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Article history: A non-linear controlled dynamical system that describes the dynamics of a broad class of non-linear
Received 24 January 2007 mechanical and electromechanical systems (in particular, electromechanical robot manipulators) is con-

sidered. It is proposed that the real parameter vector of a non-linear controlled dynamical system belongs
to an assigned (admissible) constrained closed set and is assumed to be unknown. The programmed
motion of the non-linear controlled dynamical system and the programmed control that produces it are
assigned (constructed) by using an estimate, that is, the nominal value of the parameter vector of the
non-linear controlled dynamical system, which differs from its actual value. A procedure for synthesiz-
ing stabilizing control laws with linear feedback with respect to the state that ensure stabilization of
the programmed motions of the non-linear controlled dynamical system under parametric perturbations
is proposed. A non-singular linear transformation of the coordinates of the state space that transforms
the original non-linear controlled dynamical system in deviations (from the programmed motion and
programmed control) into a certain non-linear controlled dynamical system of special form, which is
convenient for analysing and synthesizing laws for controlling the motion of the system, is constructed.
A certain non-linear controlled dynamical system of canonical form is derived in the original non-linear
controlled dynamical system in deviations. The transformation of the coordinates of the state space con-
structed and the Lyapunov function methodology are used to synthesize stabilizing control laws with
linear feedback with respect to the state, which ensure asymptotic stability as a whole of the equilibrium
position of the non-linear controlled dynamical system of canonical form and dissipativity “in the large”
of the non-linear controlled dynamical system of special form and of the original non-linear controlled
dynamical system in deviations. In the control laws synthesized, the formulae for the elements of their
matrices of the feedback loop gains do not depend on the real parameter vector of the non-linear con-
trolled dynamical system, and they depend solely on the constants from certain estimates that hold for
all of its possible values from an assigned set. Estimates of the region of dissipativity “in the large” of the
non-linear controlled dynamical system of special form and the original non-linear controlled dynamical
system in deviations closed by the stabilizing control laws synthesized are given, and estimates for their
limit sets and regions of attraction are presented.

© 2008 Elsevier Ltd. All rights reserved.

1. Statement of the problem

Consider a non-linear controlled dynamical system in the Cauchy problem of the form
¢ = Flzu,,8), z(ty)) = zp, 121520 (11)

where zg and z=z(t) are n-dimensional state vectors of the system at the initial and current times, u is an m-dimensional control vector, &
is a p-dimensional parameter vector of the system,

Ee QécRP (1.2)
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€2 is a bounded closed set, RP is a p-dimensional real Euclidean space, F is an n-dimensional vector function that satisfies (under an
admissible control) the conditions for the existence and uniqueness of the solution of system (1.1) and determines the properties of a
specific control object.

Let the programmed motion be assigned (constructed) in the form

2, = 2,(N=2,(1.8), 121 (13)
where
SeQ (14)

is an estimate, that is, the nominal value of the parameter vector & of system (1.1), which is a particular solution of the system
Z = F(Z, u, ta é)’ Z(to) = Z()? tZtOZO (15)
This system is identical to system (1.1) for the value of the parameter vector

£=¢ (16)

and a certain admissible programmed control
u, = u,(t)=uy(t,8), t2t, (1.7)

and the initial condition zy =z,(tp) =zpp. The programmed motion z,(t) will be called the unperturbed motion, and any other motion z(t) of
system (1.1) under the admissible controls will be called the perturbed (real) motion.
The quantities

€ =2-2, €, =U-U, (1.8)
are perturbations, i.e., deviations of the real (perturbed) motion z and the control u from their programmed values z, and up. They are
related by the differential equation in deviations

é = Fe(e, eu, t, eé), e(to) = eo, t> to (1.9)
where

er = §-8 (eg€ Q) (1.10)
is a parametric perturbation, i.e., a deviation of the real parameter vector £ from its nominal value é and the set

_ p. £
Q= {eze R :ex+8€ Q) (1.11)

Fe,e,ter) = Fle+z, e, +u,t e+ &) - F(zp, u,t, &) (112)

where F,(0, 0, t, 0) = 0. It follows from equality (1.12) that under the controls e, =0 and ez =0 system (1.9)-(1.12) has the motion e=0.

The transformations (1.8) reduce the problem of studying the motions z(t) of the original non-linear controlled dynamical system (1.1)
in the neighbourhood of any isolated programmed motion z,(t) to the problem of studying the solutions e = e(t) of the original non-linear
controlled dynamical system in deviations (1.9)-(1.12) in the neighbourhood of the origin of coordinates e =0; therefore, in the ensuing
discussion the main constraints, assumptions, and assertions will be formulated with reference to the original non-linear controlled
dynamical system in deviations (1.9)-(1.12).

For a broad class of mechanical and electromechanical systems, the structure of the original non-linear controlled dynamical system in
deviations (1.9)—(1.12) is such that

é = PO(er'Z, t,f;)e+Q0(er41,t, Ee, +g,.(e 1, er), e(ty) = ey t2t, (113)
Here e=col(e, ..., er), e; and el =col(e, .. ., e;) are n, m and mi vectors, rm=n, £ = e + E and
Po(e % 0,8)e+ Qe 1, E)e, +g.(e, 1, e)) = F (e, e, 1, €) (114)
where
0 Py (1, 8) 0o ... 0
0 0 Pyue,n€) 0 .. 0
Poe P08y = | " R 5
0
0 0 0 Py, 1 (e 518
0 0 ... 0 0 (115)
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. 0
Qe 1,8) = -
Py, ,p1(e,18) (116)

are partitioned matrix functions of order n x n and n x m, respectively, and Pgy 4+1(k=1, ..., ) are m x m partitioned matrix functions, which
can be represented in the form

Porn(t,8) = A\(4,E)B,(1E), Porer(¢ ™, 0,8) = A 1,8)B(1, ),
k=2 ..r (117)

where
A1, 8) = AT(1,§)>0, 121, e Q

AT 8 = AR T 58)>0, (LB eQ k=27 (118)
B,(1,&) = B,’f(t,?;)>0, 121, Ee Qg, k=1,..,r (1.19)
are symmetrical, positive definite m x m matrix functions, such that
k- k-
AL E)| <kyys 22y, Ee Q 'Ak(e L, §)| Skyo (€718 € Q) 1
k=2 ..,r (1.20)
|Bu(1,8)| kg |Bu(t, &) <km, 1215, E€Qp k=1,..,r

_ (1.21)
0<kpy <o00,0<kpr<ocoand 0 < l_<B,< < oo(k=1,...,r)are certain constants; similar estimates exist for the partial derivatives of the matrix
functions A, and By, (k=1, ..., r) with respect to their arguments t and ek~1; the set is

k-1 k-1 m(k-1)

Q1 ={e 8 :e €R 121y, Ee Q) (122)

Here the asterisk denotes the operation of transposition, and 0 is the zero matrix of the respective dimension.
When relations (1.12) and (1.14) are taken into account, the vector function ge(e, ¢, e;) can be represented in the form
1 2 _ £ 2

ge(e9 t’ eé) = COl(gel(e 5 t’ eé); geZ(e > I eg), sy ger(er’ t’ e&)) = ge(e7 t, e& + &) + Fe(t’ e&)

(Fo(e, et ec) = Fole, et ec +E) + Fo(t,e0) = Po(e’ % 1, E)e + Qge’ ™' 1,E)e, +

+ ge(e’ t’ e§)7

Felee, t,e+8) = Fle+z, e, +u,tiec+8)—F(z,,u,t, ez +§) =

-2 £ -1 2 _ N

= Pyle’ e +8)e+ Qe Lt e +8)e, + g, (e, 1, e +E),

Fe(oa 0’ t7 eg"’&) = 0’ F(t5 e&) = F(Zps up7 t’ e£+§)_F(ZD7 up’ t’ E‘;)y Fe(t’ 0) = 0) (‘123)
where the g, (k=1, ...r) are m-vector functions. The vector function g. (1.23) satisfies the estimate

_ £y 2 2
|g.(e, 1, €x)| = |8 (e, t, e + &) + Folt, eé)‘ Skoeo+kgeilel +kypolel”, (e,t,e) € Q,,
— £ 2 a

(ge(e. 1 e+ B)| Skyolel + kypalel’, (e,1, ) € Q. |Fulty )| Skgegy 12 10, €z € Q) (124)

Here
r r n
Q,, = {(e,t,eé):e =eeR,t2t0,e§e Qeg} (1.25)
0<kppp<oo, 0<kg, <o, 0<k,,<oo (1.26)
1/2
n m
_ . 5 23172 5 . .
the kgep (=0, 1, 2) are certain constants, |a| = (a7 +...+a5) ", and |A| = ZZaij are the moduli (Euclidean norms) of the real
i=1 j=1

vector a=col(ay, ..., ap) € R" and the real matrix A=||ajjlli=1, . n;j=1,...,m Of order n x m.

Below the control law u for the original non-linear controlled dynamical system (1.1), in which the vector function Fis such that relations
(1.12) and (1.14)—(1.26) hold, has the structure of a control law with linear feedback with respect to the state z of the form

u = M(Z, Z, &) = up(t7 é)+FO(Z_Zp)’ tZtO (1.27)
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where
Ty = [Top - To (128)

is a constant m x n partitioned matrix of feedback loop gain and the 'y, (k=1, ..., r) are m x m blocks. The control law for the original
non-linear controlled dynamical system in deviations (1.13)-(1.26) has the structure of a control law with linear feedback with respect to
the state e and is written accordingly in the form

e, = Iye (1.29)

We will say that for the original non-linear controlled dynamical system in deviations (1.13)-(1.26) the origin of coordinates e=0 can be
stabilized by the control law e, (1.29), (1.28) with linear feedback with respect to the state vector e(t), if this control law ensures dissipativity
“in the large” at the origin of coordinates e=0 of the original closed non-linear controlled dynamical system in deviations (1.13)-(1.26),
(1.29), (1.28):

¢ = Po(e’ %1, 8)e+ Qole’ 1, E)Tge + g, (e, 1, ec), elty) = e, 121, (130)
Accordingly, for the original non-linear controlled dynamical system (1.1), (1.12), (1.14)-(1.26), the programmed motion z,(t) (1.3) can be
stabilized by the control law u (1.27), (1.28) with linear feedback with respect to the state vector z(t) if this control law ensures dissipativity
“in the large” of the programmed motion z,(t) (1.3) of the closed original non-linear controlled dynamical system (1.1), (1.12), (1.14)-(1.26),
(1.27), (1.28):

Z=F@u,(t,8)+To(z-2,),1,8), z(ty) = 2o, 21ty (1.31)
according to the definition given below.

Definition 1. (Ref. 1, p. 126). The set £2g is called a region of attraction of system (1.30) if

1) for any solution e(t) a time ty is found such that e(ty) € 29;
2) the set Qg is invariant, i.e., it follows from e(tg) € Q¢ that e(t; e(tp), to) € ¢ at all t > to.

Definition 2. (Ref. 1, p. 126). System (1.30) is called a dissipative system if a bounded closed region of attraction €2 exists in the n-
dimensional space {e}.

Definition 3. System (1.30) will be called a system that is dissipative in the large if each trajectory e(t; e, ty) that emerges from a certain
bounded closed set 29 c R" (eg € 2¢) enters a certain closed neighbourhood 21 c 2 of the origin of coordinates e=0 < 27 at a sufficiently
long time t=t- >ty and does not leave it afterwards (i.e., at t > t-). We will call such a neighbourhood €27 the limit set of the dissipative
system.

Otherwise, for each solution e(t; e, ty) (eg € 29 € R™) there is a time t- =ty + T(tg, eg) > to, after which the solution sinks everywhere into
the fixed sphere 21 ={eeR": |e| <Ry} c Qy, i.e.,

le(t; tg, €9)l < Rgatt, <t < oo

We next formulate the stabilizability criteria of the origin of coordinates e =0 for the original non-linear controlled dynamical system
in deviations (1.13)-(1.26) with the control law e, (1.29), (1.28) with linear feedback with respect to the state e (and the programmed
motion zp(t) (1.3) for the original non-linear controlled dynamical system (1.1), (1.12), (1.14)-(1.26) with the control law u (1.27), (1.28)
with linear feedback with respect to z, respectively). Estimates of the regions of dissipativity “in the large” of the closed original non-linear
controlled dynamical system in deviations (1.13)-(1.26), (1.29), (1.28), i.e., system (1.30) (and of the closed original non-linear controlled
dynamical system (1.1), (1.12), (1.14)-(1.26), i.e., system (1.31), respectively) are given, and estimates are presented for its limit set and
region of attraction.

Similarly stated stabilization problems of controlled dynamical systems under parametric perturbations were previously considered.>~8

2. Reductions of the original non-linear controlled dynamical system in deviations to a non-linear controlled dynamical
system of special form

The procedure proposed below for the parametric synthesis of a stabilizing control law with linear feedback with respect to the state
of the non-linear controlled dynamical system in deviations (1.13)-(1.26) and the analysis of the behaviour of the solutions in a closed
system involves reducing this system to a certain non-linear controlled dynamical system of special form, which is more convenient for
examining these questions.

For this purpose, in the original non-linear controlled dynamical system in deviations (1.13)—(1.26) we perform a non-singular linear
transformation of the coordinates of the state space of the form
e, =Se, e= Smlex = Re, 1)

X

Here

Q
Il

col(e,, ..., €,,) (2.2)
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and e, = col(eyq, - - -» exkm) are n- and m-dimensional vectors, and S and R are non-singular constant lower triangular n x n partitioned
matrices of the form
I, 0
So1 I, 0
S = S35 S 1, 0
Sr—l,r—ZSr—Z,r—B“'SZI Sr—l,r—ZSr—Z,r—3"'S32 Sr—l,r—2 ]m 0
Sr,r—lsr—l,r—Z“'SZl Sr,r—ISr—l,r—Z"'S32 Sr,r—l Im
= “Skl"k,1=1,...,r (2.3)
where I, is an m x m identity matrix
Su=0, k=1,..,r-1; Il=k+1,..,r; Spu=1, k=1 .,r
Skl = Sk,k—lSk—I,[ = Sk,k—lsk—l,k-Z"'S1+l,l’ k = 3, P l = 1, ...,k—2 (24)
the Sg+q,  (k=1, ..., r—1) are m x m blocks, whose analytic form is indicated below in Section 4 (in Lemma 1),
-1
R=S5 = "Rkl"k,l=1,...,r
Ry=0,k=1.,r-1;l=k+1,..,r; Ry=0,k=3,..,r; I =1,..,k=-2
Rkk = Im’ k = 1, T Rk,k—l = _Sk,k—l’ k = 2, ey I (25)

Then the original non-linear controlled dynamical system in deviations (1.13)—(1.26) is transformed into a non-linear controlled dynam-
ical system of special form

é, = P(e;_ 2, t,Ee, + Q(r;_ l, t,8e,+g,.(e.t, er), ety = e, 121y £E= ex + £ (2.6)

Here
-2 -1
P(e: > ty g)ex + Q(e; > I a)eu + ge_x(e,v t’ eé) = Fex(exa ew ta e&) = SFe(ReX’ eu; t? eg) (27)
Fe is the vector function (1.14)-(1.26), and

P2 1,E) = S[Py(6” *(e)" %), 1, &)IR = Py

ki=1,..r (2.8)
is an n x n partitioned matrix function, and its m x m blocks have the form

P =P (1,8) = —Pyp(1,8)Sy, Pa=Pp(1,8) = Pyp(t, &)
Py =P(t,8) = =S, Popa(1,8)Sy, k =2,..,r

1

k-1 k-1, k-1
Pirs1=Piiai(ey 1 68) = Popy(0 (e, ), 68), k=2,..,r-1

2

k-1 k-2, k-2
Py=Pyle, 6,8) = S 1Po-1,1(0 (€, ), 18)

k-1, k-1
—Po’k’k+l(o (ex ),t,g)sk*_l‘k, k=2,‘..,r—1

P,=0, k=1,..,r=-2; Il=k+2,...,r

1-1 -2, 1-2
Py=Pyle, ,1,8) = Sp i 1Po-1,(0 (e ), 1,8)

—SuPo 110 €T S k=3 =2, k=]

(2.9)
r-2 r-2, r-2
PrrEPrr(ex ) b g) = Sr,r—IPO,r—l,r(o (ex )’ L a)

ek = col(eyq, ..., ex), exx = col(ex, - - - exkm)- Here and everywhere below

k_ k, k
6 =0 (e,) = col(0,(e,;), Ox(€r1, €12)s -+ Ok(€ k1> €xx))

= H.Re, = Hye = ¢ = col(ey, ..., &) (2.10)
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(o1(ex1)=ex1 =e1,0(exk_1.exk) = —Sk k—_1€x, k-1 +Imexk =€k, k=2,...,1r)is anmk-dimensional vector function, where H, = ||I;;n,, 0|| is a constant
partitioned matrix of order (km) x n, and everywhere

0, 0
Py1p(07(e,), 1, €) = Poyp(1, §) (2.11)
is an m x m block. When (1.16), (2.3) and (2.4) are taken into account, Q becomes a partitioned matrix function of the form
-1 -1 -1 -1 -1
Q(e; ,1,8) = SQy(6” (e ), 1,8) = Qp(c”™ (e} ), 1,€) (2.12)
gex(ex, t, eE_') = Sge(Rexa t’ eé) (213)

is an n-vector function, for which the estimate

|8ex(ent, e§)| = |Sg.(Re, 1, e§)| <|Sl|g.(Re,, 1, e§)|

2 2
< |S|(kge0 + kgellRexl + kge2|Rexl )< kgexO + kgexl |ex| + kgeleexl ’ (ex’ 2 eé) € Q2x, r (2.14)
where
Q,,, = {(e.te): e e R, 121, ex € Q) (215)
2
0<kyppo = ISlkgo<oo, 0<ky, = ISIRIky, <o, 0<kgep = ISIIRI"ky,, <o (2.16)

and kgeyj, Kgej (j=0, 1, 2) are certain constants, holds when (1.23)-(1.26) and (2.1)-(2.5) are taken into account.

Note that since the matrix functions Py (1.15), (1.17)-(1.22) and Qg (1.16) have canonical forms in the original non-linear controlled
dynamical system in deviations (1.13)-(1.26), it is possible to construct a non-singular linear transformation of the coordinates of the state
space (2.1)-(2.4) that transforms this system into the non-linear controlled dynamical system of special form (2.6)-(2.16).

3. An auxiliary lemma regarding the dissipativity “in the large” of a non-linear dynamical system

Let us consider the non-linear dynamical system
é = fle,t)+g(e 1), e(ty) =ey, t2t;20 (3.1)

where eg =e(ty) =e(tp; eg, tp) and e=e(t) =e(t; eg, ty) are n-dimensional state vectors of the system at the initial and current times, and fand
g are continuous n-dimensional vector functions, for which f{0, t)=0 and

lg(e, )] Skyo+kyylel +kpolel’, Vee R, Vix1,

0<kyy<eo, 0=k, <eo, 0<kg2<o<> (3.2)

It is assumed that for system (3.1), (3.2) the solution of the Cauchy problem exists and is unique.

Lyapunov function methodology enables us to find effective estimates of the dimensions of the limit set and the region of attraction
(Ref. 1, Ref. 9, pp. 29-60, Ref. 10, pp. 289-293 and Ref. 11) of the dissipative system.

Thus, following this methodology (Ref. 11, p. 150), we will assume that v(e, t) is a real, continuously differentiable positive definite scalar
function (a Lyapunov function), (e, t) = 0, and the regions

Q= {ee R":v(e,1)<pyp Ppo>0, 121y} (3.3)
Q, ={ee R :v(e,1)<py, Py; >0, 121y} (3.4)

1l

(with a centre at the origin of coordinates e=0) are such that

Q cQ, ecmn 0<p,; <Py (3.5)

and the function (e, t) along the trajectory of system (3.1), (3.2) satisfies the estimate
D = D(e(t),t) = % + 3—:(f(e, 1)+gle 1)) = wle(t), t) = wle, t) <-wy(e) <0
(where wy(e) is a positive-definite scalar function and wy(e) = 0 in the layer
Qp = Qp\Q, (3.6)
Then all the trajectories of system (3.1), (3.2) that begin at t = t; in the region p (e(tg) € 2p) enter the region €21 at a certain sufficiently

long time t=t- (in the general case, the value of t- is different for different trajectories) and do not leave this region afterwards (i.e., for all
t>t«), i.e.,

e(t;e(ty), ty) e Q, Vit 21, e(ty)e Qp (3.7)

In such a case we will say (Ref. 11, p. 151) that system (3.1), (3.2) is dissipative in the large and that the regions €2 (3.4), (3.5) and £2¢
(3.3) serve as estimates of the limit set and the region of attraction of system (3.1), (3.2).
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Auxiliary lemma. Suppose a real scalar function v=v(e, t) exists, which is continuously differentiable with respect to its arguments, except for
the argument e =0, and let there be the real numbers €,; > 0 (i=1, 2, 3), ag >0 and 0<vg <1 such that

1) enlel <v(e, t) < gplel,VeeR", t > to, (0,t) =0
2) |%| < s, |%| #0,le1#0

3) in estimate (3.2) for the vector function g(e, t), the coefficients kg; (j=0, 1, 2) are such that

-1

O0<kgg<oo, 0=ky <(1-Vy)one, €3,

O<vy<1

~1.2
0<kyy<oo, [koy—(1=Vg)0E, €3] —4kopkeo>0

(3.8)
4) by virtue of the system
e = flet), e(ty) =ey 12t (3.9)
the derivative of the function v(e(t), t), along the non-trivial solution e(t)=e(t; e, to) of this system satisfies the estimate
gtv(e(t), t) = %) + g—l)f(e(t), 1) <—agv(e(t), t), t2t, (310)
Then,
1) system (3.1), (3.2), (3.8) is dissipative “in the large”, and the regions
Q, = {ee R": v(e, 1) <pyy. 121y} (3.11)
Q ={ee R":v(e,1)<p,, 121}, Q cQ (312)
where the real numbers are given by the formulae
— b+ Ab>—4dac —b-Ab°—4ac
Poo=——>H5— > Pu="5, > PwZPu> 0
(a= 81)38:)21kg2’ b= 81)3‘9;11[]‘1;1 = (1= VQ)0E, €531 <0, ¢ = €y3kg0) (3.13)
are estimates of the region of attraction 2¢ (3.3) and the limit set 21 (3.4), (3.5) of this system, respectively;
2) in the region
Qp = Qp\Q, (3.14)
where 2 and €2 are the sets (3.11) and (3.12), respectively, and the solution e(t) of system (3.1), (3.2), (3.8) satisfies the estimate
e <Boe ™" Vlelty)], elt) € Qo toS1<t; By = €rEats Yo = Voo (315)
where t- is a certain time, which is such that
e(tysep tg) € Q, e(tse(ty), ty) e Q, Vi2t, 21, (3.16)

Proof. Taking into account conditions 1-4 of the lemma, we calculate the derivative of the function v=v(e(t), t) with respect to the time
t by virtue of system (3.1), (3.2), (3.8). We obtain

. J
D= %l;)+ a—::(f(e, N+gle,))<-0yv+ ’%%"Ig(e, DI S =0V +€3(kgg + kyylel +kg2|e|2) <
S-you+avz+bv+c=—yov+a(v—puo)(v—pv,)S—you, e(t)e Qp, 1ySt<ty; Yo = VoOy (317)

where a, b, ¢, pyo and p,q are the real numbers (3.13), b2 — 4ac>0 when the last relation in (3.8) is taken into account, p is the set (3.14),
(3.11)-(3.13), and t- > ty is a certain time such that e(t+; eg, tg) € 21.
It follows from estimate (3.17) and condition 1 of the lemma that the inequalities

(t *Yo(f~lo)|e

Yolt=10)
vie,r)<e O Tu(egty), le() <PBge o €€ Qp, f<t<t,

hold, where

e(r) = e(t,e(ty), ty) € Q), t2t,

Consequently, the assertions of the lemma hold. O
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4. Criteria for the linear stabilizability of a non-linear controlled dynamical system

1°. We will first examine the behaviour of the solution e(t) of the non-linear controlled dynamical system

. _2 ,1
¢, = Ple. " ,Ee, +0(e. ,1,E)e,, ety = e 121, (4.1)

(where ey is the state vector (2.2) of the system and P and Q are the matrix functions (2.8)-(2.11) and (2.12)), which is closed by the control
law e, (1.29), (1.28). When relations (2.1)-(2.5) are taken into account, this control law can be represented in the form

e,=Tye=¢, =T Re, = l:oex (4.2)
where I is a constant m x n matrix of the form

Iy = 'R = ||1:01, . l_"o,” (4.3)
which consists of the m x m blocks

Cox = Fot—To ks 1Sk k=1,,r=15 Lo, = Ly, (4.4)
and an equation of the transients (in the closed system indicated) of the form

é, = I“(e;_l,t, Ele,, ety = ey 121t (4.5)
Here

T, ', 6,8) = P % ,8)+ 0., 1,E)Tg = P % ,E)+ P, (e ', 1, E)

= Tulli =1, ..., (4.6)

is an n x n matrix function that consists of the m x m blocks I'; (k,[=1, ...r); Pand Q are the matrix functions (2.8)—(2.11) and (2.12); when
relations (2.12) and (1.16) are taken into account,

P 0,8) = (e, 1,E)Ty = Qy(6”~
0
Posre1(87 (7)1, 8T 47

e, 1, €)T,

is an m x m partitioned matrix function.

Lemma 1. Let the following conditions hold:

1) the matrix Iy (4.3), (4.4) has the form
Lo = [0, Tol = 0.S,, 1] Tor=S,,1.,) (4.8)

2) the Si4q, k (k=1, ...r) are non-singular constant m x m blocks, which can be represented in the form

Skerk = Vs ket kdm k=17 (4.9)

where the ys, .1,k (k=1, ...r) are certain real numbers, which satisfy the inequalities

Ysk+1,6>0, k=1 .,r=15 Yg,,1,<0, Ys521>Y0s5,2.1 = Al[’—‘Bl‘*(’—l)]

k-1
[Ys ks 18l >Yos,ke1,k = Ak[k8k+|30kk+(r—k)+ ZOLG,(,}, k=2..,r

I=1 (4.10)

Ac = 2MADN B, k=1, r
MA, MBy) (1, ..., r) are real numbers, such that
0<A(A)) = min inf A,(A,(1,8))
i 1z15,8eQ;
0<XA(A,) = min inf A (A (o
i ("ﬁil-”&)e Qi

0<A(B,) = min inf A(By(t,8), k=1,..,r
i121,8€ Q

i=1,...m (411)

" LE), k=2
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the Ni(A1(t, £)), Ni(A(a*=1(ek 1) and ¢, £)), Ni(B(t, E))i=1,...,m; k=1, ...,1)are eigenvalues of the matrix functions A, (1.18), (1.20) and
By (119), (1.21) (k=1, ..., ), respectively, the set is

k-1 k=1 _ m(k—1
Qi1 = {e, ,1,8) e, e R™ ),tZto,ﬁeQF’}

the By, and agy are non-negative real numbers:

Boz = sup [Gn(t,E), PBow = sup l(_;kk(ei_z, LE), k=3,..,r

121,8e Q (€ ne)e Qi k-2

2

Gkk(ei_z, ,€) = By(1, &)[Sk,k—-IPO,k—l,k(ck_ (ei—z), 1,§)]
k-2, k-2

+[Sk,k*lP0,k—l,k(6 (ex ), t,E_,)]*Bk(t,g), k = 2,...,r

Poin(6°(e)), 1, €)= Poip(1,E),  Gaa(ens 1,E) =G(1, &)

2
Ogip =  sup |Gy, E)|, k=2,..,r
1215,6€ Q;
= |Gu(el ™ 18", k=3, 1=2,.,k-1
ale = . sup kl(ex ,t,E_,) R = J,.., = Z,...,K—
(e, »68)e Q)

G =G (1,8) = B(t, )T (1,E), k=3,...1; le(eg, ,8) =Gy (1,§)
Grr 172 68) = BUt Oy 16t 2,8 + T (e 2 1, 8)B,_,(1,8), k= 2,...,7

Gule ' 1,E) = Bt ET(e 0 8), k=4,..,r 1=2..,k=2 (412)

Then the equilibrium position ey = 0 of the non-linear controlled dynamical system (4.1), (2.2), (2.8)-(2.12) closed by the control law e,
(4.2)-(4.4), (4.8)-(4.12) with linear feedback with respect to the state ey is stabilizable, so that the following assertions hold:

1) the equilibrium position ex = 0 of the equation of the transients (in the closed system indicated) (4.5)-(4.12),(1.17)-(1.22) is asymptotically
Lyapunov stable as a whole;
2) the solution ex(t) of this system satisfies the estimate

le ()] < Broexpl—0o(r —1g)1|e,(tp)], 121, (413)

where 3,9 and o are positive real numbers:
= -1 12
Bro = [AM(B)A (B)]

A(B) = min{M(B,)}, A(B) = max{M(By)}, MB,) = max sup A(By(1&))
k k [

io121,8e Q
i=1..m k=1,..r
0 = Ooh (B), &, = mina,,,

k
1
Qpyy = 5[0‘011—("—1)]>0

k-1
1
Qexk = El:ackk"‘(r“k)_ zack1]>0, k=2,..r

I=1 (4.14)

Qg = 273,2,17-”(/41)7-“2(31)—’—(31 >0

QG ik 2|YS,k+1,k|)_“(Ak)L2(Bk)‘I—‘Bk_BGkk>0, k=2 ..,r
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Proof. We first note that in the equation of the transients (4.5)-(4.7) I is the partitioned matrix function (4.6), in which the matrix
functions P, Q and 'y have the forms (2.8)-(2.11), (2.12) and (4.8), respectively, and the matrix function Py; (4.7) has the form

Po(e; ' 1,8) = diag(0, Py, (e, 1,€)) (4.15)
where

Pol€) ' 1,8) = Py rui(67 (67, 1, 8)T0r = Py pui (07 (€7 1,8)S 1, (4.16)
is an m x m block, o = o¥(ek) is the mk-dimensional vector function (2.10) and, according to (4.8),

rOf = Sr+ 1,r

Now, let us consider the Lyapunov function

Vie,t,8) = e¥B(t,E)e, (4.17)
where

B(1,§) = diag(B,(1,8), ..., B,(t,§)) = B*(1,§)>0, t21,, EeQ; (4.18)
is a block-diagonal, symmetric, positive-definite matrix function, the B, (k=1, ..., r) are m x m blocks of form (1.19), (1.21), and stipulate

that it satisfies the estimate
AB)|e < Vie, 1, E)SA(B)e]’, (ent,E)e Q,, (419)
where A(B)>0 and A(B) > 0 are constants defined by the second and third formulae in (4.14).
We calculate the derivative of the function V(ex(t), t, &) (4.17)-(4.19) with respect to the time t by virtue of the equation of the transients

(4.5)-(4.12), (4.15), (4.16), (1.17)-(1.22), taking relations (4.8), into account (from the first condition of the lemma) for the matrix 'y and
relations (4.9)-(4.12) (from the second condition of the lemma) for the blocks Sy.1  (k=1, ..., 7). We finally obtain

V(e (), 1,§) = W(e(1),1,8), 1219 (4.20)
Here

We,1,8) = efG(e, ', 1,8)e, (4.21)
is a quadratic form, where

Gle, ', 1,8) = B(L,E)+ B(t, OT(e, ', £, &)+ T*(el ™, £, E)B(1,E) = [Gilly -y, .,
(G(ey ', 1,8) = G*(e, ', 1,8), G¥(el ', 1,8) = [(G*)lly o, .. G = (GHy =Gl kL= 1,...,7) (4.22)
is a symmetric matrix function of order n x n, in which

le
Gy = Bi+ BT +TEB, = (G*)y = GE, k=1,..,r (4.23)

BT +TiB, = G = (G*)y, k1= 1,..,r k#l

is an m x m partitioned matrix function, where the B, (k=1, ..., r) are the m x m blocks (1.19), (1.21) and the [y, (k,I=1,...,r)are the m x m
partitioned matrices I" (4.6).

We will estimate the quadratic form W(ey, t, &) (4.21)-(4.23).

For this purpose, we first estimate the quadratic forms

Wii(e, ,8) = e} Gy (1, e, (4.24)
Wkk(efc’ L g) = e;kkak(el;_l’tr é)exk’ k = 2’ e r (425)

Taking into account relations (4.24), (4.25), (4.16), (4.12) and (4.14) and using the estimates

k-1

Wi(ey 1,€) = =25 k41, €K Bi(t, E) A (0 (€ L E)B(1E)le <

S20Y5 ke dMADA BYenl’s k=2, .
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we obtain
Wiie, ,8) = eXG) (1,8)e,, = eXBi(1, E)e —27s50,1€5[B (1L, E)A (1, 8)B,(1,E)]e, <
Skﬂllexllz_Z'YS,Z.]L(Al))—‘Z(BI”exIlZ = ~aGll|e.rl|2

k k-1
Wilen1,8) = efiGule, ,1,8)ey =

= eX[Bi(t,8) + Guler 7 1,8) = 2|¥g 4014l Bu(1, E)AL (6"

(&), ,E)B(1,E)]ey =

. = k-2 ~ k
= e;kkBk(t’ E.:)exk + e;kkak(ex o 1 &)exk + Wkk(exa L é) <

s /:"Bklexk|2 + Bckk[exdz =2|¥s,k+ l,k|L(Ak))—"2(Bk)leku2 = ~Ogulex 2

L k=2..r (4.26)

where agy >0 (k, 1, ... r) are real numbers defined by the last r formulae in (4.14).
Next, using (4.20)-(4.26) and the inequalities

Gulel™!,1,8)|1]e] <
1-

2
Slexl|2+|le(ex L8 Jel’ < lea” + agulenl”s k=20 1= 1, k-1

z[e;kkal(ei_ ]a t,€)le, < 2[|e;kk|

where the oy > 0 are real numbers given by (4.12), we estimate the quadratic form W(ex, t, &) (4.21)-(4.23). We obtain

.
r-1 k-1
W(e,t,8) = e¥G(e, ,t,8)e, = 2 eXGule, ,1,8)e,+
k=1

r k-1 r
+2 Z |:2 e;kkal(ef; l’ L E)exl:| < Z e;kkak(ei_ 15 A é)exk +

k=2LI=1 k=1

r k-1
+ Z { Z [fex1|2 + aGkI|exk|2]} = e{[G (5 E) +(r- 11, ]e,, +

k=2V=1

r k-1
+ 2 e;kk{Gkk(eiil, LE)+ {("-k) +y ale:llm}eka
k=2

I=1

r k-1
<[-0g, +(r— 1)]|e“|2+ ) [— O+ (r=k)+ Y, occ,(,]|exk|2 =
k=2 =1

= =23 duleal’ S28gle’ < 2apV(e, 1,8), 121,
k=1 (4.27)

where oy, >0 (k, 1,...7), &g > 0 and o >0 are real numbers from (4.14) and (4.9)-(4.12).
Relations (4.20) and (4.27) lead to the estimate

V(e (1), 1,€) = W(e (1), ,E) <-20,V(e (1), 1,E), t=1, (4.28)
from which we find

V(e (1), 1,€) S V(e (ty), 1o, E)exp[-204(t - 1), 121,
Hence, using relations (4.17)-(4.19) again, we obtain

|ex(t)|2 < B§0|ex(t0)|2exp[—2a0(t— t)l, t21,

where 349 >0 is a real number given by the first formula in (4.14). Therefore, the equilibrium position ex = 0 of the equation of the transients,
i.e., system (4.5)-(4.12), (1.17)-(1.22) is asymptotically Lyapunov stable as a whole with an estimate for the solution ex(t) of the form

lex(1)] < Byoles (o) exp[-0,(t = 10)], ex(ty) = ex0, 21, (4.29)

i.e., the equilibrium position e, =0 of the non-linear controlled dynamical system (4.1), (2.8)-(2.12), (4.3) closed by the control law e,
(4.2)-(4.4), (4.8)-(4.12) with linear feedback with respect to the state ey is stabilizable.

2°. We will examine the behaviour of the solution ex(t) of the non-linear controlled dynamical system of special form (2.6)-(2.16)

. -2 -1
€x = P(e:: ) 1 §)€x+Q(€; > 1 é)eu-"gex(ex’ L e&,)’ ex(tO) = €y0» tZtO (4_30)

(where ey is the state vector (2.2) of the system, P and Q are the matrix functions (2.8)-(2.11) and (2.12), and gex is the vector function
(2.13)-(2.16)), which is closed by the control law e, (1.29), (1.28) with linear feedback with respect to the state ex. When relations (2.1)-(2.5)
are taken into account, this control law can be represented in the form (4.2), i.e.,

€y = €y = Foe, (4.31)
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where Iy is the constant matrix (4.3), (4.4), and the equation of the transiens (in the closed system indicated) of the form
. r—1
€y = e, 1, &)ex +8exl(ent, ei)’ e.(ty) = ey, 121 (4.32)

Here I" denotes the matrix functions (4.6), (2.8)-(2.11) and (4.7), and gey is the vector function (2.13)-(2.16).
Lemma 2. Let the conditions of Lemma 1 hold, and let the coefficients Kgeyj (j =0, 1, 2) (2.16) in estimate (2.14) for the vector function gex (2.13)
satisfy the inequalities

= -12
0 <kyexo = ISlkgeg <00, 0<kypyy = ISIIRIKkye < (1-vo)ogh ! *(B)A(B)

gex0

0<Vo<l, 0<kyy = ISR kypy < oo

gex

12 -1/2,2
]

[k gert — (1= V)0t “(BYM(B) 1" = 4K gorokgoro> 0

gexl (4.33)

where the kg; (j=0, 1, 2) and g are constants that can be determined from relations (1.24)-(1.26) and (4.14), (4.9)-(4.12).

Then the non-linear controlled dynamical system of special form (4.30), (2.2), (2.8)-(2.16), closed by the control law e, (4.31), (4.3),
(4.4), (4.8)-(4.12) with linear feedback with respect to the state e, is stabilizable. Thus, the following assertions hold for the solution ex(t)
of the equation of the transients (in the closed non-linear controlled dynamical system indicated), i.e., system (4.32), (4.6), (2.8)-(2.11),
(4.7), (2.13)-(2.16), (4.33):

1) system (4.32), (4.6), (2.8)-(2.11), (4.7), (2.13)—(2.16), 4.33) is dissipative “in the large”, where the regions

{e,e R": v(e,1,E) = [¥B(1,E)e,]" <pyg 1210, E € Q) 434)

n 12
{e,e R":v(e,1,8) = [efB(1,E)e,] "<py, 1215, E€ Qe }, Q, ©Q,,((4.35) (4.35)

where B is the matrix function (4.18), (4.19) and the real numbers

_ —b+ b’ -4ac —b- b’ 4ac

Pvo = 24 Povr = 24 Puo>Py1 >0

(a =" (B (B)kyerss b = R (BN (B)[kye — (1 - vo)agh 2(BYR(B)] <0,

gex1

¢ = L (B)kyuro)

(4.36)
are estimates of the region of attraction and the limit set of this system, respectively;
2) in the region
QexD = QexO\Qexl (4.37)

where Q.9 and 2.y are the sets (4.34) and (4.35), respectively, the solution ex(t) of system (4.32), (4.6), (2.8)-(2.11), (4.7), (2.13)-(2.16),
(4.33) satisfies the estimate

ot - ’o)l

=Y
.ex(t)| s ﬁer ex(tO)I’ e (ty) € QexD’ LStStys Yo = Vol (4.38)

where 340 >0 is a positive number defined by the first formula in (4.14), and t- is a certain time such that
e (ty; e ty) € Qupy (e (t;e,(ty) ty) € Q. , Vit 21, (4.39)

Proof. We will show that the conditions of the auxiliary lemma hold for system (4.32), (4.6), (2.8)-(2.11), (4.7), (2.13)-(2.16), (4.33) written
in the form of the system

e, = fle, )+ 8, (e,1), ety = e, 121 (4.40)
where the vector functions are defined by the formulae

flegn=T(e} " 1,8)e, (4.41)

8ex(en ) =g (et €) (4.42)
and gex(ex, t, e¢) is a vector function of the form (2.13)-(2.16), (4.33).

Consider the Lyapunov function

172

Ve, t,8) = (V(e, €)' = [e*B(1,E)e,]" (4.43)



Yu.K. Zotov / Journal of Applied Mathematics and Mechanics 72 (2008) 391-409 403
where V(ey, ¢, e) is the function (4.17)-(4.19). The function U(ey, t, e¢) (4.43) satisfies conditions 1 and 2 of the auxiliary lemma, where
12 =12
evl = L (B)’ 81_)2 = E1)3 = 7“ (B) (444)

A(B)>0 and A(B) > O are constants defined by the second and third formulae in (4.14). When relations (4.44) and (4.33) are taken into
account, the coefficients kgey; (j=0, 1, 2) (2.16) in estimate (2.14) for the vector function gex (2.13) satisfy estimates (3.8), i.e.,

0<kgo<oo, 0<ky <(1-Vp)opey €030, 0<Vo<1

12
0<kgy<oo, [ky—(1=Vo)0E, €3] —4kyrkyo>0
from condition 3 of the auxiliary lemma, where

ko= Kgexo = S1kye0> 0, Koy =kgery = ISIRIKge 20, kyp=Kyery = ISRk, >0

gexl gex2 —

kgej (j=0,12)and g > 0 are constants that can be determined from (1.24)-(1.26) and (4.14), (4.9)-(4.12) and the &,,; (i=1, 2, 3) are constants
defined by (4.44).

Since the conditions of Lemma 1 are satisfied, then, according to this lemma, the derivative of the function V(ex(t), t, &) (4.17)-(4.19)
with respect to the time t by virtue of system (4.5)-(4.7), (2.8)-(2.11) written in the form of the system

é,r = f(e)v t)’ ex(to) = €x0> t2 tO (445)
where fis the vector function (4.41), satisfies relations (4.2)-(4.28), i.e.,
V(e (1), 1,€) = W(e (1), 1,E)S-209V(e,(1),1,8), 121, (4.46)

where W(ex(t), t, €) is the function (4.21)—(4.23) and «y is a positive number defined in relations (4.14), (4.10)-(4.12).
Taking into account estimate (4.46), we calculate the derivative of the function v(ex(t), t, §) (4.43), (4.17)-(4.19) with respect to the time
t by virtue of system (4.45). We obtain

) _ iy Ve, n8) 1 ; B
(e (1), 1,8) = [(V(e, (1), ,E) ] = VD n o) = T, g)V(ex(t), $,8) =
1 V(e (1),1,8) 1

P fle,n< 20V(e, (1), 1,8) =

= 20(e, (1), 1, E) “20(e (1), 1, )

1 2 _
_mz%[v(ex(t), 1,81 = —ov(e (1), 1,8), 12t (4.47)

and the fourth condition of the auxiliary lemma is therefore satisfied.

Thus, the equation of the transients (4.32), (4.6), (2.8)-(2.11), (4.7), (2.13)-(2.16), (4.33) satisfies the conditions of the auxiliary lemma.
Therefore, the assertions of this lemma, which are identical to the assertions of Lemma 2 for system (4.32), (4.6), (2.8)—(2.11), (4.7),
(2.13)-(2.16), (4.33) written in the form of system (4.40)-(4.42), (2.13)-(2.16), (4.33) when relations (4.40)-(4.42) are taken into account,
hold.

3°. Now we will examine the behaviour of the solution e(t) of the non-linear controlled dynamical system of canonical form

5 -2 r—1
¢ = Py’ " ,E)e+Qp(e L1, E)e,, elty) = ey t2t, (4.48)

(where Py and Qg are the matrix functions (1.15) and (1.16)), which is closed by the control law e, (1.29), (1.28), and the equation of the
transients (in the closed system indicated)

. -1
¢ =T (' ,1,8e, e(ty) =ey 1214 (4.49)
Here
-1 -2 -1 -2 -1
L', 16,8) = Pole’ " 1,8)+ Qp(e’ ,1,E) = Pyl ", 1,E) + Py(e’ ™, 1,§) (4.50)
is an n x n matrix function, where Py is the n x n matrix function (1.15) and
0

Pi(e ' 1,8) = Qo 1, E)T, = i
Por,r+1(e ,f,é)ro

(4.51)
is an n x n partitioned matrix function.
Theorem 1. Let the matrix I'g (1.28) of order m x n have the m x m blocks I'gy, (k=1, ..., r), which can be represented in the form
Fot = Tots1Ses1x = Srat,SrrtShsro k= Loyr=15 T, =8, (4.52)

and let the second condition of Lemma 1 hold.
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Then the non-linear controlled dynamical system of canonical form (4.48), (1.14), (1.16) closed by the control law e, (1.29), (1.28), (4.52),
(4.9)-(4.12) with linear feedback with respect to the state e is stabilizable, so that for the solution e(t) of the equation of the transient
processes (in the closed non-linear controlled dynamical system indicated), i.e., system (4.49)-(4.52), (1.28), (4.9)-(4.12), assertions hold
the following:

1) the equilibrium position e =0 of system (4.49)-(4.52), (1.28), (4.9)-(4.12) is asymptotically Lyapunov stable as a whole;
2) the non-trivial solution e(t) of system (4.49)-(4.52), (1.28), (4.9)-(4.12) satisfies the estimate
-0 (2t —1tg)
le(D <Boe " "le(ty)], elty) = ep 21, (4.53)

where 3¢ = |R||S|Bxo, Bxo and o are positive numbers, defined in relations (4.14) and (4.9)-(4.12).

Proof. First, we transform the non-linear controlled dynamical system of canonical form (4.48), (1.15), (1.16) using the non-singular linear
transformation of the coordinates of the state space

e, = Se (e= S_lex = Re,)

of the form (2.1)-(2.5) into the non-linear controlled dynamical system (4.1), (2.8)-(2.12):

i r-2 r-1
é, = Ple, ,1,&)e, +0(e, ,1,8)e,, ety = e, 121,

For the non-linear controlled dynamical system (4.1), (2.8)-(2.12) the control law e, (4.31) has the matrix [g (4.3), (4.4).When relations
(4.52) are taken into account, this matrix has the m x m blocks

Tot = Tot=To ks 1Sks14 = 0, k=1,..,r=1; To =Ty, =8,,,, (4.54)

and the first condition of Lemma 1 consequently holds. It follows from this and from fulfilment of the second condition of Lemma 1 that
the assertions of Lemma 1 hold for this system.

It follows from the assertions of Lemma 1, the non-degeneracy of the linear replacement of variables of the form (2.1)-(2.5) and the
estimates

lel = |Re,| <|Rl|e,

. e = [Sel <ISllel (4.55)

that the assertions of Theorem 1 hold for the non-linear controlled dynamical system of canonical form (4.48), (1.15), (1.16) closed by the
control law e, (1.29),(1.28),(4.52), (4.9)-(4.12) with linear feedback with respect to the state e, as well as for the solution e(t) of the equation
of the transients (in the closed non-linear controlled dynamical system indicated), i.e., system (4.48)-(4.51), (1.28), (4.52), (4.9)-(4.12).

Note that these assertions are similar to the assertions of Lemma 1 for the non-linear controlled dynamical system (4.1),(2.2),(2.8)-(2.12)
closed by the control law e, (4.2)-(4.4), (4.8)-(4.12) with linear feedback with respect to the state ey and for the equation of the transients
(4.5)-(4.12), (1.17)—(1.22) (in the closed system indicated). Theorem 1 is proved.

4°, In conclusion, we will examine the behaviour of the solution e(t) of the original non-linear controlled dynamical system in deviations
(1.13)=(1.26)

. r-2 r-1
é = Pyle ", 1,8)e+ Qe ,t,&)eu+ge(e,t,e§), e(ty) = ey, 121

closed by the control law e, (1.29), (1.28) with linear feedback with respect to the state e, as well as the equation of the transients (in the
closed system indicated)

. r—1
ée=T,(e ,t,Ee+g,let, e), e(ty) = ey t2t (4.56)

where I', is the matrix function (4.50), (4.51) and g, is the vector function (1.23)-(1.26).

Theorem 2. Let the conditions of Theorem 1 hold, let the vector function g. (1.23) satisfy estimate (1.24)-(1.26), and in estimate (2.14), (2.15)
for the vector function gex (2.13) let the coefficients kgey; (j=0, 1, 2) (2.16) satisfy inequalities (4.33).

Then the original non-linear controlled dynamical system in deviations (1.13)-(1.26), closed by the control law e, (1.29), (1.28), (4.52),
(4.9)-(4.12) with linear feedback with respect to the state e, is stabilizable so that for the solution e(t) of the equation of the transients
(in the closed non-linear controlled dynamical system indicated), i.e., system (4.56), (4.50), (4.51), (1.28), (4.52), (4.9)-(4.12), (1.23)-(1.26),
(4.33), assertions hold the following:

1) system (4.56), (4.50), (4.51), (1.28), (4.52), (4.9)-(4.12), (1.23)-(1.26), (4.33) is dissipative “in the large”, and the regions

Q,,={eecR:e=Re,e €Q,,} (4.57)
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n
Qel = {ee R 'e=Rex’ €x€ Qexl}’ QeICQeO (4.58)

where Q¢yo and 2y are the sets (4.34)-(4.36), are, respectively, estimates of the region of attraction and the limit set of this system;
2) in the region

Q,p = Q,0\ 2, (4.59)

where Q.9 and 2.1 are sets (4.57) and (4.58), respectively, the solution e(t) of system (4.56), (4.50), (4.51), (1.28), (4.52), (4.9)-(4.12),
(1.23)-(1.26), (4.33) satisfies the estimate

le(t)] < Boe ¢

Yo = VoOgs 0<vo<1, By = [RIISIB,o (4.60)

‘e(to)

, e(ty) e Q,p, t<t<t,

where 49 and o are positive numbers defined in relations (4.14), (4.9)-(4.12) and t- is a certain time such that
e(ty; epty) € Q,p, e(t;e(ty) ty) € Q,, Vi2t,2t, (4.61)

Proof. First we transform the original non-linear controlled dynamical system in deviations (1.13)-(1.26) using the non-singular linear
transformation of the coordinates of the state space (2.1)-(2.5) into the non-linear controlled dynamical system of special form (2.6)-(2.16):

. r-2 r—1
€y = P(ex ) b E.»)ex+Q(ex ’t’g)eu'*'gex(ex’ L, ei)’ ex(tO) = €50 tZtO

In estimate (2.14), (2.15) for the vector function geyx (2.13), the coefficients kgeyj (=0, 1, 2) (2.16) satisfy inequalities (4.33).

For the non-linear controlled dynamical system of special form (2.6)-(2.16) (4.33), the control law e, (4.31) has the matrix Ip (4.3), (4.4).
When relations (4.52) are taken into account, this matrix consists of the m x m blocks 1_“0,< (k=1,...,1r)(4.54). It follows from this and from
fulfilment of the second condition of Lemma 1 that the conditions of Lemma 2 hold and that the assertions of Lemma 1 are consequently
valid for this system.

It follows from the assertions of Lemma 2, the non-degeneracy of the linear replacement of variables of the form (2.1)-(2.5) and estimates
(4.55) that the assertions (similar to the assertions of Lemma 2) formulated in Theorem 2 also hold for the non-linear controlled dynamical
system in deviations (1.13)-(1.26) closed by the control law e, (1.29), (1.28), (4.52), (4.9)-(4.12) with linear feedback with respect to the
state e, as well as for the solution e(t) of the equation of the transients (in the closed non-linear controlled dynamical system indicated),
i.e., system (4.56), (4.50), (4.51), (1.28), (4.52), (4.9)-(4.12), (1.13)-(1.26), (4.33). Theorem 2 is proved.

Remarks. In the control laws synthesized, viz., e, (4.2)-(4.4), (4.8)-(4.12) for the non-linear controlled dynamical system (4.1), (2.2),
(2.8)—(2.12), ey (4.31), (4.3), (4.4), (4.8)—(4.12) for the non-linear controlled dynamical system of special form (4.30), (2.9), (2.8)-(2.16) and
ey (1.29), (1.28), (4.52), (4.9)-(4.12) for the non-linear controlled dynamical system of canonical form (4.48), (1.15), (1.16), as well as e,
(1.29),(1.28), (4.52), (4.9)-(4.12) for the original non-linear controlled dynamical system in deviations (1.13)-(1.26) (which were described
above under the conditions of Lemmas 1 and 2 and Theorems 1 and 2, respectively), the corresponding formulae (4.8)-(4.12) and (4.52) for
the elements of their matrices of the feedback loop gain Iy, (k=1,...,r)and g, (k=1, ..., ) do not depend explicitly on the real parameter
vector £ of the non-linear controlled dynamical system, and depend only on the constants s, y+1  (k=1,...,r) from estimates (4.10)-(4.12)
(which are reducible under the conditions of the applicable lemmas and theorems indicated), which hold for all possible values from the
assigned (admissible) set 2¢.

5. Appendix

For a non-linear controlled dynamical system of the electromechanical type (for example, an electromechanical robotic manipulator!2),
which includes an actuating mechanism and electrical drive mechanisms based on dc motors with strong reduction gears, the dynamic
equations have the form!2

d(dT\ oT  aM|*  , _ ) , _
[(};(3&-)_8—(]-*—%} +Q¢-—A()(q’ ao)q+bo(‘17 q, t’ &0) - Qu

Jo+ ko6 +i, M, Q, = kyl, Ll,+RI,+k0 = u

(5.1)

The first equation describes the dynamics of the actuating mechanism in the form of Lagrange’s equations of the second kind, and the
second and third equations describe the dynamics of the electric drive mechanisms. Here g=col(qy, ..., gm) is an m-dimensional vector
of the generalized coordinates q, ..., gm of the mechanical part, i.e., the actuating mechanism, m is the number of degrees of freedom
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(mobility) of the actuating mechanism, &g and %o are the real pO-dimensional parameter vector of the actuating mechanism and an estimate
of it, i.e., its nominal value,

&€ Qe Soe Q¢ (5.2)

where €2 is a bounded closed set, and Ag(q, &) is a continuously differentiable, symmetric, positive-definite m x m matrix function of the
kinetic energy T = q*Ao(q, &)3/2 of the actuating mechanism. Here

|Ao(q, r%o)’ Skpp» Vqe R", = Qep; 0<kyg<eo (5.3)

where kyq is a certain constant. A similar estimate holds for the partial derivative of the matrix function Ay with respect to the argument q:

. d[G*Ay(q, Ey)4]
buta, 41,80 = Aot &~} 2SR g

(5.4)
an(qs &0) *
On=0n(4.80) = |57 | = c0l(@ni(4,5o): - Crin(4: Eo)
oM(q, &) |
Qn,'(q,&o) = o0 i=1,...,m

q; (5.5)
Q(» = Qc(q9 q’ 1, &:0) = O(‘(q! f gO)q (5.6)
Qq isan m-dimensional vector of the potential forces acting on the actuating mechanism, IT=T1(q, &) is the potential energy of the actuating
mechanism, Qr;(q, &) (i=1, .. ., m) are continuously differentiable functions, Q. is an m-dimensional vector of generalized resistance forces
(torques) acting on the degrees of mobility of the actuating mechanism, ©.(q, t, &) is a continuously differentiable m x m matrix function, I,
is an m-dimensional vector of the currents in the armature circuits of the dc motors, u=col(uy, .. ., uy) is an m-dimensional control vector,
whose components control the voltages supplied to the armature circuits of the dc motors, Q, =col(Qu1, ..., Qun) is an m-dimensional

vector of the generalized forces (torques) that are applied to the degrees of mobility of the actuating mechanism, J, kg, km, L, R and k. are

diagonal matrices of the electromechanical parameters of the dc motors, which are positive real quantities, i, and 1, are diagonal matrices

of the gear ratios and efficiencies of the reduction gears, and o =ipq is an m-dimensional vector of the angles of rotation the motor shafts.
We use

& e Qs Cie Qe (5.7)

to denote the (p1=8m)-dimensional parameter vector of the electric drive mechanisms and an estimate of it, i.e., its nominal value, whose
components are diagonal elements of the matrices J, ko, km, L, R, ke, ip, Mp and their estimates J, ko, ke, I, R, ke, lp, fp (£2¢ is a bounded
closed set), and we use

€ = col(§, §)) € Q, € = col(&o, &) e Q;

(Qé() M Qil = @, Qi = QéO U le) (58)

to denote the (p=p0+p1)-dimensional parameter vector of the non-linear controlled dynamical system (5.1)-(5.7) and an estimate of it,
i.e., its nominal value.
The dynamic equations of a non-linear controlled dynamical system of form (5.1)-(5.8)

e = col(e, ey e3), z =col(g,q,1,), z,=collq,q,l,)eE 2,

€ = 4—4p, ezzq*qp’ €3=Ia—1ap

. 3m .
= {z, = c0l(Gp 4y Loy) € R 2 |q,(0)] Skoyy < oo, |1y (1D)] Ska, <o, 1210} (59)
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which are written in the deviations e and e, (1.8) from their programmed values z, = zp(t) = zy(t, ?;) and up = up(t) = up(t, ?;) (where
k,ip €[0,<00) (i=2, 3) are certain constants), can be represented in the form of system (1.13)-(1.26), where n=3m, r=3, and

A(6E) = By(6E) = 1, Ay, ,8) = [Jin, +Ag(q: &) 5 By(t,E) = iy ky

A3(€2, t, &) = L_l’ B3(’9&) = Im

goi(e' te) = 0, gl tier) = (e’ toe) + Farlt )
— A 9 -1
882(6’2, t,é) AA(el’t’E,\)[kMIap_b(qpa qp5 t5 &)]_A (q7 g)Ab(ehezy t7 ei)

AA(e, 1,8) = A (e, +4,,8) A (g, 8), A(q.8) = i,n,'[Jion, + Ag(q. &)

b(q, 4,1, 8) = koi,d +i, M, bo(q, .1, E)

Ab(ey, e, 1,8) = b(q, d,1,8) = b(q, 4y 1,E) = koiye, +i, M) Aby(ey, e, 1, &)

Abg(ey, ep,1,80) = boley + 4, €2+ 4 1. 80) = bo(q ) 4 1 o)

Folt,ep) = A7(q,, eg +E)lkylyy— b, 4t ec + €)1 = A7 (g, Ok, — (g, 4, 1, E)]
g€t er) = L' [~Rey—k,ijer+ (-L'R+ L7 R)z)

e YN

_ — -1
+ (- L ki, + L kel )z, + (L =1L u,)

-1 + sl o 2 . . 2

L =AL+L , R=AR+R, k,= Ak, +k., 1p=A1p+z,, (5.10)
Here the e’ =col(ey,. . ., ) (i=1, 2, 3) are mi vectors, and

|AA(e), 1,8)| Skaale)|. Ve e R", 121, EeQ (511)

where k4 €[0, < o0) is a certain constant; similar estimates hold for the partial derivatives of the matrix function AA with respect to its
arguments eq and t; Ay(el, t, £) is a symmetric positive definite matrix function;

AQp(ey, 1,y) = Qnle, +4, o) - On(q, &)

|AQn (e, 1, &) S kppnle)|, Ve, € R", t>1,, e Q¢ (5.12)
AQ (e, €5 1,80) = Qc(q, 4, 1,80) = Q(d G 1, &)

= 0.(q,1,80)d - O (gp, 1,§0)d, = Ole; +q,1,E)e; +AO (e, 1,§))q, (513)
A® (e}, 1,8)) = O.(e)+q,,1,5) ~O.(q,, 1, &)

|AQ. (e}, €0, 1,E))| S kpgerlel] + kngealea]: Ve ese R™, 1215, & e Qp (5.14)

where kaqr >0, kager >0 and kg >0 are certain constants.
It follows from (5.1)-(5.4) that the following estimates hold

|Ab(ey, ex, 1, &)| S kapi|e)| + kapa|ea] + kapaalea

> Ve,e,eR", 121, Ee Q; (5.15)

2 m
|Aby(ey, €3, 1, Eo)| < kapor|er] + Kapoalea] + Kaponalea] s Ver, e, € RY, 121y, § € Qg (5.16)
where kap; >0, kapzo >0, kapoj = 0 and kapgpp >0 (=1, 2) are certain constants.

It follows from relations (5.1)-(5.16) that relations (1.18)—(1.26) hold. Therefore, the non-linear controlled dynamical system (1.9),
(5.1)-(5.16) is a non-linear controlled dynamical system of the form (1.13)-(1.26).

Example. As a an example of a non-linear controlled dynamical system, we will consider an electromechanical robotic manipulator with
an actuating mechanism, i.e., a spatial manipulator with three degrees of freedom, whose kinematic diagram is shown in the figure. Here
the g; (i=1, 2, 3) are generalized coordinates of the actuating mechanism of the manipulator, i.e., the angles formed by the corresponding
links, which are degrees of mobility of the actuating mechanism with the axes of the stationary Cartesian system of coordinates Oxyz, I;
and m; are the length of the ith link and its mass, ry is the radius of the shaft (a cylinder), i.e., the first link of the actuating mechanism, r,
and r3 are the distances from the centres of gravity of the second and third links (taking into account the mass m of the load in its gripper)
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to the axis of rotation the respective link, Q,; is the load torque on the ith link of the actuating mechanism, and m =3 is the number of
degrees of freedom (mobility) of the actuating mechanism.

In the dynamic equation (5.1), (5.8) of the actuating mechanism of such an electromechanical robotic manipulator, the symmetric,
positive-definite 3 x 3 matrix function Ag(q, &) of the kinetic energy of the actuating mechanism has the elements

2.2 . ) 2 .

api1(q: &g) = Joy +myrysin’ g, + myy(lysing, + rysings)”,  ag; = ag;; =0, i =23
2 2 1

agn(&g) = myry +myl;, a003(9, &) = ag3(q, &) = §m3012r3C05(‘12—‘I3)’

apa (&) = ’”30% (5.17)

&l

Ve A Ny,
B 0.
] )[[2 )Qul

O
- q,

g|E

o y

Here
q = col(qy, g5 q3), &y = col(ly, ry, Ly, ry, Ly, 3, my, my, ma, mo, 8 kgry, kry, kprs)
2
Jor = myril2, my, = my+m (5.18)

(Jo1 is the moment of inertia of the first link of the actuating mechanism).
We write an expression for the potential energy of the actuating mechanism

T1(g, &y) = mygry(1 — cosq,) + myugl1y(1 — cosq,) + ry(1 = cosgs)], ¢ = col(g,, g5) (5.19)

where g is the acceleration due to gravity, and an expression for the three-dimensional vector of the resistive torques acting on the degrees
of mobility of the actuating mechanism

0.(4,89) = col(kgr 14y, kgrado kpr3(=qs+ 43)) (5.20)

where kgri (i=1, 2, 3) are damping (viscous friction) coefficients.

We will show that the non-linear controlled dynamical system (1.9), (5.1)-(5.8),(5.17)-(5.20), (5.9), (5.10), which describes the dynamics
of the electromechanical robotic manipulator (5.1)-(5.8), (5.17)-(5.20) in deviations is a non-linear controlled dynamical system of the
form (1.13)-(1.26).

In fact, it can be concluded that estimates (5.3), (5.11) and (5.13) hold for the matrix function Ag(q, &) with elements (5.17) and for the
vector function Q. (5.20) from the dynamic equations of the actuating mechanism (5.1), (5.8), respectively.

Next, taking into account relations (5.19) and (5.5) for the potential energy of the actuating mechanism 71(§, &) and the vector function
Q7(81, &), where & = col(eqy, eq3), we define the vector function

AQn(ép f, E_,o) = Qn(z’] + (}p, &0) - Qn(zlp’ &0) = ko(éo)n(él’ t), ZIp = COI(sz’ ‘hp) (5.21)

where ko(&0) =1] ko1(&0), ko2(&o)l] is a 3 x 2 matrix, ko1 (&g) = col(0, ko12(&o), 0) and kg2 (&g) = col(0, 0, kgz3(&p)) are three-dimensional vectors,
ko12(&g) = (mary + m3ply)E and koa3(&y) = msprsg, and the vector function

n(él,t) = COl(nl(eny 1), ﬂz(€13, 1))
Miley i) =sin(ey o1+ G4, ,) —sin(g;,, ), i=1,2) (5.22)

We will show that the vector function AQ(8y, t.&y) (5.21), (5.22) satisfies estimate (5.12).
Using the formula for finite increments of this vector function (Ref. 13, p. 122, Lemma 3.1), we estimate its absolute value:

|AQn(e,, 1, &) = [ko(EoIn(ey, 1) = |ko(Ep)xe, (D] < [ko(Eo)|Ixl|e (D] S pole  (1)], 121, (5.23)
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Here

1

Y = jJn(sé,(t), nds, Jy(&,,1)
0
sup jJn(G,t)| =Ny, [0,e,] ={v:v=se,0<s<1}

ce [0,e,], 121,

Ro<+2, Mo = kollg, ko = max [ko(Eo)|
e O (5.24)

(e, 1)
= —a—é—ll—-— = diag(cos(e |, +¢q;,), cos(e;3+4g3,))

It follows from relations (5.22)-(5.24) that estimate (5.12) holds for the vector function AQp (&1, t.&y) (5.21).
Hence it follows that relations (1.18)-(1.26) hold. Therefore, the non-linear controlled dynamical system (1.9), (5.1)-(5.8), (5.17)-(5.20),

(5.3),(5.11),(5.13), (5.21)-(5.22), which describes the dynamics of the electromechanical robotic manipulator (5.1)-(5.10), (5.17)-(5.20) in
deviations is a non-linear controlled dynamical system of the form (1.13)-(1.26).
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