University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Cuevas, L;NesSi¢, D;Manzie, C

Title:

Robustness analysis of nonlinear observers for the slow variables of singularly perturbed
systems

Date:
2020-09-25

Citation:

Cuevas, L., NeSi¢, D. & Manzie, C. (2020). Robustness analysis of nonlinear observers for
the slow variables of singularly perturbed systems. International Journal of Robust and
Nonlinear Control, 30 (14), pp.5628-5656. https://doi.org/10.1002/rnc.5100.

Persistent Link:
https://hdl.handle.net/11343/251881



Received - Revised - Accepted
DOI: xxx/xxxx
RESEARCH ARTICLE

Robustness Analysis of Nonlinear Observers for the Slow
Variables of Singularly Perturbed Systems

Luis Cuevas* | Dragan NeSi¢ | Chris Manzie

Department of Electrical and Electronic
Engineering, The University of Melbourne,
Melbourne, Australia

Correspondence

*Luis Cuevas, Department of Electrical and
Electronic Engineering, The University of
Melbourne, Parkville VIC 3010, Australia.
Email: lcuevas @student.unimelb.edu.au

Present Address
The University of Melbourne, Parkville VIC
3010, Australia.

This work was supported by the Melbourne
International Research Scholarship scheme
of The University of Melbourne, and by the
Australian Research Council Discovery
Project (DP170104102).

1 | INTRODUCTION

Summary

Estimation of unmeasured variables is a crucial objective in a broad range of appli-
cations. However, the estimation process turns into a challenging problem when the
underlying model is nonlinear and even more so when additionally it exhibits multi-
ple time scales. The existing results on estimation for systems with two-time scales
apply to a limited class of nonlinear plants and observers. We focus on analysing
nonlinear observers designed for the slow state variables of nonlinear singularly per-
turbed systems. Moreover, we consider the presence of bounded measurement noise
in the system. We generalise current results by considering broader classes of plants
and estimators to cover reduced-order, full-order and higher-order observers. First,
we show that the singularly perturbed system has bounded solutions under an appro-
priate set of assumptions on the corresponding boundary layer and reduced systems.
We then exploit this property to prove that, under reasonable assumptions, the error
dynamics of the observer designed for the reduced system are semi-globally input-
to-state (ISS) practically stable when the observer is implemented on the original
plant. We also conclude £, stability results when the measurement noise belongs
to £, N L. In the absence of measurement noise, we state results on semi-global
practical asymptotical (SPA) stability for the error dynamics. We illustrate the gen-
erality of our main results through three classes of systems with corresponding

observers and one numerical example.

KEYWORDS:
Singularly Perturbed Systems, Observer Design, Semi-global Practical Asymptotical Stability, Input-to-
State Stability, £, Stability.

In general, it is infeasible or prohibitively expensive to measure all variables of interest in a dynamic system. When state variables
are required and not measured, they need to be estimated using observers. There exists a robust estimation framework for linear
plant models based on the Luenberger observer and Kalman filter. These linear estimation techniques have been applied to
nonlinear systems after linearisation of the system dynamics. Nevertheless, those observers are valid only locally and only work
well when the system is evolving close to the equilibrium point considered for the linearisation. To counteract this problem, a
wide variety of nonlinear observer design methods have been developed'™%, but these approaches may lead to ill-conditioned
gains when used for systems exhibiting multiple time scales.
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Although systems with multiple time scales are standard in a wide range of applications, observers for general nonlinear sys-
tems exhibiting time-scale separation are missing. Power electronic systems'1 chemical process'?13, electrochemical systems'4,
biological processes and electromechanical systems'2 are just some examples in which multiple time-scales arise. Observer
design for linear singularly perturbed systems has been studied previously'®?, As far as we are aware, there are limited results
on nonlinear estimation for systems with two-time scales. For instance, an approach for the estimation of slow variables of a
deterministic singularly perturbed system is presented in Kazantzis et al'. The authors in Kazantzis et al'' only consider a par-
ticular class of plants and a specific nonlinear observer that exhibits linear error dynamics for the slow system. An observer for
spring-mass-damper systems with singularly perturbed structure is given in Saha and Valasek®Z; however, those results apply
to a very specific class of systems and observers. Other results on observer design for nonlinear singularly perturbed systems
are available in Wang and Liu2%, and Darrogheh et al2!,

We recently reported results on SPA stability for a general class of plants and full-order observers in Cuevas et al%Z. We
illustrated and demonstrated the applicability of those results in Cuevas et al*>. Moreover, we presented global results to cover
globally Lipschitz nonlinear systems in Cuevas et al?*. To generalise findings in Kazantzis et al!' and Cuevas et al>*">* here
we consider a broader class of systems and nonlinear observers of general dimension. Furthermore, we deal with the case
where the measured output is corrupted by measurement noise. Here, we call measurement noise to a external disturbance with
appropriately bounded amplitude, which can be high or low frequency. The stochastic properties of the high-frequency noise
are outside of the scope of this manuscript. Our goal is to analyse the robustness with respect to singular perturbations and
measurement noise of nonlinear observers designed to estimate the slow states of a nonlinear singularly perturbed system when
the input and output are available. We do not consider the fast variables for the observer design process; instead, the observer is
designed on the basis of the reduced (slow) model. We work with this approach since model-based observer design for singularly
perturbed systems may lead to ill-conditioned observer gains, and subsequently, to undesired convergence properties of the
estimation error if the observer is designed for the full plant. An important case where our results can be applied is the class of
systems in which the sensor and/or actuator dynamics are much faster than the dynamics of the plant. The fast (sensor/actuator)
states are typically not needed in such situations; hence, we need to estimate only the slow variables of the process.

We provide a general estimation framework for nonlinear singularly perturbed systems in the standard form. To the best of our
knowledge, there are no known general results in the form we state ours. By taking advantage of the cascade properties of the
observer and error dynamics, we prove that, under general conditions on observer and plant, the estimation error is semi-globally
input-to-state practically stable where the slow and fast states are seen as inputs. Moreover, we show that the ISS property leads
to SPA stability in the singular perturbation parameter €. We also provide £, N L stability results to cover cases where the
noise is a bounded input signal that belongs to £, N L. To analyse the observer design problem, we first show that, under
certain assumptions on the reduced and boundary layer systems, the original system exhibits an input-to-state practical stability
property with respect to the input and its derivative (practical DISS) as well as a practical £, stability as defined in Nesi¢ and
Dower2? (Property 13). We provide examples to demonstrate the generality and usefulness of our results.

The paper is organized as follows. Section [2] introduces the plant and assumptions placed upon it. Section [3| demonstrates
boundedness of solutions of the original system (Lemma 1) and SPA stability for the fast states of the system (Corollary 1).
Sectiond|contains the main result of the paper. First, boundedness of solutions is proven for the observer dynamics (Corollary 2).
Then, a semi-global practical ISS and £, N L stability properties are proven for the error dynamics in our main contribution
(Theorem 1). Then, in Section [5] we illustrate and demonstrate the applicability of our results by presenting three classes of
plants and observers for which our results hold. Although not presented here, the results cover the situation when the reduced
(slow) system is such that reduced-order?, full-order"Z, and higher—order8 observers can be used to estimate the slow variables.
Finally, to demonstrate the theoretical findings, we test the results on a simulation of a suspension system.

Notation: Let R = (—00, 00) and R, = [0, 00). The (Euclidean) norm of a vector x € R" is denoted as |x|. We say that
s € L if [|s]|, < oo, where [[s||,, := esssup, |s(?)|. We use the notation ||s[t;,7,]|| := ess SUP/efr, 1] |s(?)|. The maximum
(minimum) eigenvalue of a square matrix A is denoted by 4, {A} (4;,{A}). A function a(-) : R,5 — R, is said to be of
class-K (a(-) € K) if it is continuous, zero at zero and strictly increasing; additionally, if a(r) — oo as r — oo, a(-) is said to
be a class-K, function (a(-) € K). A function o(-) is said to be of class-L (o(-) € L), if it is continuous, non-increasing and
o(r) > 0asr — oo. A function B(-,-) : R,y X R,y = R, is said to be of class-KCL (B(-,-) € KL), if for each fixed s € R,
B(-,s) € K and for each fixed r € R, f(r,") € L.
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2 | SINGULARLY PERTURBED PLANT

We consider a class of plants in the following form

x = f,(t,x,z,u(t),e), (1a)
€z = ff(t, X, z, u(t), €), (1b)
y = h(t, x, z, u(t), w(t), ), (I¢c)

where x € R"” and z € R™ are the slow and fast states of the system respectively. The measured outputis y € RP, the perturbation
parameter of the system representing the time scale separation is € > 0, u € R" denotes the input vector and w € R*® is
the measurement noise to the system which is assumed to be bounded. The vector u(?) is a measured input that may represent
a control input, exogenous measured disturbances, constant or time-varying parameters or tracking signals. In the sequel, for
simplicity, we will suppress the argument ¢ in the notation of the vector input u(¢#) and in the measurement noise w(?).

Remark 1. The state estimation literature deals with the development of reliable methods (observers) to accurately reconstruct
the state variables of a system. In this context, accuracy is understood as the quality of the estimates to converge to the true states.
Observers have a wide range of applicability, which may include modelling (identification), monitoring (fault detection), or
driving (control) the system®. Hence, the observer design problem can be formulated as an open-loop or a closed-loop problem.
When it is addressed in an open-loop setting, the input of the plant is understood as a known external signal. When the problem
is studied from its closed-loop viewpoint, the observer is used to produce state estimates for control purposes. Here, we state
our results in an open-loop setting so that the measured input u(¢) in (1)) is regarded as an external bounded signal, which may
take different meanings depending on the context. The input signal may represent a control, exogenous measured disturbances,
constant or time-varying parameters or tracking signals. Although we consider an open-loop setting, we state semi-global results
which cover closed-loop scenarios (i.e. when u = u(x)) under extra mild assumptions. Therefore, we address the observer design
problem from its more general perspective.

Remark 2. We use the term measurement noise when we refer to an external disturbance affecting the output of the system.
We study the impact of the amplitude of such a disturbance on the convergence properties of a state observer. Since we only
care of the measurement noise amplitude, it can be high or low frequency. Although the study of the stochastic properties of the
measurement noise is an important problem in its own right, it is outside of the scope of this manuscript. Note that the study of
the noise as an stochastic quantity may be of interest in some areas of engineering. However, it is a different problem that has to
be addressed separately as it requires of a different modelling framework.

Our aim is to analyse the robustness, with respect to singular perturbations, of nonlinear observers designed to estimate
the slow variable x of the singularly perturbed system (I}, by assuming that y and u are available. We follow the standard
procedure on linear/nonlinear observer design for singularly perturbed systems; 1) we approximate the full system (1)) by two
lower dimensional systems: the reduced and the boundary layer systems, 2) we then design an observer using the reduced
(slow) system, and implement it on the original system. Then, we analyse the performance of the estimation error in the original
system and prove that, under a set of appropriate general conditions, the aforementioned approach leads to ISS and L, stability
properties for the error dynamics. We state useful SPA convergence results for the estimation error.

The standard singular perturbations technique is the decomposition of original system (I)) into lower dimensional systems
associated with different time scales. Then, we set € = 0 to obtain the following algebraic equation

0=7,@x,2,u,0). 2

Assumption 1. The algebraic equation (2)) has an isolated solution z = H(t, x, u) that can be obtained analytically and is used
to define the reduced (slow) system.

Assumption [I] is common in the singular perturbations framework since it is required to analyse the quasi-steady state
behaviour of the singularly perturbed system. Moreover, we must know H (#, x, u) to define the slow system which is needed
to designing an observer for the slow states of the plant. Since we assume that we know H (¢, x, u), we substitute the isolated
solution z = H (¢, x,u) in and at € = 0 to obtain the reduced (slow) dynamical system

x = fs(t7 x’H(Iv x7 u)7 u7 0)7 (33)
vy = h(t,x, H(t, x,u),u, w,0). (3b)
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Assumption 2. For the slow system li there exists a continuously differentiable function V| (¢, x), class-KX, functions a, ),
"1
EVI ), aVl(-), v, (-),and §; > O, 61,] >0,suchthatforallx e R, ue R",t >0

le(lxl)s I/l(t»x)SaVl(lxD» (4)

v, oV,

—r o S x Htx,w,u,0) < =€y, (1) + vy, (u) + 6y, (5)

Remark 3. Assumption [2] implies that, for any essentially bounded input, the system (3)) is globally input-to-state practically
stable?028 This assumption is standard in nonlinear systems since the observer design for nonlinear unbounded systems is
notoriously difficult. Assumption [2] covers systems with globally stable limit cycles, i.e. systems with slow states that do not
necessarily converge to the origin. For instance, the Van der Pol Oscillator?”?, Hamiltonian systems=Y, the elastic pendulum®L,
some biological systems3Z, and so on.

To analyse the fast dynamics behaviour, we consider the change of variables & = z — H (¢, x,u). The system in the new
coordinates (x, &) is represented by

x=ft,x,E+ H(t, x,u),u,¢), (6a)
eb= 1%+ Hixwuwe) e (S0 + 2L x g4 Htx w6 + 204 (6b)
ot ox ou
y=htx,E+ H({, x,u),u,w,e), (6¢)
in which the quasi-steady-state of the fast dynamics is & = 0. Consider the fast time scale = defined as 7 := % Hence, in
the z-time scale, the singularly perturbed system (6a)-(6b)) takes the form
& = erx e+ Haxwue), (7a)
T
dz oH

= f(t,x, &+ H(t, X, u),u,€) — € ( + M ox e Ht x uue) + Eu) . (Tb)
0x ou

dr ot
Setting € = 0 freezes the variables ¢t = ¢, and x = x(t;), and reduces to the autonomous system
dg
E = ff(t()’ x(to),g + H(t()’ X(IO)’ u)’ u, 0) (8)

Observe that the solutions of (8) will converge to a O(e) neighbourhood of the origin during the boundary layer interval. After
that interval, the slowly varying parameters (7, x) are not longer close enough to their initial values (¢,, x(#,)). Then, a stability
property must be assumed for (8] such that its solutions remain in a neighbourhood of zero. To do so, the frozen variables t =
and x = x(t,) must be allowed to take values in the region of the the slowly varying parameters (¢, x). Therefore, we rewrite (8]
as follows

dg

E = ff(t’x(t)ag-i_ H(tvx(t)vu)vu70)7 (9)
where (7, x) are thought as fixed parameters. We refer to (9) as the boundary layer system. For further details on how the boundary
layer system is obtained, the reader can refer to Chapter 11 of Khalil?® and/or Chapter 7 of Kokotovi¢ et al®3.

Assumption 3. For the Boundary Layer System @I) there exists a Lyapunov function W (#, x, §) and class-K, functions a,, (-),
ay () and ay,(+), and ¢; > 0 such that for all ¢, x, £ we have

ay, () S W1, x,8) < ay (€D, (10)

%ff(t, x, &+ H(,x,u),u,0) < —Qafv(lfl). arn

Note that Assumption [3]implies that the boundary layer dynamics are globally asymptotically stable uniformly in 7, x and u.
The above assumption is standard in the singular perturbation literature2282%, and is critical in justifying the model reduction.

3 | BOUNDEDNESS OF SOLUTIONS OF THE PLANT

In this section, we provide a result that shows the boundedness of solutions of the system @ under certain conditions, with a view
to later using it for robustness analysis of the proposed approach to observer design. Although boundedness of solutions of the
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full system can be assumed, we state it for two reasons, 1) this result is of interest in its own right and 2) some of the assumptions
we state for this result are also needed to prove much stronger conclusion on the stability of the error dynamics. In our analysis,
we compute the derivatives of ¥, (z, x) and W (t, x, £), given in Assumptions [2]and [3} along the trajectories of (6). This leads to
some terms representing the interconnections between the slow and the fast dynamics. In general, those interconnection terms
are sign indefinite; therefore, we need appropriate conditions to bound them to conclude boundedness of solutions.

Assumption4. Consider ay, () and ay,(-) givenin Assumptionsandrespectively. Suppose there exist non-negative constants
a; (i=1,2,3)and b, (i = 1,2,3), and class-K, functions y,(-) (i = 1, ...,4), so that the following conditions hold

oV,
‘a_xl[fs(t’ x?é + H(t’ X, u),u, €) - fg(ta X, H(t’ X, M),Ll, 0)]’ S €a1a12/l(|x|) + €Y1(|u|)aVl(|x|) + blaVl(lxDaW(lél)a (12)

' oz Ut x, 8+ H(t, x,u),u,€) = f(t,x,& + H(t, x,u),u, 0)]‘ < eaya, (1€]) + ery(lubay (€]) + ebyay, (IxDayy (1€, (13)

W _ oW oH _owoH,  [oW _ow oH
ox  0F ox

ot 0F or  OF ou ]f(t x,&+ H(t,x,w),u,€)| < azay, (1))
+bsay, (IxDay, (IED) + r3(luDay, (ISD) + y4(iDay, (1D, (14)

forall (x,8) e R"XR™, ueR",ue R "andt > 0.

Remark 4. Assumption [4] can be relaxed to hold regionally or locally. Moreover, conditions in Assumption ] can be relaxed
to hold semi-globally with respect to the perturbation parameter e. This means that for any positive constants 6, > 0, §, > 0,
65 > 0 there exists e > 0 such that 1 4) holds for all € € (0, €, )and for all |(x,&)| < 6, |u| £ 6,, [#] < 6,and ¢ > 0. Our
proofs are such that our results can be easl extended to cover these cases.

The inequalities (12] - are general and similar to the ones in Kokotovic et al'l®. These interconnection conditions are
satisfied in a number of real world examples we considered; for instance, a suspension system 29 o biological reactor I"a three-
state SCR catalyst'l3, and so on. Note that we have also checked classes of plants for which these interconnection conditions hold.
For example, the class of systems covered by the circle criterion observer® and the class of plants in the observability canonical
form®. Moreover, the above inequalities can be verified in several examples by using quadratic-type Lyapunov functions®%. A
mechanical example that satisfies Assumption[d]is presented in Section 5]

We now present our first result (Lemma 1) which states that, under Assumptions [T]- {] for sufficiently small values of e,
the singularly perturbed system (6) has bounded solutions for essentially bounded inputs with essentially bounded derivatives.
Moreover, we also present a result in terms of £, stability which guarantees that bounded energy inputs imply practical bounded
solutions. Results in Lemma 1 are used later to prove some corollaries and the main result.

Lemma 1. Consider the singularly perturbed system (). If Assumptions|I]- ] hold, there exists a composite Lyapunov func-
tion V (1, x, §), class-K, functions a,,(-), ay (), vy (), 7y (), 7 (), and py, > 0, such that there exists €* > 0 and a, (-) € K,
such that
V(l(x §)|) S V(tvx?g) SEV(l(x7§)|)7 (15)
v aVv - .
> + _xf 05 ff < —ay (|, 0D + vy (lul) + €7y (lul) + €7y (lal) + py, (16)
hold for all € € (0,¢*) and for all (x,¢) € R" X R™, u € R",u € R" and ¢t > 0. Consequently, there exists ﬂL ¢,') € KL,

y,_ () € K, class-K, functions 7.(-), 7.(-) parametrized by e (their argument is of order O(¢)), and u L > 0, such that, for any
A, >0andA, > 0f]

G0, EOD) < By, (1Cxg1 EDN 1 = 1) + v, (lultn 111D + 7o lultos 21D + 7ol altg. A1) + o, (17)

for all € € (0, €*) and for all (x,, &) € R"XR™, ||u]|,, < Aul, [i]| o < Aul and t > t, > 0. Furthermore, the system @ satisfies

t t t t

/aV(I(X(S),é‘(S))I)dsSEV(I(xo,fo)|)+/yV(Iu(S)I)dS+€/7V(Iu(S)I)dS+€/?V(IH(S)I)dS+/4V(t—to), (18)

1 I 1 fo

In the sequel, x, := x(f,). The same applies for the other states.
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for all € € (0,€%), (x,&) € R" x R™, for any input satisfying [|u||, < A, . lille <A, [lullz, <A, |lill,, <A, . and for
allt>1,>0.

The proof for Lemma 1 is omitted since the major contribution of this work lies in the robustness analysis of the observer.
Lemma 1 implies that both slow and fast states are bounded. Note that we stated ISS and £, N L stability properties with
gains from the input and its derivative as u(?) is regarded as a general exogenous signal to the system which can take different
meanings depending on the context. Now, we state that the fast states are ultimately bounded by a constant term that one can
make arbitrarily small by reducing €. We also show that the £, upper bound is parametrized by e, which is a desired property
in this framework.

Corollary 1. Consider the singularly perturbed system @ If Assumptions |1|- |4 hold, there exists (-, ) € KL, such that for
any A > 0, Aul >0, Au2 > 0 and ji > 0, there exists € > 0, such that

t—1y\
[E@)] SmaX{ﬁ§<|§o|,T),ﬂ}, (19)

forall € € (0,€"), |(xg, &)l < A, |lull, < Au, il <A, andt > 1o > 0. Consequently, there exists a time T" > 0 such that

€I < 4, (20)

forall e € (0,€"), [(xp, )| < A, |lull,, <A, [lillo <A, and 7> T + ty > 0. Furthermore, there exists ay, (-) € K, such

that for the given A > 0, Aul >0, Auz > 0 and ji > O there exist Ezz > 0, such that

t

/aW(Ié(S)I)dS <eay, (1§]) + it — 1), 2y

Ty
foralle € (O,Zzz), [(x0,&)| < A, for any input satisfying ||u||,, < Aul, ]l < Auz, ||u||£2 < Aul, ||L'4||£2 < Auz, and for all
t>1,>0.

The proof for Corollary 1 is omitted too. The proof relies on the analysis of the fast dynamics by considering the Lyapunov
function for the boundary-layer system and Lemma 1. Note that the statement of the corollary implies that the ultimate bound
in @I} and @]) can be made arbitrarily small. To do so, it is required to reduce e, i.e., the magnitude of the ultimate bound
determines the maximum value that the perturbation parameter can take. The properties given by Corollary 1 are exploited later
in the proof of our main result.

4 | MAIN RESULT

In this section, we analyse the performance of a nonlinear observer designed for the reduced system (3) and implemented on
the system (6. We do not estimate the fast states of the system. We study the robustness of the observer with respect to singular
perturbations due to the neglected fast dynamics. We provide a general set of conditions to cover a large class of plant models and
observers of general dimension. Since we assume that a nonlinear observer exists, our results are prescriptive. Our conditions
justify the use of a broader class of observers than results in Kazantzis et al'l. While Kazantzis et all' considers nonlinear plants
where the slow part of the model satisfies a Lipschitz condition and the fast dynamics and the output of the system are linear, here
we deal with a more general class of nonlinear plants. Moreover, whilst Kazantzis et al'! only works with a nonlinear Luenberger-
type observer that exhibits a linear error dynamics for the reduced system, our results can cover a number of nonlinear observers
including reduced-order?, full-orderZ, and higher-order® observers.

We now assume that a nonlinear observer is designed for the reduced system (3)). So, consider the following dynamical system
called the observer

X =1t 1, y,u), (22a)
X =h,@, x,u, (22b)

where y € RY is the observer’s state, X € R”" is the observer’s output and an estimate of x (slow variable), y, and u are the
output and input of the nonlinear reduced system (3)). Note that, in general, g is arbitrary and not necessarily equal to n. The
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class of observers that we consider in (22)) covers observers of general dimension. Existing results on nonlinear observer design

for singularly perturbed systems only cover a Luenberger-type full-order observer'l.

Remark 5. In the case of reduced-order observers, the observer dynamics are generally designed on the basis of an auxiliary
subsystem. Then, for reduced-order observers, the output of the observer (22b) may depend on the output of the system (y,).
We allow this dependency only if y, does not appear in the estimation error. We demonstrate in Section [3]that the reduced-order
circle criterion observer? satisfies this condition.

Assumption 5. The map A, (¢, y,u) : [0, 00) X R? X R" — R” is a continuously differentiable function in all its arguments.

Remark 6. Assumption |5| implies that i (t, y,u), 0h,/0y and 0h,/ou are continuous. Consider the variable 7 = [ . ull, it
follows from Lemma 3.2 in Khalil* that for any A, > 0 and A, > 0 there exists L, > 0 so that when |0h,/d 7| < L, for all y
and u such that | y| < A, and |u| < A,, there exists L > 0 such that [0h,/dy| < L. We have verified that Assumption [5|holds
for reduced-order?, full-order’"Z, and higher-order® observers.

Define the estimation error as e = X — x. Note that the error dynamics for the observer designed for the reduced system
are given by

é= f,@t,x, y,e, H{t,x,u), y,, u,u,0). 23)

where

. ah”f(t )+aho' fs(t,x, H(t, x,u),u,0)
at ax ) 9/‘(9y57u ouu s » X, , X, U), U, .

Remark 7. For reduced-order observers relying on Remark 5, the error dynamics are defined by considering an auxiliary system

used to construct the observer dynamics and the observer model itself. Later in Section [5] we illustrate this statement and

Remark 5 via a reduced-order circle criterion observer?.

fot,x, y,e, H(t,x,u), y,u,u,0) =

Assumption 6. For the error dynamics in , there exists a continuously differentiable function V;(¢, e), class-K, functions
ay, (), &W(-), aV3(-), IAON and ¢, > 0, 52 > 0, such that for all (x,e) e R" X R", u e R",t >0
ay. . .

ay, (le) < V31, e,x, 1) < ay,(le]), (24)
%+%f(txer(txu)y uu0)+%f(txH(txu)u0)+%f(t)(y u) <
ot de "¢ e ox "7 e oy YT
~Gap, () + vy, (lw)), (25)
2] <y, e (26)
de | =72

The reduced-order observer presented in Arcak?, the full-order observers introduced int"Z, and the higher-order observer in
Astolfi and Marconi® satisfy Assumption@ It is observed that in the case of reduced-order observers e € RY. Note that condition
(26) is common when one wants to use a Lyapunov function to prove robustness of a stability property, which is the case in this
work. Since we only deal with the amplitude of the measurement noise, we analyse its effect on the observer performance by
introducing a nonlinear gain from the measurement noise to the state estimation error in (23).

Remark 8. It can be proven that Assumption [6]implies a boundedness of solutions property for the observer dynamics when
g = n, i.e., the observer is of full-order. This can also be shown for reduced-order observers like the one in Section 5.2 of Arcak.
Note that the estimation error completely captures the behaviour of the observer state in full-order observers and some particular
reduced-order observers. To show a boundedness property from Assumption @ one can use V;(t, y) as a candidate Lyapunov
function for the observer dynamics; then, by using some mild conditions on f; and using (26) the result can be proven.

When g # n (higher order and reduced order observers), it might be complicated or even impossible to show boundedness
of solutions of the observer dynamics by just using Assumption [6] Hence, we need to assume that the observer has bounded
solutions since we need such a property to prove a robustness result for observers of general dimension.

Assumption 7. For the observer dynamics , there exist class-KC, functions a, (), a(,z(-), and a,, (), such that for all y, € RY,
YWu€Ll ,t>t >0

|I(t)| < 0‘01(|)(0|) + aoz(lly”oo) + ao3(||u||oo)' (27)
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Moreover, if u(f) and y(r) are essentially bounded input signals to the observer dynamics (22), there exist
a, ( ), a 05( ), a06(~), a07(~) € K, such that

t t t

/ a, (Iz@Dd7 < a, (1) + / a,, (Iy(0))d7 + / a, (|u(0)])dx. (28)

Ty Iy Ty
To prove the robustness of the observer (22), its dynamics must have some kind of boundedness of solutions property when
implemented on the original system. We use Assumption [/|to show that the observer states are ultimately bounded when we
apply it to the original singularly perturbed system. Moreover, we prove that the observer states has a practical L, stability
property in the sense of Property I3 in Nesi¢ and Dower<>.
As mentioned above, the observer designed for the slow system (3)) must be implemented on the original system (I). Due to
the influence of the perturbation parameter € and the fast state &, the observer and error dynamics are given by

X =F. 1y, u), (29a)
é = fe(t’x’ I’ e7§+H(t7 x9”),y9”:’;‘, 6)7 (29b)
wherd?]
oh, o0h, oh, .
f.= Y + a7 y,u)+Eu—fs(t,x,§+H(t,x,u),u,€).

Note that the extended state (x, y, e, &) represents the interconnection between the system @, and the observer and error dynam-
ics in (29). Hence, we need to analyse the estimation error performance in the full extended interconnected system given by

x = f(t,x, &+ H(t,x,u),u,€), (30a)

X = f,t 1, y,u), (30b)

é = fe(l’ 'x7 X? e?f + H(t’ x’ u)’ y’ u’ 1.47 €)’ (300)

eé= 1,5+ Ht,xuue)— e — 2 r v et Bt x w060 - e 2hd, (30d)
ot ox ou

y=ht x,&+ H(, x,u),u, w,e). (30e)

Note that the observer dynamics are in a cascade with the original state (x, £), while the error dynamics are in cascade with the
extended state (x, y, £). We exploit these properties to conclude our main result.

Assumption 8. Consider the output of the system . There exists class-K, functions a,(-), y,(-) and y,,(-), such that, for
any A > 0, A > 0 and A > 0, there exists €, such that

|ht, x, & + H(t, x,u),u,w, €)] < a,(|(x,5)]) +r,(Jul) + ,,(Jw]). (31)
forall € € (0,¢,) and for all [(x,&)| < A, [u| <A, , [w]| <A, and 1 > 0.

Assumption [§] is a mild assumption that allows us to show in Corollary 2 that the solutions of the observer are bounded
when the observer is implemented on the original system. Observe that any continuous map h that is zero at zero satisfies our
assumption, see Sontag<®. We use Assumption [§]in the proof of the main result to bound terms related to the output of the
observer.

Corollary 2. Consider the observer dynamics (30b). If Assumptions [T} I ﬁ],landlhold there exists a class-K, function a,, (-),
such that for any A >0, A > 0, A > 0, and A , > 0 there exists €* > 0 and Y > 0 such that

L < aq(uon +Y, (32)

for all e € (0,&") and for all |(xo, &, 20)| < A, [lull, < A, |lilly, o wll, < A, and ¢ > 1, > 0. Furthermore,
there exist class-K, functions a, ( ), a, ( ), such that for the given A > 0 A u > 0, A > 0 and A > 0 there exists €* > 0

®In the sequel, when needed, we would suppress arguments of some functions to simplify the notation.
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and Y, > O such that
t

/ o, (|7@Dd7 < a, (|70 + Yo, (1 = 10), (33)

Ty
for all € € (0, €%), |(xq, &y, o) < A, for any input satisfying ||u||,, < Kul, [Nall < ZW ||u||£2 < Zul, ||L't||£2 < Kuz, for any
llwlle < Ay, llwlly, <A, and forall 1 > 7, > 0.

The proof for Corollary 2 is omitted. Note that the above result implies that the states of the observer will remain bounded

even under the influence of the fast variables and the perturbation parameter. Since we study the stability property of the error
dynamics when the observer is implemented on the original system, we compute the derivative of V;(t, e, x, y) along the solutions

of @I) in our main proof. This leads to interconnection terms which, in general, are of sign indefinite. So, we need conditions
to bound those terms.

Assumption 9. Consider ay, (), ay, () and ay, () given in Assumptions and@respeetively. Suppose there exist non-negative
constants g; and b; (i =4, ...,7), and class-K, functions ys(-) and y,(-), so that the following conditions hold

av;
a_):[fS(t’ X, 6 + H(t7 X, u)7 u, €) - fs(tv X, H(t7 X, u)7 u, 0)] S €a4aVl(|x|)aV3(|e|) + €}/5(|u|)al/3(|e|)
+ byay, (JeDay, (1&]), (34)

av;,
’a—;[fg(t, 2230 = £t 7.y ]| < easay (IxDay, (le]) + bsay, (leay (1€]), (35)

ov;
‘a_:[fs(” X, &+ H(tx,u),u,€) = f,(t.x, H{t,x,u), 1, 0)]| < eagay, (IxDay, (le]) + ere(luhay, (le])
+ beay, (leDay (1€]), (36)

< eazay, (le]ay, (|x]) + byay, (|eDay, (|€]). 37

Vs
‘E [ Fo@ xsy.w) = [t 1, ¥ )

forall (x,&, e, y) ER" X R" X R" x RY, u € R”, s € R" and t > 0.

[E—

Remark 9. Assumption [J] can be relaxed to hold regionally or locally. Moreover, conditions in Assumption [J] can be relaxed
to hold semi-globally with respect to the perturbation parameter e. This means that for any positive constants 5, > 0, 6, > 0,
33 > 0 there exists 62‘10 > 0 such that - holds for all € € (0, eZm) and for all |(x,&)| < 31, lul < 32, la] < 32 andt > 0.
Our proofs are such that our results can be easily extended to cover these cases.

Remark 10. For reduced-order observers that satisfy conditions in Remarks 5 and 7, the notation on all of the above assumptions
and definitions must be slightly modified. However, these modifications do not affect the essence of the assumptions and the
results.

Our goal is to ensure that the observer designed for the reduced model (3) works properly when applied on the full system (T.
Corollary 2 states that, under a general set of assumptions, the observer is semi-globally ultimately bounded. In the next sub-
section, we use that result and the results in the previous section to prove that the estimation error is semi-global practical ISS
stable. We also prove a £, N L, stability property for the error dynamics. Moreover, we show through a useful result that, in
the absence of measurement noise, the error dynamics are SPA stable and that the ultimate bound for the error dynamics can be
reduced by reducing €.

4.1 | Robustness Analysis

We now present Theorem 1 which states that the error dynamics exhibit a semi-global practical ISS and a £, N L, stability
properties. Our proof focuses on the convergence of the estimation error while the other states in (30) are bounded. It is crucial
for our proof to take into account that the error dynamics are in cascade with the original system and the observer dynamics.
The next theorem summarises our main result.
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Theorem 1. Consider the singularly perturbed system . If Assumptions [T] - E] hold, there exists fr.(-,-) € KL and
yTl(-) € K, such that for any A > 0, Aul >0, Auz >0,A,>0and u > 0, there exists Hr, = Hr, (u) > 0 and €* > 0 such that

le(n)| < By, <|(x0,§o,e0)‘ b= t0> +rr, (Hw [to,t]H) + pr, + s (38)

for all € € (0, €*), and for all |(xy, &y, ¥g-€p)| < A, [[u]| < A, [l < A, lw|le < Ay, andt >t > 0. Furthermore, there
exists ﬂT] (-,r) € KL and 7T1(-)IC°0, such that for the given A > 0, Aul >0, AM2 >0,A,>0and y > 0, there exists 7* > 0 and
€¢* > 0 such that

le(®)] < Br, (leo] - —10) + 71, (Hw [to,t]H> +u, (39)

for all e € (0,€"), [(xg, &, x0,€0)l < A, [lulle < A, llille < A, [lwll, < Ay, and 1 > €T* + ;. In addition, there
exists k. > 0 and ar, (), ar, (1) € K, such that for the given A > 0,4, > 0,4, > 0,A, > 0and u > 0, there exists

He, = yﬁz(y) > 0 and ezz > 0 such that

t t

/0512/3(|3(7)|)d7 < a’l"](l(x()vé()v eo)D + EaTl(Kxo,fo, eo)|) + kT] / YV3(|w(7)|)dT + /4[:2(1 - Z‘()) + pu(t — Z‘()), (40)
to )
for all € € (0, e*z), (x5 €0» Xo-€0)| < A, for any input satisfying ||ul|, < A, , [lille < A, ullz, <A, [lall, <A, for
any ||w||, < Ay, ||w||£2 < A, and forall f > ¢, > 0. Furthermore, there exists k7, > 0 and a7, (-) € K, such that for the
given A > 0, Au1 >0, Au2 >0,A,, > 0and yu > 0, there exists T* > 0 and 627 > 0 such that

t t

/@;meMTS%ﬂmm+kn/}%mmnmh+ua—m> @1
fy Ty

<A ,for

- U,

for all € € (0, €7, ), [(xg, &y, x0- €9)| < A, for any input satistying ||ul|, < A
2
any ||w||, < A, [lw]|l,, <A, andforallt > eT* + ¢,

Nilloo < A, llulle, < A, . llall,,

ul’

The proof of Theorem 1 is given in Appendix [A] Note that in the absence of measurement noise, stronger conclusions can be
obtained as an immediate consequence of Theorem 1. The next corollary presents these sharper results.

Corollary 3. Consider the singularly perturbed system (30). Let Assumptions [I] - 0] hold and assume that w(r) = 0 for all
t >ty > 0. Then, there exists (-, -) € KL such that for any A > 0, Aul >0, Au2 > 0 and u > 0, there exists T* > 0 and €* > 0
such that

le)] < B, (|eo| .1 —19) + n. 42)

for all € € (0,€%), |(xp, &, x0-€0)| < A, |ulle, < A, ||l < A, and 1 > €T* + t,,. Furthermore, there exists a.(-) € K
such that for the given A > 0, A, >0, A, > 0and y > 0, there exists 7 > 0 and ¢, > 0 such that
2

t

/alz,s(le(f)l)df <a.(legl) + pu(t —1p). (43)
)
for all € € (0, ezz), (x5 €0» Xo- €0)| < A, for any input satisfying ||ull, < A, , [lille, < A, lully, <A, [ldll,, <A, and
forall t > €T™* +1,,.

The proof is omitted since the result follows directly from Theorem 1.

Remark 11. Corollary 3 implies a SPA stability property for the error dynamics in the absence of measurement noise. It is semi-
global because the result holds for a given set of initial conditions and bounded inputs with bounded derivatives. It is practical in
the perturbation parameter because one can make u arbitrarily small by reducing e. And it is asymptotical because of the class-
KL function f,(-, -). These results (Theorem 1 and Corollary 3) imply important robustness properties for a large class of plants
and observers. So, we can choose any existing observer, satisfying this framework, to estimate the slow states of a singularly
perturbed system that satisfies the given assumptions.
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Remark 12. The global and semi-global assumptions for the boundary layer and reduced systems, and for the observer and error
dynamics can be relaxed. If all assumptions hold on appropriate bounded sets, the results hold in a given region defined by those
sets. Moreover, our approach is such that local results can easily be stated if the assumptions are relaxed to hold locally.

Remark 13. 1f the fast dynamics (Tb) do not depend on the input u, there is no need of any conditions on iz. Moreover, the results
would not depend on # either.

Remark 14. Theorem 1 and Corollary 3 cover and generalise results in Cuevas et al“% since any system and any observer that
satisfy the assumptions in there also satisfy the assumptions in this manuscript. Moreover, here we have considered a more
general class of plants and observers than those in Cuevas et al?%. Note that SPA results for full-order observers are presented
in Cuevas et al“* where we do not consider the presence of measurement noise.

Remark 15. Since we deliver semi-global results, we can relate the estimated states with the input to cover the observer design
problem for control purposes. Suppose that in a closed-loop setting the input is a function of the state, i.e. u = u(x). Then, we
have that # = S—Zx = g—z f. Then, semi-global bounds on u and & become semi-global bounds on u(x) and Z—: f which lead to

semi-global bounds on x only if u, 0—1 and f are continuous and zero at zero, which is not very restrictive.

S | APPLICATIONS

In Cuevas et al%?, we illustrated the applicability of our results presented in Cuevas et al*%. We showed that those results apply
for a class of systems with reduced order models for which the circle criterion observer in Arcak can be designed. Moreover,
we demonstrated that results in Cuevas et al®% cover conclusions in Kazantzis et al'.

Results in Kazantzis et al!/ apply for nonlinear singularly perturbed systems with linear fast dynamics, linear output and
slow dynamics satisfying a Lipschitz condition. Their approach only allows to obtain conclusions for a specific Luenberger-
type nonlinear observer. We have proven in Cuevas et al?? that our results in Cuevas et al“ cover those ones in Kazantzis et
all. Therefore, relying on Remark 14, this manuscript covers results in Kazantzis et all' too. This work generalises findings
in Kazantzis et alll because we deal with a general class of systems and estimators that covers several classes of plants and
observers. Moreover, we have studied the robustness of the error dynamics with respect to measurement noise within the singular
perturbation framework.

In the following subsections, we demonstrate that our results cover at least other three classes of plants and three nonlinear
observers (one full-order®, one reduced-order? and one hig.gher—order8 observer). Moreover, we illustrate our results through one
numerical example.

5.1 | Circle Criterion Observer

In this section, we consider a class of singularly perturbed plants where the reduced (slow) model takes the form in which results
from Chong et al* can be applied to design a full-order observer. This class of plants is covered by the general model . Note
that this class of systems and the observer are not covered by results in Kazantzis et al'. Consider the class of plants with the
following nonlinear singularly perturbed form

%X = Ax + Bz + Gy(F,x + F,z) + o(y, u), (44a)
€ez=M;x+ M,z, (44b)
y=C;x+C,z+ Duw, (44c)

where the state vector x € R” corresponds to the slow state, z € R™ is the fast state, y € R” is the measured output variable,
u € R" is the control input, w is the measurement noise, € is the perturbation parameter of the process, y(-) = [y, (-), -+, Yn, O is
a nondecreasing locally Lipschitz function, and A, B, F, F,, G, C,, C,, D, M| and M, are matrices of appropriate dimensions.
We require a linear dynamics in (@4b)) for two reasons: 1) it is easier to compute the slow manifold, and 2) with a linear fast

dynamics we end up with a reduced model that exhibits a structure for which we can design a circle criterion observer=.

Assumption 10. The matrix M, in (44b) is Hurwitz.

Assumption 11. The solutions of the system belong to a compact set. Moreover, the functions y(-) and o(:,-) are locally
Lipschitz, and y(-) satisfies Assumption 1 in Chong et al®.
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Assumption [11| over o (-, -) is useful to prevent the solutions of x from escaping to infinity in a finite time?. Note that this
example satisfies our results relaying in Remark 12 since we consider a local Lipschitz condition. From Assumption [I 1] we
know that for any i-entry (y;) of the vector y, there exists a time-varying gain J,(¢) taking values in the interval [0, L;] such that

vi(@) —vi(b) < 6;(t)a; — b)), Va;, b; ER, 45)

where L; is a Lipschitz constant for y,. This property must hold in order to implement the circle criterion observer introduced
by Chong et al*. We now check our assumptions for the class of systems represented by . To obtain the lower dimensional
systems, we set € = 0 such that the system is restricted to the slow manifold
M x+ M,z =0. (46)
Then, it follows that, H(x) = —Mz‘ 'm 1%, 1s an isolated solution of . Then, Assumptionholds with H(x) = —Mz‘ 'm X
which always exists by virtue of Assumption |10} By using H (x), we have that the reduced system is given by
x = Agx + Gy(Fx) + o(y,, u), (472)
¥, =Cx+ Dw, (47b)
where Ay = A — BM;'M,, C = C; — C,M;'M,, and F = F, — F,M;' M. Note that it is assumed that the pair (4, C) is
detectable. Therefore, to allow more generality for the matrix A, we need to assume that the reduced system (#7) is input-to-

state practical stable (ISpS), such that there exists a Lyapunov ISpS function that satisfies Assumption 2] This is required since
there is no need for A, to be Hurwitz.

Remark 16. If the matrix A is Hurwitz, Assumption [2] holds with ¥, (x) being a quadratic Lyapunov function. Moreover, it is
straightforward to find the functions and constants for which Assumption []is satisfied.

We now define the change of variables z = & — M "M x. Then, the original system 1} in the (x, &) variables is given by

x = Ax + Gy(F|x + F,(é = M]'Mx)) + o(y,u) + B(£ — M;'M,x), (48a)
€€ = My¢ + e(M;'M)[Ax + Gy(Fyx + Fy(& — M;' M x)) + o(y,u) + B¢ — M;' M, x)], (48b)
y=Cx +Cyé + Dw (48¢)
By expressing in the fast time-scale 7 = /¢, we have that the boundary layer system at ¢ = 0 is given by
2 - @

Since M, is Hurwitz, we have from Theorem 4.6 in Khalil?? that for any given positive definite symmetric matrix Q ¢ there
exists a positive definite symmetric matrix P, that satisfies the following Lyapunov equation

P-M, + M, P = -Q,. (50)
To check Assumption consider W (¢§) = §TP§§ as a candidate Lyapunov function for . It follows that
ow
E 25 < _)’min{Qg}lglz’ (51

Therefore, Assumptionis satisfied with &, (I]) = Apyin { P:} |€]? and @y, (|€]) = Amax { Pz} |€]? as the lower and upper bounds
for W ($) respectively, and with {5 = A4,,,,{Q;} and ay, (|&]) = || as the terms satisfying . Due to the generality of the
matrix A,, we need to assume that the full system (48)) satisfies the interconnection conditions in Assumption[d] We now consider
the circle criterion observer proposed in Section 5.1 of Arcak and in Chong et al* with the following dynamics

%= AR+ L(CX —y) + Gy(F& + K(C& — ) + o (y, u), (52)

where X € R" is the observer’s state and an estimate of the state, K and L are gain matrices of appropriate dimensions which must
be designed. By following the approach described in this manuscript, the observer is designed for the reduced system (#7),
and then implemented on the full singularly perturbed plant (48). Since we are dealing with a full order observer, it follows that
Assumption[3]trivially holds because the output of the observer is a linear map in which the transformation matrix is the identity
matrix. We now define the estimation error as e := x — X. It follows that the error dynamics are given by

¢ =(Ag+ LC)e — LDw + G[y(Fx) — y(F(x — ¢) — KCe — K Dw)). (53)



LUIS CUEVAS ET AL | 13

To check Assumption@ we consider the Lyapunov function V;(e) = e’ Pye, where Py = P3T > (. The matrix P; is obtained by
solving the following LMI from Chong et al

(Ag+ LCO)Py+ Py(Ay+ LC)+ 01 P,G+(F+ KC)TA —P,LD

G"P; + A(F + KC) —2A <LLL1 > —AKD |<0, 4

y

—-P,LD —~AKD p 1

where A > 0 is a diagonal matrix and an observer design parameter, 4, > 0 is a scalar constant and ¥ > 0 is also an observer
design parameter. When the LMI in (54) is satisfied, it follows from Chong et al that

v a2 2
Efe(x,e)s—VIeI + u,lwl”, (55)

with f,(x,e) = (A, + LC)e — LDw + G[y(Fx) — y(F(x — ¢) — KCe — KDw)]. Then, Assumption @ holds with
gV}(Ie|) = ApiniP3} le|? and &1/3(|e|) = A (P53} le|? being the lower and upper bounds for V3(lel) respectively, with £, = ¥,
aV3(|e|) = |e| and y1,3(|w|) = u,,|w|? being the elements that satisfy the bound in , and with 52 = 2| P;| being the constant
that multiplies ay, (+) to bound the norm of the gradient of V;(e) with respect to e.

It follows from Remark 8 that Assumption [7/holds when using the Lyapunov function ¥3(%) as a Lyapunov function for the
observer dynamics (52). Moreover, Assumption[§|holds globally since the output does not depend on the perturbation parameter.
Then, Assumption [|is satisfied with a,(|(x,$)]) = 2max{|C|, |C,|}|(x,&)| and y,,(Jw|) = |D||w]|. Note that in the case of
full order observers we do not need Assumptions [5] [7] and [§|and Corollary 2 since the error dynamics completely capture the
performance of the observer states.

To verify Assumption[9] we need to obtain the error dynamics when the observer (52)) is implemented on the full system (48).
Then, by considering the full system we obtain that the error dynamics are given as follows

¢ = (A + LC)e + Gy([F, F,][x,£]") + BE + LC,é — LDw — Gy(F(x — ¢) — K(Ce + C,&) — KDw). (56)

By considering Assumption [TT]and equations and (56), we have that Assumption [0 holds with b = 2(|P,||B + LC,| +
Ly|P,G||F,| + Ly|P,G||KC,|), while the rest of the constants and functions are zero. L, is the Lipschitz constant on the
compact set where the solutions belong. We have checked that Assumption|[T]-[9hold for plants in the form of (4] and the circle
criterion observer (52)). Therefore, we conclude that all our results holds relaying on Remark 12. We summarise this section in
the following corollary which is an immediate consequence of Theorem 1.

Corollary 4. Consider the singularly perturbed plant (44), the circle criterion observer (52) and the error dynamics (56). If
Assumptions 2] [ [10] and [IT] hold, there exists a positive definite matrix Py, constants ¥ > 0 and p,, > 0, such that for any
A >0, Au1 > 0, Au2 >0,A,, > 0and y > 0, there exists 7* > 0 and €* > 0 such that

Amax(P3) v 8 Amax (P3) 2
) < _max o7 —_—t —max o2 ty, 1 , 57
Ie( )| h imin(P3) |eO| P < 2/1max(P3) > " \/O/lmin(P?:)Mw Hw [ 0 ]H T ( )

for all € € (0, €¥), |(xg, s €0)| < A, |ull,, < Aul, [a]l < Auz, [lw]l, < A,,and t > eT* + t,. Furthermore, for the given
A>0, Au1 >0, Auz >0,A,, > 0and g > 0, there exists 7* > 0 and ezz > 0 such that

t t

/ le(o)|2dr < MW + Z’éw / lw(D)|2dT + u(t — 1,). (58)

) Ty

for all e € (0, € ), |(xg, - €9)| < A, for any input satisfying ||ul|,, < A, [i]| < A, ||u||£2 <A, ||l:l||£2 <A, for any
2
w|le < Ay, ||w||£2 <A, andforallt > eT* +1,.

5.2 | Reduced-Order Circle Criterion Observer

Reduced-order observers are useful in a number of applications in which it might be more convenient to estimate only the
unmeasured states. Here, we deal with a reduced-order version of the circle criterion observer considered in Section[5.1} In this
section, we follow the same approach as in the previous one to analyse the robustness, with respect singular perturbations, of
the reduced-order circle criterion observer introduced in Section 5.2 of Arcak?,
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The class of plants we consider in this section is the same class of systems introduced in Section [5.1] but with an special
output map. Then, we just make reference to the content in Section [5.1 and mention the slight differences considered for this
new case. Here, we focus on analysing nonlinear singularly perturbed systems with an structure given by {@4a)-(@4b), and an
output defined by

y = Ex, (59)

where E € RP*" is defined as E := [I 0] with I being a p X p identity matrix and 0 being a p X (n — p) zero matrix. The
definition of the output implies that y consists of p elements of the state vector. We consider Assumptions [T0] and [TT] for this
case too. It is observed that Assumptions |- are only related to the system dynamics without considering the output. Since we
already analysed the plant in Section 5.1, we now focus on the reduced-order circle criterion observer introduced in Section 5.2
of Arcak? when is used to estimate the slow states of the system. To design a reduced-order observer for the slow system (47),
we need an extra assumption over the model ([@7).

Assumption 12. There is a change of coordinates such that the slow state vector is given by x = [y, . Moreover, the slow

system in the new coordinates is

T
x, ]

v =Ax, + Gy([F, Fylly.x,)") + oy (y.u), (60a)
%, = Ayx, + Goy([F,, Fyl[y. x,17) + 6, (3, u), (60b)

where the linear terms in y are incorporated in the nonlinearities o, (y, u), and o,(y, u), and fl and fz are matrices of appropriate
dimensions.

By following the design process given in Arcak, we have that the estimate of the unmeasured variable x,, is obtained via
x = x,+ Ny,where N € R"P*7 is to be designed. The following auxiliary subsystem is constructed from the definition of y,

7=(Ay+ NAD g +(Gy+ NG)y(Fox + (F, = F,N)y) + 6(p,u), (61)

where 6(y,u) = No(y,u) + o,(y,u) — (A, + NA,)y. The reduced-order observer is designed by considering the auxiliary
system (61). Then, the observer dynamics are given by

F=(A+ NADZ + (G, + NG)y(Fop + (Fy = F,N)y) + (v, u), (62)

The estimate of x,, i.e., the output of the observer is given by X, = 7 — Ny, which agrees with our framework relaying on
Remarks 5, 7 and 10. The estimation error is defined as e = x, — X, = y — 7 which verify that this design method fits our theory
since conditions in Remark 5 hold. It follows that the error dynamics are given by

¢=(Ay+ NADe+(Gy+ NG)ly(Fyy + (F, — F,N)y) — y(Fo(x — ) + (F, — F,N)y)). (63)

It can be proven that y can be removed from the error dynamics (63) such that it becomes a function that only depends on e, see
Section 5.2 of Arcak. The alternative representation of (63) is

é=(Ay+ NADe+ (G, + NG)w(1, F,e), (64)

where y (-, ) = )/(F2 ¥+ (fl - FZN )y) — y(F2( y—e+ (fl — FzN )y). To verify Assumption@ we consider the Lyapunov
function V;(e) = el Pe, where P = PT > 0 is different from the the matrix considered in Section Here, the matrix P is
obtained by solving the following LMI

A N —T
(Ay+ NA)"P+ P(A, + NA)) + 01 P(G,+ NG) + F,A <0 (65)

(Gy+ NG)" P + AF, 0 T
where A > 0 is a diagonal matrix and an observer design parameter, and ¥ > 0 is also an observer design parameter. It follows

from Arcak? that
oV, -
—f.(e) < =Vle|”, (66)
de

when the LMI li is satisfied. Note that f,(e) = (A, + NA))e+ (G, + N Gl)q/(t,fze) in . Therefore, we conclude that
Assumption 6/ is satisfied with @, (lel) = Ay, {P}lel” and @y, (le]) = Ao { PYlel®, & = 0, ay,(le]) = |e|, and &, = 2| P.
We know from Remark 8 that it is not mandatory to check Assumption[7]when the reduced-order observer relies on Remark 5.
For this case, Assumption [/ can be verified by using the Lyapunov function V;(7) as a Lyapunov function for the observer
dynamics . Moreover, Assumptionholds globally with a, (|(x, §)|) = 2| E| }|(x, §)| since the output does not depend on the
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perturbation parameter. Similar to the full-order observers case, we do not need Assumptions [5] [7]and 8] and Corollary 2 since
the error dynamics completely capture the performance of the observer states.

Under the proposed approach, the observer designed for the reduced model must be implemented in the full system. Then,
we have that the error dynamics when the observer is applied to the true system are given by

¢=(Ay+ NADe+ BE+(Gy+ NG)ly(Fox + (Fy — FyN)y+ F8) —y(Fy(x — )+ (Fy — F,N)y+ Fl, (67

where B, is a matrix of appropriate dimensions that agrees with the unmeasured state. Then, it follows that Assumption [J]is
satisfied with b, = 2| P| | By |, while the rest of the constants and functions of u are zero. Since Assumption—lglhold, we conclude
that our framework applies to the class of systems and the reduced-order observer considered in this section. We summarise the
content of this section in the next corollary which is an immediate consequence of Theorem 1 and Corollary 3.

Corollary 5. Consider the singularly perturbed plant (60, the circle criterion observer (62) and the error dynamics (67). If
Assumptionsand-hold, there exists a positive definite matrix Pand v > 0, such that for any A > 0, Aul >0, Auz >0
and yu > 0, there exists T* > 0 and €¢* > 0 such that

Aax (P "
o] < 4/ 222 exp [ —2—r ) + 4, (6%)
) 22 max (P)

for all € € (0,€%), [(xg,&y> Xo-€0)| < A, [u]l < A, [a]l < A, and t > €T™ + t,. Furthermore, for the given A > 0,

min

Aul > 0,4, >0and u > 0, there exists T > 0 and ez > 0 such that
2 2

t A
5 22 (P)
e dr < I e+ 1) (©9)
Ty

for all € € (0, ezz), [(xg, s Xo-€0)| < A, for any input satisfying ||u||,, < Aul, [i]| < Auz, ||”||c2 < Aul, ||L't||C2 < Auz and
forall t > €T +1,,.

5.3 | High-Gain Observer with Limited Gain Power

We now analyse the class of singularly perturbed systems which has a structure such that the reduced (slow) model takes the
form in which results from Astolfi and Marconi® can be applied to design a higher-order observer. It is observed that this class of
plants is covered by the general model . Moreover, available results'2224 do not cover the class of systems and the observer
considered in this section. Consider the class of systems with the following form

X = f(x,2), (70a)
ez = f;(x,2), (70b)
y = h(x,2) + w(?), (70c)

where the state vector x € X C R” corresponds to the slow state, z € Z C R™ is the fast state, y € R? is the measured output
variable, w € R is the measurement noise which belongs to L and L,, and € is the perturbation parameter of the process. We
now check our assumptions for the class of systems represented by (70). To obtain the lower dimensional systems, we set € = 0
such that the system is restricted to the slow manifold 0 = f,(x,2).

Assumption 13. The algebraic equation 0 = f,(x,z) has a solution H (x) which can be obtained analytically.
Then, Assumption [T]holds by virtue of Assumption[I3] Note that the reduced system is given by

X = f.(x, H(X)), (71a)
v, = h(x, H(X)) + w(®). (71b)
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Assumption 14. The reduced system is input-to-state practical stable, such that there exists a Lyapunov ISpS function that
satisfies Assumption [2 Moreover, there exists a transformation x = ¢, (x), such that the reduced system can be written as
x =A,x+ B,y(x), (72a)
y=Cx+w), (72b)

where y(+) is a locally Lipschitz function, and (A4,,, B,, C,) is a triplet in “prime form" of dimension n, that is

0 I 0
A, = ("o St ) g o (Peea) o= (10 .
n < 0 le(n—l) > Pnp 1 » Ly ( lx(n—l))

The system is defined on the set X C R” where X = ¢,(X).

Note that the ISpS condition in Assumption [I4]can be checked either in or (72). It follows that Assumption 2| holds by
virtue of Assumption |14} We have that the boundary layer system is given by

dé

- = rxE+ Hx) (73)
where 7 = t /e is the fast-time scale and & = z — H(x).
Assumption 15. There is a Lyapunov function W (£) such that it can be proven that the boundary layer system is asymptotically

stable. Furthermore, the full system (70) satisfies the interconnection conditions in Assumption 4]

We require Assumption [I5]to hold due to the generality of the boundary layer system (73)). It follows from Assumption
that Assumptions and are satisfied. We now consider the high-gain limited power observer® with the following dynamics

Yi=Ay;+ Ny, +D,[O)Ké, i=1,...,n=2,

In-1 =AYy + By (R) + Dy(O)K(,_1)é, (74

where (A, B, C) is a triplet in prime form of dimension 2, y = col(§,, ..., ¢,_;) € R27-2 5 the state of the observer with X € R2,

K; = (k;;, k)T are the gains to be designed, D,(¢) = diag(¢, £?) with £ being the high gain parameter, £ = L,x is the output of

the observer with L, = blkdiag( C,...,C ,I,),é, =y—Cy,,é,= BT y,_, —Cy, (i=2,...,n— 1), and y(-) is an appropriate
——

(n-2) times
saturated version of y(-). Note that state of the observer has a dimension of 2n — 2 so that the redundancy of the observer is

used to obtain tow estimates with the asymptotic properties of the standard high-gain observer. Since the output of the observer
is a linear map, it follows that Assumption [3]trivially holds. We now define the estimation error as e := % — x. It can be show
that the error dynamics are given by

¢=¢LiMLje+ L [¢"""V(B,,_,Aw,(e,x) + w, ()], (75)

where L7 is the left inverse of L, Ay, (,-) = y,(e + x) — w(x), w,(-) = £"K w(-) with K| = col(K},0, ... ,0), and

E, N 0 0
0, E, N - :
M = :
~ O E N o
. . Qn—2 En—2 N
() I 0 0,,E,,
. —k;; 1 0 k; 00 . . . . . .
with E; = 0] 0, = 0ka ) N = 01 . Since the solutions evolve in a compact set and y(+) is locally Lipschitz,
"2 i2

it follows that y(-) is uniformly Lipschitz in X and y(-) is bounded. Moreover, there exists 6, > 0 and 6, > 0 such that
|7 DAy, (e, x)| < 6ylel, and |7 Vw, ()] < 6, w(b)],

foralle € R”, x € Xand # > 1. Now, let P, = P! be such that P,M; + M| P, = —I where M; = LM L] and I is the
identity matrix. Consider V;(e) = e’ Pe as a candidate Lyapunov function for . It can be proven that the time derivative of
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the aforementioned Lyapunov function along the solutions of is bounded as follows
Vil < —aiZlel® + ay|wl, (76)

for all # > 46,|P| where a; and a, are positive constants. Therefore, Assumption |§I holds with a, (le]) = A {P.},
-3

EV3(|e|) = P}, & =2a7, aV3(|e|) = le|?, yV3(|w|) = a,|w|, and fz = 2| P,|. The Lyapunov analysis carried out in Astolfi
and Marconi® considers the auxiliary variables n; = £27 D,(£)™!(y; — col(x;, x;,)) to construct a vector n = col(z,, ... 2 My,)
which represent the estimation error of the two available estimates of x.

By using the Lyapunov function used in Astolfi and Marconi®, it can be proven that in Assumption [7| holds with
a,, (1z0]) = ¢ exp(=¢,D)| 1o, @, (117110 = €3117]1 and at, ([[2]) = O Whete ¢; = \/ Ay (P} Zmin { P)s €3 = dy /24 { P},
and ¢3 = \/ Ay { P}/ Amin{ P}d, with d; > 0, d, > 0 and P = PT satisfying PM + MT P = —I. Since we use a definition of
L, equivalent to ISS, the condition (2Z8)) can be concluded from the same analysis.

Note that the output of the system does not depend on the perturbation parameter. Then, Assumption [§] must hold globally.
Due to the generality of the output map, we assume that Assumption[§|holds. The generality of the system does not allow to
obtain a unique solution for the constants and functions in Assumption[9} The best we can do is to guarantee that Assumption [9]
holds with bg > 0 and b; > 0 while g, =0, a5 =0, a5 =0, a; =0, y5(-) = 0 and y¢(-) = 0.

Remark 17. Sharper conclusions on the bounds in Assumption [0] can be concluded if we restrict the class of systems in (70).
For instance, one can consider a linear fast dynamics.

The following result is a consequence of a direct application of Theorem 1 to the class of systems and the higher-order observer
considered in this section.

Corollary 6. Consider the singularly perturbed plant (70), the higher-order observer and the error dynamics (73). If
Assumptions - hold, there exists a positive definite matrix P,, and constants a, > 0 and a, > 0, such that for any A > 0,
A, > 0and u > 0, there exists T* > 0 and €* > 0 such that

’lmax(Pe) all’ﬂ 8)’max(Pe) 2
P R (o) * \/aﬂm@)az e 1]+ a7

for all € € (0, €*), |(xg, &y Xo- €0)| < A, [|w]|, £ A, and t > €T + ¢,. Furthermore, for the given A > 0, A, > O and u > 0,
there exists 7% > 0 and ezz > 0 such that

t t

24 (P,) 2a
/ (o) s < el 4 22 / (D)2 + = 1), (78)

) Iy

for all € € (0, ezz), |(x0. €0 15 €0)|l < A, forany [|wl|, <A, |[|w]|,, <A, andforall 1 > T + 1.

5.4 | Simulation Results: An automotive suspension system

Here, we present simulations results to illustrate the applicability of our results. Consider the quarter-car model of automotive
suspension in Chapter 11 of Khalil*® with nonlinear hardening spring between the car body and the tire. Furthermore, assume
that there is no disturbance to the system. Let define X = dx/dt, with t, = t4/k,/m,. Then, the model of the system can be
expressed in the following standard singularly perturbed form

X| =Xy — 2y, (79a)
Xy = =X — x? — p(xy — z,) +u, (79b)
€2, = z,, (79¢)
€z, = ax; + ax? —af(zy — x,) — z; — au, (79d)
. _ kym, _ kymg _ b _ i . .
with e = 4/ o o= o p = o u= e where m; and m,, are the car body and tire masses, k, and k, are the spring

constants of the strut and tire, Z is a constant distance, which is used to normalize variables, b, is the shock absorber constant
(damping term), and F is a bounded force generated by a force generator that acts as an active element. By following the singular
perturbation techniques, Assumptionholds with H (x,u) = [ax, + ax? + afix, — au, 0]". Then, the reduced system system is
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given by
X| =X, (80a)
Xy =—x; — X3 = fx, +u (80b)
While the boundary layer system in the fast time scale t — /¢, is defined by
% =&, (81a)
% =—afé) — ¢ (81b)

We now assume that an accelerometer, located on the car body, is used to measure the vertical velocity of the system; such a
sensor allows having an output for the system in the form of

y=x,+w), (82)

where w(t) = 0.05 sin(0.37) is the measurement noise. Note that the reduced system with the output can be written in
. 00 0 .

the form of (47) with o(y,u) = [y,u — fy]7, and A = [ Lol G = [ 1] , H = [1 0], C = [0 1], D = 1. Therefore, it

follows that a circle-criterion observer (52)) can be used to estimate the slow states of (79). Note that this problem falls within
the framework presented in Section [5.1] Hence, the estimation error is expected to converge to a region around the origin as
highlighted in Corollary 4. The aforementioned region is critically related to € and to the bound of the measurement noise.

To perform simulations, we consider the following parameters: k, = 500[N — m], k, = 6[KN — m], m; = 200[Kg],
m, =20[Kg], b, = 35[N — s/m]. For these values, we have that @ = 0.913 and f = 0.111. Note that, for the given parameters,

the perturbation parameter for the system is ¢ = 0.0913. By following the design procedure described in Section[5.1} we obtain
1.503

—1.281
2

the constants above and the Lyapunov functions V(x) = (xl + ﬂx2> + % <l + #) x% + %x% and W (&) = (% + ﬁ) 512 +

& &+ Efg that, for this example, Corollary 4 holds for all € € (0, 0.129).

The performance of the Circle Criterion Observer designed for the slow system and implemented on the full system (79)
is presented in Figure[T_|for different values of e. It is observed that the estimation error performs as expected, i.e. it converges to
a small offset around the origin. Even though the Circle Criterion Observer has an exponential convergence rate for the reduced
system, its performance on the original system is affected by the perturbation parameter and the fast part of the state as stated
in our main result and illustrated in Figure[T ]

the following gain matrices for the circle-criterion observer K = 2.548, L = [ ] . It can be calculated from the values of

Estimation error performance e; = 1 — I Estimation error performance es = x9 — &9

1.5

k_ | —e=0.1225

0 —_— 1+ —e = 0.0913

ey & € = 0.0645
I -0.2 —e = 0.1225 | 05

& 4 —e = 0.0913 8

0. ¢ = 0.0645 0

—0.6 ' ' ' -0.5 ' ) ' ' '

6 8 10 0 2 4 6 8 10
Tlmo [sec] Time [sec]

FIGURE 1 Estimation error performance for the estimates of x; and x, trough the Circle Criterion Observer.

6 | CONCLUSIONS

We have developed a new estimation framework for a general class of singularly perturbed systems in the standard form by
considering nonlinear observers of general dimension. Estimation of the slow variables was analysed. Under the considered
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approach, an observer for the slow part of the system must be designed while the fast dynamics are neglected. The given
conditions guarantee an acceptable performance of the error dynamics when the observer is implemented on the full system. We
delivered results that show robustness of observers with respect to singular perturbations and with respect to measurement noise.
The main contribution of this work fills in a gap in the literature. With this work, we cover a wide range of plants and nonlinear
observers that were not covered by previous results. Moreover, the inclusion of the measurement noise gives significance to this
work. Our results are useful to mathematically justify the observer design for the slow states by just considering the reduced
(slow) model. We showed that three types of existing observers are covered by our results; therefore, we have illustrated and
demonstrated the generality of our findings.

[

APPENDIX

A . PROOF OF THEOREM 1

We first prove that the error dynamics are ISS with respect to x, &, v and w. Moreover, we show the system (30) satisfies a £,
stability property. These results are the key ingredients that allow us to show our main result in Section 4.1]

Lemma 2. Consider the singularly perturbed system . If Assumptions [If - E] hold, there exists g,(-,-) € KL, func-
tions y:(+), 7,,(+) € K, and class-K, functions y, .(-), 7, .(-) parametrized by e (their argument is of order O(e)), such that for
any A; >0,A; >0,A; >0,and A; > 0, there exists ez > 0, such that

uy uy w

le(| < B.(legl, 1 = 1) + ve(I1El0. 1D + vy (U 1x[20, D + vy (ulto, 11D + 7, (el 211D, (AD

for all € € (0, €}) and for all |(xy, &y, xo- o)l < Ap, [ull <AL S lille <AL, ||wlle <Ay and? > 1, > 0. Furthermore,
Ml 112 w
there exists k; > 0 and k; > 0 (i = 2, 3) such that

t t t

/a,z,z(le(f)l)dfSkﬁys(leol)+€k2/alz,](IX(T)I)dT+€k1/ [75 (@) + vg(lu(@)])] dz

) Ty Iy
t t

+k3/aﬁ,(|§(7)|)d7+k1/m(lw(f)l)df, (A2)
Ty )
for all € € (0, €7), |(xg, &y, x0-€)| < Ay, for any input satisfying ||u]|,, < ALul’ [a]] < ALuz’ ||u||£2 < AL“], ||u||£2 < ALuz’
for any ||w]||, < ALW, ||w||£z < ALW and forall t > 7, > 0.

Proof of Lemma 2. We split the proof in two steps. In the first step, we prove that (AT) holds under Assumptions|[T]-[9] We then
show that the error dynamics satisfy (AZ).
Step 1) Let Assumptions [T]-[O]hold. Let 4,(-,-) € KL be defined as the solution of the following scalar differential equation,

Vo= =8y, (v, Yello) = ye,. (A3)

with ay. () = igzaé oEI_,;(-) where ¢, ay,(-) and 51/3(‘) come from Assumption@ Then, y(t) = 4,(y,,.t — 1)- The existence
of 4,(-, ) follows from Lemma 4.4 in Khalil??, Define the class-KL function

Be(r,s) 1= g%l(ie(a%(r), $))s (A4)



20 | LUIS CUEVAS ET AL

where the functions a, (-) and 51,3 (-) come from Assumption@ Define
-3

7e(s) 1= a; oy, 0! <8(b4 *bs ;1’6 + Lb)? a2, (s) ) , (A5a)
7ee(s) 1= a0y 08! ( 8+ 35 i% LI AR >> (ASb)
Yuels) 1= &y 0wy ody! <€C§2 [y?(s)ﬂé(s)]), (A5c)
ro(s) 1= aylowy, o, <68 7y, (s )) (A5d)

where ay, ) = alz, (+), and all constants and functions come from Assumptions? l I and E} and L > 0 is such that

|oh,/oy| < Lforall y € B, with B, = {y € R7| |y| < A} where A; > 0. Let A, > O AL > 0, AL >0,andA; >0

be given such that |(xg, &y, xp, €0)| < Ap, U]l < AL il < Ay 5 and [|w|], < By using Lemma 1, we generate
w

& > 0 such that ( p holds for all € € (0, &*). Define (A A, A A asA = A Kul = ALul’Zuz =4 A=A
Using Corollary 2, let (A A A A ) generate €° > 0 and Y > 0 such that .| holds for all € € (0, €*).

We now introduce A, := ﬁL (AL,0)+yL (Ap, )+yL (AL )+yL (AL )+;4L and A, 1= a, (A)+Y whereﬁL (CRNTHOX
77L](‘), J?Ll(-) and My, come fromln Lemma 1, anda ( )anchome from in Corollary2 Then, we have that [x(@®)| < A,
for all |(xq,&p)| < Ap,u € B,,u€ B, ,and1r =1, > OwhereBl ={ueR"||u < ALul tand B, ={ueR’ | |a] < ALuz}
From Lemma 1, we have that |(x(?), £(f))| < A, for all [(xy, &) < Ap,u € B,,u€B,, and t > 1, > 0. Moreover, from the
choice of (A, A, , A, , A,), we conclude that | y(1)| < A, forall [(xy, &, xo)| < A,u € B, ,u € B, ,andt > 1, > 0. Let ezs >0
be such that e(a, + a5 + ag + La; +2) — {, < 0 for all ¢ € (0, e}i ), ez is given below. Hence, define

w

€ = mm{e L , L IR (A6)
with
2
i 3616
€, = > o (A7a)
bilby +by) + (@ + a) + 26, (4, + 1)
ezz =€), (A7b)
e = & (A7c)

L ay+as+ag+ La; +2°
where all of the above constants come from Assumptions [2]-[3] 8] and [0]

Note that comes from é* in Lemma 1. Moreover, from the choice of (Z K A Z w) and Corollary 2 we have that
comes from €*. We have introduced above the condition from which €} has been constructed To prove that (A1) holds,
we now consider the Lyapunov function V3(t, e, x, y) in Assumption [6|and take its derivative along the solutions of (30), which
is given by

. 0V3 0V3 Vs oV,
V3|= 5 f(tx;(,e§+H(txu) Y, u,u, €) + xfs(t,x,§+H(t,x,u),u,€)+Efo(t,)(,y,u). (A8)
By adding and subtractlng terms and using the definition of the error dynamics, we can rewrite (A8) as follows

Ve = 22 2 H 00y + 203 H 0+
3|_?+¥f9(t7~x’17e,§+ (t,x7u)7ys7u7U, )+gfs(t7x’ (t9x7u)7u7 )+Wf0(ts/¥’y5’u)

v, v,
+a_[fs(t’x7§+H(t’xvu)’u7€)_fs(t’va(t7x’u)’u70):|+_[fo(tv/%,vyvu)_fo(tvx’ys’u)]
X ox

ov; ov; [ oh,
+ 27 B xw.0,0) = [ x, 6+ Hx.ue] + —2 [ | £,y = £, ys,u>]] . (A9)
e de | dy

As showed above, it follows from Corollary 2 that |y| < A , forall e € (0,€%) where é€* < ¢]. Let define A; = A,

and A, := A; ,so we have from Remark 4 that for the given A, and A, there is L > O such that |0h,/dy| < Lforall y € B,
u
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with B; = {y € R?| | x| < A;} where A; := A, . By using the norm and applying inequalities in Assumptions@andEl, we have
V3|@) < —C2a12,3(|e|) +e(ay + as + ag + Lap)ay, (IxDay, (le]) + (by + bs + b + Lby)ay, (leDay, (I€])
+ ers(lulay, (lel) + exg(lubay, (lel) + ry, (w)). (A10)
Applying completion of squares to (AT0) leads to

; 3 1
V3|@|> < —ZCzalz,s(lel) + eZ(a4 +as+ag+ La; + 2)al2,3(|e|) +e(ay +as+ag + La7)(x12,l(|x|)

+€75(|u|)+€76(|u|)+ ay, (1ED) + vy, (lw)), (ALD)

e“z
with k; = (b, + bs + bg + Lb,)2. It follows from (A11) that

Vilag < Cza (el +e(ay + a5 + ag + Lag)ag, (Ix]) + ey3(lul) + evg <|u|)+§ ap (1E) + 1y, (Iwl),  (A12)

for all e € (0, 61) with eL3 given by l| It is observed that €L3 < €} Then, it follows from @ and li that

lel > & <Ci le<a4+a5+a6+La7>a (Ixl) + er2(ul) + ex2(ful) + < (|§|)+yv3<|w|)D = Vil < ~&,(%),
2

C
(A13)
where &Vs )= 0(12,3 () and &V3 ()= ig“zoclz,3 05;31(-). We can conclude an ISS result from l) if the following condition holds
. 4 k,
ay, C_z e(ay + as +a6+La7)a (A )+€y5(AL )+€y6(A,_ )+ C_zaW(A )+yV3(A ) A, (Al14)

for any (x,¢, y,e) € B,, where B, := {(x,£, z,¢) € R" X R" x RI X R" | |[(x,&, y,e)| < a~oa(A))}. If @) does not
hold, the solutions would not belong to the invariant set that agrees with (24) and the dissipation inequality (AT2), see Theorem
4.18 in Khalil®®. We now exploit the cascade properties of the error dynamics, which are in cascade with the x, £ and y. Since
Lemma 1 and Corollary 2 hold, |x(?)| < |(x(¥), £(?))| and |E(7)| < |(x(?), £(7))], it follows that x, £ and y are essentially bounded
inputs to the error dynamics. Then, (AT3) implies that the error dynamics are ISS with respect to x, &, u, and w. By applying
results in Sontag® and Sontag and WangZ, we obtain

4
le()] < B.(legl, 1 — 70)+0‘ °0‘V °0‘V1 <C_ [5(04 +as +ag +La7)a12/1(||x[t0,t]||)
2

k,
+eys (lulto, 1) + evg (lulto, 1D + — 2 W(Ilf[to,t]II)+7/1/3(||w{to»f]||)]) (A15)

where f,(-,-) € KL is given by @) By applying the weak triangle inequality to the second term on the right-hand side of @),
we conclude that holds for all € € (0, €7 ) and for all |(xg, &y, o, €p)| < Ay, [|ull, < ALMI’ [l < A,_MZ, [|lw]|e < Ap,
and 1 > 15 > 0, where 7,(-), 7, ("), 7,.(-), and y,,(-) are given by (@

Step 2) We now prove that holds. Define

ki = 2. (A16a)
&
k2 = %(04 + as + a6 + La7), (Aléb)
2
2(b, + bs + b + Lb,)?
ky = (by + b5 526 7 , (Al6c)
2

where all constants come from Assumptions|6jand|9} and L is defined as in Step 1 of this proof. Let | |u]| e, < A L, [12]] e, < A L,
and [|w||;, < Ay . Consider the set Q; = {(x,¢, y,e) € R" X R" X R? X R" | |(x,&, x,e)| < a(A;)} which is a subset of
B, ={(x,¢, x,e) ER"XR"XRIXR" | |(x,&, y,e)| < aloa(A))}.

Claim: If (x, &y, xo.€p) € &, for some ¢, > 0, then (x(1), (1), ¥(t), e(t)) € Q, for all t > ¢,. Proof of claim: We proof our
claim by contradiction. Assume there exists v > 0 and some ¢, > f,, such that

Vi(ty, e(t)), x(t)), x (1)) Z a(Ap) +v.
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Let ¢, be minimal value of ¢ such that the above inequality holds (for a fixed v). Hence, V5(t, e(?), x(t), x(t)) > a(A ) for some ¢
close to ¢,. Since |e| > 5_1(1/3) and V;(t, e(t), x(), y(t)) > a(A ), we have

le] > A;.

Then, it follows from that the inequality on the left-hand side of holds for each 7 in the neighbourhood of #,, and the
continuous function V;(t, e(?), x(¢), y()) has negative derivative near ¢,. Thus, V3(¢, e(?), x(¥), ¥ (1)) > V(1 e(t)), x(¢,), x(t,))
for some t € (¢,,1,), contradicting minimality of ¢;. Therefore, Q, must indeed be invariant, as claimed. This completes the
proof of the claim.

Since Q, is an invariant set, we know that any trajectory starting within the set will remain in it, and subsequently, in B,,. This
implies that the norm infinity of the estimation error will remain bounded for all # > ¢,,. Moreover, we know from Lemma 1 and
Corollary 2 (see Step 1 of this proof) that the states of the system and the state of the observer have finite and bounded infinity
norm for all € € (0, €;), 1050, &ys 200 e)l < Az llull < Ay, il < Az, Wl < Ay, and t > 1 > 0. Therefore, we can
now integrate (AT2) as follows

t

V3(2, e(t), x(1), £(1)) = V3 (1, e(t), x(10), £()) < —%é:z / aé(le(f)l)df +e(ay +as +ag+ Lay) / af,}(lx(f)l)df

) )
t t ot t

k
+e / r3(lu())dt + € / re(u(m)Ddr + g—l / ay, (|E@)Ddt + / 1y, (Jw(t)Ddr, (A17)
2
where x(¢) and &(7) are the solutions of @ We use the fact that V;(t, e(?), x(¢), £(¢)) > O to obtain

t t

—C2 / a, (|e(r)|)dr < Va(ty. e(ty), x(ty), E(ty)) + €(ay + a5 + ag + La7)/a (|x(0)])dt + e/y (Ju(o)dt

Ty ) Ty
t — t t
k,

+€/ (Iu(r)l)dT+C—/aﬁy(lf(r)l)dr+/m(IW(T)I)dT. (A18)

1y 2 1
It follows from 24) that V;(1, e(t,), x(t,), &(tp)) < aV3(|eO|) Therefore it follows from (A18) that (A2) holds for all € € (0, (-:*)

|(xo, €0, X0» €0)| < Ay, for any input satisfying [|ulle, < Ay . lldlle < A [lulle, < AL alle, < Ap , forany ||wllg

Ay L llwlle, <Ay andforall > 1, > 0, where k; (z =1,2.3) are given by E This completes the proof D

Proof of Theorem 1. We split the proof in four steps. In the first step, we prove that (38) holds under Assumptions|I]-[9] Then,
we show that holds under the same assumptions. In the third step, we demonstrate that the error dynamics satisfy (@0).
Finally, we show that the error dynamics also satisfy (@#I).

Step 1) Let Assumptions|[I]-[9 hold. Define the class-KL function

e = (2[5 (2) 1 0] 3) o (o (2

where f,(-,-) € KL and y.(-) € K, come from Lemma 2, and f.(-,-) € KL is given in Corollary 1. Define the class-&C_
function

v,(8) 1= 7,,(5) + B, (27,,(5),0) , (A20)

where y,,(-) € K, comes from Lemma 2. Let A > 0, Au, >0, Auz > 0,A,, > 0and 4 > 0 be given such that |(x,, &), ¥, €y)| <
A, |ully < A, [l < A, and ||wl||, < A,,. Define

pr, 1= o2, 0). (A21)
Let (A,A,.A,.A,) be defined as A 1= A, A, 1= A,, A, =4, 47, =4, Using Corollary 2, let (A,A, .4, . A,)
generate €* > 0 and Y > 0 such that (32) holds for alle € (0 A*) We now introduce A, 1= a, (Z) +7Y, where a, ( Jand Y >0
come from in Corollary 2. From the choice of (A A LA w)» we conclude that | ;((t)| < A, forall |(x, 50, Yo €0)| < A,

ueB,,ueB,, andtZtOZOWhereBl—{ueR’||u|<A }andB —{uER’||u|<A }Deﬁne(AAu,AWy)

ll’
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as&::A,Aul '=A,,A, :=A,,and

U’ "y Uy’
& I
o 2 &, oa-! <_) A22
=a &y oa, oa ,
a WA N 8lby +bs+bg+Lb, 2 > =\2 (422)
where all of the above constants come from Assumptions [6]and [J} the class-K, functions come from Assumptions [3| and [6}
and L > 0 is such that [dh,/dy| < L forall y € By with By = {y € R? | |y| < A;} where A; := A,. From the

choice of (A, A, Au , fi), we generate € such that Corollary 1 hold. Define (Ap,Ap, ,AL ,AL JasA; 1= A, AL =4,
A L, ‘= A, A 1, ‘= A, Let Lemma 2 hold with the choice of (A, A L, A L, A ), which means that Lemma 1 holds too
Introduce A = ﬂL (A,0) + 7, (A,) + 7, (A,)+ yLl(Auz) + py, where ﬂL ), YL, () 71,(), 71,() and py, come from (17)
in Lemma 1. We now define an auxiliary constant C := ec; + ¢, with

¢; = (a3 +as + ag + Lapay, (A) +75(A,) + 75(A,,), (A23)
by + bs + bg + Lb,]?
o= 2 o Lo (i), (A24)
2

where all constants come from Assumption@and@], fiis defined as in 1| L > 0is as defined above, ay, (), ay (), andy,(1) (i =
5,6) come from Assumptions and [9] respectively. Define the auxiliary constant

A - (4=
¢ = gV:oa%oaV; <§—20> , (A25)
where it is observed that C can be made small by reducing C, which implies to reduce € and ji. The weak triangle inequality for

comparison functions leads to

C<a a, oaV oaV1 <C§€c1) +a, oaV oocV1 <C§c2> . (A26)
2 2

Note that j in (A22)) is such that the second term on the right-hand side of (A26)) is half of u, i.e., = ,u =a 1oocV oocV1 <§c2>.
So, let (A, Aul s Auz, u) generate ’

e & [avl 0:1,31 —Vz (%M)] (A27)

8 [(a4+a5 +ag+ Lapay (A,) +15(A,) + 758, )]]

such that > C holds for all € € (0, €>), which implies that % "> QI_/: 051,3 o&;}l (C%ecl ) Hence, define

*

¢ :=min{e},e", €}, (A28)

Note that € is given by (A27), €" is generated by Corollary 1, and €} in (A28) comes from (A6) in Lemma 2 and implies that
Lemma 1 and Corollary 2 hold. It follows from Lemma 2 that

4
le(] < B(legl. 1 —19) + a;, oay oaV1 (C_ [e(a4 +as+ag+ La7)a12,l(||x[t0,t]||)
2

k,
+ey2([ulto, 1111) + erg | lulto, A1) + — 5" (||f[to”]||)+71/3(”“)[’0’1]”)]> (A29)

with k, = (b, + bs + bs + Lb;)2. By virtue of Lemma 1 and Corollary 1, we have that x(r) and &(f) are bounded signal inputs
to the error dynamics. We now use the cascade properties of the system to conclude the result. By using the ISS approach for
interconnected systems proposed in Lemma 4.7 of Khalil?®, we have that (A29) yield to

— t—1
le(®)] < ﬂTl (|(x0,§0,eo)|,t— tO) + 4, <2EI_,31°“V3 055;31 <Z;i(€c1 + C2)> = O>
2

.= ~1(38 1= ~1(8
+ 1, <||w [to, t] ||) +a,, oay oy, <C_2€Cl +a;, oay ody, {,'_262 , (A30)
where br,(.) € KL and rr, () € Ky are given by 1| and l) respectively. Therefore, by the fact that y > ¢,
p(r,0) > p(r,s), and using lj we conclude that holds for all € € (0, €*) and for all |(x,, &y, xo. €p)| < A, [|u]l, <A
llille <A, [lwlle <A, and 7 > 15> 0.
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Step 2) We now prove that l) holds under Assumptions —El Define the functions ETI (,-) € KL and 7T1 (K

By (r,s) = B(r,s), (A31)

11, (8) 1= 7,(8), (A32)

where f,(-,-) € KL and y,,(-) € K, come from Lemma 2. For the given A > 0, Aul >0, A, > 0,A,>0andu >0,lete* >0

be as defined in (A28)). As showed in Step 1, Lemmas 1 and 2 and Corollaries 1 and 2 hold. Using Corollary 1, let (A, Au, , Auz, i)

generate T* > 0 such that 1i in Corollary 1 holds for all € € (0,€"), |(xy,&)| < A, ||ull, < Aul, [a]] < Auz, t>eT* +1,.
Hence, T is given by

) (A33)

where 0 1= @, 0] <€2—3[(b2 + byl B+ 24, + 24, + yj(Auz)]) with &, = A, () i= o,(), v := Ty (d),
K = min{ay (&)} over the set {A < [&] < A} with &y () = %agVoa;Vl
and class-K, functions come from Assumptions 3, 4 and 5.

To show the result, we consider which comes from Lemma 2. It is observed that x(¢) and &(¢) are essentially bounded
signal inputs to the error dynamics. We know from the SPA result in Corollary 1 that the fast state rapidly converges, and it
becomes ultimately bounded by /i after a finite time 7* > 0 defined by . This occurs because ;(-, ) € KL in quickly
converges to zero. Hence, ||&[eT*,¢t]|| < ji for all t > €T + t, where /i is given by . Moreover, ||x[ty,t]|| < A,, and
llulty, 11]| < A, . Therefore, by considering ¢, and ¢, in (A23) and (A24), (A29) leads to

() and A, = a;}oay, (A), where all the constants

= — 8 — 8 —
-1 ~—1 -1 ~—1
le()] < By, (le(tp)l. 1 — 1) +a, oay ol <C_2€CI) +a;, oay ody, <§—2c2> + 71, (lwlty, 111D, (A34)
for all e € (0,€*) and for all ¥ > €T™* + t,,, where ETI(" ) € K, and ?Tl(-) € K, given by 'A31) and lb Note that the
sum of second and third terms on the right-hand side of (A34)) is equal to right hand side of @, which is smaller than u for
all € € (0, €*). Therefore, we conclude that holds for all e € (0,¢e*), |(xg, &y X0 €0)l < A, [lulle < A, [ldlle < A,
[lw|l, < A, andt > eT* + 1.

Step 3) We now prove the £, stability property (@#0). Define

L2
kg, 1= C_z (A35)
and the class-K, functions
ar,(s) 1= kT]EV3 (s), (A36)
_ kr,
@y (s) 1= é,—z(b4 + bs + bs + Lb;Yay, (s), (A37)

where ay, € K, come from Corollary 1. For the given A > 0, A, > 0,4, >0,A,, > 0and u > 0, let |(xo, &), xo. €9)| < A,
[z |£2 < Aul, ||l'4||E2 < Auz, [w] |£2 < A,. Let Lemmas 1 and 2 and Corollary 2 hold as in Step 1 of this proof where the
L, results hold for any input satisfying ||u||,, < A, [l < A, ||u||£2 <A, ||Ll||£2 < A,,, and for any [lw]le < A,
||w||£2 < A,. Define (A, Aul,Auz,ﬂ) as A = A, Aul = Aul, A , = Auz and

U

CZ
- . —1 2
=a . A38
o= \,/4(1)4 T bs+ bg + Lo (A38)
From the choice of (A, Aul , Auz, i), we generate € > 0 such that Corollary 1 holds. Define
kr, ;2
= —L(b, + bs + bg + Lb)) ;) 2 , A39
He, é,2( 4+ bs + bg 7) "y, \/4(b4+b5+b6+Lb7)2M (A39)
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where «,,(-) € K, and the rest of the constant come from Assumptions EL @ andEI, and L is defined as in Step 1 of this proof.
Let € > 0 be such that e~ [(a4 +as + ag + Lay)a?, (A + ySZ(A )+ yg(A ) ] < ,u for all € € (0, €}). Hence, define

er i ok , (A40)
4 [(a4 +as+ag+ Lapa (A) +72(A, ) + yg(Au2)]
and
627 = min{ez,E*,e;;}, (A41)

where €7 and €" come from Lemma 2 and Corollary 1, respectively. We now consider lh in Lemma 2 and in Corollary 1.
Note that @) holds for all € € (0, ¢*) since €} < €*. It follows that (AZ) can be written as follows

t

/alz,g(le('r)l)d'r < %EV3(|e0|)+€C£(a4+a5 +a6+La7)/a12,1(|x(1)|)d1+ecz/ysz(lu(r)|)dr
; 2 2 2

Iy Iy
t _ t

rez / ruoDds + 2 (ca g+ -1 ) + = [ qunar, (A42)
HJ e & ‘ & S

where ay, (+) comes from Corollary 1 and El = (by + bs + bg + Lb;)*. We use the fact that |x(r)] < A, and |u(?)| < A, to obtain

t t

/a (|e(r)|)dr<§3a%(|eo|)+eg [(a4+a5+a6+La7)a (D) +72(8,) + 724, )]/dr

Ty )
t

+ Z—El (eaW(|§0|) + i@ —1ty) ) + El / rv.(lw(z)d. (A43)
CZZ ¢ & }

Ty

Note that (A43) and ¢ 2 [(04 +as+ag+ Lapal (A +2(A,) + 2(4, )] Ly lead to

t

2k, 2k,
/a (Ie(T)I)dT<€—aV(|eoI)+€ Iz aW(I§o|)+C /m(IW(T)I)dT+C—ﬂ(t—to)+ﬂ(t—to) (Ad4)

to 2

forall e € (0,¢;. ). By using ar, (-), @, () € Ko, ky, and pu, given in - A3 ) and by the fact that |ey| < |(xg, &, eo)| and
[&0] < (X, &ps €p)], we conclude from that holds for all e e xo, &o» Xo-€0)| < A, for any input satisfying
Null < A, . il < A, lNullg, < A%HEZ <B,,. forany ||w]], < A, ||w||£2 <A, and forall 1 > 15> 0.

Step 4) Finally, we demonstrate that the £, stability property (@T)). To prove this final result, let Lemmas 1 and 2 and Corollary 2
hold as in prev10us steps, and let Corollary 1 holds as stated in Step 3 of this proof. Let k; > 0 and ay, (-) € K, be such as
defined in ( and respectlvely Moreover, define €7, e > 0 as in Elzr From the choice of (A, A, u» Ay, /) in Step 3
where ji is glven by lmjl we generate T* > 0 such that |§(t)| < jiforall t > €T* +¢,. Since we work with the intersection of
the infinity norm and the £, norm, we use the fact that |£(¢)| < ji for all > €T + ¢, and we consider |x(¥)| < A, |u(®)| < A,
and |u(®)| < A, Therefore, we obtain from that the following holds

t t

/ oy (le())d7 < %Q(l%lﬂe% (@4 + a5 + ag + Layad, (80 + [124,) + 728, / dz

Ty )

+Qoz2 (u)/d1+—/yv3(|w(1)|)d1 (A45)

for all t > €T™ +¢,. From the choice of ji in (A38), we have that 2;1

that

a,, (i) < ,u Moreover, it follows from Step 3 of this proof

e? [(a4 +as+ag+ Lapa (A) + [r2(8,) + 724, )]] (A46)
2

l\.)l'—‘
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for all € € (0, €;) where €; < ezz. Hence, 1| leads to

t

t
/ a2 (le(@)dr < gayzueolwg% / 7y, (WDt + ult = 19). (A47)
] 2 2 ]
Therefore, by using le > (Qasin and ar, ()eK, asin E, it follows from that holds for all € € (0, e*z),
|(xgs €0» 201 €0)| < A, for any inputsatistying |[ull, < A, . 1illm < A, llulle, < A Tlally, <A, forany [lwll, < A,,
[|w]| |£2 <A, and for all t > eT*t,. This completes the proof. O]
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