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Modelado y Control de Drones autbnomos para monitoreo agricola por

medio de imagenes aéreas

. OMICAS: Fenotipificacion

UAVs en Agricultura de Precision
Control de vuelo de alta precision
UAV para Fenotipificacion
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OMICAS: Fenotipificacion

Metabo\(’)m'\CB

Expresion
génicay
ambiente

Presenciay
fluctuacién de
Composiciony | metabolitos
\ actividad proteica

Regulaciony
expresion

génica
Anilisis de
contenido génico y Experimentos (11-12 afos)
mutaciones fisicos
Experimentos /
in-silico (6-7 afios)
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Variables (Canopy - Level)

= NIR, RGB, Térmico

= Nitrogeno, Clorofila, Fésforo
= Biomasa

* Indices (NDVI...)

= Estrés hidrico

Fenomica
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PhenoSense Platform

Tierra-fija
(1oT-WSN )

Sensors

Variables (Plot/soil - Level)
= RGB

* Indices (NDVI...)

= Temperatura, Humedad
= Velocidad aire

= CO2, N20O, Metano

= Radiacion

Adjustable

. P Mainframe
Tierra-movil

(AGV )

Variables (Plant/soil - Level)

3D LiDAR - Morphology

3D Light-Field - Architecture

NIR - Indices (NDVLI...)

Suelo: K+, NO3-, pH, temp/hum
Follaje, Impedancia - Fotoacustica
Clorofila - Fotoluminiscencia
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UAVs en Agricultura de Precision

Growth in Industry Adoption (YoY)

While dozens of industries use drones, the fastest
growing commercial adopters of aerial data come from
the construction, agriculture, and mining industries.

Surveying 1 1 8%

Real Estate
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UAVs en Agricultura de Precision

DRONE INDUSTRY INSIGHTS

DRONE MARKET SIZE AND FORECAST 2018-2024

$14.1b USD \ﬁ\ CAGR: 20,5%
2018

$18,4b

$11,9b
$9,7b

Source: DRONEIl.com Date: March 12" 2019

$43.1b USD ~

2024

$1,2b
$0,5b

[
OCEANIA

DRONEIl.com

RONE INDUSTRY INSIGHTS

Fenomica

v" Crecimiento exponencial en la
ultima década

v UAVs comerciales cada vez mas
economicos (~1500 USD)

v" Integran camaras, LiDAR y alto
poder de coOmputo

AuUn hay restricciones de la
capacidad de carga (~1Kg para
los UAVs de bajo costo)

Limites en autonomia de vuelo
(~20min segun carga)

Autopilotos cada vez mejores,
pero con falencias en precision y
control de altura.

El futuro
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UAVs en Agricultura de Precision

Smart-Farming

Smart Machinery |

GPS guised and controlied

Riego de pesticidas o hidrico  Modelos 3D de cultivos

Smart Analysis

Controt | Konionng
Deta processiny, collection
from dronas and

Smart Farming 4.0 |
The future of agriculture |

Modelos hiperespectrales
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UAVs en Agricultura de Precision

pxin SR QP
Parrot bluegrass system  Sequoia NIR camera
Parrot

Parrot

PROFESSIONAL

¢

Pix4Dfields
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Control de vuelo de alta precision

Por qué necesitamos un autopiloto
robusto? Satelltes

-
-

Base Station

e ’8
—1 | Mission Setup |_,,| Drone > o |8 .
[ Camera Setup | commands .7 ¢ Y
. [C .
User DGPS l m -

A @ driver

Digital crop

model GPS+IMU
: +
geo-mosaic
NIR image
S
Fﬁg;or: Thermal image
Grop state
estimation .
@< Biomass € =
.frf;éz{: Sy »  [Nitrogen| — > —
@ X_.\ié; L8 Chlorophyl database
il
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Control de vuelo de alta precision

[ — Take-off and
Mission > Landing Pressure/Laser/camera: (Z)
—™ parameters
v v Aerodynamics 6D Dynamics B ¢ 7
A Z altitude control low-level control u =Rotor dynamics Wi e %CmewgiApmp, e g . i
Trajectory uz Control ki u2 -~ k W2 _ D «+ %CDpaieriAProp T2 ~ (] 77[}
X — m ) > i > > > > >

Planning w = (1-a 4 oo 4= fe (e)ie] allocation Ky +kgs+—| Us e 1 Ts i

o (setpoints) Slug | T8+ W | = Tu Ty o .

7y > > oi=1 1 v Yb

Uy U N — - z

¢ | W Vi, LR - V|| ST
X-Y position control " u roll, pitch, yaw control inner loop
. Xy = o od >
u(:%[e\ (1—a;+l()+eﬁ(at+/%)—a)/lje) (r)dr} »| o =1y |crep +coen Caft’o +0 ] rotors speed | Wind effect
uJ.=—ﬂ[e).(l—af+l}_)+e7(aj,+l7)—avl‘Jev(T)d‘L'] Uy = Iy [Clé‘o‘*f:?z—faf% HPd] Vwind B model disturbance
¢ td pd wind speed
uy = I:;[clcg. +c292—c3fe,1, - z',\"r"] _ ¢ 0
T Attitude loop IMU: Qb@ 1/)
Position loop DGPS: Lat-Long (X,Y)

) UAV/drone —> 6 DoF (12 variables de estado)

) Sistema altamente no-lineal (variables de estado acopladas)

) Sistema sub-actuado

J Cinematica: Angulos Euler, Dinamica: Newton Euler 6D, Aerodinamica: Elementos Finitos

Fendmica

El futuro Gobierno COLOMBIA
es de todos | de Colombia CIENTIFICA




Control de vuelo de alta precision

Modelo Dinamico 6D

= Aceleracion 6D en CM:

¢
Liftm) T 9 . 1 .
Alrflow % V= | = | ¥ — | Vo =1, " |[Fy — LV}
;Drag /Db j}b
; blade length — | yb
L Glenn Zh _ _
FoilSim Ill Student Version 1.5a Rea-r:c': - - [ww 0 O O O 0
= Matriz de Inercia 6D: 0 Iy, 0 000
[0 0 0 1,000
b 0 mU 0 0 0mOO
0O 0 0 O0mO
O 0 0 0O
= Fuerza 6D: - "
Sistemas de coordenadas [ (Np2) + (74) ] (09 [Iyy — L)) + Soipg (Ts — T3)
r—;—:j | (Nb,y) + (7_9) ) (QWJ [Izz - [mﬂc] + SOi,bi<T1 - T2)
i = [Nb} (No2) + (T) | _ | (86 [Tog — Ty]) H(Ts + Ty — Th — Tp)
o fo fo.e (ss¢ + cosbeg) T,
| Joy (—csp + spsbed) Ty,
iy Jo,z i mg — (cyco)Ty
Fe n é m I C a El futuro Gobierno @commm 6 m I Cﬂ.:
es de todos de Colombia CIENTIFICA
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Control de vuelo de alta precision

Modelo Aerodinamico 6D [(Noo) + ()] [ (00 Ly — L2]) + 50i) (Ta = Ts)
(Nb,y) + (TG) . <¢¢ [Izz - Ima:] + Soi,bi(Tl - T2)
= [Nb] _ | o) +(70) | | (06 Loy — Lyy]) +(T3 + Ty =Ty — T)
Lt o Jo Jo.w (swsp + csOco) Ty
S Joy (—csp + ssbce) Ty,
Jo.2 i mg — (ciped) T ]
r ‘Drag
blade length — | l
l
~ = Empuje vertical (rotor): TOZ'l: L 4’2D
»o_oscn = §paifrwoiAp?“Op (CL —|— CD)
° 0 0j1 0?2 Oj3 of4 ;.5 0j6 0'.7 018 ofg 10 4
[ .
r = Empuje en el CM: — .
Sistemas de coordenadas Pul Ty Z Lo
FoilSim Ill simulator oi=1
(NASA) — Blade Element
Theory
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Mission
parameters

|

Trajectory
Planning

Control de vuelo de alta precision

Algorithm 1 EoM Computation

DGPS: Lat-Long (X,Y)

Los rotores normalmente se modelan como un
sist. 1¢" orden que relaciona v/i -->w

Si el modelo del UAV obvia la aerodinamica, el
modelo de motor debe relacional i - -

El efecto viento, se modela como ur.tsector
(magnitud=velocidad viento, direccidn= rotor)

gue afecta el empuje de cada rotor.

Fendmica

Take-off and

Landing Pressure/Laser/camera: (2)
l I Aerodynamics 6D Dynamics é
- low-level control Rotor dynamics L
Z altitude control u Comrar ﬂ' Y L L Copuirity Apron, T I
. ontro| 2 1) D+ 1Cppairw? A T b
o N =2 | W3 oi i
M e 1) . allocation ™ g 4k +lﬁ us L ol | e T ’ >
w== eI+ 4 )+es(o + &) e c)dr ! p +kas s | 1, 1 3 INES
bt (setpoints) 5| us Ts+1 M Ty= Y T Ty b -
T = 1 o0i=1 v Yb
Up Ugp - _ - k1

- L w ki Vi | IR — B Vi)

X-Y position control v roll, pitch, yaw control innerloop >
i, *y = o
0= 2 102 ) o, +A) -0, fe (] o ,,W[[,g,mzez tsfen“?’] rotors speed | Wind effect | Mving
== (1-at + 4 )+ oo, + 1) -2, fe, () | ity = Ly [r,e(,uzel-ﬁfpumd] wind ———— model disturbance
9 d wind speed
= ¢ g9
T Attitude loop IMU: ¢9 IP
Position loop

Step 1: Aerodynamic forces

Read the rotors speed from encoders: wyi, Voi : 1...4

Calculate both lift and drag forces acting on each propeller:

L+ %OLpaiTngAprop7

D + %CDpaingiApTop

Calculate the Thrust produced by each rotor: T,; = L + D Yoi : 1...4

4
Calculate net Thrust produced at CM: Ty, = > To;
oi=1

Rotational forces (rolling, pitching and yawing)torques onto the body frame:
Ty < soi,cmj (T4 — Tg)
To < Soi,cmi (T1 — Tg)
Ty < T3+ T4a—T1L— T2
Linear forces acting onto the body frame:
fo,0 < (ss¢p + cpsOcp) Ty
fo  (—cvbsé + swsbeg) Ty
Jo,2 < (_C¢C¢)Tb
6D Aerodynamic Forces: [75 7o Ty fo.x fo fo.2]®
Step 2: Inertial forces

. . Jp 0
Calculate 6D inertial operator: I, = [ 0 mU]
Calculate inertial terms:
Nz = 0 [y — I..]
Nb,y — ¢T,D [Izz - Ia:w]
Ny o 00 [z — Lyy]
fo.z = mg — cos(p)cos(¢) Ty
Calculate 6D Forces: Fy < [Npo + 7o Noy +70 Noo 47y fo.o [oy fsz]T
Step 3: 6D Equations of Motion (EoM)
Vi < I By — 1,V
Return Vj
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Control de vuelo de alta precision

Control Backstepping 5. Dinamica del error para la ley virtual:

® Take-off and . . . N d .
w 4" pa"f;snfz::rs Lanlding 17 Pressure/Laser/camera: (2) 62 — k p 6 ¢ —|_ ¢ _|_ k ’L 6 ¢ - w T

l Aerodynamics 6D Dynamics oo
- low-level control Rotor dynamics ‘ L °
Z altitude control I W1 L 201 pair Aprop, | L1 —_ A H4 d I
L N Y ve S v XS i e o donde: — W, = <«<—— Accion de control!
[ =ﬂ[€ (1-a?+ 2 )+esfo+A)-a J‘&(i)tﬂ} allocation Ky +kas+—[ U3 | W) T T’ & m Y
=8 A0t )0 fe (setpoints) Em s+1 W T,= Y T T, y b
=4, 4, | = v b

O

Trajectory ., .
Planning

+ oi= Y
g U, y / :
i I TR0 | T
’_’ X-Y position control u u roll, pitch, yaw control| | ™ oo® ;
w2 1-a ) e o, +4)-a 2, fe (5)ar] o :’vv[‘l“l’*‘zfl““f‘“*ed] t d| Wi Mhing 6 R I d ( 5 ) | d u ¢ ¢
. rotors speed| Wind effect | 1%ing
e ) ) e 6] . [qeonze:—ﬁfmﬁé;‘] Viind — model disturbance . ee p a Za n O e n Vi S I e n O
) (ﬁd éd wind speed

g ol g = Lok + 0+ ke — éo

DGPS: Lat-Long (X,Y)

v Sin embargo, las derivadas de e ye, introducen
1. Dinamica del Error: é<b — gbd @ errores numericos acumulativos. Por tanto,

- d
2. Se propone unaleyde ey = wg — Wy Cp = ¢ — kpeqb
control virtual: é2 — €9 — kp€¢

3. Sedefine una estructura ; ] Finalmente
PID para la ley virtual:  “= — kpeg + 0% + ki [ eg(t)dt ’

4. (3)en(2): U =1, [eqb(kp — k; — kg) -+ 62(kp — 1) — kpkz f€¢ -+ gbd]
ey = wg — Wy = kpeg + (ﬁd + k; fe¢(t)dt — Wy

El futuro Gobierno COLOMBIA
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Simulacion:

Control de vuelo de alta precision

Experimentales:

Altitude setpoint: 20m, average UAV speed 1.

— BS+DAF
— PID
ﬁ

Desired path

# GPS waypoints
—UAV trajectory
@ Hovering for 3s

.....................

Vwing y- -

y[m]

home-point ) .
Mission starts
1

directior\ \

Fenomica
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Control de vuelo de alta precision

Robotics Toolbox

OMICAS-P4. Aerial NIR image crop mappin
9 P pping NIR Camera View

px (pixels)
-500 0 500

Robotics Toolbox

for MATLAB
Release 10 ﬁ Peter Corke

Rl Robotics,
= Nl Vision

AT) N\ and
ﬂ o) Control

\.\ ..,n"
\ FUNDAMENTAL
ho -t ALGORITHMS
e IN MATLAB®
e L_ I‘..r— L.r .'—'
-, T i
-~ Ptltter_(‘;{?!'gﬁ &) Springer
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UAV para fenotipificacion

UAV + Machine Learning para estimacion de variables de cultivo: biomasa, Nitrogeno,
Estrés hidrico y Fésforo

Trajectory
planner

______________________________________________________________

-~ Z
"| control |*

[ Xy 0,0,y
control Backstepping+DAF
—

Yy 4
&d o4

\/

——————————————————————————————

GrabCut
segmentation

v

Vegetation index

e l aiatatats Rkl

S o e e e e e e e e e R E m e e r a e e e e e e e o e e o o

NDVI RVI CTVI TVI SAVI MSAVI GNDVI

Y

Machine Learning T
MLR SVM ANN

Nitrogen (N)
Estimation

SPAD - direct leaf
N measurements

B :_j- ig

e e e e e e e e e e e e e oo

S P Hrig B R o o W SRR T T i _______________
Rice crops NIR imagery
dataset [ ROC curve
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UAV para fenotipificacion

f ‘ Sampled plants -
y y i \ Groundftruth for
Machine Learning

f Edges

Vegetative
T R

Reproductive

Ripening

Fenomica

[Plot|Genotype

|Rep|Biomass (g)|[SPAD|

1 AZUCENA |1 1472.76 56.55
2 ELWEE 1 1949.84 47.80
3 LINEA 23 1 1032.36 54.55
4 UPLRI7 1 1597.05 46.32
5 NORUNKAN|1 1682.75 43.30
6 IR64 1 1723.10 32.91
7 FED50 1 1832.02 47.06
8 MG2 1 1641.10 43.36
9 AZUCENA |2 1281.67 49.26
10 |IR64 2 1577.04 42.59
11 |LINEA 23 2 875.57 49.82
12 |UPLRI7 2 1567.63 48.15
13 |ELWEE 2 1917.16 41.29
14 |FEDS50 2 1888.46 46.29
15 |NORUNKAN]|2 1945.11 42.82
16 |MG2 2 2120.31 38.96
17 |FEDS50 3 1640.32 49.20
18 |UPLRI7 3 1590.09 40.88
19 |IR64 3 1760.36 40.23
20 |AZUCENA |3 1435.09 55.81
21 |[NORUNKAN|3 1528.36 43.96
22 |ELWEE 3 2314.02 49.70
23 |LINEA 23 3 770.55 46.45
24 |MG2 3 2032.56 42.67
@ El futuro Gobierno
es de todos de Colombia ‘£

-1

2.9
2.7

2.3
2.1

1.7

Leaf-blade nitrogen concentration - gKg

35

3.1

25

1.9}

y =0.079 x - 0.154
r=0.908"" n =68

24 26 28 30 32 34 36 38 40

Measured SPAD value

42

Table 2. Correlation between SPAD read-
ings and leaf N concentration [8].
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UAV para fenotipificacion

Pre-procesamiento NIR
Segmentacion - GrabCut

Extraccion de

caracteristicas - VIS

Fenomica

\ 4

dex [33][34]

||Name | Equation ||
Normalized Difference Vege- NDVI = %
tation Index [32]
Green Normalized Difference GNDVI = %
Vegetation Index [33]
- - — P780
Simple Ratio [32] SR = Eren
Soil-Adjusted Vegetation In- SAVI = (1 + L) (%) with L = 0.5

Modified SAVT [34]

MSAVI = %(20800 +1—+/(2ps00 + 1)2 — 8(psoo — pG?O))

Vegetation Indices

Triangular Vegetation Index TVI = %(120(p780 — ps500) — 200(pe70 — p500)>
[33]
Corrected Transformed Veg- CTVI = {pvitoer VINDVI + 0.5]
etation Index [35]
SR NDVI
—— SR
3 — anou
—— MSAVI
25
2
15
1
0.5
Vegetative Stage Reproductive Stage Ripening Stage
(a)
@ El futuro Gobierno @commm
L7l es de todos | de Colombia CIENTIFICA




UAV para fenotipificacion

£
=

Informacion multi-espectral:

GREEN
NIR

AN
=
—
(aa]

GREEN
RED
NIR

L
=
.|
(a'n]

Dead Leaf Stressed Leaf Healthy Leaf

/ - - o
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UAV para fenotipificacion

Resultados. Estimacion N:
36,850 imagenes, 8 genotipos, 6 meses, 3 repeticiones

MLR SVM NN
60 60 60
S 50
£ 10 w Datos promedio:
g “ 30 30 W
°
% [ Vegetative 20 1 Vegetative 20 % Xegetecxjtivc:'
g 2 I oproductive 10| | S praaactive B Rirening NN Training function Crop Stage |Correlation|RMSE| R?
a 10 —— Ground-truth 0 Ground-truth 10 Ground-truth
& —— Estimation Estimation e Vegetativ 0.983 1.855 [0.966
_ I 0 I
% 40 8 120 160 200 100 50 100 150 200 0 40 80 120 160 200 cgeta 1V.e ) ’ )
Sample images Levenberg-Marquardt |Reproductive| 0.9442 3.007 (0.891
(@ (b) © Ripening 0.890 1.835 |0.792
B , 60
019 - ﬁ!f—ﬁ SR 50 Vegetative [ o :
ul ~sym || g 4o
08} ij—J NN 2 30r Method| Average N estimations |Average N measurements Correlation
07 HI £ 2 \ R Ri v R Ri V | R | Ri
> O'Gi_J S 0 MLR | 36.923 | 30.766 | 42.669 0.935 [ 0.890 | 0.82
= 05k 3 600-2 03 : : : : 08 09 SVM [35.7472(29.2902(42.5226|35.7906(29.6338| 42.4207 [0.9699|0.9467|0.8770
§ ] 3 o - NN 36.173 | 30.495 |43.2648 0.986 [0.9442| 0.890
0.4 4 50F Ripening [ R
L < 4ol
0.3 o
I |
0.2 20 |
0.1} ) 10 L
0
%0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09
Specificity % correlations
(d) (e)

/£ - - o
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Aliados

:::;CIHT (/ @FEDEARROZ NIAB |nt6|8Ct0

AUTOMATIZACION S A.

Soluciones y Tecnologia

Intematlonal Center for Tropical Agriculture ‘en"ana

7 Science to cultivate change

N

[T N \
T MK Y g
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- i U idad < niversidad de AN UMY EREIDAD ) Pontificia Universida
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IES Ancla UNIVERSIDAD UNIVERSIDAD Colombia :
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