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1 Introduction

During the last two decades such recursive procedures as backstepping-like designs be-
came very popular when solving various problems of adaptive and robust nonlinear
control [BL@,[T7[18,23]. It is worth mentioning that, despite of the fruitfulness of the
backstepping-like algorithms, the most works devoted to them address the triangular or
pure-feedback form systems [13]

:bi:fi(wla'“axi-i-l)a i=1,...,n—1 (1)
En = fu(T1, ..y Tp,u)

Ofi
0xiy1

that are feedback linearizable, i.e., to those which satisfy the condition |

# 0,

i =1,...,n; or even have the strict-feedback form

& = b1 + 0ipi(w1, ), i=1,...,n—1;
En = bptt + Onon (21, ..., )

(with b; # 0). Indeed, whatever the problem is (Lyapunov stabilization, adaptive stabi-
lization etc.), the classical version of the backstepping requires system (I to satisfy the
following two properties:

(A) The virtual control x; 1 = «a;(t, x1, ..., 2;) obtained at the i-th step (i = 1,...,n)
should be well-defined as an implicit function obtained from some nonlinear equation of
the form f;(z1, ..., zi41) = Fi(t, 21, ..., z;) to be resolved w.r.t. x;11, where F;(t, x1, ..., z;)
is some function of the previous coordinates z1, ..., x; (and maybe of t).

(B) Each virtual control x;+1 = «;(t, 1, ..., z;) obtained at the ¢ - th step should be
smooth enough because one needs to take its derivatives at the next steps i =1,...,n.

This necessarily leads to the conditions like | ofs #0,i=1,...,n, (to comply with

Oxit1
(A)) and like f; € C™ or f; € C" "1 (to comply with (B)).

Works [3][4][18[22],25,[26] were devoted to the issue of how to obviate the first re-
striction | 62{; #0, at least for some special cases: when f;(21,...,z;+1) are polynomials
w.r.t. z;11 of odd degree (see work [22]); when f; = 27 | +p;(21, ..., z;) (see works [18]26]
devoted to the problem of global stabilization of such systems into the origin as well as
further works by some of these authors devoted to various adaptive and robust control
problems for this class); partial-state stabilization under the assumption that the ”con-
trollable part” satisfies some additional “growth conditions” (see work [25] and conditions
(A3),(i),(ii),(iil)); the problem of feedback triangulation under the assumption that the
set of regular points is open and dense in the state space (see [3]).

A natural generalization of these cases is the so-called “generalized triangular form”
(GTF), when the only assumption is that f;(¢, z1,...,z;,) is a surjection whereas x; and
u are vectors not necessarily of the same dimension (and the dynamics is of class C1 or
C™ depending of the problem to be explored). In works [I6L2T] it was proved that, first,
the systems of this class are globally robustly controllable, in particular, their bounded
perturbations are globally controllable as well (see [16]) and, second, they are globally
asymptotically stabilizable into every regular point (see [21]). Note that, although the
methods proposed in [T4HIG,2T] are called “backstepping”, their only common feature
with the classical backstepping designs is the induction over the dimension of the system
and treatment x;11 as the virtual control at the i-th step. As to the construction, the
approach proposed in [T4HI6L21] is absolutely different. This especially applies to [16]
and to the preceeding related works [14}[I5] devoted to the problem of global robust
controllability.
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It is worth mentioning that, despite of the importance of the Volterra equations in
applications, the controllability problem for the Volterra systems was investigated in few
works only. Works [T}[2] are devoted to the complete controllability of perturbations of
linear Volterra systems. In these papers, some natural analogs of the integral criterion
of the controllability for linear ODE systems were obtained.

In works [14,[15] the problem of global robust controllability was successively solved
for the nonlinear Volterra systems of the triangular form

t
i = fi(t, 21, oy Tiv1) —|—/ 9i(t,8,21(8), .., xiz1(s))ds, i=1,...,n,

to

(where 41 = u is the control, and (z1, ..., 2, ) is the state) including the global control-
lability of their bounded perturbations. Although, as we highlighted above, the inductive
construction proposed in these works differs totally from the classical backstepping de-
signs, the following two assumptions, which are similar to (A) and (B), are essential in
this construction:

(A”) For every x1(),...,z;(-) of class C! the integral equation

'jsi = f’L(t5 zl(t)a (X3} z1+1(t)) +£fg’b(t7 S, L1 (S)a (X3} Z'i+1(5))d87

should be resolvable w.r.t. z;41(-) on the whole time interval [to, T].

(B’) The properties of the linearized control systems (and those of the Frechet deriva-
tive of the input-output map) are essential, which is why f; and g; should be of class C*
at least.

The goal of the current paper is to remove these restrictions (A’) and (B’) and to show
how a modification of the methods proposed in [16L21] can be applied to the problem of
global controllability of the Volterra systems. In many modern applications one has to
deal with large scale interconnected systems - see, for instance [6L[I0,19]. Developing our
technique, we solve the problem of global controllability for large scale interconnections
of generalized triangular non-smooth Volterra systems.

2 Preliminaries

The first result of the current paper (Theorem 3.1 below) is concerned with the control
systems of the Volterra integro-differential equations:

t

#(t) = £(t, 2(t), u(t)) +/g(t,s,x(s))ds, tel=ItoT), @)
to
where u € R™ = R™v+1 ig the control, z = (21, ..., xl,)T € R" is the state with x; € R™i,
m; < m;y; and n =my +...,+m,, functions f and g have the form
fi(t, 21, 22) g1(t,s,71)
flauy= | PEEEE) g sy = | 2BSTR)
fy(t,l'l,...,.fy,u) gl/(tvsv'rlv"'v'rv)

with f; € R™i g; € R™i and satisfy the conditions:
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(i) f € C(I x R* x R™R"), g € C(I% x R™; R™),

(ii) f and g satisfy the local Lipschitz condition w.r.t. (x,u), i.e., for every compact
set K C R"xR™ there is i > 0 such that, for every (x',u') € K and every (xo,us) € K
it holds

(2 ul) = £t 0%, 02)] < (e — o]+ Ju' —2]) and

lg(t,s,x') — g(t,s,2%)| <lg|a' —2? foralltel, scl

(iii) For each i = 1,...,v, each t € I and each (x1,...,x;)T in RM+-Fmi e have
fi(t, L1y eeny Ly Rm”l) =R™,

Given 2° € R", and u(-) € Loo(I;R™), let t — x(t,2°,u(-)) denote the trajectory of
@), defined by this control u(-) and by the initial condition x(tg) = 2° on the maximal
interval J C I of the existence of the solution. As in [I5], we say that a system of the
Volterra integro-differential equations is globally controllable in time I = [tg,T] in class
CH(I;R™) (u > 0), iff for each initial state 20 € R™ and each terminal state 27 € R"
there is a control u(-) in C*(I;R™) which “steers 2° into 7" w.r.t. the system”, i.e., the
trajectory z(-) of the system with this control u(-) such that z(tg) = 2° is well-defined
on I and satisfies z(T) = z7.

In our second result (Theorem 3.2 in the next Section) we consider a large scale
interconnection of systems like (2)) in the form

Xi(t) = Fi(t, Xi(0), Us(t)) + / Gi(t, 5, Xi(s))ds + H(t, X (1), U (1)) +

to
t
+/R(t,s,X(s),U(s))ds, i=1,...q tel=ItT], @)
to

where X = [Xl,...,Xq]T € RV is the state with X; = [xiyl,...,zi,yi]T € R™ and
with z;; € R™ and U = [Uy,...,U,]" € RM is the control with U; € R™»i+1 (and
q q

q,Vi

N = ;nl = Z M, 55 M = 2 l/i+1).

i=1,5=1 i
We assume that functions F; and G; have the form

Fii(t,xi1,wi2)
Fi(t, Xi, Us)= Fio(t, @i, i2, %i3)

Fiv, (t,in, oy @i, Us)

Gii(t,s, i)

Gi(t, s, X;)= Gio(t,s,2i1,%i2) . 5
ot )
We define
Fi(t, X1,Ur) G (ts. X1)
F@&X0) = Falts X, 1) , G(t,s,X) = Ga(t, s, X2) 7

FQ(thquq) Gq(t,S,Xq)
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and assume that the following conditions hold:
(I) F € O(I x RN x RM;RN), G € C(I?RV;RV).
(I) There exists L > 0 such that, for every (X',U') € K and every (X2,Uz) € K it
holds
|F(taX17 Ul) - F(taXQa U2)| < L(|X1 - X2| + |U1 - U2|)a

|G(t,s,X') —G(t,s,X?)| < LIX' — X?| foralltel, secl

(global Lipschitz property with respect to (X,U)).

(II1) For each i =1,...,q, each j =1,...,v;, each t € I and each (z;1,...,x; ;)T in
Rt 4mig e have Fy j(t, i1, ..o, @ 5, RM05H1) = R™i |

Also we assume that functions H and R satisfy the conditions:

(IV) He C(I x RN x RM;RN) R e C(I? x RN x RM:RN), and for each compact
set Q@ C RN x RM | there exists Lo > 0 such that, for all (t,s) € I?, (X', U') € Q,
(X2,U?) € Q, we have:

|H(t, X' UY) - H(t, X% U?)| < Lo(|X' — X?|+ |U' - U?)),

|R(t,s, X1, U") — R(t,s, X?,U?)| < Lo(|X' — X?| + |U' — U?|),

(V) There exists Hy > 0 such that H and R satisfy the inequalities |H (t, X,U)| < Hy
and |R(t,s, X,U)| < Hy for all (t,s,X,U) € I? x RN x RM,

Note that F; and G; have the “general traingular form”, while H and R have an
arbitrary form and are “cross terms”, which characterize the interconnections of the
isolated X;-subsystems.

3 Main Results

Theorem 3.1 Suppose that system (2) has the form ([3) and satisfies conditions
(i), (i), (). Then system (2) is globally controllable in class C*°(I;R™).

Theorem 3.2 Suppose that functions F; and G; have the form (&), satisfy
(I),(11),(III), and suppose that H and R satisfy (IV), (V). Then system () is globally
controllable in time I by means of controls of class C°°(I;RM).

Remark 3.1 Let us compare the results of [I5] with our Theorems 3.1 and 3.2. First,
in [I5], functions f and g are required not only to be continuous but also to have all their
partial derivatives, w.r.t. x and w, which are required to be continuous whereas we
require (i) and (ii) only ((I) and (IT) respectively for Theorem 3.2); (ii) or (IT) being the
standard condition needed to guarantee the existence and the uniqueness of the solution
of the “Cauchy problem” for the Volterra systems. Second, our system (2)) is MIMO and
furthermore z; and u are vectors of different dimensions whereas, in [I5], the system is
SISO (i.e., #; and u are scalar) or at least x; and u should be of the same dimension
(see Remark 3.1 from [I5]). Third (and this is essential), our current Assumption (iii) is
much more general than the corresponding Assumption (ii) (or (II), p. 747) from [I5].
In this sense, our current Theorem 3.1 and Theorem 3.2 generalize Theorem 3.3 and
Theorem 3.2 from [I5] respectively. However: firstly, in our case, function g has a bit
more specific form than function g from [15] (g; does not depend on z;41 in the current
paper); secondly, since we replace the assumption of C! smoothness with that of local
Lipschitzness, we do not obtain stronger results on robustness (Theorem 3.1 from [15]).
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Example 3.1 Consider the system given by

@1(t) = (w2(t) + z1(t))| sin z2(t)| + g /8223 (s) + 1ds,

¢ (6)
2(t) = u(t)| cosu(t)] + Of Ve (25 (s) + 23(s)) + 1ds,

t € [0,T]. It is clear that system (@) satisfies our Assumptions (i)-(iii) and therefore is
globally controllable by Theorem 3.1. On the other hand, system (B]) does not satisfy the
Assumptions from [I5] and the results of [I5] are not applicable to system ().

Remark 3.2 Note that, if ¢ = 0 in ), then () is reduced to the class of the so-
called “generalized triangular form” of ODE control systems considered in [16}20}21].
However, in the case of ODE, stronger results were obtained in these works: global
robust controllability (Theorem 3.1 from [I6]), global asymptotic stabilization by means
of smooth controls (Theorem 2.1 from [21]), and global discontinuous stabilization in the
sense of Clarke-Ledyaev-Sontag-Subbotin (Theorem 3.4 from [16]).

4 Backstepping in the Non-smooth Case

Let us first reduce Theorem 3.1 to a backstepping process which can be compared with
that from [16].

Let p be in {1,...,v}. Define k := my + ... + m, and consider the following % -
dimensional control system

t
) = p(t.(0,00) + [ o(t.sy)ds, teT=[t0,T) (7)
to
where y := (21, ... ,xp)T € RF = R+ +mp ig the state, v € R™»+! is the control and
fl(t,ﬂCl,SCQ) g1(t,s,z1)
o(t,y,v) = fz(tvxllj.@,zs) 7 W(t, s,y) = 92(1575.7-5?1@2) 7 (8)
fp(t,z1, .y zp,v) gp(t, 8,21, ..y Tp)

for all (¢,5,v) in I x R¥ x R™+1. Given y° € R* and v(-) € Loo(I;R™r+1), let t
y(t,y°,v(-)) denote the trajectory, of (), defined by the control v(-) and by the initial
condition y(tp,y",v(:)) = y° on the maximal interval J C I of the existence of the
solution. We reduce the proof of Theorems 3.1 to the following theorem.

Theorem 4.1 Let p be in {1,...,v}. Suppose for each y° € R¥ and each & > 0, there
is a family of functions {y(&,") = (x1(&;+), -, Tp(§, ) beepn such that:

1) The map €~ y(&, ) is of class C(RF; C1(I; R¥))

2) For each € € R*, eacht € I and each 1 <i < p—1 we have:

t
zz(f, t) = fi(tv'rl (gvt)a s azi+1(§a t)) + /g’b(tv S, X1 (&7 S)v s 7xi(§7 S))dS
to
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(if p = 1, then, the set of equalities is empty and, by definition, Condition 2) holds true)
3) y(&,t0) =y and [y(€,T) — €| < 6 for all € € R
Then, for each (yo,ngrl) € R¥ x R™+1, and each ¢ > 0, there exists a family of
controls {0 ) ()} (¢ g)err xrmps1 Such that

4) The map (&, B) = te.p)(+) is of class C(RF x R™Mw+1; C(I;R™M#+1))
5) For each (&, 8) € R¥ x R™r+1, we have (¢ 5)(T) = B and d(¢ ) (to) = yp1-
6) ly(T,y°, 0,5 (")) — £| < € for all (§,8) € RF x Rmw+1,

Let us prove that Theorem 3.1 follows from Theorem 4.1. Indeed, suppose Theo-
rem 4.1 holds true.

Suppose p = 1 and k = my, and take an arbitrary y? € R™ . Given an arbitrary
6 > 0, find any family {y(n,)},cgm: = {21(n,")}¢erm: such that Conditions 1)-3) of
Theorem 4.1 hold. Then, for p = 1, we have: for every e > 0 and every (y?,y9) € Rm1+mz,
there exists a family of controls {9, 5)(")}(; g)erm1 xgm such that Conditions 4), 5), 6)
of Theorem 4.1 hold with p = 1.

Suppose p = 2. Given any y° = (y{,49) € R™*™2 and any § > 0, define ¢ := §,
and for this ¢ > 0 find the family {9, 4)(-)}(, g)erm1 xgm. Obtained at the previous
step (with p = 1). From Conditions 4)-6) applied to p = 1 it follows that the family

{y(gv ')}52(77,5)611%’"1 xR™2 defined by

y(n, B,t) = (y(t,y], 005 (); D0y (t) forall tel, &= (n,B)€R™ x R™

satisfies the Conditions 1), 2), 3) of Theorem 4.1 with p = 2. Then we can apply Theorem
4.1 to p = 2, etc. Arguing by induction over p = 1,..., v, we obtain for p = v that for
each € > 0, each 2z € R", and each a = ySH € R™»+1 there exists a family of controls
{0(6,6)(')} (¢ g)ern xrmv+1 such that Conditions 4), 5), 6) of Theorem 4.1 hold for p = v.
Fix an arbitrary 8 € R™+! and define the family of controls {ug(-)}ccgn as follows:
ug(t) == ¢ p)(t) for all t € I, £ € R™. Then {u, (")}, cgn satisfies the conditions:

(a) € — ue(+) is of class C(R™; C>°(I;R™v+1))

(b) For each & € R", the trajectory t +— x(t,2°% ug(-)) is well-defined and
|2(T, 2% ue () — €] <e.

Given any € > 0, an arbitrary 2° € R", and an arbitrary 7 € R", let {ue()}¢
be a family of controls such that (a), (b) hold. By conditions (a),(b) the map &
¢ — (T, 2% ue(+)) + 27 is well-defined and of class C(R™;R"). From condition (b),

follows that this continuous function maps the compact convex set B.(zT) into B.(zT).
Then, by the Brouwer fixed-point theorem, there exists £* € B.(xT) C R™ such that
& =& —a(T, 2% ue- () + 27, e, 2(T,2° ug(-)) = 7. Thus, for every 2° € R", and
every 7 € R", there is a control ug-(-) € C°°(I;R™»+1) such that 27 = z(T, 2%, ug-(+)),
i.e., Theorem 3.1 follows from Theorem 4.1.

Let us prove Theorem 3.2. Given any U(:) = [U1(-),..., Uq(~)]T in Loo(l;RY) and
X0 e RN let t > X (¢, X, U(-)) denote the trajectory of system

ERTL
>
it

Xz(t) = Fz(t,XZ(t), Uz(t)) + /Gz(t, S,XZ(S))dS = 1, ... q, tel = [to,T],
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defined by the initial condition X (to) = X° and by the control U = U(-). Then arguing
as above (for each X;-subsystem separately), we construct a family {Ug(-)}¢cpn such
that the following conditions hold:

(c) €+ Ug(-) is of class C(RY; C(I; RM))

(d) For each ¢ € RY, the trajectory t ~— X(t,2° Ue(:)) is well-defined and
|X(Ta XOa Uf()) - §| <e&.

For each & € RN, by X(&,-) denote the trajectory, of @), defined by the control
Ug(+) and by the initial condition X (¢,t9) = X°. Using the Gronwall-Bellmann lemma,
we easily obtain that ¢ — X (£,t) is well-defined for all ¢+ € I, £ € RY and there exists
D > 0 such that | X(£,t) — X(t, X% ue(-))| < D for all t € I and £ € RY, and therefore,
by condition (d), we obtain: | X (&,T) — & < D + ¢ for all £ € RY. Taking an arbitrary
XT ¢ RN and applying the Brouwer fixed-point theorem to the map & +— & — X (&,T) +
XT, which maps the closed ball Bpi.(X7T) into Bpi.(XT), we obtain the existence
of & € Bpi(XT) C RY such that X7 = X (¢*,T), which means that the control
Ug(-) € C°(I; RM) steers X° into X7 in time I w.r.t. system (@). Since X° and X7
are chosen arbitrarely, the proof of Theorem 3.2 is complete.

5 Proof of Theorem 4.1

Fix an arbitrary p in {1,...,v}, an arbitrary (y°,49,,) € R* x R™r+1, and an arbi-
trary € > 0. Define ¢ := § and assume that {y(§,)};cpr satisfies Assumptions 1)-3) of
Theorem 4.1.

To prove Theorem 4.1, we change the approach from [15] and [I6] as follows. Along
with system (), we consider the following k-dimensional control system of the Volterra
equations

t
xz(t) = fz(tazl(t)a "'azi+1(t)) + fg’b(ta 8,1'1(5), ...,;L',L'(S))dS, 1= 15 By 2 17
fo tel

Ep(t) = w(t) —l—jgp(t, 8, 21(8), ..., p(8))ds,
9)

with states y = (xl,...,xp)T € R* and controls w € R™». Given y € R¥, and w(-) €
Loo(I;R™»), let t — z(t,y,w(-)) denote the trajectory, of (@), defined by the control w(-)
and by the initial condition z(tg,y,w(-)) = y on some maximal interval J C I of the
existence of the solution.

For all ¢ € R*, define

t

w(&,t) = zp(§,t) — /gp(t, $,21(8,8), ..., xp(€,8))ds, t € 1. (10)
to
Then
y(&,t) = 2(t, 4% w(&,-) for all tel, &cRF (11)

Then, using the Gronwall-Bellmann lemma, we get the existence of §(-) in C(R¥;]0, +oc[)
such that, for each ¢ € R* and each w(-) € Lo (I; R™»), we have:

veel |a(ty’ w()) -yl <,
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whenever || w(-) = (& )l _zzmey < 5(E). (12)

In order to complete the proof of Theorem 4.1, it suffices to prove the following Propo-
sition, which is similar to Lemma 5.1 from [16].

Proposition 5.1 Assume that {y(&,-)}ecpe 18 a family such that Conditions 1)-3)

of Theorem 4.1 hold. Then, for system (), there exist functions M(-) € C(R¥;]0, +oo[)
and a family {u(g, ')}geRk of controls defined on I such that:

1) For each & € R¥, the control u(,-) is a piecewise constant function on I and the
map & — u(E,-) is of class C(RF; Ly (I; R™r+1)).

2) For each &€ € R¥, the trajectory t v y(t,y°, u(&,-)) is defined for all t € I, and for
each € € RF we have

w(&,t) = folt,y(t, ", ul€, ), w& ) < 8(6), tel

3) For each & € R¥, we have: || u(&, )|, rpmpiry < M(E).

Indeed, if Proposition 5.1 is proved, then, combining (I0), (1)), (I2) with the form
of the dynamics of ([@),([d), we get

ly(t, 5% u(€, ) — y(& )] <8 forall t€l, € RE (13)

Using partitions of unity and arguing as in [15], [16], we get the existence of a family
{0(6,8)(')} (¢ pyerr xmmp+1 Of controls such that Conditions 4) and 5) of Theorem 4.1 hold

and such that for each (¢, 3) € R¥ x R™r+1 we have

ly(t, y°, 0.5 () — y(t,y% u(€, )| <6 foralltel, (14)

(t — y(t,y°, 0,3 (-)) being defined on I for all (&, 8) in R x R™»+1). Since § = &,
from ([[3), (I4) and from Assumption 3) of Theorem 4.1 it follows that the family
{17(5,5)()}(5,5)6%XRmpH also satisfies Condition 6) of Theorem 4.1. This completes the

proof of Theorem 4.1.

Remark 5.1 The main distinctions of the proof of Proposition 5.l in comparison
with that of Lemma 5.1 from [16] are as follows:

(%) In the current paper, we deal with the Volterra systems whereas [16] is devoted
to the case of ODE.

(%%) In the current work, the parameter £ characterizes the terminal state and the
system should be steered to starting from the initial point y° € R¥. In [I6], the con-
struction starts with the initial condition z(£,T) = £ given at the terminal instant T
and then the control strategy is adjusted inductively ( [16], Lemma 6.1) while time is
decreasing (from ¢ = T until the initial instant ¢ = ;) in order to reach a certain small
neighborhood of the initial state. However, for the Volterra systems, such an invertion of
time is not possible in general (and one cannot consider the Cauchy initial condition at
terminal instant 7'). Therefore the direct repetition of the argument from [I6], Section
6 would not suit.

(* *x %) In the current work, we consider the non-smooth case (the right-hand side of
() satisfies the local Lipschitz condition only).



420 S. DASHKOVSKIY AND S.S. PAVLICHKOV

5.1 Proof of Proposition [5.1]

Following [16], choose any sequence {R,},~, CN such that Ry =1, Ry11 > Ry+1, ¢ € N.
Define

1 .
dq =g _min 5(8), M, := max | y(§, )HC(IRk +46+1, geN; (15)

§€Br,,,(0) £€BRr, (0)
K= {yERk| lyl < Mg}s dg:=Mgy2+1, ¢€N; (16)
We={weR™ | |u] < max_ | w(&Morrmey +1} ¢ €EN; (17)

€BR,
E1 := Br,(0); Eg41 = Br,.,(0\Bg,(0), q€N; (18)
E1 = BRl(O) x I x Kl;

Eyp1 = E, U((BRW )\ B, (0 )xIqu+1), geN; (19)
=J E.. (20)

g=1

Given an arbitrary ¢ € N, and arbitrary N € N, define

)
Al]]\r = {(tay’ ) elx Kq-i-l x R™» | Jv e Rmpﬂ(|7}|<]\[ (lw - fp(t Yy,v )l Eq}
Then every A% is open as a subset of the metric space I x Ky41 x R™» whose metric is
generated by the norm of R x R¥ x R™». Since I x K41 x W, is compact w.r.t. this metric
[e ]
space, using condition (iii) and the inclusions A%, C A%, and I x Ky xW, C |J A}

N=1
we obtain the existence of No(q) € N such that I x K41 x W, C Af Without loss
of generality, we assume that No(q) < No(q+1).

Define

No(q)’

Ug:=A{v e R™* | |u] < No(q)} (21)

Then U, C Ugt1, ¢ € N and, by the construction, for each (¢,y,w) € I x K,11 x W, there
exists v € Uy such that |w— f,(t,y,v)| < %". Let {Lq},2; CRand L() € C(R¥;]0, +o0])
be such that 0 < Ly41 < L,, ¢ € N and

2Ly (| p(t, y, 0)[+(T—to) [¢o(t, 5, y,v)|[+1)<1 V(t, 5,y,v)€I* X Ba, (0)xUyr2, qN, (22)
Ly < L(E) < Ly, whenever £ € Z4, g€ N. (23)

Then we denote by F the following semi-ring of sets ( [12, vol. 2, p. 17])
S0().0(),A0,Ay = {(1,8,2) € REXRXRY | 9(n, z) < s<0(n, 2)}\{(n, 5, 2) € RFxRxR*

(s = ©(n,2)) A(n,2) € Ao) or (s = V(n, 2))\((n, 2) € Av)},

where O(-), and 9(-) range over the set of all the functions from class C(R* x R¥; I) such
that for all (¢,y,2) € RF x RF x RF

108, y) = O(&,2)| < L&)y — 2| and [J(&,y) — V(& 2)| < L(E)]y — =],
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and Ag C R*¥ x RF, Ay C R* x RF range over the set of all subsets of RF x R¥.

For each (€,t,y) € E, let ¢ € N be such that £ € =Z,. From (I8)-20) it follows
that y € Kq41. By (1), and by the definition of Uy, there exists v¢;, € U, such that
|w(€’t) - fp(t’ya Ufﬂ%y)' < %

Using the compactness of each E, in R¥ x I x R¥ and the properties of semirings of
sets (see Lemma 2 in [I2] vol.2, p. 18]), we repeat the construction from [I6 p.1435-
1436] and obtain the existence of a sequence { (&, t,, yr)} =, sequences {S,}, -, C F and
{%:1},2, C F of sets from F and sequences of natural indices 1 <7 <7y < ... <71y <
and 1 <1y <lp <...<ly <...such that first

1 1
(gratrayr) € S’!‘ and V(U,S,Z) S S’!‘ (|77 _€| < Z) A (|Z - yl < Z)a (24)

V(nv 5 Z) € ST |w(777 S) - fp(sv Zvvfmtmyr>| < 5(77)5 (25)

(this group of inequalities characterizes the size of S, and the properties of the feedback
controller to be constructed), second

Tq

EcC U Sy; and E,C U Sy, for all ¢ € N, (26)

r=1 r=1

STﬂEl#(Z), if1<r<ry; and S(}((BRQ+1 )\Bg, (0 )XIXKQ_H)#@,

ifrg+1<r<rg, (27)
SOV USi| =0, ifr>rg1+1, geN (28)

(this group of inclusions and inequalities characterizes the local finiteness of the countable
covering {S bt of E), and third

(Ay) U Sy = U Y for all ¢ € N (which implies that U ¥ = U Sr);
=1

I=1
(Ag) er ﬂElu = (Z) for all I’ # 1",
(Aj3) for each r € N, there is a finite set of indices P(r)CN such that S, = | .
leP(r)

This group of conditions characterizes the relationship between the original countable
covering {S, },2, of E and its derivative covering {¥;},°; C F, of E by mutually disjoint
sets X, obtained by using the properties of semiring f [12, vol. 2, p. 18].

From (A1), (A2), (As), it follows that for every I € N there exists (I) € N such that
¥ C Sy, and such that, if 1 <1 <[y, then 1 < 7(l) <7y, and if [p +1 <1 < lgq
(g € N), then ry +1 < 7(l) < 7r¢q1. Since ¥; C S,(;y, we obtain from ([24), 28), 27):

(B%(g) I % Rk) Z=0, whenever 1¢Q(), [€N, E€RF, (29

where (€) is the finite number of indices given by

' {1}1 . if £ € 2 USy;
Q(g) . { {l}lq+2 410 lf g c '—*q+1; q > 2 (30)
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Define
v(€,t,Y) = Ve, 4ty ey, Whenever (€,t,y) € 3y, [ € N. (31)

Then, from 25), (3I), and from the inclusion ¥;CS,.;), we obtain:
|w(77ﬂ S) - fp(sv 270(777 5, Z))| < 6(77) for all (77, S, Z) € U X (32)
1=1

Lemma 5.1 1) For every £ € R*, there are a unique z(§,-) € C(I;R*) such that
z(&,t0) = &, (33)

a unique finite sequence of indices {l/j(f)}j:(? = {yj}jy:(f) C Q&) such that N(§)
|Q2E)|, and v, # v; whenever p # j, and a unique finite sequence to = 74 (§) < 75 (&)
< T;[(g)(f) < T;[(g)_‘_l(&) =T such that:

1.a) 2(&,t) is defined and continuous at each t in I\ {7](£), TN ) (&)}, and

<
<

(&, t,2(€,1) € E and |w(&,1) — fp(t, 2(,1),0(E, 1, 2(€, 1)) < 6(8), tel  (34)

1.b) for each j =1,...,N(§), we have:

(f,t,z(f,t)) € ZV]' fO'l“ all E]T; (E)’T;Jrl(g)[’ (35)

(& 1) = so(t,Z(E,t),v(&t,Z(E,t)))+/¢(t,8,2(6,8),v(§,8,Z(§,8)))d8

for all t €]77(8), 7741 (8], (36)
T;Jrl (5) = el/j (65 Z(f, T; (5)))) and T; (5) = 191/]' (6) Z(f, 7';+1(§))) (37)
2) Given any &€ € RE and any | € N, define t — s;(&,t) and t v+ (&, 1) by

Sl(gat):t_ﬂl(gaz(gat))a tl(«f,t)zt—@l(«f,z(«f,t)) fO’f’ allt € 1. (38)
Then, for every & € RF, and every | € N, first,

3(t—1)
2

3(t—7)
2

for allt € I and T € I, and, second, there are unique s;(§) € I and t} (&) € I such that

s1(§, 57 (€)) = 0 and (&, (§)) = 0. Moreover, to = sy, (£); 77 (§) = t;,_,(§) = s7,(£) for
every i =2,....N(§); and T =t ().

VN (&)

t —
> s1(&,t) —s1(E,7) > TT whenever t > 71, I € N, (39)

t —
ztl(f,t)—tl(f,T)ZTT whenever t > 1, 1 € N, (40)

The proof of the current Lemma 5.1, which is omitted, is by induction on i €
{1,...,N(§)} and is similar to that of Lemma 6.1 from [16]. The only difference is that
the induction argument starts with the initial instant ¢y = 77 (£) whereas in [16] it starts
with T' = 77 (§) down to to. Having proved Lemma 5.1 one combines it with the implicit
function theorem and proves Lemma 5.2 (again by induction on ¢ € {1,...,N(§)}).
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Lemma 5.2 For all i € {1,..,N(§)}, functions n — s, (n), n — t5(n), n —
z(n, s3,(n)), and n — z(n,t;.(n)) defined in the previous Lemma 5.1 are continuous at
every £ € R¥

The only differences of the proof of the current Lemma 5.2. in comparison with that
of Lemma 6.2 from [I6] are as follows: first one should use the implicit function theorem
for the continuous monothone functions instead of C! - case (due to nonsmoothness),
and second one needs to invert the time again in comparison with [16].

Finally, define the desired family of controls {u(¢,)}¢cge by

u(€,t) =v(&,t,2(€,t)) whenever t eI, &c R (41)

From Lemmas 5.1 and 5.2 it immediately follows that the family {u(¢, -)}¢cgn defined
by (I satisfies all the Conditions 1),2),3) of Proposition 5l The proof of Proposition
B is complete. This completes the proof of Theorem 4.1 and respectively those of
Theorems 3.1 and 3.2.

6 Conclusion

The problem of global controllability of triangular integro-differential Volterra equations
with noninvertible input-output links and with nonsmooth (Lipschitz continuous) dy-
namics has been solved. In addition we proved the global controllability of large scale
interconnections of such systems when the cross-terms are bounded and Lipschitz con-
tinuous. The main distinctions of the current work in comparison with the thechniques
used in preceeding works [I5L[16] are as follows. First, in contrast to [I5,[16], since the
dynamics is not differentiable (but satisfies the local Lipschitz condition only) we can-
not refer to the properties of the Frechet derivative of the input-state map u(-) — z(-)
that was essential in [I5l[16] and cannot consider the linearized control system around a
trajectory (which characterizes this Frechet derivative). Second, in contrast to [I5] the
input-output links x;41(-) — ;(-) are not invertible, which is why each virtual control
needeed at each step of the backstepping procedure cannot be obtained as in [I5] by
solving the corresponding Volterra equations. To handle the second problem, we update
some auxilary construction from [16] to the case of Volterra nonsmooth systems and
to handle the first one we develop a backstepping design which is different from that
from [I5L16]. All the arguments that are similar to those from [I5,[I6] are omitted and
only essential changes are highlighted.

References

[1] Balachandran, K. Controllability of nonlinear Volterra integrodifferential systems. Kyber-
netika 25 (1989) 505-508.

[2] Balachandran, K. and Balasubramaniam, P. A note on controllability of nonlinear Volterra
integrodifferential systems. Kybernetika 28 (1992) 284-291.

[3] Celikovsky, S. and Nijmeijer H. Equivalence of nonlinear systems to triangular form: the
singular case. Systems and Control Letters 27 (1996) 135-144.

[4] Celikovsky, S. and Arranda-Bricaire E. Constructive nonsmooth stabilization of triangular
systems. Systems and Control Letters 36 (1999) 21-37.

[5] Coron, J.-M. and Praly, L. Adding an integrator for the stabilization problem. Systems and
Control Letters 17 (1991) 89-104.



424
[6]
[7]
8]

[9]

[10]

[11]

[12]

[13]
[14]
[15]
[16]
[17]
18]

[19]

[20]

[21]

22]

[23]
24]
[25]

[26]

S. DASHKOVSKIY AND S.S. PAVLICHKOV

Dashkovskiy, S.N.; Rffer, B.S. and Wirth, F.R. Small gain theorems for large scale systems
and construction of ISS Lyapunov functions, SIAM J. Control Optim. 48 (2010) 4089-4118.

Fliess, M., Levine, J., Martin, Ph. and Rouchon, R. Flatness and defect of nonlinear sys-
tems: introductory theory and examples. Int. J. Control 61 (1995) 1327-1361.

Jakubczyk, B. and Respondek, W. On linearization of control systems. Bull. Acad. Sci.
Polonaise Ser. Sci. Math. 28 (1980) 517-522.

Kanellakopoulos, 1., P. Kokotovic, P. and Morse, A.S. Systematic design of adaptive con-
trollers for feedback linearizable systems. IEEE Trans. Automat. Control 36 (1991) 1241
1253.

Karimi, H.R., Dashkovskiy, S. and Duffie, N.A. Delay-dependent stability analysis for large
scale production networks of autonomous work systems. Nonlinear Dynamics and Systems
Theory 10 (2010) 55-63.

Kojic, A. and Annaswamy, A.M. Adaptive control of nonlinearly parametrized systems
with a triangular structure. Automatica 38 (2002) 115-123.

Kolmogorov A.N., Fomin S.V. Elements of Theory of Functions and Functional Analysis.
Translated from the First Russian Edition by Leo F. Boron, Graylock Press, Rochester,
N.Y., 1957.

Korobov V.I. Controllability and stability of certain nonlinear systems. Differential Equa-
tions 9 (1973) 614-619.

Korobov, V.I, Pavlichkov, S.S. and Schmidt, W.H. The controllability problem for certain
nonlinear integro-differential Volterra systems. Optimization 50 (2001) 155-186.

Korobov, V.I., Pavlichkov, S.S. and Schmidt, W.H. Global robust controllability of the
triangular integro-differential Volterra systems. J. Math. Anal. Appl. 309 (2005) 743-760.

Korobov, V.I. and Pavlichkov, S.S. Global properties of the triangular systems in the sin-
gular case. J. Math. Anal. Appl. 342 (2008) 1426-1439.

M. Kirstic, I. Kanellakopoulos and P. Kokotovic. Nonlinear and adaptive control design .
Wiley, New York, 1995.

Lin, W. and Quan, C. Adding one power integrator: A tool for global stabilization of high
order lower-triangular systems. Syst. Contr. Lett. 39 (2000) 339-351.

Martynyuk, A. A. and Slynko, V. I. Solution of the problem of constructing Liapunov
matrix function for a class of large scale systems. Nonlinear Dynamics and Systems Theory
1 (2001) 193-203.

Pavlichkov, S.S. Non-smooth systems of generalized MIMO triangular form. Vestnik
Kharkov. Univ. Ser. Matem. Prikl. Matem, Mech. 850 (2009) 103-110.

Pavlichkov, S.S. and Ge, S.S. Global stabilization of the generalized MIMO triangular
systems with singular input-output links. IEEE Trans. Automat. Control 54 (2009) 1794—
1806.

Respondek W. Global aspects of linearization, equivalence to polynomial forms and decom-

position of nonlinear control systems, in: M. Fliess and M. Hazewinkel eds. Algebraic and
Geom. Meth. in Nonlinear Control Theory. (1986) Reidel, Dordrecht. 257-284.

Seto, D., Annaswamy, A. and Baillieul, J. Adaptive control of nonlinear systems with a
triangular structure. IEEE Trans. Automat. Control 39 (1994) 1411-1428.

Tsinias, J. A theorem on global stabilization of nonlinear systems by linear feedback. Syst.
Contr. Lett. 17 (1991) 357-362.

Tsinias, J. Partial-state global stabilization for general triangular systems. Syst. Contr.
Lett. 24 (1995) 139-145.

Tzamtzi, M. and Tsinias, J. Explicit formulas of feedback stabilizers for a class of triangular
systems with uncontrollable linearization. Syst, Contr. Lett. 38 (1999) 115-126.



	Introduction
	Preliminaries
	Main Results
	Backstepping in the Non-smooth Case
	Proof of Theorem 4.1
	Proof of Proposition 5.1

	Conclusion

