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Abstract— Synergistic hybrid feedback refers to a col-
lection of feedback laws that allow for global asymp-
totic stabilization of a compact set through the following
switching logic: given a collection of Lyapunov functions
that are indexed by a logic variable, whenever the cur-
rently selected Lyapunov function exceeds the value of
another function in the collection by a given margin, then
a switch to the corresponding feedback law is triggered.
This kind of feedback has been under development over
the past decade, and it has led to multiple solutions
for global asymptotic stabilization problems on compact
manifolds. The contributions of this paper include a syn-
ergistic controller design in which the logic variable is not
necessarily constant between jumps, a synergistic hybrid
feedback that is able to tackle the presence of parametric
uncertainty, backstepping of adaptive synergistic hybrid
feedbacks, and a demonstration of the proposed solutions
to the problem of global obstacle avoidance.
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[. INTRODUCTION
A. Background and Motivation

In this paper, we address the problem of designing a
controller for continuous-time plants of the form

&p = Fp(zp, up, 8) (1)
where x, € A}, denotes the state of the plant, u, € ), is the
input, and 6 represents the plant parameters. The main goal is
to design a controller that globally asymptotically stabilizes
a compact set A for the closed-loop system both when the
parameter 6 is known, but also when it is only known to
belong to a given compact set €.

In the presence of topological obstructions, this objective
is not attainable via continuous feedback and, even though
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it might be attainable through discontinuous feedback, the
resulting closed-loop system may not be robust to arbitrarily
small noise (cf. [1] and [2]). These limitations of continuous
and discontinuous feedbacks constitute the motivation for the
development of synergistic hybrid feedback.

In this paper, we present two novel synergistic hybrid
controllers for global asymptotic stabilization of a compact
set for a closed-loop system. The first controller design
considers that the parameter 6 is known, while the second
controller design considers that 6 is unknown but belongs to
a known compact set 2. Additionally, we apply the proposed
controller designs to the problem of global asymptotic stabi-
lization of a compact set for control affine systems and to a
problem of global obstacle avoidance.

B. Literature Review

Synergistic hybrid feedback is a hybrid control strategy
that consists of a collection of potential functions that asymp-
totically stabilize a given compact set by gradient descent
feedback. If, for all equilibria that do not lie within the given
compact set, there exists another function in the collection
that has a lower value and does not share the same equilibria,
then it is possible to achieve global asymptotic stabilization
of the given compact set through hysteretic switching (see,
e.g., [3]).

Synergistic hybrid feedback came to prominence with the
work [4] on quaternion-based feedback for global asymptotic
stabilization attitude tracking, thereby solving the attitude
control problem (cf. [5]). The framework of synergistic
hybrid feedback provides not only a solution to the prob-
lem of attitude control but, more importantly, it provides a
robust solution for global asymptotic stabilization on compact
manifolds. The works [6], [7] and [8] leverage the concepts
at the root of synergistic hybrid feedback and use them to
design controllers that are applicable to a broad class of
systems. However, most of the contributions to this class
of hybrid controllers are on the control of robotic systems,
such as pendulum stabilization [9], vector-based rigid body
stabilization [10], [11], [12], tracking for marine and aerial
vehicle [13], [14], [15], and rigid body trajectory track-
ing [16], [17], [18]. Within the field of robotics, we single out
the problem of obstacle avoidance, which is also addressed
in this paper.

Obstacle avoidance is an important and longstanding prob-
lem that reflects the need to drive the state of a system from
one place to another while avoiding obstacles in its way.
Several solutions to this problem have been proposed over
the last few decades as highlighted in [19]. In particular,
it is possible to find both stochastic [20] and deterministic
approaches [21] to tackle the obstacle avoidance problem.



However, it was shown in [22] that in a “sphere world,” there
is at least one saddle equilibrium point for each obstacle
within the state space, thus precluding global asymptotic
stabilization of a setpoint by continuous feedback. To address
this limitation, hybrid control solutions to the problem of ob-
stacle avoidance were proposed in [23], [24], [8], [25], [26],
and [27].

Although not directly addressed in this paper, the concepts
of synergistic hybrid feedback have also been used for ob-
server design and optimization in [28] and [29], respectively.

C. Contributions

The contributions in this paper are as follows: 1) We
develop a dynamic synergistic hybrid feedback controller for
global asymptotic stabilization of a broad class of dynamical
systems. Similarly to [18] and [15], we consider that the
distinguishing feature of synergistic hybrid feedback is the
switching logic, thus we depart from earlier works which
were limited to controller variables that were constant during
flows, and we propose a controller design that encompasses
all the aforementioned works on synergistic hybrid feedback
as special cases. The significance of this contribution stems
from the fact that we provide conditions for global asymptotic
stability at the level of the controller data so that practitioners
can easily verify whether the proposed controller design
is applicable to their problem of interest; 2) We provide
a modification to the synergistic controller that takes into
account the presence of parametric uncertainty. In this way,
we extend the results of [30] and [14] to a more general
setting, and we improve the jump dynamics to enable faster
convergence of solutions to the hybrid closed-loop system to
a desired compact set; 3) We demonstrate how a synergistic
hybrid feedback controller can be used to develop an adaptive
synergistic controller for the stabilization of compact sets for
affine control systems under matched uncertainties; 4) We
show that the proposed adaptive controller is amenable to
hybrid backstepping; 5) We apply the proposed controllers
to the problem of global obstacle avoidance in the presence
of parametric uncertainty and illustrate the behavior of the
closed-loop system through simulations.

The paper is organized as follows: in Section III we present
the main assumptions on the plant dynamics. In Section IV-B
provides conditions under which the closed-loop system is
well-posed. In Section IV-C we provide sufficient conditions
for global asymptotic stability of a compact set for the closed-
loop system. In Section V, we develop the concept of robust
synergistic hybrid feedback. In Section VI, we apply the
synergistic approach to the development of an adaptive syn-
ergistic controller for stabilization of affine control systems
subject to matched uncertainties. In Section VII, we apply
the proposed controller to the problem of global obstacle
avoidance. In Section VIII, we present some concluding
remarks.

A preliminary version of this paper was presented at the
2019 ACC with a simpler synergistic controller design for
global asymptotic stabilization of control affine systems and
without the full proofs (cf. [30]). An extended version of this
paper can be found at [31].

[1. NOTATION & PRELIMINARIES

The Cartesian Product R™ = R x... xR of n copies of the
real line together with scalar multiplication and component-
wise addition of vectors is known as n-dimensional Euclidean
space. The Euclidean metric topology is the one induced by
the metric = — |z| := Vz Tz. The n-dimensional Euclidean
space has the topology generated by a countable basis of open
balls of the form ¢ + eB := {x € R™ : |z — ¢| < €}, where
¢ € R™ and € > 0. More generally, given a set ) C R", we
define Q4B := | J ., c+€B. The operators 95 and S denote
the boundary and the closure of a set .S, respectively. Given
a function f : R™ — R", the preimage of a set U C R"
through f is f~Y(U) := {x € R™ : f(x) € U}. Similarly,
the image of a set W through f is f(W) :={y e R":y =
f(z) for some x € W}. Given a subset S of X := X3 x X,
the projection of S onto X is represented by 7wx,(S) :=
{z1 € X1 : (x1,22) € S for some x5 € Xo}. Similarly, the
projection of S onto X is denoted by 7x,(S) := {z2 €
X : (21, 22) € S for some z7 € X;}. A set-valued map M
from S C R™ to the power set of some Euclidean space R"
is represented by M : S = R™. The domain of a set-valued
map is given by dom M := {z € R" : M(x) # (0}. Given
a subset S of R™, a set-valued map M : S == R" is said
to be outer semicontinuous (osc) relative to S if its graph,
given by gph M := {(z,y) € SxR" : y € M(x)}, is closed
relative to S x R™. The set-valued map M is locally bounded
at z € R™ if there exists a neighborhood U, of z such
that M (U,) C R™ is bounded. It is locally bounded relative
to S if the set-valued mapping from R™ to R™ defined by
M(x) for x € S and @ for z ¢ S is locally bounded at
each « € S. It is convex-valued if M (z) is convex for each
x € S. The tangent cone to a set S C R™ at a point
x € R, denoted by T,S, is the set of all vectors w € R™
for which there exists z; € S, 7, > 0 with z; — z, 7;
convergent to 0 from above, and w = lim;_, ., Z=%. Given
a differentiable function F : R™*"™ — RPX4, we define
DF(X) = %(X) for each X € R™*", where
vec(A) = [e] AT ... e} AT]T for each A € R™*" and
e; € R™ is a vector of zeros, except for the i-th component,
which is 1. If F has multiple arguments, say (X,Y) €
R x RFXE we define Dx FI(X,Y) i= sl (X,Y)
for each (X,Y) € R™*" x RFX¢ If ' : R® — R, then
VF(z):=DF(z)" foreachz € R". If F : R" x R™ — R,
then V,F(z,y) := D, F(z,y)" for each (z,y) € R® x R™
and V,F(z,y) := D,F(z,y)" for each (z,y) € R" x R™.
Clarke’s generalized directional derivative of a function V :
R™ — R in the direction v, is defined as follows (c.f. [32,
Eq. (D): V°(x:0) = limsupy > Viy+r0)=Vly)

A hybrid system H with state space R" is defined in [33]
and [34] as

£ e F(¢)
¢t eq(g)

where & € R™ is the state, C C R™ is the flow set,
F : R" = R” is the flow map, D C R™ denotes the
jump set, and G : R™ = R" denotes the jump map. A
solution £ to H is parametrized by (¢, ), where ¢ denotes
ordinary time and j denotes the jump time, and its domain
dom¢ C R>gx N is a hybrid time domain: for each (7', J) €
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dom¢, dom¢ N ([0,7] x {0,1,...J}) can be written in the
form Uj;ol([tj,tjﬂ}, j) for some finite sequence of times
0=ty <ty <ty <---<ty, where Ij = [tj’tj-‘rl] and the
t;’s define the jump times. A solution £ to a hybrid system
is said to be maximal if it cannot be extended by flowing nor
jumping and complete if its domain is unbounded.

A set S is said to be forward pre-invariant for a hybrid
system (2) if each maximal solution of (2) starting in S
remains in S. It is said to be forward invariant if it is forward
pre-invariant and each maximal solution from S is complete
(see e.g. [34, Chapters 3 and 7]).

The hybrid basic conditions provide a set of sufficient
conditions for well-posedness and they are as follows (cf. [33,
Assumption 6.5]):

(A1) C and D are closed subsets of R";

(A2) F:R™ = R" is osc and locally bounded relative to C,
C C dom F, and F(z) is convex for every = € C;

(A3) G : R™ = R” is osc and locally bounded relative to D,
and D C domG.

Given a function V': R” — R that is Lipschitz continu-
ous on a neighborhood of C' in (2) and u, : R™ — R, we
say that the growth of V along flows of (2) is bounded by u,
if the following holds:

VUGS Sue(§) VEel, VfeFE)NTLC.  (3)
If, for some function uy : R™ — Rzoa
V(€)= V(€) Sua(§) YEeD, V& eG(E), 4

then we say that the growth of V along jumps of (2) is
bounded by uy. If both (3) and (4) hold, then we say that the
growth of V along solutions to (2) is bounded by u.,uq. A
function V: R — Ry, is positive definite relative to a set
Aif V(z) =0 <= z € A.

A compact set A is said to be stable for (2) if for
every € > 0 there exists § > 0 such that every solution
¢ to (2) with [¢(0,0)| 4 < 0 satisfies |¢(t,5)|, < € for
all (¢t,j) € dom¢; globally pre-attractive for (2) if every
solution ¢ to (2) is bounded and, if it is complete, then
also limyy 100 [@(t,5)| 4 = 0; globally pre-asymptotically
stable for (2) if it is both stable and globally pre-attractive.
If every maximal solution to (2) is complete then one may
drop the prefix “pre.”

Given a hybrid system H, a set S C R” is said to be:
weakly forward invariant if for every £ € S there exists at
least one complete solution contained in S; weakly backward
invariant if for every £ € S, every 7 > 0, there exists at
least one maximal solution ¢ from S such that for some
(t*,5*) € dom @, t*+j* > 7, it is the case that ¢ (t*, j*) = ¢
and ¢(t,7) € S for all (t,7) € dom ¢ with ¢ + j < t* + j*;
weakly invariant if it is both weakly forward invariant and
weakly backward invariant.

[1l. PROBLEM SETUP

To stabilize the plant given in (1), we propose the following
state-based hybrid controller

X E F ) ) )
Xe C(xp Xer e UC)} (xZNXcaxc) € Cv Ue € uc

T € Fc(l‘p, Xc»xc)

Xj:XC

T ,Te) €D
{Ej € Gc(xancvxc)} ( pXe C)

®)

where x. € )26 and x. € X, represent different components
of the state of the controller, F, and F, are the flow maps
associated with x. and x., respectively, C' denotes the flow
set, G, defines the update law for jumps of z. and D is the
jump set. The key differences between . and z. are the fact
that x. does not change its value during jumps and also that
the flows of x. depend on a virtual input variable u. € U,.
If F, in (5) defining the dynamics of x. is given, then .
can become part of the state of (1) and the stated objective
can be attained through the design of a hybrid controller
H.:= (C, F.,D,G,.) with state . € X, and dynamics

(z,z.) € C

(x,z.) € D

assigning u := (up, u.) € U := U, x U, via a feedback law
(x,zc) = k(z,x.), where = := (2p, xc) € X == X X X
is the state of the system to control with dynamics described
by the following differential inclusion

I € Fo(z, )
vl € Go(r,z.)

T € F9($7£L‘C7U> = Fp(xpaupue) X Fc(xp7Xca$Cauc)> @)

where 6 is a constant.

This formulation enables the controller design for sys-
tems whose dynamics depend on the controller state. For
example, given a plant with dynamics %, = fy(zp) +
H,(xp)up + Wy(xp)0 where f,, H,, W, are functions with
the appropriate dimensions, suppose that y. represents the
reference trajectory to be tracked and that it is generated by
the system x. = fp(xc) + Hp(xc)&a for some signal &g.
Defining u := u, and x, := &g, we have that Fy(x, 2., u) =
(fp(@p) + Hp(p)u + Wp(xp)0, fp(xe) + Hp(Xc)2e). More
practically,  can be considered to be the part of the state of
the closed-loop system that remains unchanged during jumps.

Given sets X, X, and U, we consider a dynamical system
with state x € A that is governed by the dynamics (7) where
x. € X, is a controller variable, u € U is the input, 6 is a
constant parameter that belongs to a compact set 2 and Fj
is a set-valued map with the following properties.

Assumption 1. Given sets X, X, U, 6 belonging to a
compact set €2, and Fy as in (7) the following properties
hold:

(S1) Each set X, X, and U/ is a closed nonempty subset of
some Euclidean space;

(S2) The set-valued map Fj is outer semicontinuous, locally
bounded, and convex-valued.

The condition (S1) allows for the use of the analysis
tools for hybrid dynamical systems that are provided in [33]
which consider sets as subspaces of Euclidean spaces with
the Euclidean metric topology. Condition (S2) is used to
prove that the resulting closed-loop system satisfies the
hybrid basic conditions.

Remark 1. Since the sets X, X, and U are closed relative
to their Euclidean ambient spaces, then any of their closed
subsets are also closed in the ambient space and locally
compact Hausdorff (cf. [35, Lemma 4.29]).

In Section IV, we develop a dynamic synergistic controller
with the objective of globally asymptotically stabilizing a
compact set for the resulting closed-loop system under the
assumption that € is known. In Section V, we modify the



dynamic synergistic controller to allow for § € ) to be
unknown, when Q) is known.

IV. DYNAMIC SYNERGISTIC HYBRID FEEDBACK
A. Controller Design

Dynamic synergistic hybrid feedback (relative to the plant
in Section III) is a hybrid control strategy that renders a
compact set A C X x X, globally asymptotically stable for
the closed-loop system. It is composed of a feedback law

®)
and of the hybrid dynamics that are described in the sequel.
Given a function

V:idomV — Ry U {+o0}, Q)

satisfying X'x X, C dom V with dom V open in the Euclidean
space containing X’ x X,,' and a set-valued map

k:domk — U

De: XXX, =2 X, (10)
we define
vy(z,z.) ;= min{V(z,g) : g € Dc(z,z.)}, (11a)
ov(z,z.) := arg min{V(z,g) : g € D.(z,z.)}, (11b)
(@, zc) = V(z, zc) — vv(z, zc) (11¢)

for each (z,z.) € X'x X,. Given a set-valued map F, defined
on X x X, we define the hybrid controller dynamics as
follows:

Fe € Fe(x, x¢) (x,z.) € C (12a)
rr € ov(z, ) (x,z.) € D (12b)

where
C:={(z,z.) € X x X : py(z,z.) < (z,z)}, (13)

D :={(z,z.) € X x X : py(x,x.) > d(z,z.)},
and 0 : X' x X, — R is a continuous function. The switching
logic in (12) implements the following functionality: if the
solutions to the closed-loop system reach a state (z,z.)
where py(z,x.) is greater than or equal to the predefined
value of d(x,z.), then the variable z. is reset to some point
g € ov(x,z.) and the feedback law changes its value from
k(x,z.) to k(x, g). Since the hybrid controller (12) is derived
from k, V, D,, and F,, we represent (12) using the 4-tuple

(k,V,D., F.).

The hybrid  closed-loop system M =
(C,F,,D,G,) resulting from the interconnection
between (7)) and (k,V,D.F.) is given by

(£) €t = (7305 ) @ ec

(14a)
xt v
<xj) € Ga(z,xc) := (gv(x,:cc)>

Remark 2. Notice that, if d(z,z.) > 0 for all (z,z.) €
X x X, then it follows from the construction of the hybrid
controller (k,V, D, F,.) that V(z, g)—V (x, z.) < 0 for each

(xz,z.) € D.
(14b)

The function V maps values in X’ x X, to the one-point compactification
of Ry ;. More generally, given a topological space X that is noncompact,
locally compact Hausdorff space, and an object oo not in X, the one point
compactification of X is a topological space X™* with the topology: 7" =
{open subsets of X} U{U C X* : X*\U is a compact subset of X}.

(x,z.) € D and each g € gy(z,z.). In other words, if the
function ¢ is nonnegative for all (z,z.) € X x X, then the
function V does not increase during jumps along solutions
to (14).

The controller design presented in this section is informed
by many preceding synergistic hybrid feedback controllers.
As mentioned in Section I-C, we preserve the switching logic
of the synergistic controllers in [34, Chapter 7], in the sense
that controller switching is triggered when the difference
between the current value of V and its lowest possible value
exceeds a predefined threshold § > 0. The main difference
between the controller design presented in this paper and
synergistic controllers in the literature is that, here, x. does
not necessarily belong to a finite set. Instead, the flows of
x. are described more generally by a differential inclusion,
and we constrain its jumps using a set-valued map D, which
is instrumental to the backstepping procedure described in
Section VI-C.

In the sequel, we introduce the assumptions on the con-
troller that allow for the global asymptotic stabilization of
a compact subset of the state space. The proofs of some of
the more standard results within the literature on synergistic
hybrid feedback are omitted due to space constraints, but can
be found in [31].

B. Basic Properties of the Closed-Loop System

In this section, we provide some conditions on (8), (9)
and (10) which ensure that the closed-loop system (14)
satisfies the hybrid basic conditions of [33, Assumption 6.5]
and that maximal solutions to (14) are complete. To this end,
we introduce the following definitions.

Definition 1. Given a compact subset A of X' x X, &, V,
D, and F,. we say that the hybrid controller (x,V, D, F.) is
a synergistic candidate relative to A for (7) if the following
conditions hold:

(C1) The optimization problem in (11) is feasible for each
(z,z.) € X x X, in the sense that, for each (z,z.) €
X x X, there exists g € D.(z,z.) such that V(z, g) <
+o0.

(C2) F. is outer semicontinuous, locally bounded, and
convex-valued.

(C3) V is continuous, positive definite relative to A, and
V=1([0,c]) is compact for each ¢ € Ry ;

(C4) The set-valued map D, is outer semicontinuous, lower
semicontinuous, and locally bounded;

(C5) The function & is continuous and

{(z,2.) € X x X, : V(z,2.) < +00} C dom K.

Given a synergistic candidate relative to A, the condi-
tion (C3) guarantees that sublevel sets of 1 are compact
and the conditions (C3) and (C4) guarantee that the synergy
gap function uy in (11c) is continuous and that oy is outer
semicontinuous, as proved in the next result.

Lemma 1. Given sets X, X., U, and Fy as in (7), suppose
that Assumption 1 holds. Given a compact subset A of X x
X, if (k,V, De, F,) is a synergistic candidate relative to A
for (1), then the following hold:

1) The function vy in (11a) is continuous;



2) The set-valued map oy in (11b) is outer semicontinuous
and ov(x,x.) is compact for each (x,x.) € X x X,
3) The function py in (11c) is continuous.

Proof. 1t follows from (C4) that D, is outer semicontinuous,
hence D.(x,z.) is closed for each (z,z.) € X x X.. Since
D, is also assumed to be locally bounded in (C4), we have
that D.(x,x.) is compact for each (z,z.) € X x A.. In
addition, the outer semicontinuity and local boundedness
of D. imply that D, is upper semicontinuous (cf. [33,
Lemma 5.15]). Since D, is assumed to be lower semicontin-
uous in (C4), we have that D, is continuous. Since V is con-
tinuous by condition (C3), it follows from [36, Theorem 9.14]
that vy is continuous and that gy is compact-valued and
upper semicontinuous. Since X is locally compact Hausdorff
(cf. Remark 1), it follows from [35, Proposition 4.27] that
each point (z,x.) € X x X, has a precompact neighborhood
U,. Since gy is compact-valued and upper semicontinuous, it
follows from [36, Proposition 9.7] that oy(U,) is compact. It
follows from the fact that gy(U,) is a subset of the compact
set o1(U,) that gy is locally bounded. Since gy is compact-
valued it is, in particular, closed-valued, hence it follows
from [33, Lemma 5.15] that gy is outer semicontinuous. It
follows from (C1) that vy(z,z.) < +oo for each (z,z.) €
X x X, hence the function py is continuous because it is
the composition of continuous functions. O

The hybrid basic conditions in [33, Assumption 6.5] are
very important to the synthesis of hybrid controllers, because
they guarantee that the resulting hybrid closed-loop systems
are endowed with nominal robustness to a wide range of
perturbations/sensor noise and, in particular, they enable
the application of invariance principles for hybrid systems
(cf. [33, Chapter 8]). In the following result, we show that
these conditions follow directly from the regularity of (11c)
and (11) that was proved in Lemma 1.

Corollary 1. Given sets X, X, U, and Fy as in (7),
suppose that Assumption 1 holds. Given a compact subset
A of X x X, if (k,V,De, F.) is a synergistic candidate
relative to A for (7), then the hybrid closed-loop system (14)
satisfies (A1), (A2), and (A3).

C. Global Asymptotic Stability of A

In this section, we present further assumptions on the
hybrid controller (k,V, D, F.) that allow for the global
asymptotic stabilization of a compact set A for (14).

Definition 2. Given a compact subset A of X' x X, we say
that a synergistic candidate relative to A for (7) with data
(k,V, D, F.), is synergistic relative to A for (7) if:

(C6) The function V is Lipschitz continuous on a neighbor-
hood of C' and the growth of V along flows of (14) is
bounded by u. with

Uc(w, ) <0 V(z, 1) € X x X
(C7) The largest weakly invariant subset of

i€ Fp(z,xe,k(x,2.)) Tc € Fex,xc) (15)
in uz'(0), denoted by ¥, is such that
01 := inf{puy(z,z.) : (v,2.) € U\A} > 0. (16)

If one considers V as a Lyapunov function candidate, then
condition (C6) implies that V' is nonincreasing along flows
to the closed-loop system (14), implying that there exists a
choice of § which renders A stable for (14). We say that §
is positive if 6(x,x.) > 0 for each (z,z.) € X x X, and
that a hybrid controller (k,V, D, F,) is synergistic relative
to A for (7) with synergy gap exceeding ¢ if it is synergistic
relative to A for (7) and d(z,z.) < py(z,z.) for each
(z,z.) € Y\A with ¥ defined in (C7). Condition (16)
means that (x,V, D, F..) is synergistic relative to A for (7)
for some positive J, and, consequently, all the points in the
largest weakly invariant subset of (15) in uz'(0) that are
not in A lie in the jump set of (14), allowing us to prove
that A is globally asymptotically stable for the closed-loop
system (14).

Lemma 2. Given sets X, X., U, and Fy as in (7), suppose
that Assumption 1 holds. Given a compact subset A of X x
X, if (k,V, D, F.) is a synergistic candidate relative to A
Jor (7) satisfying (C6) and 6(x,x.) > 0 for each (x,z.) €
X x X, then each sublevel set of V is forward pre-invariant
Sfor (14). If, for each (x,x.) € C\D,

(VC) there exists a neighborhood U of (xv,x.) such that

Fa()NTC #0, for every EcUNC

then each maximal solution to (14) is complete and, conse-
quently, each sublevel set of V is forward invariant.

Proof. 1t follows from the discussion in Remark 2 that the
growth of V along jumps of (14) is bounded by uy with

ug(z,zc) < {_6(%%) if (z,2.) € D

—00 otherwise
for each (z,z.) € X x X.. Together with condition (C6)
it follows that the growth of V along solutions to (14) is
bounded by wu., ug satisfying

tue(z,2.) <0, wg(z,z:) <0 (18)

for each (x,z.) € X x X,. It follows that each solution ¢
to (14) with initial condition & satisfies V(¢ (¢, j)) < V(¢) for
all (¢,j) € dom ¢, hence each sublevel set of V is forward
pre-invariant for (14).

It follows from Corollary 1 that (14) satisfies the hybrid
basic conditions, hence we can use [33, Proposition 6.10]
to prove the completeness of each maximal solution to (14).
Since CU D = & x X, then there are no solutions to (14)
starting outside the union between the jump and flow sets.
It follows from (VC) that (VC) in [33, Proposition 6.10]
is satisfied, hence each maximal solution to (14) either
“blows up,” leaves C'U D in finite time or is complete (cf.
conditions (a), (b) and (c) of [33, Proposition 6.10]). Since
Gua(D) C C U D, no solution can leave C' U D after a
jump (hence, condition (c) in [33, Proposition 6.10] does
not occur). Since each sublevel set of V is compact and
forward pre-invariant, then solutions to (14) do not “blow
up” (condition (b) in [33, Proposition 6.10] does not occur).
It follows that each maximal solution to (14) is complete. [J

amn

Lemma 3. Given sets X, X, U, and Fy as in (7), suppose
that Assumption 1 holds. Given a compact subset A of X X
X., if (k,V, D, F.) is a synergistic candidate relative to A
Sor (7) that satisfies (C6) and §(x,x.) > 0 for each (z,x.) €
X x X, then the set A is stable for (14).



Proof. Since X x X, C domV, it follows that py(z,z.)
is defined for all (z,z.) € X x X,; hence, for any given
continuous function 6 : X x X. — R, at least one of
the following conditions holds: 1) uy(z,z.) > d(x,x.);
2) py(z,z.) < 6(x,x.). It follows from (13) that C U D =
X x X, C dom V. Since dom V is also assumed to be open
in the Euclidean space containing X x X, it follows that
dom V contains a neighborhood of AN (C'U D UG (D)).
Positive definiteness of V with respect to A and continuity
of V follows from (C3). From condition (C6) and from (17),
it follows that V is locally Lipschitz on a neighborhood of
C and that the bounds [34, Eqs.(3.18), (3.19)] are satisfied.
Since A is compact and the hybrid basic conditions are
satisfied (cf. Corollary 1), it follows from [34, Theorem 3.19]
that A is stable for (7). O

Theorem 1. Given sets X, X, U, and Fy as in (7), suppose
that Assumption 1 holds. Given a compact subset A of Xx X
and a positive function § : X x X. = R, if (k,V, D, F,) is
synergistic relative to A for (7) with synergy gap exceeding ¢,
then the set A is globally pre-asymptotically stable for (14).
If, for each (x,z.) € C\D, (VC) is satisfied, then A is
globally asymptotically stable for (14).

Proof. Stability of A is proved in Lemma 3 and complete-
ness of solutions is demonstrated in Lemma 2. The global
pre-asymptotic stability of A for (14) follows from pre-
attractivity of A for (14), which is demonstrated next through
an application of [33, Theorem 8.2].

It follows from Lemmas 3 and 2 that the growth of V along
solutions to (14) is bounded by w.,uq satisfying (18). In
addition, since each sublevel set of V'is compact as per (C3),
we have that each solution to (14) is bounded. Thus, it
follows from [33, Theorem 8.2] that every complete solution
approaches the largest weakly invariant set

V=)0 (u 00U (g (00 Galug (0)  (19)

for some r in the image of V. From (17) and the fact that
§ is positive, it follows that u;'(0) = @, hence (19) can be
rewritten as

V=Hr) Nug ' (0). (20)

It follows from (C7), the assumption that (k,V, D, F.) has
synergy gap exceeding ¢ and the definition of D in (12)
that the largest weakly invariant subset of (14) in (20) does
not include points that are not in .4 and, consequently, A
is globally pre-attractive for (14). Global asymptotic stability
of A for (14) follows from global pre-asymptotic stability
if each maximal solution to (14) is complete, which is
guaranteed by Lemma 2 under condition (VC). O

Remark 3. Theorem 1 provides conditions which guar-
antee that each maximal solution to (14) is complete.
This means that, each maximal solution ¢ to (14) satisfies
lim j)edom¢ t +J = +oo. However, we have not ruled
out the possibility of Zeno solutions, i.e., complete solutions
that are bounded in the ¢-direction. This possibility is ruled
out by [37, Lemma 2.7] because (14) satisfies (A3) and
Ga(D)N D = () when § is positive.

Note that, if there exists an accumulation point of W\.A
in A in a topological sense, then d; in (16) is equal to 0.
Therefore, the topology of ¥ and .4 may preclude global

asymptotic stabilization of A for (14) since (C7) is not
met. Conversely, if one is able to show that 6 > 0,
then W\.A does not have accumulation points in A. With
additional conditions on ¢, we are able to show that there
exists a neighborhood of A contained in C. In this case,
asymptotic convergence to A implies that maximal solutions
are eventually continuous, i.e., there exists some (hybrid) time
after which any maximal solution approaching .4 does not
have any more jumps.

Proposition 1. Given sets X, X., U, and Fy as in (7),
suppose that Assumption 1 holds. Given a compact subset A
of Xx X,, if the hybrid controller (k,V, D, F..) is synergistic
relative to A and § = inf{é(x,z.) : (z,z.) € X x X.}
satisfies § € (0,61), where 8, is given in (C7), then there
exists a neighborhood of A that is contained in C.

Remark 4. Note that, if the hybrid controller (x,V, D, F.)
is synergistic relative to A for (7), then ¢ can be chosen as
a constant A € R as long as A € (0,47). In this case, the
conditions of Proposition 1 hold, thus the fact that § is state-
dependent does not constrain the global asymptotic stability
results and it provides more flexibility to the design of the
hybrid controller.

V. ROBUST SYNERGISTIC HYBRID FEEDBACK

In this section, we propose a new kind of synergistic hybrid
controller that, unlike the controller of Section IV, is able to
handle the case where 6 is unknown, but belongs to a known
compact set (2. In this direction, we start by defining the
following collection of functions ¥":= {Vj}pcq where

(‘/E7m059) ’_> V(:'U;xcae) = ‘/H(xaxC)7 (21)
1S a convenient notation that allows us to consider Vy not

only as a function of (x,z.) but also of 6. Then, we define
a hybrid controller with data (k,¥; D, F.,G.) as follows:

(22a)
(22b)

Ze € Fo(x,x.)
vl € Gu(x,z.)

(z,2.) € Cq
('Ta xc‘) € DQ

where

Cq = {(x,acc) €EX XX, : %ni(rzluve (z,z.) < 5(337%)}
€

Dq = {(x,a:c) eEXx X, : renigrzluve (z,zc) > 0(x, 2¢)
e
23)
with § : X x X, — R continuous, and

min foy, (2, ¢c) = min {Ve (2, vc) — vy, (2, 2c)}

Viw.s.6)

for each (z,z.) € X x X, in accordance with the defi-
nitions (11c), (11a) and (21). One of the key differences
in the controller (22) relative to the standard synergistic
controller (12) is that flow and jump sets logic requires a
minimization over the unknown parameter 6, which has the
potential effect of delaying controller switching relative to
the case where 6 is known. Also, unlike the jump map of the
hybrid controller (12), which is constructed from the data V'
and D, following (11b), the jump map G. in (22) is left
undefined for the sake of generality. Finally, owing to the

min

0 g€D (z,z.)

= min {V(x, Ze,0) —



fact that (22) is derived from &, ¥, D, F,, and G, we refer
to (22) using the 5-tuple (k, ¥, D, F., G.).

In the sequel, we demonstrate how this hybrid controller
extends the concept of a synergistic controller in order to
address the case where 6 € () is not known.

Definition 3. Given a compact set {2, a continuous func-

tion § : X x X, — R, a collection of compact subsets

o = {Ap}oeq of X x X, and a collection of continuous

functions ¥ := {Vp}gcq, we say that the hybrid con-

troller (k, ¥, D, F.,G.) is synergistic relative to < for (7)

with robustness margin € if it satisfies the following condi-

tions:

(R1) Each function Vp : domVy — Ry, U {+o0} in ¥ is
continuous and satisfies X x X, C dom Vp for each
0 ey

(R2) The set-valued map G, is outer semicontinuous and
locally bounded;

(R3) For each 0 € (2, we assume that

Vo(z,ze) — Vy(z,g9) > reréi(rzl v, (2, xc) (24)
for each (z,z.) € Dg and each g € G.(z, x.);

(R4) For each 0 € , the hybrid controller (x, Vp, D., F,) is
synergistic relative to Ay for (7).

Remark 5. Note that the set () might be uncountable,
thus the collections 7 and ¥ are not necessarily finite nor
countable.

Remark 6. The condition (R3) guarantees that
Vo(z,zc) = Vo(z,9) > 0(z,zc)

for each (z,z.) € Dq and each ¢ € G.(x,z.), which
implies that the function Vj does not increase during jumps
if §(x,x.) > 0 for all (x,x.) € X x X, (cf. Remark 2).

It is possible to construct G in (22) from the data ¥ and
D, but this requires additional assumptions, as shown in the
following remark.

Remark 7. Suppose that €2 is compact and convex and that
D, in (10) is convex and compact for each (z,x.) € X' x X..
Given ¥ := {Vy}geq, suppose that G, defined as

Ge(z,x.) := arg max min{V(z,z.,0) — V(z,g,0)}
gED(z,xc) eq
V(z,z.) € X x X, (25)

is outer semicontinuous with V(x, z.., 0) = Vy(z, z.) for each
(z,2c,0) € X x X, x Q. Furthermore, suppose that, for
each (z,z.) € X x X, the function h(g,0) := Vy(x,z.) —
Vo(x,g) is continuous, quasi-concave as a function of g,
and quasi-convex as a function of 6.2 Then, it follows
from [38, Theorem 3.4] that the min and max operations
in maxgep, (z,0.) Mingeq h(g, ) commute, yielding

s X hen (9,0) min _max (9,0)
— 2[1618 {Vo(x, Te) — ge[I)I:(igIcl,xc) Vo(z, g)} .

2A function (z,y) + h(z,y) on X x Y is quasi-concave as a function
of z if the set {x € X : h(z,y) > c} is convex for each y € Y and
each ¢ € R. The function h is quasi-convex as a function of y if the set
{y € X : h(z,y) < c} is convex for each x € X and each ¢ € R.

It follows from (26) and (11c) that
maXgep, (z,2.) Mingeq (g, 0) = mingeq pv, (T, z.).
We conclude that, for each 6 € (), the following holds
Vo(x,xz.) — Vop(x,g9) > mingeq pv, (z,2.), for each
(r,z.) € X x X. and each g belonging to (25), hence
condition (24) is verified.

The assumption that the hybrid con-
troller (k,¥, D¢, F.,G.) is synergistic relative to
for (7) with robustness margin ) ensures that the hybrid
closed-loop system

(i) < Pt = (P55 <o

(27a)
+
() om0 = (6,2

satisfies the hybrid basic conditions as proved next.

(z,z.) € Dg
(27b)

Lemma 4. Given sets X, X., U, and Fy as in (7), suppose
that Assumption 1 holds. Given a compact set ) and a
collection of compact subsets of := {Ap}tocq of X X X,
if (k,Y, D, F.,G.) is synergistic relative to < for (T) with
robustness margin 2, then the hybrid closed-loop system (27)
satisfies (A1), (A2), and (A3).

Proof. The continuity of uy, (for a fixed § € Q) is es-
tablished in Lemma 1. It follows from the continuity of
(z,zc,0) = V(z,x0,0) = Vy(x, z.) that is assumed in (R1),
compactness of 2 and from [36, Theorem 9.14] that the
function

(,2c) = min pv, (2, c) (28)
is continuous on X'x X,. It follows from the continuity of (28)
and of § that Cq and Dg are closed, because they are the
preimage of the closed sets (—o0,0] and [0, 4oc], respec-
tively. It follows from Assumption 1, (C2), and (CS5) that
the flow map Fg is outer semicontinuous, locally bounded
and convex-valued. It follows from (R2) that G is outer
semicontinuous, and locally bounded relative to Dg,. O

In the sequel, we demonstrate that, for each € (),
the set Ay € o is globally asymptotically stable under
appropriate assumptions on J. The next result asserts forward
pre-invariance of sublevel sets of V € # for the closed-loop
system (27) when 4 is a continuous and nonnegative function.

Lemma 5. Given sets X, X., U, and Fy as in (7), suppose
that Assumption 1 holds. Given a compact set €} and a
collection of compact subsets of = {Agltocq of X X X,
if (k,¥,D., F.,G.) is synergistic relative to < for (7) with
robustness margin Q0 and if 6(x,x.) > 0 for each (z,x.) €
X x X, then, for each 0 € Q, each sublevel set of Vy is
Sforward pre-invariant for (27). If, for each (z,x.) € Co\Dq,

(26) (VC’) there exists a neighborhood U of (x,x.) such that

Fau(§)NTeCq #0, for every £ € UN Cy

then each maximal solution to (27) is complete and, conse-
quently, each sublevel set of Vy is forward invariant for (27).

Proof. As explained in Remark 6, it follows from (R3)
and (23) that Vyp(z,z.) — Vy(x,g9) > d(x,x.) for each



g € G.(x,z.) and each (z,z.) € Dgq. Hence, the growth
of Vj during jumps of (27) is bounded by

—6(x, )

—00

if (z,2.) € Dq

29
otherwise 29)

ugg(x,xc) 1= {

for each (x,z.) € X x X.. Since (k,¥,D,., F.,G.) is
synergistic relative to o for (7) with robustness margin 2,
it follows that (k, Vp, D., F.) is synergistic relative to 4y
for (7) and, due to this assumption, the remainder of the proof
follows closely that of Lemma 2. From condition (C6) it fol-
lows that the growth of Vj along solutions to (27) is bounded
by e, ua,0, With ucg(x,z.) < 0 and ugg(z,z.) < 0 for
each (z,2.) € X x X.. This implies that sublevel sets of
Vp are forward pre-invariant for (27). The completeness of
solutions under (VC’) follows closely the proof in Lemma 2,
thus it is omitted here. O

Let Wy denote the largest weakly invariant subset of

(&,2.) € Fo(x,2zc) (z,z.) € u:é(O)

where u. ¢ is the upper bound on the growth of Vy during
flows of (27) as defined in (C6). Given a function § : X x
X, — R and a hybrid controller (x,¥; D., F.,G.) that is
synergistic relative to 7 for (7) with robustness margin €2,
we say that it has synergy gap exceeding J if, for each § € Q
and each (z,z.) € Up\Ap, §(x,x.) < pv, (T, xc).

Theorem 2. Given sets X, X, U, and Fy as in (7), suppose
that Assumption 1 holds. Given a compact set €, a positive
function § : X x X, — R, and a collection of compact
subsets o = {Ap}tocq of X x X, if (k,¥,D., F.,G.) is
synergistic relative to < for (7) with robustness margin §)
and synergy gap exceeding 0, then, for each 0 € €, the set
Ay is globally pre-asymptotically stable for (27). If, for each
(x,2.) € Cao\Dq, (VC’) is satisfied, then Ay is globally
asymptotically stable for (27).

Proof. For each 6 € , it follows from (C3) that each
sublevel set of Vj is compact and, since it is also forward pre-
invariant as shown in Lemma 5, we have that each solution
to (27) is bounded. In addition, it follows from the proof
of Lemma 5 that the growth of Vj along jumps of (27) is
bounded by (29) and, since d(x,z.) > 0 by assumption, it
follows from [33, Theorem 8.2] that each complete solution
to (27) approaches the largest weakly invariant subset of
vV, )N uc_}) (0) for some r in the image of Vj, which is to
say that each complete solution to (27) approaches Wy N Cyq.
Since each point (z,z.) € ¥y\ Ay belongs to Do\Cq by
Condition (C7), it follows that each complete solution to (27)
converges to Ay, which concludes the proof of global pre-
attractivity of Ay for (27). The proof of stability of Ay
for (14) follows closely the proof of Lemma 3. We conclude
that Ay is globally pre-asymptotically stable for (27). Global
asymptotic stability of Ay for (27) under condition (VC’)
follows directly from global pre-asymptotic stability and
completeness of solutions, as shown in Lemma 5. O

In the next section, we apply the proposed controller to
the design of adaptive synergistic feedback control laws for
a class of affine systems with matched uncertainties.

V1. ADAPTIVE BACKSTEPPING OF SYNERGISTIC
HYBRID FEEDBACK FOR AFFINE CONTROL SYSTEMS

A. Nominal Synergistic Hybrid Feedback

In this section, we apply the controller design of Section V
to the problem of global asymptotic stabilization of a compact
set A C X x X, for a control affine system subject to
parametric uncertainty, where X and & denote the spaces
of the state and controller variables, respectively. In this
direction, let Fy in (7) be given by

Fo(x,zcyu) = f(z,z.) + H(z,z)u+ Wz, z.)0 (30)

for each (z,z.,u) € X x X. x U, where u denotes an input
variable subject to the constraint u € U, and

0cQ:={0cR |0 <} (31)

represents the parametric uncertainty of the model whose
norm is assumed to be bounded by a known parameter
6o € R . The controller design in this section is applicable
under the assumption of matched uncertainties stated next.

Assumption 2. There exists a continuously differentiable

function W such that W(x,x.) = H(x,xc)/W(x,xc) for
each (z,z.) € X X X,.

In addition, we assume that we are given a synergistic
hybrid controller for the nominal (unperturbed) system as
defined next.

Definition 4. Given a compact set A C X x X, and a
continuous function § : X x X. — R, the hybrid con-
troller (ko, Vo, D, Fe.) is said to be nominally synergistic
relative to A for (30) with synergy gap exceeding § if it
is synergistic relative to A for

&= Fy(z,zc,u) = f(x,z:) + H(x,zc)U (32)

with synergy gap exceeding 4, and Vj is continuously differ-
entiable on {(z,z.) € X x X, : Vp(z,2.) < +00.}.

The dynamical system (32) is obtained from (30) by
considering that there are no perturbations, i.e., § = 0. It
follows from Theorem 1 that A is globally asymptotically
stable for the closed-loop system # in (14) resulting from the
interconnection of (32) and a nominally synergistic controller
relative to A for (30) when 6 = 0. In the following sections,
we employ the results of Sections IV and V in order to
develop a synergistic controller that is able to cope with
parametric uncertainty from a given nominally synergistic
controller.

In the next section, we present variations of the nominal
synergistic controller to deal with parametric uncertainty.

B. Adaptive Synergistic Hybrid Feedback

In this section, we modify the nominal synergistic con-
troller given in Section VI-A to globally asymptotically
stabilize

Arg = Ax {0}

for the closed-loop system when 6 in (30) is nonzero.> In
this direction, let § € R’ denote an estimate of the parameter

(33)

3 As the controller design exploits ideas in the literature of adaptive control,
we refer the reader to [39] and [40] for an overview of adaptive controller
design and backstepping under the influence of model uncertainty.



0 that is generated via

0 =T Proj(W(z,z.) VaVo(z, z.),0), (34)

where I'; € R is a positive definite matrix and Proj :
R? x R — R’ is given by

Lo if p(f) <0 or Vp(6)Tn<0
Proj(n,0) := {(Ie B

0V p(0)V p(6) T ;
%) n otherwise
) (35)
for each (n,0) € R* x RY,
R Ay
gy._ 00-6 36
p( ) 62 + 2690 ( )

for each § € RY, with ¢ > 0 and 6, > 0 given in (31), and

W as in (30). The function Proj in (35) has the following

properties (cf. [41]):

(P1) Proj is Lipschitz continuous;

(P2) Each solution t — 0(t) to 6 = T'y Proj(n(t), ), from
0 € Q+€B with input ¢ — 7(t) satisfies rge § C Q+€B;

(P3) Given 6 € Q, (0 —6)T Proj(n,0) > (6 —0) Ty for each
(n,0) € RY x RY;

with ¢ > 0 as in (36). Given a hybrid con-

troller (ko, Vo, D., F.) that is nominally synergistic relative

to A for (30) with synergy gap exceeding 4, and the controller

variable z.1 == (z.,0) € X.1 1= X. x (Q+ €B), we define

R (2, 21) o= ho(@,we) — W (@, 20)d (37a)

1 R R
Vie(z,we1) = Vo(z,2.) + 5(0 -0 0 —6) (37b)
Dei(x,201) := De(z, ) X (2 + e@) (37¢)
. FC($,$C)
Fop (@, o) = Ty Proj(W(z, z.) T Vi Vo(z, z.), 0)
(37d)

for each (z,z.1) € X x A1, where W comes from
Assumption 2. The hybrid closed-loop system resulting
from the interconnection between (30) and the hybrid con-
troller (x1, V1,0, De1, Fe1), is given by

(&,&c1) € Fa(x,zc1) (x,2.1) € Cy (38a)
(.Z‘+,.232:1) € Ge1(m,xe1) (x,2c1) € Dy (38Db)
where
Cr={(x,7c1) € XX Xe1: vy o (T, 201) < 0(w,20)}
Dy = {(z,201) € XX Xey : py, (@, 201) > 0(2, )}
and

Fcl,l(l‘, xc,l) = |:F9(J," Ley K1 (.’IJ, xc,l)):|

Fc,l(-ra xc,l)
V((& xc’1) S Cl
(39a)

Gcl,l(xaxc,l) = |: v(l'axc,l) €Dy

X
OVie (JJ, .13071)

(39b)

where, for each (z,2.1) € X x X1,
(T, 1) = vy (2, ) (40a)
ovi 4 (T, 2c1) = ovy (2, 2) x {0} (40Db)

1 A A
(0 7) = i 20) + 50 = 6)TTT(0 = ) (400)

are the result of (11a), (11b) and (11c), respectively.

Remark 8. The functions (40) are not realizable for the
hybrid controller (x1,V1,9,Dc1,Fc1), because py,, and
0v,, in (40) depend on the unknown constant 6. This
dependence will be removed when we show that there
exists G 1 X x X1 = A1 such that the hybrid
controller (k1, %1, Dc1,Fe1,Gen) with ¥ := {V19}een
is synergistic relative to 2 := {A; g}oecq for (30) with
robustness margin ).

To design (22), we start by showing that the hybrid
controller (k1, V1,9, Dc.1, F 1) is synergistic relative to A;j ¢
for (30).

Proposition 2. Suppose that the sets X, X., U, and the set-
valued map Fy in (30) satisfy Assumption 1, and that Assump-
tion 2 holds. Given 0 € Q, a compact set A C X x X, and a
hybrid controller (ko, Vo, De, Fe.) that is nominally synergis-
tic relative to A for (30), the controller (k1,V1,9,Dc1, Fe1)
given in (37) is a synergistic candidate relative to A g

for (30).

Proof. The optimization problems in (11) are feasible for
each z € &, because they are feasible for 1j, hence (C1) is
satisfied.

Since Vi corresponds to the sum of V with (6 —
0)TI7(0 — §)/2 and both terms are continuous, it follows
that V} ¢ is continuous. Since Vj is positive definite with
respect to A and 0 — (0 —0)TT71(0—0) is positive definite
relative to 6, it follows that V; g is positive definite relative
to A g. It follows from the assumption that V; '([0,c])
is compact for each ¢ > 0 and radial unboundedness of
0 — (0—0)'T7 (0 — 0) relative to 0 that V) ([0,c]) is
compact for each ¢ > 0, thus proving that V; o satisfies (C3).

From (37c), we have that D.1(x,z. 1) is the Cartesian
product between D.(z,r.) and Q + B for each (x,z.) €
X x X.. Since D, satisfies (C4) by assumption, we have that
D, also satisfies (C4). Since kg satisfies (CS5), then x4 also
satisfies (C5). O

Proposition 3. Suppose that the sets X, X., U, and the set-
valued map Fy in (30) satisfy Assumption 1, and that Assump-
tion 2 holds. Given 0 € Q, a compact set A C X x X, and a
hybrid controller (ko, Vo, D, F..) that is nominally synergis-
tic relative to A for (30), the controller (k1,V1,9,Dc1, Fe1)
given in (37) satisfies (C6).

Proof. Tt follows from (37b), (39a) and (P3) that, for each
(x,2c1) € X x X1 and each fo 1 € Fua(z,2c1)

vvl,@(my xc,l)chl,l Sv‘/o(fl', xC)T |:F9(I7 L, /‘61(1‘, xc,l)):|

—(0- HA)TW(x7xC)TVI%(x,xC)

where f. € F.(z,z.) is the component of f 1 that deter-
mines the dynamics of z., ie., £. = f.. Replacing (30)
and (37a) in (VI-B), it follows from Assumption 2 that

V‘/I,G($>xc,1)—rfcl,1 < v‘/o(l', xc)T |:F0(3:7$07f’:0(33;3?c)):|

for each (z, 1) € X x X, 1. From the assumption that the
hybrid controller (12) with data (o, Vo, D.., F..) is synergistic
relative to A for (32), we have that VV; g(z, $C,1)chl,1 <0
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for each (x,x.1) € X% X1 and each fo1 € Foi(x,xc1),
which proves (C6). O

Since the hybrid controller (x1, V1,9, D, Fe1) satis-
fies (C6), we have that V7 4 is nonincreasing along solutions
to the closed-loop system (38), but satisfying (C7) requires
further assumptions on the data, as shown next.

Proposition 4. Suppose that the sets X, X, U, and the
set-valued map Fy in (30) satisfy Assumption 1, and that
Assumption 2 holds. Given 0 € <), a compact set A C XX X,
and a hybrid controller (ko, Vo, D., F..) that is nominally
synergistic relative to A for (30) with synergy gap exceeding
0, let U denote the largest weakly invariant subset of

.. _ FO(-'L‘7$C’KO(‘%‘7$C))

(xvxc) S FCZ,O(xaxC) - ( Fc(x,xc)
on (v,2.) € & :={(z,7.) € Xx X, : VVo(2,20) " fer0=0
Sor some fuo € Fuo(z,z.)} and let Uy g denote the
largest weakly invariant subset of

(&,&c1) € Fa(z,ze1) (x,2c1) € &
with 51 = {(CB,ICJ) € X x XCJ : VVLg(x,xc,l)chM =
0 for some fo1 € Fai(z,zc1)}. If the projection of
W19\ A1 onto X x X, is a subset of W\ A, i.e., *

Taxx, (V1,0\A1,9) C U\A, (41)
then the hybrid controller (k1,Vi,9, D1, Fe ) in (37) is syn-
ergistic relative to A; g for (30) with synergy gap exceeding
d.

Proof. 1t follows from the definition of uy, , in (40c) that
Wy, ¢(z,7c1) is the sum of py,(z,z.) with a quadratic
nonnegative term, hence
:uvl,e(xv x@l) > v, ('rv .TJC) (42)
for each (x,z.1) € U1\ A1 and, consequently, we have
that
O =inf{uy, ,(x,2,0) : (x,2.1) € Y10\ A19}

| 43)
Zlnf {.U’Vo (I7$C) : (vac,l) € \I’l,O\ALO} .

The fact that (x,2.1) € Uy 9\ A1,9 implies

(:E, IC) € TAX X, (\11179\44179) together Withﬁ (43)

allow us to derive the following inequality: 0o >
inf {pv, (z,2c) : (z,2c) € Taxa, (P1,0\A1,0)}. It follows
from (41) that 0o > inf{uy,(x,z.) : (2,2.) € U\A}
which is greater than zero by the assumption that the
controller (ko, Vo, D, F.) 1is synergistic relative to A
for (32) with synergy gap exceeding 6. In addition, we
have that py, ,(x,2.1) > py,(z,2.) > O(x,z.) for
each (z,z.1) € Uy0\ A1, which proves that the hybrid
controller (k1, V1,9, Dc 1, Fe1) in (37) is synergistic relative
to A; ¢ for (30) with synergy gap exceeding 6. O

Remark 9. It should be noted that condition (41) is akin to
a persistence of excitation condition, as it guarantees that the
inclusion of the estimator dynamics in (34) does not add new
undesired equilibria to the closed-loop system.

In the next result, we complete the construction of the
robust synergistic controller (22) from the data of a nominally

4Given a subset S of X := X; x Xo, the projection of S onto X7
is represented by 7x, (S) := {z1 € X1 : (x1,22) € S for some z2 €
X2}, Similarly, the projection of S onto X2 is denoted by 7x,(S) :=
{z2 € Xo: (z1,22) € S for some z1 € X1}.

synergistic controller (kg, Vy, D, F.), by designing a set-
valued map G.; : X x &;; =% X that is outer semicon-
tinuous, locally bounded and satisfies (24).

Proposition 5. Suppose that the sets X, X., U, and the
set-valued map Fy in (30) satisfy Assumption 1, and that
Assumption 2 holds. Given ) in (31), a compact set A C
X x X., and a hybrid controller (ko,Vy,D., F.) that is
nominally synergistic relative to A for (30) with synergy
gap exceeding 6, < = {Aiptocq with Aig in (33),
V1 = {Viotecq with Vi g in (37b), then the hybrid con-
troller (k1, %1, D1, Fen,Ge1) where

Gen (2, 2e1) = ovy (z,2.) X G(0)
Jor each (z,x.1) € X X X1, and

G(f) := arg max min (0 —0)"T7(0 —0)
getB €L

(44)

—(0—9) T (0—9)

for each 0 € Q+€B, is synergistic relative to <#; for (30)
with robustness margin ) and synergy gap exceeding 6.

Proof. In Proposition 4 we demonstrate that the hybrid
controller (k1, Vi1 g, De 1, Fe,1) is synergistic relative to A; ¢
as required by Definition 3. It remains to be shown that the
hybrid controller (x1, %1, D¢1, Fe1,Ge 1) satisfies assump-
tions (R1), (R2) and (R3). To prove (R1), one must show that
XxX.1 C domV) g. From the definition of V; ¢ in (37b), we
have that dom V; g = dom Vj x (2 +€B). It follows from the
assumption that the hybrid controller (xo, V), D, F..) is nom-
inally synergistic relative to .4 for (30) that ¥x X, C dom Vj,
hence X x X1 C domVjg. The function (z,z.1,60) —
Vi(z,zc1,0) :== Vi g(x, x.,1) is continuous because it results
from the composition of continuous functions, hence (R1)
holds.

To prove (R2) and (R3), one must show that G, ; is outer
semicontinuous, locally bounded and that it satisfies (24).
Since G, 1(x,xc1) is the Cartesian product of gy, (x,z.)
and G(f) for each (x,2c1) € X X X1 and gy, is outer
semicontinuous and locally bounded as proved in Lemma 1,
to demonstrate that (R2) is satisfied it only remains to be
shown that G is outer semicontinuous and locally bounded.
Let h(g,0) := (0 —0)"T7'(0—0)—(0—g) T (0—g) for
each (g,0) € (Q+€B) x Q. Since h results from the compo-
sition of continuous functions it is also continuous. It follows
from the compactness of {2 and from [36, Theorem 9.14] that

h(g) :=min{h(g,0): 0 €Q} VgecQ+eB  (45)

is continuous. Since D, ; is continuous and compact-valued,
it follows from the continuity of (45) and [36, Theorem 9.14]
that G is compact-valued and upper semicontinuous. The
remainder of the proof of outer semicontinuity and local
boundedness of G follows closely that of Lemma 1, thus
it will be omitted.

The fact that G, ; satisfies (24) follows from the obser-
vations in Remark 7 by noticing that ) and Q + B are
convex and compact spaces and the function h, which can be
rewritten as (g, 0) =20 7 (g —0) —g T g+07T710
for each (g,0) € (Q+€B) x (, is quasi-concave as a function
of g and quasi-convex as a function of 6. O



The hybrid closed-loop system resulting from the intercon-
nection between (k1, ¥1, Dc.1, Fr.1,Gc,1) and (30) is given
by:

(x,2c1) € Can
(@, 2c,1) € Do

(46a)
(46b)

(Zb, i“c,l) S Fcl,l(mazc,l)
(l‘+, xil) € GQ,l(xa 1‘671)

where

Caq = {(x,xc,l) €EXXXeq:

Dq; = {(x,xc,l) EXX X

and
X
c,l(fﬂ,xc,l):| V(@ @e1) € Dan, (47)
Global asymptotic stability of .A; ¢ for (46) follows from
the application of Theorem 2 and it is summarized in the
next corollary.

GQ}l(l’, xc,l) = |:G

Corollary 2. Suppose that the sets X, X., U, and the
set-valued map Fy in (30) satisfy Assumption 1, and that
Assumption 2 holds. Given §) in (31), a positive function
0: Xx X, = R, a compact set A C X x X., and a
hybrid controller (ko, Vo, D¢, F..) that is nominally syner-
gistic relative to A for (30) with synergy gap exceeding 0,
Jor each 0 € Q, the set A, g is globally pre-asymptotically
stable for (46). If, for each (z,z.1) € Ca,1\Dqa 1, (VC’) is
satisfied, then A g is globally asymptotically stable for (46).

Proof. Tt follows from (42) that min{uy, ,(z,2.1) : 0 €
Q} > py(x,x.) for each (z,2.1) € P10\ A1,. Since
vy (z,20) > 6(x,xe) for each (x,2.1) € Uy9\ A1 as
shown in the proof of Proposition 4, and § is positive, the
conditions of Theorem 2 apply and we are able to conclude
that A, y is globally asymptotically stable for (46). O

C. Backstepping

Given a nominally synergistic controller (xg, Vo, D, F),
we extend the dynamics of the controller in Section VI-B to
include the input « as a controller state:’

-’tc,Q S Fc,Q(xaxc,Q)
[
= Iy Proj(v(z, ¢ 2),0) : fe € Fe(z, 2¢)
fu(xvmc,Q) +DIC(H1(‘r)‘rC,1))fC (4 )
with 2.2 = (ze1,u) € Xeo = X X (Q + €B) x R™,
'y € R™*™ positive definite, k, > 0,
v(T, Te2) == Wiz, z.) " VaVo(z, z.)
- W, acC)TD,,U(,K;l(ac7 xc,l))ngl(u — k1(x,xc1))
for each (z,z.2) € X X X2, and
fu(x;zc,Q) = 7W(l‘axc)rl PI‘Oj(U(l’,xC,Q),é)
- ku(u - Hl(mvxc,l)) - F2H($7xc)Tvz%(xaxc)
+ Dy (k1 (@, 2en ) Fla, 20, u, 0)

(49)

(50)

3 Alternatively, one may consider u as a plant state rather than a controller
state, in which case v would remain constant during jumps. We have
included w as a controller variable because it is an approach less often
found in the literature.

géigp“ﬁyg (xv «rc,l) S 5(I7 IC)}

gleifrlluvl’e (I’, xc,l) Z 6($, IC)}

which is defined for each (z,z.2) € X' x X, o assuming that
ko is continuously differentiable and that F(x,xc,u,é) =
Fy(x,xc,u) denotes the dynamics (30) with § is equal to the
estimated value 6.

Given the compact set 2 of possible (unknown) values
of 6 in (31), a compact set A C X x X, and a nominal
synergistic controller (g, Vo, D,, F..) relative to A for (30)
with synergy gap exceeding d, the main goal of this section
is to design a controller of the form (22) that is synergistic
relative to o := {As g }oeq for (30) with robustness margin
2 and synergy gap exceeding J, where

Ao g :={(z,202) € XX Xeo: (x,201) € A1,
u=r1(z,z.1)}
In this direction, we define the Lyapunov function

Va,o(x, o) == Vig(x,2c1)

(51)

52
P )T - @) O

for each (z,2.2) € X x X2 and the set-valued map

Dc,2(x;xc,2) = {(gc,lvgu) S Xc72 dc1 S Dc71(x>$c,1)7
Ju = Kl(irvgc,l)} (53)

for each (z,2.2) € X x X, 2. The choice u = k1(z,gc1)
in (53) may seem peculiar, but it turns out that this value
minimizes (52) with respect to u, hence it is suitable for the
jump logic.

From the interconnection between (30) and the hybrid
controller (k2, Va,9, D¢ 2, Fe o) with ko(z, 2. 2) = u for each
(x,xc,2) € XXX, 2, we obtain the hybrid closed-loop system

(‘f7i‘c,2) S Fcl,Q(ma xc,?) (ma xc,?) S C(2
= {(1‘71‘0,2) € X x Xc,2 TRV, g (.’L’,.ﬁc,g) < 6(%‘,.270)}
(54a)
(‘TJrax:Q) S Gcl,Q(xaxc,Q) (xaxc,Q) S D2
={(z,we2) € XX Xept vy, (T, 202) > (2, 2)}
(54b)
where

Fcl,Z(x, !ECQ) = |:F9(JJ, Te, U)

FC,Q(xv xc,2)

] YV(z,zc2) € Cy (552)

X
Gea(r,2c2) = L}VM (x’xﬂ)} Y(z,xc2) € Da. (55b)
Note that, from the definitions (11b) and (1lc),
we have the following identities for the hybrid

controller (k2, V2,9, D¢,2, Fe 2):

QV2’9 (.ﬁ,.’lﬁ‘cz) = {(gc,lagu) S XC,Q “9c1 S QVl,g (l’,l’c,l),
Gu = K1(2,ge,1) }s
2

1) -1
A% (:C"TC,Q) = HVie (x’xcyl) + 5 F2 2 (u - Hl(x’xcyl))

2
for each (z,2.2) € X x X, 5,5 hence, similarly to (38), the
closed-loop system (54) is impossible to implement due to
dependence on 6 in Csy, D, and G 2, but, similarly to the
controller of Section VI-B, this dependence will be removed
with the design of a hybrid controller that is synergistic

6Since I's € R™*™ is assumed to be positive definite, I',, 2 exists and
is unique (cf. [42, Section 8.5]).
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relative to &% := { Az ¢}ocq for (30) with robustness margin
Q) (cf. Remark 8).

We are able to prove the following result using arguments
similar to those of Proposition 4.

Proposition 6. Suppose that the sets X, X, U, and the
set-valued map Fy in (30) satisfy Assumption 1, and that
Assumption 2 holds. Given 0 € ), a compact set A C
X x X., and a hybrid controller (ko,Vy, D., F.) that is
nominally synergistic relative to A for (30) with synergy
gap exceeding 0, if (41) is satisfied then the hybrid con-
troller (K2, Va9, D¢, Fe2) is synergistic relative to As g
for (30) with synergy gap exceeding .

Proof. Similarly to the proof of Proposition 4, it is possible
to show that properties (C1), (C3) and (C5) follow directly
from the fact that Ay ¢ is compact and from the assumption
that (ko, Vo, D, F..) is synergistic relative to A for (32).
It follows from the continuity of D.; and x; that D,
is continuous. That D.» is compact-valued follows from
compactness of D.; and continuity of ki, hence (C4) is
satisfied. From the assumption that (x, Vp, D, F..) is syner-
gistic relative to A for (32), we show in [31] that

VVao(2,2c2) " fa2 < VVo(z,x:) " Fox, ze, ko2, 2.))
— ky(u— nl(z,qu))TFQ_l(u —K1(x,xc1)) <0 (56)

for each (z,z.2) € X x X, 2 satisfying V5 g(z, xc2) < +00
and each fyo € Fua(x,zc2), hence property (C6) is
satisfied. Let W5 ¢ denote the largest weakly invariant subset
of

(&,&c2) € Fol(z,zc2) (x,2.) € & (57)

with & 1= {(2,Tc2) € X X X : VVag(2,202) T fur2 =0

for some fe 2 € Fuao(z,z02)}.  To  verify
that (ko, Va9, D2, Fe2) is synergistic relative to Asg
for (48), we need to check that 65 := inf{uy, ,(z,zc2) :
(,2c2) € Uy g\ Az g} > 0. It follows from (56) that W5 g C
{(:Caxc,Q) € X x XC,Q : (Iaxc,l) S \I/LG’U = Hl(gjaxc,l)}
where U ¢ is defined in Proposition 4. It follows from (51)
that

0o > inf{uv, , (z,2c2) : (%, 20,1) € U1,0\ A1,
u=r1(z,2c1)}

= inf{HVLe (@, @) (2, 2c,1) € Wi0\ A0}
which we have shown in Proposition 4 to satisfy dp >
0, under assumption (41). In addition, py, (%, zc2) =
v, o (T, 2e1) > pv, (2, 2c) > 6(x,2) for each (z,7.2) €
U39\ Az,0, hence the hybrid controller (x2, V29, D¢ 2, Fe 2)

is synergistic relative to Az for (30) with synergy gap
exceeding J. O

(58)

To finalize the design of a robust synergistic controller, we
provide the construction of the jump map G, in the next
proposition.

Proposition 7. Suppose that the sets X, X, U, and the
set-valued map Fy in (30) satisfy Assumption 1, and that
Assumption 2 holds. Given Q) in (31), a compact set A C XX
X, and a hybrid controller (ko, Vo, D, F..) that is nominally
synergistic relative to A for (30) with synergy gap exceeding
0, oy = {AQ’Q}QGQ with Ag g in (51), Vo = {‘/Q’Q}QGQ with

Va,g in (52), the hybrid controller (Ko, 2, D¢ o, Fe2,Ge 2)
where

GC,Q(xvxc,Q) = {(gc,lagu) S Dc,2(xaxc,2) :
gc,l S Gc,l(-rych)} (59)

Jor each (z,x.2) € X X X9 is synergistic relative to /5
for (30) with robustness margin () and synergy gap exceeding
J.

Proof. In Proposition 6 we demonstrate that the hybrid
controller (k2, V2 g, De o2, Fe 2) is synergistic relative to Az ¢
with synergy gap exceeding d as required by Definition 3.
The proof that (R1) is satisfied follows closely the proof of
Proposition 5, hence it is omitted here. The outer semicon-
tinuity and local boundedness of G2 follows from outer
semicontinuity and local boundedness of G.; in addition
to the continuity of x;, thus (R2) is verified. For each
(x,2c2) € X X X2 and for each g.o € X2, we have that

Vao(z,2c2) — Vao(T, ge2)

. 60)
> c2) — V& ,2)- (
2 min Va,o(x, Tc2) 2,0(Z, 9e,2)

From (59), it follows that g.o := (gc1,94) With g.1
belonging to (44) and g, = k1(z,g.1). Replacing (52)
in (60) and plugging in the aforementioned values of g. i
and g,, we have that
‘/Z,G(xa xc,2) - V2,0(xa 9572)

> in V; -W

% gore B VR V00 Te) = Vol gea)

1 _
+ §(u — K1 (z, 900,1))TI’2 Y — Ky (, Zen))

T e Vo o(@,Te2) = V2o (@, ge2)

(61)

for each (z,2.2) € X x X.2 and each gc2 = (ge1,9u) €

Geo(z,2c2). Since the max and min operators in (61)

commute as shown in the proof of Proposition 5, it follows
that

Vaoo(x,2c2) — Voo(x, ge2) > ’2@8 Py o (T, e 2)
for each (z,z.2) € X x X.2 and each gc2 = (ge1,9u) €
Geo(x, zc,2), thus verifying (R3). O

The hybrid closed-loop system resulting from the intercon-
nection between (kq, %2, Dc 2, Fe 2, Ge2) and (30) is given
by:

(x,zc2) € Capo
(l‘,xc’g) S DQ72

(62a)
(62b)

(Jbafbcﬂ) € Fcl,Q(I7$C,2)
($+,Jf:2) € GQ,Q(xaxc,Q)

where

Cao = {(m,xc’g) €EXx X0 Ignig v, o (T, Te2) < 5(x,xc)}
2 :

Dgq = {(fc,xc,z) € X x Xep iy, o (¥, Te2) 2 5(w,xc)}

and
x
c,2 ({L‘7 Le,2
The global asymptotic stability of Ay ¢ for (62) follows
from Theorem 2 and it is stated in the next corollary for
the sake of completeness. The proof is omitted because it is
identical to the proof of Corollary 2

Gaa(r,202) = [G )] V(x,2zc2) € Da,a.



Corollary 3. Suppose that the sets X, X., U, and the
set-valued map Fy in (30) satisfy Assumption 1, and that
Assumption 2 holds. Given ) in (31), a positive function
0 : Xx X, — R, a compact set A C X x X,, and a
hybrid controller (ro, Vo, D., Fe.) that is nominally syner-
gistic relative to A for (30) with synergy gap exceeding 0,
Jor each 0 € Q, the set Ay g is globally pre-asymptotically
stable for (62). If, for each (v,z.2) € Ca2\Da.a, (VC) is
satisfied, then Az g is globally asymptotically stable for (62).

In the next section, we apply the controllers proposed in
Sections VI-B and VI-C to global asymptotic stabilization of
a setpoint for a two-dimensional system in the presence of
an obstacle.

VII. SYNERGISTIC HYBRID FEEDBACK FOR ROBUST
GLOBAL OBSTACLE AVOIDANCE

To demonstrate the applicability of the synergistic adaptive
controller of Section VI, we consider the problem of globally
asymptotically stabilizing the origin for a vehicle moving on
a plane with an obstacle N := zy + rB with 2y € R? and
r > 0 such that the origin is not contained in . We consider
that the evolution in time of the position z € R\ of the
vehicle is described by

Z=u+6 (63)
where u € U := R? is the input and # € R? is an unknown
constant. We have shown in [8, Section IV] that ¢(z) :=

Z—Z0
|z—zo]

R2\N and S' x R, hence global asymptotic stabilization
of the origin for (63) is equivalent to the global asymptotic
stabilization of ¢ (0) for

& =D~ (z))u+ Dy(y~" (2))0. (64)
with z € X := S! x R. Before moving to the controller
design, we show that Assumption 1 is verified for the
particular problem at hand.

log(|z — 20| —7)| 1is a diffeomorphism between

Proposition 8. Let X, denote a closed subset of some
Euclidean space. Then, the set-valued map

Fo(x,xc,u) = D¢~ (2))u+ DYy~ ()0 (65)
defined for each (x,xq,u) € X x X, x U satisfies Assump-
tion 1 and
(x) The intersection between Fy(z,x.,u) and the tan-

gent space to X at (x,x.,u) is nonempty for each
(x,zc,u) € X x X X U.

Proof. To check that the condition (S1) holds, note that the
sets X, X, and U are closed subsets of Euclidean spaces. It
follows from the fact that ¢ is a diffeomorphism between
R*\N and S x R that D) (¢p~1(z)) is an isomorphism be-
tween the tangent space to R\ at ¢»~!(x) and the tangent
space to S' xR at x for each x € X (cf. [35, Proposition 3.6]),
thus (%) is verified. Since v is a diffeomorphism it also
follows that x +— Dy (¢p~1(x)) is continuous, thus Fy is
also continuous and single-valued, hence it verifies (S2). [

The following section presents a hybrid feedback controller
of the form (xo,Vp, D., F.) that is nominally synergistic
relative to

A:={(z,q) e X x X, : z =¢(0)}. (66)
for (65) as required by the controller design that is presented
in Section VI

A. Nominally Synergistic Hybrid Feedback Controller
for Obstacle Avoidance

Inspired by the controller gesign in [8, Section IV], let
(o) = |t

U, = {x € X: q1z1 + qaw2 # 1} with ¢ := (g1, ¢2) € S*.
The second component of ¢, (x) is the identity map, while the
first component corresponds to the stereographic projection
of (z1,72) € S! from ¢q € S,

Let controller variable x. be equal to ¢, i.e., x. = q € A,
with X, := {q € S' : ¢"20, < v}, where v € (—1,1) is a
controller parameter and 29, € S* is the shorthand notation
for the first two components of 2° := ¢/(0). Then, we define

5 104(@) ~ 6O ifz e,
+0o0

for each (z,q) € X x X.. The definition of X, above is
instrumental as it implies that 29, € U, for each g € X..
Defining D.(z,q) = X, for each (x,q) € X x X, and

(z1,72) + 4
T,q) =
L P
for each (z,q) € X x X, satisfying x12 # —¢, the solution
to the optimization problem (11) is given by:

x3| for each x := (x1,29,23) €

Vo(z,q) == (67)

otherwise

{geSt:q 29, =0} ifx=—¢q
ovy (2,9) = 4 p(@,4) if p(z,q) 2%, <
vy + /1 = 21(af5)p(z, q) otherwise

(68)

for each (z,q) € X'x X, where I1(q) = Is—qq ' foreach q €
S'. To increase the rate of descent of (67) during flows, we
define F.(z,q) := —I'(¢)II(q)V4Vo(z, q) for each (z,q) €
X x X, where I'(¢) is a nonnegative continuous function on
S! satisfying I'(q) = 0 for each ¢ € S* such that ¢ " 295 > 7.
Defining the feedback law

_ T
Koz, q) = — (Dv(¥~" () D%(DJ)T(%(@—%(%/J(&);;
for each (z,q) € domky = {(z,q) € X x X, : z € U,},
we prove that (ko, Vo, D., F.) is synergistic relative to A
for (65) in the next proposition.

Proposition 9. Given A in (66) and a continuous function
d : X x X, = R, the hybrid controller (ko, Vo, D, F¢)
is nominally synergistic relative to A in (66) for (64) with
synergy gap exceeding 6.

Proof. 1t follows from (68) that (11) is feasible, hence (C1) is
satisfied. The function F, is continuous, thus condition (C2)
is verified. Since each chart ¢, : U, — R? is a diffeomor-
phism, ¢q(x) = ¢4(¢(0)) if and only if 2 = 1(0), hence V'
in (67) is positive definite relative to (66). Moreover, Vj is
continuous and V' ([0, ¢]) is compact for each ¢ € R,
thus (C3) is verified. Since D. is constant and equal to
the compact set X, for each (z,z.) € X x X., we have
that D, is outer semicontinuous, lower semicontinuous and
locally bounded, hence (C4) is verified. Condition (C5) is
verified for (69) because domkx = {(z,z.) € X x X, :
Vo(z,z.) < +oo}. This proves that (ro,Vy, De, Fe) is a
synergistic candidate relative to A for (64) when 6 = 0.
From (11c) and (37b), we have that py,(z,q) = +oo >
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d(x,q) for each (z,q) ¢ U, for any function ¢, hence it
follows that each (x, q) € X' x X, satisfying (z, q) € U, does
not belong to C. Since Uy is open relative to X := SC{ x R
for each ¢ € X, {(z,q9) € X x X, : x € X\U,} and C are
disjoint closed sets, and there exists a neighborhood of C'
where Vj is Lipschitz continuous. The generalized derivative
of Vy at (x,q) is the direction F; o(x,q) is given by

Vi (2, ¢; Favo(w,9)) = —T(q) [T(q) Vo Vo, )
— [P (@) Dy () T (Sq(x) — Sa((0)))]*, (70)

for each (z,q) € C, where F, o is the flow map for
the closed-loop system resulting from the interconnection
between (ko, Vo, D, F.) and (64) with 6 = 0 (cf. (14)). Tt
follows from (70) that the growth of V along the flows of
the closed-loop system is upper bounded by 0, hence (C6)
is verified. It follows from the fact that ¢ and {¢g}4cx, are
diffeomorphisms that condition (C7) is satisfied with ¥ = A
(cf. [8]), thus completing the proof. O

An additional property of the hybrid controller
(ko, Vo, De, Fe.) is that is has synergy gap exceeding &
for any continuous function ¢ satisfying §(z,z.) < +oo
for each (x,z.) € X x X, because ¥\ A = (). Therefore,
any choice of a positive § yields global asymptotic stability
of A for the hybrid closed-loop system resulting from the
interconnection between (ko, Vo, D¢, C.) and (64) (with
6 =0).

B. Adaptive Synergistic Feedback for Robust Global
Obstacle Avoidance

More importantly, the synergistic controller
(ko, Vo, D, F.) can be modified according to the procedures
of Section VI to yield a controller that is synergistic relative
to @A = {A1,9}eecq with robustness margin Q and synergy
gap exceeding &, because Assumptions 2 and (41) hold for
the application at hand.

Proposition 10. Given Q C R? in (31), A in (66), a
continuous function 6 : X x X, — R, the hybrid con-
trollers (ko, Vo, D., F.) and (k1,Vi9,Dc1,Fc1) derived
Sfrom (ko, Vo, D¢, F.) using (37), we have that the hybrid
controller (k1, 71, Dep, Fe1,Gen) with V1 = {Vip}toca
and G in (44) is synergistic relative to <y = {A x
{0} }oeq for (64) with robustness margin Q) and synergy gap
exceeding 6.

Proof. Assumption 2 is verified with W(z,z.) =
H(x,z.) = Dy(yp~1(x)) and W (z, 2..) = I. To verify (41),
note that

Vi®(@, we.s Faa (2, 201)) < ~T () [1(q) V, Vo, )

- 2

= DY~ (@) " Doq() T (dg(w) = Sg (@ (O], (1)

with .1 = (¢,0) € Xoq := X. x (Q + €B). Similarly to

the proof of Proposition 9, the largest weakly invariant set

‘1’1,0 in& = {(%%,1) € Xx Xc,l : VVl,a(x,xc,l)chz,l =

0 for some fo1 € Foi1(x,x01)} is such that z = 3(0).
Then, it follows from (64) that

Dy~ (2))(0 = 0) = 0. (72)

Since 1 is a diffeomorphism, we have that Dy (v~ (z))

is an isomorphism between the tangent spaces to RZ\ A\ at

1~ 1(z) and to S* x R at x, thus (72) is verified if and only
if @ = 6. We conclude that ¥, ¢ = Aip and, consequently,
Taxx,(P10\A19) =0 C U\ A with ¥ as in the proof of
Proposition 9, thus (41) is verified. O

The fact that the hybrid controller (1, #1, Dc1, Fen, Ge)
derived from the data of the nominally synergistic controller
(ko, Vo, D¢, F..) is synergistic relative to <#; for (64) with ro-
bustness margin (2 and synergy gap exceeding § implies that,
for each 0 € Q, the set A; g := Ax {6} is globally asymptot-
ically stable for the hybrid closed-loop system (46) resulting
from the interconnection between (k1, %1, D1, Fe1,Ge1)
and (64). Similarly, we have that, for each 6 € €2, the set As ¢
in (51) is globally asymptotically stable for the hybrid closed-
loop system (62) resulting from the interconnection between
(K2, %, Dca, Fea,Ge2) and (64). In the next section, we
illustrate these results by presenting some numerical results
that depict the behaviour of the closed-loop systems.

C. Simulation Results

In this section, we present simulation results of the closed-
loop system resulting from the interconnection between (64)
and the hybrid controllers that are presented in Section VI
considering that there is an obstacle N := z; + rB with

20 = [1 O}T and 7 = 0.5. Furthermore, we consider that

0= [\/5 /2 V2/ 2} T and that the controller parameters are
ky =1,T1/2=Ty=1I,e=1,0y =1, and §(x,q) =1
for each (z,q) € X x X.. For this particular choice of I'y,
we have that G(0) = min{1,0,/ ’é‘}é for each § € Q +

B, which is outer semicontinuous and locally bounded. In
addition, we set v = 0.5 and I'(q) = max{0,v —q "9y} for
each ¢ € S'.

Figure 1 represents the trajrectory of the vehicle starting
from rest at z(0) = [2 0] for each of the controllers
presented in Section VI. It can be verified both through
Figure 1 as well as Figure 2 that the trajectories before and
after backstepping are comparable, since the evolution of
the distance of the vehicle to the desired setpoint is fairly
similar in both cases. The bottom half of Figure 2 depicts
the evolution of the estimation error, which has a smaller
settling time for the closed-loop system with the controller
of Section VI-C than the controller of Section VI-B for this
particular simulation.

Due to the fact that the controller weighs the distance be-
tween the vehicle and the obstacle evenly across all possible
values of (z1,x9) € S!, and because the desired setpoint
is located at the same distance to obstacle as the initial
condition, the vehicle describes roughly a circular trajectory
around the obstacle. It is possible to improve this behaviour
by changing either the synergistic potential function V; or the
diffeomorphism 1) so as to weigh the distance to the obstacle
differently across different values of (x1,z2) € St.

To find out more about the simulation and its im-
plementation, you may explore the source code at
https://github.com/pcasau/synergistic.

VIIl. CONCLUSION

Synergistic hybrid feedback has taken many forms over
the years, depending on the particular dynamical system
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being studied. The unifying framework for synergistic hybrid
feedback that we presented in this paper captures the most
salient features of existing synergistic hybrid feedbacks in
order to help others distinguish between the particular and the
general in different instances of synergistic hybrid feedback
across the literature. In addition, we provided a controller
design that starts from an existing synergistic controller
and modified it in order to yield an adaptive controller
that is able to compensate for the presence of bounded
matched uncertainties in affine control systems. Furthermore,
we demonstrated that the proposed controller is amenable to
backstepping and can be applied to the problem of global
obstacle avoidance.

[1] S. P. Bhat and D. S. Bernstein, “A topological obstruction to con-
tinuous global stabilization of rotational motion and the unwinding

(2]

[3]

(4]

[5]

(6]

(7

(8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

phenomenon,” Systems and Control Letters, vol. 39, no. 1, pp. 63-70,
2000.

C. G. Mayhew and A. Teel, “On the topological structure of attraction
basins for differential inclusions,” Systems and Control Letters, vol. 60,
no. 12, pp. 1045-1050, 2011.

C. G. Mayhew, R. G. Sanfelice, and A. R. Teel, “Synergistic Lyapunov
functions and backstepping hybrid feedbacks,” in Proceedings of the
2011 American Control Conference, pp. 3203-3208, 2011.

C. Mayhew, R. Sanfelice, and A. Teel, “Quaternion-Based Hybrid
Control for Robust Global Attitude Tracking,” [EEE Transactions on
Automatic Control, vol. 56, no. 11, pp. 2555-2566, 2011.

J.-Y. Wen and K. Kreutz-Delgado, “The attitude control problem,”
IEEE Transactions on Automatic Control, vol. 36, no. 10, pp. 1148—
1162, 1991.

T. Mylvaganam, C. Possieri, and M. Sassano, “Global stabilization of
nonlinear systems via hybrid implementation of dynamic continuous-
time local controllers,” Automatica, vol. 106, pp. 401-405, 2019.

H. Nakamura and Y. Satoh, “Etale Synergistic Hybrid Control Design
for Asymptotic Stabilization on Manifold via Minimum Projection
Method,” in Proceedings of the IEEE Conference on Decision and
Control, pp. 2354-2359, 1IEEE, 2019.

P. Casau, R. Cunha, R. G. Sanfelice, and C. Silvestre, “Hybrid
Control for Robust and Global Tracking on a Smooth Manifold,” /EEE
Transactions on Automatic Control, vol. 65, no. 5, pp. 1870-1875,
2020.

C. G. Mayhew and A. R. Teel, “Global asymptotic stabilization of
the inverted equilibrium manifold of the 3-D pendulum by hybrid
feedback,” in Proceedings of the 49th IEEE Conference on Decision
and Control, pp. 679-684, IEEE, 2010.

S. Berkane and A. Tayebi, “Construction of Synergistic Potential
Functions on SO(3) with Application to Velocity-Free Hybrid Attitude
Stabilization,” IEEE Transactions on Automatic Control, vol. 62, no. 1,
2017.

P. Casau, R. Sanfelice, R. Cunha, and C. Silvestre, “A globally asymp-
totically stabilizing trajectory tracking controller for fully actuated rigid
bodies using landmark-based information,” International Journal of
Robust and Nonlinear Control, vol. 25, no. 18, pp. 3617-3640, 2015.
X. Tong and S. S. Cheng, “Global Stabilization of Antipodal Points on
n-Sphere with Application to Attitude Tracking,” IEEE Transactions
on Automatic Control, 2023.

P. Casau, R. Sanfelice, R. Cunha, D. Cabecinhas, and C. Silvestre, “Ro-
bust global trajectory tracking for a class of underactuated vehicles,”
Automatica, vol. 58, pp. 90-98, 2015.

E. A. Basso, H. M. Schmidt-Didlaukies, K. Y. Pettersen, and A. J.
Sorensen, “Global Asymptotic Tracking for Marine Vehicles using
Adaptive Hybrid Feedback,” IEEE Transactions on Automatic Control,
2022.

H. M. Schmidt-Didlaukies, E. A. Basso, A. J. Sorensen, and K. Y.
Pettersen, “A Generalization of Synergistic Hybrid Feedback Control
with Application to Maneuvering Control of Ships,” in Proceedings of
the 61st IEEE Conference on Decision and Control, (Cancun, Mexico),
pp. 1986-1992, 2022.

C. G. Mayhew and A. R. Teel, “Synergistic Hybrid Feedback for
Global Rigid-Body Attitude Tracking on SO(3),” IEEE Transactions
on Automatic Control, vol. 58, no. 11, pp. 2730-2742, 2013.

T. Lee, “Global Exponential Attitude Tracking Controls on SO(3),”
IEEE Transactions on Automatic Control, vol. 60, no. 10, pp. 2837—
2842, 2015.

M. Wang and A. Tayebi, “Hybrid Feedback for Global Tracking on
Matrix Lie Groups SO(3) and SE(3),” [EEE Transactions on Automatic
Control, vol. 67, no. 6, pp. 2930-2945, 2022.

T. Rybus, “Obstacle avoidance in space robotics: Review of major
challenges and proposed solutions,” Progress in Aerospace Sciences,
vol. 101, pp. 31-48, 2018.

N. Malone, H.-T. Chiang, K. Lesser, M. Oishi, and L. Tapia, “Hybrid
Dynamic Moving Obstacle Avoidance Using a Stochastic Reachable
Set-Based Potential Field,” IEEE Transactions on Robotics, vol. 33,
no. 5, 2017.

A. Bloch, M. Camarinha, and L. J. Colombo, “Dynamic interpolation
for obstacle avoidance on Riemannian manifolds,” International Jour-
nal of Control, vol. 94, no. 3, pp. 588-600, 2021.

D. E. Koditschek and E. Rimon, “Robot navigation functions on
manifolds with boundary,” Advances in Applied Mathematics, vol. 11,
no. 4, pp. 412-442, 1990.

R. Sanfelice, M. Messina, S. Emre Tuna, and A. Teel, “Robust hybrid
controllers for continuous-time systems with applications to obstacle
avoidance and regulation to disconnected set of points,” in Proceedings
of the 2006 American Control Conference, pp. 3352-3357, 2006.

S. Berkane, A. Bisoffi, and D. V. DImarogonas, “A hybrid con-
troller for obstacle avoidance in an n-dimensional euclidean space,” in



16

Proceedings of thel8th European Control Conference, pp. 764-769,
EUCA, 2019.

M. Marley, R. Skjetne, and A. R. Teel, “Synergistic control barrier
functions with application to obstacle avoidance for nonholonomic ve-
hicles,” in Proceedings of the American Control Conference, pp. 243—
249, American Automatic Control Council, 2021.

S. Berkane, A. Bisoffi, and D. V. Dimarogonas, “Obstacle Avoidance
via Hybrid Feedback,” IEEE Transactions on Automatic Control,
vol. 67, no. 1, pp. 512-519, 2022.

M. Sawant, S. Berkane, 1. Polushin, and A. Tayebi, “Hybrid Feedback
for Autonomous Navigation in Planar Environments with Convex
Obstacles,” IEEE Transactions on Automatic Control, 2023.

S. Berkane, A. Abdessameud, and A. Tayebi, “Hybrid Attitude and
Gyro-Bias Observer Design on SO(3),” [EEE Transactions on Auto-
matic Control, vol. 62, no. 11, pp. 6044-6050, 2017.

T. Strizic, J. I. Poveda, and A. Teel, “Hybrid gradient descent for robust
global optimization on the circle,” in Proceedings of the 56th Annual
Conference on Decision and Control, pp. 2985-2990, 2017.

P. Casau, R. Sanfelice, and C. Silvestre, “Adaptive backstepping of
synergistic hybrid feedbacks with application to obstacle avoidance,”
in Proceedings of the 2019 American Control Conference, pp. 1730—
1735, 2019.

P. Casau, R. Sanfelice, and C. Silvestre, “Robust Synergistic Hybrid
Feedback,” ArXiV, 2022.

F. H. Clarke, Optimization and Nonsmooth Analysis.
SIAM, 1987.

R. Goebel, R. Sanfelice, and A. Teel, Hybrid Dynamical Systems:
Modeling, Stability, and Robustness. Princeton University Press, 2012.
R. G. Sanfelice, Hybrid Feedback Control. Princeton, NJ: Princeton
University Press, 2021.

J. M. Lee, Introduction to Topological Manifolds, vol. 202 of Graduate
Texts in Mathematics. New York, NY: Springer New York, 2000.

R. Sundaram, 4 First Course in Optimization Theory. New York, USA:
Cambridge University Press, 20th ed., 1996.

R. G. Sanfelice, R. Goebel, and A. R. Teel, “Invariance Principles for
Hybrid Systems With Connections to Detectability and Asymptotic
Stability,” IEEE Transactions on Automatic Control, vol. 52, no. 12,
pp. 2282-2297, 2007.

M. Sion, “On General Minimax Theorems,” Pacific Journal of Math-
ematics, vol. 8, no. 1, 1958.

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32] Philadelphia:

[33]
[34]
[35]
[36]
[37]

[38]

[39]
uncertain chaotic systems. Springer, 2008.

M. Kistic, I. Kanellakopoulos, and P. V. Kokotovi¢, Nonlinear and
Adaptive Control Design. A Wiley-Interscience publication, New York,
USA: Wiley, 1st ed., 1995.

Z. Cai, M. S. Queiroz, and D. M. Dawson, “A sufficiently smooth
projection operator,” [EEE Transactions on Automatic Control, vol. 51,
no. 1, pp. 135-139, 2006.

D. S. Bernstein, Matrix Mathematics. Princeton, NJ: Princeton Uni-
versity Press, 2009.

[40]
[41]

[42]

Pedro Casau is an Assistant Professor at
the Department of Electronics, Telecommuni-
cations and Informatics of the University of
Aveiro and a Researcher at [T-Instituto de
Telecomunicagdes. He received the B.Sc. in
Aerospace Engineering in 2008 from Instituto
! Superior Técnico (IST). In 2010, he received

. the M.Sc. in Aerospace Engineering from IST
N and enrolled in the Electrical and Computer En-
(2N ’ ) gineering Ph.D. program at the same institution

I which he completed with distinction and honour
in 2016. He held the Research Assistant position at the University of
Macau and was a Research Fellow at the Institute for Systems and
Robotics in Lisbon. He participated in several national and international
research projects on guidance, navigation and control of unmanned air
vehicles (UAVs) and satellites. His current research interests include
nonlinear control, hybrid control systems, networked control systems,
event-triggered control, vision-based control systems, controller design
for autonomous air-vehicles and spacecraft systems.

J. Zhou, C. Wen, and C. Zhang, Adaptive backstepping control of

Ricardo G. Sanfelice received the B.S. degree
in Electronics Engineering from the Universi-
dad de Mar del Plata, Buenos Aires, Argentina,
in 2001, and the M.S. and Ph.D. degrees
in Electrical and Computer Engineering from
the University of California, Santa Barbara,
CA, USA, in 2004 and 2007, respectively. In
2007 and 2008, he held postdoctoral positions
at the Laboratory for Information and Deci-
sion Systems at the Massachusetts Institute of
) Technology and at the Centre Automatique et
Systémes at the Ecole de Mines de Paris. In 2009, he joined the faculty
of the Department of Aerospace and Mechanical Engineering at the
University of Arizona, Tucson, AZ, USA, where he was an Assistant
Professor. In 2014, he joined the University of California, Santa Cruz,
CA, USA, where he is currently Professor in the Department of
Electrical and Computer Engineering. Prof. Sanfelice is the recipient
of the 2013 SIAM Control and Systems Theory Prize, the National
Science Foundation CAREER award, the Air Force Young Investigator
Research Award, the 2010 IEEE Control Systems Magazine Outstand-
ing Paper Award, and the 2020 Test-of-Time Award from the Hybrid
Systems: Computation and Control Conference. He is Associate Editor
for Automatica and a Fellow of the IEEE. His research interests are
in modeling, stability, robust control, observer design, and simulation
of nonlinear and hybrid systems with applications to power systems,
aerospace, and biology.

Carlos Silvestre received the Licenciatura de-
gree in Electrical Engineering from the Insti-
tuto Superior Tecnico (IST) of Lisbon, Portugal,
in 1987 and the M.Sc. degree in Electrical
Engineering and the Ph.D. degree in Control
Science from the same school in 1991 and
2000, respectively. In 2011 he received the
Habilitation in Electrical Engineering and Com-
puters also from IST. Since 2000, he is with
the Department of Electrical Engineering of the
Instituto Superior Tecnico, where he is currently
an Associate Professor of Control and Robotics on leave. Since 2015
he is a Professor of the Department of Electrical and Computers
Engineering of the Faculty of Science and Technology of the University
of Macau. Over the past years, he has conducted research on the
subjects of navigation, guidance and control of air and ocean robots.
His research interests include linear and nonlinear control theory,
hybrid control, sensor based control, coordinated control of multiple
vehicles, networked control systems, fault detection and isolation, and
fault tolerant control.



