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Abstract. In the paper, the problem of dynamic reconstruction of controls and trajectories for deterministic control-
affine systems is considered. The reconstruction is performed in real time using known discrete inaccurate mea-
surements of the observed trajectory of the system. This trajectory is generated by an unknown measurable control
that satisfies known geometrical restrictions. In this paper, the case of non-convex restrictions is considered. In the
previous works, the authors of this paper considered only convex restrictions. To describe the motion of the system
with non-convex control restrictions, generalized dynamics and controls are introduced. A well-posed statement
of the dynamic reconstruction problem is given. An algorithm for construction of approximations of the solution
is proposed and justified. It is based on the variational approach developed by the authors. This approach uses
auxiliary variational problems with regularized integral residual functionals. The key feature of the approach is that
the integrants of the functionals in the auxiliary variational problems are d.c. functions. The suggested algorithm
reduces the dynamic reconstruction problem to integration of Hamiltonian systems of ordinary linear differential
equations. The results of numerical simulation are demonstrated.
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1. INTRODUCTION

Forward and inverse problems of the mathematical control theory for dynamic systems have
many applications in a wide spectrum of modern areas of science and engineering. The algo-
rithms for construction of optimal feedback and programmed controls were used in robotics,
navigation, cosmonautics, economics, medicine, and many other applied areas. There exist
numerous fundamental and empirical approaches to solving optimal control problems.
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Tn this paper, we consider inverse problems for dynamic controlled systems. Namely, the
dynamic reconstruction problem is considered. That is the problem of finding unknown controls
and trajectory of a dynamic controlled system by inaccurate data on the observed motion. The
reconstruction is done in real time with the arrival of new data. Control-affine deterministic
dynamical systems are under consideration. The admissible controls are measurable functions
with values in a given compact set. Discrete inaccurate measurements of the observed trajectory
of the system, that arrive in real time, are known.

There exists a variety of mathematical approaches to solving inverse problems. For exam-
ple, an approach, based on the classical least squares method, is suggested in [14]. In [21],
inverse problems are solved empirically by analyzing the response of the dynamical system to
special controls. Another method, developed in [9], relies on an optimization approach based
on gradient-type methods. In this paper, inverse problems are formulated as operator equations
and are reduced to the minimization of the corresponding discrepancy functionals. The adjoint
variables are used to calculate the gradients. An inverse parameter identification problem for
data, oscillating in time, is considered in [3]. In this paper, the parameter identification problem
is reduced to Fourier-regularized parameter optimization problem constrained by ODEs that
describe the dynamics.

There exists a series of methods that use variants of Tikhonov regularization [26]. For exam-
ple, the work [18] suggests an optimization method based on discrete linear operator equations
that reduces inverse problems to minimization of Tikhonov-regularized functionals in which an
additional penalty term leads to smoothness of the minimizer. The ideas of Tikhonov regular-
ization are also developed in [16] to solve inverse problems of identification.

A method for solving the dynamic reconstruction problem was proposed in [11]. This ap-
proach consists of minimizing a Tikhonov-regularized residual between the dynamics and mea-
surements of the observed states of the system. It uses the extreme aiming procedure, which
has roots in the works of the school of N.N. Krasovskii on the theory of positional optimal
control [12].

More detailed reviews of modern methods for solving inverse problems can be found in [19,
17].

The authors of this paper have suggested an original variational approach [22, 23] to solving
inverse dynamic reconstruction problems. It provides a method for construction of approxima-
tions of the desired controls with the use of constructions from auxiliary variational problems
with integral regularized residual functionals. The key feature of the method is the use of func-
tionals which’s integrants are d.c. functions [20].

Let us briefly summarise the previous results, obtained by the authors of this paper. In the
works [22, 23], there was described and justified an algorithm for construction of approxima-
tions of the solution of the dynamic reconstruction problem. These approximating controls
generate the trajectories of the dynamics that converge uniformly to the observed trajectory.
The drawback of this method is that the constructed control approximations are bounded, but
not necessary satisfy the given geometrical control restrictions. Thus, they are not necessary ad-
missible controls. In [24], a development of this algorithm was suggested. It allows to construct
admissible piecewise-constant controls satisfying given convex geometrical restrictions.

In this paper, we consider the case of non-convex geometrical restrictions on the controls. In
such case, so-called sliding modes often appear [27]. To describe the dynamics of the system
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with sliding modes, generalised controls and dynamics are introduced. A well-posed dynamic
reconstruction problem is stated for generalised dynamics. An algorithm for construction of
admissible (that is, satisfying non-convex geometrical restrictions) approximations of the prob-
lems’s solution is suggested and justified. The results of numerical simulation are shown on the
example of a mechanical model.

2. MATERIALS AND METHODS

2.1. Dynamics. Dynamic deterministic controlled systems of the following form are consid-

ered:
PO — e, wle)yute) + 110,00,

x€R", uweR"™ G():[0,T]xR" R £(.):[0,T]xR" »R", 2D
m>n, tel0,T], T <oo,

where x(-) is the state variables vector and u(-) is the vector of the controls.
The admissible controls are measurable functions satisfying the restrictions

u(t) cUCR"™ a.e.on[0,7T], (2.2)
where the control restriction set U is compact.

Remark 2.1. Note that the set U is not necessarily convex. Previously [22, 23], only convex
control restriction sets were considered.

2.2. Generalised and averaged controls. In some cases, non-convex control restriction (2.2)
can lead to appearance of sliding modes (for references on sliding modes see, for example,
[27], and [7, Ch. 2.2], and [28, Ch. III.2]). To describe the behavior of dynamics (2.1) with
sliding modes, generalised controls are introduced, following R. V. Gamkrelidze [7, Ch. 2.1]
and J. Warga [28, Ch. IIL.2].

Definition 2.2. A generalised control is a measurable function u(-|du) : [0,T] — rpm(U) with
values in the set of regular probability Borel measures on U with the topology, induced by the
weak* topology of the space C*(U) [28, Ch. IIL.2].

Generalised controls play the role of a mathematical model of sliding modes in real observed
system. Instead of dynamics (2.1), we consider the generalised dynamics

d);(tt) = G(t,x(t))/ull(f|d”>"‘f(t’x(t))’ 2.3)
/ :

w(t|du) : 10,T] — rpm(U).

Definition 2.3. We will refer to the result of integration of a generalised control as an averaged
control u(-) : [0,T] — Conv(U):

f = u(t) = / wpt (¢|du), (2.4)
U

where the notation Conv(-) means the convex hull of a set.
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All values of any averaged control belong to the convex hull of U [7, Ch. 2.1]. Any averaged
control u(-) is a measurable function [7, Ch. 2.1].

Introduction of generalised controls is equivalent to convexification of the geometrical re-
strictions on the controls U (2.2). Indeed, instead of dynamics (2.3) with generalized controls,
we can consider dynamics (2.1) with measurable controls satisfying the convex geometrical
restrictions

u(t) € Conv(U) a.e.on[0,T]. (2.5)

The following propositions explain the relation between generalized (2.3) and convexified (2.1),

(2.5) dynamics.

Proposition 2.4. A trajectory of (2.3), generated by a generalised control, coincides with the
trajectory of (2.1), (2.5) that is generated by the corresponding averaged control [7, Ch. 2.1].

Proposition 2.5. Only one averaged control (2.4) corresponds to a generalised control, while
an averaged control can correspond to more than one generalised controls [7, Ch. 2.1].

Definition 2.6. All generalised controls that correspond to the same averaged control are equiv-
alent.

The notations, introduced in this section, are needed for regularization of the problem of
reconstruction of an unknown control that generates the observed trajectory (section 2.5).

2.3. Input data. In this section, the input data for the dynamic reconstruction problem is de-
scribed.

It is assumed that some trajectory of system (2.3), generated by an unknown generalized
control, is being observed. It is called the basic trajectory x*(-) : [0, 7] — R”.

Discrete inaccurate measurements of the basic trajectory arrive in real time. The measure-
ments have error 6 > 0 and arrive with regular time step he > 0:

020 Iy —x* ()] <8, u=kh®, k=0,...,N, N=[T/h%]}. (2.6)
The notation || - || means the Euclidean norm.
2.4. Assumptions. We assume that the input data (2.1)—(2.6) satisfy the following assump-
tions.

A.1 There exist constants dy > 0, & > 0, hg > 0 and a compact ¥ C R” such that for any
accuracy 8 € (0, 8] and any measurement step 4% € (0, hg]

U By, [ylé] -3
k=0...N

where B,[x] is the closed ball of the radius r with the center in x.
A.2 The matrix function G(-) and the vector function f(-) from dynamics (2.1) are Lipschitz

continuous on Dy 2 [0,T] x ¥ with the Lipschitz constant Lp, > 0:
V(t1,x1), (12,%2) € Do [|G12,x2) = G(11,x1) |2 < Ly || (12, x2) — (1, 1)
1f (22,202) = f (01, x0) || < L[| (22, %2) = (11, x1) -
The notation || - ||, means the spectral Matrix norm induced by the Euclidean norm
| Ax]

A2 £ max ——.
x£0 |||
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A.3 Rang of G(z,x) equals n for (¢,x) € Dy.

2.5. Regularisation of the control reconstruction problem. Since sliding modes are allowed,
we assume that the basic trajectory is the observed trajectory of (2.3), generated by an unknown
generalized control. It follows from definitions 2.3-2.6 that all equivalent generalised controls
will generate the same trajectory (2.3). Therefore, the problem of reconstruction of a unknown
generalised control is ill-posed. Then, instead, we will find the unique (see Proposition 2.5)
averaged control that corresponds to all such generalised controls.

It follows from Proposition 2.4 that the desired averaged control generates the trajectory x*(-)
of (2.1) and satisfy (2.5). So, we can consider the ”convex” dynamic reconstruction problem
for dynamics (2.1) with restrictions (2.5). Convex dynamic reconstruction problems have been
studied in [22, 23, 24].

It was shown in [23] that convex problem is still ill-posed since more than one averaged
control may generate x*(-) (and all such averaged controls correspond to different sets of gen-
eralised controls). In turn, to regularize the convex problem, a notation of the normal control is
introduced.

Definition 2.7. The normal control u*(-) : [0, T] — R™ is the measurable control, generating the
basic trajectory x*(-) of (2.1), that has the minimal norm in L*([0, 7], R™) space.

It was proved [23] that for a basic trajectory x*(-), satisfying assumptions A.1-A.3, there
exists the unique normal control.

An additional assumption is introduced:

A.4 The normal control u*(-) satisfies restrictions (2.5).

Remark 2.8. In particular, assumption A.4 is always true in the case of coinciding control and
state variables dimensions m = n and in the case of ball geometrical restrictions on the controls

U=Bg[0], R>0.

2.6. The dynamic control reconstruction problem. The following dynamic reconstruction
problem (the DRP) is considered in this paper:

For any § € (0, 8], h% € (0,ho] and the set of measurements {y,‘j, k=1,...,i <N} (2.6),
obtained up to the moment 7, to construct a piece-wise constant control 1° (+) : [0,#;] = R™ such
that at the terminal instant zy = T the following conditions are fulfilled:

B.1 The functions u5() :[0,T] — R™ are admissible controls (that is, they satisfy the restric-
tions (2.2)).

B.2 Each control u%(-) generates a trajectory x°(-) : [0,7] — R” of system (2.1) with the
boundary conditions x5(0) = yg such that these trajectories converge uniformly to the basic
trajectory:

gli% 1) —x"()lleo,r),rm = 0.
The notation || £(-)|[c(jo,r),r") = max ||f(#)|| means the norm in the space of continuous func-

1€[0,T]
tions C([0,T],R").
B.3 The functions u° (-) converge to the normal control in the sense

/<g(r),u5<r) — i (0))de 2280 Ve(-) e ([0, T],R™). @.7)
0
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The notation (-,-) means the scalar product.

2.7. Previous results. In the works [22, 23, 24] an algorithm for construction of approxima-
tions of the normal control was described and justified. The constructed approximations are
piecewise-constant functions satisfying convex restrictions (2.5). The description and justifi-
cation of the new algorithm for solving the DRP, suggested in this paper, rely on the material
of [22, 23, 24]. This section offers a brief review of these results.

First, let us describe the previously suggested algorithm [22, 23, 24]. It is stepwise, and each
step of the algorithm is performed for the interval [y, %] = [(k— l)h‘s, kha], k=1,...,N when
the measurement yg arrives. On each step the following procedures are performed:

(1) Interpolation of the measurements. A third-order spline interpolation y?(-) : [0, 7] —

R" of the discrete measurements (2.6) is constructed. It is continued on each step on the
interval [t;_1,1;] and is continuously differentiable on [0,#].

(2) Solving auxiliary variational problem. The constructed function y®(-) is used to
state an auxiliary variational problem. It consists of finding a pair of functions xi(-) :
[lkfl,tk] — R”", uk(~) : [l‘kfl,tk] — R™ such that:

(a) They are continuously differentiable functions that satisfy the dynamics’ equa-
tion (2.1) and uy(-) has such structure that there exists a function s (-) € C!([te_1, 2], R")
such that

1
u(t) = —EGT(@H, ¥o Dsi(t), 1€ [teor, ). (2.8)

(b) They satisfy the boundary conditions

b
I
[S=Y
=
—~
=)
N—
I
<
(=Je7]
=2
—~
=)
N—
I
=

(c) They provide the unique stationary point of the functional

F e =201 a2 u()]?

Ix(u() = [ P2 .

Tk—1

dt,

where o > 0 is a small regularizing parameter.

Remark 2.9. In the suggested method just stationary point of the functional is used.
So, there is no need to find extremum of the functional. It is an original feature of the
method.

The conditions for the stationary point can be written in the form of a Hamiltonian
system of non-linear ODEs [8]. This system is linearized and after linearization has the
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form J ()
Xy (1t
= sk + i
dsi(t) 5
= x;(1) —y° (¢
D — )20,
1
(1) = —?G,jsk(t), (2.9)
1€ [te—1,t],
k=1: x(0)=y3, s(0)=0,
k=2,....N: x1)=y" 1, siti1)=si1(t 1),
where

Q= GGl Ge=Gloinf)), fe= i), (2.10)
The function si(-) is the vector of the adjoint variables, which plays the role of the
function si(-) from condition (2.8).
(3) Construction of an auxiliary approximation of the normal control. The solution
sx(+) of system (2.9) is used to construct the auxiliary piecewise-continuous control

a(t) 2 {al(1), t € [aor,t}, a2 (t) = —%Gksk(t). (2.11)

The following theorem about properties of the auxiliary controls (2.11) was proved
in [22, Theorem 1], [23, Theorem 1].

Theorem 2.10. Let assumptions A.1-A.4 hold for the input data (2.1)—(2.6). Let the
approximation parameters 8 < &, h® < hy, a tend to zero in the following agreement:

h =n%(8), a=a(s),
) a (2.12)
limh® =0, lima=0, lim—=0 —— =K>0.
50 ) 5—0h (h9)2
Then, the constructed functions ﬂS() (2.11) satisfy the following conditions:
A1 They are bounded essentially and uniformly with respect to the parameters
5, h%, a.
HB.2 The trajectories of system (2.1), generated by these controls, converge uniformly
to the basic trajectory.
HB.3 These controls converge to the normal control in the sense (2.7).

Remark 2.11. The results 4.2 and 4.3 of Theorem 2.10 coincide with the DRP condi-
tions B.2 and B.3. Yet, the result #.1 is weaker than condition B.1. Indeed, it says than
the approximations are bounded, but does not guarantee that they satisfy the restric-
tions (2.2), and thus, they may not be admissible controls. This fact was the motivation
to introduce the next two procedures in the algorithm [24].

(4) Averaging the auxiliary approximation. The auxiliary function 12,‘3 (+) is averaged be

the formula

I
1
i L — / i (1)dt. (2.13)
1
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(5) ”Cut-off” of the averaged control. The averaged control ﬁ,‘? is cut-off™:

5 A i , @ € Conv(U);
TR - . _a,8 _
Uk i € Conv(U) : ||u—u,‘§|| = ueg;rllg(U) Ju—a°| u,‘j ¢ Conv(U). > (2.14)

t€te1,ty], k=1,...,N.

The following theorem about properties of the “cut-off” controls (2.14) was proved in [24,
Theorem 2].

Theorem 2.12. Let assumptions A.1-A.4 hold for the input data (2.1)—(2.6). Let the approxi-
mation parameters 6 < &y, hd < ho, o tend to zero in the agreement (2.12).

Then, the constructed functions 7® (+) (2.14) satisfy the following conditions:

8.1 They satisfy the convex restrictions on the controls (2.5).

8.2 The trajectories of system (2.1), generated by these controls, converge uniformly to the
basic trajectory.

8.3 These controls converge almost everywhere on [0,T] to the normal control.

Remark 2.13. The result 8.2 coincides with the DRP condition B.2. Moreover, it will be
proved further in this paper (3.11) that from the result 8.3 follows the DRP condition B.3.
Yet, the result ®B.1 is still weaker than condition B.1. Indeed, it says than the approximations
7 (+) satisfy only convexified control restrictions (2.5), but does not guarantee that they satisfy
the restrictions (2.2), and thus, they still may not be admissible controls. This fact was the
motivation to introduce another additional procedure into the algorithm, which will be explained

and justified further in this paper.

The algorithm 1-5 is described in details in [23] (parts 1-3) and in [24] (parts 4,5).

2.8. New algorithm for solving the DRP. In this paper, a special case of non-convex geomet-
rical restrictions on the controls is considered. Namely, a set of 2" discrete points, which are
the vertices of an m-dimensional orthotope:

where A x B is the Cartesian product of sets A and B. Consider the DRP B.1-B.3 for the control
restriction set (2.15).

The previously developed algorithm, described in Section 2.7, is modified. An additional
procedure is done on each step. The procedures 1-5 remain the same. After obtaining the
value ﬁ,‘j on the k-th step (procedure 5), a piecewise-constant function v,f() Ctie1,t] = Uis
constructed:

5 { dj, 1€ 1, Tl

Vi .=
k. ZJ; re (Tk,j7tk]'
O (7 ~0
h® (uj—ay ;) (2.16)
I =TT Ty
7=

j=1,....m, l‘E[l‘k_l,lk], k=1,...,N.

The procedure is graphically explained on Fig. 1. At the end of the reconstruction process (when



TO THE DYNAMIC RECONSTRUCTION PROBLEM WITH NON-CONVEX CONTROLS RESTRICTIONS 9

uJ | | |
| | |
_ | | |
] — } } |
uJ | | I
I I I
| | |
| | |
| | J
| | |
I I I
{ | |
| | |
Uj | — |
— t
| I || | I
| | 1 | |
tr2 Tiij ti-1 Tkj tk Tiey  ten
170 1)
u; (t) Vi (t)

FIGURE 1. Construction of admissible approximating control v? (+).

all functions v (-), k= 1,...,N (2.16) have been constructed) the function v?(-) : [0,7] — U
can be defined piecewise:

V() ={0@t), r€ly_i,n), k=1,...,N}. (2.17)
The functions v5(~) (2.17) are proposed as admissible approximations of the averaged normal
control.
3. RESULTS AND DISCUSSION
3.1. The main result. The main result of this work is the following theorem.

Theorem 3.1. Let assumptions A.1-A.4 hold for the input data (2.1)—(2.6). Let the approxima-

tion parameters 6 < &y, h® < hy, o tend to zero in the agreement (2.12).
Then, the constructed functions Vo (1) (2.16), (2.17) satisfy conditions B.1-B.3.

To prove this theorem, we first formulate an auxiliary proposition and prove an auxiliary
lemma.

Proposition 3.2. Let assumptions A.1-A.4 hold for the input data (2.1)—(2.6). Let the approxi-
mation parameters 8 < &, h® < hy, o tend to zero in the agreement (2.12).
Then, the values ﬁ,‘? (2.11) satisfy the condition

Hl’_tlé_”_lk” Srﬁ(67h57a)7 k:lv"'aN7 (31)

where
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The function ry(8,h%, o) is

Lp, K 1
ra(8,1%, o) 2 (’;LOZ <2TK0\/ﬁn+2K+3l)+24AISK0)(5+(K+1)h6)
) 1 s 48 96 5 16
+TK;KnvV A PE (966a+48Kh oc+(\/_ ~ (KoSh° o+ Ka?) +2Kl*h5’
where
K= max |G(t,x)u+ f(t,x)]|. (3.2)

(t.x)€Dgy, ucConv(U)
The parameters A, and A* are respectively the minimum and the maximum eigenvalues of the
matrix function Q(t,x) = G(t,x)G' (t,x), (t,x) € Dy.
Moreover,

lim  ||ra(8,h%, )| = 0.
8,18 ,0—0

Note that the matrix function Q(-) is symmetric for each 7 € [0, 7] [13, ch. 1, p. 6] and contin-
uous on Dy (Assumption A.2). Therefore, its eigenvalues {4 (-),...,A,(-)} are also continuous
on Dy [13, ch. 8, p. 8]. Therefore, A, and A* exist.

The proof of the proposition is a part of the proof of Theorem 2 from [24, formulae (9)—(21)].

Lemma 3.3. Let assumptions A.1-A.4 hold for the input data (2.1)—(2.6). Then, the following
relation is true for the values ﬁ,‘j (2.14) and L?,f (2.13):

4 —ul| < || —ul|, ke{l,...,N}, ueConv(U). (3.3)

Proof. 1If ﬁ,‘? = u, then the lemma is true. If ﬁ,f € Conv(U), then ﬁ,‘? = ﬁ,‘? by the construc-
tion (2.14) and lemma is true. So, consider the case ﬁ,‘? #u, ﬁ,‘f ¢ Conv(U).
Assume in contradiction to (3.3) that

~0 -0
g = ull > [l —ull. (3.4)

<
Then, let @y be a point on the line ﬁg, u such that it is closest to the point ﬂ,‘?. In other words,

ﬁ,‘?, o, L ﬁ,‘?, u. In other words,

dkeR: a)k:u+lk(ﬁ,‘f—u),

(af — @), (@ —w) =0
=
(8 —u—1(a — w), (8 — ) = 0
=
= =0, ) _ cos (@ . @~ )l -] _,
[af —u]? [ —u

since we assumed (3.4).

But /; < 1 means that w; belongs to the line segment ﬁ,‘?, u. But by the construction (2.14),

ﬁ,‘j € Conv(U) and u € Conv(U). Therefore, w; € Conv(U). But @y is the point on ﬁ,‘?,u,

closest to the point ﬁ,f by the definition of @y. Therefore, wy is closer to I/_tlé than to ﬁ,‘? But by
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the construction (2.14), ﬁ,‘j is the point of Conv(U), closest to 12,‘?. So, we got a contradiction
and (3.4) is false. [

Now, we can prove theorem 3.1.

Proof. Condition B.1 is fulfilled by the construction (2.16), (2.17).
First, let us prove the fulfilment of condition B.3. Fix an arbitrary ¢(-) € C([0,T],R™),
following the definition of convergence (2.7):

T
[ (0030 —u (1))
0

, (3.5)
e L [ o0~ iyar| + 0/ (@(0),8 (1) — u* (1)) 1,

where ﬁ,f is the “cut-off”” auxiliary control (2.14), constructed in the procedure 5 (2.14) on the
k-th step of the algorithm. In expression (3.5),

I
[ 0000680~ af ar
Tk—1

(s
= /(pj f—1) ij ukj dt+/ 0i(t) — @j(tr— 1))(v,§7j(t) u,‘j])dt (3.6)

k-1 k-1

j=1,....m

Evaluate the first term in (3.6). By the definition (2.16),

—/(p]tkl uk,dt-l-/q)jtkl( I/tg])dt

=<p,~<rk,1>(<rk,—rk 0@, u£]>+<zk—rk,j><z,-—ﬁ£,->)
o) <h5<ﬁk,j —u)@—ad) W —ad ), —ﬁ;?,,-)) iy

(3.7)

Thus, the first term in (3.6) equals zero. In the second term of (3.6),

10;(t) — 0j(1i-1)| < @p(|t —tx_1]) < @y (h®),
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where @y (-) is the modulus of continuity of ¢(-). So, by the construction of v,‘z ;(t) (2.16) and
ﬁkJ (2.14), we have in (3.6) that
I
[ (@1 = 9y 08 1) — ) | < 12wy (h%)20, (3)
k-1

where the constant U is from (2.15).
Thus, substituting (3.8) and (3.7) into (3.6), we get

I
/ 0; () (v (1) — a2 )dt|| < WP ay ()20 (3.9)

Apply estimate (3.9) to the first term (the sum) of (3.5):

Tk

. T
Y| [ e -adar| | < svmhay(i)20
k=1..N |7 (3.10)
S h¥—0
=TvVmwy(h°)2U — 0.
Now, we consider the second term of (3.5):

T

[(0(0.8° —u (1)) dr.

0

We will prove that it converges to zero under agreement (2.12). Indeed, consider the functions

v () £ {p(1),a°(1) —u' (), &€ (0,6).
By Theorem 2.12,

P20 > PO-w0E50 = [0 -] 250

= (@(0),a°(t) —u"(1))] < (max [lo(e)|])a° (1) —u* ()] == 0

t€[0,T] [0,1]
= yO() = (p(t),a%(t) —u* (1)) ﬁ 0,

where the notation —» means ”converges almost everywhere on [0, 7] under agreement (2.12)”.

)

So, the functions y?° (+) converge almost everywhere to identical zero. Moreover,

o) <K= max lo(®)l[2vmU, & € (0,6].

elo,T

Then, by the Lebesgue theorem on passage to the limit under the integral sign [10, Ch. V, §5.5],
T T
/ i (1)dr = / (@), a5 (1) — u* (1))t — 0 3.11)
0 0

under agreement (2.12). Which means by the definition (2.7) that ﬁ,‘j () converge to u*(-) in the
sense (2.7) under agreement (2.12).
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Return to expression (3.5). Both terms of it converge to zero (3.10), (3.11). Therefore,
T
00320 ~u () >0
0

under agreement (2.12). In other words, v9 (1) converges in the sense (2.7) to u*(-) and condition
B.3 is fulfilled.
Let us now prove the fulfillment of condition B.2. To do it we will estimate the residual

() =" (1)

It will be done in a series of successive nested estimates. To structurise the proof, the estimated
expressions will be denoted as Ay, Ay, ..., By, Ba,..., C1, Cy,....
Since ¥9(-) and x*(-) are the trajectories of (2.1), generated by the controls v9(-) and u*(-),

— o+ [ (6.2 @120+ (0.3 e)]dr —x'(0) — [ [Glex" O (1) + (e, (1)
0 0
:t({tG(t,x*(t))v‘s(t)dt t
< (660320 = Glex' 1)) v (0) + 10,8 0) - 0.2 (1) ]
0

(3.12)
We will successively estimate the terms A (¢), Ax(r), A3 of (3.12).
Estimation of A;(¢) from (3.12). The matrix function G(-) and the vector function f(-) are
Lipschitz-continuous (2.4) by Assumption A.2. Moreover, the functions v9(-) and @%(-) are
bounded by construction (2.14), (2.16):

M@ <vmU, [@@) < vmU, t€0,T]. (3.13)

Therefore,

(3.14)
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Estimation of A,(¢) from (3.12). Break the integral into the sum:

As(t) = / (Gl ()0 (1) (1)) | ar
0

Ix

< 72_ /[G(t,x*(t))(v,‘?—u*(t))] dr|[ | + /[G(z,x*(t))(v?—u*(t» dtl|, (3.15)

t—1 ti—q
e N

-~ -~

Bi(1) By(1)

i= 125,

where |- | means the floor function.
Estimation of B (¢) from (3.15). Let us add Gy, (2.10) in each term of the sum:

/Her Gl -l + X |G| [ v —u wyr

k=11 W
e el (3.16)
Estimation of C| (¢) from (3.16). Since the definition (2.10),
16, (1)) = Gell = [ Ge,x° (1)) = Gy |
6y 0) |6 @)~ 6.2 )| + |6 .5° @) - G| (3.17)

It was shown in [23, formulae (3.1), (3.5), (3.6)] that

9]
I (6) =y (1) < 14(8 + h°K), dydt(ﬁ

5
é271<+26h—5, t€10,7),

where K is defined in (3.2).
The matrix function G(-) is Lipschitz continuous (2.4). Therefore, we can estimate (3.17):

1G(t,x" (1)) — Gill < Ly (14(8 + WOK) + YD), 1€ [tr,], k=1,...,N.
Thus, using the controls boundness (3.13),
a0 = / Gt (1)) = Gl IV = " (1)
1, ,l 1 (3.18)

< h—Sh‘SLDO(M(S +1°K)+h°YP)2/mU.
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Estimation of C,(¢) from (3.16). First, note that

t R t t
k iu,‘f k k

/v,‘j—u*(z)dz < /v,é—ﬁ,‘jdt n /ﬁ,‘j—u*(z)dt . (3.19)

Tk—1 k-1 Tk—1
A J/

-~

D, D;

Estimation of D from (3.19). One can prove in the same way it was done in (3.7) that, by
the definition (2.16),

Ik

/ vp—af dt =0.

k-1
And therefore,
Dy =0. (3.20)

Estimation of D; from (3.19). It follows from Proposition 3.1 Lemma 3.3 that
@0 — ;|| < ra(8,h%, @), k=1,...,N.

But then,

/ﬁ,‘?—u*(r)dr :Hh‘s(ﬁ,‘z—ﬁi) <Sra(8,h%, @), k=1,...,N. 3.21)

Substituting estimates for Dy (3.20) and D; (3.21) into expression (3.19),

Tk

STORD M 1<) Y R S

k=T ,mmmi—1 W (3.22)
T
< h_SKhﬁrﬁ(a,hS,m,

where the constant K is defined in (3.2).
Now, we can apply the estimates for C(¢) (3.18) and C,(¢) (3.22) to B;(¢) (3.16):

Bi(t) < TLp,(14(8 + h°K) + hPY2)2\/mU + TKry(8,h%, ). (3.23)

Estimation of B;(¢) from (3.15). We estimate the norm of the integrant:

Ba(t) = [G(z,x*(t))(v;j —ut (1) dr|| < o k2y/mu. (3.24)

Apply the estimates for By (¢) (3.23) and B, (¢) (3.24) to A,(t) (3.15):
Ax(1) < TLp,(14(8 + hOK) + h®Y2)2\/mU + TKry(8,h°, o0) + i’ K2/mU. (3.25)
Estimation of A3 from (3.12). All measurements have the error 0 (2.6). Therefore,

As = [yo—x"(0)]| < &. (3.26)
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Finally, apply the estimates for A;(¢) (3.14), A»(¢) (3.25) and A3 (3.26) to the residual (3.12):

= Ol </H ‘LDO (VmU +1)dt +r4(8,h%, 1), (3.27)
r(8,h%, o) £ TLp, (14(8 +h51<) +h0Y2)2\/mU +TKry(8,h°, 00) + h®K2y/mU + 8.
The inequality (3.27) allows to apply the Gronwall lemma [2], from which it follows that
¥2(e) =" (1) < r(8,h°, @) exp(TLp, (vVmU +1)), 1€ [0,T].
It follows from Proposition 3.1 that

lim ||re(8,h%, 0)|| =0
8,18 ,a—0

when the parameters 9, h5, o tend to zero in the agreement (2.12). Therefore,

lim [|¥°(r)—x*(1)| =0, 1e[0,T].
8.,h8 0—0

Thus, condition B.2 is fulfilled and the theorem is proved. O

3.2. Example. A numerical simulation of solving the DRP by the suggested algorithm was
done. The so-called car quarter model from the paper [6] was considered. This model represents
the dynamics of a wheel damper with two springs (see Fig. 2). The dynamics are

ull -
oI

u| = Kk
ko,

=

FIGURE 2. The car quarter model.




TO THE DYNAMIC RECONSTRUCTION PROBLEM WITH NON-CONVEX CONTROLS RESTRICTIONS 17

dx (t) (t)
dxcgt(t) - (x4(t)> ’
dt
dx;(t) a0 g L 0N s (3.28)
dxg(t) | _ m5 m5 o ()
| xi(t) x()  x() 0 L ur(t) )’
doxs 1) ey " )
dt

t€[0,1], ki(r) €{0,0.5}, ko(t) €{0,0.8}, u;€{0,1}, upe{0,1}.

In this model, the state variables x () and x,(z) are the values of the springs’ deflections, x3(¢)
and x4(r) are the vertical speeds of the two bodies, attached to the springs’ ends, and x5(7) is
the force impulse. The controls are the springs’ stiffness coefficients k() and k(¢) and the
external forces u;(r) and uy(t), applied to the bodies (see Fig. 2).

To simulate the input data of the problem (the inaccurate measurements (2.6)), the basic
trajectory (x7(-),x3(-),x3(-),x4(+),x5(-)) was constructed numerically for the controls

0.8, 1€0,0.57];
ki) = 0.5, km:{o t€£0.5T T]]. !
0.1, 1€[0,0.37); (3.29)
u(t) =14 0.5, re(0.37,0.6T); , us(r)=0.5+0.5cos(4r).
0.9, t€(0.67,T].

The function k;(-) simulates the break of the spring.

Note that the controls (3.29) are averaged controls with values from the convex hull of U =
{0,0.5} x {0,0.8} x {0,1} x {0,1}. It is assumed that each of the controls corresponds to a set
of generalized controls, which represents sliding modes in dynamics (3.28).

The calculated basic trajectory was perturbed several times with different maximal error &
in discrete points with different steps h® to simulate inaccurate measurements (2.6) for various
approximation parameters.

Remark 3.4. Note that, generally speaking, the dynamics (3.28) don’t satisfy Assumption A.3
since the first two rows of the matrix G(-) are zero rows. Yet, the first two equations of (3.28)
can be omitted in the application of the algorithm, because it won’t affect the constructions. The
measurements of the trajectories x7(-) and x5 (-) are still needed. This regularization is explained
in details in [25].

The result of numerical simulations for the parameters
8 =0.01, n° =0.02, (N =50), o =0.01
are shown on Fig. 3 (the trajectories x¥°(¢)) and Fig. 4
(the controls vO (1) = (k9 (t), kS (¢),uid (¢), i3 (¢)).
The result of numerical simulations for the parameters
8 =0.001, h% =0.01, (N =100), o =0.001

are shown on Fig. 5 (the trajectories ¥°(¢)) and Fig. 6
(the controls vO (1) = (k9 (¢), kS (1), (¢), i3 (¢)).
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x3 x4
1.4

2.05p
1.3 2.04F
2.03p

2.02F

0.2 0.4 0.6 0.8 1.0
x5
1.0
0.8
0.6
0.4
0.2
0.2 0.4 0.6 0.8 1.0 '
The legend:
— the basic trajectory x*(t) ——- the reconstructed trajectory x%(r)

FIGURE 3. Reconstructed trajectories for the parameters 6 = 0.01, hd =
0.02, (N =50), a =0.01.

Remark 3.5. It can be seen, in particular, on the graphs for Ivcf (t) in Fig. 4 and Fig. 6 that the
reconstructed controls are not everywhere close to the controls (3.29) that generated the basic
trajectory. It is explained by the fact that the normal control does not necessarily coincide with
the controls (3.29). In the example, the norm of the approximation ||k9(-)||.» =~ 0.331, while
the norm of the control (3.29) ||k (+)||;2 = 0.5.

3.3. Discussion. The method, suggested in this paper, allows to construct approximations of
the normal control in the dynamic reconstruction problem in the form of piecewise-constant
functions that converge to the normal control.

Previously [22, 23], another algorithm was developed, which allows to construct piecewise-
continuous approximations of the normal control that converge in the sense (2.7). The drawback
of this approach is that it can’t guarantee that the approximations satisfy the given geometrical
restrictions on the controls. This problem motivated another development of the method that
is described and justified in [24]. It allows to construct piecewise-constant approximations
of the normal control that satisfy the given geometrical restrictions, but only in the case of
convex restrictions. These approximations converge almost everywhere to the normal control
and the trajectories, generated by these approximating controls, converge uniformly to the basic
trajectory. Yet, this approach is unsuitable for the case of non-convex geometrical restrictions
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k1(t) k2(t)
0.5 (1] e ————————rr R
0.4
0.6
0.3
0.4
0.2
0.1 0.2
0.0 LTI
0.0 ————-
t t
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
ut(t) u2(t)
10—+ =r = mem e — e —— — 1.0 —_ e
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
00— e m s —  — — mmme s me e emes = = Q0 s e e ——
t t
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
The legend:

- controls (3.29) that generated the basic trajectory
— the reconstructed admissible controls vO (1) = (k9 (¢),kS(¢), i (¢), i3 (1)) (2.17)

FIGURE 4. Reconstructed admissible controls for the parameters & =
0.01, h% =0.02, (N = 50), a =0.01.

on the controls. Note that the convergence in the sense (2.7) is equivalent to weak* convergence
in the space C*([0,T] x R™ R).

In comparison with the results of works [22, 23, 24], the approximations, suggested in this pa-
per, satisfy the given geometrical restrictions even in the case of non-convex restrictions (2.15).

4. CONCLUSION

This paper offers a development of an approach to solving dynamic reconstruction problems,
previously published in [22, 23, 24]. Namely, a modification of previously described [22, 23, 24]
algorithm is suggested and justified. This modification allows to solve the dynamic reconstruc-
tion problem for one case on non-convex geometrical restrictions on the controls. Previously,
only convex geometrical restrictions on the controls were considered. The results of numerical
simulation of solving a dynamic reconstruction problem by the suggested algorithm are shown.

Dedication

The paper is dedicated to the memory of R. F. Gabasov. He and his students made a great con-
tribution to the theory of optimal control. In particular, we would like to mention a great con-
tribution to the development of applications of the Pontryagin’s maximum principle [15], done
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x3
14

-~ 198}

0.8

0.6

0.4

0.2

0.2 0.4 0.6 0.8 1.0
The legend:
— the basic trajectory x* (1) ——- the reconstructed trajectory ¥ (r)

FIGURE 5. Reconstructed trajectories for the parameters § = 0.001, he =
0.01, (N =100), a =0.001.

by R.F. Gabasov, F. M. Kirillova, and their students [4]. In the early 1970s, R. F. Gabasov and
F. M. Kirillova suggested and justified a new approach to solving linear programming problems.
Their works were a stepping stone for such direction as constructive optimization methods [5].
The ideas, proposed in their works, are still relevant and are used to develop modern applied
methods. For the list of corresponding references, we suggest the bibliography work [1].
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K1(t) K2(t)

0_5 O.U . e - —— - dmm e s m o o=
0.4

0.6
0.3

0.4
0.2
0.1 0.2
00 ——————— - ams -

00— e -

t t
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
ut(t) u2(t)
1'0__................._ 10 ————— maamaa m m a% e Gm mim 4s ms % W mmm mmses mes memmem
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
00 e e e ———— - —— o — " 17 A7 W& %m A% mAsE Asssmemsmim masmes 00 e m emrimems e m————
t t
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
The legend:

- controls (3.29) that generated the basic trajectory
— the reconstructed admissible controls vO (1) = (k9 (¢),kS(¢), i (¢), i3 (1)) (2.17)

FIGURE 6. Reconstructed admissible controls for the parameters & =
0.001, 1% =0.01, (N =100), a =0.001.
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