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Introduction
°

Main problem

Based on article: Altitude and attitude sliding mode control of
UAV under wind disturbances. G.Perozzi, D.Efimov, JM.Biannic,
L.Planckaert, P.Coton. Submitted to IFAC 2017 Toulouse.

@ Action in urban areas (eg: earthquakes like in Italy).
@ Fluid obstacle.
@ Unpredictable turbulent airflow pattern.




Introduction
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Contributions

@ Aerodynamic model, which takes into account wind
disturbances directly inside of UAV dynamics equations;

@ Nonlinear control law which considers realistic assumptions on
external disturbances of quadrotors.

Why sliding mode control?

@ SMC is an efficient tool to design robust controllers for
nonlinear systems operating under uncertainty conditions



UAV dynamical model
°

UAV configuration

@ Rotational matrix
CpCop  —SpCp + CypSeSp  SpSy + CySaCy
R= Sy Ch CyCo + SySeSp —CySp + SySeCop
—Sp CoS¢p CoCo

o Passage from earth frame (RRg) to body frame(R)
[XTr = [XTr, - R

0



Dynamics

UAV dynamical model
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@ Traslational dynamics in the body frame

u P u FXaero —& sin6
m|v|+m|qg| X |v|=|Fvaero| +m |gcosBOsin¢
W r w F7sero g cos B cos ¢

@ Rotational dynamics with respect to inertial earth frame

p p p Laero
/ C] =—19| X / q| + Maero
F r r Niero

@ Relationship between angular velocities and eulear angles

¢ =p+tanb(gsing + rcos¢)
qucosq)— rsin¢

. qgsing + rcos¢
v= cos 6




@ UAV desired movements are obtained changing rotors speed in
a proper way (altitude and attitude)



Dynamics

UAV dynamical model
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@ Aerodynamic forces and momenta for each rotor

u u
Fx; = — pAR? v Chjw;
L E S (7= E
ij = —pAR2 i~ Yw CHJ(UJ2

Fz- = — pAR2 CTJ-CL)J2

ui—u
L; = —signw; AR3 J id Crmiw?
/ A e e (7

. 3 Vi — VW 2

M; = —signwj;pAR J 2C,Qmja).

V(4 = uw)? + (v — vw)
N; = — sign wjpAR> Cow?



UAV dynamical model
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Dynamics
@ Total aerodynamic forces
4 4 4
FXaero: FX'v FYaero: FY'. FZaero: FZ'
J J J
Jj=1 Jj=1 Jj=1

@ Total aerodynamic momenta
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UAV dynamical model
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Dynamics

@ Aerodynamic coefficients from blade element momentum
theory

o Simplified coefficients

4 wi—wy

Aj :)\sa - 7Kz
SR 52 Rlw)]
— Wy
Cr; =C K
Tstat+ R’ _/’

Chj =Kpp;



Control design
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Sliding Mode Control
SMC design is composed of two steps:

@ Design of a surface. While on the sliding surface, the
dynamics is restricted to the equations of the surface and is
robust against external disturbances.

@ Design a feedback control law to provide convergence of the
system trajectory to the sliding surface, and to obtain a finite
time convergence.




Control design
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Sliding Mode Control

@ Reaching phase: the trajectory, starting from a nonzero initial
conditions, reaches the sliding surface.

@ Sliding surface: the trajectory remains and evolves according
to the dynamics specified by the sliding surface.

x(0) %

Fast pynamies
Switching Action

Reach) u+ Slowpynamics /
Phase "\_\ \/
/ L Sliding surface, |
| ss0 |



Control design
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Sliding Mode Control
Chattering issue:
@ In theory the trajectory slides along the surface.
@ In practice there is high frequency switching called chattering.

@ Solutions have been developed to reduce the chattering so
that the trajectory remains in a small neighborhood of the
surface (High order SMC, saturation function).

Boundary layer
-~



Control design
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Sliding Mode Control

@ Errors

€z =Z — Z{es

€p =¢ — Pdes e
Chattering
€9 =0 — Oges
€y =1 — Pdes e
g
. . \\0
@ Sliding surface

Si=¢ +wuje;, a; >0
@ Lyapunov function

1
V, = =52
25’



Control design
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State-space form

@ System
X =f(X,U,d)
o State

X=1Ixyzxyz¢ 09 paqr

e Control
Uz Kf Kf Kf Kf w%
U— Ug _ Kf/Cj Kf/Cj Kf/Cj KfICj w%
U(p —KfISJ‘ —KfISj —KfISj —Kf/Sj w%
Ul,b Km —Km Km _Km wz%

where Kr = pAR? C1gtar, Kim = pAR? (720 + Agrapora( o — Astat)),

Control inputs are proportional to the terms with wf. The other terms
dependent linearly on w; and wind velocities are considered as disturbances.
Since we do not know in advance the wind perturbations, then we cannot use

these terms in controls.



Control design
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Disturbances

@ Upper-bound of the control equation from Jensen's inequality

4
Y lwjl < Kylusl. K=
j=1

@ Disturbance upper-bounds after substitutions

|dX‘ SRD (|X| + DX) V |UZ|
|dy| <Kp (IX] + Dy) /| Us|

ER

de| <Kz (1X]+ D) /| Ul

gl <Ry (fpn (X) + Dga) /Ul + Ko (f2 (X) + Dye)
de| <Ko (for (X) + Don) /|| + Ko (2 (X) + Do)

(dgl <Ry (fyn (X) + Dyn) /| Ua| + Ko (fya (X) + Dyo)



Control design
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Altitude control

Steps to design the altitude control:
@ System in compact form

1
2 =g — (cos¢cosf) ;(Uz_f— d,)

@ Error between reference signal and state value

€z = Z — Zdes

@ Derivative of the sliding surface

) 0
SZZZ—FlXZZ:g—W(Uz‘Fdz)"’D‘ZZ

e Control equation

m
, =

(g — 0, +azz) < (‘g‘f’“zz’"“‘r&‘)

_m m
cos 6 cos ¢ 0%

@ Derivative of Lyapunov function

. . 1 1.
V:5252§52~z Sz dz* :Sz~z Sz *Kz X Dz Uz
e+ Sellde | = See (S, K (X1 -+ D) /]



Control design
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Altitude control

V <S,0, + |S.] (o(X) + V(X)\/@)
o(X) :\/TMXHD» &+ .zl

vX) = [ 7R (X1 4 D2

@ Auxiliary control

b, = — B(X)sign(S;)

BIX) =2 (v(X)? +20(X) +v(X)y/V2(X) + 4a(X)) +5

@ Finite time stability proved

V< —V25VV



Control design
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Attitude control

@ Attitude is equivalent to a control of linear acceleration so it
leads to stabilizing the linear speed.

Steps to design the roll control:
@ System in compact form

ooy — 1, 1
(PZQI[Jny /—(U¢+d¢)

XX

@ Error between reference signal and state value
eq; - 47 - (Pdes

@ Derivative of the sliding surface

Y S B .
Sp =P +app = 092 —=+ —(Up + dp) +ay¢
e Control equation
oy, — Ly .
Up = hox (‘W’yy,xx + g — "‘¢<P>



Control design
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Attitude control

@ Derivative of Lyapunov function
: . . 1
V' =5p5 < Splip + (S dp |
XX

< Splip + |,5¢| (Ro (.(X) + D) /1 Uzl + Ry (f2(X) + Dyo) )

XX

@ Auxiliary control

1 _
Uy = — EsignS(l,(qu(fcpl (X) + D4>1) \/‘UiZ|

+ Ry (fp2 (X) + Dp2) )



Summary scheme

z, ¢, 6, y desired
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Control design
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Results
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Simulations

Simulation data and constraints:

@ wind signal

mass UAV 0.47Kg
max rotor speed 400rad/s

max thrust rotors 5.6 N

: 1
rotors dynamics 15g3;



Results
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Simulations

@ For a suciently small ¢, if for a sign function all trajectories
converge to an equilibrium, then with a saturation all
trajectories converge in a compact set around that equilibrium.

@ Saturation function:

sign(x) if x| >1

satyp(x) =
¢( ) arctan (%x) otherwise

sat(s/®)

»-—-




Results
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Simulations

@ System response to desired input with no wind disturbances

(i) z correction and altitude control (j) pitch correction and control

(k) roll correction and control () yaw correction and control



Results
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Simulations

@ Robustness of the proposed control under wind disturbances
and convergence

(o) roll correction and control (p) yaw correction and control



Conclusions

Summarizing:
@ Choice of UAV physical model influenced by wind disturbance;
@ SMC applied to UAV problems (attitude and altitude) with
simplified coefficients equations;

@ Robustness of the proposed SMC method with respect to:

e wind disturbances;
e uncertainty of identified model parameters;
e unmodeled rotor dynamics;

@ Further work in trajectory considering also Xges,Ydes:Xdes:Ydes-

Thank you for your attention!
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