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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.

Keywords: parametrically indeterminate objects, indirect adaptive control, regulator parameters,
pseudoinversion, stable estimation algorithms.

Annomayus: Ilapamempux noanux, obvekmiapHu OUIBOCUMA A0ANMuU8 OCOWKAPUW MUSUMAAPUOA POCASUY
napamempiapuny  OaxOIAUHUHE MYHMA3AMIAUMUPUTICAH AT2OPUMMIAGDUHY WAKIIAHMUPUW 64 KYPUll MyamMMonapu
Kypub uukuiean. Pocmnacuu napamempiapuuu co3iauwl YYyH MYHMA3AMAAWEAH OaXoHU Kypuwiod, 3KEUEALeHMm
KeHeaumupuiean Kywma musumoan otuoananud CuniCumMazan Keaopamux y3yHAuKOasu euumiapru Xucooiaus acocuoazu
ncegdomyHocabam KOHyenyuacu Kyulauuiean. KuOupunaémean —euumHu umepamue aHUKIAWL — AIOPUMMAAPU
Kenmupunean. Kenmupunean xucobrawr npoyedypanapu pocmiaeud Napamempiapunu  0axonaw aieopummaapuHu
CUHME3NAU MACATACUHU MYHMAZAMIAW2A 84 NAPAMEMPUK HOAHUKIUK WAPOUMUOA OUHAMUK 0ObeKmIapHu 6owxapui
HCAPAEHIAPUHURE CUDam KYPCAMKUYIAPUHU AXUUIAUL UMKOHUHU Depaou.

Taanu cysnap: napamempux HOAHUK 0Ovekmaap, bunsocuma aoanmue OOWKAPYS, pOCMAA2UY NApamMempaapi,
ncegooMyHocabam, mypeyx 6axonaw aieopumiapu.

Annomayus: Paccmampusaromess 80npocvt popmuposanus u nocmpoeHus pecyisipu308aHHbIX aneopummos
OYEHUBAHUSL  NAPAMEMPO8  De2YIsimOpo8 6 CUCEMAX HenpsamMoz20 d0anmueHO20 YHPAGNIeHUs NapamempuiecKu
HeonpeodenenHbiMu obvekmamu. Ilpu nocmpoenuu pe2yiapuz08anbix OYeHoK O NApamempos8 HACMPOeK pe2yisinopos
UCHONL3YEMCs KOHYenyus nceiooopawjenusi Ha OCHOBE BbIYUCIEHUSl DeUeHUll ¢ HeCMEeWeHHbIM K8aopamom OAUHbL C
UCHONIb30BAHUEM DIKBUBANICHMHOU PACWUPEHHOU coemecmuou cucmemsl. [lpugodamca ancopummsl UMeEPAYyUuoOHHO20
VMOUHEHUsI UCKOMO20 peutenus. Ilpugedennvie 6blyuciumenvhsvie npoyedypbl NO3GOJAIOM Pe2YIAPUUPOSAMb 3dA0aAUY
cunmesa paccmMampusaemvix aicopUmMO8 OYEHUBAHUS NAPAMEMPO8 pe2YIAmopos U NOBbICUMb KA4ecmBeHHble
noxasameinu npoyeccos ynpasgieHus OUHAMULECKUMU 00bEKMAaMU 8 YCI08UAX NApAMempuiecKkoll HeonpeoereHHOCHIU.

Kniouegvie cnoea: napamempuyecku Heonpedenennvie 00beKmbl, Henpamoe aO0AnmMueHoe YNpasieHue,
napamempbl pe2yisamopa, ncee0oodpawyerue, ycmouiuesie ancopummol OYeHUGaHUs.

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
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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].

Formulation of the problem

Consider a linear indeterminate stochastic control object of the form:

Xia1 = AoXy + Boly + T W 1)
Y = Hx + Dy,
where X, y,uU - vectors of the state of the object, the output of the object and control;
xeR", y,ueR™; {w,}, {v, ), mutually independent white noise Gaussian sequences, w, ve R™, for
which M{w,]=M[v]=0, M{wkwl}zlm, M{vkv[}=|m, M[x,]=0, M[xoxg]z 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 + é:k ' uock = _Kk),zk ' (2)
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:

Xeig = [Ao - BOR“(]Xk + [Bo + BORzyk]uk + T W -

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{XL Fxy + Z[x[ka +u[Kk‘1uk]},
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]:

~ 1
K, = AR HT[HRHT +D, D] |,
T ~
P = AR (A°) + 11T — K, [HPHT + D, D] 1K} |

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

x0, = A’ +B%,, yd=HxJ.

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
~ _ \T
K, =[Kkl+(B°) Sk+1B°} BTS,,,A°,

S, =[A° B, ['5,.,A°+L, S\ =F.
Suppose that the parameters of the control object (1) A, and B, have the form A, = A° + A, ,
B, = B® + B, , 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.

127



CHEMICAL TECHNOLOGY. CONTROL AND MANAGEMENT. Ne4-5/2019

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:
Aca = A +& Pk
A1 =By +&Pz Oy,
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, = A (©)
BORz,k = By. 4)
In the practical implementation of algorithms for calculating the parameter settings matrices of
regulators R,, and R,, in expressions (3), it is necessary to replace the unknown matrix B, by the

reference matrix B°.

Solution

When solving equations (3) and (4), we will use the statistical form of the discrepancy principle
[6-12], 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 [7,13-20]. 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 a, ; its random realization &, ; = a, ; + Aa, ; is given, where the elements Aa, ;; of vector
Aa, ; almost surely satisfy conditions:
M(Aay ji|Fcia) =0,
D(Aay ji | Feiq) = o’ <o,
where Fy; =o{Aay ;;,...,A8, ;;} 1,j=12,...,n; F,=T.
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 ¢, ; of the unknown normal pseudosolution r;, ; = (B%)*a, ; of system (3)

are defined as the solution of problem inf HrLk,J-H2 by Ry =1k i Qi ;) = Quin ., ere:

Qmin = inme Q).

rlykyje
=2 : , : : :
where Q(ry, ;) =HBOV1,|<,,- _ak'iH . [{| - is the euclidean norm, (B°)* — is the pseudoinverse matrix to
B®; fix.j — J-thcolumn of the matrix R, , j=12,...,n.

Estimates f,, ; are best in the class of linear unbiased estimators [6-10]. However, in the case

, " : : T « |2
of a degenerate or ill-conditioned matrix B, they turn out to be unstable [6], i.e. M HrlkaH >> Hrl,k,j H :
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This circumstance indicates the necessity for the solution of equation (3) to use the class of
il

MQuin = (N—K)a? < inf MQ(r ;) = MQ(ryy ;) =no” (5)

Nk, JER

estimates with an unbiased square of length, i.e. Class of estimates R, , = {rl,k,j ;

[7], in this case:

where Qi, = Q(fiy ;), k = rankA.

Then, on the basis of (5), it is natural to define regularized estimates of r;, ; so that condition

MQ(fi, ;) = no™.
This can be achieved if the parameter « is computed from the discrepancy equation
Q(rl‘k,J)ZQmm"‘d, §>O-

Then the corresponding regularized estimates of solutions will be determined from the joint

solution of the equations [6,7]:
- - 2
(B") B ; +an% ;= (BN &, [BrS; — 8| =Qun+o.

Undoubted interest from a practical point of view is the case when the variance o itself is known not

a priori, but only some estimate of it &2. An estimate & satisfying the conditions for the existence
and uniqueness of the solution can be calculated, for example if there is some second independent of

akJ random sample |mplementat|on of the right side of &, ;. Then it is known [6,7], an unbiased
estimate of the dispersion &2 can be calculated by the formula

2 ~
52— -1||F 0 . 0,3

For the practical calculation of Qmin and &2, one can use the approach [6,7,10], which uses
the equivalence of problem Borlvk,j = g, ; and systems of linear algebraic equations:

.

rlkj

(6)

(B O

Then Q. = ||ﬁ||2 , where 77 — is the solution of the joint system of linear algebraic equations (6).
Similarly, it can be computed

—2 =112
" ==k,
where 77 — solution of a joint system of linear algebraic equations.

Mk,

(B9 O

If rankB° =m, then for the solution (6) we apply the following iteration refinement process
[6,7,10,11]: We assume © =0, r,; = 0. Iteration with number r consists of three steps:

Computes the discrepancies

f07 a7 [ 1, 8] [7?
{ém}_{dq &éj ........... }{¢&} (7)

The corrections 57, 51}, are determined by solving the system
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, B[ |on®| [f©
...... Nt =] | (8)
LBO)T z 0} L‘rﬁ?j g

There are new approximations ™ =™ + 57", £§P =rQ, +559;.
Note that for r=0 from formula (7) it follows that f© =3, ;, g =0, and then (8) turns

into (6). Thus, the first iteration is simply the original solution of the original problem Borl’k’j = é{k,j.

If rankB® <m, then the process of iterative refinement of a pseudo-solution of a system of linear
equations is given in [13,14].
As is known [13-19], in the case of algorithms for adapting the lower level (3) it has the form:

Ry =B A, ©)

where B®" — matrix pseudo-inverse to matrix B?.
If the columns of the matrix B® are linearly independent (i.e., the core of this matrix is trivial:

2
N(B°)={0}), then the estimate R,, minimizes the quadratic form HAk - BORlka , While the columns

B? are linearly dependent, then Ry is the estimate with the minimum norm among all estimates that
minimize this form. R,, covariance matrix:

N
Q=var{R,, }= (BOT Bo) .
If columns B? are linearly independent, then

B = (BOT 50)_1B°T Q= [BOT Bo)_l.

In expression (9) for the formation of control law R, , there is a pseudoinverse matrix BY . It

is clear that the quality of control processes of the synthesized adaptive control system substantially
depends on the accuracy of control definition (9). In view of this circumstance, it becomes necessary to
use effective pseudoinverse algorithms for overdetermined matrices.

It is known [13,14, 17-19] that the task of calculating a pseudoinverse matrix is generally
unstable with respect to errors in the task of the initial matrix. Moreover, the errors of the initial data
naturally depend on the accuracy of the experimental studies, and the characteristics of the calculated
process depend on the degree of adequacy of the model to the real process. The influence of rounding
errors produced during the implementation of the computational procedure on the accuracy of the
desired solution can be analyzed on the basis of well-known analysis methods and accuracy balances.

Typically, industrial processes are characterized by a time correlation of the noise acting on the
object. Under these conditions, the statement about the uncorrelated noise and regressors, that is, the
observed coordinates, is unfair. The correlation of noise when using the least squares method causes a
shift in the parameter estimates, an increase in the variance of these estimates. To obtain unbiased
estimates, you can use the generalized least squares method [13,19]:

Ry =V B UA,, (10)
where V =B° U *B°.
The estimate (10) does not always exist. For its validity, it is necessary that the matrices U

and V™ exist. In the case when the matrix U ™ exists and the matrix V™ does not exist, generalization
(10) is the formula

Ry =V B UA,,
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where V" — pseudo-inverse to V matrix [13,14].
Following [13], it can be shown that the optimal in the mean square estimate of the vector R

with the degeneracy of the matrix U is:
-1
R =Ry +Meg¥(B27MB™ ) (A% - B8Ry, ),

T ) TM _oT@Y \
Rlyk — MBO U+Ak, BO =[Bf ,Bg ) , Algl) :TTAk :( T’:(Ll)’ T‘(Zl)) ,

-1
where M :(BOTU+B°) , T is the orthogonal matrix leading U to a diagonal view with the first p,

diagonal elements other than zero; p, is the rank of the matrix U.
One approach to simplify the calculation of estimates of R, by (10) is to use the following

recursive procedure for finding estimates of the generalized least-squares method [13,14]. For the

covariance measurement matrix, estimates of parameters R, at the (i+1)-rd step of the recurrence
procedure are found by the formula:
Riva = Ry +Vi_1Ci+1(gi+1 - RII,iCi+1)' (11)
Here

*

Cia= (Ci+1 -BU i713i+1) 12 (G =C(k));
i = (i — SV i_lAk,i VB (12)

T -1
Bia = Siaina — SiaRi Si
where s;,; =(Si;11s Sist20- Sisr;) - i-dimensional vector of measurement covariance at point s,

with measurements at k;,K,,...,K;; s;,,;,, is the dispersion value at k,, .

i+, i+

From the expressions (12) it can be seen that to calculate C ,,, g, and S, it is necessary to
pre-calculate the vector 4, , =U;™s, ;. In the case of the tape matrix U;*, the vector ,, has the
form:

i+1°

1., =(00...0.7, ). (13)
In view of (13), expressions (12) take a simple form:

Cra=(Cin—Ciri)Bd? 91 =911 — 9i7)B % Pig = Sississ — SiniVi -

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.

References:

1. Handbook on the theory of automatic control, Ed. A.A. Krasovsky. —M.: Nauka, 1987. - 712 p.

2. Egupov N.D., Pupkov K.A. Methods of classical and modern theory of automatic control. Textbook in 5 volumes. -M.:
Publishing house of MSTU named after N.E. Bauman, 2004.

3. Yadikin 1.B., Shumsky V.M., Ovsepyan F.A. Adaptive management of continuous technological processes. -M.:
Energoatomizdat, 1985. - 240p.

4. Antonov V., Terekhov V., Tyukin I. Adaptive control in technical systems. Tutorial. Publishing house: Publishing

house of the St.-Petersburg university, 2001. - 244 p.

Fradkov A.L. Adaptive control in complex systems, —M.: Science, 1990.

6. Tikhonov A.N., Arsenin V.Y. Methods for solving ill-posed problems, 1986. —288 p.

o

131



CH

EMICAL TECHNOLOGY. CONTROL AND MANAGEMENT. Ne4-5/2019

7.

8.
9.
10.
11
12

13.
14

15.
16.
17.
18.

19.
20.

Tikhonov A.N., Goncharsky A.V., Stepanov V.V., Yagola A.G. Numerical methods for solving ill-posed problems, —
M.: Nauka, 1990.

Tikhonov A.N., Leonov A.S., Yagola A.G. Nonlinear ill-posed problems, —M.: Nauka, 1995. -308 p.

Morozov V.A. Regular methods for solving ill-posed problems, —M.: Nauka, 1987.

Bakushinsky A.B., Kokurin M.Y. Iterative methods for solving irregular equations. —M.: Lenand, 2006. - 214 p.

. Vainikko G.M., Veretennikov A.Y. Iterative procedures in ill-posed problems. —M.: Nauka, 1986.
.Drygala F., “On the refinement of pseudo-solutions of a system of linear equations”, Journal of Computational

Mathematics and Mathematical Physics, 22: 5 (1982), 1027-1032.
Lawson, Ch., Henson, R., Numerical solution of problems in the method of least squares, 1986. -232 p.

.Zhdanov A.l. Introduction to methods for solving ill-posed problems: -The publishing of the Samara state. Aerospace

University, 2006. -87 p.

Yusupbekov N.R., Igamberdiev H.Z., Mamirov U.F. Algorithms of sustainable estimation of unknown input signals in
control systems // Journal of Multiple-Valued Logic and Soft Computing, Vol. 33, Issue 1-2, 2019, —PP. 1-10

Mamirov U.F. Algorithms of stable control of a matrix object in the conditions of parametric uncertainty /Chemical
Technology. Control and Management. 2018. Ne. 1. — PP. 164-168.

Golub J., Van Louch Ch. Matrix calculations: Per. With the English. -M.: World, 1999. -548 p.

Demmel J. Computational linear algebra. Theory and applications, 2001 -430 p.

Horn R., Johnson C. Matrix analysis, 1989. -655 p.

Igamberdiyev H.Z., Sevinov J.U. Sustainable algorithms for synthesis of local-optimal adaptive dynamic object
management systems // Chemical Technology. Control and Management. 2018. Ne. 3. — PP. 59-62.

132


https://www.scopus.com/authid/detail.uri?authorId=36678425900&amp;eid=2-s2.0-85072259955
https://www.scopus.com/authid/detail.uri?authorId=36677474200&amp;eid=2-s2.0-85072259955
https://www.scopus.com/authid/detail.uri?authorId=36677474200&amp;eid=2-s2.0-85072259955
https://www.scopus.com/sourceid/23958?origin=recordpage

