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"Give, and it will be given to you. A good measure,
pressed down, shaken together and running owver,
will be poured into your lap. For with the measure
you use, it will be measured to you”

Jesus Christ
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ZUSAMMENFASSUNG

Autonome Unterwasservehikel (AUV) sind fiir den Einsatz in maritimen Gebieten mit
harschen und lebensbedrohlichen Umgebungsbedingungen sowie langen Missionshori-
zonten unerlédsslich. Die Planung solcher Missionen erfolgt dabei oft iiber einen iiber-
geordneten Missionsplanungsalgorithmus, der auf Grundlage von Umgebungsdaten, wie
z.B. Wetter-, Karten- und Sensordaten, Referenzwegpunkte generiert. Aufgrund zeitlich
verdnderlicher Missionsziele und dynamisch variierender Hindernisse, wie z.B. andere
Seefahrzeuge, ist eine flexible Anpassung dieser Referenzwegpunkte zur Laufzeit unver-
meidlich. Da in den meisten Anwendungsfillen eine moglichst genaue Durchquerung der
Wegpunkte mit vertretbarem Stellaufwand gewiinscht ist, fokussiert diese Dissertation
auf die Bahnfithrung von AUV, die durch eine Kombination aus on-line Bahnplanung

und nichtlinearen Folgeregelungskonzepten besteht.

Wegen der Anforderungen von Folgeregelungen an die Glattheit der Referenzbahn (C?)
werden im ersten Teil dieser Arbeit zunéchst 3D Bahnplanungsalgorithmen auf Basis
von Polynomen 5. Grades vorgestellt, welche die von der Missionsplanung vorgegebenen
Wegpunkte interpolieren. Zur Verbesserung der numerischen Eigenschaften sowie der
Reduzierung des Rechenaufwands wird dieser Ansatz auf B-Splines iibertragen. Durch
eine spezielle Pufferung/Fensterung einer bestimmten Anzahl an Wegpunkten wird die

zuséitzliche Anforderung an die on-line Planung adressiert.

Im zweiten Teil der Arbeit werden ausgehend von einer eingehenden mathematischen
Modellbildung von AUVs nichtlineare Folgeregelungskonzepte fiir den vollaktuierten und
den unteraktuierten Fall (mehr Freiheitsgrade als Stellgrofien) entwickelt. Fiir ersteren
wird eine Feedback-Linearisierung mit beobachterbasiertem Ansatz und aktiver Storun-
terdriickung présentiert. Fiir den zweiten Fall wird ein robustes, adaptives Regelgesetz
zur Kompensation von Modellunsicherheiten und Stérungen entworfen. Wegen der Un-
teraktuierung des Systems, stellt dies eine anspruchsvolle Aufgabe dar, welche basierend
auf der direkten Methode von Lyapunov und adaptiver Backstepping-Verfahren geltst
wird. Zur Robustifizierung des adaptiven Reglers kommen Parameter-Projektions-

Techniken zum Einsatz.

Abschliessend werden formale Nachweise der Stabilitdt der prédsentierten Regelungen
angefithrt und die Leistungsfihigkeit der entwickelten Ansétze anhand von detaillierten

Simulationen belegt.
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ABSTRACT

Autonomous underwater vehicles (AUVs) are indispensable for use in maritime areas
with harsh and life-threatening environmental conditions as well as long mission hori-
zons. The planning of such missions is often carried out via a generic mission planning
algorithm. Based on environmental data, e.g. weather, map and sensor data, it gener-
ates position reference points or so-called way-points to be followed by the AUV. Due to
time-varying mission objectives and dynamically varying obstacles, such as other mar-
itime vehicles, a flexible on-line adaptation of these way-points is unavoidable. In ad-
dition, for most applications an accurate crossing of way-points is desirable. Therefore,
this dissertation focuses on the path generation and following of AUVs, which consists

of a combination of on-line path planning and nonlinear path following concepts.

Due to the special requirements for path following controllers on the smoothness of
the reference path (C?), in the first part of this thesis, we present a 3D path planning
algorithm based on degree 5 polynomials which interpolates the way-points given by
the mission planning. In order to improve the numerical properties and to reduce
the computational effort, this approach is transferred to B-splines. Using a special
buffering/windowing of a certain number of way-points, the additional requirement on

the on-line planning is addressed.

In the second part of the thesis, mathematical modeling of AUVs is carried out. Based
on that, nonlinear path following control concepts for the fully-actuated and the un-
deractuated case (more degrees of freedom than control inputs) are developed. For the
former, a feedback linearization controller with an observer-based approach and active
disturbance rejection capabilities is presented. For the second case, a robust, adaptive
control law is developed for the compensation of modeling uncertainty and disturbances.
Owing to the underactuation of the system, the controller design is a challenging task,
which is solved based on the direct method of Lyapunov and adaptive backstepping

techniques. Moreover, parameter projection is used to robustify the adaptive controller.

Finally, formal proofs of the stability of the presented controllers are provided and
the performance of the developed approaches is demonstrated by means of detailed

simulations.
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CHAPTER 1

Introduction

Due to the growing need to explore and operate in risky, dangerous and extreme deep
underwater environments, for civil or military purposes, the study of the Autonomous
Underwater Vehicles (AUVs) and their related control techniques becomes more and
more popular and an attractive research field [I, 2]. The wide range of applications of
the AUVs in hard and hazardous environments, such as the exploration of oil and other
underwater resources, inspection and studying of the water quality and fish feeding,
has increased the effort to study AUVs in robotics and control research in the past two
decades [3, 4, 5].

In this chapter, we expose in the first section the state of the art for the path planning
and control approaches of the AUVs, then we introduce the main contributions of this

thesis, in the last section, we explore the structure of this work.

1.1 State of the Art

The key problem of the AUVs is actually the planning of the path and the associated
trajectories. The path following problem can be expressed by means of two tasks: The
geometric task, which is concerned with the position of the vehicle, that must track a
desired path, which is parametrized by a so-called path variable o, and the dynamic
task, that forces the velocity of the vehicle to converge to a desired velocity profile. The
combination of both above mentioned tasks refers to the trajectory tracking. Moreover,
the path following approach can be restricted to a trajectory tracking one by predefining
the path variable o as a function of time. Therefore, more flexibility can be gained from

utilizing the path following approach compared to trajectory tracking [6, 7, &].

The AUV path planning problem can be solved off-line if prior information of the under-

water environment is available [9, 10]. On the other hand, this problem can be conceived



under lack of information about the environment in which the AUV moves. The path

planning algorithm may be adapted to generate the path on-line as in [1 1, 12].

Due to their optimality, the Dubins curves (interpolations) are widely used in the 3D
path planning for the AUVs and UAVs (Unmanned Aerial Vehicles) [13, 11]. Actually,
the Dubins curves interpolate a set of data-points by concatenation of circular arcs of

maximum curvature (minimum radius) and straight lines (their tangents) [15].

Owing to their simplicity, the polynomial interpolation is wildly used in the path plan-
ning, but some downsides come into sight in such polynomials like oscillations, which
increase with the degree of the polynomial (related to the number of the interpolated
data-points and the boundary conditions), as well the Runge’s phenomenon. Those
disadvantages can be avoided by utilizing the piecewise interpolation (splines) and the
Chebyshev interpolation [16, 17]. Another approach in this field are the Hermite poly-
nomials which represent curves that do not include wiggling or zigzagging since the

way-points can only be represented by a non-smooth function [18, 19, 20].

The path following problem in underactuated marine vehicles (ships and submarines)
has been researched extensively. For example in ships, despite of availability of just
two controls, surge force and yaw moment, the controllers can steer the ship to follow a
designed 2D path using two independent aft thrusters or with one main aft thruster and

a rudder [21]. The stabilization problem of underactuated ships has been investigated

in [22, 23, 24, 25].

Utilizing the feedback linearization, the output tracking controller of ships was designed
in [26] and [27]. This controller guarantees the global exponential stability of the refer-
ence trajectories. Here, both position variables converge to their reference trajectories
while the control of the course angle was not achieved. In [28], the nonlinear ship model
is used to design a controller which guarantees the global exponential stability in some
arbitrarily small neighborhood about of the desired trajectory for the position as well

as for the course angle.

The ship model is transformed into a triangular-like form using a coordinate transfor-
mation [21]. That allows to use the integrator backstepping technique to find a tracking

controller, which guarantees an exponential stability of the desired trajectory.

In [29] a methodology was presented for integrated design of guidance and control sys-
tems for autonomous vessels. This methodology was actually borrowed from the theory

of gain-scheduling control and leads to design of a tracking controller for the unmanned



aerial vehicles.

For a simplified underactuated ship model, in [30] a feed-forward technique combined
with linear quadratic regulator has been introduced to solve the control task. Moreover
a nonlinear model predictive controller was designed to obtain local results on “track-

keeping”.

In [7] a robust recursive controller was developed for uncertain nonlinear plants in the
strict-feedback form. The output maneuvering problem was addressed in two tasks. In
the first one, the system output is forced to converge to a reference parametrized path
and the second is to satisfy a desired dynamic behavior along the path, i.e. the system

output has to follow the desired velocity.

In [31] a methodology based on Lyapunov theory and backstepping techniques was pro-
posed to design a 3D path following controller for the AUVs in the Serret-Frenet path
frame. The proposed controller guarantees a global convergence to a small arbitrary
neighborhood about the desired paths, but not at the origin due to the kinematic sin-
gularity at this point.

For fully-actuated and underactuated AUVs the problem of path following was presented
in [6]. There, a novel guidance-based approach was used to design a nonlinear controller,

which consists of a model-based velocity and an attitude controller.

In the presence of model uncertainties, the problem of position trajectory tracking and
path following for underactuated autonomous vehicles was presented in [32] where an
adaptive switching and a nonlinear Lyapunov-based tracking controllers were combined
to force the position tracking error to converge to an arbitrarily small neighborhood

about of the origin.

The Receding Horizon Controller (RHC) of a nonholonomic mobile robots was extended

to deal with the tracking control problem of a group of underactuated AUVs in [33].

In presence of the constant ocean current, a control approach was presented in [31] to
allow underactuated underwater vehicles to follow a 3D straight line. The proposed
controller was designed based on a modified three-dimensional Line-of-Sight (LOS) al-

gorithm with an integral action controller.

The control strategy of AUVs introduced in [35], which is borrowed essentially from [30]
and [37], is a combination of the conventional path following and trajectory tracking

control. The proposed controller is designed using Lyapunov’s direct method to stabilize



the kinematics of the AUV. This controller is extended to control the dynamics of AUVs
based on the backstepping technique. The resulting nonlinear control law guarantees a

global asymptotic convergence of the AUV to the desired path.

1.2 Contribution of the Dissertation

This work was partially supported by the European Regional Development Fund of the
European Union via the Thuringian Coordination Office TNA.

Since, the guidance and the navigation do not belong to this work, we focus on the
path/ trajectories generation based on the data-points (way-points) that are provided
from a guidance generator which delivers the way-points on-line according to weather

and obstacles information.

The main contributions of this work can be summarized in the following points:

e On-line path planning

— Polynomial splines: A flexible on-line trajectory planning algorithm is dis-
cussed. For dynamically allocated way-points and surge velocities, an on-line
algorithm computes polynomials of degree 5 that smoothly link the paths
between these way-points. Iteratively, the algorithm interpolates the way-
points within a certain window. This window is shifted point by point to

cover all of the considered points and generates the desired path.

— B-splines: To enhance the numerical robustness for the above mentioned
algorithm, modifications of B-spline interpolation are employed, which sig-

nificantly reduce the computational cost.
e Combination of the on-line path planning algorithm with controller for

— Fully-actuated case: Based on feedback linearization a PD-controller is de-
signed to force the AUV to follow the reference path. For the attenuation of
large disturbances a generalized extended state observer (GESO) is employed,

that helps improve the tracking performance.

— Underactuated case: In presence of modeled and unmodeled uncertainties

in the AUV, an adaptive robust backstepping controller is designed to steer



the AUV to an arbitrarily small neighborhood about the on-line generated
reference path and to force the AUV to move along the path with a desired
speed profile. The unknown plant parameters are estimated on-line, to avoid
parameter drifts due to the time-varying disturbance. A Lipschitz continu-
ous projection algorithm is used for updating the estimate of the unknown
parameters. Figure 1.1 shows the proposed path generation and the control
algorithm which are developed in this work. The controller lets the per-
turbed AUV follow the desired position 1, and the desired orientation -,

with desired velocity wuy.

Parameter
—> . ¢
estimator
Way- ot
int at M4, Uo T v
wb d + | Controller Plant ik |
generator |vq

Disturbance

Fig. 1.1: Block diagram of path generator and path following controller
e Mathematically rigorous stability proofs: A main contribution of this work is

the formal and detailed proofs of the closed-loop stability, which have not been

provided in the literature before.

1.3 Organization of the Dissertation

The dissertation is divided into the following chapters:

e Chapter 1, Introduction: This chapter gives an overview about the existing path

planning techniques and path following methods for autonomous vessels.



Chapter 2, On-Line Path Planning: In this chapter we discuss techniques of gener-
ating the reference path for an AUV using the polynomial splines and the B-splines

interpolation.

Chapter 3, Modeling of Marine Vessels: This chapter deals with the kinematics and
dynamics of the AUV, and introduces some simplification of dynamic modeling

due to the geometric features of the considered underwater vehicle.

Chapter 4, Previous Approaches for the Fully-Actuated AUVs: In this chapter,
we devise a tracking controller which compensates the nonlinearities of the rigid-
body dynamics and renders it linear in closed-loop. For the attenuation of large
disturbances the generalized extended state observer is employed to improve the

tracking performance.

Chapter 5, Controller Design: This chapter is concerned with the design of a path
following controller. The first part of this chapter explains the necessity of using
an adaptive feedback control in lieu of the static feedback one and then states the
idea of the robust adaptive controller. Hereafter, the second and the third parts
illustrate the robust adaptive backstepping technique and the projection operator.
In the next part we define the path following problem in the error coordinates.
Finally, in the last part of this chapter, relying on the robust adaptive backstepping

approach we design a tracking controller for the considered AUV,

Chapter 6, Stability Analysis: In this chapter we analyze in detail the stability
of the complex closed-loop system. To this end, we divide the entire system
into subsystems, then we investigate extensively the stability of each regarded

subsystem.

Chapter 7, Simulation Results: We demonstrate the effectiveness of the proposed
path planning and control schemes. Moreover, the robustness under modeled and

unmodeled uncertainties for on- and off-line path planning is validated.

Chapter 8, Conclusions: In this chapter we conclude this thesis and list some

recommendations for prospective work and future research.

Chapter 9, Appendix: Finally, simulation studies on real-world vehicle data un-

derscore the usability of the advocated approach for the fully-actuated AUV.



CHAPTER 2
On-Line Path Planning

In way-point guidance systems for marine vessels, depending on the weather and obstacle
information, the guidance and navigation systems generate Cartesian way-points to be
followed by both ships and underwater vehicles. In this work, we limit ourselves to the
path/trajectory generation relying on the way-points, which are supplied on-line from

the guidance system.

Owing to its benefit in avoiding the problem of Runge’s phenomenon and the undesired
oscillations, which can occur between interpolated points if high degree polynomials are
used, the spline (piecewise interpolation) is prevalently preferred over the polynomial
interpolation. Figure 2.1 exemplifies the overall function s (o) (spline trajectory) of the
path variable o which interpolates N + 1 points [38, 39, 10].

Depending on the required degree of continuity of s(o) at the considered points g
for Kk = 1,...,N — 1, the adequate polynomial degree at each segment between each
consecutive two points qr and g1 is chosen. In order to obtain the continuity of

velocities and accelerations at the oy instants, polynomials of degree five must be used.

To this end, we introduce an on-line capable technique which generates an appropriate
path of the way-points. The basic idea of our approach is to define a window (buffer) that
comprises a certain number of way-points that are interpolated (spline interpolation).
Then, the first segment in the window (between first and second point in the window) is
dispatched to the control system. Afterwards, in the next step we shift this window by

one point and reiterate the process until the very last point in the mission is reached.

For C? continuity the polynomial interpolation can be used, but for a high number of
way-points, numerical problems may crop up. Therefore, the B-splines (Basis-Splines)
can be used to contribute to more numerical robustness and to downgrade the compu-

tational cost within calculation of the on-line path.
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Fig. 2.1: A spline interpolation of N + 1 way-points

2.1 On-Line Path Planning using Polynomial

Due to their apparently uncomplicated computational features, piecewise polynomials
are widely used to generate the paths for the marine vessels [11]. According to the
requirements of our control approach, C? continuity is needed in the reference path.
Therefore, the use of polynomials with degree five is a convenient choice since we have
four boundary conditions at each segment (two for the velocity and two for the accel-
eration) [12]. Moreover, depending on the generated path and by imposing the desired
surge velocity profile ug, the time dependent reference trajectories on the XY and Z

axes are created.

The challenge is how to generate an appropriate path when new way-points are sub-
joined on-line to the predefined way-points, that is, during the mission. Four way-points
are considered to generate a twice continuously differentiable function of o that satisfies
the boundary conditions for the velocity and acceleration at the way-points. Therefore,
three polynomials with degree five are generated for the considered window where four
way-points are regarded in each window. In each iteration (window/buffer), just the
first polynomial (between the first and the second way-point) is considered, and the two
polynomials (between second way-point and third way-point) as well as the polynomial
(between third way-point and fourth way-point) are neglected as long as the fourth

way-point is not the last one in the mission. Iteratively, we get a polynomial for each



new added way-point to the path. When the last point in the mission is reached then
the three polynomials interpolated between the four considered way-points are taken
into account. In other words, for all iterations just the first polynomial (between first
and second point in the considered window) is regarded, but for the last iteration all of
the three polynomials need to be regarded.

Figure 2.2 illustrates the algorithm for the generation of the polynomial s(o) referring
to N + 1 = 6 way-points: In the first iteration j = 1, merely the polynomial of degree
5 (with its parameter vector p}) is considered, whereas for j = 2 just p? is considered.
However in the last iteration j = 3 are regarded p3, p3 and pj and build together the
desired function for this window.

Therefore, the polynomials parameter vectors pg, p?, ps, ps and p3 construct the entire
desired function between ¢y and way-point gs. Since the vectors pj, pi and pl are cal-
culated in the first iteration, thus, the demanded initial velocity and acceleration for the
next iteration in the way-point ¢; can be computed. The velocity and acceleration in
the first way-point (in the first iteration) is regarded as an initial velocity and accelera-
tion for the second one, and the velocity and acceleration in the first way-point (in the
second iteration) is considered as a initial velocity and initial acceleration for the third
one, and so forth. This means, that the boundary conditions for velocity and acceler-
ation are guaranteed in each way-point and subsequently, we get a twice continuously

differentiable function between the starting way-point gg and the final one ¢s.

Fig. 2.2: On-line path planning

Generally, we apply the above presented approach for generating a function which inter-

polates N + 1 way-points. For this purpose, let us consider that the polynomial between



two successive points for jth window is given through
55(‘7) = pg,5‘75 + pf7404 + p{"303 + pg,QO-Z + pg,la + pg,o (2.1)

fori=0,....N—1,5=1,..., N — 2, where N is the number of the polynomials, o is

the path variable and the parameter vector is
p; = (pg,5vpg,4vpg,?npg,%pg,hpg,O) . (2.2)

By applying this algorithm we calculate the desired trajectories zq4(o), ya(o) and zq(o)
of the path variable o, consequently, we compute on-line the desired 3D underwater
path for the AUV. To this end, the functions x4 (0),yq (o) and z, (o) can be expressed
through the polynomials

$g,d(‘7) = a§’505 + a{7404 + ag,sgg + af7202 + ag,la- + ag,o (2.3)
yg,d(g) = b{7505 + 53,4‘74 + bg,303 + 55,2‘72 + bg,lo- + bg,o (2.4)
sz,d(g) = 05,505 + 03,404 + 03,303 + 62,202 + Cg,lg + Cio (2.5)

with the parameter vectors at the jth iteration

J_ (.7 J J J J J

aQ; = (a’i,57 i 45 A 35 @ 0, Aj 1, a’i,(])
Jo_ j J J j J J

b = (b5, b4, b5, b5 b1, 0L (2:6)
T

C; = (Czj',57 01?74, CZ,3> 627'727 Cg,l? CZ,O)

where ¢ refers to the first way-point of the four considered way-points in the jth iteration,
and i starts at the value i = j — 1. For example, for second iteration (j = 2), the indices
of the regarded four way-points are 1,2,3 and 4 (we start at point 1). For each iteration
J the four way-points ¢;, ¢i11, gi+o, gi+3 are considered to obtain the coefficients for the
three polynomials between those points to incorporate the boundary conditions at each
way-point as well as at start and end way-points.

Now, we define the parameter vectors for position, velocity, acceleration, jerk and snap

regarding to the path variable o as
p(o;) = ((%‘)57 (0)* (05)%, (0), 0, 1): (2.7)

v(o;) = (5(03)*, ()", 3(0)%, 20,1,0), (2.8)



a(o;) = (20(aj)3, 12(aj)2,6aj,2,0,0), (2.9)
r(o;) = (60(aj)2,24(aj),6,0,0,0), (2.10)
s(0;) = (1zo(o—j>,24,o,o,o,o). (2.11)

Then, the procedure of the on-line path planning motioned above can be applied
within the jth window, and the coefficients of the regarding parameter vectors o’ 4 =

. . T
(pj»_l, P}, P} +1) are obtained by solving the following linear system:

Lot = A7 Ay (2.12)
where
a(o;) o o
v(o;) o o
p(0;) o o
P(0j+1) 0 0
o P(0is1) 0
—v(oj41) V(o)1) O
—a(oj1)  a(oj41) 0
—r(0j+1)  r(0j41) 0
=s(0jt1)  s(oj41) O
A(oj,...,0543) = € R1®*18
0 P(0j+2) 0
O O P(0)+2)
O —v(0j42) Vv(0j42)
o —a(0js2) a(0j42)
O —1r(0j42) T(0j42)
0 —s(0j42)  s(0j42)
o o a(j+3)
O O v(0j13)
0 O P(0)+3)
where
0= (0,0,0,0,0,0) (2.13)
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and

) T
q{;vay - <aja V5,45, 4j4+1, 4j+1, 07 07 07 Oa q5+2, 4542, Oa 07 07 07 Oa O’ qj+3) (214)

where the values ¢;,v; and a; represent respectively the position, velocity and the ac-

celeration at the considered points.

It is profitable in this context to refer to two points, first, that the start velocity v;
as well as the start acceleration a; can be calculated from the previous iteration, and
second, that the end velocity and end acceleration for each iteration is zero. In the
light of this consideration we can define a frame with specific features to be shifted
over the entire range of the way-points, iteratively, where initial values of velocity and
acceleration at the start of the mission can be set by the user, and the final velocity and
acceleration are set to be zero, i.e. “end of the mission”. Thus, for a mission consisting
of four way-points in the jth iteration, we obtain a vector of 18 polynomial coefficients
and the considered path will be described through three resulting polynomials. Once a
new way-point is available, only the first polynomial is regarded and the two others are
neglected such that the algorithm may be iterated again for four way-points. The first
three of them are the last three points of the previous iteration and the fourth one is
the new added way-point. The iteration starts from the (i 4 1)th way-point and ends in
the (74 5)th way-point. It means that for any new way-point added on-line to the path,
a suitable intermediate path will be generated. For a 2D plane, only the polynomials
(2.3) and (2.4) are considered to generate the desired path, that interpolates the given

way-points in the Cartesian plane.

The generated path of the path variable ¢ is transformed to a time dependent trajectory
by imposing the desired surge velocity profile uy (assuming roll and pitch equal to zero).
It can be shown that ¢ may be obtained as the solution of the scalar differential equation

&= to (1) (2.15)

V(024 (0)/00)? + (9ya (0)/00)? + (924 (0) /D0)?

where ug is the desired tangent velocity profile, which the AUV moves along the gen-
erated path (zq,yq,zq4). Thus, with the solution ¢ = o(t) we obtain a coordinate

description in terms of time, hence trajectories, x4 = xq(t), ya = ya(t) and 1pq = 1q4(1).

For a 3D path planning, the polynomials (2.3), (2.4) and (2.5) are taken into consider-

ation to generate the path variable o (t) as a function of time.
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Although this approach is relatively uncomplicated to implement, numerical problems
may occur in the implementation if the number of the considered way-points is relativity
high. Therefore, to improve the numerical features of this approach, we introduce the
B-splines technique, which leads to more robust calculation of the desired path even for

a high number of interpolated way-points.

2.2 On-Line Path Planning using B-Splines

Increasing the number of interpolated way-points using piecewise polynomials may lead
to a numerical problem. To avoid this problem, an efficient and numerically robust
technique for the calculation of splines by utilizing so-called B-splines or Basic-splines is
presented in this section. Due to their positive geometrical features, they are particularly
suitable for the calculation of multidimensional curves. In many real-world industrial
applications, the determination of the geometric path is often constructed by means of
motion primitives, such as straight lines, arcs, etc. Regrettably, when linear and arcual
motions are mixed in order to obtain complex paths, discontinuities in the acceleration

profile are unavoidable.

Only in the case of zero velocity at the transition points between linear and circular
motions the problem of the discontinuity can be avoided, but this is not always desired
in many real-word applications. A feasible alternative approach is relying on approxi-
mating the path with an ultimately continuous function, for instance based on B-spline
curves. There, the desired path (consists of primitives, such as straight lines, circles)
can be sampled, and then interpolated using B-splines. Thus, the problem of the dis-

continuity in the acceleration is effectively avoided [13, 44, 39].

As we mentioned before, the most important advantage of using the B-splines technique
is the avoidance of the numerical problems during the on-line calculation of the inverse
of the matrix (2.1), that means, it is not a problematic issue to use a high number of
way-points (samples of the desired path), which means in turn, that the desired path
can be appropriately approximated since we are not restricted by using a maximum
number of way-points in each regarded window. Moreover, the manifest benefit of the
B-splines is that the resulting matrix is the same for each iteration which decisively

reduces the calculation complexity.

The B-spline functions are given as a linear combination of a proper number of basis
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functions [39]

s(o) = iple’ (o), defined for o < 0 < Opax, (2.16)
1=0

where s (o) is the B-spline curve which interpolates the way-points and p; is the coef-
ficient (control point), which is calculated based on the values of the way-points, and
By (0) is the B-spline basis function of degree g, which is determined from the values
of the path variable (the independent variable o) at the considered way-points. The
number m is determined relying on the so-called knots vector which can be defined in
different ways [39]. The knots vector can be set up according to the degree of the basis
function ¢ as follows:

If g is an even number then the knots vector is given through

0o+ 01 Ok—1 + Oy ON-1t+ON
Oknot = | 00, ..., 00, e e LON, .-, ON (2.17)
g+1 g+1
with £ =2,..., N — 1. In this case, the number m is given as summation of the degree

of the B-spline function g and the number of the interpolated way-points N, that is
m=N+g.

For odd g, the knots vector is taken as

Oknot = | 005---,00,01,...,0N-1,0N,...,0N (218)
——— —————

g+1 g+1

where for this case m = N + g — 1.

Actually, one is free to choose the knots vector either according to (2.17) or (2.18), but
for better interpolation results it is preferred to utilize (2.17) for odd degree and (2.18)
for even degree [15].

The lth B-spline basis function of degree g can be determined iteratively using “De
Boor’s algorithm” as per:

For the degree 0 we have:

1, for 0,<o<o
BY0) = ' . (2.19)
0, otherwise
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and generally, the basic function of degree g is given as

0 — 0y _1 Ol+g+1 — 1
Bi(oc) =——B/ (o) + —Bzg+1( ), g>0. (2.:20)
Ol+g — 01 Ol+g+1 — Oi+1

According to the relationships (2.19), (2.20) and (2.17) we can determine, for example,
the basis function of degree ¢ = 1 and g = 2, for 4 sampling points at time instants
(0,1,2,3). The number of splines for g = 1 is m = 4, and for g = 2 is m = 5 as Figure
2.3 shows. The piecewise polynomial Bf(t) is defined Vt € [0, 3] and is equal to zero
everywhere except for the interval ¢t € [t;, ¢4 44+1] of the considered knots vector. The
knots vector ty,ot for g = 1 is given by tynee = (0,0,0.5,1.5,2.5,3,3) and for g = 2 it is
tinot = (0,0,0,0.5,1.5,2.5,3, 3, 3).

0.8}
0.6}
0.4}
0.2{

0 05 1 15 2 25 3 0 05 1 15 2 25
time (sec) time (sec)

Fig. 2.3: B-spline basis functions of degree one and two
The derivative of the B-splines polynomial s (o) reads
) — ZplBlg(l) (0), Omin <0 < Omax- (2.21)

The calculation of the kth derivative for the basis functions yields

g(n)
B (o) ni B (2.22)
with
b =1 b _ bn_LO b _ bn—l,i - bn—l,i—l .
00=14 Ono= """ 0ni= , t=1,...,n—1,
Olt-g—n+1 — 01 Oltg+i—n+1 — Ol+i
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n—1,n—1
and b, = ——.
Ol+g+q — Ol4n

The B-spline function is given as a sum of multiplications of polynomial parameters by

the basis functions (B-spline) at the instant oy, as

s(ox) = iplBlg (o%) (2.23)
1=0

and the nth derivative of B-spline polynomial at the considered point o}, is given through
s (o) =Y pB"™ (o1) (2.24)
1=0

where the derivatives of the B-spline function are calculated from (2.22).

To determine the coefficients p; for [ = 0,...,m of the B-spline curve with boundary
conditions in velocity and acceleration, we can construct a linear system of m + 1

equations for N + 1 way-points. At each way-point g this yields

T
qrx = <Bg (Ok) >Bf (Ok> PR Bf‘n—l (Jk) ) Bfn <0k> ) (p07pla s 7pm17pm> (225)

and the velocity at the point oy, is

T
Vi = (Bg(l) (Uk) 7Bf(1) (Uk) PR th(i)l (Uk> ) B}qrfl) (Uk) > (p07p17 s 7p1’_n—17pm> (226)

and the acceleration is obtained through

-
ap = <Bg(2) (Uk) ) Bi]@) (Uk) PI 7B;qh(3)1 (Jk) 3 nggg) (Uk)> <p07p17 cee apm—l;pm) .

(2.27)

The parameter vector p = (po, p1, - - -, Pin—1, pm)T is given through
p=A"1(0y,...,0n)q. (2.28)
Herein, we can recognize two different ways to define the matrix A(oy,...,on) and the

vector g in (2.28) in order to obtain a unique solution of the parameter vector p. Thus,
if g is an even number, i.e. the matrix A(og,...,on) has m = N + g columns, this
matrix is square and the solution is unique only for additional g boundary conditions.

For g = 4 for instance, we need 4 conditions (2 for each velocity and acceleration) and
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in this case the matrix is given as

Bi(oo)  Bi(oo) -+ Bh(oo)
Bi"(o0) B{"(00) --- Bi"(00)
BiPo0) BIY(o0) oo Bi(oo)
Bi(o1)  Bi(o1) -+ Bhlo1)
A(og,...,on) = : : : (2.29)
Bi(on-1) Bilon-1) -+ Bhlon-1)
Bi®(on) Bi®(on) --- B (on)
Bi(on) Bi(on) - Bi’(on)
Bi(on)  Bi(on) -+ Bhlow)
and the vector q = (qo, vo, @0, G1, - - - ,qN,l,aN,vN,qN)T.

On the other side, if g is an odd number, just ¢ — 1 additional boundary conditions are
required, since m = N 4+ g — 1. For g = 3 for example, two conditions for the velocity
or the acceleration are necessary for obtaining a unique solution. For two boundary

conditions in the velocity for instance this yields

Bi(oo)  Bi(oo) -+ Bi(oo)
BiW(00) B{V(ap) -+ BEY(op)
Bi(o1)  Bi(on) -+ Bi(o1)
Ao, ... on) = : : : (2.30)
Bi(on-1) Bi(on-1) -+ Bi(on-1)
B ow) BV (ow) -+ B (ow)
Bi(on)  Bi(on) -+ Bhlon)
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with the vector q-= (QO7 Vo541, ---,dN-1, UN, QN)T

Hence, the construction of the matrix A is relying on the way we define the knots
vector and the degree of the basis functions we use. Let us consider that, the B-spline
interpolation of degree g = 3 (C? continuity in each segment) takes place for two points,
that means N = 1. Here, we can choose the knots vector according to (2.17) or (2.18)
to make the matrix A as simple as possible (that enhances the numerical features of
on-line path generation). We use the relation (2.18) despite of g is odd which leads to

good results in the experiment.

We return to the algorithm of the on-line path generation, which is presented in Figure
2.2. For four way-points at each window, the curve which interpolates the considered
way-points is calculated using the B-splines. To determine this curve at the jth iteration

(window), we define a matrix A and a related vector ¢, as

P1,; (Uj) O O 4q;
V17j (O'j) O O Uj
aLj (O'j) O O a;
P1; (Uj+1) O O qj+1
O Py (0j+1) O Gj+1
—vi1;(0j41) v (041) O 0
—ay; (041) Az (0541) O 0
A(O‘j, Ce ,Uj+3) = o T (O-j-f—l) O , q‘zvay = 0
O P2 (0j+2) O qj+2
o o P (0j+2) Gj+2
O V2 (0j42) V35 (0)42) 0
O —ag,; (0j42) as; (0j42) 0
O O r3; (O'j+2) 0
o O Ps3 (0j43) 4j+3
O () Vg’j (O’j+3) 0
where, g;, ..., q;j+3 are the values of the considered way-points to be interpolated at the

jth iteration (window), v; and a; are the initial velocity and acceleration of the jth

iteration. Moreover, O = (0,0,0,0,0) and p; ;, Py, P3; are the first, the second and
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the third B-spline functions of the jth iteration respectively. They are defined as
p., (77) = (B(0:), By (o), Blaloy). By, Bu(oy) ), =123, (231)

where the components of the vector p;;(c;) are determined according to (2.19) and
(2.20). V15, Va;, vy are the first derivative functions of p, ;, py;, P3; With respect to

the path variable o respectively and given through
3(1 3(1 3(1 3(1 3(1 ,
vig (o) = (B4 (). B (7). B (07). B (o). B (o)), i=1.2.3. (2:32)

Following the same consideration, we can define the second and the third derivative of

P1,, P2 s P3; as

s (03) = (B (03), B (0:), B (07), B (00, B (0)). 1= 12,3, (239
and

i (07) = (B (03), B (0). B (o). B (o). B (o)), i=1.2.3, (230

where the components of the vectors v; ; (¢;),a;; (o) and r; ; (0;) are calculated using
the relation (2.24).

Thus, we can determine the coefficient vectors for the three polynomials by solving the

following linear system at each iteration (window)
pj = A._l (O'j, ce ,O'j+3> qgvay (235)
where

pj—(p% ST RS R /R MRS R AR SRS /AR S S N S )

coefficients of polynomial 1 coefficients of polynomial 2 coefficients of polynomial 3

-
G+l Gl Gl gl Gl 2 42 2 42 j+2)

(2.36)

Remark 2.2.1 By using this algorithm we may generate on-line a C? continuous path.
If a continuous jerk is required then it is necessary to set ¢ = 4, while setting ¢ = 5
guarantees also the continuity of the snap. Moreover, the matrix A (o;,...,0,43) must

be adapted to guarantee the required degree of continuity and also the uniqueness of
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the solution p; of (2.35). In our algorithm the matrix A (0y,...,0;43) is complemented

by using the jerk vector r; ; in order to obtain a unique solution of (2.35).

Remark 2.2.2 The significant convenience of using the B-splines in this algorithm is,
that the resulting matrix A (oj,...,0,43) is constant for all iterations, which means
low computational cost. This comes by virtue of the B-spline functions, since they are

calculated in equivalently distributed instances of the path variable o = 0,1, . ...

Remark 2.2.3 Since this algorithm provides numerically robust results even if the
number of the interpolated way-points is large, it is possible to utilize it to approximate
desired paths if we use an adequate number of sampling points of the considered paths.
That means we can regenerate the desired path on-line which is needed to avoid obstacles

or to follow a certain primitives in the 3D space.

The path primitives (lines and circles) can be sampled and then regenerated on-line

using this B-spline interpolation algorithm as Figure 2.4 demonstrates. As illustrated

500
450fF
400f
350}

E 300f

S~—

o

> 250
200f
150}
100

50

0 L L L L L L L L L _ L
50 100 150 200 250 300 350 400 450 500 550 0 100 200 300 400

zq (m) xq (m)

Fig. 2.4: Path primitive generation by interpolation of way-points

in Figure 2.5, the way-points are given in 3D space on-line. The path is generated via

interpolation of the way-points on each axis. For perfect regeneration of the primitives, a
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Fig. 2.5: 3D path

large (appropriate) number of way-points is necessary to attain more information about

the path, consequently a good approximation. That is what Figure 2.6 indicates.

B 35
30| Ios0p
25| | o5l f

= 20| | E 20

S 15} = 15 ¢
10} | 10}
5| I s

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
z4 (m) z4 (m)

Fig. 2.6: Effect of the number of way-points
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CHAPTER 3

Modeling of Marine Vessels

The investigation of the mathematical model of the AUVs can be divided into two parts:
Kinematics, which deals with the geometrical aspects of the motion, and dynamics which
studies the moments and the forces causing the motion. We will present the model of
the AUV in vectorial form, due to the fact that this representation makes it easier to

design MIMO controllers and observers for marine vessels [11, 10].

3.1 Kinematics

3.1.1 Coordinate Frames

Figure 3.1 depicts the relation of the body-fixed frame XY, 7, attached to the vehicle,
with the earth-fixed frame XY Z. The origin of the body-fixed frame is chosen to
coincide with the center of gravity of the moving vehicle. This definition of coordinate
frames is a convenient approach for analyzing the motion of marine vessels in 6 DOF

(degree of freedom). The body-fixed axes are defined as follows [17]:

e X, Longitudinal axis (directed from aft to fore)
e Y, Transverse axis (directed to starboard)

e Zy: Normal axis (directed from top to bottom)
The position and orientation of the vessel are described in the earth-fixed frame XY Z.

The linear and angular velocities of the vehicle are expressed in the body-fixed coordinate
system XYy Zp.
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o U (surge)

> X,
Body-fixed N\ ’
p (roll)

D,

q (pitch) |7 (yaw) Earth-fixed

X

Fig. 3.1: Body-fixed and earth-fixed reference frames

The geometry of the motion is analyzed in terms of Euler angles. Using the same

notation as in [1%], we define the vectors:

o N = (x,y,z)T: Position of the origin of the frame XyYyZ, with respect to the

inertial reference frame XY 7

e 1, = (0,0, w)T: Angles of roll, pitch and yaw which describe the orientation of
the frame XyYyZ, with respect to the frame XY Z

e vi = (u,v,w)": Linear velocities (surge, sway and heave) of the origin O in the
body-fixed frame XyYyZy

e vy = (p,q,r)": Angular velocities (roll, pitch and yaw) of the origin O in the
body-fixed frame XyYyZ,

e 7 =(X,Y], Z)T: X,Y and Z are the forces along Xy, Yy and 7, respectively

o 7o = (K, M, N)T: K, M and N are the torques about Xy, Yy and Zj, respectively

In compact vectorial form, we write

n= (an,nQT)T V= (VI,V;)T and T = (TI,TQT)T. (3.1)

The entries of the above motioned vectors are summarized in Table 3.1 according to
the notation of the Society of Naval Architectures and Marine Engineers [18] for marine

vehicles.
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forces & | linear & angu- | position &

DOF torques lar velocities Euler angles
1 | motion in the z-direction (surge) X u x
2 | motion in the y-direction (sway) Y v Yy
3 | motion in the z-direction (heave) Z w z
4 | motion about the z-axis (roll) K P 0
5 | motion about the y-axis(pitch) M q 0
6 | motion about the z-axis(yaw) N r Y

Table 3.1: Notation for marine vessels

3.1.2 Euler Angles and Rotation

To determine the relation between the translation velocities 7, = (Z, 9, z")T in the earth-
fixed frame and the velocities vi = (u, v, w)T in the body-fixed frame the linear velocity
transformation matrix J;(n,) is introduced which consists of a sequences of three ro-
tation. Those rotations transform the body-fixed to the earth-fixed coordinates. The
transformation matrix J;(n,) is obtained by multiplication of three rotation matrices,
over yaw (1), pitch () and roll (¢) angles. The rotation matrix between body-fixed

and earth-fixed frame is given as

CypCo  —SyCy + SpSeCy  SySe + SeCyCy
Ji(ny) = SpCo  CyCy + SpSeSy  —CySey 1 SeSyCy (3.2)
—Sp S¢C@ CpCo

with ¢y, = cos (¢),cyp = cos (0) , ¢y = cos (V) ,s4 =sin(¢p), sp = sin (A) and sy, = sin (¢).

The angular velocity transformation matrix is given by [19]

1 sese/co cySa/co
Jo(my) = [0 ¢ —54 (3.3)
0 sp/co  cu/co
and relates the body-fixed angular velocity vy = (p,q,r)T with roll, pitch, and yaw
rates 1, = ((ﬁ,é,lﬁ)T in earth-fixed frame under the assumption ¢ # 4+m/2. This is
fulfilled in most of the AUVs applications because of physical constraints. However, in

some applications the AUV needs to be operated near to this critical angle. Then it is
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possible to get rid of this singularity problem by using the quaternion representation
or by defining two Euler angle representations with different singularities and switching

between these two representations [41, 47].

Finally, the kinematic equation can be expressed in the form

. m\ _ (J1(n) 0 Vi
= Jm) v (7‘72) B ( 0 J2<n2>) (vg) | @4)

3.2 Dynamics

The dynamics of an AUV, typically, is described by a rigid-body movement in viscous

media [10, 17]. The 6 DOF nonlinear dynamic model is
My =—(C(v)+D(v))v—g(®n) +7+7a. (3.5)

this dynamics is deduced from the Newton-Euler equation of a rigid-body in fluid, with

M: Inertia matrix (including added mass)

C (v): Matrix of Coriolis and centripetal terms (including added mass)
D (v): Damping matrix

g (n): Vector of gravitational forces and moments

7: Vector of control inputs

T4: Vector of disturbances.

The inertia matrix, hydrodynamic damping, Coriolis and centripetal matrices, and grav-
itation restoring force, control input and disturbance vectors are illustrated in the fol-

lowing sections.

3.2.1 Inertia Matrix

The inertia matrix consists of two matrices Mgg and My, i.e. M = Mgp + M, where
Mpgg is the rigid-body inertia matrix and M, is the added mass inertia matrix. The

rigid-body inertia matrix is given through [11, 19]
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m 0 0 0 mzg —Mmyg
0 m 0 —mzg 0 mg
MRBl MRB2 0 0 m myc —mrg 0
Mg = =
Mggs Mkgpa 0 —mzg Myq - L, —1I,.,
mza 0 —maze Iy I, —1I.
—myc Mg 0 —Is _[zy I..

(3.6)
where Mgg; € R3**3 for ¢ = 1,2,3,4. Furthermore, m is the mass of the vehicle and
Iy, 1y, 1., are the moments of inertia about Xo-, Yo- and Zy-axis, respectively. I, = I,
is the product of inertia about Xy-axis, Yy-axis, I, = I,, is the product of inertia about
Xo-axis and Zy-axis and I, = I, is the product of inertia about Yj-axis and Zy-axis.

Moreover, the center of gravity is cq = (zg, ya, 2G)-

Remark 3.2.1 The matrix Mgg can be simplified by choosing the origin of the body-
fixed coordinate system according to the following criteria: The origin O of the AUV
coincides with the center of gravity that gives cq = (zg, ya, 2¢) = (0,0,0), i.e. Mgpy =
Mggs = 0. Further, by allowing the body-fixed frame axes of the vehicle to coincide
with the principle axes of inertia or the longitudinal, literal and normal symmetry axes
of the AUV. This implies that I,, = I,, = I, = I, = I, = I,, = 0 which means that

the matrix Mgp, is diagonal [17].

Hence, under these assumptions motivated above, the rigid-body inertia matrix reads

m 0 0 0 0 0
00m 0 0 0 0

M (MRB1 MRBQ): 000 m 0 0 0 (37)
Mpgps Mgp 00 0 L, 0 0
00 0 0 I, 0
00 0 0 0 L.

When an AUV accelerates in a fluid (water), the surrounding water is also accelerated.
That means, an additional force is required to accelerate some volume of the fluid around
the AUV. This extra force relates to the acceleration of the AUV and its so-called added
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mass by Newton’s second law. For an AUV which accelerates in all six DOF, this yields
Fa=MprA, (3.8)

where
Fa = (Xa,Ya, Za, Ka, Ma, Ny)© (3.9)

is part of the total external forces and moments acting on the generalized axes of the

AUV. A, is the generalized acceleration vector of the AUV and given by
AA = (u,@’w,p’qu’)—r_ (310)

It is important to understand the added mass as a virtual mass only. It is a conve-
nient way of describing the extra force required to move a body through the water
[47, 48, 50, 51]. The added mass matrix for an AUV in six DOF is given by

Xo Xo Xo X5 X5 X:
Yo Y Ye Y, Y, Y

MA:(MA1 MAQ):_ Zo Zy Zo Zy Zi 7 (3.11)
Ma; My Ky K, Ko K; K; K;
M, M, M, M, M; M;
N. Ny Ny Ny N, N;

where My; € R*3 for j =1,2,3,4.

The components of the matrix M, are called added mass derivatives and they are
functions only of the AUV shape and the density of the fluid (water). We use the
convention of the Society of Naval Architects and Marine Engineers [13] to describe
the matrix M, for example, the part of hydrodynamic added mass force X along the

Xp-axis due to an acceleration w in the Zy-direction, given as

0X
Xyt where X, = ———. (3.12)
ow
The added mass derivatives are determined in detail in [11] and [51].

Remark 3.2.2 In underwater vehicle applications, practically, the AUVs move at low
speed. Additionally, if the vessel also has three planes of symmetry then the off-diagonal

elements of matrix (3.11) may be neglected [17].
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Hence, matrix My is simplified to

e

M, — (MAI MAQ) _ (3.13)

Mas May

o o o o KX o
ooogNoo

o OE_N o o o
o 2 oo o o
g o o o o o

o O O o O

By noting Remarks 3.2.1 and 3.2.2, the mass inertia matrix (including added mass) can

be written as

m—X, 0 0 0 0 0
0 m—=Y, 0 0 0 0
(M o0\ | o0 0 m—Zy 0 0 0
B ( 0 Mz) B 0 0 Lo — K, 0 0
0 0 I,—M, 0

0 0 0 L.-N;

with My, M, € R3%3,

3.2.2 Coriolis and Centripetal Matrix

The Coriolis and centripetal matrix is the sum of the rigid-body Coriolis and centripetal

matrix Crp (v) and the added mass Coriolis and centripetal matrix Cy (v), i.e.

C (V) = Cgp (V) + Cax (V) (315)
where
_ (Crpi(v) Crp2(v) V) e RPP. o
Crp (V) = (CRBS (V) Crns (v ) , CRBz( ) eR , 1,2,3,4 (316)
and
~ [Ca1(v) Caz(v) (v 3x3 . _
Ca(v) = (CA3 (v) Cas (v)) . Caj(v)eR™, j=1,2,3,4 (3.17)
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where

000 m(ycq + zgr) —m(rgq—w) —m(xzgr+v)
Crei (V) =10 0 0], Cgp2(v)=|-mygp+w) m(zgr+zap) —m(yer —u)
000 —m(zgp —v) —m(zgq+u) m(xgp+ yaq)
(3.18)
—m(yaq + zgr)  m(ygp + w) m(zgp — v)
Crps (V) = | m(zgq—w) —m(zqr +zap)  m(zqq+u) : (3.19)
m(xgr + v) m(yer — ) —m(zep + yaq)
0 —lyq — Lop+ Lor Lpr + Lyp — Iyyq
Crpa (V) = | I.q+ Lzp — L. 0 Lot — Liyq + Loap | - (3:20)
—Iy.r — Lyyp + 1yyq  Lpor + Lpyq — Lpap 0

According to Remark 3.2.1, matrices Cgrps, Crpz and Crpy can be simplified as

0 mw —mu
Crp2(v) =Crp3 (V)= | —mw 0 mu (3.21)
mv  —mu 0

and
0 I.r —1I,q

Crpa (V) = | —L.r 0 LIa.p |- (3.22)
[yyq _[xxp O

Hence, the hydrodynamic Coriolis and centripetal matrix is given by

0 0 0 —hy hy
0 0 hy 0 -~
0 0 —hy h 0
“hy he 0 —l3 I
hs 0 —h 5 0 -0
—hy hi 0 -l I, 0

o O o O

(3.23)

with
hl = qu + X@U + wa + pr + qu + X,;T,

hy = Xpu + Yyv + Yyw + Yp + Yiq + Y,

hs = Xpu + Yyv + Zyw + Zyp + Zyq + Zp,
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L = Xpu+ You + Zyw + Kpp + Kyq + K,
ly = Xgu+Yu+ Zyw + Kyp + Myq + M;r,
13 :XTU—FY;U—FZT’IU—FKTP—'—MTQ—FNTT

According to Remark 3.2.2, matrix Cy (v) can be reduced to

0 0 0 0 —Zpw  Yyv
0 0 0 ZpW 0 —X,u
Ca(v) = (CAl (v) Cas(v ) _ 0 0 0 Yo Xuu 0 ’
Cas(v) Cas(v 0 —Zyw  Yyv 0 —N;r M,
LW 0 —X.u  Npr 0 —Kyp
—Y,v Xyu 0 —Myq K, 0
(3.24)

therefore, the total Coriolis matrix is given as

. 0 Cl (Vl)
C(vi) = (Cl o C (V1>) (3.25)

where
0 (m—Zy)w —(m—=Y)v
Ci(vi)=Cgrp1 (V1) +Ca1 (V1) = | = (m — Zy) w 0 (m—Xy)u
—(m-=-Yy)v —(m—Xy)u 0
0 (Lo = Ne)r = (Iyy — My) g
Cy(v1) =Crpa (V1) +Cas (V1) = | = (I.. — Ni)r 0 (Lo — Kp)p
(Lyy = Mg)q = (Lo — Kp)p 0
(3.26)
with

my=m—Xy, mo=m-—Y;, mg=m— Ly,

(3.27)
m4:]m—Kp m5:Iyy—Mq TI’LGZIZZ—N?A.

It should be noticed that mq, mso, ms, my, ms, mg > 0 since the hydrodynamic derivatives
Xu,K‘,,Zw,Kp,Mq,Nf- < 0 and [a:xajyyvlzz >0 [ }
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Hence, the matrices My, My, C; (v1) and Cy (vy) can be written as

m; O 0 mg O 0
Mi=|10 my 0|, Ma=]0 ms 0|, (3.28)
0 0 mg 0 0 me
0 msw  —MoU 0 mer  —msq
Ci(v1) = | —maw 0 muu |, Ca(vy)=|—mgr 0 map |- (3.29)
mav  —mau 0 msq —myp 0

3.2.3 Hydrodynamic Damping Matrix

The hydrodynamic damping in the AUVs basically consists of potential, skin friction,
wave drift damping and the damping due to vortex shedding and contains the drag and
lift forces. The total damping matrix D (v) of an AUV which is moving in ideal fluid
can be expressed as a sum of the linear damping matrix D) (describing the effect of the

linear skin friction) and the nonlinear damping matrix D, (v) [11, 52].
Remark 3.2.3 In an AUV which is performing low speed, shows a non-coupled motion
and has three planes of symmetry, the lift forces are negligible compared to the drag

forces. The damping terms of second order and higher can be also neglected [11, 16, 17].

Therefore, according to Remark 3.2.3, the linear damping matrix D, is given by

&

D =— (3.30)

o o oo X o
ooogNoo

o o o o o
o OEN o o o
o £ o o o o
g o o o o o

where X, is the surge drag force derivative with respect to u, etc.. Again according to

Remark 3.2.3 the nonlinear damping matrix D,, (v) takes the following form
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0 Yy lv| 0 0 0 0
" 0 0 0 Ky Pl 0 0
O 0 O O Mq|q‘ |q| 0
0 0 0 0 0 Ny ||

where X,/ is the surge drag force derivative with respect to u |[u| (u is the surge velocity

of the AUV).

For example, the surge drag force Xp can be modeled as
1
XD:—<2m%AQuh4=x¢“um (3.32)

where A, is the projected cross-sectional area, Cyq is the drag-coefficient based on the
representative area and p is the water density [53]. The drag force derivative in surge
direction with respect to u |u| is given by
0Xp 1
Xy = = = —=pCyA.. 3.33

ulul)

The total damping matrix of the AUV has a diagonal form and is given as

D 0
D(v) =D +D,(v) = [Pt (3.34)
0 D2 (V)
where
Xu + Xopu) [u] 0 0
D, (v) = — 0 Y, + Yy ] 0
0 0 Zw + Zw|w| |w|
(3.35)
Ky + Kpjp) p| 0 0
D, (v) = - 0 Mg + Mg || 0
O O Nr —+ NT|T| |7“

with XU7 Y;,, Zwa Kp: Mqa Nry Xu|u|7 Y;)\v\a Zw|w|7 Kp|p\a Mq\q|7 Nr|r\ < 0.
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Now, by defining

dl - _X’m d2 = _Kn d3 = _Zun d4 = _Kp7 d5 = _Mtp d6 = _NT7
dy = =Xy, do==Yop|, dw ==Ly dp = —Kpp|, dqg=—Myq, dr=—Nyp

the matrices Dy (v) and Dy (v) in (3.35) can be rewritten in new parameters as

dy + d, |ul 0 0
D, (v) = 0 dy + d, |v| 0 , (3.36)
0 0 ds + dy |w|
dy + d, |p| 0 0
D, (v) = 0 ds + dg |q] 0 (3.37)
0 0 de + d, |r|

with dl7d27d37d47 dSadﬁaduadU7dw7dpvdqadr > 0.

3.2.4 Restoring Forces and Moments

The restoring forces acting on the AUV have two parts: The first one is the gravitational
force fg € R3 which is acting on the center of gravity of the underwater vehicle cg =
(rq,ya, 2¢), while the second is the buoyant force fg € R3 that is acting on the center
of buoyancy c¢g = (xp,yp,2z5). The gravitational and buoyant forces may produce

moments about cg and cp respectively.

The gravitational weight W of the underwater vehicle is given in the earth-fixed coor-
dinates as W = mg.., where m is the mass of the vessel and g,. is the acceleration of
gravity. On the other hand, the buoyancy force is defined as B = pg,.V where p is the
density of water and V is the volume of the water displaced by the vessel. To describe
the restoring forces fg and fg acting on the vehicle in the body-fixed frame, the forces
W and B can be transformed into forces in the body-fixed frame using transformation
matrix (3.2). We obtain

fo (my) = J7" (my) (0,0, W) ", fi(my) = J7" (1) (0,0,—B)" (3.38)

by noting that the z-axis is taken to be positive downwards. According to [16, 17], the

33



restoring force and moment vector in the body-fixed frame is

_ fa (ny) + 15 (12)
g(my) = (CG < o (1) e x £ (n2>) (3.39)

and substituting the relationships (3.38) into (3.39) yields

g(n:) = (g (m).8) (1)) (3.40)
where
(W — B) sg
g (ms) =|—(W-DB) CoS¢ | >
(W B) CQC¢ (341)
— (yeW —ypB) cocp + (2¢W — 25 B) cgsy
g (ny) = (zaW — zgB) sg + (xcW — x5 B) cocy

—(2gW —2pB) clsy — (yaW — ypB) s¢

Remark 3.2.4 A neutrally buoyant underwater vehicle will satisfy B = W.

The distance between the center of gravity cg and the center of buoyancy cp in the

body-fixed frame can be represented as

BG = (BGI, BG,, BGZ>T = (rq — TB,Ya — YB, 2q — zB)T. (3.42)

Therefore, using (3.42) and observing Remark 3.2.4, relation (3.41) can be simplified to

0 _BiGyWCQC¢ + BiGzWCQS(ﬁ
gi(m) =10, g(n)= BG.W s+ BtiWCH% . (3.43)
0 —me095¢ — myWSg

Remark 3.2.5 In many underwater vehicles the center of gravity cq and the center of

buoyancy cg are located vertically on the fixed-body Zy-axis with z¢ = xp and yg = yz.

According to Remark 3.2.5, the restoring forces and moments (3.43) can be simplified
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to

0 g S4Co
g (m) =0, gy(my)= Qg Sp (3.44)
0 0

where ay, = BG,W > 0 if the distance BG, is positive. Actually, this is positive because
in underwater vehicles the center of buoyancy locates above the center of gravity. It
generates a stabilizing moment about the pitch and roll axis, otherwise, the submarine
turns upside down, therefore, they are also known as restoring forces. On the contrary,
in ships, the center of gravity is above the center of buoyancy, which helps to stabilize

the ship statically [54, 17].

3.2.5 Control Input and Disturbance Vector

Forces and torques generated by the propellers allow the underwater vehicle to move
along the desired path in the 3D underwater space. If the propellers can produce forces
and torques along and about all of the body-fixed axes, then we are talking about a
fully-actuated system. Actually, in many AUV applications there are no actuators in

the sway and heave directions. In such case the AUV is so-called underactuated.
We have seen, according to the notation of the Society of Naval Architectures and Marine
Engineers [18] that the control input vector is

r=(X,Y,Z,K,M,N)". (3.45)

This notation could be confused with the notation of the variables throughout of this

thesis. To avoid this confusion for the rest of this thesis we will use the notation

T
T = (T;r’ T;) ) T = (Tu; TvaTw)T, To = (Tp, Tqs TT>T (346)

where 7, Ty, Tw, Tp, T, and 7, are the control force and torques in surge, sway, heave, roll,
pitch and yaw, respectively. For the underactuated case the controls in sway and heave

are missing, that means 7, = 7, = 0.

The environmental disturbances (currents for instance) acting on the generalized axes
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of the AUV are
T _T\' T
T4 = (Tld7 TQd) ) Tid = (Tud (t) s Tod (t) s Twd (t)) ) T2d = (Tpd (t) » Tqd (t) » Trd (t))
(3.47)

where Tuq (t), Tva () s Twa (t) s Tpa (t) , Tqa (t) and 7,4 (f) are the disturbance forces and

T

torques acting on surge, sway, heave, roll, pitch and yaw directions of the vehicle,
respectively.

In line with reality we assume that the disturbances are bounded as follows:

Tud ()] < Tog™ <00, |Tpa (8)] S g™ < 00, |Twa (1)] < Tood™ < 00 (3.48)
|7 ()] < 7% < 00, |7pa (8)] < T < 00, |7a (1)) < TR < o0, '

Summing up, the kinematics (3.4) and the dynamics (3.5) of the underwater vehicle can

be represented in vectorial form as per

M = Ji(ny)v1
ny = J2(772)V2

. (3.49)
M1V1 = —Cl (Vl) Vo — Dl (Vl) Vi + T1 + T1d

Myvy = —Cy (vi) vi — Co (Vo) Vo — Do (Vo) vo — 85 (1)) + T2 + Taa.

This representation of the system in (3.49) is convenient for designing a controller based

on the backstepping technique, as we will see later.
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CHAPTER 4

Previous Approaches for the
Fully-Actuated AUV

In the first section of this chapter we discuss a flexible on-line trajectory planning algo-
rithm for fully-actuated autonomous underwater vehicles relying on the path generation
using polynomial splines of degree 5, which is presented in Section (2.1). For dynamically
allocated way-points and surge velocities, an on-line algorithm computes polynomials
that smoothly link the paths between these way-points. In the next section, we devise
a tracking controller that compensates for the nonlinearities of the rigid-body dynamics
in order to render it linear in closed-loop. In the third section, we employ an extended
state observer that helps improving the tracking performance and attenuating large

disturbances.

4.1 Path and Trajectory Planning

4.1.1 Vertical Maneuver

We assume that the initial and final positions as well as the initial and final orientations
(zero roll) are given for two way-points (zo,yo, z0) and (xg, 4o, 2t). To get a smooth
transition, a polynomial of degree 5 is adopted to satisfy six boundary conditions (in
position, velocity, and acceleration). Therefore, a stationary rest to rest transition
from z(tg) = 29 and z(tr) = 2 with zero boundary values for velocity and acceleration

determines the six coefficients of the polynomial
Zd(t) = 045(t — t0)5 + Oé4(t — t0)4 + Oég(t — t0)3 + OfQ(t — to)z + Oél(t — to) + op (41)

For unknown final time ¢; the coefficients may be obtained by introducing a maximum

value of the heave velocity for the vertical motion wy.y, reached at time (t; — tg)/2. In
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this case, see [55], we have t; = 8137}? and with T, = t; — to, h, = 2t — 2 the coefficients

are given as

12h, ~ —30h, ~ 20h,
s MT opi 0 T ors

z z

5 Qg = (¥ = 0, Qo = 2p. (42)
Subject to the same assumptions, the trajectories for the angles 6(t) and v (t) may be
determined similarly. For example, the transition between the yaw angles vy and )¢

may be planned with the polynomial

ba(t) = Bs(t — to)” + Balt — to)* + Bs(t — to)® + Balt — to)* + it —to) + B0 (4.3)

where the coefficients are

 12h,

—30h,
65 - Tz-g)a

o7

200,

64: 763_2T§7

Po=p1 =0, o= 1o (4.4)

with h¢ = ¢f — wo.

This way we may design the desired trajectories zq(t), 1q(t), and ¢q(t) just involving
the initial and final values of position and orientation, and the maximum value of w
if needed. At the end of this maneuver the AUV is located at the stationary point

(20, Yo, 2zr) with orientation (0,0, 1¢), as desired.

4.1.2 2D- and 3D-Maneuver

Based on the kinematics (4.6) to (4.11) and under the assumption of zero roll, ¢ = 0,
trajectories may be designed for a path, which passes through a certain set of Carte-
sian way-points (g, Yk, 2x), with & = 0,1,..., N — 1, where N is the number of way-
points. To this end, by introducing a path variable o we get the parameterized path
(xa(0),ya(0), za(0)) using a polynomial of degree 5 to interpolate the pre-defined way-
points [55], and subsequently may determine o as a function of time in order to match

the desired surge velocity profile in the path planning procedure [11].

For a 2D-maneuver, polynomials (2.3) and (2.4) are considered to generate the desired
path that passes through the given way-points in the Cartesian plane. Such a path
is transformed to a time dependent trajectory by imposing the desired surge velocity

profile uy(t) (assuming sway and heave equal to zero). It can be shown that o may be
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obtained as the solution of the scalar differential equation

: uo(t)
o= - 4.5
cos (o) xl (o) + sinpa(0)yy(o) (4:5)
with 0(0) = 0, (-)' = 2(-) and 14(0) = arctan (zéig) Finally, with the solution o =
d

o(t) we obtain a coordinate description in terms of time, hence trajectories, x4 = zq(t),
Ya = yd(t) and ¢d = ¢d(t)

For a 3D-maneuver, polynomials (2.3), (2.4), (2.5) and the kinematics (4.6) — (4.11) are
required (supposing roll is zero). By means of the desired profile of the longitudinal ve-
locity ug(t), the time-dependent path variable o = o(t) is obtained as the solution of the
scalar differential equation. Thus, (u,v,w) are the translation velocities in body-fixed
frame coordinates and (p, ¢, r) the respective angular velocities related to Xy, Yy, Zy. For
zero velocities in sway and heave (v = 0 and w = 0) and with 6 # £7/2+hn, h =0, ...,
u is the longitudinal velocity and under the assumptions v = 0 and w = 0, p, ¢ and r
are the angular velocities about the body-fixed axises. Under the assumption that the
roll is zero ¢ = 0 the kinematics of the moving vehicle, that is 11 = J(n)v from (3.4),

may be expressed in the following six differential equations [50]

& = wucos(#)cos(y) (4.6)
y = wucos(f)sin(¢y) (4.7)
Z = —usin(h) (4.8)
¢ = p+gsin(¢)tan(f) + r cos(¢) tan(6) (4.9)
0 = qcos(¢) —rsin(o) (4.10)
v = cos((?; Tcos(((g; (4.11)

By means of the desired profile of the longitudinal velocity wug(t), the time-dependent

path variable 0 = o(t) is obtained as the solution of the scalar differential equation

&= . (4.12)
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In view of

—24(0) Ya(o)
04(0) = arctan ( ) ., ta(o) = arctan | = (4.13)
V(@) + (44(0))? ( )

we may eventually obtain the desired trajectories xq = x4(t), ya = va(t), za = za(t),
0d = 9d<t), and wd = wd(t)

For a 3D-maneuver we apply the algorithm introduced in Section 2.1 with polynomials

of degree 5.

4.2 Tracking Controller Design

For the fully-actuated system, the control design idea is based on the compensation of
all the nonlinear terms of the vehicle dynamics and designing a suitable continuous or
(discrete) PD- or PID-controller to force the error dynamics to converge asymptotically
to zero. Whenever the system is not perturbed, it is well-known that a conventional
PD-controller may do the task. For the more realistic perturbed case, we advocate the
use of a GESO approach (Generalized Extended State Observer [57], [58], [59]) for the
on-line estimation and attenuation of the disturbance-induced adverse effects in order
to improve the performance and stability of the closed-loop system. In this section we
restrict ourselves to design a discrete controller (SALMON project [12]), which stabi-
lizes the closed-loop system about the given reference trajectories. Therefore, we have
extended the algorithm of the continuous computed torque and the GESO algorithm to
cover the discrete case. These generated trajectories are imposed on the AUV dynam-
ics invoking a discrete computed torque controller. To this end, based on the forward
Euler discretization [11] a discrete 6 degrees of freedom nonlinear model is obtained
from (3.49). With a slight abuse of denotation from the continuous model, we may then

express the discrete equations of motion as follows

n(k+1) = n(k) +TI(n(k))v(k) (4.14)
V(k+1) = v(k) = TM ! (C(v(k)) + D(y(k)))v(k) _TM g(n(k))

+TM(7(k) +d(k)) (4.15)
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where T' denotes the sampling time and d(k) refers to the disturbance (additional input

forces and torques). After substituting (4.15) in the shifted version of (4.14) we obtain

nk+2) = nlk+ 1)+ T(n(k -+ 1) (v(k) — TM ' g(an(k)

(4.16)
— TM ™ (C(v(k)) + D(v(k))) v(k) + TM (7 (k) + d(k))).

Now, we devise the nominal controller (disturbance-free case, d(k) = 0) such that with

a new input (k) the dynamics in closed-loop shows double integrating behavior

5 (m(k+2) — 2m(k 1) + (k) = 4(k). (4.17)

By comparison of (4.17) with (4.16), this means that the compensator is chosen as

T

I (e + 1)) (3(0) + I ()V(R))

(k) = g(n(k) + (Cv{R)) + D(v(k)) — M) v(k)
(4.18)

where the new input (k) may be selected as a nominal discrete PD-controller with a
feed-forward term, say (k) = 7(k), which is sufficient in the nominal case. Hence with

Kp, Kp € R6%6 as gain matrices the nominal PD-controller reads

y(k) = 7<77d(k +2) —2n4(k+1) + nd(k’)) — Ke(n(k) = n4(k))

(4.19)
— 2 (nk+1) = k) = na(k+ 1)+ na(k)).

Note that in this equation as well as in (4.18) expression n(k + 1) may be expressed in

variables at instant k& using equation (4.14).

In order to assess the values of the gains, we may substitute (k) in (4.17) which then

yields the dynamics in terms of the error e(k) = n(k) — ny(k), i.e.
e(k+2)+ (TKp — 2D)e(k + 1) + I+ T*Kp — TKp)e(k) = 0 (4.20)

with I € RY%6 the identity matrix. Choosing diagonal gains for suppressing the error

coupling, equation (4.20) may be rewritten as six single equations

ei(k+2)+ (TKp; —2)ei(k+1)+ (1 +T?Kp; — TKp,)e;(k) =0, i=1,...,6 (4.21)
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The error dynamics are asymptotically stable whenever the zeros of all i = 1,...,6
polynomials
N4+ (TKp; —2)A+ (1 +T?Kp,; — TKp;) =0 (4.22)

lie within the unit circle of the complex plane. Let those zeros be A\; and Ay. Then Kp;

and Kp, is given by

1

Kpi= (2= =) (4.23)
1
Kp}i - ﬁ<)\1)\2 - )\1 - )\2 + 1) (424)

Hence, for a deadbeat controller: Kp; = % and Kp; = %

4.3 Disturbance Rejection

In general, disturbance d(k) will not be constant or piecewise constant. In case of a

measurable disturbance, using the extended nominal control law
Y(k) = (k) = I(n(k + 1))M"d(k) (4.25)

together with the compensator (4.18) leads to the nominal error dynamics (4.20). How-
ever, disturbances are not measurable in a realistic setup. Therefore, the controller shall
further be extended to reject dynamic disturbances by means of an additional discrete
observer to estimate the disturbances. To this end, enhance (4.17) with the disturbance

to obtain the disturbed discrete linear system

x(k + 1) = Ax(k) + By(k) + G(x(k)) d(k) (4.26)

nk+1)

o 8) 23 (o)
-1 21 T°1 T2 (xo(k))M ™

with dimensions A € R'*1? and both B, G € R'*6. In view of (4.26) and by noting
that G(x(k)) is bounded due to J(xz(k)) is bounded. This justifies the use of d(k) =

k
where the state is defined as x(k) := ( n(k) ) € R and
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G(x(k))d(k) and let él(k) denote its asymptotic estimate. Then using the pseudo

inverse and the disturbance estimate leads to the control law

1

(k) = (k) = = (0 I)d(k). (4.27)

For estimating the disturbance we devise a discrete version of a Generalized Extended

State Observer (GESO) that we adopt from the design procedure for continuous time

systems [57, 60, 59]. Along these lines, we treat the quantity d(k) in (4.26) as an
extended system state in order to incorporate time derivatives of signal d(¢) up to order
¢ in an extended system using a discrete Euler approximation [61]. Therefore, for the

unknown disturbance q, (k) = d(k) we have the dynamics

q;(k+1) = q(k) + T qy(k)
Ao (k + 1) = qu(k) + T q3(k)

Q1 (k+1) =a,(k) + T qu(k)
qu(k +1) = d(k)".
These variables together with (4.26) define the extended state
kT (k) = (x (k), %3 (k) af (k) ...,/ (k)) € RO

of the extended system

y(k) = Cer(k) (4.28)
with
oI 0 o0 0 - ---0
-I21 72T 0 O --- O 0 0
o 0o I 7T o --- 0 T°1 0
Ae: . . T T T T . , B’Y: 0 7 Bd— . ,
o .-+ --- ... I T1 0 0
0 I 71 0 I
0 -0



and C, = (I o --- 0) of appropriate size; I and 0 are 6 x 6 identity and zero
matrices, respectively. Clearly, the pair (C., A.) is observable and y(k) = n(k) the

measured output.

As a consequence, the state k(k) of the extended state space representation (4.28), thus

also the unknown disturbance, may be estimated with an observer of the form
Rk+1)=A.k(k) +B,~(k)+ L (y(k) — Cck(E)) (4.29)

where the observer state & (k) denotes the estimate of state k(k) and L € R6(‘+2)%6 ig the
observer gain. From (4.28) and (4.29) it is obvious that the estimation error dynamics
reads

R(k+1) = (A. — LC,) &(k) + Bad(k)®?

with estimation error &(k) = k(k) — &(k). Therefore, given that d(k)® is bounded, L
serves for placing the eigenvalues of A.—L C, in the unit circle of the complex plane, e.g.
by using Ackermann’s formula. Choosing the eigenvalues in the vicinity of the origin,
the resulting observer forces the estimation error &(k) to asymptotically converge to a
small neighborhood of the origin of the error space. Finally, in control law (4.27) we
may employ the disturbance estimate é(k‘) = (/%p,(k), e /%18(k)) for an asymptotic

disturbance compensation.

Remark 4.3.1 The simulation results of this chapter are summarized in the appendix
(Chapter 9).
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CHAPTER 5

Controller Design for
Underactuated AUVs

In this chapter we consider that the AUV is underactuated, i.e. there are no actuators
in sway and heave direction. Before we start with designing a path following controller,
which forces the AUV to follow the reference path designed in Chapter 2, we introduce
some basic concepts. These pave the comprehension of the motivation behind the design

of path following controller based on the backstepping approach.

First we review some classical adaptive control approaches for linear (or linearized)
plants, then we shed light on the advantage of using the dynamic (adaptive) feedback
control against the conventional (static) one. For nonlinear plants, the adaptive back-
stepping control technique will be introduced in detail. To avoid the shifting, which
may occur during the estimation of the control and plant parameter, we will employ
the projection operator. In the following section we focus on the AUV dynamics and
transform it into error dynamics for both position and orientation of the AUV. In the
last section of this chapter, relying on the robust adaptive backstepping technique we
design a path following controller, which forces the AUV to follow the reference path

and to compel it to move along this path according to a predefined velocity profile.

5.1 Adaptive Control Approaches

A lot of dynamic plants to be controlled have constant or slowly-varying uncertain pa-
rameters. For those plants there are various examples like fire-fighting aircraft, power
systems and underwater vehicles. To control such systems, often, the conventional con-
trollers can not achieve the desired performance and can not stabilize suchlike systems.
Therefore, adaptive controllers are applied to control systems with uncertainties which

provide techniques for automatic adjustment of the controller (estimate uncertain plant
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parameters) in real-time, in order to fulfill the aimed requirements when the parameters
of the dynamic system are unknown and/or changing in time [62].

The design of the adaptive controller relies mainly on the plant dynamics to be con-
trolled. For linear or linearized nonlinear plant models, many techniques are developed

to control those plants under uncertainties in their parameters, among them, are:

e Gain Scheduling Control,
e Self-Tuning Regulator (STR) and

e Model Reference Adaptive Control (MRAC).

Gain Scheduling was developed, originally, for trajectory control of aircrafts. The non-
linear plant is linearized at certain operating points which cover the whole desired oper-
ation range. At each point, a linear feedback controller with constant gains is designed
to achieve the control requirements at the considered point. The global controller of
the nonlinear plant over the regarded range is then an interpolation or a scheduling of
the linear controllers at the chosen operating points. The main disadvantage of this
technique is that a rapid changing in the controller gain, may lead to instability in the
closed-loop system. In addition to its simplicity, for many applications in which the
gains are changing slowly, this technique is a convenient control approach. The Gain
Scheduling Control is not an actual adaptive control, but it is a kind of open-loop adap-
tive control, where the controller gain is adapted depending on auxiliary measurements

and off-line look-up tables [62, 63, 64, 65].

An on-line adaptation approach (Self-Tuning Regulator (STR)) is introduced in [62, 63].
This Regulator consists of a controller, designed based on pole placement, PID, LQR
(Linear Quadratic Regulator), ..., and an estimator, which could be designed with
many techniques, the most common one is the least squares method.

In STRs, the parameters of the controller are designed based on the estimation of the
plant parameters, by replacing the real values of the plant parameters with the estimated
parameters, which is known as the certainty equivalent principle. This controller is able
to tune its own parameters, therefore is called self-tuning. Beside the flexibility with
designing the controller and the estimator, the applicability of this controller to control
of minimum and non-minimum phase systems is actually an obvious advantage. On the
downside, the analyzing of the (STR) is not simple.

In [64, 65] the so-called Model Reference Adaptive Control (MRAC) is introduced. The
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MRAC consists of an adaptation law, a controller and a reference model. The idea of the
MRAC, indeed, is based on the canceling of the zeros of the plant transfer function and
replacing them with those of the reference model by using a feedback controller. This
implies that the plant must be minimum phase (stable zeros) because the cancellation
of unstable zeros leads to unbounded signals. The MRAC system can be constructed in
two different ways, the MRAC-series high-gain scheme and the MRAC-parallel scheme.
The most used one is the parallel structure because it has more benefits in comparison
with the MRAC-series high-gain which despite its simplicity has some problems such
as oscillation and saturation due to high-gain. In the MRAC-parallel scheme one can
distinguish two loops: A regulator loop, which involves the unknown plant (but the
structure is known) and the ordinary controller, and an adaptation loop that adjusts
the parameters of the controller using a certain adaptation mechanism. The goal of the
adaptation loop is to estimate the controller parameters such that the error between the

output of the plant and the output of the reference model is zero.

A combination of robust control techniques, which deal with the unmodeled uncertain-
ties and/or disturbances, and adaptive control techniques, which handle the structural
uncertainties, gives a new field of work: robust adaptive control [65]. In this kind of
combination, the robust controller would be enhanced by using an adaptive controller
which increases the operation range of the closed loop system. On the other side, the
robust controller may enhance the performance of the adaptive one as well [62]. An
example for this combination is the Adaptive Sliding Mode Control (ASMC) [66] which
can deal with a wide range of perturbed linear or nonlinear plants with uncertainties.

The above mentioned approach of adaptive control, can be extended to cover many

classes of nonlinear systems.

Remark 5.1.1 In the approach of Self-Tuning Regulation (STR) and the Model Ref-
erence Control (MRAC) the plant parameters can be estimated and then the controller
parameters are computed. Such a scheme is called usually indirect (explicit) adaptive
control, because, one must translate the estimated parameters of the plant into controller
tuning parameters. In other approaches it is possible to eliminate this intermediate step
of the computation by reparameterizing the plant dynamics using the controller param-
eters which are also unknown and to be adjusted. Therefore, this kind of adaptation is

called a direct (implicit) adaptive control.

Remark 5.1.2 There are related techniques which deal with linear and nonlinear plants

such as the Extremum Seeking method, which is presented in [67].
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Remark 5.1.3 It is worth noticing, that the important difference between the STR and
MRAC techniques lies in regarding the parameter estimation. The parameter estimation
of the plant in STR can be understood, actually, as the procedure of finding (estimation)
a set of parameters that matches the available input-output data from a plant. But on
the other hand, this is unlike the parameter adaptation in MRAC systems, where the

parameters in MRAC are adjusted so that the tracking errors converge to zero.

5.2 Static and Dynamic Feedback

To illustrate the idea of adaptation as a dynamic feedback and the difference between

static and dynamic controller design we consider the following nonlinear dynamics® [65]
T =u+0¢(x) (5.1)

where # an unknown constant parameter and ¢(x) is a known basis function. We
distinguish between a static feedback controller and dynamic (adaptive) one:
Let a static feedback be

u=—cr—kax¢* () (5.2)

to investigate the stability of the system (5.2) we define Lyapunov function V' = %352. By
placing (5.2) into system (5.1) and utilizing the completion of squares we can determine

the derivative of the Lyapunov function as

V:xx':x<—cx—kx¢2(x)+@¢(x))

2 2 92 92 (53)
— —cg?— - — < —cx’+ =
cx k<$¢($) 2k> +4k < —cx +4k
which means that z(¢) converges to the interval
6
o< P (5.4)

2Vkc

This interval can be reduced by increasing the gains k and ¢, but z(¢) will not converge
to zero if 0 is a nonzero constant. Excessive increase of these gains enlarges the system

bandwidth, which is undesirable. Our task is therefore to achieve lim; ,o, x(t) = 0

'The notation in this example is not to be confused with the notation of the variables throughout
the remainder of this thesis
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without increasing k and c. In fact, we will first accomplish this task with & = 0 and
then use & > 0 to improve the transients. To achieve regulation of z(t), we design a

dynamic feedback controller with adaptation. If § was known, the control

u=—-0¢(z)—cx, >0 (5.5)

would yield the derivative of V(z) = %x2 negative definite: V = —cz2.

Of course, the control law (5.5) can not be implemented, since € is unknown. Let 6 be
an estimation of the unknown parameter 6. Now we apply the certainty equivalence
principle which amounts to replacing the unknown parameter  with its estimate 6 in
the control law. We get

A

u=—0¢(x) —cx. (5.6)

Replacing the control law (5.6) into the system (5.1), we get the closed-loop system
i=—cx+0¢(x) (5.7)

with 6 = 6 — @ the parameter error. Then we get the derivative of the corresponding

Lyapunov function V(z) = 122 as

V=—ca’+0x o(z). (5.8)

One can notice that this choice of the Lyapunov function candidate would not help
guaranteeing the stability of the closed-loop system since the term 6z ¢(z) in (5.8) is
indefinite. To get around this problem, one can extend the Lyapunov function candidate
as
Vi(,0) = ~a? + ¢ (5.9)
2 2y

where v > 0 is a gain. The time derivative of the extended Lyapunov function

. 1 .= ~ 1.z ~ 1=
Vi=ai+—-00=—ca®*+0xd(x)+—-00=—ca®+0 [xqﬁ(m) - 9] : (5.10)
Y Y Y
By defining the new estimator dynamics
h= —ézfy:c¢(a:) (5.11)
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and inserting it in (5.10) guarantees that

Vi < —ca® <0. (5.12)

Adaptive controller

Fig. 5.1: The closed-loop adaptive system (5.13)

The resulting adaptive system consists of the system (5.1), the control law (5.6) and the

update law (5.11). We can write the closed-loop system and its update law as

i=—cx?+0¢(x)

- 5.13
0 =—yxo(x). (513)

The structure of the closed-loop system is illustrated in Figure 5.1. Since V; < 0, the
equilibrium z = 0, ¢ = 0 of (5.13) is globally stable. In addition, the desired regulation

property lim;_,o, z (t) = 0 follows from Krasovskii’s theorem [05].

From this example, we have seen that the adaptive controller is more effective than

conventional feedback in presence of parameter uncertainties. The adaptive controller
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is adjusted automatically in real-time, based on the system signals, in order to achieve or
maintain a desired performance, when the parameters of the plant are unknown and/or

changing in time.

5.3 Adaptive Backstepping Control

In this section we will introduce the approach for designing a robust adaptive con-
troller and the backstepping approach. Finally, we will see how to combine those two

approaches to design a robust and adaptive backstepping controller.

5.3.1 Robust Adaptive Control

In order to introduce the idea of designing the desired controller, let us start with an

example, in which we will design a robust adaptive controller for a scalar system.

Consider a nonlinear model
X = gotte + Th(x) + 2 (x, 1) (5.14)

where g is an unknown constant positive parameter, T is an unknown constant param-
eter, f is a known smooth function, = is an unknown function, and wu. is the control
input. We assume that the nominal system (without = (x,¢)) has an equilibrium point
at x = 0, which suggests that /i (y) = 0.

The system (5.14) has two types of uncertainty: The parametric uncertainty caused by
the unknown parameter T and the nonlinear uncertainty that appears due to = (x, t).
The latter could arise because of unmodeled dynamics, measurement noise or exter-
nal disturbance. To design the controller one needs at least the bounds for nonlinear

uncertainty. Therefore, we assume that = (x,t) is bounded, i.e.
E(t)| <A, VxeR VteR? (5.15)

where A is a known positive constant. The dynamics (5.14) can be rewritten as

= g <u ; ;Om) = W)) (5.16)
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(5.17)

or
X
T = (v, t
with T = — and = (x, t) = 5 )
9o 90
To design a stabilizing control law wu. for the system (5.17) we consider the Lyapunov
function candidate . ) .
V=—"x+ -T2+ A2 5.18
+ 261 + 202 ( )

B 290
where T = T — Y and A = A — A are the estimation errors, T and A are the estimates
of T and A, respectively, and ¢, ¢, are positive constants, where A = A /go. The time

derivative of the Lyapunov function is:

. 1 1 ~ = 1 ~ =

V=—xx+—"TT+ —AA.
9o €1 C2

As a control law, we consider
Ue = — (ch + YFL (X) +o (Xa A))

where k. > 0 is a design constant and the control constituent o (X, A) deals with

uncertainty = (x,t). Now, placing (5.20) and (5.17) into (5.19), we obtain

: N 1oz 1<z

VS (ke = Th (0 = 0 (GA) 206 0) + S TT + ~AA

~ 1 x 1~ « ~ _

S—k‘cX2+T<T—h(X)X)+AA—Q(%A)XﬂLX:(Xﬂf)
C1 (&)
~ /1 x 1 -~ =« ~ _
<=kl + T (T = B0 x) + —BA =0 (&) x +Inl E (x.)
C1 Co
(14 1 A
<=kl + T (ST = h00X) + —BA = 0 (1 A) x + xsem (0 A
1 2

where the function sgn (-) is the sign function defined as
1ifx>0
—1 if x < 0.

sgn (x) =

Let the control component o (X, A) be defined as
o(x.A) =Asgn(x).

52

(5.19)

(5.20)

the

(5.21)

(5.22)

(5.23)



Now, by placing (5.23) into the last inequality of (5.21) we get

To make the time derivative of the Lyapunov function negative semidefinite, V < 0, we

choose the adaptation laws as

? =c1h(x)x
. 00 (5.25)
A = cyxsgn (x)

by means of which we get

which implies that T, A and x are uniformly bounded. Moreover using LaSalle’s invari-
ance principle [69] the origin is asymptotically stable and x (t) goes to zero, as t goes
to infinity. We insert (5.23) in (5.20) and obtain

te = = (kex + Th(x) + Asen (x)) - (5.27)

In the control law (5.27), the chattering problem may emerge due to the sign function
because in real-world implementation the measurements of x can be perturbed [70]. For
the backstepping procedure, to design the controller for the entire system, we need to
derivate the intermediate control law (it may be the control (5.27)). This will lead to
a singularity. Therefore, to avoid those two problems we approximate the sign function

by tanh (hyperbolic tangent) function [71, 72], which means

sgn (y) — tanh <€X> . & >0. (5.28)
X

In doing so, we obtain a new control component p and a new adaptation law by replacing
sgn (x) function with tanh (i) function in (5.23) as well in (5.25).

Now, in light of this modification in the controller, we analyze the stability of the closed

loop system. Thus, the component of the controller, which compensates the unmodeled
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uncertainties will be given as

o(x,A) = Atanh (?) . (5.29)

X

Finally, by placing (5.29) in the last inequality of (5.21) we get

. ~ 1 x 1 ~ «
V<—kX*+7T <T —h(x) X> + —AA — y tanh <X> A+ xsgn (x) A
C1 Co Ex
9 ~ /1 x ~ 1 =«
< kex +T(T—h(x)x> + A=A~ ytanh (X (5.30)
(&1 Co X
+A (])(\ — x tanh <X>>
€x
where || = sgn (x) x-
To render V negative, the adaptation laws in (5.30) can be chosen as
T = 1 (x) x and A = ¢y tanh <X> . (5.31)
€x
Note that we may use the inequality (it will be proved in 5.3.1)
0 < |x| — x tanh <X> <k ey, k,~0.2785 e, > 0. (5.32)
Ex
Then the time derivative of the Lyapunov function in (5.30) is given as
V <0.2785A¢, (5.33)

where the positive constant €, can be chosen arbitrary small.

Remark 5.3.1 By utilizing the tanh function we avoid the chattering as well as the
singularity problem. On the other side, the value of x (¢) will never converge to zero,
but to an arbitrary neighborhood around the zero.

Now, we introduce a proof of the inequality (5.32).

Proof 5.3.1 Based on the Lemma 3.3 in [73]we have that:
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For any €, > 0 there exists a smooth function g, such that g, (0) = 0 and
IXI < X9x (X) +ex, VX ER (5.34)

Let the smooth function in (5.34) be

-
gy (X) = tanh <5XX> k>0 (5.35)
X
then .
|k, x| — kX tanh (;X> < kyey (5.36)
X

where |k, x| < k, |x|. Letting k, X = x € R we obtain
|x| — x tanh <€X> < ky ey (5.37)
X

The inequality (5.37) holds for a certain interval of values of k,. To determine this

interval of k, we can show that

0 < |x| — ytanh <X> . (5.38)
€x
This is true due to
X X
X tanh () > 0, and tanh () €(-1,+1), ¥xeR (5.39)
€x €x

which shows inequality (5.38). Then, to proof that

|x| — x tanh (;) < ky ey (5.40)
X
we define
X X X
= |~ —>tanh | & | <Ek,. 5.41
F) €x Ex o <5x> - ( )

It must be shown that this function has a maximum. Owing to f (x) = f (—x) function

f (x) is an even function. Therefore, it is sufficient to investigate the maximum of f ()
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. . . X
just for x > 0. Thus, by defining a new variable w = —, we get
€x

f (w) = w — wtanh (w) (5.42)

and the derivative of f (w) with respect to w

df (w) 2
———— =1—tanh (w) —w (1 — tanh” (w
dw @) ( ( )) (5.43)
= (1 —tanh (w)) (1 — w (1 4 tanh (w)))
o df(w) : o
Letting W - 0 in (5.43), we obtain either
w
tanh (w) =1 = w — +00 (5.44)
which means f (x) tends to zero in this case, or
w + wtanh (w) = 1. (5.45)
v — W
To find the solution of (5.45), first recall that, tanh (w) = pErp— and (5.45) will result
o
in
(2w — 1) eV =1, (5.46)

The equation (5.46) belongs to the class of function with the following general form [74]
ye =« (5.47)

where y is so-called Lambert function and the solution of this class of functions is given

as
y = Lambert_ W () . (5.48)

Applying that on the equation (5.46) we obtain

1 1
_ —1 _ 4 -1\, +
2w — 1 = Lambert_W (e ) Zw=g Lambert_W (e ) + 5 (5.49)
which yields
1 _ 1
X = (2 Lambert_W (e 1) + 2) Ex- (5.50)
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Inserting (5.50) into (5.41), we obtain the value of the Extremum of f (x) at this point.

Remark 5.3.2 The Lambert function may be calculated through

= (= ><" s
Lambert_ W () = Y ~———a". (5.51)

n=1

The series (5.51) converges for —e™! < o < e™!

1

, see [74]. Therefore, the solution of
(5.45) exists and converges, since o = e~
Let n = 200 for instance, then we get Lambert_WW (e™!) = 0.2784645428. Now we can
calculate the solution of (5.45): w ~ 0.6392. Thus, we have x ~ 0.6392¢,.

, with sufficiently large value of n in (5.51).

It can be shown that the second derivative of the function f (y) wrt. y evaluated at
X = 0.6392¢, (5.52)

is less than zero (actually it equals—0.8712468223/ ei < O) which implies a maximum

at the considered point.

By evaluating the function f (x) at x = 0.6392¢, and by noticing (5.41) we obtain
F(x) = 0.2784645428 ~ 0.2785 < k. (5.53)

This means that k, ~ 0.2785 is the smallest value for which the inequality (5.32) is
satisfied. Then

0 < |x| — x tanh <X> <0.2785c,, &, > 0. (5.54)
3

X

This completes the proof of (5.32).

5.3.2 Backstepping Control

For a special class of nonlinear dynamical systems (triangular-like structure) a so-called
backstepping controller is designed to stabilize a system of subsystems. The controllers
of the subsystems are designed using some control techniques and then, recursively, the

final external control for the entire system is attained [03].

In this subsection we will state the idea of the backstepping approach by introducing the

so-called strict-feedback backstepping control. To this end, we will start with presenting
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the simplest case: The integrator backstepping. Then we extend it to a more general

form which is the strict-feedback backstepping.

5.3.2.1 Integrator Backstepping

To illustrate the idea of the integrator backstepping we consider the following nonlinear

system [69)]
%= [(x) +9(>)C (5.55)
¢ =u, (5.56)
Yy = 2 (5.57)

where s, (,y,, € R and u,, € R, and the functions f (), g (5) are known. Now, we
design a state feedback controller u,, to force the output to converge to zero as t goes to
infinity. The controller will stabilize the equilibrium point of the system (5.55) — (5.56)
f(0)
eenco = (028 a0 20 (5.58)
9(0)
The structure of this system suggests that the system can be seen as connection of two

components or subsystems in cascade manner, as shown in Figure 5.2.

Ux 5 i —»C X i >

g(-) <

Fig. 5.2: The block diagram of the system (5.55) — (5.56)

The controller design is processed recursively in two steps: Suppose we can find a smooth
stabilizing function «,, (5¢) which stabilizes the subsystem (5.55) at the origin » = 0.

Now, in the first step, we choose the state ( as a virtual control input of the subsystem
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(5.55). This yields
(=a,+ (C - 04;4)

_ 5.59
L (5.59)

where ( = ¢ — o, is a new state variable. Hence, by replacing the virtual control (5.59)

into the first subsystem (5.55) we obtain

se= [ () + 9 (), (30) + g (30) . (5.60)

Moreover, we suppose that a smooth and positive definite Lyapunov function V ()

exists. Then by using the stabilizing function a,, we obtain the following inequality

oV

V(%)_87

[f () +9() ()] < =W (5), VxeR (5.61)
where W () is a positive definite term. Furthermore, by differentiating (5.59) and using
(5.60) the new input

v, = U, — (O, (5.62)

we obtain the new system in the new coordinates

= [ () +9 () (%) + 9 ()¢

- (5.63)
(=v,.

This is depicted in Figure 5.4. In view of Figures 5.3 and 5.4, the function «,, (3¢) is
backstepping through the integrator. We can observe clearly that the first subsystem in
(5.63) has an asymptotically stable origin when its input is identically zero, i.e. { = 0.
Now, the task is to design a stabilizing controller v,, to stabilize the state variable ¢ at
the origin. When we find this controller, then the overall system can be stabilized. To
achieve this we use the Lyapunov function candidate

Vi, (32,0) =V (50) + =% (5.64)

N | —

Its derivative is given as

= V15 () + () (] + 2 g () C 0.
»x o » (5.65)

= —W (5) + 5,29 (50) ¢+ vl

V.
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which by choosing the control law

A% -
Vo= =g () =k, k>0 (5.66)
yields
Vi, < =W (30) — ke (5.67)

Thus, the origin (% =0, = 0) is asymptotically stable. Also equivalently, the equilib-
rium
f(0)

(>R, Cr) = (0, —g<0)> (5.68)

is asymptotically stable regarding the original coordinate system (s, ().

u”—»fg—><?c—>x + > S

FO+g()a.() e

—a,, (+)|-

Fig. 5.3: Introducing «,, the stabilizing function of the subsystem (5.55)

%[%x + > “

FO+g()a() <

Fig. 5.4: Backstepping of —a,, () through the integrator
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Inserting (5.66) into (5.62) we obtain the feedback control law for the system (5.55) —

(5.56) as
v

5,9 (%) — ke[¢ = ax (39 |. (5.69)

Remark 5.3.3 If the backstepping controller is performed for the nonlinear system

(5.55) — (5.56), and if the Lyapunov function for the subsystem (5.55) is chosen as
V= s (5.70)
then the stabilizing function is the feedback linearizing controller [775]

a,, = ——— (f (30) + k,.52) . (5.71)

The dynamics in the closed loop in (%, ¢ ) coordinates reads

1 K P 6 I

diagonal matrix skew-symmetrical matrix

or

¢=-K(+S(¢)¢ (5.73)

N\T
with ¢ = (s,() , K = diag (k,., k¢) positive definite, and
¢ ¢

S(¢)=-(S©)' = (_go(%) g(O%>) . (5.74)

To investigate the stability of the equilibrium ¢ = 0 of the autonomous system (5.73)

we define the Lyapunov function

Vo= 5¢7¢
= Vo= (T [FK+8(¢)¢] (5:75)
= —C¢'K.

Thus, according to Lyapunov’s direct method the equilibrium ¢ = 0 in the transformed
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coordinates, or equivalently the equilibrium

f (0)>
»r,Cr) = |0,— 5.76
(on. o) = (0.0 (5.76)
in the origin coordinates, is a globally asymptotically stable equilibrium point (GAS).
Moreover, we can show that this equilibrium point is globally exponentially stable

(GES), see Theorem 5 in Appendix A of [75].

5.3.2.2 Strict-Feedback Backstepping

Now, we extend the above discussed integrator backstepping technique to cover a class of
nonlinear systems which are given in so-called strict-feedback form. The strict-feedback
form differs from the so-called pure-feedback form, where in the first form the control
inputs of the subsystems appear explicit in the right-hand side of the differential equa-
tions, while they emerge implicit in the second form. Since our considered system has

the strict-feedback structure, we limit ourselves to the class of strict-feedback form.

Let the triangular-like system be given in the strict-feedback form

s = f1(50) + g1(301) 5%

sty = [fo(se1, 202) + go(521, 502) 523

(5.77)

St = fur(521, s 1) + Gu(540s s 1)t
where, s,...,,_1 € R are the states of the system, u, € R is the input, and the
output is y; = 7. We assume that the functions fi1,¢1,..., fu_1,9n,—1 are nonlinear

known functions. The equilibrium of this system can be determined recursively. For

instance in case n = 4 the equilibrium point is

J1(0)
f (O) f2 07_
(s1r, 2, 1) = (0"; Ol EO vj’;ﬁgig . (5.78)
27 010

Let us consider a nonlinear system in strict-feedback for two subsystems (n = 3), namely

30 = fi(5a) + 91(301) 222 (5.79)
50 = fo(31, 302) + ga(501, 500)us, (5.80)
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the equilibrium of this system is

(5.81)

(s61r, 22m) = (0, A (o>>

91 (0)

and the output of the system is the state s¢. This nonlinear dynamics is illustrated in
Figure 5.5. The idea of designing the controller for the system (5.79 — 5.80) is to find a
virtual stabilizing control law for the subsystem (5.79) at the origin s¢; = 0 regarding a
Lyapunov function Vj,. Now, to find the controller, we define the following Lyapunov

function for the whole system (5.79 — 5.80) as
1 2
Vo=Vie+ 3 22 — 0, (5) | (5.82)

Vo= T2 (o) ) + s — ) (5 — ) (583

where « (511) stabilizes the subsystem (5.79) at the origin s = 0.

¢
92(')4_
—>u2 X —M;» J %i X + [ %1>
fi () [
g1 () [
0 o

Fig. 5.5: System in strict-feedback form (5.79 — 5.80)
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The control law is given as

Uy = M — /2 (%1,%2)"_&“88}(:1)“1 (s01) + g1 (521) 3%2) 550
—s (300 — a5 (911)) — (?21891 (se1)|, ¢s>0.

For more details about the complete derivation of (5.84) see previous work [12].

5.3.3 Robust and Adaptive Backstepping

We now combine the backstepping technique presented above with the robust adaptive
control approach introduced in Section 5.3.1 to illustrate the design idea of the robust

adaptive backstepping control. To this end, we define the following system

X1 =1 (xa1) + 91 (1) xa (5.85)
Xz = go (U + Th(x1, x2) + Z (X1, X2, 1)) (5.86)

where the functions f; (x1) and g; (x1), and the constant gy are known. The output of
this system is y, = xi. According to the backstepping approach we design a virtual
controller xo = a (x1) to stabilize the equilibrium x; = 0 of the subsystem (5.85). For

the system (5.85 — 5.86) we consider the Lyapunov function candidate

1, 1 o 1oy 1 o,
=— ~(x2 — —T7+ —A% :
V=gx+50e—ala) +5 -1+ o~ (5.87)
The time derivative of (5.87) is
: : : : R
V=rax+ O —ala)) (e —aba) + —TT + —AA. (5.88)
1 2

According to the backstepping approach, we choose first a virtual stabilizing function
a (x1) for the subsystem (5.85). Now, using x2 = a (x1) + (x2 — @ (x1)), and placing

(5.85) into (5.88) we obtain

V=xi(fitx)+ag0a)aba)+he—al)ali)+ Lyy + LAA
C1 C2 (5.89)

+ (2 — a(x1) (g0 (ue + YR (X) + E (0, 1)) — & (x1)) .
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Let us define a smooth stabilizing function

1 .
a(xi) = 71 0c0) (fl (x1) + k’XX1> (5.90)

where the function g; (x1) # 0 and constant k; > 0. Then (5.89) can be written as

V= —k;X% + [x2 — a(x1)] xagr (x1) + g0 TR (X1, x2) + 90= (X15 X2, 1) + Gotte — & (X1)]
+ATT 4 DAL

C1 Co
(5.91)
We suggest a control law as per
1 , . N
Ue = % [—ki (X2 —a(x1)) +da(x1) —x101 (xa) — e (X17X27 A)} — Th(x1,x2) (5.92)

where ki is a positive constant, T is an estimate of the modeled uncertainty in the
system, and o (Xl, X2, A) is the control component that deals with the unmodeled un-
certainties or the disturbance. It is assumed that this disturbance is bounded by an
upper bound A, constant but unknown, its estimated value is A. The function g1 (x1)
is a known function and £ (1, x2) is a known basis function. By inserting the suggested
control law (5.92) in (5.91) we obtain

V=—kxi+ (x2 — a(x1)) [_QOTH(XM Xz2) + 902 (X1, X2, 1) — kS (x2 — a (x1))

—0 (Xl,xg,Aﬂ + ;TT + lAA

Co

(5.93)

where T =T — 7. Now, noticing that T=7and A = A, and making the assumption
that the disturbance is bounded, i.e. |=(x1, x2,t)| < A and by observing that

Ix2 —a(x1)] = (x2a — a(x1))sgn (x2 — @ (x1)) (5.94)

we can rewrite equation (5.93) as

A

. T
V<—kxi—k(e-ak)’+7T o~ be—ala)hla )
(5.95)

+ (X2 —a(x)) (90 sgn (x2 —a(x1)) A —o (Xl,XQ, A)) + ~AA.
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Now, by choosing the control component o as

A

0 (Xh X2, A) = gosSgn (XQ -« (Xl)) A, (596)

the adaptation law for the modeled uncertainties becomes

A

T = c190 (x2 — @ (x1)) R (x1, x2) - (5.97)

Placing (5.96) and (5.97) into (5.95) yields

A

V<—kxd =k (e—a(n)’+A CAQ —(x2 —a(x1)) gosgn (x2 — a (x1))| - (5.98)

Thus, we can choose the adaptation law for the unmodeled uncertainties or the distur-

bance in the form

A=ca(xa—alxi)) gosen(x2 — a(x1))- (5.99)
Now, by inserting (5.99) in (5.98) we obtain that

V< —kixi—k(x2a—a(x)? <0 (5.100)

which implies that x1, x2 —a (x1), T and A are bounded, moreover, y; and y2 — « (1)

converge to zero. In other words, the system (5.85 — 5.86) converges to its equilibrium

(X1rs X2R) = (0, —2 E8§> (5.101)

despite of the presence of modeled and unmodeled uncertainties in the considered sys-
tem. Also here, to avoid the chattering phenomena in the control law due to the sgn
function, it can be approximated by the tanh function as in (5.28). This modification

leads to the new control component

o (x1,x2,A) = go tanh <W> A (5.102)

€x

and to a new adaptation law for the unmodeled uncertainties:

A= 290 (x2 — a(x1)) tanh (W) . (5.103)
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Finally, the time derivative of the Lyapunov function becomes

V< —k!

X

Xi — k2 (x2—a(x1))” +0.2785 gg A, <0.2785 g9 Ay, &, >0. (5.104)

This means that in the system with the modified controller, x; and x2 — a (x1) will not
necessarily converge to the zero, but to an arbitrary small neighborhood of it which can

be adjusted by the design constant ¢,.

5.4 Projection Operator

Projection-based adaptation laws are used often to prevent parameter drift in adaptation
schemes [70] and to ensure robustness properties in the adaptive law [77]. In this
section, a Lipschitz-continuous version of the projection operator will be introduced.
This concept is essential for enabling the adaptive laws to achieve robustness with
respect to parametric and nonparametric uncertainties which might exist in the system
dynamics. It will be shown that the projection operator tolerates fast adaptation,
enforces uniform boundedness of the adaptive parameters and maintains closed-loop
stability of the corresponding error dynamics and of the original system.

Before introducing the projection operator, we begin with essential definitions of convex

sets and convex functions. We recall some definitions and theorems from [78, 79].

Definition 5.4.1 A set E C RF is convex if
Aoy + (1= Ny € E (5.105)

whenever ¢, € E,¢p, € F, and 0 < A < 1.

Remark 5.4.1 A convex set has the property that for any two points of the convex set

E all the points on the connecting line between those two points also belong to F.

Definition 5.4.2 A function f : R¥ — R is convez if

F @+ (1=N ) SAf (@) + 1= N f(g,), YOSASL (5.106)
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Inequality (5.106) is illustrated in Figure 5.6. It shows that the graph of a convex
function must be located below the straight line which connects the two corresponding

function values

Co————-

|

|

|

|

|

|

|

7 3

4 P2
1=2) e,

Fig. 5.6: Convex function

e = Apy + (

Lemma 5.4.1 Let f () : R¥ — R be a convex function. Then for any constant 3 > 0
the set Bz = {w eERM|f(w) < 6} is convex. The set Ej is called the sublevel set.

Proof 5.4.1 Let wy, w2 € Ejp, then f(woy) < f and f (woy) < B. Since f (ww1) <
is convex then for any 0 < A <1

fAwi+ (1= Nws) <Af(w)+(1-A) flwz) <A+ (1 -N)B=0F  (5107)
@ <8 <8

Since f (Awo1 + (1 — X) woz) < 3, then Awoy + (1 — A\) s € Ej as @y, oy € Eg, then

Ej is convex.

Lemma 5.4.2 Let f(¢) : R¥ — R be a continuously differentiable convex function.
Choose a constant J and consider the convex set Eg = {w € R¥f (w) < ﬁ} C R*. Let
w,w* € Eg and f(w*) < f and f(w) = [ (i.e. wo* is not on the boundary of Ej,

while zo is on the boundary of Eg). Then the following inequality is true

(" —w) Vf(w) <0 (5.108)

.
where V f(wo) = (af(w) . M) € R¥ is the gradient of f(w) evaluated at .

0w 0wy,
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Figure 5.7 illustrates the relation (5.108). Here we note that the gradient evaluated at

the boundary of a convex set always points away from the set.

V(@)

Eg ={w: f(w) = 5}

Fig. 5.7: Gradient vector on the boundary of a convex set

Proof 5.4.2 Since f(¢p) is a convex function, then
fO@ +(1-Nw) <Af (@) +(1-A) f(w), VO<A<I (5.109)
which can be rewritten as
flm+A(w" —w)) < f(@m)+ A (f (@) - f(=)). (5.110)

Then for any nonzero 0 < A < 1 the above inequality can be written as

[+ (@ —w)) - [ (@)
A

<f(@)—f(w)<B-B=0. (5.111)

It is necessary to notice that the expression f(wo+ A(w* — 1)) in the relation (5.111) is
a scalar function of vector argument zo. On the other side, one can see this expression
as a scalar function F'()) of the scalar argument \. In this case, the considered function

can be defined with a Taylor polynomial of degree 2 about the point A = 0, as follows
F(\) = F(0) + F'(0)A + O(\?) (5.112)

where O(\?) is the remainder of the Taylor series. Notice that F(0) = f(wo) and
F'(\) = (w* — @) 'Vf(w + AMw* — @)) where Vf denotes the differentiation of f
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with respect to its whole vector argument wo + A(wo* — =o), that is, the gradient. While

*

(w* — )T is the derivative of the expression with respect to A. Then it is not hard to

see that, F(0) = (wo* — @)V f(w), replacing the values of F(0) and F'(0) in equation
(5.112). We get therefore the considered expression as

flw+ AMNw* —w@)) = f(w) + (" — @)V (w)\ + O(\?), (5.113)

and by substituting equation (5.113) into (5.111) we get

f(@) + (@ — @) ' Vf(@)A + O0(\?) — f(w=)

A =0
= (w" — @) Vf(w)+0(\) <0. (5.114)
Taking the limit
lim O(\?) =0
A—=0

implies (co* — @) "V f(w) < 0 which completes the proof.

Definition 5.4.3 [79] Consider a convex set given by
Ey={weR"f(w) < B}, 0<B<1 (5.115)

and a smooth convex function f : R¥ — R defined as follows

|l ||* — =%
5.116
f (=) g2 + 2ewyy ( )

where w), is the norm bound of the parameter vector zo, and ¢ denotes the convergence
tolerance.
Let w* € Ej be the true value of w. A projection operator for two vectors w,s € R*

is introduced as

V(=) <(Vf (@) >

s — s)f(w) if f(ww)>0As'Vf(w)>0
. IV (@) \ IVf (=) "/ ==
Pro (w S) = scaling
J ’ unit vector projection
S otherwise

(5.117)
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or

-
S — V/i=@) (Vf(‘;z)) sf(w) if f(w)>0As'Vf(w)>0
Proj (wo,s) = IVf (=)
S otherwise
(5.118)
where V f(wo) = (%L;f) . %)T € R¥ is the gradient of f (=) evaluated at .

Figure 5.8 shows the projection operator in R?. The projection operator Proj(wo,s) as

V(@) V(@)

«__Projection projection
Proj(zo,s) } :?(Ealiglg bif
; w) =
< scaling by Proj(wo, s \
flw)=p<1

Fig. 5.8: Projection operator in R?

defined in (5.117) does not alter s if zo belongs to the set Ey = {w € RF|f(w) < 0}.
For the set {w € RF|0 < f(w) < 1} if s"Vf () > 0, then the projection operator
Proj(zo, s) subtracts the vector normal to the boundary of the set {w € R¥|f(w) = ﬂ}
so that we get a smooth transformation from the original vector field s to an inward or

tangent vector field for § = 1.

Lemma 5.4.3 Let f : R* — R be a convex differentiable function. Using the definition

of the projection operator (5.118) and considering the k—dimensional dynamics

o = Proj (oo, s) (5.119)
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where ©,s € R¥. Starting from any initial point @ (0) = o within the set
Ey = {w € R¥|f(w) < 0} (5.120)

the solution zo(t) of the dynamics (5.119) for an initial point zo(0) = oy will remain
within the set

By = {w e R¥|f(w) < 1} (5.121)
for all ¢ > 0.
Proof 5.4.3 [76, 78] To prove this lemma, we need to show that the following relation
holds:
f(w(0) <0= f(w(t) <1, Vt>0. (5.122)
w(0) € Eo w(t) € By

Taking the time derivative of f(zo(t)) along the trajectories of the system dynamics

(5.119) and using the definition of the projection operator (5.118) we obtain

f(w) = (Vf(w)) Proj(w,s) (5.123)
_ { (Vf(w))'s(1—f(w)) if f(z)>0 As'Vf(w)>0 (5.124)
(Vf(w)'s if f(w) <0 Vs'Vf(w)<0

which means that

f(w)>0,if 0< f(w) <1As'Vf(w)>0
f(w) =0, if flw)=1As"Vf(w)>0 (5.125)

flw) <0,if  f(w)<0Vs'Vf(w) <0

The first and the second relation in (5.125) imply that if f(z=(0)) > 0 then f(zo(t))
monotonically increases in time for all ¢ > 0, but it will never exceed the value 1.
Also, the third condition in (5.125) makes clear that if f(zo(0)) < 0 then f(wo(t)) is
monotonically decreasing for all ¢ > 0. Therefore, irrespective of initial values (as long
as they are negative), f(zo(t)) < 1 for all ¢ > 0, which completes the proof of the

lemma.

Property 5.4.1 Given the vectors ©o,s € R¥, then the next inequality is true
(o — @*)" (Proj(w,s) —s) <0 (5.126)
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where ©o* is the true value of the parameter zo.

Proof 5.4.4 To prove this property, we note that
(w — @) (Proj(w,s) —s) = (@" — @) (s — Proj(w,s)) . (5.127)
Now, by placing the relation of the projection operator (5.118) into (5.126) we obtain

(w* — @) VI(VS)'sf
(w* — @) (s — Proj(w,s)) = ik

0 otherwise.

if f>0As' Vf>0

(5.128)
We used a shortened nomenclature for f in this equation.
In (5.128) it should be noticed that for (Vf)'s > 0, f > 0, and according to Lemma
5.4.2 the expression (wo* — w)'Vf < 0, implies (w* — @)' (s — Proj(wo,s)) < 0.

Noticing relation (5.127) we can write
(o — @*)" (Proj(w,s) —s) <0 (5.129)

which completes the proof.

Remark 5.4.2 For the scalar case, namely for two scalar values s, w € R, according to
the above definition (5.117,5.118), the projection operator can be defined for the scalar

quantities as follows

) i 0f ()
Proj (s, ) s—sf(w) f f(w)>0A 5 @ 0 (5.130)

s otherwise
Figure 5.9 illustrates the scalar projection. Only those points s for which the condition

0f (@)

w >0 (5.131)

is satisfied, will be projected. They are the points on the segments ab and cd. The

points s on segment bc are not projected because f(w) > 0 is not satisfied in (5.131).
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Of(w) /0w >0

A
\4

» W,S

Of (w) /0w < 0

Fig. 5.9: Projection of scalar values

5.5 Coordinate Transformation for the AUV

By following the results of the work [22], we recall that the system of the AUV given in
(3.49) is a second-order nonholonomic system because the constraints (the non-actuated
dynamics) are not integrable. The difficulty in such a class of systems is that they cannot
be stabilized by a smooth static-state feedback control, but by using an adaptive one
[80]. The controller design is based on the adaptive backstepping approach. Before
that we design a path following controller for the underactuated AUV system (3.49), we
transform the path following problem into a stabilization one [$1]. Thus, through this
transformation, the AUV model can be transformed into an error triangular-like form
which allows to use the backstepping method to develop an adaptive feedback control.

The proposed controller stabilizes the reference trajectory exponentially [21].

To achieve this transformation, let us describe the control objective in light of Figure
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D Real vehicle D Virtual vehicle

p X

Desired path (Td, Yd, Zd)

Fig. 5.10: Real and virtual vehicles

5.10. The controller must force the real vehicle to follow the virtual one, this means, that
the real vehicle must track both the position and the orientation of the virtual vehicle
which moves along the reference path with a desired speed profile ug (t). The control
objective can be imagined in the following way: The virtual vehicle, which moves along
the reference path with the velocity ug (), pulls the real one with a cord of length d,
where the angle between this cord and the surge axis of the real vehicle is 7.

The controller must minimize the distance d, and also the angle 7. In this approach,
minimizing means, to force d. to be close to zero (but not zero which would cause a
singularity in d, as we will see later), and to compel v to go to zero by means of the
designed controller. Therefore, when the control objective is fulfilled, the real vehicle
will move very close to the virtual one along the desired path and with the desired

velocity wug (t).

Let the center of the real vehicle be the point (z,y, z) which locates at the origin of the
body-fixed coordinates attached to the real vehicle, and the center of the virtual vessel

be (x4, ¥a, za) which is a point of the desired path. Thus, we define the path following
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errors in the earth-fixed frame XY Z as
Te=Tq— T, Yo=1Yd — Y, Ze =24 — 2. (5.132)

Then the distance d, in the earth-fixed frame XY Z is given as

de = 22 + y2 + 22. (5.133)

Let ay, as and a3 be the errors on surge, sway and heave directions respectively as Figure
5.10 shows. Then by rotating the body-fixed frame around X, Y and Z, the angles roll,
pitch and yaw respectively, we can define the errors a,, as and a3z by means of z, y. and
Ze as

(a1, a9,a3)" = I (M) (T, Ye, ze) " - (5.134)

By placing the rotation matrix (3.2) in (5.134) we obtain

a1 = T cos (1) cos (0) + ye sin (1) cos(f) — 2z, sin ()
as = T (—sin (1) cos (¢) + sin (¢) sin (8) cos (¢)) +
Ye (cos (1) cos (¢) + sin (¢) sin (6) sin (1)) + 2. sin (¢) cos (0) (5.135)
ag = . (sin (1) sin (¢) + sin () cos (1) cos (¢)) +
(— cos (¢) sin (¢) + sin (0) sin () cos (@) + 2o cos (@) cos (0) .

Yo (— cos

Now, let the desired orientation of the virtual vessel be ¢q = 0 for roll, 64 for the pitch

and 14 for the yaw angles. Then from Figure 5.10 we draw

lim (6,) = (0a,a) (5.136)

(deyy)—0

where 6 and ¢ are the pitch and yaw angles of the real vessel. We can obviously
recognize that the angles ¥; and 7 are not defined for d, = 0, therefore, we will design

the controller to force d. to be a some small positive constant d;.

In other words, the pulled (real) vessel will trace the puller (virtual) vessel under the
same environment conditions, but in a time delay d./ug, which can be made arbitrary

small. This goes along with what we see in Figure 5.11.

The control objective, in addition to minimizing the distance d, is to render the angles

~v1 and 7, arbitrary small which means from Figure 5.10 that the angle v goes to an
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Virtual vehicle

Real vehicle

0

4
<

Desired path
151

12}

Fig. 5.11: Tracking algorithm

arbitrary small constant where, cos () = cos (71) cos (72).

Practically, the controller will make the angles 4, and 75 zero, but because of modeled
and unmodeled system uncertainties and also to avoid chattering in the control law the
“tanh” function will be used instead of the “sign” function in the control law. Therefore,
we can just force the orientation angles to be very close to zero, but not zero (as we
saw in Remark 5.3.1). To design the controller we may introduce the error dynamics.
To achieve this, we differentiate both sides of (5.133) with respect to time t. We get
ode . 0d.. Ode., 1 T

= a—xexe + a—yeye + 6—%7:9 ~ 4 (Tey Yoy 2e) (Ta — T,0a — U, 2a — 2)

1 Oxq(o 0yq(o 0za(o)) . 1
7 (:ce (‘;((; ) + Yo 5((, ) + 2o (;((; )> & — — (a1, a2,a3) I3 (n2) Iz (na) (u,v,w) "

de
(5.137)
where o (t) is the path variable of the desired path (x4 (¢),yq(0),2q(c)). The path

variable o (t) can be calculated analytically based on the reference path and desired

dq
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velocity of the virtual vessel through integration of the following relationship

G (t) = l . (5.138)

V(024 (0)/00)? + (9ya (0)/00)? + (924 (o) /00)?

Now, if the real vehicle does not point to the virtual one this necessitates the desired
velocity to be decreased with a correction factor a;/d.. In other words, since the real
vessel does not point to the virtual one, the virtual vehicle must wait for the real one
(decreasing the desired velocity ug). That means, the term a; /d, is utilized as correction
term of the desired velocity along the desired path, where a;/d, — 1 if the real vehicle

is pointing to the virtual one. This generally yields

Uo (t, de)
d V(024 (0)/00)* + (Dya (0)/00)* + (924 (0)/00)?

& (t) = (5.139)

Since matrix Jy (1) is orthogonal and using the kinematics (3.4) and (5.137) we obtain

i _ 1 Oxa(o) dya(o) Oza(0)\ . a1 as  as
ale—dC (:ce 9 + Yo B + Ze % o . (5.140)

The error dynamics of d, described in (5.140) is not defined for d, = 0. The error
dynamics describes the first control objective for the kinematics of the system with
regard to the Euclidean distance between real and virtual vessel, the second objective

is the orientation.

Now, we define the dynamics which describes the orientation of the vessel in 3D under-
water space. The orientation of the vehicle is described by the angle ~, see Figure 5.10.
It is clear that

cos (7) = T (5.141)
which in turn means
7%0¢$%L%L (5.142)

From the first equation of (5.135), by adding and subtracting the term a, cos () where

ae = /2 + Y2, we get

a1 = T cos (0) cos (1) + ye cos (6) sin (1) — zesin (0) + ae cos (0) — aecos (0). (5.143)

Dividing both sides of (5.143) by d. we obtain
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1 _ e _Fe g fe Te Ye o _
5 d cos (0) 0 sin (6) + 0 cos (6) o cos () + . sin (¢) — 1| . (5.144)

Since d, > 0 and a, # 0 (will be proved later) the relation (5.144) is defined and reveals
no singularities.
To this end, let us define

cos (1) = -° < 1 (5.145)

e

2 2

where 1), is an auxiliary quantity. By using y? = a? — 22, we can write

sin (v,) = 2 < 1. (5.146)
Qe
In the same manner, let us define
Qe
cos (6,) = 7 <1 (5.147)
where again, 0, is an auxiliary quantity. Thus, because of 22 = d? — a2, we obtain
. Ze
sin (6,) = 7 <1 (5.148)

Now, by replacing the relations (5.145) — (5.148) into (5.144), we have

% = cos (#,) cos (0) — sin (6,) sin () —1—% cos (0) [cos (1a) cos () + sin (¢, ) sin () —1].
¢ cos(v1) ‘ cos(72)
(5.149)
This equation is equivalent to
aq Qe
- =cos (m) + 7 cos (0) [cos (72) — 1] (5.150)
where
YN =040, Y=19—1a. (5.151)

Thus, we can consider that the control objective related to the orientation of the vehicle
is given by relationship (5.150). In this equation it is obvious that for —7/2 < 6 < 7/2

(it is satisfied due to physical considerations) we have

Qe
@ cos (0) # 1 (5.152)
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and from (5.150) that

tliglo m =0, tlgglo Yo =0 (5.153)
then
lim 2t =1, (5.154)
t—00

So we may transfer the control objective to stabilizing the angles v, and 7, at the origin

(or arbitrary close to it). We have seen that

Qe Ze .
cos (7)) = 7 o8 (0) — 7 5in (9) (5.155)
which implies that
Ze Qe .
sin (1) = 7 cos (0) + - sin (). (5.156)

Now, differentiating both sides of (5.156) with respect to time yields

. Qe Ze . z.ede dede .
Ay cos (1) = (de cos (0) — @ sin (0)> 0+ 7 cos (0) + 7 sin (0)
(5.157)

_ de (ze cos (6) + Z:Sin (9)>

such that the dynamics of v is given through

Ze cos (0) + Gesin (0) % sin (1)

S . 5.158
n=o de cos (1) de cos (71) ( )
Also, we obtained that
Le Ye .
cos (y2) = — cos (¢) + = sin (¢) (5.159)
Qe Qe
so that
. Ye Te .
sin (72) = —cos () + __sin (¢). (5.160)
By differentiating both sides of (5.160) with respect to time we obtain
. Te e . h ae e Te .
ac0s (92) = (2 cos (1) + 2 sn (1)) 6 = 22 (=2 cos (1) + 2 sin (1))
e ae ae ae &e (5.161)

| Fesin (1) = ge cos ()

Qe
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The dynamics of 5 is then given as

. desin(¢) —gecos (1)  Gesin(72)
=Y ae cos (72)  accos (1) (5.162)

It is convenient to notice that the dynamics of 7; and 7, in (5.158) and in (5.162) re-
spectively are defined on R for a, # 0,d. # 0,cos(y1) # 0 and cos(72) # 0. Those
conditions can be guaranteed by suitable choice of the initial conditions for the position
and the orientation of the real vehicle. On the other side, we will show that the singu-
larity which might appear in (5.158) and in (5.162) if a, = 0 is completely avoided by

using the designed controller.

To show that a, > 0 let us consider sin (0,) = z./d., or equivalently [sin (6,)| < 1 as
long as 0, < 7/2. This gives 22 < d> = d? — 22 = a2 > 0 = a, > 0 where generally

ae =\/x2+y2 >0, (5.163)

which implies a, (t) > 0 Vt > t.

Now define the orientation error vector as

n, = (6,71.72) - (5.164)

Based on this definition we can transform the kinematics of the system into ¢, v, 7
coordinates.

From relationships (5.158) and (5.162), we may write

¢
%o cos () 4 Gesin (A)  d. sin (1)
N, = * d. cos (1) decos(m) |- (5.165)
Tesin (1) — Yo cos (¢)  Gesin (72)
e oS (Y2) " aecos (72)
Noticing the kinematics (3.4) of the system, we see that
iy = 32 (M) V2 + £, () (5.166)
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where

0

2o cos (0) + ae sin () B d. sin (71)
£, ()= d. cos (71) docos (1) |- (5.167)

Y2)
Y2)

Tesin (¥) — Yo cos (1) B (e sin (
(

e cos (o) e COS

Hence, according to this coordinates transformation the kinematics of the AUV system,

described in the first two equations in (3.49), can be transformed in the error coordinates

.1 J0z4(0) 0ya(o) 0za(o)) . @ as as
de_de (xe 0o Y 0o T g0 )° de dev dew (5.168)

n, =Jd2(ny) vo +1, ().

Then the whole system which describes the system (kinematics and dynamics) of the

AUV in the new coordinates reads

de = i (xe@xd(a) + Oya(o) 42 azd(”)) p ay GQU a3w

d, do Ye do ¢ 0o

n, =J2(ny) va + £ () (5.169)
M1V1 = —Cl (Vl) Vo — D1 (Vl) Vi+T1+T1a
Myvy = —Cy (v1) vi — Cq (va) vo — Do (Vo) Vo — 85 (13) + T2 + Taa.

This triangular-like form is suitable to implement the backstepping technique to design

the controller, which fulfills the path following objectives.

Le us consider that the virtual vehicle is moving along the desired path according to a
speed function
ug (t, de) = ug (1 - u’{e_uz(t_t(’)> e U (5.170)

where uj, uy and uj are positive constants, and 0 < uj < 1. The advantage of choosing
the speed profile as in (5.170) is that if d, is large, that means, the speed of the virtual
vessel is decreasing, which implies that the virtual vehicle is waiting for the real one.

On the other side, if d, is small, we get
tliglo ug (t,de) = ug (5.171)
which means that the virtual vehicle moves with a velocity close to uj and the real
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vehicle follows it, but after an arbitrary small delay time d./ug (¢, de).

5.6 Robust and Adaptive Backstepping Controller
for an Underactuated AUV

Based on the robust adaptive backstepping control approach, which is introduced in the
Section 5.3.3, we design a path following controller for the underactuated model of the
AUV, described in the error dynamics coordinates (5.169).

The structure of the system (5.169) allows to design the control inputs in two steps: In
the first one, we design a force controller 71 to compel the error d, to converge to an
arbitrary small constant, then in the second step we design the torque control 75, which

forces the real vehicle to rotate and point always to the virtual vessel.

5.6.1 Force Control

To design the force input 7, which steers the real vehicle to move arbitrary close to the

virtual one, we consider the following subsystem of (5.169)

.1 0z4(0) 0ya(o) 0za(0)\ . @ as as
de—d—e <:Ee 5o + Yo %0 + 2 50 O— —U— —U— —w (5.172)

MV, = —Cy (v) v = Dy (vi) Vi + 71 + T1a. (5.173)

Hence, by following the control design procedure, which we introduced in the Section
5.3.3, we design 7 in two steps. Firstly, we design a virtual stabilizing intermediate
controller uq for (5.172) under the assumption that the velocities v and w are bounded.

Secondly, we design 7 in (5.173) which is responsible to force u to converge to uq.

For this purpose, we define d, = d. — 8, where § is some arbitrary small positive design

constant. Let the virtual controller for the first subsystem (5.172) be

5.174
aq ay ( )

Uq = klde — l (agv + azw) + i xe@xd(a) + yeayd(a) + Zeazd(0> 5
do do do

where ky is a positive design parameter. Thereafter, by placing the virtual control
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(5.174) into the dynamics (5.172), we obtain

2 ay »  ay .
do = —kld—ide - d—:u (5.175)
where
U =u—ugq. (5.176)

In (5.175), a; the projection of d, on the surge axis Xy, can be guaranteed to be positive
through an adequate choice of the initial conditions (as we will see in Section 6.5) and
of course by means of the torque controller 75 as well. On the other hand, the controller
71 is concerned with letting @ be zero (or very close to zero), which implies that the

equilibrium point d, = ¢ in (5.175) is asymptotically stable.

Therefore, to design the control 71, we differentiate both sides of (5.176). Then we

obtain the error dynamics of the velocity as
U =1 — 1q. (5.177)

The dynamics of the surge velocity v can be obtained from the dynamics of the under-

water vehicle model in (3.5). We have

m m 1 1 1
= ——2wg+ —vr — — (dy + dy [ul) u+ —7, + —T7ya (1)
my my mi my my
1 1
o= "By — My — — (day + dy |v]) v+ —Tpa (t) (5.178)
Mo ™Mo ma m2
' m m 1 1
W = _va + 71up _ (d3 =+ dw |w|) w + — Twd <t> .
ms ms mg3 mg

Now, under the assumption of smoothness of the intermediate control uq in xe,Ye,ze,0,
Ug, My, v and w in (5.174), we determine analytically the derivative of uq, that is
8ud . 8ud 8Ud . (‘3ud . 8ud . 8ud 8ud . 8ud

U

€ .e e y .- 5-179
g A et e T g T e O T e e O1T)

Ug =

This approach is just applicable in the case of off-line planning of the desired path [32],
meaning that, the reference trajectories xq (0),yq () and zq (o) must be predefined
(off-line), which is not admissible in an on-line tracking control approach.

8Ud
Therefore, in the on-line path planning procedure it is impossible to determine — ¢ in

o
(5.179), unless the path is predefined (off-line). To extend this technique to cover the
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on-line path planning case, we calculate this term on-line as follows

%,_8%,, Gud ’ 8ud ,

50 o= ax,d:cd—i— o, Ugq + 9o (5.180)
where
oy = Oxq (0)7 il = 0214 (0)(,77 y = OYaq (cr)7 i = 02yq (0)(7,
80' 80'2 30 80'2 (5 181)
, Oz (0) o 022 (o) . .
T Ty 0 T T2 7

The terms in (5.181) exist and can be calculated, just under the assumption of continuity
of the first and the second derivative of the reference trajectories xq4, yq and zq regarding
to the path variable 0. We can now determine the error dynamics of the intermediate
control uq by replacing the relations (5.179) and (5.178) into (5.177). Then we obtain

. m m 1 1
i = —— (dy + dy |u)) @+ —vr — —wqg — — (dy + dy |u]) ug + —7

- mq my mq my my
o 0= Gt = Gty St Sy, [JuaPnafo) S D)
a7 e ?éwp—”miuf‘m<d2+d e
+Ti2nd (t)} - ((;jj [ml up — :ZUP - ﬁg (ds + du |w]) w+ 13de (t)

(5.182)
where o = &q — T,%. = g — ¥ and 2, = Zq — 2. Also the time derivative of the desired

velocity along the desired path is given analytically as

aUO aUO 6’u0 . 8u0

+ e + =T +
ot o T oy o

iy = Ze. (5.183)

Hence, we utilize a known basis vector function

£ () _ o . _| | _6ud - 8ud - 0ud . 8ud 62xd (U) .
1 = | vr, —wq, —UuUq, Ul uq, 81'6 Te aye Ye 826 Ze axld 80'2 o
B Ouq O2yq (0) . Ouq 02zq (o) . Ougq . ouq . Ouq Ouq

By 9o 02y 90 duel omy P ov P ap
% 8Ud| ’?} 8udu 8udv 8udw 8ud ‘w‘w T
av " v ow " 5w P ow " ow

(5.184)
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and a vector of unknown parameters 61, which represents the modeled uncertainties of
the first subsystem (5.172 — 5.173), constructed as

T
mims m% m1d2 mldv m% mime m1d3 mldw

mo m27 mo ’ meo ’mg’ ms ’ mg’ ms

01 = <m27 ms, d1> du7 my,
(5.185)

The unmodeled uncertainties and the disturbances act on the first three channels of the

system. They are given regarding their upper bounds and are lumped in a vector
05 = (021,622, 623) ( e, L, L ma")T (5.186)
= ) ) = u ) TU ) T’w . :
2 21, V22, Ua3 d sy Tl Twd

Thereafter, by replacing (5.184), (5.185), and (5.186) in (5.182), we get

.1 . T Oug my Oug my
U= ol by (dy +dy |ul) @+ 0, f; (+) + 7o + Tua (t) — 5 szvd (t) — o mSde (1)
(5.187)

Now, applying the certainty equivalence principle, the control input 7, in (5.187) can be

chosen as

Tu = —CuUl — 91Tf1 (1) — 0y, tanh (uQ ) — By % tanh (8ud uﬁgg)

€21 8 81} €99
B (5.188)
=0, %% (69>

ow ow €93

where ¢, is a designed positive control parameter, 0, is the estimate of the unknown
parameter vector 6, and 921, égg and égg are the estimates of 051, 55 and 6,3 respectively.

The estimates of the parameters in (5.188) can be determined using the update laws

él = I'1Proj <f1 ( ) )
921 = 7Yo1Proj (|U| 021) , Oz5 = 722 Proj (ﬂd 7922> ; (5.189)
é23 = a3 Pro] ( ﬂ(?jj ,923>

where I'; € R1¥*13 is a diagonal design matrix with entries v;; > 0, for i = 1,...,13,

and, Y21,722,7%23 > 0 as well, and “Proj” is the projection operator which is already
defined in (5.117).
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5.6.2 Torque Control

The control input 75 is concerned with the orientation of the real vehicle and rotates
the real vehicle to point permanently to the virtual one. To design the control law 75

we consider the second subsystem of the model (5.169)

n, =J2(ny) va + 1, () (5.190)
MQVQ = —Cl (Vl) Vi — Cg (Vg) Vo — D2 (Vg) Vo — &9 (7]2> + T2 + Tod- (5191)

The triangular-like structure of the system (5.190 — 5.191) allows to design the control
law 75 based on the backstepping approach where the goal is to force the vector i, =
(¢, 71,72) " to go to zero as ¢ goes to infinity.

To achieve that, we divide the procedure of control design into two steps. In the first

one we design an intermediate controller

Vaq = (pd,Qd,Td)T (5-192)

which stabilizes 7., at the origin while, in the second step, we design 72 to force v, to

converge to 7Zero, where
{12 = Vg — V4. (5193)

For this purpose, we consider first the dynamics (5.190) and choose the intermediate

control law as
Vad = (pa,qa,ra) =J3 (my) | — £, (1) — Ko, (5.194)

where Ky = diag (kai, koo, ka3) is a positive definite diagonal design matrix. Thus, with
substitution of the controller (5.194) in (5.190) we obtain

n, = —Kaon, +J2(n,) V2. (5.195)

In (5.195), the equilibrium 7., = 0 can be exponentially stabilized if the controller T

guarantees that
Jim v5 = 0. (5.196)

To obtain (5.196) we differentiate both sides of (5.193) with respect to time

Vo = Vg — Vaq (5.197)
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where

. Ovaq .  Ovaq.  Ovaq.,  OvaqO02mq . Ovoq02yq. Ovoq 0224 . n OVaq .
A% = —T¢e e Z g g g Uu
2= Dre Aye " Dz = axl, 902 dy, 902 92y 002 Dug
Ovaq |
8772 /’72'

(5.198)
Multiplying both sides of (5.197) with the matrix My and utilizing the dynamics (5.191)

we obtain
Myvy = —Cy (Vo) Vo — Do (vo) Vo + F(:) 03 + G (1) 04 (t) + T (5.199)

where the vectors F (-) 03 and G (-) 84 (t) are determined from the relations (5.125)
(5.193), (5.197) and (5.198), given through

OVaa . Ovaq .
F ()03 =—C;(vy)vi — Cy(va) Vaqg — Dy (Vo) vag — 85 (15) — My [ a‘;dee n a‘;jdye

Ovag . Ovaq 02z4 . n O0vaq 02y4 . n Ovaq 0224 . n Ovaq . n Ovaq .
Ze o o o 1,
9z, " ar, 9020 " Byl 902 9z, 902 " dup 0 om,

— M, %‘;21(11\/[1_1 (—Ci(vi)vo =Dy (vq) vy +71)
(5.200)
and
G(1)04(t) =Toq (t) — My %\;21[1 Ml_lTld (t) (5.201)

where F (-) and G (-) are the basis matrices, which are calculated in Sections 5.6.2.1

and 5.6.2.2, respectively.

In the dynamics (5.199), the controller T4 is chosen to compensate F (+) 83 and G () 04 (t),
and to satisfy (5.196).

Since the modeled uncertainties @3 and unmodeled uncertainties (disturbances) 64 (%)
are not known we estimate 63 and the maximum value of 6,4 (¢), under the assumption
that the disturbance is bounded, with F (-) € R¥"™ G (-) € R¥>*™ 03 € R™ and
04 (t) € R™, where n3 and ny are the numbers of unknown modeled and unmodeled

uncertainties, respectively.

Our task now is indeed, to design a control law 75 for (5.199) to fulfill the control
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objective (5.196). Therefore, we choose the controller as
T ! 0
72 = K% — (n]J2(m) ) ~F ()8~ Go () (5.202)

where K3 € R3 is a positive definite diagonal design matrix, and the vectors F (-) 0,
and Gy (-) are given in (5.203) and (5.205), respectively. Let us start with the vector
F (-) 03, it is defined as

f11é31 +-+ f1n3é3n3
3= [ f21031 + - + fanyO3ns (5.203)
f31051 + -+ + fany O3,

D>

F()

where égi is the estimate of the unknown vector parameter 6s;, for 1 < i < ng, with the
update law
) 3
032' = ’}/31‘Pr0j (Z ﬁgjfﬁ, 032) s 1 S Z S ns. (5204)
j=1
The functions f;; for 1 < j <3 and 1 <14 < ng3 are the components of the matrix F (-)

and 73; € RT are design parameters.

For instance, if n3 = 53 (all of the parameters of the considered AUV are unknown),
the rows of the matrix F (-) can be calculated using the relations (5.212), (5.213) and
(5.214). The other component of the controller (5.202) to be determined is the vector
Gy (+). To reach this purpose, let us replace the unknown vector 8, (¢) by the estimation
of the maximum value of it (as we will see in the section 5.6.2.2). Thus, the vector Gy (+)

may be chosen as

A 9191104 A o101,y O
911041 tanh S + +* + ginyOan, tanh e
€11 €1ny
A 022921011 A U2292n, é4n4
G'e () = 921041 tanh | ———— + -4 92n494n4 tanh | ——— (5205)
€21 €2ny
N By3931 01 N 9393m, O
931041 tanh | —— | + - + g3,,, 040, tanh e
€31 €3ny

where é4¢ is the estimate of the maximum value of the component 6y; (t) for 1 < i < ny,
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with the update law
A 3 A~
04 = 1 Proj | D 0259l . 0ni |, 1< i <ma. (5.206)
j=1

The functions g;; for 1 < j7 < 3 and 1 <1 < ny4 are the entries of the matrix G (-) and
v4; € RT are the designed gains.

5.6.2.1 Parameter Vector 63 and Basis Matrix F (-)

We have the following expression

O0vaq . O0vaq .
F () 0; =—C; (Vl) vi — Gy (Vz) voq — Do (Vz) Vad — 89 (772) — M, [ a;d% a;dye
8V2d P 8v2d 82xda 4 8v2d 82yd0_ 4 8V2d (‘)dea 4 8V2du 4 8v2d .
9z, " ar, 902 " dyh 902 T 9z, 902 " dup T om,

ov B
9 2dlVIl ! (=C1 (Vi) va =Dy (vi) vi +71).
Vi

_M2

(5.207)
To find the vector €3 and the matrix F (-) we assume, in the worst case, that all param-

eters of the vessel are unknown, that means, 63 € R* and F (-) € R3*5.

Thus, to express the parameter vector and the basis matrix explicitly we define

MaM3 MgMo MaM3 MMy MaMy MaMy Mydy
03 = m2)m3ym5am6ad47dp7ag7m4v y ) ) 3 ) ) 9

mo ms ma ms m mo my
mad,, mady mad, Mmads mad, My msm3 MpsMg M5y M5y
) ) ) ) 777m17d57ag7 ) ) ) )
ma mo mo ms ms mq mo ms mq ms
msma msmy msdy msd, msdy msd, msds msd, ms memmng Mgl
5 ) ) ) ) ) ) ) 7d67d7“7 ) )
my mso my my mao mo ms m3 My ma ms

) I ) 9 i 9 b b )

-
mems Mgy Memg memy Med; Mmed, Mmeda med, meds medy, Mg d>
)y g

my ms my me = my  my M Mo | M3 ms  my
= (931, . ,83n3)T y where Nnsg = 53.
(5.208)
Let the Jacobian matrix be
v bir bz b3
d
avi = [ bar bay Do (5.209)

b31 b32 b33
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and let us define the following vector

T 8V2d 8V2d 8v2d (9V2d 82xd 8V2d 82yd
X X X _ . . . . .
( A, 13) 070 " Og T 92 T ow, 902 C T By, 902
Ovoq 0229 .  OVaq . O0vaq .

921 002 T g 0 o, ™

(5.210)

Then, according to the definitions above and by means of some calculations, we can find

the matrix F (+), through its rows as follows
T
F() = (F1(),Fa (), P () ) where B (),FT () F] () € RS (5.211)
These rows of the matrix F (-) are given as

Fl () = (U'U], —vw, qrq, —Tq4, —Pd, —Pd |p‘ s sin (¢) COs (9) 5 _Xlla _pb12w7pbl3vu qb11w7
— gbizu, —rb11v, rbigu, biyu, ubiy |U| , biav, biov |U| ,bisw, bisw |w| , —b11 T,

0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0, 0,070,0,0,0,0,0,0,0,0,0,0,()),
(5.212)
F2 () = (07 wu, _X127 Pa, 07 Oa 07 —Prq, 07 07 07 07 07 07 07 07 07 07 07 Oa 07 —wu, —qaq,

— sin (9) , —Ppbaow, pbazv, gba1w, —qbag u, —1rbav, rbaou, baru, by |U| , Vb,

bQQU |U| s b23w7 b23’l,U ]w| s —b217u7 0, O, O, 07 0, O, O, 07 0, O, O, 0, 0, 0, O, —q4 |Q| ),
(5.213)
F3 () = ( — v, 07 —q4pd, _X137 Oa 07 07dea 07 07 07 Oa 07 07 07 Oa 07 07 07 Oa 07 vu, 07 07 07 Oa 07 07

07 07 07 Oa 07 07 07 Oa 07 —Td4, —Td |7“’ ) _pb32w7 pbgg@, qb31w7 —nggu, _Tb?)lva 7ﬁb32ua

b1, b31u ’U| , b3ov, b3 |U| , bszw, basw |w| , —b31Tu, 0)

(5.214)
5.6.2.2 Parameter Vector 6, (¢) and Basis Matrix G ()
We have already from (5.201) that
G () 04 (t) — T4 (t) — M2 Ml T1d (t) . (5215)

8v1
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Let us define the vector of unknown unmodeled uncertainties (disturbances) as

maTyud (t) mMaTyd (t) ™M4Twd (t)

MaTud (1) MaToa (t) M5Twa (1)

01(t) = (70 (1), , , (), | ,
1) = (), O et O e ll) gy o ) o
meTud (t) MeToa (t) MeTwa (1) ) T

mq ’ mo ’ ms

Then, we can determine the matrix G (-) by defining its rows as
! T T T 12
G() = (G1().Ga().Gs()) . G/ (),GI().G]()€eR™.

These rows of the matrix G (+) are given as

G ()= (17 —bi1, —bi2, —013,0,0,0,0,0,0,0, 0)
G2 () _ <0, O, O, O, 1, —bgl, —bzg, —623, O, O, O, 0)
Gy () = (0, 0,0,0,0,0,0,0,1, —by1, —bsa, —bgg)
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CHAPTER 6
Stability- Analysis

In this chapter we present in detail, a clear and extensive stability analysis for the

complete dynamics of the AUV compared to previous works like [$2, 83].

The high complexity of the AUV system renders the study of stability a tough task.
Therefore, it is necessary to analyze individually the stability of the subsystems, which
construct the entire AUV system. To serve this purpose we divide the entire closed-
loop AUV system into subsystems, then we investigate their stability individually. The
AUV system is divided into four sub-dynamics as follows: The underactuated dynamics

(de, @), fully-actuated dynamics (777, \72>, and finally the non-actuated dynamics (v, w).

In the last section of this chapter we will study how to initialize the position and the
orientation of a real vehicle to guarantee such that the controller is able to steer the real
AUV to the virtual one.

6.1 Stability of the Underactuated Dynamics

To show the stability of the dynamics (cie, @), we choose Lyapunov function candidate

-1 1~ 1. ~ 1 N
Vi = -myi@® + ~d*+ -0, T7'0, + -0, T5'0,. (6.1)
2 2 2 2
Since it is not simple to show that the time derivative of V; is negative definite [34], we

divide this dynamics into @-dynamics and d,-dynamics, and then we investigate stability

individually.
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6.1.1 The Intermediate Control «

To study the stability of the first subsystem (5.172)—(5.173), we substitute the controller
(5.188) into the dynamics (5.187) and obtain the following closed-loop system

. 1 1 1 .7 1
i=—— (cu +dy +dy|ul) @+ Eeffl (1) — Eel f1 () + —Tualt)

1 my
1, iy Oug 1 1, dug Oug b
— —fytanh | —2 | - 20 g () — —fpp—2 tanh | =222
mq 21 tan ( €21 ) v mgT d( ) my 2 ov an ( ov €29 ) (62)
aud 1 1 - aud aud ﬂégg
— 4 7q (1) = —fy3——tanh [ =2 —2 ] |
ow mgT a(t) my 2 ow an (811) €93 )

Now, by taking into account the assumption in (3.48) and considering the dynamics

(6.2) we can write

Tud(t) STud™ & Tua(t) <O, O = 708" (6.3)
Dlra(t) < e e (1) <O, O = 7™
ma ma ma Mo (6.4)
m M1 max my m1  max :
m3 ms ms ms
and
05 = (021 b2 923)T- (6.5)

Let the Lyapunov function candidate be

1 1T s 1aTo .-
Vi = gmii® + iofrflel + 50&;02 (6.6)

where

0,=6,—0, i=12. (6.7)

The time derivative of the Lyapunov function candidate in (6.6) is

Now, by placing (6.2) in (6.8) we get
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Vi = — (cu+dy + dyul) @ — 0, £ (1)@ +

+

+

Tud<t)ﬂ — égla tanh (

Oougq _my

Ooug _my A
— U Typq (t) — O
awumgT alt)

We consider the disturbance terms in (6.9)

A 8Ud 8U,d ﬂégg
—%u%'ﬁud (t) — U/QQQE tanh (avm)>

T 1A ~T_ 1A
I7'0,+6,1,'0,

’ZLQQl
€21

ow

ow €923

Tud (1) < [Tua(t)] < |Tua(t)] ] < b1 || = (ézl - 521) |l

which means that

Also we have

<0y @] — 021 || < ‘éZI |ﬂ|‘ — Oy |a] = ‘921?1‘ — Oy ||

Ouq _my my Oug
<|—u— < |— <
(t) < v qu Tod (¢) Mo Tvd (t)’ ov Y
8Ud ~ A ~ aud ~
<059 En u| = (922 - 922) e (0
A 8ud - ~ 8ud - N 6ud - ~ 8ud -
< —l — ———al < _
<059 90 (% 022 o a| < |6a2 v U 620 v (&
Ouq _my ~ Ouqg ~ | Ouq
_ ZHd LT < el v Zodat
ov umgTvd (8) < |0 ov ) = 02 ov Y
ug _my my Oug _
< |45t < |2 -
(t) < ow 3de (*) ms Twd (t)‘ 0
8ud - A ~ aud -
<] 5y, | = (0 = ) [0
A E)ud . ~ aud . A 8ud - ~ 8ud .
Oy | =—21| — Ogs | —2 41| < gy | =4
<03 Ow U B3 ow a| < |f3 ow Uu O3 Ow U
A 8ud - ~ 8ud .
< A A Zd
< |03 Ow U Ba3 Ow U

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)



which implies

s — a3

Oos——1 %ﬂ
2w ow

Then, by inserting the inequalities (6.11),(6.13) and (6.15) into (6.9) we obtain the

following inequality

0
_ ﬂ@@md (t) <

S o . (6.15)

Vi< —(co+dy)id®+ élT (F1191 — £ () ﬂ) + 0317501

~ A ~ LA A ~ A Oy i
+ 922’}/221622 + 923’}/231023 + ‘62174 — 621 |’U,‘ — 82116 tanh (21)

€21
A Oug . ~ |[Ougq ~ Oug - égg%ﬁﬁ (6.16)
+ |Bop——t| — Oop |5~ 1U| — Opp——0tanh [ ——
ov v v €99
A - R é Aug ~
+ 823%@ — O3 %ﬂ —923%@tanh T8 aw )
ow ow ow €93

Our goal is to make the derivative of V] negative. To this end, we choose the estimate
of 6, such that some terms in (6.16) are compensated. For that, we use the projection

operator in the update law of the vector 8, as follows
6, = T'Proj (f, (-) @,0,) = 70, = Proj (£, (-) @,0,) (6.17)

with I'; = diag (71;) a positive gain matrix, where j =1,...,13.
Thus, by replacing the relation (6.17) in (6.16) we obtain

Vi <~ (cu+di) @+ 8, (Proj (£ () a.0,) £, () @)

N ~15 ~ Y 1A 8u - ~ 1A 8u 5
+ 0 (7211«921 - |U|> + 6o <7221822 - 81;du> + o3 (7231«923 — 8@;u>
) ) Ouit) |5 0 0 B3 2 6.18
- [far@] — oy tanhy | ) 4 100 T 0a] — 2 tanh | 22" (6.18)
€21 ov O €ao
A 0 ~ 0 0. 2ud 3
+ HZSE'IE —Gggﬂﬂtanh M .

By using the definition of the projection operator (5.118) and by utilizing relation (5.32)

96



the inequality (6.18) can be rewritten as

: P (- A _ ~ (|0ua | 4 duq _
Vi < —(cy+dy) @ + 0y (PIOJ (]u| ,021) — |u!) + 69 (PIOJ (‘auvdu ,922> — % )
+ Oy (PIOJ (‘u 921> _ |Guay ) +0. 27852622
w " =
(6.19)

where €,; for i = 1,2,3 are some arbitrary small positive constants.

Further, we define the update laws for égl, égg and égg as follows

X A ~ (1. 0u
21 = Y21 Pr0] (‘U’ 7921) , B2 = 722 Pr0j ( Uaivd

d 7é23> .

Oua
ow

9 é22> )
(6.20)

é23 = 723 Proj ( u

By placing (6.20) in (6.19) we obtain

3
Vi <—(cu+di) @ +0.2785) e (6.21)

i=1

and adding and subtracting the terms % 2 éZT I'7'6; to the right-hand side of the
relation (6.21) yields

. 1 & -
Vi <= (cutdy) @ —1—0278526214—229 ;6 —fZOTI‘ '9;. (6.22)
i=1
Now, defining
1
p1 =0. 27852621 + = ZO T;'o, (6.23)
1=1
we get
13- _
Vi< - ((cu +d) @+ QZHTPHHJ +
2 (e +d) 1 = | (6.24)
Cu+ 1 ~9 ~T —1A
- - - r
— < ml 2m1u +2;92 7 91) +p1
. . 2(cu+di) . . .
With ¢, = min [ 1, ————— | we can write the inequality (6.24) as
my
Vi <—aVi+pr (6.25)

97



2(c, +d
In the inequality (6.25) we discuss two cases for o, namely: Firstly, if ! > 1,
my

thus o, = 1. Considering (6.6) and (6.24) we can write

2(Cu—|—d1) 2 1 -9 1 2 ~T 14
e DU 6T - 30,110, =
- 2m1u Z 2m1u + 2; ;L

2 d 1 & AT ! LS5 118
_<(C’“+1)2m1u2+ ZeTr,— 0) < (gma+ 528 Fﬂh)@ (6.26)

mq 2 i—1

2(c, +d
— <(C+1)m1u + = ZB r; 10) +p < -Vi+p &
mq 2
Vi < —Vi+pi. (6.27)
We can obviously find that inequality (6.27) coincides with (6.25) for o, = 1. Secondly,
. 2(cu+di) - .
if —— <1, thus o, < 1. By noticing (6.24), we can write
my
Vi< — 2m10uU+ ZGI‘ 0 +p1 < —0oy §m1u+ ZOI‘ 0 + p1-
1=1 Ou j=1
(6.28)
1
Because of — > 1 it is clear that
Oy
1 17
V1<2m1u +—Ze r;'e,. (6.29)
Ou i=1
Thus, from (6.25), (6.28) and (6.29) we write
‘./1 S - O-u‘/l + P1 S _Uu‘/l + pmax (630)
where, p®* is the maximum value of p; by using the comparison principle [69]. Tt can
directly be shown that, the solution of (6.30) is given as
Vi (1) < VA (t) e on(t-to) 4 P (6.31)
Ou
Obviously, from (6.6) it can be shown that
i 2V4 (1)
t)] < 6.32
(o) < 22 (632



Then, from (6.31) and (6.32) it follows that

@ (1) < ¢ L) oot 4 22 ¢ Wilto) otz [208
< my mio, my myoy, (6.33)

S QO e—a'u(t—t())/Q +pu

|2V (t 2pipax
= 1 (to) and p, = e (6.34)
m mi0y

Finally, from (6.33) we conclude that the error of the intermediate control 4 converges

with

globally exponentially to a line segment of length 2p, and centered at the origin.

6.1.2 The Path Following Error d,

In this subsection we will demonstrate that the path following error d, stays within a

bounded area and never leaves it.

6.1.2.1 Lower Bound of d,

We have already seen from (5.175) that the dynamics of the path following error is given
as

: ax a .
de = — kld—e (de — 9) — d—eu (6.35)
An equilibrium point of the dynamics (6.35) is d, = 0, @ = 0, where 0 is a small positive

constant.

The equation (6.35) can be rewritten as

ay 5 ay .
de - kljede - dieU (636)

where Je = d, — 6. Under the assumptions a; > 0 and Je > 0 which are guaranteed by
the controller and through a suitable choice of the initial conditions (as it will be shown

later), we can write
do = (~hrde — 0) & “do + kde = 0 (6.37)
and because of —a > — ||, equation (6.37) implies
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de

2 ~ B K a ~ 5 2 ~ B
o e+ kade 2 = 4| = do > 0 (—krde — [a]) = de > (—kade — [a]) . (6.38)
Inserting the inequality (6.33) into (6.38) we obtain
c?e > —kyd, — (au e oult=t0)/2 4 pu> ) (6.39)
The solution of the linear system (6.39) satisfies
. . t o
de (t) > e—kl(t—to)de (to) — / e ki(t=T) (au e 2 (T=t0) Pu) dr
to
> e—kl(t—to)de (to) — /t aue_kl(t—T)—gTu(T—to) dr — t o o k1(t=7) 7o
- to to
t t
> e hlt=t) g (1) = —F kD= r—to)|  _ Pu ko)
e kl — O-U/Z to kl to
—k1(t—t0) 7 G =2u(t—ty) _ _—ki(t—to)] _ Pu [q _ _—ki(t—to)
> e~ T0)d (1) k‘l—";[eQ o) — M 0} kl[l e 0]
> e MU0 (1) 4+ —20 gHi(i=to) [_1 n e—(f’;—kl)(t—to)] _ Pu [1 _ e—kl(t—to)] _
- G —k k1
(6.40)
For (6.40) as t — oo the error d, converges to —Zu, for k; > 0 and o, > 2k;. This
1
means, ultimately we get d. > § — Pu_ d}, where df is the lower bound of d.. This

1

bound exists if the constant ¢ is chosen as > Zu Thus, we can adjust this lower bound

1
d} and make it arbitrary small by choosing the designed constant .

6.1.2.2 Upper Bound of d,

To investigate the upper bound of error d,, we insert (5.150) into (6.36)

doe =—Fky (cos (m) + Z:cos (0) (cos (72) — 1)> d. — cos (7) @

Adding and subtracting of one in the relation (6.41) and rearranging yields

de = —k; ((cos (m)—1)+1+ Z:cos (0) (cos (72) — 1)) d, — cos (7)1

= —kyde — cos (7) @ — ky ((Cos () —1)+ % cos (0) (cos (2) — 1) | de.

(&)
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Before we study the upper bound of d, we consider the following lemma which is intro-

duced in [83, 85, 80].

Lemma 6.1.1 Consider the nonlinear system

s =f(t,s)+gl(ts &(1)) (6.43)

where ¢ € R", £ (t) € R™ and f(t,) is piecewise continuous in ¢ and locally Lipschitz
in ¢. If there exist positive constants r; for i = 1,...,4, u; for j = 1,2, By and o¢, and
positive constants ry and €;. Furthermore, let be given a class-k function oy such that
the following conditions are satisfied:

Condition 1: There exists a proper function V' (¢, ) satisfying for all ¢ > ¢, > 0 and all
& in R™

oV (t,s)

nllsl® < Vits) < lis), < 3 lsll®,
V(ts) V(L) % (6.44)
and 8t7 + ag, f(t,¢) < —rylls||” +70 where 7> 0.
Condition 2: The vector function g (¢,s, £ (¢)) fulfills
g (t, 6, & () < (pa + pa [Isl) 1€ @) - (6.45)

Condition 3: & (t) globally exponentially converges to a ball centered at the origin
1€ @)l < ao (1€ (toll)) e~ e, VE >0 > 0. (6.46)

Condition 4: The following gain condition is satisfied

T3 0., (6.47)
Bo

Ty — M2T3€e —

Then the solution ¢ (¢) of (6.43) globally exponentially converges to a ball centered at

the origin, i.e.
ls 1 < a(ll(s(to) . & (t))l]) e e, VE =1ty 2 0. (6.48)

We give now the complete proof for this lemma in detail.
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Proof of the Lemma 6.1.1

Let the Lyapunov function candidate be V. From (6.43) the time derivative is

V=S4 O (E(0,) 8 (15, € 1), (6.49)

By using the Conditions 1 to 3 we can write

V<O D9 + S e ts g )
< —rallsI? 4 ro + 7 sl (o + g ) 1€ )]
< —rallsll® + 7o+ rallsl (o + g lls]) (e (I(s (to) . € (ta))]]) e 7 4+ &) (6:50)
< —rallsI? 4 ro + 7 sl (o + g2 sl e (s (fo) € (to)) ) e )

+ raeetin ||s]| + raeep o))

Now, we consider the term rsegp; ||s|| in the last line of relationships (6.50)

1
raegp [[Sll = raegpa ([[Sl]) < rseemn <ﬁo + 3 HCH2> (6.51)
where we obtained the relationship (6.51) by applying Young’s inequality for an arbitrary
positive constant Sy > 0 [05].

Now, we put (6.51) into the last inequality of the (6.50) we get

V < — vyl + 7o+ 73 lls]l (un + g2 IS 1) @ (II(s (o) , € (o)) e 7€) + r3€eii1 o
n T3€cH1

5 511 + rseepz f1<]1”

(6.52)

or also

. T3€elh —o0
VS‘O“#&M—3£1yw%wﬂﬂwﬁwwﬂmw@w><mm> <=t

+ r3eept1 o + 1o.
(6.53)

Now, using the above mentioned four conditions, we try to write the right-hand side of

the inequality (6.53) as a function of V. To this end, we consider the term

rallsll (i + pz llsll) o (II(s (20) , € (t0))I]) 77", (6.54)
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by using @ = « (||(s (to) , € (to))]|) to be more compact we may write (6.54) using Young’s

inequality again (we choose here the positive constant 5 = 1) as per

r sl (= pa lis ) @ e 7<) = (rapun || + rapes s]*) aveo=1)
< (ram (14 [I1?) + rapa ||s|*) @ve7t1) (6.55)

< (Taul + 7y (1 + 12) H§||2> e slho),

Noticing Condition 1, i.e. |[¢||* < V/ry, this inequality may be placed into the relation-
ship (6.55) which yields

=~ —oc(t— = —oe(t— r —  —oe(t—
rallsl G pa [lsll) @7 Srgpnar e 0D 2 (g 4 ) Vae s (6.56)
1
Again, from Condition 1 we may write
1%
L e (6.57)
2

By using the two inequalities (6.56) and (6.57) in (6.53) we get the time derivative of

V' as follows

. 1
V<— = <r4 — T3€chln — T3€§M1> V4 (111 + pig) Ve oelt=to)
To Bo T (6.58)
+ rapya e 7€) raec By + 1.
Rearranging (6.58) yields
. 1
V<o [ (u ~ryeepin — W) LT ) G|
T2 Bo (8} (6.59)
+ rapa e ) 4 opaeei By + 1.
Define
1 T3€ T _ _
0 = — (7‘4 — T3€efly — : Wl) , = (p1 + p2) &, 03 = 131114,
T2 Bo (8} (6.60)
04 = r3eeptrBo + 1o
and such that we have
V< — (51 — 0y e-%@-tw) V + 03 eoelt0) 5, (6.61)
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At this point let us consider the following differential equation associated to (6.61)

h=— (01— Gy e 7)) hp Gy emosto0) 4 5. (6.62)

By change of variable b = h — 5— = b = h differential equation (6.62) can be rewritten
1
as

04
o (t—to (t—to)
b= (61 09778 )<b+51>+5e % + 4,

(6.63)
04
= — (01— e ) b — (5 = Gy e 7 T) = Gy ) 15
01
¢ (t—to) 0204\ (t—to)
b=— (01— bpe 7T ) by Gy = | et (6.64)
01
The solution of the linear differential equation (6.64) is
5254 —og(T—t0)
b(t) = (t,10) b (to) +  d + 22" /(I)(t,T)e e(r=to) - (6.65)
1 to
with @ (¢,t0) b(t), the transition matrix which here reads
B (1 1g) = e oo (102 TN o [y v f (aen e ar
52 (1 —ocl—te) (6.66)
— 6751(t*t0)ei(1_6 ¢ )
thus, also
(572 —670- (t—7)
D (t,7) = e 1Mo (1= ) (6.67)

The solution is

82 (1_g—oe(t—t0)
b(t) = e 0107 077 (4

et 6.68
N <53 n 5;54> /t <€51(tT)62(1—e e >)> et g, ( )
1 to

efcf&(tfto))

0204

)
—&1 (t_to)ea (1—
01

=€

b(to) + <5g+

t _572 —D’g(t—T)
></ e(f1=0e)7 dr.
to

) —51t+0’5t06%
(6.69)
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This implies

L 7670_ (t—tg) L t
b(t) < 6_61(t_t0)602 (1 3 0 )b(t0> + <53 + 5254) 6—51t+0'5t0€g§ / 6(5170-6)7-(:17_

51 to
(6.70)
and by (6.70) we have for the solution of (6.62) that

h (t) S 6751(t7t0)e%(1_6_U£(t_t0)) <h (to) _ g4> + (53 + 5;64) 6*51t+0’5t06% /t 6(51—0'5)7'(17_
1 1 to

89 (1 _—og(t—tg) Sg t
< ettt (=T gy (63+ 5?554> e KL
1 to 1

(6.71)
52 (1 moet10)) 52
Since e~?¢("%) < 1 we see that e’ < e and the solution h (t) can be

written as

S 5 t
h(t) < =01 (t-10) g fy (to) + <53 + 5;54> ¢~ Sitocto g / (o) qr o+ 24. (6.72)
1 to 1

By applying the comparison principle in [69], we have

2 5254 b2t 5 (54
V (t) S V (tO) 60{ e—él(t—to) _|_ (63 + 5) 6—51t+0’5t060§ / 6( 1—0'5)7'(:17_ + 57 (673)
1 to 1

Consequently, we discuss the inequality (6.73) in two cases:
Firstly, for 0; = o¢ relationship (6.73) yields
L) 090, Sz t 0.
V(1) <V (t) e e—01(t=to) | 55 + 0204 ) 5 p01(t—to) dr + 94
(51 to 61
(6.74)

2 0204\ 2 )
<V (to) ereem o (53 + 5> e ) (1) 4 O
1 1

which by adding and subtracting a positive constant ¢ to constant d; in (6.74) results

in

2 5 5254 2 5 (54
V() <V (t) e7ee 000 4 55 4 — e e~ @1=a)t=t0) (4 _ 4y emelt=to) 4 2
1
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Now, inspecting function (¢ — to)e=¢*~*) we notice that this function has always an

upper bound. Let this upper bound be a, i.e.
(t — to) e~ett) < g,
Clearly, for d1,c¢ > 0, we have d; > d; — ¢ and consequently

6—51 (t—to) S 6—(51 —C)(t—to) )

Inserting inequalities (6.76) and (6.77) into (6.75) we get

2 6 t—t 5264 2 —(81—c)(t—to) 54
V(t) < V(to)eogef( 1*0)(*0)_’_ 53+ 5 e o (01—c 0 a‘i‘é*
1 1
&2 8204\ 22 S
< % (to) e’ + (63 + 7?5 4) e’s a‘| 67(5178)@*1‘/0) + 574
1 1

Thus, considering Condition 1 and using inequality (6.78) we have

? 2o 0204\ 2 | ~(Gi-e)(t—to) 4 04
rills N7 < |2 lls (to)l|" e + 53+T e’cale _|_57.
1 1

It can readily seen that

- =2 0904\ 2 (6-0)
s ()] < \J(Tl) ' [TQ Is (to)[1* e7¢ + (53 + z4> e a] e~z (t=to) 4
1

By comparing inequality (6.48) with (6.80) it is clear that

o (s (o) . € (b)) = J (1) [ ls (to)|2e™ + (53 + fj) ]
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Secondly, we discuss the general case, but for §; # o¢. Returning to inequality (6.73)

we may write

(51 to 1

J 5
\V4 (t) < \% (tO) eieﬂh(t*to) + (53 4 5254) 6761t+g§toeé /t e(dl_UE)TdT N 24

<V (to) 6%6—51(1540) + 1 53 + % 6—61t+oftoe% |:6(61—a§)t . 6(51—05)150

(6.82)
thus,

14 (t) S v (tO) 6%6—51@—150) + 1 (53 + 52§4> 6% [e—ag(t—to) _ e—él(t—to)} + @

(51 — O¢ (51 51
(6.83)
and since e~1(=%) > () we obtain
%2 1 0a04\ 22 )
V(t) <V (t) G 03 + —— e7¢ ¢=oelt—to) 4 04, (6.84)
(51 — O¢ (51 51
For the worst case inequality (6.84) can be rewritten as
5 1 004\ 22 J
V (t) <V (tg) e’ e 1lt7to) 1 b5+ —— | e emoelt=to) 4 4 (6.85)
51 — O¢ 51 51
with /* = min (o¢, d1) we can write
L2} 0904\ 22 . 0
V()< |V (t) e + (53 + “) e%] eFrt—to) 4 22 (6.86)
1 — O¢ 0 01

Again from Condition 1 we then obtain

1
1 — O¢

5
s )7 < |r2ls ()| e + >

) 1

o .
(63 " 5254) 64 RS
1

Clearly,

s @)l < Jm)l el ol e + |51 .

107



and by comparing inequality (6.48) with (6.80) we get

anM£umm=Jm>ﬂmk%w%2+hf%K%+%?ﬂ (689

01

where 0. = */2 and €. = 1/d4/r1d1. This completes the proof of Lemma 6.1.1. O

Now, to determine the upper bound of d, we apply Lemma 6.1.1 for our nonlinear system
(6.42) and verify the Conditions 1 to 4. Before that we need to provide the functions
f(d.) and g(d., & (t)) which are scalars in Lemma 6.1.1, based on the relationship (6.42).
By comparing the relations (6.42) and (6.43) we obtain

f(cze) - _klde
_(6.90)

g(de, &) = —cos (7) @ — ky ((cos (m)—1)+ Z: cos (0) (cos (72) — 1)) d,

where € = (71,72, ). Here it is reasonable to notice in (6.90) that the variables a, and

~ also are functions of V1, vs and do.

Verification of Condition 1: To verify this condition, we take function V' = % 2. It holds
2 ~2 0V ~2 0V, - <2
™ de S V S T2 de ) ade S r3|Qe| 86Zef<de) S —Ty de +T0 (691)
i.e. the first condition is fulfilled for
7‘1:’/“2:0.5, 7"3:1, 7’4:]{71, T’OZO. (692)

Verification of Condition 2: Taking into account that the functions f(d.), g(de,€) and

the variable d, are all scalars, from the second equation of (6.90) we get

~ Qe 7
900, )] <1 cos (v)al + [ia] (Jeos (1) = 11+ |5 cos (6)] eos (32) ~ 11) & (6.93)
Qe
and since |—cos (0)| < 1 we may write
9(der )] <cos (3)]1a] + ki (Jcos () — 1]+ [cos () — 1) |de]. (6.94)

108



Noticing that |cos ()| < 1, |cos (71) — 1| < =, for 41 > 0 and |cos (72) — 1] < 79, for
72 > 0, inequality (6.94) leads to

l9(de, &)| < [l + ko (11| + 1ya]) |de| (6.95)
It is clear that |y1|, |72|, 2| < ||&€]], hence
|9(de, €)] < N1€N -+ Fa (1€]| + €]} |de
- (6.96)
< (1+ 2k |de|) lI€]l -
Inspecting (6.96) we see that the third condition of Lemma 6.1.1 is fulfilled for
M1 = 1, Mo = 2]{31 (697)
Verification of Condition 3: Note that
— B p+ p+ ,&/p’ > 0
I€ll = Vil + el +1il, p> 698
< Il =+ |rel + 4l
for n., = (&, 1, 72)T and inequality (6.98) may be written as
lel < 2|m, | + 1l (6.99)

On the other hand, it is not difficult to realize from (6.33) as well as form (6.146) that

this inequality can be expressed as

€l < 2 (e =72 4 p) 4 e t=0/2 4,
< 2q, e /2 g om0 9y p, (6.100)

< @y e~oelt=to) 4 €¢
where
ap = max (2a,, ), 0¢ =min(0,/2,0,/2), € =max(2p,,pu) (6.101)

which satisfies the third condition of Lemma 6.1.1.

This means that & (t) is globally exponentially converging to a ball centered at the

origin, with radius €. Further, we can render this radius arbitrary small.
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Verification of Condition4: To verify this condition, we place the relationships (6.92),
(6.97) and (6.101) into (6.47) and we obtain

max (2, p)

ki1 — 2k max (2p,, pu) — 5
0

> 0. (6.102)

This inequality is satisfied for k;, By > 0 if we choose max (2p,, p,) small enough. This
is always guaranteed in turn by noting the relations (6.23), (6.34) and (5.164).

Now, we have verified all conditions of Lemma 6.1.1 based on the dynamics (6.42).

Thus, we may use the result of this lemma (6.48), which is

dy| < cgeoett) 4 e, (6.103)

where oy, 04 and €4 are calculated from the relations (6.81) or (6.89) in Lemma 6.1.1.

Figure 6.1 illustrates the lower bound (6.40) and the upper bound (6.103) of the error
d.. The area between upper and lower bound gets smaller (narrower) with time, that
means, this area can be made arbitrarily small. The error d, goes to a small corridor as
t goes to infinity.

For very small d, the real vehicle is very close to the virtual one, which moves along
the reference path with the reference velocity. This means that the real vehicle moves
according to the reference velocity along the desired path. In other words, if d, is very
small, the virtual vehicle does not wait for the real one and they both move according

to the reference velocity with a small delay d,/uo where ug is the reference velocity.

Fig. 6.1: Lower and upper bound of d,
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6.2 Stability of the Fully-Actuated Dynamics

To investigate the stability of the fully-actuated system (7)7, \72), we define Lyapunov

function candidate as

1 1. -
Vo = *773777 + —V, My, +

5 5 r;'0, (6.104)

with 8; = 91 — 0, for i = 3,4 where 92 is the estimate of the constant value ;.

Thus, time derivative of the suggested Lyapunov function is
Vo = 0l + ¥4 May¥s + 0, 7505+ 0, T;0,. (6.105)
By inserting (5.195), (5.199) and (5.202) into (6.105) we obtain

Vo= (<Ko, + 32 (1) %2) 493 | ~Ca (va) ¥ = (K + D2 (va) ¥ — (n] 32 (m)

FF() 05+ G()0. (1) —F(-) 05 — Gy (-)} 1 O.T;'0, + 6,10,

where \7'2T = (D91, Va2, Ve3) and Koy, K3 are diagonal positive definite design matrices,
F () € R*" with ns the number of the unknown parameters due to the modeled
uncertainties, while G (-) € R**™ with n, the number of parameters owing to unmodeled
uncertainties and the disturbance on the system. For studying the stability of the
dynamics (nw%), for simplicity let us choose ng = ny = 2. Then we generalize the

result of this investigation to arbitrary values of n3 and n4. Following this consideration

we write
fir Sz g11 912
9; = (931>932), 01 (t) - (‘941 (t) ,942 (t))a F () = f21 f22 ) G () = 1921 922
fa1 fa2 g31 932
Then

Vo = =1y Kom, + 1,32 (0y) V2 — V3 Cy (va) ¥ — V3 (Kz + Dj (v2)) ¥
T ~ A
— %3 () J2(my)) +¥3 (F()05+ G ()0s(t) —F ()05~ Gy ()  (6.106)
+0,7;'0,+6,T;'0..
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.
Since the term v, (nIJQ (772)) is scalar we write

~ T ~
V3 (n]32(m,)) =mn]J2(ny) ¥ (6.107)

and from (3.29) we can determine that the matrix Csy is skew-symmetric. Therefore, by

using this property of Cy and (6.107) then relationship (6.106) can be expressed as

Vo= — (n]Kom, + 9] (Ks + Dy (v2)) %) + 857505 — V1 F () 0

~T A (6108)
+0, 7710+, (G()04(t) = Go ().
We can write from (3.36) and (3.37) that
Dy < Dy (v2) (6.109)

where Dyy = diag (dy, ds, dg). Thus, by utilizing (6.109) relation (6.108) is turned into
the following inequality

. ~ ~ ~T_ . 1A ~ ~
Vo < — (n]Kam, + 95 (Ks + Do) %) + 0,505 — v F () 65

termiy

o (6.110)
+0,T;'0,+v,G ()04 (t) — vy Gy (-).

termo

To find out the values of term; and terms,, let us assume that the unknown parameters
are just two, i.e. 83 € R? and 0, € R2. Then under this assumption we can determine

the terms term; and termy in (6.110) as follows

term1 = é;]__‘glég - {/;F () 93

_ A fir fiz ~

1

54 V31 0 031 SOV 031

= (03,60 S| = (D91, U0, 0 .

( 31 32) ( 0 %21> (03) ( 21, U22 23) ?21 ?2 <932) (6.111)
31 J32

. 3 . 3
= 03 (73_11931 — Z 172jfj1) + O35 (73_21932 — Z 772jfj2)
=1

i=1

which generally, for arbitrary ns (the number of the unknown parameters), amounts to

ng - 3
term1 = 2031 (’73_21031 - Z T)ijji) . (6112)
j=1

i=1
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By choosing the adaptation law as

. 3
631‘ = ’}/&'PI'Oj (Z ’ljgjfji, 931) (6113)
j=1

and inserting it into (6.112) we get

ng 3 R 3
i=1 j=1 j=1
Further, according to the property (5.126) of the projection operator, readily we get

term; < 0. (6.115)

Now, we consider the third part of the inequality (6.110), namely, terms,.

termy = 0, T7'0, + ¥, G (1) 04 () — 9] Go ()

—1 A g11 912
L 0 0 L 041 (t ~
= (941, 942) T 1 ;41 + (11217 U227U23) go1  g22 . ( ) - VQTGG ()
0 v 040 ( )
g31  g32
= 54174_11@41 + 94274_21é4z + (V1911 + Vo2ga1 + V23g31) Oar (t) — V9 Gy (+)

+ (21912 + T22922 + T23g32) Ouz (1) -
(6.116)
Under the assumption that the disturbances acting on the system are bounded and by

noticing (5.216) we write

mMaTyud (t)
my

max

1021 ()] = |7pa ()] < 0™ = O, 042 ()] = | < T — g, (6.117)

and from (6.116) we obtain

termy = 54174ﬁlé41 + 5427121é42 + 091911041 () + V22921041 (t) + V23931041 (2)
+ V21912042 (t) + V2292202 (1) + 23932042 (t) — (D1, Va2, Ta3) G (+)
< é417zﬁlé41 + D191 <é41 - é41> + 022921 | (é41 - é41> + D331 | <é41 - é41)
+ 94274_21542 + [D21912] <é42 - 942) + |D2202 | (é42 - 542) + [Da3932| (§42 - 9~42)

- (/17217 622; 623) G9 ()
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. 3
= termy < Oy (74_11941 -y |?72igi1|> + (|va1911] + |v22g21] + [v23931|) O

i=1

.3

~ 1A - A 6.118

+ 042 <7421942 Z |U2igi2|> + (|va1912| + [v22g22] + |v23932|) Oa2 ( )
i=1

— (o1, Va2, U23) G (+) -

We choose the update laws for §41 and §42 as

. 3 . 3
041 = Proj (941, > |172i9i1|> , 042 = Proj (942, > |172i9i2|> (6.119)

i=1 =1
and use the relations |r62jgji| 942' S “1721911“ é41‘ = ‘772@'911'942' fOI' 1= 172 and -] = 17273
and define
A~ 'ljglgnézu A @21g12é42
911041 tanh | —— | + 12040 tanh [ ——
€11 €12
A~ 7722921641 N 2~J22g226)42
Gy (") = | gofu tanh | ———— | + gaofs tanh [ ——— (6.120)
€21 €22
N @23931é41 A~ 7723932@12
g31941 tanh | ——— | + 932942 tanh | ———
€31 €32

where €;; for 7 = 1,2 and j = 1,2, 3 are positive arbitrarily small design constants. This

way we finally obtain

. A . A @21911é41 - A 1721912@42
termy < ‘U21911941‘ — 021911041 tanh (e) — 021912042 tanh (e)
11 12

092921041

+ ‘%1912@2’ + ’1722921@41‘ — 7722921941 tanh ( c
21

) + ’1722922942‘

A ~ 0 A ) i ;
_ 1722922042 tanh (1)2292242) + ’@23931941‘ - @23931941 tanh (1)2393141>
€22 o
~ A 5 N 2~] g é
+ ‘023932942’ — 23932042 tanh (2363242) '
32
(6.121)
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Using the property (5.32) and from (6.121) we get

3 2
termy < 0.2875) ° > ¢y (6.122)

j=1i=1

Generally, for ny, unmodeled uncertainties in the system we get
3 ng
terms < 0.2875 ) > e (6.123)
j=11i=1
and placing the relations (6.115) and (6.123) into (6.110) we obtain
. 3 na
Vo <—miKom, — vy (Ks+ Dag) ¥a + 0.2875 ) €. (6.124)
j=1i=1
We see that 17, and v, converge to a small neighborhood about the origin.

To determine the convergence interval, we add and subtract to the right hand side of

v l.r
(6.124) the term 50 r;'0;+ 504 I';'0, such that

: 5 S % S [ PP S
Vo <—myKom, — vy (Kz+ D) v — 5493 r;'0; — 5494 I, '6,+0.2875 Zl Z;eji
j=11i=
1. ~ 1. N
+ §9§rg103 + 50111104
(6.125)
To evaluate V5 in (6.125) we note that
1 1 1
577:;777 < §>\max (I’Y) ||T’v||2 - 5“”7“2 (6126)
where I, € R**? the identity matrix, and
1 2 1 . 1 12
5)\min (Mg) ||VH S §V2M2V2 S iAmaX (Mg) ||V|| . (6127)
On the other side, we have
Amin (K2) [[7,]1° < 1) Kom, < Anax (Ko) |7, (6.128)
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and also

Amin (Ks + Dag) [|[¥2]|? < {’; (K3 + Dag) Vo < Amax (Ksz + Dag) ||¥2]|. (6.129)
Let
1 '“T _1~ 1 "'T _1"' 3 ma
P2 = 593 FS 03 + 504 F4 04 + 0.2875 Z Z €44 (6130)
j=1i=1

then by using inequalities (6.128) and (6.129) and placing them into (6.124) we get

. PR P P
Vo < —Xin (K2) [|7,[|* = Amin (K3 + Dao) [|V2|* — 50T 103 — 50Ty "0, + po.
(6.131)

Now, we employ inequalities (6.126) and (6.127) such that from (6.131) we obtain

Amin (K3 4+ Dag)
)\max (MQ)

- - J I | I
V;—MQVQ — 503 F3 103 — 504 F4 104 + P2.
(6.132)

In this inequality, we discuss two cases depending on the values of the minimum eigen-

‘./2 S - )\min (KQ) n;rn-y -

values of the matrices Ky and (K3 + Dyg) and the maximum eigenvalue of the matrix

M;, namely:
e Case 1: If Aot (K3 + Da)
min + 20
Amin (K3) < > 6.133
(Ko) < —— ) (6.133)
then
Vy < =0,V + pa, with o, = 2Amim (K3) . (6.134)
o Case 2: If Min (Ks + Dao)
min + 20
Amin (K ’ 6.135
( 2) > )\max (Mg) ( )
then
Vo < =0, Vo + p2 (6.136)
with Nuss (Ks + Dao)
min + 20
oy =2 ’ 6.137
/\max (MQ) ( )
Thus, generally, we get the inequality
Vo < =0,V + p2 (6.138)
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where

0, = min (2)\min (Ks) ,2Amin (K; & Da) ) .

Mo (M) (6.139)

To determine the convergence interval of 7., and vy, we consider inequality (6.138)
Vo < —0,Vy + piox (6.140)

where p** is a constant (the upper bound of ps), practically the value of

3 ng
lim py = 0.2875;; €i- (6.141)

Let us consider the following differential equation
Vo = —0,Vi 4 pinex (6.142)

whose solution is

max max

‘/2 (t) ot ‘/v2 (to) e—UU(t—tO) + p27 - pLe_gv(t_tO)
! (6.143)
< Vi (tg) eo+t-0 4 57
Oy
According to the comparison principle [69], the solution of (6.140) reads
Va (t) < Vi (t) e~ - 2 (6.144)
UU

Now, to estimate the bounds of 1 and V5, we can write from (6.104) and from (6.144)

1|| 2 < —olt—to) | P2
2 n,07 < Va(to)e + p
6.145
= Il < \/2‘/2 (to) emelt=to) + Z/f < \/2V5 (tg) e-onl-to) 2?2” (0145
or
I, < g (e 1, 6.6
where
oy =W lto), = (6.147)

Oy
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For estimation of the bounds of Vo we consider the relations (6.104), (6.127) and (6.144).
This leads to

max

1

1
5/\min (My) [|[v2]? < 5{’2M2‘~’2 < Vi (fg) e 1) + p;ia (6.148)
hence oV (t ) 9 pmax
~ N2 _AVilto) oy (t—to) 4 P2 6.149
Iv2l” < Amin (M2)e i v Amin (Ma) (0149
and
i 2‘/1 (to) - - 2pmax
< _AV1INM) oy (t—t0)/2 _ar 6.150
||V2|| N\ Amin (Mg) ¢ * Ty Amin (M2) ( )
and finally
%] < v () e ov(t=t0)/2 | Do (6.151)
where

| 2Vi(t) _ 2p5
ay (-) = o Mo\ o (M) (6.152)

Thus, from (6.146) and (6.151) we may determine that i, and v, converge exponentially

to a ball centered at the origin.

6.3 Stability of the Non-Actuated Dynamics

To investigate the stability of the dynamics (v, w), we define the following Lyapunov

function
1 1
Vi = §mgv2 + 5mgw?. (6.153)
Thus, we have
Vs = mau + mawii. (6.154)

Before we evaluate Vi in (6.154), we consider the vector £, (-) in (5.167) which can be

expressed as

]
() = (076 -+ flut frot flru S50+ fuct o+ fw)

where
Oxq(o) 0ya(o) 0z4(0)

fl = /’Lll ao_ + le 80_ + lul?) ao_
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fi = = (33 () + 123 (m2) + s (m,)]
== [MMJ%Q(T’Z) + I () + /~‘13J?2(772)}
f = = [ 3 ms) + 0232 (m,) + 01338 ()]

Oxy(o Oyqlo
J3 = p2 adi ) + fo2 ygé ); fy=- {M21Jil(772) +M22J%1(”72)]

fo=- [leJ%Q(ﬂz) + /L22J§2("72)} , fa=- [leJF’("?z) + MzzJ%g(le)}

with J (1,) the element of the matrix J; (1,) at the ith row and jth column, and

oy = < Tesin(f)  we sin(71)> g = ( Yesin(d)  ve sin(71)>

CLede COS(’YI) dg COS(’YI) aede COS(’VI) dz COS(/YI)

B cos(0) % sin(7y) B sin(1)) | Te sin(7ys)
fs = decos(y1)  d2cos(m) )’ fat = aecos(y2)  aZcos(va) )’

iy = <_ cos(¥) Y sin(%))) ‘

ae cos(y2) a2 cos(vy

By inserting v and  in (6.154) with their values from the second and third equations

in the system dynamics (5.178) we conclude that

Vs = — mad,|v[v® + (mamaucos(¢) cos(A) f2 — mamyusin(@) £ — madyv®
+ ((mgmlu cos() cos(0) 3 — mamyucos(0) sin(¢) f3 — mgmyucos(o) fy
— mamyusin(¢) f1)w + momyu cos(¢) cos(0) £ + mamu? cos(¢) cos(8) f&

+ iyt cos(6) cos(0) ok — mymyusin(9) £ — maymyu? sin(9)
— mamyusin@)rikz — mamiuF + marea (8) )v — mady|w]w’

+ ( — mamaucos(0) sin(¢) f3 — mamau cos() fi” — m3d3>w

+ (g cos(8) sin() 55 — mamyu? cos(9) sin6)

— gy cos(8) sin(@)1kas — mamaucos(9) f7 & — mamyu? cos(6) £

— mgmau cos(P)y1kag + mamiug + maTyq () )w.
(6.155)
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With (5.194) we calculate the desired pitch and yaw velocities as

qa = — cos (0) sin (¢) f56 — cos (0) sin (¢) fs'u — cos (0) sin (¢) fyv — cos (0) sin (¢) f3'w
— cos () sin (¢) Y2ka3 — cos () fT — cos (¢) fi'u — cos (¢) fiv — cos (¢) fi'w
— cos (¢) 11k,

@) cos(0) f5 0 — cos(¢) cos(0) f5u — cos(¢p) cos(f) fyv — cos(@) cos(0) f3'w
@) cos(0)v2kas + sin(¢) f7 6 + sin(@) fi'u + sin(¢) f{'v + sin(¢) f1’'w

(6.156)

Thus, if we replace the relations of ¢; and ry from (6.156) in (6.155) then we obtain
Vs = — mady|v[v? — mady|wlw® + Hiv? + Hy + Hyw® + Hy (6.157)

with
Hy = mamyucos(¢) cos(8) f3 — mamyusin(@) fi — mads (6.158)

Hy = (QOlu cos(¢) cos(0) f3 — mgmyucos(f) sin(¢) f3 — mamyu cos(@) f

— Mmaomiu sin(gb)f{”)w + mamyu cos(¢) cos(0) fJ + mamyu? cos(¢) cos(8) fu

+ momyu cos(¢p) cos(0)yakas — momyusin(e) f76 — momiu® sin(@) £

— mamyusin(@)y1kae — mamqur + maTyq (1)
(6.159)
H3 = —mgmyucos(0) sin(¢) f3* — mgmyu cos(@) f1° — mads (6.160)

Hy = ( — mamyu cos(0) sin(¢) f5 5 — mamyu? cos(0) sin(¢) fa
— mamyu cos(0) sin(¢)Vakas — mamyu cos(@) f7 & — mamyu® cos(¢) fit (6.161)
— mgmyu cos(P)y1kaa, +mamiug + maTyuq (t) >w.
Further, to prove stability we assume Assumption 2A in [87], that means the sway
and the heave velocities are small compared to the surge velocity. On the other hand,
the designed controller guarantees that the values vi,7vs,q, 7, e, Te, 2e, u are bounded.

Moreover, the functions sin () and cos (-) are bounded, and the disturbances as well.
This implies that the terms H,, Hy, H3 and H4 are bounded. Thus, we may write
\Hy| < H™>, i=1,....4 (6.162)
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and see that

Vs < — mady|v[v? — mady|wlw?® + HP™0? 4 HPS 4 [Ixy? 4 [mex

(6.163)
< (HP™ — mgd,|v]) v + (HP*™ — mad,|w|) w® + H™*

where
H™ < H™ + H)"™. (6.164)

Clearly, Vj is negative outside some closed curve, centered at the origin and conclude

that the (v, w)-dynamics is bounded.

Figure 6.2 shows the time derivative of the Lyapunov function V3. We recognize two
areas: Inside the closed curve where V3 > 0 and outside of it where V3 < 0.

If we start from a point (v, w,) outside the curve or from a point (v;, w;) within it.

Then in both cases V3 will converge to the closed curve Vi = 0, as Figure 6.2 illustrates.
This implies, both of the velocities v and w are bounded which means that the non-

actuated subsystem (we can not control it directly) is bounded.

w
A

(Vo) W)

Fig. 6.2: Time derivative of Lyapunov function V3
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6.4 Stability Proof Overview

The proof concept relies on bounded-input bounded-state stability over either subsys-

tems. As illustrated in Figure 6.3.

(bounded)
Td1
v, W
‘ (bounded) ’
Controller| Tu Dynamics [ Dynamics d,
(5.188) (5.187) ™ .172) >
Controller| 75 Dynamics | v, Dynamics n,
(5.202) (5.191) ™ (5.190) >
vt
T a2 bounded
(bounded)

Fig. 6.3: Stability proof overview

6.5 Initial Conditions

We have seen in the Section 5.6.2 that the controller 79 rotates the real vehicle towards
the virtual one, and forces the angle v to go to zero. From (5.141), for v tending to zero

we see that

cos () = % —1 (6.165)

where a; is the projection of the position error d, on the Xy-axis (Figure 5.10). From
(6.165), if —7/2 < v < 7/2, then it can be guaranteed that a; is positive which is
already assumed for the dynamics (5.175). To determine the initial conditions that

satisfy

T T
— =<y < = 6.166
5 <7<35 ( )
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considering (5.150) we may write

Qa

0 <cos(y) <1< 0<cos(y)+ d—e cos(0)(cos (y2) — 1) < cos(v1) + cos(y2) — 1
‘ (6.167)
= cos (71) + cos (12) > 1 (6.168)
where
0<% cos(@) <1 with —~<f<_, (6.169)
de 2 2
Thus, for this choice, the condition (6.166) may be modified to
T 7r T 7r
—-<m<gy d —o- <<, 6.170
g~ Msy M TyeT!e3y (6.170)
By noting that n., = (¢, 71, v,) " it is clear that
191, Il el < sl (6.171)

If guaranteed that ||n, || < 7/3 then |y1], |y2| < 7/3. From (6.146), for t = ty, we get

2
I, | < /2Va () + | 22 (6.172)

Using (6.104), (6.127) and (6.126) for t = t, we see that

4
2V (to) = my (to) My (to) + V5 (to) Mava (to) + > _T;7'[16; (to) ||
1=3
- ) (6.173)
< Iy (to) I + Amax (M) [[V2 (o) [|> + D_T; 10 (to) ||
1=3

Placing (6.173) into (6.172) we obtain

- LI 2p
I, [l < J 72 (0) 17 + Amae (M) V2 (f0) [ + 2T 110: (o) 1P 44— (6.174)

=3 v

and by noting (6.171) the conditions (6.170) can be satisfied if we choose the initial
conditions to fulfill the following inequality

=3

. LIS 2p 7
I, || < $ 172 (t0) 17 + Amax (ML) [[¥2 (f0) [I2 + 2T [10: (o) 17 + [ —= < 5 (6.175)
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Thus, to satisfy this inequality, for ¢t = ¢y we have to investigate the following terms:

e The term [|n, (t) ||> = ¢(to)? + 0(to)? + 1 (to)? can be rendered to be arbitrary small
by choosing the start values for the orientation in a convenient way.

o In Ay (My) ||V2 (tg) ||?, the entries of My are unknown parameters to be estimated.
We choose the initial conditions for the update laws “small enough”; and by considering
(5.194), a convenient initialization of the position and the orientation of the real vehicle
can make Ay, (Mg) ||[V2 (t) || arbitrary small as well.

e The summation >* ,T;10; (to) |> can be made arbitrary small if we have some
knowledge about the parameters to be estimated and if we choose the gain matrices I';,
for i = 3,4, “large enough”.

e Regarding 4/2p,/0,, to make this term small we consider the relations (6.130) and
(6.147). That is, by choosing the gain matrices I' and I'y “large enough”, and the €;; in
(6.130) “small enough”. One the other hand, we must choose o, “large enough” which is
achievable from (6.139) if the term Ayax (Ms) || V2 (to) ||? is chosen to be small and the

gains matrices Ky and K3 “large enough”.

As we have seen from the above discussion, we may satisfy condition (6.168) just by
means of a convenient reutilization of the position and the orientation of the real AUV,
while the translational and rotational velocities w (ty),v (to),w (to),p (to), q (to) and
r (to) are set to zero at the start time ¢ = t5. The above discussed conditions of the

orientation errors ; and 7, are summarized in Figure 6.4.
The admissible area is the square with edge of length 27/3.
V2
A
/2
/3

X cos(y1) + cos(y2) =1

Fig. 6.4: Admissible initial conditions for v; and 7,
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CHAPTER 7

Simulation Results

7.1 Underactuated System

In real-world applications the AUVs have no actuators on the sway and heave directions.
In this chapter we check the effectiveness and the efficiency of the proposed robust
adaptive backstepping control laws presented in Sections 5.6.1 and 5.6.2 in steering the
real vehicle to follow the virtual one, which moves on some desired path. We test those
controllers, firstly, for the off-line path generation, and secondly, in the case of on-line

path generation.

7.1.1 Results for Off-Line Planning

For illustrating the ability of the controller to force the AUV to follow the predefined
path and reject the disturbances under the parameter uncertainties of the plant, we

consider the reference trajectories (depending on the path variable o)
xq = —b0cos(0), yq = 50sin(c), z4 = 30. (7.1)

Those represent the 3D path, a spiral with radius 50 (m).

The virtual vehicle moves along this path according to the reference velocity profile.
We consider this profile to be given as ug = ugj(1 — uje “2!)e %% with u} = 1.1,u} =
0.5,u5 = 2,uj = 1. We choose d; = 0.1m, and the gain k; = 0.4, then the reference
position error is given through 6 = d¥ + p,/ki. Through simulation we get 0 ~ 0.104m.
For solving the ordinary differential equations we choose the solver function “ode3”
fixed-step (Bogacki Shampine method) the gains K, = diag(0.05,0.05,0.05), K3 =
diag(580, 580, 580), ¢, = 73.09. Let us consider that the all of the degrees of freedom of
the AUV are perturbed with the signal: sin (£) (N/Nm). The adaptation gain matrices
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are chosen as follows: I's = diag(100, 100, 100) and I'y = diag(100, 100, 100). Figure 7.1
shows the path in XY plane. Actually, it is a circle with radius 50 (m). In Figure 7.2
the surge velocity u and its reference ugy are shown. The figure illustrates that the sway

v and heave w velocities are bounded despite of the disturbances.

60

40 |

-60 i ; i i i
-60  -40  -20 0 20 40 60

0 1 2 3 4 5 x 104 0 1 2 3 4 5 x 10%
time (sec) time (sec)

Fig. 7.2: Translation velocities (off-line)
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The control inputs of the underactuated AUV are presented in Figure 7.3.

45
40}
35
30

%

Z.20
15
10

time (sec) time (sec)

Fig. 7.3: Forces and torques (off-line)

The tracking position and orientation errors are shown in Figure 7.4.
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o2l _______ ....... ....... ...... ....... 020\ _______ ....... ....... _______ _______
o] ]
0 L L L L L -0.2 ; L L ; .
0 1 2 3 4 5x10t 0 1 2 3 4  5x104
time (sec) time (sec)

Fig. 7.4: Position and orientation errors (off-line)

Figure 7.5 indicates the reference 3D path (7.1) and the actual path presented through

measured position z,y and z.
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Fig. 7.5: 3D path (off-line)

The small oscillation in the reference trajectories and reference velocity occur essen-
tially because of the oscillation in the derivative of the path variable ¢ (due to the

disturbances).

7.1.2 Results for On-Line Planning

Now, let us consider that the way-points are fed to the path generator, on-line, point by
point. Then according to the algorithm developed in Section in 2.2 a convenient path

is generated by interpolating the way-points at each considered window.

As simulation example we consider that the spiral (7.1) is sampled at 76 points. The

values of x,y and z are given in Table 7.1.
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Table 7.1: Specified way-points for the underactuated system

# 1 2 3 4 ) 6 7 8 9 10
T 0| 8.68| 18.35 25| 32.14| 383 | 433 ] 46.98| 49.24 20
Y 50| 49.24 | 46.98 | 43.3| 38.3| 32.14 25| 17.1| 8.68 0
z 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
# 11 12 13 14 15 16 17 18 19 20
x || 49.24| 4698 | 433 | 38.3| 32.14 25| 17.1| 8.68 0] -8.68
y | -8.68| -17.1 -25 |-32.14 | -38.3| -43.3|-46.98 | -49.24 -50 | -49.24
z 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2
# 21 22 23 24 25 26 27 28 g 30
x || -17.1 -25|-32.14 | -38.3| -43.3|-46.98 | -49.24 -00 | -49.24 | -46.98
y || -46.98 | -43.3| -38.3|-32.14 -25| -17.1| -8.68 0] 868| 17.1
z 4.4 4.6 4.8 ) 5.2 5.4 5.6 5.8 6 6.2
# 31 32 33 34 35 36 37 38 39 40
x || -43.3| -38.3|-32.14 -25 | -17.1| -8.68 0] 868| 17.1 25
Y 25| 32.14| 383 | 433 46.98 | 49.24 50| 49.24 | 46.98 | 43.3
z 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8 8.2
# 41 42 43 44 45 46 47 48 49 20
x || 32.14 | 383 | 43.3| 46.98| 49.24 50| 49.24 | 46.98 | 433 | 383
Y 38.3 | 32.14 25| 17.1] 8.68 0] -8.68| -17.1 -25 | -32.14
z 8.4 8.6 8.8 9 9.2 9.4 9.6 9.8 10| 10.2
# 51 52 53 54 55 56 57 58 59 60
x || 32.14 25| 17.1| 8.68 0] -8.68| -17.1 -25|-32.14 | -38.3
y || -38.3| -43.3|-46.98 | -49.24 -50 | -49.24 | -46.98 | -43.3| -38.3|-32.14
z 104 106| 108 11 112 114| 11.6| 11.8 12 122
# 61 62 63 64 65 66 67 68 69 70
x || -43.3|-46.98 | -49.24 -00 | -49.24 | -46.98 | -43.3| -38.3|-32.14 -25
Y -25| -17.1| -8.68 0] 8.68| 17.1 25| 32.14| 383 | 433
z 124 126| 128 13 132 134 136| 138 141 14.2
# 71 72 73 74 75 76

x || -17.1] -8.68 0] 868| 17.1 25

y || 46.98 | 49.24 o0 | 49.24| 46.98 | 43.3

z 144 146| 14.8 15 152 | 154




In this example, we let the length of the horizon of the on-line path planning algorithm
illustrated in Figure 2.2 be 7, i.e. in each iteration we regard 7 way-points. That helps
to suppress interpolation oscillations during the on-line path generation. If we consider
more points in each window then we will gain more information about the behavior
of the path, but incur more computational costs. Hence, we must find a compromise

between oscillation and the computational costs.

Let the reference profile of the velocity along the desired path be
uo (1) = uf(1 — ufe v2t)e usde (7.2)

with uf = 0.6344,u} = 0.5,uy = 2,u = 1,. We choose d% = 0.1 (m), and the gain
k1 = 0.1. The reference position error is § = df + p,/k1 = 6 = 0.22 (m). For
solving the ordinary differential equations, we choose the solver function “odel” fixed-
step (Euler) and the gains Ky = diag(0.1,0.1,0.1), K3 = diag(580, 580, 580), ¢, = 1.
The adaptation gain matrices are chosen as follows: I's =diag(100,100,100) and T'y =
diag(100, 100, 100). Disturbance on the system shall take the following form:

On Xj it is sin (0.5¢) (N), on Yy it is sin (0.5¢) (N), on Zy it is 2 (N) , and the disturbance
about Z is cos (0.1¢) (Nm). All of those disturbance signals start at time ¢ = 100 (sec).
Figure 7.6 shows the actual path in XY plane.

60

Fig. 7.6: Path in XY plane (on-line)
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In Figure 7.7 the surge velocity v and its reference ug are illustrated. It also illustrates

that the sway v and heave w velocities are bounded despite of the disturbances.

0.7 T T T T T 0.08

06} - ------ ----- ------ ------ ------ 0060 T

02U . ] 0
ol o] 0020 ]
0 I I 1 1 I -0.04 : : : : :
2 4 6 8 10 x 10* 0 2 4 6 8 10x104
time (sec) time (sec)

Fig. 7.7: Translational velocities (on-line)

The control inputs of the underactuated AUV are presented in Figure 7.8.

16
141,

o 2 4 6 & 10x10* 0 2 4 6 8 10x10*
time (sec) time (sec)

Fig. 7.8: Forces and torques (on-line)

The tracking position and orientation errors are shown in Figure 7.9.
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Fig. 7.9: Position and orientation errors (on-line)
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Fig. 7.10: 3D path (on-line)
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Figure 7.10 indicates the reference and the actual 3D path.

The small oscillations in the reference trajectories and reference velocity occur essentially
because of the oscillation in the derivative of the path variable &, firstly, due to the

disturbances signals, and secondly because of the on-line path generation.
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CHAPTER 8

Conclusion

8.1 Summary of the Work

In this dissertation, we have investigated a numerically robust technique, which allows
to generate a reference path for dynamically allocated way-points to be followed by an
autonomous underwater vehicle (AUV) in an on-line way. Based on the B-splines inter-
polation approach and by using a moving window over the way-points to be interpolated,

an adequate reference path in the underwater 3D space is generated on-line.

Since the proposed path generation algorithm bestows low computational-cost features,
it is contingent to use a sufficient number of way-points, which sample the desired
motion primitives. The sampled way-points can be interpolated on-line to approximate
the desired primitives that are designed such that the AUV avoids some environmental

obstacles in the 3D space.

Relying on the number of the actuators steering the AUV, and on the modeled and
unmodeled uncertainties in the system, two approaches are presented to force the AUV
to follow the desired path/trajectories.

For the fully-actuated plant with modeled perturbations, a compensator-based PD-
controller is utilized to force the AUV to track the reference trajectories. Furthermore,
this controller is enhanced with a generalized extended state observer to attenuate the
disturbances acting on the AUV.

For an underactuated system, in presence of parametric and unmodeled uncertainties,
a robust adaptive control law is designed. The introduced path following controller is
designed utilizing Lyapunov’s direct method, adaptive backstepping and parameter pro-
jection techniques. This controller steers the AUV to an arbitrarily small neighborhood
centered at the reference 3D path, under a suitable choice of the initial conditions for
both of position and orientation of the considered AUV. Under assumption of stability

of the non-controlled subsystem (sway and heave dynamics), it has been proven that
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position and orientation errors are globally exponentially convergent to a ball centered

at the origin.

For the aforementioned introduced control approaches, an extensive and complete proof

of the stability is presented in detail.

Some elementary simulations give a first illustration of the practicability of the approach.

However, these have not been in focus of the underlying work.

8.2 Perspectives and Open Problems

Potential future investigations related to this work may contribute to the following

prospects:

e Implementation and realization of the proposed on-line path generator and also

the path following controller on a real-world AUV.

e Defining and solving the on-line path planning in sense of an optimization problem
to minimize oscillations.
Also the control following problem may be defined as optimization problem re-

garding the control inputs, to minimize the consumption of the on-board power.

e Elevation of the admissible area of the initial conditions, such that the AUV can
start its mission for a wide range and flexible initial conditions.
Another prospect that can be investigated in this field is the “self-tuning” of the
initial conditions such that the AUV resumes the mission without external inter-
ference (initialization) if the mission is interrupted for some reason far away at

sea.

e Enhancement of the presented path planning, and control algorithm to deal with
dynamic obstacle avoidance, and to cover the issue of multiple AUVs coordinated

missions.

e Extension of the proposed path planning and control approaches presented in this

work for the space and hovering vehicles.
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CHAPTER 9

Appendix

In this Appendix, we recall the results of previous approaches for the fully-actuated
AUV which is presented in Chapter 4.

9.1 Fully-Actuated System

Here we assumed that the AUV is fully-actuated, that is, the six degrees of freedom
are actuated. The tracking controller is designed with the computed torque technique

(exact input-state feedback linearizion).

In the simulations, we assume 11 way-points associated with their related longitudinal
velocities as listed in Table 9.1. Using the afore-presented algorithm (in Section 2.1),
these way-points determine the path depicted in Figure 9.1. Between the first and the
second way-point the vertical trajectory planning is considered, i.e. zo = 0 and z; = 20.
Note that in the algorithm it is assumed that four way-points are known, that means,

Yr = arctan (%(0)) = 0.9409 (rad) and initial value 1, = 0(rad). When assuming a

z/,(0)
maximum velocity of wp.x = 0.4 (m/sec) we obtain t; = 15(zi=20) _ 93 75 (sec). These

S8Wmax

generate the coefficients for the trajectories zq(t) and 1q(t) using the relations (4.1),
(4.2), (4.3) and (4.4), where x4(t), ya(t), ¢q(t), and 04(t) are all zero. The second phase

of the motion planning starts at way-point two which is a stationary point. The 3D

planning algorithm determines the intermediate paths, see Figure 9.1, based on the

#1l

| 2] 3] 4] 5] 6] 7] 8] 9] 10] 11]
0[40[80]120[160 [ 200|240 [ 280 320 [ 360
0/60[80] 60 80| 80| 80| 80| 80| 80
20]20[20] 20 20| 20| 30| 40| 50 40
ol of 1| 1] 1| 1] 1] 1] 1] 1] 0

el Nen) New) |

SN TR

Table 9.1: Specified way-points for the fully-actuated system
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desired way-point velocity data in such a way that wug(t) is obtained as the low-pass

filtered linear interpolation of o.

O Tt N : | oway—poiﬁfs

~100

~100 ' 0

100 ) )
200 300 y Y

—50
z (m) 400

Fig. 9.1: Way-points and path in 3D space

The controller was simulated referring to real-world data of an AUV that is available
locally at the Institute of Automation and Systems Technology, Technische Universitét
Ilmenau. For brevity, we omit the matrices M, C, and D here. The mass of the AUV
is m = 132.535 (kg), length | = 2.30 (m) and radius » = 0.15 (m), to give a rough idea
of its dimensions. So as to investigate a realistic setting, we chose the sampling time as
T = 0.1 (sec). The discrete PD-controller is designed for eigenvalues A\; = Ay = 0.95,
hence, with (4.23) and (4.24) we have Kp; =1 and Kp; = 0.25 fori = 1,...,6.

In the simulation, we show two closed-loop scenarios: the nominal case (no disturbance)

and the perturbed case.
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9.1.1 Nominal Case

Figure 9.2 illustrates the tracking performance for position and orientation, respectively.

x 1072
400 . . : 1
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— refrence
— output
40t
£
w20+
— reference
0 ‘ . ‘ . — output ‘ . ‘ ‘ . .
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
time (sec) time (sec)

Fig. 9.2: Position and orientation

The reference and resulting translational and angular velocities are shown in Figure 9.3.

The figure shows that the reference trajectories generated by the path planner may
be tracked with an acceptable control effort, see Figure 9.4. Because of utilizing a
polynomial of degree 5, numerical problems appear. That is reflected in the control

inputs as small peaks, Figure 9.4.

For the vertical motion, i.e. from 0 (sec) to 100 (sec) all control inputs are zero except

for the force in heave direction. This force borrows its behavior actually from the profile
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of the reference velocity on Z, direction. The maximum velocity on Z; is reached at
time ¢ = 50 (sec).

x1073
1.5 T T T T T T T 4 T T T T
/8\ 1 ,g 21
= Z
£ o5} £ 0
S 2
0 72 I I I I I I
0.05 : : : : ‘ : : 0.02 . . : ; .
2 g
Y %)
£ i
) f=y]
_005 L L L L 1 1 ! _002 L 1 L L L I 1
0.6 T T T T 0-1 T T T T T
— reference
— 04} — output g
o o
2 o.zA 2
: B
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—0.2 A s s . \ s ‘ 0.1 ‘ . | |= output
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
time (sec) time (sec)

Fig. 9.3: Translational and angular velocities

9.1.2 Perturbed Case

We assume a sinusoidal disturbance acting on the first and the sixth channel of the
control input 7, that is d;(t) = 10sin(270.01) (N) and dg(t) = 10sin(270.01) (Nm),
which both are bounded as are its derivatives. The disturbance acts beginning from
time ¢ = 300 (sec). The GESO is designed for ¢ = 4.

The eigenvalues of the estimation error dynamics, A, — L C,, are chosen all real with
absolute value less than 0.1 such that the observation error dynamics decays faster than

the controlled loop dynamics.

Comparing the resulting tracking performance with and without GESO when subject
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Fig. 9.4: Forces and torques for nominal case

to these disturbances is shown in Figures 9.5 and 9.6. In those two figures, we can
recognize the effect of the disturbance upon the performance of the controller and the

benefits of using the GESO. Figure 9.7 illustrates the input control actions.
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Fig. 9.5: Position and orientation under disturbance
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Fig. 9.6: Translational and angular velocities under disturbances

It turns out that the tracking performance is remarkably improved when using the
GESO while maintaining the control effort at approximately the same level, see Figure

9.7.

Note that for reducing the peaking-phenomenon after initializing, which may arise for
high gain observers, we use a “clutch” function for smoothing the transient peaking

responses in the observer variables [35].

In our case, we employ

1 fort > e,
Se(t) = . , for g =10 and e, = 6
sm‘k(%) for t < e.
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forces (N) and torques (Nm)
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Fig. 9.7: Forces and torques with (right)/ without observer (left)
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