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Global stability of the error dynamics of an observer designed for the
slow states of a singularly perturbed system

Luis Cuevas, Dragan NeSi¢ and Chris Manzie

Abstract— In this note, we study the stability of the error dy-
namics of an observer designed to estimate only the slow states
of a singularly perturbed system. The observer is designed on
the basis of the reduced (slow) model. We have recently reported
semi-global practical results for this problem. Our previous
work can be used to state local and regional convergence of the
estimation error, but we cannot conclude global results from
it. We seek to prove a stronger (global) result under stronger
(global) assumptions in this manuscript. Moreover, we focus on
proving the robustness of an observer with respect to singular
perturbations and with respect to the measurement noise.

I. INTRODUCTION

Observer design for singularly perturbed nonlinear sys-
tems is a hard task to address. Estimation of the slow states
of a two-time scale system via an observer designed for
the slow system is a common approach in the singular
perturbation framework, see [1]-[4]. It was shown in [1] that
under a set of appropriate assumptions the estimation error is
semi-globally practically asymptotically stable for a general
class of plants and observers. These results were illustrated
through practical applications in [2].

Estimation of slow states via a nonlinear Luenberger-type
observer is presented in [3]. The observer designed for the
reduced system exhibits a linear error dynamics. It is shown
a local convergence of the estimation error when the observer
is implemented on the full system. A Luenberger-type ob-
server to estimate the slow and fast states of a particular
class of plants is reported in [5]. The observer gains are
presented in terms of an LMI condition which is independent
of the perturbation parameter and that guarantees exponential
stability of the error dynamics. Note that these results cannot
be extended to cover a larger class of plants. Another work
on the topic is presented in [4] in which a sliding mode
observer for the slow states is designed. Note that results
in [3]-[5] deal with specific plants and specific observers.

Here, we estimate the slow states of a singularly perturbed
plant by using an observer designed for the reduced system
and implemented on the original plant. We consider a general
class of plants with measurement noise and study the ro-
bustness of the observer with respect to it. To the best of our
knowledge, no current results address this robustness analysis
in systems with two-time scales. We assume input-to-state
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practical stability (ISpS) for the reduced system and global
exponential stability for the boundary layer system. By
assuming that the error dynamics for the reduced system are
input-to-state stable (ISS), we prove the error dynamics are
ISpS stable when the observer is used on the original plant.
Moreover, we exploit our assumptions to state robustness
results on finite-gain Lo stability. We present two classes
of systems and observers for which our results hold. The
considered plants have reduced systems with the appropriate
structure to design a class of high-gain observers [6] and a
class of circle criterion-based H ., observers [7].

In addition to our main contribution, our assumptions lead
to stronger conclusions in the absence of measurement noise
than those in [1]. When there are no disturbances to the
system, our main result implies practical global exponential
stability of the error dynamics. Although we can apply results
in [1] to the problem presented in this paper, the proofs in
there would lead to weaker conclusions. Here, we state a
global stability property for the error dynamics, while [1]
only allows to conclude semi-global results, and local and
regional results under slightly different assumptions.
Notation: The (Euclidean) norm of a vector x € R" is
denoted as |x|. We say that s € L if |s|oc < 00, where
|s|oo := esssup, |s(t)|. The minimum eigenvalue of a square
matrix A is denoted by Anin{A}. We use the notation
|s[t1, t2]| := sup,epy, ¢,115(¢)]. The Lo-norm of a signal is

defined as [s(t)|z, = /5 s(t)Ts(t)dt.

II. PROBLEM STATEMENT

Consider a class of plants in the singular perturbation
standard form given by

T = fs(t7x7z,u,e), (la)
Eéiff(t,Z,Z,U,G), (1b)
y = h(t7x7 Z’ 1L, w7 6)’ (lc)

where © € R"™ represents the slow state variables, z € R™ is
the fast state of the system, y € R” is the measured output,
u € R" is the input, w € R? is measurement noise and € > 0
is the perturbation parameter. Note that a major difference
with [1] is the inclusion of the measurement noise in (1c).
Assumption 1. The input of the system and its derivative
belong to Loo; i.e. u, i € L.

Our goal is to analyse the performance of an observer
designed for the reduced system of a singularly perturbed
system and implemented on the original plant. Hence, the
robustness of the observer with respect to singular perturba-
tions is tested. Following the standard singular perturbation



technique, we set € = 0 to obtain the algebraic equation
0= fr(t,z,2,u,0). 2)

Assumption 2. The algebraic equation (2) has an isolated
solution z = H(t,z,u) that can be obtained analytically.
Now, substitute the isolated solution z = H (¢, z,u) in (la)
and (1c) at e = 0 to obtain the reduced dynamical system

j?ZfS(t,x,H(t,x,u),u,O), (33.)
ys = h(t,x, H(t, z,u),u,0). (3b)
Assumption 3. For the reduced (slow) system (3), there
exists a continuously differentiable function Vi (t, ), positive

constants b; (i = 1,...,5), and oy, > 0 such that for all
zeR?, ueRY t>0!

bi|z|? < Vi(t,z) < bolz/?, @)
oV, oV,
8151 + —1f6(t z, H,u,0) < —bs|z|? + balul® + 6v;, (5)
ovy
— | <

Our assumptions in here are stronger than their counterpart
in [1]. Here, we exploit these strong conditions to conclude
stronger results than those in [1]. Consider the change of
variables £ = z — H (¢, z,u) and note that (1) becomes

',I.: = fs(t7x7§+H(t7x7u)7u7 E>7 (7a)
: OH
Eg = ff(t,$,€+H(t,l’,U),U,€) - eﬁ
0H 0H .
—G%fs(t,x,f""H(t,x,u),u,e)_6%1% (7b)
y=nh(t,x, &+ H(t,z,u),u,¢). (7¢)

We analyse the fast dynamics behaviour by studying the
system (7b) in the fast time scale 7 = tj‘) as follows

a5 _ frt,x, &+ H(t,z,u),u,¢€) _6867];[

dr
OH OH .
—e%fs(t,x,f—i—H(t,x’u),u, €) —G%U, (8)

where we have used the approach in [8]. Set ¢ = 0 and treat
t and z as constants to obtain the boundary layer system
dg

d—_ff(txf—&—H(txu)uO) 9)

Assumption 4. There exists a Lyapunov function W (t, x,§)
and positive constants ¢;, (i = 1,...,6) such that for all
(2, ) eR" xR™, ueR andt >0

alél? <W(t,z,8) < eal¢]?, (10)
885 fr (t,z,E+ H(t,z,u),u,0) < —03|§|2, (11)

0 W ow
| el |G| <cater. |Gr| <l a2

Remark 1. Even though Assumption 4 is strong due to
the uniformity in « in (11), it has been used before in

In the sequel, when it is necessary, we would suppress arguments of
some functions to simplify the notation.

singular perturbations analysis [8]. If we claim that (9) is
exponentially stable uniformly in ¢, x and u, we can use
the converse Lyapunov theorem [Lemma 9.8, 9] in which is
stated |%—2f| < c|¢]? for some ¢ > 0. This is a slightly more
general condition than the last inequality in (12). However,
we need condition (12) for our proof to state a global result.

III. PRACTICAL DISS AND PRACTICAL Lo STABILITY OF
THE ORIGINAL PLANT

We first study the boundedness of (7) to establish our main
result. To perform this analysis, we consider terms that arise
due to the interconnection of the slow and fast dynamics.
These terms are sign indefinite, so we need to bound them.
Assumption 5. Consider f(t,x,& + H,u,€) and let L;
(i = 0,1,2) be nonnegative constants such that the following
inequalities hold for all xt ¢ R™, ¢ e R™, u € R", andt > 0

|fs(t,x, &+ H u,€) — fo(t,x, &+ H,u,0)] < eLo(|z]

+ 1€+ [ul), (13)
|f5(t)x’£+H7u’0)7fs(t7x’H’u50)|§L1|£‘, (14)
|[fs(t, 2, Hyu, 0)] < Lo(|z] 4 [ul). (15)

Assumption 6. Consider f¢(t,x,{+ H, u,€) and H(t,x,u).
Let L; (i =3,...,6) be nonnegative constants such that the
following set of inequalities holds for all x € R", £ € R™,
u€eR", andt>0

|ff(t7xa£+H7u7€) _ff(taxvg—’_Haqu)' S 6LS(|$|

+ &+ Jul),  (16)
OH 8H OH

Remark 2. Inequalities in Assumptions 5 and 6 can be
deduced from general conditions over fs, fr and H.
If f; and f; are continuously differentiable with bounded
derivatives, f5(0,0,0,0,¢) = 0, ff(0,0,0,0,¢) = 0 and
H(t,0,0) = 0, we can conclude (13) - (16). Conditions in
(17) can be deduced if 0H/dx and OH /Ou have continuous
and bounded first partial derivatives with respect to ¢ [11].
Lemma 1. Consider the singularly perturbed system (7). If
Assumptions 1-6 hold, there exists € >0, k; > 0 (i = 1,2),
ki >006=3,...,7), 6 >0 ¢4 >0 (G =2,...,6)
such that the system (7) satisfies the following ISS and Lo
conditions*

(2 (), ()| < Ky exp [—ka(t — to)] [ (x0, &0)| + (k3 +etky

ek ) ulto, ]| + e elfto, 1] + bz, (18)

(@), €0l < al(wo, €0)] + (€2 + €} by + el ) [u(D)l
+exlslat)|z, + Lot (19)

for all € € (0,€) and for all (x0,&) € R™ x R™,
u, U € Lo, and t > 0. Furthermore, there exists € > 0,
ki >0 (=12), k; >0 (i =3,4,5), 0, >0and l; >0

2In the sequel, 2o := 2(0). The same apply for the other states.



(i = 2,...,5) such that the fast states satisfy the following
ISS and Lo conditions

- S t—t
E@NShem<—b 0

€
lulto, ]| ) + elslifto, ]

) €0l + (61;3 + 62154) (|x[to,t]|

(20)

6(0)]es < Ehiléo] + € (B + ela ) o), + elslit) e,
e (B2 + els ) Ju(®) o,

Sforall e e (0,€%), & € R™, z,u, 1 € Lo, and t > 0.
Remark 3. We have taken advantage of our assumptions to
prove ISS and L stability results for the singularly perturbed
plant. Lemma 1 states a practical DISS result for the full
state and the fast variable. It is observed that if we set € = 0
in (18) we recover the property implied by Assumption 3.
The L, results are equivalent to the ISS ones but from the
perspective of finite-gain L stability. Note that Lo bounds
are very useful when dealing with £5 bounded noise and in
optimisation problems. Both ISS and £, conditions prove
different robustness properties of the system which are used
to conclude appropriate results in our main theorem.

Nl

2n

IV. MAIN RESULT

We now analyse the robustness of a full-order nonlinear
observer designed for the reduced system (3) and imple-
mented on the full system (7). We give a general set of
assumptions that cover a large class of observers to state
global stability results in the presence of measurement noise.
Our results imply that the error dynamics is globally prac-
tically stable in the absence of measurement noise in which
the practical term can be made small by reducing e.

Consider the class of full-order observers described by

&= folt,&,ys,u), (22)

where £ € R" is the state of the observer and an estimate of
z € R" (slow variable), y, and u are the output and input
of the nonlinear reduced system (3). Since the observer dy-
namics (22) has the same structure as the one we considered
in [1], our stronger assumptions imply we work with a sub-
class of the observers covered by [1]. Define the estimation
error as e = x — &. Therefore, the error dynamics for the
observer designed and implemented in the slow system (3)
is given by

é = fe(t7 x? 67H(t7 x’ u)7y3’u7 0)'

where f. = fs(t,x, H,u,0) — f,(t,x — e, ys, u).
Assumption 7. For the error dynamics in (23), there exists
a continuously differentiable function V. (t,e), and positive
constants a1, as, a3, a4 and as, such that for all x,e € R",
u€eR", weR, t>0

(23)

arlel* < Ve(t,e) < aglef?, (24)

V. IVe 2 2
< _gq.
8t + 36 fE(t7x7e7H7y87uaO) ~ a3|e| +a4‘w| 5 (25)
AV,
‘86 < asle|. (26)

From condition (25), we can conclude ISS with respect to
the measurement noise with an exponential JCL£ function and
linear gain. Moreover, since we consider a quadratic term for
w, an Lo stability property with linear gain is implied too.

The observer designed for the slow system (3) must be
implemented on the original system (1). Due to the influence
of the the perturbation parameter € and the fast state &, the
error dynamics is now given by

é:fE(t"r’eﬂg—’—H?y’u?E)? (27)

where f. = fo(t,z,& + H,u,e) — fo(t,x — e,y,u). Note
that the extended state (x, e, §) represents the interconnection
between the system (7) and the error dynamics in (27). So,
the full extended interconnected system is given by

j: = fs(t7 x7€+H(t7x7u)7u76)7 (28a)
é=fe(t,aj,e,f—I—H(t,x,u),y,u,e), (28b)
eé = fr(t,z,§+ H(t,z,u), u, €) — eaa—lj
o0H 0H .
- e%fs(m:,g + H(t,z,u),u,€) — e%m (28¢)
y=nh(t,x, &+ H(t,z,u),u,c). (28d)

To obtain the robustness result that we are looking for, we
need to analyse (28). To prove our main results, we take
advantage of the cascade properties of the system. We use
a Lyapunov approach to generate an estimate of the upper
bound of the estimation error; then, we use ISS and Lo
approaches to conclude Theorem 1.

Assumption 8. Let L; and Lg be nonegative constants such
that f,(t,x —e,y,u) satisfies the following inequality for all
reR" EeR™, ueR, welRy andt >0

|f0(tax - e7y7u> - fo(tvx - 67y87u)| < 6L7 + L8|€|a (29)

where y = h(t,z,{+H,u,w,€) and ys = h(t,z, H,u,w,0).
Remark 4. Equation (29) can be obtained if h(t, z, z, u, €)
is globally Lipschitz in (x,z,u,€) uniformly in ¢ and if
fo(t,Z,y,u) is globally Lipschitz in (&, y, w) uniformly in .
Theorem 1. Consider the singularly perturbed system (28). If
Assumptions 1 - 8 hold, there exists €* > 0, k; > 0 (1=1,2),
ki >0(G=3,...,6), {y >0and {; >0 (i = 2,...,5)
such that the error dynamics satisfy the following ISS and
Lo stability properties

le(t)] < krexp [—ka(t —to)] |eo| + eks + eka [‘x[t()vtﬂ
lélto, ]l + [ulto, ]] | + Fslélto, ] + Folwlto, ]], (30)
le(®)ea < Dileol + Lolw(t)le, + el [J2(t) 2, + €D,

o), | + elst + sl e (31)

SJorall e € (0,¢*), eg € R", z,&,u,u € Log and t > 0.

Remark 5. The error dynamics are in cascade with the
state (x,&). Hence, x(t) and £(¢) are seeing as signals in
Theorem 1. It follows from Lemma 1 that x(t) and &(%)
are bounded signals when considered as inputs to the error
dynamics for any initial conditions and bounded inputs with



bounded derivatives. By (20), the fast states rapidly converge
to a ball of order € since the exponential function in (20)
quickly converges to zero in a finite time T > 0 that depends
on &y. Note that the convergence rate can be adjusted by
reducing e. Then, it can be proven that the O(1) term in e
that depends on £(t) in (30) rapidly converges. It is observed
in (30) that the gains from z to e are of O(e). Then, the effect
of = over the error dynamics can be attenuated by reducing e.
Moreover, Lemma 1 implies there is a finite time 7" > 0
depending on (zo,&p) such that the contribution due to x
becomes of O(e) for all ¢ > T'. Hence, for all ¢ > T the
ultimate bound for the estimation error is an O(¢) term plus
the input gain due to the measurement noise. Note that the
O(e) in the ultimate bound only depends on k3, u and .
By using an ISS approach for interconnected systems as in
[Lemma 4.7, 9], it can be shown that (30) can be written in
a form such that if € is arbitrarily small, the property implied
by Assumption 7 is recovered.

Remark 6. Theorem 1 implies “practical” L5 stability, where
the practical meaning is understood based on the definition
[Property I5, 10]. Note that the practical term in (31) is of
O(e). By using the cascade properties of the error dynamics,
it can be proven that (31) has an equivalent form in which the
input gains from u, @ and (z¢, &) to e are of O(¢€). Moreover,
Lemma 1 implies the gain from & to e is of O(ez). It
follows that we can find a finite time 7" > 0 such that
the L2 bound becomes a term of O(¢) plus the contribution
due to the measurement noise. Since the contribution from
the disturbance to the error dynamics has a finite gain in
(31), it implies that the observer is robust with respect to
measurement noise when the described approach is used.
Remark 7. In the absence of the measurement noise, The-
orem | implies global exponential practical stability of the
error dynamics which is a stronger conclusion than what [1]
can provide.

V. APPLICATIONS

Even though our results are not constructive, we have
given conditions to cover a large class of plants and observers
as illustrated here on two examples of high-gain observers
and circle criterion-based H ., observers. We show that the
stated assumptions are satisfied on these examples. This
demonstrates that our results apply to existing nonlinear
observer design methods in the literature.

A. High-Gain Observer

We restrict the class of plants such that the reduced system
has the structure for which we can apply the observer in [6].
We choose a class of systems that is covered by the general
class of plants (1). Consider plants with the following form

i =Ax+ f(t,z,2) (32a)
€z = Miz + Moz, (32b)
y = Cix + Coz + Duw, (32¢)

where £ € R” and z € R™ are the slow and fast state
vectors, y € RP is the measured output, w(t) € RP is the

measurement noise which is assumed to be globally bounded,
€ is the perturbation parameter of the plant, and A, C1, Cs,
D, M, and M, are matrices of appropriate dimensions.
Assumption 9. The function f(t,x, z) is continuous, globally
Lipschitz and f(t,0,0) = 0.

Assumption 10. The matrix My is Hurwitz.

We require a linear dynamics in (32b) for two reasons:
1) it is easier to compute the slow manifold, and 2) after the
model reduction the slow system has the structure for which
we can design the observer [6]. Assumption 10 is required to
approximate the system via the lower dimensional systems.

Next, we demonstrate that Assumptions 1 - 5 are satisfied
for the class of systems (32) so that we can use conclusions
of Lemma 1 for this class of plants. Then, we introduce the
observer and show that Assumptions 7 and 8 hold, which
implies we can use results in Theorem 1. Note that there are
no inputs to the system, then Assumption 1 trivially holds.

We now set ¢ = 0 in (32b), such that the system is
restricted to the slow manifold: Mz + Msz = 0. It follows
that this algebraic equation has an analytical solution given
by H(z) = —M, * M;z. Hence, Assumption 2 holds. Then,
we obtain that the slow model is defined by

&= Ar+ f(t,z), (33a)
ys = Cz + Dw, (33b)

with f(t,x) = f(t,z, —M{lMg;), C = Cy—CyM; M.
Assumption 11. The function f(t,x) = f(t,z,H(x)) in
(33a) satisfies

?(tvx) = [?1(t3x1)a72(tax17$2)7 cee 7?n(t7xla cee

)]

(34)

Moreover, f(t,x, H(x)) satisfies [Assumption 1, 6].

We need to state condition (34) to guarantee that it is
possible to design an observer for the reduced system (33).
Assumption 12. The reduced system (33) is globally expo-
nentially practically stable.

It follows from Assumption 12 that Assumption 3 holds.
Now, define the change of variables z = £ — My 1M19:.
Therefore, we have

&= Ax+ f(t,x, & — My " Mzx), (35a)
€€ = Ma& + e(My ' M) [Ax

+ f(t, @, & = My ' Myz)], (35b)
y=Cz+ Cy€ + Dw (35¢)

By using the fast time scale 7 = t/e, it follows that the
boundary layer system is given by d¢/dr = M€ Since
M is Hurwitz, we have from [Theorem 4.6, 9] that for
any given positive definite symmetric matrix ()¢ there exists
a positive definite symmetric matrix P that satisfies the
Lyapunov equation: P M3 + M P: = —Q¢. Then, consider
W) = ¢TP£ as a candidate Lyapunov function for
boundary layer system. It follows that Assumption 4 holds
with a; = )\min{PE}» a2 = )\max{Pﬁ}7 asz = _)\min{QE}y
a4 = 2)\max{P§}’ as = 0 and ag = 0.

We now check conditions in Assumptions 5 and 6. Note
that Ly = 0 and L3 = 0 because the right-hand side of the



system does not depend on e. Since [Assumption 1, 6] holds,
there is Ly, > 0 satisfying that assumption such that (14)
holds with Ly = Ly, . Note that the fact that f(¢,z, z) van-
ishes at (x,z) = (0,0) implies that |f(¢, z, H(x))| < Lpg,,
then Ly = Lyg,. The isolated solution H(x) is a function
of z; hence, Ly = 0, Ly = |M§1M1\ and Lg = 0. Therefore,
Assumptions 5 and 6 hold.

1) Observer design: Consider the high gain full-order
observer presented in [6],

&=Ai+ f(t,2)+ G, K)(y—C&),  (36)

where € R™ is the observer’s state and an estimate of the
state, and G(v, K) := [y1k1,72k2, ... ,%kn]T where ~; is
the i-th component of v € R™ and K = [k, ko, ..., kn]T
with k; € R, i« = 1,...,n to be suitably chosen. Define
the estimation error € = z — , but as in [6], the stability
of the estimation error is studied through the transformed
coordinates T'(y)e = é where T'(y) = diag(y1,7v2,-- -, Vn)-
It is well know that a linear transformation preserves the
stability property of the system. The error dynamics in the
transformed coordinates if defined as follows

¢ = (A= KC+Qm)e(®) +T() " (F(t,2(t)
—f(t,2(t) = T()e(t) ) + T() G, K)Dw, (7

where (2(7) is a matrix given by

0 aq 0 0
0 0 Qo ... 0
Q=11 ] (38)
0 0 0 ... apa
o 0 0 ... 0

where a; = viy1/(m1vi) — 1, ¢ = 1,...,n — 1. From
the definitions of G(~v, K) and T'(y), we can conclude that
T(v)"'G(vy, K)Dw = K Dw. Therefore, (37) becomes

¢ = (A= KC+00)et) + T() " (F(t,(t)

—f(t, 2 () — T(y)elt) ) + KDuw, (39)

We now consider the observer design in [6] in the absence
of measurement noise. From [Theorem 2, 6], we know that
if there exists a constant A > 0 and matrices P = PT > 0,
Y, S=58T>0 diagonal, and W < 0 diagonal such that

ATP+PA+-CTYT —-YC+ A  *
{ ATP 4 W A, I

W > -8 41)
and -y is chosen such that

1 2k f Amax (P
7> ! \ ( )7

>
M= (ST + 1

with ky = % max;—12,...n L; where L; are Lipschitz

constants that come from [Assumption 1, 6], we can chose
. _ ; i—1

the gains as K = P~'Y and v = 4 [[}_,(ox + 1),

(1= 2,...,n). Since the observer must be implemented in

the system with measurement noise, consider V (e¢) = e Pe
as a Lyapunov function for (39). Then, if the stated above
holds, we have

oV,

G Fele) < =vlel? + 2ellwl| K DA P},

(42)
where v > v — 2k Amax{P}/A > 0 and f.(e) is given
by the right-hand side of (39). By applying completion of
squares to (42), it follows that Assumption 7 holds with a; =
Amin{P}, @2 = Amax{P}, a3 = v, ay = 2HEL Al P}
and ay = 2Mnax{P}. Note that the output of the system
does not depend on €, then L7 = 0 and it is straightforward to
see that Lg = |G(y, K)||C2|. Therefore, Assumption 8 also
holds and our results apply and hold for this class of plants
and observers. Notice that Lg depends on -y, then a larger
~v would lead to more conservative results and a smaller €*
would be required for our results to hold.

B. Circle Criterion-based H, observer

We now consider the class of plants with a singularly
perturbed structure such that the slow model has a form in
which results from [7] can be applied,

& = Az + G~(z) + Bz, (43a)
¢t = Mz + Mz, (43b)
y = Ciax + Coz + Dw, (43c)

where + € R"™ is the slow state, = € R™ is the fast
state, y € RP is the measured output variable, w € RP
is the measurement noise which is £o bounded, € is the
perturbation parameter of the process, v : R® — RY is
assumed to be globally Lipschitz and A, B, G, C1, Cs, D,
M; and M, are matrices of appropriate dimensions. The
function (-) has the form

v(z) = [n(Fiz),...,vi(Fiz),... ,vm(me)]T ,

where F; € R™*". The n; represents the number of rows of
F;; are not constrained [7]. By having a linear fast dynamics,
we guarantee that the reduced model has the appropriate
structure for which we can design the nonlinear observer [7].
Assumption 13. The matrix Mo in (43b) is Hurwitz.

The above assumption is elemental since the approxima-
tion of the singularly perturbed system (43) through lower
dimensional systems is only possible if Ms is Hurwitz. Note
that the system (43) does not have inputs, then Assumption 1
trivially holds. We now set ¢ = 0 in (43b), such that we
obtain that H(z) = —M, 'Mjz. Hence, Assumption 2
holds. Note that the slow model is defined by

(44)

& = Agz + Gy(z), (45a)
ys = Cx + Dw, (45b)

where Ag = A — BM; ' M, and C = C; — CoMy ' M;.
Assumption 14. The reduced system (45) is Input-to-State
practical stable.

By virtue of Assumption 14, there is a Lyapunov function
such that the reduced system satisfies Assumption 3. This
assumption gives generality to the plant since there is no need



for Ay to be Hurwitz. Now, define the change of variables
z= &— M2_1M1x. Therefore, we have

€€ = M€ + e(My " M) [Aox + Gy(z) + BE],  (46b)
y = Cx + Coé + Dw (46¢)

Following the exact same method as in the previous section,
we have that the boundary layer system is defined by
dé/dr = Ms¢ where 7 = t/e. So, we can check that
Assumption 4 holds with a1 = Amin{Pe}, a2 = Amax{Fs},
—Amin{Q¢}, a4 = 2 \max{Pc}, a5 =0 and ag = 0.
We now check the interconnection conditions in Assump-
tions 5 and 6. The right-hand side of the system does not
depend on ¢, then we have that Ly = 0, and Ls = 0. It
follows from (45a) and (46a) that L; = |B|. The function
~(+) is globally Lipschitz and it is observed that it vanishes
at x = 0, then there is a Lipschitz constant L. > 0 such that
|Gy (z)| < Ly|z|. Moreover, we have that |Agz| < |Agl|x],
so we have that Aoz + Gvy(z)| < (Ly + |Ao|)|x|. Then,
Ly = L, + |Ag|. Since the isolated solution H(x) is a
function of x we have Ly =0, L5 = |M2_1M1\ and Lg = 0.
1) Observer design: Consider the generalized circle crite-
rion observer proposed in [7] which has the following form

&= Aok + G [y1(01), - . Ym(0m)] + Llys — CF) (47)

with o, = H;Z + K;(ys — CZ) where ¢ € {1,...,m},
Z € R™ is the observer’s state and an estimate of the slow
state, /{; and L are gain matrices of appropriate dimensions
which must be designed. We design the observer (47) for
the reduced system (45). Define the estimation error as
e := x — Z. By considering [Lemma 2, 7] and the features
of the system such as the global Lipschitz property of ~(-)
among other conditions, it is shown in [7] that the error
dynamics is defined is given by

as =

e=(A-LC+A)e+ (-LD+B)w (48)
where A = Zz:;i;ﬂﬂq [(biijHijFKi] and B =

Yo [0y GHyDE,], in which Hi; = i (i)iy, (7).
Hg, = H; — K;C, Dg, = —K;D, where i4(i) is a vector
of the canonical basis of R® with the element 1 in the ith
position, the functions ¢;; are defined by [Lemma 2, 7]
(see [7] for further details). The observer design problem
is to determine the parameters such that the H., criterion
le|Z, < pleo* + plw|%, is satisfied and p is minimised.
[Theorem 4, 7] gives a LMI that must be solved to minimize
1 and to design the observer’s gain matrices L and K;. More-
over, the solution of the LMI condition gives a symmetric
positive definite matrix P € R™*" such that Va(e) = el Pe
is a Lyapunov function for (48). If P is a solution for the
LMI in [Theorem 4, 7], its derivative satisfies
oV,

Efe(evw) < _|€|2 + M|w‘2’

where f.(e,w) is given by the right-hand side of (48). It
is observed that (49) implies the H., criterion is satis-
fied with p = A\pax{P}. Then, Assumption 7 holds with

(49)

a1 = Amin{P}, a2 = Anax{P}, a3 = 1, ag = p and
a5 = Amax{P}. We now look at the observer dynamics to
verify Assumption 8. Since the output of the system does
not depend on € we have L7 = 0. On the other hand, (29)
is satisfied with Lg = |LCs| + |G||)_; K,;Cs|. Therefore,
Assumptions 1 - 8§, Lemma 1 and Theorem 1 hold.

VI. CONCLUSIONS

We proved the robustness properties of nonlinear observers
with respect to measurement noise and fast dynamics in
singularly perturbed models. As far as we are aware, this
is the first time that measurement noise is considered in
the singular perturbation framework for observer design. We
showed that the error dynamics exhibit practical ISS and
practical Lo stability properties. From our main result, we
can conclude that the estimation error globally practically
converges in the absence of measurement noise which is a
stronger result than the one in [1]. Whilst semi-global results
are presented in [1] and [2], we concluded global stability
under stronger assumptions in this work. Although the ob-
server design process does not consider the fast variables, we
showed that the observer performs well when implemented
on the full system. Our methodology is not constructive, but
instead, it is prescriptive as it outlines the conditions on the
system and observer that would guarantee good performance
of observers for slow variables that were designed base on
the reduced (slow) model.
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