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ABSTRACT: The problems of formation and construction of regularized algorithms for estimating the parameters of
regulators in systems of indirect adaptive control in parametrically indeterminate objects are considered. When
constructing regularized estimates for regulator settings, the concept of pseudoinversion is used based on computing
solutions with an unbiased square of length using an equivalent extended joint system. Algorithms for iterative
refinement of the desired solution are given. These computational procedures make it possible to regularize the
synthesis problem of the considered algorithms for estimating the parameters of regulators and to raise the qualitative
indices of control processes of dynamic objects under conditions of parametric uncertainty.
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I. INTRODUCTION

High requirements imposed on the quality of functioning of modern technical systems lead to the need to develop
adaptive control methods that allow to optimize control processes, ensure the operation of the control system when
changing the static and dynamic characteristics of the facility, and improve the reliability of its operation [1-5].

When implementing various principles of adaptive control of an object, the question arises as to how to choose the
structure of regulators of coordinate and parametric control and adaptation devices that change the parameters of
regulators and the observer. Among the classes of adaptive control systems, its practical effectiveness is distinguished
by a class based on the principle of indirect adaptive control with a reference model based on the identification of
parameters of the internal loop and the adjustment of controller parameters based on static algorithms [1,3].

Il. TEXT DETECTION
Consider a linear indeterminate stochastic control object of the form
X1 = AoXk + Bouy + Wy, 1
Y = Hx + Dyvy

where X, y, u - vectors of the state of the object, the output of the object and control; xeR", y,ueR™;

{Wk }’ {Vk }’ mutually independent white noise Gaussian sequences, w,veR™ , for which M[Wk]E M[vk]EO ;
M{WkWI}z [ M{vkvl}: Im» M[x,]=0, M[xox(T)J: Py; Ay, By — unknown matrices.

Quite often in the theory and practice of managing dynamic objects, a control algorithm is used based on the optimal
adaptive controller with a reference model [1]:

uk:uock+§k1 uock:_Kkikl (2)
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where u,, — optimal control, formed in accordance with the principle of separation, £ — measurable sequence of the

random numbers.
The equation of state of the inner contour can be written in the form:

0 0 0 0
X = [A° = BORy, [ +[BC +B°Ry, Juy + Iew .
We will assume that the necessary and sufficient conditions for the complete adaptability of the inner contour are

observed.
Consider the problem of synthesizing the optimal adaptive controller with respect to the loss functional of the form

N-1
J(x,u)= E{xll Fxy + > [xIka +uy Kkluk]},
k=0

where the matrices F, L, K> — are symmetric, F >0, L>0, K> >0.

The solution of this problem on the basis of the separation theorem is the control algorithm (2), in which estimates of
the state of the inner contour are obtained using the Kalman reference filter of the form [1,3,5]

R = A%y +Buy + IZk[yk - Hf(k]v

~ 1

Ky = AOPkHT[HFf(HT + DkDH ,

T -~
P = AOPk(AO) + I Iy —K [HRHT +D, D] 1K} .

The reference model, embedded in the Kalman filter, is determined by the equation

Xpq = A%¢ + By, yp = Hxg .
The amplification matrices K in the control law (2) are formed using the Riccati equation, into which the matrices of
the parameters of the reference model

-1
K, = [Kk‘l + (BO)T skﬂBO} BYTS, A,

Sk:[AO—BOKk]TSk+1AO+IBk, SN :F
Suppose that the parameters of the control object (1) A, and B, have the form A, = A%+ A, By = B + By, where

A%, B? — are the reference values of the parameters at which the object has the desired transient characteristics in the
absence of parametric perturbations; A, B, — quasi-stationary unknown matrices of perturbed parameters of the object.

The internal loop adaptation regulator is a two-level regulator, with dynamic adaptation algorithms used for calculating
the intermediate matrices of the parametric mismatches of the inner contour A, and B, at the upper level, and static

algorithms for calculating the parameters matrices of the parameters of the settings R, and R, of the internal and

external loop feedback [1,3].
Here algorithms for adaptation of the upper level:

A1 = A +e P Rg
Acsa = B + &Pz, g,
where the values of ¢, P, z,, X, are calculated on the basis of certain expressions [1].
The algorithms for adaptation of the lower level have the form:
B°Ry, = Ay, ©)
B°Ry, = By. (4)
In the practical implementation of algorithms for calculating the parameter settings matrices of regulators R;, and

R, inexpressions (3), it is necessary to replace the unknown matrix By, by the reference matrix BY.
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I11.EXPERIMENTAL RESULTS

When solving equations (3) and (4), we will use the statistical form of the discrepancy principle [6-8], which
guarantees obtaining optimal regularized estimates of the solutions of approximate degenerate or ill-conditioned
stochastic systems of linear algebraic equations on a finite sample.

In equations (3) and (4), matrix B may be poorly conditioned. This circumstance necessitates the use of
regularization methods [7,11-16]. Below is a regular algorithm for solving equation (3). The same algorithm can be
used to solve equation (4).

We assume that the elements of the vector a, ; of the matrix A, are known with errors, i.e. instead of &, ; its random

realization 5k1j =ay j +Aay ; is given, where the elements Aay ;; of vector Aa, ; almost surely satisfy conditions
M(Aay ;i Fciqa) =0,
D(Aay ;i [ Fyit) = o’ <o,
where Fk,i :O'{Aakyj‘l,...,Aakyjyi}, i, ] 21,2,...,”; Fk,O =.

As for the matrix operator B, we will assume that it is given exactly, since it characterizes the reference values of the

parameters of the matrix B?.
For the solution of system (3) it is expedient to use the method of least squares, in accordance with which the estimates

fx,j of the unknown normal pseudosolution rfk,j = (B°)+ak,j of system (3) are defined as the solution of problem

. 2
Inf”rl,k,j" by Ry ={ry j :Q(rk ;) =Qmin}, here
Qmin = inf Q(rl,k,j) )

fk jeR™
where Q(ry ;) :“Borlykyj —é‘kyj”z, || - is the euclidean norm, (B®)* — is the pseudoinverse matrix to B®; 1, ; —
j- th column of the matrix Ry, j=12,...,n.
Estimates f; j are best in the class of linear unbiased estimators [6-8]. However, in the case of a degenerate or ill-
. 12
rl”

This circumstance indicates the necessity for the solution of equation (3) to use the class of estimates with an unbiased

. n 2
conditioned matrix B?, they turn out to be unstable [6], i.e. M"rl,k,j || >>

_ 2 * |2 . .
square of length, i.e. Class of estimates Ry ={r ; : M"Fl,k’j" = H"l,k,j” } [7], in this case

MQuin = (N=K)o? < inf MQ(ry ;) = MQ(ryy j) =no?, ()

rLk,JER
where Qpin =Q(fy j), k=rankA.
Then, on the basis of (5), it is natural to define regularized estimates of Fl,k,j so that condition
MQ(ﬁ,k,j) = nO'Z.
This can be achieved if the parameter « is computed from the discrepancy equation
Q(rik,j) =Qmin+J, 6>0.
Then the corresponding regularized estimates of solutions will be determined from the joint solution of the equations
[6,7]:
(BO)T Borltj(vj + arﬁ(yj = (BO)T Ekyj 5

2
0,a =
“B Mk, j _ak,j“ =Qnin+9.
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Undoubted interest from a practical point of view is the case when the variance o2 itself is known not a priori, but

only some estimate of it 2. An estimate &2 satisfying the conditions for the existence and uniqueness of the solution
can be calculated, for example, if there is some second independent of Za“k'j random sample implementation of the right

side of gk’j . Then it is known [6,7], an unbiased estimate of the dispersion &2 can be calculated by the formula
= 2 =

For the practical calculation of Q,;, and &2, one can use the approach [6-8], which uses the equivalence of problem
Borlvkyj = &, ; and systems of linear algebraic equations:

Mk, j

B0 ©

mxm

Then Qi :||ﬁ||2, where 7 — is the solution of the joint system of linear algebraic equations (6).
Similarly, it can be computed

- ~|12

* ==k [fl"
where 77 — solution of a joint system of linear algebraic equations.

Mk, j

(B%)" { O

If rankB® =m, then for the solution (6) we apply the following iteration refinement process [6-9]: We assume
7@ =0, Y}, =0. Iteration with number r consists of three steps:

f (r) — ka In E ..;..(.r.).. -

..g..(.r.). ...O... .(.é.o.).....g...(.).. . &?J X (7)
Iﬂ E BO .é.fz.(.r.). f (r) .

.(. ..... ). ....;. ...... . &?J = .."('r')' ] (8)

There are new approximations ™ =7® +57®, (™ =P +56Q, .

Computes the discrepancies

Note that for r =0 from formula (7) it follows that fO = Ekyj, 9@ =0, and then (8) turns into (6). Thus, the first

iteration is simply the original solution of the original problem Borlvkyj = 'zikyj. If rankB® <m, then the process of
iterative refinement of a pseudo-solution of a system of linear equations is given in [17].

IV. CONCLUSION

The above computational procedures make it possible to regularize the problem of synthesizing algorithms for
estimating the parameters of regulators in adaptive control systems with a tunable model and to improve the quality
indicators of the processes of controlling dynamic objects under conditions of parametric uncertainty.
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