From Biology to Robotics: The Role of Mathematics in
Imitating Behavior.
De la biologie a la robotique : le réle des mathématiques
dans l'imitation du comportement [1].
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About patters in nature

Figure: Fibonacci’s sequence in nature

The Fibonacci sequence:
Fn= 1 n=1 1)

Foo1+Fno n>2
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On the motion of bees...
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Figure: Bees in a corridor([2]
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On the motion of flies...
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Figure: Robot vs Fly in a challenging environment[3]
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Optic Flow Based Navigation

Optic flow is the pattern of apparent motion of objects, surfaces, and edges in a visual
scene caused by the relative motion between an observer and a scene:

Vx
o= 2
gy 2)
The condition to follow:
max (wy + 0y, 0+ wr) Wy
max (o, o) = |y ()
max (wy, ©g) oz

| = left, r = right, u = upwards and d = downwards
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Introduction

Introduction

Problem Statement

m Co-planar multirotors need bulky gimbal systems to stabilize their vision.

m The usage of Fully-Actuated Multi-rotors may improve Optic Flow-based tasks,
improving its own navigation capabilities.

m Development of Adaptive Integral Sliding Mode Controllers (Al-SMCs) for a
Fully-Actuated Hexarotor and the Optic Flow regulation in a 3D environment.

m Bio-inspired corridor navigation strategy, granting the hexarotor a bee-like behavior.
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Fully-Actuated Hexarotor (FAH) Model
°

Fully-Actuated Hexarotor (FAH) Model
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Fully-Actuated Hexarotor (FAH) Model
0O@000

FAH Dynamics

Fully-Actuated Hexarotor (FAH) Model

1 \zl,

Figure: A) FAH geometrical description. B) Angles of the fixed tilted rotors. C) FAH in a corridor.
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Fully-Actuated Hexarotor (FAH) Model
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FAH Dynamics

Fully-Actuated Hexarotor (FAH) Model

Newton-Euler Equations

mé +mg =1T¢ +p¢ (4)
I4+Qx(IQ) =10+pg (5)

m > 0 is the mass, / = diag (I, Iy, l;) € ®3*3 is the inertia matrix. g = [0 0 g] " and
Pe. Po € R3 represent external disturbances.
E=[xy z]T € R denotes the position. Tg,Tq € %3 are the vector of external forces

and moments.
The attitude of the vehicle is defined by the Euler angles n = [¢ 6 w]T € R8. The

angular velocity Q = [p g r]T € N3 is related to the Euler rates 7:

1 0 —Sg
& o T — 3x3
Q=Wpn; Wy=10 GC; S4Co| R (6)
0 —Sy C4Co
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Fully-Actuated Hexarotor (FAH) Model
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FAH Dynamics

Fully-Actuated Hexarotor (FAH) Model

Translational Actuation

Tx 6 0
Te= |7, | =Ry 21 R"”’i 0 (7)
1=
Tz Tm;

i

Forces of the rotors: Ty > Tm, > 0 (with i =1,2,...,6 and T} an upper bound).
N = [ Bi y,-]T € R8 comprises the fixed tilted angles o; and B;, and 7, = (i — 1)7/3.
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Fully-Actuated Hexarotor (FAH) Model
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FAH Dynamics

Fully-Actuated Hexarotor (FAH) Model

Rotational Actuation

B 0 1 0
t9= 7| =Y Tm(CRnm | O |+L|Ray (0| |x| R |0 (8)
=1 .
ol (—1)"1 0 1

¢ > 0'is the arm length and ¢ > 0 is a proportionality constant such that T, = { Ty,
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Fully-Actuated Hexarotor (FAH) Model
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Fully-Actuated Hexarotor (FAH) Model
(o] lo}

Unit Quaternion Representation

Fully-Actuated Hexarotor (FAH) Model

Rotation Matrix

Cw -Sy 0[|Cy, 0 S,||1 © 0
Ry=Rsy,Rov,R1v,=|Sy; Cy, O/ O 1 0|0 Cy =Sy,| 9

0 0 1][-Sy, 0 Cy,||0 s, Gy,

The rotation matrix can be rewritten in terms of the unit quaternion q = [go a7 ] T eR*:

Rq = h.a+2 (aolay]+[a51?) (10)
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Fully-Actuated Hexarotor (FAH) Model
ee] J

Unit Quaternion Representation

Fully-Actuated Hexarotor (FAH) Model

Unit Quaternion Representation

The rotation of Op w.r.t. O, can be parameterized in terms of a rotation ¥ € R about a
fixed axis e, € S? by the mapping % (,ey) = k.3 +Ss[e;]+ (1 - Cy)[e;]?. Hence,

d=[Cy/2 Sy 20/ T and:

1

Q= ;=40 1)

N =

-q;
ky3qo +[av]
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Fully-Actuated Hexarotor (FAH) Model
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Fully-Actuated Hexarotor (FAH) Model
o] ]

Under-Actuated Hexarotor (UAH) Dynamics

Fully-Actuated Hexarotor (FAH) Dynamics

UAH Dynamics

Two different hexarotors for comparison:
a FAH
an UAH
The UAH dynamics can be derived from Egs. (4) - (8) considering o; = f3; = 0°.

9y = atan ( oSy % Cy 2) (12)
\/”“'z2 + (= Cy + 1 Sy)

8 = atan ((txCy + 17, Sy) /7z) (13)
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Optic Flow-Based Navigation Strategy
°

Optic Flow-Based Navigation Strategy
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Optic Flow-Based Navigation Strategy
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Optic Flow-Based Navigation Strategy
O@0000

Attitude Stabilization

Optic Flow-Based Navigation Strategy

Translational Optic Flow

It is assumed that the vehicle attitude is stabilized atqs =[100 O]T such the vehicle
receive a purely translational OF:

w;=x/d; withje {r,/,u,d} (14)

where x is the forward speed if q ~ g, and d; denotes the distance to the corresponding
surface.
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Optic Flow-Based Navigation Strategy
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Attitude Stabilization

Optic Flow-Based Navigation Strategy

: Quaternion Error

=
The hexarotor is meant to hold a constant attitude q, = {qod q\fd] . The quaternion
error and its derivative are:

=T

1 aj 77
9 =0;' ©q= a=|d, al,] (15)
—da

=qQ= [Qoe QL]T (16)
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Optic Flow-Based Navigation Strategy
000@e00

Attitude Stabilization

Optic Flow-Based Navigation Strategy

Attitude Stabilization: Adaptive Integral Sliding Mode Controller
The sliding surfaces read as:

T .
On = [% 09 Gw] = TnQve +AnQv, +£q, (17
67] :Tﬂqu+Aﬂqu +dve =0 (18)

with T5 = diag (vs, ve, vy ) ,Aq = diag (14,26, Ay ) € R3*3 diagonal matrices
containing the control gains v,A > 0, and &g, = [ qy,dt.

The control input is defined by Uy = up, +Un, = [Up Us Uy] " € R3.
To mitigate the nominal dynamics:

up, = —I=§ [quJrzzda;,‘ (An€ve +qve)] 1Qx(IQ)
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Optic Flow-Based Navigation Strategy
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Attitude Stabilization

Optic Flow-Based Navigation Strategy

Attitude Stabilization: Adaptive Integral Sliding Mode Controller
To mitigate the external disturbances pq:

Uy, = —IAntanh(ay /o) (19)

with Ap =diag (84, 89,8y ) a matrix of adjustable control gains § > 0 and @, >0
being a small real constant.

Ay dynamics::
Ap =Ky Ug, (20)

with Ky = diag (i, kg, ky) € R%*3 (k> 0) and Aq,, = diag (|oy |, [op],|oy|) € RS,
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Optic Flow-Based Navigation Strategy
00000e

Attitude Stabilization

Optic Flow-Based Navigation Strategy

Attitude Stabilization: Stability Analysis

Lyapunov candidate function Vy € R:

1 1
Vo= 50700+ 51 (A —Dn,) Ky (Bn =Bl &)

where I3 € R3 is a vector of ones and |An,| > |pql| the unknown terminal value
reached by Ay, such that Ay — Ay, ast — co.

Lyapunov candidate function derivative:
. . T
Vo =076n+1 (Mg —Ap,) Usyls (22)

It is evident that V,, > 0. Additionally, Vy < 0 since cgd,, < 0 by definition,
Ap < Aq,, [Ag,| > |pyland Ag, > 0. Thus, asymptotic local stability is

guaranteed.
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Optic Flow-Based Navigation Strategy
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Triple Optic Flow Regulation

Optic Flow-Based Navigation Strategy

Triple Optic Flow Regulation: Translational Control

A forward speed control loop: Regulates x in order to keep the maximum sum of the
two diametrically opposed OFs constant and equal to wy = 4.57 rad/s.

A positioning control loop: Regulates the distance w.r.t. the walls and the ground or
the roof such that max (e, ;) — w, = 2.4 rad/s and max (wy, ¥g) = ©; = 2.4
rad/s.

Triple Optic Flow Regulation: Optic Flow Errors

The OF errors are defined as:

= J(max (wy + 0g, 0+ 0r) — ox)dt
ew, = |€n, | = max (@, or) — @y (23)
€, max (wy, 0g) — @z
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Optic Flow-Based Navigation Strategy
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Triple Optic Flow Regulation

Optic Flow-Based Navigation Strategy

Triple Optic Flow Regulation: Adaptive Integral Sliding Mode Controller
The sliding surfaces are:

T .
o= [Gx oy gz] = Tgew,; +/\§ ew,: +€m§ (24)
0'5 :Tgéw§+A§éw§+ew§ =0 (25)

with Te = diag (vx7 Vy, vz) Ne = diag (lx,ly,lz) € R3*3 diagonal matrices containing
the control gains v,A >0, and Eop = fea,g at.
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Optic Flow-Based Navigation Strategy
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Triple Optic Flow Regulation

Optic Flow-Based Navigation Strategy

Triple Optic Flow Regulation: Adaptive Integral Sliding Mode Controller

Since w; > 0, an additional step must be considered to define the control input
U = [Ux Uy U] T ¢ R®. The auxiliary control input ug = [ux Uy U] Ter3is:

ug =T, (Agéw5 +ew§) — Agtanh (05/((0.5) (26)

where @ > 0 is a small real constant and A, = diag (SX, Sy,SZ) € R3<3 is an adjustable
control gain matrix whose dynamics is defined as:

Ay = K;Qlag (27)

with Ky = diag (kx, ky, kz) € R%*3 (such that x > 0) and
g, = diag (Jox|, loy],loz|) € R3S,
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Optic Flow-Based Navigation Strategy
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Triple Optic Flow Regulation

Optic Flow-Based Navigation Strategy

Triple Optic Flow Regulation: Adaptive Integral Sliding Mode Controller
According to the largest of the OFs, U is written as:

Uy = muy
Uy mu, @ > or
. Uy =
U= |U,| with —mu,  else
U, m(uz+9) oy > oy
U, =

—-m(uz—g) else

To compute the forces Tpy,: Te = Ug and 7 = Uy.
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Optic Flow-Based Navigation Strategy
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Triple Optic Flow Regulation

Optic Flow-Based Navigation Strategy

max( @+ @y 0+ @)

——— Forward Speed Control Loop
s Positioning Control Loop
aptive Integra s Attitude Control Loop
Y ; Adaptive Integral
& —>H “"»1 T nall E'—» Sliding Mode Control:

Forward Speed

»m L_fomardsoed_ | o [ > m—
@y _>€. Adaptive Integral o &

+‘ >l U ] Sliding Mode Control:
Positioning

O

max( @y, W) Uel....» Hexarotor dynamics
max(@; . @) - T

Conversion: | T, dynamics |

&> Desired qd q; q, €, - (k)xllrol:nputs o 3 . .
q attitude "E ) >m > Adaptive Integral [ motors' forces |
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Figure: Control diagram including the triple OF regulation for FAH and UAH (faded elements are necessary for UAH).
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Simulation Parameters

Results

J. Castillo

Table: Hexacopters parameters

Results
oeo

Hexarotor platform
Property/Parameter FAH UAH
m [kg] 0.05
I, by, I [kg mm2] 140, 197, 250
2[m] 0.04
¢ [m] 0.3
o; [deg] (1) 25 0
Bi [deg] 0
T (Tm, upper bound) [N] 0.015
g [m/s?] 9.81
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Results
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Simulation Parameters

Results

Table: Controllers parameters

Control gains

Gains FAH UAH
Vs Ay By K 1.1, 2, 0.15, 1000
vy, Ays 8y, Ky 0.5, 0.45, 0.05, 1000
Oz, Az, 8z, Kz 0.5, 0.25, 2, 1000
Vg, Ags Bgys Kp 0.002, 0.075,

Vg, Ao, gy, Ko 0.01, 2, L e

1,1 0.0005, 0.175,
0.01, 1000

P&, 0.1, 0.01
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Simulation Results

Results

EIS]

O®@000000000

1
AFATL % UALL
. 4 FAH, ¢ UAH,
E 0.5
0.25 //
0
1

z [m]

Figure: 3D motion.
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Figure: Forward velocity.
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Figure: Position along y;.
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Figure: Position along z,.
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Results
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Figure: Maximum sum of the two diametrically opposed OFs (some OFs have been scaled).
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Figure: Maximum vertical OFs (some OFs have been scaled).
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Figure: Forces comparison: Rotors 1, 2 and 3.
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Figure: Forces comparison: Rotors 4, 5 and 6.
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Concluding Remarks
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Concluding Remarks

Concluding Remarks and Future Work

A corridor honeybee-inspired navigation strategy based on OF has been adapted to
a FAH.

Vehicles navigate through a straight corridor while reacting actively to the
irregularities of the surfaces.
Future works:

m Rotational optic flow perturbation

m Different control techniques

m Bio-inspired data fusion and odometry

= Real experimentation in more complex scenarios
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Concluding remarks

THANK YOU FOR YOUR ATTENTION
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