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Abstract: The article deals with the formation of regular algorithms for adaptive parametric spline identification of
linear non-stationary systems. Analyzed the issues of constructing adaptive identification of continuous linear non-stationary
systems with monotonic and sign-constant parameters. In this case, in a non-stationary system, the entire observation interval
is in some way divided into sub-intervals. Identification is carried out at each of the parameter constancy intervals, while the
parameter matrix is re-evaluated for the next interval. The input data of the system are determined with an error depending
on the error of approximating the state of the system by splines and approximating the ratios by numerical integration
formulas. To solve systems of linear algebraic equations, projection algorithm was used, which makes it possible to facilitate
the control of the accuracy of intermediate calculations. The above computational procedures make it possible to regularize
the problem of adaptive parametric spline identification of linear non-stationary systems based on an iterative algorithm and
improve the quality indicators of control processes.

Keywords: linear nonstationary system, adaptive parametric spline identification, stable algorithms, iterative
algorithm, regularization.

Annomayun.  Makonada — yuzuKIu — HOCMAYUOMAD — MUSUMIAPHU — AOANMUE  NAPAMEMPUK  CHLAUH
UOSHMUDPUKAYUSTAWHURE MYHMA3AM  AI2OPUMMAAPUHY  WAKIUIAHMUPUW MACAAiapu Kypub yuxuiean. Monomon ea
uwopacu Y32apmac napamempiu Y3ayKCus Yu3uKiy HOCMAYUOHAD MUSUMIAPHUHS A0anmue UOeHMUpUKAYUsCUHY Kypuu
Macananapu maxaun Kurunean. bynoail xonoa, nocmayuonap musumoa Oymyn Ky3amuul Opanueu Katucuoup MavHood KUYuK
unmepsaiiapea Oynunaou. Hoenmugurkayusiaw xap 6up napamemp OOUMULIUSU OPATUSUOA aAMAT2d OWUPUNLAOU,
napamemp Mampuyacu 3ca Keuuneu uHmepean yyyn xauma Oaxonranaou. TusumHume Kupuul MAavIyMOMIApU MUu3um
XONamuHU CHIAUHIAP OPKAIU SKUHAAUIMUPUWL 84 COHAU UHMe2payusi Gopmyraiapu Ounan HUC6aAmIapHU SIKUHAGUAULL
Xamocuea Kapab xamonaux ounan anukianaou. Yuzuxnu aneeOpaux meHenamanap Mu3UMUHU eduid Y4YH NpOeKyusiu
aneopummaapoan goudanranuiean, 6y 3ca Opanux XUcoo-KUmoOIApHUHE AHUKIUSUHU HA30paAmM KUTUUWHU OCOHAAUIMUPULL
umkoHuHu 6epadu. FOkopudaeu xucobraw amaniapu umepamus aneopummed ACOCIAHEAH YUSUKIU HOCMAYUOHAD
MUBUMIAPHU AOANMUE Napamempux CHAaiH UOEHMUDUKAYUALAUL MYyAMMOCUHY mapmubed cOnuul 6a HA30pam Kuiuiu
ACAPAEHAAPUHUHE CUpam KYPCamKuyIapunu SIXUULAW UMKOHUHU Oepadu.

Taanu cyznap: wu3ukiu HOCMAYUOHAD MUUM, AOANMUE NAPAMEMPUK CALAUH UOSHMUDUKAYUAIAW, MYPEYH
ANOPUMMIAD, UMEPAYUSLIU AN2OPUMM, MYHIMAZAMIAUMUPULL.

Annomayuna: B cmamve paccmampusaiomcs 80npocsbl QOpMUpPOBAHUs PeYIAPHBIX ANOPUMMOE8 A0ANMUBHOU
napamempuyeckol CHAAUH-UOeHMUPUKAYUU TUHEUHbIX HECIMAYUOHAPHBIX cucmeM. AHAIU3UPYIOMCS ORPOCHL NOCMPOEHUSL
adanmueHol uOeHMUPUKAYUY HENPEPLIBHbIX TUHEHbIX HECIMAYUOHAPHBIX CUCTHEM C MOHOMOHHBIMU U 3HAKONOCMOSHHbIMU
napamempamu. B smom cnyuae 6 HecmayuouapHoill cucmeme 6ecb UHMEPBAL HAONOOEHUS HEKOMOpPbIM 00pa3om
pazbusaemcsi Ha noounmepsaivl. Moenmugpuxayus ocyuwecmensiemcss Ha KadiCOOM U3 UHMEPBANO8 NOCHMOSHCMEA
napamempos, npu 3mom 08 Nociedylouje2o UHmMepeald 3aH080 OYEeHUBAemc s Mampuya napamempos. Bxoonvie oannvle
cucmemvl Onpeoestoncs ¢ NO2PEeUHOCMbIO, 3A6UCAULel] OM NOZPEUHOCMU RPUOIUNICEHU COCMOAHUSL CUCIEMbL CIIIAUHAMU
U annpoKCUMAayuu COOMHOWEHUU QOopMYIaMU YUCIEHHO20 UHMeZPUpo8anus. [[isa peuwieHuss cucmem JUHENHbIX
aneebpauyeckux YpasHeHull UCHONb308AH NPOEKYUOHHBIN A10pUmMM, HO38ONAOWUL 001e24umb KOHMPOIb MOYHOCHIU
NPOMeNCYMOUHbIX @biyucienuli. Ilpugedennvle @vivUCIUMENbHbIE NPOYEOYPLL NO360NAIOM  PeYIAPUSUPOSAMb 3A0ady
a0anmueHoU napamempudeckoll CniatH-u0eHmuuKayuy TUHetHbIX HeCMAayuOHAPHLIX CUCHEM HA OCHO8E UMePaAYUOHHO20
aneopumma U noeviCUmMsb KauecmeenHvle NoKA3ameny npoyeccos YnpasieHus.
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Knrouegvie cnoea: nunetinas HecmayuoHapHas — cucmema,  A0ANMUEHAS — NAPAMEmPUYecKds — CniaaiiH-
udenmuuxayus, ycmouyussle aneopummbl, UMePayUOHHbI al20PUMM, PeYaAPUIAYUSL.

Introduction

The problems of system synthesis that arise in engineering practice can be grouped into two
classes, classifying general problems in the first class and special ones in the second [1]. For general
synthesis problems, there is a characteristic lack of connection with the specifics of the functioning of
the system - with its purpose. In special synthesis problems, either it is required to determine the
mathematical model of the system that satisfies the requirements for the processes, or to optimize the
mathematical model, i.e., to choose some of the best from a given set of models (the problem of the
optimal system). Both the requirements for processes and the specific meaning of the concept of
optimality are related to the purpose of the system. They are different, for example, for an automatic
control system and for an information system, for various types of automatic control systems:
stabilization systems, program control systems, tracking systems, extreme control systems, end state
control systems [1-3].

If signals (or characteristics) are accepted as input and output signals (or their characteristics)
that have identical mathematical descriptions with the corresponding signals (or their characteristics) at
the inputs and outputs of a real system, and the latter are established from the experiment, then this is
the problem of system identification [2].

At present, a large number of different formulations of the identification problem are known.
One of the distinguishing features of these formulations is the proposed class of systems in which the
model of the identified system is sought [4].

Formulation of the problem
Let us represent the mathematical model of a non-stationary system in the following form:

%(t) = A)X(t) + Bau(), telt, T, | xt,)=x, (1)
there in A(t) = {aij (t)}, B(t) = {bik(k)} — two matrices that are sized respectively nxn and nxm, matrix
data elements are of constant sign

sign[aij (t)] —const, signlb, (t)]=const, )
and monotonic functions
sign[daij (t)/dt] =const, sign[db,(t)/dt]=const. (3)

The first derivatives of the data elements of the matrices are continuous, and they are also defined
in limited areas in the time interval [tO,Tf ] :

The systems described by (1)-(3) are quasi-stationary [4-7]. Let us divide in some way the entire
observation interval [t,,T, | into subintervals [t,,t, +T]. In these subintervals, the coefficients of the
matrices A(t), B(t) are a;(T,), b, (T,) (i, j =1,n), (k =1,m) respectively, can be considered immutable.
Identification occurs at each of the intervals where the parameters remain constant. For each of the
following intervals, the estimation of the parameter matrix will occur again, while those data that do not
belong to the considered subinterval will be completely ignored [8]. On separate subintervals, the
coefficients g;(T,), b, (T,) (I=1,L) can be different.

If the control vector u(t)is given, respectively, the state vector function x(t) on the segment
[t,.t, + T] is defined by its eigenvalues xx(t,), t, € [t,.t, + T] (i =0,N), then for the system (1)-(3) under
consideration, such an identification problem will consist in determining estimates
a; =4,(T), b, =b, (T,) (i, j=1n), (k=1,m) for the parameters a;(T,), b, (T,) of the matrices A and
B, which are unknown [5,8,9]. These parameters provide the minimum of the quadratic criterion (5),
which is considered within the subinterval [tI b +T, ]
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In general, model (1)-(3) will have identifiable parameters nx (n+m) These parameters can be
described by a matrix that will have the size (n+m)xn
Gt =[g®..g”..g"], (4)
where  g"" ={a,(t),....a(t),.,a(t), by ®),..., b (t),....b, (£) }— (n+m) —dimensional ~ vector  that
corresponds to the i -th rows of matrices A(t),B(t).

Therefore, the problem of identifying linear non-stationary systems (1)-(3) is determined by
finding an estimate G(t) of the parameter matrix (4), which provides a minimum of the residual criterion

Ty
Q(G)min Q(G) = min { [[x-amx®) -BOU®] dt} (5)

to
We will use cubic splines [7-11]. With their help, we interpolate the values of the vector

X" (i=0,N)
X, (t)—S, (t) X (t) =S (@),..., X, (t) =S, (t).

We obtain an analytical expression X that evaluates the state vector function, i.e., we pass from
X(t) (i=0,N) to S(t), where is S(t), an n-dimensional vector function, and each component
S,(t) (i=1,N) will be a cubic spline function. The approximation X, (t)— X(t) is defined as a derivative

of a spline S;(t)—S,(t) [8, 11]. Now the mathematical model for the non-stationary system (1) - (3) is
transformed to the form:

S, (t) = Za” J(t)+Zb u (t) (i=1n), telt,t+T] (6)
For the mtegral quadratic residual criterion (5) of model (1) - (3), the equation will take the form:
Q0= 'j[s O-as,0- Lol (t)} dt (i=1n). ™

We differentiate the discrepancies Q, (i =1, 1,N) by the elements of the matrices A and B, while
using the necessary conditions for the minimum of the functional (7) [7-11], and equating to zero
0) () _ _
aQi(gll ):O, a(D (g| ) 0’ (jzl,n), (k:].,m)
oay; ob,,
For the minimum of such a discrepancy Q,

t+T,

j{sa) Z 1S, (0) - Zb u (t)—Sj(t)} dt =

4 +T, mo 2
j {s (- Zé.'JSJ (t) —Zbi'kuk(n—uk(t)} dt =
k=1
(i=Ln), (k=1m).
Let's carry out a number of transformations in order to determine the vector of estimates g on
the subinterval [t, 44T, ] As a result, we obtain a system of linear algebraic equations

COgm =g (8)
here C™ is a matrix of size (n+m)x(n+m), which has a block structure:
C((rl1><n C((r|1><m)
C(i)
C(I) C(I

(mxn) (mxm)
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The elements of this matrix can be defined as:
1] +T|

Clom = £0 ¢ = [5,®5,®)t, 9)
Clumy = B0 el =[5, (v, 0ct, (10)

Clnmy =160} cé;)—t'fh ®)s, M, (1)
Clony = 0} =t']T'u (u, @)t (12)

where dOT ={d®,...,d®,d®,.. d(') }—(n+m) - dimensional vector of free terms.

P n+m

We define the elements of this vector as
4T,

d? = j S, (1S (0dt, (,=Ln), (13)
44T, )
dP = [u, ,®S,(®dt (,=n+1 n+m) (14)
4
where §|(i)={ai'u---,a',bi'., b ,Hm} (n+m) -dimension vector defined in the interval of quasi-

stationarity [t, 1 +T|] and used to estimate unknown parameters.

The input data are the coefficients of the matrix and the right side of the system of linear algebraic
equations (8), determined with a certain error. Moreover, this error depends on the approximation of the
state of the system (1) - (3) by splines, and, in addition, on the replacement of relations (9) - (14),
produced by numerical integration formulas.

As a result, the algorithm for estimating the parameters of system (6), which is linear and quasi-
stationary, was transformed to the solution of a system of n linear algebraic equations (8) for each
interval of parameter constancy T, .

To divide the observation interval [t0 +Tf] , two methods are usually used [7, 8, 11]:

- algorithm that uses a fixed partition of the interval. This method will be effective if there is some
a priori information showing the dynamics of changes in parameters that are unknown over time. In this
case, the observation interval has a good uniform or non-uniform division. To choose the duration of the
quasi-stationarity interval, it is assumed that T, >t ., here t . is the time of the transient process;

- algorithm using adaptive partition selection. Using the current information about the behavior of

the system, that is, observing the state at some points, one can adaptively choose the value of time
intervals using a piecewise constant approximation of unknown parameters.

pez !

Solution

When solving equation (8), the inverse matrix is calculated, which causes computational
difficulties, since the size of the C"” matrix is large and it can be degenerate. Below we consider an
algorithm for solving systems of equations of the form (8), based on the use of the Kachmac’s projection
algorithm [12-15]. The use of this algorithm is practically convenient and suitable for a wide range of
ratios between the required and available computer RAM, which makes it easier to control the accuracy
of intermediate calculations and, if necessary, to regularize the calculated solution.

The sequence of approximations g,") calculated by the formula

g® =g®,+[c®] (@ -cPg®,), v=mod k), (15)
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converges in the Euclidean norm to the solution g of system (8). The C matrix and d® vector are
represented as follows:
Cl(i) dl(i)
cO=| .. [, dV=]..
C;(gi) d ’()i)
where g — arbitrary vector.

Consider the question of the dependence of the rate of convergence of the algorithm on the slopes
of linear manifolds [12, 16-19]. Let us introduce the notation r,, , =g%, -g%.r =g —g< . From
(15) it follows

=100 @ -5 =[c0 T ePgi, -[c T . (16)
Known [20,21], that [c®]d® R, , [CV(')TCV(')@(,L eR, therefore, 1, , €R,. Subtracting the
vector from the right and left parts of equality (15) and taking into account C’g? =d” that we get
62— =0, -0 +le0 T av o] ePa - e e, -0 oo ea.
Subtracting the vector g,‘y‘,? from both parts of (15) and taking into account (16), we obtain
P e P (17)
Mek1 = [Céi)rcéi)rk—1
Using the known properties of the norm [20, 21], we obtain

ol pouiconnie,

ol ~
where N(C"), N(C{)) — are operator kernels C” and C,, 6= min H(I —[CV(”]+CV“))Q,(”H.

The calculation process according to formula (15) should be performed until the error satisfies the
condition

v | =l -2
But the exact value g,(') is not known, so another stopping criterion is usually used - the fulfillment
of the inequality
reica] =g -0 <& (18)
The vectors r, and r, are related by relation (17), so it is possible to estimate the error of the
obtained approximate solution using expression (18).

Conclusion

The above computational procedures make it possible to regularize the problem of adaptive
parametric spline identification of linear non-stationary systems based on an iterative algorithm and
improve the quality indicators of control processes.

References:

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

2. V.D.Yurkevich, Synthesis of non-linear non-stationary control systems with multi-tempo processes. St. Petersburg:
Nauka, 2000.

3. L.V.Miroshnik, V.O.Nikiforov, A.L.Fradkov, Nonlinear and adaptive control of complex dynamic systems, St.Petersburg:
Nauka, 2000, 549 p.

53



CHEMICAL TECHNOLOGY. CONTROL AND MANAGEMENT. Ne6 / 2021

4. E.G.Kleiman, “Identification of non-stationary objects”, Avtomat. i telemekh., issue 10, pp. 345, 1999.

N.N.Karabutov, Adaptive system identification: information synthesis. 2006, 384 p.

6. V.M.Kuntsevich, Control under Uncertainty: Guaranteed Results in Control and Identification Problems. Kiev: Naukova
Dumka, 2006, 264 p.

7. N.V.Plotnikova, N.S.Kalistratova, O.N.Malyavkin, “Algorithms for solving the identification problem”, Computer
technologies, management, radio electronics. issue 4, Bulletin of SUSU, no. 14, pp. 133-139, 2006.

8. A.A.Stenin, M.M.Tkach, E.Yu.Melkumyan, “Generalized identification algorithm for linear dynamic systems based on
spline functions and Walsh functions”, ASAU. no. 20(40), pp. 131-135, 2012.

9. 1.G.Burova, Yu.K.Demyanovich, Minimal splines and their applications. St. Petersburg: Publishing House of St.
Petersburg. un-ta, 2010, 364 p.

10. 1.G.Burova, Approximation by real and complex minimal splines. St. Petersburg: Ed. house of the St. Petersburg state.
un-ta, 2013, 141 p.

11. L.1.Konstantinova, V.A.Kochegurov, B.M.Shumilov, “Parametric identification of nonlinear differential equations based
on spline schemes exact on polynomials”, Avtomat. i telemekh., issue 5, pp. 53-63, 1997.

12. S.Kaczmarz, “Approximate solution of systems of linear equations”, Internat. J. Control. Vol. 57, no. 6, pp. 1269-1271,
1993.

13. V.P.Ilyin, “On the iteration method of Kaczmarz and its generalizations”, Sib. magazine industry Mat., Vol. 9(3), pp. 39-
49, 2006.

14.).Saad, Iterative Methods for Spars Linear Systems. Boston: EPS, 1996.

15. U.F.Mamirov, Regular synthesis of adaptive control systems for uncertain dynamic objects. Tashkent: “Bilim va
intellektual salohiyat”, 2021, 215 p.

16. V.N.Babenko, “Convergence of Kaczmarz's projection algorithm”, Zh. Vychisl. math. and mat. fiz., Vol. 24(10), pp. 1571-
1573, 1984.

17.H.Z.lgamberdiyev, U.F.Mamirov, “Sustainable estimation of parameters and covariation of disturbance vectors in
uncertain systems”, Chemical Technology, Control and Management. Vol. 2018: Iss. 3, Article 4, pp. 16-19, 2018. DOI:
https://doi.org/10.34920/2018.4-5.16-19.

18. N.Yusupbekov, H.Igamberdiev, U.Mamirov, “Algorithms for Robust Stabilization of a Linear Uncertain Dynamic Object
Based on an Iterative Algorithm”, In: Kahraman C., Cebi S., Cevik Onar S., Oztaysi B., Tolga A.C., Sari 1.U. (eds)
Intelligent and Fuzzy Techniques for Emerging Conditions and Digital Transformation. INFUS 2021. Lecture Notes in
Networks and Systems, vol 307. Springer, Cham. https://doi.org/10.1007/978-3-030-85626-7_28

19.N.R.Yusupbekov, H.Z.Igamberdiev, U.F.Mamirov, “Stable Algorithms for Adaptive Control and Adaptation of
Uncertain Dynamic Objects Based on Reference Models”, CEUR Workshop Proceedings, Vol. 2965, Kolomna, Russia,
pp. 296-302, 2021.

20. Ch.Lawson, R.Henson, Numerical solution of problems in the method of least squares, 1986, 232 p.

21. F.R.Gantmacher, J.L.Brenner, Applications of the Theory of Matrices, Courier Corporation, 2005.

o

54


https://doi.org/10.34920/2018.4-5.16-19
https://doi.org/10.1007/978-3-030-85626-7_28

	REGULAR ALGORITHMS FOR ADAPTIVE IDENTIFICATION OF LINEAR NON-STATIONARY SYSTEMS
	Recommended Citation

	REGULAR ALGORITHMS FOR ADAPTIVE IDENTIFICATION OF LINEAR  NON-STATIONARY SYSTEMS

