Hybrid Feedback Controls and
Stabilization of Linear Differential Systems
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Abstract

We study so-called ”hybrid feedback stabilizers” for an
arbitrarily general system of linear differential equa-
tions. We prove that under assumptions of control-
lability and observability there exists a hybrid feedback
output control which makes the system asymptotically
stable. The control is designed by making use of a dis-
crete automaton implanted into the system’s dynamics.
In general, the automaton has infinitely many locations,
but it gives rise to an “uniform” (in some sense) feed-
back control. The approach we propose goes back to
the classical feedback control technique combined with
some ideas used in the stability theory for equations
with time-delay.
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1 Formulation of the main result

We consider a general system of linear differential equa-
tions of the form

& = Az + Bu
y = Cu. (L.1)
Here z € R" is a physical state of the system, y €
R™ is the output, and the control u is an element of
Rf. A, B,C are given real matrices of the sizes n x n,
n X £, m x n, respectively. The control u(-) is assumed
to depend on the output y, only. The nature of this
dependence is specified below.
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We assume in the sequel that the pair (4, B) is
controllable and the pair (A4, C) is observable.

We study the following control problem: design a ”sim-
plest possible” feedback control u, which asymptotically
stabilizes the system (1.1).

It is well-known that if rank C' = n, then a control u =
Gy, where G is a constant £ X m—matrix, asymptotically
stabilizes the system (1.1). If rankC' < n, then this
may course an absence of such a stabilizer, or even of a
nonlinear stabilizer u = f(&) = f(£(t)) (see e.g. [1]).

On the other hand, it is also well-known that there
always exists a dynamical stabilizer, which solves the
problem [6].

The idea to use a discrete device was suggested in [1],
where several stabilizing procedures were tested on ex-
amples.

This idea can roughly be described as follows. A dis-
crete device (called an automaton) is incorporated into
the system (called a plant). The device is able to
switch on and off certain control functions at certain
instances. The time between two consecutive switch-
ings depends on the last observation of y. As it was
demonstrated in [1], a careful choice of a design pro-
cedure and switching instances can provide asymptotic
stability of some systems. Discrete nature of this proce-
dure makes their practical realization easier compared
to the dynamical stabilization setup.

In the present paper we prove that these types of feed-
back controls (called in the sequel ”hybrid feedback con-
trols”) can stabilize the general system (1.1).

We start with the concept of an automaton basically
following the approach presented e.g. in [5], or in [1].
But we also admit automata with infinitely many loca-
tions.

A typical automaton we have in mind is described by a
triple A = (Q, I, M), where

(i) @ is a set of all possible automaton states (loca-
tions);

(ii) the set I contains the input alphabet;



(iii) the transition map M : @ x I — @ indicates the
location after a transition time, based on the previous
location ¢ and input 7 at the time of transition.

We also let our automaton follow solutions of the sys-
tem (1.1). This can be done by assuming given one
more triplet B = (T, 1, qo). Here

(iv) T : Q@ — (0,00) is a mapping which sets a period
T'(q) between transition times, and ingT(q) >0,
q€

(v) i : R™ — [ is a function providing the element i(y)
of the alphabet I for any output y of the system (1.1),

(vi) and go = ¢(70) is a state of the automaton at the
initial time 7.

Later on we will assume, without loss of generality, that
T0 — 0.

Definition 1.1 By an automaton we mean a 6-tuple
A= (Q)I)M)Taiaqo)'

For arbitrary sets X, Y (topological spaces X, Y) we
denote by P(X,Y") (resp. C(X,Y)) the set of all func-
tions (resp. continuous functions) from X to Y.

Now, for any automaton A satisfying (i)-(vi) we define
by induction a Volterra operator Fa : C([0, 00), R™) —
P(]0,00), Q). For each y € C([0,00), R™) FAa is given
by:

1. (Fay)(0) = ¢(0); m = T(q(0); (Fay)(t) =

2. (Fay)(m) = M(q(0),i(y(m))) == q(r); 7 =
1+ T(q(11));

(FAy)(t) = Q(Tl)v te [T177_2);

3. If TOyT1y « -
t € [0,7;) are already known, then 734; and
(Fay)(t) for t € [, Tk+1) are defined by the
equalities (Fay)(te) = M(q(me-1),i(y(7r))) =

(Fay)(t) =

,Tr and the values (Fay)(t) for

q(te); Tevr = T + T(q(7k));
q(Tk)v te [Tva/H-l)'

Definition 1.2 A control u(-) of the type

u(t) = (y(8), (Fay)(t), (1.2)

where ¢ : R™ x Q@ — RY is a certain function, will
be addressed as a hybrid feedback control (abbr.
HFC).

Now we define the class of HFCs which we will use
stabilizers.

Definition 1.3 A hybrid feedback control u(-) given by
(1.2) is called uniform if

1) T is a constant function

2) the function ¢ does not depend on the first argument,
i.e. u(t) = p((Fay)(t))-

The set of all uniform HFCs will in the sequel be de-
noted by #H.

The main result of our paper is

Theorem 1.1 The system (1.1) is H— stabilizable un-

der assumptions of controllability of (A, B) and observ-

ability of (A,C).

2 Proof of the main result

We will use the following notation:
— M i, is the set of all real j x k-matrices;
- My, = My i is the set of all real k x k-matrices;

— L(R7,RF) is the set of all linear operators from R/
to R*;

— L(R*) = L(R*,RF¥) is the set of all linear operators
in the space RF;

— | - | is the Euclidean norm in the spaces R* (for any
k);

— || -1| is the corresponding operator-norm in the spaces
L(R/,R*);

— I, is the identity k x k-matrix;
— xE is the characteristic function of a set Ej

— C is the space of all continuous functions from [0, 0o)
to R";
— Ly is the space of all Lebesgue measurable functions

from [0, 00) to R™.

— we write [A]p instead of the n X fn-matrix
[B AB ... A" !'B] and ¢[A4] instead of the mn x n-
matrix ([AT]ar) 7.

We need two lemmas to prove the theorem 1.1.



Lemma 2.1 There exists a £ x n—matriz G such that
the matriz A + BG is stable and the matriz pair (A +
BG, C) is observable.

Proof: We first choose a matrix Gy € My, for
which A + BG) is stable. Clearly, there exists € > 0
such that for any ¢ € (1 —¢,1+¢) a matrix A +¢tBG) is
stable. Consider a function ¢ : R — R, which to each ¢
associates the sum of squares of all n—th order minors
of the matrix ¢[A + tBGy).

Due to Kalman’s criterion P := {t € R | (A +
tBG,C) is observable} = ¢ 1(R\ {0}). Evidently,
1 is a polynomial, and moreover, ¢ # 0. The last
inequality follows immediately from the observability
of the pair (A, (), which implies 1(0) # 0. Thus, ¢
has a finite number of zeros and, therefore, the exists
t* € PN (1 —¢,1+¢). Hence, the matrix G = t*Gy
satisfies the required conditions. n

Our next lemma is a version of the Lyapunov stability
theorem for a class of functional differential equations.

The Cauchy formula we will use is classical (see e.g. [2]
and [3]):

x(t)zX(t)m(0)+/0 Clt.s)f(s)ds,  t>0. (21)

Here C(t, s) is the Cauchy matrix of the equation
Le=i(t) - Y ar(t)zlhu(t)] = f(t), t>0, (2.2)
k=1

and X'(t) is the fundamental matrix of the correspond-
ing homogeneous equation.

Lemma 2.2 Let ay [0,00) — L(R™) be locally
Lebesgue-integrable and hy, : [0,00) — R Lebesgque mea-
surable functions. Assume that there exist N,B3,7 > 0
such that ((t) < hi(t) < t, t € [0,00), k =1,...,n,
where ((t) = max{0,t — 7} and

I, s)]| < Ne A=), (2.3)

Then there exists € > 0 such that for any operator V :
C — Lg satisfying

|(Va)(#)] <e max_|z(s)],  te[0,00), z€C,

¢(t)<s<t
(2.4)
the zero solution of the perturbed equation
Lz=Vx (2.5)
is globally exponentially stable:
2] < Noe™®!z(0)], >0 (26)

for any solution x(t) of (2.6) and for some positive con-
stants No, Bo independent of x(t).

Proof: From the Cauchy formula (2.1) as well as
from (2.3) and (2.4) it immediately follows that

¢
z(t)] < Ne PYz(0 +N5/ e P9 max |z(€)|ds
(0] < Ne o)+ Ne [ 700 max Ja(o)

for t > 0. Putting z(t) := max |z(t)|e®! we obtain

C(t)<s<t
the estimate

t
2(t) < Nol2(0)] +N05/ A(s)ds, t30
0

with Ny = Nef™.
By the Gronwall-Bellman inequality,
2(t) < Nol|z(0)[eMNos, t > 0,
so that
|z(t)] < NoeNoz =R z(0)],2 > 0.

Then for any £ < /Ny we obtain the estimate (2.6).
[

Now, we are ready to start proving our central result.

I. By the lemma 2.1, we find a matrix G € M,
such that the matrix A + BG is stable and the pair
(A + BG, () is observable.

Let us fix an arbitrary 7 > 0 and put

A(t) = X[O,T]AO + X[T,OO)A17 TE [07 OO),

where Ag = A, A; = A+ BG.

Denote by X (¢,s) the Cauchy matrix of the ordinary
differential equation = A(t)x. We do not assume in
the sequel that ¢t > s (defining X (s,t) = X 1(¢,s) if
necessary). Evidently,

X(t,s) = etrt=9), t>7 527
X(t,8) = X(t, 7 —0)X(7,5) (2.7)
— eAolt—r)gAi(r—s). 0<t<r<s

(we do not describe here all possible cases here restrict-
ing ourselves to those formulae which we are going to
use in the proof).

II. Consider the following equation for the unknown
matrix-valued function

X(t):= [Xi(t), ..., Xn(t)] € Mu,mn

with
Xy i [1,00) = Mum

)

given by

n Xi()CX (pr + kh,t) = I, (2.8)
2



Here t € [(p+ 1)1,(p + 2)7) := Ep, and h = 7/n and
p=20,1,2, ... Our next aim is to prove existence of a
solution X () to this equation.

a) Let us first assume that ¢t € Ey. Then 0 < kh < 7 <
t, k=1,... n,and due to (2.7)

X(kh,t) = el (r=0 = 7117, (2.9)

where & = 1,....,n, Ty, = e, Uy =
er(h*T)eAl(Tft)-

b) Let ¢ belong to E,, p=1,2,... Then 0 < 7 <
pr+kh<t, k=1,...,n,and according to (2.7)
X(pr +kh,t) =TF'U,, k=1,...,n, (2.10)

where T} = et U, = eA1(P7+h=1) Notice that from
the observability of the pairs (4;,C) and Kalman’s cri-
terion it follows that rank (¢[4;]) = n, ¢ = 0,1. Hence,
for generic h (see e.g. [4]),

rank (¢[T3]) = n (2.11)

as well. In what follows we shall always assume with-
out loss of generality that our h satisfies the conditions
(2.11).

For an arbitrary ordered n-tuple K = {ky, ... k,} C
{1,2,...,mn} (kj < kj41,j=1,... ,n—1) we define
now two operators Rx : Mypn = My, Sk : M, =
Minn,n in the following manner:

— j-th row in the matrix RxZ coincides with k;-th row
of the matrix Z;

— kj-th column of the matrix SxZ coincides with j-th
column of the matrix Z;

— the columns with numbers k£ ¢ K of the matrix SxZ
are all null-columuns.

From (2.11) it follows that for some ordered n-tuples
Ki C{1,2, ... ,mn} the matrices R, (c[Ti]) (i =1,2)
are nonsingular. Due to (2.9), (2.10), it is straightfor-
ward that the matrix X (¢), defined by

X(t) =Sk, (0" (B cIm) 1)), (212)

satisfies the equation (2.9), where it is assumed that
i=p=0forte Eyandi=1forte€ E,,p=1,2,...

III. For p =0,1,2, ... we put
0, 0<t<r
u® =4 g (z Xk(t)y(p7'+kh)>, te B,
k=1
(2.13)
where y = Cz and X(t) = [X1(f), ... , Xn(t)] is de-

fined by (2.12). Due to (2.8),
ui(t) =G (kil X, (t)Cx(pr + k;h)) =

G (f; X, ()CX (pr + kh,t)a:(t)) — Ga(t),
k=1
teE, p=0,1,2,...

Hence, (1.1) coincides with the exponentially stable lin-
ear equation & = Az in the interval ¢ € [1, 00). There-
fore, the system (1.1) is u; —stabilizable.

But u; is not yet a hybrid feedback control in the sense
of the definition 1.3.

According to the formula (1.2) we need now to find suit-
able discrete approximations for 4;(t) and Cz(Th+kh).
To do it, we will use a technique based on the preserva-
tion of the asymptotic stability for functional differen-
tial equations with respect to small perturbations both
in coefficients and time-delays [3].

IV. Let us first of all rewrite the system (1.1) involv-
ing the control u; in the form of the following delay-
equation:

&(t) — f: ar()alhe ()] =0, te€[0,00).  (2.14)
k=0

Here

a[)(t) = X[o,7) (t)Aa Qg (t) = X[r,00) (t)BGXk (t)C)

ho(t) = t, hi(t) = 3. x&, () (pT + kh),
p=0
and k =1, ... ,n. As shown in III, the equation (2.14)

is exponentially stable. From (2.12), it also follows that

ak(t) = BG SlCi (U;1 (RICi (C[Ti])il)) A C,
k=1,...,n, teE, p=0,12, ...,
(2.15)
where the block matrices Ay, € My, are defined by

A= ...01,60...0)7, k=1,... ,n
N——""

N——r’
m(k—1) m(n—k)

(@ is m-dimensional zero vector-column), and ¢ = 0 for
p=20, i=1for p>0.

The representation (2.15) implies that each of the func-
tions ay : [0,00) — L(R"™) is piecewise continuous with

possible jumps at the points pr, p=1,2, ..., only.

Since for t € [, 00)

llax ()] < maX{IIAII, IBGI| - [IC|x

max (S (c[T:) 7| .e(|A0|+I|A1||)T} <,

)



the functions aj are bounded. Then, according to
Corollary 2 in [3, p. 173], there exists 0 > 0 such
that for all locally Lebesgue-integrable functions ay, :
[0,00) — L(R™), satisfying

max lim sup ||ag () — ar(t)]| < o, (2.16)
k t—o0

the Cauchy matrix C(¢, s) of the equation (2.2) has the
exponential estimate (2.3).

The equalities (2.15) and (2.10) imply a periodicity of
ar, with the period 7 for ¢ > 27. Now let us approx-
imate X (¢) by a step function on [27,37]. For the
sake of convenience, we may assume that the points
27 + kh are included in the set of possible jump-points
of the step function. Then we extend this function 7-
periodically to the interval [37,00). Finally, we approx-
imate X (t) on [r,27] by a suitable step function. Let
us notice that such approximations can be found with
a prescribed accuracy. Our output will be a function

X(6) = [X1(8), ..., Xn(t)] of the form
oo J—1
ZXEU Ck] + Z ZXEW Ck], t € Epj,
p=1 j5=0

(2.17)
where J is a natural constant, 6 = 7/J, Ep; = [(p +
D71+ jo,(p+ 1)1 + (j + 1)9), and éj,chj € Mpm
are some matrices as well. Here £ = 1,... ,n, j =
0,1,...,J =1, and p = 0,1,... By construction,
1X6() = X ()]l < o - (IBG]| - lCI)

We set now ag(t) = A, ax(t)
1,... ,n. Then

= BGX,(1)C, k =

max sup ||ax(t) —ar(®)| < o,
k te[0,00)

so that (2.16) holds.

Consequently, we obtain that the Cauchy matrix of the
equation (2.2) admits the exponential estimate (2.3).

V. According to the lemma, 2.2 one can choose a posi-
tive € such that for any (as general as necessary) non-
linear operator V' : C — Lg satisfying the condition
(2.4) every solution x of the perturbed equation (2.5)
has the exponential estimate (2.6) with certain positive
constants Ny, By (independent of ).

By (2.17),

er:=¢ | [|BG|-[IC]l- b ZIIXk || > 0.

[0,00) ;=

A multivalued function ® : R™ — 2Q" (Q is the set of
rational numbers) defined by

(v) ={re Q" ||v—r| <evl},

has then nonempty images: ®(v) # ), v € R™. We
take an arbitrary selector ¢ of the multivalued function
® and define V' as follows:

Culhy(1)]) -

Z BGX,(t
(2.18)

It is easy to check that V acts from C to Ly and satisfies
the inequality (2.4). Hence the equation (2.5) with the
operator V just defined becomes asymptotically stable,
and the stability is uniform w.r.t. compact subsets.

o(Calhi(t)]) —

By construction, (2.5) has the form

#(t) = Ax(t) + > BGXy(t)o(Clh (t)]).

k=1

This equation is, in turn, equivalent to the original sys-
tem (1.1), where the corresponding control u is defined
by

0, te(0,7)
w4 6 (o).

k=1

t € Eyj,

G (kEI crjo(y(pr + kh))) , t€ By,

(2.19)
where j = 0,1,... ,J — (recall that

y = Cx is the output).

1, p=12,...

The system (1.1) controlled by u from (2.19) is therefore
asymptotically stable, and the stability is uniform w.r.t.
any compact subset of R".

VI. We have not yet shown that v € H.

Put Ny ={0,1,...,J — 1} and denote by Q a subset
of My, mn consisting of the block matrices

5] = (Gélj, ,Génj), Cj = (Gclj, ,Gcn]-),

F=(z,...,2), j=1,...,J-1,
where z € My mn \ {Géj,Ger; | k=1,... ,n, j=
1,...,J — 1} is arbitrary. Put Y C Q x N;. The

elements of Y are (z,j), (¢;,) and (c;, 7). Let us define
a mapping My : Y — Y by:

M[)(zj) (2.7+1) (j:]-a"'a‘]_2))
(Z ‘]_1) (0070);
MO(éaj) (c]+17]+]-) (.7:071> >J_2))
‘ZM-U(é ) (60)0)7
Mo (cj, ) (cy+1,J+1) (G=0,1,...,7-2),
Mo(cy 1) = (co,0).
Let P be the set of all row-vectors of the form ¢ =
(q1, --- ,qn), where g € Q™. We extend now My to the

set 2x N and define two mappings M_ : PxN;x P —
P and My : Px P x Ny — P as follows

M_(q,j,i) =



q, J#J_]-)J#%)

(Q1,---;Qk71;ian+1,---,(In), ]—kJ
(q1>"'7qn717i)7 J_J_]->
where ¢ = (q1, ... ,qn) and k=1,...,n — 1,
T, if j#40

+ = ) q , 1 .]75

M+(q »q 7])_{ q, if ]:0

We first describe an automaton A = (Q, I, M,T,i,qo)-
Let the (countable) set @ = P x P x (£ x Ny) contain
4-tuples (¢*,q7, (¢, 7)) and the (countable) alphabet I
be equal to Q™. The mapping M : Q@ x I — @Q is
defined then by

M((¢g* 1 ,( J)si) =
(M+( ( )J ) ) *( ,j,i),Mg(C,j))-
Assume that T'= ¢ and define i : R™ — I and ¢¢ by
Z(S) = Q(S)> qo = (6;9) (27 0));

where © is zero in P.

Finally, we choose a function ¢ : Q — R as follows

(a1, - ), a7 ((dy, - ,dn), ) =
0, if (dy,...,d,) =%
> diar, if (di, ... ,dy) #Z
k=1

By construction, the control u given by (2.19) is of the
form u(-) = p((Fay)(-)) and belongs to the class H.
The control u is therefore a uniform HFC in the sense
of the definition 1.3. Moreover according to part V of
the proof, the control u stabilizes the system (1.1). The
proof of the theorem 1.1 is completed.

Remark 1 Consider the linear control system

n=2¢& u(t) =), (Fa)t), (2.20)

We claim that there is no linear HFC stabilizing sys-
tem (2.20). To prove it let us observe that for an arbi-
trary o > 0 the set ((t),n(t)) € [0,00) X [19, 0) :=D
is flow-invariant whatever a linear control strategy is.
This excludes asymptotic stability. This example shows
that the use of affine HFC, as suggested in the course
of the proof of Theorem 1.1, is essential.

£=n+u,

Remark 2 It is easy to show that the design of the
HFC from Theorem 1.1 can easily be implemented. We
omit, however, examples here.

In conclusion we would like to thank Professor Zvi Art-
stein for introducing us the problem and his very helpful
comments.
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