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Identification of Decentralised Control Systems

Nikolay Karabutov

MIREA - Russian Technological University, Moscow, 119454 Russia; nik.karabutov@gmail.com

Abstract. The identification problem of decentralised control systems (DS) is considered. Analysis
shows that this problem has not been given sufficient attention. The complexity of systems and a
priori uncertainty require the development of approaches and methods. DS parametric identifiability
(PI) requires a solution. We propose the approach to the PI assessment based on the fulfilment of the
constant excitation condition and consider relationships in the subsystems. PI conditions are got and
algorithms for parametric and signal adaptive identification are received. We consider DS with non-
linearities satisfying the quadratic condition. The exponential dissipativity of the identification
system is proved using Lyapunov vector functions. The influence of interrelations considers on
properties of parameter estimates. Examples are given. A method is proposed for the construction of
adaptive algorithms under functional constraints.

Keywords: identification; decentralised system; adaptation; nonlinearity; quadratic condition;
Lyapunov vector function; identifiability; exponential dissipation; excitation constancy; S-
synchronizability

1. Introduction

Decentralised control systems (DCS) are widely used to solve various tasks. Ensuring the DS
stability and quality is the principal goal of control. The system works under incomplete a priori
information. Thus, an adaptive robust DCS with a reference model is proposed for interconnected
time-delayed systems in [1]. the system asymptotic stability is proved. A similar problem of
stabilising the DS output using feedback is considered in [2]. Control laws are based on the
application of nonlinear damping, adaptive state observer and Lyapunov functions. Various variants
of the adaptive control problem under uncertainty are studied in [3, 4]. In [5], a design method is
proposed for adaptive decentralised regulators based on an identifier and a reference model.
Recurrent neural networks [6] are used to control large-scale systems under uncertainty. Algorithms
are used to control a flat robot with two degrees of freedom.

Robust DS control of a nonlinear multidimensional object is proposed in [7]. The system
identification is based on the frequency approach. The model approach [8] recommends for the
control unknown large-scale DS. In [9], correlation analysis and the least squares method were used
to identify DS. Correlation analysis and the least squares method [9] are the basis for the DS
identification. Stochastic procedures for the DS identification are proposed in [10, 11]. The
identification of DS with feedback [12] is based on the analysis of transient characteristics. Adaptive
control of nonlinear large-scale systems (LSS) with limited perturbations is considered in [13]. The
asymptotic tracking issue for LSS based on nonlinear output feedback considers in [14, 15]. Adaptive
algorithms guarantee compensation disturbances.

We see that various identification procedures and methods are used in the DS. Parametric
uncertainties are compensated by adjusting the parameters of the adaptive control law. Applied
methods of retrospective identification do not always consider the current state of the system. The
properties of the proposed algorithms, the system identifiability, and the influence of connections in
the system are studied. These difficulties are compensated using multistep identification procedures.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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We consider the adaptive identification problem of DS with nonlinearities (NDS) for which the
quadratic condition is satisfied (Section 2). Section 3 contains a solution to the parametric
identifiability (PI) problem for NDS. We study the influence of the information space on PI. The
approach to the synthesis of adaptive identification algorithms based on the second Lyapunov
method is proposed. We analyse parametric and signalling algorithms. Properties of the
identification system are studied. We proof the exponential dissipativity of the adaptive identification
system (AS I).

2. Problem Statement

Consider the system comprising m interconnected subsystems

M=

X, =AX,+Bu+ Y AX +F (X)),
i . Jj=l,j#i

Y=CX,
i i (1)

where X, eR", Y eR% are vectors of the state and output of S§,-subsystem, u, €R is a

m
control, i=1m, Zni =n. Parameters of the matrices 4, e R"™,B, eR", 4, e R"™" are unknown,
i=1

C, e R . The matrix Zf,- reflects the mutual influence of the S, subsystem. F,(X,)eR" consider
the nonlinear state of the S,-subsystem, and 4, is Hurwitz matrix (stable).
Assumption 1. F, (X, )belongs to the class

A (m.m,)={F(X)eR" 17, X <F(X)<7,X,F(0)=0} ?

and satisfies the quadratic condition

(ﬂ.ZX —F(X))T (F(X)_ﬂ.lX) 2 O, (3)

where 7, >0, 7, >0 are set numbers.
Information set of measurements for subsystems

I, ={X,(). u,(t), X,(0). t € T =[t,.1,]} '
Mathematical model for (1)

X =K (X -X)+AX +Bu+ Y AX +E(X)

J=l,j#i , (4

where K, .7 is Hurwitz matrix with known parameters (reference model); 4., B, Zij are

A

tuning matrices of corresponding dimensions, F, is a priori given nonlinear vector function.
Problem: find such algorithms for estimating model (4) parameters based on the analysis of the
set I,, and the fulfilment assumption 1, so
lim| %, (0) - X,(0)] <&,
t—>x

where % 0.
3. On identifiability S -Subsystem

Identifiability is the basis for estimating S, -subsystem parameters. It knows that fulfilment the
constant excitation (CE) condition for I , guarantees identifying DS parameters.

The CE condition
G o e, Sul(t)<a, Vielt,t,+T]

)
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where a,,qa, are positive numbers, 7 >0 . Next, condition (5) will be written as
u(t)ee @ a, If u,(t) does not have the CE property, then we will write ul.(t)e%”@wﬁu‘ or
u(t)yezo.

Remark 1. Condition (5) requires modification, considering S-synchronisation for NDS [16]. We
write property (5) as:

7t (@, <6023, )&(0, (0) < O()

Qy, %y
7

where Q, (@) is the set of frequencies for u,; Qg(@) is the set of acceptable frequencies for u,

, guaranteeing S-synchronizability. Next, we will denote the CE property as #7, & »assuming, that
it guarantees %f@sﬁ ‘

To obtain the conditions of identifiability, consider the model (4). The error equation:

M —_—
E =KE +AX,+ABu,+ Y AA4X, +AF (X,)

NG
where E = )?i -X, ; M= /All. —A4.,AB, = l?i —B,.,AZl.j = jf,- —Z,.I.,AF; =I:*,. —F, are parametric
residuals.
Lemma 1. If the nonlinearity F(X)eR", X eR" belongs to the class .7 (7,,7,) and
T X<F(X)<mX, @)
then

”F(X)" < 77&)(, (8)

m, >0,7, >0,

where n=n(z,7,)>0,a, =a,(X)>0.

Lemma 1 proof is presented in Appendix A.

Lemma 2. If Lemma 1 conditions are satisfied, then the estimate is valid for AF (X )
AF'AF <2na, +5F,

where 77=277+7r2, T=mm, A=+, 0,>0

Lemma 2 proof is presented in Appendix B.

Consider the system (6) and Lyapunov function (LF) V,(E,)=0.5E/ R E,, where R =R >0 isa

positive symmetric matrix. Let ||A4|| =,/Sp(Ad/A4), |AZ,/|| =, /Sp(AA; Ad;) is
Let ||AA,.||:JSp(AAiTAAI.), AZ,].”:JSp(AA,;AAU) are matrix norms A4, AZU

Theorem 1. Let1) 4 €.77;2) X(Nesz, , ,X,()er, . uw()esZ, , ;3)conditions

ay; uj

of Lemma 1, 2 are satisfied for F,(X,). Then subsystem (1) is identifiable on the set I, if

2(@‘ |4 +a, a8+ Y @, |a%[ +2na, +5EJ32V;
=1, j#i
/ )
where % =% _ki, 4 >0 s the minimum eigenvalue of the matrix Qi, k>0 , KR +K[R = _Qi,

R ‘ . n=27T+n’ m=m+m, T=mT
9 s positive symmetric matrix, 'l , e, 72,6, 20.

Theorem 1 proof is presented in Appendix C.
If Theorem lconditions are fulfilled, then the subsystem S, is identifiable on the set I, or

227, -identifiable.
Consider the identifiability of the S,-subsystem on the set
Ly, ={%0. u(0), Y,(0). t € J =[t.1,]}

Representation of the S,-subsystemon I ,
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4
Yz:A‘#,iYi+B#l i Z l i(éiYi)’
J=1j#i (10)
where C, = (CI,TCI, )# Cc', 4,=C FAC,, B,, = =C'B, 71#’{.]. =C! ZU ., #isasign of a pseudo-inreversal

of the matrix.

The model for (10) has a similar structure. Introduce the error E,, =Y -Y and LF
V,.(E,,)=05E;RE,,
Theorem 2. Let 1) 4, €./ ;2) Y(Nev7, , , Y(eeq . w)e?q 5 ;3) F(X,)

»ay; J Qy; -y, uj
satisfies conditions of Lemmas 1, 2; 4) the S, subsystem is observable. Then subsystem (1) is
identifiable on the set I, if

m _ —
2(@ Iaa,, [ +a, [aB, [+ > a, a4, ||2 120, +6, J <17,
Jj=lj#i

7

where Ad,; = A, —4,,,AB,, = B, _B#,i’A‘Z#,ij = A#y _A#,i/"AF; =F-F 4,>0 .

7

The proof of Theorem 2 coincides with the proof of Theorem 1

4. Synthesis of Adaptation Algorithms
Consider LF V,(E,)=0.5E' RE, and

V,=-EQE, +E' Ri[AAiXi+ABiui+ D A4X,+AF (X )]

j=lj#i
We require that the functional constraint be satisfied for all V¢ 21,

Vi S_Z(AANMHAF;’)

where

7(A4,A4,AB AF;) = 0.5(¢A, OA4O + o, O[s1O +0, O)AB]f +0, (r)||AF,.<t)||2)

7

@, (), ¢;(1), ¢,(), ¢.(t) arelimited non-negative functions. Then:

Vi = _EiTQiEi + Z(AAI.,AZI.,AE)+ EiTRi [AAiXi +ABu, + i A‘Zinj +AF, (Xi )j

J=lj#i (11)
From (11), we obtain adaptive algorithms
A, =T, (¢, (A4 +E[RX,),

A4, =T (¢, (0A, + E[RX, ),

AB =-T, (goBﬁ ()AB. +E'Ru. )

' (12)
where T', , ', , I'y are diagonal matrices of corresponding dimensions with positive

diagonal elements, ensuring the stability of adaptation processes.

4.1. Parametric Algorithm for F,

Parametric and signal algorithms can be used to evaluating F,. Consider the parametric

approach [17].
Assumption 2. The function F;(X,) is given on the set

E EFF,. :{F; ef‘////‘(”w”z):F'(X-) = ﬁT(Xi’Nf,l)Ni,zs

=[NLNL] N eN,}, 13)
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where N, = {N ; €ER"IN, <N, < Nl} is a posteriori generated parametric domain for F;; N N
are vector boundaries for N, understoodas n, € N,,n € N,; N, ., s a priori set vector of nonlinearity
parameters, N,, is a priori, an unknown set of parameters, which we consider as a vector to be
evaluated. Some elements of N,, N, may be unknown. The £ (X ,.,Nl.,l) structure is formed a priori
considering the known vector N, .

As follows from (13), the estimation for function F,(X,) is defined in the form:

EE) = (XR)8s gy

where N, e R"™ isa priori estimation of known parameters, N,, € R"* is the vector of tuning
parameters.

We believe N=N, UN,,. The set N, cR"™ (N,.)1 € N[’l) contains elements that are not
available for adjusting. We get estimates of elements N,, e N,, c R"* at the identification stage. The
matrix £, ( Vv, Nn) is formed at the stage of structural synthesis (analysis) of the system.
Representation (14) is a consequence of the proposed parametric concept for F(X,).

Remark 2. The vector ]\A/i,1 can be adjusted iteratively based on the coercion algorithm [17].

As AF=F ( v, Ni,l )]\7 .» — F,(X,), then we get an adaptive algorithm for N,.’z from the condition
V<0

N, =-T, ((oFI N, +ETRE (XN, ))

. (15)
where T', is a diagonal matrix with positive diagonal elements. Designate the system (6), (11),

(15)as AS,. .

4.2. Signal Algorithm

Consider the model

X =K (% -X)+ AKX +Bu+ Y 4X,+U,
j=lj#i (16)
and the equation for the error
E =K.E +A4 X, +ABu, + i A X, +U,(X,)-F(X,)
S . (17)
Then

V,=-E'QE,+ER, [AAI.XI. +ABu, + i A X, +U, - F,.]
J=Lj# (18)
Choose the algorithm for U, in the form:
U =-DRE, (g
where D, e R"" is a diagonal matrix with positive diagonal elements. As F, (X,)e. 7} (7, 7,)
, then Lemma 1 is valid for F (X I.) .

Apply the approach [18]. Select matrix D, elements from the condition "D,- || 2d, zna, . Then:

JeLji

. T T 7 —_—
V,=—E'QE, +E'R, (AA,Xi +ABu,+ Y. A4,X,~DRE, - F,.J
(20)

E'RDRE, >2 AV
AS [ 2 Sl e | UQX,_RI i then

J=Lj#i

v, <—oV, +El,TRi[AAl.Xl. +ABu,+ Y A;ll.ijJ
, (21)
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where 4, is the smallest eigenvalue of the matrix R, o =4, +2na, 1, . We apply the

approach outlined in the proof of Theorem 1, and get

5ot s3{ @l +a o + 3 7 Jaaf |

=Ly

-0

If

2 [a& a4 +a,

m

MBI+ 3 @y,

J=lj#i

~ 12
AG +77&XJ <oV,

then the system (16) is parametrically identifiable on the set {ui(t),Xi(t), Xj(t)} on the
algorithms (12), (19) class, if (”,- 0, X,(1), X, (t)) ecw .
Designate the system (6), (12), (19) as A4S, .

5. Functional Restriction and Synthesis of Adaptive Algorithms

The described synthesis method of adaptive algorithms (AA) is typical for the adaptive
identification. Another approach is based on accounting of the limitations that are imposed on ASI.
This approach requires some knowledge and does not always provide workable algorithms. We
propose the method based on consideration of requirements for ASI. Show the algorithm synthesis
method using the example of the A4, matrix.

Consider of LF

VA (E,.A4,A4,) = 0.5E] RE, +0.55p(A4 A4

Let

VA< —y, = —aASp(AA,-TAAi), a, >0. (22)

Denote 7, =V +y, and obtain:

N, =—E Q.E, + E/ RAA X, +Sp(AATA4,)+Sp(A4T A4, )+, Sp(A4] A4,).
Adaptive algorithm for A4,

A4 =-A4, —a,AM,-T  ERX]
i i aA i AN . (23)

Let A =2, . Then:

Z,=2,,
AA 5
Z,=-a,Z,-Z,-T ,ERX/. 1)

So, if the functional restriction y, >0 is imposed on ASI, then AA is described by the system

S, The S, -algorithm use is associated with difficulties of application. Therefore, using the §,,
requires their modification.

Let z,,=a, ASp(AAl.T(D(|E |)AA,) and 7,, =V, +y,, . Then .7, -algorithm is presented as:
A, =-T,ERX/ -a,,I D(E|)Ad4, (25)
or

A4 =-M"T ,ERX',
i AN (26)

where M =1, +ae‘AFA1@(|E|) , ®(|E|) — AuaroHaJbHasl MaTpuila OT BeKTOopa |E

s 1 -

nxn

eAVHIYHA MaTpULIa, l“f.1 :FZ >0.
We describe .7, -algorithm (25) as:

A4 ()=-T ,E(ORX]()-oT /.Il_(D(|E|)(AAi (H)— A4, (t—r)), @)
where o,, =a,, 7. Itis difficult to evaluate the properties of the algorithm (27). If the matrix
D2 is unique, then
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A4(0)=-T  EORX] (1) -0, (A4(t)- A4 (t-7))

(27a)
Convergence conditions of estimates for algorithm (27a) at ®,, =1 and the matrix T, is
diagonal.
Theorem 3. Let 1) 4,,€.7;2) X(Ve>Z, , , X,Oerz, . uw)ez? ., ;3) F(X,)

satisfies conditions of Lemmas 1, 2; 4) V,, =Sp(AA,.T A4, (t)) ; 5) there exists v > 0 such that
Sp(A4'T T, ERX] )= u[(Sp(AA,.TF;FAl A, )+ ETRE X | )]

is valid at. Then algorithm (27a) estimates are bounded if

2
[ <nv,, —v 7o,
Ta vVt >t,,

where 1= A [1+%UJAJ ; O, =ay2h, Oy =Ar Ar , Ar  is the minimum eigenvalue of the

matrix T,

Theorem 3 proof is presented in Appendix D.

Remark 3. Algorithm (27) is a differential equation with an aftereffect. The equation (27) discrete
analogues are proposed by various authors for regression models. They are based on the intuition of
the researcher.

6. Properties of Adaptive System

S

6.1. System
Consider systems A4S,., 4S,, nLF V,(E)=05ERE,

V., =0.5-Sp(A4'T;'Ad, )+ o.5i Sp(A4;T,'Ad,)+0.5AB/T,'AB, +0.5AN/,T")| AN,
! . (28)
where Sp()) is the spur of matrix. We believe that the interference matrix Zij ensures the
stability of the S,-subsystem.
Theorem 4. Let (i) Lyapunov functions V,(¢), V,,(t), admit an infinitesimal upper limit; (ii)

A e ; (iii) Z, ensures the stability of the subsystem §; (iv) X,(Ne?@7, ., , X,(Oee7 ,
u(t)e@s, , ;) F, eF,;(vi)the system of inequalities
. 2 2 _
V; —H; —K; V _Uﬁ,
.S H; + o
Vas - ~410.56,
;(ar,ipi Ay . N,i
-
n b (29)
is valid for the Lyapunov vector function W, =[Vi,VA’i]T, where u,,x,,8,,.0:,8,,,0;,0y, are

positive numbers depending on the subsystem S, parameters and set I, properties; (vi) the upper

i

solution for W, satisfies the system of equation S‘m =4,S, +1, if

Wp(t) SSp(t) V(tZtO)&<Wp (to)gsp (tO))’

w,eW,, s, €8, ,p=eiAi. Thenthe AS,, -system is exponentially dissipative with the estimate:

t
W <e s, (1) + [ Ldr

o , (30)
if
/’lizﬂll,i 2 ZKigza,ipi . (31)
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As follows from (30), the A4S, limiting properties are determined by vector L, elements. If the
vector ]\A],.,l structure and parameters are known, then the A4S, -subsystem is exponentially stable if
13; ece .

Theorem 4 proof is presented in Appendix E.
Consider the system A4S, with subsystems AS., and 4S,,. We have the system of

inequalities for A4S,

RS +
w0 4, ||w || L
J J E , (32)

where 4, and L, have the form (29). Exponential dissipative conditions

/lfﬂu,i >2K,8,,.0; yf,b’ll’j >2K,8,, .P; .

N

6.2. System ~ %
Consider LF V,(t) and

V.. =05-Sp(Ad'T; A4, )+ o.siSp(AZ; T, /A4, )+0.5ABT;'AB, +
J=1

+0.5[ A, F ()A, F(0)dr,
A, F =U, -F
where ~ %77 0 7T
Theorem 5. Let (i) Lyapunov functions V() and V¥, .(¢) to have an infinitesimal upper limit;
(i) 4 €.~ ; (ili) 4, ensures the stability of the subsystem S, ; (iv) F (X,)e. 7} (7.7,); (v)

wyees . , XWOeeq . , X,O)e@q, 5 ; (v) exist v,>0 such that the condition

—F'A, F, =—v, (||E||2+||AU1E"2) satisfy at ¢>>t, in some area of the origin; (vi) the system of

inequalities

. 2
V; —H Ky, V; 0
. < Mo +
V. 9 Vi, 0.125vn.a,
2 4, Jood LR
Wy, o T Ls,
(33)
a
is valid for the Lyapunov vector function W, = [Vi,VAs,i] , where p,x, .8, 0B, vi-1, are

positive numbers depending on the subsystem S; parameters and set I,, properties; (vii) the upper

i

solution for W, satisfies the system of equation SW,. =4, S, +L, if

OZ5O 120, & (w, (1) <5, (1)),

P

p=ei;Ag, forelements Wy, w,eWs, s, eS8, .Thenthe AS,, -system isexponentially dissipative

with an estimate

t
W, <™ s, @)+ "L, do
o , (34)
if /uizﬂA,i 2 219A4ipiKAS,i )
As follows from Theorem 4, the A4S, -system application gives biased estimates for the
parameters of the S, -subsystem.
Theorem 5 proof is presented in Appendix F.
Remark 4. Signalling algorithms (SA) are widely used in adaptive control systems (see review
[19]). The rationale SA is based on ensuring on non-positivity derivative LF. This is a feature of using


https://doi.org/10.20944/preprints202412.1808.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 December 2024 d0i:10.20944/preprints202412.1808.v1

quadratic LF, which does not fully reflect the specifics of the processes in the system A4S, . The
Lyapunov function ¥, , proposed in the paper allows to prove the properties of the adaptive

system.

Remark 5. Algorithm (19) is a compensating control. Therefore, the term "signal adaptation”
reflects only the gain factor in (19). In identification systems, the SA use depends on the quality
requirements of the identification system.

Remark 6. The analysis of the properties of algorithms (12) with @, =0 is based on the results

got in [20].

7. Example

Consider the system

X _ 0 1 X 0 0 0
S0 L - —dy T4y | X " a, B b, h ¢ fl(x”)’

Y =X (35)
g _{xz =—a,x, +a,x,, +bu, + ¢, 1, (x,,),
L

Yy =X,

where X, =[x, x,], » is the state vector and output of the subsystem S, ; « is input
(control)); f(x,)=sat(x,) is saturation function; f,(x,)=sign(x,) is sign function; y, is
subsystem S, output. System parameters (35): b =1, a,,=2,a,=3, a =15, b =1, ¢ =1,
a,=125 a@ =02, b,=1, ¢,=025. Inputs u,(s) are sinusoidal.

Since the variable x,, is not measured, the subsystem S, is converted to a form where only

observable variables are used [20]. Subsystem S, has the form in the input-output space:
n=—ay ta,p, +ﬁ12pxz +b]pu| topy s, (36)
where «,, a,,8,, b,c, isunknown coefficients; x>0,

pyl =—,Upyl +y19 pxz =_,prz +x2,

. : (37)
P =—Hp, *U, D, =—up,+f.

We present the phase portrait for S1 in Fig. 1. Processes in S, are nonlinear. There is a
relationship between y, and y, (the determination coefficient is 75%). This reflects in properties of
the subsystem S, (see Fig. 1). In particular, y, effects on S-synchronizability and parameter
estimation. Apply the approach [16] and get that the S, subsystem is structurally identifiable.
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Figure 1. Phase portrait of subsystem S, .

Models for subsystems S, n S,
W =—ke +a,y +&12py, +ﬂ12px2 +b1pu, +élpf; ’ (38)

Py =-ke, +a4,y, +a,y, +bu, +¢,f,, (39)

where k,k, are a priori set positive numbers (reference model); ¢ =3 -y, e, =3, -y, are
identification errors; 4,.a,.h,,¢, are tuning parameters.
Apply algorithms (12) with ¢, =0:

a, = V815 a, = VP, B = 75,6 Ps,> (40)

b ==Vne Py G ="V 6Py

a, = V0@Vl = V7 &V 41)

by ==y, e, ¢, ==7,6/,,

where y, >0,7, >0,7, >0,7, >0,7, >0 are gain factors of the adaptation subsystem.

Figure 2 shows tuning parameters of the model (38) for S,.

15

S
—

0.0+

-1.5

~

au alZ
cl

~

ﬁu Ai
-3.01 b,

TTapamerpsl Monemu (31)

0 100 200 300 400 500
t

Figure 2. Tuning model (31) parameters.
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Show the adequacy estimation of the of models (31), (32) in Fig. 3.

4 2 Yo 2
" : . ; 250
3,
11.25
2+ -
~ 1 y2
h 410.00
0,
-1- 1-1.25
2
-3 T T T T T T T N -2.50
83 2 A 0 1 2 3 4
341
132
b} 135
a,
-~ 1.38
a2
& 1141
&2 1.44
04 06

Figure 4. Tuning model (39) parameters.

Fig. 4 shows the tuning process dynamics of the model (32) parameters depending on e,. We
see that the processes in the adaptive identification system (ASI) for S, are nonlinear. The tuning
process is more regular in the ASI for the S, subsystem.

Models (38) and (39) adaptation processes have different speeds (Fig. 5).

0.50

0.25

eZ

0.00

A
L
-0.25 T
-0.50
-125 -1.00 -075 -050 -025 000 025

Figure 5. ASI phase portrait in error space.

Consider an ASI with signal adaptation for §,. Apply the model

)Ajz =—k,e, + dzyz +a,y, +bu, + Us oy (39a)
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where u , =-d,e,x,.

We show results for the ASI in Fig. 6-9. Show the adaptation of the model parameters (38) and
the adequacy of the models in the output space in Fig. 6, 7. Fig. 8 reflects the dynamics in ASI and the
change in SA as e, function for the subsystem S, .

2,
ay
" arp

2
Eg 0 —f
5 g 4] by
g —

A

0 100 200 300 400 500
t

Figure 6. Tuning model (38) parameters.

10
: . . ; . -1
-2 -1 0 1 2 3 4
N
Figure 7. Adequacy of models (38), (39a).
0.6 0.3
0.4-
410.0
0.2
us,Z el
0.0
1-0.3
-0.2
-04 T T T T -0.6
-0.4 -0.2 0.0 0.2 04 0.6
eZ

Figure 8. Phase portraits of the ASI and the output of the signal adaptation.
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Figure 9. Tuning model (39a) parameters.

We see that the S, -subsystem output with SA effects on the ASI adaptation of the S, -

subsystem. Therefore, ASI with SA should be applied considering the quality requirements of the
identification process. Despite the compensating properties of CA, CA can lead to more complicated
processes in ASI.

8. Conclusions

We consider a class of nonlinear decentralised control systems for which the quadratic condition
is valid. The problem of identifiability S1-subsystem of DS is studied. We note the constant excitation
condition role in the parametric identifiable analysis of decentralised systems. Quadratic estimates
are got for the nonlinear part of the S,-subsystem. Parametric identifiability conditions are got.

Algorithms of parametric and signal adaptation are synthesised, and identification system properties
are studied. The exponential dissipativity of the adaptive identification system is proved. We present
the simulation results confirming the proposed approach efficiency. Appendix contains proof results.

Appendix A. Lemma 1 Proof
As 7 X <F(X)<mX, then

(7, X ~F(X)) (F(X)-7X)20, (A1)

where 7, >0,7,>0.

After simple transformations, we get

/‘{:ﬂZXTF(X)—ﬂ'lﬂ'ZXTX—FT(X)F(X)+7Z'1XTF(X)= (A2)
=7X'F(X)-mm,X' X-F' (X)F(X)>0,

where 7=z +7,. Let X(newz7 , . Denote X'X=|x[", a, <|X| <a&,, 7=xmx, where

SAy
a,,@, are positive numbers.
Transform y to the form
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x= ;?XTXHO.SFT (X)F(X)+

(2V0szX7F (X)) 4
+ XX | |-
2405 4-05
~0.5F" (X)F(X)20
or
2
1
=7X"X | J05|F(x X|| -
22X | oS (O |
_ T 1 2y T
0.5FT (X)F(X)+—om* XX 20,
Then

0.5F" (X)F(X)<(z+057)| x| —{1 0.5]F (x)|+ 2\/10? 7z||X||}
U
FI(X)F(X)<2zX" X+’ X" X =27+ 2" )| X[ .

FT(X)F(X)< (2;?+ ﬁszTX =nX'X <pa, m

n

Appendix B. Lemma 2 Proof

As F =F—AF, then we obtain from (7): (7[2X -F )T (ﬁ -m X ) > 0. Transform this inequality to

the form
(f, +AF) (f;-AF)20, (B1)
where f,=F-zX, f,=n,X-F.Then

[l fi= f]AF + AFT f, = AFTAF,

B2
£ fi = fi,AF —AF"AF > 0, 52)

where f,=f-f.
Transform (B2)

2
7 —(\/O.SAFTAF N ) —05AFTAF+0.5/" £, >0,

0.5AFTAF < £ £ +0.51" 1.
As f]f,<na, (see Lemma 1), then:
0.5AF"AF < i, +0.5f] f, = AF"AF <2nit, + f1 £,

Obtain for f f;,
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fif=(xX-2F) (7X -2F)=2"X"X -4z X" F +4F"F,
2
ity =|rX -2F| <5,,
where 6. >0. So
AFTAF = |AF| <2nd, +5,.m
Appendix C. Theorem 1 Proof
Derivative V,
V: = _EiTQiEi + EiTRi (AAiXi +ABiui + Z AZ:'/XJ' +AF;' (Xi )J ’ (Cl)
j=lj#i
where KR +K'R =-0Q,, 0.=0' >0. Transform (C1)
V,~E[QF, +|E/R||A4X, + ABu, + Y A4, X +AF,(X,) <
T 777 j=1,j#i
' " (C2)

2
<AV, +kV, +O.5(AAl.Xl. +ABu,+ Y A4 X, +AF,(X, )J ,

J=L,j#i

where A >0 is the minimum eigenvalue of the matrix Q.
We apply the Cauchy-Bunyakovsky-Schwarz inequality and Titus lemma to the last term in (C2)

2
O.S(AA,.Xi+ABiui+ > AX, +AF,.(XI.)] <

oL

(C3)
<2 laaf el ool + 3 | o f |

Since the conditions of Theorem 1 are fulfilled, then

v s—ZV#Z(% [aq]f +a, a8 + ¥ @

J=lj#i

A ) =

where 4 =14, —k,.
Apply lemmas 1, 2. Then

AF]AF, =|AF | <2na, +3, (C5)

where n=27+7’, n=m+n,, T=m7m,, 520.
Get estimation for (C4)
2 o — |12 _
AB[ + Y @, a4, +2na, + a‘,}. (C6)

oL

V<=2V, +2[07X, g +a,

As follows from (C6), if state variables have the property CE and
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ool o sl o 3 a3 o208 )<,

J=lj#i
then subsystem (1) is identifiable on the set I,, or 227, - identifiable. B

Appendix D. Theorem 3 Proof
Consider the LF ¥, =0.55p(AE RAE,) and ¥,, =0.58p(A4'T /A4,

M
V.=—E'QE, + EI.TR[AAI.XI. +ABu, + Y A4 X, +AF, (X,.)J <

j=lj#i

~ETQE, +||E R ||

J=lj#i

A4 X, +ABu, + z AA4,X, +AF,( ,.)H.
The derivative of V; has the form

M —_
V,=-E'QE,+E, R[AAX +ABu,+ 3 AX+AF (X, J<

<-E/QE, +|ER)

AAX+ABu+ZAAX+AF H

J=lj#i
and after simple transformations (see Appendix E)

V, <—ul, + 2z V+£Ua

i Aji F
i i

For V,, we have

Voo =MIT) (T, M () ~T, ERX] +T , Ad(t-7))

AN
or
V,y, =-Sp(Ad"A4 (1))~ Sp( A4TT ERX] ) + Sp( AATT T, M (1= 17). (D1)

Let E/R’E >4, E RE =24

R l 7
20p Ve, <Sp(ATA4(0) <27V, w [Sp(Ad] (A4 (- 0))| < 0.5[||AAI. I +]ad, - T)||2],

where Sp(AAl.T (A4, (t)) 224 Vies Ar, is the minimum eigenvalue of the matrixT", .
Then (D1)

<=2 V,,~Sp(A4'TT ER X )+[Sp(Ad/Ad (- 7)) <

, (D2)
<22 V,,-Sp(AT T, ER X! )+0.5 [||AA,. [P +[ad - ]

Apply condition 5) of Theorem 3 and get

<A, V,, 05| - u[(Sp(AAI.TFZFAi a4 )+ (ETRZE, )X, )] (D3)
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or
VA,i < _irA VA,;‘ + 0'5"AA1' (t- T)”z _UirA 41'4 "AAz "2 —vay 2&1%,. 4
i i - [ —)
As
-vo ||AA|| -vo,V, <—§UO' ||AA || +vyo,V, <—§UO' ||AA || +z)2 <V,
A i 4 A 8 A SO_A i
then
Vo, <—nVy, +]ad (- r)|| +u Ie V, , (D4)
3
where 7= Ar, (1 +Zuo—AJ .
The system will be stable if the functional limitation is fulfilled
2 ZO'e
o <7, 0 2%, m
O-A
Appendix E. Theorem 4 Proof
Derivative V, =E/ PE,
V,=-E/QE, + E,.TR(AA,.X,. +ABu, + i A4 X +AF, (X, )J <
j=1,j#i (El)

< _EiTQiEi + ||EiTRi ||

/]
J=lj#i

A4 X, +ABu, + Z A4, X, +AF,( ,.)H.

Apply the inequality

—az* b?
+—, a>0, b>20,z20. (E2)
2 2a

—az’ +bhz < —

AR = FTAN,, + AFTN,, = FTAN,, + D,

then apply the conditions of Theorem 3 and get

J=1j#i , (E3)

where  E/QE, = E[RE, , [a] =sp(ad’a4) . |p

AF” <O, follows from the system

construction, ,; >0. Obtain for [[a4[
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"AA[ "2 _ Sp(AAiTF;,:FA, AA;) < ZFA, Sp(AA[.TFZAAi) , (E4)

— . . . . . — 2
where 7. is the maximum eigenvalue of the matrix r, . Estimates for |AB|, [A4,[ are

obtained similarly. For £'AN,, in (E3), we have
7o [ < I <9, oA, 59,5, VLAY,

where 7. is the maximum eigenvalue of the matrix T,,, and F is limited in construction,

ie. ||I5||2 <9,. Therefore, (E3)

V<l 2k, + 5, (E5)

where «, —max(oz)(ﬂT a, ﬂT Oy ﬂTz N )
i Ni2

V,, haves the form

VA,i = —Sp(AAf ((pA, A4, +RiEiXiT ))—iSp(AZUT ((/7;. sz +RiEinT ))_
j=l !

(E6)
_ABiT ((‘73‘] AB; + R Eu, ) ANT ((DF AN, + ﬁ;RiEi) =0, 0,
Consider first components in (E6), i.e. 7=, +®,,:
h=-9, SP(AA:'TAA[ ) - SP(AA:'TR;'E[XI'T) = _O'5¢)A; Sp(AAI.TAAi ) -
~| 0.5, Sp(A4" AA.)+2—MSp(AA.T REX! )+;X.T X,E'RRE, |< (E7)
4 i i 2m [ A A 405(0141 i [ At M Ay A |

1
<-0.5¢,S 'A4)+——— X/ X,E'RRE,.
goA‘ p(AA“l 1) 405(0A i i L |

Using the transformations performed above for V;, we obtain

1 <-0.5¢, Sp(AAiTAAi)+ﬁXiT X.E'RRE, <
g (E8)
<-054, 7, Sp(AMT/ M)+ 1@, pV;,

where ¢, >z . [R|<p. o)<z,
Estimate r, =a,,, +®,,, , using the approach for 7:
——Z¢)A Sp(Ad]Ad, )~ ZSp(AZ[jTR,.E[X;)=—O.SZ¢AUSp(AIZI;MU)S
- - ! (E9)
-0. 52% Sp(A4; A4, )+0.5E, RIR,E,Z(p’lXT

Let X3 Sgo@_l_(t)ﬁ -+ - Then:

i
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n<-05Y 4, 2, Sp(A4TT A, )+ o, S ila, (E10)
J=l1 ! j=t 7
Estimate for 7, = -, AB/AB, -~ AB/ R Eu,
1 <=0.54, x, ABT/AB, + L;lo_tul V., (E11)
where ¢, (1) 2 Z,s 9, (1)< l;
Consider r, =—-¢,AN/,AN,, —AN;,F,R E,— N],AF,R E,
1y <=054y 7, AN/,Ty AN, + l;&ﬁ, pV,+|N,AFRE,| <
<054y, 7, AN AN, + lgo—cﬁl pV, +0.5N/,AFAF'N,, +0.5E' RRE,,
where ¢, (1) > X, ||1’3||2 <a, . Considering the designations introduced above and
05N/, AFAF'N,, <6, ,,6,,20,
we obtain
1 =054y 2, ANLTY AN, +(2,@; +1)p), +056, . (E12)
Let
g (iA, XX 2o de Xy ohn, X, ) =B
}r{r}%i( {;{2&){’_ ,212 ay, ’l;&u,- ’(l;aﬁ, +1)} <9,
Then

VA,[ = _ﬂl;(VA,i + Sla,ipil/i + 0'55N,i . (E13)

We obtain a system of inequalities for the A4S, from (E5) and (E13)

V —u iK vV i17
{V }s 7 {V }r 7 (E14)
A ‘gza,ipi “Payi H:;_L‘ 0‘55N,i
Ay, ' L

The AS,-subsystem is asymptotically stable, if (1) Dm,, (AW, ) >0, where Dm, is the qth minor of

the matrix 4, . From these terms, we obtain the exponential dissipation condition: u'pB, ., >2K,3,,.p;.

The upper solution for W, satisfies the comparison system

Sy, = Ay Sy +L,, (E15)


https://doi.org/10.20944/preprints202412.1808.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 December 2024 d0i:10.20944/preprints202412.1808.v1

20

if w,@)<s, (1) V(12 to)&(wp (t)<s, (to)), w,eW,, s, €8, ,p=ei;Ai. Thenthe 48, -system
is exponentially dissipative with the estimate

W< s, 1)+ [ Ldr m (E16)

[

Appendix F. Theorem 5 Proof
Consider V.

i

. m
J=Lj

V.=—E'QE +E'R (AA,.X,. +ABu,+ Y. lAZ,.ij +AUiFl.) (F1)

J#i

Apply the approach from Appendix D and get

2

v

i

IA

M —
S aqx,
Jj=1j#i

—uV; +%[”AA1'X1'”2 +||AB,.ul.||2 +

2
o] ] -

where [adff =sp(aq'aq). [ag,[ =sp(ad/as,).

According to section 4, U, has the form (19), where D, e R"™ is a diagonal matrix with

positive elements. We select the matrix D, from the condition ||D,.||Zd,. >na, , and

F(X,)e. . (m,x,) satisfies conditions Lemma 1, 2 conditions. Given the choice U,, we get

"AU,Fi ||2 <o, ,where o, >0. Apply the mean theorem,

Jou 7 =5 I E e =1,
t

|
Lag;

where >0, 1., <p, ¢>0 Let zp2 4. Then the estimation for 7;:

2
V. <—uV, +£{||AAI.XI.||2 +||ABl.ul.||2 + i AZl,j.Xj +77'1,, J (F3)
H; j=1,j#i '
Using the proof scheme from Appendix 4, we get:
&y | +a, a8+ > @ aq, [+ <k, i (F4)
=L

where «, >0, and
; 2
V.<—uVi+—i, V, .. (F5)

Consider
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V= —sp(AAf (¢4, + REX] )) - Zsp(AZ,.j (0,04, + REX] )) -

Y j=1 ! (F6)
~AB (@, AB, + REu, )+ A, F A, F.
Lemma 3. Estimate

A, F A, F <A, B +26,pd7, +0.125v,,

is valid for A, F'A, F,.

Lemma 3 proof. A, F/'A, F, has the form

Ay FTAF, =~E'RDA, F,~F A, F,.
Estimate the EI.TR,.D,.AUIFI. . Let in the domain «/(0), the equality holds:
)
where 7,>0 , ¢={0,0""}cRxR""xJ,, , 0" eR"™™ 1is zero matrix, ¢ 1s some

neighbourhood of the point 0, ¢€[0,0]=],.
Then

_El.TRiDiAU,.Fz" =-r, (”EiTR,-D,-Hz + ||AU,.Fi|

(|2 Rl +lau ) =05 -
- {osturl ezl £ m5ja, sl 4] < ")

<-0.57,|A F[ +0.5V0.57, A, F||E7 R D
Apply the inequality (E2) to (E7)
~E'RDA, F, <~ |y F[ +7|ETRD) -
As || <d..|R]| < p,, then
~E'RDA, F, <~ |A, F +27,0dY,. (F8)
|a,F =771, . Therefore, (F8)
~E'RDA, F, <171, +27,pdV,. (F9)
Estimate —FA, F . Let v, >0 exist such that:
/A F ==, |E v, A Ff

is fulfilled on ¢>>¢,.
Then
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~F 8y F == | - 80 £ =05 [ E 05w Jay £ -v[ET -
R S (T T PR W R S 1)

>0

<05, |Ay || +0.5v,F A, F <—0.25v, Ay F| +0.125v, | £

Use (E9) and (E10) and get the desired score for A, F'A, F,

>

o FT A, F < ~(7,+0.25,)|Ay E[| +27,pd7, +0.125v,a,

where |F| <na, . ®

Use the estimates obtained in Appendix D. Introduce notations

min(iAi 22y Aoy 2, (7, +0.25vl.)1—l): s

J=1

max {z Ty 2 X, 0, X, 4, ,ﬂidi} <
and apply to Lemma 3. Then (E6)
Vai S=Bu Vo, + 9 PV + \/0.125v,.;7,.aXi , (F11)

where F'A, F, =, |E[ -v, Ay E[ . v, 2 0.

We obtain the system of inequalities for A4S,

. 2
" R ’ E12
. < H; ' + ..
A v || Voizsuna, |
S0 E i

Wy, W Ls,

The exponential dissipation condition for 4S5

1B, 229, pk,. . (F13)

If we introduce a comparison system (see appendix D), then we get the estimate for A4S
Ay (t-1) s (t-0)
wyy<e™ s, (z0)+je L do .
l
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