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Abstract

The problem of the dynamical reconstruction of the variable input of an exponentially stable linear system subjected to small
non-linear perturbations is considered. In the case of inaccurate observations of its phase trajectory, an algorithm for solving this
problem is given, based on the method of control with a model. The algorithm is stable to data interference and computation errors.
General constructions are illustrated by an example in which the problem of reconstructing the input of an oscillatory section is
discussed.
© 2008 Elsevier Ltd. All rights reserved.

1. Introduction. Formulation of the problem

We will consider a controlled system described by the differential equation
y(1) = Ay(1) + f(y(2)) + Cu(?)

n 1.1

te T = [0,+), y(0) =y,; yeR"; ueR? (1.1

where Cis an (n x g)-dimensional matrix, fis an (n x n)-dimensional matrix function satisfying the Lipschitz condition

lf(x)-fOI<Llx-yl, Vx,ye R

and |x| is the Euclidean norm of the vector x. The trajectory of the system

n

¥(0) = {3,(), 5,0}, y,€R", n<n, y,eR "

depends on the time-variable input action (control) u = u(¢). Neither this control nor the trajectory is specified in advance.
During motion, some signal characterizing the phase state of the system is observed. A part of the coordinates of system
(1.1) — the coordinates y»(T;) — is measured with an error at discrete, fairly frequent instants of time t; € T (i=1, 2,
...). The results of the measurements — the vectors £/ € R"~"'1 — are such that

h h
& = n)+z, |z{<v;
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Here vf-l € (0, 1) is the measurement error at the time T;, and the number % € (0.1) characterizes the accuracy of the
measurement.

The problem discussed in this paper is as follows. Along with the controlled system (1.1), there is one other
dynamical system, which we will call the reference system, that is subjected to an uncontrolled input action v. The
trajectory of this system, and also the input action, are unknown a priori. However, it is possible at instants of time
7; to calculate (with an error) all the coordinates of the reference system (or part of them). It is required to construct
a law of the formation of the control u, based in the feedback principle, that ensures closeness of the trajectories of
the available systems. Here, the control u, formed when developing the process, must approximate, in the root mean
square to the unknown input action v of the reference system.

Suppose the reference motion is described by the system

X(t) = Ax(t)+ f(x(£))+ Cv(¢), teT, x(0) = x, (1.2)

It is assumed that both the function v(¢) (the input action) and the solution x(¢) = x(#; xo; v(-)) of this system are also
unknown. All that is known in that the function v(¢) is constrained:

v(:)e Q) = {v(t),te T: v(t)e Q whenae. te T} (1.3)

where Q € R? is a specified convex, bound and closed set. At instants of time 7; (i > 1), the state is measured (with an
error):

5(t) e R (x(2) = {x,(8), x,(1)})

The results of measurements — the vectors L[th € R"™" —satisfy the inequalities

|y = xy(1)] < V! (1.4)

It is required to develop an algorithm of the formation, according to the feedback principle, of the control u =
uh(ri, éf’, wf'), t €[, Ti+1), in system (1.1) such that, first, the trajectory of system (1.1) that corresponds to this
control ( yh( 2 = y(; yo, u"(+)) is retained at all 7 € T'in a certain fairly close vicinity of the solution of reference system
(1.2),1i.e.

suplx(£) =y (1) <V(h), V(h) =0 as h—0 (1.5)
teT

and, second, the control u=u"(-) approximates, in the root-mean-square, the unknown input v(-) i any finite time
interval, i.e.

0] 12
ok, 8) = [vC) =" o, 03 49, = (j |uh(1)—v(t)|2d‘tJ 50
0 (1.6)

as h—»0, V8eT

These are the essentials of the problem being considered in this paper.

The problem belongs to the class of inverse problems of the dynamical estimation of unknown characteristics
from the results of measurements. (Problems of this kind were investigated, for example, in Refs 1-4. In particular, it
can be solved using dynamical inversion theory>~!° (here, only monographs and review papers in which appropriate
references can be found are mentioned). We will bear in mind the fact that the algorithms proposed in these papers for
solving corresponding problems of reconstruction are oriented towards a finite functioning time interval of the system
T = [0, v], v < 4o00. Note also that, as v increases, when implementing the algorithms described,5‘10 “accumulation”
of computation and measurement errors occurs. As v increases the rates of convergence of the algorithms deteriorate.
Thus, the quality of the algorithms, generally speaking, depends on the length of the time interval for which the system
is functioning. Below, an algorithm for solving the problem will be given that is “independent” of the length of this
interval. We will consider the case where the matrix A is exponentially stable, while the non-linear part f of system
(1.1) comprises a perturbation that is suitably consistent with A. The algorithm is based on ideas set out in earlier
studies.> 61011
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2. Auxiliary constructions

Before describing of the reconstruction algorithm, we will develop some necessary auxiliary constructions. Below,
we will assume that

h h h
xg = &os ‘50—)’0| SV

Suppose the following condition is satisfied.
Condition 1. Matrix A is stable.

We will fix some symmetrical positive—definite (n x n)-dimensional matrix Q. As is well known, a unique (n X n)-
dimensional positive-definite symmetrical matrix D there exists such that the Lyapunov function V(x) =x’Dx satisfies
the equation

(V/ox)Ax+x'Qx = 0, Vxe R" 2.1

(the prime denotes transposition). Note also that it is not difficult to specify a number ¢ >0, for which the following
inequality is satisfied

¥0x>clx*, Vxe R 2.2)
We will fix the family of subdivisions of interval T
B = {Ttis0 Tho =00 Tyivy = T+ 8(h) 23)
Let X7(-) be a bundle of solutions of system (1.2), i.e.
X7(:) = {x() : x(-) = x(-; xp, 0(-)), v(-) € 2(")}

We will assume that the bundle X7(-) is bounded, i.e. all the solutions of system (1.2) x =x(f) remain in some bounded
region HX of phase space R":

x(tye HY, Vie T, Vx(-)e X;(-) 2.4)

Letz(r)= yh(t) — x(7), where x(7) is the solution of system (1.2) and yh(t) is the solution of system (1.1), corresponding
to the control

u=u'()e Q) yY"() = ¥y ()
Then, the function z(#) satisfies the vector equation
(1) = Az(t) + C" (1) - v(£)) + F(1) whenae. te T; (1) = FO' (1) = F(x(2)) 2.5)

with the initial condition z(0).
The symbol V = (1)|(2.5) will denote the derivative of the Lyapunov function V(x)=x"Dx, calculated by virtue of
system (2.5). Thus

V()| 2s) = @V/Dx|, _ ) (Az(1) + C(u" (1) - (1) + f(2)) whenae. te T

Lemma 1. Suppose Condition 1 is satisfied, and also the inequality ¢ >2L|D|. Then the following inequality holds:
V(1)| (.5, < 2(D2(1)) C(u" (1) = (1)) whenae. re T

Here and below, the norm of the matrix means its Euclidean norm.



854 V.I. Maksimov / Journal of Applied Mathematics and Mechanics 71 (2007) 851-861

Proof. Using relations (2.1) and (2.2), we will have
V(D) @s) = -2(0Q2() + (QVIdx|, _ () (Cu"(1)) - (1)) + F(1)) <

| h - 2 (2.6)
S@VI0x|, _ ;) (Cu (1) = 0(1)) + f(1)) - clz(r)]” whenae. te T
Further, since the Lipschitz condition is satisfied for the function f, the following inequality will hold:
@VI3x], _ () F(1) = 2(Dz(1)) F(r) < 2LID||z(r)]* when a.e. re T Q2.7

From relations (2.6) and (2.7) we obtain the estimate
V(1) 2.5y < 2(D2(1)) C(u"(1) - v(1)) + (2LID| - ©)|z(1))* whena.e. 1€ T

from which the assertion of the lemma follows. [
3. An algorithm for the solution. The case when all the coordinates are measured

We will write an algorithm for solving the problem being considered, to beginning with the case when all the
coordinates are measured. We fix the function

ah):(0,1) >R = {re R:r>0}

(regularizer) and the family of subdivisions Ay (2.3). We select the latter in such a way that the following condition is
satisfied.

Condition 2. The family Aj and the errors of measurements vlh are such that we have the following relations

+00
Y 8,(h) =+, Vhe (0,1), vo<wy(h)— 0+
i=0

Y 8,(h)(v; +8,(h)) S @(h) — O+ as h— 0+
i=0

Remark. Condition 2 is satisfied, for example, if
8(h) = vI = dhl(i+1)", ye(05;1], i=0,1,...., d = const>0

Here

oo

o(h) = 2b°d° Y i, y(h) = h

i=1
Inequalities (1.4) take the form

hyi® = x(t)| < dnti + 1)

Before the start of the operation of the algorithm, we fix the value of 4, the family {vlh}?io, the quantity o= o(h)
and the subdivision A, = {1;,;}72,. We divide the operation of the algorithm into steps of the same type. Suppose that,
during the i-th step, carried out in the time interval 8; =[t;,7i+1), T; = Tp,;, the following operations are carried out. First,
at time 7;, the vector ufl is calculated by means of the formula

u; = argmin{2(D(y; - &) 'Cv+ov]’: ve 0} 3.1
Then, the following control is fed to the input of system (1.1) at all # € §;

w=u")=u (3.2)
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As a result, under the action of this control and some unknown perturbation v(¢), t € §;, system (1.1) transfers from
the state yh(ri) to the state yh(ti + 1), while reference system (1.2) transfers from the state x(z;) to the state x(t; + 1).
At the next, (i + 1)-th step, similar actions are repeated.

The symbol C* denotes a pseudoinverse matrix.

Theorem 1. Let a(h)— 0, (1/f2(h) + go(h))a’l(h) — 0 at h— 0 and v(t) = CT(() — Ax(t) — f(x(1))), and
Conditions 1 and 2 be satisfied, as well as the inequality ¢ >2L|D|. Then, whatever the number v € T, the following
convergence occurs

u'(-) = () in Ly([0,8]; RY) as h—0

The theorem is proved in the same way as indicated earlier'® and is based on Lemma 2 given below.

Note that the method proposed by Kryazhimskii and Osipov'? and developed subsequently’~ is based on the idea
of stabilizing suitable Lyapunov-type functionals by an extremal shear. Thus, the method combines the stabilization
principle with the external shift rule. In the case being considered, a regularized extremal shear is defined by relation
(3.1).

Lemma 2. Suppose the conditions of Theorem 1 are satisfied. Then the following inequalities hold:
L1

(1) -y (] < €W () + o)) + ) [ v, (1)t
0

. (3.3)
2
.ﬂuh(’t)| dtsjlv*('t)lzdr+ CZ‘M, VT,=71,,€ A,
o(h) i
0 0
The constants C1 and Cs are in dependent of x(-), y'(-) and i.
Proof. The proof of the lemma is based on the procedure of stabilizing the Lyapunov-type functional
t
_ l h |2 29 .. N Y
e(r) = V(z(1) + o) [{lu" ()| ~ v, () *Ms;  2(1) = y'(1) - x(1) (3.4)
0

Using Lemma 1, we conclude that
£(1) < 2(Dz(1)) C(u" (1) - v, (1)) + am){ld" o) - lv,(1)*} when ae. te T
By virtue of including expressions (2.4) evenly for all x(-) € X7(-) and yh(-)
[2(6) —2(T)| <by(t-7), te 8 =0, =[T7,) T =Ty,
where the constant b is independent of x(-), yh(-), t and i. In such a case
£(1) < 2Dy - ENY CW" (1) - v (1) +
+ ct(h){’uh(t)l2 - ]v*(t)lz} + bz(v:’ +8,(h)) when ae. re §,
Taking into account the rule for determining the control uh(-) (see relations (3.1) and (3.2)), we obtain
€(2) < b,_(v? +8,;(h)) when a.e. re §;
Thus the following inequality holds

£(t,, |) SE(T,) + 8,(R)by(V! + 8,())



856 V.I. Maksimov / Journal of Applied Mathematics and Mechanics 71 (2007) 851-861

from which, by virtue of Condition 2, we obtain the inequality

i-1
e(t) SV +b, T S,V +8,(h)) <W(h) + b, (k)
j=0

The of lemma is proved. [

Proof of Theorem 1. We will show that, for an arbitrary sequence h; — O+ as j — oo, for any number v € T, for any
family {Ap;} of subdivisions of the interval 7 with diameters 8(h;), such that

2 .
v () +oh)}ah)—>0 as j—o
and for any measurements of é’;lhf and Lbf-lf'(|§f’-f —y(T)| < vlh/, |l])flf —x(t)] < vlhf ), the following convergence occurs
h
/() > V(-) = V(5 x()) B Ly as jroo (3.5)

Here and below, Ly = Ly(T+;R%), Ty, = [0, v] and the controls u’(-) are defined by the rule (3.1), (3.2).
Assuming the opposite, we conclude that a sub-sequence of the sequence u”i(-) will be found (we will denote it,
for simplicity, by the same notation uli(+)) such that

W() = ug(-) Wheniin L, as j— o ug(-) % 0g(-; x(-)) (3.6)
In such a case, choosing if necessary, a sub-sequence again from £;, we assume
3() = py() in C(Ty; R as j— e
where th'(-) = y(-; yo, uhf(-)) and y=(-) is the solution of the equation
y(8) = Ay(1) + Cug(0) + f(¥(1)), te Ty, ¥(0) =y,
By virtue of Lemma 2 (see the first inequality of system (3.3)) we have
y(t) = x(2), teT,
This means that ug(-) € Uy(x(+)) and consequently

o CH , Z 04 (5 XDy, (3.7)

The notation U,(x(-)) denotes the set of all functions compatible with the output x(¢), ¢ € [0, v], i.e.

Ug(x(-)) = {u(-) € Ly([0,9]; R?) : Cu(r) =
= X(t) - Ax(t) — f(x(1)) when a.e. t € [0, 8]}

Furthermore, by virtue of the known properties of the weak limit, from relation (3.6) we have the inequality

tim i)l 2 o) (3.8)

=X
In turn, from Lemma 2 (see the second inequality of system (3.3)) we likewise have the inequality
LIPNE 2 2
1L, < 10a s 2D, + W) + (k) M) (3.9)
by virtue of which we have

jTi_E'uh"(-)le S1og (s x()ly,
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i.e. (see inequalities (3.7) and (3.8))

T () € 5 X, S o), < lim ), 3.10)
— o0 Jj—o

Since the set U, (x(-)) contains a unique element of the minimal Ly-norm (namely v.(-; x(-))), from inequalities (3.10)
we obtain

up(-) = v4(-) (3.11)
Using relations (3.6) and (3.11), we conclude that
h.
u’(*) > V(s x(+)) weaklyin L, as j-—>eo (3.12)

The convergence (3.12) contradicts relation (3.6) and the assumption uo(-) # vy (-; x(-)).
The theorem is proved. [

Remarks. 1°. Suppose system (1.1) is non-linear in the phase variable, i.e. Ax = A(x), where A:R" — R" is a non-linear
Lipschitz function. Likewise, suppose a function V:R" — R exists with the following properties:

(a) itis possible to specify the constant ¢ >0 such that

@VI32)|, . ,_ (Ax)-Ap) <~cld’, Vx,ye R

(b) V(z) = w(|z|), Vz € R", where w : R — R is a continuous function with the properties: w(0) = 0, w(r) > 0 when

r # 0. In this case, Theorem 1 will remain true if the vectors ulh are calculated by means of the formula

u:' = argmin{((aVlaz)lz__.w,l.—(8V/Bz)|z=€{.)'Cv+alv|2: ve Q}

2°. As can be seen from the Lemma 2 proof, by selecting the control u=u"(f) according to formulae (3.1) and
(3.2), we ensure a “small” increase in the Lyapunovs functional &(#). In turn, the proof of Theorem 1 implies that the
functional £(¢) is chosen such that, from the smallness of its values, the “closeness” of u”(-) to v.(-) follows.

4. A solution algorithm. The case when some of the coordinates are measured

We will now consider the case when some of the coordinates are measured. Suppose that n > ¢ and the matrix C has
the following structure: C=[0,C], where O is an n| X g null matrix and C| is an (n — ny) X g matrix. Then, system
(1.1) can be written in the form (8y; is the Kronecker delta, j=1, 2 in all cases below)

Vi) = A1 y1(8) + Ay jyy(8) + f(31(2), y2(1)) + 85;Cu(r) .1
In turn, reference system (1.2) will take the form
2i(1) = Agj_ 1 x1 (1) + Ay (1) + f (3, (1), x,5(2)) + 8,,C 0(2) (4.2)
As above, we consider the functions f; to be Lipschitz functions with Lipschitz constants L; respectively, i.e.
[f (1 y10) = (g ¥ SLif|x; = x| + [y =yl 3. V(xp, %5), (31, ¥,) € R”

Suppose the following condition is satisfied.

Condition 3. Matrices A; and A4 are stable.
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We fix symmetric positive definite matrices D1 and D; of dimensions (71 x n1) and (n — ny) X (n — np) respectively.
Uniquely defined symmetrical positive definite matrices Q1 and Q> correspond to these matrices such that

OV, /19x,)Ax, +X}Qx, = 0, Vx e R" (4.3)
(QV/0x,) Agxy + X505%, = 0, Vx,e R' ™ (4.4)

where the Lyapunov functions V; are such that V; = x,Dx;. Let

2 (j-1n+(3-2j)n
, Vx;eR ! 4.5)

Q%2 ¢jlx;
We will introduce the notation

Vj(t)|(44” = (dV,/0x]|,. zj(t))‘(AZj— 12(8) + Ay z(8) + Af ;+ 8,,C (v(1) - u" (1))

Afy = £ix(0, %)) = F01(), 35(0)

V(D)@ = Vi) |@axy + V2] an)

where z(t) = x(r) — y'(1), x(t) = x(t;x0, v(-)) = (x1(t), x2(t)) is the solution of system (4.2) and i) =
y(t; yo, u(-)) = (yi’(t), yé’(t)) is the solution of system (4.1), which corresponds to the control u = ul()e QC). As
above, we will assume that the bundle of solutions of systems (1.2) ((4.2)) is bounded, i.e. relation (2.4) holds.

We will introduce the following condition.
Condition 4. The following inequalities hold

2Ly|Dy| + ((Ly +A,D)|Dy") + (L, + |AsD|DY) < ¢ (4.6)

Lemma 3. Suppose Conditions 3 and 4 are satisfied. Then the following inequality holds
V(t)l(,“) S2(Dyz5(2)) Cy(v(2) - uh(t)) whenae. te T

Proof. Using relations (4.3) and (4.5) when j= 1, we will have
Vi) |y = —23(0)Q42,(t) + (3V /0|, _ o) (A2 (1) + Af S

SV /0x], -, ) (A0 (1) +Af () - |1y (1) Whena.e. re T @7
Further, by virtue of the Lipschitz nature of the function fi, the following inequality holds

(OV0x|, _, () (A2a(1) + Afy) = 2(D121(1)) (Azy (1) + Af 1) S

< 2L1|D1|([zl(t)|2 +|2(0)|[22(0)]) + 2|Dy||Ay) 21 (1)]|z2(2)| when ae. te T @9
From inequalities (4.7) and (4.8) we obtain the estimate

Vi) S Ly |Dy| - )5y ()] + 2(Ly + |A,))|Dy|2,(D)][z5(1)] when ae. te T (4.9)
Similarly, we derive

Va(0) ) S (2Ly| Dy - e)[2p(1)]* +

(4.10)

+2(Ly + |A3))| Dy |2, (0)]|2(1)] + 2(Dy25(8)) €y (v(1) — " (1))

The assertion of the lemma follows from relations (4.9) and (4.10) and Condition 4.
We will now describe the algorithm for solving the problem in the case when y,(;) and also x,(t;) are measured.
Suppose the function @ = a(h) : (0, 1) — RT and the family of subdivisions A n (2.3) have been selected. Before the
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algorithm starts to operate, we fix the value of A, the family {vf’}zo, the subdivision A, = {15,;}7°, and the quantity
a=a(h).

We will divide the operation of the algorithm into steps of the same type. In the course of the i-th step, performed
in the time interval d; = [7;,Ti+1), Ti =Tp,;, the following operations are carried out. First, at time 7;, the vector u? is
calculated by means of the formula

ul = argmin{2(D,(y} - &) C,v+ v’ : ve 0} @.11)

where
h gh n-n h h h h
vi.&ieR T, |‘I’i —xz(Ti)l SV, IE.H —)’2(Ti)| sV,
Then, to the input of system (4.1), at all ¢ € §;, the following control is applied

h h

u=u()=u

(4.12)

As a result, under the action of this control and some unknown perturbation u(¢), f € §;, system (4.1) transfers from the
state yh (;) to the state yh(’ri+1 ), and the reference system (4.2) transfers from the state x(7;) to the state x(7;+1). At the
next, (i + 1)-th step, similar actions are repeated. [

Theorem 2. Suppose
o(h) - 0, (\yz(h) + (p(h))a‘l(h) -0 as h—>0
Uy (1) = CT(Ep(1) = A3x (1) — Agxa(1) = £o(x,(8), X5(1)))

and Conditions 2 to 4 are satisfied. Then, whatever the number v € T, the following convergence occurs
W'(:) = V() in Ly([0,0]; RY) as h—0

The proof is similar to the proof of Theorem 1. It is based on the procedure for stabilizing the Lyapunov-type
functional which differs from functional (3.4) in that V(z(?)) is replaced by V1(z1(¢)) + Va(22(2)).

5. Example

As a model example illustrating the algorithm given above, we will consider an oscillatory section described by the
equation

W(t) + 200 (1) + ogw(t) = u(z), te [0, +o); [ = const>0, wy#0 .
w(0) = Wy, w(0) = wy (5.1

Assuming that y; = w and y, = w, we will change to the system
. . 2
yi(8) = yo(1),  Yp(8) = — @y (1) = 2Ly, (1) + u(?)

Considering that

D= | 20+l
11

from Eq. (2.1) we find the matrix

0 = diag{2lag, 2!}
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L5
h=0.001
° /
— )
—==- 1)
-1.5
0 5 t 10 0 5 t 10

Fig. 1.

System (1.2) was adopted as the reference motion, i.e., in this case
£,(8) = x)(1), %p(8) = —gx, (1) = 2lxy(1) + 0(2), V(r) = sin(1 +1)

with the initial state

x(0) = wy, x(0) = wy

The elements &' = {gﬁ’i, Egi} € R? were calculated by means of the formulae

gl = y (1) + hsin(1 + Ct), &, = y,(t)+hsin(1 + Cr,)
The control u(?) in system (5.1) was found from formula (3.1), i.e.
-K, s;2o0K
h —~1 h h
wp = 35,00, —oK<s;<akK; 5= W (1) —8&) + (x(t) - &)
K, s;<o0K

It was assumed that
L=02 wo,=1 K-=2,

8,(h) = dn(1+i)", d =10, y=051, C=10

Figure 1 shows the evolution of the controls v(#) and uh(t) when a=0.5.
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