorem 2.2.1 provides sufficient conditions for characterizing tracking controllers for
a given nominal nonlinear dynamical system G. The next result shows how to construct
adaptive gains O, (t) € R™*(m+7+5) and ©,(¢t) € R™*™, ¢ > 0, which allow to achieve tracking
control in spite of system uncertainty. This result does not require explicit knowledge of the
gain matrices ©* and ©}; all that is required is the existence of ©* and ©; such that the

matching conditions (2.4) and (2.5) hold.

Theorem 2.2.2. Consider the nonlinear system G given by (2.1) and the reference
system G, given by (2.2). Assume there exist unknown gain matrices ©* € R™*® and
©F € R™™, and a continuously differentiable function F' : R* — R*® such that (2.4) and
(2.5) hold. Furthermore, let K € R™*" be given by (2.6), where P = [ P, P, ]| > 0 satis-
fies (2.7) with P, € R™(™ ™) and P, € R™™. In addition, let ['; € R(m+n+s)x(min+ts) ang

I, € R™™ be positive definite. Then the adaptive feedback control law
u(t) = A(O1()e:(t) + O,(O)r(t),  t>0, (2.16)

where ©;(t) € R™*m+s) ¢ > (0, and ©,(t) € R™*™, ¢t > 0, are estimates of O} and O,

respectively, with update laws

O,(t) = —PFe(t)T ()T, 0,(0) =0y, t>0, (2.17)

O,(t) = —Ple(t)rT(t)T,, 6,(0) = Oy, (2.18)

guarantees that the closed-loop system given by (2.3), (2.17), and (2.18), with control input

(2.16), is Lyapunov stable, and e(t) — 0 as t — oo.
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Proof. With u(t), t > 0, given by (2.16) it follows from (2.4) and (2.5) that the error

dynamics e(t), t > 0, are given by

6(t) = (A + B — SkABANTBTP)e(t) + BA(O1() — }) 1(1) + BA (6,(1) — ©) (1),

e(0) =eg, t>0.(2.19)
Now, consider the Lyapunov function candidate

V(e,01,0,)=e"Pe + tr [BA(O; -0 (0] —011)] + tr [BA(O,—0))I 1 (0] —0:T)],
(2.20)
where P > 0 satisfies (2.7), and I'y and I, are positive definite. Note that V(0,07,0}) =0
and, since P, I'1, I';, and BsA are positive definite, V (e, 01,0,) > 0 for all (e,0,,0,) #
(0,071,07). Now, letting e(t), t > 0, denote the solution to (2.19) and using (2.7), it follows

that the Lyapunov derivative along the closed-loop system trajectories is given by

V(e(t),04(t), 0.:(t)) = e (t)Pé(t) + ¢¥(t) Pe(t) 4 2tr[BsA(O4(t) — ©1)IT1OT (1))
+26r[BAA(O(1) — OO (1))
= 2¢"(t)PBA(O:(t) — ©})p1 (1) + 2tr[BA(O4(t) — ©1)T1OT (1)
+2eT(t)PBA(O,(t) — ©7)r(t) + 2tr[B,A(O,(t) — 011 OT (1))

+e(t) P(A+ B, K)e(t)+e'(t) (A + B K) T Pe(t) —et(t) Koe(t). (2.21)
Next, using (2.17) and (2.18) and the fact that PB = P, B, we obtain

Vie(t),0:(),0,(t)) = —e (1) (R + KT Ro KK + K, )e(t)+2tr[BoA(O4 (1) — ©7) (1 (£)e™ () Py
+T1OT (1)) + 260 [ BA(O: (1) — ©7) (r()e™ (8) P2 + T 1O (1))

= —e"(t)(R + KTRyK + K,)e(t) <0, t>0. (2.22)
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Hence, the closed-loop system given by (2.3) and (2.16)—(2.18) is Lyapunov stable, and, by
the LaSalle-Yoshizawa theorem ([10], see also Appendix A), limy . e™(t)(Ry + KTRy K +

K.)e(t) = 0, and hence, lim;_., e(t) = 0. O

Remark 2.2.1. Note that the conditions in Theorem 2.2.2 imply that e(t) — 0 as
t — oo, and hence, it follows from (2.17) and (2.18) that ©,(t) — 0 and ©,(t) — 0 as

t — o0.

It is important to note that the adaptive law (2.16)—(2.18) does not require explicit knowl-
edge of the gain matrices ©* and ©;. Furthermore, no specific knowledge of the structure
of the nonlinear dynamics f(z) or the input matrix B are required to apply Theorem 2.2.2;
all that is required is the existence of F'(z) and A such that the matching conditions (2.4)
and (2.5) hold for a given reference system G,. If (2.1) is in normal form with asymptoti-
cally stable internal dynamics [77], then a function F' : R" — R®, matrix A € R™*™ and
stabilizable pair (A,, B;) such that (2.4) and (2.5) hold without requiring knowledge of the
system dynamics can always be constructed. In order to see this, assume that the nonlinear

uncertain system G is generated by

a1 = fula(®) +bau(t),  a0)=a, 20, i=1...m, (2.23)

where qu) denotes the ri time derivative of g;, r; denotes the relative degree with respect to
the output ¢, fu;(¢) = fui(qu, - - ,qgrl_l), e Gy ,qff{m_l)), the row vector b; € R™, and
q € R”, where # = r; + ...+, is the (vector) relative degree of (2.23). Furthermore, since
(2.23) is in a form where it does not possess internal dynamics, it follows that # = n. The

case where (2.23) possesses input-to-state stable internal dynamics can be handled as shown

in [75].
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T T
Next, define ;2| g;, ... 7(]1(”_2)] , xm+1é[q§m_l), o ,q,(f;m_l)} ,and z=[ 2], ... ,x%H}T,
i=1,...,m, so that (2.23) can be described as (2.1) with
flx) = Az + fu(z),  By=[0] ... b5 ]", (2.24)

where

1 AO 3 O(n—m)xl

A= ) wl\?) = )
Ay € R=m)*" ig 3 known matrix of zeros and ones capturing the multivariable controllable
canonical form representation [78], and f, : R" — R™ and B € R™ " are unknown. In
addition, f,(z) can be parameterized as follows, f,(z) = 6z + O, f(x), where f : R" —

RY, x € R", and ©, € R™*" and O, € R"™*? are uncertain constant matrices.

Next, to apply Theorem 2.2.2 to the uncertain system (2.1) with f(z) and B given by
(2.24), let B, = [Omx(n_m) BrST}T, where B, € R™™ let A, = [AOT, @HT, where ©, € R™*"

is a known matrix, let ©* € R™*("*+9 be given by
0" = (BA) [0, — 6, =0y ], (2.25)

and let

F = . 2.26
In this case, it follows that, with © = (B,A) ™! B,

BAO? = B, (2.27)
and

f(x) + BAO*F(z) = Az + fulz) + [ O(n_gs)xm ] ABA) ™ [ Onz — O — O fru() |

_ i On—m)x1 | _
= Av + { o ] = Az, (2.28)
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where A, is in multivariable controllable canonical form. Hence, choosing A, and B, such
that (A,, B,) is stabilizable and choosing R; > 0 and Ry > 0, it follows that there exists a

positive definite matrix P satisfying the Riccati equation (2.7).

2.3. Dynamic Adaptive Tracking for Nonlinear Uncer-
tain Systems

In this section, the results of Section 2.2 are extended by constructing an adaptive,
dynamic controller for (2.1), with stability properties identical to those given by Theorem
2.2.2. The ultimate objective is to be able to account for both amplitude and rate saturation
constraints in the control input. In order to be able to account for rate saturation, it is
necessary to consider the time derivative of the command u(¢), ¢ > 0. Amplitude saturation
will be accounted for by setting this time derivative to zero. To that end, the command u(t),

t > 0, will be generated by a dynamic compensator of the form

Te(t) = fo(x(t), z:(t), (1)), zc(0) = 2o, t>0, (2.29)
u(t) = we(t), (2.30)
where z.(t) € R™, t > 0, is the compensator state, z(t) € R™, t > 0, is the system state,

2 (t) € R™™ ¢ > 0, is a reference state, and f. : R" x R™™ x R™ — R™. In order to

account for the compensator state, the reference system (2.2) is modified as

i (t) = { Ar _%_1 } 7 (t) + { Ojﬁri’{‘ ] r(t),  z.(0) = {Iﬂo } . >0, (2.31)

Omsxcn TLr20
where z,(t) = [ () 25(t) ]T, t >0, with x,1(t) € R", 2,2(t) € R™, ¢ > 0, and T} €
R™*™ is positive definite.

Next, consider the following desired control input, which is identical to the expression of
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u(t), t > 0, obtained in the previous section, given by
ug(t) £ A(O1pi(t) + Oaea(t)) t>0, (2.32)

where w}(t), t > 0, is such that for u(t) = wj(t), t > 0, Theorem 2.2.1 guarantees that e(t),
t > 0, converges to zero. In the classical backstepping literature (see for example [10]), this
desired control input is referred to as a “virtual command.” Note that r(t), ¢ > 0, in (2.8) is
replaced by x9(t), t > 0, in (2.32) to account for the modification to the reference system.

With this definition for wj(t), t > 0, the error dynamics (2.3) become

é(t) = (Ar+ BiK + K.)e(t) + B (u(t) — uj(t)), e(0) = e, t>0. (2.33)
Defining the error e (t) = u(t)—uj(t), t > 0, the remaining problem is to find the appropriate
expression for f.(-) such that e} (t), t > 0, converges to zero.

Note that a number of constant parameters in (2.32) are uncertain and need to be es-
timated, with appropriate update laws similar to those in Theorem 2.2.2. Ultimately, the

expression u(t), t > 0, should converge to is given by

ua(t) = A(O1(t)p1(t) + Oc(t)za(t)),  t >0, (2.34)
where O;(t) € R™*(m+7+9) and ©,(t) € R™*™ ¢t > 0, are estimates of ©% and O, respec-
tively. To this end, define the tracking error e, (t) = u(t) — uq(t), t > 0.

Statement of the next result requires a closed form expression of wq4(t), t > 0. Using
the update laws given by Theorem 2.2.2, and ©:(t) = [ ©11(f) ©12(t) |, t > 0, with

O11(t) € R™* and O15(t) € R™ ™)+ > 0, yields
ta(t) = A(— Pye(t) (¢1 (OT1p1(t) + 25 () Thara(1) + Ou (O F (2(1)(f (x(t)) + Bul(t))

+615(t) [ _;]; » } (1) + BT (r(t) — 2 (1)) ). >0, (2.35)
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where F'(x(t)) denotes the Fréchet derivative of F(-) at x(t), t > 0, '} € RUmHnts)x(mtnts)

I'e R™*™, I'y >0, and I', > 0. Note that the above expression can be rewritten as

U,d(t) = g(t) + h(t)@;@Q(t), Ud(O) =A (@10(,01 (0) + ®r0xr20) s t Z 0, (236)

where
F'(x(t))
b 2o | K| esen[-aen L) w2 | U] e
1P
and

T

g(t)éf\( — Pye(t) (o1 (OT101(t) + 25 (0)Deaa(t)) — O1a(t) [ KT, —3kaP | i (t)

HOOT (r(t) — (1)) ) + () A (t). (2.38)

Note that (2.36) allows to isolate the unknown term O3 in uq(¢), ¢ > 0. In addition, (2.29),
(2.30) and (2.36) yield the following expression for the time derivative of the new tracking

error e,(t), t > 0,
Cut) = fe(t) = g(t) = h(t)O%pa(1),  €u(0) =ew, ¢ 20 (2.39)

By choosing f.(t), t > 0, the error dynamics (2.39) can be reshaped as desired. In particular,
if é,(t), t > 0, is assigned, it follows from (2.39) that the corresponding dynamic compensator

(2.29) is given by
fo(t) = g(t) + h(t)O5ps(t) + éu(t),  t=0. (2.40)

The following result presents an expression for f.(t), ¢ > 0, which is similar to (2.40), with
éu(t), t > 0, replaced by an appropriate function which guarantees convergence of e,(t),

t > 0, to zero.
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Theorem 2.3.1. Consider the controlled nonlinear system G given by (2.1) and reference
system (2.31). Assume there exist unknown gain matrices ©* € R™** and ©F € R™*™,
and a continuously differentiable function F' : R® — R® such that (2.4) and (2.5) hold.
Furthermore, let K € R™*" be given by (2.6), where P = [ P P } > 0 with P, € R<(n—m)
and P, € R™™ satisfies (2.7). Consider the control input u(t), ¢ > 0, generated by (2.29)

and (2.30), where
fe(t) = g(t) + h(t)Oa(t)pa(t) — 205(t) Pe(t) — Kyey(t), t>0, (2.41)

where @o(t) and h(t) € R™*", t > 0, are given by (2.37), g(t) € R™, t > 0, is given by
(2.38), K, € R™™ is positive definite, and O4(t) and O3(t), ¢ > 0, are estimates of O}
and ©% = BT € R™ ™, respectively. The estimates ©,(¢t) € R™*(m+3) Q.(t) € R™™,

Oy(t) € R™(m+s) "and ©3(t) € R™", ¢t > 0, are given by

O1(t) = —Pre(t)eT )Ty,  ©1(0)=©Oy, t>0, (2.42)
O:(t) = —Rle(t)z5 (T, 6:(0) = Oy, (2.43)
Os(t) = —h(t) eu(t)ps ()T2, ©2(0) = O, (2.44)
@3(t> = €u<t)€T<t>PF3, @3(0) = @30, (245)

where I'; € R(mtnts)x(mints) o c Rmxm T, ¢ Rim+s)x(mts) and Ty € R™™ are positive
definite matrices. In this case, the control input u(t), ¢ > 0, generated by (2.29) and (2.30)
with (2.41), guarantees that the closed-loop system given by (2.3), (2.42)—(2.45), is Lyapunov

stable and (e(t), e,(t)) — (0,0) as t — oc.
Proof. From (2.34) and the definition of e,(t), t > 0, it follows that
u(t) = A(O1(t)p1(t) + O:(t)ara(t)) +eult), 20, (2.46)
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or, equivalently, using (2.10),

u(t) = A(O"F(x(t)) + 67 (2x2(t) + Ke(t))) — %hAATBTPe(t) +A(O1(t) — O7)pu(?)

FA(O, (1) — O ) o (t) + eu(t). (2.47)

Substituting (2.4), (2.5), and (2.47) into (2.3), we obtain

é(t) = (A, + BK — %kABAATBTP)e(t) + BA(O1(t) — O g1 (t) + BA(O,(t) — Oz (t)

T

+Be,(t), e(0)=ey, t>0. (2.48)
Similarly, from (2.39), (2.41) and ©% = BT, we obtain

éu(t) = —2B" Pe(t) — Kyeu(t) + h(t)(Oa(t) — O5)pa(t) + 2(0% — O3(1)) Pe(t),
ew(0) = ey, t>0.(2.49)
Next, consider the Lyapunov function candidate
1
Ve, ey, 01,05,05 0,) = e Pe + iegeu +tr [BA(©; — OO — 071
+r [(02 — ©3)151(0; — ©37)] +tr [(05 — ©3)I57(0; — O3]
+tr [BA(O, — 00O — /)], (2.50)
where P > 0 satisfies (2.7). Note that V(0,0,07, 03, 0%, 0F) = 0 and, since P, I'y, I'y, I's,
Iy, and BsA are positive definite, V (e, e,, 01,02, 03,0,) > 0 for all (e,e,, O1,0,,03,0,) #
(0,0,01,05,0%, 0. Then, using (2.7) and (2.42)—(2.45), it follows that the Lyapunov
derivative along the closed-loop system trajectories is given by
Vie(t), eu(t),01(t), Oa(t), O3(t), O:(t)) = T (t)Pé(t) + €T (t) Pe(t) + ey (t)Téu(t)

+2tr[B{A (O, (1) — O 10T (1))
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+2tr[(O(t) — ©3)I5'05 (1)]
+2t[BA(6; () — O 16 (1)]
+2tr[(O2(t) — ©3)1 105 (1)]
= eT(t)P(A; + B.K)e(t) + ¥ (1)(A, + B.K)T Pe(t)
—e' (t)Kee(t) — e, () Kyeu(t)
+2t2((O(t) — ©3)(I5 105 (1) — Pe(t)e, (1))]
+2tr[BAA(O: (1) — ©7)(I107 (1) + pu(t)e (1) )]
+2tr[BAA(O: () — O) (L 10] (1) + wia(t)e™ (1) )]
+2t2((O2(t) — ©3)(I 105 (1) + wa(t)ey (1)A(t))]
= —e"(t)(Ry + KRy K + K. )e(t) — ey (t) K,e,(t)

<0, t>0. (2.51)

Hence, the closed-loop system given by (2.3), (2.39), (2.42)-(2.45) is Lyapunov stable.
Furthermore, it follows from the LaSalle-Yoshizawa theorem [10] that lim; .. e*(¢)(R; +

KTRyK + K. )e(t) + el (t)Kye,(t) = 0, and hence lim; . e(t) = 0 and lim;_ . e,(t) = 0. O

Remark 2.3.1. Note that a parallel can be drawn between (2.29) and the actuator
dynamics of a physical system. In particular, the form of (2.29) was chosen to be an integrator
for simplicity; however, (2.29) can be modified to represent the actuator dynamics of a
particular system. Hence, the presented approach can account for actuator dynamics in the

control framework.

The expression for f.(-) given by (2.41) implicitly depends upon the form of q4(t), t > 0.

The control algorithm can be significantly simplified by using an estimate of uq4(t), ¢t > 0, as
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detailed in the following corollary. The resulting control algorithm then guarantees ultimate
boundedness of e(t) and e,(t), t > 0; that is, convergence of e(t) and e,(t), ¢ > 0, to a

neighborhood of the origin.

Corollary 2.3.1. Consider the controlled nonlinear system G given by (2.1) and ref-
erence system (2.31), and assume that the hypothesis of Theorem 2.3.1 hold with k) >
Amin(AAT). In addition, define ug;(t) = AO;(t)p1(t), t > 0, and assume that g, (t), t > 0,
can be approximated by ©(t), t > 0, such that ||uqi(t) —v(t)|| < e € R, t > 0. Finally, define
g(t) = v(t) + AO(t)x,(t) and é,(t) = u(t) — Gq(t). Then, the control input generated by

(2.29) and (2.30) with
fe(t) = fay(t) — 205(t) Pe(t) — Kuéu(t), (2.52)
where
fa @) 2 0(t) + A (=P e(t) 2y ()T (t) + O, (r(t) — z2(t)), ¢ >0,(2.53)
along with update laws (2.42), (2.43), and
Os(t) = é,(t)e" (t)PT's,  O3(0) =Osy, ¢ >0, (2.54)

guarantees ultimate boundedness of the tracking errors e(t) and é,(t), t > 0, with an ultimate

bound given by D, = {e,é, : eT(R; + KTRyK)e + éL K6, < 2},
Proof. From the definitions of uq(t), ua(t), and é,(t), t > 0, it follows that

u(t) = A(©1(H)@1(t) + Or(t)aea(t)) + v(t) —uar(t) +€ut), 20, (2.55)
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or, equivalently, using (2.10),
u(t) = A (O F(x(t)) + OF (x2(t) + Ke(t))) — %k:AAATBTPe(t) + A(O4(t) — O))p1(t) + v(t)
— gy () + MO (t) — O )wya(t) + éu(t). (2.56)

Substituting (2.4), (2.5), and (2.56) into (2.3), we obtain

é(t) = (A + B K — %kABAATBTP)e(t) + BA(O1(t) — O g1 (t) + BA(O,(t) — OF)am(t)

+B(v(t) — uai(t)) + Bé,(t), e(0) = ey, t>0. (2.57)
Similarly, from (2.29), (2.30), (2.53), and the definition of 4q4(t) and é,(t), t > 0, we obtain
Cult) = folt) = faa(D)s  €u(0) =éw,  t20, (2.58)
which, using (2.52) and ©% = BT, can be rewritten as
éu(t) = —2BTPe(t) — K,é,(t) +2(0%5 — O4(t))Pe(t),  é4(0) = éyo,  t>0. (2.59)
Now, consider the Lyapunov function candidate

1
Vi(e, éy,01,03,0,) = el Pe + §é3éu + tr [BsA(© — O))ITH(O] — 071)]
+r [(05 — O35 1(OF — 0:1)] + tr [BA(O, — )T 1(OF — 0:T)] .
(2.60)
Note that V4(0,0,07,0%,0F) = 0 and, since P, I'1, I's, [, and BsA are positive definite,
we have Vi(e, é,,01,03,0,) > 0 for all (e, é,,01,03,0,) # (0,0,07,05,0r). Now, using

(2.7), (2.42), (2.43), and (2.54), it follows that the Lyapunov derivative along the closed-loop

system trajectories is given by

Vi(e(t), é4(t), ©1(t), O3(t), O4(t), ) = T (t)P(A, + B.K)e(t) + e* (t)(A, + B.K)" Pe(t)
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—éy (1) Kyéy(t) — kxe' (t)PBANT B Pe(t)
+2tr[BAA(O: (1) — O7)(I 1O (1) + @ (t)e™ (1) P2)]
+2tr[BAA(O: (1) — O)) (T 107 (1) + woa(t)e™ (1) P)]
+2tr[(O(t) — ©3)(I5 105 (1) — Pe(t)éy (1))]
—2eT(t)PB(ugyi(t) — v(t))

= —e"(t)(Ri+ K" RyK)e(t) —2e™ (t) PB(ugy (t) —v(t))

—eX () Ky, (t) —kre™(t)PBAATB Pe(t), t>0, (2.61)
which, by completing the square, gives

Vi(e(t), éu(t), ©1(t), O3(t), 0:(t), 1) = —eT(t)(Ry + KTRyK)e(t) — éX(t) K éu(t)
~[[BTPe(t) + (uar(t) = v(®)[* + fuar (t) — v(t)]*
—e"(t)PB (kxAA" — I,,) BT Pe(t),  t>0,(2.62)

where [, is the m x m identity matrix. Since, by assumption, ||uqi(t) —v(t)|| < e, t >0, we

obtain

Vile(t), eu(t), ©1(1), 03(1), Ox(1).£) < —eT(t)(Ry + KTRoK)e(t) — & (t) Kuéu(t) + €%,

t>0.(2.63)

It follows from (2.63) that the Lyapunov derivative is strictly negative outside D,, which
guarantees ultimate boundedness of (e(t), é,(t)), ¢ > 0, with an ultimate bound given by D,

([79,80)). 0

One technique which allows one to estimate the derivative of ug;(t), t > 0, can be found

in [56]. In particular, provided there exists ¢ > 0 such that iq1(¢) < ¢, t > 0, the technique
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in [56] leads to an e-estimate of wugi(t), ¢ > 0, and allows for the determination of an
approximate value of ¢. More specifically, the algorithm in [56] can be used to approximate
a signal v(t) by v(t), with bounded estimation error s(t) £ v(t) — v(t), t > 0, where v(t),

t >0, is given by
v(t) = kosgn(s(t)) + ki(s(t) — esat(s(t)/e€)) + ka(t)sat(s(t)/€)), v(0) =vp, t>0, (2.64)

where the constants ko, ki and € are positive, sgn(s) = |s|/s, for s # 0, and sgn(0) = 0. In

addition,

o [ sen(s), for fs| > 1
sat(s) = { S, for ||| < 1. (2.65)

and the gain ks (t), t > 0, is given by the update law

oy = L lls@ll for [ls]l > e, _ S
ka(t) = { 0. for ||s]| < e, k2(0) = ko, t>0, (2.66)
with v > 0. It is shown in [56] that, for sufficiently small > 0, there exist ¢ < n and t* > 0

such that [|s(¢)|| <n, t > t*.

2.4. Adaptive Tracking with Actuator Amplitude and
Rate Saturation Constraints

In this section, the adaptive control framework presented in Section 2.3 is extended
to account for actuator amplitude and rate saturation constraints, following the approach
layed out in Figure 2.1. Recall that Theorem 2.2.2 guarantees asymptotic convergence of
the tracking error e(t), t > 0, to zero; that is, the state vector z(t), ¢ > 0, converges
asymptotically to the reference state vector x,(t), t > 0. Furthermore, it is important to

note that the compensator dynamics f.(-) given by (2.41) depend on the reference input
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r(t), t > 0, through #,5(¢), ¢ > 0. Since for a fixed set of initial conditions there exists a

one-to-one mapping between the reference input r(t), ¢ > 0, and the reference state z,1(t),

t > 0, it follows that the control signal in (2.16) guarantees asymptotic convergence of the

state z(t), t > 0, to the reference state z,1(t), t > 0, corresponding to the specified reference

input r(t), t > 0.

Reference
Input r(t)

Compensator
Dynamics

u(t) = H(r(t).t)

Control
Input u(t)

Is u(t) above
saturation?

Inverse Compensator
Dynamics
r(t) =H"(u(t)t)

Reference
Input r(t)

Reference System

Dynamics Dynamics
Reference System
State x.(t) State x(t)

+

Tracking
Error

Figure 2.1: Saturation algorithm

flowchart.

Of course, the reference input r(¢), t > 0, should
be chosen so as to guarantee asymptotic convergence
to a desired state vector zq4(t), ¢ > 0. However, the
choice of such a reference input r(t), ¢t > 0, is not
unique since the reference state vector z,1(t), t > 0,
can converge to the desired state vector zq(t), t > 0,

without matching its transient behavior.

The following presents a framework wherein a fam-
ily of reference inputs r(t), ¢t > 0, with associated ref-
erence state vectors x,1(t), t > 0, are constructed and
guarantee that a given reference state vector within
this family converges to a desired state vector x4(t),
t > 0, in the face of actuator amplitude and rate sat-

uration constraints.

From (2.29) and (2.30), it is clear that u(t), t > 0, is explicitly dependent on f.(t), ¢ > 0,

which in turn depends upon the reference signal r(t), t > 0. More specifically, from (2.29),

(2.30), (2.38), and (2.41),
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= 91(t) + h(1)Os2(t)pa(t) — 205(1) Pe(t) — Kyeu(t)

—AO, ()T (1), t >0, (2.67)
where s(t) = (x(t), 7.(t), ©.(t), O2(t), Os(t), e(t), eu(t)) and

gi(t) 2 A= Ple(t) (T (ONea(t) + a5 (OTia(0))
—01(t) [ O KT —lkAP]Tx'ﬂ(t)+@r(t)7}_1xr2(t)>

2

+h(t)Ax(t). (2.68)
Using (2.67), the reference input r(t), t > 0, can be expressed as

r(t) = H7'(s(t),u(t))
= 1,6, "A7(91(t) + h(t)Oa(t)p2(t) — 203(t) Pe(t)

—Keu(t) — lt)). (2.69)

The above expression relates the reference input to the time rate of change of the control
input.

Next, it is assumed that the control signal is amplitude and rate limited so that |u;(t)| <
Umax and |0;(t)] < Umax, t > 0,7 =1,...,m, where u;(t) and @;(¢) denote the ith component
of u(t) and u(t), respectively, and Uy > 0 and ., > 0 are given. Amplitude saturation
of the command u(t), t > 0, will be enforced by adjusting the rate of change of u(t), t > 0,
to zero. For the statement of the main result the following definitions are needed. For

ie{l,...,m} define

o (ug(t), (1)) 2 { (1) i)ftLléir(QiL: Umax and u; (), (t) > 0, t>0, (2.70)
o (us(t), () 2 min {o(ui(t),ui(t)), ﬁw} £>0. (2.71)
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Note that for ¢ € {1,...,m} and t = ¢; > 0, the function o*(-,-) is such that the following

properties hold:

i) If |ui(t1)] = Umax and w;(t1)a;(t1) > 0, then u;(t1)o™ (u;(t1), 4;(t1)) = 0.

i) If |u;(t1)] > Umax and |u;(t1)] < Umax or if |€;(t1)| > Umax and |u;(t1)] = Umax and

uz(tl)uz(tl) S O, then ul(tl)a*(uz(tl), uz(tl)) = umaxsgn(ui(tl)),

ii1) If no constraint is violated, then ;(¢1)o* (u;(t1), wi(t1)) = @;(t1).
Finally, define the component decoupled diagonal nonlinearity Y(u, @) by
S(u(t),u(t)) = diag[o*(uy(t), 41 (t)), o (ua(t), (), . .., ™ (um (), wm(t))].  (2.72)

Theorem 2.4.1. Consider the controlled nonlinear system G given by (2.1) and refer-
ence system (2.31). Assume there exist gain matrices ©* € R™** and ©F € R™*™, and a
continuously differentiable function F' : R — R® such that (2.4) and (2.5) hold. Further-
more, let K € R™*" be given by (2.6), where P > 0 satisfies (2.7). In addition, for a given

desired reference input r4(t), t > 0, let the reference input r(t), t > 0, be given by
r(t) = H'(s(t), S(u(t), a*(t))a"(t),  t>0, (2.73)

where s(t) = (2(t), 7.(t), ©.(t), O2(t), e(t), e,(t)) and u*(t) = H(s(t),rq(t)). Then the adap-
tive feedback control law (2.41), with update laws (2.42)—(2.45) and reference input r(t),

t >0, given by (2.73), guarantees that the following statements hold:

i) The zero solution (e(t),e,(t)) = (0,0) to (2.3) and (2.39) is asymptotically stable.

i1) |ui(t)] < Upmax forallt >0andi=1,...,m.
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ii1) | (t)] < tax for allt >0and i =1,...,m.

Proof. Statement i) is a direct consequence of Theorem 2.3.1 with r(¢), ¢ > 0, given by

(2.73). To prove ) and iiz) note that it follows from (2.67), (2.69), and (2.73) that
a(t)=H(s(t),r(t) =H(s(t), H (1), B(u(t), @ ()i (8))) = S(u(t), & (8))i" (t), t>0,(2.74)

which implies ;(t) = o*(u;(t), 4} (t))af(t), i = 1,...,m, t > 0. Hence, if the control input

u;(t), t > 0, with a rate of change @/(t), i = 1,...,m, t > 0, does not violate the amplitude

*

and rate saturation constraints, then it follows from (2.71) that o*(u;(t),4;(t)) = 1 and
w(t) =4l (t),i=1,...,m, t > 0. Alternatively, if the pair (u;(t),u}(t)),i=1,...,m,t >0,
violates one or more of the input amplitude and/or rate constraints, then (2.70), (2.71), and

(2.74) imply
i) u;(t) =0 for all t > 0 if |u;(t)| = Umax and u;(t)uf () > 0; and

i1) Ui (t) = Umaxsgn(ul (t)) for all t > 0 if |4 (t)] > Umax and |u;(t)| < Umax or if @i (t)]| >

Umax and |u; ()] = Umax and w;(t)0;(t) < 0;

which, for u;(0) < Upax, guarantee that |u;(t)| < tmax and [u;(t)] < Umax for all t > 0 and

1=1,...,m. 0

Note that it follows from Theorem 2.4.1 that if the desired reference input 7q(¢), t > 0, is
such that the actuator amplitude and/or rate saturation constraints are not violated, then
r(t) = rq(t), t > 0, and hence, z(t), t > 0, converges to xq(t), t > 0. Alternatively, if
there exists t = t* > 0 such that the desired reference input drives one or more of the

control inputs to the saturation boundary, then r(t) # rq(t), t > t*. However, as long
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as the time interval over which the control input remains saturated is finite, the reference
signal ultimately reverts to its desired value, and the tracking properties are preserved. Of
course, if there exists a solution to the tracking problem wherein the input amplitude and
rate saturation constraints are not violated when the tracking error is within certain bounds,

then the approach is guaranteed to work.

2.5. Illustrative Numerical Examples

This section presents three numerical examples to demonstrate the utility of the proposed
direct adaptive control framework for adaptive stabilization and tracking in the face of

actuator amplitude and rate saturation constraints.

Example 2.5.1. Consider the uncertain controlled Liénard system given by
() +p(z(t)—a)2(t)+Bz(t)+ytanh(z(t)) =bu(t), 2(0) =z, 2(0) =2y, t>0, (2.75)

where p, a, 3,7,b € R are unknown. Note that with 1 = z and x5 = 2, (2.75) can be written
in state space form (2.1) with = = [z1, 5|7, f(z) = |22, —Bz; — ytanhx; — p(z} — a)xs]T,
and B = [0, b]T. Here, it is assumed that f(x) and B are unknown and can be parameterized
as f(x) = [x2, Gz + Opq tanh 2y + O,p0xi2s]T and B = b0, 1], where 6, € R?, 0,4; € R, and
0.5 € R are unknown. Next, let F(x) = [z, tanh(z,), zizo]", A, = [AL, 05T, B, = [0, b7,

b €R, A=1,0"="b and © = [0, — O, —0On1, —Ous]/b, where Ay = [0, 1] and 6, is an

b
0
_|:br:|_Br7

(00 — O, —Onp1, —Ouo] F(z) = Arx — f(2),

arbitrary vector, so that

*— 0 . .
mie; - ]

|

o | &

BAO*F(z) = [

S O
S|

37



0 5 10 15
1
X,(t)
= x - sz(t)
~ 0
x
U
-1 v’ i i
0 5 10 15
5 - u(t)_ 7
.g === 0.1u(t)
§ _____________________________ -r
=
c
S
V] i
| |
0 5 10 15

Time [s]

Figure 2.2: Stabilization of the Liénard system with no saturation constraints.

and hence, (2.4) and (2.5) hold. Now, it follows from Theorem 2.3.1 that the adaptive
feedback controller (2.41) guarantees that e(t) — 0 as ¢ — oo in the face of input amplitude
and rate saturation constraints. In addition, 6, = [—4,—1.6], Ry = I3, and Ry = 1, and a

pair K and P satisfying (2.6) and (2.7) are given by

1.2434 0.1036

P = [ 01036 0.1801 ] ., K=[-04142 —0.7562 | . (2.76)

In order to analyze this design it is assumed that p =2, a =1, =1,y =1, b = 3,
with initial condition z(0) = [1, 1]T, u(0) = 0, 2,,(0) = [0, 0]T, z5(0) = 0. First, a
regulation problem is considered; that is, stabilization to the origin. The initial parameter
estimates are chosen as ©19 = [—1, —1, 0, 1, 1, 0, 4], ©,0 = 2, Oy = 000 00 ,

33 -1 -1 3
and ©39 = [0, 4]. Figure 2.5.2.2 shows the case where no input saturation constraints are

considered and Figure 2.5.2.3 shows the case where uy.x = 1 and . = 2.
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Figure 2.4: Tracking of the Liénard system with no saturation constraints.
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u(t)
| --- 01U

Control input

Time [s]

Figure 2.5: Tracking of the Liénard system with amplitude and rate saturation constraints.

Next, tracking of the signal z4(t) = sin(n/5t) is considered. Figure 2.5.2.4 shows the
case where no input saturation constraints are considered, while Figure 2.5.2.5 shows the
case where Uy, = 0.6 and Ugnax = 2. As seen in Figure 2.5, the control algorithm is
able to achieve perfect tracking, in spite of the actuation constraint. Should the constraint
prove too restrictive to physically allow the system to track the given desired trajectory,
while the proposed formulation still guarantees that x(t) — x,(t) as t — oo, it cannot
be guaranteed that z,,(t) — x4(t) as t — oo. However, the approach provides a “close”
agreement between the desired signal to be tracked and the achieved tracked signal for the
given saturation levels, as illustrated by Figure 2.6. The amplitude saturation constraint
is chosen as ., = 0.53, which, with .., = 2, is too restrictive to allow perfect tracking
of the given desired trajectory. At these amplitude and rate saturation levels, the control

signal remains periodically saturated, and z,;(¢), t > 0, is unable to perfectly track the
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desired trajectory. However, Figure 2.6 shows that the control algorithm still provides as
close an agreement between the trajectory x(t), t > 0, and z4(t), t > 0, as made possible
by the saturation constraint. Finally, consider a case where y = —0.1, « = 0, g = 1,
v =1, b = 3, with upax = 4 and . = 1. Figure 2.7 shows the results of a fifteen
second numerical simulation (left), obtained with the adaptive controller of Theorem 2.3.1
and the reference input as described in Theorem 2.4.1. The resulting trajectory, represented
by a solid line, converges smoothly towards the desired trajectory. However, if the reference
input is not modified as described in Theorem 2.4.1, which implies that the adaptation
mechanism in Theorem 2.3.1 is not aware of the saturation, then the closed-loop system’s
trajectory diverges. This is shown in Figure 2.7 by a dashed line, and is particularly clear

when focusing on the first five seconds of the simulation (right).

Example 2.5.2. Consider the nonlinear dynamical system representing a controlled

rigid spacecraft given by
i(t) = —I;' X Lyo(t) + I u(t), z(0) = o, t >0, (2.77)

where x = [x,, 7o, 23] represents the angular velocities of the spacecraft with respect to the
body-fixed frame, I}, € R3*3 is an unknown positive definite inertia matrix of the spacecraft,
u(t) = [uy, ug, uz]" is a control vector with control inputs providing body-fixed torques
about three mutually perpendicular axes defining the body-fixed frame of the spacecraft,

and X denotes the skew-symmetric matrix

0 —XI3 T2
X2 23 0 - |. (2.78)
—XT9 X1 0
Note that (2.77) can be written in state space form (2.1) with f(z) = —I;'X I,z and
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Figure 2.6: Tracking of the Liénard system with excessive amplitude and rate saturation
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Figure 2.7: Tracking of the Liénard system with amplitude and rate saturation constraints.
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B =I;'. Since f(z) is a quadratic function, f(z) can be parameterized as f(z) = O fu(z),

where ©,, € R3*6 is an unknown matrix and f,(x) = [22, 23, 22, 129, Tox3, T371]"

Next, let F(x) = [z, fu(2)T|T, B, = I3, A = I3, ©F = [},, and ©* = [,[A,, O], so that

BAO! = I'I31, = I3 = B,

f(z) — BAO*F(x) = f(z) — I}, ' I|A;, O] F(z) = — A,
and hence, (2.4) and (2.5) hold. Now, it follows from Theorem 2.4.1 that the dynamic adap-

tive controller (2.29)—(2.30), (2.41), guarantees that e(t) — 0 as ¢ — oo when considering

input amplitude and rate saturation constraints. Specifically,

0 1 0
A=]0 0o 1],
8 —12 —6

Ry = I3, and Ry = 0.113, so that K and P satisfying (2.6) are given by

0.3738  0.1340 —0.0369
P = 0.1340  0.4401 —0.0359 |, K = —-10P.
—0.0369 —0.0359 0.0709

In order to analyze this design it is assumed that

20 0 0.9
[b — O 17 O 5 Ql — QQ — [3,
09 0 15

with initial condition z(0) = [0.4, 0.2, —0.2]7, 2,1(0) = 2(0), ©19 = [ I3 O3x6 I3 Osxs |,
Oy = [ —1I3 0349 }, and Ozy = 03x3, and O, = I3. Figure 2.5.2.8 shows the angular
velocities versus time for the case where no saturation constraints are enforced and the case
where Upax = 1 and . = 0.5. The corresponding control inputs and their time rate of
change are shown in Figure 2.9 and Figure 2.10 . The control algorithm successfully regulates

the system, in spite of the actuator saturation.
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Figure 2.8: Spacecraft attitude regulation, angular velocities versus time.
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Figure 2.9: Spacecraft attitude regulation, control command, saturated and unsaturated.
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Figure 2.10: Spacecraft attitude regulation, control command rate, saturated and unsatu-
rated.

Example 2.5.3. In this example, the proposed approach is compared with the y—modi-

fication technique developed in [33]. Consider the system

J}(t) _ le(t) + 92173(75) . 036_10($(t)+1/2)2 _ €4€_10($(t)_l/2)2 + 65 sin(Qx(t)) + 96u(t)7

z(0) =x9, t>0, (2.79)
where 6;, ¢ = 1,...,6, are unknown parameters. For the simulation, it is assumed that

© =6 6505 0, 05 )= [1/5 1/100 1 1 1/2 2]. The system given by (2.79) is

considered in [33]. Defining f(z) £ Lo+ hsa® — e 10127 _ o=106=1/2" 4 1in(27), B = 2,

and choosing A, = —6 and B, = 6, it follows that

flz)—Awx = [31/5,1/100, 1, 1, 1 ][z, a®, —e 10@H/2°  _=106=1/2% "gin(22) 7. (2.80)
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Then, with

0 = %[31/5, 1/100, 1, 1, 1/2], (2.81)

F(z)=z, 2° _ e 10(z+1/2)? _6710(9671/2)2’ sin(2z) |7, (2.82)

Y

and A = 1, (2.4) holds. In addition, (2.5) holds with ©f = 3. Choosing R; =5 and Ry = 0.1
yields P = 0.1024 and K = —6.1414. In addition, the gains are chosen as follows, K, = 400,
I'y = 15,517, 'y = 1551, and I's = I', = 15.5. The amplitude saturation constraint is
chosen at upax = 0.94. The initial conditions are g = up = 0 and 6,(0) = 5, while all
other parameter estimates are initially set to zero. The desired trajectory is defined as
x4(t) = 0.7(sin(2t) + sin(0.4t)), t > 0.

When no rate saturation is enforced, the control law from Theorem 2.3.1 yields results
very similar to those obtained by the y—modification algorithm presented in [33]; see Figure
2.11. The choice of design parameters for the p—algorithm are identical to those given
in [33], and the obtained results replicate those shown in Figure 1.a of [33]. When enforcing
amplitude saturation only, the two algorithms perform comparably. However, in addition
to amplitude saturation, the proposed framework allows for rate saturation, whereas the
pu—modification framework of [33] does not account for rate saturation. Figure 2.12 shows
the results for ., = 0.94 and . = 3. The trajectory and corresponding control effort are
again compared to those obtained from the y—modification approach. As seen in Figure 2.12,
the performance of the p—modification algorithm is significantly degraded by the presence
of the rate saturation constraint, whereas the performance degradation using the proposed

controller is marginal.
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2.6. Conclusion

A direct adaptive nonlinear tracking control framework for multivariable nonlinear un-
certain systems with actuator amplitude and rate saturation constraints was developed. By
appropriately modifying the reference input to the reference system dynamics, the proposed
approach guarantees asymptotic stability of the error system dynamics in the face of actu-
ator amplitude and rate limitation constraints. Three numerical examples were presented
to show the utility of the proposed adaptive tracking scheme. The proposed motion control
algorithm is modular to some extent, in the sense that a general adaptive motion controller
(described in Theorem 2.3.1) is augmented with a saturation algorithm (presented in The-
orem 2.4.1). While the controller designed here is relevant to a wide variety of systems,
following chapters will present more specialized control algorithms, dedicated to particular
types of unmanned vehicles. Even if not explicitly shown (for brevity of exposition), these

controllers will be augmented with the saturation algorithm presented in Theorem 2.4.1.
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Chapter 3

Nonlinear Direct Adaptive Control
Algorithm for Quadrotor Aerial
Vehicles [2]

The work featured in this chapter was presented at the 2006 ASME International Mechanical

Engineering Conference and Exposition ([2]).

3.1. Introduction

Numerous research groups have in recent years focused on control of Unmanned Aerial
Vehicles (UAVs). This family of vehicles can be divided in two distinct classes. Airplanes can
reach considerable speeds, allowing them to cover long distances in a relatively short amount
of time. These vehicles naturally lend themselves well to missions pertaining to surveillance
of extensive areas. They can be distinguished from Vertical Take-Off and Landing (VTOL)
vehicles, as the latter are not able to reach comparable speeds, but are physically able to
hover in the vicinity of an arbitrary entity. They are therefore particularly well suited for

missions involving the monitoring of stationary or slow moving targets.
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Focusing on the VTOL category of aircrafts, another distinction can be made between
classical helicopters, which essentially use a single main rotor for lift, in conjunction with
an auxiliary tail rotor used to adjust the vehicle’s attitude, and quadrotors (see Figure 3.1),
which use a combination of four rotors for both lift and attitude control. Although quadrotors
feature more rotors than classical helicopters, they are of a simpler mechanical design, as the
latter require a tilting mechanism to orient the main rotor to adjust pitch and roll, which
is more easily accomplished, for quadrotors, using differential lift on pairs of rotors. This
simplified mechanical design however puts the onus on the control system to provide levels

of agility and maneuverability comparable to that of classical helicopters.

Controlling the motion of a quadrotor UAV is a chal-
lenging task. The interaction of the air flows generated
by the four rotors contribute to complex aerodynamic

forces affecting the vehicle’s motion. The system’s dy-

namics are not only nonlinear, but also difficult to satis-

factorily characterize, due to the complexity of the sys-
Figure 3.1: Quadrotor helicopter

tem’s aerodynamic properties. In addition, the vehicle’s papghee.

propulsion system (i.e. the rotors) can only provide a

finite level of control authority.

Due to the nonlinear nature of the system, linear control techniques are expected to
perform relatively poorly ([81]), as they can not account nor compensate for nonlinear phe-
nomenon affecting the vehicle’s dynamics. In [82], a Proportional Integral Derivative (PID)
controller and a Linear Quadratic (LQ) controller were implemented and proved capable of

regulating the system. However, these designs rely on a linearized version of the vehicle’s
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model. The controllers perform adequately if the vehicle is in a configuration close to that
the model was linearized about, but the performance dramatically deteriorates if the vehicle
state significantly differs from this desired equilibrium. As a result, these controllers have

difficulties in handling perturbations, and seem unlikely to allow for trajectory tracking.

A nonlinear controller should prove better suited to handle and account for nonlinearities
in the vehicle’s model. Indeed, a backstepping technique ([10]) yielded a control algorithm
that, when implemented on the same system as that considered in [82], outperformed the
PID and LQ controllers ([83]). Similarly, in [84, 85], feedback linearization ([77]) and a
different backstepping approach were used and allowed to satisfactorily control the vehicle’s

altitude and yaw.

As previously mentioned, due to the presence of intricate aerodynamic forces, obtaining
a mathematical model satisfactorily describing a quadrotor dynamical behavior is a difficult
task. To handle uncertainties in the model, a robust feedback linearization approach was
used in [63]. The obtained control law was shown to provide some level of robustness to

parameter uncertainties through numerical simulation.

Alternatively, model uncertainties can be handled using adaptive techniques. In [62], a
Single Hidden Layer Neural Network (SHL-NN) is used to compensate for unknown dynamics
and allows implementation of the obtained controller with limited knowledge of the system’s
dynamics. The approach was extended in [64], allowing the control algorithm to satisfy
control input saturation constraints, and successfully implemented on a physical system.

The algorithm is however limited to control of the vehicle’s pitch.

In the previous chapter, a model reference control framework relevant to a wide range of

systems was developed (Section 2.2 and Section 2.3). The reference trajectory was modified
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to ensure that the command remained within the capacities of the actuation system (Section
2.4). This chapter presents an alternative to the control algorithm in Theorem 2.3.1, which
targets autonomous vehicles in general, and quadrotor UAVs in particular. This adaptive
control algorithm solves the attitude and altitude tracking control problem for quadrotor
aerial vehicles and accounts for the effects of actuator dynamics. A direct adaptive control
law is derived, using an integrator backstepping technique ([10]). Section 3.2 details the
considered mathematical model. The main result is presented in Section 3.3, along with a
stability analysis. Results of numerical simulations are presented in Section 3.4 and illustrate

the performance of the controller.

3.2. System Model

Kinematics
Considering motion in six degrees of freedom, the vehicle’s position is described by
T
m={ax e 2], (3.1)

where (zy, yg) denotes the position of the vehicle in a two dimensional frame. The xy axis
is arbitrarily chosen to point North, the yg axis East, while the z axis is pointing downward.
The vector 7, is expressed in an Earth Fixed Frame (EFF) of arbitrary origin. The vehicle’s

attitude is described by

m2[e 0 v], (3.2)

where ¢, 6 and v denote the vehicle’s roll, pitch, and yaw, respectively. Position and attitude

are grouped inn = [ nf 0 }T. The body-fixed velocities are introduced with the following
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notation,
Ulé[uvw}T, l/zé[pqr}T, (3.3)

where u, v and w are the forward, lateral and downward velocities, expressed in the Body

Fixed Frame (BFF, [86]), while p, ¢ and r are the angular velocities in roll, pitch and yaw, re-
spectively. Linear and angular velocities are grouped in the velocity vector v £ [ vl vl }T.
The overall state of the vehicle is described by the state vector x £ [ nt VT }T.

The time derivatives of (3.1) and (3.2) are related to the velocities in (3.3) as follows

(86,87]),
= Ji(me)vi, (3.4)
e = Ja(n2)vae, (3.5)
where
[ Cocy  SpSeCy — CpSy  CpSeCy + S¢Sy
Ji(m2) = | cosy 845054 + CoCy  CeSeSy — SeCy | (3.6)
| — S0 S¢Co CyCo
[ 1 8¢t9 C¢t9
Ja(12) £ 10 Co —s¢ |, (3.7)
| 0 8¢/C@ C¢/C@

and s, ¢, and t. denote the sine, cosine and tangent of the angle ¢, respectively. Equations

(3.4) and (3.5) constitute the kinematic equations of the considered system.

Dynamics

The equations characterizing the dynamic behavior of the system are of the form ([87])

(1) = - Cula)a(t) + (60,00 + [0 0 £ ]T, (0) = v, £20, (39

Dy(t) = IOy (v (1)) a(t) + I 17 (1), 12(0) = 1, (3.9)
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where m is the mass of the vehicle,

i, 0 0
I£(0 4, 0], (3.10)
0 0 14,
is the rotational inertia matrix,
0O r —q 0 —i,r iy
Cifm)= | =r 0 p |, Clm)= | @r 0  —igp |, (3.11)
g -p 0 —iyq izp O

are Coriolis matrices, fq(¢,0) Ly [ —58¢ CeSy  CaCo }T is the vector of restoring forces, g
is gravity’s acceleration, f, is the thrust provided by the propulsion system, and 7 regroups

the torques and moments generated by the propellers.

The dynamical system (3.8)—(3.9) is augmented with the following equation, which repre-
sents the dynamical behavior of the actuation system, describing the effect of a Pulse Width

Modulation (PWM) command on the produced thrust,
H) =T (<7() + 2BA (), FO) =R, 130, (3.12)

where T' € R*** is a diagonal matrix of time constants, 7' >0, 7 = [ f, 7° }T, gm € R,

kK0 00 10 2 1

N R L1012 0 -1

B=1o 0o wmol> 2= 7l1 0 —2 1 | (3.13)
00 0 d 1 2 0 -1

where k, [ and d € R, and, finally, p» € R* regroups the squares of the PWM command

provided to the four motors.
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Reference System

The control algorithm presented in this chapter follows a model reference framework.

The following linear reference system is considered,
I, (t) = Ay, (t) + Byrs(t), t >0, (3.14)

where () € R®*™ is the reference state, A, € R*™*?™ B, € R*™*™ are constant matrixes,

and rs(t) € R™ is the reference input.

The reference system considered here is composed of three uncoupled second order oscil-
lators. Each oscillator is characterized by a damping coefficient ; > 0, ¢ = 1,...,m, and a
natural frequency wy; > 0, ¢ = 1,...,m. This choice was mostly motivated by the simplicity

of the corresponding reference dynamics. The dynamics of the i*" oscillator are given by
Fri(t) + 2Gwoidni (t) + Wi (t) = wirsi(t), t >0, i=1,..,m. (3.15)

Thus, the reference system can be rewritten as

ilr(t) o Om ]m ZL‘lr(t) Om
[a’:gr(t) ] _ [ O, _Arm] {xm ] s [ i ]rs(w, (>0, (3.16)
where
o) 2 [aa(t) . zm@®) ]",  t>0, (3.17)
wo(t) 2 [@a(t) . dm()], t>0, (3.18)
and
A = diag(2Gwor, -+, 2CmWom ), wo = diag(wor, -, Wom)- (3.19)
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Finally, the desired trajectory for the vehicle may be written as

zat) = [ za(t) . zam®) ], >0 (3.20)

By choosing
7s(t) = wy 2 (Fq(t) + Amda(t) + wiza(t)), t>0, (3.21)

it follows that
{ T1r(t) — Za(t) } = A, { Z1rlt) — za(t) } . t>0. (3.22)

Since

O Im
ae| o ], (329

—w?
is Hurwitz, it follows that z1,(t) — x4(t) — 0 and zg,(t) — #4(t) — 0 as t — oo, i.e., the
reference state converges to the desired trajectory. The remaining problem is to design a
control command, 7(t) € R™, such that the tracking error converges to a fixed neighborhood
around the origin. Considering that the mass, Coriolis/centrifugal and damping matrices
of the real system contain unknown parameters and unknown terms, a control signal that

accounts for these uncertainties needs to be considered.

3.3. Direct Adaptive Control Algorithm

This section introduces the considered tracking errors and presents the main result, which
provides a control law solving the considered tracking problem, followed by a proof of sta-

bility.
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Tracking Errors

Define 7, £ [ Ny ke.z ]T, where ks, € R is a scaling constant. The position of the

T

T
. FsxTrs ] , where z,, € R? corresponds to three

reference system is given by z,, £ [ x
reference angles, and z,, € R is a reference altitude. The considered position error is of the

form
6p(‘rrh 77S) £ Ty — 7Ns- (3.24)

A backstepping procedure ([10]) yields the following velocity error,

6V<x1‘27 x)Xl) é J3_1(772)xr2 + X1 — Vs, (325)
with vs £ [ vy ksgw }Ta
J. (772) 03x1
J. L V2 , 3.26
3(12) [ Oixs cgCo (3:26)

where 0;5; denotes the 7 x j dimensional zero matrix, and x; is obtained from the filter

T8+ () = 5 0m0) (8 | 0 ey | €
5 TE (), a(0) =xo, 120, (327)

where Tl,Gl € IR,4X4, Gy > 0.

In addition, the acceleration error is of the form

er(2y, T, X2, 7, 01) 2 BTO1¢01 (13,12, X2) — 7, (3.28)
where
01 00
.00 10
S (3.29)
1 0 0 O
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O, is an estimate of O = [ diag [ by — by, fg — 1z, Iy —ig, 1 } M ], obtained from the

update law
O1(t) = ey(t)e) (O — arllen(t)[?O1(t),  ©1(0) =O19, >0, (3.30)
where I'y € R¥®, 0y € R, I'y, 07 > 0, and

A 04><1
r35 112 - — . 3.31
©1(Tr3, M2, X2) = X2 + { J; 1(772)$r3 } ( )

Furthermore, z,3 £ &9, and Y is obtained from the filter

Toxa(t) + xa(t) = fe, (t) + [ Jg(n2(t))e?)t;;+Ggev(t) ] , x2(0) = x20, t>0, (3.32)

where T, Gy € R¥*, Gy > 0,

[gr pr pg po—qu]’

o (T, 2, £ 0 , 3.33
fv( 1) ksz |: 3x1 :| + (%JB—I(T]Q)) Tpo +T1_1a1 ( )
—CyCo
and oy is the filtering error associated with filter (3.27) given by
0 B 1
_ 1
oy (71, T, X1) = J3 1(772) (ksz [ uSg —3213(1,09 } +G16p<xr17ns)> + §J3T(772)€p<5€r1777s) - X1
(3.34)
In addition, define

A 04><1
A SRl Y 9 - Eyv Ty 9 + — - 9 335
aa(ep, ey, Tr, T, X2, Q1) = fe, (20, 7, 1) |:J3 1(n2)ep+G2ev] X2 ( )

which is the filtering error corresponding to filter (3.32). Finally, define the error vector

es [ eg el el ]T, which regroups the three tracking errors.

Remark 3.3.1. The above velocity and acceleration errors were obtained following an

integrator backstepping procedure similar to that presented in [10]. The procedure was
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modified to simplify the expression of the final control command. In particular, using a
technique derived from Dynamic Surface Control (DSC, [61]), specific parts of the virtual
control commands ([10]) are replaced by their filtered equivalent (obtained from filters (3.27)
and (3.32)). The resulting derivatives of the virtual control commands, which can be found

in the control law, are significantly simplified.

Control Command

The main result of the chapter is stated in the following Theorem.

Theorem 3.3.1. Consider the dynamical system formed by (3.24), (3.25) and (3.28),

and control law

p2(t) £ AOs(t)pa(t), ¢ 20, (3.36)

L

where ©, € R*12 is an estimate of ©} BT [Tt BTM-! I, |. 1; is the j'" dimen-

L

9

sional identity matrix, M £ [ 8x1 ]
01x3

pa(t) 2 [77(t) €5(6) @3(t) ], t=0, (3.37)

952(%,%@1,)(2,042,7%7@) = BT (91(%,% @1)901(%3,772,)(2) + @1T2_1042

d .
+01, <dtJ 1(?72)> Tr3 + @12J§1(?72)13r3($r, 7’s)) + Gse,,(3.38)

where O, is the (1,4) x (5,8) block of ©1, and G3 € R*** G5 > 0. Finally, consider the

update law
92(75) = e, (t)ps (1)Ty — o9)|e,(1)]|*Oa(t), O2(0) = Oq, t >0, (3.39)

where I'y € R'2X12 g, € R, 'y, 09 > 0.
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The control command (3.36) with update laws (3.30) and (3.39) guarantees convergence

of (e,01,0,) to the compact set
R 1 . -
M= {(e, 01,0,) : e'Ge < 5@%+\|6VM’1@>{||@2, tr[M eI 'e]] < trjMteir e,
tr[BO,I5107] < tr[B@;Fgl@;T]}, (3.40)
where ©; £ 9, — o7, 0,20, — O3 are estimation errors, G £ diag [ Gi1 Gy G }, a; 1s

an upper bound to the filtering error oy, i = 1,2, and B £ ¢2T'B.

Proof. Consider the Lyapunov function candidate

1 1 R B
V(e ©) 2 e+ Str (M—l@lrl—l@f) + 5t <B®2r;1@;f) , (3.41)

where © £ [ 0, O, } Note that V (e, ©) is C! for all e € R'? and © € R V(e,0) > 0
for all (¢,0) € R> U R*>?\ {0}, and V(0,0) = 0.

Note that the expression (3.25) of e, allows to write the time derivative of e, as

L (m)ey). (3.42)

ép(e,m, on) = —Grep, + J3(n2)(oq + ey — 5

Similarly, (3.28) allows to express the time derivative of e, as
éy(e, Ty, T, X2, 2,01) = —Jf (n2)ep, — Goey + M (Ojaz — ©101 (213,72, X2) + Be,).(3.43)
Finally, the control command (3.36) allows to write the time derivative of e, as

e-(t) = —BTM™Ye,(t) — Gse,(t) — BOy(t)pa(t), t = 0. (3.44)

Using (3.42), (3.43) and (3.44), we obtain the following expression for the time derivative of

the Lyapunov function candidate,
V(t)=—e} (t)Grep(t) +ep (t)J3(na(t)) (o (t) — %JsT(m(t))@p(t))—e;r(t)392(t)902(75)
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ey (M (O7as(t) = ©1(t)pa (1)) + tr[M 1O (1)1 'O7 (1))

+tr[BO, ()5 01 (1)] — el (t)Gaey(t) —eX (t)Gse,(t), >0, (3.45)
which can be rewritten as

V(t) = —e"()Ge(t) + [ ey (t) el (t) ] Plr(t))a(t) - %eg(t)J3(nz(t))J§ (m2(2))ep(t)
+r[M 101 (8) (T 0T (1) — wa(t)ed (8))] + tr[BOs(8)(Iy 105 (1) — walt)er (1)),

t >0, (3.46)
where

A J3(7)2) O4xs A T 11T
Poe) = | o, mmer | a=[al a3 ] . (3.47)

Using update laws (3.30) and (3.39), (3.46) can be transformed into

N %eg(t)J3(n2(t))J3,T (m2(t))ep(t)

—a1ley ()[Pe[M 1 OL()TTIOT (8)] — oaller (6)P62[BOL(H)T5 O3 ()], ¢ > 0.(3.48)

V(t) = =T ()Ge(t) + [ ey (t) el (1) ] P((t))a(t)

Note that, by completion of the square,

1 1 1
ey Js(m2)on = —=(J5 (m)ep — )" (Jg (m2)ep — an) + §€§J3(772)J§(772)€p + 5”041”2- (3.49)

2
In addition, for ||T;|| sufficiently small, ||o;(t)|] < a;, t > 0, i = 1,2, and we obtain the
following upper bound on V,
. ol _ — ~ ~ 1 _ * || —
V(1) < Zlex (1) P(x[BOIT; 03] — [BOL1)T5 ' 0u(1)"]) + 1 + [lew ()M 67
—e(t)"Ge(t) + %||ev(t)||2(tr[M—19’{F;1®>{T] —tr[M~'0,(H)I7'OT (1)), t=0.(3.50)

Hence, V (t), t > 0, is strictly negative outside of M, which guarantees convergence of (e, ©)

to the compact set M ([88]). O
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Figure 3.2: Orientation and altitude, actual, desired and reference trajectories.

3.4. Numerical Simulation

The control law (3.36) presented in Section 3.3 was tested through numerical simulations.
The reference system used is of the form given by (3.16), with wy = 10.21,, and A4 = 38.81,.
In addition, the following values were used in the vehicle’s model, m = 6, i, = 5, i, = 5,
i,=1, g0 =10, =025, k=2, d=0.1, g = 981, T"= 0.01 I;. The control gains were
chosen to be G; = G5 = G3 = 10 14, and the learning coefficients I'y = Ig, I's = I15.

The chosen initial conditions are as follows, 1719 = [ 0 0 10 ]T, oo = g [ 111 }T,
v = Opx1, Tro = 15 [ 1 1 1 Oix9 ]T, and the desired trajectory that z,; is tracking is of
the form zq(t) = [ asin(bt) —asin(bt) %sin(bt) —10 }T ,t >0, with a = 5, b= 2Z. This
reference trajectory has the vehicle elevating in altitude while its orientation is oscillating.

As seen on Figure 3.2, the actual roll (top left), pitch (bottom left) and yaw (top right)
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converge rapidly and smoothly to their corresponding desired trajectory. Similarly, the

altitude converges to its desired value (bottom right).

3.5. Conclusion

This chapter presented a novel direct adaptive controller solving the tracking control
problem for quadrotor UAVs. A stability analysis proving convergence of the tracking errors
to a neighborhood of the origin was provided, and the obtained control law was successfully
tested through numerical simulations. This example illustrates the efficacy of backstepping
and direct adaptive control techniques in solving the tracking problem for unmanned vehicles.
In following chapters, similar techniques are used to solve the tracking problem for alternate

types of autonomous vehicles.
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Chapter 4

Neural-based Adaptive Control of
Autonomous Marine Vehicles [3]

The result presented was the object of a chapter in the book “Current Trends in Nonlinear

Systems and Control”, published by Birkhduser in 2004 ([3]).

4.1. Introduction

This chapter presents a neural-based MRAC algorithm for autonomous marine vehicles.
The development of control algorithms for marine vehicles is the focus of a number of research
groups across the world, and a variety of results can be found in the literature. Regulation
problems have received significant attention. For instance, three different stabilization al-
gorithms are introduced in [89] for a model of underactuated hovercraft. While providing
interesting results, the control algorithms are designed for a specific model of hovercraft,
whose model is significantly simpler than that of more common marine vehicles, as it does

not contain many of the nonlinear, coupled drag terms that these generally feature.

Tracking controllers can also be found in the literature (see for example [90-96]). In [96],
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the case of a surface ship equipped with a pair of propellers is considered. This controller
showed interesting performance in simulation. However, the desired trajectory is limited to
straight lines and circles. A similar problem is considered in [95], where the authors derive a
controller that uses a state estimator to handle uncertainty on the state measurements. In
[90], a global controller, which accounts for control amplitude saturation effects, is designed.
Then, in [91], a velocity observer is added to the control framework, allowing the algorithm to
operate without velocity measurements. A different type of propulsion system is considered
in [93], which presents a controller for an underactuated AUV equipped with a propeller
and a side thruster. The resulting controller handles constant and slowly varying external
perturbations. Although these results are of interest, the majority of them rely on somewhat

restrictive assumptions, such as that the system’s model is fully known.

Such knowledge assumptions are natural and understandable, as the design of a motion
controller very often relies on a mathematical model of the system to control. However,
in the case of marine vehicles, it can prove rather challenging to obtain a model that will
satisfactorily capture the dynamic behavior of the system. This is due in no small part to
a number of hydrodynamic phenomenons such as skin friction about the vehicle’s hull and
propeller induced cavitation. Such occurrences contribute to a difficult modeling problem, to
such an extent that current modeling techniques appear only partially capable of describing
the dynamics of marine vehicles. Modeling of these can prove particularly challenging when
the vehicle’s velocity is varying, such as when it is following a search pattern or when
its desired path is unsteady. To compensate for the corresponding uncertainties in the
geometric and hydrodynamic parameters characterizing the system’s model, adaptive control

techniques can be used.
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The design of adaptive controllers for marine vehicles has been widely studied. For
example, in [97], a nonlinear model-based adaptive output feedback controller was developed
for a surface vessel. Global asymptotic position tracking was achieved assuming the structure
of the mathematical model was of a particular form, with constant inertia and damping
matrices. This structure was also extended to include a bias term representing drift, currents
and wave load. Simulations were presented, but fell short of demonstrating the controller’s

robustness to unmodeled dynamics.

In the following, we introduce a Neural Network Model Reference Adaptive Controller
(NN-MRAC), whose learning capabilities allow adaptation to the particular system’s model
and operating conditions, thus improving tracking performance of the closed-loop when faced
with limited system information. The controller is dynamic, in that it features time varying
gains, whose update mechanism is derived using Lyapunov stability theory. The resulting
control command, in conjunction with these update laws, guarantees ultimate boundedness
of parameter estimates and tracking errors. The algorithm relies on the use of a Single
Hidden Layer Neural Network (SHL-NN), which allows to solve the tracking problem in

spite of structural uncertainties in the system model.

Section 4.2 presents a model for the class of dynamical systems considered in this chapter.
The main results are introduced in Section 4.3, which presents the two derived control

algorithms along with stability proofs. Concluding remarks are offered in Section 4.3.

4.2. Marine Vehicle Model

This section presents a generic mathematical model of a marine vehicle. In particular, the

model assumes that pitch, roll and heave motions are negligible and feature only the three

66



degrees of freedom corresponding to surge, sway and yaw motions. Because of this choice,
it will be assumed that the vehicle’s state space D coincides with RS, although the control
algorithm can be easily extended to higher dimensions. The notation used for the vehicle’s
generalized equations of motion follows [86], but is reduced to motion in the horizontal plane.
The Earth Fixed Frame (EFF), denoted by e, . and z, is chosen so that the vehicle’s center
of gravity is at the origin at time ¢ = 0. The x, and y, axes are directed toward the North
and the East, respectively, while the z, axis points downward in accordance with the right
hand rule. This frame is assumed to be inertial, the acceleration due to the earth’s rotation

being considered negligible. The vehicle’s configuration in the EFF is

n(t) = [ox(®).yet),v@)]",  t20, (4.1)
where zx(t) € R and yg(t) € R describe the distance traveled along the x, and y, directions
respectively, and 1(t) € R describes the rotation about the z, axis.

The Body Fixed Frame (BFF) has its origin fixed at the vehicle’s center of gravity, the xy,

axis points forward, the y,, axis starboard, and the z;, axis downward. The vehicle’s velocity

is defined in the BFF as
v(t) £ [ut), v(t),r@)]", >0, (4.2)

where u(t) € R and v(t) € R are the components of the absolute velocity in the z}, and w,
directions respectively, and r(¢) € R describes the angular velocity about the z, axis. The

vectors n(t) and v(t) are related by the kinematic equation [86],

n(t) = Jn(®)v(), =0, (4.3)
where
cosy —siny 0
Jn) = | sinyy  cosvp 0 |, (4.4)
0 0 1

67



is the rotation matrix from BFF to EFF.

Using the form introduced in [86] and the previous notation, the marine vehicle’s equation

of motion is given by
My(t) + Cv@))v(t) + D(v(t)v(t) + g(n(t)) = Br(t),  t=0, (4.5)

where M € R3*? is the mass matrix (including added mass, see [86]), C(v(t)) € R**3
contains Coriolis and centripetal terms, D(v(t)) € R3*3 is the damping matrix, g(n(t)) € R?
is the vector of restoring forces and moments, 7(¢) € R™ is the input vector, and B e R¥m

characterizes how the control inputs affect the vehicle’s dynamics.

While the rigid body inertia, Coriolis, centripetal, and gravitational terms are described
in [86], the hydrodynamic terms are much more challenging to model and depend on the
particular geometry of the considered vehicle. In general, even very thorough hydrodynamic
modeling efforts are only able to partially describe the dynamic behavior of a marine vehicle.

In light of these considerations, the considered vehicle dynamics are of the form

o(t) = f(x(t)) + Br(t),  t>0, (4.6)

where = [ T v7 |7 is the state vector and

B2 M'B,

flx) & =M [C(v) + D)l — M~g(n),

are assumed to be unknown.

In addition, the results in Section 4.3 will make use of the following reference system,
T1.(t) 0, I, 21,(t) 0,,
- >
|: x2r(t) :| |: _W(Z] —Am $2r<t) + w(2) Ts(t)’ t=>0, (47)
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where x1,(t), zo,(t) € R™, t > 0, and

Arm é diag(2C1w01, P QCmWOm), Wo é diag(wm, ceey a)()m). (48)

4.3. Control Command

Theorem 2.2.1 and Theorem 2.2.2 provided control algorithms for a large class of nonlin-
ear systems. In this section, we introduce a pair of control laws which provide comparable

functionalities, but for a more specialized class of systems, whose general form is given by

(4.3) and (4.6).

Theorem 4.3.1. Consider the vehicle dynamics (4.3), (4.6) and the reference dynamics
(4.7). Introduce a tracking error e;(n, x1,) € R™, where n € R™ and z1, € R™ represent the
vehicle and reference configuration, respectively, such that e;(n(t),z1,(t)) =0, t > 0, if and
only if perfect tracking is achieved. Assume that the error dynamics can be written in the
form

é1(t) = Qu(n(t), 21:(t)) @2 (x(t), 2:(t), x(1)), ¢ =0, (4.9)
where x(t) € R™ is an exogenous signal, z(t) € D is the state of the system, z,(t) € R*™
is the reference state, Q; : R® x R™ — R™ ™ and ¢, : R*" x R*™ x R™ — R™ is such
that WB € R™*™ is invertible. In addition, assume there exists a Lyapunov function
candidate V;(e1) such that V!(e;) = 0 if and only if e; = 0. Next, consider the control
command

(2, 2, X, 1) = =N [H (2, 20, X)w(x, 20, X, 75) + 07 ()], (4.10)
where 7*(z, x;, x,rs) € R™, A € R™*™ is invertible, and

aq2(l'7 Ly,

—1
H(x,xr,x)é( = X)BA> e R™™, (4.11)
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0qa(x, Ty, X) 0@, e, x) . 0@z, 20, X) . .
877 ‘](77)1/ + 0wr Ty + aX X QQdes(ma xr)

(1>

w<x7 aj?”? X? TS)

+ea(w, 2, x) + G5 1Q7 (1, x1) VYT (e1) € R™, (4.12)
5*(1,) é aQQ(xvxhX) BA - aQ2<Iaxr7X)f(w) c Rm (4 13)
ov ov ’ '
with
Q2des(777$1r) é _a<77>*Tlr)GlQ'lr(naxlr)‘/s,T(el) S Rm’ (414)
62(1', Ly, X) é QQ(x> Ly, X) - QZdes(na $1r) € Rm> (415)

where a : R" x R™ — R*, G; € R™*™ is positive definite. Then the zero solution of the
error dynamics associated with the closed loop given by (4.3), (4.6), (4.7), and (4.10) is

asymptotically stable.

Proof. Using (4.9), the derivative of the Lyapunov function candidate Vi(ep) is given
by

Vo(t) = V(e () Qi (n(t), w1 () ga(x(t), (1), x(1)), ¢ >0, (4.16)

Using a backstepping approach derived from that presented in [10], we will use ¢a(x, 2, X)

as a virtual control command. Ideally g¢o(z, 2, x) would be equal to gages(, z1,) defined by

(4.14), such that

Va(t) lgp=apae= —(n(t), 1:(6)) V] (€1 (£)) Q1 (1(2), 21:()) G2 QT (n(t), 21 ())VI T (e (B)), ¢ >0,
(4.17)

which is negative definite. Next, consider a new Lyapunov function candidate,

1
V*(el, 62) = ‘/;(61) + §€;FG262, (418)
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where Go € R™*™ is positive definite and es is defined by (4.15). The time derivative of

(4.18) is of the form
V() = Vi(er(t)) + ed (t)Gaés(2), t >0, (4.19)

Next, taking the derivative of (4.15) and substituting the kinematic and dynamic equations,

(4.3) and (4.6), we find the error dynamics to be of the form

ol ey ra ) = Q2T g 0T TN gy 0@ T X)

on ov ox, '
g (x, zr, X) . )
+%X - q2des<w7 Ir)a (420)

which, after substituting the control input (4.10), provides the following closed loop error

dynamics

é1<£ll,l’r,x) = Ql(naxlr)(h('ruxr?)()? (421>

é2(£7xr7X) = —62($,Ir,X) - Gng?(nv'xlr)‘/zT(el)’ (422>

Therefore, (4.19) becomes

V() = —a((t), 21 () V(e () Qu(n(t), 21:(6) G1Q1(n(2), 21:(1)) V. (e (t)) — e5(t) Gaea(t),

t>0, (4.23)

which is negative definite, proving asymptotic stability of the closed loop error dynamics.

This concludes this proof. O

Remark 4.3.1. The matrix H(-) and function 0*(z) in (4.10) are unknown, while the

vector w(z, x;, X, 7Ts) is a known function of the states and reference input.
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—an(zfr’X) is constant, and that A

The following result relies on the assumption that
is constructed such that H(x,z,,x) = ©* € R™*™ is positive definite for all (z,z,,x) €
R?" x R*™ x R™. Since ©* and §*(x) from Theorem 4.3.1 are unknown, their estimates
need to be introduced. In particular, ©* in (4.10) will be replaced by an estimate ©(t),
t > 0. Following the approach described in [98], the vector function 6*(x) is approximated

by the output of a linearly parameterized neural network W (t)o(z(t)), t > 0, with maximum

approximation error €* > 0.

Theorem 4.3.2. Consider the system, tracking error and virtual command described

in Theorem 4.3.1. Assume that W is constant, and that A is constructed such that

-1
H(z,z,,x) = (WBA) = ©* € R™™ is positive definite for all (z,z,,x) € R*" x

R?™ x R™. Then, consider the following control law,
7(t) = —A (O )w(x(t), 2:(1), x(£),7s(t)) + W(t)o(z())],  £=0, (4.24)

where O(t) € R™™ and W (t) € R™*4, t > 0, are parameter estimates, and o(z) € RY,
x € R™, is such that there exists W* € R™*? for which W*o(z) = 0*(x) — e(z), with

|e(z)|| < &* for all z € R?". Furthermore, let the parameter update laws be
O(t) = Gaea()wT (x(t), z:(t), x(t), s(t)T1 — 010(t), ©(0) =©Oy, t>0, (4.25)
W(t) = GQ@Q(f)UT(.CE(t))FQ — O'QW(t), W(O) = Wo, (426)

where I'y € R™*™ and I'y € R?7*? are positive definite o; > 0, and g5 > 0. Then the tracking

error and the parameter estimates are ultimately bounded with a domain of convergence
defined as
MC = {(61,62,@,W) : v(617€27éaw) < §}, (427)
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where O(t) £ O(t) — ©*, and W (t) £ W(t) — W*, t > 0. In addition,
x 1 1 ~ ~ 1 ~ ~
V(el, €9, @, W) = %(61)4-§€gG262—|—§tr[@*_lBA@Fl_1@T]+§tr[@*_lBAWF2_lWT], (428)

and

¢2  max V(e 0, W), (4.29)
(61,62,@,W)€M

M £ {(e1, e, o, W) ; tr[BAll/T/FZ—lWT] < tr[BA,W*T; W1,

tr[BA,OT'07) < tr[BA,0 T 10T,

GQ% 8q2('r7 Ly, X) BAl

5 e} (4.30)

1
febte. )] <]

Proof. The tracking error e;(t), t > 0, is obtained from (4.9). In addition, ey(t), ¢ > 0,

is obtained from

ég(x,xr,X,Ts,T*) = wj(n)y+w<f(x) +BT)—|— an(IrxraX)j:

on ov ox, '
4 nX) ..
$ OB ). (4.31)
Substituting (4.24) into (4.31) and using the fact that H(z,x,,x) = O* allows to rewrite
(4.31) as
_ 0qa(, zy, 0qa(z, xy, 0qa(x, v, X) . )
a1 ©,) = I g, ORI iy o ORUELN) 0,1,
9 5 X) _
ORI g o [Ou( o) + Wo(o). (4.32)

Note that the assumption that 9a2(2.21:%) g constant leads to a constant ©*, which is key in
ov y

obtaining a control law that is linear in the unknown parameters, thus allowing application

of the certainty equivalence principle. Substituting (4.12) and (4.13) into (4.32), we obtain

é2($a Try X, (:)7 W) TS) :—82(37, Ty, X)_Gngrlr(nv mlr)‘/slT(el) _@*_17($7 Try Xy év W) TS)) (433)
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where

Y(x, e, X, O, W, rg) & Ow(x, xy, X, 75) + Wo(x) — e(). (4.34)
To show ultimate boundedness of the closed loop error dynamics given by (4.9) and
(4.33), the Lyapunov function candidate (4.28) is considered. The corresponding Lyapunov

derivative is given by

V(t) = —a(n(t), () V(e (1))Qu(n(1), 21:(1) G1Q(n(2), 21:(1) V] e () — e5(t) Gaea(t)
ey (1)G20" e (a(t)) + tr[0* 1O (I OT () — w(a(t), 2:(t), x (1), 75(1))es (1) Ga)]

+tr[@* YW () (DT W () — o (x(t))el (£)Gs)], t>0.

Finally, the update laws (4.25) and (4.26) provide the following bound for the Lyapunov

derivative,

V() <=0 O(ITIOT ()] + Tl O] — 2o W ()T ()]

G§ 0qa(, Ty, X)

ov Bhy

+ Zualor Wy W || G ea )| (| GEeatw, 2 )| —\ &),

(4.35)

It follows that the solution of (4.25), (4.26), (4.9), and (4.33) is ultimately bounded and

converges to the compact set M. ([88]). U

Remark 4.3.2. The assumptions taken ensure that one can always construct a design

parameter A such that ©* is positive definite.

Remark 4.3.3. The condition that W be constant is satisfied for a choice of ¢a(+)

that is linearly dependent on the system’s velocity. In that sense, go(-) is itself a velocity,
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which is consistent with the fact that the tracking error es(t), ¢t > 0, whose definition is the
difference between ¢o(+) and its desired value, is a velocity error. For instance, consider the
case of a fully actuated vehicle, with the generic position error e;(t) = x,1(t) — n(t), t > 0.

It follows from (4.3) and (4.7), that é,(t) = zx(t) — J(¢¥(t))v(t), t > 0. Hence, by choosing

Qu(t) = J((1), @) =T (bO)z(t) —v(t),  t=0, (4.36)

it directly follows that W = —1Is.

Remark 4.3.4. Note that, if a particular choice of o(x) is known, for which there exists
W* such that §*(z) = W*o(z), then o1 and o9 can be chosen equal to zero and LaSalle-
Yoshizawa theorem can be used to conclude Lyapunov stability of the tracking error dynam-
ics’ zero solution, asymptotic convergence of these errors to zero, and boundedness of the

estimates ©(t) and W (t), t > 0.

Remark 4.3.5. Note that requiring that W be constant leads to a command that
is linear in the uncertain parameters. This linearity facilitates proof of Theorem 4.3.2, which

results from the application of the equivalence certainty principle. For some specific choices

an (I,$r,)()

5 is indeed constant.

of tracking errors however, it becomes difficult to ensure that
As will be shown in a later chapter, the flexibility provided by the inclusion of the exogenous
signal x(t), t > 0, can be used to judiciously alter the choice of tracking errors, resulting in

a command linear in the uncertain parameters.

4.4. Conclusion

A neural network based MRAC algorithm was developed. Lyapunov stability theory was

used to demonstrate that parameter estimates and tracking errors are ultimately bounded.
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Use of a SHL-NN allowed derivation of a control algorithm in spite of structural uncertain-
ties and thus severely limited knowledge of the system’s dynamics. The presented control
algorithm is relevant to a wide variety of marine vehicles, such as surface crafts and un-
derwater vehicles. In addition, it was designed to accommodate both fully actuated and
underactuated vehicles with stable internal dynamics. Application of the presented control
framework to underactuated vehicles with unstable internal dynamics, although possible, is

not necessarily straightforward, and will be addressed in the next chapter.
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Chapter 5

Nonlinear Control of Non-Minimum
Phase Autonomous Marine

Vehicles [4, 5]

The following results were presented at the 4 Asian Control Conference in 2002 ([4]) and

at the 2003 IEEE Conference on Decision and Control ([5]).

5.1. Introduction

As mentioned in the previous chapter, research on motion control of AMVs has received
considerable attention from the community over the past decades ([92-96,99-103]). However,
the tracking problem for one of the most commonly encountered class of marine vehicles (i.e.
marine vehicles equipped with a fixed thruster and a rudder, [104]) is rarely considered.
Notable exceptions include [100], which contains simplifying assumptions removing relevant

dynamic behaviors.

The lack of a systematic study of this particular problem can be partially explained

by the difficulty in solving the full motion control problem for an AMV equipped with
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a fixed thruster and a rudder. Typically, the design of a motion controller relies on a
mathematical model of the system to control. However, in the case of marine vehicles,
obtaining a model that will satisfactorily capture the dynamic behavior of the system is
fairly difficult. Another issue arises from the fact that the magnitude of the control effort
generated by propulsion systems on AMVs is not only finite, but rather limited. Finally,
considering motion in the horizontal plane exclusively, it is apparent that the considered class
of AMVs feature three degrees of freedom (surge, sway and yaw), while the aforementioned
propulsion system only provides two independent control inputs (surge force and either sway
force or yawing moment). Hence, having one fewer independent control input than degree
of freedom, the system is underactuated. Furthermore, the zero-dynamics ([105]) implied
by this underactuation have proven to be intrinsically unstable ([5,93]). This means that if
the control approach is not carefully chosen, the behavior of the zero-dynamics might not
be acceptable and the obtained controller will be of no practical use. A system featuring an

unstable zero-dynamics is referred to as a non-minimum phase system ([106]).

Nevertheless, a number of control algorithms designed for underactuated marine vehicles
can be found in the literature (for instance, [92-96]). In [92], a surface ship equipped with
a pair of propellers is considered, and external disturbances such as ocean currents, are
accounted for. In [93], a controller for an underactuated AMV equipped with a propeller
and a side thruster is designed. The corresponding vehicle’s model is fairly similar to that of
a vehicle with a thruster and rudder, as it includes a coupling between sway force and yawing

moment. The controller also handles constant and slow varying external perturbations.

In [103], the authors present a control framework relying on a particular error variable

corresponding to the angle between the vehicle’s longitudinal axis and the direction of the
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vehicle’s desired position, noted 3. The resulting controller solves the regulation problem
for an underactuated AMV. The introduction of this relative orientation is progressively
spreading through the literature. It can be found in [66] and, more recently, in [107]. The
control algorithm presented in this chapter builds upon the approach introduced in [103],
using the same error variable 3, but extending the problem to trajectory tracking, and
dealing with unstable zero-dynamics. The control of underactuated marine vehicles with
an unstable zero-dynamics (or underactuated non-minimum phase marine vehicles) is rarely
treated. This control problem is considered in [66], however, the result in [66] is limited to

way-point maneuvering and requires full knowledge of the system’s model.

To solve the trajectory tracking problem for the considered class of systems, a back-
stepping procedure is used ([10]). As mentioned previously, special care has to be taken
in choosing the tracking errors since this choice affects the stability properties of the in-
ternal dynamics. More specifically, an inadequate choice of tracking errors can lead to an
unstable behavior of the internal dynamics ([93,104]). To address this issue, the presented
approach builds upon that introduced in [103], following a control strategy similar to that
presented in the previous chapter. In particular, the tracking errors are chosen as the dis-
tance between current and desired position, and relative direction of this desired position.
The resulting behavior of the internal dynamics is investigated by assessing the stability of

the zero-dynamics.

This chapter introduces a nonlinear control algorithm solving the tracking problem for
the considered class of non-minimum phase marine vehicles. In Section 5.2, a control law
guaranteeing good tracking performance for the considered error variables, assuming full

knowledge of the system’s model, is derived. The control algorithm is derived using a back-
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stepping procedure ([10]). The stability of the resulting zero-dynamics is studied in Section

5.3. Section 5.4 concludes this chapter.

5.2. Nonlinear Control Algorithm

The control algorithm in Chapter 4 relied on a neural network to compensate for the
system’s dynamics. Accordingly, the specific form of M, C(v), D(v) and g(n) in (4.5) does
not directly affect the expression of the control laws in Theorem 4.3.1 and Theorem 4.3.2. In
this chapter however, the aim is to develop a nonlinear control algorithm, the form of which

depends upon that of the various terms in (4.5). In the following, it will be assumed that

([86])
[m; 0 0 diy + dq|ul 0 0
M = 0 me mos |, D)= 0 dio + dg2|v|  digg + dgas|r| |, (5.1)
0 Moz M3 0 d123 + dqgglv\ d13 + dq3’7”
0 0 —MaV — M3T
Cv) = 0 0 miu : (5.2)
| Mav + Mma3r —myu 0

where m;, di, dgi, © = 1,2,3, mas, dios and dgs are uncertain constant parameters. In
addition, the vector of restoring forces and moments will be assumed to be the three-by-one

zero matrix Osyq, and the input matrix B is given by

) 1 0
B0 -1/l |, (5.3)
0 1

where [ > 0 represents the arm of the sway force generated by the rudder with respect to the
center of gravity of the vehicle. Finally, the control input is 7(¢£) £ [ 71(t) 7a(t) ]T € R?,

t>0.

The dynamics (4.5) can be expressed in a more compact form by factorizing the uncertain
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parameters,

v(t) = O7p1(v(t)) + O37(t), v(0) = vy, t>0, (5.4)
with
d]l 0 0 dql 0 0 0 0 —1MMo —1N923
@T £ Mt 0 dg daps 0 dq2 dq23 0 my 0 0 ) (55)
0 dpz ds 0 dq23 dq3 Mg — My 123 0 0
X 05, 0 -
;=M 'B=1| 0 6 |, e(v)=[ v |uu |vlv |rlr w uwr vr 2], (5.6)

Consider the following tracking errors,

ca(maa) 2 lan—[z y] |, (5.7)

6(77’ xrl) é atan?(xﬂ? —Y,Tr11 — :E) - 7% (58)

where .17 and x,15 are the components of x,q, so that x,q = [ Tr11l  Tr12 }T, atan2(ayq, ) =S
arg(ay + iaw), for all (ay, ) € R%\ (0,0), and arg(z) is the argument of z € C, such that
arg(z) = ¢ whenever z = |z|e’?, with p € (—m, 7] and i £ \/—1.

The above errors are of particular geometric significance. More specifically, eq(-) € Rt
represents the distance between system and reference position, while 3(-) € (—m, x| cor-
responds to the angle from the longitudinal, u—axis of the body fixed frame to the direc-
tion from system to the reference position. Note that, when eq(-) = 0, §(-) is undefined
(atan2(aq, ) is undefined for oy = ap = 0).

The control objective is bounded-error tracking, or, more specifically, (eq(t),3(t)) —
(a,0) as t — oo, with a > 0. These errors are grouped in ey (7, 7,1) = [eqa(n, 701), BN, 2:1)]T,

whose time derivative, following the notations used for Theorem 4.3.1, can be written as
é1(t) = Qiler(t))q2(n(t), v(t), z:(t)),  e(0) = erlno, z10), ¢ >0, (5.9)
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where

Ql(el) £ |: (1) 1/Oed :| JE(B)? QZ<7]7 v, xl") £ JsT(w>xr2 + Be(el(ﬁaxrl))% (51())

with

& | cos(-) —sin(+) a | —1 0  eqsin(f)
JS(')_[sin(‘) cos(+) ]’ Be(el)_[ 0 —1 —eqcos(f) |- (5.11)

Now consider the following Lyapunov function candidate,
1
Vi(e1) £ eqsin?(3/2) + §(ed —a). (5.12)

Note that Vi(e;) = 0 if and only if e; = @ and § = 0. In addition, it follows from (4.14) and

(5.12), choosing a(n, z,1) = eq(n, z,1) and Gy = g1 15, with g; > 0, that

Gades(€1) = —eaJs(B)G1y(er), (5.13)

where v(e1) £ [sin*(8/2) + eq — a sin(ﬁ)/ﬂT. The time derivative of gaqges(t), t > 0, is of

the form

duaalt) = 2Gr0O)(| 4 SO | [2(ea(0) Grtentt) DTG eatt)

cos(
—ea(t) s(B(1))Gry(e(t))),  t=0, (5.14)

with
s= { _01 (1) } . GE2GTISTGL,  eo(t) = gan(t), v(t), 2,(t) — qoaes(er(t)), > 0. (5.15)

The velocity error dynamics is of the form

éa(t) = J () (—wiza () + (r()S — 20wo)Taa(t) + wirs(t)) +7(1)Sqa(t) — daaes(en(t), ex(t))

+B.(e1(1))O7p1(v(t)) + Beler(t))O57(1), e2(0) = ea(no, Yo, Tro), t > 0. (5.16)
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Finally, choosing A = I and x(t) =0, t > 0, it follows from Theorem 4.3.1 that the control

command

T*(t)=—(Be(61(t))@é)_l<Js,T(@/)(t))(—wgl’rl (1) + (r(t)S — 2qwo)@ua(t) + wirs(t)) + (1) Sa(t)
~dades(e1(t), e2(t)) + ea(t) + Gy I (B(1))y(ea(t)) + Be(el(t))@iwl(V(t))), t>0,(5.17)

guarantees that the solution [ eq(t) A(t) ]T =[a 0 ]T, es(t) =0, t > 0, to (5.9) and

(5.16), is asymptotically stable.

5.3. Internal Dynamics Analysis

The control law presented in the previous section is such that the tracking error e;(n, z;1)
asymptotically converges to [ a 0 ]T. However, the stability analysis which led to the proof
of Theorem 4.3.1 does not account for the behavior of the internal dynamics, which is essential

in assessing the merit of the control approach.

Zero-dynamics

Consider the following change of coordinates,

&i(s) ea(s)
[ i
=gl | T Lot | (5.18)
s1(s) (4
| (s) | | mav +msr |
where s £ (n,v,2,), f(s) £ [ vTJT(n) ¢ ()T «FAT ]T, my £ Imy + Moz, ms =

m3 + Imas, and Lyh(s) £ h'(s)f(s) denotes the Lie derivative of h(s) with respect to f(s).

Note that ®(-) maps the six states (z,,%,u,v,r) into six new states (£{,&3,£2,£3,61,52),
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while z, € R?, for the purpose of this analysis, represents an exogenous signal. Computing

d~1(.), it follows that

n(€,s, ;) = [ Ty — & cos(E — 1) e — & sn(E] —q) }T, (5.19)
—mg(§) ma sin(€7) 51118111(5?)2
V(§7 Sy :Br) = mG(g) 8 _77:15 _51 Clos(gl)

&5 cos(€7) — §1€5 sin(€7) — xra1 cos(1) — 2o sin(y)
& sin(&7) + &1€5 cos(&F) + e sin(ar) — @z cos(si) |, (5.20)
S

where £ 2 [ &6 & &1 c2[a @], andmg(&) £ ms — muf cos(&D).

Next, let Xy £ {(n,v) : &€ = &} C RS, where § = [a 0 0 0 ]T. Note that when
(n,v) € Xy, @71 : (§,5,2:) — (n,v,2,) is well defined if & # 0 and a # ms/my. The
zero-dynamics is defined as the dynamics of the uncontrolled states ¢;(t), t > 0, i = 1,2,

when £(t) = &y, t > 0, and it is given by

g'l(t):m (c2(t) + my [ sin(qi(t)) —cos(ai(t)) | a(t)), ci(0) =20, t >0, (5.21)

$(t)=[1 1] (Do(&o,s(£))+Colo,s(1))) [v(&0, s () (€0, (1)) Ty 2(0) = mavo + msro, (5.22)

where

d -+ d |U(§0 §)| d123 + d 23|T(§0 §)| A O ma
D e L a ’ C, = (5.23
0(507 §) d123 + dq23|’l}(fo, §)| d13 + dq3|7“(€0,§)| ) 0(€0a §) u(&), §) My — M1 Mo ( )

To illustrate the effect of the maximum allowable error a > 0 on the zero-dynamics, consider
a simple reference trajectory with a constant x,,. The motion of a marine vehicle along
a straight line is a control problem of importance, especially in the context of way-point
maneuvering ([66]). The equilibrium configuration of interest for the zero-dynamics is the

following,

Sleq — atan2 (xr227 :L'r21) 5 (524)

84



§2,eq = 0, (525)

as it corresponds to the vehicle traveling along the straight desired trajectory with a pos-
itive velocity u(t), t > 0. The corresponding linearization of (5.21) and (5.22) about that

equilibrium configuration yields

[c'l(t) } _ [ % e %? eq} [cl(t) } (0 = [9(0) a@©) %, t20, (520

< (t) o lea 52 lea ] [ ©2(?)
where
0| _ _matie Oal _ L (5.27)
Oty ms—amy’ 0% |oq mMs—amyg’ '
a<2 Ue
— = — ldiz+dia3) —ms(ldpp+d o [ — — , (5.28
9 ——— <m4( 13+ 123) m5( 12+ 123)+u (m4( m1+m23) m5(m2 m1))> ( )
05 1
ﬁ = — (ld]g + d123 — a(ld12 + d123) + Ue (ml(l + a) + mo3g — am2) >7 (529)
062 [oq  M5—amy

A
and ue = /1%, + 1%,.

Minimum Value of a

Studying the stability of the linear system (5.26), the range of values for a that would
guarantee stability of the considered equilibrium point as a function of the various constant
parameters characterizing the system’s dynamics can be obtained. However, given the com-
plexity of the obtained expressions, the presented analysis will be limited to a numerical
estimation of the range of a using the values of the aforementioned constant parameters cor-
responding to the Silent Quick Unmanned Intelligent Diver 2 (SQUID-2, [104]). The values

used are the following,

53.1748 0 0
M = 0 87.4858 12.254 |, (5.30)
0 12.254  7.3346
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Figure 5.1: Eigenvalues of the Jacobian matrix in (5.26) versus a.

6.855 + 8.246]u| 0 0
D(v) = 0 25.094 + 48.329v| 10.668 4+ 14.649]r| |,  (5.31)
0 10.668 + 14.649|v|  4.002 + 7.331|r|

and [ = 0.5. In addition, choose u, = 1.

As seen in Figure 5.1, the eigenvalues of the state matrix display a singular behavior at
as = ?Ti ~ (0.1964. For a < ag, both eigenvalues \; and Ay are positive and the considered
equilibrium point is unstable. However, for a > as, the eigenvalues are strictly negative. As
emphasized earlier, the introduction of the maximum allowable position error a allowed to

stabilize the zero-dynamics. Indeed, without this position error, the zero-dynamics equilib-

rium configuration of interest is unstable, while it becomes stable for a > as.
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5.4. Conclusion

The presented result addresses trajectory tracking in the horizontal plane for marine
vehicles equipped with a fixed thruster and a rudder, or, equivalently, a vectored thruster.
Such vehicles are characterized by a non-minimum phase type behavior. To overcome the
unstable nature of the system’s internal dynamics, special tracking errors were selected.
A nonlinear control algorithm which guarantees global asymptotic stability of the tracking
errors was introduced. Then, the impact of the chosen control strategy on the internal
dynamics was assessed. It was shown that the proposed control framework, through design
of a constant design parameter, guarantees local stability of the zero-dynamics for a simple

maneuver.
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Chapter 6

Adaptive Control of Non-Minimum

Phase Autonomous Marine
Vehicles [4—6]

The results featured in this chapter were presented at the 4" Asian Control Conference in
2002 ([4]), at the 2003 IEEE Conference on Decision and Control ([5]), and were the object

of an article to appear in the International Journal of Adaptive Control and Signal Processing

(16]).
6.1. Introduction

The mathematical model of the system under consideration in this chapter remains the
same as in Chapter 5. However, while the algorithm presented in the previous chapter
assumed knowledge of the constant parameters characterizing the vehicle’s model, the con-
trollers introduced in this chapter will relax that assumption, using adaptive techniques.
This additional challenge can be handled using the result from Theorem 4.3.2, however, the

controller obtained in Chapter 5 depends nonlinearly on some of the unknown parameters,
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and consequently, the certainty equivalence principle cannot be applied to derive a direct
adaptive control law. This nonlinear parameterization is a direct result of the choice of track-
8‘12(%%0()

ing errors (5.7) and (5.8), which lead to a non-constant =#7=%> This situation illustrates

how critical the choice of tracking errors is when considering an adaptive control problem.

To allow derivation of a direct adaptive controller, Section 6.2 alters the control law
from Section 5.2 in such a way that it becomes linear in the uncertain parameters. The
resulting adaptive controller shows interesting performance in simulation. Alternatively,
this nonlinear parametrization can be addressed using Dynamic Surface Control (DSC, [61],
also see [5]). In this case, the tracking errors are modified, using filters designed in addition
to the backstepping procedure. These filters not only simplify the expressions involved in
the derivations, but also lead to a command linear in the uncertain parameters. Section 6.3
presents a step by step derivation of the control algorithm. Results of numerical simulations

illustrating the performance of this particular adaptive controller are presented.

In the DSC case, proof of stability relies on an elaborate design of the time constant ma-
trices of such filters (design omitted in Section 6.3, see [61]), to an extent that the technique
can be of limited practical use. To remedy this situation, an indirect adaptive approach is
proposed. The algorithm relies on a partial state predictor (similar to that used in [108]) to
determine the appropriate command to the system, as opposed to relying on the uncertain
portion of the actual model. As described in following sections, the use of this technique
gives rise to a new issue. Indeed, the closed form of the control command includes the inverse
of a matrix which is function of the estimates. To avoid singularity of this matrix, a pro-
jection algorithm ([109]) is used to constrain the estimates to acceptable values. Section 6.4

introduces an indirect adaptive control law, which guarantees Lyapunov stability and con-
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vergence of the tracking errors in spite of parametric uncertainties, and details the projection
algorithm used to avoid singularity of the command. Results of numerical simulations are

presented. Section 6.5 concludes this chapter.

6.2. Direct Adaptive Control Algorithm for Linear in
the Uncertain Parameters Control Law [4]

The system under consideration remains the same as that in the previous chapter; that

is, using previously established notations,

(t) = Jn(@)v(t), n(0) =no, t=0, (6.1)

v(t) = —M(C(v(t) + D)) vt) + M'Br(t), v(0)= . (6.2)
The control law derived for this system in the previous chapter is of the form

T(t)=—(Be(ex(t))03) " (JE(¢(t)) (—wp@e (t)+(r (1) S —2¢wo ) (t) +wirs(t)) +7(1) Sga(t)

—Gades (€1 (1), ez(t))+ez(t)+G2‘1Js(ﬁ(t))7(61(t))+Be(61(t))@iwl(1/(t))>, t>0.(6.3)

The model of the system features parametric uncertainties, contained in matrices M, C(-),
D(:) and B of (6.2). Consequently, the value of O] and ©; in (6.3) are unknown, and
the corresponding command can not be computed. To address this issue, a direct adaptive
technique can be used. However, due to the presence of (B.(e1(t))03)~!, ¢t > 0, in (6.3), the
command is nonlinear in the uncertain parameters, which makes it difficult to apply classical
direct adaptive techniques. As previously mentioned, this nonlinearity in the parameters is
a direct consequence of the particular choice of tracking errors (5.7) and (5.8), which lead to

the expression of ¢a(-) given by (5.10). For this particular expression of ga(-), it follows that

Og2(z,ar,x) _ B

5, c(e1), which is function of the tracking error e;.
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To simplify the problem, it will be assumed that the off-diagonal terms in M and D(v(t)),
t > 0, are negligible. In addition, 7*(t), t > 0, will be altered by substitution of B., =
Be(a,0) for B.(eq(t),3(t)), t > 0. In order to assess the stability of the corresponding

closed-loop system, consider the following Lyapunov function candidate,

1 1
Ve, e2) = eqsin®(3/2) + é(ed —a)* + éegGgeg. (6.4)

The control command

Ta(t) £ —(Bea®3) ™ <Bea9’{901(V(t)) + I (1) (~wiza () + (r(1)S — 2Cwo) 22 (t)

+wprs(t)) = daaes (e (t), 62(0)+T(t)SqQ(t)+051Js(5(t))7(61(t))+62(t)>> t>0,(6.5)

results in the following time derivative of (6.4),

eq sin(f)
t>0. (6.6)

V(t)=—ea(t)y(er(t))Gry(en(t)) — ed ()Gaea(t) +eX [ 0 L ] 72(t)S { €acos(f) —a } ,

Note that, for small tracking errors, the third term on the right-hand side of (6.6) is also
small. Consequently, manipulation of the right-hand side of (6.6), through completion of
the squares, for instance, could allow to conclude ultimate boundedness of the tracking
errors. Indeed, outside of a given domain, the sum of the first two negative quadratic
terms in (6.6) can be shown to be greater in norm than the last term. This will not be
shown rigorously at this time, as the objective is to design of a direct adaptive control
algorithm performing adequately in simulation, providing insights which will allow the design

of adaptive algorithms with rigorously proven stability guarantees in later sections.
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Direct Adaptive Control Law

Following the notations of Chapter 4, the command (6.5) can be rewritten as

(1) = —©"w(t) — W*o(t), t>0, (6.7)

where o(t) = ¢1(t), t > 0,
0* = (B..0%)7 ", (6.8)
W* = (Be.9%) ' B..O7, (6.9)

w(t) = JJ () (—wpan () + (r(1)S — 20wo)a(t) + wirs(t)) — Gaaes(ea(t), ea(t))

+r(t)Sae(t) + Gy J(B(1)v(ea(t) + ea(t), ¢ >0, (6.10)

Using Theorem 4.3.2, the control command (6.7) is replaced with the following,
Ta(t) = —O()w(t) — W(t)o(t), t>0, (6.11)

where O(t) and W (t), t > 0, are estimates of ©* and W*, given by the update laws

@(t) == Ggeg(t)’wT(t)Pl — 0'1@(t), @(O) == @0, t 2 O, (612)

W(t) = Gaea() o ()Ty — W (t),  W(0) = W. (6.13)

The efficacy of the resulting control algorithm was tested through numerical simulations, as

described in the following subsection.
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Numerical Simulations

Circular Trajectory

The first maneuver attempted is a counterclockwise circle of radius 10m at a velocity

0.5m/s, with the following initial conditions,
n=[000]", wv=[000]".
The natural frequency and damping of reference system (4.7) are chosen to be
wo = 0.215, ¢ =0.91.
The initials conditions chosen for the estimates are
Oy = 20015, Wy = [ 1001y 501, 2501, I, I } .

Furthermore, I'y = I'y = 1015, a = 2.25, and GG; = Gy = I,. For the dynamic model of the
vehicle, the numerical values provided in [110] were used. Finally, the initial position of the

desired trajectory is
nas(0) = [ 7.0711 7.0711 ]

As shown in Figure 6.1, in spite of the controller modification, the tracking performance is
excellent, and the vehicle is moving in a coherent fashion (the arrows show the orientation
of the vehicle). The algorithm of Chapter 2 was used to enforce control amplitude and rate
saturation, and was successful in keeping the control efforts at reasonable levels, as shown

in Figure 6.1.
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Desired, Reference and Real Trajectories Control Commands

T T T T T
—— Real —— Surge force
— - Reference — - Sway force

—— Desired

Inertial frame x—axis [m]

_ I I I I I I I I I I I
=15 =10 =5 0 5 10 15 0 20 40 60 80 100 120
Inertial frame y—axis [m] [t

Figure 6.1: Circular trajectory and corresponding control commands.
Octomorphic Trajectory

For a second maneuver, consider an eight-shaped (octomorphic) trajectory. The initial

conditions are the same as for the previous example. The desired trajectory is of the form

na(t) = 10 [ sin(wt) sin(wt/2) |*, >0, (6.14)
with w = 0.1, with zero initial velocity and initial position 74(0) = [ 0 0 }T.
The result of this simulation are displayed in Figure 6.2. The tracking performance is

very good, and the vehicle is still moving in a coherent fashion. The control efforts are shown

in Figure 6.2.
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Desired, Reference and Real Trajectories Control Commands
T

T T T T T T
— Real — Surge force
— — Reference — — Sway force

— Desired 70~

Inertial frame x—axis [m]

5L

_15 I I I I I 20 I I I I I
=15 =10 -5 [ 5 10 15 0 50 100 150 200 250

Inertial frame y—axis [m] [t

Figure 6.2: Octomorphic trajectory and corresponding control commands.

6.3. Direct Adaptive Control Law with Dynamic Sur-
face Control [5]

Although the algorithm in the previous section showed interesting results in simulation,
it does rely on the approximation that B.(eq(t), 5(t)) =~ Bea, t > 0. This section presents an
alternate control design, removing this approximation. In particular, derivations will follow
the strategy presented in Section 5.2, and use a technique derived from DSC ([61]), following

the same method that was used in Chapter 3.

Nonlinear Control Law

Consider the following Lyapunov function candidate,

Vier) = eqsin? (3/2) + %(ed —a) (6.15)
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In this section, derivations will rely on a different choice of gy(t), ¢ > 0, from that in Section

5.2. In particular, Q1 (t) and ¢2(t), t > 0, are chosen as

a0 2| 0, |meo. ez (6.16)
g2(t) & J7H((1)zaa(t) + Bov(t) + x(1), (6.17)

where
By 2 [ =1 0 ]. (6.18)

and x(t), t > 0, is obtained from the filter
Tx(t) + x(t) =r(t)S | ea(t) cos(B(t)) ealt)sin(B(t)) }T, t >0, (6.19)
with 7" > 0 a diagonal matrix whose elements are positive constants and constitute the
filter’s time constants.
The expression chosen for ¢o(t), t > 0, differs from the one used in the previous chapter

(see (5.10)) so that W = By is constant. This was achieved by breaking up B.(e;) into

a constant part By, which remains in (6.17), and a time varying part, which is accounted
for by x(t), t > 0. This adjustment to ¢2(t), t > 0, leads to a constant W, which,
using Theorem 4.3.1, yields a control law that is linear in the unknown parameters. This

modification allows to satisfy one of the most important assumptions in Theorem 4.3.2.

The velocity error corresponding to the above choice of go(t), t > 0, is of the form

ex(t) = J (W (1)zra(t) + Bov(t) + X(1) — quaes(ea(t), =0, (6.20)

where goges(€1(t)) is given by (5.13). The time derivative of this velocity error is given by

ear(t) = JS (W) (—wizn () + (r(t)S — 20wo)waa(t) + wirs(t)) + X(1) — Gades(t)

+By(O7p1(t) + ©57(t)), t>0, (6.21)
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The control law is designed using Theorem 4.3.1, and is of the form
T (t)=—(By©3) ™" (JST(%D(t))(—wgivrl(t) +(r(t)S — 20wo)zra(t) + wirs(t)) + X(8) = daaes(t)

£ B0 1 () +ens (1) +G3UL(A()) |sin? (B(E)/2) + ea(t), %sin(ﬁ(t))} ) £>0.(6.22)

Adaptive Control Law

Following a procedure similar to that used in the previous section, the command (6.22)

is rewritten as
() = —0%w(t) — Wo(t),  t>0, (6.23)
where o(t) = ¢1(t), t > 0, and
0*=(ByO;) !, (6.24)
W*=(By03) ' B0, (6.25)
w(t)=J; (1) (~wiza () + (r(1)S — 2Cwo) Tz (t) + wirs(t)) + X () — daaes(ea(t), e2(t))
(1) S () + Gy I(B()) [ sin® (B(1)/2) + ea(t) Lsin(B(t) " +es(t), t>0. (6.26)
Using Theorem 4.3.2, the control command (6.23) is replaced by
T(t) = —O(t)w(t) — Wt)a(t),  t>0. (6.27)
where O(t) and W (t), t > 0, are estimates of ©* and W*, given by the update laws
O(t) = Gaeg()wT ()T — 510(1), 0(0) =0y, t>0, (6.28)
W(t) = Gaear(t)o T (1)Ty — oW (1), W(0) = Wy. (6.29)

The tracking performance of the resulting control algorithm was tested through numerical

simulations, as described in the following subsection.
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Numerical Simulations

As in the previous section, the first maneuver attempted is a counterclockwise circle of

radius 10m, but here at a velocity of 1m/s, with the following initial conditions,
n=[000]", wv=[000]". (6.30)
The reference model’s initial conditions are
T
T0=106 0] . (6.31)
The initials conditions chosen for the estimates are

15 0]’ W:{—5 0 -5 0 40 O (6.32)

o _ 1
"7 1 0 50 0 10 0 10 0 10 0

Furthermore, I'; = I, i = 1,2, a = 0.6, and G; = Gy = [;. The dynamic model of the

010
1 01"

vehicle corresponds to the Silent Quick Unmanned Intelligent Diver [104]. The values for
the constant parameters in M, D(v) and C(v) are given in (5.31). Finally, the initial position

of the desired trajectory is

nas(0) = [ 7.0711 7.0711 ],

As shown in Figure 6.3, the tracking performances are excellent, and the vehicle is moving
in a coherent fashion. In addition, the framework introduced in Chapter 2 was used to enforce
command input amplitude saturation, and keep the control efforts at a reasonable level, as

shown in Figure 6.3. Finally, the estimates converge quickly and remain stable (Figure 6.4).
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Figure 6.3: Circular trajectory and corresponding control efforts.

60 T

40 - —

— 1st component
- - - 2nd component

20 T T T T T T T

10

.10 I I I I I I I
0

0 10 20 30 40 50 60 70

40 =
30 7
20 : 7
10'*'""""""""""'""""""""""""""""""“’"""""‘"“
0 10 20 30 40 50 60 Time[s] 70

Figure 6.4: Relevant © gains .
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6.4. Indirect Adaptive Algorithm [6]

It is clear from (6.3) that, in order to compute the value of the given control law, knowl-
edge of the exact values of ©] and ©} would be required. Since this information is not
necessarily available, it is desirable to obtain a control law only requiring estimates of these
parameters. However, classical direct adaptive techniques rely on a linearly parameterized
command (to allow the application of the equivalence certainty principle). As discussed in
previous sections, the term (B.(e1(¢))©3)~! is nonlinear in the uncertain parameters, which
makes it difficult to apply direct adaptive techniques. In this section, this issue will be

addressed using an indirect adaptive approach.

In particular, the presented approach makes use of the partial state predictor
ﬁ(t) = O1(t)p1(v(t)) + Ta(t)Oay(t) + up(t), v(0) = vy, t >0, (6.33)

where ©1(t) € R**1°, and Oy, (t) £ [ Oa1(t) Oaa(t) 6Gas(t) }T € R?®*!, ¢t > 0, are estimates

A

of ©f and ©3, £ [ 05, 05, 03 }T, respectively, 2(t) = [ a(t) o(t) 7(t) }T, t > 0, and
finally 74(¢) £ diag([ 71(t) 72(t) 72(t) |), t > 0. The predictor signal u,(t) € R?, ¢t > 0,
will be designed to improve performance of the predictor, allowing (6.33) to emulate the

dynamics in (4.5).

Adaptive Control Command

Consider the error

e, (t) 2 v(t) — b(t), t>0, (6.34)
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which reflects the difference between the vehicle’s velocity and its estimate, provided by the

state predictor (6.33). The time derivative of (6.34) is given by

€y (t) = O1p1(v(1))+ 057 (1) = O1 (1)1 (V(1)) = Oa () 7 (1) — up (1)

= (01 = 01(0)pr(¥(1) + 1a(1) (O3, = Oay (1)) —up(t), e(0)=r0—1n, 12>0.(6.35)

The velocity error defined by (5.15) is then modified so that the control algorithm relies on
the fully known state predictor, instead of the actual system’s dynamics, which are uncertain.

To do so, define the new velocity error

éa(t) £ po(n(t), v(t), z:(t)) + ea(t) K(B(1))Gry(ea(t)), =0, (6.36)

which is similar to (5.15), the only difference being its dependence upon v(t), t > 0, as

opposed to v(t), t > 0. Note that, using (5.11) and (6.34), it is possible to rewrite (6.36) as
és(t) £ o(n(t), v(t), (1)) — Belea(t))eu (t) + ea(t) J(B(1))Gry(ea(t), ¢ >0. (6.37)
The time derivative of (6.36) is given by

éa(t) = IS (W () (—wiza (t) + (r(8)S — 2wo)za(t) + wirs(1)) + Be(er(1)Oa ()7 (1)

() Spo(t) + Be(er(t))(©1(H) 1 (v (1) + up(1)) + palen(t), ea(t)), ¢ =0, (6.38)

where
O (t) 0O
O,(t) £ 0 Ot |, t>0. (6.39)
0 O3(t)

Note that (6.38) is similar to (5.16), however, a significant difference is that the uncertain

parameters O] and ©} have been replaced by their estimates O, (¢) and O,(t), t > 0.
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The following result presents commands 7(¢) and u,(t), t > 0, along with update laws
©1(t) and Oy (t), t > 0, that will guarantee Lyapunov stability of the error dynamics (5.9),
(6.35) and (6.38), as well as convergence of e;(t), t > 0, to [ a 0 ]T, in spite of the para-

metric uncertainties in (4.5).

Theorem 6.4.1. Consider the system given by (5.9), (6.35) and (6.38), and assume that
Be(e1(t))O4(t), t > 0, is nonsingular. Then, the feedback control laws
up(er,e,) = B, (e1) (B)v(er) + Gren, (6.40)
7(t) = (Be(el(t))@z(t))_1< — Be(er(t))(O1(t) 1 (v(1)) + up(t)) — I3 (¥ (1)) (—wizn (1)
+(r(t)S — 2Cwo)ze2(t) + wirs(t)) — @a(en(t), e2(t)) — 7(t) Sipo((t), v(t), z:(¢))

LB (er(t)) — GgéQ(t)>, £>0, (6.41)

along with update laws

@1(t) = GV(t)QO}‘(I/(t))Fl, @1(t) = @10, t Z O, (642)

va(t) = Td(t)e,,(t)FQ, @zv(t) = @2\/07 (643)

where I'; € R*19 is a positive definite matrix and 'y > 0, guarantee Lyapunov stability
of the solution [ eq(t) A() }T =[a 0 }T, ex(t) = 0, e, (t) = 0, O1(t) = OF, O (1) =
©%,, t > 0, of the dynamics given by (5.9), (6.38), (6.35), (6.42) and (6.43). In addition,
(eqa(t),5(t)) — (a,0) and (ex(t),e,(t)) — (0,0), as t — oc.

Proof. Substituting the feedback control law (6.41) into (6.38), we obtain

Ex(t) = — L (B))V(er(t)) — Gatalt),  t>0. (6.44)
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Next, consider the Lyapunov function candidate

1 1 1
V(el, éz, €y, @1, @2> £ €4 st(ﬁ/Z) + E(ed — Cl)2 -+ §ér2ré2 -+ étr [(@1 — @T)FI1<@1 — @I)T}
1 1
+§efey + §tr (O3 — ©3,)T5 (02, — ©5,)7] (6.45)

which is a positive definite function of eq — a, 3, é2, €,, ©1 — ©F, and Oy, — O3 . The

Lyapunov derivative along the closed-loop system trajectories is given by

V(t)=—ea(t)y" (ex(t)Gry(ea(t)) + 7" (ex(t)) L (B()éx(t) — & (1) (Js(B(t))v(er(t))

+Gaéa(t)) + 7 (ex(t) I (B(1) Be(er(t)en(t) — e, ()((O:1(t) — O]) 1 (v(1))
+B(ex () J(B(1) (e (1) +7a(£) (05, —Oay (1)) +Gre, (1)) +tr[(01(1) —O1)T' O (1))
+r[(O2, (1) — ©3,)T5 103, (¢))

=—ca(t)y" (ex(t))Gry(en(t) — & (1)Gaéa(t) — tr[(©1(t) — O7)1(v(t))e, (1))
—ey ()Guey(t) + tr[(O1(t) — OO ()] — tr((O2: () — O3, )ey (t)7a(t)]
+tr[(O2(t) — ©5,)T5 O35, (¢))

=—ea(t)y"(e1(t))Gry(er(t)) + tr[(O1(t) — ON)(ITOT (1) — pr(v(1))e, (1))

—E(0)Gaa(t) — )Gy (B)+ (O (£)— 03, (5 OL ) — X malt))], 20, (6.46)
Substituting update laws (6.42) and (6.43) into (6.46), we obtain
V(1) = —ea(t)y (D) Gr(er(t)) — EE(B)Gaea(t) — €X(1)Gue,(t) <0, (6.47)

which, according to the LaSalle-Yoshizawa Theorem ([10,44]), proves the final statement of

the Theorem. O
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Projection Algorithm

Note that in (6.41), the closed form of the command includes the term (B.(e;)©3)7?,
whose existence was one of the assumptions of Theorem 6.4.1. To remove this assumption,

a projection algorithm ([109]) will be used. Note that

| —Ox —eqsin(/3)0a3
B€<€1)@2 - 0 —922 — €4 COS(ﬁ)egg ’ (648>

whose eigenvalues are —6y1, and —fay — eqcos(3)b3. Following the technique introduced
in [109], define
1
fA(Oyy) = I — ((621 — c)® + (22 — &)* + (b3 — c0)* — 731) t>0, (6.49)
to — Tti

where ¢; > 0 and 0 < 1y < 7. In addition, define the projection operator P,((y) : C,, — Cy,

where C,, denotes the set of continuous n—valued functions, such that ([109])

_ _AN(Ox(1))
1£3(©2y (1))

where f}(©2,) denotes the Fréchet derivative of f)(Os,) with respect to Os,. The update

Po(Go(t)) = Colt) S2(©2y (1)) o (1) f2(O2v (1)), t>0, (6.50)

law for O (t), t > 0, is modified as follows ([109]),

n )= ) i) 2 0t EROKO =0 6, 1) — 0, 120.651)

where ((t) £ 74(t)e, (t)['s, t > 0. Since the update law (6.51) only adds a negative term to
the Lyapunov derivative (6.46) ([109]), the stability properties established in Theorem 6.4.1

are not modified.

Numerical Simulations

This subsection presents results from numerical simulations illustrating the efficacy of the

proposed control algorithm. In particular, results using the above indirect adaptive algorithm
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are presented, which show convergence of the trajectory to the reference one, boundedness
of the estimates, and behavior of the eigenvalues of B.(e1)Os. The control algorithm is used

for tracking a circular trajectory and an octomorphic trajectory.
Circular Trajectory

The simulation uses initial estimates ©1y = 03419 and

R RE
On=15| 0 —1]. (6.52)
0 1

where Oy is chosen different from 03,2 to avoid singularity of B.(e1(0))Oq. To accommodate
the values of the entries of @3, while still being able to force the eigenvalues not to cross zero,
set ¢, = 10, 74 = ¢, — 1073, 1y = ¢t — 2 x 1073, The chosen desired trajectory is circular, of
radius 10 meters, with a constant traveling speed of 1 meter per second. The vehicle’s initial
position is at the center of this circle, its initial velocity is zero. The reference trajectory’s
initial position is chosen slightly off of the vehicle’s, to show convergence of the tracking
erTors, Tyjg = [ 0.6v/2 —0.6v2 }T. The gains are chosen as follows, G = 1015, G5 = 0.115,
G, = 1013, I'y = 0.311p, and I'y = 0.315. The reference signal is of the form

rs(t) = wy 2 (34 (t) + wiza(t) + 2¢woda(t)), t>0, (6.53)

where z4(t) denotes the desired position in the zy-plane at time ¢ > 0, ¢ = 1.2I, and
wo = 0.715. Finally, the constant parameters in M, D(v) and C(v) are given by (5.31), and
a=0.2>as.

The tracking errors converge smoothly to their expected steady state values. Figure
6.5 shows that the position error eq(t), ¢ > 0, converges to a = 0.2, while §(¢) and ex(t),

t > 0, converge to zero. Figure 6.6 compares the actual and estimated body-fixed velocities,
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Figure 6.5: Tracking errors e;(t) and es(t), t > 0, circular trajectory.

v(t) and o(t), t > 0. Note that, the purpose of the state predictor (6.33) and update
laws (6.42) and (6.43) is not necessarily to accurately estimate v(t), ¢ > 0, but rather
to allow construction of the control command (6.41), in spite of parametric uncertainties.

Nevertheless, Figure 6.6 shows that the estimated velocities match the actual ones.

Figure 6.7 shows the trajectory of the actual system (solid curve) converging smoothly
to the reference (dashed), which in turn converges to the desired trajectory (dotted). Orien-
tation of the vehicle is represented using black arrows, which demonstrate that the system
moves in a coherent fashion. Indeed, the arrows indicate that the vehicle is moving bow first,
which is corroborated by the fact that, as seen in Figure 6.6, the surge velocity u(t), t > 0,

remains positive throughout the simulation.

Figure 6.6 shows that the projection algorithm of Subsection 6.4 is effective in preventing
the eigenvalues of B.(e1(t))O(t), t > 0, from crossing zero, thus ensuring that the inverse of
this matrix is well defined. The effects of the projection algorithm are particularly evident

for the first eigenvalue, which is constrained away from zero by the projection.
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Figure 6.6: Actual and estimated body-fixed velocities, v(t) and (t), t > 0, left, and
eigenvalues of B.(e1(t))Oa(t), t > 0, right (circular trajectory).

The control input is shown in Figure 6.7. The saturation technique discussed in Chapter
2 was applied to constrain the amplitude of the control effort to reasonable values. Figure

6.8 shows Oq, (), t > 0, and illustrates the boundedness of the estimates.
Octomorphic Trajectory

The second maneuver considered is an octomorphic trajectory, identical to that in Sub-
section 6.2. The initial position is 7y = [ -1 0 0 }T, while the initial reference position
is xp19 = [ 0.2 0 }T. All other initial conditions, gains and parameters remain identical to

what was chosen for the previous example.

As shown in Figure 6.9, the behavior is similar to that observed with a circular desired
trajectory. The vehicle converges smoothly to the desired trajectory, and the orientation,
still indicated by black arrows, remains appropriate. The control command can be found in

Figure 6.9, and the estimate Oy (t), t > 0, in Figure 6.10.
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Desired, Reference and Real Trajectories
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Figure 6.7: Actual, reference and desired trajectories, left, and corresponding control com-
mand 7(t), t > 0, right (circular trajectory).

O.2 T T T T T T

50 60

O 1 1 1 1 1 1

0 10 20 30 40 50 60
I S

= W

0.1 VVVVVVVV | - | VVVVVV L | - L IV ]

0 10 20 30 40 50 60

Time [s]

Figure 6.8: Elements of the parameter estimate vector Oy, (t), t > 0, circular trajectory.
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Figure 6.9: Actual, reference and desired trajectories, left, and corresponding control com-
mand 7(t), t > 0, right (octomorphic trajectory).
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Elements of the parameter estimate vector Oq,(t), t > 0, octomorphic trajec-
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6.5. Conclusion

The results presented in this chapter build upon that in Chapter 5, which addressed
trajectory tracking in the horizontal plane for a class of non-minimum phase marine vehicles.
Since the control law obtained in Section 5.2 depends on uncertain parameters, adaptive
control algorithms were derived. Furthermore, the unknown parameters appear nonlinearly
in the command, which lead to difficulties in deriving a direct adaptive algorithm. This
nonlinear parametrization was overcome using two different approaches; that is, linearization
of the command with respect of the uncertain parameters, as described in Section 6.2, and
DSC, as seen in Section 6.3. Both direct adaptive controllers showed interesting performance
in simulations. Next, an indirect adaptive algorithm was presented. The obtained adaptive
control algorithm guarantees convergence of the tracking errors and Lyapunov stability of
the dynamics, in spite of the parametric uncertainties. Numerical simulations illustrate
the excellent performance of the indirect adaptive control algorithm in the case of circular
and octomorphic trajectories. In addition, simulation results correlate with the presented
stability analysis of the zero-dynamics from the previous chapter, as they show the vehicle

moving bow first, meaning that the system’s velocity in surge remains positive.
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Chapter 7

Prediction-based Observation of
Nonlinear Systems Non-affine in the
Unmeasured States [7]

The following result was the object of an article submitted to Automatica (currently under
review) and a conference paper submitted to the 2009 IEEE Conference on Decision and

Control (currently under review).

7.1. Introduction

The control algorithms presented in previous chapters require full state measurements.
However, in practice, it is not uncommon that only partial state measurements are available.
Accordingly, the following chapters will address the output feedback control problem, for a
wide class of uncertain nonlinear systems. The final result in Chapter 9 relies on an output

predictor, based upon the nonlinear observer introduced in the following.

More specifically, this chapter presents a novel nonlinear observer design which, while

concerned with a smaller class of systems than the immersion and invariance based technique
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introduced in [46], has the advantage of being systematic and relatively simple to apply. In
a departure from high gain observation techniques such as those in [44,45], the presented
approach relaxes high gain requirements by using derivative estimates ([56,57]). The observer
relies on a partial state predictor, which compares predictions on the measured states with
actual measurements. The prediction error is then used to estimate the unmeasured states.
The design of this predictor-observer relies on specific prediction-observation errors, designed
using a backstepping technique ([10]). A Lyapunov stability analysis of the errors’ dynamics
shows that they are Lyapunov stable, and converge to a neighborhood of the origin. The
size of this neighborhood depends upon the accuracy of the derivative estimate, as well as
on a number of design constants. Accordingly, the errors can be made arbitrarily small by

using a high performance derivative estimator, and/or selecting appropriate gains.

This chapter is structured as follows. Section 7.2 describes the class of systems considered
and presents the observation strategy. The predictor-observer is then introduced in Section
7.3. Performance of the obtained observer was tested through numerical simulations for two
different nonlinear oscillators, and a three degree of freedom helicopter model. Simulation
results are presented in Section 7.4 and illustrate the efficacy of the proposed observer. The
algorithm was also tested experimentally, on a three degree of freedom helicopter setup.

Implementation results are given in Section 7.5. Section 7.6 concludes this chapter.

7.2. Problem Statement and Observation Strategy

Consider a system of the form
z(t) = f(z(t),t), x(0)=umzy, t>0, (7.1)

y(t) = Cx(t), (7.2)
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where z(t) € R", t > 0, is the system’s state vector, y(t) € R™, ¢ > 0, the measured output
vector, with m > n/2, and C' = [ Iy Opxp }, with p=n—m <m.
A sufficient condition for system (7.1)—(7.2) to be observable is that rank[.J(x(t),t)] = n,

t >0, ([111,112]), where

J(x(t),t) 2 | L t>0, (7.3)
vy ()

with Vg(x) £ df’i(f), and (-)@ denotes the i*" derivative with respect to time. In the following,
we focus on a subset of the set of observable systems as defined by the above condition. More

specifically, we consider systems for which rank[J;(z(t),t)] = n, t > 0, where

T(x(t), ) 2 [ g% } L0, (7.4)

The goal of the presented work is to reconstruct the entire state vector z(t), t > 0, using
the information provided by the output measurement y(t), ¢ > 0, and partial knowledge of
the form of the right-hand-side of (7.1). To reach this goal, we define x1(t) £ y(t), t > 0,
and decompose the state vector as z(t) = [ z{ () 23 () ]T, t > 0, where z5(t) € RP, t > 0,
denotes the unmeasured states which we attempt to reconstruct. Furthermore, the dynamics

of the measured states are described by
#1(t) = fulz(t), z2(t),1), 21(0) = Cao £ 210 = y(0), >0, (7.5)

where f1(z1(t), z5(t),t) 2 Cf(x(t),t), t > 0. Note that, using (7.2) and (7.5), we can rewrite

(7.4) as
1, O
JS(ZE, t) £ O f1(x1,ma,t) 3f1($1>7<xp27t) ) (7'6)
8381 6332
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Figure 7.1: Block diagram of the presented observation algorithm.

and the above observability condition reduces to the condition that rank[0 fi(x1, x2,t) /o] =

p. In addition, from (7.2) and (7.5), we have that

y(t) - fl(y(t)vl'Q(t)vt) = Oa t>0. (77)

According to the implicit function theorem ([113]), if rank[0fi(x1,xe,t)/022] = p, there
exists a unique function g : R™ x R™ x R — RP, such that ¢(y,y,t) = x2. However,
obtaining a closed form expression of this function can prove challenging, and its existence
can only be guaranteed locally. In addition, while y(¢), t > 0, is measured and hence known,
y(t), t > 0, is not necessarily available. Thus, directly working in terms of the above g(-)

does not constitute a viable option.

Instead, we will indirectly work in terms of g(-). In particular, we will construct an
estimate Zo(t) of z5(t), ¢ > 0, which uniformly converges to a neighborhood of g(y(t), y(t),t),
t > 0. In addition, since g(t), ¢ > 0, is not measured, we will estimate its value, using
measured information (i.e. y(t), t > 0) and a derivative estimator (such as those in [56,57]).
The resulting estimate #5(t), ¢ > 0, is then further refined by adjusting it according to a

prediction error, as described in Figure 7.1. The latter is computed as the difference between
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the measured output and a predicted z;(t), ¢ > 0, obtained by integrating a partial state

predictor whose form is similar to (7.5), with z5(¢) replaced by Z»(t), t > 0.

7.3. Nonlinear Observer Design

Following the approach delineated in Section 7.2, we construct a partial state predictor,

with the following Luenberger form ([13]),
i’l(t) = fl(l’l(t), i]g(t),t) - Del(t), Z)?l(()) = X190, t Z 0, (78)

where D € R™™ ¢, (t) £ z1(t) — 21(t), t > 0, is a prediction error, and 25(t) € RP, t > 0, is
designed so that #,(t) € R™, t > 0, provides a predicted value of z(¢), ¢ > 0. In addition,
to provide more flexibility in the design procedure, the algorithm will rely on an auxiliary

signal w(t) € R™, t > 0, obtained from
w(t) = Wa(z1(t), 22(t),t)v(t), w(0) =04, =0, (7.9)

where v(t) € R™ P, ¢t > 0, and W,(-) € R™"?) is designed so that Wy(z1,%s,t) £

[ Sh(z1.d2.t) Wz, Za,t) ] € R™*™ is nonsingular for all z; € R™, 25, € RP, ¢ > 0.

Dis
) . T
In the following, we will construct Zo,(t) = [ ;ﬁg(t) v () e R™, t > 0, so that
the origin of the prediction-observation error dynamics is Lyapunov stable and e;(t), t > 0,

asymptotically converges to a neighborhood of the origin, uniformly in time.

For the statement of the following theorem, we will use the notations

. Ofi(z1, Zo,t . Of1(xzy, To,t
Wl(évl,l’g,t) S %, Wg(&fl,xg,t) £ %, (710)
1

as well as the following lemma,
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Lemma 7.3.1. [114] Let A,¥ € R™™ be Hurwitz, and Q 2 RTR, with R € R™™
full rank. If

T
A { _AQ ?iT ] , (7.11)

has no eigenvalues on the imaginary axis, then there exists P > 0 such that
ATP 4+ PA+Q+ PYXTP = 0. (7.12)

In addition, if (A, R) is observable, P > 0.

Theorem 7.3.1. Consider the system given by (7.1)—(7.2), and the partial state pre-
dictor (7.8). Assume that a continuously differentiable signal z(¢) is available such that
z(t) = y(t) + w(t) — e(t), with [[e(t)]] < v/e/3, e > 0, t > 0. Then, consider the estimated
trajectory Z(t), t > 0, generated by
3;32&(1» = W;l(:cl(t), fz(t), t) |:P271P1€1(t) — Al((Al + PflK)el(t) — 62(t>) + Z(t) + A2€2<t)

X 1 N N
Wi (21 (8), d2 (1), 1) (z(t)—w(t)+§WlT(x1(t),xg(t),t)Pgeg(t)> Wl (1), 20(), )],
F0a(0) = 0,0, >0, (7.13)
To(t) = [ Iy Opx(mp) | Z2a(t), (7.14)
where A, Ay, and K are chosen Hurwitz, es(t) £ fi(z1(t), 22(t),t) + w(t) + Arei(t) — 2(t),
t > 0, the matrices Py, P, € R™*™ are obtained from the following Riccati equations,

AJ Py + Py Ay + Qo + PALAT Py = 0, (7.16)

and Q; 2 RTR; >0, Qy = RY R, > 0, are chosen such that

A Al ]m A AQ AIA’II‘
Hl — |: _Ql _A’ll‘ :| ) H2 — |: _QQ _Ag‘ 5 (717)
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have no eigenvalues on the imaginary axis and (A;, Ry), (A2, Ry) are observable. In addition,
the auxiliary signal w(t) is obtained from (7.9), with v(t) £ [ Om-p)x(p) Im—p | Zoa(t), t > 0.
Finally, choose D = P 'K, define Q; £ Q, — K — KT,

~—1
A Ql Pl 0m><m
e v B (7.18)

and let A\yax (M) denote the maximum eigenvalue of M. The solution Zo,(t), t > 0, to (7.13)
guarantees uniform ultimate boundedness of (e;(t),e2(t)), t > 0, with an ultimate bound

given by D £ {(61, e9) : el Pie + el Pyey < 8)\maX(M)}.

Proof. The time derivative of the prediction error e;(t), t > 0, is given by
é1(t) = fila(t), 2a(t),t) — fi(z1(t), 22(t),t) + Py Kei(t), t>0, (7.19)
which, by definition of es(t), ¢ > 0, can be rewritten

é1(t) = fi(z1(t), ma(t),t) + w(t) + P Key(t) — 2(t) + Ajer(t) — ex(t)

= (AL + P K)ey(t) — eq(t) +€(t), t>0. (7.20)
In addition, the time derivative of the observation error es(t), t > 0, is of the form

Ea(t) = Avéy (8)+ Wy (@1(8), Bo(t), )i (£) + Wl (L), Ea(t), )ana(t)+ W@y (), a(t), £) — (1)
= Ave(t) + AL (A + P K en(t) — ea(t) + Wi (), @a(1), 1) (2(t) — w(t) + €(t))

—3(t) + Wiz (t), Zo(t), 1) + Walzy (), Zo(t), t)E0a, t > 0. (7.21)
Substituting (7.13) into (7.21), we obtain

éa(t) = Are(t) + Ar((Ar+ PT I K)en(t) — ea(t)) + Wil (1), 22(1), £)(2(t) — w(t) + €(t))

—Z(t) + Wg(!L’l(t), Zi‘g(t),t) + P2_1P161(t) — Al((Al + PflK)el(t) — eg(t))
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4 5(t) + Agea(t) — Wi (1 (1), 22(1), 1) (z(t) - w(t)+%W1T(x1(t), #a(t), t)Pgeg(t)>
W@ (1), da(), 1)

— Py Piea(t) + Asea(t) + Wa(a (1), 22(1), 1) (e(t) - %Wf(mt), #2(1), 1) Poes (1)
+Ae(t), t=>0. (7.22)

Then, consider the following Lyapunov function candidate,
V(@l, 62) = €1TP161 + 6r2I‘P2€2, (723)

where Pj, P, > 0 are obtained from (7.15) and (7.16), respectively. The time derivative of
(7.23) along the trajectories of (7.20) and (7.22) is given by
V(t) =i (t)(AT P+ PiAy)ei(t) + e (t) (A3 P + PoaAz)ea(t) + ef (1) (K + K )eq(t)
265 ()P (Ave(t) + Wi (a1(2), &2(), 1) (e() - %W{f(xl (1), &2(),t) Paea(t))
+P; Prei(t)) = 26T (1) Pi(ealt) — e(t))
= 2, () PyWh (21 (1), £2(1), 1) <€(t) - %Wf(xl(t)a (), t)P262(75)> + 2ey (1) PoAe(t)
—ei(t)(Q1— K — K% PY)eq(t) —e(t)(Qa+ PaAy AT Py )es(t) +2¢1(t) Pre(t), t > 0.(7.24)
Next, using the completion of the square rule, we obtain
2¢] Pre = —(Pre; — €)T(Pre; — €) + e P?e; + €'e, (7.25)
2e3 PyAre = —(AT Pyey — €)T(AT Poey — €) + €3 Py A1 AT Prey + €Te,  (7.26)
2e5 Py Wi (21, &9, t)e = eg PaWi (21, Zo, )W (21, B2, 1) Prey + €€
- (WlT(xl, T, t) Pyey — E)T (WlT(xh@,t)Pgeg - 6) ) (7.27)

It follows that

V(1) < —ef(1)(Qi + Per(t) + el (1) Plei(t) — e5 (1)(Qa + P ALAT Po)es(t)
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+€2T<t>P2A1A?P2€2(t) -+ eg(t)PQWI (J]l(t), Zi'g(t), t)WiI‘(ZL‘l(t), Ii‘g(t), t)PQGQ(t)
—ea (1) PaWy(w1(t), 2o (t), )W (21(2), 22(t), t) Paea(t) + 3¢ ()e(t)
< —ef (HQien(t) — e () Qoes(t) +, >0, (7.28)

Hence, V(t), t > 0, is strictly negative outside of {(61,62) ceTQre; + el Qqeq < 6}, which
allows to conclude ultimate boundedness of (e;(t),e2(t)), t > 0 (][44, 88]). In addition,
the ultimate bound can be characterized by a £ min(el Pie; + el Pyey), subject to the
constraint e?@lel + eXQqey = . This constrained minimization problem is easily solved
using Lagrange multipliers, yielding a = £Aax(M), which proves uniform convergence of

the error trajectories to D and concludes this proof. 0

Remark 7.3.1. Note that, in the ideal case that €(t) = 0, t > 0, we would obtain that
(e1(t),ea(t)) — 0 as t — oo. Hence, from the definition of ey(t), ¢ > 0, we would obtain

convergence of Z(t) to the implicit function g(y(t), y(t),t), t > 0, defined by (7.7).

Remark 7.3.2. In Theorem 7.3.1, it is assumed that m > n/2. In the particular case
that m = n/2, the design procedure is simpler. Indeed, in such a situation, the auxiliary
signal w(t), t > 0, becomes superfluous, K can be chosen to be zero, and Z9,(t) = Z2(t),

t>0.

7.4. Illustrative Numerical Examples

To obtain an estimate z(t) of y(¢)+w(t), t > 0, we will use the Adaptive Integral Variable
Structure Derivative Estimator (AIVSDE) described in [57]. The object of the technique is,
using measurements of a signal r(t), t > 0, to obtain an estimate of its time derivative 7(t),

t > 0. This is achieved by constructing a signal y(t), ¢ > 0, which converges to r(t), ¢t > 0.
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The signal (), t > 0, is obtained from

Y(t) = ke(t)sign(o(t)) + ko (t) — kiky 'y(t),  2(0) =, >0, (7.29)

t
o(t) = ka(r(t) — (1)) +k1/ (r(r) —y(7))dr, (7.30)
0
where ky, k1, ks > 0, the adaptive gain k.(t), t > 0, is obtained from

- o for|o()l| = u,
= = >
0 {0 o] =+ RO =ka. 20, (7.31)

where o, > 0 and g > 0. The estimate of 7(¢) is given by #(¢), t > 0. In our case, setting
r(t) = y(t) + f(fw(T)dT, and z(t) = 4(t), t > 0, we obtain an estimate z(¢) of y(t) + w(t),
t>0.

In the following, we will apply the predictor-observer described in Section 7.3, in con-
junction with the above AIVSDE technique, to address the observation problem for three
distinct systems. In a first example, we consider a system with state [z1(t) zo(t)]* € R?,
t > 0, where z4(t), t > 0, is measured, and we attempt to construct an estimate &o(t) of the
unmeasured z5(t), t > 0. This example illustrates performance of the presented approach,
and in particular, the domain of convergence obtained in Theorem 7.3.1 is shown to be con-
servative. In a second example, we apply the technique to a case where m < p; that is, a
case in which there are more measured states than unmeasured ones. Finally, we address the
same observation problem for a system with state [nT(¢) vT(¢)]T € RS, ¢t > 0, with output
n(t) € R, ¢t > 0. The estimate () is shown to converge to neighborhood of the unmeasured

v(t), t > 0.

Example 7.4.1. Consider the following system,
#1(t) = asin(x,(t) + 22(t)) + b(tanh(rxo(t) — 2) + tanh(23(t)/10) 4+ x3(¢)/100),
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z1(0) = xy9, t>0, (7.32)

To(t) = ctanh(z,(t)) — dxi(t), x2(0) = x99, (7.33)
y(t) = x:1(2), (7.34)
where x1(t), x2(t) € R, t > 0, and a, b, ¢, d € R. Note that, for the above system, m = p = 1.
It is therefore unnecessary to construct an auxiliary signal w(t), ¢ > 0, K can be chosen to

be zero, and the design procedure is simplified. More specifically, we construct the following

predictor-observer,
#1(t) = asin(z1(t) + 22(t)) + b(tanh(mia(t) — 2) + tanh(23(¢)/10) + 23(¢)/100),
fl(()) = 10, t 2 O, (735)
.%Q(t) = (plel(t)/pg - Al(Alel (t) - eg(t)) + Z(t) + Ageg(t) — wl(acl(t), i’g(t))Z(t)

—lwl(xl(t)a552(75))@0?(171(75)7372(15))19262(75))/102(%1(15),i“2(t))a 29(0) =0, (7.36)

2
where e;(t) = x1(t) — 1(t), ea(t) = 21(t) + Arer(t) — 2(t), t > 0, wy (21, 22) 2 acos(zy + i),
wy (1, &9) = acos(xy + &) + b(wsech® (m&y — 2) +sech?(#3/10) (323 /10) +322/100). Note that
wy(xy,Z9) > 0, for all z; € R, &5 € R.
Since in this example m = 1, The Riccati equations (7.15)—(7.16) simplify to
pi+24p +aq = 0, (7.37)
Alps 4+ 240ps + @2 = 0, (7.38)

where A;, p; and ¢;, i = 1,2, are scalars. From (7.37)—(7.38), we obtain that p; = (—A; +
VAT —q) and py = (—Ay + /A3 — A2qy)/A?. We thus need to choose q; < A2, and
g2 < A2/A2. We choose A; = —10, Ay = —100, ¢; = 10, g = 80, and obtain p; = 0.5132,
po = 0.5528. The parameters of the AIVSDE are chosen as follows, k1 = k, = 10, ky = 20,

a, =0, u=1, v = z19 and k,q = 145.
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Figure 7.3: Prediction and observation error trajectories.
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For the purpose of numerical simulation, we chose the following parameters for the system
model, a = 0.4, b = 10, ¢ = —1 and d = 0.1. Note that, with this choice of parameters,
wa(xy,T2) # 0, for all x1,25 € R. In addition, we choose z19 = x99 = 2, T19 = 1, T99 = 0,
and z(0) = 0. The resulting system and predictor-observer trajectories are shown in Figure

7.2.

The predicted (t) closely matches the measured z;(t), ¢ > 0, as seen in Figure 7.2.
More interestingly, the observed Z»(t) also closely matches the unmeasured x5(t), ¢ > 0, and
converges as quickly as its predicted counterpart. Note that the initial condition for the
prediction 21y could have been chosen as xig, since x1(t), ¢ > 0, is measured. This would
have resulted in a decreased overshoot of Z5(t), ¢ > 0. The initial prediction was however

chosen different from xy, to illustrate convergence of &, (t) to x(t), t > 0.

The level of performance of the observer is intrinsically dependent upon that of the chosen
numerical derivative estimator (through ). The AIVSDE estimator performs well, with a
maximum error of less than e = 0.38 (discarding large early estimation errors due to arbitrary
choice of initial condition zp = 0). In addition, from our choice of design parameters, we
have that Ap.(M) = 0.051. Hence, the predictor-observer designed as in Theorem 7.3.1
guarantees convergence of the error trajectories to D = {(e1,e2) : elTPlel + e;FPQGQ < 0.019}.
The error trajectory is shown in Figure 7.3 (left), where the dashed ellipse delimits D. As
expected, the error trajectory enters and remains within D. In addition, D itself appears to
be a fairly conservative estimate of the actual domain of convergence (see Figure 7.3, right).
This is in part due to the fact that non-positive terms in V(t), t > 0, resulting from the

completion of the square, were omitted to facilitate estimation of the ultimate bound.
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Example 7.4.2. Consider the system

i (t) = —a3, (1) + tanh(z12(t)) + 3sin(ws(t)), 211(0) = 2119, £ >0, (7.39)
12(t) = 4tanh(zyy (1) — 2tanh(z10(t)) — 3cos(z2(t)),  @12(0) = 2190, (7.40)
o(t) = —23(t) — 2 tanh((z11 () + 112(8))?), 22(0) = w20, (7.41)

y(t) = xi(t), (7.42)

where z1(t) £ [ z11(t) 212(t) }T € R? and z3(t) € R, t > 0. Applying the technique

described in Theorem 7.3.1, we construct the following predictor-observer,

B (t) = —x3,(t) + tanh(z15(t)) + 3sin(Z(t))
! 4tanh(x11(t)) -2 tanh(xlg(t)) -3 COS(QAZQ(t))

#1(0) =210 = [ 2110 T120 ]T, t>0, (7.43)

} — P Ke(t),

.%Qa(t) = W271($2<t)) |:P271P161(t) — Al((Al — PflK)el(t) — 62(t>> +Z(t>+A2€2(t)

—W (21 (1) (z(t) —w(t) + %WlT(xl(t))Pgeg(t))], #90(0) = Fa0, (7.44)

where e (t) = x1(t) — 21(t), ea(t) = 21(t) + P7 Key(t) + w(t) — z(t) 4+ Ares(t), t > 0, the
auxiliary signal w(t), ¢t > 0, is obtained from (7.9), with W,(Z2) = 3[ —sin(&3) cos(#s) |7,

and K = —150/,. In addition,

—3x%, sech®(z12) cos(Zy) —sin(Zs)

Wilan) = 4sech?(x1;) —2sech2(:1312)}7 Waldz) = {Sin(@) cos (&)

. (7.45)

Choosing A; = =101, Q1 = 1013, Ay = —301,, and Q)3 = 815, we obtain, from (7.15)—(7.16),
P, = 0.513215, P, = 0.21,. The parameters used for the AIVSDE are identical to that in
the previous example. The initial conditions for the system are chosen as x1y = [ 2 2 }T,

and w9y = —1. Finally, the initial prediction is z1y = [ 0 0 }T, while the initial estimate

is chosen as Z59 = 0. As seen in Figure 7.4, the predicted trajectory #(t), t > 0, quickly
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converges to the actual trajectory x1(t), ¢ > 0. Similarly, after a short transient, the observed

trajectory Z(t), t > 0, matches the unmeasured state z5(t), t > 0, very closely, as observed

from Figure 7.5.

Example 7.4.3. Consider the system

n(t) = Jn@)v(t), 1(0) = o,
p(t) = O1p(n(t)) +O57(1), v(0) = w,
y(t) = n(t),

(7.46)
(7.47)

(7.48)

where n(t) £ [ ¢(t) 0(t) ¥(t) }T € R3, ¢t > 0, is the measured output, v(t) € R3, ¢t >0, is

not measured, and 7(t) € R?, ¢ > 0, is the control input applied to the system. In addition,
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Figure 7.5: Actual and observed trajectories.
O € R¥*? and ©3 € R**? are unknown constant matrices, and
1 tan(f)sin(¢) tan(@)cos(o)
Jm a0 cos(o) —sin(@) | (7.49)
0 sin(¢)/cos(f) cos(¢)/ cos(f)
¢(n) £ [ cos(d) cos(¢p) —cos(0)sin(¢) ]T. (7.50)

Applying the technique described in Theorem 7.3.1, we construct the following predictor-

observer,
() = Jm)o(t), 7(0)=mno, t=>0, (7.51)
p(t) = J7'(n(t) ( Py Prea(t) — Ar(Arer(t) — ea(t)) + 2(t) + Asea(t) — Wi(n(t), 2(t))2(2)

—SWA0n(E), PO ((0), 90 Paea(t)), 9(0) = 7o, (7.52)

A 9J(m)?

where e (t) 2 n(t) — 0(t), ea(t) £ Arer(t) — z(t) + J(n(t)o(t), t > 0, and Wi (n, D) B

126



10 T T T T T
_ = = actual
5y — predicted
<
=5 L/,.,f i
0 ‘ | T
0 5 10 15 20 25 30
20 T T T T T
< 00 — —actual
— predicted
-40 | | | | |
0 5 10 15 20 25 30
30 T T T T T
)
3
= 20F i
= = =—actual
— predicted
10 1 1 1
0 5 10 15 20 25 30

Time [s]

Figure 7.6: Actual and predicted trajectories of n(t), t > 0.

We choose Ay = —413, Ay = —4013, Q1 = 1213, Q2 = 4013, and obtain, from (7.15) and
(7.16), P, = 613, P, = (2.5 + \/15/2)I5. The AIVSDE parameters are chosen as follows,
kl = 10, kQ = 15, k)b: 1/2, (07 :O, on = 1, Yo = 10 and krO =1.

In addition, we use the following for plant parameters,

—2.6828 3.2966 025 0
©r=| 98298 99455 |, ©i=| 0 —0575 |. (7.53)
0 —20 0 0

The initial conditions are chosen as 79 = [5 — 27 10]Y, vy = 03, 9o = o +[1 1 1],
o =1[555]", and 2(0) = 03. The trajectories n(t) and v(t), t > 0, are shown in Figure 7.6
and Figure 7.7, respectively. As was the case with Example 7.4.1, the algorithm performs
admirably. The predicted and observed trajectories closely match the real ones, with a short

transient.
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Figure 7.7: Actual and observed trajectories of v(t), t > 0.

7.5. Experimental Test

The previous section presented numerical simulation results, illustrating the performance
of the algorithm. Performance was further tested by implementing the presented predictor-
observer algorithm on the Quanser “3DOF helicopter” setup. Equations (7.46)—(7.48) pro-
vide a model of the setup’s dynamics. Hence, we will apply the algorithm as designed
for Example 7.4.3. However, a significant hurdle in the way of implementation is the fact
that the measurements provided by the experimental setup are discrete and quantized, with

quantization intervals of m/2048.

The observation of systems with quantized outputs constitutes a challenging problem
(as discussed in [115]), which remains essentially open. The presented predictor-observer

technique does not account for quantization of the measurements, and application of the
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technique as is to such a system yields poor results. This poor performance is mainly due
to the difficulty in obtaining a signal z(¢), ¢ > 0, providing a reasonable approximation of
y(t), t > 0. In particular, when the measurements change from a level of quantization to
the next, most numerical derivation techniques lead to large spikes in the estimate of the
derivative. In an attempt to compensate for this issue, we used a second order low-pass
filter to smooth-out the measurements. This filter has a damping coefficient ¢ = v/2/2 and
a natural frequency w, = 10. This simple addition to the algorithm significantly improved
experimental results, to an extent that performance of the algorithm when subjected to
quantized measurements became comparable to that without quantization (see Figure 7.8 for
simulation results showing actual and observed v(t), t > 0, with quantized measurements),

and allowed implementation of the presented algorithm.

Experimental results are shown in Figure 7.9. Note that the body fixed velocity vector
v(t), t > 0, is not measured. Hence, to assess performance of the presented algorithm, we
compare the observed (t), t > 0, to an estimate of v(t), t > 0, obtained from the output of
the AIVSDE, z(t), t > 0. Since z(t) is an estimate of 7(t), t > 0, it can be pre-multiplied by
J~Y(n(t)), t > 0, to obtain an estimate of v(t), t > 0. As seen in Figure 7.9, the observed
trajectories are in practice significantly noisier than in simulation. The algorithm however
yields promising results. In particular, the transient shows that the observer reacts more

quickly than the output of the AIVSDE to large changes in velocity.

7.6. Conclusion

This chapter presented a prediction-based observer, relevant to a wide class of nonlinear

systems, including systems whose unmeasured states appear nonlinearly in the system dy-
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Figure 7.8: Numerical simulation with measurement quantization, actual and observed
trajectories of v(t), t > 0.

namics. The algorithm relies on a pair of prediction-observation errors, constructed using a
backstepping technique. Lyapunov’s second method was used to prove Lyapunov stability
of these errors, as well as their convergence to a neighborhood of the origin. The algorithm
makes use of a derivative estimator, which allows to relax high gain requirements commonly
found in observation techniques for nonlinear systems. In addition, the relationship between
the ultimate bound on the prediction-observation errors and the derivative estimator’s level
of performance, as well as a number of relevant design constants, was made explicit. While
the algorithm is itself of interest, it essentially constitutes toward solving the output feedback
problem. In following chapters, the observer presented here will be modified and comple-

mented with control laws to solve the problem.
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Chapter 8

Observer-Based Output Feedback
Control of Nonlinear Systems
Non-Affine in the Unmeasured

States [8]

The following results were the object of a conference paper submitted to the 2009 ASME
Dynamic Systems and Control Conference (currently under review). In addition, it will be

submitted for consideration to the IEEE Transactions on Control Systems Technology.

8.1. Introduction

The work presented in this chapter builds upon the nonlinear observer introduced in
Chapter 7 to solve the output feedback control for a class of nonlinear systems. The result
aims to alleviate a number of issues inherent to separation-based algorithms. It relies on the
same premise of dividing to rule, in the sense that the output feedback control problem is split
into the two simpler problems of observer and state feedback design. However, in a departure

from classical procedures, the control law is not designed to control the system’s output, but
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rather that of the observer, as described in Figure 8.1. Existing separation-based techniques
use estimates in the stead of unmeasured states, hence pursuing a “certainty equivalence”
design similar to that used in adaptive control ([10]). The output feedback algorithm pre-
sented, although sharing a similar observer/controller structure, distinguishes itself from
separation-based approaches in the extent that the control law’s form is dependent upon
that of the observer, hence breaking separation. While design flexibility is accordingly re-
duced, any “certainty equivalence” (or lack thereof) related issue is effectively circumvented.
In particular, this scheme significantly alleviates the pressure placed upon the observer. The
only requirement on such an observer is that it must be capable of predicting the actual
system’s output to a given accuracy for all admissible control inputs and is controllable.
The approach shares similarities with that presented in [62,64], where a neural network is
employed to emulate the system’s dynamics, which is comparable to the role of the observer

in the approach presented here.

This observer is designed as an extension of that introduced in Chapter 7. The latter
relies on predictions of the measured output to observe the unmeasured states of a wide class

of nonlinear systems. The observer designed here shares the same overall structure, but is
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capable of handling controlled systems. As previously mentioned, the observer-predictor
is a dynamical system which is constructed in such a way that its output converges to an
arbitrarily small neighborhood of the actual system’s output, for any admissible control
input. Once that is achieved, a backstepping-based ([10]) control algorithm is designed for
the obtained observer system. Ultimately, it is shown that the observer’s structure guarantees
convergence of its output to a neighborhood of the output of the actual system, while the
control input guarantees convergence of the same observer output to a neighborhood of a
given desired trajectory. It follows that the actual system’s output approaches the desired
trajectory. This indirect control technique, in which one does not directly control the actual
system but rather an observer (or predictor), constitutes an extension of that used in [6,108],
where the input is designed to control a state predictor. The approach presented here is
conceptually similar, with the difference that the input is designed to control a predictor-

observer, in an extension from state feedback to output feedback.

This chapter is structured as follows. Section 8.2 describes the class of nonlinear systems
considered and provides further details on the control strategy employed. Design of the
observer-predictor is presented in Section 8.3, followed by that of the control law in Section
8.4. Numerical simulation results are provided in Section 8.5 for three examples and illustrate

the efficacy of the control scheme. Section 8.6 concludes this chapter.

8.2. Problem Statement and Control Strategy

Consider a system of the form

#(t) = f(e(t), 1)+ g(e(t), u(t), 2(0) =z, >0, (8.1)

y(t) = Cx(t), (8.2)
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where z(t) € R", t > 0, is the system’s state vector, y(t) € R™, ¢ > 0, the measured output
vector, with m > n/2, u(t) € R™, t > 0, the control input, and C' = [ L Omxp ], with
p =n—m < m. The object of the presented work is to design the control input u(t), t > 0,
such that the output y(t), t > 0, uniformly converges to an arbitrarily small neighborhood
of a given yq(t) € R™, t > 0. In order to simplify the notation, define A; = [ I Oix(m—i) }
and A; £ [ Om—iyxi  Lm—i }, i=1,...,m—1.

Let 2,(t) £ y(t), t > 0, denote the measured states, and x5(t) € RP, ¢t > 0, denote
the unmeasured states. In the following, we will assume that the system’s outputs have well
defined relative degrees one or two. The technique can be extended to handle greater relative
degrees, but we will limit ourselves to this case for ease of exposition. More specifically,
assume that ¢ < m of the m measured states are of relative degree one. Ordering the

measured states vector z1(t), t > 0, by increasing relative degree, we can rewrite (8.1) as

@1(t) = fi(zi(t), v2(t),t) + gr(21(t), 22(t), t)us(t), 21(0) = 210, t >0, (8.3)
To(t) = fa(x1(t), 22(), 1) + g2(21(t), 22(t), t)us(t), 22(0) = 290, (8.4)

where g1 (z1(t), z2(t), 1) = AT gis(21(t), 22(t), 1), ui(t) € RY and uy(t) € R™7%, ¢ > 0, so that
u(t)y = [ (t) uI(t)]", t>0.

In the following, we will first design a predictor-based observer for system (8.3)—(8.4),
building upon the technique introduced in Chapter 7. The intent is to construct a system,
with the same input u(t), ¢ > 0, as (8.3)—(8.4), and whose state Z(t) = [ 21 (¢) 27 (t) }T €
R™, ¢t > 0, is such that () € R™, t > 0, converges to an arbitrarily small neighborhood of
x1(t), t > 0, for any admissible control signal u(t), t > 0. Next, we will design the control
input u(t), t > 0, so that 21(t), t > 0, asymptotically converges to a given yq4(t), t > 0,

uniformly in time. As a result, we will obtain that Z;(¢) will simultaneously converge to
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both x1(t) and #1(t), t > 0. Hence, we will obtain that z1(t) — ya(t), t — oco. The results
presented in the following sections rely on several assumptions. In particular, in the design
of the observer, we will assume that rank[Woys(x, 29,t)] = p for all 23 € R™, 25 € RP,
and t > 0, where Wo(z1,29,t) = Of1(21,%2,1)/022 . This assumption implies that the
class of systems considered is a subset of the set of all observable systems ([7,111,112]).
In addition, we assume that gis(xy, Zo,t) € R?*? is nonsingular for all z; € R™, 25 € RP,
and t > 0. Finally, we require that there exists a constant matrix B € RP*(m~9 such that
A Woy(x1, 29, 1) B is nonsingular for all ; € R™, #, € RP, ¢t > 0. The latter assumption is
equivalent to assuming that the system is controllable through backstepping ([10]), and is

needed to ensure controllability of the observer-predictor to be designed.

8.3. Nonlinear Observer Design

Building upon the approach in Chapter 7, we construct a partial state predictor, with

the following Luenberger form ([13]),

B1(8) = Fi(x1(t), @2(t),8) + g1 (21(t), E2(t), )ur (t) — Dero(t), #1(0) = 210, >0, (8.5)

where D € R™*™ is chosen Hurwitz, ej,(t) = x1(t) — £1(¢), t > 0, is a prediction error, and
Zo(t) € RP, t > 0, is designed so that z;(t) € R™, ¢ > 0, provides a predicted value of z;(t),
t > 0. In addition, to provide more flexibility in the design procedure, the observer-predictor

will rely on an auxiliary signal w(t) € R™, t > 0, obtained from
w(t) = Walzy(t), 22(t), t)v(t), w(0)=0,,, t>0, (8.6)

where v(t) € R™P, t > 0, and the matrix W,(-) € R™* (™) is designed such that

Wo(zy, &9,1) = [WQS(xl,ig,t) Wa(xy, Za,t) } € R™*™ is nonsingular for all z; € R™,
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T T

To € RP, t > 0. In the following, we will construct fga(t) £ ;22 (t) vT(¢) e R™ t >0,

so that the origin of the observation error dynamics is Lyapunov stable and e, (t), t > 0,

asymptotically converges to a neighborhood of the origin, uniformly in time.

Theorem 8.3.1. Consider the system given by (8.1)—(8.2), and the partial state predic-
tor (8.5). Assume that a continuously differentiable signal z(t) is available such that z(t) =
J(t) + w(t) — 2o (t) — €(t), with [[e(t)]| < \/2/3, & >0, t > 0, where @, (t) 2 @1 () + Tua(t),

t >0, and Z,1(t) and Z,2(t), t > 0, are obtained from

Zu(t) = gi(@a(t), &2(t), )ua () — arua (1), Z01(0) = 0, >0, (8.7)

i’ug(t) = Wgs(xl(t), i’g(t), t)BUQ(t) — OZQZ.AEUQ(t) — O(gi’ug(t), i’uz(O) = [i’ug(O) = Om, (88)

where a; > 0, i = 1,2, 3, and the matrix B € RP*(m~9 is chosen so that A,Was (1 (t), #2(t), )

B € Rm=9x(m=49) ig nonsingular for all # > 0. Then, consider the estimated trajectory & (t),

t > 0, generated by

Foa(t) = Wil (21 (1), #2(1), 1) [P;;Ploelo(t) — Aro((Aro + PR )ero(t) — ea0(t)) + 2(2)
—|—A20€20(t) _Wl (xl(t)v j?(t% t) (Z(t) +iu(t) _w(t) + %WlT(l'l (t)> i? (t)7 t)PQOGQO(t)>
—Ozl.Q‘AZU1 (t) — CYQ.%uQ(t) — O£3j7u2(t) — Wg(ﬂ?l(t), fz(t), t) + Wgs(ﬁl(t), fg(t), t)B’LLQ(t)] s

#22(0) =0, £2>0, (8.9)

iQ(t) - Ap.fjga(t), (810)
where A;,, Ay, and K are chosen Hurwitz,
ewo(t) = 1 (t) — 21(t), t>0, (8.11)

620<t) é fl (JTl(t), i’z(t), t) + UJ(t) — JA?UQ(t) + Oéli‘ul (t) + Aloelo(t) — Z(t), (812)

137



the matrices Py, Po, € R™*™ are obtained from the following Riccati equations,

Aijplo + PloAlo + Qlo + P120 = 0, (813)
A'2I‘0P20 + P20A20 + QQO + PQoAloArlToP2o = Oa (814)

and Qi, = RIR; >0, Qq = RI R, > 0, are chosen such that

Ao Iy Ago A AT
Hlo é |: _élo _A’i[‘ :| ) HQO é |: _Q220 _1Ar2-[‘10 :| ) (815)

have no eigenvalues on the imaginary axis and (Ao, R1), (Aso, R2) are both observable. In
addition, the auxiliary signal w(t), t > 0, is obtained from (8.6), with v(t) £ A, Za.(t), t > 0.

Finally, choose D = P;;' K, define Q1o £ Q1, — K — K7,

~—1
A Qlo Plo Omxm
NO B Omxm 2_01P20 ’ (816)

and let Apax(V,) denote the maximum eigenvalue of N,. The solution &9,(t), t > 0, to (8.9)
guarantees uniform ultimate boundedness of (8.11)—(8.12) with an ultimate bound given by

Do é {(610; 620) . 6’1I‘0P10610 + 6;)PQO(?QO S gAmax(No)}-

Proof. The time derivative of the prediction error e;,(t), t > 0, is given by

1o(t) = fi(z1(t), x2(t), ) +g1(z1(t), 22(t), )ur (t) — fr(w1(t), To(t), 1) — g1 (21 (2), B2(t), t)ua (2)

+P Kepo(t), t>0, (8.17)

which, using §(t) = 2(t) + &u(t) — w(t) + €(t), Zu(t) = Za1(t) + Zu2(t), t > 0, and (8.7), can

be rewritten as

é10(t) = 2(t) +au (1) +e(t) + Py Kewo(t) = (fi(21 (1), 22(1), 1) +w(t) = g1 (21(t), &a(t), hua (2)

= (D)t dua () — ardu () + P Kero () Fe(t) — (Fi(21(8), 2o(t), ) +w(t)), ¢ > 0.(8.18)
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Furthermore, substituting (8.12) into (8.18), we obtain

é10(t) = (A + P K)eio(t) — ego(t) +€(t), t>0. (8.19)
The time derivative of the observation error es,(t), t > 0, is of the form
a0(t) = A1010(t) + Wiz (t), Zo(t), 1)1 () + Wa(z1(t), 22(t), t):i“%(t) + Ws(z1(t), Z2(t), 1)
—2(t) — Was(x1(t), o(t), t) Bua(t) + aqn oy (t) + agfu2(t) + a3Zyo(t)
= Ae(t) + Ao (Ao + P K)ero(t) — eao(t)) — 2(t) + Wi(1(t), 2o(t), 1) (2(t) — w(t)

() +e(t) +Wa(@1(t), £2(t), t) — Was(@1(t), £2(t), ) Bua(t) + o (t) + qadua(t)

tasiaa(t) + Wolzy (1), Zo(t), t)Eaa(t), t>0. (8.20)
Substituting (8.9) into (8.20), we obtain

éao(t) = Aroe(t) + Ato((A1o + Pt K)e1o(t) — eao(t)) — 2() + Wiz (1), 22(t), 1) (2(t) — w(t)

+3Afu(t)+€(t))—|—W3(ZL‘1( ) SBQ( ) ) Wgs(xl( ) Ag(t),t)BUg(t)—|—P2_01P10610(t)—|—2"(t)

1

b (t) + andua(t) + aadua(t) — Walz1(t), 2o(t), £)— Wi (21 (t (z
du(t) —w(t)+ 5 W (@1 (1), (1), t)Pgoego(t)> - Asgeao () + Was (21(1), Z2(1), ) Bus(t)

—A1o((Aro + Pt K )ero(t) — eo(t)) — andiug (t) — codiua(t) — crziya(t)
= Py Proeao(t) + Asean(t) — Wi (0), (), 1) (507 (01(6), (1), ) Proenolt) — ()

+A¢e(t), t>0. (8.21)
Next, we consider the following Lyapunov function candidate,
V(elm 620) = er1[‘0P10610 + 6g0P20€207 (822)

where Pj,, P», > 0 are obtained from (8.13) and (8.14), respectively. The time derivative of
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(8.22) along the trajectories of (8.19) and (8.21) is given by

V() =h ()AL Pa + PoAroens(t) + ()AL Poo + ProArJesn(t) + ey (1) (K + K )ero(t)
2L, (1) Pao [ Aso0) + W1 6), 2200, ) (e(0) = STV (00 (8) 23(8), ) Proean(t))
P Puoeioft) | = 261,(8) Puo(eao(t) — e(t))
=96, (6)Po Wi 1 (1), (), 1) (€l6) — 5T (01 (0), 22(6), ) Proen()) + 265 (6) Pro Ane (1)

—e1o(t)(Quo+Pro)e1o(t) = €30 () Q20+ Pao A1 A, Pao)eao () +2e1,(t) Proe(t), t>0.(8.23)

Using the completion of the square rule, we obtain

26?0P10€:—(P10610 — E)T(Ploelo — 6) -+ €’1I‘OP120610 -+ GTE, (824)
2€;FOP20A10€:—(Arlropgoego—G)T(A?OPQOGQO—6)+€’2TOP20A10A?OP20620+6T6, (825)
€9, Pao Wi (21, 9, t)e=e5, P 0 Ly, 2 T
620 20 1(1‘1, Zo, t)6_€20 ZOWI(‘xlv T2, t>W1 (IIJ Za, t)P20€20 +e¢€

— (W (1, 29, 1) Pageso — €) - (Wi (21, 29,1) Paoeso — €) . (8.26)
Substituting (8.24)—(8.26) in (8.23), it follows that

V(1) < —efo()(Qro + Pi)ero(t) + el () Pero(t) = e30(1)(Qa0 + PaoAro AT, Pao)eso (1)
e (t) Pao Aro A1 Paoe2o(t) + €0 (t) PaWi (1 (1), (1), )W) (21(t), 22(t), t) Paoeao(t)
—ea0(t) P Wi (w1 (£), 22(1), )W (21(1), 22(t), 1) Paoeno(t) + 3¢ (t)e(t)
< —ei,(1)Qr0e10(t) — €00 (t)Qaoeao(t) +&, > 0. (8.27)
Hence, V(t), t > 0, is strictly negative outside of {(e10, €20) : €1,Q10€10 + €3,Q20€20 < €},
which allows to conclude ultimate boundedness of (e1,(t), €20(t)), t > 0 ([44,88]). In addition,

the ultimate bound can be characterized by « = min(erlroploelo + eZTOPQOGQO), subject to the

constraint elTleoelo + egongego = . This constrained minimization problem is easily solved

140



using Lagrange multipliers, yielding a = eAyax(N,), which proves convergence of the error

trajectories to D, and concludes this proof. ([l

8.4. Nonlinear Controller Design

In the previous section, we designed an observer-predictor, which provides a prediction
Z1(t) of x1(t), t > 0. This prediction can be made arbitrarily accurate, for any admissible
input u(t), ¢ > 0. Next, we will design the input u(¢), t > 0, so that the origin of the tracking
error dynamics is Lyapunov stable and e;(t) = yq — 21(t), t > 0, asymptotically converges
to a neighborhood of the origin, uniformly in time. More specifically, we design a controller

for the following system,

B1(8) = fi(x1(t), @(t),t) — Dero(t) + gu(w1(t), 22(t), s (t),  #1(0) = 210, t > 0,(8.28)

To(t) = AWy (21 (t), 22(2), t)y(t) + Bus(t), Z9(0) = 0y, (8.29)
where D = P! K and

Y(t) 2 Pyl Proero(t) — Ato (Aot Pro K )e1o(t) — a0 (1)) +2(t) + Aggens (1) — Wa (21 (1), £2(t), 1)

—Wi(x1(t), 2o(t), 1) (z(t)+§:u(t)—w(t)+%wf (z1(t), &(t), Zf)onezo(t)) — Ty (1)

—&23;7“2(15) — ag.i'ug(t), t Z 0. (830)

In the following, we require that the contribution of the control signal us(t), ¢ > 0, to the
observer’s dynamics be topologically equivalent to its contribution to the actual system’s
dynamics. This is achieved by requiring that ud BT ga(1, 79, t)uy > 0, for all uy € R™~7\ {0},
r1 € R™, x5 € RP, and t > 0. This requirement is verified if B is constructed such that the

symmetric part of BT gy(xy, x5, t) is positive definite for all z; € R™, x5 € R, and t > 0.
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Note that in the scalar case, this is equivalent to assuming that B and go(z1,z2,t) share
the same sign for all z; € R™, x5 € R?, and ¢ > 0. This assumption is similar to that
introduced in [58], where the authors assume knowledge of the signs of the leading minors
of ga(x1, 9, 1).

The problem of designing a control algorithm for system (8.28)—(8.29) can be solved using
a backstepping procedure, as described in [10]. This type of approach leads to the following

result.

Theorem 8.4.1. Consider system (8.28)—(8.29), and the control input u(t) = [u](t),
ug (t)]%, t >0, given by
ui(t) = gr, (21(t), 2(t), ) A (Ja(t) — fi(w1(t), 22(t),1) + Deio(t) — Anens(t)), t >0, (8.31)
uz(t) = (AgWas(1(1), 22(1), 1) B) ™ [Ag (=W (21(1), &2(1), 1) (2(¢) — (1) + 2u(1))
Hija(t) — Was(w1(t), @2(8), ) AWy (1(2), Z2(8), 1) (t) — Wil (), 22(t), )
+D((A10+D)610(t)—ego(t))—Alt(Altelt(t)—AqTegt(t)))+P2;1AqP1telt(t)+A2tegt(t)
—%Aq(Wl(Il(t), o(t), t) — D)(Wi(1(t), 22(t),t) — D) Ay Paea(t)], (8.32)
where yq(t) € R™, t > 0, is a given desired output, w(t), ¢ > 0, is obtained from (8.6),
Ty(t) = Tu1(t) + 2u2(t), t > 0, is obtained from (8.7)—(8.8), v(t), t > 0, is given by (8.30),
ear(t) £ Mg fi(z1(t), 22(t), 1) — Ag(Ja(t) + Deio(t) — Ajcer(t)), the matrices Ay and Ay are
chosen Hurwitz, and Py, Py > 0, are solutions to

AITtPu + P A+ Q1 = 0, A;PQt + Por Aoy + Qo = 0, (8.33)

where (011 and (Q9; are chosen positive definite. Finally, define

P 0
N, & Qe Pre mxm 8.34
’ Omxm Q2t1P2t ( )
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Then, the control input (8.31)—(8.32) guarantees uniform ultimate boundedness of the track-

ing errors (e (t), e (t)), t > 0, with an ultimate bound given by Dy £ {(e, ea;) : e Pryers +

€£P2t€2t S 5)\max(Nt)/3}-

Proof. The time derivative of the tracking error ey4(t), t > 0, is given by
e1e(t) = ga(t) — fr(xi(t), 2(t),t) — g1(z1(t), T2(t), )ur (t) + Deio(t), t>0. (8.35)
Note that
Agére(t) = Ny(ga(t) — fi(z1(t), 22(t),t) + Deio(t)) — grs(z1(t), 22(t), t)ur(t), ¢ > 0.(8.36)
Substituting (8.31) in the above, we obtain
Agére(t) = AAyen(t), t>0. (8.37)
In addition, by definition of ey (t), t > 0,
Agér(t) = AjArnen(t) —ex(t), t>0. (8.38)
Combining (8.37) and (8.38), and observing that [ AT A ] = I,,,, we obtain
é1(t) = Anere(t) — Ajex(t), t>0. (8.39)
The time derivative of ey (t), t > 0, is given by

Ea0(t) = Ng(Wi(z1(t), B2(8), )21 (t) + Was(1 (), &2(t), )22(t) + Wal@i1(t), £2(t), t) — fa(t)

+A1é14(t) — Déro(t))

A Woas (21 (), @2 (), ) Ap Wy (w1 (1), 22(1), 8)7(1) + Are(Areere(t) — ]\qT€2t(t>>

~D((Ao + D)eo(t) — eno(t) + e(t))) 4 A Was(21(t), @2 (t), ) Bua(t), ¢ > 0. (8.40)
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Substituting (8.32) in (8.40) yields
éai(t) = —%l_\q(Wl(xl(t),:%g(t),t) — D)(Wi(a1(t), 22(t),t) — D)TA] Poe(t)
+Agear(t) + Po Ay Proers(t) + Ay(Wi (w1 (t), 22(t), 1) — D)e(t), t>0.(8.41)
Next, we consider the following Lyapunov function candidate,

V(ew, ea) = €1, Prers + g Pareay, (8.42)
where Py, Py > 0 are obtained from (8.33). The time derivative of (8.42) along the trajec-
tories of (8.39) and (8.41) is given by
V(t) = el, () (AT, Prie + PreAre)ers(t) + e3,(t) (A3, Pos + PorAs)enc(t) — 21, (£) ProAy €2 (t)

—2e., (1) Py G]\q(wl (w1(t), Z2(t), t) — D) (W21 (t), 22(t),t) — D) A] Poea(t)
Py A Pren(t) = Ag(Wi (21 (), 5(8),1) = D)e(t))
= —e1u()Quiern(t) — ea0(t)Qaien(t) + 2eq,(t) PayAg (Wi (21 (1), 22 (t), t) — D)e(t)
— e, () PoyAg (Wi (1(1), Z2(t), 1) — D) (W1 (21(t), 22(2), t)—D)T/_\;FPQtezt(t)> £>0.(8.43)
Note that
2e5 PoNg(D — Wi(wy, 22, t))e = e Palg(D — Wi(21, &2, 8))(D — Wi(w1, &2,t)) T A] Pageny

— ((D — Wl(xl, i‘Q, t))T[\qTPQtGQt — E)T ((D — Wl(xl, jﬁg, t))TAgPQtezt — 6) -+ €T€.(8.44>

Substituting (8.44) into (8.43), we obtain that

V(t> < _ei(t)Qltelt(t) - @gt(t)taezt(t) + ET(t)G(t)
< T (H)Quen(t) — €L (t)Quen(t) + =, > 0. (8.45)

3

Following the same reasoning as that at the end of the proof of Theorem 8.3.1, we conclude

that (e14(t), e2(t)), t > 0, is ultimately bounded and uniformly converges to D. O

144



8.5. Illustrative Numerical Examples

As in the preceding chapter, the predictor-observer will use the Adaptive Integral Variable
Structure Derivative Estimator (AIVSDE) described in [57]. However, in this chapter, we

set r(t) = y(t) — T, (t) + fotw(T)dT, to obtain an estimate z(t) of §(t) + w(t) — Z,(t), t > 0.

Example 8.5.1. Consider the following system,

#1(t) = asin(xy(t) + 25(t)) + b(tanh(rxo(t) — 2) + tanh(a3(t) /10) 4+ x3(¢)/100),
,I'l(()) = 10, t 2 0, (846)
i9(t) = ctanh(zy(t)) — dod(t) + u(t), x9(0) = w9, (8.47)

y(t) = x1(2), (8.48)

where x1(t), xo(t), u(t) € R, t > 0, and a, b, ¢, d € R. Note that, for the above system,
m = p = 1. It is therefore unnecessary to construct an auxiliary signal w(t), ¢ > 0, and
the design procedure is simplified. More specifically, we construct the following predictor-

observer,
Z1(t) = asin(z1(t) + Z2(t)) + b(tanh(wio(t) — 2) + tanh(&3(¢)/10) + &3(¢)/100),
"2'1(0) — 11}10, t Z 0, (849)

fz(t) = 7(8)/wa(@1(t), 22(2)) + u(?), 22(0) =0, (8.50)

V(1) = Pro€1o(t) /P20 — wi(w1 (1), B2(8))(2(F) + 20 (1) + w] (21(t), B2(£))P20€an(t) /2)
F Angeao(t) — Aro(Aroero(t) — eao(t)) + 2(t) — dul(t) — 2u(t), t>0,  (8.51)

Glo(t) = l’l(t) — i1<t), (852)
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eao(t) = Z1(t) + Aroero(t) — 2(t) — 2u(t) + Zu(1), (8.53)
wy(x1,T2) = acos(xy + T2), (8.54)

wy (21, 2) = acos(xy + o) + b(wsech?(wiy — 2) + sech?(23/10)(342/10) + 322/100). (8.55)

Choosing A, = —10, Ay, = —100, ¢1, = 10, g2, = 80, we obtain pi, = 0.5132, py, =
0.5528 from (8.13)—(8.14). The parameters of the AIVSDE are chosen as follows, k; = 10,
ko =20, ky = 30, a,. = 0.1, u = 0.2, 7,0 = 19 and k,o = 10. In accordance with the form of

system (8.49)—(8.50), the control law is given by

u(t)=[— wi(z1(t), 22(6))(2(t) + Zu(t)) + dja(t) — ¥(t) — Are(Areere(t) — e2e(t)) + Anen(t)

+preere(t) /pa—wi (@1 (1), 2(8) wi (@1 (t), 22 (t) )pacenn (t) /2] fwa (1 (2), 22(1)), £>0,(8.56)

where e14(t) = yaq — #1(t), ex(t) = 21(t) — ga(t) + Anere(t), t > 0. In addition, we chose
Ay = =5, Ayy = —1, q1x = 5, g2 = 1, and obtain from (8.33), py;y = py = 1/2. Finally,
Zu(t), t > 0, is obtained from (8.8) with B = oy = a3 = 1, and us(t), t > 0, given by (8.56).
The desired output trajectory is chosen to be yq(t) = —5cos(t), t > 0.

For the purpose of numerical simulation, we chose the following parameters for the system
model, a = 0.4, b = 10, ¢ = —1 and d = 0.1. Note that, with this choice of parameters,
wa(x1,To) # 0, for all x1,2Z5 € R. In addition, we choose z19 = x99 = 2, T19 = 1, T990 = 0,
and z(0) = 0. The resulting system and predictor-observer trajectories are shown in Figure

8.2.

The predicted Z;(t) closely matches the measured z(t), t > 0, as seen in Figure 8.2. In
addition, the observed Z»(t) also closely matches the unmeasured xo(t), t > 0, and converges
as quickly as its predicted counterpart. Note that the initial condition for the prediction Zq

could have been chosen as xyg, since x1(t), t > 0, is measured. This would have resulted
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Figure 8.2: Actual and predicted/observed trajectories.
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Figure 8.3: Actual and desired output trajectories.

in a decreased initial overshoot of Zo(t), ¢ > 0. The initial prediction was however chosen
different from o to illustrate convergence of Z;(t) to z1(t), ¢ > 0. The efficacy of the
control law (8.56) is illustrated by Figure 8.3, which shows the real trajectory converging
to the desired yq4(t), ¢ > 0. The control input is shown in Figure 8.4. Note that we have

employed the saturation algorithm presented in [1] to limit the command in amplitude.

Example 8.5.2. Consider the system

1+ x%l(t)

I.'H(t) = —$:131 (t) + tanh(:vlg(t)) + 1 T [L‘%(t) Uy (t), 1311(0) = X110, t 2 0, (857)
Z).L'lg(t) = 4tanh(x11(t)) — Ztanh(xlg(t)) + flfg(t) + COS($§<t>>/2, .T12<0) = X120, (858)
l‘g(t) = —Ig(t) — 2tanh((x11(t) + Ilg(t))g) + %UQ(Z&), .172(0) = X920, (859)
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Figure 8.4: Control effort.
y(t) = x1(), (8.60)

where z1(t) £ [ z11(t) 212(t) ]T € R?, and z5(t) € R, t > 0. Applying the technique

described in Theorem 8.3.1, we construct the following predictor-observer,

21(t) = filzi(t), 22() + g1 (21 (2), £2(t))ur () — Dero(t),  21(0) = 239 2 [ 2110 2120 }T,
t>0, (861

i’za(t) = W51($2(t))(7(t) + Wasus(t)), T24(0) = P20, (8.62)
where

1(£) = Pyl Proero(t) — Avo((Aro+ P K )ero(t) — eno(t)) + () + Agoeno(t) — () —dua(t)

—da(t) — VV}(xl(t))<%(t)——<u(t)—%:%u(t)-+-D@?F(xl(t))Féoego(t)/2), £>0, (8.63)

ero(t) = 1 () — &1 (t), (8.64)

ea0(t) = fi(z1(t), Z2(t)) — iu2(t) + 21 () + w(t) — 2(t) + Aroer0(t), (8.65)

149



the auxiliary signals w(t) is obtained from (8.6), with v(t) £ [0 1 }@a(t), t > 0, and
W, =[10]T. In addition, K = —5I,

3 . A 1422
N —xy; + tanh(z12) + 3sin(Z2) | T
fl(xla 1‘2) = [4tanh(:€11) . 2tanh(x12) . SCOS(ig) ) gl(xl,f@) = 0 2 > (8'66)

Wiz) = { 4se;l?2x(%:;11) —Szes(ji(‘f(il)z) } : Wal22) = { 1— sin?%g)/2 (1) } -+ (8:67)

Choosing Ay, = —3515, Q1o = 3512, Ay, = —50015, and Q9. = 16015, we obtain, from (8.13)—
(8.14), Py, = 0.503615, Py, = 0.2185]5. The parameters used for the AIVSDE are identical
to that in the previous example. The initial conditions for the system and the observer are

chosen as x19 = [ 2 2 }T, ZTog = —1, and Zo,9 = 0. The control command is of the form

1+ @5(t)
B A0

T 2= sirjz@(t)) (R =W () =(0) = wt) + D)) + Ga(5) = (1)

+D((Aro+D)ero(t) —e20(t) — Are (Arpers (1) — Al e (1)) + Azpen (t)

A1 (9a(t) — fi(z1(t),22(t)) + Deyo(t) — Argers(t)), t >0, (8.68)

us(t)

Py A Preen(t) — %Al(Wl(xl(t)) = D)(Wi(a1(1)) — D) A Paeai(1) ), (8.69)

with ey (t) = ya —21(t), eac(t) = Ay fi(z1(t), Z2(t)) — Ay (9a(t) + Deyo(t) — Argere(t)), t > 0. In
addition, we choose Ay, = —101, Ayy = —10, Q14 = 1015, Qo = 10, and obtain from (8.33),
Py, = I,/2, Py = 1/2. Finally, z,(t), t > 0, is obtained from (8.7)~(8.8) with B = a; = 1,
i=1,2,3, W = [0, 1—sin(229)/2]T, and gi5(z1, Z2) = A1gi (21, 22). The desired trajectory
is chosen to be yq(t) = [2sin(2t), 1 +sin(2t)/2]T, ¢t > 0.

As seen in Figure 8.5, the predicted trajectory z(t), ¢ > 0, quickly converges to the
actual trajectory xi(t), ¢ > 0. Similarly, after a short transient, the observed trajectory
Zo(t), t > 0, matches the unmeasured state xo(t), ¢ > 0, very closely, as observed from

Figure 8.6. Furthermore, the command (8.68)—(8.69), shown in Figure 8.7, proves effective,
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Figure 8.5: Actual and predicted trajectories.
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Figure 8.6: Actual and observed trajectories.

and z1(t), t > 0, converges to the desired yq(t), t > 0, as shown in Figure 8.8.

Example 8.5.3. Consider the system

n(t) = J(n(t)v(t), n(0) =no, >0, (8.70)
v(t) = ©1¢(n(t)) + Osu(t), v(0)=w, (8.71)
y(t) = n(t), (8.72)

where n(t) £ [ ¢(t) 0(t) ¥(t) }T € R3, ¢t > 0, is the measured output, v(t) € R3, ¢t > 0, is

not measured, and u(t) € R?, ¢t > 0, is the control input applied to the system. In addition,
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Time [s]

Figure 8.8: Actual and desired output trajectories.
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07 € R**? and O} € R**? are unknown constant matrices, and

1 tan(f)sin(¢) tan(f) cos(¢)
} o) A[ cos(f) cos(¢) }

Jm=[0 cos(o) —sin(¢) =1 cos(9) sin(6) (8.73)

0 sin(¢)/cos(f) cos(¢)/ cos(d)
Applying the technique described in Theorem 8.3.1, we construct the following predictor-

observer,

0(t) = J(n(1))o(t), 7(0) =mo, t=0, (8.74)

v(t) = T (n(t)y(t) + Bult), #(0) = iy, (8.75)

Y(t) = PylProe1o(t) — Aro(Aroeio(t) — eao(t)) + (1) + Agolso(t) — Tu(t) — 2y (t)

—WA(n(6), 2()(2(t) + 2 () + Wi (n(1), D(1) Paoeao(t)/2), 20, (8.76)

e1o(t) = n(t) —(t), (8.77)

eao(t) = Aroero(t) — 2(1) + J(n(t)o(t) — 2u(t), (8.78)

Wi(n,v) = 8‘]6(2)&, (8.79)
and we choose

Bé“} _01 HT (8.80)

In addition, we choose A;, = —diag([20 10 10]), Ay = 1041, Q10 = —Aie, Q20 =
diag([ 80 60 60 ]), and obtain, from (8.13) and (8.14), P, = diag(] 0.5064, 0.5132, 0.5132]),
Py, = diag([0.2764, 0.3675, 0.3675]). The AIVSDE parameters are chosen as follows, k; = 10,
ko =15 ky =1, a, =0, up = 0.2, v,0 = 210 and k.o = 2.
In addition, we use the following for plant parameters,
[ —2.6828 3.2966 ]
O = | 98298 99455 |, O} =

0 —20

025 0
0 —0.575 | . (8.81)
0 0

154



Note that BTO3; > 0. In addition, since u(t) € R? t > 0, we will here limit ourselves to
controlling two of the three degrees of freedom of the system. In particular, we will control
ns(t) = [¢(t) 0(t)]T, t > 0. This can be achieved by adjusting the control law (8.31)—(8.32)

as follows,
u(t)=BsJ; (1(t)) (— Wis(n(t), () Aa(2(t) +2u(t)) = Js(n(£)) Y (£) = ja (8 (£) +ija(t) + Aziea (t)
—Av(Aners(t) —ea(t)) +Pa Preers(t) = Was(n(t), 2(£)) Wiy (n(t), ﬁ(t))Pztezt(t)ﬂ) ,
t >0, (8.82)

where e1¢(t) £ ya(t) — 7is(t), eac(t) = Ji(n(t))Ds(t) — ga + Jo(n(t)7(t) + Areer(t), t > 0,

Bsé:é el JM)é[(l) tanéigfqi:)l@)y A=[ 12 02 ],
Wia(n, )2 [Gtan(0) cos(¢p) —7 tan(f) sin(¢) G(1+tan?(9))sin(¢)+7(1+tan?(0)) cos(¢)
s\l —gsin(¢)—7 cos(¢) 0 ’

A:l tan(f)sin(¢) —sin(f)cos®(¢) | . .\ a an(6) cos ~in(e) 1%
B 2] g LI b |+ )2 [an(8)eoste) —sin(o)]. (859

In addition, we choose Ay = —bly, Ay = —115, Q1; = 513, Qox = 515, and obtain from
(8.33), Py, = Py = I,/2. Finally, Z,(t), t > 0, is obtained from (8.8) with Wa(n) = J(),
s = ag = 1, and we choose yq(t) = [3.3sin(t/8), —22cos(t/4)]", t > 0. Note that the
control law (8.82) is based on (8.32). The latter had to be modified for this example as the
system features fewer control inputs than outputs.

The initial conditions are chosen as 79 = [4 — 27 10]%, vy = 03, 7y = [1 1 1], and
2(0) = 03. The trajectories n(t) and v(t), t > 0, are shown in Figure 8.9 and Figure 8.10,
respectively. As was the case with Example 8.5.1, the observer performs well. The predicted
and observed trajectories closely match the real ones, with a short transient. The command
is shown in Figure 8.12. It is effective, and 74(t) converges to the desired yq4(t), t > 0, as can

be seen in Figure 8.11.
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Figure 8.9: Actual and predicted trajectories of n(t), t > 0.
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Figure 8.10: Actual and observed trajectories of v(t), ¢t > 0.
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Figure 8.12: Control input.
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8.6. Conclusion

This chapter presented a novel output feedback control scheme, combining an observer-
predictor and a state feedback control law. In a first step, the observer-predictor is designed
so that its output converges to an arbitrarily small neighborhood of the actual system’s out-
put, for any admissible control input. In a second step, a control algorithm is derived, using
backstepping, to control the observer-predictor’s output. The latter is shown to converge to
an arbitrarily small neighborhood of a given desired trajectory. It thus follows that the actual
system’s output converges to the desired output. Note that the algorithm requires knowledge

of the system’s dynamics. This requirement will be relaxed in the following chapter.
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Chapter 9

Nonlinear Predictor-Based Output
Feedback Control for a Class of
Uncertain Nonlinear Systems

The following results will be submitted for consideration to the 2010 IEEE American Control

Conference and Transactions on Automatic Control.

9.1. Introduction

In the following, we build upon the observer-based output feedback algorithm introduced
in the previous chapter. The knowledge requirements the observer in Chapter 8 relied on
will be relaxed by reducing the predictor-observer to an output predictor. The approach
is comparable to that introduced in [59], in which the author rely on an adaptive output
predictor to solve the output feedback problem. However, we avoid resorting to an adaptive
technique. More specifically, we construct an output predictor, similar to that in Chapter 8,
capable of predicting the actual system’s output with arbitrary accuracy, for any admissible

control input. The prediction relies on a derivative estimator such as those found in [54, 56,
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57], which is used to allow accurate predictions in spite of limited knowledge of the system’s
dynamics. Subsequently, since the predictor’s state and dynamics are constructed and hence
known, a simple state feedback control law is designed to control the predictor’s output using
backstepping. Ultimately, it is shown that the predictor’s output is made to converge to the
actual system’s outputs and to the desired output simultaneously. It thus follows that the
actual system’s output approaches the desired output. Lyapunov’s direct method is used to

show uniform ultimate boundedness of both prediction and tracking errors.

This chapter is structured as follows. Section 9.2 describes the type of system considered.
The output predictor is introduced in Section 9.3. Design of a control algorithm for this
predictor is then presented in Section 9.4. Results of numerical simulations are presented in

Section 9.5 and illustrate the efficacy of the algorithm. Section 9.6 concludes this chapter.

9.2. Problem Statement and Control Strategy

Consider a system of the form

(t) = f(z(t),t) + g(z(t),t)u(t), x(0) =z, t>0, (9.1)

y(t) = Calt), (9.2)

where z(t) € R™, t > 0, is the system’s state vector, y(t) € R™, t > 0, the measured
output vector, with m < n, u(t) € R™, ¢t > 0, the control input, and C' = [ L Omxp ],
with p = n — m. In order to simplify the notation, define A; £ [ I Oix(m—i) } and A; £
[ Otm—iyxi  Lm—i }, 1 = 1,...,m — 1. The object of the presented work is, using output
measurements, to design the control input w(t), ¢ > 0, such that the output y(t), ¢ > 0,

uniformly converges to an arbitrarily small neighborhood of a given y4(t) € R™, t > 0, in
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spite of limited knowledge of both f(-) and g(-).

Let x1(t) £ y(t), t > 0, denote the measured states, and z5(t) € RP, t > 0, denote
the unmeasured states. In the following, we will assume that the system’s outputs have well
defined relative degrees one or two. The technique can be extended to handle greater relative
degrees, but we will limit ourselves to this case for ease of exposition. More specifically,
assume that ¢ < m of the m measured states are of relative degree one. Ordering the

measured states vector z1(t), t > 0, by increasing relative degree, we can rewrite (9.1) as

T1(t) = filz1(t), zo(t),t) + g1 (z1(t), zo(t), )usr (t), x1(0) =x19, ¢ >0, (9.3)

Bo(t) = fo(wi(t), 22(t), 1) + g2(21(2), 22(t), )ua(t), x2(0) = a0, (9.4)

where g1 (z1(t), 22(t), 1) = AT gis(a1(t), 22(t), 1), ui(t) € R? and us(t) € R™79, t > 0, so that
u(t) = [uf(t) uf(e) ], >0

To solve the output feedback problem, we will construct an output predictor. This

predictor is constructed so that its output approaches an arbitrarily small neighborhood of

the actual system’s output for any admissible control signal. In addition, we design the

predictor in such a fashion that it is controllable. Then, we construct a full state feedback

controller using a backstepping design. The controller is designed to drive the predictor’s

output to an arbitrarily small neighborhood of a given desired output trajectory.

9.3. Output Predictor Design

Building upon the approach in Chapter 8, we construct a partial state predictor of the

form
il(t) = 901(1’1(t),?,7(t), t) + 'yl(xl(t),v(t),t)ul(t), {i'l(()) = T10, t Z 0, (95)
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where ¢, (71,v,t) € R™ is designed so that Wy(x1,v,t) £ 9y (x1,v,t)/0v € R™™ is non-
singular for all z; € R™, v € R™ and t > 0, the matrix v (x1,v,1) = AT yis(21(t), 22(t), 1) €
R™*7 is designed such that vi5(z1,v,t) € R?7*? is nonsingular for all z; € R™, v € R™ and
t > 0, and the signal v(t) € R™, t > 0, is to be designed so that Z(t) € R™, t > 0, provides

a predicted value of xy(t), t > 0.

For the statement of the following result, we will use the notations

0 t 0 t
Wi v,0) 2 2000 gy gy 2 O010L0T), (9.6
1

Theorem 9.3.1. Consider the system given by (9.1)—(9.2). Assume that a continuously
differentiable signal z(t) is available such that z(t) = §(t) — &, (t) — e(t), with [|e(t)|] < v/€/3,
e>0,t>0, where :%u(t) L G (t) + fug(t), t >0, and 2, (t) and Z,o(t), t > 0, are obtained

from

Bur (1) =21 (1), v(t), s (£) =& (1), Z01(0) = 0,y £>0,(9.7)

5]“2 (t) :W2 (.%'1 (t), U(t), t)’)/g (ZEl (t), U(t), t)UQ (t) —Oégli’ug (t) —Oé3jfu2<t>, i’ug(O) = i’ug(O) = 0m7(98)

where oy, ag, a > 0, the matrix vo(z1,v,t) € RP*(™~9 is chosen so that A,Wy(x1(t),v(t), 1)
Yol (t),v(t),t) € RM=9*(m=4) s nonsingular for all z; € R™, v € R™, and ¢t > 0. Then,

consider the following state predictor,

-7;31@) = oi(x1(t),v(t), 1) + (21 (t),v(t), H)ur(t), 21(0) =210, t >0, (9.9)
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—Mﬁ@ﬂﬂw@%0G@H@Aﬂ+%W?@ﬂﬂw@%ﬂ%ﬁ%@D+A%@Jﬂ—a@mﬁ)

—%@Aﬂ—aﬁwﬁy t>0, (9.11)
with A, and A,, chosen Hurwitz,

ewo(t) = 1 (t) — 21(t), t>0, (9.12)

eao(t) 2 1(21(), v(t),) — Fua(t) + rdur (t) + Aroero(t) — 2(t), (9.13)

the matrices Pi,, P, € R™*™ are obtained from the following Riccati equations,

A?OPIO + PloAlo + Qlo + P120 - 0, (914)
ArQI‘OP2o + P20A20 + QQO + PQoAloArlTOPQO = Oa (915)

and Q1, = RTR; > 0, Qg = RT Ry > 0, are chosen such that

Are I Azo AsAj,
Hiy, £ |: _élo _A”lf :| , Ha =S |: _520 _1Ar21‘10 :| ) (916)

have no eigenvalues on the imaginary axis and (Ao, R1), (Aso, Ro) are both observable.

Finally, define

-1
0m><m 20 P20

-1
N, & [ Q1o Pro Omxm ] : (9.17)

and let Apax(V,) denote the maximum eigenvalue of N,. Then the solution v(t), ¢t > 0, to

(9.10) guarantees uniform ultimate boundedness of (9.12)—(9.13) with an ultimate bound

given by DO é {(eloa 620) : erlroploelo + eg‘OPQOQQO <e )\max(N0>}~
Proof. The time derivative of the prediction error e;,(t), t > 0, is given by

e1o(t) = fr(@i(t), x2(t), 1)+ g1 (x1(t), 2a(t), t)ur(t) —pr(z1(t), v(t), t) =y (21 (), v(2), )ur(t),

t>0, (9.18)
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which, using (t) = 2(t) 4+ 24 (t) + €(t), Zu(t) = Tu1(t) + Zu2(t), t > 0, and (9.7), can be
rewritten as
é1o(t) = 2(8) + &u(t) + e(t) = @r(x1 (1), v(t), 1) = ya(@a(), v(t), tua ()
= 2(t) + Zua(t) — 1@ (t) + €(t) — i (a1 (t),v(t), 1), t>0. (9.19)
Furthermore, using (9.13), we obtain
E1o(t) = 2(t) + Tua(t) — rdiun (t) + €(t) = ea(t) = Zua(t) + 1 (1) + Aroero(t) — 2(t)
= Aero(t) — eao(t) +€(t), t>0. (9.20)
The time derivative of the error eg,(t), t > 0, is of the form
Es0(t) = Arobro(t) + Wi(z1(t), v(t), )i (t) + Wala1(t), v(t), )0 (t) + Wz (), v(t), t)
—3(t) — Walay (£), v(t), t)ya(zy (8), v(t), E)ua (L) 4+ ar@a (1) + qaZys(t) + asdus(t)
= Asoe(t) + Aro(Aroero(t) = eao(t)) = 2(8) + Wil1 (1), v(1), £) (2(1) + Zu(t) + €(1))
+Ws(z1(t),v(t),t) — Wa(z1(t),v(t), t)y2(x1(t), v(t), t)us(t) + Wo(zy(t), v(t), t)0(t)
01 Z1 (1) 4 QaZya(t) + agdya(t), t> 0. (9.21)
Substituting (9.10) into (9.21), we obtain
En0(t) = Aroe(t) + Aro(Aroero(t) — enolt)) — 2(t) + Wi(a1(£), v(t), ) (2(£) + & (t)+ €(t))
FWa (1 (8), 0(), ) — W1 (£), v(t), (@1 (£), v(t), s (t) + Pot Proero(t) + (1)
ot (1) + Qatua(t) + Qsdua(t) — Aro(Aroero(t) — e20(t)) — Wl (t), v(t), 1)
W Gea(6),w(6), ) (=(0) + ul6) + W (6) 00, 0) Prseao(t)) + A1)
— 1 (1) — QT (t) — () + Wa(wy(t), v(t), t)ya(wy(t), v(t), t)us(t)
= Py.' Pioeio(t) + Asoeao(t) — %Wl(xl(t), v(t), YW (21(2), v(t), t) Paoeao(t)

+(Wi(zq(t),v(t),t) + A)e(t), t>0. (9.22)
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Next, we consider the following Lyapunov function candidate,
V(€10 €20) = €1y Pio€1o + €35 Pao€20, (9.23)

where Py,, Pa, > 0 are obtained from (9.14) and (9.15), respectively. The time derivative of

(9.23) along the trajectories of (9.20) and (9.22) is given by

VIt =€l (D) (AL Piot PioAso)es(t) + €8, () (AL, Pao PaoAso)eno(t) = 26, () Profeao(t)—€(2)
F263(0) Po (W1 (@1 (8), 0(8), )+ Asoe(t) =W (4 (8), 0(2), )W (1), 0(8), ) Paoes(1)/2
+ Py Proeo(t)]
= e (6) PaoWa 1 (8),0(8), 1) 2(t) =W (@1 (8), 0(8), ) Pasean (1) +265,(8) Pro Anoe(1)

—elo (1) (Qro+ PR e1o(t) — ey (1) (Qao+ Pao A1o AT, Pao ) €20 (1) +2€1, (t) Proe(t), t>0. (9.24)
Using the completion of the square rule, we obtain

261T0P106 = —(Proe10 — e)T(Ploelo —€)+ elTOPlzoelo + €T, (9.25)
QG;FOPQoAloE = —(A1T0P20€20 - E)T(A;I‘OPQOGQO - 6) + 62TOP20A10AF1I‘OP20620 + ETE, (926)
T _ T T T
2620P20W1(331, v, t>6 - 620P20W1(£E1, v, t)Wl (231, v, t)P20620 +ee€

— (W1T<IE1, v, t)onezo — €)T (WlT(.’L'l, v, t)PQOGQO — 6) . (927)
It follows that
V(t) S _erlro(t) (Qlo + Plzo)elo(t) + erlI‘o(t)Pfoelo(t) - €2To(t)(Q2o + P20A10A’1I‘0P20)€20(t)

Heg0(t) ProAto Aty Paoeao(t) + €34 (1) PoWi(w1(8), v(t), )W (w1 (t), v(t), 1) Paoeno(t)

—eo () Poo Wy (w1 (1), v(t), )W (21 (), v(t), ) Paoeao () + 3™ ()e(t)

IN

_erlro(t)Qloelo(t) - erQFO(t)QQOQQO(t) + g, t Z 0. (928)
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Hence, V(t), t > 0, is strictly negative outside of {(6107620) s el Q10€10 + €3,Q20620 < 5},
which allows to conclude ultimate boundedness of (e1,(t), €20(t)), t > 0 ([44,88]). In addition,
the ultimate bound can be characterized by « =S min(elTOPloelo + egoPQOeQO), subject to the
constraint e, Q10€10 + €3, Q20620 = €. This constrained minimization problem is easily solved
using Lagrange multipliers, yielding o = eApax(V,), which proves convergence of the error

trajectories to D, and concludes this proof. ([l

Remark 9.3.1. Note that the result in Theorem 9.3.1 does not require knowledge of the

dimension of the system state, n.

Theorem 9.3.1 proposes a fairly general form of output predictor, given by (9.9)—(9.10).
Provided that the assumptions are verified, it is guaranteed to generate an arbitrarily ac-
curate prediction Z(t) of z1(t), t > 0, for any admissible input signal u(t), ¢ > 0. The
prediction algorithm is designed to handle a wide class of nonlinear systems, and, as a con-
sequence, is somewhat complex. It can however be specialized and accordingly simplified,

as described in the following corollary.

Corollary 9.3.1. Consider the system given by (9.1)—(9.2), and assume that a con-
tinuously differentiable signal z(t) is available such that z(t) = §(t) — &.(t) — €(t), with
le®)]| < \/e/2, € > 0, t > 0, where @,(t) 2 &1 (t) + 2ua(t), t > 0, and &, () and Z,9(t),
t > 0, are obtained from

Tur(t) = Biug(t) — aydy(t), Z1(0) = Oy, t>0, (9.29)
Zua(t) = Baua(t) — aafiua(t) — azdua(t),  2u2(0) = #42(0) = 0y, (9.30)
where aq, ag, ag > 0, By = [ B}; Ogx (m—q) ]T € R™*7 and B, € ]Rmx(m_‘”, are designed so

that By, € R™? and A B, € R(m=9*(m=4) are nonsingular. Consider the following output
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predictor,
Z1(t) = v(t) + Byug(t), #(0) = xy9, ¢ >0, (9.31)
0(t) = pa(t) + Baua(t), v(0) = 0y, (9.32)
with
Pa(t) = Pay' Pro€1o(t) — Ato(Aseero(t) — €30(t)) + () + Azo€ao(t) — arun () — aaua(t)
—asde(t), t>0, (9.33)

where e1,(t), eo(t), t > 0, are given by (9.12)-(9.13), with ¢, (v) = v, Aj,, Ay, are chosen
Hurwitz, the matrices Py,, Py, € R™*™ are obtained from (9.14)—(9.15), with Q10, Q2o,
chosen as described in Theorem 9.3.1. The solution v(t), t > 0, to (9.32) guarantees ultimate

boundedness of the tracking errors (e1,(t), e2,(t)) with an ultimate bound given by D,.

Proof. After appropriate substitutions, the time derivative of (9.12)-(9.13) yields the

following error dynamics,

E10(t) = Aroero(t) — ea0(t) + €(t), e16(0) = 0, > 0. (9.34)

égo(t) = P2;1P10€10(t) -+ Agoego(t) + AlOE(t>, 620(O> = €200- (935)

Selecting the Lyapunov function candidate given by (9.23), its time derivative long the

trajectories of (9.34)—(9.35) is given by

V(1) = —efy(t)(Quo + Pho)ero(t) — e30(6)(Q2o + PaoAto AL, Pao)eao(t) + 21, () Proc(t)

4265, () Pao Aoe(t), t>0. (9.36)
Substituting (9.25)—(9.26) into (9.36), we obtain

V(t) < —eL (1)Qroe10(t) — €x (1) Qaoea0(t) 4, >0, (9.37)
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which, following the same reasoning as that at the conclusion of the proof of Theorem 9.3.1,
allows to conclude ultimate boundedness of (e1,(t),e2,(t)), t > 0, and convergence of the

error trajectories to D,. 0

9.4. Nonlinear Controller Design

In the previous section, we designed an output predictor, which provides a prediction
Z1(t) of x1(t), t > 0. This prediction can be made arbitrarily accurate, for any admissible
input u(t), t > 0. Next, we will design the input u(¢), ¢ > 0, so that the origin of the tracking
error dynamics is Lyapunov stable and ey (t) £ yq — #1(t), t > 0, asymptotically converges
to a neighborhood of the origin, uniformly in time. More specifically, we design a controller

for the following system,

=>
R
—~

(o
N—

I

e1(z1(t),v(t),t) + (1 (t),v(t), )us(t), 21(0) = x99, t >0, (9.38)

.
—~
<+~
~—
I

©a(t) +ya(w1(t), v(t), t)ua(t), v(0) = O, (9.39)

where @o(t), t > 0, is given by (9.11). In the following, we require that the contribution
of the control signal u(t), ¢ > 0, to the predictor’s dynamics be topologically equivalent
to its contribution to the actual system’s dynamics. This is achieved by requiring that
ui vt (z1, v, ) g1 (21, 29, H)ug > 0 and usyy (21, v, )Wol (21,0, 1) (0 f1 (21, T2, 1) /0x2) go (1, T2, )
ug > 0, for all w € R™\ {0}, z; € R™, 2o € R?, v € R™, and t > 0. This require-
ment is verified if v1(-) and ~,(+) are constructed such that the symmetric part of both
Vi (21,0, 8) g1 (21, 22,) € R and g (1, v, )W (21,0, 1) (O f1(21, T2, 1) /022) ga (11, T2, 1) €
R(m=a)x(m=a) ig positive definite for all z; € R™, 25 € R?, v € R™, and t > 0. Note that

in the scalar case, the assumption on 7(+) is equivalent to assuming that ~;(x1,v,t) and
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g1(x1, o, t) share the same sign for all z; € R™, 29 € R, v € R™, and ¢ > 0. This assump-
tion is similar to that introduced in [58], where the authors assume knowledge of the signs

of the leading minors of g(z,1).

The problem of designing a control algorithm for system (9.38)—-(9.39) can be solved using
a backstepping procedure, as described in [10]. This type of approach leads to the following

result.

Theorem 9.4.1. Consider system (9.38)—(9.39), and the control input u(t) = [u] (¢),

uy (t)]", t > 0, given by

ur(t) =71 (21(2), v(t), ) Ag(Ja(t) — Areere(t) — pr(@1(t), v(t), 1)), =0, (9.40)
s (1) = (A Wala (8 0(0) DPvaea (1), 0(8). ) [P Ay Pre (6)— Ry (Was (81, v(8). 1)
+Wo (21 (), v(t), ) a(t) + Wi(x1(t), v(t), ) (Zu(t) + W (21(2), v(t), t)A, Pagea(t)/2
(1)) — dialt) + A (Aren(t) —A;Fe%(t))) +A2t62t(t)] , (9.41)
where yq(t) € R™, t > 0, is a given desired output, ,,(t) = Zu1(t) + Zu2(t), t > 0, is obtained
from (9.7)-(9.8), @a(t), t > 0, is given by (9.11), eg(t) = Agpr(z1(t), v(t), 1) — Ay(va(t) —
Ajiert(t)), the matrices Ajy and Ay are chosen Hurwitz, and Py, Py, > 0, are solutions to

AthPlt + Py Ay + Q1 =0, A;Ftpﬁ + Py Aoy + Qo = 0, (9.42)

where (01, and ()o; are chosen positive definite. Finally, define

Qilplt 0m><m

N, & r :
’ 0m><m Q2t1p2t

(9.43)

Then, the control input (9.40)—(9.41) guarantees uniform ultimate boundedness of the track-
ing errors (eyy(t), ex(t)), t > 0, with an ultimate bound given by D, = {(ey, €a) : €5 Prier+

€2TtP2t€2t S EAmax(Nt)/g}-
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Proof. The time derivative of the tracking error ey(t), ¢t > 0, is given by

e1(t) = ga(t) — pr(z1(t),v(t),t) — n(z1(t), 0(t), )ua(t), t=>0.

Note that

Ageri(t) = Ag(9a(t) = @r(21(2),0(1), 1)) = mas(21(2), 0(1), E)ua (2),

Substituting (9.40) in the above, we obtain

Aqélt(t) - Aqutelt(t), t Z 0.

In addition, by definition of ey (t), t > 0,

Aéri(t) = AjArer(t) —ex(t), t>0.

Combining (9.46) and (9.47), and observing that [ AT AT ] = I,,,, we obtain

élt(t) = Altelt(t) — ]\qTezt(t), t Z 0.

The time derivative of ey (), t > 0, is given by

t>0.

(9.44)

(9.45)

(9.46)

(9.47)

(9.48)

Ear(t)=Ng(Wi (21 (1), v(t), )1 (8) + Wa(z1 (1), v(t), )0(t) + Wa (21 (t), v(t), t) —ija(t) + Ariérs(t))

ZAq(Wl(wl( ), 0(t)8)(2(1) + 2u(t) + e(t)) + Wal@r (1), v(t), ) + Walxa(t), v(t), t)p2(t)

—gia(t)+ A1 (Arere (t) —I\}egt(t))) AW (21 (1), v(t), )y (21 (), v(t), t)us(t), t > (9.49)

Substituting (9.41) in (9.49) yields

— 1- _
égt(t) = P2_tlAqP1t€1t(t) + Agtegt(t) - EAqVVl (l’l (t), ’U(t), t)WlT(fE1<t), U(t), t)AqTPQtGQt(t)

+A Wi (21 (1), v(t), t)e(t), t>0.
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Next, we consider the following Lyapunov function candidate,
V(€1t7 621;) = 6};P1t61t + G;Ftpgtegt, (951)

where Pyy, Py > 0 are obtained from (9.42). The time derivative of (9.51) along the trajec-

tories of (9.48) and (9.50) is given by

V(t) = el () (AT, Pre + PreAue)ens(t) + eq(8) (A Pae + Poc A )ear(t) — 2e1, (t) PreAy e24(t)
+26;ﬂ(t)P2t( — A Wi (1 (), 0(t), )W (1(£), v(t), ) A] Pageni(t) + Py Ay Preea(t)
A Wil (1), 0(t), Oe(t))
= —eq () Quien(t) — e (1) Qaueai (1) + 2e5,(t) Par Ay Wi (w1 (1), v(t), 1)e(t)
—eq () P AgWi (1 (8), 0(), )W (21 (2), v(t), t)A] Paeny(t), ¢ > 0. (9.52)
Note that
QegtPgt]\qVVl(xl, v, t)e = e;PZJ\qu(xl,v,t)WlT(xl, U,t)]\;fpgtegt +ele
- (WlT(xl, v, t)A;Fpgtegt — e)T (WlT(xl, v, t)A;FPgtegt — 6) . (9.53)
Substituting (9.53) into (9.52), we obtain that
V(t) < =€l ()Quen(t) — e5,(t)Qaen(t) + € (t)e(t)

< T ()Onen(t) — €L (1) Qaen(t) + g t>0. (9.54)

Following the same reasoning as that at the end of the proof of Theorem 9.3.1, we conclude

that (ey4(t), e2(t)), t > 0, is ultimately bounded and uniformly converges to D. O

In a similar fashion as was done in Corollary 9.3.1, the following corollary presents a

simpler control algorithm than that in Theorem 9.4.1.
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Corollary 9.4.1. Consider the system given by (9.31)-(9.32), and assume that there
exists B; £ [ BlTS O3 (m—q) }T € R™9 and B, € R™*(m=9 guch that the symmetric part
of BYgi(z1,29,t) € R and that of BY(0f(x1,72,t)/0)ga(1, 29, t) € RM=0X(m=a) jg
positive definite for all 1 € R™, 2o € R? and t > 0. Then consider the control input

u(t) = [uf (t) ug (t) }T, t >0, given by

uy (1) =B Ay (9a(t) — Ancers(t) —v(t)), t>0, (9.55)
ua ()= (AyB2) ™| Pt By Puers(t) + Azean(t) = Ay (92(1) = (®) + Av(Aven(t) = Afex(®))) .
(9.56)

where y4(t) € R™, t > 0, is a given desired output, 2, (t) = 2,1 (t) +Zua(t), t > 0, is obtained
from (9.29)—(9.30), p2(t) = Psz  Procio(t)— Aro(Aroero(t) —ea0(t))+2(t)+ Asoeao(t) — 1 du (£) —
Oég.%ug(t)—Oégi'ug(t>, ea(t) 2 Ao(t)—Ay(9a(t)— Areers(t)), the matrices Ay, and Ay, are chosen
Hurwitz, and Py, Py, > 0, are solutions to (9.42), with (¢ and Q9 chosen positive definite.

Then, the control input (9.55)—(9.56) guarantees Lyapunov stability and exponential

convergence to the origin of the tracking errors (e, €a;).

Proof. The error dynamics are of the form

é1t<t) = A1t€1t<t> — ]\qT€2t<t); €1t<0> = €1t0, t 2 0. (957)

é2t<t) = P{tl]\qutelt(t) + Agtezt(t), 621:(0) = €2t0- (958)

The time derivative of Lyapunov function candidate (9.51) along the trajectories of (9.57)—
(9.58) is of the form

V(t) = —el (1) Queer(t) — ek (1) Queno(t), >0, (9.59)
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which satisfies the assumptions of Theorem 4.10 in [44], and thus allows to conclude expo-

nential stability of the origin of system (9.57)-(9.58). O

9.5. Illustrative Numerical Examples

As in preceding chapters, the output predictor will use the Adaptive Integral Variable
Structure Derivative Estimator (AIVSDE) described in [57|. However, in this chapter, we

set 7(t) = y(t) — Z,(t), to obtain an estimate z(t) of (t) — Z,(t), t > 0.

Example 9.5.1. Consider the following system,

#1(t) = asin(x;(t) + x2(t)) + b(tanh(rao(t) — 2) + tanh(23(t) /10) 4+ z3(¢)/100),
.CE1(O) = X0, t Z O, (960)
To(t) = ctanh(x(t)) — dad(t) + u(t), x2(0) = x99, (9.61)

y(t) = (), (9.62)

where x1(t), x2(t), u(t) € R, t > 0, and a, b, ¢, d € R. Following the result in Corollary

9.3.1, we construct the following predictor,

Z1(t) = v(t), i1(0) = &1, t>0, (9.63)
0(t) = @alt) + Bu(t), 9(0) =0, (9.64)

where
e10(t) = 1 (t) — 21(t), >0, (9.65)
€20(t) = v(t) + Asoero(t) — 2(t) — Zu(t), (9.66)

P2(t) = Pro€io(t) /P20 — Ato(Aro1o(t) — €20 (t)) +2(t) + Agoeao (t) — @y (t) — @y (t).  (9.67)
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In addition, we choose B = 5, and a;:u(t), t > 0, is obtained from (9.30) with By = B,

ay = az = 10, and uy(t) = u(t), t > 0, given by
u(t) = piers(t)/pas + Aacear(t) — @a(t) + a(t) — Are(Areers(t) —eae(t)), t >0, (9.68)

where e1(t) = ya — Z1(t), ean(t) = v(t) — ga(t) + Awcers(t), t > 0. Choosing A;, = —10,
Agy = =20, q1o = 10, q2o = 3, we obtain p;, = 0.5132, py, = 0.1 from (9.14)-(9.15). The
parameters of the AIVSDE are chosen as follows, k; = 5, ko = 10, k, =5, a,. = 0, u = 0.2,
Y0 = x19 and k.o = 5. In addition, we chose Ay = —5, Aoy = —1, qix = 5, g = 1, and
obtain from (9.42), p1y = pey = 1/2. Finally, the desired output trajectory is chosen to be
ya(t) = —5cos(t), t > 0.

For the purpose of numerical simulation, we chose the following parameters for the system
model, a = 0.4, b = 10, c = —1 and d = 0.1. In addition, we choose x19 = x99 = 2, T19 = 1,
Zop = 0, and z(0) = 0. The resulting system and predictor trajectories are shown in Figure
9.1 (top).

The predicted Z;(t) closely matches the measured z;(t), t > 0, as seen in Figure 9.1
(top). Note that the initial condition for the prediction Z1y could have been chosen as z1o,
since z1(t), t > 0, is measured. The initial prediction was however chosen different from 19
to illustrate convergence of #1(t) to z1(t), t > 0. The efficacy of the control law (9.68) is
also illustrated by Figure 9.1 (top), which shows the real trajectory converging to the desired
ya(t), t > 0. The control input is shown in Figure 9.1 (bottom). Note that we have employed
the saturation algorithm presented in [1] to limit the command in amplitude.

Furthermore, note that 0 f; (21 (t), 2a(t),t)/0x4(t) = acos(xy + @5) + b(rsech? (7y — 2) +
sech?(23/10) (322/10)4-322/100), t > 0. With the selected a, b, c and d parameters, we have

that Of1(x1(t), z2(t),t)/0zo(t) > 0 for all z1,29 € R and ¢ > 0. In addition, in the nota-
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Figure 9.1: Actual, predicted and desired trajectories (top); control effort (bottom).
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Figure 9.2: Actual trajectories (top); control effort (bottom).

175



— actual

B T < R predicted
i i i i i i i i o QGSired
0 1 2 3 4 5 6 7 8 9 10

u(t)

-6 i i i i i i i i i

0 1 2 3 4 5 6 7 8 9 10
Time [s]

Figure 9.3: Actual, predicted and desired trajectories (top); control effort (bottom).

tions of Corollary 9.4.1, go(z1(t), 22(t),t) = 1, t > 0. Hence, By (0f1(x1(t), z2(t),t)/0x5(t))
ga(m1(t), 22(t),t)T > 0 for any B > 0. In other words, the algorithm is guaranteed to perform
well for any positive choice of B. This flexibility is illustrated by Figure 9.2, which shows
the system output and control signal for various choices of B. While the transient changes
for different values of B, the system output converges to the given desired trajectory in all

cases.

In addition, note that the algorithm does not rely on knowledge of the form of the right-
hand-side of (9.60)—(9.61). This means that the algorithm is not directly dependent upon
the form of the system’s dynamics. The same predictor-controller (9.63)—(9.68) provides the
same stability guarantees for any particular form of the system’s dynamics, provided that

the system is controllable. To illustrate this point, we modify the right-hand-side of (9.60)
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as follows,

©1(t) = asin(xy(t) + 22(t)) + b(tanh(rxa(t) — 2) + tanh(a3(t)/10) 4 25(¢)/100) + 2z (t),

.131(0) = T10, t Z 0(969)

This new system is identical to the previous one, except for the addition of the (qualitatively)
destabilizing term 2z1(t), ¢ > 0, in (9.69). Applying the same predictor-controller to this
new system yielded the result shown in Figure 9.3. Due to the addition of the destabilizing
term, the transient is extended by a few seconds. However, performance of the algorithm is
ultimately identical. More specifically, we observe that 2 (t) converges to xy(t), t > 0, and

that the system’s output converges to the desired yq4(t), t > 0.

Example 9.5.2. Consider the system

11 (6) = —a%, (1) + tanh(215(2)) + %ﬂ%ul(w, 21(0) = 2110, £ > 0, (9.70)
d19(t) = 4tanh(x11(t)) — 2tanh(z12(t)) + 22(t) + cos(23(2))/2,  12(0) = 219, (9.71)
o) = —23(t) — 2 tanh((z1 (1) + 212(1))?) + %ﬁg&?m@, 25(0) = 230, (9.72)

y(t) = m:(0), 073

where z1(t) = [ x11(t)  212(¢) ]T € R? and z5(t) € R, t > 0. Applying the technique

described in Corollary 9.3.1, we construct the following predictor,

1(t) = v(t) + Buug(t), #1(0) = 219, >0, (9.74)
0(t) = pa(t) + Baua(t), wv(0) = 0o, (9.75)

where
ero(t) = a1(t) — @1(t), >0, (9.76)
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€a0(t) = V(1) — Zua(t) + Q1@u1 (1) — 2(t) + Aroero(t), (9.77)
a(t) = Py Proeio(t) — Ato(Asoeio(t) — e20(t)) + 2(t) + Asoeao(t) — Oé@ul(t) - a2£u2(t)

—3Ty1(1). (9.78)

In addition, we select o; = 10, i = 1,2,3, By = [4, 0]%, By = [0, 2%, Ajo = —10L5, Q1 =

1015, Ay = —2015, and @9, = 3ls. We obtain, from (9.14)—(9.15), P, = 0.513215, Py, =

0.115. The parameters used for the AIVSDE are identical to that in the previous example.

The initial conditions for the system and the predictor are chosen as x1y = [ 2 2 }T,
Tog = —1, and T19 = [ 11 }T. The control command is of the form
ur(t)=A1(ga(t) — v(t) — Aper(t))/4, t >0, (9.79)

(1) = [PQ_tl/_\lPltelt(t)+A2tezt(t)—/_\1 <902(t)—yd(t)—Alt(Altelt(t)—/_XTegt(t))ﬂ /2, (9.80)
with e14(t) = ya — 21(t), eas(t) = Ayo(t) — Ay(ga(t) — Ascers(t)), t > 0. In addition, we
choose Ay, = —1015, Ay, = —10, Q14 = 1015, Q2 = 10, and obtain from (9.42), Py = I,/2,
Py = 1/2. Finally, z,(t), t > 0, is obtained from (9.29)-(9.29). The desired trajectory is
chosen to be yq(t) = [ 2sin(2t), 1+ sin(2t)/2]%, ¢ > 0.

As seen in Figure 9.4, the predicted trajectory z;(t), ¢ > 0, quickly converges to the
actual trajectory z;(t), ¢ > 0. Furthermore, the command (9.79)—(9.80), shown in Figure

9.5, proves effective, and z;(t), t > 0, converges to the desired yq4(t), t > 0, as shown in

Figure 9.4.

Example 9.5.3. Consider the system

n(t) = J(n(t))v(t), n(0) =mo, >0, (9-81)
v(t) = O1p(n(t)) + Osu(t), v(0) = v, (9-82)
y(t) = [ L 0y | n(t), (9.83)
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where n(t) £ [ ¢(t) 6(t) ¥(t) }T eR v(t) £ [ p(t) q(t) r(t) }T € R?, and u(t) € R?,
t > 0, is the control input applied to the system. In addition, ©% € R**? and ©% € R3*? are

unknown constant matrices, and

1 tan(f)sin(¢) tan(@)cos(o)
A . a| cos(6)cos(o)
JmElo cos(e)  —sin() |, p2| @@ gy
0 sin(¢)/cos() cos(¢)/ cos(d) [ (0) sin(¢) ]

Applying the technique described in Theorem 9.3.1, we construct the following predictor,

21(t) = v(t), #1(0) = y(0), t=>0, (9.85)
0(t) = @a(t) + By()u(t), v(0) = vo, (9.86)

where
ero(t) = 21 (t) — @1 (t), t>0, (9.87)
e20(t) = v(t) — Ty () + a1 () 2(t) + Aroeio(t), (9.88)

QOQ(t) = P2;1P10€10<t)+1420€20<t)—Alo(Aloelo(t)—ego(t))+2(t)—agi'u(t)—&giu(t), (989)
|1 —tan(@)sin(¢)

Bu® =0  _cos(e) | (9.90)
In addition, we choose A, = —diag([20 10]), Az = 2410, Q10 = —A1o, Q20 = 315, and
obtain, from (9.14) and (9.15), P, = diag([ 0.5064, 0.5132]), Py, = diag([0.05, 0.1]). The
AIVSDE parameters are chosen as follows, k; = 10, ks = 15, ky = 1, o, = 0, p = 0.2,

Yro = x1p and ko = 2.

For simulation purposes, we use the following for plant parameters,

—2.6828 3.2966 0.25 0
O] = | 9.8298 99455 |, ©F= 0 —0.575 |. (9.91)
0 —20 0 0

The control law given (9.40)—(9.41) is of the form

u(t)=B"y(t)) (~p2(t) — Are(Areere(t) —ex (t)) +ija(t) + Aneex(t) + Py ‘Preere(t)), £ >0,9.92)
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Figure 9.6: Actual, predicted and desired trajectories of 7(t), t > 0.

where e1(t) £ yq(t) — 21(t), and e (t) = v(t) — ya + Ascer(t), t > 0. In addition, we choose
Ay = =5y, Ay = =115, Q1y = 5la, Qo = 51y, and obtain from (9.42), Py, = Poy = I/2.
Finally, Z,(t), t > 0, is obtained from (9.8) with Waya(y) = B(y), as = a3 = 10, and we
choose y4(t) = [ 3.3sin(t/8), —22cos(t/4)]*, t > 0.

The initial conditions are chosen as ng = [4 — 27 10]|%, vy = 03, vo = [1 1]T, and
2(0) = 02. As was the case with Example 9.5.1, the predictor performs well. The predicted
trajectory closely matches the real one, as seen in Figure 9.6. The command is shown in
Figure 9.7. It is effective, and the output y(t) converges to the desired yq(t), ¢ > 0, as can

be seen in Figure 9.6.
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Figure 9.7: Control effort.

9.6. Conclusion

This chapter presented a novel output feedback control scheme for a class of uncertain
nonlinear systems. The algorithm relies on an output predictor, designed to predict the
actual system’s output with arbitrary accuracy for any admissible control signal. A derivative
estimator is used to construct the output predictor, and allows to relax most knowledge
requirements on the system model. The predictor is complemented by a backstepping-
based state feedback control algorithm. In a departure from more classical separation based
algorithms, the control law is designed to control the predictor’s output, as opposed to the
actual system’s output. Lyapunov’s direct method was used to show ultimate boundedness
of both the prediction and tracking errors, with an ultimate bound depending upon specific
design constants. Appropriate choice of these constants allows to obtain arbitrarily accurate

predictions and tracking performance.
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Chapter 10

Indirect Collaborative Control of
Autonomous Vehicles with Limited
Communication Bandwidth [9]

The result featured in this chapter was presented at the 2005 IARP International Workshop

on Underwater Robotics in November 2005 ([9]).

10.1. Introduction

While preceding chapters were concerned with motion control of a unmanned single vehi-
cle, this chapter presents a technique allowing collaboration of a group of such vehicles. The
current possible applications of collaborative controls are numerous, including search and
rescue missions, mine detection, and surveying. Development of cooperative control theory
and utilization of teams of autonomous vehicles will in the future allow the performance
of missions impossible to accomplish thus far, such as mapping the ocean floor, recover-
ing archeological artifacts, or disposing of space debris orbiting Earth. This chapter intro-

duces a general framework for cooperative control of autonomous vehicles, complying with
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limited communication bandwidth, short range and asynchronous communication require-
ments. Such requirements are inherent to underwater environments. However, application
of the presented work is not limited to heterogeneous teams of Autonomous Underwater
Vehicles, and can be effectively applied to any team of autonomous vehicles spanning any

environments, provided that they satisfy minimal communication requirements.

The presented approach does not pertain to the decision making process of a cooperative
control algorithm, but rather provides a general framework for such an algorithm, allowing
a team of vehicles to cooperatively work together in spite of poor communication channels.
In qualitative terms, the framework relies on the principle of trading computational time for
communication bandwidth. More specifically, each vehicle continuously estimates the posi-
tion of its peers in the team. It will be shown that this approach allows to drastically reduce
vehicle to vehicle communication, and efficiently addresses issues related to asynchronous
communications and communication delays. The proposed framework only requires vehicle
to vehicle communication in specific instances, such as occurrences significantly affecting the
mission. On such occasions, the decision making algorithm issues appropriate commands,
which are relayed to the vehicles. As mentioned above, the proposed framework is meant to
operate in symbiosis with such a decision making algorithm. The underlying concepts and
mechanisms of the framework were tested through numerical simulation, the results of which

are presented to illustrate the philosophy of the approach and the benefits in using it.

Numerous engineering problems have been addressed using robotic solutions. The rise in
complexity of these problems has motivated exploration of innovative solutions. About two
decades ago, researchers began investigating multiple-robot systems as a possible alternative

to conventional, single-robot systems ([116]). The notion of using multiple robots to solve
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engineering problems has triggered a significant research effort in the areas of biologically

inspired robot swarms ([117,118]) and team oriented cooperative approaches ([68]).

An extensive survey on cooperative control of mobile robots is presented in [67]. The
authors define the concept of cooperative behavior as follows, “Given some task specified by
a designer, a multiple-robot system displays cooperative behavior if, due to some underlying
mechanism (i.e., the ‘mechanism of cooperation’), there is an increase in the total utility of
the system.” The flexibility in this definition accommodates the wide range of ‘mechanisms

of cooperation’ explored in recent years.

Although offering perspectives of advantageous solutions, the field of cooperative au-
tonomous mobile robotics remains largely undeveloped and a majority of the associated
techniques are considered far from mature ([116]). Controlling multiple robots poses chal-
lenges beyond those encountered when dealing with single-robot systems. Unfortunately,
design of a traditional, single-robot control system can already prove a perplexing endeavor.
It however constitutes but a starting point toward controlling multiple vehicles, added diffi-
culties stemming from factors such as communication requirements, an increased uncertainty
in the interaction with the environment and interferences between teammates ([119]). These

engineering challenges call for more advanced control techniques.

Particular care has to be given to communication related issues. Indeed, communication
requirements and bandwidth limitations prove to be a limiting factor for many cooperative
control approaches available in the literature. In [120], the author introduces a decentral-
ized control approach which uses the average and variance of the position of a school of
Autonomous Underwater Vehicles (AUVSs) to control their position. Access for each vehi-

cle to these average position and variance information requires each and every vehicle to
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continuously broadcast their position to all others. However, underwater acoustic communi-
cation is particularly onerous, and schools of AUVs have very limited communication range
and bandwidth, which could become a limiting factor when implementing the framework

introduced in [120].

Embedded computers see their computing power steadily increase and cost decrease. The
proposition of trading computing power for bandwidth is thus particularly enticing. This
chapter proposes the design of a collaborative control framework based on the above premise,
aiming to use additional computing power to allow for a significantly reduced bandwidth uti-
lization. Following a Model Reference Control (MRC) approach, each vehicle is assigned a
reference system. Each autonomous vehicle, keeping track not only of its own reference sys-
tem, but also of that associated will all other vehicles, has knowledge of the doings of its
teammates, without requiring all vehicles to continuously broadcast position information.
Coupling all reference systems through the desired trajectories they are tracking, vehicles
find themselves indirectly coupled, allowing the team of autonomous vehicles to exhibit a
cooperative behavior. This technique of introducing coupling through a reference system is
referred to as indirect cooperation. It has been successfully applied to the control of dynam-
ically interconnected systems ([71-73]), but has yet to be applied to cooperative control of

autonomous vehicles.

The presented framework does not address decision making, but functions in conjunction
with any arbitrary decision making algorithm. It could, for instance, operate within the
cooperative control architecture presented in [121] (replacing the Vehicle Agents, block one,
Figure 1, page 638). Note that, although vehicle to vehicle communications are drastically

reduced using the proposed framework, communications still occur in specific situations. In
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particular, when the decision making entity chooses to alter the mission, or when occurrences
of important significance are met, updated directives have to be communicated to the relevant
vehicles, thus closing the cooperative control loop. In the presented framework, this can be
achieved by, for example, altering the desired trajectory followed by a vehicle or modifying

its reference system.

The presented framework is designed to rely on a Model Reference Adaptive Controller
(MRAC, [11]) to handle motion control. This choice is in part motivated by the fact that the
framework relies on computation of reference systems, which a MRAC is naturally associated
with. In addition, as previously mentioned, characterizing the dynamical behavior of marine
vehicles, which constitute the intended application of the presented research, is particularly
difficult, due to hydrodynamic phenomenons such as skin friction about the vehicle’s hull
and propeller induced cavitation. As the considered vehicles” mathematical model can thus
be uncertain, an adaptive approach, such as that presented in previous chapters, is well
suited. Note that using reference systems the motion and behavior of the team of vehicles
can easily be adjusted, and enforcing features such as, for example, obstacle and collision
avoidance becomes fairly simple.

Section 10.2 provides a description of the governing mechanisms of the proposed frame-
work, along with results of numerical simulations illustrating the performance and key fea-
tures of this framework in Section 10.3. Particular attention is given to the effect of commu-

nication delays on performance.
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10.2. Indirect Collaborative Control Framework

Any mission to be accomplished by a team of autonomous vehicles can be divided into
a succession of tasks, transition between tasks being triggered by appropriate conditions.
Such tasks include search and rescue assignments, surveying of a prescribed area, but can
also consist of global behaviors based on local relationships ([122]) leading to more concep-
tually abstract tasks, such as displacement of a passive object from one location to another
([123]). These assignments can naturally translate into specific formations for the team of
vehicles to conform to ([124]). Solutions to the problem of formation keeping available in
the literature typically require high-bandwidth communications. As mentioned previously,
a Model Reference Control approach is adopted, each vehicle being assigned a reference sys-
tem, which corresponds to a virtual vehicle whose trajectory the actual vehicle will have to
track. These reference systems are chosen in such a way that the position of that virtual ve-
hicle can easily and accurately track a prescribed desired trajectory. From a motion control
perspective, the remaining task is to generate the actual vehicle’s control input, guaranteeing
convergence of the actual vehicle’s trajectory to that of the virtual vehicle’s. What the pre-
sented framework aims to accomplish is to take advantage of this MRC approach to decrease

the amount of communication required for a team of vehicles to operate cooperatively.

10.2.1. Assumptions and Governing Principle

The proposed approach requires each vehicle to not only integrate the reference system
it is tracking, but also the ones associated with all other vehicles, as seen in Figure 10.1.

Assuming that each vehicle has knowledge of
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Figure 10.1: Block Diagram of the Algorithm for the i*" Vehicle in a Team of n.

e the predetermined desired trajectories for all vehicles corresponding to each task in a

considered mission,

e the initial reference state and expression of the dynamics of all reference systems,

and assuming that each vehicle’s motion controller provides perfect tracking of the reference
trajectory, a specific vehicle can obtain a close estimate of any other vehicle’s position by
locally integrating its reference system, without requiring communication of position infor-
mation. Transition from a task to another can be decided upon either by an individual,
predetermined decision maker, if the decision making process is centralized ([125-127]), or
by just about any vehicle in the team if it is decentralized ([67,128-132]). This type of deci-
sion, as it affects all vehicles in the team, will be referred to as Global Decision. Advent of
such a decision, which in general affects all vehicles, will require communication to all mem-
bers of the team. The information systematically required to be passed along is limited to a
Task Number, uniquely identifying the new task to be pursued, and a Time Stamp specifying

the time at which the decision was taken. Upon reception of such a message, each vehicle
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modifies, in accordance with the newly appointed task, the desired trajectories tracked by
the reference systems it is locally integrating, or the reference systems themselves. The Time
Stamp ensures that, upon reception of a Global Decision message by all vehicles, they are
able to appropriately compute the reference trajectory of other team members in spite of

time delays.

Note that, as mentioned above, Time Stamp and Task Number constitute the only infor-
mation systematically required in a Global Decision message, but that, depending on the
nature of the newly pursued task, additional information, such as position of a detected
target to be intercepted or investigated (as seen in Subsection 10.3.3), might be necessary.
Additionally, if a centralized decision making process is used, events witnessed locally by a
specific member of the team that can potentially affect Global Decisions, such as detection
of a target to be intercepted or investigated, should be relayed to the Global Decision mak-
ing entity, requiring added communications, as illustrated in Subsection 10.3.3. Also note
that the framework is essentially unrelated to the decision making process. Although lend-
ing itself well to decentralized approaches, it is flexible enough to seamlessly accommodate
centralized decision making algorithms. Figure 10.1 reflects this flexibility and illustrates the
fact that decisions affecting a specific vehicle’s desired trajectory can be taken either locally
(Local Intelligence block), or come from a centralized decision maker (Centralized Decision
Making block). Note that cooperation between vehicles in the team is made possible by the

communications from and to each vehicle, as represented in Figure 10.1.

In addition, note that knowledge of reference positions does not continuously provide
knowledge of the actual position of the vehicles. In particular, during the transition periods

following emission of a Global Decision message and preceding reception of this message
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by all vehicles and convergence of the reference trajectories to the newly appointed desired
trajectories, there exists a discrepancy in current desired and reference trajectories across
the team. During this transition period, knowledge of the reference position of a vehicle
only provides an estimate of its actual position, as seen in Subsection 10.3.1. Furthermore,
in a realistic setting, perfect tracking of the reference trajectories by the actual vehicles is
not achievable. To address this issue and avoid vehicle collisions, the framework relies on
reference systems of a particular form, which enforces separation between vehicles’ reference
positions. This separation can be adjusted in function of the tracking performance of the

motion controller to guarantee that vehicles do not collide.

The knowledge assumptions the framework relies on are equivalent to requirements in
terms of memory available for each vehicle’s electronic control system, and, as such, are
trivially justifiable. As mentioned above, the perfect tracking assumption is not satisfied
in realistic settings. However, a wealth of motion controllers providing accurate tracking
for most types of autonomous vehicles can be found in the literature ([3, 5,66, 133-135]).
In addition, the reference systems can include terms guaranteeing strict vehicle to vehicle
separation, as detailed in Section 10.3. An additional implicit assumption is that the control
system onboard each vehicle has sufficient computational power to integrate, with arbitrary
precision, a number of differential equations proportional to the considered number of vehicles

in the team. Most modern embedded computers satisfy this requirement.

10.2.2. Advantages of the Proposed Framework

Note that no communication pertaining to vehicles’ position is necessary, which con-

siderably reduces bandwidth usage. A team of vehicles using the presented framework can
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effectively maintain a formation without communication of relative positions or handshaking
protocol. Furthermore, as a benefit of the inclusion of the Time Stamp, the punctual com-
munications required for propagation of Global Decisions throughout the team of vehicles
need not be synchronous or assumed instantaneous. In other words, the effect of communi-
cation time delays on team performance are minimal. Knowledge of all desired trajectories,
reference dynamics and Time Stamps allows any vehicle to compute the reference trajectories
of all other vehicles corresponding to the currently pursued task upon reception of a Global
Decision message, regardless of delays in reception of this message. As mentioned earlier,
a potential discrepancy between vehicles’ trajectories computed locally on different vehicles
does exist. Time delays render such discrepancies inevitable, regardless of the framework
chosen. However, following the proposed approach, the time window of existence of these
discrepancies is reduced to a short transient. Subsection 10.3.1 illustrates the approach

proficiency in handling time delays.

Additionally, the proposed approach allows for a high level of flexibility in the way mis-
sions are handled. For instance, considering a target detection and identification mission, if
a vehicle detects a potential target, it can either notify the Global Decision making entity
and let it decide how this information should affect the mission, choose to investigate the tar-
get itself before notification, thus reducing the likelihood of false alarms affecting the whole
team, or even take upon itself the task of identifying this specific target without notifying
anyone (see Subsection 10.3.3). The approach removes the requirement commonly seen in
formation control problems that each vehicle observes, measures, or receives the state of the
entire team. The presented approach allows for a level of flexibility superior to that offered

by traditional formation control frameworks.
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In addition, the presented approach provides an interesting degree of robustness to oc-
currences that are commonly seen as unsurmountable, such as partial or total failure of one
or several vehicles. Were a vehicle to be lost, this event can be communicated either to
the Global Decision making entity, or to all other vehicles, allowing the team to adjust its
behavior by switching to a different set of desired trajectories. The remaining vehicles, know-
ing that they cannot rely on the lost vehicle any longer, can modify the desired trajectories
accordingly. In the case of a survey mission, for instance, the loss of one or several team
members can potentially be made up for by increasing vehicle to vehicle spacing, allowing

to cover the same area.

Finally, modifying the vehicles’ reference systems allows to directly affect their behavior.
This was taken advantage of in preliminary simulations to enforce obstacle and collision

avoidance.

10.3. Numerical Simulations

The performance of the indirect collaborative control framework presented in Section 10.2
was tested using a simple numerical simulation. Subsection 1.2.1 will assume a centralized
decision making process. A single vehicle in the team will have Global Decision making
authority and will be referred to as Master, the remaining vehicles being referred to as
Slaves. Subsection 10.3.3 provides an example of application of the proposed framework in

the context of decentralized decision making process.

Assuming perfect tracking control performance, only desired and reference position of
each vehicle are considered. It is assumed that motion is limited to the horizontal plane.

The reference systems of the n considered vehicles are based on second order oscillators,
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generating the position 7,;(t) £ [ y(t)  yu(t) ]T € R?, t > 0, of the corresponding *"
virtual vehicle along the x and y axis of an inertial frame of reference of arbitrary origin.

The dynamic equation corresponding to the i*" oscillators is of the form
Tei(t) + Aei () + Qe (t) = Q5 73(t),  hi(0) = 1o, €0, i=1,2,...,n, (10.1)
where
A 226G woi Lo, O3 = wi; Lo, i=1,2,...,n, (10.2)

where (; and wy; represent the damping coefficient and natural frequency, respectively, for
the oscillators of the " reference system, 7;(t) corresponds to the reference signal controlling
it and I4o denotes the two dimensional identity matrix. All reference systems are chosen to

have identical damping and natural frequency,
¢ =0.9, wo; = 0.7, i=1,2,...,n, (10.3)
and the reference signals are computed as
ri(t) £ Qo (i () + Aijas () + Qnai(t)) , 20, i=1,2,...n, (10.4)

where 74;(t) represents the desired position of the i vehicle expressed in the aforementioned
inertial frame of reference. This reference signal allows the reference system to track a
desired trajectory. The above oscillators were augmented with two additional terms, handling
collision and obstacle avoidance. Let z,(t) £ [ ni(t) ni(t) ]T, t > 0. The complete

reference system associated with each vehicle is of the form

ri(t) = Avaei(t) + Beri(t) + folz:(t)) + folzni(t), £20, i=1,2,...n,  (10.5)
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Figure 10.2: Interaction between molecules subjected to Van der Waals forces (left), force
as a function of the intermolecular distance (right).
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the vector x, regroups the x,; for all ¢, f.(-) and f,(-) are virtual forces enforcing collision
and obstacle avoidance, respectively. To avoid collision, each reference system is subjected

to virtual repulsion forces from all current reference positions in the team. More concretely,

a force of the form

) 2 o+ e 20, (10.7)

where a, 6 € R, d(x,:(t)), t > 0, represents the distance between reference positions, is
applied to the reference system for each additional team member. Such forces, which are
similar to atomic interaction forces as modeled by Van der Waals, as described in Figure
10.2, allow to avoid vehicle collisions. The value of § can be adjusted to increase or decrease
vehicle to vehicle separation. Finally, to enforce obstacle avoidance, the term f, is composed

of virtual forces of the form

ol@n(®) & G, 20, (10.8)
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where v € R, and d;(z,;(t)) represents the distance between vehicle i’s reference position to

the ;' detected obstacle.

10.3.1. Time delays

This first simulation illustrates how the presented framework handles communication
delays. Four vehicles follow a desired trajectory traveling along a straight path, with a
desired velocity n4(t) = [ 1 0 ]T. Their reference positions has them located randomly
in a neighborhood of the initial desired position (at the origin). Global Decision making
responsibilities are assigned to the first vehicle (Master), vehicles two to four being the
Slaves. The formation is maintained up to a time t; = 15 seconds, time at which the Master

decides to increase vehicle to vehicle spacing.

Stages 1 and 2 Stages 2 to 3

40

40

—— Master
35 Slaves . L T -
— — Slaves as simulated

I by the Master . . . ) . 4 30

25 B R S L S IEEDEIEI N ]
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Figure 10.3: Formation Change under the Influence of Homogeneous Time Delay.

To clearly illustrate how time delays affect motion, consider an exaggerated communi-
cation delay of 5 seconds between the time t; at which the Master decides the change of
formation and the time ¢, at which all Slaves receive that information. During the time pe-
riod going from ¢; to to, the Slaves still maintain the previously defined separation while the

Master makes the transition to the new one. Note that from the perspective of the Master,
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the Slaves’ reference trajectories transition to the newly defined formation instantly (tra-
jectories of the Slaves from the perspective of the Master are represented using dashed lines
in Figure 10.3). Similarly, from the perspective of the Slaves, the Master is still following

the previous formation.

Upon reaching time ¢, the Slaves receive the formation-change order and modify their
desired trajectories accordingly. Upon reception of the message by the Slaves, the dis-
crepancy between trajectories from Master’s and Slaves’ perspectives is rapidly shifted out,
as seen on Figure 10.3. The actual reference trajectories of the Slaves soon match their

reference trajectories as seen from the Master’s perspective.

Note that the time delay was greatly exaggerated to clearly illustrate its influence on the
behavior of the system following the occurrence of a Global Decision. The duration of this
transition, essentially corresponding to the time delay of 5 seconds, should realistically be
reduced to a fraction of a second, thus reducing the discrepancy between trajectories as seen

from Master’s and Slaves’ perspectives to a hardly noticeable level.

As seen on Figure 10.3, all vehicles are attempting to track a single desired trajectory
(in green). However, the collision avoidance term in the reference dynamics generates a
separation between vehicles, such that no one vehicle perfectly tracks the desired trajectory,
but the team follows the desired position in a compact cloud. On Figure 10.3, red dots
represent reference position of vehicles, blue curves the reference trajectories, blue crosses
the initial reference positions, the green dot is the desired position, and the green line if the

desired trajectory.
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10.3.2. Collision avoidance

In addition to allow for collision avoidance, the reference systems enforces obstacle avoid-
ance, under the assumption that vehicles are equipped with sensors allowing detection of the
aforementioned obstacles. In the following simulation, a sinusoidal desired trajectory, with
a velocity along the x—axis of 1 meter per second crosses a region containing obstacles (rep-
resented by black dots in Figure 10.4). The first simulation features a group of four vehicles,
with initial conditions located randomly about the origin. It can be seen on Figure 10.4 that
the team of vehicles crosses the region while avoiding the obstacles. The team follows the
desired position to the best of its possibilities, but gives priority to collision and obstacle
avoidance. The motion of the team is difficult to adequately illustrate using a still figure. In
particular, it can be seen that some of the reference trajectories cross each other. Collision
avoidance is however strictly enforced, which is easily observed from animations representing
the evolution of the trajectories. A second simulation illustrating the collision and obstacle
avoidance properties of the framework has two groups of three and five vehicles following
sinusoidal desired trajectories similar to the previous simulation, but with different phase.
This results in two desired trajectories that repeatedly collide. This simulation includes
obstacles as well. It can be seen on Figure 10.4 that the reference trajectories avoid all
obstacles. Movies available at the above address show that vehicle collisions are successfully

avoided.

10.3.3. Target Detection

This subsection considers a slightly more complex case. A team of four vehicles is given

the mission to survey an area, detect targets in this area and identify them. All vehicles are
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Figure 10.4: Collision avoidance.
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Figure 10.5: Target detection.

assumed to have onboard the appropriate sensing instrumentation to detect any target in a
radius of 20 meters. In addition, obstacles in the area are to be avoided.

The mission is split in two distinct tasks. The first one consists in surveying the area,
avoiding obstacle and detecting the presence of any target. Vehicles are arbitrarily set to
follow a sinusoidal desired trajectory similar to that in previous simulations. The second
task consists in identifying a target once it is detected. This is accomplished by traveling

towards the detected target, and coming within half a meter of this target.

As seen in Figure 10.5, all vehicles have initial reference position randomly distributed
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Figure 10.6: Target investigated.

about the origin. The vehicles follow the desired trajectory (in green), avoid collisions and
obstacles, until a vehicle comes within 20 meters from the target (represented as an isolated
red dot in Figure 10.5). As detection occurs, the vehicle which detected the target propagates
this information to the decision making entity, and the decision of sending a pair of vehicles
to investigate the target is taken. As a result, as seen on Figure 10.5, the two vehicles
closest to the target follow a second desired trajectory leading them to the target. The two
remaining vehicles in the team follow the original desired trajectory, in search of additional

targets.

Once identification of the target is accomplished, the two vehicles regroup with the re-

maining team members and pursue the mission, as seen in Figure 10.6.

Note that if only one vehicle is required to identify a target, or if the vehicle detecting this
target takes upon itself the responsibility of verifying the target before notifying the decision
making entity and the target detection actually was a false alarm, this vehicle need not
pass along notification of the event. All remaining team members would thus keep following

the desired trajectory, while this particular vehicle would briefly assess the target, before
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catching up with the remaining team members.

10.4. Conclusion

The presented framework presents a unifying basis upon which cooperative control algo-
rithms for a team of autonomous vehicles can be built. This framework allows cooperative
control of teams of autonomous vehicles with very limited communication capabilities in a
hostile environment, and, when augmented with an adaptive motion control algorithm such
as those presented in previous chapters, with uncertain or unknown dynamics. The possible
applications of collaborative control include search and rescue, mine detection, and survey-
ing. In addition, application of the framework is not limited to underwater vehicles, but also

relevant to ground, air, and space vehicles.
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Chapter 11

Conclusions and Future Research

This dissertation presents a number of results pertaining to control of unmanned vehicles.
In Chapter 2, a general direct adaptive control framework, allowing to account for amplitude
and rate saturation of the control command, was introduced. Chapter 3 presented a direct
adaptive control algorithm designed for a class of VT'OL vehicles. Chapter 4 introduced a
neural-based direct adaptive control algorithm for a general class of AMVs, which is special-
ized to a particular (although commonly encountered) class of non-minimum phase AMVs
in Chapters 5 and 6. Chapter 5 presents a nonlinear control algorithm for the considered
system, and presents an analysis of the system’s resulting internal dynamics. Chapter 6
builds upon this result and introduces a pair of direct adaptive algorithms, as well as an in-
direct adaptive controller. The control algorithms in Chapters 2 to 6 rely on the assumption
that full state measurements are available for feedback. Chapters 7 to 9 present an alter-
nate control strategy, which solves the output feedback control problem for a wide class of
nonlinear systems. The approach is based on the nonlinear observer introduced in Chapter
7. This observer is extended in Chapter 8 to hand le controlled systems, and complemented

by a simple backstepping-based state feedback control law. The resulting algorithm allows
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to simultaneously solve the observation and output feedback control problem for nonlinear
systems non-affine in the unmeasured states. The approach is further extended in Chap-
ter 9, to handle a more general class of nonlinear systems and address issues related to
model uncertainties. The approach appears promising, as the resulting control algorithm
only requires limited knowledge of the system to guarantee arbitrarily accurate tracking. In
addition, the final algorithm is practical and reasonably simple. In Chapter 10, a cooperative
control framework, designed to handle limited inter-vehicular communication requirements
was presented, extending the scope of the results from motion control of a single vehicle, to

cooperative control of a group of vehicles.

Future Research

The output feedback scheme introduced in Chapters 7 to 9 could be extended to a larger
class of observable systems, by working in terms of the derivatives up to the order ¢ of the out-
put y(t), t > 0, where ¢ < n—1 is the smallest integer such that rank([Vy™*(t), V§*(t), ...,
Vy DT (#)]T) = n. Obtaining estimates of these successive derivative could be achieved us-
ing the HOSMD introduced in [54]. Furthermore, the algorithms in Chapters 8 to 9 are
designed to handle systems whose outputs have a relative degree of two at most, yet they
could be fairly easily extended to handle systems whose outputs have greater relative degree.
In addition, while knowledge of the system’s state dimension is not required to apply the
result in Chapter 9, the structure of the state predictor emulates that of the real system. As
a result, knowledge of the vector relative degree of the output is necessary. However, one
could investigate the ability of an output predictor to predict a given system’s output in the

case that the predictor’s output relative degree does not match that of the system, e.g. can
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a predictor with an output of relative degree one accurately predict the output of a system
with relative degree two, three, or four, etc? Design of a predictor with such capacity would

allow to relax the assumption that the system’s output vector relative degree is known.

In addition, the control algorithms presented in this dissertation, as well as the major-
ity of adaptive control algorithms found in the literature, address continuous-time scenarii.
However, controllers for unmanned vehicles are typically implemented on digital computers,
which only allow discrete-time computations, and thus do not directly allow execution of
continuous algorithms. Nevertheless, continuous-time control algorithms have been success-
fully implemented on such media and have proved to perform adequately, in particular for
fast sampling frequencies. While modern computers are digital in nature and can not exe-
cute an algorithm continuously but rather at a finite frequency, they can reach ever greater
operating speeds. To such an extent that, although it remains impossible, for instance, to
continuously compute the value of a control command on a digital computer, it is possible
to discretely evaluate at a high frequency this continuous command with accuracy. Most
physical systems are of a continuous nature. However, the interface between the control
algorithm and the system to be controlled is oftentimes discrete, as sensor information and

actuator updates can, depending on the hardware used, occur at arbitrary sampling times.

A possible extension of the presented work could be the adjustment of the presented
control algorithms to allow performance in discrete-time environments, thus facilitating fu-
ture implementation on real systems. That extension would require an effort on two fronts.
Since the observer in Chapter 7 is only able to reconstruct the state from continuous output
measurements, its use would require conversion of discrete-time output measurements to a

continuous signal, which implies the need of reconstructing inter-sample output trajectories.
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There exists a wide variety of techniques allowing to achieve this reconstruction, with vary-
ing levels of accuracy. It has for instance been shown in the past that simplistic approaches,
such as linear interpolation of the raw, noisy measurements, can in practice provide suffi-
cient inter-sample information, if only for systems with relatively low time constants ([136]).
On the other end of the problem, the interface from control algorithm to the environment
could be handled using the saturation algorithm of Chapter 2. The algorithm can indeed
theoretically be used to enforce constant commands in between control updates, by virtue

of inter-sample rate saturation.
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Appendix A

Stability Theory Results

The results introduced in this dissertation rely on a number of classical stability theorems,
which are presented here for completeness. More specifically, Theorem 2.2.1 considers a

system of the general form
#(t) = f(z(t), =(0) =z, t20, (A-1)

where x(t) € R", and f : D — R" is locally Lipschitz. In addition, we will use the following

definitions.
Definition A.1. [44] The equilibrium point x = 0 of (A-1) is
e stable if, for each € > 0, there is 6 = d(e) > 0 such that
[z(O)| <6 = llz(t)] <, ¥Vt >0, (A-2)
e unstable if it is not stable,

e asymptotically stable if it is stable and § can be chosen such that

[#(0)]| < 6 = lim x(t) =0. (A-3)
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Stability of an equilibrium point of (A-1) can be established using Lyapunov’s stability

theorem, as stated below.

Theorem A.1. [44] Let x = 0 be an equilibrium point for (A-1) and D C R" be a

domain containing x = 0. Let V' : D — R be a continuously differentiable function such that

V(0)=0 and V(z)> 0,z € D)\ {0}, (A-4)

V(z) <0,z € D, (A-5)
then x = 0 is stable. Moreover, if
V(z) < 0,2 € D\ {0}, (A-6)

then x = 0 is asymptotically stable.

Stability of adaptive systems can oftentimes be conveniently analyzed using the LaSalle-

Yoshizawa theorem. The class of system considered is given by
(t) = f(z(t),t), x(0)=umz, >0, (A-7)

where z(t) € R", and f: D x R — R" is locally Lipschitz in z and piecewise continuous in

t. Statement of the theorem also requires the following definition.

Definition A.2. [44] A continuous function v : [0, a ) — [0, oo ) is said to belong to
class IC if it is strictly increasing and v(0) = 0. It is said to belong to class K, if @ = oo and

(r) — o0 as r — oo.

The stability of an equilibrium point of (A-7) can then be established using the LaSalle-

Yoshizawa theorem, as stated below.

207



Theorem A.2. [10,44] Let x = 0 be an equilibrium point of (A-7) and suppose f(x,t)
is locally Lipschitz in x uniformly in z. Let V : R x R — R be a continuously differentiable

function such that

T (jal) < Viz,t) < a(lal), (A-8)
V= T ) < W) <0, (A-9)

for all ¢ > 0 and =z € R", where 7; and v, are class K, functions and W is a continuous

function. Then, all solutions of (A-7) are globally uniformly bounded and satisfy

lim W (x) = 0. (A-10)

t—o00

In addition, if W (z) is positive definite, then the equilibrium = = 0 is globally uniformly

asymptotically stable.

Finally, a number of results in this dissertation make use of the notion of ultimate bound-

edness, which is defined as follows.

Definition A.3. [88] The solution x(t), t > 0, of (A-7) is ultimately bounded if there

exists b > 0 and 7' > 0 such that ||z(¢)|| < b for all ¢t > T

Ultimate boundedness can be established using the following theorem, which is owed to

LaSalle.

Theorem A.3. [88] Let V(x) be a scalar function which for all z has continuous first
partial derivatives with the property that V(z) — oo as ||z|| — oo. If V(z) < —e < 0 for all

x outside of some closed and bounded set M, then z is ultimately bounded.
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