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LINEAR SYSTEMS

Adaptive Auxiliary Loop
for Output-Based Compensation of Perturbations
in Linear Systems
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Abstract—The problem of output-feedback compensation of bounded additive perturbations
affecting a minimum-phase linear system with unknown parameters is considered. An adaptive
auxiliary loop is developed, which does not require to know the perturbation model and allows
one to: a) separate the processes of estimation of parametric and additive perturbations, b) es-
timate and compensate for the additive perturbation with any given accuracy if the conditions
of the parametric identifiability are met. The above-mentioned separated estimation of two dis-
turbances of different nature is achieved by augmentation of the A.M. Tsykunov auxiliary loop
method with the law to identify the unknown parameters, which is based on the instrumental
variables approach and the procedure of dynamic regressor extension and mixing (DREM). The
obtained system of the additive perturbations compensation has a certain potential to be used
together with the conventional industrial PI-, PID-controllers. The theoretical results of this
study are validated via mathematical modelling.

Keywords: disturbance, estimation, auxiliary loop, identification, instrumental variables, con-
vergence, overparameterization, dynamic extension and mixing

DOI: 10.31857/50005117924090015

1. INTRODUCTION

The problem of external perturbation compensation has been attracting considerable attention
of specialists in radio engineering, electrical engineering, control theory, etc. for many years. To
date, two basic principles of such compensation have been proposed—indirect and direct ones.

Considering the indirect compensation, a characteristic polynomial of a closed-loop system is
chosen so that the component of the system forced motion caused by the perturbation is reduced
as much as possible in comparison with the one associated with the reference signal. However, it is
impossible to ensure the same quality of compensation for perturbations with significantly different
spectra by certain choice of the characteristic polynomial of a closed-loop system, and the problem
of how to choose it on the basis of a priori data on the perturbation spectrum or in an optimal
way (e.g., in terms of Ho-, Hoo-norms, invariant ellipsoid metrics, etc.) is faced. In this sense, it is
necessary to admit the limitations of classical feedback.

A natural response to this challenge was the development of the direct compensation principle,
according to which the control signal is decomposed into two components. The first one corrects the
characteristic polynomial of the closed-loop system, while the second is to be equal to the perturba-
tion with the opposite sign. If the disturbance is matched with the control signal and measurable,
this approach achieves its full compensation. At first glance, the matching condition seems to be
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836 GLUSHCHENKO, LASTOCHKIN

restrictive, because in practice the disturbance and the control signal are often unmatched. How-
ever, in fact, by following the equivalent-input-disturbance approach [1] and adopting some rather
weak differentiability conditions for the original perturbation, the matching condition can always
be satisfied. For example, consider the following system:

Y =a1y+bix+bif,

T = aox + bou,

then, if the perturbation f is differentiable, the application of the equivalent-input-disturbance
approach allows one to obtain a system with matched perturbation:

Y = a1y + b1(,

é:a2$+b2u+fia2f:agc+b2 u+b2_1<f—a2f) ,
—_——
qu

where a1, ao, b1, by are some scalars, y stands for a measurable output signal, x denotes unmeasur-
able state vector, ( = x + f is a virtual state, u denotes a control signal, f stands for the original
disturbance, f., is an equivalent input disturbance.

Thus, we will hereafter refer only to matched perturbations, assuming that the principle of
equivalent-input-disturbance has already been implemented.

Much more restrictive requirement is that the perturbation is measurable. To relax it, various
disturbance observers have been proposed in the literature that allow one to reconstruct the value
of the disturbance with some (usually arbitrary) accuracy from measurements of the control and
system output signals. Without pretending to provide an exhaustive review, some of the existing
perturbation observers are considered further. We recommend an interested reader to study the
reviews [2-5] to become aware of the full variety of methods.

Existing perturbation observers can be classified as follows:

1) methods that require to know both the system parameters and the perturbation model and
parameters (extended Luenberger observer) [6],

2) methods that require knowledge of the system parameters and the disturbance model with
parametric uncertainty [7-11],

3) methods that require the disturbance model to be known, while the system and disturbance
parameters can be unknown [12-16],

4) methods requiring only knowledge of the system parameters [1, 17-20],

5*) methods that require neither knowledge of the disturbance model nor the system parameters

[21-26].

The algorithms that belong to group 5* are the subject of interest of this study since, compared
to other solutions, they require minimum amount of a priori information about the system and
the perturbation. A detailed analysis of such algorithms shows that, in fact, there are no observers
in the literature that allow one to estimate the additive perturbation if the system parameters are
unknown. This is due to the fact that existing algorithms are not able to separate parametric
and additive disturbances. Instead, the algorithms from the group 5* estimate an augmented
perturbation consisting of their sum. Let us illustrate this statement with an example.

A first-order system is considered:
i=u+0"p(z)+f,
where 0" (z) is a parametric disturbance, f denotes an additive perturbation.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



ADAPTIVE AUXILIARY LOOP 837

If the parameters 6 are known and f is bounded, then a trivial observer (s: = %):
;S 7 1 1
f= =t @l b,

according to [26, p. 196; 27], allows one to estimate and compensate for the additive disturbance f
with an arbitrary accuracy.

If the parameters 6 are unknown, then only augmented disturbance can be estimated:

s 1 1 1
ls—i—l[x]_ls—kl[u]:l5+1[f]+0Tls+1[(’0(x)]'

In order to single out an additive disturbance from the augmented one, the estimate of the
parameters 6 is to be obtained and used:

S 1 1 1
P e, FEm Al o o ()],

from which it follows that the separation of two types of perturbations is possible if and only if
the parametric error 0 converges to zero asymptotically. However, in case of perturbations, the
existing identification laws provide only the parametric error boundedness [28, p. 556], which does
not allow one to achieve complete separation even by augmenting the disturbance observer with
known parameter estimation algorithms. Incomplete attempts to estimate additive and parametric
uncertainties apart from each other can be found in [24, 29, 30].

1

5T
[u] = Is+1

f= /] -7

The considered separation problem is of a fundamental nature and does not depend on the spe-
cific type of applied perturbation observer. Therefore, the existing observers estimate and compen-
sate for an augmented perturbation represented as a sum of parametric and additive disturbances.
Such an approach certainly deserves the right to exist and proved itself in comparison with the
conventional PI- and PID-controllers [22] a long time ago. However, firstly, in such control systems
the synergetic principle of least action [31] is violated, since the whole dynamics of the system
is compensated without any reflection on its “usefulness” or “armfulness” to achieve the control
objective; secondly, considering some practical scenarios, the baseline stabilising component of the
control law (e.g., PI- or PID-controller) has already been chosen by robust methods taking into
account the parametric uncertainty (6 () in the above-given example), and it is necessary to
estimate and compensate only for the additive perturbation (f in the mentioned example). There-
fore, the problem of design of the additive perturbation observer in the presence of parametric
disturbance is actual.

In this study we consider the problem of estimation and output-based compensation of bounded
additive perturbations affecting a minimum-phase linear system with unknown parameters. The
solution of this problem is proposed to be obtained on the basis of the indirect adaptive control
framework, according to which the control design procedure is decomposed into two stages. At the
first one, a control law is introduced that ensures the achievement of the control objective assuming
that the system parameters are known (in this study, we use the method of A.M. Tsykunov auxiliary
loop [26, p. 196] to design such a law). At the second stage, the identification law is developed,
and all unknown parameters of the control law defined at the first stage are substituted with their
dynamic estimates. The key structural element of such an adaptive control system is the above-
mentioned law, which is required to ensure asymptotic convergence of the unknown parameter
estimates to their true values in a closed loop affected by an additive disturbance under the weakest
possible regressor excitation requirements. In this paper, a recently proposed algorithm [32] based
on the instrumental variables method [33] and the dynamic regressor extension and mixing (DREM)
procedure [34] is proposed to solve the online identification problem. The convergence conditions
of the parameter identification process using such a law are given below:

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



838 GLUSHCHENKO, LASTOCHKIN

—a controller that stabilises the system affected by the additive and parametric perturbations

is known,

—a control signal to compensate for the disturbance is bounded (for instance, via sat {.} func-

tion),

—a reference signal includes not less than n different frequencies (where n is the system order),

—the reference and disturbance signals spectra have no common frequencies.

It is shown that when these conditions are met, the parametric error convergences to zero despite
the presence of the additive disturbance, and the proposed system of adaptive compensation of such
perturbation ensures its asymptotic estimation and compensation. The potential of application of
the proposed system together with the conventional industrial PI-, PID-controllers is shown via
numerical experiments, the fact that the conditions of parametric convergence are met when typical
reference signals are used is also illustrated.

2. PROBLEM STATEMENT

The following perturbed linear dynamic system is considered:

t) = —=
Z (0, 5) = bps™ + by_15™ 4+ ...+ by,
R0, s)=5s"+a,_15"" ' +... 4+ ap,

(2.1)

where y (t) is a measurable output signal, u (¢) stands for a control signal to be designed, f (t)
denotes an unknown bounded disturbance, § € Dy C R**™+! is a vector of unknown parameters
of an open-loop system, R (6, s), Z (0, s) are polynomials of order n and m < n — 1, respectively,
s[]: = 4[] denotes a differential operator.

Further, the control signal u (t) is assumed to be chosen as:

u(t) = up (t) + ue (),

L) = 2Ly )41, 0, 22)

where wuy (t) is a baseline component to stabilize the system, u,. (t) stands for a summand to com-
pensate for a disturbance f (t), k € D, C R™ denotes known time-invariant parameters of the
control law, r (t) is a reference signal, m, < n, and m, < n, are orders of pairs of polynomials
Py (k, s), Qy(k, s) and P, (k, s), Qr (k, s), respectively.

For a rigorous formal problem statement, together with the system (2.1), its parametrization in
the form of a linear regression equation is also considered:

z2t)=¢ ()0 +w(t), (2.3)
where
ey, o) = |_ () ay, (s) !
Z()_A(s)y()’ p(t) = |- [y ()] R [w@)]]
o (8)
w(t) = [bm -1 e bo] SIS (0,
o) 1 (s) = [s”_l s 1}, o) (s) = {sm s 1},

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



ADAPTIVE AUXILIARY LOOP 839

@ (t) € R™*t"*1 is a measurable regressor, z (t) € R stands for a measurable regressand, A (s) de-
notes a stable polynomial of order n.

We adopt the following assumptions with respect to the stabilizing component of the control
law and the disturbance.

Assumption 1. The transfer function of the closed-loop system (6: R xR oy R7eitmetl
are unknown parameters of the closed-loop system):

Z (0, s)Qy(k, s) ~ Zag(0a, s)

Qy s, IR (6, 9)— Z(8, ) By (. )] '~ Rt Out 5) (24)

Wcl (961, S) H =

has Hurwitz polynomials Z. (6., s) and Ry (0., s) for certain time-invariant « from D, and any
0 from Dy.

Assumption 2. There exists a known function p: [tp, co) — Rs such that for

_ mn+1 n ) i
A(D) : (jti 0]+ Ym0 (1) g <t>1>

o mou+L (t) Pt

for any m;, i =0,..., n it holds that u\ € Lo, and A € L, N Lo, for p € [1, 00).

Assumption 3. An instrumental variable ¢ (t) € R+ which is defined as follows (where
0y € Dg C R™™+1 are known parameters of the instrumental variable):

a, (s oy (s !
C(0)= |~ g 1) el g, 1)
o 0) = g L 0] (2.5)
i () = G [y ()] + G (1],
and a filtered disturbance w (t) are independent, i.e.:
Vi > to /Ci(s)w(s)ds<c<ooW:1,...,n+m+1. (2.6)

Based on closed-loop equation (2.4), the required behavior of the system is defined as:
Yref (t) = Wcl (9617 8) [T‘f (t)] . (27)

The aim is to design the compensation control signal u, (t), which does not include the output
signal y (t) derivatives, in such a way that the following equalities hold:
lim - = lim |7 (¢)| = 0. 2.
Jin fy (8) = yrey ()] = lim [ ()] =0 (2.8)
Therefore, the problem of estimation and compensation of an unknown perturbation that affects
a minimum-phase system with unknown parameters is stated in this study.
Remark 1. Considering practical scenarios, we almost always know the stabilizing control-
ler uy(t), which ensures the that the characteristic polynomial of the closed-loop system R (6., $)

is Hurwitz one (e.g., in some situations it can be chosen via trial and error). The polynomial
Zei (0, s) to be Hurwitz requires the plant (2.1) to be minimum phase.

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



840 GLUSHCHENKO, LASTOCHKIN

Remark 2. Tt should be noted that the output of the reference model (2.4) is not measurable,
and the reference model itself defines different control quality for each specific parameter vector of
the system 6 from Dy. These facts essentially distinguish the problem solved in this study from
the classical problem of model reference adaptive control, in which the reference model is the same
for all 6.

Remark 3. Assumption 2 restricts a class of admissible external disturbances. As for practi-
cal scenarios, there almost always exists p € [1, co) such that %f(t) €Lyforalli=1,...,n+1,

and, to meet such assumption, it is sufficient to choose p(t) = const = p > 0. If j_; f(t) & L, for
all p € [l, o), but sup’%f(t)‘ < 00, then it is sufficient to choose u(t) = pot + p1 with arbi-
t

trary pg > 0, g1 > 0. Unfortunately, if the disturbance f(¢) has unbounded time derivatives, some
additional a priori information is required for reasonable choice of p (t).

Remark 4. In Assumption 3, the necessary conditions of asymptotic convergence of the identi-
fication law [32] are assumed to be met. In a stationary case, the inequality (2.6) is satisfied if the
spectra of r () and f (¢) do not have common frequencies.

3. MAIN RESULT

The description of the proposed method to solve the problem (2.8) is decomposed into three
parts. In the first one, the filtered equivalent of the perturbation is parameterized as a function
of the control and output signals and some unknown parameters calculated via 6. In the second
part, an identification law for the unknown parameters is designed on the basis of the perturbation
parametrization. In the third part, based on the obtained parametrization of the filtered perturba-
tion and identification law, an adaptive signal for disturbance compensation is introduced and the
achievement of the objective (2.8) is proved.

3.1. Disturbance Parametrization

Temporarily, the parameters 6 are assumed to be known and, following [26], an auxiliary model
is introduced:

where © € R" are known parameters of the auxiliary model such that the system (3.1) is stable.
Owing to equations (3.1) and (2.1), the error £* (t) = y (t) — ¢* (¢) is written as follows:

— Fa s o+ Ty ). (3.2)

Then, if n — m derivatives of the signals ¢*(¢) and y(¢) are measurable, and the polynomial Z (0, s)
is Hurwitz one, then the following signal

welt) =~ e 0+ o L ) =~ (33)
ensures full compensation of the disturbance:
V(0= (03 () = g 16 (0] = Wa G, 9)[r7 (O] = 1oy 0, (3.4

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



ADAPTIVE AUXILIARY LOOP 841

The perturbation and its compensator (3.3) can be represented in the following equivalent form:
F 1) = —uc(t) = 4] (©)a(s) ey (O] + (4] (6a) — 0] ©)) a(s)lyr (], (3.50)

és (t) = Abgs (t) + pemE* (t) ’ éy (t) = Abfy (t) + PEMY (t) s
er(t)=elé(t), ifm>1 {yf(t): Te, (), ifm>1 (3.5b)
{Ef(t):ps*(t),ifm:O, ) t), ifm =0,

i (t) = Agd* (t) — O9* (t) + Opu (1)
~ % T ~ax (3.56)
gr(t) = e 2" (1),
where
1 1
A = Ay — T o= =
b 0 wb (9) €1, P bm €1T@b’
b-1 b2 bo "
= e = 0
Py (0) [ b b ™ pLyOy,
T
Va (0) = |Zab 1],
T
0o = {an—l Gp—2 - GO} = L,0,

O = [b by - bO]T _ 1,0,
Ly = [Inxn Onx(m—l—l)}a Ly = [O(m—i-l)xn I(m+1)x(m+1)}7
Ly = |:0m><1 Imxm}, a(s) = {1 ceeognTl s"],

and Z, is a matrix, which secondary diagonal contains ones, while all other elements are zeros,
e; denotes a vector, which ith element is one, while all other ones are zeros, Ay stands for an
upper-shift matrix of respective dimension, 6,, 8, are components of the vector § = [HQT OH and
simultaneously parameters of the polynomials R (6, s) and Z (0, s).

According to the problem statement, the parameters 6 are unknown and the derivatives of the
signals €* (t) and y (t) are not directly measurable, which means that the compensator (3.3), (3.5a)
can not be implemented. The requirement to know the derivatives of the mentioned signals can be
relaxed by design of filtered derivative observers.

Statement 1. Define: 1) the observers of the ith filtered derivative of the signals ys (t) and €y (t)
HE (t) = (Go + en1 Mg (2)) HE (£) + ensr (Ko (1) 25 (£) = v- (1))

)

RS (t) = el 1 HE (), ve (t) = ivj- (t, My, Ky),
. =0 Vi=0,...,n,
HY (1) = (Go + ent Mg (6) HY (1) + ensa (Ko (6) gy (1) = vy (1)

)

hy (t> = e?Ii—ley (t> » Uy (t) = Z U;'/ (t> Mo, KO)v
7=0

where

My (8) = [—mop™ (1) .. —ma g (8) —map(8)],
In n n
Go= [Onp1 7" |, Ko (t) = mou™ (1),
len

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



842 GLUSHCHENKO, LASTOCHKIN

and
US (t, Mo, Ko) =0
Vi (t, Mo, Ko) = s~ [s [MJ (&) H (8)] + 57" [s [Ko (8)] & (8)]
vs (t, Mo, Ko) = vi_y (t, Mo, Ko) — s~ [v5_, (t, Mo, K =2,
5\ 5 j—1 s 0 0 j—1\b 0 0)|> J 3 )
vy (t, Mo, Ko) =0
ol (t, Mo, Ko) =571 [s M ()] HY (8)] + s~ [ [Ko (8)] s (8)]
vl (t, Mo, Ko) = vl (t, Mo, Ko) — s~ [o!_, (£ Mo, K =2,
g \b ) j—1\b 0> 0 j—1 ’ 0> 0 ’ J yeee by
and scalars mg, m1, ..., my are coefficients of a stable polynomial;

2) the filtered disturbance:

0]’ (3.6)

Then, if Assumptions 1 and 2 are met, then:
1) the error f (t) = f; (t) — f (t) converges asymptotically to zero tl_i)m f(t) =0,
[ee]

2) feL,N Ly forpell, co).

Proof of Proposition 1 is postponed to Appendix.

Note that in the stationary case p(t) = const, the filtered derivative observers proposed in
Proposition 1 are reduced to proper differentiators. According to Proposition 1, if the parameters 6
are known, then instead of the true perturbation f (t), using measurable signals only, it is possible to
calculate some filtered perturbation fr (¢), which asymptotically converges to the true perturbation
if Assumptions 1 and 2 are met. In this case, the signal

ue (t) = —fr (t) (3.7)
allows one to obtain the following result.

Theorem 1. If the parameters 0 are known, and Assumptions 1 and 2 are met, then the control
law (2.2) + (3.7) ensures § € Loy and Jim |7 (t)] = 0.
—00

Proof of Theorem 1 is given in Appendix.

The requirement to know the parameters 6 is relaxed by application of the identification law
proposed in [32] and design of an adaptive auxiliary model (3.1) and an adaptive version of the
compensation signal (3.7).

3.2. Unknown Parameters Identification

First of all, in order to implement the adaptive compensation signal, the estimates é(t), p(t),
Up(t) of the system unknown parameters and the disturbance parametrization (3.6) are required
to be obtained. It should be noted that we do not need to identify the parameters 1, (6,), as the
function 1,: R*T™m+1 5 R +2 ohviously satisfies the Lipschitz condition, and, consequently, the
estimate 1), (t) can be obtained via direct substitution 1, (£): = g (%), where 6, (t) = L0 (¢).
To make the effect of the adaptive law of perturbation compensation, which is based on dynamic

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



ADAPTIVE AUXILIARY LOOP 843

estimates, asymptotically equivalent to the effect of the ideal compensation signal (3.1), (3.7), at
least asymptotic convergence of parametric errors to zero is necessary to be ensured. For this
purpose, the identification law developed in [32] will be used.

Applying the instrumental variable (2.5), the regression equation (2.3) is extended by means of
averaging and sliding window filters:

D (t) = Cv () 2(t) = G (t = T) 2 (t = T), O (to) = Opceme1,

. 3.8
B0 = 0T ()= o (t=T) 6T ¢ =T, ¥ (to) = Oprmsuimsryy
Yf@)=:——¥%5F<w<yxw-—ﬂ<w>,X’@o>:(m+m+b
B (1) =~ (O @O =6 (1), 9 (0) = Opusmitx(rimn) (39)

F(t)=ptP~t, F(ty) = Fy > 0,
where T' > 0 denotes a sliding window width, p > 1, Fy > t§ stand for the filter parameters.
Application of filtration (3.8) and (3.9) in case 6 = const allows one to obtain the following
regression equation [32]:
Yt)=2 )0+ W (t), (3.10)
where the disturbance W (t) satisfies the following equations:
1 .
—FtWt—Et,Wt:Onmv
F ) (t) (W (t) —e (@), W (to) = Ontm+1 3.11)
E(t)=Ciw(t)w(t) —CGot—T)w(t—T), (to) = Optm+t1-
Having multiplied (3.10) by adj {® (¢)}, the set of scalar regression equations is obtained:
Y(t)=A#)0+W(t),
V() =adi {2 (O}Y (1), AR):=det{@ @)}, W(t):=adi{® O} W (1)
Based on the regression equation (3.10), the estimate of the parameters 6 can be obtained
via application of the gradient descent method. However, in order to implement the compensation

component (3.1), (3.7), the estimates of the parameters 1, (f) and p are required. It should be noted
that, owing to the equality vy (0) = pLy L0, it is sufficient to have estimates of the parameters p

W (t) = —

(3.12)

and 6 to obtain 1y (¢). The value of 0 (t) can be calculated via (3.12), and therefore, now we need
to derive a regression equation with respect to p.

Having multiplied (3.12) by e{ £, we have
el Lo (t) = A(t)e] Ly + eg LW (1)
= e LY (1) = A(t) by + €] LWV (1),
from which the required regression equation is obtained via multiplication by p
Vo (t) =My (t) p+W, (1),
Vo) :=A), My(t):=el LD (t), W,(t) = —pe] LWV (t).

Based on the regression equations (3.12) and (3.13), the laws are designed to estimate all pa-
rameters that are necessary for the implementation of (3.1), (3.7):

(3.13)

6(t)= A1) (AW -V (1), 0(to) = ho.
P (E) = — 1My () (M (8) 5 (8) = Y (£)) . 4 (t0) = o, (3.14)
By (1) = p (1) LoLaf (1),
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Theorem 2. If Assumption 3 is met and additionally
Cl) y(t) and u.(t) are bounded,
C2) A ¢ Lo,
then the identification laws (3.14) ensure that:
1) the parametric errors 0(t) = 0(t) — 6, p(t) = p(t) — p, Vp(t) = yp(t) — p(0) converge asymp-
totically to zero:

Jim 8(8) =0, Jim 4(t) =0, Jim vy (1) =0,
2) 0 € LyN Loo, p€ Lo N Lo, Yy € Ly N Log.
Proof of Theorem 2 is presented in Appendix.

As, according to the problem statement, the component wy (t) of the control law is stabilising
and the polynomial R (6., s) is Hurwitz one, then C1 requires to form a bounded compensation
signal u. (t), for example, using a standard saturation function (see Section 3.3). Following proof
from [32], a sufficient condition to meet C2 is that the reference signal r (t) is sufficiently rich, e.g.,
when m = n — 1, it has to include at least n different frequencies. Assumption 3 (inequality (2.6))
is met, for example, if the spectra of the reference r (t) and the perturbation f (t) signals do not
have common frequencies. The convergence conditions for identification laws of type (3.14) are
given in more detail in [32].

One of the freedom degrees of the used parameterization (2.3) and the whole proposed iden-
tification scheme is the choice of the type of regressor ¢ (t). If the initial values of the unknown
parameters estimates are such that |u. (t) + f (¢)| > |f (¢)| (in the sense of mean integral value or
variance), then use of (2.3) results in a parameterization with a smaller perturbation value w (t)
in a similar sense. In contrast, if the initial values of the unknown parameters estimates are such
that |ue (¢) + f(t)| < |f (t)| is achieved even without parametric adaptation (in the sense of mean
integral value or variance), then the choice of the following regressor

)
o(t) = [~

Oy A (3)
A(s)

allows one to obtain a parametrization with smaller value of the disturbance w () in a similar sense.

The further parameterization as well as the premises and results of Theorem 2 do not depend

on whether the regressor is calculated using uy (t) or w (t).

The states of filters (3.9) lose their awareness to new values of ¥ (¢) and 1) (¢) signals, and thus,
the parameters 6 too, at the rate of % It is currently not possible to completely prevent such
loss of awareness, since the coefficient % ensures that the parametric error converges to zero in
the presence of an external perturbation.

However, by redefining:

1
Y (t):==0(t),

:f (3.15)
©(t):=5v ()

an identification law can be derived, which properties are more acceptable for practical scenarios.
Theorem 3. If Assumption 3 is met and additionally

Cl) y(t) and u.(t) are bounded,

C2) there exist scalars Ayp > Apg > 0 such that App < |A (t)] < Ays, Vt > t,
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then there exist a scalar g > 0 and a signal 61 € L1, tli)m 01 (t) = 0 such that
0 (t)

) ||| <61 (t) + 00T, VWt = to. (3.16)

Yy (t)

Proof of Theorem 3 can be found in Appendix.

Thus, the identification law (3.14) based on the signals (3.8) + (3.15) provides awareness to new
values of the parameters 6, but at the same time parametric errors converge not to zero, but to its
neighbourhood, which is proportional to the parameter T' > 0, and under a more strict condition
in comparison with A ¢ Lo.

)

3.3. Adaptive Auziliary Loop

Being motivated by (3.1), (3.5a)—(3.5¢), (3.6) and requirement C1 and using the estimates (3.14),
the compensation component of the control law is formed as:

ue (t) = satg,,, {~F (B)] .

. . . . (3.17)
&) =02 (©)he (1) + (V7 (1) = w7 (©)) hy (1),

where

HE(t) = (Go+ enia Mg (0) B (1) + enin (Ko(t)24(t) — (1))
B (8) = el HE (1), 0- (1) = Y2 95 (. Mo, Ko),

3=0
Vi=0,...,n, (3.18a)

HY(t) = (Go+ eniMJ (8) HY(E) + east (Ko(t)is (1) = 0,()

WY (t) = el HY (1), iy (t) =97 (t, Mo, Ko),

Er(t)=p(t)e(t), if m =0, 3.18b
£, (t) = (Ao — 1y (1) eI) &y (1) +p(t) emy (1), ( )
{ gr(t)=el&(t), itm>1
gr (t) =p(t)y(t), if m =0,
2 (t) = Ak (t) — OF (t) + Oy (t) u () .
{m:e (1), (315

!
1

and £ (t) =y (t) — G (1), da (£): = (éa), 0o (t) = L0 (¢), satys,.. {.} is a conventional saturation

function to bound the absolute value of the signal u. (t) by fmax. The signals 0. (t) and 0, (t) are

calculated via equations given in Proposition 1.

Theorem 4. If

1) Assumptions 1-8 are met and the premise C2 from Theorem 2 is satisfied,
2) |f (V)] < fmax for all t >ty and a sufficiently large scalar fumax > 0,

then the control signal (2.2) + (3.17) + (3.14) ensures tli)m lg ()| = 0.

Proof of Theorem 4 is given in Appendix.
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"j‘ ||"3 !rf"a- J'{J
Identifier
f
r Py(sis) | Pe(r.s) up, - it Z(0, s}[ (1) +£ ()] y
Qy(h'.r-]y Q,.(r.'..li]I e R(d, s) Hi
Up
& = Agi — O + byu
sat — P ' :
satg,,.,.{—f} =€l aty
= 5 € o .. & B - -
. H; = (Go+ ens 1 MJ) HE + €541 (Koéyp — ), £ = (AU _"F"bE:I)EE T peme
e =T (0) k. Bl cd S : ér=eTé,, i Tz
C Ve (©) he [+ R el B, 6 3005 (. M, Ko), E ér=eié, if m>1, B
hs 41774 K] ¥ = s
j=0 r=pe, if m=0,
LY o - S I, .
- - A H; =(Go+ eny1 Mg YH! + ensq (Koiip — 8y), Lo (/’10 — aye] ) &y + Pemy
- (‘r""al (t) —va ((_))) hy : Py _ T Y g oy ) 7 z iy = el &y, if m>1,
by, hi = "4+1Hj 1 Uy = Z Y; (t, My, Ky). Uy w1 gt i 4 e
1 i=0 iy = py, if m=0,

Fig. 1. Structural scheme of adaptive auxiliary loop.

The application of time-varying filters (3.18a) may be inappropriate for practical scenarios,
for example, due to the requirement of the control signal noise resistance or inaccuracies related
to the discretization/numerical solution of time-varying differential equations (3.18a). Therefore,
in Theorem 5 we investigate the stability of the closed-loop control system for the case when
i (t) = const and Assumption 2 is not satisfied (in the sense that A ¢ L,). Note that the situation
when /1 (t) = const but Assumption 2 is met (i.e., A ¢ L) has already been considered in Theorem 4.

Theorem 5. If

1) Assumptions 1, 3 are met and the premise C2 from Theorem 2 is satisfied,

2) p(t)=p>0, A€ L,

3) |f (V)] < fmax for all t =ty and sufficiently large scalar fumax > 0,
then the control signal (2.2) + (3.17) + (3.14) ensures tlg(r)lo |7 ()| < € for arbitrarily small value of
e > 0.
Proof of Theorem is postponed to Appendix.

Therefore, if (n+ 1) derivatives of the perturbation are bounded, then the proposed adap-
tive compensation system (3.17), (3.18a)—(3.18c), (3.9)+(3.14) of the external disturbance with
time-invariant observers of the derivatives (3.18a) ensures convergence of the tracking error to an
arbitrarily small neighbourhood of zero.

Now we use the identifier (3.14) based on (3.15) instead of (3.9) to adjust the parameters of the
compensator (3.17), (3.18a)—(3.18c).
Theorem 6. If
1) Assumptions 1, 3 are met and the premise C2 from Theorem 3 is satisfied,
2) p(t)=p>0, A€ Lo,
3) |f(t)] < fmax for all t >ty and sufficiently large scalar fmax > 0,
then the control signal (2.2) 4 (3.17) with the identification laws (3.14) 4 (3.15) ensures
tll}?o |9(t)| < e for an arbitrarily small scalar € > 0.

Proof of Theorem 6 can be found in Appendix.
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The proposed adaptive system to compensate for an external bounded perturbation consists of an
adaptive auxiliary model (3.18c), adaptive filtering algorithms (3.18b), filtered derivative observers
with high-gain feedback (3.18a), compensation law (3.17) and identification algorithms (3.14) based
on the signals calculated with the help of the instrumental model (2.5) and filters (2.3), (3.8), (3.9)
or (2.3), (3.8), (3.15). The structural diagram of such a control system is shown in Fig. 1.

Unlike the existing solutions [2-26], if the conditions of parametric convergence are met, the
proposed adaptive compensator separates estimation of the additive and parametric perturbations
and asymptotically compensates for the perturbation f (t), which affects the system with unknown
parameters. At the same time, the stabilising component of the controller is designed independently
of the compensation one, which allows one to obtain a control system with two degrees of freedom.
In fact, three different schemes of external perturbation compensation are proposed in this study,
which can be classified as follows:

—time-varying observers of filtered derivatives (3.18a) + the identifier (3.14) based on the signals
obtained with the help of the filtering with averaging (3.9),

—time-invariant observers of the filtered derivatives (3.18a) + the identifier (3.14) based on the
signals obtained with the help of the filtering with averaging (3.9),

—time-invariant observers of the filtered derivatives (3.18a) + the identifier (3.14) based on the
signals obtained with the help of the sliding window filtering (3.8) + (3.15).

The first two schemes are of theoretical significance, but due to the loss of awareness of the (3.9)
filters to the unknown parameters changes and the potentially infinitely large gain of the filtered
derivatives observers (3.18a), they are of little practical value. The third scheme is free from
the disadvantages of the first two schemes, but ensures convergence of the tracking error only to a
bounded neighbourhood of the equilibrium point and under a stricter condition (C2 from Theorem 3
instead of C2 from Theorem 2).

Remark 5. The use of time-varying derivative observers (3.18a) together with an identifier based
on signals obtained by sliding window filtering (3.15) is not reasonable, as, due to the properties
of the identifier, the convergence of the tracking error will be ensured only to a bounded set.

4. NUMERICAL EXPERIMENTS

A differential equation has been considered:

d2
momy (t) = F(y, u, t).

1 : )
We assumed that —~F (y, u, t) could be approximated as:

1 d 1
— t):=6—y(t)+ 61y (t)+0 t)), O03: = —
L (e 1) = Oy (0) 4 Oy (0) + 03 (u £ (1), O = -
from which, owing to s[.]: = &[], the second-order dynamic system was obtained:
()= g () + £ ()] (@)
YW= + 095 + 01 ' '

The stabilizing component of the control law was defined as a PID-controller with proper dif-
ferential summand:

up (1) = Kp (r () —y (0) + L (1) — y ()] +

S + Krs i1 [r(t) —y(t)]. (4.2)
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x10" , A , %107 W)l
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1S 1,8

Fig. 2. Behavior of A (t) and [|[W () ]].

The parameters of the system (4.1) and the control law (4.2) were chosen as:

0,=2, 0s=5, 03—1,
Kp=6, Ki=25, Kp=15, Krp=0.01,
f(t) =2.5+1.25cos (nt) + 2.5sin (0.3nt) ,
r (t) = 10sgn (sin (0.057t)) .

(4.3)

The parameters of the adaptive auxiliary loop (3.18a)-(3.18¢c), the parametrization (2.3), the
instrumental model (2.5), the filters (3.8), (3.9) and the identification laws (3.14) were set as follows:

-
0= [20 100}  mo=1,m =3, my=3, u=10%
A (s) = 5% + 205 4+ 100, Z (03, s) = 4,

R (0, s) =52 +25+4, p=2, T =4,

~ T —
00:{2 4 2} ’:50:0-577:7;7:10137 Fimax = 10.

(4.4)

The parameters of the adaptive auxiliary loop (3.18a)—(3.18c), the parameterization (2.3) and
the instrumental model (2.5) were chosen to guarantee the stability of the corresponding differential
equations. The values of gains v, 7, were picked by trial and error so as to ensure approximately

the following proportionality:
1 1

~— ~— 4.5
Y AQ (t)v 7;7 M% (t) ( )

Considering practical scenarios, we need a priori data on the amplitude values of the regres-
sor A (t) calculated for typical system trajectories at fixed p and 71" to choose 7, 7,, 7y, Yy, In case
such information is not available, the parameters (4.5) have to be picked online by trial and error.

Figure 2 presents the behavior of the regressor A (¢) and the norm of the disturbance W (t) from
the regression equation (3.12).

The transients presented in Fig. 2 demonstrate that throughout the simulation, starting from
t =T = 4, the regressor A (t) was bounded away from zero and the perturbation W (¢) was asymp-
totically decreasing. According to the analysis from [32], these two observations verify that As-
sumption 3 and the premise C2 from Theorem 2 were met.

Figure 3a depicts behavior of the tracking error |7 (¢)|. In Fig. 3b transients of the compensation
error |uc (t) + f (t)] are given. Figures 3¢ and 3d are to show behavior of estimates () and  (t),
respectively.

The presented transients illustrate the result proved in Theorem 4. If the parametric convergence
conditions C2 from Theorem 2 and Assumption 3 are met (see comments to Fig. 2), then the
asymptotic convergence of the estimates 0 (¢) and p(t) to the unknown parameters 6 and p is
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Fig. 3. Behavior of |7 (t)], |ue (t) + f (t)] and 0 (¢), p (t).
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Fig. 4. Behavior of |u. (t) + f (t)| and 6 (t), j (¢).

ensured, which leads to the asymptotic convergence to zero of the compensation error u. (t) + f (t),
which, in its turn, results in asymptotic compensation of the effect of the perturbation f (¢) on
the transient quality. Note that from the practical point of view, due to the use of the integral
summand in the control signal (4.2), it is sufficient to guarantee u. (t)+ f (t) ~ const to compensate
for the perturbation f (t). Considering the conducted experiment, the parametric error convergence
was achieved when we used a typical for practical scenarios reference signal in the form of a
rectangular periodic signal. This result allows one to conclude that the conditions of parametric
error convergence are not restrictive and met for typical practical cases.

The next aim was to demonstrate that, if the reference signal had a special form, then the
transient quality for 6 (¢), p (t) and u, (¢) + f () could be improved. So 7 (¢) and gains 7, Y were
chosen as:

7 (t) = 10 [sin (0.27t) + sin (37t)], v =7, = 10'°, (4.6)

whereas all other parameters values were set in accordance with (4.3) and (4.4).

The reference signal (4.6) spectrum has no common frequencies with the one of the disturbance,
and r (t) includes n = 2 frequencies. According to [32], together with the boundedness of y(t),
uc(t), it immediately results in satisfaction of the premise C2 from Theorem 2 and Assumption 3.

Figure 4 depicts behavior of u, (t) + f () and 6 (¢), p(t) for the experiment with the reference
signal (4.6).
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Such choice of the reference signal improved the transient quality for 0 (¢), 5 (t) and u. (£)+f (¢).
Therefore, the conducted numerical experiments validated the theoretical conclusions made in this
study and illustrated the properties of the proposed system for different reference signals.

Remark 6. Results of numerical experiments, which were not included in the paper, showed that
for any choice of initial conditions éo, po the proposed solution provided asymptotic perturbation
compensation. However, the transients quality could be arbitrarily poor in this case. Therefore, for
practical scenarios, it is recommended to make the initial conditions éo, po equal to the ‘nominal’
parameters of the system, for example, the ones for which the stabilising component of the control
law was designed. In this case, it is possible not only to ensure that the goal of (2.8) is achieved,
but also to obtain an admissible transient quality.

5. CONCLUSION

A method of output-based compensation of a bounded additive perturbation affecting a linear
minimum-phase system with unknown parameters is developed. The basis of the proposed solution
is the perturbation compensation algorithm grounded on A.M. Tsykunov’s auxiliary loop method
[26, p. 196], which requires knowledge of the system parameters for asymptotic estimation and
compensation of the additive perturbation. To relax this requirement, the identification law based
on the method of instrumental variables and the DREM procedure is used to provide exact online
asymptotic identification of the system unknown parameters in a closed loop. The convergence
conditions of the parameter identification process are:

C1) boundedness of the compensation signal (for example, via sat {.} function),
C2) sufficiently rich reference signal,
C3) no common frequencies in spectra of the reference and disturbance signals.

The obtained estimates are used instead of the unknown parameters in the perturbation com-
pensation algorithm based on the auxiliary loop method [26]. It is shown that the substitution of
unknown parameters with their estimates is feasible in the sense that under the conditions C1)-C3)
the proposed system of perturbation adaptive compensation, as well as its non-adaptive equivalent,
provides asymptotic estimation and compensation of the disturbance.

The properties of the proposed solution are demonstrated via numerical simulation. It is shown
that the conditions C1)-C3) are not restrictive and met for typical control systems with PI-, PID-
controllers and conventional reference signals. The authors believe that the proposed approach has
a potential for practical application, but note that the method has a drawback related to the need
for trial and error selection of some parameters of the algorithm for identification and estimation
of unmeasured derivatives.

The scope of further research is to improve the quality of transients for perturbation estimation
and increase the convergence rate of the unknown parameters estimates to their true values.

APPENDIX A

This appendix contains auxiliary lemmas, which are axiomatically used to prove main result of
this study.

Lemma Al. For any stable and proper operator H (t, s)[.| and corresponding signal y (t) =
H (t, s)[u(t)] the following holds: w € L, =y € Ly, p € [1, oo].

Proof is presented in [35, p. 75].
Lemma A2. If f € Lo, and f € L, p € (0, 00), then tli)m f)=0.

Proof is given in [35, p. 80].
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Lemma A3. Consider the scalar system defined by
@ (t) = —a® (t)x () + b(t), @ (to) = o,

where x(t) € R and a, b: Ry — R are piecewise continuous bounded functions. If a ¢ Lo and
be Ly, then lim x (t) = 0.

t—o00
Proof can be found in [36, Section 3.A.1].

Lemma A4. Consider the nonnegative scalar functions f:[tg, co)—R, g:[tg, oo)—R. If f(t) <
g (t) for allt >ty and g € Ly, p € (0, 00), then f € L,,.

Proof is presented in [28, p. 74].

Lemma A5. If fe L,, 1 <p<oo, theng(t) = H (s)[f(t)] € Los and tliglog (t) = 0 for any sta-
ble and strictly proper transfer function H (s)[.].
Proof is given in [35, p. 83].

APPENDIX B

Proof of Statement 1. A linear time-varying operator is defined as:
-1
H(t,5)[] = el (sIni1 — Go — ent1 Mg (1)) enyiKo(t)[].

In order to prove the proposition under consideration, firstly, an auxiliary lemma is proved for
the above-given time-varying operator.

Lemma B1. Define signals (s [J:=42 [])
Ve () =H(ts) [s'[U 1], (B.1a)
Yi(t) = ¢t (sIu1 — Go — eupiMg (1) en Ko () [U (1) — v (1)), (B.1b)
where

v (t) = Zvj (t, Mo, Ko),
7=0

Vo (t7 M07 KO) - 07

or (t, My, Ko) =57 [s [MJ (5] X (8)] + 57" [s (Ko 1) U ()], (B.2)

7‘)]' (t, My, KO) = V-1 (t, My, KO) — st [Uj—l (t, MQ, KQ)} , ] =2,...1,

-1
and X (t) = (sls1 — Go — ensaMg (1)) ens1Ko () [U (8) — v (8)].
Then for alli=0,...,n and t > to it holds that Y* (t) =Y; (¢).
Proof. Equations (B.1a) and (B.1b) are represented in the state-space form:
X*(8) = (Go + ent1 My (1)) X* (1) + en1 Ko (8) 5 [U (1)
Y*(t) = el X* (1),
X (t)= (Go + eny1 My (t)) X (t) + ent1 (Ko (t) U (t) — v (1))
V(1) =e/ 1 X ().
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Owing to the structure of the matrix Gy + e,41 M, (t), it is easy to check that the following
equations hold:

el X () =Yy (1),
el s[X (0] = e (Go+ensaMJ (£)) X (£) = €] X (£) = Y (8),
el 2 [X ()] = ef s [(Go + ensaMy (8) X (1) = ¢ (Go+eniMy (1)) X (1)

= o] (Got et My (1) X (1) = e] s [X (1)) = e] X (1) = Va (1)
el ST X (1) = el s[X ()] =en X () =Yi(t), i=0,....n,

which allows one to define the error vector as:

E(t)=s"[X ()] - X" (1),
el E(t)=Yi(t) =YY" (t).

Equations for s“*1[X (¢)] for all i = 0,...,n are written as:

s[X ()] = (Go +enp1 My (t)) X (1) + ent1 (770 (t) + Ko (1) U (1) — EZ:UJ' (t)) ;

J=1

=2

21X (1) = (Go + en+1M0T (t)) s[X (0)] +ent1 (771 (t)+ Ko (t)s[U(t)] —s [i vj (t)] ) ,

X (8)] = (Go+ enst My (1)) 5 [X ()] + ent ( 0+ Ko (052 [0 (0] - 5* | Y0, (1) )
=3

s X @] = (Go+ ensadMy (1) °[X (1)) + enia (@3 )+ Ko (0 (0]~ 5* | S 03 (1 ) ,
=4 ]

SHX (1) = (Go+ ensa MJ (1)) ' [X (8)] + ensr (3 (8) + Ko ()" [U (8)])

where
Ug (t) = o (t) )
B (1) = o (1) + s [ My ()] X (1) + s [Ko ()] U () = s [o1 (#)],
B (1) = 01 () + s [ My (1) s[X ()] + 5 [Ko (8)] s [U ()] = 5 [0n (1],
By (1) = B () + s [MJ (8)] 52 [X (8)] + s [Ko ()] 2 [U (8)] = s* [0 ()],
B () = bica (8) + 5 [ My (8)] s X @] + 5 [Ko (0] s U (0] = 5" [oi (8], i =1, .
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Owing to the recurrent sequence (B.2), it is obtained:

s [va (1)] = 52 [ Mg ()] X (8) + 52 [Ko ()] U () + s [ Mg ()] s [X (2)]
+5[Ko (8)] s [U (8)] = s> [Mg ()] X () = 8* [Ko (£)] U (t)
= s [Mg (1)) s[X ()] + 5 [Ko (8)] s [U (1)],

s [0 (0] = s [My ()] s [X (0] + s [Ko (0] /U], G=3,...4,

from which v; (t) =0 for all i =0, ..., n.
Then the derivative of E (t) is written as:
B (1) = s (X (0] - X* 1)
= (Go + ent1Mg (1)) 5 [X (O] + ens (5: (1) + Ko (8) s [U (1))
~(Go+ ens1MJ (1)) X* (1) = ens1Ko (1) ' [U ()]
= (Go+ enp1MJ (1) E(t), E (to) = Onp,

and therefore, owing to the facts that Go + e,.1 M, (t) is a Hurwitz matrix and E (tp) = 0,41, it
is obtained that Y* (t) = Y; (t) for alli = 0,..., n and t > t.

Proof of Lemma B1 is completed.

Now we are in position to continue proof of Proposition 1. Having applied the operator H (¢, s) [.]
to the left- and right-hand sides of (3.5a), it is obtained:

Fr () =H(6,) [F (0] = 07 (©)he (1) + (47 (6) — ] (©)) by (1),

where
H(t,s)[yr ()] H(t,s)[er ()]
hy (t) = , he (t) =
v 0 H(t,s) [s" " ys ()] " H(t,s) [s" 7 [er ()]
H(t,s)[s" [yr (1)]] H(t,s)[s" [ef ()]]

hY ()] he (t
H(t,s) [y (1)) 0 () H(ts) [ (1)) 8

hy, (t) = = (R (1), he (t) = = |hs(t)],
YO s s mron] MO YT s e on| T Y
H(t, ) [s" [yy ()] o H(t,s) [s" [e7 (1)]] 0

so, consequently, the definition (3.6) is obtained.
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The original f (t) and filtered f; (t) disturbances are represented in the state-space form:

{ F (1) = GoF () + enprs™ £ (1)

Jt)=el F (1),

{ 77 (1) = (Go+ ensaMg (6)) F (6) + ensaKo (1) [ (1)
Jr () = e[ F1 ).

Then the error f (t) satisfies the below-given equation:

— (G £ eora M (1) F (1) = enas™ [ ()] = (Go + enra b <t>) F®)
+ ent1Ko (t) (f (t) — mounl—i-l( ) ( fa +Zm1“ U )s[f (t)]>>
= (Go+ ens1MJ (8)) F (8) + ent1 Ko (£) A (1),
Fty=eF),

or, representing it in the operator form, we have:

f)=H(ts) D) (B.3)

In accordance with Assumption 2, it holds that A € L, N Ly for some p € [1, 00), and then
application of Lemma Al allows one to obtain f € L, N L

Equation (B.3) is rewritten in the observer canonical form:

] (B.4)
ft)y=elE(t).

The normalized error is defined as

{ E(t) = (Go + TusaMo (t) €] ) B (£) + eny1 Ko (£) A (1)

where T (t) = diag {1, 4 (t),..., ™ ()}, and therefore, f (t) = e] n (t) = e] E (t).
Having differentiated 7 (¢) and used (B.4), it is obtained:

0 (t) = dr;; D@+ (Go+ Zua Mo (1) el ) B (1) + T () ens Ko (1) A (1)
_ (df; Or @)+ w0 G) n(t) + ensimop (A (1), G = Go = T Mey

where the following equalities are used (they can be easily checked via substitution):
L) Gl (t) = p (t) Go, T7H(8) Ty 1Mo (t) = —pu () Tny 1 M, €] T (t) = e .

According to Assumption 2, it holds that u\ € L, and, as the autonomous differential equation

~1
B (t) = (drdt“)r@)w(tm) £ (1), @ (to) = o

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 9 2024



ADAPTIVE AUXILIARY LOOP 855
is asymptotically stable, then puA € Lo, = 1) € L, therefore, owing to f (t) = m1 (t) it holds that
f € Loo, and, following Lemma A2, we have tlim f)=o.

— 00
Proof of Theorem 1. Having substituted (2.2) 4+ (3.7) into (2.1) and subtracted (2.7) from the
obtained result, it is written:
7 (t) = Wa (6, 5) [ ()] -
According to Proposition 1, we have f € L,N Ly for p € [1, 00), then § € Ly and, following
Lemma A5, it is obtained that tlim g (t)=0.
—00

Proof of Theorem 2. The identification laws (3.14) are rewritten in general terms:
R (1) = =y Mo () (Mo (8) & (1) = Ve (1)), & (to) = Fo, (B.5)

where k € {0, p}, i € {é, ,E)} and YV (t) = M, (t) k + Wi (t).
Taking into consideration Proposition 5 from [32], if C1 and Assumption 3 are met, then W € Lo.

Thus, as M, € Lo, Y, € Lo (owing to C1), then on the basis of (3.12) and (3.13) we have W, € Lo.
As, owing to (3.13), it holds that

A¢L2:>MP¢L2,

then Theorem 2 can be proved via analysis of properties of the general law (B.5) in case the
conditions W, € Ly and M, ¢ Ly are satisfied.

Considering Theorem 2 from [32] and Proposition 1 from [37], if Wy, € Ly and M, ¢ Ls, then
tlim K (t) =0, kK € Loo. Therefore, to complete proof, we need to show & € Lo.
—00

T

To that end, the following upper bound of the derivative of the function V = %/% K is obtained:

V(1) < —y&T ME (8) & + 7R My (1) We (t)
—y (1= x) &M (1) &+ [Wee (D] (B.6)
=29 M (1) (1= X) V(&) +x W ()11,

where x € (0,1).
Having integrated (B.6), it is written:

V) <V (to) =7 (1= x) [ M) R ()] Pds + 7 /uw )IPds.

As V € L (it was shown above) and W, € Lg, then the following integral is bounded:

V() 4+ V(o) + et S W ()]s
/M2 s)||%ds < fo < 0.
71 —=x)

There exists the following lower bound for the integrand (here M, () > 0 is assumed to hold
almost everywhere and, consequently, ess irtlf M2 (t) #0):

essinf MG () |I& (8)|I* < MZ () IR (D)%,
which, following Lemma A4, means that & € Lo.
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Considering the error &b (t), the following is obtained:
Go (£) = p(£) LyLof (£) = pLypLyf + p () LyLo6
= p () LyLo0 (£) + 5 () LyLo £ pLy L1 (t)
= P () LypLo0 (1) + () LyLod + pLyLof (1)

from which it is written that

0 € LyN Loo ggeu»—o R
ﬁeMﬂLm}ziweLﬂ”@’Epp@%ﬂ) = Jim 4y () = 0.

Proof of Theorem 3. Owing to (3.11) and using (3.15), it is written for W (¢):

W(t) = e (1),

e (t) = / Cio (5) w (s) ds,

max(to,t—T)
from which, if Assumption 3 is met, it is obtained that [W; (¢)| < .
If C1 is satisfied, the following holds for the regressor ® ():

le@l=7| [ e 6

max(to,t—T)

1
< =Tsup
t

7T sup|Go (1)@ (1) = sup

G (1) 97 ()

therefore, there exists a scalar ¢y, > 0 such that

1

Based on (B.7), the errors 6 (t), j(t), iy (t) are defined as:

< mew, W, (0] <

W@l < 7

0(t) = g (t.t0) B (to) + / 65 (t,7) A (1) W (7) dr,

B(8) = 65 (1, t0) 0 (to) + / 65 (t,7) M, (1) W, (7) dr,

Uy (1) = p(t) Ly L0 (t) + p(t) Ly Lo + pLy Ly (1),
= [ A% (s)ds 7 [ A%(s)ds
where ¢; (t,7) =e , o5 (t,T) =€ T

Owing to (B.7), (3.13), if C1 is met, then it holds that AW, M, W, € L, and if C2 is satisfied,

then ¢;, ¢5 € L1, from which, using (B.8) and owing to (B.7), it immediately follows that there
exist dgp > 0 and & € Ly, tlim 01 (t) = 0 such that the inequality (3.16) is satisfied.
—00

Proof of Theorem 4. Having substituted (2.2) + (3.17) into (2.1) and subtracted (2.7) from the
obtained result, it is written:

G (t) = Wat (Ot ) [satpn {—F (6) £ f7 () £ £ (1)} + £ (8)]

B.9
= Wet (Bus, ) [sat g { Fr () = F (1) = F (O} + £ (1)] .
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where
frt)=—F @+ fr @)
= — 0 (©)he (1) = (9] (1) =] (©)) hy (8) £ 9] (1) hy (1)
+1q (0) he (8) + (Y4 (6a) =g (8)) Iy (1) (B.10)
= — g (©)he (1) =D (8) hy (1) = (D (1) = ] (©)) By (1)
= =y (©) e (1) = D (1) hy () = (1] (0a) — 7 (8)) oy () — g (£) By (2).
and (owing to Lemma B1)
H(t,5) [35 (1)) Tt ) 2 (1)
O s ol 0T e g en| O
H(t, ) [5" [§7 (1) H(t ) [s" [ ()]

As (B.9)—(B.11) depend from the errors €5 (t) = €7 (t) — 7 (t) and g (t) = §f (t) — ys (¢), then,
using (3.5a)—(3.5¢) and (3.18b), the differential equations for such errors are obtained:
£, = (Ab - Q;belT) &y — Doys + Pemy
L _Joelg, itm>1

T2 by, ifm =0,

N4}

. e o (B.12)
£ = (Ab — ey ) §e —Yvef + (p+ P) emé + peme”
Yoty _ el &, ifm>1
=1 15 T Z S
pE + pé + pe*, if m = 0.

The system X3 depends form the error £(¢) = e (t) —e* (t) = y(t) =y (t) —y () + y* (¢), thus
the differential equation for it is obtained as:
~ o . T ~ Y
5. { E0= (40— Oc] )& (1) + 0, (1) u (2) (B.13)
E(t)=e; Z(t).

Further proof of this theorem is based on Lemma A5. In order to apply it, first of all, we need
to show that f; € Lo N Lo and tlim fr(t) =0. To that end, equation (B.13) is rewritten in the
— 00

operator form as
E(t) =ef (sI—Ao+0e] ) [0 (t)u(t)],

and, as 0, € Ly N Lo (see Theorem 2) and u € Lo, (owing to Assumption 1 and equation (3.17)),
then, using Lemma A1, it holds that € € Ly N L.

Further proof differs for cases m =0 and 1 <m <n — 1.

A) If m = 0, then we have

{ p,E€Lon Lo };5{ £f € LyN Lug }
Y, €5 € Ly gy € Lo N Lo
B) As for 1 < m < n — 1, the following quadratic form is introduced:
V- &P (B.14)
where A P+ PA, = —-Q, Q=Q" > 0.
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Considering the system X, the derivative of (B.14) is written as:

v=¢! <P [Ab Ppeq } [Ab %eﬂTP) £ +28]P (ﬂﬁbf—?f +(p+p) emé + ﬁemE*)

= —& (Q+ Piye] +exthy) P) & + 28 P (—thies + (p+ 5) enf + penc”) (B.15)
~ 12
< - ()\min (Q) - 2 max H%H - Xl 1)‘i1ax( )) §E + €,
- o .2
where x1 > 0 and e = 1 (|| due || + [0+ 5) ensll + [l 5ens"])
For all @ and P there exist scalars x; > 0 and x2 > 0 such that
Amin (Q) 1)‘r2nax ( ) x2 > 0.
This fact allows one to rewrite (B.15) as
V < - (XQ max Hl/%H) € + €. (B16)

As ¥y € Lo and 1)y (£) — 0 when ¢ — 0o (see Theorem 2), then there always exist scalars oy > 0
and o9 > 0 and time instant co > ty > tg such that

- (XQ - 2)\max H%H)

)\max (P)
X2 — 2)\max (P) H@bH
Amax (P)

0<

< oy, for all t <

> 09 >0, forallt >ty

Using it, equation (B.16) is rewritten as follows:

V() < { o1V (t) +e(t), forallt <ty

B.17
—03V (t) +€(t), for all t > ty. ( )

As 1/;(,, p, € € Ly N Lo (see Theorem 2 and above-given proof) and ef € Lo, €* € Lo (owing to
Assumption 1 and equation (3.17)), then € € L1 N Loo. As oo >ty > tgand € € L1 N Ly, then V' ()
is bounded for all t € [ty, ty]. Given € € L N Lo, then, using Lemma A1, the solution of (B.17)
is also bounded for all ¢t > ¢y, and, consequently, V € L.

Having integrated (B.17), it is obtained:
t t
V(6 <V (tv) —UQ/V(S) d8+/e(s) ds. (B.18)
ty ty
AsV € Ly and € € Ly, then the following integral is bounded:

UQ/V V(t)+V(tv) +/ )ds < o0,

ty
from which it holds that £y € Ly N Ly
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Having repeated the above reasoning (B.14)-(B.18), it is obtained that 3j; € LoN L. Therefore,
using Lemma A1, for all 0 < m < n — 1 in the sense of the following implication

Ef € LyN Loo s'[Ef (t)] € LaN Lo :
i Ta =0,... B.1
gf € LoN Ly } = s [yf (t)] € LoN Ly vi=0, e ( 9)

we almost always have h. € LyN Lo, hy € LyN Ly (for example, if % [ (t)] =0, then
H(t,s)[s"[]] = H (t,s)s'[] and he € Ly N Leo, hy € Lo N Lo follow directly from Lemma A1).

Taking into consideration ¥, € Ly N Lo (see Theorem 2), on the basis of equation (B.10) it is
finally obtained that ff € LoNLy. As ff € LoN Ly, f € L,N Ly for p € [1, 0o) (see Proposition
1), then there exists a sufficiently large scalar fi,.x such that the following holds

St e {7 () = F () = F O} = Fr ) = F () = F (1),
thus, equation (B.9) is rewritten as:
7 () = Wa (0as 5) [fr () = F )],
from which, owing to ff € Lo N Lo, fe L,N Ly and using Lemma A5, it is obtained that
tliglog (t) =0.

Proof of Theorem 5. In accordance with proof of Proposition 1 and Theorem 4, when p (t) =
u > 0, the closed-loop system is described by the following equations:

1 (t) = pGn (t) + enpimopA (1)
{ ) =eln(), (B-200)
§(6) =Wt (Ot 3) [sabge { T (6) = F(6) = F ()} + £ (1)], (B.200)

Fr () = 07 ©)he (1) — 7 (1) hy (1) — (4] (0a) — 0T (©)) Ty (1) — &7 (D y (1), (B200)

where f € Lo as p\ € Log and G is a Hurwitz matrix, and, if Assumption 1 is met, repeating proof
(B.12)~(B.19) from Theorem 4, we have for fy(¢) that

py 0, Py € Ly N Log = ff € Lo N L.
Then there exists a sufficiently large scalar f.x such that the following holds:
§(t) = War (0, 5) [F7 &) = Wer (0, 9) [£ (#)]

g1(t) J2(t)

and, owing to ff € Ly N Ly and using Lemma A5, it is obtained that tlim 71 (t) = 0.
— 00

In order to complete the proof, equation (B.20a) is considered together with the system

(t) = Aaz (1) + en, f (1),

i (B.21)
5 (1) = [01ms—mas1) O] (@),

where

ACZ = AO + enclgc—lz—.cla AO =

Iy, 1 On,,—1
0 Nel e — Nel ,
Nel OIX(nCl—l) ‘| Nel [ 1 ]
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and the parameters 0, ., 0. are equivalents of 8,, 6, and match the parameters of the numerator
and denominator of the transfer function of the closed-loop system (2.4).

The following quadratic form is introduced to analyze stability of (B.20a) + (B.21):
1
V=z:"Pz+ =0 Pp, (B.22)
1

where P, A, + AZPZ =—-Q., P,G+ G'pP, = —@Qy and matrices @), = Q! >0, Qn = Q; > (0 are
chosen such that for some scalars x. € (0,1), x, € (0,1) it holds that:

0 <c: < Amin (Qz - Xz_lpzencle;zrclpz> )
0< Cy < Amin (Qn - mOX;1Pn€n+1e;zr+1Pn - Xz6161T> .
Owing to equations (B.20a) and (B.21), the derivative of (B.22) is written as:

V=2l [PZACl + A;PZ} 2+ 22" Poep el n+n" [PnG + GTPn] N+ 20" Pyeniimo)

(B.23)
= —2"Q.z — 1 Qun+ 22" Py e n+ 20" Pyensimol.
Having applied the inequalities:

T T —-1_T T T T
2z Pzenclel N < Xz % Pzenclendpzz + X2n ereqn,

277TP7,en+1)\ < XglnTPnenHeZHPnn + xn)\Q,
it is obtained that:
V=—2z" {Qz — Xz_leencleIsz} z

=" [Qy = moxy Pyentrenia Py — Xzere] | 1+ xymoX? (B.24)

. Cz HCp 2
< — min , V4 XymoA©.
{ Ama,x (Pz) Ama,x (Pn) } K

As, owing to Assumption 2, it holds that h_>n(f>1o A2 (p) =0, then we have from (B.24) that
w

lim g1 (t) =0 and lim |7 (¢)] < € for arbitrarily small scalar € > 0.
t—r00 t—00

Proof of Theorem 6. In case () = > 0, owing to Theorem 5, the closed-loop control system
is described by equations (B.20a)-(B.20c) and (B.21). Moreover, considering forced motion com-
ponent 7 (t) and repeating analysis (B.21)—(B.24), we have tlim |72 (t)] < eg for arbitrarily small

—00

scalar ez > 0. Using the upper bound (3.16) and equations (B.10)~(B.13), the following upper
bound for fr (t) is obtained via simple but tedious reasoning:

Fr )] < fip 0+ T oy, (B.25)

where flf € Lo and 0 < fof < 00.
Then, in order to complete proof, the following system remains to be considered

(t) = Az (1) + en, Jr (1),

) (B.26)
G (8) = [01ma—mas1)) a2 (1)
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The below-given quadratic form is introduced to analyze stability of (B.26):

V=2"P,z, (B.27)

where P, A, + AEPZ = —(@Q, and the matrix @), = QZT > 0 is chosen such that for some scalar

Xz

€ (0, 1) it holds that 0 < ¢, < Amin (Q2) — X3 | Peen,, |I*.
Owing to (B.26), the derivative of (B.27) is written as:

V=2" [PAq+ ALP.] 2 + 22 Peey, fy. (B.28)
Using (B.25), the following is obtained:
2T Puen fi| < 21120 I Poenal |74
22l | Pzen,, | ‘ff‘ <G HIPeeng P21 + X217,
<l @)+ 20 furfor + T2 155,
2T fipfoy < Jip () + T2 oy,

and therefore, we have:

V < —llz]? + 2x: 7 () + 2T 72x: foy- (B.29)

As flf € Ly and fof < 00, then from (B.29) it holds that tli)m |71 (t)| < €1 for arbitrarily small

scalar €; > 0, which allows one to conclude that tlim |7 ()] < € for arbitrarily small scalar € > 0.
— 00

10.
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Abstract—This paper considers nonlinear continuous—discrete (hybrid) systems containing two
subsystems of differential and difference equations, respectively, and one-dimensional (scalar)
or multidimensional (vector) control. The transition from a nonlinear hybrid system with a
constant sampling step A > 0 to an equivalent, in a natural sense, nonlinear discrete dynamic
system is presented. Sufficient conditions are established, first, for reducing the first approx-
imation systems of nonlinear discrete systems to the Brunovsky canonical form and, second,
for stabilizing such systems and nonlinear hybrid systems with control of different dimensions.
Algorithms for constructing stabilizing control laws for nonlinear hybrid systems are developed.
Numerical examples are provided to illustrate the effectiveness of this approach to stabilizing
nonlinear hybrid dynamic systems.

Keywords: continuous—discrete system, discrete system, hybrid system, controlled system, equi-
librium, stabilizable system, Brunovsky canonical form

DOI: 10.31857/50005117924090022

1. INTRODUCTION

Stabilization of dynamic systems is one of the most important problems in control theory, which
is due to the demands of control practice and open (unsolved) scientific issues in this area [1-4].
The solution of this problem will ensure stable operating modes of dynamic systems and contribute
to solution of control problems for these systems.

Hybrid dynamic systems serve as mathematical models of real mechanical, technical, technolog-
ical, and other processes of a heterogeneous nature that cannot be described only by differential
equations. For example, control of aircraft and electric trains can be modeled only using a discrete
thrust regulator [5, 6]. Therefore, the main feature of such hybrid (continuous—discrete) dynamic
control systems is their adequacy to modeled objects [7], which, as a rule, have nonlinear operation
processes. Hence, the corresponding hybrid dynamic systems are nonlinear continuous—discrete
systems.

Among hybrid systems, there is a large class of systems stabilized by switching at appropriate
time instants [8]. However, the issues of stabilizing real dynamic control systems are inseparably
connected with their controllability issues.

Methods for stabilizing controlled dynamic systems have been created and developed for over
150 years [4]. Much experience has been gained in stabilization of continuous systems and dis-
crete systems; for example, see [9-16]. There are R&D results in the field of stabilizing linear
hybrid [3, 7, 17] and nonlinear hybrid systems described by differential equations with different
nonlinearities and a discrete state- or output-feedback controller [18-22]. However, the issues of
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stabilizing nonlinear hybrid systems with operation processes described by differential and dif-
ference equations and states containing both continuous and discrete components have not been
sufficiently studied so far.

This paper presents a general approach to stabilizing such nonlinear continuous—discrete (hybrid)
systems with one-dimensional (scalar) or multidimensional (vector) control and a constant sampling
step. The approach is based on the transition from a given nonlinear hybrid system to an equivalent,
in the natural sense, nonlinear discrete dynamic system.

The novelty of this study is as follows:

1) The concept of the Brunovsky canonical form is introduced for the first approximation system
of a nonlinear discrete dynamic system with scalar control.

2) Sufficient conditions are established for reducing the first approximation system of an equiv-
alent nonlinear discrete system with scalar (vector) control to the Brunovsky canonical form (i.e.,
to a set of independent subsystems each having the Brunovsky canonical form).

3) Algorithms for reducing the first approximation systems of equivalent nonlinear discrete
systems (with both scalar and vector control) to the Brunovski canonical form are developed and
demonstrated by examples.

4) Sufficient conditions for stabilizing the first approximation systems of equivalent nonlinear
discrete dynamic control systems (both with scalar and vector control) are established.

5) Sufficient conditions for stabilizing nonlinear hybrid dynamic control systems with control of
different dimensions are established.

6) Algorithms for constructing stabilizing control laws for nonlinear hybrid systems with control
of different dimensions are developed and demonstrated by examples.

2. PROBLEM STATEMENT

Consider a nonlinear continuous—discrete control system of the form

a'(t) = fx(t),y(tr), te <t <tp (1)
y(tk—i-l) :g(x(tk-i-l)vy(tk)au(tk))v k =0,1,2,...

with initial conditions

z(to) = zo, y(to) = Yo, (2)

where x € R™ and y € R™ are the state vectors of system (1) characterizing the behavior of its
continuous and discrete parts, respectively; v € R? is the control vector (input) of system (1); the
time instants t; define a uniform grid on R with a constant step h > 0, i.e., ty11 —tp = h > 0,
kE=0,1,2,... and t; = kh; the functions f(z,y) and g(z,y,u) are continuously differentiable in
the aggregate of variables.

Assume that without control (u = 0),

In other words, system (1) with u = 0 has the trivial equilibrium x = 0, y = 0.
System (1), (2) with a chosen control law v = u(tg), k = 0,1,2,..., operates in accordance with
the following standard scheme:
1) Initial conditions zy = (xq,yo) are specified.
2) The solution = = ¢(t) of the Cauchy problem 2’ = f(
vectors x1 = po(t1) and y1 = g(x1, Yo, up), where ug = u
3) The solution z = ¢1(t) of the Cauchy problem 2’ = f(
vectors x9 = p1(t2) and yo = g(x2,y1,u1), where u; = u

Yo), x(to) = g, is found, and the
0), are constructed.

Y1), x(t1) = x1, is found, and the
1), are constructed. And so on.

)
)
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Hence, the solution of system (1) with the initial point zg = (xg, o) and a chosen control law
u=u(ty), k=0,1,2,..., is the function

(po(t),v0), to<t<ty

1), ti<t<t
0) = lh®) = { (o LS is @)

The components of the solution (4) have the following features: the function z(t) is continuous for
all t > 0, continuously differentiable on any interval (¢x,tx41), but not necessarily differentiable at
time instants ¢ = ti, where £k =0,1,2,...; the function y(¢) is piecewise constant and changes its
values at time instants t = ¢, k=0,1,2,....

The main problem of this paper is to establish sufficient conditions for stabilizing systems (1)
and to design stabilizing control laws for such systems. The solution of this problem is based on
the transition from the nonlinear hybrid system (1) to an equivalent nonlinear discrete dynamic
System.

3. TRANSITION TO THE DISCRETE SYSTEM.
CONTROLLABILITY AND STABILIZABILITY OF SYSTEMS

Due to the relations (3), the functions f(z,y) and g(x,y,u) can be represented as
f(xa y) = Alx + Bly + a(x, y)a g(xv Y, U) = A2x + BQy + Cu + b(xa Y, U’)v

where A1 = f,(0, 0), By = f,(0, 0), A2 = g,(0, 0, 0), B2 = ¢,,(0, 0, 0), and C' = g,,(0, 0, 0) are ma-
trices of compatible dimensions and the smooth nonlinearities a(z,y) and b(x,y,u) satisfy the
relations

a(z,y) = o(|zl| + llyll) as [lz] + |ly]| = 0,
b(x,y,u) = of||z[ + [lyl + [[ul) —as |z +[lyl[ + [[ul] = 0.

By denoting x(ty) = xx, y(tx) = yk, and u(ty) = ug, we write system (1) as the equivalent hybrid
system

()

a'(t) = Aix(t) + Biyk + a(z(t),yk) ,  th <t <tps1
Yk+1 = A2xk+l + Bka + Cuk + b(xk-i-lv Yk, uk)v k= 07 1> 27 s

Let det A1 # 0; by applying the shift operator along the trajectories of system z’ = f(x,y) over the
time from ¢t =0 to t = h > 0 (see [23]), we perform the transition from system (5) to a discrete
system of the form

Tpo1 = eAthg, + A1—1(6A1h — I)Biyk + e(zk, yi; h) (©)
Y1 = AgeMNay + (A2 AT (eh — T) By + Ba)yy + Cug + 02k, Yo, wis ),
where
ti+h
E(xka Y3 h) = e(tk-i—h)Al / €_SAla'(p(Sv Tk, yk)v yk)dsa
ty
x = p(t,xk, yx) is the solution of the Cauchy problem
t' = Az + Bryp + a(z,yp),  x(ty) = op;
O(wh, Y, us h) = Ase(wr, yrs h) + b(Tpg1, Yr, ur)- (7)
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Note that the case of a singular matrix A; can also be considered, but it will lead to substantially
more complicated formulas.

The discrete system (6) can be written in the compact form

Zk+1 :A(h)zk—l-Buk—i-f(Zk,uk,h), k=0,1,2,..., (8)

E _ 10 _ |e(@k, ykih)
2 = |}]k ‘| 5 B = [C] 3 g(zkaukvh) - [5(xkaykauk;h) ] 5

where

A(h) is a block matrix of order (n +m) :

€A1h Al_l(eAlh _ I)Bl

A(h) =
( ) A2€A1h A2A1—1(€A1h — I)Bl + BQ

. 9)

System (6) with u = 0 (equivalently, system (8)) has the trivial equilibrium.
Based on [23] and condition (7), it can be established that

e(z,y;h) = ollzll +llwl) as |zl +[lyl =0,
0(z,y,u; h) = o([[zll + llyll + llull) —as [zl + lyll + lul = 0.

Then the function &(z,u, h) in system (8) satisfies the condition
§(z,u,h) = o(|[z] +[lull) as [|z[| + [lul = 0. (10)

For a chosen control law u = u(t), k = 0,1,2,..., the hybrid system (1) and the discrete system (6)
are equivalent in the following sense [8]:

o If (x(t),yx) is the solution of system (1), (zx,yx) will be the solution of system (6), where
xp = z(tg).

o If (z),y) is the solution of system (6), (z(t),yr) will be the solution of system (1), where x(t)
is the solution of the Cauchy problem o’ = f(z, yx), z(tx) = x.
Therefore, systems (1) and (8) are equivalent as well.

Following [24-26], we introduce several notions.

Definition 1. The hybrid system (1) is said to be controllable for h = hy > 0 if for any vectors
20 (1) e Rt there exists a control law u = u(ty), k=0,1,...,1 =1 (l€N), such that z(¢;) =
2N t; = to + Lhg, for the solution z = z(t) of system (1) with the initial condition z(tg) = 2(©).

Definition 2. The discrete system (8) is said to be controllable for h = hg > 0 if for any states
20 2(1) ¢ Rrtm there exists a control law wy, k = 0,1,...,0 — 1 (l€N), such that z = EON
21 = z(t;) = z(to + Lhg), for the solution zx, k =0,1,...,[, of system (8) with the initial condition
ZO = Z(O)

For some h > 0, the equilibrium of systems (1) and (8) may be unstable.

Definition 3. The hybrid system (1) is said to be stabilizable for h = hy > 0 if there exists a
piecewise constant function u = ¢(t) € RY, t), <t < tgs1, k =0,1,2,..., such that system (1) with
the control law u = ¢(t) has the asymptotically stable solution z = 0, y = 0 for h = hy > 0.

Definition 4. The discrete system (8) is said to be stabilizable for h = hg > 0 if there exists a
control law uy = ®(zx), k = 0,1,2,..., such that system (8) has the asymptotically stable solution
z =0 for h = hg > 0.

Direct comparison of Definitions 1 and 2 yields the following result.
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Theorem 1. The hybrid system (1) is controllable for h = ho > 0 if and only if the discrete
system (8) is controllable for h = hy > 0.

The proof of this theorem, as well as those of other important results of the paper, is postponed to
the Appendix.

The linear discrete system
Zh+1 = A(h)zk —|—Buk, k= 0,1,2,... , (11)

is the first approximation system of the nonlinear discrete system (8).
Now we proceed to the issues of stabilizing system (1) considering its control peculiarities.

4. STABILIZATION OF THE HYBRID SYSTEM (1) WITH SCALAR CONTROL

Let u€ R! in system (1); then the first approximation system of the corresponding discrete
system (8) takes the form

241 = A(h)zk -+ buk, k= 0, 1, 2, RN (12)

where z € R*™ A(h) is the matrix (9), b is a matrix of dimensions (n +m) x 1, and u € R'.

Assume that for h = hy > 0, system (12) satisfies the complete reachability condition, i.e.,
rank [b, A(ho)b, A%(ho)b, ..., A" Y (ho)b] = n + m. (13)

which implies the controllability of system (12) for h = hg > 0.

Note that condition (13) can be relaxed, e.g., by imposing the complete controllability condition
on system (12) for h = hy > 0; for details, see [11, pp. 268-269].

We have the following result.

Theorem 2. Assume that the linear discrete system (12) satisfies condition (13). Then there
exists a transformation

2y = Sz, up = azp + ug, (14)
where det S # 0 and « is a matriz of dimensions 1 X (n +m), reducing this system to

Zl:+1,1 = Zz,z
Z/T;+1,2 = 32,3

: (15)

* %
zk—l—l,n—i—m—l - zk,n—i—m
Zl:—l—l,n—i-m :ult:’

where z,’;z denotes the ith component of the vector zj.
System (15) will be called the Brunovsky canonical form of system (12) for h = hg > 0.

Theorem 3. Assume that for h = hg > 0, system (12) satisfies condition (13). Then it is stabi-
lizable for h = hg > 0.

From the proof of Theorem 3 (see the Appendix) and equalities (14) we arrive at the following
fact.

Corollary 1. A control law u, = S*z,, k= 0,1,2,..., where S* = pS — «, uy = pz}, stabilizes
the linear discrete system (12), and all eigenvalues of the matriz (A(ho) + bS™*) are smaller than 1
by their magnitude.
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Theorem 4. If the first approximation system (12) of the corresponding nonlinear discrete sys-
tem (8) satisfies condition (13), the corresponding hybrid system (1) will be stabilizable for
h=hg > 0.

Ezample 1. Tt is required to construct a stabilizing control law for a hybrid system of the form

2'(t) = —x(t) + yr1 +a(@®t),ye), e <t <tppr
Yk1,1 = (1) + Yr2 — up + b1 (x(tpt1), Yn, ur) (16)
Ye+12 = — (k1) + Y1 + 0.5ug + ba(x(tht1), Yo ur), k=10,1,2,...,

where x € R', y€ R%, ue R', a(z,y), bi(z,y,u), and ba(x,y,u) are smooth nonlinearities in accor-

dance with system (5), by reducing the corresponding discrete first approximation system to the
Brunovsky canonical form.

For a nonlinear discrete system equivalent to (16), the first approximation system is a discrete
system of the form (12) with the matrices

e 1—eh o 0
Ah)y= e 1—-e? 1|, b=|-1
—eh e 0 0.5
It can be proved that this discrete system with all h: 0 < h # In4 is controllable.
0.5 05 0
Letting hg = In2 yields A(hg) = | 0.5 0.5 1 |; note that the solution x =0, y =0 of sys-
—-0.5 0.5 0

tem (16) with u =0 is stable (but not asymptotically stable). We compile the matrix F'(hg) =
[b, A(ho)b, A% (ho)b] :

0 —-0.5 —0.25 6 —4 —6
F(ho)=|-1 0 —075|; then F'(ho)=| 2 -2 —4 |,
0.5 —0.5 025 8 4 8
f(ho) ~8 4 8
f(ho) =[-8 4 8], S=|f(ho)A(ho) | =|-6 2 4
£ (ho)A? (ho) -4 02

Then z;; = Sz, which corresponds to the system

Zp1 = —8xk + 4Yk1 + 8yk,2
Zpo = —6xk + 2y 1 + dyk 2

zzﬁ = —4x) + 2y 2.
Consequently,
Zpy11 = —8%k+1 + AWrkt1,1 + 8Ykt1,2 = —6xk + 2yk1 + dyk2 = 255
Zpy1o = —0Tk+1 + 2yp11 +4Ayk12 = —4ak + 2yk2 = 2 3
Zpr13 = ~Akt1 + 2Yk12 = —3Tk — Y1+ uk = U

Thus, for hg = In2, the Brunovsky canonical form of the discrete first approximation system cor-
responding to system (16) is given by

ZIT;+1,1 = 32,2

ZZ+1,2 = 32,3

ZI:+1,3 =uy,

where u} = —3z) — yp1 + ug. As is easily verified, u} = azy, + ug, where a = f(hg)A3(ho).
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Let us find a stabilizing control law for system (16).

We have uy, = S*z, S* = pS — «a, uj = pz;, where p = [p1 p2 p3, p1, p2, and p3 are the coef-
ficients of the characteristic equation of the last system of equations:

AY = p3A? — paX —p1 = 0.

Since the choice of these coefficients is arbitrary, we assign them so that the roots A1, Ao, and A3

of the characteristic equation lie inside the unit circle.
Taking A1 23 = % yields A% — %)\2 + %)\ — % =0, and p= [% —% %], a=[-3 —1 0]; hence,
1

S*=[3 0 1], and uy, = %xk +yi,2 is the desired control law.

Indeed, for hy = In2, substituting this control law into the discrete system (12) corresponding
to system (16) gives the matrix (A(hg) + bS*), for which all eigenvalues are equal to & (smaller
than 1 by their magnitude). Based on the proof of Theorem 4 (see the Appendix), we conclude
that system (16) is stabilizable for hg = In2 by the control law uy = %xk + Yk,2-

Consider an important special case of system (1) in which n = m = ¢ = 1. In this case, system (1)
contains scalar equations and is equivalent to the hybrid system

{ o/ (t) = arz(t) + by + a(z(t),yr), e <t <tpp a7
Yk41 = @2Tp41 + boyp + cup + b(Tpq1, yp,ux), k=0,1,2,...,

where a; = f;(0,0), by = £,(0,0), a2 = ¢,,(0,0,0), b2 = g;,(0,0,0), and ¢ = g;,(0,0,0) are numbers,
and the smooth nonlinearities a(x,y) and b(z,y,u) satisfy the relations
a(z,y) = o(lz| +[yl) as |z|+ [yl =0,
b(z,y,u) = o[z + [yl + [u]) as |z[+ |y[+ |u] = 0.
The nonlinear discrete system equivalent to system (17) has the first approximation system (12)
with
€a1h b_]'(ealh _ 1)

A(h) = - - l 0 ] . (18)
age‘“h E(e‘“h — 1) + b2
ai
Then the following result is true.

Theorem 5. If the hybrid system (1) contains scalar equations, and a; # 0, by # 0, and ¢ # 0 in
the equivalent system (17), system (1) will be stabilizable for any h > 0.

In this case, the stabilizing control law is found by the algorithm demonstrated in Example 1.

5. STABILIZATION OF SYSTEM (1) WITH VECTOR CONTROL

Let n > 1, m > 1, and ¢ > 1 in the hybrid system (1), i.e., the discrete system (11) serves as
the first approximation system for the equivalent discrete system (8). Assume that system (11)
satisfies the complete reachability condition for h = hg > 0 :

rank [B, A(ho)B, A*(hg)B, ..., A" Y(hg)B] = n + m. (19)
Theorem 6. If system (11) satisfies condition (19), there will exist a transformation
zp = Sz, up; = ogzp +ugy, detS#0, I=1,...,q, (20)

reducing system (11) to a set of q independent subsystems, each having the Brunovsky canonical
form.
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By the proof of this theorem (see the Appendix), the original system (11) decomposes into
g independent subsystems of the form (15) whose dimensions are s1, ..., sq, with s;+so+...+5, =
n 4+ m. Then we have the following result.

Theorem 7. If the linear discrete system (11) satisfies condition (19), it will be stabilizable for
h = hg > 0.

The proof of Theorem 7 (see the Appendix) and equalities (20) lead to another fact.
Corollary 2. The stabilizing control law for the discrete system (11) has the form

U = S*Zk,

where g = sfzg, 8| = pS; — u, U = Pzyy, Si 18 part of the matriz S corresponding to the lth sub-
system (I =1,...,q), p is a vector of dimension s;, zj; is the vector containing s; components of
the vector zj, corresponding to the lth subsystem, and sf are the rows of the matriz S*. In addition,
all eigenvalues of the matriz (A(ho) + BS™) are smaller than 1 by their magnitude.

Theorem 8. If the linear discrete system (11) satisfies condition (19), the corresponding nonlin-
ear hybrid system (1) will be stabilizable for h = hy > 0.

Ezample 2. 1t is required to construct a stabilizing control law for a hybrid system of the form

x'(t) = —2$(t) + kaJ — 2yk72 + a(x(t), yk), tk <t < tk+1
Ykt1,1 = —Tht1 + Uk 1 — Uk2 + b1(Tpt1, Yk, k)
Ykt12 = Thl — Y1 + Yk2 + U1 + 2up 2 + b2 (1, Y, ug), k=0,1,2,...,

where z € R', y€ R%, u€ R?, a(x,y), bi(z,y,u), and by(x,y,u) are smooth nonlinearities in accor-
dance with system (5), by reducing the corresponding discrete first approximation system to a set
of independent subsystems written in the Brunovsky canonical form.

For this system, the corresponding discrete system (11) has the matrices

e2h 1 _e2h =2 _ 0 0
Ah)y=| —e 2 e2?h 1 1-e? |, B=]1 —1
6_2h —6_2h 6_2h 1 2

Then we obtain

0 0 0 3(e?—1) 0 (e72" —1)(9e=2" —3)
[B,A(h)B,A*(R)B] = | 1 —1 0 3(1—e2") 0 (e2" —1)(3—9e72") |,
1 2 0 32 0 e (9% —6)

and rank [B, A(h)B, A%(h)B] = 3 for any h > 0. Hence, the corresponding linear discrete system (11)
is controllable for any h > 0.

Let hg = In3, and let b; and by be the columns of the matrix B. Then

1/9 8/9 —8/9
Ag=A(hg) = | —=1/9 —8/9 8/9
1/9 —1/9 1/9

From the column sequence (b, by, Agby, Agba, AZb1, A2bs) we compile the matrix Fy of order 3 and
rank 3. Note that the matrix Agb; is a zero column, so the columns Agby, and A%bl are excluded
from consideration.
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We have Agby = [~8/3 8/3 1/3]T; therefore, s1 = 1, so = 2, and Fy = [by, by, Agbs), i.e

0 0 -8/3 17/24  2/3 1/3
Fo=1|1 -1 8/3 |, Fyt=|-7/24 —-1/3 1/3 |,
1 2 1/3 -3/8 0 0

k =1,2, since rank B = 2.

=1, hence, f is the first row of the matrix F;° !

k
k

= Z =51+ s9 = 3, hence, fy is the third row of the matrix F0
f 1

17/24  2/3 1/3

S = fo |, ie,S=| —-3/8 0 0
f2Ao ~1/24 —1/3 1/3
LT 2
2F = —x -
k1= 94 k 3yk,1 3yk,2
* 3
2 = SZk, then 22’2 = —gxk
1 1 1
Z;:;,g: _ﬁxk_ 39k,1+§yk,27 k2071>27"'7
Zpy11 = Uk 1, Where up ;= f1AG 2 +up1 = frdoz, +up1 = oq %k T UL
* * * * * 2
Zh412 = %3 Zha13 = Ukg, Where up o = foAQ 2 4+ up2 = -k + gkl — gYk2 T k2.

72 9
Thus, for hg = In3, the set of the Brunovsky canonical forms for the linear discrete system
corresponding to the original system has the form
ZZ+1,1 = Uz,l
ZZ+1,2 = Z?f;,s
ZZ+1,3 = UZ,Q'

Now we find a stabilizing control law for the corresponding linear discrete system for hy = In3.

* * _ * % : _ * _ * _ :
1) Up 1 = PZpy;s where p =p1, 2z, = Zp 1, since s1 =1, zp.4 | =Dz 4, and then A = p. Letting
1o 1 1 702 1
A= g ylelds p=3, a1 = fido =[5 0 0], S1 = f1, and, hence, s] =pS1 —a1 =[5 § 3l
. 7 2 1, ..
1= 812k, L€, U1 = 35Tk + §Yk,1 T g¥k,2;
Uk § 36 9 9

2) uj o = pzjy, where p = p1 P2, 2o = [22’2 zzﬁ]T, since sp =2, zj4 3 = P12} o + P22} 3, and
then A2 —pgA —P1 = 0.
Letting A1 2 = % yields A2 — %)\ + % =0, and p = [—%

I;

~3/8 0 0
—~1/24 —1/3 1/3

wlno

as = foA3 =[5/72 2/9 —2/9], S»=

. 1 4 4
sy =pSy —ap = [—1/18 —4/9 4/9], ie., up2 = g%k ~ gkl + gUk.2:

Thus, the stabilizing control law has the form

7 n 2 + 1
36 Tk gykl gykz
Uk 1 4
_Exk - 9yk,1 + §yk,2
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This law also stabilizes the original nonlinear hybrid system because
1/9 8/9 —-8/9

Ay + BS* = |5/36 —2/9 5/9 |,
7/36 —7/9 10/9

G | 7/36 2/9 1/9
T -1/18 —4/9 4/9 |°

and the matrix (Ag + BS*) has the eigenvalues \j 23 = %, e, [Ap3] < 1.

6. CONCLUSIONS

This paper has established a general sufficient condition for stabilizing nonlinear continuous—
discrete systems of the form (1) with both one-dimensional (scalar) and multidimensional (vector)
control. This condition is based on the complete reachability of the first approximation systems of
the corresponding equivalent nonlinear discrete dynamic systems.

A general approach to stabilizing the nonlinear hybrid systems (1) with control of different
dimensions has been presented, and stabilizing control laws for such systems have been designed.
The approach can be used to ensure stable operation modes for real technical, mechanical, and
other control systems with a heterogeneous structure as well as to construct admissible and optimal
control laws for such systems.

APPENDIX

Proof of Theorem 1. The desired result follows from the equivalence of systems (1) and (8),
which considers the relation of their solutions, and from the definitions of controllable systems.

The proof of Theorem 1 is complete.

Proof of Theorem 2. Since the linear discrete system (12) satisfies condition (13), the matrix
F(ho) = [b, Alho)b, A%(ho)b, ..., A" ™ ()|

is nonsingular, i.e., there exists the inverse F~1(hg).

Let the vector f(hg) € R™*™ be composed of the elements of the last row of the matrix F~1(hg)
[27]. In view of the definition of an inverse, we obtain

F(ho)b = F(ho) Alho)b = .. = F(o) A" (hy)b = 0, (A1)
f(ho) A" (ho)b = 1. (A.2)
Letting
251 = f(ho)zk
2o = f(ho)A(ho) 2k,
25 = [(ho)A?(ho)z, (A.3)
S em = F(h) AT (o),
f(ho)
f(ho)A(ho)
yields z; = Sz, where S = f(ho)A2(ho) , and det S # 0 since the discrete system (12)

F(ho) A™Hm 1 (hg)

satisfies condition (13).
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For h = hg > 0, system (12) takes the form
Zk41 = A(ho)zk + buk, k= 0, 1, 2, e
due to (A.1) and (A.2), from equalities (A.3) it follows that

Z]T;+1,1 = f(hO)Zk—i-l = Z]:,g
ZZ+1,2 = f(ho)A(ho)zks1 = 2‘273
: (A.4)
ZZ—i-l,n—l—m—l = f(hO)An+m_2(h0)Zk+l = Zz,n—i-m
Zhitmam = J(ho) A" (ho)zp 1 = oz + up,

where a = f(ho) A" (hyg).

Therefore, system (A.4) is given by (15) with u} = oz, + uy and is equivalent to the discrete
system (12) for h = hg > 0.

The proof of Theorem 2 is complete.

Proof of Theorem 3. As the discrete system (12) satisfies condition (13), by Theorem 2 it can
be represented in the form (15).

Let uj, = pzj, where p = [p1 p2 ... Dntm]; then system (15) takes the form

* %
k41,1 = “k,2
* %
“k+1,2 = “k,3

(A.5)
Zl:—l—l,n—i-m—l = Zl:,n—i-m
Zz—i-l,n-l—m = plzlt:,l +p2zl>::,2 +...+ pn-l‘mZI)::,n—I—m'
In addition, let zj , =A0=1, sz—zkHl A, 253 =7Zhi12 = Zhtan =\2, s P m = Antm—1
and 23 g 4 = A"F™ Then system (A.5) is reduced to the equation
)\n-I—m o pn+m)\n+m—1 o pn+m_l/\n+m—2 - = p2)\ —pp = 0. (AG)

Equation (A.6) is characteristic for the matrix of system (A.5). Since the choice of the coefficients
of equation (A.6) is arbitrary, we assign them so that |\;| < 1,7 =1,...,n+ m. Then system (15)
with the control law uj = pz; has the asymptotically stable solution z; = 0. Hence, the discrete
system (12) represented in the form (15) is stabilizable for h = hg > 0, and the proof of Theorem 3
is complete.

Proof of Theorem 4. The desired result is immediate from Corollary 1, the relation (10),
and the sufficient condition for the asymptotic stability of the trivial equilibrium of the nonlinear
continuous—discrete system (1) obtained in [23]. The proof of Theorem 4 is complete.

Proof of Theorem 5. It can shown that if a; # 0, by # 0, and ¢ # 0 in the nonlinear hybrid sys-
tem (17), the corresponding discrete system (12) with the matrices (18) will satisfy condition (13).
In this case, the desired result is true based on Theorem 4. The proof of Theorem 5 is complete.

Proof of Theorem 6. Without losing generality, we suppose that rank B = ¢, ¢ > 1. Let by,..., b
be the columns of the matrix B, Ag = A(ho), and the discrete system (11) satisfy condition (19).

From the column sequence (see [27])
(b1,ba, ..., bg, Agb1, Agba, . .., Agby, A3b1, A3ba, ... ABbg, ..., AT by, ... AT hy)
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we compile the matrix Fy = F'(hg) of the same order and rank (n +m) :
Fy = [by, Aoby, Agbr, ..., A~ 'by, by, Agba, Adbs, . ..,

AT
A, .,bquObqugbq""’Aéq_lbq]' o

For each column by, the matrix (A.7) should include all columns by, Agby, Adby, . .. ,A(s)k_lbk, where
sg=1,...,n+m, k=1,...,q, with each column A}b; (j =0,1,...,n 4+ m — 1) being included if
it forms a linearly independent system with all preceding columns in this matrix. Otherwise, the
columns A)by, Aé“bk, .. ,A8+m_1bk are excluded from consideration.

Since rank Fy = n + m, there exists the inverse Fo_l. Let fr (k=1,...,q) denote the row of the

k
matrix FO_1 numbered by > s;. According to the definition of an inverse, we obtain the conditions

7=1
FAb M0 =0, (k#4)V (5 # si), (A8)
FrAZ by = 1. (A.9)
Let
Zp1 = f12k

2o = f1Aozk

* o s1—1
zk,sl = fle Zk
* _
Zk751+1 - fQZk

X Al
Phys14+2 = f2Aoz (4.10)

* _ so—1
Zk,sl-‘rSQ - f2A0 2k

% o sq—1
Zk,sl—l—SQ—i—...—l—sq - quO 2k

f1
f14o
flA(s)l_l
f2
f2Ao

where s1 + s3 + ... + 54 = n + m. Then 2] = Sz, where S = , S is a matrix of

f2A82_1

Jq

o3
order (n +m) with det S # 0 because the discrete system (11) satisfies condition (19).
Then 2z}, = Sz41; for h = hg > 0, the discrete system (11) takes the form

Zk4+1 = Agzi + Buy.
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Considering (A.8)—(A.10), we obtain

Zpy11 = f1lozk + fiBug = fiAoz, = P

A2 a2,
Zpy12 = J1AGze + [1AoBuy = frAjze = 2 5

s s1—1 s
Zpi1s, = 1A 2k + 1Ay Bug = LAz, + k1 = up 4

* _ %
Zht1,s41 = J2A0zk + faBur = 2 o 4o

% _ 82 sg—1 _ 82 %
k41,5140 f2Ag? 2k + [2 AT Bug = f2Ag*zk + ke = Up, o

* o Sq sq—1 o Sq %
Pk+1,51450+.+sq faAo'ze + fqAy"  Buk = fody 2k + upkg = U q -

Thus, for h = hg > 0, the transformation (20) reduces the discrete system (11) to a set of ¢ inde-
pendent subsystems in the Brunovsky canonical form:

* ok
Zk+1,1 = k2
* Ak
Zk+1,2 = “k,3

* %
Rltl,s1 — Uk

25 =2z
k+1,s1+1 = “k,s1+2 (A 11)

*

* J—
Zhtl,s1+s0 — Uk2

z =z
k+1,51+s2+...4+5¢—1 = “k,s1+s2+...4+5q

* %
Zk—i—l,n—i—m - U’k,q .

The dimensions of these subsystems (the number of equations figuring in them) are si,s2,..., 54,
respectively. In addition, uy ; = a2k, + ugy (I=1,...,q) are the components of the control vector,
and oy = f1A]'. The discrete system (11) is equivalent to system (A.11) for h = hy > 0.

The proof of Theorem 6 is complete.

Proof of Theorem 7. By the proof of Theorem 3, each of the ¢ subsystems in (A.11) has an
asymptotically stable solution z* = 0 under appropriate control laws. In this case, system (A.11)
has the asymptotically stable trivial solution. Hence, the equivalent system (11) is stabilizable for
h = hyg > 0.

The proof of Theorem 7 is complete.

Proof of Theorem 8. It follows from Theorem 7 that the discrete system (11) is stabilizable for
h = hy > 0 and, according to Corollary 2, all eigenvalues of the matrix (Ay + BS*) are smaller than
1 by their magnitude. Then the desired result is immediate from the relation (10) and the sufficient
condition for the asymptotic stability of the trivial equilibrium of the nonlinear continuous—discrete
system (1) obtained in [23].

The proof of Theorem 8 is complete.
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Abstract—Stability of regular precessions of a rigid body bounded by the ellipsoid of revolution

in a free molecular flow of particles is studied. Conditions of stability of regular precessions of
the body are obtained and the Poincare—Chetaev bifurcation diagrams are constructed.
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1. INTRODUCTION

The problem of motion of a rigid body with a fixed point under the action of external forces
and moments is a generalization of the classical problem of motion of a heavy rigid body with
a fixed point. One of the cases of integrability of this problem was discovered by Lagrange [1].
Subsequently many papers devoted to study the dynamics of the Lagrange top were published.
Regular precessions of the Lagrange top were firstly considered in [2, 3], and their stability were
studied in [2, 4, 5].

The mathematical model of interaction of a free molecular flow of particles with a rigid body was
proposed by Karymov [6, 7] and Beletsky [8, 9]. In their papers the dynamics of satellites moving
in the upper layers of the atmosphere or moving under the action of solar radiation pressure is
considered. For the first time the corresponding model of interaction of a free molecular flow with
a rigid body was applied to the problem of motion of a rigid body with a fixed point by Burov
and Karapetyan [10]. In the paper by Burov and Karapetyan [10] the equations of motion of the
body were obtained, and the integrable case, similar to the Lagrange case in the classical problem
of motion of a heavy rigid body with a fixed point, was found. The problem of stability of steady
motions of a satellite under the action of solar radiation pressure was considered, for example, by
Sidorenko [11].

In this paper we study the stability of regular precessions of a dynamically symmetric body,
bounded by the ellipsoid of revolution, in a flow of particles. Using the Routh theory of analyzing
the stability of steady motions of mechanical systems with known first integrals, we obtain stability
conditions for regular precessions of a rigid body with a fixed point located in a flow of particles.

2. PROBLEM FORMULATION

Let us consider the problem of motion of a rigid body with a fixed point O in a free molecular
flow of particles of constant density p (see Fig. 1). The particles in the flow move with a constant
velocity

—U = Vo7,
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S,

Fig. 1. Rigid body with a fixed point in a flow of particles.

where « is a unit vector, fixed in inertial space and directed along the oncoming flow. Thus, particles
move in a fixed direction, their thermal motion is neglected. The following model of particle—body
interaction is chosen: a particle makes an inelastic collision with the body, transferring all its energy
to the body and not being reflected. We will also consider sufficiently slow rotations of the body,
i.e., we will assume that the flow velocity vy considerably exceeds the product of characteristic
value of the angular velocity of the body and the characteristic length from any point of the body
to a fixed point. Using the method, proposed by Beletsky [8, 9], we can write equations of motion
of the body in the following form (see [10, 19-21]):

Jow + [w x Jow] = —pvdS (7) [y x e (7], (1)
¥+ [w x 4] =0,

where Jo = diag (A1, Ag, A3) is the inertia matrix of the body relative to a fixed point O, written
in the coordinate system Ozyz, which is rigidly connected with the body. The origin of this
coordinate system is located at the fixed point O and its axes are directed along the principal axes
of inertia of the body at O. We denote the unit vectors of this coordinate system by e,, e,, e..
Let w = wie,; + wae, +wse, be the absolute angular velocity of the body in the same coordinate
system. The expression S () is the area of the figure Sy—the orthogonal projection of the surface
of the body onto the plane II, perpendicular to the direction of the oncoming particle flow ~. We
can say that Sy is the shadow of the body on the plane 11, i.e., the projection of the body on the II
plane along the « direction. Vector ¢ («) is the vector drawn from the projection O’ of the fixed
point O to the centroid of the shadow—coinciding with the center of mass of a homogeneous plate
occupying the region Sy (see Fig. 1).

3. REGULAR PRECESSIONS OF THE BODY

Let us consider a dynamically symmetric rigid body (4; = Az) with a fixed point lying on the
axis of dynamical symmetry. Assume that the body is bounded by the ellipsoid of revolution with
semiaxes a1 = az = a, ag = b, the axis of symmetry of which coincides with the axis of dynamical
symmetry of the body. In this case, the equations of motion of the body (1) admit the quadratic
and two linear in generalized velocities first integrals [19-22]:

73
A A
Up = 71 (wf +w§) + 73w§ - f/S (73) 3 (v3) dys = ko = const, 2)
0
U= A (W1’71 + LUQ’}/Q) + A3w3'y3 = k1 = const, (3)
Us = w3 = ky = const, (4)
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where f = pv3. In this case, to study the steady motions of the system, one can use the Routh theory
for holonomic systems with explicitly known first integrals [12-15, 18]. The effective potential in
the case, when the body is bounded by the elongated ellipsoid of revolution is explicitly written as
follows:

(ki — Askgcos0)*  fra?bl sin?f  cos? 0
W) = — oy —— L = 7
(9) 24, sin? 0 9 a? + b2
[T 1 5
fﬂ'bl ﬁ — b_2 COS 9 ( )
— ———=—=arctan .
11 sin?f  cos? 6
a? b2 2 2

Here [ is the distance from the fixed point O to the center of the ellipsoid of revolution, bounding
the rigid body and 6 is the angle between the axis of dynamical symmetry of the body and the
direction of the flow of particles v, measured so that at # = 0 the body is oriented along the flow
of particles. For any values of contants of the first integrals, the system of equations (1) admits a
two-parametric family of particular solutions of the following form:

W] =Wy, W2 =Wy, w3=wcosh+Q,

6
¥ +73 =173 =sin?0, 73 = cos, 0

where w and (2 are constants connected with the constants k; and ks of the first integrals (3) and (4)
by the equations

Y k1 — Askgcosd 0 (A sin® 0 + Az cos? 0) ko — ky cos 0
N A;sin?6 N A;sin?6 '

and the constant angle 6 is determined from the condition of existence of regular precessions

AW (0)
do

=0,

which is explicitly written as follows:

(k1 — Askycos ) (Asky — k1 cosB) 91 . sin?f  cos?0
bl sin 0 = 0. 7
24, sin? 0 I mablsn Oy =T )

Let us write the equation (7) in dimensionless form. For this purpose, we introduce dimensionless
constants of the first integrals

k1 As

= ——, = l{j _— 8
P1 \/W P2 2 Fra2l (8)

and dimensionless parameters

ST N N
y—A3 5’ o0 |, z—a2.

Then the condition for the existence of regular precessions (7) is dimensionless form is rewritten
as follows:

(p1 — p2cosB) (pa — p1cosB)
ysin® 0

+sin9\/zsin29 +cos?6 =0,
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or, multiplying by —ysin® 6,

a11p? + 2a19p1pa + axps + a; = 0, 9)
1+ cos? 0
a1 =cosf, ajp = - a9 = cos b,

a; = —ysin® 9\/2 sin® 0 + cos2 6.

It is easy to see that for each fixed value of 6 the equation (9) defines the second order curve. Let
us transform it to its canonical form. To do this, we introduce new variables x; and y; according
to the formulae:

T =p1 — P2, Y1 = p1+ pa. (10)
In order to understand the physical meaning of the variables 1 and y1, let us recall the definition

of the constants k; and kg (see (3), (4)). For a dynamically symmetric body we can write

(Jow, ez)

ki = A (w1 + waye) + Aswsys = (Jow, v), ke =ws = 4

Substituting these expressions into (8), we obtain the following equations:
1 1

= ——=(J 5 5 = T
n \/A3f7TCL2l( 0w, 7); P2 VAsfra?l

According to the formula (10) we can conclude that x; is, up to a constant factor, the projection
of the angular momentum of the body onto the vector v — e,:

(Jow, €).

1

Tl =pP1 —pP2= W(Jowa (’Y - ez))~

Similarly, y; is the projection of the angular momentum of the body onto the vector v + e,

1
=p1 +p2 = ———=Jow, (v +e.)).
Y1 =Dp1+p2 A3f7ra2l( ow, (v te))
Vectors v — e, and v + e, are orthogonal
(v—e), (v +e)) =" —el=0.

The third orthogonal vector is perpendicular to v and e, and therefore it is directed along the
nodal line.

(v —e:) x (v +e)]=2[y xe.].
Thus, v — e, and ~ + e, are orthogonal vectors in the plane, perpendicular to the nodal line,

and x1 and y1, up to a constant factor, are projections of the angular momentum of the body onto
these vectors.

Let us write the equation (9) in the variables z1, y;
1 2 2 |1 2 9
1(14—6059) xl—z(l—cosé?) yi + a1 =0. (11)

The given equation, up to a constant factor, is the canonical equation of a second-order curve.
Let us determine the type of this curve. For 6 # mn we have a1 < 0, and the coefficients in the
quadratic part are nonzero. This means (see, for example, [16, 17]), that in each section by planes
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0 # 7n of the surface, defined by the equation (11), we have a hyperbola. For § = 7mn we have
a1 = 0, as well as one of the coefficients in the quadratic part will be equal to zero. Thus, in the
section by planes 6 = 7n of the surface, defined by the equation (11) we have a straight line of the
form

p1 = (—1)" pa.

These straight lines correspond to a single parametric family of solutions of equations of motion
of the body in a flow of particles, which correspond to permanent rotations of the body about its
axis of dynamical symmetry, coinciding with the direction of the flow of particles. The stability of
these permanent rotations has been studied in [10, 22].

The condition of stability of steady motions (6) in the case when a rigid body with a fixed point,
located in the flow of particles, is bounded by the elongated ellipsoid of revolution, has the form

d>W (9)
A S
dn?
of, if we write it explicitly,
(1+2cos?6) 5 (54 cos?f)cosb (1+2cos?0) 5 (22sin?6 +2cos?6 — 1) cos
— Pl — 7 pPip2 + ———— P> - >0
ysin® 6 ysin® 0 ysin” 0 Vzsin? 6 + cos2 0
After multiplying by the positive factor ysin® @, this inequality takes the form
b11p3 + 2b1ap1ps + boaps + by > 0, (12)
5 29 0
b11:1+260829, b12:—( +C082 )COS , b22:1—|—2COS29,
y (22sin? 0 + 2 cos? 0 — 1) sin* 6 cos 0
by = .
Vzsin? 0 + cos? 0
Let us write the inequality (12) using the variables z; and y;:
1 2 2 1 2 2
1 (14 cosf)” (2+cosf)xi + 1 (1 —cos)” (2 —cosf)yi + b > 0. (13)

For each fixed 6, the boundary of the stability region (i.e., the curve, corresponding to the equal
sign in the inequality (13)) will also be the second-order curve. The type of this curve depends on
the sign of b;. For b; < 0 the boundary of the stability region is an ellipse with the center at x1 = 0,
y1 = 0. On the plane of dimensionless variables x1, y; for each fixed 6, outside the corresponding
ellipse there will be a stability region of regular precessions (6), and inside it—an instability region.
For b; > 0 the boundary of the stability region degenerates into an imaginary ellipse, and for by = 0
the boundary is a straight line. We can note here, that for b; > 0 the inequality (13) is satisfied
for any values of x1, y1, and therefore the regular precessions of the body will be stable.

Considering simultaneously the condition of existence of regular precessions (11) and the con-
dition of stability of regular precessions (13) of a body with a fixed point in the flow of particles,
we can draw a conclusion about stability of such motions. Namely, if for some fixed 6 the hyper-
bola (11) and the ellipse (13) do not intersect, then the steady motion (6), corresponding to this
value of 0, is stable (Figs. 2-4).

Let us study the problem of stability of regular precessions in more details. From the condition
of existence of regular precessions (11) we express y3:

2 = (1 + cos 6)? 22 4a,y
! (1 — cos)? ! (1 —cosh)*

(14)
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Fig. 2. Relative position of the hyperbola and the ellipse for y = %, z2=28,0= %’T

.1‘|
\ 0.6 /
X,
-6 6
0.6

Fig. 3. Relative position of the hyperbola and the ellipse for y = %, z2=28,0= %Tﬂ'

Since 3?2 > 0, then from (14) we obtain that x; should satisfy the condition:

2 4y sint 0

22> 27 _\/zsin?0 4 cos20 = (z1)?%. 15
! (1—i—cos€)2 (z1) (15)

Let us substitute the obtained expression (14) for 32 into the stability condition (13). We obtain
the following inequality
(1+cos®)?z? + (2 —cosO)ay + by > 0. (16)
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Fig. 4. Relative position of the hyperbola and the ellipse for y = %, z=28,0= %’T.
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Fig. 5. Relative position of 23, and (z1)? for y = 3, z = 8.

The left hand side of defines a parabola whose branches are directed upwards. Let x19 be the

abscissa of the intersection point of the parabola with the positive semiaxis Oxq. Let us find x1g
explicitly

9 (2 —cosf)a; + by
Ti0 = — 2
(1 +cos0)
After substitution the values of a; and by, we write the expression for 2%, in explicit form:
in? 0 in% 0 20 0
xfozysm vz sin —;—cos (2_30089+ ‘ 2cos ) (17)
(14 cos0) zsin® @ + cos? 6
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For #2 > z%, the stability condition (3) will be satisfied. Thus, regular precessions exist when
the condition (15) is satisfied, and they will be stable if the condition (3) is satisfied. From this
fact we can draw the following conclusions (Fig. 5):

1. For 23, < (x1)2, regular precessions of the body are stable for any admissible values of 1, y;
(and, accordingly, for any values of constants p; and po of the first integrals).

2. For 2%, > (z1)?, regular precessions are stable only if the condition 2% > x2; holds.

3.1. The Case z > 1

First of all let us consider the case of elongated ellipsoid of revolution, z > 1. We will find the
conditions under which x%;, > (7). We obtain

3(1—2)cos®@+2(1 —2)cos?d + (32 — 1) cos f + 2z < 0.
By factoring the left hand side, we obtain the following inequality:

1

1 [25z—1 1 1 [25z—1
3(2_1)(C080+1)<6089_6_6 o )(cos@—g—kgw po— )>0. (18)

The first three factors in the left hand side of inequality (18) are positive. It can be shown that
for z > 1 the following condition is valid:

1+1 25,2—1>1
6 6\ 2-1 )
Thus, the factor
9 1 1 /252—1
cosf — — — =
6 6y z-—1

in the left hand side of (18) is always negative. Therefore the condition (18) is equivalent to the
condition

0059—14—1 202 1
6 6

< 0. (19)

I\
[
—

Let us consider the latter condition. The function

1 25z — 1
6 z—1

| =

increases monotonically for z > 1. It takes the value —1 for z = 2 and then it asymptotically tends
to —%. Thus for 1 < z < 2 we obtain

1 1 [25--1
[ >0,
coslg e\ 21

T

and therefore the condition (19) is not satisfied. From this fact we conclude that for 1 < z < 2
regular precessions of the rigid body are stable for any value of # and for any admissible values of
the parameters x1 and y; (and accordingly, for any admissible values of the constants p; and ps of
the first integrals).

Figure 6 presents the Poincare-Chetaev bifurcation diagram for y = 2, z = % at the level y; = 0.
On this figure the straight line § = 7 corresponds to permanent rotations of the body about its axis
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. . 12
Fig. 6. Section of the surface (11) by the plane y; =0 for y =2, z = 7.

0.37

. . s . . _ 12 __ 5w
Fig. 7. Relative position of the hyperbola and the ellipse for y =2, z = 13, 0 = 5.

of dynamical symmetry. It is easy to see the stable regular precessions of the body which branch
off from this straight line. In addition, on the plane of dimensionless variables z; and y; for the
fixed values of # the corresponding hyperbola (11) and ellipse (13) were constructed (see Fig. 7).
It is easy to see, that they do not intersect in the considered case.
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Fig. 8. Section of the surface (11) by the plane y; =0 for y = 2, z = %

Fig. 9. Relative position of the hyperbola and the ellipse for y = 2, z = %, 0 =0-.

Let us introduce the new value 0 = 05:

1 1 [25z—1
0y = arccos (6_6“ 1 ) (20)

We can conclude that for z > 2 the inequality (19) holds for cos 6 < cos #3 and does not hold for
cos 0 > cos 6.
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Figure 8 presents the Poincare-Chetaev bifurcation diagram for y = 2, z = % at the level y; = 0.

It is easy to see, that the regular precessions of the body, branching off the permanent rotations,
are unstable near the value § = 7, and then, passing through the inflection point, become stable.
The inflection point corresponds to 6 = 6o, where 65 is determined by (20).

In addition Fig. 9 shows the hyperbola (11) and the ellipse (13) on the plane of dimensionless
variables 1 and y; for 6 = 65, where 6, is determined by (20). It is clear that for 6 = 5 the
hyperbola and the ellipse touch but do not intersect.

Taking into account all the obtained results we can conclude that the condition (18) is valid for
z > 2 and cos 6 < cos 2. And it is not satisfied for any other values of the parameters. Thus, regular
precessions of the rigid body located in the flow of particles are stable for any values of 1, y1 (and,
accordingly, for any values of dimensionless constants p; and py of the first integrals), if 1 < z < 2
or if z > 2 and cosf > cosfy. If z > 2 and cos § < cos 2, then the regular precessions of the body
are stable under condition 2% > 2%,.

3.2. The Case z < 1

Now we study the stability of regular precessions of the body bounded by the oblate ellipsoid of
revolution, z < 1. All previously find expressions for %, and (z1)? will have the same form (15), (17)
for the oblate ellipsoid. The conditions, under which 2%, > (z1)2, will be the same (18). Simplifying
them, we obtain the following condition:

1 1 /1-—252 1 1 /1-—-252
<C089_6_6 1—2)<C089_6+6 1_Z><O. (21)

It is easy to see, that for z € [%, 1) the condition (21) does not hold. Thus, we can conclude,

that for z € [%, 1) we have 2%, < (21)? and therefore regular precessions of the body in the flow

of particles will be stable for any values of x1, y;.

3.3. The Case z < %

Finally, let us consider the case z < % The condition (21) will be satisfied for the following

values of :
1 1 /1-—252 1 1 /1-—252
9€<arccos<6+6 1, ),arccos(E—gw - )) (22)

Let us introduce the value 8 = 07 such that

; <1+1 1-252)
= arccos | — — .
! 6 6\ 1—=z

It is easy to obtain that for 6 € (0, ;)U(f2, 7) the condition (21) will not satisfied, and therefore,
regular precessions of the body will be stable for any values of x1, y1. If 6 € (01, 63), then regular

precessions will be stable only for 23 > x%,.

Figure 10 presents the Poincare-Chetaev bifurcation diagram for y = %, z = ﬁ at the level

y1 = 0. It is easy to see, that the regular precessions of the body, branching off from the permanent
rotations, are stable near §# = 7, and its stability is preserved as the angle 6 decreases to #». Further,
for 6 € (01, 02), the regular precessions of the body become instable, and for § < 6, they become
stable again.
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101 1

Fig. 10. Section of the surface (11) by the plane y; = 0 for y = 555, 2 = 55

40

X

4_

. . - . _101 1 _ 1,1 [/1-252
Fig. 11. Relative position of the hyperbola and the ellipse for y = 22, 2 = ==, § = arccos (g +5 — )

2007 100

Figures 11 and 12 shows the hyperbola (11) and the ellipse (13) on the plane of dimensionless
variables x1 and y; for

o, Lo j1=2s) 1 1 [1-252
Z = 100, = arccos 6 6 1—> arn = arccos 6 6 1—> .

It is clear that for these values of 6 the hyperbola (11) and the ellipse (13) touch, but do not
intersect.
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49

_44

Fig. 12. Relative position of the hyperbola and the ellipse for y = %, z= ﬁ, 0 = arccos (% — % ﬂ)

Thus we can finally conclude that all the regular precessions (6) of a dynamically symmetric rigid
body with a fixed point, bounded by the ellipsoid of revolution and located in a flow of particles,
will be stable for any values of 1, y1 (and, accordingly, for any values of the dimensionless constants
p1 and py of the first integrals), if the ratio of the squares of the semiaxes of the ellipsoid is satisfied

to the condition .

<z<2.
25 N7

For z > 2 the regular precessions of the body will be stable for any values of x; and y; if 0 lies

in the interval
1 1 /25z—1
0 0 - — = .
6{,arccos(6 5 z—l))

For values of 6, belonging to the interval

0 c <1 1 252—1)
arccos | & = e[ 7 |7

the regular precessions are stable if the following condition is valid

a3 > ySin49\/ZSin29—2FCOS29<2—30059-1— - 20050 )
(1+ cos®) zsin® 0 + cos? 6
For
0<z<i
25

the regular precessions of the body will be stable for any values of x1 and y;, if 6 belongs to the set

1 1 /1—252 1 1 /1—252
HE(O,arccos(g—Fg 1_2))U<arccos(g—g 1_2),7r>.
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For any 6, belonging to the interval

1 1 /1—252 1 1 /1-—252
0 € |arccos | = + =/ —— | ,arccos | = — =/ ———
6 6\ 1—=z2 6 6\ 1—=z

the regular precessions will be stable if the following condition is valid

a3 > ySin49\/ZSin29—2FCOS29<2—30059-1— - 26080 )
(14 cos®) zsin® 6 + cos? §

These are the main results of study the stability of regular precessions of a dynamically sym-

metric body with a fixed point, bounded by the ellipsoid of revolution, in a flow of particles.
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Abstract—A smooth autonomous system of general form is considered. A global family of non-
degenerate periodic solutions by the parameter h is constructed; the period varies monotonically
on this family. The problem of stabilizing the oscillations of the reduced controlled system is
solved. A smooth autonomous control law with a parameter depending on h is applied, and
an attracting cycle is constructed. The results are concretized for an nth-order differential
equation. The relation of these results with the conclusions obtained for the reversible mechan-
ical system is established. An adaptive control scheme for the reduced conservative system is
proposed to stabilize any oscillation of the family. Some applications are presented.

Keywords: autonomous system, nondegenerate periodic solution, global family, Lyapunov center
theorem, adaptive scheme, attracting cycle, natural stabilization
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1. INTRODUCTION

Consider the problem of controlling the oscillations (periodic solutions) of an autonomous sys-
tem of general form. In the nondegenerate case, the following alternative is valid: either a cycle
(isolated oscillation) or a family of oscillations. On a family of nondegenerate oscillations, the
period monotonically depends on the family parameter h. Therefore, when stabilizing a family of
oscillations, it is natural to look for a control law with a parameter depending on h. In an adaptive
control system, the “controller automatically changes its structure or its parameters depending on
the changes of plant parameters or disturbance properties” [1, p. 108].

In this paper, we apply an autonomous control law in which the controller parameter is found
depending on the parameter h of the stabilized oscillation of the family: the controller has adaptivity.
In this sense, the control scheme is said to be adaptive.

In the example
i+wlr=cu, u=(1-Kz?)i, (1)

the control law u contains the parameter K; w is the frequency of a linear oscillator. For ¢ =0,
equation (1) admits the family of oscillations z = A cos ¢ with amplitude A and energy h = w?A42%/2.
Let K =2w?/h* in (1) to stabilize the selected oscillation family with energy h = h*. Then an
attracting cycle close to the oscillation of the linear oscillator with energy h* is implemented in (1).
The formula for K is valid for any oscillation of the family. An adaptive stabilization scheme is
applied.

! This paper was written on the occasion of the Tercentenary of the Russian Academy of Sciences.
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Equation (1) is called a van der Pol oscillator. The van der Pol equation [2] is obtained from (1)
for K =1 : in a regerative receiver, w is tuned to the frequency of the received signal.

A linear oscillator admits a family of isochronous oscillations. In a mathematical pendulum, the
oscillation period is a monotonic function of the family parameter. Such a family of oscillations is
called nondegenerate [3].

When studying oscillations in a multidimensional autonomous system, it is necessary to describe
the entire set of nondegenerate oscillations. The problem of the global family of oscillations arises:
existence, construction, and properties. Besides the interest for the theory of ordinary differential
equations (ODEs), the knowledge of the global family ensures the complete solution of the control
problem.

The main point about the global family is the possibility of continuing any local nondegenerate
family of periodic solutions to the global family on which the family parameter will take all possible
values for the solutions of the family. The global family for a particular case was constructed in [3].
An adaptive stabilization scheme for the oscillations of a reduced system on the plane was presented
in [3]: an attracting cycle was constructed.

A global family is described by a reduced system whose dimension coincides with the dimension k
of this family. In the general case (a system of n differential equations), we have 1 < k < n. The
existence of the global family, the isolation of the reduced system, and the design of an adaptive
oscillation stabilization scheme for this system are considered below. The results are concretized
for an nth-order differential equation. Also, we relate these conclusions to the results for systems
possessing the properties of reversibility and conservativeness.

Some applications are presented. The three-body problem was introduced by L. Euler in 1764
when studying the motion of the Moon; it was published later in [4]. We demonstrate the con-
struction of the global families of periodic orbits in this problem and apply the adaptive scheme
for orbital stabilization. V.V. Beletskii’s problem [5] describes the oscillations of a satellite in the
elliptical orbit plane. In a particular case (a circular orbit), we stabilize any oscillation of the
satellite using the adaptive control scheme.

2. GLOBAL FAMILY THEOREM

Consider a smooth autonomous equation of the form

i=27(z), zeRM 2)

Let 2(29,...,2% t) denote the general solution of this equation, where 20 = (29, ..., 29) is an initial
point (for ¢ =0). A T-periodic solution of system (2) exists under the necessary and sufficient

condition
f=z),.....01) -2 =0. (3)

Assume that equation (3) has a solution z° = z*, T' = T*, not coinciding with the trivial equi-

librium: Z(2*) # 0. Then equation (3) admits a family of solutions in the parameter = :
N =2*(y), T=T1" (4)

where 7 is the shift of the initial time instant along the trajectory. In addition, the rank Ra of
the functional (Jacobi) matrix Ay for the function f with the parameter T satisfies the inequality
Ra < n — 1 at the point z* for T'=T™.

The case Ra = n — 1 is said to be nondegenerate for a periodic solution; for details, see [3]. The
case Ra =n — 1 will be considered below.
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In the nondegenerate case, the matrix Ay has a simple zero eigenvalue or a kth-order Jordan
block of zero eigenvalues, 1 < k < n. In the first situation, equation (3) admits a unique solution
of the form (4). Therefore, the autonomous equation (2) admits an isolated periodic solution, i.e.,
a cycle with the period T™.

The second situation is called the case of a family of periodic solutions.

In the neighborhood of the solution of equation (4), we introduce the linear system

fs 5 o Ofs ;o , Ofs
s = d d dl =0, =1,...,n,
13 920 R 920 zn + T 0, s n 5)
f - (fla"'afn)7
which is valid for arbitrary . The matrix Ay in (5) has rank Ra =n — 1. The cycle is obtained
from the simple zero eigenvalue: in (5) we have the solution dz(y) = ... =dz,(y) =0, dT = 0.

The family case is implemented under dT" # 0. The derivatives

% =7Zs(z"(v)), s=1,...,n,
are calculated at the point (4) and ensure that the rank of the augmented matrix in (5) is equal to
the number (n —1). The values dz{(7),...,dz})(7) are computed from (5) as linear functions of d7.
Varying dT yields a family of solutions. The period T changes from solution to solution, i.e., it is
a function of the scalar parameter h : z° = 2%(y, h), T = T(h). Thus, the local h-family is found
from system (5). The derivative is T"(h*) # 0 for the parameter value h = h*. Therefore, on the
family, the period T'(h) changes monotonically together with the family parameter h. In this sense,
the h-family is nondegenerate [3].

Definition 1. A family of periodic solutions of equation (2) is said to be nondegenerate if the
period T'(h) on this family monotonically depends on the parameter h.

According to the presentation, the point 2 = z* of a periodic solution of equation (2) has the
property of leading to a nondegenerate family of periodic solutions. The reference periodic solution
also belongs to the family. In this sense, it is said to be nondegenerate. Any periodic solution of a
nondegenerate family is also nondegenerate.

Definition 2. A solution belonging to a nondegenerate family of periodic solutions called a non-
degenerate solution.

A nondegenerate periodic solution can be continued in the period T or, equivalently, in the
family parameter h. This is called local extensibility property. A nondegenerate periodic solution is
continued simultaneously toward increasing and decreasing the period.

The concept of a global family of periodic solutions was introduced in [3].

Definition 3. A nondegenerate family of periodic solutions on which the parameter h takes all
possible values for the family solutions is called a global family.

When reducing the matrix Ay to the canonical form, system (5) decomposes into two subsystems;
one subsystem, with a zero kth-order Jordan block, leads to a family of periodic solutions, whereas
the other subsystem has a zero solution in (5). Therefore, in the new variables, a family of periodic
solutions is described by k variables. In the phase space, a global family is represented by a
connected k-dimensional set of points.

In the case Ra = n — 1 (nondegenerate for a periodic solution), we have the following result.

Theorem 1. Assume that equation (2) admits a nondegenerate periodic solution. Then it extends
in the period T to a global family X. On X the period T'(h) monotonically depends on the family
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parameter h. The family X ﬁlls the global domain Z > 1s described by a reduced system of order k.
For the points of the domain S, the rank is Ra = n—1; on its boundary 9%, the condition Ra = n—1
fails.

Proof. A nondegenerate periodic solution has local extensibility. This property is independent
of the dimension k of the Jordan block with zero eigenvalues of the matrix Ay. Therefore, the
proof of Theorem 1 coincides, within the dimension of the zero kth-order Jordan block and minor
editorial changes, with that of [3, Theorem 1] for the case k = 2. The reduced system is described
by a kth-order system.

Remark 1. When approaching the boundary 82, the derivative T”(h) may tend to zero, infinity,
or cease to exist.

Remark 2. System (2) may simultaneously have several global families of periodic solutions
with the same k. Also, there are no obstacles to the simultaneous existence of global families with
different k.

3. ADAPTIVE CONTROL SCHEME FOR THE REDUCED SYSTEM

According to Theorem 1, the global family of periodic solutions ¥ = {¢s(h,t)} can be described
by a reduced system in R¥ :

s = Xs(21,...,2), s=1,... k. (6)

The problem is to stabilize any T'(h)-periodic oscillation ¢ from the family ¥ chosen by the value
of the parameter h. We apply a control law containing the parameter K, assigning the value of K
depending on h : K = K(h). The control law is defined by a smooth function F' of the variables
x1,...,T that acts with a small gain € of the controller signal. In the controlled system

s = Xs(21,...,21) +Fs, s=1,...,k, (7)

and the stabilized oscillation will be e-close to the oscillation of system (7). The parameter K in the
control law ensures the existence of a periodic solution in (7) identically in h. Then the oscillation
with the parameter h = h* is stabilized by substituting into the control function F' the number
K = K(h*) for which dK(h*)/dh # 0. In the special case k = 2, the adaptive control scheme was
implemented in [3].

The stabilization problem is posed in small. It is solved by constructing an attracting cycle.
Therefore, we will find existence conditions for such a cycle and calculate its characteristic exponent
(CE). These problems are solved in the neighborhood of the reference (basic) oscillation z = ¢(h*,t)
by a linearized system. The control value Fy is computed on the reference oscillation. The deviations
from the reference oscillation and the number ¢ are considered of the same order.

Letting Ay = x5 — s, s =1,...,k, in system (7), we write equations for the variables A;. In
the linear approximation with respect to Ay, the resulting equations contain the variations of dxs.
Then it is necessary to analyze the periodic solution of the controlled system

O0ds = ps10x1 + ... + pspdxy +eFs, s=1,...,k. (8)

System (8) coincides with the system derived from (7) for the increments A4 within the nonlinear
terms. The cycle of system (8) is obtained from the linearized system (7) in the neighborhood of
the reference oscillation.

On the manifold ¥ the variables

%
oh’
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are functions of h and t. We denote by {y1,...,yr} the solution of the adjoint system. Then the
expression

Y1021 + ... + Yoz = const (9)

is the first integral of the linear homogeneous system in (8). The set of these integrals are used to
reduce the homogeneous linear system with periodic coefficients in (8) to a system with constant
coeflicients. In the case of the zero kth-order Jordan block, we obtain the equations

iLl :O, 1),2 == —ul,...,iLk = —Uk—1- (10)
All solutions of the adjoint system have the form

Ys1 = %1,
Ys2 = twsl + ws%
(11)

_ tk_lwsl
Ysk = k1

+...+ tws,k—l + wska
where 1); are functions with the period 7'(h). Then the Lyapunov transform is given by
Uj :wljéxl —|—...+¢kj(5$k, 7=1,...,k, (12)

with a nonsingular periodic matrix |[1);(h,t)||. Hence, the corresponding derivatives are

. ddx déx
Uj :1/J1j?1+...+1/1kj7k

+¢1j51’1 +-~+¢kj5xk, j=1,... k.
As a result, the controlled system (8) in the variables u; differs from (10) by the inhomogeneous
terms:

i =e(puFr + ...+ Fy) = eF, (13)
Uj :—Uj_l—l—E(wljFl—I—...—I-wkij), 1=2,...,k
For T = T*, system (13) defines a mapping ¢ : 0 — 7™ on the manifold 3. For £ = 0, the mapping
admits a zero fixed point. Given ¢ # 0, a fixed point exists under the necessary conditions in the
form of the amplitude equation

T* T 1
I(h) = /th = /Zwlesdt =0; (14)
0 o s=1

for details, see [6, Ch. VI, § 8, p. 413, §9, p. 417]). Equation (14) is with respect to the unknown h,
with the function F' containing the parameter K = K (h*) along with h. A particular form of (14)
is provided in the example below for (21). The simple root h = h* of the amplitude equation (14)
corresponds to an isolated periodic solution of system (13), hence, that of system (8). System (8)
describes the cycle of system (7) within the nonlinear terms (in the neighborhood of the oscillation
under study). Therefore, the cycle of system (7) is derived from the amplitude equation (14). The
inequality dI(h*)/dh # 0 is a sufficient condition for the existence of this cycle.

The CE of the cycle are found from the equations in variations. In the case of the zero kth-order
Jordan block, a single number « is calculated to determine the CE [6, Ch. 3, § 11]. It shows
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the change in the variation over the period. The variations are found as the derivatives of the
functions us with respect to the parameter h.
The first equation of system (13) has the form

& .

. OF Oxg

F, Ah+ ...
+ ; (8;105 o ) +

where the asterisk denotes the values calculated for h = h*. Then the increment Ah satisfies

d(Auy) l OF Oz,

k
7 =c Z<8x58h>*Ah+”'

s=1

ap(h*,t) = e

)

9

and we obtain the following equation for the derivative:

k n (7%
1(@) oy (P om) _ oF0y,
at\on ), = 2 \ow, an ) oh

The change in the derivative over the period leads to the CE of the cycle

-0 (é ws(h*,t)Fs(h*,t)>

8U1 . £
(WL = T_O/ an dt.

Thus, the CE « of the cycle is given by
T oR(hrt

a=— / OF (R, 1) 4y (15)
0

Theorem 2. For the reduced controlled system (7), the cycle stabilization problem is solved for
any chosen parameter value h = h* by a smooth control function F acting with a small gain of
the controller signal. A sufficient condition for cycle stabilization is the inequality dI(h*)/dh <0
imposed on the root of the amplitude equation (14). The characteristic exponent of the cycle is
calculated using formula (15).

Theorem 2 is applied to all oscillations of the global family. The control law contains the param-
eter h, is found from the amplitude equation holding identically in h, and is designed by generalizing
the universal control from [7]. In the case k = 2, several particular control laws satisfying Theorem 2
were given in [3]. For the nth-order equation, the adaptive control law is presented in Section 4.

Remark 3. According to Theorem 2, the cycle stabilization problem is solved by the control
function F'. Therefore, we can choose in system (8), e.g., the control function F' with Fy = 0;s =
2,..., k. For the second-order equation (k = 2), the control function is applied with F; =0, Fy # 0.

4. nTH-ORDER DIFFERENTIAL EQUATION

An nth-order Jordan block with the zero eigenvalues of the matrix A; is the only case for a
single nth-order differential equation

2™ = X(z,2',... 2"V, (16)

where 29) denotes the jth derivative of z.
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Indeed, equation (16) turns into the system

Ts = Tsr1, S=1,...,n—1,
‘s s+1 (17)
Tn = X(x1,...,2p),

where the functions in (2) are Xg = zsy1, s =1,...,n — 1. Therefore, due to equation (3), the

matrix Ay represents an nth-order Jordan block with zero eigenvalues.

Thus, if system (17) has a nondegenerate periodic solution, it belongs to the global family of
T'(h)-periodic solutions on which the period monotonically depends on the parameter h (Theo-
rem 1). The solutions are defined in the space (x,x’,...,x(”_l)), and the periodic solution of
equation (16) is denoted by x = ¢(h, ).

Let us formulate the following problem: it is required to stabilize the solution of equation (16)
selected by a value h = h*. For this purpose, we consider system (7) with a vector control function
F = (F,..., F,) satisfying the amplitude equation (14) with a simple root. Theorem 2 is applied
with a scalar control function F' formed from the coordinates of the vector F. In the particular case
of system (7) (i.e., equations (17)), we take F} = ... = F,,_; = 0 and the explicit-form function F,.
As a result, the controlled system is described by

2 — X(z, ... ’x(n—l)) +oe[l — KxQ]x’, (18)

where the control value F,, acts with a small gain and the number o is 1 or (—1). The coefficient K
is assigned depending on the value of the parameter h : K = K (h). To stabilize the oscillation with
h = h*, we let K = K(h*).

Thus, the adaptive control scheme is designed.

The control law applied in (18) is an analog of the universal control proposed in [7]. It satisfies
the amplitude equation (14), which has a simple root for almost all points of the family in the
parameter h.

The function K (h) is obtained from the amplitude equation (14) holding identically in h. This
function is calculated using the formula

T(h)
I Unn(h, t)¢ (b, t)dt
K(h) = 0 :

Of 02 (h, t)nn (h, )¢’ (h, t)dt

the function ¢, (h,t) is taken from (12). Then we have

dI(h*)
dh

dK (h¥)
dh

T(h*)
= wlh), x= vy = [ bl O (8 )i (19)
0

for the function I(h) (14) at the point h = h*.

Theorem 3. If the nth-order differential equation admits a nondegenerate periodic solution, it
belongs to the global family in the scalar parameter h. The solution with the parameter value h = h*,
xv # 0, is stabilized by the adaptive control scheme (18) with K = K (h*): the sign of the number o
ensures the attraction to the cycle.

Remark 4. By writing equation (16) as (17) and applying the adaptive control system of Sec-
tion 4 to (17), we establish the attraction to the cycle in the space (z,2/, ...,z ~1) in equation (18).
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5. SYMMETRIC PERIODIC MOTIONS

An autonomous system of the general form (2) may have additional properties such as conserva-
tiveness or reversibility, be written in the Hamiltonian form, etc. In this case, Theorem 1 remains
valid as well. However, for some systems, this theorem needs to be clarified.

In what follows, the concept of a global family of periodic solutions of ODEs will be concretized
for symmetric periodic motions.

A reversible dynamic system with the phase vector z and a nondegenerate mapping G has
spatiotemporal symmetry in the sense of invariance with respect to the transformation (z,t) —
(Gz,—t). It describes models in various fields of knowledge; see the survey in [8]. In the case

I; 0

>
0o -1, | ="

.

(I; is an identity matrix of dimensions (j X j)), we obtain a reversible mechanical system [9]. The
phase space of this system is described by vectors u and v such that dimu =1[, dimv = n, and
the symmetry transformation is (u,v,t) — (u, —v, —t). In mechanics, v and v are usually taken
to be the vectors of generalized coordinates (quasi-coordinates) and generalized velocities (quasi-
velocities), respectively. The set M = {u,v : v = 0} is called the fixed set of a reversible mechanical
System.

The phase portrait of a reversible mechanical system is symmetric with respect to the set M. The
trajectories intersecting M are called symmetric. The twofold intersection of the set by a trajectory
leads to a symmetric periodic motion (SPM). On an SPM of period 7'/2, the trajectory intersects
the set M at the time instants ¢ = 0,7/2. An SPM of period T'/2 exists under the necessary and
sufficient conditions

vs(ud,...,u), 7y =0, T=0,T/2; s=1,...,n, (20)

where uY € M is the value on the SPM. Let us introduce the matrix

’ ovs(uf, ..., up, T/2) H

AW, T/2) = |lag;|| = 0

J

Definition 4. The case det A(u®,T//2) # 0 is said to be nondegenerate for an SPM, and the latter
is called a nondegenerate SPM.

An SPM is a periodic solution. By Definition 4, the nondegenerate SPMs form a family on
which the period varies monotonically: Definition 1 is valid for it. Inequality (20) also holds on the
period. Conditions (3) written for an SPM are satisfied identically in the (I —n) values u). Hence,
the matrix Ay in (5) contains (I —n) simple zero eigenvalues. Therefore, the nondegeneracy con-
dition rank Ay = Ra = [ 4+ n — 1 introduced for the general-form system (2) is true for a reversible
mechanical system only if [ = n. Accordingly, Theorem 1 applies to an SPM only in the case [ = n.

On the other hand, without the nondegeneracy condition Ra = [ 4+ n — 1 for a reversible mechan-
ical system, Definition 3 remains valid for an SPM in the general situation. Therefore, Theorem 1
on the global family is true in the following formulation.

Theorem 4. A nondegenerate SPM of a reversible mechanical system always extends to a global
family of nondegenerate SPMs described by a reduced reversible mechanical system with the vector
u € R and scalar v as the variables.

The most complete proof of Theorem 4 was given in [10]. An adaptive oscillation stabilization
scheme for a reduced reversible mechanical system was designed in [11].

Theorem 4 settles an important case of SPMs, which is degenerate for Theorem 1.
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6. CONSERVATIVE SYSTEM

For definiteness, assume that a conservative system is given by the Lagrange equations of the
second kind and subjected to the action of potential forces. Then it is described by a system of
second-order equations. Let ¢ and ¢ denote the coordinate and velocity vectors, respectively. Then
the dynamic equations are invariant with respect to the change of variables (q,¢,t) — (q,q, —t).
Therefore, a conservative system belongs to the class of reversible mechanical systems with the
coinciding dimensions of the vectors ¢ and ¢. The equilibria of the system belong to its fixed set.
The nondegenerate equilibria are divided into centers and saddles. According to Lyapunov’s center
theorem [12], a local family of nonlinear periodic motions (a Lyapunov family) adjoins to a center.
For such a family, the zero Jordan block has dimension k& = 2. Due to the energy integral present
in the system, the period on the family will be a monotonic function of the constant energy h.
Therefore, the Lyapunov family consists of nondegenerate periodic motions. By Theorem 1, it
extends to a global family of nondegenerate periodic solutions, with the reduced system containing
two first-order equations. The same conclusion follows from Theorem 4, but the latter specifies
that the reduced system is a reversible mechanical system. Due to the conservativeness of the
original system, we obtain a reduced conservative (RCC) system with one degree of freedom;
see [13, Lemma A.1].

Thus, the Lyapunov families of a conservative system always extend to global families of sym-
metric periodic motions: the global Lyapunov center theorem is valid, first derived in [3].

A conservative system can be described by equations not belonging to the class of reversible
mechanical systems. In this case, applying Theorem 1 to the system also yields an RCC system:
the energy integral is preserved.

For an RCC system, a controlled system stabilizing almost all oscillations was constructed
in [7, Theorem 1]. As it turns out, all oscillations of the family are stabilized in the reduced
conservative system.

Consider a controlled RCC system of the form
i+ f(z) =eo(l — K2*)i (21)

that contains a parameter K and admits, for ¢ = 0, the energy integral

i2
-t /f(x)dx = h(const).

(Here, o takes value 1 or (—1).) By assumption, for ¢ = 0 system (21) admits a family of nonde-
generate periodic motions = = ¢(h, t).

An attracting cycle close to an oscillation with a system parameter h = h* exists under the
necessary and sufficient conditions

(the simple root of the amplitude equation). The function K (h) is calculated using the formula

T(h)
[ @*(h,t)dt
K(h) = : (22)

| 9 (h,t)g (h, t)dt
0

o

and the inequality dK (h*)/dh # 0 ensures the simple root of the amplitude equation.
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Theorem 5. System (21) with the parameter K stabilizes any oscillation close to that of a con-
servative system with one degree of freedom.

Proof. With the new time variable 7 = ¢/T(h), the oscillation period becomes independent of h
and equal to 1, whereas formula (22) is written as

({14p2(h, T(h)T)z2 (T)dT.

On the family of oscillations, the function ¢?(h,t) with fixed ¢ monotonically depends on h. This
is true for any family, nondegenerate or degenerate. Hence, the function K (k) is monotonic on the
family of oscillations of a conservative system.

Thus, the sufficient condition in [7, Theorem 1] always holds for any family (nondegenerate and
degenerate), and the proof of Theorem 5 is complete.

Remark 5. For a degenerate family, the function K (h) is calculated in explicit form; for details,
see [13].

Remark 6. According to Theorem 5, the adaptive scheme provides a complete solution of the
stabilization problem for any oscillation from the family of an RCC system.

Remark 7. The result remains valid for a conservative system with an arbitrary number of
degrees of freedom.

7. APPLICATIONS
1. The bounded planar three-body problem is described by the equations [14]

g 00 00
1 1—

Q=2+ +—L+ 2 @,y =@, —y), (23)
2 () 1

rg=@+p?+y?, ri=(@-1+p’+y%

They contain a single dimensionless mass parameter .
System (23) admits an energy integral. Due to its invariance with respect to the transformation

{x7y7j77y7t} — {ﬂ?, —-Y, _jjaya _t}7

system (23) also belongs to the class of reversible mechanical systems.
The relative equilibria (libration points) are found from the equations

oz oy
The problem admits five libration points L;, ¢ = 1,...,5. In addition, L, Ly, and L3 lie on the
abscissa axis x, whereas the points L4 and Ly are located symmetrically with respect to the axis x
and form equilateral triangles with the main bodies on the axis .
The points L1, Lo, and L3 belong to the equilibria of a reversible mechanical system. They are
adjoined by a symmetric Lyapunov family for which the matrix Ay (Section 2) has a zero second-
order Jordan block. Therefore, Theorem 4 can be applied here. The global family is described
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by an conservative system with one degree of freedom and symmetric orbits. By Theorem 5, the
orbital stabilization problem of any orbit is solved by the adaptive control scheme.

Theorem 1 can be applied to the points Ly and Ls. System (23) is conservative, so the global
family is described by an RCC system. Any orbit of the global family is stabilized using Theorem 5.

The bounded three-body problem is basic in the theory of orbits [15]. In the theory of controlled
orbital motion, the problem of orbital stabilization is solved. The corresponding results will be
considered in detail in a separate paper.

2. Stabilization of satellite oscillations. Under gravitational forces, the motion of a satellite
in an orbital plane is described by V.V. Beletskii’s equation [5]. Consider a particular case of a
circular orbit. The corresponding Beletskii equation takes the form

da

%? (24)

a4+ psinacosa =0, &=
where p is the inertial parameter (||| < 3); « is the angle between the radius vector of the center of
mass and the main central axis of inertia of the satellite in the orbital plane; v is the true anomaly
chosen as the independent variable. As a result, we obtain the mathematical pendulum equation

y+pusny =0, p>0, y=2a,
or
g+ |plsiny =0, p<0, y=2a+m.

The satellite oscillations form a family from an initial deviation in the angle y, and the period T'(h)
increases on this family.

A mechatronic oscillation stabilization scheme with a van der Pol oscillator was proposed in [13].
The mechatronic scheme is adaptive in the sense of this paper.

According to Theorem 5, any oscillation is locally stabilized using the adaptive scheme
&+ |plsinz = eo(1 — K2?),

where x = 2« and > 0 or = 2a + 7 and p < 0, and o = 1. Here, the van der Pol oscillator is
not applied.

Note that for the problem of rotational motion of a satellite, an equilibrium stabilization scheme
was proposed, e.g., in [16].

8. CONCLUSIONS

In the nondegenerate case, the periodic solution of an autonomous system of general form can be
a cycle or belong to a family. For a cycle, the Jacobi matrix has one zero eigenvalue, whereas a family
corresponds to a zero kth-order Jordan block. For k = 2, the case usually considered, a global family
of nondegenerate periodic solutions was constructed in [3]; this family is described by a reduced
second-order system. The results are valid for the general case of dimension 1 < k < n, where n
denotes the dimension of the autonomous system. An adaptive oscillation stabilization scheme
is designed for the reduced system of order k. An autonomous control with the parameter K (h)
depending on the global family parameter h is applied. It represents a generalization of the universal
control [7] to a system of arbitrary order; the value of h separates an oscillation in the global family.
Stabilization is achieved by implementing an attracting cycle.

For an nth-order differential equation in the variable x, the reduced system coincides with
the original one. The periodic solution is stabilized by a control law that represents nonlinear
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dissipation, being linear in velocity, acting in the neighborhood of the cycle, containing a parameter,
and ensuring attraction to the cycle in the space (z, 2/, ... ,x(”_l)).

Similar results are known for symmetric periodic motions of reversible mechanical systems [10].

In the spatiotemporal symmetry case, the Jacobi matrix admits zero eigenvalues: simple ones and
those of a single 2nd-order Jordan block. This block corresponds to a conservative system. The
stabilization problem of family oscillations finds an exhaustive solution for the conservative system
with one degree of freedom: the stabilization conditions of the selected oscillation are automatically
satisfied in the controlled system.

10.

11.

12.

13.

14.
15.
16.
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Abstract—The article introduces the concept of Marked Markov processes, which are used to
study a repairable hot double redundant system with a single repair facility. It is assumed that
components’ life- and repair times follow arbitrary distributions. The proposed approach allows
for calculating the system’s reliability function, and its mean lifetime, as well as conducting the
sensitivity analysis to the shape of input distributions. The new method was validated with
numerical examples by comparing it with previously obtained analytical results and showed
high accuracy.
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1. INTRODUCTION

Ensuring the reliability of systems, objects, and processes is one of the primary goals during their
creation and subsequent operation. One of the methods for enhancing the structural reliability of a
system is redundancy. It involves duplicating its critically important components or implementing
higher-order redundancy. A system consisting of a primary element and one duplicate element
is the simplest type of redundant system, and its study is intriguing from both theoretical and
practical perspectives.

Redundant systems with various types of redundancy, as well as with the capability to restore
failed elements, have been well-studied by many authors. Key findings regarding Markovian redun-
dant systems, both repairable and non-repairable, can be found in classical works on mathematical
reliability theory (see, for example, [1, 2], and others).

The extensive practical applications of redundant systems have led to the development of new
mathematical models for more complex systems. For instance, in [3, 4], the reliability of a redun-
dant system with heterogeneous elements, which have different lifetime distributions, is examined.
The papers [5, 6] focus on systems with preventive and priority servicing of failed elements. The
studies [7, 8] are dedicated to redundant systems with various types of system repair, where the
failures of elements adhere to the Marshall-Olkin model. In the context of implementing redun-
dancy in systems, it is also essential to consider optimization issues related to redundancy based on
different criteria. Numerous studies have addressed this problem as well (see, for example, [9, 10]).
Another challenge is determining the fundamental parameters of the system, specifically the shape
of life- and repair times distributions of system elements.
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Often in practice, the shape of life- and repair times distributions of system elements is unknown.
In the earliest research on the reliability of redundant systems, assumptions were made regarding
the exponential distribution of the corresponding random variables'. However, the emergence
of new mathematical methods has enabled the examination of systems where one time follows
the exponential distribution while the other one follows an arbitrary distribution. There exists a
number of studies dedicated to the application of methods such as the introduction of supplementary
variables, semi-Markov processes, and others to address these issues (see, for example, [11-14]).
An extension of these studies is the sensitivity analysis of reliability metrics to the shape of initial
distributions.

In [15], the study of a k-out-of-n system with exponentially distributed lifetime and arbitrary
repair time distribution utilized the theory of decomposable semi-regenerative processes, which was
previously proposed by V.V. Rykov as a generalization and development of Smith’s regeneration
idea [16]. Later, this approach was applied to investigate the reliability of cold redundant sys-
tems [17, 18], featuring arbitrary initial distributions for elements’ life- and repair times. However,
it turned out that this approach is not suitable for analyzing similar systems with hot redundancy
and other more complex models.

In this article, a novel approach is proposed for the study of a repairable hot double redundant
system, based on the new concept of Marked Markov processes (MMP).

The concept of MMP is introduced as an extension of the notion and theory of point pro-
cesses [19]. In queuing theory, a point process is defined as an increasing sequence of non-negative
random variables that describe the moments of occurrence of certain events along the positive
half-axis of time [20]. Specific instances of point processes include the Poisson process and the Cox
point process, where the times of event occurrences are governed by the exponential distribution.
Another generalization of the Poisson process is the renewal process, in which the intervals between
the occurrences of events follow a distribution that is different from the exponential one [21].

To describe a point process that possesses the Markov property, the concept of Markov point
processes was introduced in 1977 [22]. Later, it was generalized to the concept of a Marked Markov
point process, which is defined as a pair of random variables, where the first component is the time
of occurrence of a random event, and the second is a mark, also a random variable, that additionally
describes the corresponding event.

Since the introduction of the concept of point processes, the corresponding theory has been hotly
developed, as it has found applications in various fields of science and engineering. The paper [23]
is devoted to constructing a mathematical model for controlling automobile traffic at intersections
using marked point processes. In [24], a multivariate point process is investigated for the problem
of monitoring the state of a telecommunication connection. The applicability of spatial Poisson
processes for modeling interactions between wireless devices is discussed in [25].

Introduced in this investigation, MMP differs from known concepts in that it consists of two
components: the first represents the number of failed elements of the system, while the second
one is a set of random marks that define their residual life- and repair times. Using the proposed
approach, it is possible to compute the reliability function and the mean lifetime of a hot double
redundant system with arbitrary life- and repair time distributions of its elements.

The article is organized as follows. The problem statement, key notations, and assumptions are
provided in the next Section 2. Section 3 presents the transformation of marks over a separate
regeneration period. In Section 4, the main characteristics of the model are obtained in terms of
marks, and Section 5 proposes an algorithm for their computation. The validation of the proposed
algorithm and examples of numerical analysis are presented in Section 6. Finally, the main results
of the work are formulated, and directions for future research are outlined.

! Following the classical works by A.Y. Khinchin, B.V. Gnedenko, and others, from now on, whenever distributions
of times are mentioned, it is understood that these refer to distributions of the corresponding random variables.
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2. PROBLEM STATEMENT. MMP
2.1. Problem Statement, Notations, and Assumptions

Let’s consider a repairable hot double redundant system with a single recovery device for failing
elements, denoted as < GI3|GI|1 >. Here, the angle brackets <> indicate a closed system, and
the symbols GI refer to a recurrent failure flow and a recurrent servicing mechanism with arbitrary
distributions of life- and repair times at the first and second positions, respectively. The subscript
index on the first symbol indicates the total number of elements in the system. The last position

denotes the number of repair units. Introduce the following notations and assumptions:

o A;: (i=1,2,...): lifetimes of system elements, which are assumed to be independent identi-
cally distributed (i.i.d.) random variables (r.v.) with common cumulative distribution function
(c.d.f.) A(t) = P{A; < t}, probability density function (p.d.f.) a(t) = A’(t), and finite mean
time p, = E[A;] < oo and variance o2 = D[4;] < .

e B;: (i=1,2,...): repair times of system elements, which are assumed to be i.i.d. r.v. with
common c.d.f. B(t) =P{B; < t}, p.d.f. b(t) = B'(t), and finite mean p, = E[B;] < oo and
variance o} = D[B;] < co.

2.2. Definition of MMP

To study such a model, we introduce the concept of MMP with a discrete parameter,
Z(n)={(J(n),X(n)), n=0,1,...},

the first component of which is a conditional Markov chain J(n) := J with at most countable state
space J, and the second is a set of random marks X(n) := X;(n), where ¢ € J, with values in a
measurable space (E;, &). Such a process is determined by:

e transition probabilities p;;(X;) of the process J, which depend on the content of the mark X;
in state ;

e marks transformation operators ®;;(X;) for the transition from state i to state j of Markov
chain and their distributions.

Remark 1. This process can be considered as a special type of Markov sequence with a common
state space and specified using a transition kernel (process generator). However, for the study of
various applications, it is more convenient to start from the concept of MMP.

Remark 2. Based on such a model, it is possible to study a wide class of processes, such as
semi-Markov, semi-regenerative processes, Markov renewal processes, etc.

2.3. MMP Construction

Consider MMP construction on an example of < GI3|GI|1 > system. In this case, J(n) repre-
sents the number of failed elements. As the marks X;(n), we choose multidimensional r.v.’s whose
contents are

( (2)

— residual lifetime Xol) (n) of one element and residual repair time XO2
in state 1 =0,

(n) of another element
— residual lifetime Xfl)(n) of one element and newly assigned repair time X£2) (n) of other one
in state 1 =1,
— residual repair time X5(n) of the element being under repair in state i = 2.
In this representation, the upper index indicates the serial number of the mark, the lower index
indicates the system state as it was introduced above, and the variable in brackets stands for the
step number.
Suppose that at the initial time (at step n = 0) both elements of the system are operational,
J(0) = 0. Therefore, the initial content of the marks corresponds to the time to failure for each of
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Pn=1 b, = P{Xl(l)(n) <B}

P1o :P{X1(2)(n)>Bi} Py =1

Fig. 1. Transition graph of the chain J(n).

the system elements, Xo(l)(O) = Aél), XO(Q) (0) = AE)Q), where both Aél) and A((JQ) are i.i.d. r.v.’s with
cdf A(-). Subsequently, the process finds itself in state i = 0 with a certain set of marks, the values
of which will be calculated further.

The possible transitions of the considered chain and the marks transformations, describing the
behavior of the system under consideration, are shown in Fig. 1.

From state 0, the process moves to state 1 regardless of the value of the marks with probability
po1(X(n)) = 1. In this case, at the first step, the marks in state 1 are transformed as follows,

X1 (1) = ®01[X0(0)] : XV (1) =aP val® — 4l Aal? x®Pa) =B, (1)

From state 1, transitions can occur to state 0 if the failed element is restored, or to state 2 if
the second element fails. The probability of transitioning to state 0 in the first step is,

po(X1(1) = P{X{ (1) > X7 ()}
At that, the marks in state 0 are transformed as follows,

Xo(1) = @1[X1(0)] - X5 (1) = (X () = B g5y Ko

Similarly, when transitioning to state 2, the corresponding transition probability takes the form,
1 2
p(X1(1) = P{X{ (1) < X177 (),
then, the mark in state 2 is transformed as follows,

Xa(1) = @0aXa(1)] : Xa(1) = (Br = X7 ()L g0 ) - (3)

Finally, from state 2, there is only one possible transition to state 1, so ps1(Xs(1)) = 1. The
marks transformation in the new state (at the second step) has the form,

X1(2) = 0 [Xo(1)] : X{P(2) = 41, X{"(2) = Ba. (4)

Thus, it is clear that the transitions from state 2 to state 1 signify the regeneration of the system.
Consequently, it suffices to focus on the system’s behavior during a separate regeneration period.

3. BEHAVIOR OF THE PROCESS IN A SEPARATE REGENERATION PERIOD

Taking into account the regenerative nature of the system’s behavior, consider the behavior of
the process Z(n) during a separate regeneration period. Similarly to the previous section, we will
outline the transformation of marks during the regeneration period of the system. Denote W ()
the residual lifetime of the system after failure of one of its elements at Ith step,

w()=xPOvxPo-xPoaxPa a=01,2,...).

Then, taking into account transformations of the marks (1)—(4) the following lemma is valid.
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Lemma 1. Between transitions from state 2 to state 1 (i.e. during the regeneration period), the
marks are transformed as follows:

1 1 2 2
X570 = (X3 = 1) = X0 = D)Ly gy XKoo = A€ AC),
xPw=wa-1), x{”=5c¢B() (5)
_v@ (2)
XQ(Z) - (Xl (l) - Xl (l))l{Xil)(l)ng)(l)}’

where the initial contents of the marks are
xP0)=xP0) =0, xP0) =4, xP0)=B, X0)=0.

Proof. Indeed, with the initial marks defined as Xfl) (0) = Ag and XP) (0) = By, the process
goes directly to state 2 from state 1 if the failure of the operational elements occurs before the
restoration of the repaired one, specifically when Ay < By. In this scenario, the process will find
itself in state 2 with the following mark:

Xa(1) = (X17(0) = X201y )< 4 oy

From state 1, the process will move to state 0 if the repair of the failing element occurs before the
failure of the working one, i.e., when Ay > By; thus, the marks are transformed as follows:

xP ) = x{"(0) - x{(0) , X7 =4,

Lx®>x o))
Then the process will return to state 1 with probability 1 and the following marks,
W =x"Ov A =X O A A =w(), XP0) =By
From state 1 the process can go to state 2 with probability
B{X{(1) < XY (1)) = BW(D) < By}
and residual repair time (the mark)

_(v(®@ (1)
X2(2) - (Xl (1) - Xl (1))1{X£1)(1)<X§2)(1)}’
after which it will return to state 1 with probability 1. This will end the regeneration period.
Otherwise, the regeneration period will continue and the process will go to state 0 with proba-
bility
Px;Y (1) > X (1)} = P(W(1) > Bi}

and marks

xP@) = xM ) - xP) . XP(2) = A

Lix®a)sx® )y

Similarly, the transformation of the marks at the [th step occurs. From state 1, the process will
return to state 0 [ times if, during the [ — 1th visit to state 1 from state 0, the repair of the element
completes before the residual operational time of the working element expires,

XPU-1)=B, <w(i-1)=xD01-1).
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In this case, the residual time to failure will decrease by X {2) (I—1) = B;_1, and the content of the
mark in state 0 transforms as

X300 = (X110 =1) = X0 = D)L o @iy = (W=D = B Lwa- s

The repaired element initiates a new time to failure given by X(()Q) (I) = A;. Thus, considering the
contents of the marks, this transition confirms the first of the formulas stated in (5).

From state 0, the process will return to state 1 with probability 1. Then, the residual time to
failure of the system W (l) is defined as the difference between the maximum and minimum of the

r.v.’s Xél)(l) and A;, and the repair of the second element begins, i.e., the second mark takes the
value Bj,

xMoy=xPova-xPora=we, xP0=a,

that proves the second of the formulas (5).
Finally, from state 1, in case of a failure of the working element, i.e.,

X0 = Bi=w) = x{70)
the process goes to state 2 with the mark

Xo(l) = (X{(0) = X2 )1 0 gy gy = (Br = WOy

that proves the last of the formulas (5) and completes the proof of the lemma. O

In the next section, the obtained expressions are used to calculate the main characteristics of
the system reliability.

4. CALCULATION OF THE MAIN RELIABILITY CHARACTERISTICS

The main reliability characteristics of the considered system during the regeneration period with
the initial value of the marks

x$P0)=xP0)=0, xM0) =40, x20)=By X5(0)=0,

are:

e the distribution m; = P{v = [} of the number of steps v until the system failure;

e transition durations Tj;(l), (i,j = 0,1,2, [ = 1,2,...) for moving from state i to state j at
the Ith step and their characteristics;

e the time R from the moment the process returns from state 2 to state 1 until the next moment
of transition to state 2, the corresponding distribution R(t), i.e. the reliability function of the
system, as well as the corresponding mean system lifetime pp;

e the distribution of the regeneration period of the system Il = R + T5;(v).

Calculate further the main characteristics of the model in terms of the marks. Denote by
T() =Tl —1)+Tnu(l), 1=1,2,...,

the time until returning to state 1 at the [th step of the regeneration period. Denote by €2; and o)
the sets of elementary events for which the following relations are satisfied,

O ={w:W(0)> Bo,W(1) > Bi,....,W()> B} (1=12...),
Q= n{W(Q) < B}, Qo={4 < Bo},
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as well as the corresponding probability
Po = IP){AO > BQ}, pPi = ]P{W(Z) > B; | W(Z — 1) > Bi—l}- (6)
Thus, the following holds.

Theorem 1. The distribution m; of the number of steps v during the regeneration period, tran-
sition durations Tj;(l) in state i before transition to state j at the lth step, the system operating
time R before its failure, its regeneration period 11 in terms of the marks are expressed as follows:

m = Plv=1} =P(Q), (7)
Ti@) = Xi7 01w s xeqy o) =X 0 AX2 W), (8)
() = Tl —1)+Tn(l), (9)
Tell) = Xp)(Z)I{Xfl)(lKX{Q)(z)}’ Tll) = Xa(0), (10)
R = ;[T(l)+T12(l)]1{Ql}, (11)
I = ]%+T21(l)1ml}. (12)

At that, the condition for the finiteness of the regeneration period mean time is the convergence of
the series,

-1
P{v>1} =Y P(u) =Y (1—p) [ pi < o0 (13)
>0 =0

Proof. Indeed, according to lemma 1, starting from state 1 with the marks X{l) (0) = Ao,
X§2) (0) = By, the process immediately goes to state 2 if the failure of the working element oc-

curs before the restoration of the one being repaired, i.e., when X%l)(O) < X£2) (0), having spent
time in this state equal to

Tia(1) = X1 (0) A X1 (0) = X{ ()1 0 ) v g

In this case, the process will be in state 2 with the mark Xo(1) = (Bo — Ao)1{4,<B,} and will spend
a random time in it equal to this value,

T21(1) = (Bo — Ao)1{ay<Bo}-

Thus,
7o = P{Ap < By}, R= Ay, 11 = By,

which corresponds to formulas (7), (10)—(12) for [ = 0.

The number of returns to state 1 will be equal to 1 if the element being repaired is restored
before the working element fails, i.e., when Ay > Bp; in this case, the process will spend a random
time in state 1 before transitioning to state 0, equaled to

1 2
Tio(1) = Xf )(O) A Xf )(0)1{Xil>(0)>BO} = Ap A Bol{a,>Boy)
and will go to state 0 with marks
X67(1) = (Ao = Bo)lgagspys X67 (1) = Ar.
Then the process will return to state 1 with probability 1 and the marks
xPay=xMPayva -xPaoyaa=wa), xPa =5
during random time Tp1(1) = X(()l) (1) A XéZ) ().
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Then, from state 1 the process will go to state 2 with probability P{IW (1) < B} and the mark

Xo(1) = (B1 = W) Liwwy<s: )
spending time T2(1) = W (1)1 1)<p,} in it, after which with probability 1 during time 75 (1) =
(B1 — W(1)) 1w )<p,} it will return to state 1. This will end the cycle. Thus, we have
m =P{v =1} = P(y),
R ="To(1) + Toi (1) + Ti2(1),
I =R+ Tx(l),

which corresponds to the formulas (7)—(12) for [ = 1.

Similarly, the number of returns to state 1 will be equal to [ if the event o) occurs, i.e., if the
process [ — 1 times goes from state 1 to 0 and back, and at the [th step goes to state 2. The
probability of this event is,

m =P{v =1} = P(y),
which proves formula (7). In this case, the transformations of the marks are carried out by lemma 1,
and transitions durations 77¢(!) from state 1 to 0 and back Tp1(l) at the Ith step are equal to

To(l) = X2 Tou(1) = X5 (1) A X5

Lxws>x® Do @ x @y

Tio(l) = xM(0)1 T (1) = Xa(l).

xPo<xP oy
The idea that the system’s operating time R before failure consists of sequences of repair times
and residual operating times before failure of elements, i.e., transitions durations between states 1
and 0 before transition to state 2, combined with the regeneration period II that encompasses the
time T (1) spent in state 2, substantiates the validity of equations (11), (12).

Find the condition for the finiteness of the regeneration period mean time. Since the time of
return from state 2 to state 1 is finite with probability 1 for any step of the cycle, it is sufficient
that the system operates until failure with probability 1,

P{R < o0} =1.
First, consider the condition of the finiteness of the number of steps in the regeneration period,

P{v < oo} = 1. Noting that

P{v < oo} =Y Plv=1}=> P(),

1=0 1>0
calculate the probability of the event occurrence O using the Markov dependence of the marks,

P(y) = P{W (1) < Bi| Q-1 }P(-1) = P{W (1) < B |W(I = 1) > Bi_1}P(1)

= (1 —=p)P(Q-1) = (1 = p)P(—1[—2)P(—2) =~ = (1 — p)p1—1 - po,
where the notations (6) are used. Summing up the obtained expressions, we find

m=1-po+po(l=p1)+...p0-pa(l=p)+---=1-]]m-

1>0 1>0

Thus, the condition for the finiteness of the number of steps in the regeneration period is the

divergence of the product [[;5op; or, equivalently, the divergence of the series ) Inp;. Moreover,
1>0

for the finiteness of the regeneration period mean time E[R] < oo it is sufficient

I-1
ER| =Y Pluv>1} =) P)=> 1—p)]][pi<oo
1>0 i=0
which coincides with the formula (13) and completes the proof of the theorem. O
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The obtained expressions show that the main characteristics of the model are expressed in terms
of the marks. However, analytical expressions of their distributions and numerical indicators are
quite cumbersome and require the introduction of special transformations. At the same time, the
computational procedures for presenting the final results are quite problematic. Therefore, the next
section proposes an algorithm for calculating the main characteristics of the model by simulation
modeling, based directly on the proposed approach.

5. ALGORITHM FOR CALCULATING THE MAIN RELIABILITY CHARACTERISTICS

This section presents an algorithm for calculating the reliability characteristics of a repairable
hot double redundant system based on the proposed method.

Algorithm 1.
Initial data:
A(+), B(-) — the distributions of r.v.’s A;, B;, corresponding means (i, 1) and coefficients of
variation (vq, vp),
N — total number of model realizations,
n — the current number of realizations,
v; — the array of the number of cycles length [ during the regeneration period,
[ — regeneration period length counter,
R — the array of times to system failure,
II — system regeneration period array.
Input: A(+), B(:), N, n =1, vy = [0] * max(l), R = [0] * N, II = [0] * N.
Beginning. Put: 1 =0, X\ (0) = 4 € A(-), X2 (0) = By € B(-), X{V(0) = X{? (0) = X5(0) =0,
T(0) =0.
Step 1. If n < N, go to Step 2, if no, go to Step 4.
Step 2. While X§1)(l) > XfQ) ([)VI=0,1,..., repeat:
l=104+1
Tyo(l) = X (1 - 1)
1 1 2 2
X=XV -1 - XPa -1, XP0) = A€ A)
Tor(l) = Xél () A X5 (1)
() =T(—1)+Tio(l) + Tor (1)
1 2 1 2 2
X0 = x50 vxP O - X500 A X0, X0 = Bre BO),
in another case X{l)(l) < X§2)(l)
Tia(l) = X1 (1)
T (1) = X%o(0) = X1 (1) = X1V (0.
Go to Step 3.
Step 3. Collect statistics:
— Filling the array v; := v + 1,
— Filling the array R, := T'(1) + T12(),
— Filling the array II,, := R,, + T51(1).
Put n:=n+ 1 and go to the Beginning.
Step 4. Processing statistics:

— calculating of the estimate of the distribution of steps number v during the regeneration

period,
V]

22150 v’
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— calculating of the empirical reliability function R,
A 1
R(t)=1- NRn’ R, <t< Rui1,

— calculating of the system mean lifetime,

. 1
MR = N Z Rna
n=1
— Results printing.
STOP.
6. EXAMPLES

In this section, we will consider several examples of numerical analysis, and compare the results
obtained using the proposed approach and methods of Markov process theory. The choice of initial
data does not refer to any example from a practical problem and is only demonstrative.

6.1. < My|M|1 > System

Let life- and repair times of elements follow an exponential distribution with parameters o and £,
respectively, A(t) ~ Exp(«), B(t) ~ Exp(f). The reliability characteristics of such a system can
be calculated by a direct method from the birth and death process. Thus, the reliability function
of < Ms|M|1 > system is calculated as

1

56_5(3a+6+r)t (gt(a +B8+r)—(a+p8— 7”)) ) (14)

where r = \/a? + 6a/3 + 32, from which we obtain the mean system lifetime g,

R(t) =

7 14 20871
1R = /R(t)dt: % (15)
0

To illustrate the example, suppose that o« = 8 = 1. In this case, the mean life- and repair times
are i, = p = 1. For the experiment, the number N = 10° of algorithm realizations is chosen
experimentally to achieve high accuracy of the algorithm results. The direct implementation of the
algorithm is performed using Python programming language. To assess the accuracy of the results

0.0025

0.0020

0.0015
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0.0005

0.0000

00 02 04 06 08 1.0 1.2 1.4
1

Fig. 2. Absolute and relative errors of the reliability function estimation for < Ms|M|1 > system.
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obtained using the proposed algorithm, we consider the absolute A and relative ¢ errors,

~ A
A |Rth (t) R(t> |> € Ry, (t) )
where Ry, (t) denotes the values of the reliability function, calculated by the formula (14), and R(t)
presents the values obtained using the algorithm. Figure 2 shows the graphical results of calculating
these estimates on the interval ¢ = [0,1.5], where ¢t = 1.5 corresponds to the mean lifetime of the
system ppg, calculated by the formula (15). It is evident from the graph that on the considered
interval ¢ the maximum value of the absolute error is A =~ 0.0017, and the maximum value of
the relative error is max(e) ~ 0.0025. At the same time, mean values of estimates on the entire
interval t are equal to E[A] = 0.0008 and E[e] = 0.0014, respectively.

The values of the mean system lifetime ug, calculated analytically and using the algorithm,
are equal to up = 1.5 and jip = 1.502127, respectively, and emphasize the comparability of the
obtained results.

6.2. < M>|GI|1 > System

Consider further the case when lifetime of elements has an exponential distribution and repair
time follows an arbitrary distribution, i.e., consider < Ms|GI|1 > system.

To calculate the analytical expression for the reliability function of such a system, the method
of introducing supplementary variables is used [26], which leads to the need to solve the system of
Kolmogorov partial differential equations,

p t
awo(t) = —2amy(t) + / B(x)mi(t, x)dx,
0

(% 4 aﬂ) mi(t) = —(a + B(a))m (b ),

d

t
%Wg(t) = ao/m(t,ac)dx,

jointly with initial mo(0) = 0, w1 (0) = 1, m2(0) = 0 and boundary conditions 71 (¢,0) = 2amy(t) using
the method of characteristics. By solving this system in terms of Laplace transform (LT), LT of the
reliability function is obtained, which has the following form in terms of LT of components repair
time b(s),
R(s) = s+a(2—5(s—|:a)) ’
(s +a)(s+2a(l —b(s+ a)))
from where we calculate the mean system lifetime,

s 2= l;(a)
= RO = T )

To compare the analytical results and their estimates obtained using the new algorithm, we
assume that the repair time of the elements has a Gamma distribution (I' = I'((,0)) with the fol-
lowing characteristics, i.e., p.d.f. b(t) = 0!~ Le=%T' (1), t > 0, mean y, = 16~ = 1 and coefficient
of variation v, = v/1 /l =0.5. For the remaining parameters, we again use a =1, N = 10°. To
evaluate the obtained results, we also consider the absolute A and relative ¢ errors (see Fig. 3). To
calculate these estimates, the inverse LT of the reliability function (16), calculated numerically us-
ing the built-in function of Python programming language, is taken as the theoretical value Ry (t).
The argument ¢ is considered on the interval ¢ = [0, 1.35], where max(t) = 1.35 corresponds to upr
for the given parameters.

(16)
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Fig. 3. Absolute and relative errors of the reliability function estimation for < M|T'|1 > system.
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Fig. 4. Absolute and relative errors of the reliability function estimation for < Ms|GI|1 > system.
(a) — VUp = 0.5. (b) — Vp = 5.

According to the results of the experiment, the maximum value for A is max(A) ~ 0.0017, and
for e it is max(e) ~ 0.0028. The mean values over the entire interval ¢ are E[A] = 0.0007 and
Ele] = 0.0012. In this case, the mean system lifetime is pp = 1.3469 for the analytical result and
fr = 1.3478 for the algorithm. The results of the algorithm evaluation again demonstrate high
accuracy relative to the analytical results.

For additional verification, we consider the simulation modeling of a repairable hot double redun-
dant system using the discrete-event modeling (DEM) method [27]. The method is implemented
using Python programming language, for which the total simulation time is taken as 7' = 10°. As
an example, consider I' and Gnedenko-Weibull (GW) distributions of the repair time of elements,
while fixing the mean p, = 1 and the coefficient of variation v, = 0.5, 5 for both distributions. The
remaining parameters are the same as previously.

Figures 4a and 4b show the absolute and relative errors of estimating the reliability function
of < Ms|GI|1 > system.

Parameter t is chosen as the maximum value of the mean system lifetime for v, = 0.5 and v, = 5,
respectively, for each figure. The results of the reliability function assessment using DEM method
are taken as Ry,(t). The obtained results demonstrate that among the considered repair time
distributions and the corresponding coefficients of variation, the maximum errors were max(A) =~
0.006 and max(e) ~ 0.014.
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Fig. 5. The reliability function of < M>|GI|1 > system.

The mean values of these errors for all cases are presented in Table 1. The results of this exper-
iment confirm the accuracy of the reliability characteristics obtained using the proposed approach.

Below is the graph of the reliability function of < M|GI|1 > system obtained using the pro-
posed approach (see Fig. 5). The legend of the figure defines the line type for the selected repair
time distributions and the corresponding coefficients of variation. To identify the influence of the
coeflicient of variation of repair time on the reliability function, the figure also shows the case of
the Markov model (Exp).

The results of this example show that the shape of repair time distribution and coefficient of
variation significantly affect the reliability function. However, it is worth noting that the reliability
function curves as v, = 0.5 and v, = 1 are located quite close to each other. Moreover, as v, = 0.5,
despite the different repair time distributions, these curves merge on the considered interval ¢. In
the case of v, = 5, on the contrary, the curves of the reliability function for the same repair time
distributions differ significantly from each other. Thus, we can conclude that the reliability function
is insensitive to the shape of repair time distribution for fixed mean p; and coefficient of variation vy,
as vp < 1 and, conversely, about its sensitivity as v, > 1.

Table 2 presents the mean system lifetime for this example and also demonstrates the corre-
sponding values obtained using DEM method. The results show the insensitivity of the mean pp
to the shape of repair time distribution for fixed p; and v, as v, < 1. In addition, the mean system
lifetime turns out to be sensitive to the shape of repair time distribution and coefficient of variation
as vp > 1.

Table 1. Mean errors A and ¢

Table 2. Mean lifetime of < Ms|GI|1 > system

B(:), v E[A] | E[g] B(:), vp DEM Algorithm
I', v, =05 |0.0034 | 0.0070 I' vy =0.5 1.34619 1.34457
I'o =5 0.0006 | 0.0007 I'v,=5 4.63125 4.64059
GW, v, =0.50.0014 | 0.0024 GW, v, =05 1.34111 1.352305
GW, v, =15 |0.0023 | 0.0031 GW, v, =5 2.80304 2.82017

6.3. < GI;|GI|1 > System

In the last example, we consider a system whose life- and repair time of elements have arbitrary
distributions. We again take I' and GW as these distributions. Denote v, the coefficient of variation
of components’ lifetime and put v, = 0.5. The remaining initial parameters are retained from the
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Fig. 6. Absolute and relative errors of the reliability function estimation for < I'2|GI|1 > system.
(a) — Vp = 0.5. (b) — Vp = 5.
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Fig. 7. Absolute and relative errors of the reliability function estimation for < GW2|GI|1 > system.
(a) — VUp = 0.5. (b) — Vp = 5.
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Fig. 8. The reliability function of < GI2|GI|1 > system. (a) — A~T, v, =0.5. (b) — A~ GW,
v = 0.5.

previous example. Figures 6 and 7 demonstrate the estimates of the absolute A and relative € errors
for various initial distributions and coefficients of variation. The legend of the figure determines
the line type for errors with I' and GW repair time distributions. As Ry, (t), we again consider the
estimate of the reliability function obtained by DEM method.

According to the obtained graphical results, the maximum absolute error among the consid-
ered cases is max(A) < 0.005. The maximum value of the relative error varies in the interval is
max(e) ~ [0.003,0.014]. Given the given values N = 10° and T' = 10°, these results are objectively
satisfactory.

Figure 8 shows the graphs of the reliability function for I' and GW distributions of elements’
lifetime. The experiment demonstrates results similar to those in the previous example. The value
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of the coefficient of variation of repair time v, = 5 leads to an increase in the values of the reliability
function on the considered interval ¢. In addition, the shape of repair time distribution affects the
behavior of this curve as v, > 1. It is obvious that the reliability function curves are quite close to
each other for different initial distributions, but fixed values of the parameters u, and v,.

Table 3 presents the mean system lifetime, including estimates obtained by DEM method.
Tables 3a and 3b demonstrate close results for different components’ lifetime distributions. The
mean system lifetime ppr differs only at the second or third decimal places. Thus, we can conclude
that the mean system lifetime is insensitive to the shape of lifetime distribution for fixed mean p,
and coefficient of variation v,.

Table 3. Mean lifetime of < GI3|GI|1 > system

B(), v DEM | Algorithm B(), v DEM | Algorithm
I', vy =05 |1.4059 1.4003 I', v, =05 |1.4061 1.4044
I',v=5 4.1305 4.2208 I',v=5 4.1637 | 4.2347
GW, v, =0.5]1.3900 | 1.3877 GW, v, =0.5|1.3983 | 1.3985
GW, v, =5 |2.6242 | 2.6349 GW, v, =5 |2.6329| 2.6433
(a) A~T, v, =0.5 (b) A~ GW, v, =0.5

Additionally, comparing the values in Tables 2 and 3, we can conclude that the mean lifetime of
the system has low sensitivity to the shape of components’ lifetime distribution for fixed mean g,
and coefficient of variation v, < 1.

7. CONCLUSION

The article introduces the concept of the Marked Markov process, which is used to study a re-
pairable hot double redundant system with arbitrary initial distributions. A method and algorithm
for calculating the reliability function of such a system are proposed. The results obtained using
the new approach were validated by comparing them with the results of analytical calculations
and discrete-event modeling. The new approach showed high accuracy in comparison with known
methods.

The main advantage of the proposed modeling algorithm compared to discrete-event modeling
is that the presented procedure is entirely based on a mathematically formulated approach and,
in essence, consists of implementing marks’ transformation that uniquely determines the system
operation. Moreover, this algorithm eliminates the need to write additional code for the discrete-
event modeling program, which significantly simplifies the process of studying a repairable hot
double redundant system with arbitrary initial distributions.

In the future, it is planned to apply this approach to the study of other complex stochastic
systems, including the study of the reliability characteristics of a k-out-of-n system with arbitrary
initial distributions and an arbitrary number of repair units.
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Abstract—This paper considers an oligopoly model with an arbitrary number of Cournot-
reflexive agents under incomplete information in the classical case of linear cost and demand
functions. Agents make decisions based on a collective behavior model. The problem of iden-
tifying convergence conditions to the model equilibrium is studied, with an emphasis placed
on the trajectory of the sum of the action residuals of all agents. Aggregate estimates of this
trajectory are obtained. They can be used to judge how the trajectory of each agent evolves
towards the equilibrium.
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1. INTRODUCTION

In research areas dealing with behavioral models of rational agents under incomplete information,
considerable attention is paid to the oligopoly market. Game theory was the first scientific method
to analyze oligopoly [1]. Recent advances in oligopoly game theory were reviewed in [2].

Collective behavior theory models complement game-theoretic models by providing an opportu-
nity to study the behavior dynamics of rational agents under rather weak assumptions about their
awareness [3, 4]. The agent’s dynamic decision process is based on reflexive thinking about his best
choice considering the best responses of the other competitors. The dynamics are guided by the
agents’ choices. The determinative effect of reflexion is reaching an equilibrium [4, 5].

A significant number of studies of game-theoretic and collective behavior models in competitive
markets are devoted to the problem of identifying conditions for the existence and uniqueness of
an equilibrium as well as the convergence of agents’ trajectories to it. For example, see [6-16] and
many other related publications.

By accepting a certain hypothesis about the behavior of agents and their interaction, it is possible
to calculate the trajectory of each agent (the first approach). However, an aggregate description of
the behavior of the entire system, without characterizing the behavior of each agent in detail, seems
more appropriate (the second approach) for several reasons. Obviously, the activity of individual
agents at separate time instants cannot noticeably affect the convergence of trajectories. Besides,
the growth of the number of agents in the market, their trajectories, and the computing time
make the first approach less and less attractive. In some cases, the asymptotic convergence of the
calculated trajectories can be judged only after a considerable time, particularly when the process
evolves ambiguously or slowly, and the trend appears late. An intuitively aggregate description of
the collective behavior of a system of agents on considerable time intervals can be no less accurate
than a detailed one.
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2. FORMAL PROBLEM STATEMENT

As the basic model, we consider the Cournot oligopoly of n agents [1] competing in the outputs
of homogeneous products. By assumption, demand is determined by the function (the inverse
demand function depending on the total output of agents)

where p(Q) is the uniform market price, Q@ = >",cy ¢; is the total output of all n agents; ¢; is the
output of agent i, i € N = {1,...,n}; a and b are parameters. The parameter a characterizes the

maximum possible price of the product under which the demand will tend to zero; the parameter b
characterizes the slope of the demand curve.

The total costs of agents have the form
¢i(q:) = ciqi + ds, (2)

where ¢; and d; are the marginal and fixed costs of agent 4, respectively. The goal functions of
agents are given by

L (p(Q), ¢:) = p(Q)gi — ¢i(a:) — max. (3)

By assumption, everything produced is sold, no capacity constraints are imposed, and no coali-
tions are allowed. The market state at a time instant ¢ (t =0, 1,2,...) is described by the n-dimen-
sional vector ¢' = (¢,...,q%, ..., ).

Agents are said to be collectively competitive in a Cournot market if each agent i satisfies the
marginal costs constraint

a+ > jen\(i} G
n

c <

(4)

In this case, each agent is supposed to be competitive and, as in a normal form game, there
exists a unique (static Nash) equilibrium [17] ¢* = (q¢},...,q},...,¢;) with ¢¢ > 0 Vi € N in the
Cournot oligopoly model; for example, see [18].

Under game uncertainty (about the actions chosen by the competitive environment) and incom-
plete knowledge (of costs, goal functions, and other attributes of competitors), market equilibrium
can usually be reached not by one-time decision-making by agents but as the result of an iterative
reflexive process [3, 4, 18-20].

Consider a reflexive discrete process where the change of market states satisfies the axiom of
indicator behavior [4] as follows: at each time instant (¢ + 1), each agent observes the outputs of
all agents chosen at the previous time instant ¢ and adjusts his output by taking a step towards
the current position of his goal, z;(¢*;), in the iterative procedure

¢t =gl + 4 (@ile) — d), i€ N. (5)

Here, the parameter ’yf“ € [0,1], independently chosen by each agent i, determines his step

towards the current position of his goal. An agent can take a full step with %Hl =1 (his best
response), remain on the spot with 75“ = 0, or take a partial step with 'yf“ € (0,1).

For agent 4, the current position ;(q" ;) of his goal is an output maximizing his goal function
provided that at the current time instant, the other agents choose the same output as at the previous
time instant [4, 21]. Here, ¢*; = (¢},...,q/_1,4q11,---,q}) is the opponents’ output profile for
agent ¢ (the output vector of all agents except agent i) at the time instant ¢. According to [10, 18]),

hi — Zj;ﬁi Q;‘ hi — QL

gl = S S ©)
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where h; = %% is the volume of a perfectly competitive market under the marginal cost pricing

p(Q) = ¢; (the perfectly competitive output of firm 4); Q*, = >t q§ is the total output of the
environment of agent i (i,5 € N).

Let us derive the variable z;(¢' ;) to show its relation to ¢!. Using (1)—(3) for time instant ¢, we
obtain
oIl; _

oQ";
a4 —a—bqf—th_i+<—b—b 8qt’>qf—ci:0

and
t_ (a—c)/b— t—i
T T2 joq]

Under the Cournot assumption, the output of the agent’s environment output will not change if he
(a_ci)/b_zjeN\{i} Q;'
3 .

. Q¢ , . .
changes his output. Therefore, % = 0 and the agent’s optimal output ¢! is
This optimal output will be the current position z;(¢" ;) of the agent’s goal in (6).

For model (5)—(6), the trajectory of agent i is understood as the sequence of outputs ¢?, q7, ...,
qt, ... realized within this model.

The problem of identifying convergence conditions of agents’ trajectories (5)—(6) to equilibrium
and its modifications in the classical Cournot oligopoly model (1)—(4) were considered by many
researchers; for example, see [18-20, 22-26] and other publications on the subject.

The peculiarity and novelty of the study presented below are the development of an aggregate
description of the entire system’s behavior to judge how the trajectory of each agent evolves towards
the equilibrium.

In this study, we sequentially solve the following tasks:
1) reduce agents’ models to a homogeneous form;
2) investigate the effect of total residuals on the convergence of agents’ trajectories;

3) describe in aggregate terms the transformation (recalculation) of the total residuals during
the transition between time instants;

4) describe in aggregate terms (estimate) the dynamics of the total residuals over the set of time
instants;

5) form convergence conditions of agents’ trajectories to the equilibrium using the aggregate
estimates of collective behavior model dynamics.

As intuition suggests, aggregates are preferably formed from homogeneous elements. Ideally,
homogeneous agents may differ only by their choice of the parameter . Let us analyze the possibility
of the ideal case for the market model (1)-(4) and the iterative process (5)—(6).

The next section begins with this task.

3. THE METHODS AND RESULTS OF THIS STUDY
Assume that within model (1)-(4), the process (5)—(6) converges under step parameters {71}
(i € N;t=0,1,2,...) and the marginal costs ¢ = (c1,...,¢,...c,) of the agents.
Will this process converge under the same step parameters if the marginal costs of agents or
market parameters change?

To answer this question, we introduce the change of variables
e=¢ —q¢ ([€N;t=012,...), (7)

7

where ¢f and ¢! are the equilibrium and current outputs of agent i, respectively.
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Using the well-known Cournot equilibrium relations h; = Q* + ¢, we transform (5)—(6) as fol-

lows:
g —aqt =qf — g -7 (% —Q§> =g —q -t (% —qf)
=qf —q¢ — ! (Z#i(q; ;qﬁ) ke Qf> .
As a result,
= (225 ). ®)

Z t

Here, by analogy with (1)—(6), (—%) is the current position of the goal of agent i, and

(8) is the indicator behavior model, and the agent’s goal function has the form

ILi(e) = — Z gj | € — max, 9)
jEN ‘

where € = (€1,...,&i,...,6n)-
Let us demonstrate this fact. For time instant ¢, we find the optimal residuals of agent 7 using (9):

oI _ o T o <1+ 0 jenii) 53) y
t 7 J t 7°
0e; JEN\{i} O

Consequently,
O ienvin &
A Y 5;./<2+—J% M)
JEN\L) &
By the Cournot assumption, the agent’s environment will not change its output if he does so.
azg'ezv\{i}5§' _
——re=i 2 = (), and the

Obviously, this assumption also applies to the residuals. Therefore, 5eT
e )

current position of his goal (the optimal residuals at the current time instant) is (—
For model (8), the trajectory of agent i will be understood as the sequence of residuals 5?, E}, e

el,... realized within this model.

The convergence of (8) means that e/ — &f =0 as t — oo.

Proposition 1. The indicator behavior process (8) converges if and only if the process (5)—(6)
converges within the model (1)—(4).

The proof of this proposition is provided in the Appendix.

The next proposition shows that the convergence of the trajectory of the total residuals of all
agents is sufficient for the convergence of the trajectory of each agent.

Proposition 2. If 3 .y 53 — 0 ast — oo, then z—:é- —e;=0VjeN.

This fact is proved in the Appendix using mathematical induction.
Note. The equality 3= ;c e’ = 0 for (8) implies the equalities |5§+1| =(1- 7§+1/2)|5§| and the
inequalities |z—:§-+l| < |z—:§| under 7;“ # 0Vj € N. They indicate that, in the case under consideration,
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the trajectories of all agents at time instant (¢t + 1) will be closer to the equilibrium than at time
instant ¢.

The final result for model (1)—(6), which essentially follows from Proposition 1, is presented
below.

Theorem 1. In the linear Cournot model (1)—(4) with competitive agents, the market parameters
a and b and the agents’ parameters ¢; and d; do not affect the steps {'yf}t:Lg,m ensuring the
convergence of the indicator behavior model (5)—(6).

Let us mention the advantages of studying the equilibrium problem based on model (8):

— The model is indifferent to the market and agents’ cost parameters (a, b, ¢;, d;), which simplifies
the analysis procedure.

— The agents and their trajectories differ merely in the choice of the parameter v and initial
data. Only the first factor matters here, since we are interested in convergence conditions for any
initial data.

— In model (5)-(6), economic constraints may require that the agents’ current outputs be non-
negative. In model (8), there is no basis for such nonnegativity requirements.

Now we proceed to the next problem, which is important for the convergence of the trajectory
of each agent (see Proposition 2). Let us discuss conditions on the parameters v under which
Yjenes = 0.

Within model (8), we have > 53-“ =(1-3 7t+1/2 3 E et t+1/2
JEN JEN JEN
For 7J+1 =1 Vj e N, it follows that > z—:tH 1-(1+n)/2) > 53.“,
jGN JEN
For 7t+1 =0 Vj €N, the result is > 5 = > z—:;.
JEN JEN

Thus, if ;e n £§ #£ 0, then there exists a value of the parameter 4/T! such that

Yot =141 +n)/2) > € (10)

JEN JEN

The value of the parameter 5! is given by

41— [ 30t STt S e (1), (1)

JEN JjEN JEN

where 41 is the arithmetic weighted mean of the set of the parameters {'yj+1}Je ~ with weights

t t+1
{wg}jeN, ie., 4T = 2]517;% and the weights are the real numbers w! = ZJGNE + €.
J J

The negative contribution of an agent to the parameter ¥*! is possible if the sign of his residuals
does not coincide with that of the total residuals > cn £§- = Q* — Q! of all agents.

Let some time instants tg and 7, 7 > to, be fixed. Assuming that >_,cy 6;-0 40 and 7' # Hin,
for tg + 1 <t < 7 we sequentially obtain

T

St =S e T (-5 +n)/2) (12)

JEN JEN  t=to+1

based on (10). (The cases in which 5 = T and, accordingly, 3¢y €5 = 0, have been discussed
in the note to Proposition 2.)
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Let us introduce the notations

T={to+1,....,7}, Tp={teT|l-7(1+n)/2>0},
L ={teT|1-%(1+n)/2<0}.

Two cases of possible inequalities can occur at some time instants from set 74 : 1 < 1—5%(1+n)/2
(if ¥ < 0)and 0 < (1 +n)/2 <1 (if 0< At < H_Ln) The first case is “unfavorable” and the
second “favorable” for the convergence of the process. Similarly, in the set T_, there also exist
favorable time instants when —1 < 171 +mn)/2 <0 (if 12 T <A < 1_%”), and unfavorable ones
when 1 — 411 +n)/2 < —1 (if 2 Tt \'S/t).

Using the Cauchy inequality between the arithmetic mean and the geometric mean, we have

H(l—ﬁ/t(l—i—n)/Q) — Z (1 +n)/2) :[1—7+(1—|—n)/2]
t€T+ + t€T+ i

[ G a+m/2=1) < tl G +m/2-1)] = [ +n)/2-1)"
teT- T teT- i

where f:ﬂr = i Dt At and 77 = % Sier ' are the mean values of the weighted parameter 7'
over the sets T and 7T_, respectively; ty(t_) is the number of time instants in the set T
(T—, respectively), and 7 =t +¢_.

In view of (12), it follows that

<[1—=A7(1+n)/2)" 1 =371 +n)/2|"

Z Eto +7

JEN

e

JEN

(13)

Inequality (13) and Proposition 2 lead to the following result regarding the convergence of the
process (8).

Proposition 3. Model (8) converges to the equilibrium if, for an arbitrary ty and T > to, the ex-
pression [1 — 37 (1+n)/2]"" [1 =37 (1 +n)/2|" (1 =t4 +1t_) vanishes as T — .

Corollary 1. If 3ty such that 0 < 3_71_ and 37 < n—+1 VT > to, then model (8) converges to the
equilibrium.

Let us explain the validity of this corollary. If t€ T, then ' < H—Ln and %/1 < Hin Iftel_,
then 7' > L and, consequently, 77 > L Therefore, for the inequalities [1 — 57 (14 n)/2] <1

and |1 — (1 +n)/2| <1 to be true, 1t sufﬁces to require 0 < 77 and 77 < 1in
In addltlon by Propositions 1 and 3, model (5)-(6) converges for the sets of parameters {!}
whose averaged estimates satisfy the inequalities 0 <37} and 77 < = +n

Corollary 2. Let the parameters 7', t = (1,2,...,7), be random variables, and let ™ = % STt
converge in probability to the overall mean 7. Then model (8) converges in probability to the equi-
librium as T — o0 if 7 < 1_%”.

Numerical calculation: a brief ezample. Consider model (1)-(3) with n =4, a =100, b = 0.1,
¢ = (20;25;20;30), and ¢" = (250;250; 100;200). All agents bear the same fixed costs of 500. By
the formula h; = “5% we find h = (800; 750; 800; 700).

When the agents are completely informed, the static Nash equilibrium ¢* is the solution of the
system of linear algebraic equations ¢; + Q = h; (i =1,4). As a result, ¢f = h; — %Z?Zl hj and

= (190; 140; 1905 90).
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One fragment of the dynamics for n = 4

Time instants| Residuals of agents’ actions Step parameters

t £1 €2 £3 e | m | wm | Xl v | |-
1 2 3 4 ) 6 7 8 9 10 11 12 | 13
0 —60.0|—110.0| 90.0 |—110.0 —190.0

1 —10.0| —65.0 | 105.0 | —72.5 {0.40(0.30|0.30|0.25| —42.5 | 0.31 |0.31

2 0.5 | —48.9 | 95.6 | —61.0 {0.40|0.30/0.30]0.20| —13.8 | 0.27 |0.29

3 3.2 | =39.5 | 62.9 | —51.7 {0.40]0.30|0.80]0.25| —25.1 | —0.33]0.08

4 7.5 | —29.8 | 57.2 | —42.1 {0.40|0.30{0.30{0.25| —7.1 | 0.29 |0.13

5 7.5 | =224 39.7 | —35.9 {0.40|0.40{0.70{0.25| —11.2 | —0.23|0.06

6 8.2 | —15.7 | 35.4 | —30.0 {0.40]0.40|0.30]|0.25| —2.1 | 0.32 |0.11

7 6.1 | —13.0 | 30.4 | —26.0 {0.70]0.30/0.30]0.25| —2.5 |—0.08]0.08

8 5.4 —-9.9 | 26.2 | —22.4 {0.40]|0.40{0.30|0.25| —0.7 | 0.28 |0.10

9 5.1 —-8.3 | 224 | —19.5 (0.10]/0.30{0.30{0.25| —0.3 | 0.24 |0.12

10 4.7 | =70 | 19.1 | —17.1 {0.20(0.30]0.30{0.25| —0.3 |—0.03|0.10

11 3.4 —3.3 | 144 | —10.1 {0.60|1.00|0.50|0.80| 4.3 5.61 5.61
12 —0.5 | —3.8 5.0 —-7.2 11.00{1.00{1.00|{1.00| —6.5 | 1.00 3.31
13 3.0 1.3 5.4 —0.4 1.00|1.00|0.50|1.00| 9.3 0.98 2.53
14 -32| —4.0 | —2.0| —4.9 [1.00{1.00{1.00|1.00| —14.0 | 1.00 2.15
15 5.4 5.0 6.0 4.6 |1.00|1.00|1.00|1.00| 21.0 1.00 1.92
16 -78| =80 | =75 | =82 [1.00{1.00{1.00|{1.00| —31.5 | 1.00 1.77
17 11.9 11.8 12.0 11.7 |1.00|1.00(1.00|1.00| 47.3 1.00 1.66
18 -17.7| =178 |—-17.6| —17.8 {1.00{1.00{1.00|1.00| —71.0 | 1.00 1.57
19 26.6 26.6 26.7 26.6 [1.001.00{1.00{1.00| 106.5 | 1.00 1.51
20 —-39.9| —6.7 |—26.6| —39.9 {1.00|0.50]0.80(1.00|—113.1| 0.82 1.44
21 36.6 | 23.3 8.3 36.6 |1.00/0.50|0.50|1.00| 104.8 | 0.77 0.77
22 —34.1| —=8.7 |—=19.9| —34.1 |1.00]0.50|0.50|1.00| —96.9 | 0.77 0.77
23 314 | 17.7 9.3 31.4 [1.00|0.50(0.50|1.00| 89.7 | 0.77 0.77
24 —11.0| —9.2 |—15.5| —29.2 {0.70|0.50]0.50|1.00| —64.8 | 0.69 0.75
25 26.9 9.3 4.6 —5.7 11.0010.50(0.50]0.50| 35.2 | 0.62 0.72
26 —4.1 | —-1.8 | =5.3 | —20.4 |1.00/0.50|0.50{1.00| —31.7 | 0.76 0.73
27 13.8 6.6 3.9 5.6 [1.00/0.50(0.50{1.00| 29.9 | 0.78 0.74
28 5.0 —2.5 | —4.5 | —12.1 {0.40]0.50|0.50|1.00| —14.2 | 0.59 0.72
29 9.6 1.6 0.1 1.0 ]1.00(0.50]0.50|1.00| 12.4 0.75 0.72
30 -14| -19 | =3.0 | —=5.7 |1.00]0.50|0.50|1.00| —12.0 | 0.79 0.73

Note: the notations in the table header are provided without the superscript “t,” which is
supposed to be the corresponding time instant (period or iteration) from column 1.

The transition to model (8) is performed using the formula for calculating the residuals e =
qf — qt. We have ¥ = (—60; —110; 90; —110).

For each time instant (column 1), the current values of the residuals &! (columns 2-5), and
the current values of the parameters 7! (columns 6-9), the table presents the arithmetic weighted
means 3* of the sets of parameters {7} (column 11) calculated using formulas (8) and (11).

The convergence of the process depends on what steps v the agents choose. As is known, if
the agents take the maximum (unit) steps 7, the process converges only in the case n = 2. For
n = 4, the process diverges if all agents take steps exceeding 0.8. Generally speaking, for n = 4 the
question of convergence remains open if the agents act differently: some agents choose steps greater
than 0.8 while the others smaller.
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Residuals

residuals of agent |

i A
-60.0 | 27 -=---- residuals of agent 2
-80.0 | S residuals of agent 3
—: ggg 1 Time instants — — —residuals of agent 4

Fig. 1. The dynamics of action residuals of individual agents.

A6 08 10 12 14 ¥ oud bol by WM 28 30
[} .’: l.; L

Total residuals

Time instants

Fig. 2. The dynamics of total residuals.

To visualize the conditions introduced above and indicate the convergence of the process, we
separate 3 intervals containing 10 time instants each. During the first 10 time instants, the agents
intentionally take small steps to ensure convergence. During the next 10 time instants, larger steps
are selected to show the divergence of the process. During the final 10 time instants, the process is
again made convergent due to small steps taken by some agents.

Consider the process dynamics in more detail. At each of the first 10 time instants, the weighted
means 7' do not exceed 2/(1 +n) = 0.4 (there are two negative values), and the aggregate esti-
mate 77 (their arithmetic mean over ¢ time instants, see column 12) lies in the range (0,0.4).
Therefore, we observe a trend for decreasing the absolute value of the total residuals: from
£0 = (—60; —110; 90; —110) and ‘2;*:1 z—:g’ =190 to €10 = (4.7; ~7.0;19.1; ~17.1) and ‘z;*zl 5;0‘ —0.3.

During the next 10 time instants (from the 11th to the 20th), 4* and the aggregate dynam-
ics estimate 47 (column 13) exceed 4/(1 4+ n) = 0.8, which determines a trend for increasing the

absolute value of the total residuals to 2 = (—39.9; —6.7; —26.6; —39.9) and ‘Z?Zl E?O‘ = 113.1.

From the 21st to the 30th time instants, the arithmetic weighted means 7' and their arithmetic
mean 47 lie in the range (0.4,0.8). In other words, the convergence conditions of Proposition 3
and Corollary 1 are satisfied for tg = 21, and we observe a trend for decreasing the total residuals:
30 = (—1.4; —1.9; —3.0; —5.7) and ‘2;;1 53”?0’ —12.0.

Also, we have 730 = % z?il At = 0.76. According to the table data, the dynamics evolve towards
the static Nash equilibrium.

Figures 1 and 2 demonstrate the “synchronization” of the dynamics of individual and total costs.
Obviously, if the residuals of each agent converge, the total residuals of all agents will converge as
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well. The converse also follows from Proposition 2: if the total residuals vanish, the residuals of
each agents will vanish too.

4. CONCLUSIONS

This paper has considered the problem of identifying convergence conditions of collective behav-
ior models to equilibrium. The peculiarity and novelty of the approach presented above consist in
the following. Traditionally, such conditions are formulated as admissible ranges for the values of
the parameters v for each agent at each time instant: if each agent chooses his parameter within
such a range at each time instant, the dynamics surely converge. In this study, the convergence
conditions have been formulated for a set of time instants (i.e., over a time interval) as an admis-
sible range for the arithmetic mean of the parameters, which are the arithmetic weighted means of
the set {'y;-}je N~ for each time instant ¢ included in the time interval. If the mean over the time
interval belongs to the range, the dynamics of each agent will evolve towards the equilibrium. In
addition, if the set of time instants is unbounded, the dynamics of each agent will surely converge
to the equilibrium.

APPENDIX

Proof of Proposition 1. First, we note the existence of a unique static Nash equilibrium in
model (9) and ef =0 Vie N.

The validity of Proposition 1 follows from the fact that one process is obtained from the other
via a transformation based on the residuals as the change of variables. Therefore, the convergence
of the process (5)—(6) directly implies the convergence of the process (8).

Now we employ mathematical induction to show that the convergence of the process (5)—(6)
follows from the convergence of the process (8).

Let €° be the initial data vector of the process (8) under which it converges. We define by
q° = ¢* — " the initial data vector of the process (5)—(6) and calculate ¢! using formula (8). In
view of h; = Q* + ¢ and (6), we establish that ¢! = ¢* — ¢! :

.0 S (g — %)
qi‘—ff}:qz‘—ég—%-l(—%—ff? =qf = |- @ )

2¢F + 2 i(qt — 4Y) Q +aq —> 44"
—pp (R ) g (TR

2 3

hi = 35245
=q +; (%—qg = ¢+ (2:(¢%) — &) = ¢ .

By analogy, it can be shown that ¢' = ¢* — &' implies ¢/t! = ¢* — /! for e!*! calculated using
formula (8). Therefore, if et — 0, then ¢* — ¢*.

The proof of Proposition 1 is complete.

Proof of Proposition 2. Suppose that > ;cy zs; — 0. Then V4 >0 3t' such that ’ZJEN 5?’ < 0 for
t>t.
Letting t = ¢’ 4+ 1 and using (8) yield

bl + it /2 ZEE < (1=~ 2) et + oyi 2 < (1 — A1 /2) |el| + 0.

JEN

e < (1=t 2)
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Based on (8) and the previous inequality, we have

e < (1-9172/2)

2

e+t 2 |2 e < (1= 2)
JEN

Ef“‘ + 6912 /2

<=2 =" /2) |

< (L=a12/2) (1=~ 2) |el| + 6.

+ (=i 2) 22 6

Following the method of mathematical induction, we assume that at some time instant (¢t +m),

(1-~/2) +6.

s

ell x

5§+m’ <

=1

Based on (8) and the last inequality,

€§+m+1‘ <(1— ,yf+m+l/2)

E§+m‘ + ,Yf+m+1/2 Z E§+m < (1 _ ,yf+m+l/2) 'Ei-l-m’ + 5,Yf+m+1/2

JEN
m m—+1
< (1=Aftmtly2) [ x T =A/2) 0|+ ayermet = |l < T (1 = 4E*/2) + 6.
=1 =1

In other words, the same inequality holds at time instant (¢ +m + 1).

In the inequalities derived for each time instant, the first term vanishes as m — oo under v # 0
and an arbitrarily small number §. Therefore, the conclusion follows, and the proof of Proposition 2
is complete.
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