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@ Problem definition
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Problem definition

@ Path-following guidance in 3D
@ Non-singular kinematics

@ Wind disturbances
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© Kinematic model
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Reference frames

@ Inertial reference frame {i}: Origin at O; with right-hand axes
oriented in north, east and down (NED)

o Body-fixed frame {b}: Origin Oy at the vehicle's COM with
right-hand axes aligned with the principal axes of inertia

o Serret-Frenet frame {f}: Origin at Oy and with axes defined by the
tangent 7', normal N and bi-normal B vectors of the desired spatial
path

Non-singular Serret-Frenet frame
Evolution of f-frame will serve as new degree-of-freedom
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Kinematics

o 22 :=col(al,yl, 2,): Position of {b} wrt {i} (subscript) when
expressed in {b}(superscript)

@ Oy := col(¢,0,1) vector of rotation angles about x,y, z axes in {i}.

o ¥, := col(u,,v,,w,): relative velocity

o V! = col(¥},, V!, ¥!.): wind velocity
Body kinematics: N . .
Zyi = Ry(©n) V7 + 7 (1)
New reference frame {c}, obtained from the frame {b} through
o = arctan(;=)
Be = arctan(ﬁ, (2)

with wu,.q the desired, constant, longitudinal relative speed
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Kinematics

Objective

Control relative orientation of the {c} frame with respect to the {f} via
O ¢ == col(¢e, Oc, Pc) (equiv. R$(Opc)) such that

(t) := col(wpf, Yns, 2pf) = O.

Path: ©;¢ = col(¢y,0¢,1f), curvature &, torsion 7 (known)
Serret-Frenet dynamics:

T T
N |=3s]| N |, (3)
B B
with $ instateneous speed of virtual UAV on the path and
0 —k(s) 0
J:=| k(s) 0 —7(s) | . (4)
0 7(s) 0
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Kinematics

Ly = R{(Ou) Vi — ser — 5] iy
= RJ(0uf)(% — RUOW) YY) — ber — ] iy

Useful identities: asinz + bcosz = va? + b?sin(x + arctan( b)) =
Va® + b2 cos(z — arctan(2)),

Rl (@)% = RI(O7)R;(On)7

Vac(N) Vae(p)
= RI(O.) | Vas()\) Vis(() (6)
Vis(7) Vis(C)

with ¢(-) := cos(-), s(-) := sin(-)
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Kinematics

New variables:

Vo= u? 4 w? (7)

voi= e — arctan(&) (8)
Vo = /(Vicosy)? + 02 (9)
A = [, — arctan( o5y (10)
Vs = /(Vacos(A —t))? + (Vi sinn)? (11)
. Vi sinvy
poi= 0.+ arctan(—v2 cosh = ¢C)) (12)
Vi = /(Vasinp)? + (Vasin(\ — ¢))2 (13)
¢ = ¢, — arctan( Vs sin p ) (14)

Vo sin(A — 1.)
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Kinematics

Assumption (A.1)

The relative longitudinal velocity is non-zero and positive, i.e. u, > 0.

Assumption (A.2)

The roll is negligible, i.e. ¢ = 0.

Ty V3 cos p $ Thf v
or | = | —VesinA =) | —| O | =8 | wy |+ | Vi |. (15)
be V3 sin,u 0 2bf sz

Assumption (A.3)

The wind is considered either constant or slowly time-varying, and
irrotational, i.e., V! = 0.

|. Sarras (SUPELEC) UAV Guidance in Wind GT UAV - 10 Avril 2014 10 / 22



© Wind estimator
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Wind estimator

Consider the kinematic model (1) that is perturbed through the wind velocity ¥,
that satisfies A.3. Then, the estimator

9B
0Zy;

£=- (Ry(©w)¥r + &+ B(Z3)), (16)

with
B(Z) == 245, ¥ = diag(0;),0; > 0,i = {1,2,3}. (17)

provides a globally exponentla//y convergent estimate of the wind velocity given

by ¥} =& + B(Z).

Proof.
bi op i op i
VA(Z)) = | 2] . ,
V. < —min(oy)| 2], (19)

|. Sarras (SUPELEC) UAV Guidance in Wind GT UAV - 10 Avril 2014 12 / 22



Outline

© Guidance law
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Integral input-to-state stability (ilSS)

Theorem (Lyapunov characterization of iISS (Angeli,2000))

Consider the system
&= f(z,u), (20)

where f : R™ — R" s a locally Lipschitz function with the state x € R"=,
and the input signals u : R>g — R™ that are considered to be locally
essentially bounded. System (20) is said to be ilSS if there exists a positive
definite radially unbounded continuously differentiable function V', a K
function ~y and a PD function « satisfying for all x € R"™* and all u € R™

WD), u) < ~avalfal) + (). (21)

|. Sarras (SUPELEC) UAV Guidance in Wind GT UAV - 10 Avril 2014 14 / 22



Theorem (ilSS of cascaded systems (Chaillet,2008))

Consider the cascaded system

i = f(z,2) (22a)
= 9g(2), (22b)

with f: R" x R™ — R"=, g :R"™ — R"= Jocally Lipschitz with the
property that f(0) = 0, g(0) = 0. Assume that the origin of (22b) is
globally attractive and that there exist ¢ > 0, two continuous, positive
definite, radially unbounded functions V,,, V,, differentiable on R™* and
B: \ 0 respectively, and satisfying

IV, (x)
ox

oV, (z)
0z

where o, o, € PD and v € K. Then under the condition that
v(s) = O(ax(s)) in a neighbourhood of zero, the cascade (22) is GAS.

f(2,2) < —ag(lz]) +7(]z]), VeR™ (23)

9(z) < —a.(lz]), VzeB:\O, (24)
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Consider the differential kinematic model (15) along with the observer in
(16)-(17). Then, the guidance laws given by
k
po= - arctan(w) (25)
P2
(P VPhzg — [P\ JVERB 2R, + (V8 — (F)2)03 26)
p1 = -
: Vi - (7L
k
Ye = A— arctan(w) (27)
P4
Oy = Vil Vi3t + 02 - GO
ps =
Vi = (V)
k &
§ = &—FV‘;COSM—F%{; (29)
\ /asgf + p%
with k1, ka, k3, po, p2, p3 > 0, ensure that Z,; = 0 is GAS.
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Proof (Sketch)

Lyapunov fct: V,(Zpr) == In(1 + | Z5s]?)

Ve

IN

1 B klng _ ‘/Qkagf B ‘/?akQng
L+ [Zos? Vet +ob Vawr+ps)? 0k hauy +p1)? + 45
Vaps _viy- Vap1

!
Yoy ( ay) = zpf( -VZ)
V (k2yey + p3)? + p3 Y V (kszop + p1)? + p3
Top 2, ,)

1 kll“bf V2k2y§f V3k321§f
REAEZE ¢ TR VLT TR R L E R
EAl (30
Vaps = VS —RIT (31)
v (kays + p3)? + p3 '
Vsp1 — Vf _RfVZ (32)

V (k1zr + p1)? + 93
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Outline

© Simulations
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Simulations

Objective: Follow a clockwise helix moving with radius R = 100m and a
vertical separation of h = 50m between helix loops

Helix parameterization: z¢(s) = Re(——=—), y¢(s) = Rs(i)
R2+(5%)? R2+(5%)
h VR . VR
zf(s) = ﬁi]«%ﬂ(# ¢r(s) =0, 0¢(s) = arctan(35),

=—L£ __ 1(s)= = :
\/ R2+(2)2 VR2H ()2

o Z,7(0) = (—10,100,10)(m)

° up = v = w, = 105

° V;:—S,V;——S Vi=1(2

o k=1

e £(0) =X2.:(0),0; = 1.

sec )
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No disturbances
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Figure: Desired (blue) and actual (red) paths
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Figure: Body position with respect to the Serret-Frenet frame
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With disturbances
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Figure: Desired (blue) and actual (red) paths
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Figure: Body position with respect to the Serret-Frenet frame
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Wind velocity estimation
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Figure: Wind velocity estimation errors (ms~—!)
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