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Tracking control: non-social behavior
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Formation tracking: More social behavior

Spatial trajectories
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Formation control: Social behavior (no tracking)

Spatial trajectories
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Distinguishing features

Combination of all of the following ingredients

5

Underactuated (not fully actuated)

Dynamics (not only kinematics)

Both translational and rotational dynamics

Consider attitude on SO(3), not Euler angles or quaternions
Almost global tracking results, not local (positive total thrust)
Uniform asymptotic stability
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Dynamics
Drone dynamics (m; > 0, J; = JT > 0)
pi = Riv;
. N T fi
I
Ri = RiS(w)
Jiwi = SUiwj)wi + i

Formation frame: py, Ry.

Reference dynamics (0 < " < f, i())

Prj = Rr,in,i

fr,i

m;

- T
Vri = —S(Wr,i)l/r,i =+ gRr7ie3 - es

Rr,i = Rr,iS(Wr,i)
Jicorj = S(iwr j)wri + 71

Position expressed in formation frame: p,; = R}-(pni — pf) < pri = Re(pri + pf)-

6 Almost global decentralised formation tracking for multiple distinct UAVs

TU/e



Formation frame

Spatial trajectories
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Problem formulation (1 of 3)

Define (translational) errors expressed in formation frame:
Pei = Pri—Pi = Ri(pri — pi) Ve = Rf (Rrjvri — Rivi)
Define (bi-directional) communication topology:

g 1 if UAVjandj exchange positional information
~ 10 otherwise

b — b — 1 if UAViand j exchange velocity information
7710 otherwise

Assumption: Graphs with incidence matrices A = [a;], B = [bj] are connected
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Problem formulation (2 of 3)

Formation forming:

lim [|pe.(t) — Pe, ()] = O lim [[Ve,(t) — Vey(t)]] = 0
t—o0 t—oo
In case of formation tracking, i.e., lim¢ oo [|Peill = lim¢—oo |[Vei|| = O also attitude
tracking, i.e.
lim Rei(t) =13 lim we;j =0
t—oo t—woo

where R, ; = R,TRr,i and we; = wrj — RZ,,wi
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Problem formulation (3 of 3)
Find controllers

n
fi = 2 (Pe.i, Ve,is Re i we ir t) + Z 0ifii (Pe i Re,i we iy Pe j t) + bijﬁf?(Ve,i, Re i, we i, Ve, t)
=

n
0 a b
Ti = T; (Pe,is Ve,is Re i, we,is t) + Z 0jiTij (Pe,is Re,is We,is Pejs t) + BijTif (Ve i, Re iy e i Ve ji, t)
=

which guarantee formation forming and in case of formation tracking also
attitude tracking

NB: incorporate trade-off between formation forming and reference tracking.
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Main idea

Two steps:

1. Use virtual input to achieve formation forming (tracking) of translational
dynamics

2. Achieve realisation of virtual input, and (if possible) attitude tracking

Difficulties step 1

* Time-varying dynamics (dependent on wy).

* Non-zero virtual input (solved using saturation)
Issue with combining step 1 and step 2

* Stability of cascade
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Position tracking control
Position tracking error dynamics

pe,i = _S(Wf)pe,i + Ve,i
Ve,i = _S(Wf)ve,i + Ue j,

where

Uel = _Rf <frl i — ﬁR,) e3.

m;
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Some more ingredients

* s:R — Rin C? satisfies s'(0) > 0 and [ s(x)dx radially unbounded.
* 0 :R" = R" o(e) =s(eTe)e
* If |lo(e)|| < M for all e € R", o is called saturation function.
Some observations:
* Possible candidates: o(e) = kpe and o(e) = Kokt o1 o > 0, koo > O.
\/ k&, +kzeTe
* o(—e)=—o(e)
* If ajj = 0 and oj(x) = gji(x) then: 37, 27:1 ajjoii(X; — X;) = 0.
Lemma (cf. Ren, 2008, Lemma 3.1): If a; = a;; and oj(x) = 0i(x) then:

S S a(xi = xp) oy — yp) = 2350 S apxl oy — ).
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Position tracking result
Consider the position tracking error dynamics

pe,i = _S(Wf)pe,i + Ve,i

_ _ . VeJ = —S(Wf)Ve,i + Uej,
with virtual input
n

Uej = _aiUPf(pe,i) - 5iUv;(Ve,i) - Z {aijap/j(pe,i - peJ) —+ bijUVf,-(Ve,i - VeJ)]

j=1
where op,(x) = op;(x). Then we have for w; and wy bounded:
* If « = 8 = 0: Formation forming
* Ifa; >0,68>0,37,0;>0, Y7, 5 > 0: formation tracking
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Matrosov like theorem (Loria et.al., 2005)

Consider the dynamical system
x = f(t,x) X(to) = Xo f(t,0)=0 (*)

f:RT xR" — R" loc. bdd., cont. a.e., loc. unif. cont. in t. If there exist

o j differentiable functions V; : R™ x R” — R, bounded in t, and

o continuous functions Y; : R” — R fori € {1,2,...j} such that

* V; is positive definite and radially unbounded,

* Vi(t,x) < Yi(x),forallie {1,2,...,j},

x)=0forie{1,2,...,k— 1} implies Yy(x) <O, forallk € {1,2,...,/},

—~

i
* Yi(x)=0forallie{1,2,...,j} impliesx =0,
then the origin x = 0 of (*) is uniformly globally asymptotically stable.

~—~
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Proof (first claim: formation forming)

n n
1
Vi = Z Z Vo, (Pe,i — Pej) + E(Ve,i — Ve) (Ve — Vey)

i=1 j=1

n n
- Z Z bij(Ve,i - Ve,j)TUV,-j(Ve,i - VeJ) =Y (Ve,i - Ve.j)

i=1 j=1

== Z Z(Ve,i — VeJ)T(VeJ' — Vej)

i=1 j=1

n n n
—ZZ Zaikapik(pE,i — Pek) Za/kap,k Pej— Pek) |+ Mz Z [Ve,i — Vel

i=1 j=1 Lk=1 i=1 j=1

Y2(Pe,i—Pe.j:Ve,i—Ve,)
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Proof (second claim: formation tracking)

Za/ op,; (Pe,i) +Zzalj op; (Pe,i — Pej) + ZZ eiVe,i

/1/1

Zﬁl e,iovi(Ve,i) _Zzbl/ Ve, — VEJ) UVU(VGI Vej) = Y1(Ve,)

i=1 j=1

T .
== Z Ve iVe,i
i=1

2
n

n n
Vo < =) |eiop(Pe) + Y 0jop,(Pei— Pej)| + D> MVeill = Ya(Pe,is Ve,)
i =1 i=1
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Attitude control (1)

Since U, = —R} (f,;,—’;Rn,- - LR,) e3 we ideally need f; and R; to satisfy:

fiRies = miRsUej + fr iRr i€3 so take f; = |miRsue i + fr iRy i€l

MiRsUe i+fr iRy i€3
|miRsUe i+fr iRr €3] *

Define desired thrust direction f; =

By using saturation functions in ue, we can guarantee that f, ;. > 0 since
0 <fim < fri(0). _

fj,i fai fai T
U= 1+fd1,i3 B ijd,i; fai
Define desired attitude: Ry; = | faifus, Tais | €s0@)
T +fds - THfu, fa i,
L S, ~fai,  fail

18  Almost global decentralised formation tracking for multiple distinct UAVs

TU/e



Attitude control (2)

. . : T
faifais  ; faiJais  fairfaiy —Ta,ifa,i
fai, — :

Correspondingly, let wy; = |—f,;
P gy df fd”z . 1+fa,ig 1+fa,i3 T+ is

Define the following attitude error and angular velocity errors:

> T (pT ~ T pT
Ri = Ry (Rl Ri) & = wj — R Ry jwr i — Rj wa ,

Then the controller 3

7 = —SUiwi)wi +JiR] Rr jeor,i—JiS (@) lwi— 5] — KuiliR] [S(wa YR jori— g 11> _Kii(ejx Rley),
j=1

with K,; = K7, > 0, and k; > 0 distinct (i.e., k; # ko # ksj # ki), renders the

resulting equilibrium point (R;, ;) = (I,0) both UaGAS and ULES.
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Cascade analysis

Overall closed-loop dynamics:

pe,i = _S(Wf)pe,i + Ve i

Ve,i = —S(Wf)ve,i —+ Uev,' — ,{;(I = :T?,'T)eg

i

R = RiS(&)

3
Jiki = —Kj@i + Z k/,(e/ X R,Te/)
j=1
Boundedness of solutions follows from V < S°7 vl (1 — Ry)es <

<MVV T |13 — Rl so /V(t) — \/V(to) < M(Ri(to),&i(to)) due to ULES
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Conclusions/Concluding remarks
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decentralized controller
uniform almost global asymptotic stability
considering attitude on SO(3).

illustrated trade-off between individual trajectory tracking (non-social) and
formation forming (social)

currently students work on experiments in lab (using Parrot Mambo
drones)

there is no need to exchange velocity information between UAVs since we
can use an observer for reconstructing those
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