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Programma del Corso

* Presentazione del corso e contesto generale dei problemi di
guida e navigazione nella problematica di controllo. (2 ore)
Cosa si intende per navigazione
Cosa si intende per guida

Tipologie di veicoli di interesse (terrestri, marini, aerei). Cenni storici
con esempi di componenti.
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Programma del Corso

» Sistemi di Navigazione (25-30 ore)

* Definizione del problema di navigazione. Navigazione inerziale,
piattaforma stabilizzata e strap-down.
Componenti del sistema di navigazione: giroscopi, accelerometri e
loro modellazione.
Sistemi di riferimento, wander frame, moto relativo, modello terrestre
e di gravita, variabile tempo, inizializzazione.
Equazione di navigazione, errori di navigazione e loro origine. Esempio
2D.
Derivazione delle equazioni di navigazione 3D.
GPS, navigazione satellitare, errori del GPS. Uso del filtro di Kalman
per la Navigazione integrata INS/GPS. Esempi numerici e sperimentali.
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Programma del Corso

e Sistemi di Guida (25-30 ore)
Problema della guida intesa come anello chiuso.
Relazione con gli anelli interni (stabilita, autopilota) e carattere
cinematico del problema.

Guide per intercettazione
* Navigazione proporzionale (PN): problema analitico generale.
* Navigazione proporzionale: Guide PNG, APNG, OGL e PNCG

* Altre tipologie di guida: guida beam rider, command guidance, guida
basata su tecniche fuzzy.

Guide per inseguimento di traiettoria
* Guide a waypoint

% Lorenzo Pollini — Sistemi di Guida e Navigazione — LM Ingegneria Robotica e dell/Automazione — Univ. di PisaM




Esercitazione Pratica

* Esercitazione fino a 2011:
* Implementazione e test sul campo di:
* Leggi di navigazione
* Leggi di guida
* Piattaforma:
e ULISSE UGV
* Disponibile simulatore completo in Simulink

* Possibilita di simulazione Hardware In the Loop




Esercitazione Pratica




Esercitazione post 2011

* Linee generali:

* Implementazione e test sul campo di:
e Algoritmi di navigazione inerziale integrata
* Piattaforma:
» Sistema low cost di prototipazione rapida Tl e/o ST
* Sensoriinerziali e GPS low cost
 Sviluppo software linguaggio C/Embedded Matlab Functions e Simulink

- |
- |
Nel e ik




Modalita d’esame

Data di inizio concordata

STEP 1 - Prova pratica con il docente
S

”ARTICOLO” ”PROG ETTO”

a H . ) e eg N\
Implementazione di un articolo Reallzzaz|one” d.' un attivita
scientifico  selezionato  dal | | Progettuale “pratica” (matlab /
docente programmazione / costruzione

di prototipi) concordata con il
Docente.

OwlISSew ISaw Gz e T ep

STEP 2 - Orale

Data dell’esame concordata
con il docente
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Tipo di prova pratica

* Articolo * Progetto

« Attivita volta alla riproduzione « Attivita teorico/pratica che
ed all’analisi critica dei risultati consiste nello sviluppo di un
di un articolo scientifico idea che puo0 concretizzarsi, ad

Svolta generalmente con matlab esempio, in:
e Simulink » Codice Matlab Simulink

e Codice C/C++ Linux/Windows
* Codice C per microcontrollore
Nodi Robot Operating system (ROS)
Progettazione di un dispositivo
Test con dati reali forniti dal Realizzazione di un dispositivo

docente (se disponibili) Sviluppo di test sperimentali con un
dispositivo e successiva analisi dati

Test con dati generati in proprio

Test con dati simulati forniti dal
docente

Test con dati acquisiti in proprio
con strumenti propri o forniti dal
docente
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Tipo di prova pratica : ARTICOLO

e Articolo

Attivita volta alla riproduzione
ed all’analisi critica dei risultati
di un articolo scientifico

Svolta generalmente con matlab
e Simulink

Test con dati generati in proprio

Test con dati simulati forniti dal
docente

Test con dati reali forniti dal
docente (se disponibili)

Test con dati acquisiti in proprio
con strumenti propri o forniti dal
docente

* Difficolta principali:

Comprensione dell’articolo e
necessita di ricorrere a piu
referenze
Possibilita di errori “di
stampa” nell’articolo
Errori di implementazione
dovuti a:
* scarsa attenzione
* Non comprensione dell’articolo
* Non comprensione della materia
Tuning dei parametri che spesso
non sono specificati
Test con dati reali




Tipo di prova pratica: PROGETTO

* Difficolta principali:
 Mancanza di conoscenze o
skills pregressi:
e Software - Librerie

e Elettroniche
e «Pratiche»

* Mancanza di abitudine all’uso di

dispositivi reali
e Test con dati reali

* Approccio:

* Progetto concordato con lo studente

in base a skills e conoscenze
pregresse e proprie aspettative
didattico/formative

e Supporto diretto da parte del
docente e/o dottorandi

Progetto

 Attivita teorico/pratica che
consiste nello sviluppo di un
idea che puo0 concretizzarsi, ad
esempio, in:
* Codice Matlab Simulink
* Codice C/C++ Linux/Windows
* Codice C per microcontrollore
Nodi Robot Operating system (ROS)
Progettazione di un dispositivo
Realizzazione di un dispositivo

Sviluppo di test sperimentali con un
dispositivo e successiva analisi dati
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Esempi di ARTICOLI passati

Tightly Coupled INS/GPS with Bias Estimation for UAV
Applications

Sensor Fusion based on Complementary Algorithms using
MEMS IMU

Gain-Scheduled Complementary Filter Design for a MEMS
Based Attitude and Heading Reference System

Kalman filter configurations for a low-cost loosely
integrated inertial navigation system on an airship

Nonlinear Observer for Tightly Coupled Integration of
Pseudorange and Inertial Measurements

Autonomous Landing of Multirotor Micro Air Vehicle on a
High Velocity Ground Vehicle
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Esempi di PROGETTI passati

Test di posizionamento RTK (Real Time Kinematic)con
utilizzo della libreria rtklib e single board computer e gps
ublox serie T

Selezione e test sperimentale in ambiente ROS di un lidar a
basso costo per applicazioni di mapping e riconoscimento di
porte e finestre

Reverse Engineering dell’EKF Attitude Position Estimator
utilizzato nel PX4 Firmware per 'autopilota PX4FMU

Studio di un sistema di ausilio haptico per la stima delle
intenzioni di un pilota coinvolto in un task di tracking

Implementazione di un algoritmo di obstacle avoidance
ed object tracking tramite un sistema di visione
monoculare
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Aree tematiche per possibili progetti futuri

* Navigazione
Sistemi di navigazione con fusione GPS/IMU
Sistemi di localizzazione basati su beacon Ultra Wide Band (UWB)
Sistemi di sensor fusion vision/lidar/inerziale/gps/uwb
Sistemi di stabilizzazione inerziale
Sistemi di GPS spoofing
Sistema di localizzazione e georeferenziazione subacquea

* Guida
Sistemi di guida e controllo basati su UWB

Sistemi di atterraggio/decollo automatico basati su visione

Sistema di gestione di missione basato su linguaggi ad alto livello (e.g.
Phyton)

Sistemi di ausilio tattile (haptic) alla guida
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Aree tematiche per possibili progetti futuri

Realizzazione di esperimenti di volo automatico con drone
crazyflie

Stick haptici per ausilio al pilotaggio di droni in spazi aerei
controllati

Controllo Motore Brushless per droni ad elevata sicurezza
Prototipazione veicoli VTOL in configurazioni non standard
Esperimenti di obstacle sliding

Valutazione di prestazione e tuning per algoritmi di stima
dell’orientazione

Deep Neural Network based Mission Level Decision System
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Esercitazione AA 22/23 — NEW!

* GQGuidance Challenge using the CrazyFlie Drone

* Provisional Information (subject to change):
 Upto 8 Teams (TBC)

* Implementation of different guidance strategies against different target

motions
Zp
e Simulated target :

* Real Target m;
SW: python /,‘
Where:

e preparation at home (if possible)

e Challenge in the DIl flight room
When: before end of classes — before end of July 2023
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Esercitazione AA 22/23 — NEW!

* GQGuidance Challenge using the CrazyFlie Drone

* Provisional Information (subject to change):
 Upto 8 Teams (TBC)

* Implementation of different guidance strategies against different target

motions
Zy

July 2023

\
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Esercitazione AA 22/23 — NEW!
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Testi e Riferimenti

* Navigation
* Rogers Robert, Applied Mathematics in Integrated Navigation
Systems, AIAA Education Series, 2000.
* Titterton and Weston, Strapdown Inertial Navigation Technology,
Peter Peregrinus Ltd, 1997.
 Guidance

e Zarchan Paul, Tactical and Strategic Missile Guidance, AIAA Progress in
Aeronautics and Astronautics, Vol. 199, 2002.

Fossen Thor, Guidance and Control of Ocean Vehicles, John Wiley &
Sons, 1995.

* Fossen Thor, Marine Control Systems, Marine Cybernetics 2003.

* Various (additional material provided by the teacher)
e Journal Publications
e Excerpts from other books
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Basic Definitions

* Guidance and navigation concepts are as old as human travel,
and deal with the general questions of:

where we are

where we are going

how we go from one point to another

How precisely have we reached our objective

 The methods used find their origin in motion and moving
vehicles, but then they can be applied to a variety of systems,
whose components need a precise location in the space-time

domain.

% Lorenzo Pollini — Sistemi di Guida e Navigazione — LM Ingegneria Robotica e dell/Automazione — Univ. di PisaM




Basic Definitions

Guidance

« is the action or the system that
continuously computes the reference
(desired) position, velocity and
acceleration of a vehicle to be used by
the control system. These data are
usually provided to the human operator
and the navigation system.

The guidance system may be implemented
in an open loop or closed loop form, it
possibly interacts with the control

GUIDANCE FOR PATH FOLLOWING

o2
actual heading

/

desired heading

Closest point “visibility” distance
on the Path

Points the target
at all times.

S : -'. 5.”.#
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Basic Definitions

Navigation
*  The navigation problem answers two
fundamental questions of motion and travel:
*  what is my current position?

*  where am I travelling to?

It is primarily an open loop process, and
obviously connected to the guidance loop.

A fundamental role is the determination and

reduction of all possible errors concurring to the

evaluation of the current position, which then

will give input to the guidance system. ' R : San Francico Bay Area

Major Jet Arrival &
Departure Routes

It must be noted that such problem requires the
definition of several reference systems that need
to be used to relate the motion.
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Framework

Guidance and Navigation are part of the
general motion process of a vehicle,

which includes: Path to Commanded

be followed heading

—

Stability, transient Performance Auxiliary data
Steady state Error _ _ I
Vehicle motion data

Disturbance Rejection
- ; ) Actual path
Kinematic Tracking —_— |

Mission Success

{ /AMBIENTE INTERNO| VENTOTEAEFE“ILE?(;‘O
Weather routing i‘ eather data INERZIA, GRAVITA" | 7O ATIRITO,

Wav-Points program Waves, currents 1
ay-Points wind CORPO DEL VEICOLO
' + ™y +

Trajectory Control D
Generator Autopilot Allocation

CAMBIO IDROSTAT.
E CARRELLAGGIO

ASS. POSIZIONE
ASS. ORIENTAZIONE

» ASS. PEDALE

UNITA' INERZIALE-ODOMETRICA

e VELOCITA x S

Estimated = ORIENTAZIONE

- positions and VCd
Cinidatice System Control System velocities

(Rnerver [

Navigation System g POSIZIONE
><] ‘
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Framework

| Cooperation

Mission

Navigation

Guidance

——
| stability,

Communications




Background-Guidance

* Early guidance methods were studied in Germany during the
end of WWII, when the objective was to achieve successful
impact of V-2 rockets on British soil.

* Inertial guidance:

» 2 gyroscopes for attitude stabilization

* 1integrating accelerometer to estimate
velocity for initiation of ballistic flight
(altitude about 80 km)
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Background-Guidance

* One of the most challenging applications,
that led to advances in guidance,
was the Apollo program, where precision
path following was linked to the survival
of the astronauts.

Re-entry window A- Friction with air, B- In air flight. C- Expulsion lower angle, D- Perpendicular to the entry point,

E- Excess friction 6.9° to 90°, F- Repulsion of 5.5° or less, G- Explosion friction, H- plane tangential to the entry poi
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Background-Guidance

e Guidance is a key technology in missile defence (and also
attack) against moving targets

Intercept

Points the target
at all times.

e a=-NVé

() V (velocita)

LOS (linea di vista)

¥

c ( T (obiettivo)

|

V(t,—t)coso
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Background-Guidance

* Guidance is a closed-loop process

Ge(s)
Guidance Computer
I (Guidance Processing Algorithms)

—————————
q.| s Thacker 1] 3 Guidnce | & 4 Guidance : }:
7 = "1 Filtering o | aw =
Coupling Geckeny [ JLOS Ratefy | o Ll s 4; / H Sauriion |—e
—1" : 5

53 4@

F \ Estimate

LOS Rate Bias

Radome
B e pensation
Gyro G (s)
Acceleration
Sensitivity

&

Parasitic Paths

/M

“ -3 W,
l SbNIonCS LYY M(‘kq‘_'lhrdulcncc Noise

1 -
Tivter =
oy Airframe and Actuation : Flight J'

A Pursuer Propulsion System “Control | Control
y T, 3
13 3 Lateral Surface
t Glint g o
N‘)'lx‘: . Target Lakeral Afcel. j VIR K AT
‘Barget Mancuver Model | |
(Shaping Network) |

ye(1p)
Glint Noise Model Miss Distance

Kinematics/Relative Geomelry
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Background-Navigation

* The art of finding the way from one place to another is called
navigation. Until the 20th century, the term referred mainly
to guiding ships across the seas. Today, the word also
encompasses the guidance of travel on land, in the air, and in
inner and outer space.

* The navigation of rivers, lakes and oceans began before
recorded history. Navigation, due to its relationship and

importance to transportation, has played a leading part in the
advancement of civilization.
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Navigation for mapping

b ed
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Background-Navigation

One great aid to navigation was the development of the magnetic compass. Although men
had known of the magnetic properties of the lodestone for centuries before the Christian

Era, the first use of the magnetic compass by navigators appears to have been in the 12th

century.

Navigators at this time also used the cross-staff and the astrolabe, two devices that the
Greeks had invented to measure the altitudes of celestial bodies. From these measurements
it was possible to determine the approximate latitude of the vessel as well as approximate
local time.

In 1731 John Hadley, an Englishman, and Thomas Godfrey, an American, simultaneously
invented a quadrant that made it possible to obtain accurate observations of celestial bodies.
The instrument was similar to the sextant in common use today. The problem of fixing
longitude was solved, when John Harrison in England produced several chronometers

between 1730 and 1763.
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Background-Navigation

Dead Reckoning

* Indead reckoning, the navigator estimates a ship's position by keeping a careful record of its
movement. The initial point of departure for dead reckoning is usually the last fix the navigator
obtains from objects on land at the start of a voyage. From this point, true courses steered and
distances traveled (as recorded by log) are plotted on a chart.

Electronic Navigation

* Modern electronic devices are important aids in finding position at sea. For example, the navigator
whose ship is equipped with a radio direction finder can determine the bearings of radio transmitting
stations on shore. Special radio beacons for navigation are established at lighthouses, lightships, and
prominent points along coasts. Radio bearings may be plotted on a chart to obtain a fix.

The Navstar Global Positioning System was implemented in the 1980s. This system allows spacecraft
crews to store their course in a computer system, which can then verify the location of the spacecraft
to within a few feet and the speed of the spacecraft to within a few feet per second. The human
navigator is becoming more and more a manager of computer systems; however there is no
substitute for human judgment to deal with the occasional unexpected situation.
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Background-Navigation

* Inertial Navigation

To a significant extent, inertial navigation
is about coordinate frames. Inertial
sensors measure rate information relative
to an inertial frame of reference. An
inertial coordinate frame does not rotate
or accelerate with respect to any other
system of reference.

Accelerometers measure change of
velocity with respect to an inertial frame.

Gyroscopes measure change of rotation
with respect to inertial space.

Lorenzo Pollini — Sistemi di Guida e Navigazione — LM Ingegneria Robotica e dell/Automazione — Univ. di Pisaw




Background-Navigation

Slip rings and torquer

Inertial systems (accelerometers, gyroscopes,
and computer) constitute a self-contained ashaon)
unit, with no relation with the outside world.
There are two implementations of the basic
same principle:
* Stabilized platform /‘
* Strap down platform e

Yaw axis

eading pickoff
Wehicle axis

Figure 1.5. A three-axis platform.

The stabilized platform isolates the
accelerometers from rotational motions of
the vehicle and maintains the proper
orientation of accelerometer axes.

Strap down platforms are characterized by
components rigidly attached to the vehicle
with benefits due to reduced size, cost and
performance.

Figure 1.8. The strapdown system.
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Background-Navigation

A POSITION, SPEED,
U ATTITUDE

cooromATE gy
TRANSFORM e, Integrations
COMPUTER Corrections
Coriolis
iGravity;

X Accel

Y Accel ﬂ
Accelerations

Z Accel

VEHICLE AXES —>< FIXED AXES

Figure 1.9. The basic strapdown system.
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Background-Sensors

* Linear accelerometers 1 . ACCELERATION

WITH RESPECT TO
INERTIAL SPACE

* They are used to measure the DISPLACEMENT
components of aircraft linear e §
acceleration minus the \f
components of gravity in its SIGNAL ¥ //

PROPORTIONAL <

sensitive direction. TO SPECIFIC

(f) a

'CASE

PROOF
| —— MASS
(m)

V9. 9.9.9.9.9. P0.9.9.9.9.9.9.9.9.9.9.9.9.9.9

% SPRING

X

A simple accelerometer

CP(.};".};’CJbﬁrF)l ]H,V‘ .}"Ubﬁc".r) my o m(ﬁ+j‘;ﬂb;e¢r)
—e = kn

The equation of motion then becomes,

wii o+ = _”@'}Dbjecr
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Background-Sensors

* @Qyroscopes

* The gyroscope was invented in 1852 by
Leon Foucault (1819-1868) as part of a
two-pronged investigation of the rotation
of the earth. The better-known
demonstration of the Foucault pendulum momertun
showed that the plane of rotation of a -
freely-swinging pendulum rotated with a :ﬁiﬁ’.ﬁuyim
period that depends on the latitude of its chamges. T
location.

At high speeds, the gyroscope exhibits
extraordinary stability of balance and . Precession

maintains the direction of the high speed g |
rotation axis of its central rotor.

If a gyro is tipped, the gimbals will try to

reorient to keep the spin axis of the rotor in
the same direction.
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