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Abstract—For a linear time-varying singularly perturbed system with a small parameter u for
a part of derivatives and quasi-differentiable coefficients, existence conditions are established
and p-asymptotic composite full- and reduced-order observers are constructed. The error in
estimating a state with an arbitrary predetermined exponential decay rate converges to an
infinitesimal value of the same order of smallness as the small parameter. The observer gain
vector are expressed in terms of the gain vectors of subsystems of smaller dimension than the
original one and independent of the small parameter, and the parameters of the original system
are subject to weaker requirements than those previously known. A constructive algorithm for
calculating the gain vector of a composite observer is presented.
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1. INTRODUCTION

The problem of estimating the states of dynamic systems using available information is relevant
due to its importance for various positioning systems (location determination) of control objects.
However, in real situations, direct measurement of the state vector may be difficult (for cost reasons,
due to technological limitations, etc.). In this case, states can be estimated using a specially
constructed dynamic system called an observer (estimator). The observer’s input is the output
function of the original system, and its state must, in one sense or another, approximate the state
of the original system [1-6]. If, with increasing time, the state of the observer converges to the phase
vector of the system, then the observer is called asymptotic. If, in addition, there is exponential
convergence, then such an observer is called exponential.

The definition of an observer was first introduced by Luenberger in his dissertation in 1963 (see
also [7, 8]). He showed that for every linear system being observed, an observer that is itself a
linear system can be designed with the estimation error tending to zero at a given rate. In this
case, the task of constructing an observer comes down to choosing the gain, which is calculated
from the system parameters and does not depend on the output [8].

Singularly perturbed systems (SPS) with a small parameter p for a part of derivatives are
widely used in applications in aviation, chemistry, electrical engineering, mechanics, etc. as models
of multi-tempo processes when simulating the dynamics of aircraft, chemical reactions, movements
of robotic manipulators, etc. (see reviews [9-13] and references there). For SPS, depending on the
information about the small parameter and the needs of the applications, different formulations of
observation problems can be considered: with a known value of the small parameter ;4 [14], for a
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known closed interval of values of the small parameter ;o € [, 7] C (0, u°] [15], for an unknown value
of the small parameter p [16]. Formulations are also distinguished depending on the composition
of the components being evaluated: estimation of both slow and fast components, or only slow
components (see [10] and references there). In applications, the exact value of the small parameter
can be unknown. Therefore, it is important that observers provide a “good” state estimate for
the entire p-parametric family of SPSs for various values of the parameter p. Observers provide
estimates of the system states in conditions where the system model is not precisely known, are

called robust observers.

Depending on the dimension of the observer full-order observers, the state of which has the same
dimension as the state of the observed system, as well as reduced-order observers, the dimension of
whose states is smaller (by the dimension of the output), are distinguished [1, p. 379]. Identification
in the SPS of fast (parasitic) dynamics, when describing which a small parameter appears in the
model, allows us to further reduce observers.

The use of the multi-tempo structure of the SPS allows, when constructing observers, to operate
with systems of a smaller dimension than the original one (see [14, 16, 17])—subsystems of slow
and fast movements separated by time scales. In this case, the gain for the observer of the original
SPS can be calculated as a composition of the gains of separately designed observers of the slow
and fast subsystems. This approach for constructing a composite [14] observer is used in [17] for
linear time-invariant SPS (LTISPS). In [16] for the LTISPS the concept was introduced and the
construction of p-asymptotic observers was justified, for which the state estimation error with an
arbitrary predetermined exponential decay rate converges to an infinitesimal value of the same
order of smallness as the small parameter. In [14] the construction of a u-asymptotic full-order
observer for a linear time-varying SPS (LTVSPS) is described, but the rules for constructing such
observers are not given there. Research on the design of observers of slow states of nonlinear SPS
can be found in [18-21] and the works cited there.

Many real dynamic systems are described by models whose parameters depend on time. Con-
structive methods for the analysis and synthesis of time-varying systems can be obtained for systems
that can be reduced to time-invariant [22].Time-varying systems can arise during the linearization
of time-invariant nonlinear systems. Linearization of time-invariant systems can lead to a decrease
in the smoothness of the system parameters. The use of the quasi-differentiation apparatus [23, 24]
allows us to expand the class of time-varying systems for which it is possible to obtain constructive
results.

When we consider deterministic observation systems, state estimation assumes that the system
has a certain type of observability. For a time-invariant system, complete observability guarantees
the existence of an asymptotic observer [2]. For a time-varying system, its uniformly complete
observability is required. However, this property is difficult to verify in terms of the coefficients
of the original observation system, and therefore, from a constructive point of view, it is not
very effective. The approach proposed in [5] based on the quasi-differentiation technique makes it
possible to constructively construct observers for uniformly observed time-varying systems, while
weakening the known requirements for smoothness of coefficients.

Issues of SPS observability were previously studied by the author in [25-30]. The contribution
of this work is that, in contrast to [25-30], the problem of constructing observers is studied; in
contrast to [5], a singularly perturbed system is considered; in comparison with [14], a constructive
algorithm for constructing a composite exponential LTVSPS observer has been developed, while the
requirements for the smoothness of the system parameters have been relaxed; in contrast to [16, 17],
time-varying SPS is considered.
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2. FORMULATION OF THE PROBLEM
We consider a linear time-varying singularly perturbed system (LTVSPS):
z(t) = A (H)x(t) + Az (t)y(t), z=eR™, yeR",
pi(t) = As(t)e(t) + As(y(t), € T = ro, +00), .

with scalar output
v(t) = ci(t)z(t) + c2(t)y(t), veR, teT =lty,+0o0). (2)

Here 1 is a small parameter, u € (0,u°], u° < 1, 2(¢) is an unknown vector of slow variables,
y(t) is an unknown vector of fast variables, A;(t), i = 1,4, ¢;(t), j = 1,2 are continuous matrix
functions of compartible orders and row vector functions bounded on T, respectively, v(t) is a
measured output function.

Let in the LTVSPS (1) some fixed value of the parameter u € (0, 4] was implemented and an
unknown initial state

.%'(t()) = X0, y(tO) = Yo, HAVNS RT“’ Yo S Rn27 (3)

which, due to the system (1), (2), generated a process {(z(t),y(t)), t € T'}, inaccessible to direct
observation and a error-free measurable output function v(t) = v(¢, u, xo,yo), t € T. It is required
to estimate the unknown state (x(t),y(t)), t € T using the known function v(t), t € T. To solve
this problem, we will construct an asymptotic observer.

Let’s denote n = ny +no, 2’ = (2',y), 25 = (x(,y)), the symbol “’” (prime) indicates transpo-
sition.

Using the LTVSPS parameters (1), (2) we define the vector function ¢(t) = (c1(t), ca(t)), as well
as the matrix function depending on the parameter p > 0

Ai(t)  As(t)
A(t,p) = | As(t) Aat) |- (4)
[ i

Then the system (1)—(3) can be represented in the state space R”

it)=At,p)2(t), zeR", t €T,
(A, e): v(t)=c(t)z(t), veR, teT, (5)
z(to) = 2o-

Let us identify the system (5) with the pair (A4,,c), consisting of the matrix functions A(t, i)
and c(t). Let us represent the matrix A(¢, u) (4) in the form

(6)

A(t, p) = diag {Enl’ %Eng} A(t),  A(t) = ( Ar(t) As(t) ) '

As(t) Aal(t)

Here and below, Ej denotes the unit k£ x k-matrix.

By (6), the system (5), defined by the pair of matrix functions A(t),c(t) and a small parameter
p € (0,10, is also identified with set {4, c,u}. If the parameter i takes all possible values from
the interval (0, u%], then we obtain a p-parametric family of systems {A, c},0, which is considered
as a single mathematical object defined on T x (0,°]. Fixed u € (0, %] distinguishes a specific
system (A, c) from the family {A, c} 0.
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Let p be some positive number.

Definition 1. System of differential equations
W(t) = At pwt) + K () (ut) — e(yul®)), w e R, (7)

is called a full-order p-exponential observer of the family of systems {4,c},0 with a gain vec-
tor K(t,u), and an estimation coefficient c,(u) >0, p € (0, u°], if for any ¢ > ¢, the estimation
error e(t, ;1) = z(t,u) — w(t, u) satisfies the inequality

lle(t, )] < epp) exp(—p(t — 1)), vt = T,V € (0, ).

A method for constructing p-exponential observers for uniformly observed time-varying systems
with quasi-differentiable coefficients was proposed in [5]. For any fixed u, this method can be
used to construct the LTVSPS observer (5). However, the following problems may arise: in the
general case, the observer’s parameters will depend on a small parameter that may be unknown in
advance; when using the method from [5], the existence of the canonical Frobenius form and the
construction of a corresponding parameter dependent transformation matrix for a high-dimensional
SPS are required. In this case, for © — 0 the transformation matrix in the general case will be
ill-conditioned, and the elements of the canonical Frobenius form tend to infinity. Therefore, it
is relevant to develop methods for synthesizing observers that are robust with respect to a small
parameter, which do not use knowledge of the value of the small parameter and provide “good”
estimates of the state for any sufficiently small values.

The conditions for robust P-uniform observability of a linear time-varying two-time-scale
LTVSPS, necessary for constructing p-exponential observers, were obtained in [31].

We denote by O (i) a vector function f (¢, ) on the interval [t!,00) such that there exist con-
stants ©* > 0, d > 0 such that the Euclidean norm ||f (¢, u)|| satisfies the inequality ||f (£, n)|| < du
Vu e (0,u*], vVt € [t 00).

Let 7(t, 1) > 0 be a given function bounded on T x (0, u"].

Definition 2. The system (7) is called a full-order p-exponential observer with a bounded on
T x (0, u°] error r(t,p) for the family of systems {A,c},o if for any ¢ > o the estimation error
satisfies the inequality ||e(t, u)|| < c,(u) exp(—p(t — 1)) + r(t, ), Yt > ¢, Vu € (0, u°).

Ifin (7) K(t,p) = diag {Ep, , iEnQ}K(t), () = ¢,y p € (0,10, and for some n, n =1,2,3,...,
the equality r(t,u) = O (u"), t € T, is true then we call (7) a robust p-asymptotic p-exponential
observer of the LTVSPS family (5).

The definitions introduced above are consistent with the concepts from [5, 14, 16, 34].

Robust p-asymptotic p-exponential observer of the LTVSPS family {4,c},0 (5) performs uni-
form (on p) asymptotic (on t) estimation of the state vector (z,y) of any system of the LTVSVS
family (5) with a bounded error, which has an order of smallness no less than p. Its gain vector
is calculated independently of the small parameter and provides such estimates of the states of
systems of the LTVSVS family (5) that the estimation error with an arbitrary predetermined ex-
ponential decay rate tends to an infinitesimal value of the order of smallness no less than the small
parameter.

Problem 1. To construct for the LTVSPS (1)—(2) a robust p-asymptotic p-exponential observer.
In this case, the gain vector must be expressed by gain vectors of parameter-independent sub-
systems, constructed according to the LTVSPS (1)-(2) and having a dimension smaller than the
original one.
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3. LTVSPS SUBSYSTEMS, THEIR OBSERVABILITY AND OBSERVERS
3.1. LTVSPS Subsystems and Their Connection with LTVSPS

Solving problems of analysis and synthesis of SPS is often simplified by using the asymptotic
decomposition of SPS into subsystems of smaller dimension. This paper describes a constructive
method for constructing observers for the LTVSPS, using the asymptotic decomposition of the
LTVSPS and implemented through the construction of observers of associated with the LTVSPS
(1)=(2) independent of the parameter p a degenerate system (DS) and a boundary layer sys-
tems (BLS) [32], which are obtained from a singularly perturbed system if we consider it separately
in the “fast” and “slow” time scales at p = 0.

Let det Ay (t) #0, t € T, i.e., a standard LTVSPS is being considered. Then the DS (slow
subsystem) has the form

Ts(t) = As (t) x5 (t) , 25 (0) = x0, v5 (t) = s (t) w5 (1), t €T,

(e 4 ) 2 A1 (1) — A AT () As(8), e (1) 2 a(t) — ea(t) A7 (1) As(0),

(8)
and is a time-varying ni-dimensional system. Let us identify it with the pair (As, cs).
The BLS (fast subsystem) for the LTVSPS (1)—(2) has the form:
dyf (T) t—to A
BT — Aalto)us (), oy () = ealto)us (7). 7= € T, 2 o,
(A4(to), e2(to)): AT iz g
yr (1) =y (to + pr) — A7 (to) As(to)zo, y£(0) = yo + A (to) As(to)xo,

and is a linear time-invariant ne-dimensional system. Let us identify it with the pair (A4(to), c2(to)).

t1—to

y (9)

Along with the time-invariant BLS (9), we introduce a t-family of fast subsystems (A4, c2)(t)
of the form (9) with A4(t), c2(t), (where ¢t € T' is a fixed value, considered as a family parameter)
instead of A4(to),ca(to). The BLS (9) is isolated from the ¢-family of fast subsystems (Ag, c2)(t)
when t = .

Note that the DS (Ag, cs) (8) and the ¢-family of fast subsystems (A4, c2)(t) (9) are defined for
the entire family {4, c},0 immediately.

The following statement, which follows from [32, Theorem 6.1, p. 227], establishes a connection
between the solutions of the LTVSPS (1), (3) and its subsystems (8), (9).

Statement 1. Let the roots A (A4 (t)) of the characteristic equation det (AE,, — A4 (t)) =0 of
matriz Ay (t) satisfy the inequality Re X (A (1)) < —y <0Vt €T, v = const > 0; A;(t),i=1,4
are continuously differentiable on T, Ay (t),k = 2,4, are bounded on T. Then there exists pu* > 0
such that for all p € (0, u*] the functions

t—to

xl(t) = x(t), yl(t) =Yy ( 1

where x4 (t) ,yg (t) are solutions of the DS (8) and the BLS (9), are 1st-order asymptotic approxi-
mations of solution of the problem (1), (3), uniform ont €T :

() =" () +0 W), yt)=y" () +0 (), teT.

)~ A 0 As(02,0), e T,

3.2. Observability of Subsystems

In this work, when constructing observers for the DS (8), we use a method that imposes weaker
requirements on the smoothness of functions, compared to previously known ones, and uses the
concept of quasi-differentiability with respect to some lower triangular matrix P, a system of
class {Ps,n; — 1} and uniform observability of the DS. Let us introduce the concepts related to
this.
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For an arbitrary non-negative integer k, we denote by Uy(T') the set of all lower triangular ma-
trices P(t) of dimension ((k + 1) x (k + 1)) with elements pj;(¢) continuous on T' (4,7 =0,1,...,k)
satisfying the condition p;;(t) #0 (t € T), (j =0,1,...,k). For an arbitrary matrix P(t) from the
set U (T) and a continuous function w : ' — R quasi-derivatives gjw(t) of order j (j=0,1,...,k)
with respect to the matrix P(t) are determined according to recurrent rules [23]:

0 w
Pw(t) = poo(t)w(t), pw(t) = pll(ﬂw +puo(t) (pw(t)), ...,

d(f w(t))

, j—1 A (10)
pw(t) = pij(t) ===+ > pjt)(pw(t)) (j=2,3,....k).
=0

dt

It is assumed that the differentiation operations in the formulas (10) are feasible and lead to
continuous functions.

Let some matrix P; € U, (T) be given. Following [24, page. 31], we introduce the definition for
the DS (8).

Definition 3. The DS (As, ¢s) (8) has a Ps-class m if each of its output functions vs(t) = vs(t, o),
t € T, has continuous quasi-derivatives with respect to the matrix Ps; up to order m inclusive.

Applying Lemma 2.1 from [24, p. 32] to the system (8) we obtain

Statement 2. The DS (8) has the Ps-class n1—1 if and only if for any k = 1,...,n1—1 following
row vectors exist and are continuous

j—1
SsO(t) = ps,OO(t)Cs(t)’ Ssj(t) = pS,jj(t) (Ss,jfl(t)As(t) + és,jfl(t)) + Zps,ji(t)ssi(t)- (11)
1=0

In particular, the DS (8) has the class {Ps,n; — 1} with respect to the ny X ni-matrix P, of the
form (18) from [5], constructed according to the parameters of the DS (8).

Definition 4. The DS (A, ¢s) (8) of class {Ps,n; — 1} is called Ps-uniformly observable on the
interval T if for any xy € R™ mapping
2s(t) = (Bvs(t), pvs(t), ..., B 0s(t)), vs(t) = vs(t, zo)
is injective for each t € T

Definition 5. The ¢-family of fast subsystems (A4, c2)(t) (9) is called completely observable
on T}, if any subsystem from the ¢-family (¢t € T) is completely observable [35, p. 68; 24, p. 29].

Let the DS (Ag, ¢s) (8) have Ps-class n; — 1. Let us define the (n; X nj) observability matrix of
the DS (A, ¢s):

SsO(t)
sp=| | e,
Ssn1—1(1)
where nj-row vectors sg;(t), j = 1,2,... are determined by the formulas (11) and (ng X ng)-
observability matrix of ¢-family of fast subsystems (Ay4, c2)(1):
sfo(t)
sp(t)
Sp(t) = , (teT), (12)
3f7n2*1(t)
where no-row vectors sso(t), sfi(t), ... are defined by the formulas
$730) = 5751 (DA, s70(0) = ea(0). (13)
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Applying the conditions from [35, p. 68; 36, p. 89] to the DS (8) and to the ¢-family of fast
subsystems (9), we obtain

Statement 3. The DS (8) of Ps-class ny — 1 is Ps-uniformly observable on T if and only if
rank Sp (t) =n; VteT.

Statement 4. The t-family of fast subsystems (Ayg,c2)(t) (9) is completely observable if and only
if rank S¢(t) =no VteT.

3.8. Observers for Subsystems
Let ps, py be some positive numbers.

Definition 6. A system of differential equations
we(t) = As(t)ws(t) + ks(t) (vs(t) — cs(D)ws(t)), ws € R™, t > to, (14)

is called a ps-exponential observer of the DS (As, ¢5) (8) with the gain vector ks(¢) and the estimation
coefficient ¢, > 0, if the estimation error e4(t) = x5(t) — ws(t) satisfies the inequality ||es(t)|] <
Cps exp(—ps(t — 1)), t > t, for any ¢ > to.

Definition 7. A system of differential equations

d

7@05757') = As()ws(T) + k¢ (t) (vp(1) — c2(t))wys(7)), wreR™, 7>0, teT, (15)
is called a pg-exponential observer of the t-family of fast subsystems (A4,c2)(t) with the gain
vector k¢(t) and the estimation coefficient ¢,y > 0, if for any system of the ¢-family (V¢ € T') the
error €4(7) = y(7) — wy(7) satisfies the inequality ||e¢(7)|| < ¢ pexp (—py(7 — 7)), 7 = 7, for any
7T>0.

We denote by L£(n1) the set of all invertible ny X ny matrices that are continuously differentiable
and bounded on T' together with their inverses. The set £(n1) is a Lyapunov group [37]. The
action of the group £(n1) on the pair (A, c), consisting of a n; x nij-matrix function and a nj-row
vector with elements continuous on 7', we define according to the following rule [24, p. 42]

G (A,0) = (GTTAG - G716, G), G € L(m). (16)

Using [5, 31], it is easy to verify the validity of the following statements.

Statement 5. If for some Ps; € Uy, (T) the DS (8) is Ps-uniformly observable and for it there
exists a canonical Frobenius form (A2, c2),

CREC)
0 0 0 ... 0 ap
1 0o ... 0 aq
AAH=]1 0 1 0 ... 0 o , () =(0,0,...,0,1), (17)
0 0 0 ... 1 oap_1

relative to the actions of the Lyapunov group L(ny), then for any ps > 0 there exists a ps-exponential
observer (14).

Statement 6. If the t-family of fast subsystems (9) is completely observable, then for any py > 0
there exists a pg-exponential observer (15).

Observers for the DS (8) and the t-family (9) can be constructed by applying for them the
method of constructing p-exponential observers from [5, Theorem 5.
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3.3.1. Scheme for Constructing a p-Exponential Observer for a Time-Varying DS (8).

1) Let the DS (8) be uniformly observable (Statement 3) and for it there exists a canonical
Frobenius form (AY, 2), with respect to the actions of the Lyapunov group £(n1) [24, p. 69]. Let

C RN
us denote by a(t) = (ag, 1, ..., an, 1)’ ni-vector column of coefficients of the matrix A%(¢).

2) Find the transformation G(t) € £(n1) for which G * (A, cs) = (A2, 9).
Note that to construct the canonical Frobenius form and the corresponding transformation
matrix G(t) from the Lyapunov group £(n;) you can use the method described in [5; 24, p. 81].

3) Choose real numbers Aj, Ag, ..., \,,, satisfying for the given p > 0 the inequality \; < —p,
i=1,2,...,n1.

4) Construct a polynomial (€ —A)(€ —Xa) - (€ —Ayy) = €™ — By 16" — - — B1€ — By and
let Bs = (Bo,B1,- -, Bny—1) be ni-vector column..
5) Calculate the gain vector k() for the observer of DS (14):
ks(t) = Gs(t)(as(t) — Bs).- (18)

3.3.2. Scheme for Constructing a p-Exponential Observer for a ¢t-Family of Time-Invariant Fast
Subsystems.

1) Let the t-family of fast subsystems (9) be completely observable (Statement 4). By the
canonical Frobenius form (A?c,c?) of the t-family (9) we mean a set of systems, each of which
is the canonical Frobenius form of the corresponding fast subsystem. To find it, we construct a
characteristic polynomial of the ¢-family (9). For each t € T its coefficients define the vector af(t) =
(ao(t),ar(t),. .., an,—1(t)) coefficients of the canonical Frobenius form of the corresponding fast
subsystem.

2) Calculate the transition matrix to the canonical Frobenius form for the t-family of fast
subsystems: G¢(t) = S;l(t)S?(t), where S¢(t) and S?'(t) are the observability matrices of the t-
family of fast subsystems and its canonical Frobenius form, calculated using the formulas (12), (13)
with matrices A4(t), ca(t) and A?c(t), c?(t), respectively.

3) Choose real numbers A1, Ag, ..., Ay, that, for a given positive number p, satisfy the inequality
A < —p,i=1,2,... na.

4) Form a no-vector B = (Bo, b1, .., Bn,—1)" with constant elements such that (£ — A1)(€ — A2)
o (§ = Any) = €M = By 1€ = = i€ = fo.

5) Calculate the gain vector k¢ (t) for the observer of the t-family of fast subsystems:

kp(t) = Gy(t) (ap(t) = By) - (19)

Note that the function kf(t), t € T, defined in this way inherits the properties of smoothness
and continuity of the functions a(t), and hence the coefficients A4(t), c2(t) of the t-family of fast
subsystems.

4. COMPOSITE OBSERVER OF LTVSVS
4.1. Robust pu-Asymptotic p-Exponential Observer of LTVSPS

Let p > 0 be given.
Theorem 1. Let

(i) for some matriz Ps € Uy, (T') the conditions of Statements 2, 3 are satisfied and DS (As, cs)
(8) has the canonical Frobenius form under the action of the Lyapunov group L(ny);

(ii) for the DS (8) a p-exponential observer with a gain vector ks(t) (18) and an estimation
coefficient c,, was constructed;
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(iii) the conditions of the Statement 4 are satisfied;

(iv) for the t-family of fast subsystems (A4, c2)(t) (9) a u®p-exponential observer with a gain
vector ky(t) (19) and an estimation coefficient c,, was constructed;

(v) matriz functions

Ai(t) = A1(t) — ki(t)er(t), Aa(t) = Ag(t) — k1(t)ea(t), (20)
As(t) = As(t) — ka(t)er(t), Aa(t) = Au(t) — ka(t)ea(t),
where
k() = Ao (8) A (kg (t) + ks(t)[Eny — ca(t) AL (1)K p (1)), ka(t) = kg (t), (21)

are continuously differentiable and bounded, derivatives of functions fli(t), 1= 2,3,4, are bounded
on T .
(vi) ReA(A4(t)) < —y1 <0, v1 = const >0, Vi > tp.
Then there exists u* € (0, u°] such that the system
g (1) = Ay (D) w, (t) + Ag(t)wy () + ki (t)o(t), w, € R™, w, € R™2,
iy (t) = Az (tyw (t) + Aa(t)wy(t) + ka(t)o(t), t > to, (22)
w,(0) =0, wy(0) =0,
is a robust p-asymptotic p-exponential observer of the LTVSPS (5) family {A, c}».

The proof of Theorem 1 is given in Appendix.

Note that the requirement for the existence of a canonical Frobenius form for the DS weakens the
requirement for the existence of a canonical Frobenius form for the original LTVSPS. For example,
a system like @(t) = |t — 1|x(t) + (1 — |t — 1|)y(¢), py(t) = tx(t) — ty(t), v(t) = y(t) does not have
the canonical Frobenius form [24, p. 73, Theorem 3.4]. At the same time, the DS @4(t) = x4(¢),
vs(t) = xs(t), for this system has the form of the canonical Frobenius form. For a ¢-family of time-
invariant fast subsystems, the canonical Frobenius form always exists if the condition of complete
observability is satisfied (Statement 4). For the example given here, the DS has the form %yf(T) =
—tys(7),vp(7) = yy(7) and is completely observable.

4.2. Algorithm for Constructing a Robust pu-Asymptotic
p-Ezxponential Observer of the LTVSPS (5)

The following algorithm follows from the proof of Theorem 1 (see Appendix).

1. Construct the DS (8) and check the fulfillment of the conditions (i) of Theorem 1. If they
are not satisfied for any P, then the DS is not uniformly observable and, therefore, there is no
canonical Frobenius form for it. Notice, that one of the matrices Py for which the conditions of the
Statement 2 are satisfied is a matrix Ps of the form (18) from [5], which is constructed according
to the parameters of the DS (8).

2. Construct the t-family of fast subsystems (9) and check the fulfillment of the conditions (iii)
of Theorem 1.

3. Set the desired value for the rate of exponential decrease in observation errors p > 0.

4. Calculate the gain vector ks(t) of p-exponential observer for the DS (8) according to (18)
(item 3.3.1).

5. Calculate the gain vector kg(t) of 10 p-exponential observer for the ¢-family of fast subsys-
tems (9) using (19) (item 3.3.2).

6. Calculate the coefficients k;(t), ka(t) using (21).

7. Check the fulfillment of the conditions (v) and (vi) of Theorem 1.

8. Form composite observer (22).
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5. REDUCED OBSERVERS OF LTVSPS

The observer’s state (22) approaches the O(u)-approximation of the LTVSPS state (5) with an
exponential rate p, which can be chosen arbitrarily. However, if the value of the small parameter p
is very small or unknown, then it is difficult to practically implement the observer (22). In this
regard, it is advisable to evaluate the state of the original system using a system that does not have
“fast” observer modes (22).

Similar to [16], we introduce two reduced observers of the LTVSPS.

According to the first approach, an asymptotic Luenberger observer (14) is constructed for the
DS (8) of the original LTVSPS (5). In [16] for time-invariant SPS it is proven that if matrices of the
DS (8) and the BLS (9) are Hurwitz and the DS is observable, then the asymptotic observer of the
DS is a p-asymptotic observer of the original LTISPS. Following the scheme of proof of Theorem 4
from [16] using Theorem 6.1. [32, p. 227], a similar result can be proven for the LTVSPS.

Theorem 2. Let the conditions of Statements 1, 5 be satisfied. Then there exists p* > 0 such
that the system
Wy (1) = (As(t) — ks(t)es(t)) wea(t) + ks()v(2),
Wsy = _Azzl(t)AB(t)wsz (t)a t> th (23)
wsy € R™, wyy, € R™, wg,(0) =0,

is a robust p-asymptotic p-exponential observer of the LTVSPS (5) family {A, c}x.

According to the second approach, the degenerate system is constructed for the observer (22),
which is taken to be the observer of the original LTVSPS (5).

Theorem 3. Let the conditions of Theorem 1 be satisfied. Then there exists p* > 0 such that the
system

s () = (Ar(t) = Aa(t) A7 () A3(t)) was (1) + (R (t) = Ao(t) A7 (ko (1)) v (2),
wys(t) = — A7 () Az (t)wges (t) — AL (Oka(t)v(t), t > to, (24)
wes €™M, wys €R™, 1wy, (0) =0,

is a robust p-asymptotic p-exponential observer of the LTVSPS (5) family {A, c}».

6. EXAMPLES

Let us consider numerical examples illustrating the application of the proposed method for
constructing robust p-asymptotic p-exponencial LTVSPS observers. The practical implementation
of the method uses the algorithm for constructing a robust p-asymptotic p-exponential observer
of the LTVSPS (5) outlined in Section 4.2 (items 1-8) and schemes for constructing p-exponential
observers for subsystems from sections 3.3.1 and 3.3.2.

Ezample 1. Let’s consider LTVSPS

1 (t) = (a(t) = Daa(t) + (2 — a@)y(t),  @2(t) = —21(t) — 22(t),

uy(t) = xo(t) —y(t), o(t)=yt), teT, (25)

whose matrices have the form: A;(t) = ( _01 a(t_)l— 1 ), As(t) = <2 —004(15) ), As(t) = (O 1 ),

Ay(t) = ( -1 ), o (t) = ( 00 ), co(t) = ( 1 ) and the function «(t) is bounded and continuously
differentiable on 7" with bounded derivative.
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1. The degenerate system for the LTVSPS (25):

-i'sl(t) - st(t)a i‘sZ(t) - _xsl(t) - x52(t)7 Us(t) - x52(t)7 (26)
where Ag = ( (11 1_1 ) , Cg = ( 0, 1 ) , is time-invariant and has a non-singular observability
matrix Ss(t) = _01 _1 L) this means that for the DS (26) there is a canonical Frobenius form

and, according to Statement 3, the condition (i) of Theorem 1 is satisfied.

The transformation (16) of the DS (26) by using matrix G4(t) = < _01 (1) ) leads to the canonical

Frobenius form (A, ?), A%(f) — (0 -1 ) (1) = (0, 1), where ay(t) = (—1, —1)"

s)Cs 1 -1
2. The t-family of fast subsystems for LTVSPS (25)
dy(r _ _ _
W) gy, yr) =), teT, 27)

has an observability matrix S¢(t) = (1), rank S¢(t) = 1, Vt € T, then, according to Statement 4,
the condition (iii) of Theorem 1 is satisfied.

3. Let us set the rate of exponential decrease in observer errors: p = 2.

4. Let’s take \; = —3,i = 1,2 and calculate 8s = (=9, —6)" and ks(t) = (-8, 5)'.

5. The t-family of fast subsystems (27) already has a Frobenius form with ay = (—1), so
Gf(t) = 1. Let’s choose Ay = —3, then B¢ = (—3) and k¢(t) =(2).

6. Calculate the coefficients (21): ki (t) = (2a(t) — 28, 15), ko = (2).

7. Matrix functions (20) A;(t) = A1(t), As(t) = (=3a(t) + 30, —15), As(t) = (0,1), A4(t) =
(—3) for LTVSPS (25) satisfy the conditions (v), (vi) of Theorem 1.

8. Finally, the robust p-asymptotic p-exponential composite full-order observer (22) for the
LTVSPS (25) for p = 2 will take the form:

We1(t) = (aut) — Dwga(t) — 3(au(t) — 10)wy(t) + 2(a(t) — 14)v(t),
Wea(t) = —we1(t) — waa(t) — 15wy (t) 4+ 150(t), (28)
Py (t) = wea(t) — 3wy, (t) + 2v(t).

Figures 1, 2 and Table 1 show the results of numerical experiments (performed using Wolfram
Mathematica) with the model (25) with initial conditions z1(0) =1, x2(0) =0, y(0) =0, with
a(t) = sin(t),

Figure 1 shows the dynamics of errors €,1 (thick), ;2 (thin), £, (dashed line) of the composite
observer (22) for the LTVSPS (25) at u = 0.01. Figure la corresponds to the choice of \; = —3,

Fig. 1b corresponds to A\; = —6 and demonstrates the change in the dynamics of observer errors
with increasing exponential decay rate.

To compare the quality of estimation for different values of the small parameter, we calculate
the integral norm of the observer (28) errors on the interval [0,30] (Table 1).

Table 1. Integral norm of the observer (28) errors, «(t) = sin(t)

pn=0.5 nw=0.1 w=0.01
llex1]|1 0.6755937 0.668459 0.666458
llex2||1 0.112656 0.111410 0.111141
lleyl 0.037552 0.0371366 0.030469

AUTOMATION AND REMOTE CONTROL Vol. 85 No. 4 2024



384 TSEKHAN
€ (a) € (b)
| 1

D e 2 3 0 1 5 3

Fig. 1. Dynamics of errors of the composite observer (22) for the LTVSPS (25).

€ (a) € (b)

b i ) 3 2 3

t t

Fig. 2. Dynamics of errors of reduced observers (29) and (30) for the LTVSPS (25).

Comparison of error estimates from Table 1 confirms that as p decreases, the estimation error
decreases.
The reduced observer (23) for the LTVSPS (25) has the form

W1 (t) = wsaa(t) — Su(t),
W2 (t) = —Wea1(t) — 6wsea(t) 4 50(t), (29)
Wsy = Wsz2(t), Wsz1(0) =0, wepa(0) =0.
The reduced observer (24) for the LTVSPS (25) has the form
Wes1 () = wysa(t) — 8u(t), wes1(0) =0,

W (t) = —wast () — Gtmsa(t) + 50(t),  wasn(0) = 0, (30)
wye(t) = éwmg(t) + gv(t).

Error dynamics €51 (thick), 4o (thin), €, (dashed line) of reduced observers (29) and (30) for
the LTVSPS (25) at «(t) = sin(t), o = 0.01, A; = —3 shown in Fig. 2: Fig. 2a for observer (29) and
Fig. 2b for observer (30).

Ezample 2. Let’s consider LTVSPS

o0
i1 (1) = (o) = L5 =50 21 (0 + €02 (0 + 600 (1)
2 (1) = (3(8) = a(t) 1 () + E(0z2 (1) + a(B)y (1) (1)
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where (t) = sin(t) + 2, ¢(t) =sin(t) + 1, ¢ = cos(t), £ = —sin(t) — 1, o(t) = sin(t) + 1 — Siio(igtl?
a(t) is not twice continuously differentiable at at least one point ¢ € T.

The system (31) in the form (1)—(2) has parameters n; = 2, na = m = 1 and matrices:

_ A0
R UR R ORTORY A:(Zig)
W —alt) &

A3:(1 0), A4:(—1), 01:(—1 1), CQ:(1).

For LTVSPS (31) the matrix function A(¢,u) (4) is not twice continuously differentiable and
for such a system there is no classical observability matrix. Therefore, constructing an observer
according to the scheme [5] directly for the LTVSPS (31) is impossible. However, as shown below,
it is possible to construct an observer (22) for the system (31).

1. The DS (8) for the LTVSPS (31)
(32)

has the class {Fs,2}. For the DS (32) the classical observability matrix is defined: Sg,(t) =

v €

uniformly observable and the condition (i) of Theorem 1 is satisfied.

2. The t-family of fast subsystems for the LTVSPS (31) coincides with (27), which means that
condition (iii) of Theorem 1 is satisfied.

( 01 ) . Since rank Sg,(t) = 2 =ny, Vt € T, then according to the Statement 3 the DS (32) is

3. Let us set the rate of exponential decrease in observer errors: p = 2.
4. Choose \; = —3 and calculate 35 = (=9, —6)".

S}

1 ) leads to the canonical

O =

5. The transformation (16) of the DS (32) using matrix G(t) = <

Frobenius form (17) with a(t) = (—¢ — £ + (v, ¢ + €)', Calculated gain vectors for subsystems:

1 2
o(t) = (’Y (9+66_f§f¢ ¢)+C>akf:(2)-
~20+3¢+ 37 (0 +3)* - ¢)

6. By (21) we have: ki(t) = ( o361 £ +0)

) k2 (t) = (2).
7. Matrix functions (20)

Al(t):<3<<—5>+so+v1(3<¢+3>2—v—3¢) 2(5—<>—371(<so+3>2—¢)>’
—3a+y+3(6+&+ ) 204+& =364+ )
o [30-3¢-37vH(p+3)—¢ P B o
AQ(t)_< 3@_3(6§£+¢) )),A3(t)_(3 2), Ast) = (-3 )
for LTVSPS (31) satisfy the conditions (v), (vi) of Theorem 1.

8. According to Theorem 1, the robust p-asymptotic p-exponential composite full-order observer
for LTVSPS (31) for p = 2 has the form (22) with the coefficients k;(t), k2(t) calculated in item 6.
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1 2 3
t

Fig. 3. Dynamics of composite observer (22) errors for the LTVSPS (31).

Figure 3 shows the dynamics of errors e (thick), 4o (thin), ¢, (dashed line) of composite
observer (22) for the LTVSPS (31) with initial conditions z1(0) = 1, z2(0) = 0, y(0) = 1 at u = 0.01.

7. CONCLUSION

The method proposed in this work for synthesizing observers of the LTVSPS states allows us
to split the problem into solving independent subproblems of synthesizing observers for systems
of smaller dimension, some of which are time-invariant, to ensure the robustness of observers
with respect to the small parameter and to significantly weaken the known requirements for the
smoothness of coefficients. The vector of gains of the composite observer is expressed through
the gains of subsystems independent of the small parameter, corresponding to the separation of
time scales. The state estimation error with an arbitrary predetermined exponential decay rate
converges to an infinitesimal value of the same order of smallness as the small parameter.

Theorem 1 provides sufficient conditions for the existence of a robust p-asymptotic p-exponential
LTVSPS observer. The p-asymptotic composite full-order (22) and reduced-order (23), (24) ob-
servers are constructed. A constructive algorithm for calculating the gain vector (18), (19), (21) of
the composite observer is presented, and illustrative examples are given.

When constructing the robust p-asymptotic p-exponential observer for the LTVSPS p should
be chosen so as to ensure the desired rate of convergence of observation errors into the O(u)-
neighborhood of zero.

Note that when constructing the p-asymptotic p-exponential LTVSPS observer, the existence
of a canonical Frobenius form and quasi-differentiability of the output functions of the original
LTVSPS are not required.

The results obtained can be used in the design of control systems, identification and diagnostics
of dynamic systems described by linear time-varying singularly perturbed systems.
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APPENDIX

Proof of Theorem 1.

It follows from (i) that the DS (As,cs) (8) is uniformly observable and for it there exists a
p-exponential observer. Under assumption (iii), there exists a u®p-exponential observer for the
t-family of fast subsystems (9).
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We will look for a full-order observer for the LTVSPS (5) in the form of the system (7). We will
look for the gain vector K (t, ) in the form

K(t, 1) = diag {En %En} ( 28 ) R €Y, hyh) € R,

where k1 (t), k2(t) are not yet defined. Then the observer (7) will take the form (22), and the error
dynamics equations e, (t, 1) = x(t, ) — wo(t, 1), ey(t, ) = y(t, n) — wy(t, ) for the observer (22)
will look like:

x(t) = A1(t)ex(t) + Aa(t)ey(t), er € R™,

- - (A1)
pey(t) = As(t)ex(t) + Aa(t)ey(t), ey, € R™, t>t.

Since the observation error dynamics system (A.1) has the form of the LTVSPS (1)—(2), then
when the assumptions (v), (vi) of Theorem 1 for the error system (A.1) the conditions of The-
orem 3.1 from [32, p. 212] and, therefore, there is a decoupling Lyapunov transformation of the
form (3.4) from [32, p. 210] with continuously differentiable matrices L(t, 1), H (, 1) bounded on T,
which satisfy the following system (in order not to clutter the notation, we will omit the dependence
of functions on the argument ¢ in some places):

Ay — AuL(p) + pL(p) (A1 — ApL(p)) = pL(w), (A.2)

p | A = AL ()| H(p) = H(p) |As + pL(p) Ao | + Ay = pH (). (A.3)
From (A.2), (A.3) taking into account (i), (vi) we have the approximation:
L(t,u)= Ay (1)K ( tyea(t)L(t, n) As(t) + O(p),
L(t, p) = A7 (1) As(t ) O(u),

H (t, 1) = (H (t, 1) ka(B)ea(t) + Ao (1)) A7 (£) + O(n),
H (t,p) = Ap(t)A7" () + O(p).

(A.4)

As a result of the decoupling transformation, the error dynamics system (A.1) will take the form
of a system separated by time scales:

Ee(t) = Ag(t,mlee(t), ec € R™,

A5
pen(t) = Ap(t, pen(t), e, € R™, t>t, (A.5)

where
Acltop) = Ai(t) = ALt ps),  Agltopr) = As() + pLt, w)Aa(t). (A.6)
Moreover, according to Statement 1, the solutions (A.1) and (A.5) satisfy the following equalities:

ee(t) = ex(t) + O(p), ex(t) = ee(t) + O(p),
en(t) = AT (D) As(t)ea(t) + £4(7) + O(n), (A7)
ey(t) = —A7 () As(t)ee(t) + eq(7) + O(p).

Let’s put
a(t) = by (1) (A8)
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and we will look for & (¢) in the form:
Fa(t) = ks(t) + HO(Dka(t), HO(t) = (A2(t) = ka(t)e2(1)) A7 (1). (A.9)

Let’s substitute (A.9), (A.8) into (A.6) and perform sequential transformations:

A&(M) (A:Q) A — (ks + g0k2> c1 — (AQ — (k)s + gokg) CQ) E(,U,)

= (Al - Azi(u)) - (ks + ﬁokz) (61 - CJ/(M))
A1~ 4,47 (kaca L) + As — Facr )
— (ks + %) [e1 — 247" (BacaL () + As — kacr )| + O(n)
(Ag,cs) As — kgeg + (—Ag + kyco + ﬁ%g@) AZIkQCQE(M)
+ (A2 — kyep — ﬁ0A4) A kger + H%geo ALY (As — kocy) + O(p)
A A, — ks + +H%kyer AT (AaL(p) + kacaL(n) = kaer + Ag) + O(n)

A Ay — kyey + O(p).

Thus, for Ag(t, 1) with ki(t), k2(t) of the form (A.9), (A.8) the approximation is valid:
Ag(t, ) = As(t) — ks(t)es(t) + O(p). (A.10)
Further, from (A.6) it follows
Ap(t, ) = (Aa(t) = k2(t)ea(t)) + O(p)- (A.11)
Thus, combining (A.10) and (A.11) from (A.5) we get:

2e(t) = (Au(t) = ko(D)es(t) + O()) ¢ (1),
() = (Aa(t) — ka(B)ea(t) + O(w) (), t > to.

(A.12)

Since in (A.12) ks(t), ka(t) are the gain vectors for the observer (14) of the DS (8) and the
observer (15) of the ¢-family of fast subsystems, then the parameters of the error system (A.12)
are O(p)-close to the parameters of the error dynamics system for the DS and the t-family of fast
subsystems observers with gain vectors ks and k¢, respectively. Therefore, due to the continuous
dependence of the solution (A.12) on additive perturbations of the system coefficients, the following
estimates are valid: |le¢(t)|] < cp, exp (—p(t — 1)) +O(u), t =, ||y ()]] < ¢,, exp (—uop@) +
O(p), t > t, whence, taking into account (A.7), it follows that the estimates are fair

lez(®)] < ¢, exp(=p(t = 1)) + O(n), t>1,

les®ll < e 147 O As Ol exp(=plt = ) + e exp (=’ (=) ) + On). e3>

Let ¢, = max{cps,cpf,cps||/~121(t)/~13(t)||}. For p € (0,u°] the estimate exp (—uop (t;ut)) <
exp (—p (t —t)), t > t, which implies the validity of the estimates ||e(¢, p)|| < ¢, exp(—p(t —t)) +
O(u), t > t, and, according to the Definition 7 and from the coincidence of (A.9) and (21) imply
fairness of Theorem 1.
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