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1 Introduction

As it is known, the problems of optimal control distributed parameters objects with feedback
(Butkovskiyl [1984; |Aida-zade & Abdullayev, [2012; Ray, 2002) have been studied less than
the problems of control the objects with lumped parameters (Polyak, [2019; |[Krasovskiy}, |1987;
Yegorov, 2004). This is due, firstly, to the complexity of the technical implementation of such
systems, which require obtaining current information about the state of an object (process) at all
its points. Secondly, there are problems associated with both solving problems of structural and
parametric identification of mathematical models of controlled objects, and developing effective
numerical methods and algorithms for solving corresponding mathematical problems.

In recent years, in connection with the development of information and computer technologies
and measuring instruments, interest in creating automatic control and regulation systems for
complex objects with distributed parameters described by various types of functional equations
with initial-boundary conditions has been grown (Butkovskiy, 1984 |Aida-zade & Abdullayev,
2012; Ray, 2002).

This paper is devoted to the presentation of the approach to the synthesis of control actions
on the process of stabilization of oscillations of a thin homogeneous membrane. It is assumed
that the oscillations arose as a result of lumped influences on the membrane at the initial moment
of time. The values of the stabilizing effects on the membrane from the side of the stabilizers
that were installed at its various points are assigned depending on the measured states of the
membrane at neighborhood of the control points.
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For the synthesis of control actions, it is proposed to use linear feedback taking into account
the results of current measurements. Optimized parameters for the problem under consideration
statement are: 1) linear feedback parameters; 2) the coordinates of the stabilizer placement at
the membrane; 3) the coordinates of the points of measurement (control) of the state of the
membrane. Formulas for the gradient components of the objective functional of the problem are
obtained on the space of parameters under optimization.

At the end of the paper numerical experiments are presented which are carried out the
analysis of the effect of errors of measurements at measured points for the process of stabilization
of a membrane.

The approach presented here can be used for control systems with linear feedback in other
technological processes and objects with the distributed parameters which are described by other
forms and types of initial-boundary value problems of partial differential equations.

2 Statement of the Problem

The problem of damping the transverse oscillations of a thin uniform membrane of a given shape
fixed along the boundary is considered. It is assumed that the oscillations arise as a result of
simultaneous effects of external sources at the initial moment of time at the neighborhood of some

membrane points 6”, v = 1,..., L. The oscillations are dumped by the stabilizers (dampers)
acting at the neighborhood of the membrane points n*, ¢ = 1,..., N,, at the neighborhood of
the discrete given time points 75, s = 1,..., Ny. To form stabilizers operating modes, data on

the measurement results that are obtained by instruments, as well as measurement results at
the neighborhood of the points &7, j =1,..., N,.

This process for ¢ > 0 can be described by the following initial-boundary value problem
(Tikhonov, 1977):

Ny Ne
u (@, t) = a’Lux,t) — Mug(w,t) + Y 5t 0, (7:)) Y 946 (w; O, (n')), (1)
s=1 1=1

r=(z1,72) € QCR? te(0,Tyl,

L

U(.T,O) =0, ut(ac,()) = Z ql’(;(x; 061 (91/))’ T € Q, (2)
v=1

u(z,t) =0, zel, te(0,Ty]. (3)

Here u(x,t) is a function that determines the amount of membrane displacement at point x € Q
at time t during its oscillation; £ = §%/0z% 4+ 8?/0z3; a®, A > 0 are the preset constants defined
by the physical properties of the membrane and the environment in which it is located; I' is
almost everywhere the smooth boundary of the domain €2 occupied by the membrane, ¢” is the
intensity (power) of an external source concentrated in the neighborhood of the membrane point
0V = (0%,05) € Q, v=1,...,L, the number of which is L; 9 = (9},...,07°, ..., 9% ..., 08) €
RNtNe ig the vector that defines the control actions of stabilizers at the neighborhood of the points
n=mim) e i=1,....,Non=n'....,nN), 7 = (m,...,7n,) are given time points, at
the neighborhood of which there was an effect of dampers, 74 > 751 >0, s=1,..., N¢, 79 =0,
7N, = T'r; Ny , the amount of which is Ny; T is the given duration of the process control time.

Continuously differentiable on = €  function § (x; O, (77))) defines distribution of intensity
of the sources at the neighborhood O, (7)) of the location point 77 € €. It has the following
properties:

#0, if ze€0.(n),

5(96;0%(77))_{:0 if ©¢0.,(7)
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J[swo@yar= [[s@o. mas=1. qeq..
Q

Oz, (1)
Q. is g, interior of €2, i.e. each point x € ., is distant from the boundary of the domain (2 not
less than by €,. The boundary of the neighborhood O., (7) is denoted by I';, (77)). Similarly,
continuous on ¢ € [0,7Ty| the function § (¢; O, (7)) determines distribution of intensity of the
sources in the neighborhood O, (7)) of the action time moment 7 € O, (7) C [e4, T — ¢, more
over:

7507 if tEOgt(%)C[Et,Tf—Et],

5(t;05t(%)):{:07 if t¢ O (7) C e, Ty — il

Ty
/é(t; O, (7)) dt = / 0 (t; O, (7)) dt = 1.
0 )

Oc, (7

From the properties of the functions 6 (z; O, (7)) and ¢ (¢; O, (7)) which are involved in the
differential equation and the initial condition , it follows that measurements and effect at
time moment and at points of the membrane are not carried out instantaneously or point-wise,
but they have a temporal and spatial distribution in sufficiently small its neighborhood. First,
it is explained by practical considerations, since real measurements can not be instantaneous in
time and point-wise in phase space. Secondly, when ¢, and e; approaches to zero, the functions
0 (2;0¢, (7)) and 6 (t; O, (7)) i.e. the corresponding Dirac functions (Butkovskiyl 1984; [Lions,
1971)), would be significantly complicate for mathematical evaluation which is presented in below
and lead to the necessity of using functional spaces and notions for the solution of the initial-
boundary value problem — in a generalized meaning. Thirdly, for the conducted numerical
experiments on the test problem, the results of which are given in the article, by using of the
functions 0 (z; O, (7)) and 0 (t; O, (7)), are more natural for the numerical approximation of
the problem.

Here, the considered initial-boundary problem for the hyperbolic type equation is understood
in the classical sense.

Let the values of powers of the sources of oscillations ¢ and the places of their locations ¥,
v=1,...,L, are not known exactly. The sets of available values of ¢” are given:

Q' ={qeR: ¢<q<¢}, v=1..L Q=@ x--xQF (4)
and functions of distribution density of their values pgv (¢) > 0, ¢” < ¢ < ¢” are such that
/pr(q)dq: 1, v=1,...,L.
o
The points 6" of the possible locations of sources of external actions are determined by the sets
ercqQ, v=1,....L, ©6=0'x...x0el, (5)

with given distribution density functions pgv(6) > 0 such that

//p@u(@)d@zl, v=1,...,L.
61/

The values 9% which determine the control powers of the actions and the places of their location
7' are optimize parameters of the considered process of controlling oscillation damping. They
satisfy the restrictions:

<9l <9 i=1,...,N,, s=1...,Ny, (6)
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n"eO., (n)cQcQ, i=1,..,N. (7)

These restrictions are based on technical and technological considerations. In Q& are
given closed sub-domains in which stabilizers can be installed; ¥, ¥¢ are given i = 1,..., N..

It is known that the there is classical solution u(z,t) as a meaning of Tikhonov| (1977) for
the initial-boundary value problem — with the given external and control impulsive effect
respectively ¢, v =1,...,L,and 9%, i = 1,..., N,.

The considered task of controlling the process of dumping of membrane oscillation for a
given time Ty consists in determination the values of powers of the effects of the dumpers of
oscillation ¥ and their locations 7 that satisfy the above conditions and minimize the following
functional:

J(ﬁ,n)=///I(q,ﬁ;ﬁ,n)p@(H)pQ(q)dﬁdq, (8)
Q o

1(9,1,q,0 /// u(z, t; 9,1, q,0)] dedt + R(9,n, ), (9)

R(D,11,) = 21][90) = DO ye g 1 + 2l — 2o

q= {ql,_..7qL}7 pQ(q) _ le(ql)---pQL(qL), dg = dql___cqu7
0= {91, R ,HL}’ p@(e) = p@l(el) . 'p@L(QL), do = dgl . deL

Here, the function u(z,t) = u(x,t;9, 1, q,0) is the solution of the initial-boundary value problem
— of given external effect with the power ¢” at the initial moment of time, v =1,..., L,
and damping modes 9; pu(x) > 0 is a weight function that determines the value of damping
of oscillation at the point x €  of the membrane. The second term in , @D respond to
regularize of the functional, €1, &9, 9 € RNV ¢, ) € R?NV¢ — regularization parameters.

The given value of AT defines time duration of the interval [Ty, T1], where [Ty, T1], T =
Ty + AT, in which it must be observe steady-state of the membrane on this interval. The
functional which defines state of a membrane on a time interval [T, T}] estimates quality of
the controlling parameters ¥ and 7 in the controlling process of damping oscillation over time
interval t € [0,Tf] with a average parameters of external point-wise effect of ¢ and ¥ they satisfy
the constraints and . o

Suppose that at the points of the membrane &/ = (£,&) € Q, j = 1,...,N,, sensors
are installed. These sensors measure the integral values of the membrane displacement at the
neighborhood of these points and time points 75 € (0,7%], s =1,..., Ny

/ / / )0(25 O, (n'))8(E; O-, (7)) divd, (10)

Et TS)OE:E 5])

j=1,...,N,, s=1,...,N; and there is possibility of operative establishment admissible stabi-
hzatlon modes ¥ i=1,...,N., s =1,..., N, according to the results of these measurements.
Due to the properties of the functions 6(2; O., (n%)), §(f; O, (7s)) formula can be written as

follows:
/ // (2,8)0(; Oc, (n"))3(F; Oc, (7)) dve,

Here 6 (2;O-, (")), 6 (t; O., (75)) are used as weight functions that determine the contribution
of the value membrane state at the point z € O, (¢7), t € O, (1) in general by the measured
value 4.
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To assign the current values for the modes of the stabilizers we use the following function that
determines the feedback of control actions with the state of the membrane at the neighborhood
of observation points:

No No
0L =Kl — 2] =) kY / // (#,£)8 (250, (£9)) 0 (£ O, (15)) dicdi — 2|
]:1 j:1 Ost TS)OEJ; gj)

(11)
i=1,...,N,, s=1,...,N,.

Here k = ((k:” )) is the amplification factors matrix; z = ((z” )), 2% is the nominal value of the
displacement of the membrane at the point &’ relative to the stabilizer installed at the point n°,
1=1,...,N., j=1,..., N, k and z are optimized feedback parameters.

If we substitute the formula into equation , we obtain:

N¢ Ne
w (2, 1) = a?Lu(z, t) — Aug(2, 1) + Z d(t; O, (15)) Z 5 (z;0:, (1)) - (12)
s=1 =1

N,

2K / // (#,1)0 (2;0c, (¢)) 6 (£ 0., (15)) didt — 2 |, 2 € Q.
7= 1 Oft(Ts)Osx £7)

Due to involving in the differential equations the integral values of the desired functions at
the neighborhood of some points of the time variable or phase space, many authors call such
equations loaded ones (see Nakhushev| (2012) and the bibliography in it). In equation , the
loading are at the neighborhood of the measurement points &/, j = 1,..., N,. Studies on the
existence, uniqueness of solutions of loaded differential equations for both ordinary and partial
derivatives, including numerical methods for solving them, have been studied in some works,
such as |Alikhanov et al. (2014); |Abdullaev & Aida-zade| (2014); Aida-zade (2018). Therefore,
in this article these issues are not considered.

Let devices for measuring the state of the membrane, based on technical and technological
considerations, can be installed not at all points of the membrane, but in some of its given
sub-domains:

e, (¢)ccQ, j=1,..,N,, (13)

and in practice, as a rule, the sub-domains of the points of placement of stabilizers and mea-
surements of states may be not intersected, i.e.

AnNnY =0, i=1,...,.N,, j=1,...,N,.

The main purpose of this article is the synthesis of control parameters for stabilizing the process
of membrane oscillations. The problem is to determine the optimal values of the feedback
parameters k € RVeNe z € RVeNo placement of the points of the measuring & and stabilization
n for which @, , , , constraints are satisfied . The total dimension of the finite-
dimensional vector of the synthesized parameters, which we denote by y = (k,2,£,7), is N =
2(N¢N, + N, + N,), ie. y € RM. As we can see, the dimension of the optimized vector is
determined mainly by the double product of the number of stabilizers and control points. In
practical applications, their number is is not too large and rarely exceeds 5 =+ 6 units, and
therefore the dimension of the whole problem is about 60 =+ 80. Such a dimension can be
considered acceptable, taking into account the use of modern computer technology, numerical
methods and the fact that these problems do not require a real-time solution.
We write the criterion of quality of the control parameters defined by the functional as:

— [ [] 10.00p0 0)00(0)a8a0, (14)
Q e
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T
I(y:q.6) = / / / (@) [u(z, ;. q.0)] *dedt + Ry, <), (15)
T; Q

where we use following notations:
R(y,e) = e1llk = Ellfveno + e2llz = 2 gnewe + €3€ = Ellfane + ealln — AlFen.

Here € = (e1,69,63,64), 6 > 0,i=1,...,4, k € RNVeNo 2 ¢ RNeNo ¢ ¢ R?Ne_ 7y € R*Me are the
regularization parameters, the values of which can be assigned using various known algorithms
of the regularization method (Vasil’ev} 2002).

The obtained problem of synthesis the control of stabilization of the oscillations , , ,
—@, , belongs to the class of parametric optimal control problems for distributed
systems.

It is interesting when the set of possible values of external influences (¥ and their displace-
ment points O are given discretely,

Q' =¢"": i=1,...,N/, v=1,... L, (16)

=0 j=1,....,NY, v=1,...,L, (17)

and with probability to obtain these discrete values,

por =Plg=¢""), i=1,...,NJ, v=1,... L, (18)

ph, =P =6"7), i=1,....Nj, v=1
In this case the functional will take the form:

..., L. (19)

L
NE N}

N} NE
J(y) = Z Z Z Z [(y;qlvll"_"qLﬂL’QI»Jl’”"HLJL)pgl...pZ?LL Phy o
i1=1 ir=1j1=1  jr=1
(20)

In practical applications, there is a case when the feedback with the measurement points of
the state (displacement) of the membrane and the effect of stabilizer can be considered only at
discrete moments 7,,, n = 1,..., N,,. The proposed approach can be extended to a formulation
of the such problem.

We note the following properties of the optimal synthesis control problem for the process of
stabilization of the oscillation.

First, the synthesized control is determined by a finite-dimensional vector y € RY. Secondly,
in problem optimizes both the coordinates of the stabilizers nt € Q8 C Q, and the measurement
points & € Q) C Q, which are determined for all possible intensity values of external point
effects and points their concentration. Third, in spite of the fact that the given optimal control
problem with respect to equation and functional at the points of location of stabilizer is
convex, in general case, the obtaining problem may be non-convex and, therefore, multi-extremal
due to nonlinear involving optimized feedback parameters in equation . The fourth property
of the considering problem is that the it is loaded differential equation of hyperbolic type. The
fifth property of the problem is related to the constraint which is posed on the controlling
stabilizers. By virtue of , constraint ((13)), which is posed on control, passes to a joint
constraint on the phase function u(x,t) at the measurement points &/, j = 1,..., N, and the
feedback parameters k, z. The sixth property of the considered problem is that the powers and
lumped points external effects on the process are not specified precisely, therefore the objective
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functional evaluates the quality of the feedback parameters on average by all possible values of
external effect. Therefore, it can be expected that the obtained optimal control will be robust
with respect to small changes in the initial data of the problem. This property of the considered
problem will be illustrated further on the test problem at the final section of the paper.

3 Approach and formulas for the solution of the problem of
synthesis of control stabilization of process

First of all, we consider the constraints @, taking into account the formula (11]). We assume
that the domain € has a simple structure (rectangle, circle, ellipse, etc.), and the operator of
projecting points of the space R? onto this region has a constructive character.

Taking into account and introducing the notation

— . N,
191_’_,192 o ii o~ . . N JUPN iq
i) = "= =Sk | [ ] (o 05(6:0..(€))6(6: 0c () didi — 2.
I=L 0k, (r)00, (69)

i=1,...,N., s=1,...,Ny,

we write constraints @ in compact form:

9 — P ,
gi(TS;y):|g?(Ts;y)\— 2*§0, t=1,...,N.,, s=1,..., Ny (21)

To take into account the constraints in the problem of optimizing the feedback parameters y,
we use the external penalty method (Vasil’ev} [2002)). In the integrand of the objective functional
, we add the penalty term:

Jo(y) = / / / I.(y: 4, 0)pe (0)po (q)dddy, (22)
Q ©6

I (y;4,0) = 1(y; ¢, 0) + rG(y). (23)
Here we use following notations:
N; N
Gly) =D lg (s 0%,
s=1 i=1
07 91(757y)§07 izla"'vNCv 5:17"'7Nt

9 (Ts3y) = {

9i(7s;y), gi(ts;y) >0, i=1,....N.,, s=1,...,N.

In , the parameter r > 0 is a penalty coefficient; and in numerical calculations it is necessary
that r tends to +o0. '

To take into account the constraints , we use the operators of projection on Q% ),
1=1,...,N., j=1,...,N,. In general, for the numerical solution of the problem of synthesis
of parameters y, we use the method of projection of the gradient of the penalty functional.
The iterative procedure for constructing a minimizing sequence has the following form (Vasil’ev,
2002]):

ym = P@.m@)lv" — amgradJy(y™)], m=0,1,2,.... (24)

Here gradJ,(y) is the gradient of functional calculated at the point y € RN for a given
penalty coefficient 7; 77[] is the operator of projecting of the components of the vector y
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(more specifically, its components & and 7) onto the sub-domains Q. and O i=1,...,N., j=
1,..., No; auy is the value of the step in the direction of the anti-gradient of the penalty function
that was projected onto the constraints (7)), under which the condition J*1(y) < J™ must
be fulfilled (Vasil’ev} 2002]).

We formulate a theorem in which the formulas are given for the gradient components of
the functional J,.(y) that are necessary for the implementation of procedure . In it the
characteristic function X[Tf,Tl](t)7 which is equal to 0 for ¢ & [T, T1] and one for t € [Ty, T] is
used.

Theorem 1. For the components of the gradient of the functional by the parameters y =
(k,z,€,m) € RN of linear feedback (10D, (11), the formulas take place:

8sz ///{ [ / / W)@, 1)0(w; Oc, (11))6(t; O, (75))dadt+ (25)

TS)OEI
/ / / (@, 0)8(3; O, (€1))5(F; O, (7)) didl — 29| +
OEt TS)OE:L‘ éj

+220(k7 1) b polape8) b,

+2rg;t (75 y)sen(g; (75 y ]

/ /! { {/ [ w050 (st 0z )
(n")

Oet Ts )Osz

2rg* (ry: y)sem(ed (s y>>] K 4 2ey(21 — éif‘)}pmq)pe(e)dedq,

W:///{ t C [ / / W@ 6@ 0o ())5(E: Ony (7)) dzdt+ (27)

Ost (7'&)081 77 )

+2rg (7 y)sen (gl (s }k[ / / 0ud: 1) 5. 0,..(€9))3(F: o&m))dazdf}

0
Oet TS)OE.Z‘ (EJ

aey(E 5%>}pg<q>pe<9>dedq,

[ / // a¢($7t>5($?Oam(ni))ﬂt;Oat(Ts))dxdt]- (28)

~ - Ozy
Oet (s )OSI (n*)

Dk [ / / u(x,t)é(aé;Oem@j))a(ﬁoet(fs)mdf_zfz‘]+

I=L 0. ()04, (€9)

+2e4(nf, — %)}pQ(Q)pe(G)deq,

i =1,...,Ney, j = 1,...,N,, v = 1,2. The function ¥(x,t) is a solution of the following
conjugate initial boundary value problem:
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Yu(,t) = a®Lyp(, 1) + Mp(@, 1) — 2u(z, 9, ¢, 0) xra,) (1) + (29)
Ny N, N,
+Zé (t: Oc (7)) Y 0(x; O, (67) YKV
j=1 i=1

[ / / B, )8(8; O, (17))8(E: Ocy (7)) didi + 2rg3 (74 y)sgn(90(7a: 9) |
Ost(Ta)Oaz
xeQ, tel0,Ty],

d}(xaTl) = Oa 1/)15((1), Tl) = 07 VS Qv (30)
P(z,t) =0, xzel, te]l0,T1] (31)
Proof. If we consider that for all v = 1,..., L the values of perturbations ¢ and focus of points

0" for the location of all external sources are not dependent from each other and do not depend
on the optimized synthesized parameter y, then the gradient of the functional will take
following form

grad, J.(y) = grad, / / / I (y;4,0)pq(q)pe (0)dodg = (32)
Q ©

= / / / grad, I, (y; 4, 0) pq (q) pe (0) dfdg.
Qe

In this aim, taking into account the given values of external perturbation ¢ and their
application points 0¥, v =1,..., L, it is enough to obtain components of the gradient as

grad, I, (y; ¢,0) = (

oI, (y;q,0) 0I.(y;q,0) 0L.(y;q,0) 0L, (y;q,0)
ok 0z o on ’

In the differential equation , the optimization parameters y are involved only in the third
term of the right-hand side. We denote this term by

V(z, tyr) = Z(stogth Zéx@sm : (33)

-Zw / // (3, D)0(; On. (7))5(F: Oy (7)) dirdf — 217 |
=L o oo

and we will consider this as aggregated control.
Let us reduce equation to the following form:

ug(z,t) = a®Lu(z,t) — Mgz, t) + Vi, ty, 1), x€Q, tel0,T1] (34)

To obtain the desired formulas for the components of the gradient of the objective functional,
we use increment method for the Lagrange functional of the problem under consideration, which
is obtained by giving increment to the independent parameters y. We construct the Lagrange
functional. To do this, we multiply both sides of equation by the still arbitrary unknown
function ¥ (x,t), the conditions on which will be imposed further in the procedure of the proof.
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If we integrate over x € § with the integration boundary ¢ € [0,7}], and adding functional
the left side of the obtained relation, we obtain:

I(y;q,0) = I(y; ¢, 0) + rG(y)+ (35)

T
—a’Lu(x ug(x,t) — V(x, t;y, 7)| dedt.
—i—o/é/w(:c,t) (e (2, ) — a2 Luz, £) + Mg (2, 1) — V (@, £y, 7)) dvdt

It is clear that a change in the values of the parameters y will primarily lead to a change in
the value of the aggregated control V(x,t;y, 7).

Let the control V(z,t;y,7) takes increment AV (z,t;y,7) by changing the vector of syn-
thesized parameters y = (k,z,&,n) with the increment Ay = (Ak, Az, A, An). Denote by
ApVi(x,ty, ), AV (x, 6y, 7), AV(x, t;y,7), A,V (2, t;y, 7) increments of the controlling term
V(z,t;y,7),) obtained by incrementing Ak, Az, A&, An of the corresponding components of
the vector y, from which independence the increment AV (x,¢;y, 7) is defined as:

AV(z,t;y,7) =V(x, tyy + Ay, 7) = V(z, tyy, 1) =
= A V(x, tyy, 7) + AV (z, 6y, ) + AV (z, Gy, 7) + AV (2, t y, 7).

Similarly, the increment of the functional I (y;q,0), corresponding to the increment Ay =
(Ak, Az, A&, An), is determined by the formula:

AL (y;q,0) = I (y + Ay; q,0) — I (y; ¢,0) =
= Al (y5q,0) + AL (y:q.0) + Al (y;q,0) + Ay L(y: g, 0),

where Akfr(y;q,Q), Azfr(y;q,Q), Agfr(y; q,9), Anfr(y;q,Q) are increments of the functional,
obtained by increments of the corresponding components of the vector y.
Then the increment of the solution of initial-boundary value problem , ,
Au(z,t) = Au(z, t;y) = u(z, iy + Ay) —ulz, ty),

be the solution of the following the initial-boundary value problem:

Aug(z,t) = a®?LAu(z,t) — ANAuy(z,t) + AV (2, t;y), z€Q, te (0,11, (36)
Au(z,0) =0, Au(z,0)=0, =z, (37)
Au(z,t) =0, xzel, te(0,T1]. (38)

We obtain the increment formula AT (y;q,0) for the functional , corresponding to the
increment of the aggregate control AV (x,t;y,7) with accuracy small of the second order which
is written in the form:

T ~ - -
_— _ oI (y; q,0) oI(y;q,0) oI (y;q,0) oI(y;q,0)
0 Q

+o([Arll preno) + 0 ([Az]|preno) + 0 (| Aell g2no) + 0 ([[ Ay e ) -
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For this, we use known calculations (integration by parts, grouping), similar to those which
is given, for example, in Vasil’ev| (2002). Then, we get

(y:0,0) =2 / / / (e, ) Au(w, £)dadi+ (39)

— a?Lap(x,t) — My (x, u(z, t)dx
+/ / [V, ) = a*Lu(e,) = M, )] Au(e, t)dedt+

/ U(x, T1)Aug(x, Th )dx —/ [i(z, T1) — Mp(x, Th)] Au(z, T1)dx—

—a ///w M”t)d dt + a® ///8thAu(wt)dwdt—

— //w(x,O)Aut(x,O)dx +/ [ (x,0) — A\p(x,0)] Au(zx,0)dz—
Q Q

- // (@, ) AV (x, t;y)dedt + rAG(y) + 261 (k — k, Ak) + 2e9(z — 2, Az)+

+2e3(6 — & A) + 2e4(n — 7, An) + o | Au(@, ) 1, x(0,1)) + o[ Ayl ar)-

Since the function ¢ (x,t) is arbitrary, we require it to be a solution to the conjugate initial-
boundary value problem —. Then, by virtue of — from , we will have

T
Afr(y; q,0) = — // U(x, t) AV (x, t; y)dzdt + rAG(y) + 2e1(k — l%, Ak)+
0
+2e9(z — £, Az) + 2e3(6 — &, AL) + 2e4(n — 1), An)+
+o(|Au(z, )] L, xp,m)) + oAyl ).
It is clear that,

T

///wx’t)AV(l’yt;y)dxdt:

0 Q

:// Y (z,t) (AVk (z,t;y), AV, (2, t;y) , AVe (2, 1 y) , AV, (x,t;y))da:dt.
Q

Taking into account the notation , the following formulas hold:

///@0 x, t) ARV (z,t;y, 7) dedt = iz / // U(z, )d(z; Oc, (1°))d(t; O, (15) ) daxdt-

=1 =1
Ocy (75)0¢4 (1

5E

[ ] 966080502, (€)5(6 0 (ro)didi = 77| AT+ of| Ak

1 OEt(TS')Oe?;c 5]

J
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T
// U (x,t) AV (z,t;y, 7) dedt = (40)
0 Q

Nt Nc N,

== / // (@, 1)d(x; O, (1))6(t; Oc, (rs))dxdt > kA2 + o(|| Azl|gwers ),

s=1 i= IOEt(TS)OEZ(nZ j=1
Ty
///w(m,t) AV (x,ty, 7) dadt = (41)

-y [ / (0. 00(0: Oz, ()80 Os, ()l
s=1 1= lost Ts)oaz

Sk [ ] trad,uta . 8886 0., (€30 O (r))didE| + o A€ o),

=1 Ost TS)OEac 53)
T
/ Y (x,t) AV (2, t;y, 7) dedt = (42)
0

1
s=1i= Oet Ts XDEL

(grad 1 (z,t), A )d(z; O, (n)6(t; O, (15) )dadt-

\D\

=

—~

n?)

/ / 51 0. (€))3(F: Ouy (r))didE — 9| + ol || Anllgan. -
Et (TS)Osz f]

Here (-, -) denotes the inner product of two-dimensional vectors.
Let us evaluate increment of a penalty terms:

AG(y) = Gy +Ay) — G(y) = —22 igf (7s;y) sgn (g7 (73 9)) - (43)

s=1 1=1
N, .
)

7=l Ost (TS)OEZE (fj =t

N,
+3 ok / /gradu ), AETY3(; O, (€0))6(F; Oz, (1))didE | +

O¢, (15)O

No
+> K / // Ayu(#,1)5(; O. (gj))a(f;oat(rs))dazﬁ)+o(HAnHR2Nc)-
= 0., ()00, (€9)

Taking into account the fact that the components of the gradient of a functional are deter-
mined by the linear part of its increment with respect to each of the components, the validity

of formulas . ) follows. O

Similarly, we can obtain formulas for the components of the gradient if the possible
values of the powers and locations of point sources of external effect are given by discrete sets

’ '
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Theorem 2. The components of gradient of the functional (@, in the case when the possible
values of powers and locations of local effects at the initial moment of time takes their values on

discrete sets (@, with probabilities (@, @, are determined as follows:

Nl NL Nl

akw Z ZZ Z{ Z[/ / Y(w, 1)8(x; Oc, (n")(t; Oc, (75))dzdt+

i1=1 ir=171=1 jr=1 s=1 Ost(TS)ng
+2rgi+<fs;y>sgn<g?<rs;y>>]{ [ ] w06 0. ()6 0 ()it — 20|+
Oc¢, (75)0¢, (€9)

+2¢1 (k” k”) }le o 'ngp]él1 o ’pj@LL

]\71 Ny

a;;g,) Z ZZ ]Z_:I{Z[/ / (@, 1)5(a; O, (111))0(t; O, (5))ddt+

=1 ir=tj=1 s=1 Ost(TS)Os
E

+2rg; (751 y)sen(gy (7s; y))] kY 2e9(27 — 57 )}p& gL Pl

W_yv .y .3 {_ / O, )8(2; O, (11))8(t: Oy (1) )dardt +
&y ii=1  dip=lji=1  jp=1 s=1i=1 5 0l

ou( t N
+2rg] (7s; y)sen(g) (75 y ]kj{ / / / %; O, (£))s(t; Ogt(Ts))didt}—i—
O“:t 7-5)059: (EJ !

+2€3(§% - 5%)}1781 e 'pZQLLp]@ll o 'pjeLL7

{ i[ / // 3% O, (n i))é(t;OEt(TS))dmt]

=1 Ocy (15)0e4 (1
-Zkij[ / w(z, t)0(&; O, (69))8(E; Ok, (1) )didE — ziﬂ]+
5=l Oc; (75)0¢, (¢9)
+2€4(n»y 7]«,)}]7221 pQLp]@1 o ‘@LL7
wherei=1,...,N., j=1,...,N,, v=1,2, and ¥ (x,t) is solution of the initial-boundary value
problem (@—.
4 Results of numerical experiments

We present the results of numerical experiments obtained by solving the problem — under
the following values of the data involved in the statement of the problem:

Q={zeR’: 0<x<1, i=12}, Ty=3 AT=03, L=2,

123



JOURNAL OF MODERN TECHNOLOGY AND ENGINEERING, V.5, N.2, 2020

a=1, A=0001, N,=2, N,=3, ¥ =-0.05 9=0.05 i=1,2,

Ny=10, 7,=03s, s=1,..., N,
Ql={2cQ: 012<2 <032, 028<uzy<048},
P ={zecQ: 071<z <089, 0.05<uzs<0.22},
WB={2cQ: 044<z <064, 045<z9<0.63},
Ql={2cQ: 058<2 <078, 0.25<uzy<042},
P ={zecQ: 019<z <039, 0.59<zs<0.78},

¢t € Q' = {0.050; 0.051; 0.052; 0.053},

¢ € Q* = {0.049; 0.050; 0.051; 0.052},
el ={zecQ: 022<z <034, 0.20 <z <0.38},
?c0’>={zecQ: 065<x <078 0.68<zy <081}

The values of the power of external effects have uniform distributions in Q' and Q?, and
their possible impact points are uniformly distributed in the given admissible domains ©! and
©2. The sets of possible points of placement ©” and the values of the power of external effects
O% we approximate by the following discrete sets of the points:

o' = {(0.26;0.28), (0.27;0.29); (0.25;0.25); (0.32;0.35)},

0?2 = {(0.75;0.75), (0.70;0.78); (0.75;0.79); (0.76;0.80)}.

Each of the discrete sets consists of four elements, and the probabilities of obtaining these
values, taking into account the uniformity of probability for continuous sets, are equal

pZy :ngz =025 i=1,...,4,

Pl =D =025, j=1,...4.

In this case, instead of functional , taking into account , the following functional will
be used

4 4 4 4
B0 = 555 3 S S L (e 67)
i1=143=1j1=1jo=1

The optimized vector of parameters of feedback control under above selected parameters of
the problem has dimension of N = 22. The sets of possible placements of the stabilizers QL
and the sensors €2 , as it is usual in practical applications, are inside the membrane, i.e. they
cannot be located on the boundary I'.

Let us describe the general scheme for implementing the iterative procedure to minimize
the functional using the methods of the penalty function and gradient projection.

Because of the admissible domains of the parameters £ and n are rectangular, the operators
of projection onto these domains are obvious and have a simple form (Vasil’ev, 2002).

For each value of the penalty coefficient r, the regularization of the functional was carried
using well-known schemes (Vasil’ev, 2002)). In this case, the parameters of regularization were
changed three times, namely, under the initial value € = 0.1, it was decreased by 5 times, and
we made ¢ equal the optimal value of y that was obtained at the previous step. The initial
value of the penalty coefficient was set equal to 5, which increased by 5 times at each subsequent
stage. These stages were carried out until the value of the main functional of problem ,
obtained at two successive stages differed by more than 0.005.
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Table 1: The resulting test problem solutions from two different start points ¢ and 8.

n K z &= (&1,52,§3) n= (nl,n2) J(y)
IERE IR E T IE IR I
: : . : : ) 0.6332 0.6028 i )
IR
x R B e S T S
IEEEE I EE IR T
. . . : . ) 0.5175 0.4744 i )
| BWT o omme | oam tm 20 | omw o | OSSR 02T D o
. . . : . ) 0.5215 0.4707 i )
o | ohs oms BER | S BB 3% | om wams | B3R Gmi | e
. . . . . i 0.469 0.622 i )
g | s | ST oSamoea | semopew pen | osn oo | 082 042 | oo
. : . . . ) 0.618 0.469 ) )
6 -0.526  -0.183  0.280 0.008 0.017  0.022 8::23 g:ggi 0.601  0.393 0.0001
-0.492 -0.195 0.313 0.042 -0.026 0.046 0.374 0.632

0.640 0.463

To solve two-dimensional direct and adjoint initial-boundary value problems , ,
and (29)—(31), we used the variable directions method (Samarskii, [2001)), which leads to the
solution of one-dimensional loaded problems. To solve the loaded initial-boundary value prob-
lems we used an implicit finite-difference approximation scheme which was studied in |Alikhanov
et al.| (2014). To solve the finite-difference approximated initial-boundary value problems, the
numerical methods proposed in|Abdullaev & Aida-zade, (2014]) were used. The steps for approx-
imation by the spatial variable hy, = hy, = 0.01, by the time variable h; = 0.005 were chosen
equal.

The function 0 (z; O, (0)) was defined as the following sinusoidal-type function (Butkovskiy),
1984; |Aida-zade & Bagirov, 2006]):

0, |z1| > 04y OF |T2] > 04,

§ (250, (0)) = { 2 a0,
(.T 81( )) H 1 [1 + sin (2 +0a; 71'):| |:131‘ <oy and ‘$2’ < Oy
i=1

204, 204,

Thus, the e,-neighborhood of the origin point is a square with a side equal to o,. In numerical
calculations, o5, and o, were chosen to be equal to hy, and hg,, i.e. d(x;0, (0)) assumed
nonzero values in 49 cells of the grid area adjacent to the point . The form of the function
§ (2; O¢, (0)) ensures to say functional J,.(y) is smooth along the optimized coordinates &7, 7,
i=1,...,N¢ j=1,...,N, (Aida-zade & Bagirov, [2006).

The neighborhood of time 7 was determined by the time interval O, (7) = [7 — 2hy, T + hy),
and the function O, (7) is defined as a continuous asymmetric triangular-like function:

07 t ¢ OEt (%)7
§(t; O, (15)) = < (t + (2hy — 7)) /3h2 t € [T — 2hy, 7],
(=2t +2(7 — hy))/3h? t € [F, 7+ hyl,

It is easy to check that

Ty
/ 5(t: 0.,(7)) = / 5(t: 0., (7)) = 1.
0

Oc, (7)

Tables 1, 2 present the results of calculations in which two values 39, y9 were used as the
initial approximation for the iterative process. Table 1 presents the values of the matrices k and z
in the following order: (k',... kWNe . . ENel fNeNo)y (AL pNo - pNel ' zNelNoy,

Table 1 presents the values of the results of ten iterations of the problem solution which were
obtained using the above two initial approximations.

125



JOURNAL OF MODERN TECHNOLOGY AND ENGINEERING, V.5, N.2, 2020

Table 2: Solutions of the test problem obtained from the first initial point y? at the values of error
in measurements of 1%, 2%, 5%.

vi [ n K z ¢=(¢1.4¢) n=(n'n?) ()
0 -0.541 -0.841 0.575 -0.008 -0.008 0.009 8;?3 8%21 0.761 0.263 0.9954
-0.826 0.848 0.375 -0.004 0.002 0.003 : : 0.373 0.605 :

0.633 0.603

=
0.307 0.349 -0.210 0.003 0.007 -0.003 020." 0.397 0.673 0.300

1%

10 0.763  0.182 0.0001
0.337  0.386  -0.249 0.002  0.008  -0.002 o o 0.207  0.689
o -0.541 -0.841 0.575 -0.008 -0.008  0.008 oz 0 0.761  0.263 0.0058
-0.826  0.848  0.375 -0.004  0.002  0.003 : : 0.373  0.605 :
0.633  0.603
2% 0.206  0.397
1 0.306  0.348  -0.210 0.003  0.008  -0.003 oze o 0.674  0.300 0.0001
0.335  0.388  -0.249 0.002  0.008  -0.002 S 0.206  0.689
0 -0.541 -0.841 0.575 -0.008 -0.008  0.009 oz 0 0.761  0.263 0.0060
-0.826  0.848  0.375 -0.003  0.002  0.003 : : 0.373  0.605 :
0.633  0.603
5% 0.206  0.397
1o 0.307 0.348  -0.210 0.003  0.008  -0.003 oze o 0.673  0.209 0.0001
0.336  0.387  -0.249 0.003  0.007  -0.003 : 18¢ 0.206  0.689 :

0.522 0.471

It can be seen that, as mentioned above, due to the possible multi-extremity of objective
functional, the results of optimization obtained from different starting points differ in arguments,
although the difference by functionality is not significant. Here it is also necessary to take into
account (as other specially conducted numerical experiments showed) that the functional of the
problem has a strong ravine structure.

Computer experiments were carried out to observe the process of damping oscillations under
optimal values of the synthesized feedback parameters under the assumption that measurements
were made with interferences, namely:

/ // z, )1+ K (1)) (z; O, (1)0(t; O, (15))dzdt, j=1,...,N,, s=1,...,]Ny.

Ost Ts )OSJ; 5] )

Here 7 (t) for each t is a random variable uniformly distributed on the interval [—(;¢]. In the
performed experiments the values of ( were chosen to be 0.01; 0.02; 0.05, what corresponded to
a measurement error of 1%, 2% and 5% of the measured value.

Table 2 presents the results obtained at six iterations of the solution for the synthesis of
feedback parameters in the presence of an error in the measurements carried out. As can be
seen from the comparison of the obtained values of the feedback parameters, tentatively they
differ in proportion to the errors of the measurements.

An important indicator of the quality of controlling the damping process with feedback
parameters y is the function:

T+AT

///{ / // (e, t;y*, q,0)] *dwdt | pe(9)po(q)dddg, T > 0.

The function characterizes numerically the result of the process control for all possible values
of external effects by average. Figure 1 presents the graphs of the function E(T;y*) obtained
under optimal feedback parameters y* and Ty = 3 at levels of error of measurements equal to
0% (without error), 1%, 2% and 5%. At these graphs it can be seen that the quality of the
stabilization process control corresponds to the value of error of measurements of state process
which were carried out. Figure 2 presents a graph of the function u(z,t) = u(z,t;y*,q,0), x € Q,
which defines the state of the membrane at the time when the control process ends at t = Ty = 3
and ¢; = 0.52, g1 = 0.49, 6, = (0.25,0.25), 63 = (0.75,0.75).
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Figure 1: Graphs of function u(z,T) at T = 3.
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Figure 2: Graphs of function E(T,y*) at different errors of u(z,T) at T = 3.

5 Conclusion

An approach to the optimal synthesis of lumped control effects in systems with distributed
parameters is proposed in this paper. As an example, the problem of synthesis of the control of
lumped stabilizers while damping membrane oscillations is considered. The modes of functioning
of stabilizers are defined by a linear dependence on measurements of the membrane state at the
neighborhood of the measurement points. The optimized parameters of the problem are: 1) the
parameters of linear feedback which determines the stabilizer operating modes; 2) the placements
of the stabilizers; 3) the placements of the points of measurement of the membrane state.

The problem under consideration is reduced to the parametric problem of optimal control
of a system with distributed parameters. The formulas for the gradient of the functional of the
problem in the space of synthesized parameters are obtained. The formulas made it possible to
use efficient first-order optimization methods for the numerical solution of the synthesis problem.

The paper presents the results of numerical experiments and analyzes the effect of measure-
ment errors on the process of membrane stabilization.
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