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Article

On Adaptive Identification of Interconnected
Systems

Nikolay Karabutov
MIREA —Russian Technological University, Moscow, 119454 Russia; kn22@yandex.ru

Abstract. Interconnected control systems (ICS) widely apply to various technical systems. ICS has
a complex description. Therefore, simplified models use, which the specifics of an object do not
always reflect. So, the problem of synthesizing mathematical models is topical. The work purpose
is to develop an approach to obtaining models in conditions of incomplete a priori information.
We use an adaptive approach. As examples, two-channel systems (TCS) with cross-links and
identical channels consider, and a method for mathematical model design. We consider the system
with asymmetric cross-links and evaluate their impact on properties of an adaptive identification
system. Approach proposed to assessing the TCS identifiability with cross-links. The excitation
constancy influence on TCS parameter estimates is studied. A generalization of the proposed
approach is given for an interconnected system.

Keywords: excitation constancy; geometric structure; Lyapunov exponent; structural
identification; structural identifiability; S-synchronization

1. Introduction

Interconnected systems (ICS) used [1-5] to control actuators for robots and manipulators [6, 7],
and various technical systems [8, 9]. ICS identification methods based on an adaptive approach [10],
a black box concept for non-stationary multi-connected systems with uncertainty [11]. Adaptive
algorithms of decentralized robust control with a reference model are proposed for ICS with a time
delay [12]. The identifiability issues considering for a closed interconnected stochastic system in
[13]. The system decomposition proposes into subsystems. The identifiability considers as system
individual elements and individual closed circuits. Convergence sufficient conditions got almost
certainly for parameter estimates. A high-modulus normalized adaptive lattice algorithm proposes
for multichannel filtering in [14].

In [15], an algorithm presents to identify transfer function models for 2-D spatially
interconnected systems which are semi-causal both in open and closed-loop form using neural
network. In [16], a decentralized robust adaptive stabilization system considers with output
feedback. adaptive nonlinear damping and a robust adaptive observer are the base for controlling
laws. In [17, 18], there get similar results. In [19], the identification method presents for a spatially
interconnected system in a rational form.

Adaptive control of large-scale systems consisting for arbitrary of subsystems with unknown
parameters, nonlinearities and limited perturbations is considered in [20]. Topological structural
identification [21] considers for large-scale dynamic systems based on a small dataset. In [22], the
approach proposes to the blind identification of a two-channel systems. The proposed approach
bases on the data analysis in the frequency domain. Problem analysis of blind multichannel
identification and some modern adaptive algorithms present in [23]. The review [24] analyzed some
modern approaches based on the identification problem (IP) decomposition for systems with
multiple inputs /one output (MISOS). The identification of stationary linear MISOS discusses in [13,
25, 26]. Correlation analysis [25] uses for the ICS identification in the frequency domain.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Transfer functions and the state space Models are the basis for analyzing processes in ICS.
Adaptive procedures are used to synthesize control algorithms. Adaptive control algorithms apply
under the perturbations and unmodeled dynamics action. Explain this IP state (i) incomplete
information about the state and parameters of the system and (ii) the accounting complexity of
relationships in the system. The identification of ICS parameters base on statistical procedures,
frequency methods and neural network technologies. Apply of adaptive identification methods
(AIM) study in some works. AIM use to the tuning (identification) control parameters. Parametric
uncertainties that arise in this case compensate by the choice of a control algorithm. The
Identification of two-channel systems has not been studied.

We propose the approach to the ICS adaptive identification based on the use of measurement
results. First, two-channel systems (TCS) with cross-links (CL) are considered. The approach
proposes to the TCS identifiability under various assumptions about LC. Identifiability estimates
have obtained. The adaptive system stability proves. We propose the approach to ICS identification.

2. Two-channel systems

2.1. Problem Setting

Consider TCS with CL. We believe that elements in channels are identical. Transfer functions
are the basis of TCS analysis [27]. The TCS description in the state space is a more adequate
representation in identification problems. Let TCS have n vertical layers.

(i) the first layer

{Xn =AX,+Be, =4X,+Bv,,

Y :Cerm )
{le =A4X, +Be, =A4X, +Bv,,
Yo :ClTsz

(ii) *-layer (1 <k =m)

X, =A4X , +Bu,,

Yk = CkTXl,lm

U = YViga T Vs

Vig—1 = d., (yz,k—l + dk—zvz,k—l )’
KXoy =A4X,, +Bu,,,

Vo = CkTXl,k:

Uy = YVoga T Vosiors

Vaso =iy (yl,k—l +d 3V )’

@

where v, =g, = ¥,,, v,y =&, ~ V5., Viu i i-channel CL output, i =1,2; X, e R’ is the state vector of

the k layer of the i channel, 4, eR**, C, eR%, B, eR*, y,, €R is output k layer of the i

channel; v,,_, is CL output; g,(t) € R is input (upsetting control) the system. 4, is Hurwitz matrix.
d,_, is an operator. Tasks solved by TCS determine the d,_, type. d,_, can be a constant, a

nonlinear function, or a differential operator.
Information set

L ={g0.7, V(i =1:2)&(k=Tn).t e =[1,,1.]} ©)

where J time interval.
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The structure of the TCS model coincides with (1), (2). Let y,, e R, i=1,2 k= 1,n is the output
model.
Task: design algorithms for tuning model parameters to

}ggb;m _yl}k' < 5""{ (4)

where 6, >0 is a set value.

2.2. About TCS structural aspects

The system (1), (2) identification depends on the evaluating possibility of its parameters.
Introduce the model for (1)

Xll = Kl (Xll _X11)+ AIXII +Blvll’

Y = Clr/\}m )
Xy =K, (le _X21)+A1X21 + By

);21 = C1TX21 >

where K, e R?" is stable matrix (reference model); 211 e R, él e R” are matrixes (5), )21.’] is

model state vector.
Let E, 2 X,, - X,,, E,, 2 X,, - X,,. Then for the first layer

E,=KE, +AMX, +ABy,,

. U ©)
E, =KE, +AMX, +ABy,,

where A4, £ 4 — A, AB, £ B, — B, are matrices of parametric residuals.

Similarly, we obtain the error equations for the remaining layers TCS
B =KE  +AX,  +ABu,

. A R 7)
Ey =K.E, +AM.X,, +ABu,,.

Let the input g,(¢), i =1; 2 satisfy the constant excitation (CE) condition
TG . <gO<a Ve[, ,+T], (8)

where ¢;,a; are positive numbers, 7> 0.
Designations:
(1) if condition (8) is true, then we write g,(t) e #7, ; ;
(2) if condition (8) is not satisfied, then g,(1) ¢ @7, , .
Theorem 1. Let 1) g, (t)e =7, , , where (2,,@)>0; 2) the system (5) is stable and detectable; 3)

K, e R"™ is Hurwitz matrix; 4) v, ()€ &7, 5 , where 0,>0,6,>0i=12;5) X,()ee?, 5

where (g X ) > 0. Then the system (5) is identifiable if

Xiy
7o A4 +0.50, [AB [ < (A-0.5V;, )

where 4, >0.5, =, :Zmax(gxu,&xu) , U, =0, +0, , |AA1||2 :tr(AAlTAAl) , tr is spur of matrix,
Vi(t) =0.5E/ ()R E, () + 0.5E, ()R .E,,(t), R =R >0 is symmetric matrix.

The theorem 1 proof gives in the appendix A.
Definition 1. If condition (9) satisfies, then the system (5) is £27 , -identifiable on a set of state variables.

The subsystem layer (1) identifiability depends on properties of the TCS output.
Consider the system (7) and the Lyapunov function (LF)
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V,(t)=0.5E/ (OR.E, , (t)+0.5E; ,(DR,E, , (1) . (10)
Theorem 2. Let (i) K, e R*“ is Hurwitz matrix; (ii) ||X1,k||2 €ECG, a |X2’k||2 €T a4

T, = max(&xl_k Ay, ), Vo €CG 5 (i) the system (5) is 227, - identifiable; (iv) the system (7) is

TV2h1 7 Y2k

stable and; (v) vi,_ e@7, . ; (vi) the d,_, operator is constant: d, <@, <@, where @ is some
@

k=172 k1

number; 6) 4, >0.5. Then the system (7) is ©27, , - identifiable if
057, A4 +0.5[AB [ (&, +20° (& +20°4,)) <(4 —0.5)V,, (11)

T, = Zmax(aXlk Ay,

) - _ _ ﬂk:max(ay +a)2§V )
,ak:Zmax(ay2 a ), ! e AN

k12 Vik-

where

The theorem 2 proof gives in the appendix B.
Remark 1. The conditions "Xi’k "2 €Cw, 4 =12 followed from v, (t) e =7, ,

a, *
ay
i’ i

Remark 2. The k-layer (7) identifiability depends on properties of TCS previous layers and CL. Select CL
parameters so that condition (11) is fulfilled.

Let d, is differentiating.

Theorem 3. Let Theorem 2 conditions be satisfied and (i) operator d, is differentiating, i.e.,
Viea = d(yzyk_1 +d,yVy )/dt; (ii) the system (1), (2) is stable detectable and recoverable. Then the system

(5) 227, , - identifiable if
057, |A4 ] +0.5|aB, [ (&, +2(&, +&)) <(4 -05)V,, (12)

where &, =2max@, &, =2maxd, , 7, = Zmax(&xm ,a,(“), V.(t) has the form (10).

The theorem 3 proof gives in the appendix C.

Obtained results give estimates of the system (1), (2) identifiability based on the analysis of the
TCS state vector.

Let the set (3) measured. Convert TCS to the form [28] based on the set [28]. Consider the
system (1). Let 4 be the Frobenius matrix with a parameter vector A4 eR" ,
4, :[a,’s’],al’s’z,...,al’w1 ]T, C :[1,0,...,0]T ,B, :[0,...,0,17175 ]T. In the space (v,,,),), the system (1)

has a representation (see appendix D)
).71)1 = 1,T1Pl,1 ’ (13)

4,eR* P eR™

T _ . 11
where A, = [—al’l’l,al’l’z,...,am’q1 ,blqs,blﬂz,...,bl,qI ] ,

Considering (13), the system (1) has the form

S, (14)
Evaluate the identifiability of the system (14) by output (224 -identifiability). Consider the

model

)71,1 =-xe,t AITIE,I >
| o (15)
Yy =—xe + 4,5,

where 7, >0, ¢, =J,, —y,, isoutput y,, prediction error, i=1;2. The equation for ¢,
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éi,l ==X +A21T1}31 ’ AZI,I =4 _21,1 . (16)

Consider LF 7, (e,,.e,,) = O.S(eﬁ] + ezz,]) and ¥, has the form

. —_ Z a—
Va=="2xV,+ AAITI (Pl,lel,l + Pz,lez,l) = _?1 Via+ 2
X

where RE' =R.R,+B,F, .
It follows from (16) that AZU =0, if the vector R(I)G%?ﬁn,aa (i=1;2) and subsystem (1) is
parametrically 224  -identifiable by output. The 224  -identifiability of subsystems (2) is justified
similarly.
Representation for the & -layer (system (2))
{yl,k = kapl,k,

e =4 17)
Yok = AlTkpz,k-

2q, - . . - 2 .
where P, e R™ is generalized input, 4, e R™ is parameter vector.

Determining the CL type is one of the TCS identification tasks under uncertainty. Apply the
following approachio Consider the k -layer of the system (2) with identical cross-links and
d,_, =cons. Construct the ¢/  -structure described by the function f,  :u,;, =y, , i=12 for

both channels of the k -layer. &7 | reflects the input-output state of the TCS. Determine the

Yik

secants for 7
i k> ik

gui.k’yx,k = afo.x,k + afu.k Uir (18)

where a, ,a, are parameters determined using the least squares method.

Nk

Since CL is rigid, the angle between secants &, =~ does not exceed a certain value J, :
|a§m —aém|S§ék . Therefore, CLs are positive. If the cross-links are asymmetric, then

|a a9, | >0, . In this case, the signal v,, , acts in antiphase with the output y,, , previous layer

of the first channel.
Remark 3. Proved theorems are applicable if each layer channels are non-identical.

2.3. TCS Adaptive identification
Consider the representation (13)-(15), (17). Introduce the model for (17)

A _ LT
Ve =~ Xilx + Al,ke,k’

| 2 (19)
Vou = Xilai + Al,k})Z,k’
where y, >0, e, =J,, — ¥, is i -output prediction error of the i -element for the k -layer.
the equation for e,
G =—XiCs T AZTkBk ’ Azl,k = _l,k - Zl,k . (20)
Adaptive parameter tuning algorithm for (19)
AZ,k = Zl,k =-Te Ly (21)

where I', e R*™ is diagonal matrix with y, , >0.
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From condition ¥, <0 we obtain an

Consider subsystem (14)-(16) and LF 171(61’1) 0.5¢;,

adaptive algorithm for adjusting vector 1 ,
(22)

where I'; e R"™ is diagonal matrix with y,; >0, j is the diagonal element number
Remark 4. As TCS has identical channels, we adjust only one channel.
The feedback effect leads to unidentifiability of the system (14)-(16), (22) parameters. The
equation (16) writes as
6, =—xe, +AL R, + f(4,.8,), (23)

where f() is the uncertainty that is the result from A, ¢ 27
Consider LF V‘»f ( ! ) = 0'5612»1 VLA (AZH) = O'SAZZIFI]AZLI
Theorem 4. Let 1) g(Ne??, ., B, f‘?% .
a,20; 4) thereisa v>0 such that for t >>1, it is

b
s T .
e,0, :U(e]l+AAllRlRlAAl])/

,i=1,2; 3) |f|2Saf, where

6) the system of differential inequalities is valid for the system

1,1

5) At (T ||AA”|| 2 <A ()24

(16), (23)
- _A 2@ - a,
Le < 2 Zl K e -
P A R A (24)
Via 4o 2L 0
2 B

and the comparison system S, (t) = A S, (¢)+ By, for (24), where S, (t) [51 L(0),s, A(t)J , 8., (w=e,A) is
(t,). Then the system (14)—(16), (23) is exponentially dissipative

V@ us,, ()27,

a majority factor for

with the estimate
t
(707, 0] <e55,0,)+ [ By dr,
[

|P PT||<9 ( R.) , A (T)) s the minimum

where xin>89, , then n=z, 2. (1)), z, >
eigenvalue of the matrix T', .

The theorem 4 proof gives in the appendix E

As follows from Theorem 4, the adaptive identification system guarantees biased estimates

for system (14)—-(16) parameters.
Consider the system (17), (19), (21). Let d,_, in (2) is constant

— ~ T T
and A4, as: Pl,k=[P1,Tk,P,-,vL2_A,1] , A, [ J where p,, s

AA{,( Ad,

Present £,

transformation v, ,_,, j is jth element of vector A4, . Then (20)
(25)

Xl AA]TI{PI e Tk (Al,kPl,k ) ,

s
cc
&p  Cp
1Lk 1.k

where f () €R is uncertainty, whichis R, ¢
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k ,
Theorem 5. Let the Theorem 4 conditions be satisfied and (i) y, () ee7, . , B,eeq, . ; (i)
we =0, (Meovies) 0w g€C ;o (i) fi<e, ,  where @, >0, (iv)

2
, where A

‘max ‘min ‘mi

A (D84 <7, < 40 (1A%,

o (T, is the minimum eigenvalue of the matrix T, ; (v)

"PI),{PLT,C " <7, <ay, ; (vi)thereisa v>0 such that for t >>1, is fair

el,kAZlTkR,k = U(elz,k +AZE1(P »PT»AZl,k ); (26)

Lk™ 1k

(vii) the system of differential inequalities is valid for the system (21), (25)

P T 775 RO

Vel | 72 Ta {V} -

L - % k

Vea 4 U1 Via 0 (27)
L ke =

oL 23

Ag,

and the comparison system S‘k ()= A4, S, (t) + By, 0as (27), where S, (t) = [s,(’e(t),s,(’A (t)JT, 5,0 (w=e,A
) is a majority factor for V, (t), s, (t,)2V,, (). Then the system (19), (20), (25) is exponentially

dissipative with the estimate

t
Vo) <e™ s, 1)+ [ By dr,

f

lfl:n>32'9pu’ EPM >0, n=zp A (rk)

The theorem 5 proof gives in the appendix F.

As follows from (27), adaptive identification system properties depend on the k -layer on
cross-links.

So, we have proved the TCS identifiability by the state and output of the k-layer. The results
confirming the convergence of the estimates for the system parameters obtained. Adaptive
identification system properties depend on the CL parameters and information properties of TCS
signals.

Remark 5. If the TCS contains non-identical channels, then it is necessary to apply the models (17) for each
k -layer.

3. Interconnected systems

Consider a system S, ¢

X(t)= AX(¢)+ DF,(X,t)+ BU(?), (27)

ZY(1) = CX(0)+ F,(X,1), (28)

where X e R” is state vector, 4 € R™" is state matrix, D e R™, F(X,t):R” - R? is nonlinear

vector function, U e R* is input vector (control), BeR™, YeR" is output vector, CeR"™,
F,(X,t):R" > R" is perturbation vector (measurement errors), <& is operator that forms the
vector Y . & can be: 1) a differential operator reflecting the dynamic properties of the
measurement system; 2) as the operator describing the method of interaction between subsystems.
Matrices A4,D,B are block-based and reflect the state of independent subsystems. The F,(X,?)
vector can be a perturbation (measurement error) or a variable reflecting the influence of

independent subsystems.
The observed data set
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L ={YO).U@).t €[tyty]}, 1y <. (29)
Assumption 1. Elements ¢, (xj) eF, ¢, (xj) € F, are smooth, one-valued functions.
Apply the model to estimate parameters of matrices A,D,B,C
X(1)= AOX 0+ DOF(X,0)+ BOU(@), 0)
&Y ()= CX(t)+ F,(X,0),

where A(t), D(t), are matrices with tuning parameters.
Problem: synthesize the model (30) for the system (27) satisfying the assumption 1, and find

parameter tuning laws of t matrices 1:l(t) , D(t) u B(t) to
lim ||?(t) - Y(t)" <5, 6,20,

where |||| is the Euclidean norm.

Remark 6. Consider (28) as an equation describing the connections between subsystems for some class of
ICS. The vector F,(X,t) form (see the section 2) must be evaluated in this case.

The synthesis of adaptive identification algorithms bases on the approach described in section
2.
Remark 7. If the TCS contains nonlinear subsystems, then the decision on nonlinearity form bases on the
construction of an interconnection graph [31] under uncertainty.

Mogeau 1 aATOpUTMEI ajallTalluM COBIIAJalOT C YPaBHEHNAMM, IOAYIEHHBIMMY B IIPeABIAYIIIEM
pasaeae. Jas OLEHKM KadecTBa paOOTHl aJalTUBHOM ITOACUCTEMBI MAEHTU(UKALIUY MOKHO
NIPUMEHUTH TeoOpeMsI § 2.2.

4. Examples

1. The TCS for target angular tracking with identical azimuth and elevation channels and
asymmetric CL considers [32].

X=—-ax+b(g—-y), (31)
§=-a 548, [x-(g-3) k(g -n) ) (32)
X =-a.x +b.(g-») (33)
yl:—ayy'l+by(x1+(g—y)+k(g—y)’), (34)

where a, =T.', b,=T'k_, T., k, are time constant and amplifier gain; k is the cross-linking

parameter; a, =T,', b, =T, 'k, are servomotor parameters; g, g, are inputs, (g—y) =d(g—y)/d:.
CL represents in parentheses as a differentiating link with the parameter & .

Outputs x,(¢), y,(t) of links and the inputs g,(¢) measure. It is necessary to evaluate the system
parameters (31), (32).

Apply the transformation described in Appendix 4 to obtain the model for y(¢) . Consider the

system of filters (transformations)

b, =—thp,+Y,
Dy=—mps+ 9, (35)

pu :_ILIIPU +U’
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where 92x-g +y,, v2d(g—-y)/dt, p,(0)=0, i=y,90, 4 >0 is a number that does not

coincide with roots of the characteristic equation for the second equation in (31). The model for (31)
has the form

i=-ye +ax+b(g-y) (36.1)

ﬁz—;{yey+&yy+épypy+135p3+13upu, (36.2)

where e, =X-x,e, =J-y, x,, ¥, — positive numbers (reference model). Adaptive algorithms for
tuning system parameters (36.1), (36.2)

a,=-y,ex, b =-y,e(g-y),
a,=7,ey. 4, =7, ¢p, (37)
&9 = _}/aseypg’ C’iu = _}/aueypv
where y,.7, (i=x,y,a,,p,,8v) is positive numbers guaranteeing convergence (37).
The system (31), (32) modelled with the parameters: a, =12, b, =2, a,=595,b,=1, k=5.
Inputs g,(¢) =1.5sin(0.17¢) , g,(¢) =1.5sin(0.177¢) .
Figure 1 shows the structures confirming asymmetric connections in the system. The analysis

of parameters a, =0.53, a, =-045 for secants &  , & =~ shows that the condition

a. —a, ‘ > 550 fulfils with 550 =0.2. Therefore, CL is antisymmetric.

45 30 -15 00 15 30 45
E,E

Figure 1. Evaluation of structure for cross-links.

We consider remark 4 when evaluating the parameters of the system (31), (32). The
identification system parameters.: », =1.5, y, =15, y, =2.

Adaptive identification results are shown in Figure 2-6. Adaptive identification of model
parameters (36.1), (36.2) presented in Figure 2, 3.
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4130 24
I
-1_35- UVW\/—/W;’—\M
‘ bx 12.2
. 1404 o R
ax V" A
-1.45- a, 120 *
1501
118
-1.551
|
-1.604 . . . 1.6
0 50 100 150 200
t

Figure 2. Tuning model (36.1) parameters.

1.5+ ~
J k’\,iﬁ e )ﬁ' ]

A 051 a,
dg |
104 .
~ | \ \ a
a, 451 %
20 -
0 50 100 150 200
t

Figure 3. Tuning model (36.2) parameters.

Identification errors show in Figure 4.
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2.0+

0.00 0.25

0 50 100 150 200

1.6
1.4+ 4
1.2 f;f"\' 7
5 104 -
Cly N \ R
0.8+ \ N\ ay
d.g 064 “‘r\\ \
041 — \\‘
0.2 A
0.0 U
0.2 . . . . .
05 00 05 10 15 20 25
€y

Figure 5. Tuning model (36.2) parameters.

-1.30 28

-1.351
~ -1.40-
ax

-1.451

-1.50

-1.55+

-1.601

T T T 1.2
-0.50 -0.25 0.00 0.25 0.50

Figure 6. Tuning model (36.2) parameters.

We see that the tuning of layer 2 parameters depends on the layer 1 output (model (36.1)) and
the CL properties. Correlations between outputs of elements (31), (33) affect the quality of
parameter tunings (36.2). This influence is transmitted through CL. This conclusion confirms by
structures shown in Figure 5. These results confirm statements of Theorem 5. The tuning process of
model (36.1) parameters has a smooth character (Figure 6).

2. 2. Consider a pseudo-linear two-channel corrector (PLTCC) [33]
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X =-ox +ﬂ1(g_x6)
X, =-a,x, + 1 (g_xa), +5, (g_xa)

Xg =X

X, = =0 X, — QX + B (xlsign(x1 ))(sign (x, ))

(38)

where g is setting effect, x, is output; g—x, is misalignment error; x, is amplitude channel

output; x, is phase channel output; u=(xsign(x,))(sign(x,)) is regulator output;

(g—x )’ =d(g-x;)/dt; a, B0, 1, B, 0,0, B, are corrector parameters.
Remark 8. I [33], a preliminary selection of PLTCC parameters uses.
Theset I, = {xl (1),%, (1), x4 (1), €[ 0,1, ]} is measured, where ¢, is known number. Apply models

);cl =—ke, +d1x1+ﬁ1(g—x6), (39)
);Cz =—k262+é2x2+ﬁ2d(g—x6)/dt+ﬁ2 (g_XG)/ (40)
)?6 =—kge, + &y X +0”sz6 ., +dm Dus (41)

where k. k,, k;, are known numbers; e =% -x,i=12,6 ; &,f.,i=12,a

i

e ocpx5 are tuning

parameters; %, e R (i=1;2;6) are model outputs; p, ,p, obtain as (33).

Adaptation algorithms
d1:_7a,elx17 ﬂ1:_7plel(g_x6)s
a, = “Va,€2%2> B, = —7p,6 (g _x6)= = s (g—x6) ’ (42)
Ay =~V €Xes Ay =77, €Dy Ay =V, €D,

where y, >0 is the gain factor in the corresponding parameter tuning circuit.

System (38) parameterss % =1056=35 =22 f,=22, =04 = a,=3

G =3.03, fy =52 2(0) =sin(0.0570) g1 y1ation results show in Figure 7-12.

1.2

0.9
0.6
X6 0.3
0.0
-0.31
-0.6-

-0.9 T T . . .
-2 -08 -04 00 04 08 1.2

Xis Xy

Figure 7. Phase portraits of system (38) (1 — x4 (xz) ,2— X, (xl) )-
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Figure 8. Effect evaluation of variables x,,x, on x, .
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Figure 9. Tuning model parameters (39).
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Figure 10. Tuning model parameters (40).
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Figure 11. Tuning model parameters (41).
-2.4
44
% A
- u o
i 3.0 — a,, 1
/
Qy L . A
-3.61 Pu
b 12
-4.2+ 14
-4.8 T T T 0
-0.50 -0.25 e 0.00 0.25 0.50

Figure 12. The dynamics of contour for tuning model (40).

Figure 7 represents structures (the transition process is excluded) reflecting the phase
processes in the system (38). We see that the system is nonlinear. The application of results [31]
shows that the system is structurally identifiable. Therefore, the input is S-synchronizing and
considers the nonlinear properties of the PLTC.

The analysis shows the relationship between x, and x, (the correlation coefficient is 0.94). The
density diagram (DD) (Figure 8) confirms the influence x, and x, on x,. We see clear influence
boundaries of variables on x, . These relationships affect the convergence of adaptive algorithms.

The of adaptive model tuning process for amplitude and phase channels shows in Figure 9, 10.

The tuning of model parameters for the object shows in Figure 11. The tuning process depends
on the control action.

The tuning dynamics of model (41) haves a more complex form. The input influence of plays
an important role. The theorem 5 statement holds for the PTLCC system.

5. Conclusion

The approach to the identification of interconnected systems proposed. First, the adaptive
identification features of TCS with cross-links considered. The conditions of the TCS identifiability
in the state space and the output space obtained. Structural aspects of the identification for two-
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channel systems are considered. WE consider the influence of input properties on the estimation of
TCS parameters. Adaptive algorithms are designed for TCS identification with identical channels.
Estimates and conditions confirming the estimate convergence of the TCS parameters are obtained.
The properties of the adaptive identification system depend on the CL parameters and signal
information properties in the TCS.

We consider the interconnected systems. We note the a priori information role in considering
existing relationships for identification. It is shown that approaches used for the TCS identification
applied to the interconnected system. Adaptive identification examples real systems are considered.
We consider TCS with nonlinear control and complex interconnections. The paper considers only
certain aspects of this multifaceted subject area. An approach that allows to evaluate the dynamics
of processes in the adaptive system is proposed. It considers the influence of system elements on
the quality of the parameter tuning process.

Appendix A

Theorem 1 proof.
Consider the Lyapunov function for layer (6)
Vi(t) =0.5E] ()R E,, () + 0.5EL ()R E,,(¢) . (A1)
The derivative of V()
Vl =E\QE, +E\R (AA1X11 +ABw, )+ E\QE, +E,R, (AA1X21 +ABv,, )» (A2)

where RK,+K R =0, O is symmetric negatively defined matrix.
T

Since the matrix K, is stable, then E| QE,, + El,QF, <-AV,, where 4 >0. Apply the inequality
ab < O.S(a2 +b2) and get
n<-ah +|E1T1R1 (A4 X, +ABy, )| +|E2TIR1 (A4.X,, +ABIV21)| <
2 2
<=2V +05(|RE [ +|RE[)+0.5(X[A47 A4 X, + X] A4 AL X, )+ (A3)
2
+0.5]AB | (v, +3,).
geeq , (gl.), and the system (5) is stable and detectable. Therefore, the residuals A4,
AB, K2 are limited. Then (A.3)

Vi <=(4=0.5V, +0.5( X[\ A4/ A4 X, + X] A4[ A4 X, )+

(A.4)
+0.5]|AB, | (v +v3, ) < ~(4 =05V, + 7, | A4 | +0.50, |AB,
where 7, =2max(@, &, ), X, (0e@q, ., \()eTF , ,0,=5,+5,.
The system (6) will be stable and identifiable by A4,,AB, if
7o A4 +0.50, [AB | < (4, -0.5), (A5)

and system variables satisfy conditions 1), 3), 4) of Theorem 1. o
Appendix B

Theorem 2 proof.
Consider the Lyapunov function (10) for layer k >2 (7). The derivative of V,(¢)
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Vk = Elz,-kaEl,k + EIT,kRk (AAle,k + ABkul,k ) + EZT,kaEZ,kEZ,k + B.1)
+E; R, (A4 X,, +ABu, ), '
where O, is symmetric negatively defined matrix.
Apply the approach described in Appendix A and get
V, <—(4 —05)V, +0.5]A4, [ (||XL,( I +[x.. ||2)+ 05[AB| (17, +13,)- (B2)
Let
"Xl,k "2 € %r@m a7 X "2 €Ty 2, ; ”12,/: <a,, +|dk71 (yZ,k—l +dy L,V ) 2/
uzz,k ES ‘7y2.k +|dk—1 (J’1,k71 +d Vi ) i r i = 2max(5xu :‘7)(“ ) 7 Vg1 € %?Q},Z.H a,,
(dk—l (yl,k—l + dk—zvl,k—l ))2 < 2d1§—1 (ylz,k—l +(dk—2vl,k—1 )2 ),
s Ll , (B.3)
(dk—l (J’2,k-1 +d vy )) <2d, (J’2,k-1 +(dk—2v2,k—l) )
Let d, () is a constant, i.e., d, <, < ®, where ® is some number. Then (B.3)
(dk—l (yi,k—l +d 5V ))2 <20’ (‘7y,v,‘,. + wzviz,k—1 )’ (B.4)

Matrices 4; V( j 21) are stable. Therefore, the j -element of each channel is stable and

detectable. Applying assumptions made above, we have v, e#% . ,and

k-1 ik

(ds (s + i) <207 (@, +e'a, ) (B.5)

ik-1

Then (B.2)

V, <=(4 -0.5)V, +0.5z, [A4[ +0.5]AB, | (&, +20°B,). (B.6)

where ¢, = Zmax(&

Y2,k

_ _ — ) —
’a,VI,H ) 4 ﬂk - m?x (ayl,H to avu—l ) :

If variables of the system have the property CE and
057, |A4[ +0.5aB, | (& +20° (& +20°B,)) <(4, - 05 ), (B.7)

then the system (7) is stable, and, therefore, identifiable by A4,,AB,. o

Appendix C

Theorem 3 proof.
Vk (¢) has the form (B.1), and v, |

(C.1)

ik—1

v _ {j’z,kl + i}z,kq Jd=1,
Vg Vg 1=2.

As Theorem 2 condition 4) fulfills system (2) is recoverable. Hence, the derivatives in (C.1)
exist and are bounded, y,, ,(he#?, ., ,V,,, €77 , .Thenu) <&, +a, and(I12.6)

Res
Yik-1 ikt k-

Vo <=(4 —0.5)V, +057, a4 [ + 0548, (&, , +2(@, +&,)), (C2)
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a, —Zmaxa (7 :2maxz7
Where B 2y Vik-1

If variables of the system have the property CE and
2 2 (= — =
057, |A4 ] +0.5|aB, [ (&, +2(a, +&,)) <(4 -05)¥,,
then the system (7) is stable, and, therefore, identifiable by A4, ,AB, .o
Appendix D

Getting representation (13).

Transfer function for the first equation of the system (1)
T -1
yu =G (Slql _Al) B, (D.1)
where rae [ o € R ig the unit matrix, s=d/dt.

T
Let 4, be the Frobenius matrix with a vector of parameters 4, = [al,s,l,al,s,z,...,al,s’ ‘J . Divide

a-l

the left and right parts (B.1) by the polynomial v(s) =H(s+/1,) , where g >0, and obtain the
i=1

identification representation for y, .

q
Y1 ()= s {blvl,l (s)- a Y ()+ z(bi,ivl,l (s)+ a; Vi () S+ } (D.2)
i=2 i
or
. 9
Y ="apvy t mzﬂ(ahmpyl_m + bl,mpv,.l.m )+ b vy (D.3)
pyuvm =MDy, T pvl =Dy, TV
A T
= |:y1 1ap}]“ ~-=py”m ;1‘1 ’Vl,lapm] ""’p"l.l,q ]
Let v "< . Then
J’1, A] 1P]17 A1T1 :[_al,ﬁal,],zﬂ'"9al,l,ql;b],s’bl,27""b],ql:' (D.4)
Appendix E
Theorem 4 proof.
Consider the LF
I71,e ( ) 0. Sel 17 Via (AZH) = O'SAZlﬁr;]AZl,l : (E.T)
for the system (16), (21).
Select the element corresponding to v, in A, . Let v, e & (/7 L@, \ & 2\% a,, i.e., the variable

v, is not a constant excitable (the property ¢ ?a 3 dithers by the variable y,,). Therefore,

B

v, €774 , -Then(16)is represented as

1’

yAH +AA1111+f( ll’pv“)’ (E2)

where f(-) is uncertainty caused by CE non-fulfillment of v, .

Remark 9. v, e @7, , \@@, .  isnotasetoperation. This is the operation on properties.
g, T n

g, 2Ty,

Then

doi:10.20944/preprints202402.0399.v1
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Me= _Zlelz,l te, (AAIY:IPI,I +f) < _116121 +|el 1AA1T1P,1|+|61 1f| =
| (E3)
<A+~ AdR PIAG, +—f <—ﬁefl+ ||AA”|| ,
2 A Z
where " # H||<7r,, <ay . [ it is limited as f contains a component that is uncompensated by the
adaptive algorithm. Therefore | f |2 <a, where a;, 20 and a, #a, .So
K ~ 2 ~ a
Vo<=87 + =7, 7, + L. (E4)
Consider 171 =—¢,,A4]\R, . Let Jv <1 exist for t >>t,, which is true

“Tp _ (.2 s AT
e,A R, = U(el,l + AAI,IPI,IPI,IAAI,I)/

, 20 A (T))s A (T)) are the minimum and maximum

2
max 1,1

and A7 l)"AZM"2<V1A < i ( 1)| 4,

eigenvalues of the matrix T',. Then
- n ~
A4, =z, A (T,) 7 (E.5)
And
I7I,A = _el,lAZl, 'R LS 2UV 2')77 LA 7 (E-6)

where z, 20, =z, A, ().
Transform the right side (E.6)

—20171,8—21)7717LA:—U( i2,[277V V +2V ) UT]V
2 ~ ~
( \/277 ) +20\/2nK,AK _077 A S

< _UUVLA +20y 20V, V.-

As —2077171,A —21)17l 2 +20420V,,V,, , then (E.6)
I7IA —U?]V +20,/2n ~1 171,5 (E.7)

2 2

Apply the inequality —az* +bz < — — +§—, a>0, b>0,z>0 and obtain
a
V., <—onV,, + 20207, 7, <—777V +4v7,, (E8)

Functions I}]’e e, V €. and we have a system of inequalities for the system (16), (21)

5 VR ST P S
le < 2 /'{1 I:I/l,eil_‘_ 7
2 - 3 1|
Vi W on 14 0 (E.9)
2 Nea >

A

Comparison system (CS) for (E.9): S,(t) = A S,(t) , where S(1)= [sl’e (1), 5,4 (t)]T ;S0
(w=e,A) is a majorant for V, (), and s, (1,) 2V, ,(1,). CS is stable if [30] (=1)'A, (AS1 ) >0, where

A, (ASl ) is main i -minor of the matrix ASI .


https://doi.org/10.20944/preprints202402.0399.v1

Preprints.org (Wwww.preprints.org) | NOT PEER-REVIEWED | Posted: 7 February 2024 doi:10.20944/preprints202402.0399.v1

19
The condition stability has the form 7 > 327, . We get the estimate from (E.9)
t
Va8, 1)+ [ B dr (E.10)
[
Exponential dissipation of the system (14)—(16), (22) follows from (E.10).v
Appendix F
Theorem 5 proof.
As from Theorem 4 follows, the input of the system (19), (20), (25) R,¢%7,,
R,¢77, , followsfrom
R,=Fh, (ul,/c) = {ul,k Uy, (yl k=19 Vi 1)} =5, (yl,k—l’vl,k—l)
Arguments of u, do not have a CE property. Write the equation (20) as
k= "Xkl +AA1k 1k+f1k( lkPIk) (F.1)
where f,,() R is the uncertainty that is the result from B, ¢ =%, . . Since Zl,k,Pl)k are limited,
then [ < a, ,where o, >0.
Apply (F.1) and get for I}k,e
V., =z AT P < Zig o L (aqp "<
ke = “AkCik +el,k( el Lk +f1,k)— 2 et 2 ( el 1k +fl,k) =
k
V4 2 - - 2
< _Tkelzk EAAITkE,kR,TkAAI,k +Zf1,2k < (F.2)
.28 . o«
<= tViet—Viat—
Ak Ak
Where ||})1,k})1,7;f || < ”Pu < &Pm ﬂ’max ||AA1 k || < Vk A < ﬂ'mm ||AA1 k || By ”Plv,‘ ﬂ’max (rk ) .
So,
5 s 2, o 9,
Vk,e < _Zkl/k,e + ; Vk,A + -
& X

Consider I/L'k’ »- We apply (21) and obtain 17,{ N —el,kAAl B - Let Ju<1 exist fort >>t,, which is

true
e],kAle,-kPl,k = U(elz,k * AlekEkETkAZlk )
Then
i - P 5
A4 B R kAAl K ZXp, ||AA1,k " 2 g Ain (T)Va (E.3)
and
Vs =-€,0\T,B, <20V, —2vnV,,, (F.4)

where 7, 20, n=z, 4 (T, ). Transform the right side (F.4)

R ““min
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-2V, -2V, , = —U(Wm +2.20V, V. +2f7k'e)—vnf7k,A =

< _UUI;;(,A + 20\/ 277[7k,AI7k,e'

So,

I;k,A < _UUI;k,A + 2')\/ 277[;k,AI7k,e (E.5)

or

. 2
VI(,A < _'-)77V1<,A +2'-)\/ 277Vk,AVk,e < _ﬂm,A + i ke =

2 2
o (F.6)
= —ﬂﬁk At 4vl7k .
5 Tk :
As I;I’e e, 17] » €277, then we get the system of inequalities
B _Ze 5 %, . a
Sk
ke < 2 Zk V;(,e +
il on V]| 4| (E.7)
kA 4o —— |=—=—= 0
2 a
By,
Ag,

If yin, > 328, , then the CS S, ()= Ag S, (1) + By, is stable for (F.7). We get an upper-bound
estimate for the quality of the adaptive system (19), (20), (25) from (F.7)

t
0 <e™ s @)+ [ B dr (F.8)

fy

References

1. Morozovsky V.E. Multi-connected automatic control systems. Moscow: Energiya, 1970.

Zyryanov G.V. Control systems for multi-connected objects: a textbook. Chelyabinsk: SUSU Publishing
Center, 2010.

3. Meerov M.V, Litvak B.L. Optimization of multicommunicated control systems. Moscow: Nauka, 1972.

4. Bukov V.N., Maksimenko IL.M., Ryabchenko V.N. Control of multivariable systems. Autom. Remote
Control; 1998; 6; 97-110.

5. Voronov A.A. Introduction in dynamics of complex controlled systems. Moscow: Nauka, 1985.

6. Egorov LN., Umnov V.P. Control systems for electric drives of technological robots and manipulators:
textbook. Vladimir: Publishing house of Vladimir State University, 2022.

7. Egorov, LN. Positional force control of robotic and mechatronic devices. Vladimir: Publishing House of
Vladimir State University, 2010.

8. Gupta N., Chopra N. Stability analysis of a two-channel feedback networked control system. Conference:
2016 Indian Control Conference (ICC), 2016;8.

9. Pawlak A, Hasiewicz Z. Non-parametric identification of multi-channel systems by multiscale
expansions. 2002 IEEE International Conference on Acoustics, Speech, and Signal Processing, 2011.

10. Kholmatov U. The possibility of applying the theory of adaptive identification to automate multi-
connected objects. The American journal of engineering and technology, 2023, 31-38.

11. Aliyeva A.S. Identification of multiconnected dynamic objects with uncertainty based on neural
technology and reference converters. Informatics and Control Problems, 2019;39(2);93-102.

12. Hua C., Guan X., Shi P. Decentralized robust model reference adaptive control for interconnected time-
delay systems. Proceeding of the 2004 American Control Conference Boston, Massachusetts June 30 - July 2,
2004;4285-4289.

13.  Gupta N., Chopra N. Stability analysis of a two-channel feedback networked control system. Conference:
2016 Indian Control Conference (ICC), 2016.

14. Glentis G.-O. and Slump C. H. A highly modular normalized adaptive lattice algorithm for multichannel
least squares filtering. International Conference on Acoustics, Speech, and Signal Processing, 1995.


https://doi.org/10.20944/preprints202402.0399.v1

Preprints.org (Wwww.preprints.org) | NOT PEER-REVIEWED | Posted: 7 February 2024 doi:10.20944/preprints202402.0399.v1

21

15. Ali M., Abbas H., Chughtai S. S. and Werner H. Identification of spatially interconnected systems using
neural network. 49th IEEE Conference on decision and control (CDC), 2011.

16. Yang Q., Zhu M., Jiang T. He J,, Yuan J., and Han J. Decentralized robust adaptive output feedback
stabilization for interconnected nonlinear systems with uncertainties, Journal of control science and
engineering, 2016;2016;3656578;12.

17.  Wu H. Decentralized adaptive robust control of uncertain large-scale non-linear dynamical systems with
time-varying delays. IET Control Theory and Applications, 2012;6(5);629-640.

18. Fan H. Han L., Wen C. and Xu L. Decentralized adaptive output-feedback controller design for
stochastic nonlinear interconnected systems. Automatica, 2012;48;11.

19. Ali M., Chughtai S.S, Werner H. Identification of spatially interconnected systems. Proceedings of the 48h
IEEE Conference on Decision and Control (CDC) held jointly with 2009 28th Chinese Control Conference, 2010.

20. Ioannou P. A. Decentralized adaptive control of interconnected systems. IEEE Transactions on automatic
control, 1986;ac-31(4);291-298.

21. Sanandaji B.M., Vincent T.L., Wakin M.B. A review of sufficient conditions for structure identification in
interconnected systems. IFAC proceedings volumes, 2012;45(16);1623-1628.

22. Soverini U., Soderstrom T. Blind identification of two-channel FIR systems: a frequency domain
approach, IFAC PapersOnLine 53-2, 2020;914-920.

23. Huang Y., Benesty J., Chen J. Adaptive blind multichannel identification. In: Benesty, J., Sondhi, M.M.,
Huang, Y.A. (eds) Springer Handbook of Speech Processing. Springer Handbooks. Springer, Berlin, Heidelberg.
2008.

24. Benesty J., Paleologu C., Dogariu L.-M., and Ciochina S. Identification of linear and bilinear systems: a
unified study. Electronics, 2021;10(1790);33.

25. Bretthauer G., Gamaleja T., Wilfert H.-H. Identification of parametric and nonparametric models for
MIMO closed loop systems by the correlation method. IFAC Proceedings Volumes, 1984;17(2);753-758.

26. Lomov A.A. On quantitative a priori measures of identifiability of coefficients of linear dynamic systems.
Journal of computer and systems sciences international, 2011;50;1-13.

27. Krasovsky A. A. On two-channel automatic control systems with antisymmetric connections. Automation
and telemechanics. 1957,18(2),126-136.

28. Karabutov N.N. On adaptive identification of systems having multiple nonlinearities. Russ. Technol. ].
2023;11(5);94-105.

29. Karabutov N.N. Adaptive identification of systems. Moscow: URSS, 2007.

30. Gantmacher F. R. The theory of matrices. AMS Chelsea Publishing, 2000.

31. Karabutov N. Structural identifiability of systems with multiple nonlinearities. Contemporary Mathematics,
2021;2(2); 140-161.

32. Barsky A.G. On the theory of two-dimensional and three-dimensional automatic control systems.
Moscow: Logos, 2015.

33. Skorospeshkin M.V. Adaptive two-channel correction device for automatic control systems. Bulletin of the
Tomsk Polytechnic University, 2008;312(5):52-57.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202402.0399.v1

