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Abstract

This thesis collects the experiences and the works that I carried out in the
field of Underwater Robotics during the three years of my Ph.D. study period
at the Mechatronics and Dynamic Modelling Laboratory (MDM Lab) of the
DIEF (Department of Industrial Engineering - Florence, former Department
of Energy Engineering) of the University of Florence, between the 2012 and
the 2014.

During this period, the research group of the MDM Lab has been actively
involved in the design, construction and control of UUVs (Unmanned Under-
water Vehicles), underwater vehicles without a pilot on board, within the

framework of several projects. UUVs are classified into two main categories:

e ROVs (Remotely Operated Vehicles) - the pilot is a human being
who guides the vehicle interfacing with a control console on the support
ship. The ROV is always connected to the ship through an umbilical
cable that has the double functionality of supplying the required power

and of ensuring a continuous data exchange with the surface.

AUVs (Autonomous Underwater Vehicles) - in this case the
vehicles are fully autonomous and they do not require the involve-
ment of an operator for the motion and the payload control. No cable
is required so an AUV can perform a mission even far away from the
deployment place with the only constraint of preserving enough en-
ergy (usually stored in batteries placed on board) to reach the recovery

point.

The projects, involving the MDM Lab during the years 2012-2014, dealt
with both the types of UUVs. In particular, the group began dealing with

the research in the field of Underwater Robotics with the awarding of the

Contents 2

THESAURUS (TecnicHe per 'Esplorazione Sottomarina Archeologica medi-
ante 1'Utilizzo di Robot aUtonomi a Sciami) project started in March 2011,
funded by Regione Toscana. Within THESAURUS (successfully concluded
at the end of the 2013 summer), MDM Lab was partner of a consortium
coordinated by Centro Enrico Piaggio of the University of Pisa. The goal of
the THESAURUS project was to develop multidisciplinary scientific meth-
odologies useful to individualize, survey, register and document artefacts
and underwater wrecks of archaeological, historical-artistic and anthropo-
logical value. One of the means to be developed within the framework of
the THESAURUS project to successfully achieve its aims was a small team
of AUVs, equipped with optical and acoustic payload sensors, capable of
cooperating for a common purpose, exploiting also the possibility of com-
municating among themselves through acoustics means. The MDM Lab role
within the project included the design, the development and the construction
of the AUVs of the team in addition to the implementation of the Guidance,
Navigation and Control (GNC) software capable of ensuring the AUVs to be
able to autonomously travel, in safe conditions, along a desired trajectory.
During the last year of the THESAURUS project, MDM Lab began work-
ing on the ARROWS (ARchaeological RObot systems for the World’s Seas)
FP7 European project as coordinator partner (3 years from September 1st,
2012). The ARROWS project aim is very similar to the THESAURUS one,
with some steps forward including the capability of an autonomous dynam-
ical real-time re-planning of a mission based on a distributed ontology world
model updated by means of the several cooperating vehicles and shared
among themselves. The role of the MDM Lab concerns the design, the de-
velopment and the construction of a new AUV, with strong characteristics

of modularity, and the implementation of the GNC system. This new AUV
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Even if the performance and the functioning of the strategies and of the
proposed algorithms are completely independent on the particular software
used for the implementation, it is worth to add some words about this aspect.
From the beginning of the THESAURUS project until the 2013 Summer, the
software on all the vehicles was based on the middleware MOOS" (figure
1.10), a framework allowing to develop the vehicle software with a publisher-
subscriber architecture that simplifies the integration among the different
functions to be included, especially considering that they are developed by

different people. MOOS guarantees a soft real-time functioning, no hard

Figure 1.10: MOOS Logo

real-time features are required as in underwater applications the dynamics is
very slow and the performance ensured by MOOS with respect to the working
frequency of the control system (typically at 10 Hz) is sufficient. Another
advantage of using MOOS is that it guarantees a very simplified management
of the different computers on board a vehicle (usually at least two - one
dedicated to the vital capabilities and one to the payload acquisition and
real-time process). Starting from the 2013 Summer, the vehicles software was
migrated from MOOS to ROS? (Robot Operating System), a similar system

capable of better performance as it is not based on a star-like topology as

IMOOS Website: www.robots.ox.ac.uk/~pnewnan/TheM00S
2ROS Website: www.ros.org

Chapter 1. Introduction 14

MOOS is, with all the application not exchanging information through a
central database but directly. Besides this, ROS has a wider user group and
is used for projects of general robotics, not only linked to the underwater

environment (figure 1.11).

LR &
LR N
L BN
Figure 1.11: ROS Logo

In order to summarize the timing and the activities in which the carried
out research activity has been carried out, two schemes are reported in figure
1.12 and in figure 1.13. The first one is about THESAURUS and ARROWS
projects, the second one is instead about the activities of SAUC-E and the

Costa Concordia monitoring.

* ARROWS gy

Figure 1.12: Timing of the underwater robotics projects with respect to Ph.D.
study period

1.2 AUV Guidance, Navigation and Control

Section 1.1 described the overall framework of the research activity and
mentioned the vehicles involved in it. In particular, four different (dimen-
sion, weight, propulsion system, maximum depth, shape, etc.) vehicles pro-

duced between 2012 and 2014 at the University of Florence, including three
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Figure 1.13: Timing of the underwater robotics activities carried out in parallel to
the projects with respect to Ph.D. study period

AUVs and one ROV. Independently from the specific considered vehicle, the
greatest common divisor is the control system necessary for the motion. The
control system scheme for an UUV (Unmanned Underwater Vehicle) coin-
cides with the one of a generic system including automation and is shown in
figure 1.14.

5 |

Referenoe I_ Vehicla E
Generator ] Controllar 3
Fosa Sepsor
Estlmation | Navvigallon Mz ELrementa
Fitkar )

Figure 1.14: Generic Control Scheme

The main components of such a system are the following ones:

e Reference Generator - it represents the Guidance part of a GNC
system, it contains all the algorithms whose role is to calculate at each
instant the reference pose as to ensure the vehicle to comply with the

mission requested by a higher level software; in the underwater applic-

Chapter 1. Introduction 16

ations, common imposed requirements are in terms of waypoints to be

tracked, constraints on velocity and maximum time.

e Controller - it is the software module whose task is to ensure the
vehicle to respect the reference trajectory computed by the Reference
Generator software; by means of the comparison between the estimated
pose and the desired one, the controller calculates suitable signals to
be imposed to the vehicle actuators, ideally in order to reduce to zero

the tracking error.

e Vehicle - this block represents the vehicle, it reacts according to the
laws of the mechanics and of the hydrodynamics to the actions gener-
ated by the actuators according to the controller outputs. The available
sensors are used to measure quantities linked to some of the state com-
ponents. In simulations, the vehicle in this block is replaced through
the dynamical model of the system including the actuators and the

Sensors.

e Navigation Filter - this is the software used to calculate an estima-
tion of the system state and, in particular, of the vehicle pose (position
and orientation). This part of the control system is essential for the
controller to be fed with a reliable and updated signal describing the
current state. If the Navigation Filter produces too high errors in the
estimation process, this could lead to the calculation of wrong signals
by the controller and in some cases to the instability of the whole sys-
tem. The estimation of the system state usually takes place through
filtering techniques including recursive algorithms based on a Kalman

approach [Thrun et al., 2005|.

To summarize, in the common control system architecture, the vehicle inter-
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sition of the modem is inferred. Depending on the mutual distance of the

transducers, different methods are defined:

e USBL (Ultra-Short BaseLine) - all the transducers are integrated
in a single device; the common uses see it mounted on a vehicle or
placed in water from a boat as a stand-alone module. In this case, the
modem on the vehicle has the transmitting role and is localized by the

USBL device.

e LBL (Long BaseLine) - the transducers are placed in georeferenced
positions in the operating zone; in this case, constraints on the allowed
area for the vehicles have to be defined in order them not to lose the
localization signal. When this solution is implemented, the modem on
the vehicle has the receiving role and is able of self-localization with

respect to the known nodes of the LBL net.

In the light of the above considerations, the development of the Navig-
ation software appears as the most demanding part in the definition of the
whole vehicle control system. From the algorithm point of view, the widest
part of examples for position estimation described in the literature takes ad-
vantage of strategies based on a Kalman approach. The KF (Kalman Filter)
is a recursive algorithm composed mainly of two steps for the computation of
an estimation of the system state. Uncertainty associated to the computed

estimation is calculated as error covariance. The two steps are:

e Prediction Step - the state estimation is calculated exploiting a model
of the dynamical evolution of the system as a function of the previously

estimated state and the current input signals.

e Correction Step - the state estimation is updated taking into ac-

count the currently available measurements according to the function

Chapter 1. Introduction 20

describing the sensors model as a relationship between sensors output

and state elements.

The main aim of this thesis is to propose some small steps forward with
respect to the state of the art about the algorithm itself and about the model
and the measurements that can be used in order to improve the performance
of the overall system. The KF usually running on UUV is an EKF (Exten-
ded Kalman Filter) as the system dynamics is not linear. In this work, the
comparison between this technique, used as a standard, and the UKF (Un-
scented Kalman Filter) is investigated. The UKF is based on the function
called UT (Unscented Transform) instead of a linearization through Taylor
series expansions. As result of this implementation, the UKF more accur-
ately captures the true mean and covariance. Moreover, the computational
load, even if higher with respect to the one of the EKF, is not too demand-
ing compared to the resources of the PCs usually housed on the vehicles.
Despite these considerations, even if UKF is used for mobile robots in gen-
eral, in the field of underwater robotics it is almost not used in the practice
[Barisic et al., 2012]. Results of the comparison will be provided through
the use of experimental data collected at sea. The topic of the choice of a
model for the prediction step and of the available measurements, in partic-
ular classes of applications, for the correction step is addressed and some
strategies aiming at avoiding the use of the expensive USBL or LBL systems
are proposed.

The aspects of orientation estimation, even if the two problems (posi-
tion and orientation estimation) are not independent, are usually addressed
separately because of the potential error introduced through this kind of ap-
proach is negligible with respect to the implied simplification. A considerable

part of this work is dedicated to the orientation estimation and to a possible
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2.1 Modelling

This section about modelling for mobile underwater robots aims at defining
the state of the art in this field, highlighting the aspects involved in the
navigation process. Section 2.1.1 is dedicated to the modelling of the vehicle
three-dimensional motion in the water, whereas the following one, section

2.1.2 deals with propulsion system modelling.

2.1.1 Underwater Vehicle Motion

The state of the art about kinematics and dynamics modelling for under-
water vehicles, even if not very recent, is represented by the first part of
[Fossen, 1994]. [Antonelli, 2006] deals with the topic as functional part of his
opera but, from a modelling point of view, no significant steps forward are
identifiable.

For the greater part of the applications, for modelling purposes, an un-
derwater vehicle can to be considered as a single rigid body moving in an
environment with which interactions cannot be considered negligible, as wa-
ter is. The introduction of two fundamental reference frames (figure 2.1) will
be useful for all the following development of this section and of the overall

thesis. The frames are:

e body-fixed frame - reference frame with origin O° placed in the center
of mass of the body and axes lined up to the main inertia axes of
the body itself. In case of a vehicle of regular shape, the z’-axis is
longitudinal, pointing forward, the z’-axis is vertical downward and
the y’-axis is set out in order to form a right-handed frame with the

other two axes;

e earth-fixed frame - inertial reference frame, defined with the origin

Chapter 2. State of the Art and Theoretical Bases 24

O¢ placed on the surface and axes lined up to the ones of a NED (North-
East-Down) frame. The z%-axis heads to the north, the y-axis to the

east and the z°-axis down.

Figure 2.1: Reference frames for system modelling

The modelling is based on the SNAME notation (1950), that defines the

following different quantities:

. o1 T . .
7= [m5] ' =[xy, 2" " = (.9, 0"
. 1 T . .

S [VlT- VzT] VlT = [u,v, w]T VzT = [p.q, 7‘]T

all
Il

[ATAT AT =yt &= KM 2
Where the meaning of the introduced symbols is:

e 17 - it denotes the position (777) and the orientation (73), expressed as

RPY (Roll-Pitch-Yaw) angles with respect to the earth-fixed,;

e I/ - it is composed of linear (v7) velocity and angular (13) velocity

vectors in the body-fixed frame;



Chapter 2. State of the Art and Theoretical Bases 25

e 7 - it includes the vectors of forces (77) and moments (73) acting on

the vehicle in the body-fixed frame.

The kinematic description of the system is the typical one of a rigid-body
fully unconstrained capable of moving in the space and is summarized by
the following matrix equation that links the system variables at the velocity
level:

i = J(i) 7 (2:2)

where J(77) is the Jacobian matrix, belonging to R®*¢ and block diagonal,

depending on the orientation elements of 7:

Ji(2)  Ozxs
O3x3  Ja(72)
with
ched  —sep + cpsisp  shsp + cpsicd
J() = |sped  cpep + sppsdsp  —cbsp + cpsidsy
—s1 spcd cpct)

1 sptd  cptd
L) =10 cp —sp (2.4)

0 sp/cd cp/cd
where s- = sin(-), ¢ = cos(-) and ¢t- = tan(-). Equation 2.4 highlights how
the choice of the RPY angles for the description of the vehicle orientation is
advantageous as the singular configurations (J(73) not defined) are all the
ones with pitch equal to the right angle (¢ = 0 < ¢ = £7/2), that is when
the vehicle is vertical with the bow pointing up or down, a situation that

almost never occurs.

As concerns the dynamical model of the vehicle, it is represented by

the following, nonlinear 6 DOF (Degrees Of Freedom) equation of motion
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expressed in the body-fixed frame:
Mi+C@)7+D@d+g() =7 (2.5)
where the new introduced quantities are:

e M - inertia matrix (including added mass)

—

e C (V) - matrix of Coriolis and centripetal terms (including added mass)

e D (7) - damping matrix

—\

e G (17) - vector of gravitational forces and moments

e 7 - vector of control inputs

The added mass terms considered in matrices M and C (7) are introduced as
a virtual contribution to the vehicle mass used to model the pressure-induced
forces and moments, due to a forced harmonic motion of the body, which are
proportional to the acceleration of the body.

A description of the contributions to be considered in matrices M, C (7)
and D (V) is provided in [Fossen, 1994] and [Antonelli, 2006]. Matrix M,
thanks to the definition of the body-fixed frame (whose axes are the prin-
cipal axes of inertia of the vehicle) is a constant diagonal matrix depending
on the mass distribution on board the vehicle. D (7), the damping effects
matrix, even if in its general expression is highly nonlinear and coupled, con-
sidering two reasonable simplifications - vehicle speed low enough to neglect
higher terms than the second one and the presence of at least three sym-
metry planes in the vehicle shape, can be considered as diagonal with only
linear and quadratic damping terms on the diagonal. For C' (), the matrix of
Coriolis and centripetal terms, a similar simplification cannot be applied as,

by definition, its terms (both in the rigid body contribution and the added
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mass one) are out of the diagonal. g (7]) is the term that takes into account
the effects of both the vehicle weight and buoyancy. Considering the vehicle
neutral in water (W = B, with W and B norm respectively of the weight
vector W and of the buoyancy vector ﬁ), as the good practice suggests to
do in the calibration phase, and defining the vector BG = [BG, BG, BG.]"
as the one between the buoyancy center C'B and the gravity center C'G, the

expression of §(77) is simplified as follows

0
0
L 0
g (i) = (2.6)
—BG, W cpcd + BG, W spcd)
BG, W sd + BG, W cpctd

—BG, W spcd — BG, W s1

The contributions different from zero of the vector g (7j) are only its angular
moment elements. Those are restoring moments that act on the vehicle to
bring it in its hydrostatic equilibrium orientation. That implies, as concerns
the orientation degrees of freedom, that each action aimed at controlling the
vehicle to an orientation different from the equilibrium one has to overcome
the effects of the restoring actions. Usually, the calibration of the vehicle
buoyancy is carried out in order to have BG, = 0, BGy = 0 and BG, > 0
(buoyancy center placed above the gravity center) so that the values of the
hydrostatic orientation equilibrium for roll and pitch degrees of freedom are

null and the yaw degree of freedom is not affected by restoring effects.

2.1.2 Propulsion System

The equations of motion for an underwater vehicle are expressed in 2.5; all

the terms on the left side of the equation are all contributions describing
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the dynamics of a rigid body with 6 DOF moving in the three-dimensional
space subjected to hydrodynamic and hydrostatic effects due to the interac-
tion with water. The term on the right is, instead, used to model the actions
applied by the propellers to the vehicle expressed in the body-fixed frame,
as force and moment components, along the 6 DOF. No method to express
the action vector 7 with respect to known quantities, usually the propeller
rotational speed, is provided by [Fossen, 1994] or [Antonelli, 2006]. The main
reference used to derive a law expressing 7 as a function of the propeller ro-
tational speed is [Carlton, 2007b]. The various involved quantities are, here,
expressed as dimensionless coefficients (J - advance coefficient, K; - thrust

coefficient, K - torque coefficient, 7 - efficiency coefficient). In particular:

Va
7T
Ki= o
n = }[(22; (2.7)

where n is the propeller rotational speed [Hz], p is the fluid density [kg/m?],
T is the thrust [N|, @ is the torque |[Nm|, d is the propeller diameter |m]|
and V is the advance speed [m/s| (the component of the fluid speed with
respect the vehicle that is parallel to the propeller longitudinal direction).
Experimentally derived curves expressing the defined coefficient as a func-
tion of the advance one, are available in literature and are characterized by
patterns analogous to the ones represented in figure 2.2, obtained with K,
4-70 propeller in nozzle 19A for different pitch/diameter ratios. This kind of
approach is characterized by some limits when used for modelling purposes;

in particular the main resulting issues are:
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Figure 2.2: Curves expressing the dependency of K;, K, and n coefficients by the
advance coefficient J for K, 4-70 propeller in 19A nozzle

o significant difficulties in deriving an analytical, or even numerical, re-

lation between the coefficients from the drawn curves;

the curves in the charts, in particular the ones related to the thrust coef-
ficient that is the most important from the modelling point of view, are
limited to the positive range; that implies that for J values higher than

the ones for that K is null, the propeller behaviour is not represented;

the provided curves are related to the first quadrant where all the coeffi-
cients are positive and do not represent all the other possible condition;
thus even if the first issues were overcome, a model for the conditions

related to the missing chart area could not be achieved.

Some works, present in the literature, aim at overcoming the latter identified
issue; in particular in [Pivano et al., 2009] the curves for all the four quad-

rants are experimentally derived; a complete chart, shown by the authors in
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Figure 2.3: Four-quadrant behaviour of a marine propeller [Pivano et al., 2009], u,
in this chart is the same of V,, defined in equation 2.7

it, is here reported in figure 2.3. This is the point at which the literature
arrives; it is, for sure, a valuable point as for a lot of standard propeller pro-
files, a substantial experimental activity completely describes the propeller
behaviour, except for the chart areas identified. From the described curves,
it would be possible to derive a numerical function expressing the propeller
thrust T with respect to the advance velocity V,, and the rotational speed
n, e.g. in the form of a look-up table. But, the necessity, as highlighted
in the dedicated section 3.1, is to obtain an analytical expression, enough
simple to be calculated at each iteration of the recursive pose estimation
filter, even penalizing the physical process representation capability of the
model. The effort about this aspect of the thesis topic has been dedicated
to determine a suitable trade-off between the propulsion model accuracy and

its computational simplicity.
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achievable precision is not depending on the distance between the vehicle and
the fixed nodes. One of the drawbacks in using this solution is that a not
negligible amount of work is necessary to install the fixed nodes underwater
and to accurately measure its absolute position. Moreover, the choice of
this localization methodology necessarily implies a limited operational area

depending on the functioning range of the fixed acoustic nodes.

In conclusion, LBL and USBL technologies are complementary efficient
solutions for the localization problem for vehicles working in the underwa-
ter environment. However, they are characterized by a high cost; in this
thesis some alternative solutions have been considered for standard applica-
tion cases where the use of these kinds of devices can be avoided exploiting
other devices already housed on board and already employed for other pur-

poses. Chapter 4 deals with this topic.

2.4 State Estimation Algorithms

This section provides the description of the algorithms commonly used to
address the problem of the estimation of the state of a dynamical system. The
discrete-time evolution of a dynamical system can be represented through the
equations:

Ty, = [ (Th-1, U, W)

5= h (.0

where, indicating with k& the current instant, ¥, € R"™ is the state vector,

(2.8)

U, € RP is the input vector, W, € R™ is the process noise, z € R™ is the
measure vector and ¢y € R™ is the measure noise.

In the case that f and h are linear functions and @, and gk are Gaussian
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white noises, the evolution equations can be written as follow:

Ty = Fp—1 + By + Wy, -
B with W ~ N (0,Q4), o ~ N (0, Ry)
2y = HpZy, + O

(2.9)
where the current state ', linearly depends on the previous state #_; through
the state transition matrix Fj, € R"*™ and on the input signal «, through the
control-input matrix By € R™*P; the process noise wy, is Gaussian distributed
(N(-,-)) with zero-mean and covariance matrix Qj € R™*". The measure vec-
tor at the current instant, Zj, is, instead, linearly dependent on the current
state &y through the observation matrix Hy, € R™™™; the observation noise Aﬂk
is Gaussian distributed with zero-mean and covariance matrix R, € R™*™.
Under these conditions, the Kalman Filter (KF) is demonstrated to be the
optimal solution for the estimation problem [Kalman, 1960|. Being @, and
Py (the use of the symbol ~'for vectors is here and in the following of this
section avoided for the sake of notation simplicity) respectively the state and
the error covariance at the instant & estimated at the same instant & and 2z

the available measures at the k instant, the KF is structured in two phases:
o KF Prediction Step
0 Tgp—1 = Frlp—1p—1 + Brug
o Pyp—1 = FrPecpp—1 FE + Qi
e KF Correction Step
o Yp = 2k — HpZpp—1
o Sk = HkPk\k—ng + Rk

e} Kk = Pk|k,1HgS];1
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0 Tpk = Tap—1 + Kile

© Pyjp—1 = (I = KiHi) Pt

Whether at least one of the assumed hypotheses is not true, an optimal
solution in a closed form does not exist.

In the case of non-linear systems with additive noise, i.e. in the form

T = f(Zp-1, ) + Wy
(2.10)

Z = h () + o
the most widely used estimation technique is the EKF (Extended Kalman
Filter), an algorithm derived by the simple KF that is based on the linear-
ization of the system in the last estimated state. The function f is used
to directly evaluate the predicted state from the last estimation and, at the
same way, h can be used to calculate the predicted measurement as a func-
tion of the predicted state. On the contrary, f and h cannot be applied to
the covariance computation directly. This problem is solved by means of the
computation of the matrix of partial derivatives (the Jacobian), to replace

matrices Fj, and H in the prediction and correction steps of the simple KF:

of

= — (2.11)
Ox Bp|p—1,Uk
oh

Hp, = — (2.12)
oz k-1

Concerning the properties of the EKF, it is in general not an optimal es-
timator. The convergence is not ensured and in case of an initial wrong
estimation, the filter may quickly diverge. Moreover the estimated covari-
ance matrix tends to be an underestimation of the real one leading to the
risk of becoming, from a statistical point of view, inconsistent. Although no

properties are demonstrated, the EKF is the solution used for the most of
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the systems that necessitate of an estimation filter, first among all navigation

systems and the GPS [Bar-Shalom et al., 2001][Evensen, 2009][Sayed, 2009].

An alternative technique more recently introduced [Julier and Uhlmann, 1997],

is the so called UKF (Unscented Kalman Filter). In this case, the filter dy-
namics is not propagated through a linearization approach, but thanks to a
deterministic sampling technique, known as Unscented Transform (UT). It
is a derivative-free technique that starting from the mean and covariance of
a random variable allows to extrapolate a minimum set of sampling points
around the mean to be propagated through a non linear functions. The ob-
tained results can be then used to calculate the mean and the covariance of
the random variable propagated through the non linear function.

The UT for a random variable  with mean z and covariance P trans-
formed through a function g (+) into the variable y (g : R™ — R™ | y = g(z))

is defined according to the following steps:

e to generate 2n, + 1 samples X € R™*%+1D) the so called o-points,
starting from the mean @ with deviation given by the matrix square

root ¥ of P;

e to propagate the o-points through the transformation function g(-) res-

ulting in G € R*@natl),

e to calculate the new transformed mean y and associated covariance
matrix Py, as well as the cross-covariance matrix P, of the initial and

transformed o-points.
The Unscented Transform as a function of Z, P and g (-) is represented by:

d (17 Pygvag> =0T (Ev P, g)
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oL =+P
o X — [ii] +\/E[0"rxl,2,—z]
0 G=yg(X)
° Y= Gun

o P, =Gw.gT

o P, =XWGT
The involved weights ¢, w,, and w, are generally a function of the three
parameters «, S and k. Moment matching properties and performance im-
provements associated to the choice of these parameters are discussed in
[Julier and Uhlmann, 2004], [Wan and Merwe, 2001] resorting to specific val-
ues of o, 8 and k. It is common practice to set these three parameters as
constants computing the weights at the beginning of the estimation process.

According to the definition of the Unscented Transform, the main steps

of the UKF can be described as follow:

e Prediction Step
o (Brpp—t1s Pri—1) = UT (Zp—1jp—1, Pec1pp—1, f(*))
o Pup—1= Prp—1 +Q

e Correction Step
© (ik\k—ly Sk, Ck) =0T (ik\k—h Pk\k—ly h())
o Sk = Vk + R
° fmk = %k\k—l + CpS;! <5k - gk\ka)

o Py = Pyr—1 — CrSy 'O
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The main advantages of using the UKF approach instead of the EKF one

can be summarized as follow:

e it does not require the calculation of the Jacobians. Therefore the UKF
algorithm is very suitable for highly nonlinear problems and represents

a good trade-off between accuracy and numerical efficiency;

e being derivative free, it can cope with functions with jumps and dis-

continuities;

e it is capable of capturing higher order moments of nonlinear transform-
ations better then how the Taylor series based approximations do, as

demonstrated in [Julier and Uhlmann, 2004].

In the field of underwater robotics, even if the usually involved computing
units that are on board the vehicles are enough performing to deal with the
little more computational load required by a UKF with respect to an EKF,
the Unscented Kalman Filter is, in the practice, never used on UUVs as in
the literature this kind of solution is not reported. The use of the UKF and
its comparison with the EKF have been here studied and results on data

acquired during field tests are analysed.

2.5 Pose Estimation Algorithms

Pose estimation algorithms are designed to calculate instant by instant the
most suitable vehicle pose (orientation and position) according to the know-
ledge of the evolution laws of the system and to the measurements provided
by the available sensors. Even if the time evolution of the position and the

orientation of an underwater vehicle is strongly dependent as equations of



Chapter 2. State of the Art and Theoretical Bases 41

motions, 2.2 and 2.5, demonstrate, it is common to separate the two pro-

cesses for mainly two reasons:

e complexity reduction of the overall system for the estimation, in fact,
this way, two different simpler (smaller dimension of the state vectors)

systems are faced;

e different algorithms, better performing for a typology of system either

the other one, can be applied.

The common way to solve the problem is to obtain the orientation estima-
tion through a dedicated algorithm and to involve its output in the position
estimation algorithm as the measurement of a virtual sensor of orientation.
In the thesis, this approach is followed: the position and the orientation

estimations are independently addressed.

2.5.1 Position Estimation

Position estimation algorithms are used in several applications from years,
thus in the literature various contributions about this topic are present. Their
implementation depends on the specific application and, in particular, on the
available sensor set and the related measured quantities.

In |Barshan and Durrant-Whyte, 1995], an INS (Inertial Navigation Sys-
tem) based on an IMU (Inertial Measurement Unit) for a generic mobile robot
is proposed. The IMU includes a three-axial accelerometer and a three-axial
gyroscope. The proposed method fuses the acceleration and the angular rate
measurements within an EKF (Extended Kalman Filter) running a purely
kinematic model with no consideration, in the filter, about the actions (forces
or moments) on the system. Trying to apply this strategy to an underwa-

ter vehicle, the obtained results appear useless, in fact, because of the poor
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degree of accuracy of the common IMUs used on AUVs or ROVs and of the
absence of a dynamic model in the prediction step, the estimation error, even
in simulations, rapidly grows too much. In the case of underwater vehicles,
usually the INS system is aided through the integration of a DVL (Doppler
Velocity Log), capable of measuring the velocity of the vehicle in the body-
fixed frame v7; the addition of this kind of measurement improves the per-
formance of the algorithm enough for its use within the motion control loop
for significant periods of time, with a very low rate of the drift of the position
estimation error [Zhao and Gao, 2004]. This, even if low, is always present;
localization measurements, such as the ones provided by a USBL system or
a LBL system, are used for its reset as an input of the filter. The problems
with this kind of approach born when the DVL, because of the environmental
conditions, is not able of getting measurements for a period that may last
enough for the accuracy of the estimated position to become too low. This
possibility highlights how the involvement of an accurate model to be used in
the prediction step of the filter becomes necessary to obtain a position estim-
ation system enough reliable to make the vehicles capable of navigating. The
use, in the filter, of a complete dynamic model including propulsion system,
based on the theory described in section 2.1, seemed to be a reliable solution;
encouraging results were obtained through simulations at the beginning of
my Ph.D. study period and published in |Allotta et al., 2012|. The position
of the vehicle was correctly estimated along the travelled path during a sim-
ulated mission lasting almost one hour and half. An uncertainty about the
model parameters of 10% was considered, in order to evaluate the reliability
of the proposed method against it. The considered sensor set included an
IMU (comprising a three-axial magnetometer), a depth sensor, a DVL and a

GPS for the initialization of the filter on the surface. No localization devices,
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such as USBL or LBL, were considered as the aim was to evaluate how long
the implemented algorithm allows a vehicle navigating underwater without a
position estimation error reset. The obtained results are summarized in figure
2.4 where the estimated and the simulated paths are almost indistinguish-
able because overlapped; the obtained position error evolution is reported
in figure 2.5 where the performance of the proposed method clearly appears

high as it remains below 1 m for all the simulation period. Considering the
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]
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Figure 2.4: EKF based on a complete dynamic model and sensor set including
DVL in a simulated mission

encouraging results, the performance was evaluated, still in simulation, also
in the conditions of DVL unavailability. The obtained results are represen-
ted in figures 2.6 and 2.7 where plots, analogous to the ones in figures 2.4
and 2.5, highlights, also in this case, a good functioning as the error is, as
predictable greater than the previous situation, but during all the simulation
period does not grow more than 10m. The obtained results convinced to
try the use of such an algorithm on a real vehicle; it was firstly tried, off-line,
on the TifOne AUV. The experimental results significantly differed from the

expected ones as the position estimation error increased too much for the
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Figure 2.5: Position estimation error of the EKF based on a complete dynamic
model and sensor set including DVL in a simulated mission
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Figure 2.6: EKF based on a complete dynamic model and sensor set not including
DVL in a simulated mission
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Figure 2.7: Position estimation error of the EKF based on a complete dynamic
model and sensor set not including DVL in a simulated mission

filter to be used in the control loop. Results obtained are not here reported
as the performance was so bad to make them devoid of meaning, except for
the one of a necessary change of strategy. The reason was identified in a dis-
crepancy between the used dynamic model and the real dynamic behaviour
of the system. The uncertainty on all the involved parameters led to obtain
a model not suitable for the use in the so defined navigation filter.

The described experience suggested to work on defining a trade-off model
between the simply kinematic one and the complete dynamic one in order not
to fully neglect the effects of the applied forces and moments on the vehicle
motion as the use of the first one implies neither to affect the navigation
filter with the uncertainties on the model parameters as in the latter. On
the other side, the possibility of using a different algorithm from the classical

EKF is investigated. Chapters 3 and 5 address these topics.

2.5.2 Orientation Estimation

The orientation estimation is a very important aspect in the framework

of the navigation algorithm, as, the accuracy achieved in it affects also
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the position estimation algorithm, as the earth-fixed position is intrinsic-
ally strongly dependent from the vehicle orientation (equations 2.2 and 2.5).
The sensors that are commonly involved in a three dimensional orientation
estimation process are a 3D accelerometer, a 3D gyroscope and a 3D magne-
tometer. Among all the references about sensor fusion algorithms for orient-
ation estimation published in the literature, two particular approaches stand
out. The first is a kinematic based EKF [Marins et al., 2001], but the most
used algorithm, with properties of convergence demonstrated through a Lya-
punov approach, is the NCF (Nonlinear Complementary Filter) proposed in
[Mahony et al., 2008|. This second approach and, in particular the explicit
version with bias correction, in the thesis, has been assumed as the de facto
state of the art about the orientation estimation.

The proposed NCF is a recursive algorithm based on the following three
relations (for notation simplicity, upper case letters indicate matrices and

lower case letters indicate vectors), where the operator (), indicates the

X

skew symmetric matrix defined for the vector - = [.1 - 3] as ((+), =
0 —3 =
5 0 —q])
-2 1 0
R (D) b)) RO =Ry
X
j) = 7kIWmes
Wimes = Y kivi X 1y, k>0 (2.13)
i=1

where R and b are respectively the estimated rotation matrix and gyroscopes
bias vector; Q¥ is the vector of the gyroscopes measurements and being n
the number of directions measurable in the body-fixed frame and constant

and known in the earth-fixed frame vg;. For the i-th direction, v; is the
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unit vector corresponding to the known direction measured in the body-
fixed frame whereas 0; is the same direction estimated through the NCF as
0; = RTvy;. Finally, kp, k; and k; (Vi =1,---,n) are positive scalars playing
the role of gains regulating the filter dynamics.

Under the condition n > 1, in [Mahony et al., 2008] a demonstration is
provided, through Lyapunov theory, that the estimation error on orientation
and bias <§(T) ,I;(t)) is locally exponentially stable to (I;03x;1). Sensors
usually employed to measure known directions with respect to the body-

fixed frame are:

e 3D Accelerometer - it normally measures the proper acceleration
of the vehicle biased by the gravity acceleration. Considering the very
slow dynamics characterizing a vehicle moving in the underwater envir-
onment, the proper acceleration is negligible with respect to the gravity.
It is, thus, reasonable to assume that the opposite of the output of the
accelerometers is the measure of the acceleration of gravity direction
([0 0 1]T in the earth-fixed frame) with respect to the body-fixed

frame.

e 3D Magnetometer - it provides the measurement of the local mag-
netic field vector expressed in the body-fixed frame. Its direction is
generally variable but can be considered known and constant with re-
spect to the earth-fixed frame over the operating area of an underwater
vehicle. All its three components are generally not null in the earth-
fixed frame even if the East one is much smaller than the other two to

be considered negligible.

Even if the orientation estimation algorithm is well defined and with con-

vergence properties rigorously theoretically demonstrated, some open points
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affect the process and are addressed within this thesis:

e sensors calibration - the filter good functioning is based on the pos-
sibility of measuring, instant by instant, at least two known directions.
It has to be ensured that the measurements are not affected by errors,
otherwise the estimation converges to orientation values different from
the real ones. To achieve this necessary condition, a calibration phase
dedicated to the identification and compensation of measurement errors
has to be defined. Especially for magnetometers, this phase is crucial

and will be addressed in details in a dedicated section.

e k; value - for each positive choice of these gains, the convergence
property is ensured and demonstrated. Even in the case of an accurate
initial calibration phase, it may happen that during the normal func-
tioning of the system the measurements provided by accelerometers or
magnetometers are affected by unpredictable transitory errors. These
eventualities have to be detected and the k; values should be scaled
as consequence according to the reliability associated to the measure-
ments. Methods dedicated to this purpose have been studied and tested

and are described in details in the following.

e known directions choice - the possibility of not using the magnetic
field or the gravity acceleration but a function depending on them has
been investigated and demonstrates to lead some benefits to the estim-

ation process; the details are presented in the dedicated section.



Chapter 3

Modelling

3.1 Propulsion System Model

The available literature about the propulsion system model offers the possib-
ility of obtaining an accurate description of the relation between the propeller
rotational speed and the generated actions (force and moment). The main
limit of the available means is that the desired relation can be calculated
as a three-dimensional look-up table (the generated force and moment are a
function of the advance speed in addition to the propeller rotational speed)
starting from the charts about the dimensionless coefficients defined in equa-
tion 2.7. The obtained look-up tables, even if accurate, are hardly exploitable
e.g. in the prediction phase of an EKF navigation filter where an analytical
function describing the model of the system evolution and its Jacobian have
to be calculated at each iteration.

This chapter deals with the determination of an analytical expression
for the relation between the generated dynamical actions, the propeller ro-
tational speed and the advance velocity. In particular, the analysis is con-

centrated on the generated force; the generated moments can be, in a first
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approximation, neglected as their effect is usually much reduced thanks to
a careful mechanical design of the AUV (i.e. for all the vehicles involved in
this work, propellers acting on the same degree of freedom are mounted in
a counter-rotating fashion in order to limit this undesired effect). To sum-
marize, the aim of the activity described in this section is to determine an

analytical expression for the function:
T = f(nVa) (3.1)

with the same symbol meaning as in section 2.1.

The analysis is strongly based on the trend of the plot expressing the rela-
tion between advance coefficient J and the thrust coefficient K7. Addressing,
for the moment, the behaviour in the first quadrant (both coefficients posit-
ive), as the plots in figures 2.2 and 2.3 show, K7 is a decreasing linear function
of J. From an analytical point of view, this behaviour can be translated in
the following algebraic steps, starting from the definition of the coefficients,

here again reported to facilitate the comprehension:

v
J = =
nd
T

K .

T pn2dt

being —a and b the coefficients of the straight line describing this relation

(a, b > 0), the following expression is valid:
KT = —aJ + b (32)
through algebraic deductions it is possible to express T' as a function of J:

W:faJer

T = —apn®d"J + bpn>d"* (3.3)
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defining the coefficients mr(n) and ¢r(n), depending only on the rotational

speed n, as follow:

T = —apn*d* J + bpn?d* (3.4)
~—— N——
mr(n) ar(n)

the result below is achieved:
T =mr(n)J + qr(n) (3.5)

T and J are linearly dependent for each n, with negative slope mr(n) and
positive y-intercept gr(n). Two points of this straight line are known and
can be used to determine the expression of mr(n) and gr(n). The straight
line crosses the abscissa axis in (p/d,0) as T =0 < Ky =0 and Kr =0
approximately when J = p/d < V, = pn (the fluid linear momentum is not
modified by the propeller). The other known point is the intersection with
the ordinate axis; by defining the bollard thrust Tp(n) as the thrust exerted
in conditions of null advance velocity (V, = 0 < J = 0) with a rotational
speed of n, the straight line passes for the point (0, Ty(n)).

To summarize, the straight line defined in 3.5 passes through the points:

(0, To(n)) = qr(n) = To(n)
(p/d,0) = mr(n) = —Toln)d (3.6)
that allow to obtain:
7= 20 ) (3.7)

by introducing the explicit expression of J, the straight line equation be-

comes:
—To(n)d V,
T = Lﬂ)'*%‘To(n)
P nd
—To(n)V,
T = ﬂ%»To(n) (3.8)

pn
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it is possible to further develop the analysis by introducing the explicit expres-
sion of Ty(n). Its trend is easily experimentally determinable by measuring
the exerted bollard thrust at different rotational speeds [Allotta et al., 2014b;
the relation is approximately parabolic. As an example, in figure 3.1 the
curves, experimentally derived for different propellers, showing a parabolic

trend, are reported. Thus, the Tp(n) term can be approximated through a

T o
e s ||

Figure 3.1: Exemple of experimentally derived curves of bollard thrust as function
of rotational speed Tp(n) - the used propellers are 5 blades Kaplan with an area
ratio of 0.9

parabolic function with the vertex in the origin, defining the second order

coefficient k, experimentally calculable:
To(n) ~ kn? (3.9)

substituting the expression of equation 3.9 in equation 3.8, the desired result,

for the behaviour in the first quadrant, under the constraint 0 < J < p/d, is

achieved:
I 2V
T = Ve + kn?
pn
—knV,
T = knVa + kn?
p
V,
T = kn (——aJrn) (3.10)
p
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In order to generalize the just obtained relation, it is useful to observe the
chart in figure 2.3a that reports the experimentally derived behaviour also for
J < 0. By considering that, during the normal functioning of the propellers
on the vehicle, in case that the conditions J < 0 and n > 0 verify, in the most
of the occasions the corresponding working point is close to the ordinate axis
(otherwise considerable mechanical stress would affect the propeller itself).
Under this reasonable assumption, the behaviour of the thrust coeflicient
(Kr) and, as consequence, of the thrust (T) can be considered constant.
The value that 7" assumes in the second quadrant is the same assumed on
the ordinate axis, i.e. the bollard thrust Ty(n). As concerns, instead, the
behaviour for J > p/d and n > 0, the contribution due to the propeller is
not a positive thrust even if the rotational speed is positive, on the contrary it
would tend to decelerate the vehicle imposing a negative thrust. The trend
of the curve for this range of values is not explained in the literature, in
this thesis it is assumed that the thrust generated for J > p/d is null as
negligible with respect to the drag forces due to the interaction of the whole
vehicle with the fluid. Another approximation has been done to complete
the modelling through an analytical function on the four quadrants, i.e. the
propellers have a symmetrical behaviour both for forward and reverse thrust.
This is normally true for lateral and vertical thrusters as they use to work in
both the ways; it is generally not true for the main propellers of the vehicle,
but, being them used mainly in the forward direction, the introduced error
through this approximation is considered acceptable.

According to all the proposed considerations, equation 3.10 can be gen-
eralized through the following function:

k- |n|-g(sign(n)-V,)
)

T (n,V,) = sign(n) - (k -n? - (3.11)
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where g(x) is a piecewise defined function as follows:

0 if <0
glx)=4 = if O<az<ln|-p (3.12)
In| - p if x> nl-p

achieving, this way, the purpose introduced with equation 3.1.

The obtained function 3.11 fully describes, in an analytical way, the re-
lation that defines the thrust generated by a propeller rotating at a speed
equal to n in a fluid moving in the longitudinal direction with a relative ve-
locity equal to V. The function is continue but not differentiable; this will

influence the way of treating it within the navigation filter.

Once the thrust for each propeller is calculated, they should be suitably
combined to obtain the overall effect on the vehicle motion, as the forces and
moments acting on it, collected as elements of the actions vector 7. Assuming
n propellers working on a vehicle, it is possible to collect the related generated

thrusts T; (i = 1,--- ,n) as components of the vector U defined as:
UeRr" U=1[..T,..]" (3.13)

Vector U and 7 are linearly dependent through the constant matrix B, func-
tion of the vehicle geometry:

7= BU (3.14)

the explicit expression of the B matrix is based on the definition of f’,ﬁl and
71,2, respectively the position and the line of action of the i-th motor expressed

with respect to the body-fixed frame.

B= : A= [ it ] A= [...,<137:i_(3b>/\ﬁ£i,...]
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the quantities just defined are useful to express the advance speed V, that
appears in function 3.10 as input for 7' calculation. In particular, being Vj;

the advance speed to be considered for the i-th motor:
Vi = 0+ iy A (ﬁngi - 6”) (3.16)

This completes the description of the vehicle propulsion system model,
providing a method to calculate the inputs 7 for the vehicle equation of

motion (equation 2.5).

3.2 Sensors Model

In this section, for the sensors introduced in chapter 2, a model to be used

in the estimation filters correction step will be provided.

3.2.1 Inertial Measurement Unit

Accelerometers An accelerometer measures the proper acceleration of the

rigid body it is mounted on, biased by the opposite of the gravity acceleration
T

(G= [0 0 9, 81] m/s in the earth-fixed frame) expressed in the body-fixed

frame. The characteristic equation can be represented as follows:
ameas — JT (ﬁl - g) + byt 0y (3.17)

with b, and 0, respectively the bias and the measurement noise (zero-mean

and Gaussian).

Gyroscopes As concerns the gyroscopes, instead, they measure the an-
gular rate of the vehicle in the body-fixed and their characteristic equation
is:

B = 5 4 by, + 0, (3.18)
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with 5,,2 and 5;,2 respectively the bias and the measurement noise (zero-mean
and Gaussian). If the accelerometer bias is almost stable, after the initial
transitory period, the gyroscope bias is not, thus it has to be estimated online
in order to reduce at the minimum the entailed errors.

More precise gyroscopes exploit fiber optics and take the name of FOG
(Fiber Optics Gyroscope). The functioning is based on the Sagnac effect
present in a Sagnac interferometer. If on one side, its higher precision trans-
lates in a reduced measurement noise and stable and low bias, on the other
side it entails the introduction in the sensor output of a contribution due to

the Earth rotation detected by the sensor and that has to be compensated.

Equations 3.17 and 3.18 highlight that an INS navigation system (section
2.5.1) based only on inertial sensors is intrinsically subjected to unlimited er-
ror drift because of the bias components that, even if identified in the calibra-
tion phase, cannot be completely compensated [VectorNav-Technologies, 2014].

In particular the following table summarizes this aspect:

Error due to the gyroscope Error due to the accelerometer
I S
0v = icgt 0V = é,t
(3.19)
L 1., N S
op = éegt op = 5 Wt

where 0v" and §p respectively represent the speed and position estimation

errors and €, and €, are the residual errors on the measures.

3.2.2 Magnetometer

This sensor provides a measure of the local magnetic field expressed in the
body-fixed frame. Defining the local Earth magnetic field expressed in the

T
earth-fixed frame as a constant vector mNEP = {m;VED mQVED miVED] ,
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the characteristic equation of the sensor, in absence of external disturbances,
is:

17798 = Cyp (Jy ()P + by + by (3.20)
Also in this case the term 4, is the measurement noise (zero-mean and Gaus-
sian). The term l;m is a constant bias on the measure but, for magnetometer,
it is not usually introduced only by the sensor itself but it depends by the
so called Hard Iron effects, distortions created by objects that produce a
magnetic field. Matrix Cy; is used to model the Soft Iron effects, commonly
caused by metals such as nickel and iron, introducing distortions as deflec-
tions or alterations in the existing magnetic field that will stretch or distort
the magnetic field depending upon which direction the field acts relative to
the sensor. Hard Iron and Soft Iron effects can be identified and compensated

through a dedicated preliminary calibration phase.

3.2.3 Depth sensor

The sensors used on underwater vehicles for depth measurement are pressure
sensors indeed. The local pressure is then converted in a measure of depth

according to the basic hydrostatic relation:

_ P — Datm

- (3.21)

P — Patm = pgd = d
where:

e pis the local pressure (measured by the sensor);

® Daim is the local atmospheric pressure (measured by the sensor during

the initialization phase on the surface);

e ¢ is the norm of the gravity acceleration;
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e ( is the height of the water column above the instrument, i.e. the

depth.

meas

The pressure measure p is characterized by the following equation:

P = p by + 0, (3.22)

with b, and d, respectively bias and measurement noise (zero-mean and Gaus-

sian); it results in the characteristic equation of the depth measurement:
2 =z 40, (3.23)

with ¢, measurement noise (zero-mean and Gaussian); no bias has to be
considered on the depth measurement as it is obtained through a difference
operation between two pressure measurements (the local one and the atmo-

spheric one) obtained by means of the same sensor.

3.2.4 Doppler Velocity Log

A DVL (Doppler Velocity Log) is a velocity sensor based on the Doppler effect
affecting an acoustic signal transmitted by a moving object. In particular,
the common employment of a DVL for underwater vehicles is with it mounted
under the hull pointing the bottom. The device transmits an acoustic signal
and by analysing the Doppler effect affecting the echo coming back from the
bottom, it computes a measure of the vehicle velocity (three-dimensional)
with respect the earth-fixed frame, but expressed in the body-fixed frame.
The characteristic equation describing the provided measures is the following
one:

™ — 7 4 b, + 6, (3.24)

with b,, and d,, respectively the bias and the measurement noise (zero-mean

and Gaussian). The particularity of the DVL is that the related measurement
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noise d,, is characterized by a non constant covariance, i.e. it depends on
the norm of the measured velocity according to a function described in the

sensor datasheets.

3.2.5 Ultra Short BaseLine System

The USBL transducer is capable of measuring the position of a transmitting
compatible modem with respect to itself as spherical coordinates. Defining
the azimuth and the elevation angles as o and 8 and the range as r, if the
USBL pose with respect to the earth-fixed frame is 7Y5B%, the measured

position of the vehicle housing the transmitter modem is modelled as:

(r=+46,) (sa+ da) (cB+ 63)
= T RGP V(40 (sact 80) (e84 05) | (8:25)
(r+6,) (ca+dq)

where ¢,, d, and dz are the measurement noises (zero-mean and Gaussian) on
the related quantities. Equation 3.25 shows how, because of the problem geo-
metry, the noise on the earth-fixed position measurement has not properties

of zero-mean neither Gaussian.

3.2.6 Global Positioning System

The GPS, even if not working underwater, equips almost all the UUVs. It
is, in fact, usually used for the navigation filters initialization and error re-
set each time that the vehicle surfaces. The measured position is provided
with respect to the geographic coordinate system as latitude and longitude;
in order to exploit the provided measure within the navigation filter it is
necessary to convert it in order to determine the corresponding earth-fixed

coordinates. Standard functions are available to comply with this purpose
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(e.g. |UniWisconsin, 2014|). By naming “LL2N E” the general function used
for the conversion and il the measure provided by the GPS, the charac-

teristic equation of the sensor can be expressed as:

— meas

— LI2NE (u +5u, 6;;,) (3.26)

Y
where 6 is the measurement noise (zero-mean and Gaussian). Because of
the non-linearity of the LL2NE function, the resulting measurement noise

T —
on [3« y] is not, characterized by the same properties of 0 .
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Localization

The localization topic for underwater vehicles navigation is very important
as the use of INS based on inertial sensors intrinsically, regardless of the
sensor fusion algorithm used, leads to an unbounded growth of the position
estimation error, as highlighted in equations 3.19. The availability for the po-
sition estimation system of a DVL measuring the vehicle velocity drastically
reduces the error drift and allows to navigate for a considerable amount of
time without error reset necessity. When an error reset mechanism is import-
ant (this happens especially for AUVs that have to autonomously navigate
even for long periods), the commercially available solutions are the USBL
and LBL systems. If on one hand, the use of such systems ensures high nav-
igation performances, on the other hand, it increases the related costs as the
expense to be considered for each of these sensors is in the order of the tens
of thousands of euro. As this may not represent a problem for the military
applications, for all the other fields where UUVs would be a very useful tool,
the high costs represent a real limit. As the projects involving the MDM
Lab about underwater robotics are archaeology oriented, a particular effort

had been dedicated in orienting the research activity towards a direction that
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could lead to the field also an economical benefit.
In particular this section deals with two different real applications, trying
to exploit a reduced set of sensors not sacrificing the performance of the

navigation system:

e Cooperative Localization - the design of the proposed strategy is
based on the THESAURUS project that involved the use of three AUVs
capable of communicating through acoustic modems and autonomously
cooperating to comply with an archaeological mission. The team com-
prises also a support ship equipped with an acoustic modem, where
the operator is able to monitor the mission and to intervene on the
desired behaviour of the AUVs if necessary. The aim is to make the
vehicles able of correctly estimating their own positions exploiting just
the relative distance measurements provided by the acoustic modems,
necessarily on board for communication purposes, and a DVL on just
one AUV; no USBL or LBL should be used. To comply with this

purpose, a cooperative localization algorithm has been studied.

e Known Structured Environments - the second proposed strategy
is applicable to patrolling tasks, as the one proposed during the SAUC-
E competition for FeelHippo AUV and the other participating AUVs.
The vehicle had to follow the perimeter of a rectangular basin looking
for potential anomalies. The studied strategy is to make the single
beam echosounder (a sensor capable of providing the measure of the
range from the nearest obstacle on its functioning direction), mounted
in forward looking configuration on FeelHippo for obstacle avoidance
purposes, able of rotating around its vertical axis. This way, it is able
of acquiring information about the shape of the surrounding structures.

By means of the comparison between the known environment and the
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simulated scenario, exploiting the model of the Typhoon AUV, and results
will be described in the following chapter 6 where also the robustness of
the procedure against numerical noise and model uncertainties have been
tested. At the same time, the performance of the new algorithm based on
the Tetrahedron-Based Position Estimator has been compared with those of
the standard localization procedures to highlight the impact of the innovative
algorithm.

All the Extended Kalman Filters used for navigation purposes are based
on a purely kinematic model, in order to evaluate the performance of the
proposed cooperative localization algorithm not affected by the particular
choice of the involved dynamical model.

Before describing the studied method, a further useful reference system

is defined in addition to the two ones in section 2.1.1:

e Support frame n - The origin, O,, is fixed with respect to the sur-
face support ship with axes aligned with the NED (North-East-Down)
system: ™ axis pointing towards North, with y™ axis pointing towards

East and z" pointing towards Down.

According to the definition, it is possible to express the n-frame position
of an AUV in the earth-fixed frame through a simple translation. In this
section the position of a vehicle with respect to the n-fixed frame is indicated
with the symbol p, its derivative with respect to the time (velocity) with the
symbol v and its second derivative with respect to the time (acceleration)

with the symbol a.
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4.1.1 Sensors

Sensors used in the simulated scenario are the ones described in section 3.2,
they are summarized in table 4.1 with their typical functioning frequencies.

If the functioning of all the other sensors has been exhaustively described,

Sensor Update Rate Reference frame
IMU 100 Hz Body
Magnetic Compass 100 Hz Body
Pressure Sensor 10 Hz Earth
DVL 7 Hz Body

Acoustic Modems — medium: 0.1 Hz -

Table 4.1: Commonly Used Underwater Vehicle Navigation Sensors

the acoustic modem used as a range sensor need some further words about

its integration in the overall system.

Acoustic Modems as Range Sensors The acoustic modems used for
communication purposes usually has the ability to embed a time stamp into
the data packet allowing the receiving modem to calculate the mutual dis-
tance only by means of the TOF (Time Of Flight), calculated comparing the
time stamp of the received message with the current time and by exploiting
the knowledge of the speed of sound in the water. This kind of implement-
ation is strongly based on an accurate synchronization of the vehicle clocks,
that is achieved by setting the on board time equal to the GPS one each time
that the GPS is available and always before starting a mission. This way the
error between the PC clocks remains negligible [Caiti et al., 2013].

The implemented simulated system is based on the assumption that each

vehicle can calculate its distance from the other vehicles of the fleet, while
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it receives data, with an update period, that can be reasonably considered
around 10 s [Bahr et al., 2009a]. In this work the update time is simulated
as a Gaussian white noise with mean equal to 10 s and standard deviation
equal to 1 s. This choice turns out to be suitable for this kind of applications
because such a period is much greater than the time of flight necessary for the
communication among the vehicles. The communication system is based on
a Time Division Multiplexing (TDM) scheme with only one vehicle allowed
to communicate at a time. A time slot of 15 s is dedicated to the com-
munication from each vehicle; during this period the AUV communicates,
in broadcast, necessary data with a time stamp and all the other vehicles
are able to receive transmitted information and to calculate the correspond-
ing distance. This way, collisions on the acoustic channel and consequently
packet loss are minimized. Message loss and distance measure loss due to the
channel conditions have been, instead, considered. As concerns data to be
transmitted for the purpose of localization, these are very few as will be clear
by the algorithm description, thus problems of saturation of the communica-
tion channel have not be considered (the datasheet of the Evologics modems
mounted on Typhoon class AUVs states that the acoustic connection can
work up to up to 13,9 kbit/s).

Each underwater vehicle is able to communicate with a surface vehicle too.
In the simulated scenario of this work the range measurement d¥, which is
the distance between AUV, and AUV, is affected by a Gaussian white noise
with a constant standard deviation as in [Eustice et al., 2011]. In standard
conditions a bias error may affect the distance measures. However this can
be identified and compensated through a measurement of the sound speed

depending on water temperature, salinity and pressure [Mackenzie, 1981].
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4.1.2 Architecture for Communication and Estimation

The architecture for the estimation of position, velocity and orientation for
each AUV, is based on sensor fusion techniques and communication among
the AUVs.

The localization algorithm is distributed among all vehicles, particularly:

e AUVy, the master vehicle, estimates its own position and, by means of
Tetrahedron-Based Position Estimator, calculates an estimate of other

AUVS’ positions;
e Other AUVs estimate their own positions.

The architecture of communication, so that each vehicle gets the needed data,
directly measured on other vehicles, available on board, is explained in section
4.1.2. In the following subsections the main modules of the architecture of

estimation are described.

Orientation Estimation

The Orientation Estimation, depicted in figure 4.1, implements the orienta-
tion estimation algorithm called Non-linear Complementary Filter, described
in section 2.5.2. By means of a 3D gyroscope, a 3D accelerometer and a 3D
magnetometer, an estimation of the rotation matrix R} expressing the ori-
entation of the body-fixed frame with respect to the n-frame can be obtained.

The algorithm is able to estimate on-line the bias of the gyroscope, too.

Position and Velocity Estimation - Vehicle 1

The master AUV of the fleet, called AUV, has a more sophisticated navig-
ation suite, since it owns the DVL sensor. Its architecture of estimation for

position and velocity is composed of four parts, figure 4.2:
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5 ekt Orientation
| ques. | Estimator with By
. Complementary

Figure 4.1: Orientation estimation

a kinamtic based Kalman Filter of extended version for the INS of the

AUV,

a simple Kalman Filter for the estimation of the AUV-to-AUV ranges,

a Dead-Reckoning algorithm propagating an estimation of the position

of the other AUVs,

a Tetrahedron-Based position estimator.
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Figure 4.2: Position and Velocity Estimate - Vehicle 1

The first module, Kalman Filter for the INS of the AUV, implements
an EKF [Barshan and Durrant-Whyte, 1995] which propagates a state com-
posed of the position, velocity and acceleration, by means of the inertial

sensors, the DVL and the depth sensor measurements. In order to consider
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the different update rate of the sensors, the sensor noise covariance matrix R
is adaptive to their occurrence. The next two modules have been implemen-
ted in order to circumvent that all dead-reckoning and range measurements
cannot be gathered instantaneously to the Tetrahedron-based Position Es-
timator. The Kalman Filter for the estimation of the AUV-to-AUV ranges
builds up the distances, propagating a model based on a constant rate. No
constraints about the path or hypotheses on mutual distance among AUVs
are necessary for the proposed algorithm; particularly the vehicle trajector-
ies may be completely general and no limitations on the related distances is
required. Whenever a task of communication with another AUV occurs, the
measurement update of the KF takes place and it gets possible to calculate

a new value for the distance rate, through the incremental ratio

 d(k +7) = d¥ (k)

A (k) (4.1)

where 7 is the time interval between two tasks of communication between
the AUV; and the AUV;. Range measurements computed by AUV, are
always used as observations, the distances received by other AUVs, instead,
must respect a constraint explained in Subsection 4.1.2. This module is
fundamental for the Tetrahedron-Based estimator, since the availability of the
range measurements is not homogeneous and depends on the occurrence of
events of communication with the other AUVs. Dead-Reckoning propagates
the position of the other AUVs by means of their last information of the
position, velocity and acceleration received by AUV, via communication.
In figure 4.2 the subscripts -; with ¢ = 0,1, ..., N indicate that the related
quantity is available on the vehicle i; the subscript -o refers to the surface
support ship, whose position and velocity are measured through the GPS.

The complete explanation of the Tetrahedron-Based estimator is described
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Section 4.1.3.

Position and Velocity Estimation - Other Vehicles

Other AUVs have a lower accuracy in the estimation. Their architecture of
estimation for the position and velocity is composed of two Kalman Filters:
the first one estimates position and velocity by means of the accelerometer
and the depth sensor; the second one estimates all the AUV-to-AUV dis-

tances which involve the vehicle, assuming in the used model their derivatives

constant.
R
_____ [
Accelerometer 5 (D—-fKalman Filter,,
AL fOI‘ n
o
‘From Communicationl 3 1
[Kalman Filter
dik for dik
AUV-to-AUV[ ~
Ranges

Figure 4.3: Position and Velocity Estimate - Vehicle k

Communication

As shown in figure 4.4 each AUV; is able to communicate through acoustic
modems both with the other AUV; and the surface support ship. Each edge
of the communication graph is called v;;.

The different line section indicates three different situations:

e Dotted line: AUVs without DVL communicate each other, without

exchanging any information. The receiver AUV, calculates the range
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o3

U30/

Figure 4.4: Communication Architecture - Particular situation of three AUVs

measurement d”, where i,j # 1,

e Solid line: AUVs without DVL communicate with AUVy, sending a
packet of information v;;, which includes the estimates of the posi-
tion, velocity, acceleration and all the last range measurements it owns.
Briefly v;; = {ﬁ?,i]f,d?,dﬁj}, where i,j # 1 and j = {0,.., N} — {i}.

Obviously during this communication AUV, is able to calculate the

distance d*,

Dashed line: AUV; communicates with the other AUVs, sending a

packet of information vy;, which includes the estimate of the position of

AUV, elaborated by the Tetrahedron-based Position Estimator. Briefly
vy = {(p?) 7}, where i # 1.

A time stamp is associated to each range measure. AUV, exploits this value
to decide whether to use the distance d as an observation of the Kalman

Filter for the AUV-to-AUYV ranges: it happens if the time stamp associated
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with the distance received d; is more recent than the time associated with

the distance value d;J previously received and already used as an observation.

4.1.3 Tetrahedron-based Position Estimator

The Tetrahedron-based Position Estimator is the core of the innovative pro-
posed algorithm. The range measurements are not directly used in the loc-
alization filter but they are the input of a geometrical algorithm able to
calculate the position of all the AUVs on the working scenario with respect
to the surface support ship whose position is known by means of the GPS
signal. These indirect measures of position are then used in the correction
step of the Kalman navigation filter.

The Tetrahedron-based Position Estimator is a geometric algorithm that
takes advantage of the acoustic measures of the distances to extend the ad-
vantages of the use of DVL to the vehicles that are not equipped with it. The
algorithm is implemented on AUV;. To perform the algorithm, working with
a team composed of a minimum of 4 vehicles is necessary. These occupy the
four vertices of a virtual tetrahedron. The analyzed system is composed of
four vehicles (three AUVs and a surface support ship), even if the algorithm

can be generalized to N AUVs (N > 4).

Problem Description

The goal of the algorithm is to determine an estimate ﬁ” of the positions

Thi = [”C Y Z]T (4.2)

(with ¢ = 1,2,3) of the three AUVs with respect to the earth-fixed frame.
These coordinates, according to the definition of n frame and earth-fixed

frame, are calculated by adding ;o to p;*, the position of the i-th vehicle
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with respect to the n frame. A measure of 7jjg is provided by the GPS, that
is available for the surface vehicle. The Tetrahedron-based Position Estimator

directly calculates an estimation [Z" of the positions
—n n,n nT
I T (4.3)

According to the definition of the n frame, the surface support ship has con-
stant coordinates with respect to it, g = [0 0 O]T. The following quantit-
ies, estimated on board by means of the Kalman Filters described in Section

4.1.2, are used as inputs for the Tetrahedron-based Position Estimator:
e the estimations of the position for each vehicle
e the estimations of the distances among all vehicles dii

Since the quantities, used in this section, are all calculated on AUV, the
subscript -; of the generic expression d%]’ will be omitted in the following of

this section.

Algorithm

The algorithm is based on the definition of a new frame, called A frame
(figure 4.5), which allows to easier express the positions of the vehicles. The

A axis so that p; belongs to it, y* axis so

A frame has its origin in pp, =
that 5 belongs to 24y* plane with a positive coordinate y3' and 24 axis
consequently.

Considering A frame, the positions of the AUVs can be defined as follows:
A _ A A AT
b = [Tz Yi % ] (4.4)

with i = 1,2,3. An estimate of the elements of @A is calculated in terms of
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yr?
Zn
\
Figure 4.5: Definition of A frame
the estimated distances among vehicles:
it = d™
it =0
5= 0
(2012 + (2022 _ (2122
j; - - __~._________
2401
Bo= \d -
=0
a d012 + do:;? _ d312
A A2 | A2 A A LA 7032 7232
o 5 +ys —2a4al +d —d
3 = ~
293'
A =
2 = % (4.5)

In case that the configuration is singular (AUVj, belonging to the x*

axis or AUV3 belonging to the zy* plane) the tetrahedron degenerates in
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a non solid figure. It is possible to notice this issue if the arguments of
the roots in g3' and 24! are zero; in this case the Tetrahedron-based Position
Estimator is bypassed. In the case that, because of numerical issues or
of the sensor noise, the same arguments became negative the tetrahedron
algorithm is bypassed too. An effective way to face singular cases, even if
not frequent, would certainly give to the algorithm a greater robustness; at
the moment, when the algorithm notices to be in one of these cases, it simply
bypass the Tetrahedron-based Position Estimator. Future development will
certainly include improvements in this sense. The sign of 24 cannot be
uniquely determined on the basis of the distances. This is an ambiguity about
the shape of the estimated tetrahedron. The way to solve this ambiguity is
presented at the end of this subsection.

Since both n frame and A frame have the same origin, they differ for a
rotation. The rotation matrix R’ links the position of the vehicles between
n frame and A frame:

= RipS (4.6)

with ¢ = 1,2,3. Thus, once R’ is calculated, it is possible to get the result.

From equation 4.6, replacing the expressions of equation 4.5:

&y Ry Ry Rus i
gt | = Ryy Rys Ry 0 (4-7)
2 R31 Rz R 0
Element Ry can be calculated by the knowledge of 27 and &1
271
Ry = /;A (4.8)
fin)
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Similarly, for elements R3, and Rs3

50— Rgy 4
Ry = e AAM e (4.9)
Ya
30— Ry 34 — Rap g4
Ry = = i ‘?4 32 Y3 (4.10)
3

The elements of R, already determined, are not sufficient to uniquely de-
termine the orientation of A frame as to n frame. In fact, only two out of
three degrees of freedom have been solved. The third degree of freedom, the
rotation around a vertical axis passing through the origin of the frame, is
still to be determined.

This issue is solved through the use of the estimate of the position of
AUV, that, thanks to DVL, is more accurate than the ones of the other
vehicles. Specifically, using 27 and g7 components, it is possible to obtain

elements R;; and Ry of the rotation matrix.

. ~A a7

I =Rnif = Ru=—
!

~n ~A ?j/?

Ut =Rau@y = Ra= A (4.11)
2

Five of the nine elements of the rotation matrix R’} have been calculated; the
other four can be uniquely determined using the properties of the rotation
matrices.

The obtained rotational matrix may not be part of the special orthogonal
group SO(3) due to numerical issues in the calculation of their elements. The
problem is the well known “Procrustes Problem”. In the proposed algorithm,
the obtained matrix is thus projected on SO(3) by using the singular value
decomposition of the matrix itself R, = UXV™; the projection of the matrix
on SO(3) is obtained by replacing matrix ¥ with the unit matrix I5.

In order to complete the solution of the problem, it is necessary to solve

the ambiguity concerning the sign of 23'. The x*y* plane divides the space
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into two halfspaces: the problem is to determine which of two halfspaces
AUVj; belongs to. In order to overcome this issue, the positions ﬁi” of the
vehicles, estimated on AUV, can be used. Even if these positions are not

exact, they can be used to solve the problem of the sign, as follows
sign (73?) = sign (53” . (ﬁl" X ﬁ’;)) (4.12)

If the dot product is equal to zero, AUV;3 belongs to the plane of division and
the tetrahedron becomes degenerate on it. Thus, the quantity in brackets
is an index of how much the system is close to a singular configuration. So
that quantity can be used to decide if it is not advantageous to use the

Tetrahedron-based Position Estimator. Specifically, if

;33" . (ﬁ'l" X 13”{”) <€ (4.13)
where ¢, is a constant tolerance, the estimate algorithm is rejected, until the
vehicles reach a configuration sufficiently far from the singularity.

AUV, plays a key role in the team, thanks to the valuable set of navigation
sensors, including DVL, that it has on board. The doubt that it is better to
make play this role to the Surface Ship may rise because of the continuous
availability of the GPS signal that ensures a higher degree of accuracy in its

localization. This is not possible because of two reasons:

e the estimated position of AUV, is used to solve the last degree of free-
dom of the tetrahedron in the space so that to determine uniquely its
configuration. The degree of freedom is the one around the vertical
straight line passing through the Surface Ship. Thus, it is not possible
to substitute AUV, with the Support Ship in this role because, by
definition, it belongs to the vertical axis around which the ambiguity is

defined. In case that also AUV belongs to it, the rotational matrix R
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results undetermined and the Tetrahedron-based Position Estimator is

bypassed.

e AUV, is also the best vehicle on which to calculate the Tetrahedron-
based Position Estimator algorithm because it always has available a
recent and reliable estimation of its position to determinate the config-

uration of the tetrahedron in the space.

The algorithm is based on the determination of the orientation of a tetrahed-
ron in the space through the calculation of the SO(3) rotation matrix that
represents it. Other angular representations, that in certain circumstances,
may be particularly compact and efficient (axis-angle, quaternion, etc. re-
quiring a lower number of parameters to describe the orientation), but at this
stage of the research the use of a complete representation method, as rota-
tion matrix is, has been preferred both because it permits to avoid potential
singularities and discontinuities and because it allows to simply calculate the
fundamental geometric parameters of the algorithm.

The algorithm can also be used with teams consisting of more than 4
vehicles. In this case, Tetrahedron-based Position Estimator is implemented
between the surface vehicle and the three closest AUVs. For each other pair
of AUV, a set of four vehicles can always be formed with the surface support

ship and AUVy; the same algorithm is performed for each set.

4.2 Known Structured Environments

This section describes the localization strategy based on low-cost sensors usu-
ally available on board for obstacle avoidance necessities for vehicles, such as
FeelHippo, during patrolling missions of well-known structured environments

such as harbours or docks.
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The aim is to demonstrate that an AUV, even if equipped with a low-cost
set of sensors, by taking advantages from the knowledge about structured
environment, can achieve a good self-localization avoiding the use of the
expensive standard devices. In addition to the sensors for orientation and
depth estimation, FeelHippo is equipped with a single beam acoustic sensor
(Imagenex 852 ultra-miniature echo-sounder). The sensor periodically emits
an acoustic signal and is able to measure the strength of the echo coming
from up to 500 different points in the sensing radius (for a range of 50 m
maximum). The echo-sounder is able to rotate around its vertical axis; its
angular position can be controlled thanks to a servo motor mounted inside

the vehicle hull (figure 4.6).

Figure 4.6: The rotating echo-sounder system

Thanks to this setting, the studied ALS (Acoustic Localization System)
can be used for a 2D mapping of the surrounding environment and for self-
localization within it. The 2D mapping is a procedure periodically performed
to detect the environment structures, a priori known; the period corresponds
to the necessary time for the echosounder to perform a complete rotation.
The absolute direction of the sensor head on the horizontal plane is always

known as the sum of the vehicle yaw angle and the feedback provided by the
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servomotor about its current coordinate. The acquired data, associated to
the orientation of the sensor compared to the North, can be collected in an
image (figure 4.7 taken in the MDM Lab testing pool), where, according to
a gray scale from black to white, the color of each pixel is proportional to

the strength of the echo coming from the related point. Distortions due to

Figure 4.7: Acoustic image of the MDM Lab testing pool

the vehicle movement during a complete acquisition are negligible, since the
vehicle typical operating speed results negligible compared the sensor range
(50m for the considered one) and the necessary time for a complete rotation
(< 10's for the system here considered). The algorithm of localization consists
of different steps: the first processing phase is oriented to the identification
of the pixels belonging to the edges of the structures. A pixel is considered
part of the edge of a structure if the gradient of the echo strength calculated

along a centrifugal direction has a local maximum. To avoid to consider the

Chapter 4. Localization 82

echo reflections instead of real edges, for each direction it is considered a real
positive only the one nearest to the center. Once a new image containing
only the positive points has been identified, this is processed through the
Hough transform in order to locate potential straight line belonging to the
structured environment (known a priori) in the “visual” field of the echo-
sounder. In the obtained Hough space, the points of intersection of the
deduced curves correspond to lines in the original image. The parameters
of the line are uniquely determined from the coordinates of the intersection
point in the Hough space. The a priori knowledge of the environment, e.g.
of the directions of the walls of a harbour, permits to reduce the area of the
Hough space where to look for intersection points, giving more robustness
to the method. Figure 4.8 qualitatively shows the processed image of a
rectangular basin with one edge aligned with the East-West direction (7/2
rad) and two edges aligned with the North-South direction (0 rad). In the
related Hough space, the corresponding points can be searched in two bands

around the 0 rad and the 7/2 rad.

| AMELE jrach

MORMALIZED BISTANCE

Figure 4.8: Hough Transform of the pre-processed image

Once the straight lines belonging to known structures are identified, the

absolute position of the vehicle with respect to the environment can be de-
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5.1.1 Position Estimation
This section is in particular divided in three parts, dealing respectively with:

e choice of state variables - it is a very important aspect as expressing
the system evolution with respect to a group of variables instead of a
different one, even if the achieved description is complete, may lead to

a much more complicated implementation of the necessary algorithms;

e definition of the system evolution model - as anticipated in
chapter 2, this is a crucial aspect that has to be considered. In fact, a
too poorly representative model, as a merely kinematic model is, may
lead the filter to diverge. Similarly, divergence may derive by the use
of a complete and detailed dynamic model characterized by a general
uncertainty that is too high because of the presence of too many para-

meters hard to be identified;

e definition of the sensors model - here, according to the description
of the general model of the sensors usually involved in the underwa-
ter navigation, provided in section 3.2, the expression of the measure

function h (x)) will be derived.

State Variables

As concerns the linear motion components, the proposed filter structure is
based on a state vector containing the three earth-fixed vehicle coordinates
(= [@ v, Z]T) At the velocity level, as measurements may be provided
by the DVL, it is convenient, in order to obtain a simple measure model
(function h (xy)), to include in the state vector the vehicle body-fixed velocity
(h = [71,7 v, w] T). As it is necessary to include a dynamical description

in the system model, it is useful to introduce the acceleration level within
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the state vector; in particular, as the equation of motion (equation 2.5) are
expressed as a function of the first derivative of I/ vector, its linear part
(1.71 = [717 0, u‘;]T) is here considered.

As concerns, instead the orientation components, even if they are estim-
ated through a dedicated algorithm, it is convenient to introduce them as
state elements as the time evolution of the linear part of the system is func-
tion of them. As this is the only aim in considering the orientation as a part of
the state vector, no angular velocity or higher order derivative are considered,
but just the fixed-frame orientation components (7, = |:\p" 9, 1/;] T).

To summarize, according to the just exposed considerations, the state
vector to be considered within the estimation filter (independently from its

version) is the following one:

that in its explicit version is:
T -
-’L':{J;yzuuwﬂ’bwgoﬁw] (5.2)

The proposed state vector is composed of 12 elements; in the following
section 5.1.1, a convenient expression for the model of their dynamical evol-
ution is derived in order to be implemented within the estimation filters.

One further evaluation with respect to the proposed choice is that a filter
using this state variable set is characterized also by the benefit of intrinsically
estimate also the vehicle body-fixed velocity that is a necessary signal for the

implementation of a lot of controller typologies.
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System Evolution Model

As anticipated, the process model to be implemented in the position estima-
tion filter of an UUV cannot be neither a purely kinematic model nor a com-
plete dynamic one if an identification process for all the involved parameters
has not been successfully carried out. Otherwise the estimation process is too
much unstable and the estimated state is easily affected by divergence. The
idea leading the analysis carried on in this section is to identify a trade-off
solution, capable of sufficiently describe the vehicle motion but not introdu-
cing a lot of parameters hardly identifiable and thus affected by uncertainty.

The degree of freedom on which a considerable dynamics takes place is
only the longitudinal one, as the vehicle drag along the other directions (es-
pecially for the torpedo-shaped ones as Typhoon and MARTA are) strongly
dampens the lateral and the vertical motion. On the basis of this reason-
able consideration, the proposed model involves a dynamical description of

the motion only on the longitudinal degree of freedom, in particular at the
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acceleration level as explicitly shown in the following expression:

[ -Qj- i T u
y y + AT - Jy (0r—1, Ve—1, ¥r—1) - | v
%] i il
U T I
v Y +AT- |
w z w
L7 = k=1 k-1 +wr—1 (5.3)
U d(X(n},ng, ug-1), ug-1)
v 0
w 0
¢ ¢
9 9
LLY]] kL ¥ k-1

where the new introduced symbols are:
e AT is the time period elapsed from the last filter iteration;

e d(-) is the dynamical equation that calculates the longitudinal accel-
eration as a function of longitudinal fixed-body thrust X and vehicle

advance velocity u;

e n! are n? are the imposed values for the rotational speed of the pro-

pellers acting on the longitudinal degree of freedom, in this case, as
all the vehicles considered in this work have two main rear propellers,

those are indicated with the numbers 1 and 2 at the superscript.

The expression of the function d (-) is a simplification of the 6 DOF equation
of motion (2.5) along the longitudinal axis considering a quadratic drag effect:
X — 3 A;C pu?

u=d(X,u) = i
768

(5.4)
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where the new introduced symbols are:
o Ay surface of the frontal area the vehicle

e (', longitudinal drag coefficient of the vehicle, easily experimentally

determinable
e My, the first term of the mass matrix M, the vehicle mass

and, finally, X is calculable, with reference to the function in equation 3.11
as:

X=T1+T=T @ u) +T(nu) (5.5)

reasonably assuming that the advance velocity for the vehicle main propellers
coincides with the vehicle longitudinal velocity (V, =~ u).

It is worth to note that the term wy_; is the vector representing the
process noise on all the state elements and that it takes into account all the

approximations assumed on the process model.

Sensors Model

According to the sensors model definition in the dedicated section 3.2, the

h(x) function to be considered within the adopted filter, considering all the
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possibly available sensors, is the following one:

LCPS
yCPS
LUSBL
JUSBL
oNCF
Yo = h(w) +0p = | ONCF | + 0 =
,wNCF
YDV
WPVL
wPVE
DS
L dk i
r T X
10000O0OO0OO0OO0OO0OO0O
Yy
01000O0OO0OO0OO0OSOTO OO
z
10000O0OO0OO0OOO0OO0OO =
u
0100O0O0OO0OO0OO0OSO®OOQO
v
000O0OO0OO0OO0OOO0OT1O0T®O0
w - -
=1000000000O0T1O0| |F.q + Ok (5.6)
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The particular choice of the state variables vector leads for all the involved
sensors to a linear model equation. That means that the system is not

linear just as regards the process evolution and not the measurement model.
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The measure noise ¢ does not respect the characteristics of being white
and Gaussian noise, but by the analysis of the obtained results, proposed in
chapter 6 it appears clear that it does not lead the filter to the instability

and to diverge.

The proposed process model and sensors model have been implemented
both in an UKF and in an EKF to compare the achievable performance.
In both the cases, for each correction step it is necessary, because of the
asynchronism of the different sensors, to verify which measurements have
been updated during the last functioning period AT and to eliminate the

rows in the equation 5.6 relative to the missing measurements.

5.1.2 Orientation Estimation

This section of the thesis is dedicated to the study of an orientation estima-
tion algorithm that aims at overcoming the potential practical issues implied
by the filters proposed in the literature, especially the one that has recently
become a standard reference in the field, i.e. the NCF (Nonlinear Comple-
mentary Filter) proposed in [Mahony et al., 2008] and described in section
2.5.2.

For this algorithm, the convergence of the estimated orientation to the
real one is demonstrated if at least two earth-fixed known directions are
measurable with respect to the body-fixed. This is a condition that is nor-
mally satisfied by the sensors sets commonly used for orientation estimation
purposes, including a 3D gyroscope, a 3D accelerometer and a 3D magneto-
meter. In fact, through these sensors, the integration of the gyroscope signals
can be corrected through the measurements in the body-fixed frame of the

directions of the gravity acceleration (through accelerometers, considering
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that the dynamics of an underwater vehicle is slow enough for the vehicle
proper acceleration to be negligible compared to the gravity acceleration)
and the local Earth magnetic field (through magnetometers), both of them
known with respect to the earth-fixed frame. Although, in principle, the
NCF should work smoothly on such a system, potential issues born, indeed,
when the algorithm is applied on the real sensor set, in particular in the field
of UUV, where external disturbance sources, especially of magnetic kind,
are frequently present. The main error sources are the ones affecting the

accelerometer and the magnetometer outputs:

e Accelerometer - the assumption that, within the accelerometer meas-
urements, the vehicle proper acceleration is negligible with respect to
the gravity acceleration and that, thus, the measured direction is the
vertical one is not always true; in fact, in the practice, it may hap-
pen that proper acceleration on the horizontal plane makes the meas-
ured direction deviate. This phenomenon should be identified in real-
time and solution aimed at not considering measurements affected by

it within the filter has to be implemented.

o Magnetometer - as this sensor cannot distinguish between the Earth’s
magnetic field and additive magnetic disturbances a procedure to identify
the latter and, if possible, to compensate their effect should be imple-
mented. In particular, the effects due to disturbance sources moving
jointly with the sensor are, in principle, identifiable during a dedic-
ated calibration phase; potential external disturbances should, instead,
be detected and, in case, the measurements acquired in their presence

should be avoided by the NCF.
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Sensors Calibration and Measurements Process

A first necessary clarification is about the sensors mounting, in particular, all
the three sensors (gyroscope, accelerometer and magnetometer) have their
three axes aligned with the ones defining the body-fixed frame. The first
aspect that is necessary to deal with is the sensors calibration process, in
particular with the one of magnetometers, performed in order to identify
disturbance sources jointly moving with the vehicle and to compensate their
effects on the measurements. This class includes two different typologies
of disturbances, introduced in equation 3.20 describing the magnetometer

model:

e Hard Iron disturbances - permanent magnets and magnetized ob-
jects, such as electronic subsystems in the proximity of the sensor, cause
the so-called “Hard Iron effect” these objects are the source of a per-
manent magnetic field, constant in the body-fixed frame. They have

the effect of adding a constant bias b™ on the magnetometer output.

e Soft Iron disturbances - their effect on the measure equation is
represented by the matrix Cy;: the phenomenon is due to ferromagnetic
materials close to the sensor (such as iron and nickel) that deviate
the local magnetic field by producing an additional contribution whose
magnitude is related to the angle of incidence of Earth’s magnetic field

on the material itself. Hence, this effect changes as the sensor rotates.

The effects of Soft and Hard Iron disturbances can be visualized by rotat-
ing the sensor along different directions. By plotting in the three dimensional
space the measures acquired during the procedure, the result, in absence of
Soft and Hard Iron effects, should be a distribution of points belonging to

the surface of a sphere with its center in the origin of the axes. The effect
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introduced by Hard Iron disturbances is a shift of the center of the point
distribution corresponding to the introduced bias b™: on the other hand,
the effect of the Soft Iron ones is a deformation of the sphere in a generic
ellipsoid, represented by the geometrical linear transformation Cf;.

If both kinds of disturbance are present, the measurements taken while ro-
tating the sensor in the space would lie on the surface of an ellipsoid centered

at a certain offset from the origin. For example, Figure 5.1 shows the mag-

Figure 5.1: Magnetometer readings with no magnetic disturbances - Blue dots
belong to a sphere with its center in the origin; light blue dots correspond to
magnetometer measurements

netometer readings taken while rotating the device by hand in 3D space in
a disturbance-free environment; it is easy to note that the measurements lie
with good approximation on the surface of a sphere (the radius of the sphere
does not reflect the true magnitude of the magnetic field; the scale factor is
due to the magnetometer internal settings that cannot be modified by the
user). On the contrary, Figure 5.2 reports the measurement of the magne-

tometer taken in the same geographical locality as in the previous test, but
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Figure 5.2: Magnetometer readings with magnetic disturbances - Blue dots belong
to a generic ellipsoid in the space; light blue dots correspond to the magnetometer
measurements; red dot is the origin

after attaching metal objects to the sensor case: in this case, the previously
obtained sphere is deformed, and its center is shifted from the origin.

Thus, in general, the set of points, this way generated, lies on the surface
of an ellipsoid, defined by 5™ and Cl;; the aim of the magnetometer calibra-
tion consists in the definition of a procedure for the compensation of the effect
due to this two terms to be used to correctly map every subsequent measure-
ment on the surface of the theoretical sphere. The most common calibration
techniques are based on ellipsoid fitting: after collecting measurements while
rotating the sensor in a sufficient number of different orientations in the 3D
space, the best fitting ellipsoid (in the least square sense) can be identified
through its characteristic parameters calculation; once its center, radii and
axes are known, the offset and the scaling affecting each measure can be cor-

rected. Whereas this solution to the problem is fairly simple and prove to be
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efficient in a large number of application cases, it can be not applicable when
the sensor rotation along some axes is constrained. This is the case of the
underwater mobile robots field of application. The achievable vehicle con-
figurations are characterized by limited roll and pitch angles range (because
of restoring forces described in equation 2.6 desired for vehicle hydrostatic
stability). This restriction implies that the measure set that can be used for
calibration purposes cannot include enough information content along one
of the three space dimensions (the vertical one) to completely identify the
shape of the ellipsoid. Hence, the goal becomes to define a simple and fast
calibration technique which can approximate the best the theoretical locus
on which the uncorrupted measurements lie, by exploiting only data, which
approximately derive from measurements performed on the horizontal plane,
acquired during a complete turn of the vehicle along its vertical axis.
Assuming the knowledge of the local Earth magnetic field vector thanks
to its representation through accurate models described in the literature,
and considering that its value does not change enough on the possible opera-
tional area of an underwater vehicle not to consider it constant, the expected
sphere, in absence of disturbances, is uniquely determined and known as well
as the circumference corresponding to the measurements performed with the
vehicle (and thus the sensor) belonging to the horizontal plane. Figure 5.3
summarizes this assumption, highlighting that the vertical component of all
the performed measurements corresponds to the constant vertical compon-
ent of the magnetic field with respect to the earth-fixed frame mY®P. The
idea standing at the basis of the proposed calibration procedure is to exploit
the knowledge of the position of the circumference represented in red and
to determine the ellipse into which it is deformed by Soft and Hard Iron

disturbances. Then, through the comparison of the two curves, the goal is
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Figure 5.3: Magnetic field measurements performed by rotating the vehicle on the
horizontal plane

to determine the geometrical transformation that maps the former onto the
latter in order to compensate the disturbances on the measures by applying
the inverse transformation to them. The algorithm is composed of the fol-
lowing steps: firstly, the measurement ellipse is rotated so that it lies on a
horizontal plane; then, a planar ellipse fitting procedure is applied to determ-
ine the center, the radii and the tilt of the ellipse; finally, these quantities
are compensated and the measurements are mapped back to the theoretical
circle. In the real application of the algorithm, not all the measurements
are really taken with the vehicle in exactly null pitch and roll configura-
tion; hence, the magnetometer readings do not perfectly lie on a plane. The
first preprocessing step of the calibration algorithm consists in computing the
minimal distance plane (in a least square sense) II that best fits all the points.
Such calculation can be executed resorting to linear algebra. Consider the

standard plane equation

ar+by+cz+d=0 (5.7)
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Let ¢ =[xy z 1]T denote a point on the plane, represented as an augmented
vector. The vector A = [a b cd]T contains the unknowns of the problem. If

point ¢ lies on the plane, it verifies the following equation:
gTA=0. (5.8)

Given N points (the magnetometer readings), the following linear system
can be written:

QA=¢ (5.9)

where

oy oz 1

|28 Ynv 2y 1]
being each [z; y; 2|7 a different reading, and € a N x 1 vector representing
the error to be minimized (if all points lie on the plane, then &= § € RV*1).
The solution of such system is the closest vector to the kernel of @), which
is given by the right-singular vector corresponding to the minimum singular
value obtained from the singular value decomposition of ). The direction
of the normal direction to the plane is given by i = [a b ¢|T; the position
of a point p’ on the plane can be determined by assigning two coordinates
and calculating the third one by inverting equation 5.7. The projection of
a generic magnetometer measure 1} = [gl"es ymeas ymeas|T on T s then

given by:

= 1T

= [all T = e T G ) 7 (5.1)

The determination of the plane containing the measures allows to calculate

the necessary rotation for them in order to align II itself with the horizontal
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plane. Defining the axis-angle rotation matrix R(0p, @) representing a ro-
tation of 0y angle around the @y axis, the new set of points 7 is obtained
through:

P = R(6y, dn)m! (5.12)
Finally, a standard ellipse fitting procedure can be applied to determine
the best fitting ellipse (in the least square sense) to the points. Without
going into details (see |[Fitzgibbon et al., 1999|, [Halif and Flusser, 1998| for
theoretical proof), given the ellipse defined by the implicit equation

A2+ Bey+Cy? +Da+Ey+F =0 (5.13)

and a set of M different points m? = [mh

1,T

mt, ml )7, i =1,---, M, the
best fitting ellipse is obtained by solving the following generalized eigenvalue

problem:
SX = AKX (5.14)
XTKX =1 (5.15)

where X = [A B C D E F|T is the vector of unknowns (the coefficients of

the ellipse equation), A is a scalar value, S is the scatter matrix built from

measurement:
S=YTy e RM! (5.16)
(my,)* mbmh,  (mi,)? mh, mh, 1
Y = (mi‘gc)2 mﬁzmﬁy (mﬁy)2 mh o mh 1], (5.17)

B2 h h B2 h h
(mM,z) Mgy (mM,y) Myre My 1
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and K is the constraint matrix defined as follows:

(5.18)

o O o o oo N
o O o o o o
o o o o o o
o O o o o o

0
0
0
0

The resulting ellipse coefficients can be conveniently converted to center
[Cz Cy], radii [Rz Ry| and tilt « of the ellipse (the latter indicating which
axes the ellipse is scaled along) [Wolfram-MathWorld, 2014]; once these quant-
ities are known, the points can be mapped on the circumference by using the

following transformation:

r/Re 0 0 Cy
m¢=R.(a) | 0 r/Ry 0O| Rl(a) [} - |C, (5.19)
0 0 1 0

where R_(«) denotes a rotation around the vertical axis of an angle . The
vertical offset on the vertical axis can be computed as the difference between
the z coordinate of the points 7 and the component m¥?P. By correcting
the offset, the overall correction transformation is obtained through the steps
in equations 5.11, 5.12 and 5.19. A scheme that summarizes the steps of the

proposed calibration procedure is shown in figures 5.4 - 5.7.

Through the just explained procedure, the Soft and Hard Iron disturb-
ances due to elements jointly moving with the vehicle are compensated. It
is, on the contrary, intrinsically impossible to compensate the disturbances
due to external bodies. Their presence is not uncommon, e.g. an important

part of THESAURUS and ARROWS projects is dedicated to modern wrecks
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of a FOG is enough wide to include in its measures a contribution due to
the Earth’s angular velocity, thus producing a nonzero output of up to 15°
per hour, even if it is stationary with respect to the earth-fixed frame. This
effect can, however, be compensated exploiting the knowledge of the latit-
ude at which the sensor is operating and the information about its roll and

pitch angles. With reference to figure 5.8: it is assumed that the sensor is

d

Figure 5.8: FOG correction term computation

operating in the northern hemisphere; however, the compensation procedure
is conceptually the same on the whole planet surface. Let &y denote Earth’s

angular velocity; its magnitude is then
wp = ||| 2 7.2921 - 107° rad/s (5.20)

The latitude U is supposed to be known. The compensation algorithm is
composed of two steps: firstly, W is projected onto the local vertical axis;
then, on the basis of roll and pitch values, the magnitude of the resulting
vector is projected onto the body-fixed frame vertical axis and subtracted

from the sensor output. The magnitude of Earth’s angular velocity projected
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onto the earth-fixed vertical axis is given by
Wi = wg cos(m/2 4+ W) (5.21)

in order to determine the desired correction term, this quantity has to be
multiplied by the result of the dot product (5N)T 78 where zV is the unit
vector indicating the vertical axis of the earth-fixed frame expressed with
respect to it (ZN = [O 0 1] T) and 72 is the vertical axis of the body-fixed

B can be computed

frame expressed with respect to the earth-fixed one. 2
by pre-multiplying ZV through the composition of the vehicle roll and pitch

rotation matrices:
28 = (N, 0,))" 2N = (Ry(0) Ru(p)) " 2N (5.22)
It is easy to verify that the result of the dot product (ZN) Z¥ is
(ZN)" 28 = Ji(, 9, )(3,3) = cos(ip)cos() (5.23)
In conclusion, the compensated FOG measurement is given by:
Whog = Wrog — wicos(¢)cos(0) (5.24)

where wroe indicates the uncompensated reading.

After the correction has been applied, highly accurate measurements can be
obtained: in the considered case study, mere integration over time of the
compensated measurement while the device was held stationary showed an

angle drift of about 2° per hour.

As concerns the accelerometers, during the calibration phase, when vehicle
proper acceleration is maintained low, the mean of the acquired measures is
stored as @eqn in order to exploit it during the estimation process to eval-
uate in real-time whether the current sensor outputs are reliable as vertical

direction measurements or not.



Chapter 5. Navigation Algorithm 105

Known Directions Choice

The NCF standing at the basis of the study proposed in this section relies
on at least two directions known in the earth-fixed frame and measurable
in the body-fixed frame. The most natural choice, considering the available
sensors, is to use the local directions of the gravity acceleration and of the
Earth magnetic field. These measures enter in the NCF (equations 2.13) in
the correction equation wyes := 22:1 kiv; X v;, where the error between the
estimated and the measured directions is evaluated through a sum of cross
products.

The proposed choice of the directions implies the use with the gravity ac-
celeration of the component of the local magnetic field that is orthogonal to it
instead of the complete one. This is justified through the consideration that
the accelerometer signal is more reliable with respect to the magnetometer
one, mainly because the former is not affected by external error sources as the
latter is. Thus, by using the complete magnetic field measurement, includ-
ing its vertical component, if in absence of external magnetic disturbances it
does not entail further benefits with respect to the information content due
to the accelerometer; on the contrary, when the measure is affected by dis-
turbances, errors would be introduced in the orientation correction process.
According to this consideration, the magnetic field measurements before be-
ing considered in the filter are projected on the horizontal plane defined as

the one orthogonal to the acceleration measure:
- - - T e\ o
me =’ — ((a meas) mc) ame (5.25)

with 771 complete magnetometer measures compensated through the proced-
ure explained in section 5.1.2. ni¢ is a vector pointing towards the North

on the horizontal plane, thus it is compared, within the NCF, with the
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T
[1 0 0] earth-fixed frame direction, expressed with respect to the body-

fixed frame.

Online Gain Scheduling

In the classic formulation of NCF, the gains k; of the correction term are
constant. In the considered case study, this holds true only during the ini-
tialization of the filter; then, they are eventually scaled (between zero and the
initial value), in order to discard in real-time the unreliable measurements.

The procedure is different for acceleration and magnetic field readings.

Acceleration gain The acceleration gain k; is defined as linearly decreased
if high proper acceleration affects the measure of the gravity acceleration.
During initialization of the filter, k; is set constant at its initial value de-
termined through a preliminary tuning process; the average value Geqn Of
the magnitude of acceleration measurements is computed to be used as a ref-
erence term. Then, k; is scaled according to the relative difference between
the norm of the acceleration measurement and the one of @,cqn, previously

defined:

~meas g
_ || || = |@mean]|

D, (5.26)

||dmea"H

With reference to figure 5.9, ay, represents the threshold value which,
if exceeded, causes the decrease of the gain until becoming null starting
in correspondence of the maximum value dp.,. Let k" denote the initial
(constant) gain; if ay, < Dy < Gumag, k1 (D,) is set according to the following

equation:

. 1 Ath -
ky (Do) =k" | ————Dy + [ 1 + ——— 5.27
! ( ) ! < Umaz — Qth * < * (maz — ath)) (0 )

for Dy < ag, — k1 = ki" and for Dy > @maz — k1 =0
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Figure 5.9: Computation of gain k.

Magnetic field gain For the magnetometer, a different strategy has been
chosen, as it is likely that external disturbances modify the magnetic field
direction not varying much its magnitude. In case this happens, the use of
a scaling procedure similar to the one adopted for accelerometers would lead
to the use wrong information for correction purposes. The idea at the basis
of the adopted scaling procedure for magnetometers exploits the availability
of the FOG measuring on the heading degree of freedom, the same on which
the correction with magnetometers takes place. In particular, the likely as-
sumption on which the strategy relies is that on the brief period the error
that can be made because of FOG integration is lower than the one that may
be generated by an external magnetic disturbance. Starting from this con-
sideration, the quantity used for the scaling procedure is the angle between
the estimated magnetometer direction and the measured one.

The gain ky associated to the magnetometer readings increases or de-
creases according to the value of the angle o, between the projection of
the corrected measurement onto the horizontal plane and the estimate of

the earth-fixed z-axis expressed in the body-fixed frame through the current
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estimated orientation:
by = arccos ((79) (5.28)
Wpece = arccos (M) @ 5.

0
where 2V = RT 0| is the earth-fixed z-axis expressed in the body-fixed

1
frame. Nevertheless, the experience demonstrated that the use of only al,,..

to verify the validity of the magnetometer readings has a drawback; if the
magnetic disturbance approaches the sensor very slowly, in fact, the velocity
of the drift of the sensor reading may be of the same order of magnitude of
the filter dynamics. In this case, a slow but continuous change in the yaw
angle is registered, with o}, ., remaining close to zero even if a disturbance
is present. A second control angle o2, is, thus, introduced to overcome
this problem. The choice of o2, is based on the following consideration:
in a given geographical location the Earth’s magnetic field can be considered

NED and the vertical direction zN =

constant; then, the angle between mi
[0 0 1]T is constant. The same angle must be measured between the same
vectors measured in the body frame. Hence, a2, is defined as the difference
between the angle

~™ = arccos ((fime‘“)T ﬁi“) (5.29)

obtained at each iteration from the dot product of the measured acceleration

and the corrected magnetic field and the corresponding expected value
ANED — arecos ((ZN)T 7ﬁNED) (5.30)

The magnitude of this new defined checking angle is independent from

the speed at which a magnetic disturbance is applied

azheck = ||'Ymeas - ’YNED” with  0< O‘zhedc <7 (5.31)
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Two threshold values o}, and o2, are set; if either one is reached, ks is forced
to zero in a finite number of iterations. If both angles fall below the threshold
values, ks is increased back to the initial value. The decrease is much faster
than the increase.

Let k% and k% denote increase and decrease counters, and let k% and k¢,

‘max
be the number of iterations allowed for the variation of the gain ko. If ki" is
the initial value for ks, then Algorithm 1 illustrates how the magnetometer

gain is computed:

. Lin Lu d
Data: k? ) kmazv kmaz

Result: gain ks

e 1 1 2 2
if oo > Qg OF Qe > 0, then

b= K (1= K /k,):
ko > 0;
kd+ +;
kv = 0;
else
by = ko + (k3" — ko) (K" /Kjpar);
ko < ki
E* + —+;
k= 0;
end

Algorithm 1: ky computation.

It is possible for both angles to become greater than the threshold values
even if no magnetic disturbances are present; this can occur if large accel-
erations arise (not likely to happen in the field of underwater robotics) or
during motion transients. However, the effect is only temporary and ol

a2, fall again below the threshold in a short amount of time. This solution

Chapter 5. Navigation Algorithm 110

may appear quite conservative; nonetheless, if a precise gyroscope is avail-
able, it is indeed better to discard good magnetometer readings than running
the risk of including corrupted magnetic measurements, thus compromising
the accuracy of the yaw estimate. It is worth to note that the proposed
weighting strategy, exploiting the defined quantity o, is strongly based
on the calibration procedure described in the beginning of this section. In
facts its combination with the classical planar calibration procedures (see
[VectorNav-Technologies, 2014]|) would not work properly as, in this case,
the vertical component of the measured magnetic field remains uncalibrated
and, as consequence, the angle between measured acceleration and magnetic
field is, generally, variable.

In conclusion, in the considered case study wp.s (it is a three dimensional
vector, according to the simplified notation introduced in section 2.5.2) has

the following explicit expression:

0 1
Wmes = kl S am™et x R 0 + k? : 7ﬁ1 X R 0 (532)
1 0

Experimental results are reported in section 6.4.
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Results

6.1 Involved Vehicles

This first section of the result chapter is dedicated to a brief description of the
vehicles involved in the tests described in the following and of the available
equipment. The three vehicles mainly used are the Typhoon class TifOne
AUV, outcome of the THESAURUS project along with TifTu of the same
class but with different equipment (section 6.1.1). The other one is FeelHippo
AUV developed within the participation of the University of Florence to the
SAUC-E 2013 competition (section 6.1.2).

6.1.1 Typhoon

Typhoon is a middle-sized class AUV, whose features are comparable with
other existing AUVs. Considering the vehicle size (length of about 3600
mm, external diameter of about 350 mm, weight of 130-180 kg according
to the carried payload) and the achievable performance (reachable depth of
about 300 m, at least 8 h of autonomy and a maximum speed of 5-6 kn), the

vehicle can be considered an intermediate one compared to the smaller Remus
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100 |Packard et al., 2013| and the bigger Remus 600 [Stokey et al., 2005].
Currently, two versions of the Typhoon AUV have been built, characterized
by different sensors and payloads. The vehicles are named TifOne and TifTu
respectively. In figures 6.1 and 6.2, both the Typhoon CAD design and its

final built version (TifOne) can be seen.

Figure 6.2: The Typhoon final built version - TifOne

The Typhoon AUV has five actively controlled degrees of freedom (DOF)
(longitudinal, lateral and vertical translations, yaw and pitch rotations),
thanks to four thrusters (two working in lateral direction and two in ver-
tical direction) and two main rear propellers (both working in longitudinal
direction). The correct positioning and alignment of the buoyancy and the

gravity centres ensure vehicle stability against roll motion.
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The system was designed by dividing the on board subsystems in two

main categories:

e vital systems: all the navigation, communication and safety related
components and functions of the vehicle are controlled by an industrial

PC-104, called Vital PC;

e payloads: all the additional sensors and functions related to variable

payloads are managed by one or multiple Data PCs.

The sensor set, useful for navigation purposes, available for Typhoon class

vehicles includes:

e Inertial Measurement Unit (IMU) Xsens MTi - device including
a 3D gyroscope, 3D accelerometer and 3D magnetometer measuring

dynamic data at a maximum working frequency of 100 Hz (figure 6.3);

Figure 6.3: Xsens IMU - Datasheet

e Fiber Optics Gyroscope (FOG) KVH DSP 1750 - Digital single
axis accurate gyroscope based on the Sagnac effect in a Sagnac inter-

ferometer, it is used to measure the vehicle angular speed around its
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vertical axis in order to obtain a reliable estimation of the yaw angle

even in presence of magnetic disturbances (figure 6.4);
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Figure 6.4: KVH DSP 1750 FOG - Datasheet

e Doppler Velocity Log (DVL) Teledyne Explorer - sensor measur-
ing the linear body-fixed speed of the vehicle, with respect to the seabed
or with respect to the water column beneath the vehicle. Moreover, if
it detects the seabed it is also able to measure the distance from it, like

an altimeter (figure 6.5);

e STS DTM depth sensor - digital pressure sensor used to derive the
vehicle depth (figure 6.6);

e Evologics S2CR 18/34 USBL - ultra short baseline acoustic localiz-
ation system compatible with Typhoon vehicle class acoustic modems

used for communication and cooperation purposes. TifTu houses on
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Figure 6.5: Teledyne Explorer DVL - Datasheet

Figure 6.7: Evologics S2CR 18/34 USBL - Datasheet
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e PC-104 GPS Module COM-1289 - GPS receiver integrated as a Figure 6.8: PC-104 GPS Module COM-1289 - Datasheet

module of the on board PC-104 - Vital Computer (figure 6.8).
6.1.2 FeelHippo

Table 6.1 summarizes the navigation sensor set available on each of the two

existing Typhoon class AUVs. FeelHippo AUV is a small low-cost AUV developed by the University of

Florence student team that participated in the SAUC-E 2013 competition.
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Sensor H TifOne TifTu
Xsens IMU v v
KVH FOG v X
Teledyne DVL v X
STS DTM v v
Evologics USBL || Localizable Modem | Localizing Transducer
PC-104 GPS v v

Table 6.1: Sensors sets for TifOne and TifTu

Tts design is oriented to face the tasks proposed by the competition rules, but
being easily integrable with potential further features that may be necessary

in the future.

Mechanical characteristics FeelHippo central body (figure 6.9) is a plexi-
glass pipe that contains the instrumental hardware, except for the batteries
that are located inside the two Al pipes under the main body. Other parts,
e.g. the propellers, the depth sensor and the LED lights, are connected to
the main structure by specific plastic (ABS) supports obtained with the 3D
printer for rapid prototyping of the MDM Lab. The motion of FeelHippo
AUV is under-actuated but sufficient for the classical monitoring tasks and

it is given by 4 propellers [Carlton, 2007a| (controlling 4 DOFs of the vehicle):

e two of these are mounted in a V-shape, to control the depth and the

lateral movement;

e the other two are horizontal, placed at the two sides of the vehicle, to

control the longitudinal motion and the yaw angle.

As concerns the other devices, in the front part of the vehicle there are an
echo-sounder sensor and 3 LEDs able to illuminate the water; this solution

allows the front camera to get good pictures. In the rear part of the vehicle
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Figure 6.9: Feelhippo vehicle in the MDM Lab pool

there are, instead, the depth sensor, a strobe light and another LED light,
that illuminates the seabed so that the other camera pointing down can work
well. Next to the strobe light there is the transducer of an acoustic modem.
Inside the plexiglass pipe the instruments are placed on two plexiglass plates.
On the top plate there are: the inertial platform Xsens IMU, a LCD display,
a Micro Maestro electronic board for motor control and the computing units.
On the bottom plate there are, instead: the acoustic modem board, a DC-
DC converter (24V-12V), the motor drivers and the bottom-looking camera.
The 4 LiPo batteries are placed inside the Al pipes to obtain a low center of
gravity and to facilitate their extraction for charging. The structure of the

AUV guarantees:
e case of assembly;
e case of access to the internal instruments;

e safe solution thanks to the 24V supply;

high stability to roll;
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e low weight (about 30 kg);

e low cost solution.

Electronics architecture The vehicle is equipped with four 22.2 V LiPo
batteries. Each battery can deliver 8 Ah for a total on board energy of
about 710 Wh. All the on board modules are supplied by this voltage bus,
directly or after a suitable DC-DC converter. The present voltage levels are
two, the main one at 24 V and the derived one at 12 V. More than one PC
are on board each one dedicated to particular tasks and interfaced from an
hardware point of view through Ethernet connection, whereas, through ROS
middleware from the software one. The AUV has 4 electric brushless Maxon
motors. The chosen model is a sensorless brushless motor capable of 100 W.
Despite its small dimensions and low weight this motor provides quite a high

torque, also through the associated planetary gearhead (reduction 3.8 : 1).

6.2 Localization

6.2.1 Cooperative Localization

The validation of the proposed method (section 4.1) has been carried out
through simulations performed in Matlab-Simulink”; a complete model of
Typhoon vehicle has been implemented according to the theory described in

chapters 2 and 3 and to the vehicle characteristics in section 6.1.

Simulation description

Four vehicles operate on the simulation scenario: three AUVs and a surface
support ship (THESAURUS project configuration - section 1.1). The tra-

jectories, chosen for the simulations, imply that vehicle 0, the surface one,
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remains stationary, whereas the three AUVs follow the paths shown in figure
6.10. They dive with three different pitch angles and cover an area of 100
m? at different depths (AUV; at 15 m, AUV, at 25 m and AUV; at 30 m)
with a cruising speed of about 2 kn (= 1 m/s).

In order to evaluate the functioning just of the proposed localization
strategy, decoupled from the performance of other system modules, the vehicles
motion is imposed in open-loop, i.e. the control system is not fed with the
output of the navigation filter but it is based on the real followed trajectory
obtained as real-time output of the simulation. The used control system is
the Multivariable PID proposed in |Fossen, 1994| adapted to an AUV with
only 5 DOF actuated as Typhoon AUVs are. The proposed localization al-
gorithm has been tested using the real-time output of the simulated sensors
calculated on the followed trajectory. This way, simulations can be used to
evaluate the performance of only the localization module, not being part of
the control loop. Following the chosen paths, the AUVs do not travel in form-
ation in the sense that the mutual distances and orientation are not constant,
so that the performance of the algorithm, which is of geometric type, cannot

be affected by it.

Results

Statistical simulations, based on Monte Carlo method, have been realized.
Graphs in figure 6.11 represent the evolution of RMS estimate error of posi-
tion for the three AUVs as to the time, based on a sample of 100 simulations.
The first subgraph is about AUV;: its performance is better than the other
two vehicles. This is due to the fact that the DVL, that ensures very small
values of the estimation error drift, is present only on it. The performance

for the other two vehicles is worse, but the estimation error has not the beha-
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Figure 6.11: Time evolution of RMS estimate error
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viour of the unlimited drift which is typical of INS algorithms. Specifically,
the estimation error, during more than 20 minutes required to complete the
path (the simulations have a duration of about 1300 s), never exceeds the
value of 15 m. This error occurs only in correspondence of the curves, when
the vehicle has to slow down; the low rate at which new distance measure-
ments are obtained on the vehicles causes a deterioration of their estimates.
The graphs highlight one of the strengths of the algorithm, i.e. they show
that the method used to estimate the system position is able to recover the
accumulated estimation error through a periodic reset.

The AUV localization through dead reckoning based only on inertial
sensors would bring to an unlimited drift dependent on the sensors char-
acteristics, according to [VectorNav-Technologies, 2014]. In figure 6.12, the
time evolution of the position estimation error for AUV, and AUV, is over-
lapped to a band (in red) that represents the error that would be present in
case of no reset according to [VectorNav-Technologies, 2014]. In first seconds
of simulation the error is higher than the one that would be expected without
periodic reset. The reason is that the red line is built taking into account
only the error due to the accelerometer bias; in simulations, instead, several
non-idealities have been considered as explained in Section 4.1.1. This con-
firms the robustness of the proposed method. Moreover, it is worth to note
that the proposed method does not suffer from the increase of measure error
with distance, which is a typical issue of the USBL systems. The usual con-
figuration of these systems is composed of a surface vehicle, equipped with
the USBL head, able to measure the relative position of the various AUVs

(using the signals coming from the on board acoustic modems).



Chapter 6. Results 123

Vehicle 1 Vehicle 2 Vehicle 3

0 500 1000 0 500 1000 0 500 1000
Time [s] Time [s] Time [s]

Figure 6.12: Time evolution of RMS estimate error compared to typical error
achieved without a position reset

6.2.2 Known Structured Environments

This section describes the validation process for the localization algorithm
based on the knowledge of the structures usually present in the working en-
vironments (and well known) when UUVs are used for patrolling missions.
The presented validation tests have been performed during the SAUC-E 2013
competition, and confirm that FeelHippo, although equipped with a very in-
expensive set of sensors, has the potentiality to work autonomously, taking
advantages of the information about the surrounding environment. In par-
ticular, the ability of the described ALS (section 4.2) to correctly map the
basin is demonstrated. The basin is the SAUC-E competition field, located
at the NATO Centre for Maritime Research and Experimentation (CMRE).
The jury, to evaluate the tasks, uses a very accurate multi-beam system to

track the vehicles inside the basin, that has been exploited also as comparison
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means to evaluate the potentialities of the proposed system.

In figure 6.13, the comparison between FeelHippo ALS and the acoustic
image generated through the jury multi-beam echosounder is shown. Figure
6.13a shows the acoustic image obtained by the echo sounder data acquired
by FeelHippo in the competition field. White pixels on the image are the
points considered, by the localization algorithm, to belong to an edge of
the basin. The center of the red circle represents the current estimated
position, whereas the red triangle represents the current field of “view” of the
echo sounder. Figure 6.13b shows instead a contemporary acoustic image of
the competition field acquired by the CMRE multi-beam sensor for vehicle
tracking. The white shadow in the red square is FeelHippo, whereas the
other visible big white shadow is a submerged structure devoted to other
competition tasks. The results are very encouraging as with the inexpensive
proposed system, the mapping of the basin is quite accurate as confirmed by
the image overlapping. The “visible” structures are rightly identified. It is
also worth to note that the localization algorithm is able to correctly identify
the AUV position compared to the surrounding environment. The center of

the red circle and the red square are almost coincident.

6.3 Position Estimation

In this part, the navigation system described in section 5.1 will be valid-
ated offline for both EKF-based and UKF-based implementations through-
out experimental data. Two different missions are here considered for the

navigation system validation:

e Final demonstration of the THESAURUS project (Livorno - Ttaly, Au-
gust 2013);
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Figure 6.13: Mapping of the CMRE basin: comparison between FeelHippo localiz-
ation system and NATO one
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e CommsNet13 research cruise on board on the NATO Research Vessel

(NRV) Alliance (La Spezia - Italy, September 2013).

6.3.1 THESAURUS final demonstration

The experimental data were collected during suitable sea tests performed in
Livorno (Italy) in August 2013. Such tests have been carried out in cooper-
ation with Vigili del Fuoco di Livorno and Nucleo Operativo Subacqueo della
Soprintendenza Archeologica della Toscana. Throughout the experiments,
the Typhoon AUV TifOne was operated in ROV mode equipped with an
IMU, a pressure sensor for the depth, a DVL and a GPS for a total of two
missions:

1. WATER SURFACE MISSION: the AUV is guided on the water surface for
a total of 1299 s covering a distance of 1012 m. The collected GPS fixes will
be used only for initializing the filter and as a benchmark for comparing the
two different navigation system implementations. The aim of the mission is
to understand the position drift error generated during the filtering process.
The drift error is due to the fact that the available measurements provided
by the exploited sensors (IMU, pressure sensor for the depth and DVL) do
not directly provide the position of the AUV.

2. UNDERWATER MISSION: the AUV is guided underwater at a depth of
2 m for a total of 2540 s. The only available GPS fixes are the starting and
ending point of the AUV path that are collected since both points are on the
water surface. The starting point will be used to initialize the filters, while
the ending point will be used to compare the estimation error of the arrival.
The aim of the mission is twofold: 1) understand whether or not the filters
are capable of reconstructing the shape of the trajectory given by the pilot;

2) understand which filter provides the estimated ending point closest to the
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GPS fix and, consequently, the smallest drift error.

Water surface mission In this subsection, the EKF-based and the UKF-

based navigation systems will be compared during a water surface mission.
Figure 6.14 shows the estimated Cartesian position coordinates 74, 71y

provided by both navigation system implementations. The GPS measure-

ments 77,7, n7,*** are also provided for the sake of comparison.
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Figure 6.14: AUV trajectory estimated by the classical EKF-based and UKF-based
navigation system along with the GPS fixes.

Figure 6.15 respectively shows the EKF and UKF position estimation

>EKF 7771meas|| and ‘|*>UKF ~meas

€ITors ||171 m — 1 H with respect to the time and

to the travelled distance.
The results highlight quite similar performance for both filters, however

the error of the UKF presents a flat behaviour in the final part, i.e. starting
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from time 1000 s (or after having travelled for about 750 m), while the EKF
error keeps growing. It is also worth noticing that the shape of the estimated
trajectories looks like the one provided by the GPS and that major errors
occur when the AUV is turning.

For the sake of completeness the measured and filtered translational velo-
~meas EKF =UKF

LUKF . . .
V)7 "% the vehicle orientations 77,™*, 7,7, 1, and

the depths njreas, nEKE pUKE are reported in figures 6.16-6.21.
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Underwater mission In this subsection, the EKF-based and UKF-based
navigation systems will be compared during an underwater mission.

Figure 6.22 illustrates the estimated trajectories provided by both EKF
and UKF, along with the GPS fix representing the ending point. It is worth
pointing out that the trajectory given by the pilot to the AUV involves quite
a lot of turning points which, as noticed during the water surface mission

described in the previous subsection, are the main sources of error.
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Figure 6.22: AUV trajectory estimated by the classical EKF-based and UKF-based
navigation system

Table 6.2 sumimarizes the ending point estimation errors ||ﬁ1EK B jjmeas H

and HﬁlUKF — ﬁlmmsn, the estimated covered distances and the error Growing
Rates (GR) with respect to the duration of the mission and with respect to
the estimated covered distance.

The classical EKF-based navigation system shows poorer performance
compared to the UKF-based navigation system in terms of ending point
estimation error and for both GRs. Therefore, the employment of UKF filter

turns out to be quite promising to provide a better accuracy during complex
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Table 6.2: Performance summary for both classical EKF-based and UKF-based
navigation system.

Ending point error | Estimated covered distance | GR over time | Distance GR
EKF 187.7 [m] 2065 [m] 0.074 [m/s] 9.1%
UKF 158.7 [m] 1953 [m] 0.062 [m/s] 8.1%

navigation and cooperation tasks and a good trade-off between performance
and computational load /implementation complexity.

For the sake of completeness, also the measured and filtered translational

velocities 7™, 7,PKF 7 UKF “the vehicle orientations 77", 75, qUKF

and the depths s, nEEF pUKE are reported in figures 6.23-6.28.
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6.3.2 CommsNetl3

The CommsNet13 experiment took place in September 2013 in the La Spezia
Gulf, North Tyrrhenian Sea, with the support of NATO Research Vessel
(NRV) Alliance. The experiment was scientifically led by the NATO S&T
Org. Ctr. for Maritime Research and Experimentation (CMRE, formerly
NURC) and included, among its objectives, the testing of several acoustic
communication and localization systems using underwater networks. In fact,
in the area, the CMRE has a permanent testbed for underwater network-
ing and communication purposes (LOON - Littoral Ocean Observatory Net-
work). During CommsNet13, the LOON installation consisted of 4 EvoLo-
gics modems, placed on the seabed and cable-connected to the shore (they
could be continuously operated and monitored). LOON has been exploited
to evaluate the on board USBL systems of the AUVs. The Typhoon class
TifTu took part to the experimentation at sea. TifTu was equipped with an

EvoLogics acoustic modem/USBL head and navigated within the fixed nodes
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Hilmasss (skand ™

-

Figure 6.29: Layout of the autonomous mission: triangle-shaped path with vertices
placed in the waypoints Janusl, M2 and Typhoonl

acoustic network deployed by the CMRE. The LOON modems are compat-
ible with those installed on board the Typhoon, so that the vehicle could use
its USBL modem to estimate its relative position with respect to the fixed
LOON installation: this allows the comparison between the proposed nav-
igation system and acoustic self-localization as ground truth. Throughout
the experiments, TifTu autonomously travelled in dead reckoning and was
equipped with the IMU, the pressure sensor for the depth, the GPS sensor
(used during the periodic and dedicated resurfacings: one every 2.5 minutes)
and the USBL unit (used only as ground truth). TifTu travelled along a
triangle-shaped path on the LOON area. The reference path for the under-
water mission was defined by three waypoints respectively called Janusl, M2
(position of the second one of the four LOON modems) and Typhoonl. The
length of the path side was about 190 m and the mission was performed
at the depth of about 4.5 m (see figure 6.29). The TifTu AUV navigated
underwater for a total of 1150 s at a speed of 0.6 m/s.

The aim of the mission is twofold: 1) understand whether or not the fil-

ters are capable of reconstructing the shape of the desired trajectory during
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a navigation task; 2) to understand the position drift error generated during
the filtering process (using the USBL as reference to evaluate the filter ac-
curacy). The drift error is due to the fact that the available measurements
provided by the exploited sensors (IMU, pressure sensor for the depth and
GPS only during the resurfacings) do not directly provide the position of the
AUV.

The mission In this paragraph, the mission scenario carachterizing the
comparison test between the EKF-based and the UKF-based navigation sys-

tems will be compared during an underwater mission is described. Figure

EKF

6.30 and figure 6.31 show the estimated Cartesian position coordinates ny;**,

nﬁ/KF and nUKF ninK F provided by both navigation system implementations.

The GPS fixes n{}"%, nf;® (during the resurfacings) and the USBL fixes

1z

nYUSBL, n{/ySBL are also provided for the sake of comparison.

Table 6.3 summarizes the USBL fixes 5{,>#*, n{/S%" (used as reference),

the estimation error HﬁlEKF — ﬁlUSBLH affecting 7,Z%F and the estimation

error HﬁlUKF — U9BL ! affecting V% F.

The classical EKF-based navigation system, representing the standard
for the underwater navigation, shows poorer performance compared to the
UKF-based one during the whole underwater mission. Therefore, the use of
the UKF filter turns out to be quite promising to provide a better accur-
acy during complex navigation and cooperation tasks and a good trade-off
between performance and computational load. For the sake of complete-

ness the measured and filtered vehicle orientations fymees, ,PKE  FUKE and

depths neas, pEEF nUKF are reported in figures 6.32-6.35: these figures
show a good matching with the filtered quantities. The disturbances and

noise affecting the behaviour of vehicle orientations and depths are not due
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Figure 6.30: AUV trajectory estimated by the classical EKF-based naviga-
tion system along with the GPS and USBL fixes (the origin coordinates are:
44.03042984° N, 9.81893253°F)).

Table 6.3: USBL fixes (n}:55%, n{/ySBL) and errors affecting 7,75 and 7,"5F with
respect to the USBL fixes.

Fix ‘ nySBL ‘ ni’_f”" ‘ Error on 7,”X¥ (m) | Error on 7,V X (m)
USBL fix N°1 44.031985 °N | 9.829877 °F 22.3 11.1
USBL fix N°2 44.031820 °N | 9.829461 °FE 32.4 17.0
USBL fix N°3 44.032042 °N | 9.829189 °FE 7.8 7.7
USBL fix N°4 44.032093 °N | 9.828454 °FE 10.4 13.6
USBL fix N°5 44.032076 °N | 9.828269 °E 20.7 17.3
USBL fix N°6 44.032063 °N | 9.828184 °FE 18.9 20.8
USBL fix N°7 44.032069 °N | 9.828319 °FE 14.8 10.6
USBL fix N°8 44.031664 °N | 9.828586 °FE 26.4 12.4
USBL fix N°9 44.031357 °N | 9.828791 °F 40.3 18.1
USBL fix N°10 | 44.031175 °N | 9.828890 °F 4.0 3.8
USBL fix N°11 | 44.030865 °N | 9.829867 °E 6.6 4.0
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Figure 6.31: AUV trajectory estimated by the UKF-based navigation system
along with the GPS and USBL fixes (the origin coordinates are: 44.03042984°N,
9.81893253°F).
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to the navigation systems proposed, but are caused by the simple navigation

system of the real vehicle (pure dead reckoning) and to its simple control

system (a PID).
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Figure 6.33: Comparison between 7{2°** and nEKF
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6.4 Orientation Estimation

The performance of the proposed orientation estimation algorithm based on
the NCF (section 5.1.2) has been tested on the TifOne AUV, described in
section 6.1.1. The sensors involved in the experimental activity exposed in
this section are the vehicle on board Xsens IMU and the KVH DSP-1750
single axis FOG (section 6.1.1) mounted with its sensitive axis aligned with
the vehicle vertical axis (that coincides with the IMU vertical axis). Xsens
MTi includes, as anticipated, a 3-axis gyroscope, a 3-axis magnetometer and
a 3-axis accelerometer; in addition, the proprietary software running on it
comprises a magnetometer calibration procedure and an attitude estimation
algorithm. The DSP-1750 FOG, instead, outputs raw angular velocity data.
The tests performed aim at comparing the roll, pitch and yaw estimations
provided by the Xsens proprietary algorithm with the corresponding angles
obtained through the rotation matrix calculated by means of the proposed
algorithm (section 5.1.2).

The first test consists in calibrating the sensor and then completing a
whole turn around the sensor vertical direction. Firstly, a complete yaw
turn is performed; the sensors data acquired during this phase are used to
execute the calibration algorithm explained in section 5.1.2. Subsequently,
TifOne is rotated approximately on the horizontal plane and the performance
of the proposed orientation estimation algorithm, exploiting the data calib-
rated through the proposed procedure, is evaluated in absence of considerable

external disturbance sources. Let

o filter = [w filter ) Filter p filter]T

denote the roll, pitch and yaw angles extracted from the R matrix calculated
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through the proposed algorithm, and

- T
T2 X sens — [(PXsens ﬂXsens "/}Xsens}

be the corresponding angles given by the Xsens internal algorithm.

T shbrraiz

Figure 6.36: 7j4i7f obtained during the first test

Figure 6.36 reports the three components of the vector 7uirs = Tofitter —
Taxsens Obtained during the first test. Plots show that the roll and pitch
difference is small (not exceeding the value of 2°) during all the time necessary
to complete the whole circle, leading to the deduction that the performance
about the roll and pitch estimates is comparable for the two filters, in absence
of external disturbances. The yaw difference is of about 3° almost during all
the period. This value corresponds to the local (Tuscan, Italy) magnetic
declination angle, due to the displacement between the geographic and the
magnetic Earth North. This angle, locally constant and calculable through

accurate models [NGDC-NOOA, 2014, is internally compensated within the
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Xsens algorithm. Thus, in the light of this consideration, the two algorithms
(the one by Xsens and the proposed one) appear to be comparable also on the

yvaw degree of freedom, in absence of external disturbances. The yaw angle
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Figure 6.37: Yaw values obtained during the first test

values for the considered algorithms are visible in figure 6.37, highlighting
how they almost overlap during the entire test. Regarding the behaviour of
the proposed algorithm, figure 6.38 shows the variation of the gain ks during
the test, along with the two control angles al,,, and a2 . since large
accelerations do not occur, gain k; remains stable at its maximum value and
is not reported here. The horizontal dashed black lines indicate the threshold
values, set at 3° for both angles. During this test, even if considerable sources
of magnetic disturbances do not affect the measurement process, it happens

that the gain is reduced to zero: comparing figures 6.37 and 6.38, it is possible
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Figure 6.38: kg and control angles values obtained during the first test.

to deduce that the yaw estimate relies only on the integration of the FOG
for about half of the turn; however, since such device is very precise (with an
even increased accuracy after the correction of Earth’s angular velocity bias)
the result remains very performing.

The second performed test shows how the Xsens algorithm may lead to a
not acceptable functioning when magnetic disturbances (be them magnets or
ferromagnetic objects) get close to the sensor, causing the output to diverge
from the correct attitude. The proposed algorithm, instead, guarantees a
correct estimate even in the presence of disturbances. This test is composed
of the following steps: without performing a new magnetometer calibration,
the vehicle is at first kept stationary until convergence of the filter, then an
external magnetic disturbance is artificially introduced (after 17s of testing
period) by approaching a piece of metal close to the vehicle; after an amount

of time, a clockwise rotation of about 40° is performed, and the metal object
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is finally removed (after 55s of testing period). As for the previous test, figure
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Figure 6.39: 7j4;7s obtained during the second test

6.39 reports the difference between the outputs of the two algorithms; while
©riter a0d U piyer remain close to the related values estimated by means of the
Xsens software, the same does not happen in this case for the yaw estimate,
which exhibits a relevant difference, up to 20°.

Figure 6.40 and figure 6.41 show that, when the disturbance of the piece of

2
chec

metal starts affecting the sensor (at about 17s), ol and o2, assume a
very high value and the gain ky is promptly reduced to zero. The Xsens al-
gorithm, however, does not recognize the disturbance, causing a deviation of
the yaw estimate even if the vehicle is kept stationary. When the disturbance
source is removed after the rotation, the control angle values both fall below
the threshold and the gain ks is set to its initial value again. By observing

figure 6.40, it is possible to deduce the behaviour of the filter: when ks is set

to zero, the yaw estimate is computed integrating the FOG readings. While
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Figure 6.41: ko and control angles values obtained during the second test

the vehicle is not rotating, yaw angle exhibits a drift due to integration of the
gyroscope measurement noise; however, due to the precision of the device,
the deviation in the short term is negligible. This is further supported by the
fact that, after the gain is incremented again, the correction applied by the
magnetometer does not significantly modifies the current estimation. This is
not the case of the Xsens: when the disturbance is added, a significant yaw
drift is registered. Even if the IMU gyroscope integration is almost equal to
the rotation imposed, when the disturbance is removed the final estimate is
affected by the wrong integration initial value. Hence, as reported in figure
6.40, the algorithm slowly converges to the estimate given by the proposed
algorithm (with the residual angular difference due to the described magnetic
declination angle). Similar tests have been performed to evaluate the reliab-
ility of the proposed method; all of them confirmed the results obtained by

the analysis here described.
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To summarize, the proposed orientation estimation algorithm, based on
the NCF presented in section 2.5.2, demonstrated through the carried out
experimental activity to be able to overcome the limits of a system based
only on MEMS sensors by exploiting the integration of a single axis accurate
gyroscope (FOG), aligned with the vertical axis of the vehicle. The imple-
mented system will be employed on MDM Lab UUVs to ensure a reliable
orientation estimation with positive effects also on the position estimation,
as it is dependent on the former (section 5.1.1). By means of the implemented
strategies of signals weighing, the reliability of the orientation estimation is
improved, through the proposed algorithm, also in critical conditions when
external magnetic disturbances, impossible to be compensated during the

calibration phase, affect the measurements.
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