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Hybrid systems are those that inherently combine discrete and continuous dynamics. This paper considers the hybrid system model
to be an extension of the discrete automata associating a continuous evolution with each discrete state. This model is called the
hybrid automaton. In this work, we achieve a mathematical formulation of the steady state and we show a way to obtain the
initial conditions region to reach a specific limit cycle for a class of uncoupled and coupled continuous-linear hybrid systems.
The continuous-linear term is used in the sense of the system theory and, in this sense, continuous-linear hybrid automata will be
defined. Thus, some properties and theorems that govern the hybrid automata dynamic behavior to evaluate a limit cycle existence

have been established; this content is explained under a theoretical framework.

1. Introduction

Many system structure changes lead to discontinuities in their
dynamics. These changes may be caused by discrete events
generated by discrete actuators, sensors, or inherent process
discontinuities. In general, systems where continuous and
discrete components interact are called hybrid systems. This
interaction reflects the compositional properties underlying
the hybrid system model [1]. Several mathematical models
have been proposed for hybrid systems with different model-
ing capabilities and different purposes [2-6]. In this paper, a
continuous dynamic is represented by a differential equation
set and the discrete dynamic by a finite state machine. This
model is called the hybrid automaton and was introduced
by [7] that is probably the most powerful model. In this
work some properties are determined for hybrid automata.
Using reachability properties we have provided an analytical
formulation of the steady state behavior that gives the
necessary and sufficient conditions to reach a limit cycle in
a continuous-linear hybrid system. Herein, the continuous-
linear term is used in the sense of the system theory and in
this sense continuous-linear hybrid automata will be defined.
The framework used here is introduced in [7]. This paper

is organized as follows. Section1 is an introduction to the
topic; Section 2 presents the hybrid automaton model, defines
different subclass of hybrid automata, and presents some
definitions and properties for discrete transition enabling
in the hybrid dynamic evolution. Section 3 briefly presents
a reachability analysis of uncoupled case and provides the
necessary conditions to obtain a specific limit cycle. In
Section 4 a coupled case will be conducted and presents a
detailed analysis of a limit cycle existence for the coupled case
presented. Finally, Section 5 presents a brief summary and
some issues for further research.

2. Theory about Hybrid Automata

In the discrete event systems analysis of hybrid systems,
two important approaches are established: the automata
approach [8] and the Petri net approach (PN). In this work
the automata approach is considered. Hybrid automata take
their origin from the finite automaton model [9]. This basic
model shows only commutation logic, that is, the discrete
event sequences. With this model we can only express, for
example, the event sequence generated until a marked state
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FIGURE 1: Representation of hybrid automaton.

is reached, starting from an initial state. This model is simple
but insufficient when time has to be taken into account.
Therefore, to enrich the previous model, the timed (finite)
automaton was proposed by [10]. Thus, a timed automaton
is a finite automaton with a finite set of real-valued clocks.
The clocks can be reset to 0 (independently of each other)
with the transitions of the automaton and keep track of the
time elapsed since the last reset. It provides a simple way
to annotate state-transition graphs with timing constraints.
On the other hand, the timed automata model is not enough
if we wish to model not only the time evolution of the
discrete transitions, but also the process variable continuous
evolution. Therefore, if we wish to model the continuous
evolution of a process model, a hybrid automata model is
suggested.

2.1. Hybrid Automata Model. A hybrid automaton is a formal
model for a dynamic system with discrete and continuous
components (Figure 1). The vertices of a graph, called loca-
tions or control modes, model the state of the discrete system,
and the arcs, called transitions or control switches, model the
discrete dynamics. Thus, the hybrid automaton model (as an
extension of the finite automaton) is a bipartite graph, that
is, locations (discrete states usually represented by circles)
and oriented arcs (transitions represented by arrows). It is
compulsory for each oriented arc to have a location at its end.
Therefore, locations are connected by arcs. The number of
locations is finite and nonzero. The number of arcs is also
finite and nonzero. The state of the continuous system is
modeled by points in R” and, in each location, its continuous
dynamic is modeled by flow conditions such as differential
equations.

Definition 1 (hybrid automata). Based on [8, 11], we consider
a hybrid automaton H = (X, S, flow, E, F, ), init) consists of
the following:

(i) X: variables, a finite ordered set of real-valued vari-
ables. The size r of X is called the automaton dimen-
sion.

(ii) S: locations: a finite set of #n locations § =
{s1,80 .. > 8,)

(iii) flow: flow conditions: a labeling function flow that

assigns a flow condition flow(s;) to each location
s; € S, where the continuous dynamic is usually
represented by differential equations.
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(iv) E: transitions, a finite set E of discrete jumps (edges)
called transitions and represented by arcs. Each tran-
sition T; = (s;,s;) identifies a source location and a
target location.

(v) F: jump conditions, a labeling function F(T;) that
assigns a jump condition to each transition T; € E.
The jump conditions relate the values of the vari-
ables and their tangents before a (discrete) transition
with those after a transition. They also provide the
conditions to fire a transition in general as boolean

combinations of inequalities.

(vi) Y: events, a finite set of events which made up ) and
a labeling function which is assigned to each event in
Y (including empty event) to every transition T; €
E. The events can be used to define and model the
parallel composition of hybrid automata.

(vii) init: initial conditions, a labeling function init(s;) that
assigns an initial condition to each location s; € S. In
the automata graph representations, initial conditions
appear as labels on incoming arrows without a source
location.

From the field of computer science, there are algorithmic
techniques for checking certain properties of linear hybrid
automata [7, 12]. These automata have linearity restrictions
on transitions (linear inequalities between sources and targets
of jumps) and continuous flows of variables (differential
inequalities X > B). The definition of linearity used there is
more restrictive than in system theory. For instance, linear
hybrid automata cannot directly model continuous flows of
the form x = Ax.

Definition 2 (linear hybrid automaton). A hybrid automaton
H is a linear hybrid automaton H; if

(1) all variables of H are linear,

(2) foralllocations s; € S, the initial condition init(s;) and
the flow condition flow(s;) are all convex,

(3) for all transition T; € E, the jump condition F(T}) is
convex.

For example, in the hybrid automaton H of Figure 2, we
obtain a linear hybrid automaton H; of dimension 2 setting
r=2,Vie{l,2):

- T
init (s;) = x(0) = [x, (0) x,(0)]

flow (s;) = % (t) = B;, @
F(T;) = Cix (t) > K;

considering the constant values x(0), B;, K; € R* and C; €
R*x R%.

It is important to emphasize in the present work that
the continuous-linear term is used in the sense of the sys-
tem theory. Therefore, this paper considers the continuous-
linear hybrid automaton to be a general model to represent
continuous-linear dynamics in hybrid systems. On the other
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FIGURE 2: Two-location linear hybrid automaton.

hand, as in the case of linear hybrid automata, continuous-
linear hybrid automata have the same linearity restrictions
on discrete transitions. Thus in this sense, continuous-linear
hybrid automata is defined. As the majority of systems
in control theory are modeled by dynamics using coupled
differential equations, we have expressed mathematically the
continuous coupled flow equations by means of a state space
representation. Thus, in this sense, we will consider hybrid
systems with continuous flows to be modeled as one r-
dimensional first-order differential equation, as defined by
(2,7]

x=f(txu), 2)

where x is the continuous state vector taking values in some
subset of the Euclidean space and f(t,x,u) is a controlled
vector field. We consider the state vector x(t) € X € R" and
the control input vector u(t) € U < R™. The size r of x is
called the automaton dimension. The size m of u is the control
input size. Accordingly we define

x=[x; x, -+ x,
u=[u uy - um]T; (3)

ft,xu)=[fit,xu) f,txu) - f,(t,x,u)]T.

In hybrid systems, continuous-linear flows can be mod-
eled considering in (2) f(x,u,t) = A;(t)x(t) + B;(t)u(t)
to be the controlled vector field (in all s; locations), where
A;(t) € R, B,(t) € R™, and the automaton dimension
r is also called the dimension of A;(t).

Definition 3 (continuous-linear hybrid automata). A hybrid
automaton H is a linear hybrid automaton H; if

(1) for all locations s; € S, the initial condition init(s;) is
convex,

(2) the flow condition flow(s;) is continuous-linear,

(3) for all transition T; € E, the jump condition F(T;) is
convex.

Thus, a continuous-linear hybrid automaton H; is char-
acterized by a set S of locations s;, by oriented arcs T; € E
called transitions, by convex relations in the initial and jump
conditions, and by a continuous-linear flow equations usually
expressed as x(f) = A;(t)x(t) + B;(t)u(t). From Figure 2,
we will obtain a continuous-linear hybrid automaton Hg;
replacing the flow condition %(t) = B;, Vi € {1, 2}, by

x(t) =A; () x(t) +B; () u(t). (4)

Definition 4 (time invariant hybrid automata). A hybrid
automaton H is a time invariant hybrid automaton H; if

(1) for alllocations s; € S, the initial condition init(s;) and
the flow condition flow(s;) are all time invariant and

(2) for all transitions T; € E, the jump condition F(T;) is
time invariant.

Remark 5. Further after, we will call continuous-linear time
invariant hybrid automaton H; ; to all hybrid automaton that
satisfies Definitions 3 and 4. In this case, the vector field in (2)
becomes f(x, u).

Definition 6 (uncoupled hybrid automata). A hybrid automa-
ton H is uncoupled hybrid automaton Hp, if

(1) for all locations s; € S, the flow condition flow(s;) is
uncoupled; that is, the variable x is flow independent
and the vector field in (2) is given by

f(tx,u)
=[fibxpu) for(txpu) - fr(t,r,u)]T

and for all transition T; € E, the jump condition F(T})
is function of only one state variable.

(5)

Remark 7. Hence, we will call uncoupled continuous-linear
time invariant hybrid automaton Hy;, all hybrid automata
that satisfy Definitions 3, 4, and 6. In this case, for all
locations s; € SA; matrix in the vector field is diagonal.
In consequence, an automaton can be considered a coupled
continuous-linear hybrid automaton if it is represented by at
least one nondiagonal matrix A; for any s; € S and/or at least
two different state variables in any jump condition predicate.

3. Limit Cycle Analysis of Uncoupled
Hybrid Systems

In this section, our goal is to establish some definitions,
properties, and theorems concerning limit cycle existence
and uniqueness of the hybrid automata Hq;p. To reach a
limit cycle in a dynamic behavior of an automaton, we must
consider that at least one closed loop trajectory exists in the
automaton model.

3.1. Basic Concepts. In general, the analysis of continuous
evolution of a hybrid system is not the main problem. The
difficulty stems from the discrete behavior interaction. It
is necessary to model the commutation instants as well as
considering the continuous state variables evolution. This
leads us to an important notion in hybrid system modeling
that is called the transition enabling. Consider the automaton
partial structure where s; location has a single input and a
single output transition, as in Figure 3.

In each s; location, differential equation models flow(s;
for a continuous dynamic evolution for a fixed horizon

defined in a closed interval I; =10, (Sj].

Definition 8 (residence time). For all hybrid automata H, a
residence time §; is defined as the amount of time spent in
location s; before a transition T; fires.
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FIGURE 4: SISO transition location of a Hg;; hybrid automaton.

Property 1 (transition enabling). For all hybrid automata
being in location s;, T; transition is enabled at = 0
input instant, if and only if a finite time §; € R, solution
exists. This §; solution is a function of the initial condition
(initial point), the jump condition (final point), and the
differential equations (the trajectory) defined for location ;.
A first particular interesting analysis case exists when the
dynamic behavior of the continuous-linear time invariant
hybrid system is uncoupled; therefore the hybrid automaton
model considers diagonal A j matrices and u(t) a constant
control signal, Vs; € S.

Hypothesis 1. Let us consider a hybrid automaton Hy p, the
dynamic representation of uncoupled continuous-linear time
invariant hybrid systems. In this representation we suppose

Vs; € S a diagonal matrix A; = diag[a; a;] and a

real constant vector Biu = [bj -+ bj,]T. First, for each
s; location (Figure 4), let the jump condition be a simple
predicate X, = xq(Sj) = Kj, such as x (1) =x(t)[q] is a
definite function R,y — R, Vq € [1,7],t € ), and let K
be a point in some region R, € R. Now, let K, be x,(t) value
at T; transition instant.

The state vector evolution x(t); V¢ € I; is given by

x(t)—efx(0)+J’e1t‘P)Bu((p)d(p (6)

For t = §j, we obtain, where Vq € [1,r],
A6 % Ay
K; =e"%ix (0) + L et f_‘p)Bjdgo, (7)

8
K., = e“f"afKiq + J %09 bj,de,

ja . Vaj, #0

(8)
9;
K=K+ qu L do, a;, = 0.
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Herein, K;, and K, are, respectively, pth and qth constant
components of K; and K ; vectors. Hence solving (8), we can
calculate §; residence time. Therefore, if §; finite real positive
solution of (8) exists, then T transition is enabled. It must be
noted that, in the general case (7), that is, for any A ; matrix,
it is difficult to find an explicit solution and in the majority of

cases, only 6; numerical solution is possible.

Property 2. The residence time §; in all locations s; € S is
determined by
1 K. — P,
8= —1n<M), if a;, # 0
g \Kig=Pjq
K., - K ©
or §; = <—]qb< lq), if a;, =0,
ja

where Pj, = —qu/ajq.

This last result could be obtained by solving (8) at §;
residence time. For a;,, € R, it must be noted that the

ia
correspondlng equ1hbr1um point x* q € Rtox, is given by
relation x” bj,/aj;. In general Vs; € S and for this

uncoupled case, the equ111br1um point of x(ti in the Euclidean

T
_[le Py e P,

space R’ is given by x" i

Theorem 9. Given a hybrid automaton Heypp with x; = K,
input (initial) condition and x, = K, jump condition predicate
of T; (output) transition, the necessary and sufficient condition

to enable T} is given by the following logical equations:

[P <K, <Kq]V[P > K. >K]

ja =R ja =
if aj, <0,
[Py < Kig < Kjy| V[P > Ky 2K = 15
(10)
if ajq >0,
[KMSK ][qu<0]V[quZKiq] [qu>0]=1;

if a;;=0

The proof, from the above relations, is a simple one and
it is based on the fact that for enabling a transition T; it is
enough that 3§, | §; € R.,. It must be noted in (9) that the
equality K, = K glves the lower bound of residence time

(6; = 0)in iocauon s;. On the other hand, a value K, = P;,
where Kj, # Kjg, will produce the upper limit of residence
time (§; = inf). In this last case, T'; transition will not be
enabled; therefore s; will be a sink location. For reachability
analysis, we consider a region in the state space R; as initial
condition and a region R; as jump condition of T} transition.
K;; and K, are two points in R; and R; regions, respectively.
The final region R; is reachable from the initial region R,
R; — R, if for each point K, € R; in the final region, there
is at least one point K, € R; that satisfy the logical equations
(10).
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FIGURE 5: Hepp hybrid automaton with a closed loop structure.

Hypothesis 2. Based on the Hypothesis 1, let us consider f3
closed loop trajectory obtained from automaton locations
(Figure 5).

Theorem 10. For each f3 closed loop trajectory in Hey i, hybrid
automaton, the necessary condition to reach a limit cycle is
given by the logical expression:

n
U [Cig A Cliog A Clianyg) = 1- (11)
=1
In this case
17 if n= 2
Cr. = dn=2 (12)
(j+)q .
[Cijung V Cijeng) > if m>2,

i=1
where
qu:[ %jq <O)A(P < Kjy < Ko )]
v [(ag > 0) A (P < Kjg < K]

[
V[( _OAb <O) (KMSKJI)Q)]

Cjg= [aﬂl ) (P >KJq—K(Jl)]

v {(ajg > 0) A (Pyy > Ky 2 Kjy)]

(13)

v [(ajq =0Aby, > 0) (KJq 2 Kj- l)q)]

Considering all subindices (n+1) = i; Vi > 0, due the closed
loop configuration.

Theorem 11. For 3 closed loop structure Hegpn hybrid
automaton (Figure 5), the initial condition point to reach a
limit cycle must belong to the initial region defined by
1n1t - Clmt N let’ (14)
Cinit = [(alq < 0) A (qu < Klq < X0 (q))]
v [(a > 0) A (B, < 3 (q) < Ky,)]

V[(a, =0k, <0)A(Ky, < x,(q))]

5
> x=-01x+5
T,
FIGURE 6: Thermostat hybrid automaton model.
Cint = [ (a1 < 0) A (P, > Ky 2 %, (9))]
v [(ayy > 0) A (P, > x,(q) 2 Ky
% [(alq =0Aby, > 0) A (Klq > x, (q))] .
(15)

As we can see in Example 12, the limit cycle reachability
is function of the automaton jump conditions as well as its
initial condition region. Therefore, (11) and (14) enable us
to evaluate in a rapid, easy, and direct way if x(¢) hybrid
dynamics will reach a limit cycle.

Example 12. Hqyp, hybrid automaton of Figure 6 models a
thermostat that controls the temperature, x(¢), of a heating
system. The task is to evaluate its reachability of a limit cycle
for x(t) and find the region of initial conditions that make it
possible.

Using (11) for a, < 0 j e {L2L,n = 2,q =
0 (simplifying index notations because there is only one
continuous variable xq(t) = x(t)) and again considering
index zero equal to n, we get the necessary condition to reach
the limit cycle (Theorem 10):

Cm

[C /\C(J 1)] L

-
Il
—

(CinG,)V(CAC) =1
(16)
(P, >K,2K,AP, <K, <K))
v (P, < K;

<K,AP,>K,>K;) =1,

(P,<K,<K,<P)V(P,>K, 2K, >P) =1
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FIGURE 7: Cyclic behavior of temperature.

with P, = 50, P, = 0; we obtain (0 < K, < K; < 50) = 1.
Therefore, it is possible to reach a limit cycle if the previous
inequality holds true. Then, the region that defines the initial
condition is given by

Rinit = Cinit \4 Cinit

=[P, <K, <x(0)]VI[P>K 2x(0)] (17)

=[50 > K, = x(0)].

Thus, if we consider x(0) = 10, K; = 22, and K, =
18, all the previous relations are satisfied, and, therefore, the
temperature response x(t) will be cyclic (Figure 7).

On the other hand, if we consider x(0) = —-15, K; = -10,
and K, = -5, x(0) is in the initial condition region, but
Theorem 10 is not satisfied. Therefore, in steady state, the
temperature x(¢) will not reach a limit cycle (Figure 8).

4. Limit Cycle Analysis for a Coupled Case

The fact of having the automaton jump condition predicates
related to two different state variables gives a certain coupling
between them and consequently a more difficult analytical
solution. Therefore for this case, x, variables in the jump
condition predicates will not be solvable in the solvability
sense defined in [7] and as a result a more difficult reachability
analysis. Our goal in this section is then to provide some
theorems and properties to reach a limit cycle for this coupled
case.

Hypothesis 3. Let Figure 9 be s; location of two dimensions
for Hgy; hybrid automaton. In this coupled case A;

diag [aj, aj,], vectors B; = [b;, bjz]T, K;, and K, are real

constants, and the jump condition predicates are related to
one of two different state variables xq(t) =Kj, | qe{l,2}.

The state vector at transition instants is defined as x(& j) =

(K1 sz]T. The discrete values K;; and K;, are obtained
at each T; transition instant. The trajectory equation x, =
f(x;), vt € [0, 6]-] in the state space (for each s; location)
is given by

bjz
%, (0) + =— [x1 -x (0)] fora,; =a, =0,

X2 , j j
jl

X, P]2 + [x2 (0) _ sz] e(ajz/bjl)[xl_xl(o)]’

fora; =0, aj, #0, (18)

x =Py ]“ﬂ/“ﬂ
b

x, = Py + [x,(0) - Py [m

fora; #0, aj, #0,
where [x,(0) x,(0)]" = [K;, K] is s; initial condition.

Property 3. The discrete dynamic relation between K, and
K, at each T} transition instant is given by

by
K=K+ b [K;, - Ky, fora;=a,=0,
J

(@ /b, (K} —Ky ]
Kj, = Py + [Kjy — Py /o=l

fora; =0, aj, #0, (19)

K. — P, 1%/%
_ j1— o1
sz_Pj2+[Ki2_Pj2]|:ﬁ:| )
i j

fora; #0, a;, #0.
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FIGURE 8: Temperature x(t) with noncyclic behavior.

FIGURE 9: An automaton location for a coupled case.

This is an analytical result obtained by finding the commu-
tation point in the state space trajectory equation (18), at T}
transition firing instant. Now, for limit cycle analysis we must
consider that there exists a closed loop 8 obtained from H;;
hybrid automaton with jump condition predicates function
of x; or x, state variables.

Hypothesis 4. Let 3 be a closed loop obtained by n single
output locations s; € S | S ¢ S of Hgy; hybrid automaton.
In the jump condition predicates, the enabled T transitions
are function of xq(t), for ¢ € {1,2}. It is important to
note that in each location s; there are two unknown discrete
variables Kj; and Kj, at input and output commutation
instants, respectively. In general, for each location s; we have
one equation obtained from (19), with two unknowns (K
and Kj,) that will determine (by mean of its convergence

analysis) the existence of a limit cycle.

Property 4. For all closed loops 8 € H;, dynamic relations
among state variables in discrete commutation instants are
governed by a set of equations obtained from (19), Vs; € Sand
j € {1,2,...,n}. Thus, in general, in 3 closed loop structure
we will have the same number of equations (and unknowns)
as locations in the loop.

Remark 13. The existence and uniqueness of a limit cycle are
concluded from the convergence analysis of K, values at

commutation instants Vs € S and g € {1, 2} according to the
fixed point theorem.

Theorem 14 (about the existence of a limit cycle). For n
locations closed loop 3 € Heypp with jump conditions predicate
x () = K, | g € {1,2,...,r}, the necessary condition to
obtain a limit cycle is given by

r
)
(| UCigACliong ACiung | = 1

=1

(20)

n
i1

This result is a natural extension of (11) for the case
of n locations and r commutation variables. Therefore,
the existence of a limit defined, by (11), must be true for
each commutation variable that gives the logical product of
(20).

Property 5. K;, convergence is assured by Vj € {1,2,...,n}
and Vq € {1,2,...,r} if in the hybrid system behavior, the
state vector trajectory enters and remains inside the state
space region defined by (20). In this case, the limit cycle will
be uniquely defined for a system region of initial conditions.
For each particular case, this region of initial conditions could
be found by means of a system phase portrait (isoclines) anal-
ysis considering the transitions enabling conditions imposed
by (20). A geometric signification of (20) and Property 5 will
be conducted in Section 5.

Property 6. If Theorem 14 has been satisfied, we can find
an initial condition region to reach a limit cycle replacing

(K Knp - K] by [x,00) %,00) -+ x,(0)]" in (20).



FIGURE 10: H,, two-location coupling case.

Remark 15. Thus, we must note that a sufficient condition
to reach a limit cycle is given by Theorem 14 plus the initial
condition region found from Property 6.

Property 7. For the case where the diagonal matrix A ; is stable
Vs; € Sand jump condition predicates x,(f) = K;, | q €
{1,2,...,r}, the x(t) values are bounded. For the limit cycle
case, the bounds are defined by (20) and for another case by
the sink location equilibrium point.

The previous analysis procedure can be applied to
automata for n-location case. In Section 5, we present an
analysis of the two-location case. A geometric interpretation
of results is then conducted.

5. Results Interpretation

Consider two-location S; | j € {1,2} of a continuous-linear
hybrid automaton, as in Figure 10.

One has x(t) = [x,(t) xz(t)]T, A, = [ay ap), A, =
[a21 ax), B, = [by, blz]T’ B, = [by bzz]T: E(T,) = x,(t)
K,;,and F(T,) = x,(t) = K,,. K;; and K,, are real constants
of known magnitude. So without loss of generality, because
the analysis procedure is the same, we will consider stable
continuous equations (ajq < 0 Vs | j € {1,2} and Vq €
{1,2}). According to Property 5, to reach a limit cycle from a
given initial condition region, the state vector dynamic must
always enter and remain in a state space region (transition

enabling conditions) defined by

2
ﬂ [(C_IqVCZq)A(C_MVClq)] =L ey
gq=1

where

Clq:(PZI <Ky <Ky <Ppy),

)
Cy = (Py > Ky > Ky > Pyy),
o (22)
Cy = (P, < Ky < Kyp < Ppy),
)

Clq:(PZZ > Ky > Ky > P),s

and it gives 4 bounded regions of the state space, where a
cyclic dynamic will take place, as in Figure 11.

In Figure 11, the trajectory attraction points x* = P,
and x* = P, (equilibrium points) for locations s, and s,,
respectively, are shown. Thus, a unique limit cycle is assured
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if the system dynamic starts from an initial state space region
that makes that x(t) enters the shadow zone and remains
inside. Hence, it can be seen in this case that the shadow zone
respects the invariant principle and consequently all initial
point from this zone will produce a limit cycle. According
to Property 6, a sufficient initial condition in the state space
region to reach a unique limit cycle is obtained replacing
(K Kzz]T by [x,(0) xz(o)]T
known constant, we obtain

in (21). Because K,, is a

[(Py < x,(0) <Ky < Py)
V (Py > x;(0) > Ky > Pp)] A [x,(0) = Ky,]  (23)

=1.

The necessary and sufficient initial condition region could
be found using the automaton trajectory equations, that is,
from its phase portrait analysis. In this particular case, the
following relations give the initial condition region:

x; (0>, Ky,

ap/ay (24)
%, (00>, Py, + [Kyy — P, M] :
2 (00>, Py; + [Kyy 12][K11—P11
where relations > = (<,>) and are defined according to the
(known) automaton relations K;;>,P;; and K,,>,P,,. This
result will be obtained by the automaton phase portrait analy-
sis using trajectories equations (18), still under the restrictions
imposed by (21). Now, a limit cycle existence can be deter-
mined the K, and K, convergence analysis (Remark 13). Its
dynamic behaviors are governed by (Property 3)

K, — P ]%/m

K12:P12+[K22_P12][ﬁ] >
a1~

) (25)

Ky — Py |

K21:P21+[K11_P21][ﬁ .
12"

Considering Ky, = g,(K;;) and K,; = g,(K;,) from
(25), Figure 12 shows g, (K,,) and the curves generated under
restrictions imposed by (21). Herein, we can observe the 4
possible cases to reach a limit cycle. Additionally, in this
particular case we will note that the automaton dynamic
behavior will reach one of two possible fixed points in
K,, — K, space. The limit cycle existence and uniqueness
demonstration can be done starting from K, and K,, fixed
point convergence analysis. This is the formal method that
proves the cyclic steady state convergence.

Therefore, from (25), by means of K;, and K,, and a
fixed point analysis, we find two convergence possibilities.
possibilities: first, the possibility of having only one fixed
point (Figure 12) and second the possibility of having two.
In case of one stable fixed point the residence time in each
location is 0 < §; < inf, ‘v’sj € S, and for an unstable point, a
boundary case, where K, = K, and K, = K, theresidence
times are zero; that is, §; = 0, Vs; € S.
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(P < Ky <Ky <P A (P <Kpp <Ky < Pyy)  (Py > Ky > Ky > Py) A (P < Ky < Kpp < P)
x,(t) x,(t)
P, : : P
P, 2* ........... Py e ........................ *2 ........
Ky | Kai SO - Ko | Ko
- .
P, B [ TSR P,
12 P] 12 Pl
le K.u Pﬁ x(2) Pn Kn Pél xy ()
(@ (b)
(Py <Ky <Kyp < Py)A(Pry > Ky > Kyp > Pyy) (Py > Kyy > Ky > Pyy) A (Pry > Kyy > Ky > Pyy)
xz(t) Xz(t)
: : P : §
PIZ ..... ‘ ,,,,,,,,,,,, *1 ....... |
e z
Ky | o ............. ...........
Py, PZ* ........... .............. ...........
P.21 Kn Pu x(t) Pn Ku Pé1 x,(6)
(c) (d)
FIGURE 11: State space regions where cyclic dynamics must take place.
Thus, according to the fixed point theory, the fixed point £ (Ky) = [ K,, - P, ](1+ﬂ21/a22)
. . . 2 12 - b
uniqueness is assured if K, - P,
p,-P
Ko, {52
dK,, (i) 2~ o
(26) —(1+a,, /ay,)
‘dKZI(Hl) <1 + [K22 _PIZ] [Kll —Pll](ﬂlz/du)} 1/922
dKzl (1) ’ Kzz - P22 K21 - P11
K.—-P (1+ayy/ay,)
where fa (KZI) = [M]
Ky = Py
dK,, (i +1) (28)
—e— = = c[fi (Kp)] [f2 (Kp)] . : : L
dK,, (i) By mean of preceding terms analysis (restricted of limit
. (27)  cycle condition (20)), we find always |f]| < 1, Vi €
M =c[f; ()] [ 2 (Kyy)] {1,2,3,4}. Thus, we can guarantee the fixed point existence
dKy, (i) and uniqueness assuring the constant value |c| < 1, but this
fixed point produces a zero period limit cycle (Figures 12(a),
with 12(b), 12(c), and 12(d)). Therefore, in general, the desirable
solution to avoid the zero period limit cycle is one which gives
Ky =Py [Ky =Py [an] [an two fixed points (Figure§ 12(a), 12(1?), 12(.c), and 12(d)). So
c= X P X P — 11> we must assure the relation |c| > 1; thatisc > 1 (because
1= 2~ 2 dlan lla, in the four regions defined in Figure 11, ¢ is positive). Then,
choosing adequately K, and K,, values to achieve ¢ > 1, we
Py - Py :
fi(Ky,)=1|22— can assure the discrete values convergence toward the stable
Ky =Py fixed point for a defined initial condition region.
(A /5y) —(1+ay/ay) . . .
N Ky =Py | [Kp =Py Example 16. Consider the hybrid automaton from Figure 10.
K, -P,llK,-P, ’ Therein, a continuous dynamic behavior is modeled by
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(P < Ky < Kjp < Pyp)(Py < Ky < Ky < Pyy)

Ky, K,
Py
Ky
Py
Py Ky Py Ky Py Ky Py Ky
(@) @"
(Py; > Ky > Ky > Pyy)(Ppp < Ky < Ky < Pp)
Ky, Ky,

Py Ky Py Ky Py Ky Py Ky
(b) ®"
(Py < Kyy < Kyp < P)(Pry > Ky > Ky > Pyy)
Ky, Ky,

FIGURE 12: g,(K},,) and g, '(K,,) curves: (a), (b), (c), and (d) with two fixed points’ convergence; (a'), (b'), ('), and (d') with only one fixed

point.
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X1-X, space
10

X1

()

1

2 X1-X, space

16 + g

12 i

X1

(b)

FIGURE 13: Limit cycle convergence in x, — x, space with [x;(0) xz(O)]T (a) [14 lO]T, and for the boundary case (b) [14 16.9]T.

A, = diag [-0.1 -05), A, = diag[-0.2 —0.1],B, = [2 1]',

B, =1 1]T, and x(0) = [10 O]T considering the following:

(a) If jump conditions are F(T}) = x,(t) = K;; = 15and
F(T,) = x,(t) = K,, = 8, determine the limit cycle
existence and uniqueness.

(b) For the same jump conditions, find the necessary and
sufficient initial region in s, that will give a limit cycle
system behavior.

(c) Design a 10-second limit cycle period by considering
steady state residence times of §; = 6sec. and §, =
4 sec. Find K;; and K, values as well as the initial
condition region that guarantees it.

(d) For K,, = 8, determine the state space region of K,
values to allow obtaining a nonzero period limit cycle.

For this example, the trajectory attraction (equilibrium)
points corresponding to each location are given by

P =[P, P12]T = [20 2]T7
(29)
P, = [le Pzz]T = [5 IO]T-

Thus according to Property 5, to guarantee the limit cycle
existence and uniqueness, the hybrid state vector evolution
must enter and remain in the state space region defined

by

(5<Ky <15<20)A(2< K, <8<10).  (30)

So considering x(0) = [10 0]" as an initial point, we will
verify if this point is in the initial condition region. Therefore,

using (24) and considering K;; < P;; and K, < P,,,
x;(0) < K;; = 10 < 15,

x; (0) - Py

]“12/“11
=0 (31
Kll - Pll

%, (0) < Py + [Kyy = Pyy ] [

< 194.

Because the necessary and sufficient conditions are satisfied,
we can assure the limit cycle existence and uniqueness.

As in part (b), the necessary and sufficient initial con-
dition region to guarantee the limit cycle existence (24) are
given by

x; (0) < 15,
. (32)
x,(0) <2+6[4-02x, (0)].

System simulations (using MATLABY) for different ini-
tial conditions are shown in Figure 13.

In Figure 13(a) the system dynamic starts from a point in
the resulting initial condition region and the system reaches
a limit cycle. Otherwise, for the boundary case, Figure 13(b),
where x,(0) = 14 and x,(0) = 2+6[4—0.2x,(0)]° = 16.9, the
automaton dynamic behavior will reach its second (unstable)
fixed point. In this case, the residence time for the found
locations will be equal to zero and K, = K, and K,; = K;.

For (¢), the residence time in each location is deduced by

K,,-P
5, :Lm(u>,

ayg qu —qu )
1 K,,-P

5, = _1(_>
aQq Klq_PZq
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x; (t) hybrid dynamic evolution

15
10
= 5
R
0l
-5 L L L L L
0 10 20 30 40 50 60
Time (sec)
X,(t) hybrid dynamic evolution
5 T T T v
4l
S 3t
g2
1t
O L L L L L
0 10 20 30 40 50 60
Time (sec)

FIGURE 14: Dynamic simulation of a limit cycle design, x, — x, space, and time response for [x,(0) x,(0)]" =[8 8] .

for q € {1,2}. Thus the discrete evolution of K, and K,, may
be obtained as

1

K e ——
1q 1= e(a1q61+a2q62)

[qu + (PZq - qu) e
_ P2 e(alq81+“2q62)]
q b
(34)

1

- - P
q 1- e(ﬂ2q5z+ﬂ1q51)

K, Zq) e

[P 2q t (P 19~
_ que(azq62+u1q61)] )
In this way, to obtain a 10-second period limit cycle by

considering 8, = 6sec. and §, = 4 seconds, it is necessary
that

1 a,,6
Ky = = o@drrandy [P” +(Py = Pyy) e™™
— Pyel®t®)] = 13983,
(35)
Kpy= —— [Py, + (P, — Py) €™
22 1-— e(a'z252+a1251) 22 12 22
— Ppe @0 0)] = 47285,
The initial condition region is given by
x; (0) < 13.983,
(36)

x, (0) < 2+2.73[3.32 - 0.16x, (0)]’.

Figure 14 shows system simulations using the above
results. Therein, how the period specifications are obtained
should be observed.

Finally, using the results obtained from recursive equa-
tions K, and K, fixed point analysis, to assure the existence

of two fixed points, it is necessary that ¢ > 1 (sufficient

condition). Therefore
el e[ [2] -
il Lay
=K, > 5.48

Ky - Py
and also, to assure the limit cycle existence and uniqueness,
initial state variables values must be an element of the
following initial condition region:

K22 — P12
KZZ - P22

(37)

x, (0) < 15,

x; (0) - 20 (38)

5
K, —20 ] '

Figure15 shows the simulation results considering
[x,(0) xZ(O)]T =[5 6]T and K;; = 5.6 that satisfy the
previous inequality and K;, = 5.2 that does not.

x2(0)<2+6[

6. Conclusion

The main theoretical results in this paper are concerned to
establish limit cycle properties for uncoupled and a class of
coupled hybrid systems. In this way, we have provided an
analytical formulation of the steady state behavior that gives
the necessary and sufficient conditions to reach a limit cycle.
We have established that when the hybrid automaton has a
cyclic structure and when the steady state exists, there will be
a transient behavior followed by a steady state. This transient
behavior depends on the automaton initial condition region
as well as its jump conditions. The limit cycle in the steady
state behavior is obtained from an initial region and is
independent of the initial point within the region. In this
paper we also have shown a way to design a specific limit
cycle for a coupled hybrid system case. The sufficient and
necessary conditions have been formulated. One goal of
current research is to extend the analysis to a more general
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X1-X, space
T

8.5

13

58 x1(¢) hybrid dynamic evolution

15 20 25 30 35

10

0 40
Time (sec)
X, (t) hybrid dynamic evolution
9
8t
<7t
®
6
5 5.1 52 5.3 5.4 5.5 5.6 5.7 5.8 0 5 10 15 20 25 30 35 40
X Time (sec)
(a)
X1-X, space x1(t) hybrid dynamic evolution
8.5 T T 5.25 v v v
5.2
= 5.15
< 5.1
5.05
5 n " n n n
0 2 4 6 8 10 12
Time (sec)
X, (t) hybrid dynamic evolution
9 - - -
8L
<7t
B
6
5.5 s s s , 5 J ' . . .
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(®)

FIGURE 15: Automaton hybrid dynamics designed to have a limit cycle period: (a) nonzero (K;; = 5.6), (b) zero (K;, = 5.2).

class of coupled linear hybrid automata with more general
jump conditions. This will extend the model applicability to
a wide process class of dynamic hybrid systems.
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