35 gipsa-lab

F1

@

Robotics RObOt|CS

N. Marchand

Nicolas Marchand
Nicolas.Marchand@gipsa-lab.fr

Control Systems Department, gipsa-lab
Grenoble, France

=
auim

ENSE3-ASI

gipsa-lab

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 1 /115



§(Bea-aly

Robotics

N. Marchand

Introduction

INTRODUCTION

@ Historical perspective
o First use of the word Robot (means forced labor or
serf in Czech) in the play R.U.R. (Rossum’s
Universal Robots) by Karel Capek (1890-1938) in
January 1921.

In R.U.R., Capek poses a paradise, where the machines

initially bring so many benefits but in the end bring an Metropolis, Fritz

equal amount of blight in the form of unemployment and Lang, 1927

social unrest
@ Science fiction
e Often a bad image: men against robots, dystopic society, etc.
More and more a good image.

Formal definition (Robot Institute of America)

A reprogrammable, multifunctional manipulator designed to move material,
parts, tools, or specialized devices through various programmed motions for the
performance of a variety of tasks
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Introduction @ Robots have a bad image (1930-1960)

o Robots take human works

o Robots are dangerous since potentially independent and
more intelligent than we are

@ Robots have a better image (1960-today)

o Robots can make things that human can not do (space,
etc.)

e Human can do things that robots can not do (we still are
clever)

o Robots can be games

e Robots can be good or bad
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Robotics @ Number of robots for every 10 000 workers:
Number of installed industrial robots per 10,000 employees in the
N. Marchand 800 manufacturing industry 2017
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Source: IFR World Robatics 2018

70% of robots in companies with more than 1000 employees
17% of robots in companies with less than 300 employees
In 2002, 95% of robots > 30k€ and 32% of robots > 60kE€
79% of decrease of the mean price between 1990 and 2002
Average price in 2018: 45k€ (63k€ in 2009)

. ; Big robots manufacturers: ABB (S), KUKA (G), Fanuc
Conce s (JP), etc.
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ROBOTICS INDUSTRY: HOW MUCH 7 (2/MANY)

@ Robot price, evolution:

@ Robot quality, evolution:

3
X\
25
Robot prices,
not quality adjusted
\
e 2
< N
\\
~~~~~~ - 15
Robot prices, quality adjustet? /
1990 1992 1994 1996 1998 2000 2002 2004 2006 /
1990 1992 1994 1996 1998 2000 2002 2004 2006
—— Average sample ‘World
——Average sample World
@ Decrease of the price, increase of the quality
@ "The Impact of Industrial Robots on EU Employment and Wages: A Local

N. Marchand (gipsa-lab)

Labour Market Approach”, F. Chiacchio, G. Petropoulos and D. Pichler,
2018
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Robotics

@ In which industry sectors:
N. Marchand

Introduction Robot industry market projections through 2035
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Robotice @ In which industry sectors:
N. Marchand $708Mon  — . 6648
. B Home"
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Source: Japan Robotic Association

Main co

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 6 / 115



35 gipsa-lab

i ROBOTICS INDUSTRY: FOR WHAT 7

Robotics

N. Marchand

Introduction

5000 4658
Orientation
Frames 4000

3000

2000

1000

2016 2017 2018

N. Marchand (gipsa-lab)

@ In which industry sectors:

Aéronautique,
ferroviaire

Electronique
1%

Pétrole, chimie,
plastique

1%

Produits en métal
9%
Agroalimentaire

Robotics

Nombre de robots installés dans les usines francaises

\
N

(3/MANY)

43 %
Industrie
automobile

[ 4

Machines et
équipements
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Introduction

Cartesian coordinates

Orientation

Frames Forest robot

Newton

Kuka robot for automotive industry

> Hollywood robots
Surgical robot
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ROBOTICS INDUSTRY: NANO ROBOTICS (5/MANY)

Nano house from FEMTO-ST (France)

Robotics
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Robotics GROWTH OF INDUSTRIAL ROBOTICS
N. Marchand WORLDWIDE & CHINA (THOUSANDS)
Source: IFR World Robotics, 2018. *Forecasted
Introduction ESTIMATED ANNUAL SUPPLY OF INDUSTRIAL ROBOTS (2008-2021)
700
w= Worldwide === China
600
S o

Newton

400
300
s 200
100
Main components
. 0
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Control loops
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RoOBOTICS INDUSTRY: UAVS (7/many)

UAV MARKET, BY REGION (USD BILLION)
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Robotics @ Development of the drone’s industry:
N. Marchand 6000 -
c —s—coaxial UAV 2016
o 5000 —=—coaxial (helicopter OR UAV) 2015
Introduction S —*—helicopter UAV 2014 |
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@ Foundation of DJI: 2006
93%
Dyl
254,
Main components @ Very competitive market with a high technological level of

Control loops

integration
e Commercial margin of 10% to 15% (more than 50% on iPhone)
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ROBOLUTION (1/5)

@ Robotics enables 90% of cost reduction (60% for delocation)

@ Each new robot destroys 6.2 jobs [MIT/Boston 1990-2007, 2017]
@ 47% of jobs in the US, 50% of jobs in Europe have a high risk of

Introduction

N. Marchand (gipsa-lab)

being replaced by robots in the next 20 years [Oxford, 2013] ... but
only 9% according [OCDE, 2016]

Poor countries are more vulnerable, especially world factories (85% of
the jobs in Ethiopia, 77% in Chine [World Bank])

Sectors with high impact: Administration et Production
Winner sectors: Finance, Maths/Sciences, Education

No link between unemployment and robots

Helps to relocate jobs in countries where the consumers are
Very few studies on created jobs (compared to destroyed jobs)

800 000 direct jobs in robotics in 2020 and more than 2 millions in
connected domains (electronic, energy, agriculture, etc.)
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ROBOLUTION (2/5)
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ROBOLUTION (3/5)

m Routine manual = Non-routine manual = Routine cognitive
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ROBOLUTION (4/5)

United States employment, by type of work, m
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ROBOLUTION (5/5)

@ What about the previous industrial revolution ?7

o Machines have created more jobs than they have replaced
in the last 140 years
o Working is getting less and less exhausting
o Increase of new jobs (+580% éducation)
o But we had fears, as in any big change periods:
@ 1675 : Destruction of machines by weavers (England),
1788 : 2000 workers break weaving machines (France),
1811-1812 : Luddism (Angleterre)
o 1858 : Karl Marx is prophesies the replacement of the
humans by machines
@ 1930 : John Maynard Keynes invents the term
"technological unemployment”
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Changes in global surface temperature relative to 1850-1900
N. Marchand
a) Change in global surface temperature (decadal average) b) Change in global surface temperature (annual average) as observed and
as reconstructed (1-2000) and observed (1850-2020) simulated using human & natural and only natural factors (both 1850-2020)
Introduction . o
C C
20 20

Warming is unprecedented
in more than 2000 years

15 15
Warmest multi-century ’ observed
Cartesian coordinates period in more than W simulated
simulate
Orientation 1.0 10 100.000years human &
observed natural
Newton - |
0.5
0.2 simulated
/ natural only
0.0 g (solar &
volcanic)
reconstructed
-05 05
-1 1 r 1
1 500 1000 1500 1850 2020 1850 1900 1950 2000 2020

@ Global warming challenge
Vlain components

o oo @ Exhaustion of raw materials
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Introduction

@ Human activity impact on climate, biodiversity and
health...

@ Robotic systems require ressources
@ Solutions:

o Economic decrease

o Including the warming challenge in a strategy of
conception

@ Recycling
o New usages (replacing existing ones)
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Introduction

BioCarbon Engineering

@ 10 UAVs could plant up to 400 000 trees per day

@ Much less carbon consuming than other means
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@ Basic mechanics for robotics

Outline e Space representation
frames, coordinate transformation, etc.
o Force and torques
@ Modelisation
@ Control for robots

o All potential problems:

Oscillations, dry friction, saturations, etc.
o Linear approaches
o Nonlinear approaches
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Outline

EU legislation

OUTLINE

Introduction

Outline

Mechanics basis of rigid bodies
o Cartesian coordinates

@ Orientation

o Frames

o Newton

UAV'’s model

Recreational break

Legislation aspects

@ EU legislation

@ Sub-categories of operations
o Categories of UAVs
Introduction to control

@ Main components

@ Control loops

@ Attitude control

Position control
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rtesian coordinates @ Cartesian coordinates
s @ Orientation
ewton @ Frames
@ Newton
EU legislation
operatio
. u
lain component:
Control loop:
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@ The position of some point P in the fixed frame

F(o, €&, €, ¢€,) is the vector p = (x,y,z)T

Cartesian coordinates

Orientation S —

e Mz
S T S
Newton - ! S
> / !
v ! e I
|
| 1
! I
P | |
| €z
|
! "
| €y
EU legislation /,L _______ <+
u 7 S ey
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POSITION AND SPEED
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@ The position of some point P in the fixed frame

F(o, &, €, €,) is the vector p = (x,y,2)T
e The speed of P in F is the vector 5= p = (x,y,2)"

Cartesian coordinates

AT 7
Mz

€z
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@ A rotation is represented by a 3 x 3 matrix R such that R = R and detR =1
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Orientation
Frame:

ewton

EU legislation

ROTATIONS

o A rotation is represented by a 3 x 3 matrix R such that RT = R™! and det R = 1

@ A rotation of angle ¢ around:
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Robotics o A rotation is represented by a 3 x 3 matrix R such that RT = R™! and det R = 1
@ A rotation of angle 6 around:
N. Marchand L.
e axis & is given by:
1 0 0
R,=10 cosf —sinf
0 sinf cosf
Orientation

ewton

EU legislation
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Robotics o A rotation is represented by a 3 x 3 matrix R such that RT = R™! and det R = 1
@ A rotation of angle 6 around:
N. Marchand oo
e axis & is given by:
1 0 0
R,=10 cosf —sinf
0 sinf cosf
e axis €, is given by:
rtesian coordinates cosf 0 sinf
Orentation R=| 0 1 o0
Frame —sinf) 0 cosf

ton
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Orientation
Frame:

ton

ROTATIONS

o A rotation is represented by a 3 x 3 matrix R such that RT = R™! and det R = 1

@ A rotation of angle 6 around:
e axis & is given by:

o axis €, is given by:

e axis €; is given by:

N. Marchand (gipsa-lab)

R, =

2
I

Robotics

1
0
0

0
cos
sin

cos 6§

0

0
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0
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sin @
0
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—sing 0
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Robotics o A rotation is represented by a 3 x 3 matrix R such that RT = R™! and det R = 1
@ A rotation of angle 6 around:
N. Marchand oo
e axis & is given by:
1 0 0
R,=10 cosf —sinf
0 sinf cosf
o axis €, is given by:
rtesian coordinates cosf 0 sinf
Orentation R= 0 1 o0
Frame —sinf 0 cosf
e axis €; is given by:
cosf) —sinf 0
R,=|sinf cosf O
0 0 1

o a unit vector i = (uy, uy, uZ)T:
b ot uf+(17u§)q, uety (1 — cp) — uzsp  uxuz(1—cg) + uysp
DA ucuy (1 — co) + uzsp uf-&-(l— uﬁ)ca uyu,(1— cp) — uxsy

ucuy(1—cp) — uysp  uyuz(1 — cp) + uesy P+ (1 -

with ¢. = cos() and s. =sin(-) (and later on t. = tan(-))
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ROTATIONS

o A rotation is represented by a 3 x 3 matrix R such that RT = R™! and det R = 1
@ A rotation of angle 6 around:

e axis & is given by:

1 0 0
R,=10 cosf —sinf
0 sinf cosf
o axis €, is given by:
cosf 0 sinf
R, = 0 1 0
—sinf 0 cosf
e axis €; is given by:
cosf) —sinf 0
R,=|sinf cosf O
0 0 1

o a unit vector i = (uy, uy, uZ)T:
41— 1) uety (1 — cp) — uzs  uxuz(1—co)+ uysp
ucuy (1 — co) + uzsp uf +(1- uﬁ)ca uyu,(1— cg) — uxsp

ucuz(1— o) — uysp  uyuz(1 — cp) + uesy P+ (11— v

with ¢. = cos() and s. =sin(-) (and later on t. = tan(-))

@ The coordinates g of point @ obtained by rotating P with rotation R is g = Rp
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ROTATIONS

Robotics o A rotation is represented by a 3 x 3 matrix R such that RT = R™! and det R = 1
@ A rotation of angle 6 around:
N. Marchand X .
e axis & is given by:
1 0 0
R,=10 cosf —sinf
0 sinf cosf
o axis €, is given by:
cosf 0 sinf
Orientation R, = 0 1 0
—sinf 0 cosf
e axis €; is given by:
cosf) —sinf 0
R,=|sinf cosf O
0 0 1

o a unit vector i = (uy, uy, uZ)T:

uf+(17uf)c6 uety (1 — cp) — uzs  uxuz(1—co)+ uysp
ucuy (1 — co) + uzsp uf +(1—u)eo  wyu(l—ch) — uxsy
ucuz(1— o) — uysp  uyuz(1 — cp) + uesy 24+ (1— e
with ¢. = cos() and s. =sin(-) (and later on t. = tan(-))
@ The coordinates g of point @ obtained by rotating P with rotation R is g = Rp

@ The rotation resulting from 2 successive rotations Ry and then Ry is RyR;
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o The scalar product < vq, vy > is defined by: < vi,vp >:= vlrvz eR
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Robotics o The scalar product < vq, vy > is defined by: < vi,vp >:= VlTVQ eR
N. Marchand @ The cross product v; x v, is defined by:

ViyVaz — VizV2y

. 3

Vi X v i= | Vizvo, — Vixve, | €R
VixV2y — V1yVax

Cartes
Orientation

Frames

Newton

Main components

Control loops
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Vi X Vg =

Robotics

@ The cross product v; X v is defined by:

ViyVaz — VizVay
VizVax — VixV2z
VixV2y — ViyVax

0 -z vy
z 0 —x
-y x 0

eR?

o The scalar product < vq, vy > is defined by: < vi,vp >:= vlTvz eR

@ The skew-symmetric matrix associated to a vector p = (x,ytz)T is:

ENSE3-ASI

29 / 115



= gipsa-lab

=
i PRODUCTS AND ASSOCIATED TOOLS
Robotics o The scalar product < vq, vy > is defined by: < vi,vp >:= vlTvz eR
N. Marchand @ The cross product v; X v is defined by:

ViyVoz — VizV2y

. 3

Vi X Vo= | VizVo, — Vixv, | €R
VixV2y — V1yVox

rtesian coordinates @ The skew-symmetric matrix associated to a vector p = (x,y,z)T is:

Orientation

“ 0 -z y
p* =1z 0 -—x
-y x 0

o The set of skew-symmetric matrix with the brackett [My, Ma] = My My — Mo My is
called SO(3) and forms an algebra

EU legislation

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 29 / 115



PRODUCTS AND ASSOCIATED TOOLS

§lpsany

Robotics o The scalar product < vq, vy > is defined by: < vi,vp >:= vlTv2 eR

N. Marchand @ The cross product v; x v, is defined by:

ViyVoz — VizV2y

. 3

Vi X Vo= | VizVo, — Vixv, | €R
VixV2y — V1yVox

rtesian coordinates @ The skew-symmetric matrix associated to a vector p = (x,y,z)T is:

Orientation

" N 0 -z vy
p* =2z 0 —x
-y x 0

@ The set of skew-symmetric matrix with the brackett [My, Ma] = My My — Mo My is
called SO(3) and forms an algebra

o Skew-symmetric matrices and cross product:

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 29 / 115



J‘%@ gipsa-lab

F1

@

Robotics

N. Marchand

Orientation
Frame:

ton

EU legislatior

N. Marchand (gipsa-lab) Robotics

PRODUCTS AND ASSOCIATED TOOLS

The scalar product < vy, v, > is defined by: < vi,vo >:= vlTv2 eR
The cross product v; X v, is defined by:
ViyVoz — VizV2y
vi X vo = [ vigvay, — vigve, | € R3

VixV2y — ViyVax

The skew-symmetric matrix associated to a vector p = (x,y,z)T is:

0 -z vy
p* =1z 0 -—x
-y x 0

The set of skew-symmetric matrix with the brackett [My, Ma] = My My — Mo M, is
called SO(3) and forms an algebra

Skew-symmetric matrices and cross product:

viu=vxu J

ENSE3-ASI 29 / 115



= gipsa-lab

=
i PRODUCTS AND ASSOCIATED TOOLS
Robotics o The scalar product < vq, vy > is defined by: < vi,vp >:= vlTv2 eR
N. Marchand @ The cross product v; X v is defined by:

ViyVoz — VizV2y

. 3
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called SO(3) and forms an algebra

o Skew-symmetric matrices and cross product:

v viu=vxu )

@ Skew-symmetric matrices and rotations

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 29 / 115



= gipsa-lab

=
i PRODUCTS AND ASSOCIATED TOOLS
Robotics o The scalar product < vq, vy > is defined by: < vi,vp >:= vlTv2 eR
N. Marchand @ The cross product v; X v is defined by:

ViyVoz — VizV2y
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Vi X Vo= | VizVo, — Vixv, | €R
VixV2y — V1yVox

rtesian coordinates @ The skew-symmetric matrix associated to a vector p = (x,y,z)T is:

Orientation

‘”" 0 -z y
p* =1z 0 -—x
-y x 0

@ The set of skew-symmetric matrix with the brackett [My, Ma] = My My — Mo My is
called SO(3) and forms an algebra

FUeseten @ Skew-symmetric matrices and cross product:

v viu=vxu )

@ Skew-symmetric matrices and rotations

Control loop uXsinf 4+ (I — uuT)cos + uu” = exp((u6)*)
is the rotation of angle € leaving axis u fixed
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e Many attitude representations
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o Attitude:
Robotics o equivalent of position for angles: what is the orientation of an
object w.r.t. the ground ?
N. Marchand o gives the rotation that transforms the reference frame into
the body frame

e Many attitude representations
o Euler angles
e Quaternions
e Rotation matrix
o Tait-Bryan angles, Fick angles, Helmholtz angles, dip-slip-rake,

artesian coordinates azimuth-elevation-skew, ...
Orientation

o Euler angles: 3 angles, 27 possible rotations o Quaternions

Frames
ton o Engineering and robotics communities typically
use 3-1-3 Euler angles
o Representations with singularities

o u fixed by rotation of angle ¢

o the quaternion is:
uxsin6/2

| using/2) (g
(m ,m\‘:‘h 9= uysinf/2 “\qo

cosf/2
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N. Marchand @ The angular velocity w = (w1, wz,w3)T represents the rotation speed w.r.t.
each axis of the body frame

23
Orientation |

e Caution: Angular velocities are not the time derivatives of Euler angles

@ Angular velocities are given by:
o Rotation matrix:

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 31 / 115



Robotics

N. Marchand

Orientation

ATTITUDE REPRESENTATION : ANGULAR
VELOCITIES

@ The angular velocity w = (wl,wg,w3)T represents the rotation speed w.r.t.
each axis of the body frame

e Caution: Angular velocities are not the time derivatives of Euler angles

@ Angular velocities are given by:

o Rotation matrix:

o Quaternions :

N. Marchand (gipsa-lab)
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=)= (/3x3‘70 + 5X>

ENSE3-ASI 31 / 115



Glosain)

MOVING FRAMES

Robotics “/'

N. Marchand w3
i3
M P. Varignon (1654-1722)
to /M
SAY

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 32 / 115



-ﬂ%@ gipsa-lab

4 MOVING FRAMES

@

Robotics e F:=(0,¢6,¢6,,¢e;) fixed inertial frame

N. Marchand

Cartes
Orientation &
Frames

Newton

EU legislation

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 33 / 115



= gipsa-lab

=

a MOVING FRAMES
Robotics e F:=(0,¢6,¢6,,¢&) fixed inertial frame

N. Marchand ) M = (M7 EI.? t_'é, %) moblle fl’ame

ewton

EU legislation

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 33 / 115



ﬂ%@ gipsa-lab

F1

@

Robotics

N. Marchand

tatior
Frames

ton

MOVING FRAMES
o F:=(0,¢&,é€,,¢) fixed inertial frame
o M := (M, 1ty,t, t3): mobile frame
@ R: rotation matrix s.t. M = RF

N. Marchand (gipsa-lab) Robotics
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N. Marchand o M = (M, t]_, t27 t3) mObI|e frame F%LIQH
@ R: rotation matrix s.t. M = RF A R
o OM/7: angular velocity matrix of M w.r.t. \\\
&y F
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MOVING FRAMES

|4
Robotics o F:=(0,¢&,¢é,,¢&,) fixed inertial frame Qs
oy =2 _ M B
N. Marchand @ M :=(M,ty, ta, t3): mobile frame o A0,
e R: rotation matrix s.t. M = RF SR
o QM/7. angular velocity matrix of M w.r.t. \\\\
F
e Velocities: 4
Frames o Absolute velocity
= R oM
dOP dOM dMP
_ goM | [aME QM/F « MP

N. Marchand (gipsa-lab)

o Speed of M w.rt F O
o Relative velocity O
o Due to the rotation of M w.r.t. F
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ENSE3-ASI 33 / 115



-ggipsaflab
i MOVING FRAMES
o F:=(0,¢,§,,¢,) fixed frame

Robotics

N. Marchand

Introduction
Outline

Mechanics
Cartesian coordinates

Orientation

Frames

Newton
UAV’s model

Recreational
break

Legislation
EU legislation

Sub-categories of
operations

Categories of UAVs

Introduction
to control
Main components

Control loops

Attitude
control




-ﬂ%@ gipsa-lab

a MOVING FRAMES
o F:=(0,¢&,8§,,&) fixed frame
Robotics o M := (M, 1, t, t3): mobile frame
N. Marchand
Frames

Newton

Main components

Control loops

N. Marchand (gipsa-lab) Robotics

ENSE3-ASI 34 / 115



= gipsa-lab

=
a MOVING FRAMES
o F:=(0,¢&,8§,,&) fixed frame
Robotics o M := (M, 1, ), t3): mobile frame
@ R: rotation matrix s.t. M = RF
N. Marchand
Frames

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 34 / 115



= gipsa-lab

=
a MOVING FRAMES
o F:=(0,¢&,8§,,&) fixed frame
Robotics o M := (M, 1, ), t3): mobile frame
N, Marchand @ R: rotation matrix s.t. M = RF
- verenan o QM/7: angular velocity matrix of M w.r.t. F
Frames

ewton

EU legislation

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 34 / 115



L]

Robotics

N. Marchand

Frames

MOVING FRAMES

o F:=(0,¢&,8§,,&) fixed frame v
o M := (M, 1, ), t3): mobile frame s BRI
@ R: rotation matrix s.t. M = RF M B
o OM/7: angular velocity matrix of M w.r.t. F o ’IO
. 2 wn
o Acceleration: x
. F 4 F “2 \\\R
BF . dP7\"  dPM N dQMIF x pF TN gE
T\ dt T odt dt G M| F

apm”

dt
dQM/7 x pF

= pM L QM/7 x PM (Varignon's formula)

o ST XPT _gmyr  pF o qMIF  pF

dt

= QM7 x PT QM7 x PM L QMIT 5 (M7 x PT)

all together:

PM =P — 20x PM — Qx PF - Qx(Qx P

o Coriolis effect O

o Euler effect (tangent acceleration) O
o Centrifugal effect

N. Marchand (gipsa-lab)
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Newton

NEWTON’S LAWS

Consider:

an inertial frame F
a body of mass m := Z m; composed of elements located in p; with speed v; in F
i
or a body of mass m := / dm composed of elementary part located in pyp, with speed Vy,
body
in F
5= Z; m;p;

=L defines the position of its center of mass G in F
m

. dmﬁdm
= jmyi defines the position of its center of mass G in F
m

Q
=<
1l

ﬁ defines speed of the center of mass

:= (B — B) (resp. Fum := (Bam — P))

SSL
Il

Angular Momentum

P =Y m=mVeR’ L= > mpi—p)x7
i i

P = / Vymdm € R3 [ = (Bam — P) X Vgmdm
body body

E— -
= [ VmlPam 3
body

J: moment of inertia
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NEWTON’S LAWS

§(Bea-aly

Robotics Consider:

N. Marchand @ a rigid body

@ an inertial frame F I Newton (1643-1727)  J. L. Lagrange (1736-1813)

@ a moving frame M centered in the center of mass and aligned with the
main axis of the rigid body

o Let Fi's be forces applying on the body with moment arm 3;

Newton Newton's second law Conservation of the angular
momentum

@ In a moving frame (Varignon's formula):

~F M
dL dL N
E 75 +QxL
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How IT WORKS

4 fixed rotors with controlled rotation

speed s;
4 generated forces F;
4 counter-rotating torques [';

Roll movement generated with a
dissymmetry between left and right
forces:

Fr=1(Fs— F)
Pitch movement generated with a
dissymmetry between front and rear
forces:

rp = /(Fl - F3)
Yaw movement generated with a
dissymmetry between front/rear and
left/right torques:

I'y:F1+F3—F2—F4
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@

Robotics

N. Marchand

o

Orientation .
Frames

Newton E
UAV’s model

)

Cartesian coordinates
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ACTUATION AND AERODYNAMICS

Robotics
A o Electrical motor: A 2" order system with friction and saturation
. Marchan .
usually approximated by a 1™" order system:
k2, 1 ki
Si = ——=S— —Tlead + —=satg (U;) i€{1,2,3,4
i JrR i Jr load J,R U:( I) { T }
s;: rotation speed
U;: voltage applied to the motor; real control variable
Tioad: Motor 0ad: Ticad = KgearboxCp |Si| Si with ¢p drag coefficient
UAV'’s model
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Robotics

ACTUATION AND AERODYNAMICS

o Electrical motor: A 2" order system with friction and saturation

N. Marchand

UAV's model

usually approximated by a 1™" order system:
. k2, 1 Km
S; = _—S — — _—
i IR i 7, Tload + JR

s;: rotation speed
U;: voltage applied to the motor; real control variable

satg (Ui) i€{1,2,3,4}

Tioad: Motor 0ad: Ticad = KgearboxCp |Si| Si with ¢p drag coefficient

@ Aerodynamical forces and torques: Very complex models exist
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ACTUATION AND AERODYNAMICS

§(Bea-aly

Robotics
A o Electrical motor: A 2" order system with friction and saturation
. Marchan .
usually approximated by a 1™" order system:
k2, Km
s = — —Tload + —=satg.(U;) i€ {1,2,3,4
i JR Jr load JrR U:( I) { y &9 }
s;: rotation speed
U;: voltage applied to the motor; real control variable
Tioad: Motor 0ad: Ticad = KgearboxCp |Si| Si with ¢p drag coefficient
UAV'’s model

@ Aerodynamical forces and torques: Very complex models exist
but overcomplicated for control, better use the simplified model:

Fi = crsf

r. = /cT(sf —s9) .
ie{1,2,3,4

rp = T(s% - 532) { }

Fy = lep(sf+s3—s3—s2)

c1: thrust coefficient, cp: drag coefficient

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 40 / 115
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Robotics
N. Marchand
Introduction

Outline

Mechanics

Cartesian coordinates

Orientation
Frames

Newton
UAV’s model

Recreational
break

Legislation
EU legislation

Sub-categories of
operations

Categories of UAVs

Introduction
to control

Main components

Control loops

Attitude
control

Reshi

@ Two frames

@ Frame change

larchand (gipsa-lab)

Frames and variables

o a fixed frame £(é, &, &)
e a frame attached to the X4
T(t17 t27 t3)

e a rotation matrix R from T to &£

Robotics

= HA™
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&

Robotics
N. Marchand
Introduction

Outline

Mechanics

Cartesian coordinates

Orientation
Frames

Newton
UAV’s model

Recreational
break

Legislation
EU legislation

Sub-categories of
operations

Categories of UAVs

Introduction
to control
Main components

Control loops

Attitude
control

N

Frames and variables

@ Two frames
o a fixed frame £(é, &, &)
e a frame attached to the X4
T(t, &, 83)
@ Frame change
e a rotation matrix R from 7 to £

@ State variables:

gkhand (gipsa-lab) Robotics

= = HA™
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i Frames and variables
Robotice @ Two frames
N, Marchand o a fixed frame £(é, &, &)
e a frame attached to the X4
Introduction T(ﬂ, 57 F3)
Outline @ Frame change
Mechanics

e a rotation matrix R from T to &£

Cartesian coordinates

Orientation

Frames @ State variables:
Newton . . .
o Cartesian coordinates (in &)
@ position g
Recreational . -
break o velocity v

UAV’s model

Legislation
EU legislation

Sub-categories of
operations

Categories of UAVs

Introduction
to control
Main components

Control loops

Attitude
control

== = = = _9ac
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= .
i Frames and variables
Robotice @ Two frames t3
N, Marchand o a fixed frame £(é, &, &) % .
e a frame attached to the X4 t
T( tla t27 t3) (5 .
@ Frame change i t1
e e a rotation matrix R from T to & -
S @ State variables:
o o Cartesian coordinates (in &)
UAV'’s model

@ position p
e velocity v
o Attitude coordinates:

@ angular velocity @ in the moving frame T

o either: Euler angles three successive rotations about &3, &
and t; of angles angles ¢, 6 and ¥ giving R

@ or: Quaternion representation (qo, §) = (cos 8/2, i'sin 3/2)

Main components represent a rotation of angle 3 about &

Control loops

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 41 / 115
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9
£ 3 NEWTON’S LAWS
Robotics o Cartesian coordinates:
N. Marchand ﬁ = v
mv = 7mgeﬂ3+R 'ZFi(S/')% +Fext
A
T : control thrust
Frames
UAV's model
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£ 3 NEWTON’S LAWS
Robotics o Cartesian coordinates:
N. Marchand ﬁ = v
mv = 7mgeﬂ3+R 'ZFi(S/')% +Fext
A
T : control thrust
‘ ‘ o Attitude:
Frame
UAV's model
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K NEWTON’S LAWS

)

Robotics o Cartesian coordinates:
N. Marchand ﬁ = v

mv = 7mgeﬂ3+R 'ZFi(S/')% +Fext

i
—_———
T : control thrust
] o Attitude:

Orientatior o Rotation matrix formalism:
- { R = Rz* 0w WQ>

N = L= = with @™ = | ws 0 —w
UAV'’s model Jo = @I+ T+ Tex —w w0

@ is the skew symmetric tensor associated to &
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a NEWTON’S LAWS

Robotics o Cartesian coordinates:

= v

= 7mgeﬂ3+R 'ZFi(S/')% +'Eext

N. Marchand

<i- Tl

—_———
T : control thrust

e Attitude:

tatior o Rotation matrix formalism:

) { R = Rz* 0wy w )
! N = L= = with @™ = | ws 0 —w
UAV's model J& = —@XJG+ T+ Tex w0
@ is the skew symmetric tensor associated to &
o Quaternion formalism:
. 1.
EU I for q = 7Q(W)q - 0 -’
Sub-categori % h N =\5 _z~
stions = == %] wit _ T
‘ .= @ =@~ (00 )
stegories i =2 3390 + G
Ji

XD+ Te + Toxt
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a NEWTON’S LAWS

Robotics o Cartesian coordinates:

= v

= 7mgeﬂ3+R 'ZFi(S/')% +'Eext

N. Marchand

<i- Tl

—_———
T : control thrust

e Attitude:

tatior o Rotation matrix formalism:

ton { R = R&* h o 0 *[L;/'z wy
2 = L= = with @ = | ws —w:
UAV's model Ji = @ JG+ T+ Ten —w w0 '
@ is the skew symmetric tensor associated to &
o Quaternion formalism:
. 1 ..
EU I ior q = 7Q(W)q - 0o -’
2 2@ - (3 -2
O — I=(o\3 with @
o - g 20~ (yat 1)
tegories . L s 4 G
Jo = @ UG+ T+ Tea verd
— . T'r(s2,54)
ot oo where [ = p(s1,53) are the control torques

Ty (s1,52,53,54)
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£
Robotics o Consider the 1-2-3 Euler angles (¢, 6,v)
@ The rotation matrix is given by:
N. Marchand
CoCo
R = RzRny = | Sy
—s
entatior
Frame:
ewton
UAV’s model
EU legislation
operatio
2 u
lain component:
Control loop:
N. Marchand (gipsa-lab) Robotics

THE WRONSKIAN MATRIX

SpSoCy — CpSy  CpSHCy + SpSy
SpSeSy + CpCy CpSeSy — SpCy
S¢Co CpCo
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a THE WRONSKIAN MATRIX

Robotics o Consider the 1-2-3 Euler angles (¢, 6,v)
@ The rotation matrix is given by:
N. Marchand
CoCy  SpSHCy — CpSy  CpSPCy + SpSy
R=R,R/R = | cosp 5pS95y + CsCyp  CyS9Sy — SpCys
—Sp S4Co CpCo
@ The relation between the time derivative of the Euler angles and the angular velocity is:
entaio é 0 0 o
Frame S=|0]|+R (6| +RR [0O]=w[4
e 0 0 ¥ G
UAV’s model
EU legislation
operatio
2 u
lain component:
Control loop:
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Robotics

N. Marchand

UAV's model

THE WRONSKIAN MATRIX

o Consider the 1-2-3 Euler angles (¢, 6,v)
@ The rotation matrix is given by:
CoCp  SpSeCy — CpSy  CpSoCy + SpSy
R=R,R/R = | cosp 5pS95y + CsCyp  CyS9Sy — SpCys

—Sy S¢Co CpCo

@ The relation between the time derivative of the Euler angles and the angular velocity is:

¢ 0 0 ?
G=|0)+R (0| +RR [0 =w[0
0 0 0 P

o W is called the wronskian matrix given by (for 1-2-3 Euler angles):

S, C
° Y e
0 6
W=1o Cy  —Sg
1 Spto  Coto

o This matrix is singular for § = 7/2 + k1
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THE WRONSKIAN MATRIX

Robotics o Consider the 3-1-3 Euler angles (¢, 6, )
@ The rotation matrix is given by:
N. Marchand
CpCp — SyCeSy —CySp — Sy CYCy Sy S
R = R:R«R; = | sycs + cyCpsy —SySg + CpCyCy —CySp
5054 S9Co Co
@ The relation between the time derivative of the Euler angles and the angular velocity
is: . .
$ 0 0 $
G=|0|+R |0 +RR|O|=WT]§
UAV's model 0 0 W )
o W is called the wronskian matrix given by (for 3-1-3 Euler angles):
s @
sysp ¢y O ) Sy
W= cysp —sp 0 W = cy —s;, 0
¢ 0 1 -~ Sy Co - Gy Co 1
Sp Sg
@ This matrix is singular for 6 = 0+ km
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Robotics

N. Marchand

UAV's model

N. Marchand (gipsa-lab)

A FIRST MODEL: REVIEW OF NONLINEARITIES

krzn k earbox CD km
—JrRS,'— gAY 7, \s,-\s,-—i—Jr—RsatU'_(U,-)
v
0
o 0
—mgés + R
g €3 Z Fi(si)
R&*
rr(52754)
—@*JI + rp(S]_,S3)

ry(517 $2, 53, 54)
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Voot

A FIRST MODEL: REVIEW OF NONLINEARITIES

Robotics

N. Marchand
. k r2n kgearbox <D k m
= - i — —————|si| si + T satg,(U;
5.1 JrRSI J, ‘5‘5 +J,Rsa U,( )
p = Vv
0
mv = —mgé+ R 0
UAV's model Z Fi(si)
. i
R = R&*
. rr(52754)
Jo = —@Js+ [p(s1,53)
\ ry(51752753754)

In red: nonlinearities
In blue: where the control variables act
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PARAMETER IDENTIFICATION

Robotics @ Electrical motor:

N. Marchand

UAV's model

N. Marchand (gipsa-lab)

o For small input steps, the system behaves very close to a linear
first order system
e Hence, use linear identification tools

o U; is found on the data-sheet of the motor (damage avoidance)

Robotics ENSE3-ASI 46 / 115



= gipsa-lab

=
a PARAMETER IDENTIFICATION
Robotics o Electrical motor:
N. Marchand ° F_or small input steps, the system behaves very close to a linear
first order system
° I-_Ience, use linear identification tools
o U; is found on the data-sheet of the motor (damage avoidance)
@ Aerodynamical parameters: ct and ¢p
e cr and cp measured with specific test beds, depends upon temperature,
Frames distance from ground, etc.
UAV’s model

Main components

Control loops
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Robotics @ Electrical motor:

o For small input steps, the system behaves very close to a linear
first order system
e Hence, use linear identification tools

o U; is found on the data-sheet of the motor (damage avoidance)

N. Marchand

@ Aerodynamical parameters: ct and ¢p

cr and ¢p measured with specific test beds, depends upon temperature,
distance from ground, etc.

UAV's model
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e Hence, use linear identification tools
o U; is found on the data-sheet of the motor (damage avoidance)
@ Aerodynamical parameters: ct and ¢p
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PARAMETER IDENTIFICATION

Robotics o Electrical motor:
o For small input steps, the system behaves very close to a linear

N. Marchand

first order system
o Hence, use linear identification tools

o U; is found on the data-sheet of the motor (damage avoidance)

@ Aerodynamical parameters: ct and ¢p
cr and ¢p measured with specific test beds, depends upon temperature,

distance from ground, etc.

@ Mechanical parameters:

UAV's model

N. Marchand (gipsa-lab)

| length of an arm of the helicopter, easy to measure
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Robotics o Electrical motor:
o For small input steps, the system behaves very close to a linear

N. Marchand

first order system
o Hence, use linear identification tools

o U; is found on the data-sheet of the motor (damage avoidance)

@ Aerodynamical parameters: ct and ¢p
cr and ¢p measured with specific test beds, depends upon temperature,

distance from ground, etc.

@ Mechanical parameters:

UAV's model

N. Marchand (gipsa-lab)

| length of an arm of the helicopter, easy to measure
m total mass of the helicopter, easy to measure
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PARAMETER IDENTIFICATION

Robotics o Electrical motor:
o For small input steps, the system behaves very close to a linear

N. Marchand

first order system
o Hence, use linear identification tools

o U; is found on the data-sheet of the motor (damage avoidance)

@ Aerodynamical parameters: ct and ¢p
cr and ¢p measured with specific test beds, depends upon temperature,

distance from ground, etc.

@ Mechanical parameters:

UAV's model

N. Marchand (gipsa-lab)

| length of an arm of the helicopter, easy to measure
m total mass of the helicopter, easy to measure
J body inertia, hard to have precisely
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PARAMETER IDENTIFICATION

§(Bea-aly

Robotics o Electrical motor:
N. Marchand ° F_or small input steps, the system behaves very close to a linear
first order system
e Hence, use linear identification tools
o U; is found on the data-sheet of the motor (damage avoidance)
@ Aerodynamical parameters: ct and ¢p
cr and ¢p measured with specific test beds, depends upon temperature,
distance from ground, etc.
@ Mechanical parameters:
UAV's model

| length of an arm of the helicopter, easy to measure
m total mass of the helicopter, easy to measure

J body inertia, hard to have precisely

I, rotor inertia, hard to have precisely
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i THE FLAPPING EFFECT
Robotics @ The thrust was assumed to be Z F,'(s,-)fé, that is colinear to &3
N. Marchand ’

@ It has been proved to be false because it neglects the effect of the apparent wind speed, this
is the flapping effect
Introduction
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THE FLAPPING EFFECT

@ The thrust was assumed to be Z F,-(s,-)ﬁ, that is colinear to &3
i

@ It has been proved to be false because it neglects the effect of the apparent wind speed, this

is the flapping effect

apparent wind
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Robotics @ The thrust was assumed to be Z F,-(s;)ﬁ, that is colinear to &3
i

N. Marchand @ It has been proved to be false because it neglects the effect of the apparent wind speed, this

) is the flapping effect
Introduction @ Higher thrust on one side of the blades

Outline @ The thrust becomes Z RI"™" F,(s;)t3, torques are also modified
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=
i THE FLAPPING EFFECT
Robotics @ The thrust was assumed to be Z F,~(s;)f3, that is colinear to &3
i
N. Marchand @ It has been proved to be false because it neglects the effect of the apparent wind speed, this
is the flapping effect
@ Higher thrust on one side of the blades
@ The thrust becomes Z R{*P"® F;(s;)t3, torques are also modified
i
Orientatior 3? flapping 7. 3 _:
Frame: : R F’L (Sz)td
tor H
1
UAV’s model !

EU legislatior
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i MODELING MORE INTO DETAILS: THE
Robotics FLAPPING EFFECT
@ The flapping matrix takes can be decomposed :
N. Marchand
Rflapping — R)flapping . R}flapping
1 0 0 c(a) 0 s(a)
— o <) —s&)]-[ o 1 o0

0 s(B) c(B) —s(a) 0 c(a)
UAV'’s model
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Robotics

N. Marchand

MODELING MORE INTO DETAILS: THE

FLAPPING EFFECT
@ The flapping matrix takes can be decomposed :

Rflapping

flapping | flapping
Risweis . RY

1
0
0

0
=)
c(B)

@ « and 3 can be composed as follows :

UAV’s model

N. Marchand (gipsa-lab)

Robotics

@y +

= 6v+6w

c(a)
0
—s(a)

0
1
0

s(a))
0
c(a)
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MODELING MORE INTO DETAILS: THE

FLAPPING EFFECT
@ The flapping matrix takes can be decomposed :

Gosen

Robotics

N. Marchand
Rflapping — R)flapping . R}flapping
1 0 0 c(a) 0 s(a)
= |0 (B —-s(® |- o 1 o0
0 s(8) c(B)) \-s(@) 0 c(a)
@ « and 3 can be composed as follows :
UAV'’s model
a = oyt ay
6 = B+ by

@ «, and 3, represent the contribution of the linear speed of the
body to the flapping effect
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Robotics

MODELING MORE INTO DETAILS: THE

FLAPPING EFFECT
@ The flapping matrix takes can be decomposed :

N. Marchand
Rflapping — R)flapping . R}flapping
1 0 0
= [0 <(B) —s(8)
0 s(8) <(B)
@ « and 3 can be composed as follows :
UAV's model
a = oyt ay
B = Bv+bu

@ «, and 3, represent the contribution of the linear speed of the

body to the flapping effect

@ a, and b, represent the contribution of the rotational speed of

N. Marchand (gipsa-lab)

the body to the flapping effect

Robotics

ENSE3-ASI 48 / 115



= gipsa-lab

=2
a THE GROUND EFFECT
Robotics @ The thrust was assumed to be Z F,’(S,')E),, with Fi(s;) = c-rs,-2
N. Marchand i
UAV'’s model
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=
a THE GROUND EFFECT
Robotics @ The thrust was assumed to be Z Fi(si)ts, with Fi(s;) = c7s?
i(si)ts, wit 1(51) =CTS;
N. Marchand i
@ Unfortunately, ¢t is not constant but depends upon
e the density of the air, therefore of the temperature
o the ground distance : it is the ground effect, oz (z) > 1
UAV's model agF(si)ts
> \7\ (
. AN Y
ground
N. Marchand (gipsa-lab) Robotics
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ROTORS EFFECTS

@ Each rotor may be thought of as a rigid disc rotating
around the vertical axis the body frame, with angular

§(Bea-aly

Robotics

N. Marchand
velocity s;. The rotor’s axis of rotation is itself moving
with the angular velocity of the frame. This leads to the
following gyroscopic torque :
Fgyro = Iy x %Z(_l)i |sil
i
UAV's model

o [, is the inertia matrix of a rotor
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ROTORS EFFECTS

@ Each rotor may be thought of as a rigid disc rotating
around the vertical axis the body frame, with angular

§(Bea-aly

Robotics

N. Marchand
velocity s;. The rotor’s axis of rotation is itself moving
with the angular velocity of the frame. This leads to the
following gyroscopic torque :
Fgyro = Iy x %Z(_l)i |sil
i
UAV's model

o [, is the inertia matrix of a rotor

@ Each rotor produces a counter rotating torque that can be

expressed as:
Sres = Z(—l)i‘S,"
i

rI = Iréres t3
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i UNCENTERED FORCES EFFECTS
Robotics F3
N. Marchand ng,
F
t3 ST - 7}
p/,’/ z // }
' t2 le i
o / mg
Q} \ 4 & ]
UAV’s model Iy wo o <« /
,/// 3 51

EU legislation
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UNCENTERED FORCES EFFECTS

§(Bea-aly

Robotics =
N. Marchand w3
= i
t3 . ’ﬂl
Kp/ 7 -
ok — - ty- JE— !
e on il
to ! w1 | !
— | >
mg | ! 3
/ | L
& Lz
UAV's model w2 AT i
e :
L] !

@ Superposition of thrust center and mass center
@ Modified torque and forces:

JCU == —_'XJ(&_}‘FFc‘f'Fext"i'ﬁXP_A (1)

where P is the center of mass and A the point where the
thrust force applies
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OTHER EFFECTS

L]

Robotics
N. Marchand
o External forces
e Air friction: —K, ||V]| V
UAV's model

@ Many neglected non linear effects

N. Marchand (gipsa-lab) Robotics
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i THE MIXING MATRIX
Robotics @ The mixing matrix M, links the torques and thrust force to the
N. Marchand rotational speed of the rotors
UAV’s model

lation

Main components

Control loops
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i THE MIXING MATRIX

Robotics @ The mixing matrix M, links the torques and thrust force to the

N. Marchand rotational speed of the rotors

@ Depends on the considered configuration (not the same for + or
x configuration)

Introduction
Outline

Mechanics
Cartesian coordinates
Orientation

Frames

Newton
UAV’s model

Recreational
break
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Categories of UAVs

Introduction
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THE MIXING MATRIX

Robotics @ The mixing matrix M, links the torques and thrust force to the
N. Marchand rotational speed of the rotors
@ Depends on the considered configuration (not the same for + or
x configuration)
@ For the + configuration presented before, we have:
T cT cT cT cT 512
I, 0 —let 0 ler 522
UAV's model Mo “ller 0 —ler 0 s?
r, lep —lep  lep —lep) \s?
M
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THE MIXING MATRIX

§(Bea-aly

@ The mixing matrix M, links the torques and thrust force to the

Robotics
N. Marchand rotational speed of the rotors
@ Depends on the considered configuration (not the same for + or
x configuration)
@ For the + configuration presented before, we have:
T 2
cTr cT cT cT S1
N 0 —ler 0 ler 522
UAV's model ol |ler 0 —ler O s2
Fy /CD —/CD /CD —/CD SE

My

o Flapping and other effect renders the relation between the rotor's
speeds and control thrust and torques complex
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THE MIXING MATRIX

§(Bea-aly

@ The mixing matrix M, links the torques and thrust force to the
rotational speed of the rotors

Robotics

N. Marchand
@ Depends on the considered configuration (not the same for + or
x configuration)
@ For the + configuration presented before, we have:
T 2
cTr cT cT cT S1
N 0 —ler 0 ler 522
UAV's model ol |ler 0 —ler O s2
Fy /CD —/CD /CD —/CD Sf
Mx

o Flapping and other effect renders the relation between the rotor's
speeds and control thrust and torques complex

o With flapping appears coupling phenomenon: the thrust affects
the yaw movement and the drag affects thrust/roll/pitch
movements
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Roboti ) .
obotics o Consider an UAV with n, > 3 rotors

N. Marchand

UAV’s model

EU legislatior

N. Marchand (gipsa-lab) Robotics

@ where o; = 1 if the direction of
rotation of the jth rotor is
clockwise and o; = —1 if it is
counterclockwise

If the number of rotors is even,
Ojt1 = —0j.

When the number of rotors is

odd, ojy1 = —o; except for
n,—

i= where

Tnr—1 =O0n—1.
7 Tl 2
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=
a THE MIXING MATRIX: GENERAL CASE
Robotics . .
o Consider an UAV with n, > 3 rotors
N. Marchand o Each rotor rotation speed is s; and generates a
single thrust and torque:
T,' = CTS,-2
Qi = leps?
Frame
o o where o; = 1 if the direction of
UAV’s model rotation of the it rotor is
clockwise and o; = —1 if it is
counterclockwise
@ If the number of rotors is even,
EU legislatior Oi4+1 = —0;j.
operatio @ When the number of rotors is
' odd, gjy1 = —o; except for
. nr —
i= where
o N
ontrol s
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F1

@

Robotics o Consider an UAV with n, > 3 rotors
N. Marchand o Each rotor rotation speed is s; and generates a
single thrust and torque:
Ti=crsf
Qi = leps?
tation @ The thrust and torques are then:
o “ 27(i — 1)
UAV's model = /Z { } Ti
L 2m(i — 1
M, = /ZCOS{ m( )} T;
EU I ation
« ry = ZU/'Q/‘
i=1
T =

N. Marchand (gipsa-lab)

THE MIXING MATRIX: GENERAL CASE

nr
2T
i=1

Robotics

@ where o; = 1 if the direction of
rotation of the jth rotor is
clockwise and o; = —1 if it is
counterclockwise

If the number of rotors is even,
Ojt1 = —0j.
When the number of rotors is

odd, gjy1 = —o; except for
n,—

i= where

Onr—1 =O0n—1.
7 Tl 2
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UAV's model

EU legislation
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o Each rotor rotation speed is s; and generates a
single thrust and torque
@ The thrust and torques can be computed as
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THE MIXING MATRIX:

GENERAL CASE

Robotics
N. Marchand ) )
o Consider an UAV with n, > 3 rotors
o Each rotor rotation speed is s; and generates a
single thrust and torque
@ The thrust and torques can be computed as
functions of the s;
@ The mixing matrix is:
UAV's model ) 271_(’-71) ) (n,fl)
0 ... crsin crsin
I ny n, 512
Mo 27(i — 1) 2n(n, — 1)
= cr ... Crcos|———= CT Cos :
ry n, n, 5
T cpo1 ... Ccpoj Ccpon, Sn,
cT e cT cT
ny oo
=2
= =iS;
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a COMPLETE MODEL
Robotics @ Actuation: depends upon the type of electrical drive you use
N. Marchand
UAV's model
N. Marchand (gipsa-lab) Robotics
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Robotics @ Actuation: depends upon the type of electrical drive you use
N. Marchand o Body:
B v
m‘7 = _mg%_KvH‘7||‘7+ Rf‘i‘ﬁext
R = R&*
JLU —&3*Jd + /rs'res% + W x E’; Z(*l)i ‘5i| + I:ac+|:‘e)<t

1

UAV's model
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Robotics @ Actuation: depends upon the type of electrical drive you use
N. Marchand o Body:
B v
m‘7 = _mg%_KvH‘7||‘7+ Rf‘i‘ﬁext
R = R&*
JLU —&3*Jd + /rs'res% + W x E’; Z(*l)i ‘5i| + I:ac+|:‘e)<t

1

UAV'’s model
@ Thrust:

T = E R;'appi”gagcrs,?t}

i
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COMPLETE MODEL

L]

@ Actuation: depends upon the type of electrical drive you use

Robotics
N. Marchand (] Body:
B v
m\? = —mgé& — K, ||V|]|V+ RT+Fex
R = R&*
IS = @IS+ ety + 1D x By (=1)ilsi| + TetTex
i
UAV'’s model
s meee @ Thrust:
T = Z R;'a"pi”gagcrs,?t}
i
e Torques:

B flappi 22 T i+l 2z
re = E Ri*™™agcTS 3 X Protor, + E (—1)"tepsits
i i
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TOWARDS CONTROL (1/2)

Robotics

N. Marchand . . . .
@ Controlling a complex system often resume in finding

intermediate control variables

UAV's model
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TOWARDS CONTROL (1/2)

Robotics

N. Marchand . . . .
@ Controlling a complex system often resume in finding
intermediate control variables
o Actuator control (usually a voltage) u
UAV's model
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TOWARDS CONTROL (1/2)

Robotics

N. Marchand . . . .
@ Controlling a complex system often resume in finding
intermediate control variables
o Actuator control (usually a voltage) u
o Variables to control (usually a speed or a position) p
UAV'’s model
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Robotics

N. Marchand

UAV's model

N. Marchand (gipsa-lab)

TOWARDS CONTROL (1/2)

intermediate control variables

Actuator control (usually a voltage) u

@ Controlling a complex system often resume in finding

Variables to control (usually a speed or a position) p

Intermediate control variables C

u=C =2p

Actuator dynamics {A

Robotics
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TOWARDS CONTROL (1/2)

Robotics

@ Controlling a complex system often resume in finding

N. Marchand . . .
intermediate control variables
e Actuator control (usually a voltage) u
o Variables to control (usually a speed or a position) p
o Intermediate control variables C
u= C=p
UAV'’s model

Actuator dynamics @)
Robot dynamics
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TOWARDS CONTROL (1/2)

Robotics

@ Controlling a complex system often resume in finding

N. Marchand . . .
intermediate control variables
e Actuator control (usually a voltage) u
o Variables to control (usually a speed or a position) p
o Intermediate control variables C
u=C&2p
UAV'’s model

Actuator dynamics @)
e Robot dynamics @)

o Key strategy: build inner control loops to simplify the
control problem

@ Assume the dynamics of inner loops is neglectible w.r.t.
outer ones
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TOWARDS CONTROL (2/2)

Robotics @ Classic approach:

o O First control loop to control the rotation speed s; of the blades
e siand T and I',py are linked through the mixing matrix:

N. Marchand

UAV's model

N. Marchand (gipsa-lab)

imposing T and I'C, and s; is the same

o O Attitude control: control the orientation of the UAV using T

and Te = (I, Tp, Ty) T

o O Position control/Trajectory tracking: control the position of the

UAV using the orientation

Robotics
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TOWARDS CONTROL (2/2)

Robotics @ Classic approach:
N. Marchand o O First control loop to control the rotation speed s; of the blades
e siand T and I',py are linked through the mixing matrix:
imposing T and I'C, and s; is the same
o O Attitude control: control the orientation of the UAV using T
and e = ([, T, T,)7
o O Position control/Trajectory tracking: control the position of the
UAV using the orientation
@ Many alternatives, for instance:
UAV'’s model

o O First control loop to control the rotation speed s; of the blades
o s;and T and I, , , are linked through the mixing matrix:
imposing T and I, , ,, and s; is the same

o O Control the angular velocity w of the UAV using T and T, ,,

s O Speed control/Trajectory tracking: control the speed of the
UAV using the angular velocity w
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Robotics

N. Marchand

@ Actuation
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SIMPLIFIED MODEL

: Local inner loop, dynamics can be neglected

Robotics
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Robotics

SIMPLIFIED MODEL

@ Actuation: Local inner loop, dynamics can be neglected

N. Marchand
o Body:
P
mv =
UAV's model R _
J&

N. Marchand (gipsa-lab) Robotics

v

—mgé& + RT
R
—@*JG+ T,
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SIMPLIFIED MODEL

L]

Robotics

N. Marchand
@ Actuation: Local inner loop, dynamics can be neglected
o Body:
p = v
mv = —mge_’g—i—Rf
UAV'’s model R — R(D‘X
Ji ~@B*Ji + T

e Control: T and I?C

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 59 / 115



§(Bea-aly

Robotics o

N. Marchand

UAV's model

N. Marchand (gipsa-lab)

Linear system:
x = Ax + Bu

General nonlinear system:
x = f(x,u)
Affine in the control system:

%= F(x) + g()u

SOME DYNAMICAL SYSTEM MODELING BASIS

x denotes the state of the system: how the system is

u is the control variable of the system: how to move the

system

Every nonlinear system can be locally approximated by its

linear approximation

Robotics
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i LINEAR APPROXIMATION (1/3)
Robotics o Consider the 1-2-3 Euler representation
N. Marchand
U:AV'S model

EU legislation
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i LINEAR APPROXIMATION (1/3)
Robotics o Consider the 1-2-3 Euler representation
N. Marchand @ The rotation matrix is:

CoCy  SpSaCy — CoSy  CySeCy + SpSy
R = cosy S450Sy + CyCp  CpS9Sy — SpCy
—S0 SyCo CyCo

UAV’s model

EU legislatior
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Robotics °

LINEAR APPROXIMATION (1/3)

Consider the 1-2-3 Euler representation

@ The rotation matrix is:

N. Marchand

CoCy  SpSaCy — CoSy  CySeCy + SpSy
R = cosy S450Sy + CyCp  CpS9Sy — SpCy
—Sp S¢Co CyCo

@ We assume that the s; are controlled or at least join a given reference

UAV's model

N. Marchand (gipsa-lab)

speed s/ sufficiently rapidly to neglect its dynamics

Robotics
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LINEAR APPROXIMATION (1/3)

Consider the 1-2-3 Euler representation
The rotation matrix is:
CoCy  SpSaCy — CoSy  CySeCy + SpSy

R = cosy S450Sy + CyCp  CpS9Sy — SpCy
—Sp S¢Co CyCo

@ We assume that the s; are controlled or at least join a given reference

Robotics °
N. Marchand °
]

UAV's model

N. Marchand (gipsa-lab)

speed s/ sufficiently rapidly to neglect its dynamics
We take x := (¢7 97 1% é: 0.7 1L7 pT7 VT)T as state vector

Robotics
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LINEAR APPROXIMATION (1/3)

Robotics Consider the 1-2-3 Euler representation

The rotation matrix is:

N. Marchand
CoCy  SpSaCy — CoSy  CySeCy + SpSy
R = cosy S450Sy + CyCp  CpS9Sy — SpCy
—Sp S¢Co CyCo

@ We assume that the s; are controlled or at least join a given reference
speed s/ sufficiently rapidly to neglect its dynamics

We take x := (¢7 97 1% é: 0.7 &7 pT7 VT)T as state vector
We take u := (si,...,Sp,) as control variable

UAV's model
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Robotics °
N. Marchand °
o
]

UAV's model
o
[}

N. Marchand (gipsa-lab)

LINEAR APPROXIMATION (1/3)

Consider the 1-2-3 Euler representation
The rotation matrix is:
CoCy  SpSaCy — CoSy  CySeCy + SpSy
R = cosy S450Sy + CyCp  CpS9Sy — SpCy
—Sp S¢Co CyCo

We assume that the s; are controlled or at least join a given reference

speed s/ sufficiently rapidly to neglect its dynamics
We take x := (¢7 97 1% é: 0.7 1L7 pT7 VT)T as state vector
We take u := (si,...,Sp,) as control variable

We chose a constant reference position x" of the form
(0,0,9",0, 0,07p’T7O)T: one position and one direction

Robotics
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Robotics

N. Marchand

UAV's model

N. Marchand (gipsa-lab)

LINEAR APPROXIMATION (1/3)

Consider the 1-2-3 Euler representation
The rotation matrix is:

CoCy  SpSaCy — CoSy  CySeCy + SpSy

R = cosy S450Sy + CyCp  CpS9Sy — SpCy

—Sp S¢Co CyCo
We assume that the s; are controlled or at least join a given reference
speed s/ sufficiently rapidly to neglect its dynamics
We take x := (¢7 97 1% é: 0.7 1L7 pT7 VT)T as state vector
We take u := (si,...,Sp,) as control variable
We chose a constant reference position x" of the form
(0,0,9",0, 0,07p’T7O)T: one position and one direction
The nominal input u” must compensate the weight of the robot

r

0
0
0

Robotics ENSE3-ASI 61 / 115
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LINEAR APPROXIMATION (2/3)

o Let X:= x—x" and i := u— u" denote respectively the variation of the state and the control vectors

Robotics

N. Marchand

UAV’s model

EU legislation

N. Marchand (gipsa-lab)
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Robotics

N. Marchand

UAV's model

LINEAR APPROXIMATION (2/3)

o Let X:= x—x" and i := u— u" denote respectively the variation of the state and the control vectors

o Linearizing the system in a neighborhood of x”, one obtains the following linear system of dimension

12:

with

N. Marchand (gipsa-lab)

0O3x3 hx3

O3x3 O3x3

O3x3 O3x3
g 0

—g 0 0 03x3

0

00

Robotics

0O3x3 O3x3
03x3 03x3
03x3  hx3 B—

X = A% + B=ii

03x3 O3x3 03x3
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LINEAR APPROXIMATION FIRST PRACTICAL (2/3)

Robotics o First practical work: Program on MATLAB/Simulink the nonlinear model
of the UAV and build a first control based on its linearization

N. Marchand

UAV's model

N. Marchand (gipsa-lab)
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UAV's model

LINEAR APPROXIMATION FIRST PRACTICAL (2/3)

@ First practical work: Program on MATLAB/Simulink the nonlinear model
of the UAV and build a first control based on its linearization
@ the numerical values are:
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LINEAR APPROXIMATION FIRST PRACTICAL (2/3)

Robotics o First practical work: Program on MATLAB/Simulink the nonlinear model
of the UAV and build a first control based on its linearization
N. Marchand .
@ the numerical values are:
o Motor parameters:
parameter description value unit
Km motor constant | 4.3 x 107 | N.m/A
Jr rotor inertia 3.4x10°° J.g.m2
R motor resistance 0.67
Kgearbox gearbox ratio 27x1073 -
; maximal voltage 12 \
UAV's model

N. Marchand (gipsa-lab) Robotics
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LINEAR APPROXIMATION FIRST PRACTICAL (2/3)

Robotics o First practical work: Program on MATLAB/Simulink the nonlinear model
of the UAV and build a first control based on its linearization
N. Marchand .
@ the numerical values are:
o Motor parameters:
parameter description value unit
Km motor constant | 4.3 x 107 | N.m/A
Jr rotor inertia 3.4x10°° J.g.m2
R motor resistance 0.67
kgea_rbox gearbox ratio 2.7 %1073 -
; maximal voltage 12 \
UAV's model o Aerodynamical parameters:
parameter description value
cr thrust coefficient | 3.8 x 10~ °
o drag coefficient | 2.9 x 107°
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LINEAR APPROXIMATION FIRST PRACTICAL (2/3)

Glosain)

Robotics o First practical work: Program on MATLAB/Simulink the nonlinear model
of the UAV and build a first control based on its linearization
N. Marchand .
@ the numerical values are:
o Motor parameters:
parameter description value unit
Km motor constant | 4.3 x 107 | N.m/A
Jr rotor inertia 3.4x10°° J.g.m2
R motor resistance 0.67 Q
kgea_,box gearbox ratio 2.7 %1073 -
; maximal voltage 12 \
UAV's model o Aerodynamical parameters:
parameter description value
cr thrust coefficient | 3.8 x 10~ °
o drag coefficient | 2.9 x 107°
o Body parameters:
parameter description value unit
14.6 x 10~ 0 0
J inertia matrix 0 7.8x1073 0 kg.m?
0 0 7.8x1073
m mass of the UAV 0.458 kg
! radius of the UAV 225 cm
g gravity 9.81 m/s?
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Introduction
Outline

Mechanics
Cartesian coordinates
Orientation

Frames

Newton
UAV'’s model

Recreational
break

Legislation
EU legislation

Sub-categories of

operations
Categories of UAVs
Introduction
to control

Main components

Control loops

Attitude
control

'N. Marchand (gipsa-lab)

MOBILE ROBOTICS

Born in the 50s, aiming to autonomously moving robots

Grey Walter's

"Turtle” (machina speculatrix): attracted

Robotics

by light
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a MOBILE ROBOTICS
Robotics
N. Marchand @ Born in the 50s, aiming to autonomous mobile robots

Newton

Recreational
break

John Hopkins Univ. " Beast” robot: first use of transistor
based sensing (ultrasound and photodiodes)

Main components

Control loops
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MOBILE ROBOTICS

[
Robotics . - . .
@ Born in the 50s, aiming to autonomous mobile robots
N. Marchand m
e W
Introduction ;
Outline

Mechanics
Cartesian coordinates
Orientation

Frames

Newton
UAV'’s model

Recreational
break

Legislation

Introduction

o contel Shakey robot from Stanford Univ.

Main components
Contol lops Platform used to show first results on Al (1969)
Attitude
control
oo 5 = = = 9ac
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Robotics

@ Bio inspired locomotion: first biped robot
N. Marchand

Introduction e

Outline

Mechanics
Cartesian coordinates
Orientation

Frames

Newton
UAV'’s model

Recreational
break

Legislation

operations

Categories of UAVs

Introduction
to control

Main components

R Honda EO first biped robot (1986)
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control
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MOBILE ROBOTICS

Robotics @ Bio inspired locomotion: first biped walk

N. Marchand

/

Introduction
Outline

Mechanics
Cartesian coordinates
Orientation

Frames

Newton
UAV'’s model

Recreational
break

Legislation

operations

Categories of UAVs

Introduction
to control

Main components

Control loops

Attitude Rabbit robot CNRS-Grenoble (2004)
o [l =

control
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N. Marchand

Bio inspired locomotion: more about mobility

Introduction
Outline

Mechanics
Cartesian coordinates
Orientation

Frames

Newton

UAV'’s model

Recreational
break

Categories of UAVs

Introduction Boston Dynamics (SoftBank)

to control
Main components

Control loops
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control
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@ SLAM: Simultaneous localization and mapping

Introduction
Outline —

Mechanics
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i LEGISLATION ON UAVS
Robotics @ Vocabulary:
o UAS (Unmanned Aircraft System): Unmanned Aerial Vehicle 4+ ground
N. Marchand station + communication system
o RPAS (Remotely Piloted Aircraft System): UAS with a remote ground pilot
@ ICAO (International Civil Aviation Organization):
o Adopts for international aviation: standards and
recommended practices concerning air navigation, its
‘H infrastructure, flight inspection, prevention of unlawful
. interference, and facilitation of border-crossing
fewton procedures
o In charge of RPAS since 2008
o Creation in 2014 of the "RPAS Panel”: integration of
RPAS in the "IFR traffic"?
o In 2016: the states member of the ICAO officially ask
to give rules on how to handle RPAS

EU legislation

Sub-categories of e End 2016: ICAO produce the "UAS Toolkit” and RPAS

o are included in the GASP (Global Aviation Safety Plan)

e 2015: ICAO has also to give rules for UAS... still
working on it

\iain components e To learn more: https://bit.1ly/38MpA6F

a
IFR = Instrument flight rules, means flights can be monitored using radars or aircraft position report when missing
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i LEGISLATION ON UAVS
Robotics @ Each state translate the ICAO recommandation into the law
N. Marchand @ The ICAO UAS Toolkit can be consulted here:

https://bit.ly/31wBx3U
@ Helps states to built their laws and operator to develop safe UAS

@ Each state have transposed the recommandations:
https://bit.1ly/31BAvU9

Orientation

Newton

EU legislation

Main components

Control loops
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EU LEGISLATION ON UAVS

§(Bea-aly

Robotics @ European community

o July 4, 2018: Regulation (EU) 2018/1139: creation of
the European Union Aviation Safety Agency

o Regulations (EU) 2019/945 and (EU) 2020/105
transposed in each country legislation : 5 class of UAS

o To learn more: https://bit.ly/2IFeaqj (fr) of
https://bit.1ly/2I1JUzpp (eng)

N. Marchand

@ France
o In France, legislation is detailed and explained by

DGAC (Direction Générale de I'Aviation Civile)

e The new European legislation applies as of January 1,
2020

e The old French legislation is still applicable until July
31, 2020

o 5 class of UAS, no more distinction between
professional and non professional usage of UAS

o A new "open class” of UAS gather professional and
non professional usage of UAS below 25kg

e To learn more: https://cutt.ly/qg7TSy9

EU legislation

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 77 / 115


https://bit.ly/2IFeaqj
https://bit.ly/2IJUzpp
https://cutt.ly/qg7TSy9

EU LEGISLATION ON UAVS

Main dispositions

§(Bea-aly

Robotics
@ Three type of operations:
o Open category: flight with direct view on the UAV, non dense geographic
areas, low aerial traffic — low risk for people and goods
o Specific category: flights not in the previous category (higher density, aerial
traffic, etc.), without direct view on the UAV — moderate risk for people
and goods
o Certified category: risky operations (taxis, dangerous goods, etc.)
o UAV over 25kg
Only in the Specific or Certified categories
Immatriculation of the UAV and license plate (at least 10cmx5cm)
Geofensing (prevent unauthorized areas)
Each flight must have an authorization of the DSAC (direction de la sécurité
de I'aviation civile)
EU legislation e The pilot must have an appropriate " permit”
o Very similar to plane’s legislation (flight plan, etc.)
@ UAV under 25kg
e Usually in the Open category (except for special cases)
o 3 sub-categories of operations: Al, A2 and A3
e 5 categories of UAVs: C0, C1, C2, C3 and C4

N. Marchand
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EU LEGISLATION FOR UAV'S BELOW 25KG

Sub-categories of operations

§(Bea-aly

Robotics

Sub- R Identif.
Dist t | A . i i
N. Marchand category istance to people UAS geofensing Pilot formation

@ Read the manual given by
CO (m < 250g) the manufacturer

DIY UAV no Formation and exam on
(m < 250g) Fox AlphaTango
recommended

Read the manual given by
the manufacturer

Isolated people on

AL the ground

Formation and exam on
Fox AlphaTango
mandatory

Al Close to people C1 (m < 900g) yes

Read the manual given by
the manufacturer
Formation and exam on
Fox AlphaTango
mandatory

Minimal distance to

Sub-categories of )
! eople: 30m
operations A2 peop C2 (m < 4kg) yes
5m if low speed mode

exists

Mandatory autoformation
(inline, declarative)

Mandatory theoretical
exam, gives the "brevet
d'aptitude de pilote a
distance”
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Sub-categories of
operations

EU LEGISLATION FOR UAV'S BELOW 25KG

Sub-categories of operations

Sub- Distance to people UAS, Identif. and geofensing Pilot formation
category
o DIY UAV (250g < m < 25kg):
electronic identification if
m > 800g
o C1 (m < 900g): electronic @ Read the manual given by
Far from people identification the manufacturer
A3 d > 150m from inhab- @ C2 (m < 4kg): electronic o Formation and exam on
itants/workers/etc identification Fox AlphaTango
e C3 (m < 25kg): electronic mandatory
identification
o C4 (m < 25kg): electronic
identification if m > 800g
Main rules:

@ No flight over people

| always see my UAV (no night flight)

| respect the maximum flight height, inhabited aircraft always have the priority

| must be static to pilot an UAV (not in a moving vehicle)

Nothing must fall from my UAV, i can not transport dangerous goods

]
o
@ | can have an automatic piloting system if i can take back the control at anytime
]
o
]

https://fox-alphatango.aviation-civile.gouv.fr/

N. Marchand (gipsa-lab)
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EU LEGISLATION FOR UAV'S BELOW 25KG

Categories of UAVs

Pictogramme

N. Marchand . A
archan d'identification

Nom de la
classe

Exigences principales

=0

Classe CO

Masse maximum au décollage de 250 g

Vitesse maximum verticale (vol en palier) de 19 m/s

En cas de suivi du sujet (Follow me) la distance maximum par
rapport au pilote devra étre de 50 m

Avoir une tension nominale ne dépassant pas 24 volts en continu

60

Categories of UAVs

Classe C1

Masse maximum au décollage de 900 g
Vitesse maximum verticale (vol en palier) de 19 m/s

Comporter un numéro de série physique conforme a la norme
ANSI/CTA-206

Le drone doit permettre |'identification a distance en temps réel
pendant toute la durée du vol

Etre équipé d'un systeme géovigilance permettant la limitation de
I'espace aérien (position, altitude = Réglement (UE) 2019/947).
En cas de suivi du sujet (Follow me) la distance maximum par
rapport au pilote devra étre de 50 m

Etre équipé de feux (manoevrabilité, peceptibilité)

Avoir une tensesion nominale ne dépassant pas 24 volts en continu

Donner au pilote a distance un signal d’alerte clair lorsque la
batterie du drone ou sa station de contrdle atteint un niveau bas

N. Marchand (gipsa-lab)
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N. Marchand (gipsa-lab) Robotics

EU LEGISLATION FOR UAVS BELOW 25KG
A focus on geofensing, class C1 and above

o Geofensing prevents the UAV from flying into certain areas

o Geofensing forces the UAV to stay in authorized areas

o Example: airports

- .

IIWM

@ The flying zone are divided in zones
o forbidden zone
e or with restricted altitude

o Can be obtained : https://www.geoportail.gouv.fr/
donnees/restrictions-pour-drones-de-loisir
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Typical flying zones
Robotics
N. Marchand @ Sensible infrastructures

Cartesian coordinates
Orientation FUEVIEU

Frames

Newton

lation

Categories of UAVs

Main components

Control loops
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Typical flying zones
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EU LEGISLATION FOR UAV'S BELOW 25KG

Categories of UAVs

Pictogramme

N. Marchand . A
archan d'identification

Nom de la
classe

Exigences principales

Categories of UAVs

Classe C2

Masse maximum au décollage de 4 Kg

Etre équipé d'un mode a base vitesse sélectionnable par le pilote a
distance et limitant la vitesse horizontale & 3 m/s maximum

Avoir une tension nominale ne dépassant pas 48 volts en continu

Comporter un numéro de série physique conforme a la norme
ANSI/CTA-206

Le drone doit permettre I'identification a distance en temps réel
pendant toute la durée du vol

Donner au pilote a distance un signal d’alerte clair lorsque la
batterie du drone ou sa station de contrdle atteint un niveau bas

Avoir un niveau de puissance acoustique LWA pondéré (*) apposée
sur le drone et/ou sur son emballage

Etre équipé d'un systeme géovigilance permettant la limitation de
I'espace aérien (position, altitude = Reglement (UE) 2019/947).

En cas de suivi du sujet (Follow me) la distance maximum par
rapport au pilote devra &tre de 50 m

Etre équipé de feux (manoevrabilité, peceptibilité)

N. Marchand (gipsa-lab)
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EU LEGISLATION FOR UAV'S BELOW 25KG

Categories of UAVs

Robotics
N. Marchand P'iFtog(a.mrje Nom de la | Exigences principales
d'identification | classe
@ Masse maximum au décollage de 25 Kg
@ Avoir un niveau de puissance acoustique LWA pondéré apposée sur
le drone et/ou sur son emballage
@ Avoir une tension nominale ne dépassant pas 48 volts en continu
o Etre équipé d'un systeme géovigilance permettant la limitation de
I'espace aérien (position, altitude = Réglement d’éxécution (UE)
?C:D? Classe C3 2019/947).
@ Le drone doit permettre 'identification a distance en temps réel
pendant toute la durée du vol
@ Donner au pilote a distance un signal d'alerte clair lorsque la
batterie du drone ou sa station de contrdle atteint un niveau bas
@ Comporter un numéro de série physique conforme a la norme
ANSI/CTA-206
@ Masse maximum au décollage de 25 Kg
' ‘{@? Classe C4
Categories of UAVs

Ne pas étre doté de modes de contrble automatique

N. Marchand (gipsa-lab)
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i MAIN COMPONENTS OF UAS
Robotics @ Ground: UAV base station, remote control + ground PC
N. Marchand o UAV:
Frame

Orientation

fevion Motor (brushless most of the time)

ESC (Electronic Speed Controller)

Flight controller card

Main components

Control loops
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Main components

Control loop
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[
Robotics e UAV:

N. Marchand
Blades

First Person View camera: fixed or pitch
compensated

Camera

Battery

Main components Image/IA card

Control loop
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@ Actuation: Local inner loop, dynamics can be neglected.
Handled by the ESC

o Body:
B = v
mv = —mgé@;—i—Rf
R = Ro*
Ji —G*J& + Te

e Control: T and I?C

Control loops
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voltage
duty cycle

Control loops

N. Marchand (gipsa-lab)

Motors

S
=1

Blades

T

Angular
velocity

Robotics

Linear
speed

MAIN POSSIBLE CONTROL LOOPS IN A UAV
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T

voltage Mot _S,> Blad . Linear | v
d_>uty oyl otors ades _r‘AnguIar 5] R speed

velocity

Actuators

~ lkHz

@ Actuator
e at ~ 100Hz

e done by the ESC
e open-loop / using the current as indirect measure of the speed / using a

rotation speed sensor

Control loops
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MAIN POSSIBLE CONTROL LOOPS IN A UAV

Robotics

N. Marchand

T
voltage Mot _S,> Blad . Linear | v
d_>uty oyl otors ades _r‘AnguIar 5] R speed

velocity

Actuators
~ 1kHz
@ Actuator
°
e at ~ 10Hz

e usually a PID
o inertial sensors / control of angular velocity ¢ and R using I,

Control loops
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Robotics Position

N. Marchand Speed

voltage S B Linear | v
w1 N0 tors p=| Blades _r‘AnguIar o} R

duty cycle ) speed
velocity

Actuators Speed
~ lkHz
Position
~ 10Hz
@ Actuator
°
@ Position
e at ~ 10Hz
e more complex control
Control loops e control of the position, a trajectory, etc using & or R and T
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Control loops
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MAIN POSSIBLE CONTROL LOOPS IN A UAV

Blades

Position

Speed

Angular| @
velocity

voltage S
Motors =
duty cycle
Actuators
~ 1kHz
Actuator
Position

Attitude and position
e at ~ 100Hz

o Nonlinear approaches
e control of the position, a trajectory, etc using directly I'. and T

Linear | V
R speed

Speed

Position
~ 10Hz

Robotics

Attitude and position (=~ 100Hz)
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MAIN POSSIBLE CONTROL LOOPS IN A UAV

Robotics Position

N. Marchand Speed

voltage Mot _S,> Blad . Linear | v
d_>uty oyl otors ades _r‘AnguIar %] R speed

velocity

Actuators Speed

~ 1kHz
Position
~ 10Hz

Attitude and position (=~ 100Hz)

@ The dynamics of faster loops are neglected by slower ones
o Autonomous UAVs: control of g
o Remote pilots:

e control of R for beginners
e control of & for advanced pilots

Control loops
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Control loops

N. Marchand (gipsa-lab)

Linear system:
x = Ax + Bu

General nonlinear system:
x = f(x,u)
Affine in the control system:

%= F(x) + g()u

SOME DYNAMICAL SYSTEM MODELING BASIS

x denotes the state of the system: how the system is

u is the control variable of the system: how to move the

system

Every nonlinear system can be locally approximated by its

linear approximation

Robotics
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SOME BASIS OF CONTROL: LYAPUNOV
FUNCTIONS
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N. Marchand
Generalized notion of energy: Lyapunov function

A Lyapunov function V : R" — R™ is such that:
e V(x) >0 forall x#0
e V(0)=0
Stability and Lyapunov functions:
o A system will converge to an equilibrium if it can only

loose energy )
e or equivalently if V(x) < 0 for all x #0

@ Therefore the aim will be more or less to find u(x) such

that "y
vV g
Ox

Control loops
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ATTITUDE CONTROL
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N. Marchand
T -
voltage M Si Blad o v Linear | v
otors = Blades 3
duty cycle _F‘ ngu.ar ! / R speed
velocity
Attitude
control
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ATTITUDE CONTROL

ANGULAR VELOCITY CONTROL

Robotics
N. Marchand A .
Jo = —&*JS+T,
° fc as control variable
@ Linear approximation
b —1F - T
& = J7'T. close to steady state Wss = (0 0 0)
& —dgs = Jt [f@’g(SJ((D' - @55) + Fc} close to Wss
o Take u:="T. and x := & — s
o Then one has x = A(wss)x + Bu (B =J™)
o Linear system
e Easy PID, optimal control
@ Nonlinear control
Attitude

control

N. Marchand (gipsa-lab)
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ATTITUDE CONTROL

ANGULAR VELOCITY CONTROL
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Robotics

N. Marchand A .
J& = -G JG+T.

° fc as control variable

@ Linear approximation

@ Nonlinear control
o Take V = @7 J& as Lyapunov function
o its time derivative gives:

% IS+ aT s
= T[S IG+T )+ [~ IS +T @

-

= 237l

e Any control of the form FC = —kpd with kp > 0:
o is such that V<0foru77é0
o stabilizes & to zero

o A P-controller stabilizes the angular velocity

Attitude
control

N. Marchand (gipsa-lab) Robotics ENSE3-ASI 103 / 115



Glosain)

ATTITUDE CONTROL

ANGULAR VELOCITY CONTROL

Robotics
N. Marchand A R
J& = -G JG+T,
@ [, as control variable
@ Linear approximation
@ Nonlinear control
o Take V = &7 J& with & = (& — dss) as Lyapunov function
o its time derivative gives:
v o= 28TJs
= 28T,
o Any control of the form FC = —kpé& with kp > 0:
o is such that V < 0 for e€#£0
o stabilizes & to Wss
o A P-controller stabilizes the angular velocity
Attitude

control
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ATTITUDE CONTROL

ANGULAR VELOCITY CONTROL

L]

Robotics
N. Marchand A o
Jo = —&*JS+T,
° fc as control variable
@ Linear approximation
@ Nonlinear control
o Take V=&TJ5+Q7Q0 as Lyapunov function with
o (= /u? and Q@ >0
o its time derivative gives:
Vv = 257 J5+237Q%0
257 + Q4
e Any control of the form Fc = —kpid — Qfl with kp >0
@ is such that \7<Ofor¢3¢0
o stabilizes & and § to zero
o A Pl-like controller stabilizes the angular velocity
Attitude

control
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ANGULAR VELOCITY CONTROL
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Robotics
N. Marchand A .
J& = -G JG+T,
o ¢ as control variable LaSalle’s Invariance principle
@ Linear approximation @ V: a Lyapunov function
@ Nonlinear control @ V < 0 everywhere
o Take V=3"TJ5+Q7QQas| @ §:— {x s.t. V(x) =0}
o O — /03 and Q >0 @ If Z is the largest invariant set in S
L L. . @ Then every trajectory converge to Z
e its time derivative gives:
Vo= 2575+ 207Q4
267 [e + Q€Y
e Any control of the form Fc = —kpid — Qfl with kp >0
o issuch that V < 0 for & #0: S = {(Q,ﬁ) st J= 0}
o stabilizes & and G to zero: T = {(Lﬁ,ﬁ) st.o=0= 0}
o A Pl-like controller stabilizes the angular velocity
Attitude

control
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ATTITUDE CONTROL

ANGULAR VELOCITY CONTROL

L]

Robotics
N. Marchand A .
Jo = —&*JS+T,
° fc as control variable
@ Linear approximation
@ Nonlinear control
o Take V = &7 J&+ ET QE as Lyapunov function with
0 €=U — Wss
o E= /Eand Q>0
e its time derivative gives:
V = 2&"J5+28"QE
287 [T + QE]
o Any control of the form Fc = —kpé& — QE with kp >0
o is such that V<0foré‘7£0
o stabilizes & and € to zero
o A Pl-like controller stabilizes the angular velocity
Attitude

control
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ATTITUDE CONTROL

ANGULAR VELOCITY CONTROL

§(Bea-aly

Robotics
N. Marchand A .
Jo = -G JS+T,
o ¢ as control variable LaSalle’s Invariance principle
@ Linear approximation @ V: a Lyapunov function
@ Nonlinear control @ V < 0 everywhere
o Take V=¢"JE+ETQEasL @ &= {x s.t. V(x) =0}
0 €= — Wss @ If 7 is the largest invariant set in S
o E= /€and Q>0 @ Then every trajectory converge to Z
e its time derivative gives:
vV = 28TJ5+28TQE
28" + QE]
o Any control of the form FC = —kpé& — QE with kp >0
o is such that V < 0 for §#£0: S = {(é‘, E)st &= 0}
o stabilizes & and Q to zero: T = {(é‘, E)st. E=E = }
o A Pl-like controller stabilizes the angular velocity
Attitude

control
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= gipsa-lab

FULL ATTITUDE CONTROL

)@

,5T

ATTITUDE CONTROL

=
£
Robotics
N. Marchand .
R = R& ) 1
J& = @5 +T. 772 (/3X3qo+ax
S = —@" IS+ T
qdTa=q+q G=1
@ [, as control variable
iesian coordinat @ Linear approximation
Frame o Closetogp=0=19=0 W=~
ton o Therefore for small angles and angular velocities, the attitude behaves like
three double integrators on each roll, pitch and yaw axis
e Easy PID, optimal control, etc.
@ Nonlinear control
EU legislation
u
Main components
Control loop:
Attitude
control
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@

F ATTITUDE CONTROL

FULL ATTITUDE CONTROL

Robotics
N. Marchand

R = R&
Ji = —@3JS+T.

@ [, as control variable
@ Linear approximation
@ Nonlinear control

qT

1 =7 N\, G=w!
= 2 (s 7)

= w
hx3q0+ G*
—F B+ Fe
g=q+q'§=1

¢
0
b

1
o Take V = 3 37 J5 + k((1 — q0)*> + §" §) as Lyapunov function

1
o Note that V = 2 5T IS + 2k(1 — qo)
e its time derivative gives:

%

&7 JS — 2kdo
ST+ kiTd =7 [FC + ka}

e Any control of the form FC = —kpd — kg with kp > 0:

o is such that V<0ford)’7é0
o stabilizes & and G to zero

Attitude o A Pl-like controller stabilizes the attitude

control
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ATTITUDE CONTROL

FULL ATTITUDE CONTROL

§(Bea-aly

Robotics
N. Marchand . [
R = Rg* L T IR
A . o - - =
{Jw — UG 4T. { q = 5(/3X3q0+aX>“’ w=wee
J5 = @B+ T, Y
aTg=qg+qg=1
e [ as control variable . . Lo
o Linear approximation LaSalle’s Invariance principle
@ Nonlinear contrlol @ V: a Lyapunov function
o Take V=0T Jd+ k((1—q @ V <0 everywhere
2 1 @ S:={xst V(x)=0}
o Note that V = 5 3TJS+2k(1 @ If Tis the largest invariant set in S
o its time derivative gives: @ Then every trajectory converge to T
V = &TJS - 2k
= T +kifTo=aT [FC + 1«7}
e Any control of the form FC = —kpd — kg with kp > 0:
o is such that V < 0 for & #0: S = {(&,§) s.t. @ =0}
o stabilizes & and g to zero : Z = {(&, §) s.t. & =g =0}
Attitude o A Pl-like controller stabilizes the attitude

control
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= gipsa-lab

=
i ATTITUDE CONTROL
FULL BOUNDED ATTITUDE CONTROL
Robotics
N. Marchand R — R&X .1 ( *CTT B P W*l (g
JS = —@JD+ T, { 772 hm@d*)“ - .
UG = @G +T. ¥
q'g=q+q4" d=1
° I:C as control variable
o o o We want a control such that T, ,; € [T 55, ¢ 5]
tatior @ Nonlinear control
. 1 .
o : o Take V = E*TJQ + 2k(1 — qo) as Lyapunov function
e its time derivative gives:
v = & [FC + ka]
= wilq + kqrwi + wal ¢, + kgows + wal'¢, + kqsws
= i+ W+ V3
EU legislation
operatio
2 u
Aain components
Control loop:
Attitude
control
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ATTITUDE CONTROL

FULL BOUNDED ATTITUDE CONTROL

Robotics
N. Marchand S5 —X ¢
R = R& . 1( -q" )a c=w-"1l¢
i = —@*JB+T, AV S - -
JS = @S5+ Te ¥
T q=q3+q G=1
o [¢ as control variable
o o o We want a control such that T, ,; € [T 55, ¢ 5]
tatior @ Nonlinear control
rame: 1.+, .
‘ o Take V = 5 T &+ 2k(1 — qo) as Lyapunov function
ton
e its time derivative gives:
v = & [FC + ka]
= wilq + kquwy + wal'¢, + kqown + wsle, + kqaws
= Vi+VWVat+ V3
EU I ion
. ri o Any control of the form ', = —satr_ (kpwi + kg;) with kp > 0:
: B
' oissuchthat\%<0forw,v$]:: 7i7£ =w—=J
ke’ kp
if 2k<F, _
o wi € J = kpwi € [—k, k] = kpwi + kqi € [-2k,2k] =——=—=> kpwi + kq; € |:7|—c;7 rc,v:|
fain component o The control is not saturated: ', = — (kpwi + kqi)
strol | o V=—kpis"@ < 0forw#0
Attitude
control
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ATTITUDE CONTROL

FULL BOUNDED ATTITUDE CONTROL

§(Bea-aly

Robotics
N. Marchand R — R&X ) 1 ( *JT ) B 3 W*l (g
) . - L T =
5 = @IS 77 2 \bowtd .
JS = @S5+ Te ¥
q'g=q+q4" d=1
° I:C as control variable
@ We want a control such that ', ,
@ Nonlinear control
o Take V = lnTJoj_,_ 2k(1-q) @ V: alyapunov function
e its time derivative gives: @ V < 0 everywhere
@ S:={xst V(x)=0}
v = g7 [FC @ |If Z is the largest invariant set in S
@ Then every trajectory converge to 7
= wilg +
= Vi+V+ Vs
o Any control of the form ', = —satg_ (kpw; + kq;) with kp > 0:
@ is such that \7,-<Oforw,v$]:: 7i7£ =w—=J
ke ke
if 2k<F, _
o wi €J = kpwi € [k, k] = kpw; + kq; € [—2k,2k] === kpw; + kq; € [T¢,,T¢]
o The control is not saturated: ', = — (kpwi + kqi)
o V=—ked & <0forw#0
Attitude o stabilizes & and § to zero
control o A saturated Pl-like controller stabilizes the attitude
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§(Bea-aly

SPEED /POSITION CONTROL

Robotics Position

N. Marchand Speed

voltage Mot _S,> Blad . Linear | v
d_>uty oyl otors ades _r‘AnguIar 5] R speed

velocity

Speed

Position
~ 10Hz
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Glosain)

Robotics

N. Marchand

SPEED CONTROL

@ We assume that the attitude loop is infinitely fast: R — Ry (subscript d

stands for " desired")
@ The model becomes:

{m\'7 = —mg€3+Rdf

® Ry is a control variable (as T)
@ Detailing the equations:

Vs = —[cospgsinfqcosthg + singgsinig)] T/m:=
vy = —[cospgsinfysinig —sinpgcosipg)] T/m =
v, — —g+][cospgcosfy] T/m:=u,

@ Assume i could choose (uy, uy, u;) the way i would like :

e = —ke(ve—v) ve = vZ
d d
u = —k(v—v) & v—=v
u; = —ki(v,—v9) o
with k >0
o Take

a:=sinpgy = cospy==+y1-—a?
B:=sinfly = cosfy=++/1— 2

s .%Pchand (gipsa-lab) Robotics
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Voot

SPEED CONTROL

o Take
Robotics
N. Marchand a:=sinpy; = cospg==+V1-a?
B :=sinfy = cosfy==4+/1—p32
o It gives:
uy = £V1-0a28T/m
u, = aT/m
u, = (:t\/lfoﬂ-q: 17,82-T/m)7g
o If ux #0:
5 1
2
B o= + (g“'Z) +1
Ux
2
u
T = &+ ﬂ—;Jru}%
m
o = u, - —
YT
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SPEED CONTROL

L]

If 0:
Robotics ° Ux ?é
1
N. Marchand 2 2
/3 — 4 (g + uz) + 1
UX
u )
T = +m ? + Lly
m
a = U=
YT
o T is always positive therefore:
u2

@ « is also unique and ¢y = arcsina € [—7/2,7/2]
@ 04 = arcsin B € [—7/2,7/2] of opposite sign of uy
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POSITION CONTROL

o We assume that the attitude loop is infinitely fast: R — Ry (subscript d
Robotics stands for "desired")
@ The model becomes:

Glosain)

N. Marchand
p =
mV = —mg&+RyT

@ Ry is a control variable (as T)

o Detailing the equations:
X = —[cospgsinfqcosthy +sinpgsintg)] T/m:= ux
y = —[cospqgsinbgsintpg — sinpgcospy)] T/m = u,
Z — —g+cospgcosfy] T/m:=u,

© Assume i could choose (uy, uy, u;) the way i would like :

U = k)-(vx+kx(x—xd) x — x?
u = kv t+k(y—y9) &< y—y?
u, = kz<vZ+kZ(zfzd) z—Z

with an appropriate choice of the controller parameters
o Take

a:=sinpy = cospg==+V1-a?
B:=sinfy = cosly==4+/1-p2
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L]

o Take
Robotics
N. Marchand

o It gives:
Uy
Uy
uz

o If uy #0:

POSITION CONTROL

1—a?

1- 3

a=sinpy = CoSpy ==k
B :=sinfy = cosbly ==+

= iﬂﬂT/m

= aT/m

= (iﬂ-x 17,82-T/m)7g

2 2
B = = (g+uz) +1

Ux

2

u
m
o = u, - —
YT

Robotics
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POSITION CONTROL

L]

If 0:
Robotics ° Ux ?é
1
N. Marchand 2 2
/3 — 4 (g + uz) + 1
UX
u )
T = +m ? + Lly
m
a = U=
YT
o T is always positive therefore:
u2

@ « is also unique and ¢y = arcsina € [—7/2,7/2]
@ 04 = arcsin B € [—7/2,7/2] of opposite sign of uy
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Glosain)

Robotics

N. Marchand

TRAJECTORY TRACKING

o We assume that the attitude loop is infinitely fast: R — Ry (subscript d
stands for " desired”)
@ The model becomes:

=
mv = —mgé+ Rd'f
@ Ry is a control variable (as T)
@ Detailing the equations:
X = —[cospgsinfycosipg + sinpgsinig)] T/m = uy
y = —[cosggsinfysinipg —sinpgcostpy)] T/m:=u,
Z — —g+[cospgcosly) T/m:= u,

o Given a trajectory to track: (x9(t), y9(t), z9(t)) and its time derivative
(1), vy (1), vE (1))
o Assume i could choose (uy, uy, u,) the way i would like :

ue = ki(ve — v9) + ke(x — x9) x — x9(t)
u = kv —v)+ky—y) &q vyt
uy ks(vz — v3) + ko (z — 29) z— 29(¢)

with an appropriate choice of the controller parameters
@ Take

a:=singy = cospg==+V1-a?
B:=sinfy = cosfy=4+/1-p32
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L]

o Take
Robotics
N. Marchand

o It gives:
Uy
Uy
uz

o If uy #0:

POSITION CONTROL

1—a?

1- 3

a=sinpy = CoSpy ==k
B :=sinfy = cosbly ==+

= iﬂﬂT/m

= aT/m

= (iﬂ-x 17,82-T/m)7g

2 2
B = = (g+uz) +1

Ux

2

u
m
o = u, - —
YT

Robotics
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POSITION CONTROL

L]

If 0:
Robotics ° Ux ?é
1
N. Marchand 2 2
/3 — 4 (g + uz) + 1
UX
u )
T = +m ? + Lly
m
a = U=
YT
o T is always positive therefore:
u2

@ « is also unique and ¢y = arcsina € [—7/2,7/2]
@ 04 = arcsin B € [—7/2,7/2] of opposite sign of uy
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