




Appendix A. Mobile Robot: Fitorobot

Table A.2: Features of industrial computer

Feature Value
Processor Intel Pentium III 1GHz
Memory 512 MB RAM
HDD 40 GB
Slots 3 PCISA
Interfaces 4 USB, 1 RS232, Ethernet card, 1 CD-ROM, 1 Disk

drive, 1 PS/2, TFT 10.4“
Power 150 Watts, 24 VDC
Operating
Temperature

0-50 C

Operating Hu-
midity

10-95%

Figure A.4: Hardware components on the mobile robot

A.4 Software Implementation

The programming software tools that have been employed are: Matlabr (version 7.0)
of MathWorks Inc.r [157] and LabVIEWr (version 8.5) of National Instrumentsr [164].
The main feature of this programming suite is the proper capabilities and easiness in the
interaction with input/output cards. Another interesting property of LabVIEW is that
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some of the algorithms implemented in Matlab can be easily integrated using scripts.

In order to achieve a more efficient execution, the low-level PI controllers, discussed
in Section A.7, was running in a thread and the program with the main controller was
running in another different thread.

Finally, the software related to visual odometry was programmed in C/C++ language
using the open source computer vision library OpenCV (version 1.1) [21]. Particularly,
the OpenCV function for template matching cvMatchTemplate was employed. In order
to obtain the reduced image, the function cvGetSubRect has been used.

A.5 Camera Calibration

Camera calibration constitutes a mandatory process for any vision system. Firstly, it is
necessary to correct (mathematically) deviations or distortions related to lens. Secondly, it
is important for relating camera measurements with measurements in the physical world,
that means, to find a relation between image frame (pixels) and physical world (meters)
[21].

As previously explained, two units of one consumer-grade camera have been acquired,
Logitechr 2 Mpixel QuickCam Sphere AF webcam with maximum frame rate of 30 [fps].
In this case, a spatial resolution of 640× 480 pixels has been chosen.

Different calibration procedures are found in the literature related to single standard
perspective cameras, see for instance [165], [185]. In this case, the Matlab’s Camera
Calibration Toolbox [19] has been employed. For that purpose, a total of 20 images of a
planar checkerboard pattern were grabbed for each camera (see Figure A.5).

(a) Checkerboard pattern
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Figure A.5: Camera calibration procedure
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The result is summarized in Table A.3.

Table A.3: Camera calibration parameters

XXXXXXXXXXParameter
Camera

Groundcam Pancam

Focal length [pixel] [538.08, 535.15] [556.91, 554.52]
Distortion coeffi-
cients [pixel]

[0.12, -0.43, 0.001, -0.003, 0] [0.13, -0.19, 0.004, -0.008, 0]

Principal point
[pixel]

[299.47, 232.01] [299.47, 232.01]

Skew coefficient 0 0

A.6 Remote Operation System

The mobile robot Fitorobot can also be remotely controlled by a teleoperation system.
The remote operation system is composed of two segments (Figure A.6a). One segment is
the user keypad or user interface that provides to the operator the remote control of the
robot position and velocity (Figure A.6b). The operator can also regulate the pressure
of the spraying system and open/close the spraying bars. The keypad has a selection
switch that establishes the velocity program (maximum velocity, joysticks functioning,
etc.) and the working pressure. Data communications are implemented via an RS232
serial link, half-duplex radio modem operating at the free band of 868 [MHz]. The second
part is defined by a program running in the computer installed on the mobile robot. This
program obtains the messages sent by the user keypad and sends the appropriate signals
to the actuators.

A.7 Low-level PI Controllers

Two PI controllers are used at the lowest level. The objective is that the main controller
(at the upper layer) gives the set-points to the low-level controllers. The function of these
PI controllers is to control the valves that regulate the track motors. Due to saturation of
the actuators, an anti-windup strategy has been implemented [7]. In order to determine
the parameters of the controllers, several open-loop tests were carried out to characterize
the valves as well as to obtain the empirical model of them. Then, the pole-placement
method was used for tuning the PI parameters (maximum overshoot 10 [%] and peak
time 1.2 [s]) [7].

Afterwards, the low-level controllers or servocontrollers were tested through several
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(a) Remote operation scheme (b) User keypad

Figure A.6: Remote operation components

closed-loop experiments. In this case, typical step-based and ramp-like1 experiments have
been selected, see Figure A.7. In these experiments, a sampling period of 0.05 [s] was
used, and the parameters of the PI controllers were: proportional gain Kp = 2 [V/m/s],
constant time τi = 0.58 [s], and anti-windup constant time τt= 0.76 [s]. In both cases,
the PI controllers work properly for each track. Notice that, for these experiments, the
maximum velocity of the tracks was limited to 1.7 [m/s] by manually reducing the crowbar
that adjusts the pressure of the hydraulic motors. It is also observed that although
the system remains a long period of time in saturation, the anti-windup scheme works
satisfactorily and the velocities reach quickly the reference after saturation.

1Notice that the proposed control system has type 1 (a first-order system with a PI controller) and
thus, the system will always have steady-state error against ramp inputs. However, notice that from the
experiments, very small errors are reached, which may be considered negligible for this application.
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(b) Ramp-like experiment

Figure A.7: Performance of the low-level PI controllers
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Appendix B

Control Background

This appendix presents the background for some control theory tools used throughout
the doctoral dissertation; namely, Linear Matrix Inequalities, Lyapunov theory, invariant
sets, and Linear Quadratic Regulator.

B.1 Linear Matrix Inequalities

A linear matrix inequality is a matrix inequality of the form [20],

F (x) , F0 +
m∑

i=1

xiFi > 0, (B.1)

where x ∈ Rm is the variable and the symmetric matrices Fi = F T
i ∈ Rn×n, i =

0, . . . , m, are given. The inequality symbol (B.1) means that F (x) is positive-definite,
i.e., uT F (x)u > 0 for all non-zero u ∈ Rn. Of course, the LMI (B.1) is equivalent to a set
of n polynomial inequalities in x.

Non-linear (convex) inequalities are converted to LMI form using Schur complements.
The basic idea is as follows. The LMI

[
Q(x) S(x)
S(x)T R(x)

]
> 0, (B.2)

where Q(x) = Q(x)T , R(x) = R(x)T , and S(x) depend affinely on x, is equivalent to

R(x) > 0, Q(x)− S(x)R(x)−1S(x)T > 0. (B.3)

B.2 Stability Concepts. Lyapunov Theory

Let us consider a non-linear dynamic system represented as [28]

ẋ = f(x, t), (B.4)
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where f is a non-linear vector function and x ∈ Rn is the state vector.
The Euclidean norm is defined as

‖x‖ =

(
n∑

j=1

|xj|2
)1/2

. (B.5)

B.2.1 Time-Invariant Systems

The non-linear system (B.4) is said to be time-invariant (or autonomous), if f does not
depend explicitly on time, i.e.,

ẋ = f(x), (B.6)

otherwise the system is called time-varying (or non-autonomous).
The stability concepts are characterized by the following definitions [28].

Definition 3 Equilibrium: A state x∗ is an equilibrium point of (B.6) if f(x∗) = 0.

Definition 4 Stability: The equilibrium point x = 0 is said to be stable if, for any ρ > 0,
there exists r > 0 such that if ‖x(0)‖ < r, then ‖x(t)‖ < ρ ∀t ≥ 0. Otherwise the
equilibrium point is unstable.

Definition 5 Asymptotic stability: An equilibrium point x = 0 is asymptotically stable if
it is stable, and if in addition there exists some r > 0 such that ‖x(0)‖ < r implies that
x(t) → 0 as t →∞.

Definition 6 Exponential stability: An equilibrium point is exponentially stable if there
exist two strictly positive numbers α and λ independent of time and initial conditions such
that

‖x(t)‖ ≤ α exp(−λt)‖x(0)‖ ∀t > 0 (B.7)

is some ball around the origin.

Using Taylor expansion, the system (B.6) can be rewritten as

ẋ =
∂f

∂x

∣∣∣
x=0

x + o(x), (B.8)

where o stands for higher-order terms in x. Linearization of the original non-linear system
at the equilibrium point is given by

ẋ = Ax, (B.9)

where A denotes the Jacobian matrix of f with respect to x at x = 0, i.e.,

A =
∂f

∂x

∣∣∣
x=0

. (B.10)
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Theorem 1 The equilibrium point x = 0 of system (B.9) is asymptotically stable if and
only if, given any matrix Q > 0, the solution P to the Lyapunov equation

AT P + PA = −Q, (B.11)

is positive definite. If Q is only positive semi-definite (Q ≥ 0), then only stability is
concluded.

Theorem 2 If the linearized system (B.9) is strictly stable (unstable), then the equili-
brium point of the non-linear system is locally asymptotically stable (unstable).

B.2.2 Time-Varying Systems

In this subsection, the time-varying non-linear system (B.4) is considered.

Definition 7 Equilibrium: A state x∗ is an equilibrium point of (B.4) if f(x∗, t) = 0 ∀t ≥
t0.

Definition 8 Stability: The equilibrium point x = 0 is stable at t = t0 if for any ρ > 0
there exists an r(ρ, t0) such that ‖x(t0)‖ < ρ ∀t ≥ t0. Otherwise the equilibrium point x =
0 is unstable.

Definition 9 Asymptotic stability: The equilibrium point x = 0 is asymptotically stable
at t = t0 if it is stable and if it exists r(t0) > 0 such that ‖x(t0)‖ < r(t0) ⇒ x(t) → 0 as
t →∞.

Definition 10 Exponential stability: The equilibrium point x = 0 is exponentially stable
if there exist two positive numbers α and λ such that ‖x(t)‖ ≤ α exp(−λ(t−t0))‖x(t0)‖ ∀t ≥
t0, for x(t0) sufficiently small.

Definition 11 Global asymptotic stability: The equilibrium point x = 0 is globally asymp-
totically stable if it is stable and x(t) → 0 as t →∞∀x(t0).

The stability properties are called uniform when they hold independently of the initial
time t0 as in the following definitions [28].

Definition 12 Uniform stability: The equilibrium point x = 0 is uniformly stable if it is
stable with r = r(ρ) that can be chosen independently of t0.

Definition 13 Uniform asymptotic stability: The equilibrium point x = 0 is uniformly
asymptotically stable if it is uniformly stable and there exists a ball of attraction B, inde-
pendent of t0, such that x(t0) ∈ B ⇒ x(t) → 0 as t →∞.
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Using Taylor expansion, the system (B.4) can be rewritten as

ẋ = A(t)x + o(x, t), (B.12)

where

A(t) =
∂f

∂x

∣∣∣
x=0

. (B.13)

A linear approximation of (B.4) is given by

ẋ = A(t)x. (B.14)

Theorem 3 A necessary and sufficient condition for the uniform asymptotic stability of
the origin of system (B.14) is that a matrix P (t) exists such that

V = xT P (t)x > 0, (B.15)

and

V̇ = xT (AT P + PA + Ṗ )x ≤ k(t)V, (B.16)

where limt→∞
∫ t

t0
k(τ)dτ = −∞ uniformly with respect to t0.

Theorem 4 If the linearized system (B.14) is uniformly asymptotically stable, then the
equilibrium point x = 0 of the original system (B.4) is also uniformly asymptotically
stable.

Definition 14 Ultimately bounded stability [103]: A system is asymptotically ultimately
bounded if the system evolves asymptotically to a bounded set, i.e. there exist positive
constants b and c such that for every α ∈ (0, c), there is a k∗ such that for all ‖x0‖ ≤ α
then ‖xk‖ ≤ b ∀ k > k∗.

B.3 Invariant Sets

In the following, some basic definitions about invariant sets are given [15].

Definition 15 Invariant set: The set Y ⊂ Rn is said positively invariant for a system of
the form

∆x(t) = f(x(t)), (B.17)

if for all x(0) ∈ Y the solution x(t) ∈ Y for t > 0. If x(0) ∈ Y implies x(t) ∈ Y for all
t ∈ R then it is said that Y is invariant.

Definition 16 Robust invariant set: The set Y ⊂ Rn is said robustly positively invariant
for the system

∆x(t) = f(x(t), w(t)), (B.18)

if for all x(0) ∈ Y and all w(t) ∈ W the solution is such that x(t) ∈ Y for t > 0.
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B.4 Linear Quadratic Regulator

One way to design state feedback controllers is through the use of a Linear Quadratic
Regulator (LQR). In this sense, the gains for a state feedback controller are chosen by
attempting to optimize a quadratic cost function [7]. This can be particularly useful in
helping balance the performance of the system with the magnitude of the inputs required
to achieve that level of performance [7].

Given a multi-input linear system [7]

dx

dt
= Ax + Bu, x ∈ Rn, u ∈ Rp, (B.19)

we attempt to minimize that quadratic cost function [7]

J̃ =

∫ ∞

0

(xT Qxx + uT Quu)dt, (B.20)

where Qx ≥ 0 and Qu > 0 are symmetric, positive (semi-) definite matrices of the appro-
priate dimensions. This cost function represents a trade-off between the distance of the
state from the origin and the cost of the control input. By choosing the matrices Qx and
Qu, it is possible to balance the rate of convergence of the solutions with the cost of the
control.

The solution to the LQR problem is given by a linear control law of the form [7]

u = −Q−1
u BT Px, (B.21)

where P ∈ Rn×n is a positive definite, symmetric matrix that satisfies the equation [7]

PA + AT P − PBQ−1
u BT P + Qx = 0. (B.22)

Equation (B.22) is called the algetraic Riccati equation and can be solved numerically.
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