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of observers, featured with the augment state to estimate the uncertainty, it
requires not only the observability condition for the augment matrix pair but,
more importantly, requires a structural condition first proposed in this paper.
Furthermore, it is demonstrated that the combination of this structural condi-
tion and the observability of the augment matrix pair is a necessary and sufficient
condition for the convergence of the observers and the observability of the origi-
nal uncertain nonlinear systems. This implies that both the structural condition
and the observability condition of the augment matrix pair reveal essential
feature of the observing problems for uncertain nonlinear systems. In addi-
tion, for unobservable uncertain nonlinear systems, which do not satisfy this
necessary and sufficient condition, the biased estimation error is explicitly pre-
sented, which can be used to evaluate the estimation performance of this class
of observers. The numerical simulations for three typical examples are carried

out to validate our theoretical analysis.
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1 | INTRODUCTION

Uncertainties, including but not limited to external disturbances, unmodeled dynamics, and parameter perturbations,
are ubiquitous in industrial systems and often bring adverse effects on performance and even stability of engineering
systems.'” For this reason, ensuring normal operation for a control system under various uncertainties becomes a central
issue in control theory. In recent years, the control approaches with estimation/compensation of uncertainty to force
the system to satisfy desired performance have been substantially developed for the control of uncertain systems.5'¢ The
effectiveness of such control strategies lies in large part in the observer design, which is used not only to recover the state
but also the uncertainty. In this sense, the observer design has become a bedrock for the control of uncertain systems.
During the past decades, several classes of observers, including but no limited to extended state observer (ESO),'7®
extended high-gain observer (EHGO),'*?° unknown input observer (UIO),* generalized extended state observer (GESO),*
proportional-integral observer (PIO)* and disturbance observer (DO)® have been proposed to estimate state or uncer-
tainty. Although using different names, these observers are based on the similar idea: expanding the state in the observer
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to include the uncertainty estimation. This state augment design has been shown as an effective way for estimating uncer-
tainties in practice. Substantial researches have been produced to analyze these classes of observers theoretically. The
convergence of nonlinear ESO with matched uncertainty has been studied in the work of Guo and Zhao.''® Under the
assumption that the nonlinear system is minimum phase, Freidovich and Khalil" prove that the closed-loop system based
on the EHGO-based controller is stable. Hammouri and Tmar? study a necessary and sufficient condition for the exis-
tence of UIO, and the stability condition of UIO is also presented. For bounded external disturbance, stability of GESO
for systems with mismatched disturbances has been studied in the work of Li et al.?> Considering discrete-time nonmin-
imum phase systems, it is shown that the estimation errors of the system state and unknown disturbance from PIO can
be constrained in a small bounded region.”® The global exponential stability of the estimation error from nonlinear DO
has been investigated in the work of Chen.®

Although some observers have been studied thoroughly from different perspectives, the theoretical analyses may have
the following two limitations:

« The structure of uncertain systems is limited to a special form. For instance, ESO and EHGO are constructed for those
uncertain systems that have cascade form and control matched uncertainty'’**;

« The assumptions on large-time behavior of uncertainties are conservative. For instance, the asymptotic stability of the
estimation errors of GESO and DO are proved under the assumption that the uncertainty converges to a constant as
time goes to infinity.>*

However, in real physical plants, the uncertainties may affect the system from each channel, which can be mismatched
with the control input. Moreover, the uncertainties might be composed of the time-varying external disturbances and
linear/nonlinear unknown dynamics with respect to system states. To meet the requirement of engineering applications,
the detailed analysis of observers for uncertain nonlinear systems under a more general framework becomes significant
both theoretically and practically.

A fundamental problem motivates this investigation is: what kinds of uncertainties can be estimated by observer for
general uncertain nonlinear systems?

We are therefore focused ourselves to uncertainty observing problem for general uncertain nonlinear systems in this
paper. Firstly, we analyze estimation performance of observers for a large class of uncertain nonlinear systems. The observ-
ability for uncertain nonlinear systems is thus defined, which was neglected in previous studies. Secondly, we try to reveal
the essential nature of the observability for uncertain nonlinear systems. The main contributions of this paper consist of
four main points: a) The properties of the observers for a general class of uncertain nonlinear systems are rigorously ana-
lyzed and a structural condition, which is proved to be the essential condition to ensure the convergence of the observers,
is proposed in this paper; Specially, the performance of observers for uncertain nonlinear systems is quantitatively
analyzed; b) The combination of the structural condition proposed in this paper and the observability of the augment
matrix pair is proved to be a necessary and sufficient condition for the observers to be convergent; c) The observability for
uncertain nonlinear systems is defined. The combination of the structural condition and the observability of the augment
matrix pair is proved to be a necessary and sufficient condition for the uncertain systems to be observable. In particular,
an algebraic criterion of the observability for uncertain nonlinear systems is presented; d) For unobservable uncertain
nonlinear systems, the biased estimation error of the observers is quantitatively given in this paper, which can be used to
evaluate the estimation performance of the observers.

The paper is organized as follows. In Section 2, the observation problem and the observers for a large class of uncertain
nonlinear systems are introduced. In Section 3, the properties of the observers are analyzed and a necessary and sufficient
condition for convergence of the observers is presented. In Section 4, the condition in Section 3 is also proved to be nec-
essary and sufficient for observability of uncertain nonlinear systems. Finally, in Section 5, some numerical experiments
are performed to validate the theoretical results.

The following notations are used throughout the paper. The R” represents the n-dimensional Euclidean space and R™"
stands for the space of real n X m-matrices; C~ denotes the left-half complex plane; for a vector or matrix Y, YT denotes its
transpose; for a square matrix Y, Y~! denotes its inverse matrix; for a square matrix Y, o(Y) denotes the set of eigenvalues
of Y; I,x, denotes the n X n unit matrix; Amin(Y) and Amax(Y) represent the minimal and maximal eigenvalues of the
symmetric real matrix Y, respectively; ||Y]| denotes the Euclidean norm of the vector Y and the corresponding induced
norm when Y'is a matrix; C*(R"; R) denotes the set of all continuous differentiable functions from R" to R up to s-order;
for any given function g, g denotes its j-order total differentiation with respect to ¢, and specially f” means W
for the unknown function f{() in system (1) in the beginning of next section for simplicity.
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2 | PROBLEM FORMULATION

In this paper, we consider a class of uncertain nonlinear systems described as follows:

{X(t) = A X(8) + byu(t) + ba f(X(0), d(D), b), W

y(t) = cX(1),

where X(t) € R" is the state vector, y(t) € R is the measured output, u(t) € R is the control input, d(¢) € R is the external
disturbance, and f € C*(R"! x [0, o0); R) is an unknown function representing the uncertainty, which contains external
disturbance d(t), unmodeled dynamics, and parameter perturbations. 4, € R™", b, € R", by € R", ¢ € R™" are known
constant matrix and vectors. It is suppose without loss of generality that all b, by, ¢ are nonzero.

We first specify some assumptions about system (1) in what follows. The following Assumption 1 is about the state X(¢),
the input u(t), and the external disturbance d(¢).

Assumption 1. The state X(¢) and the input u(t) of system (1) are supposed to be bounded
sup [IX(O]] + sup [u(®)] < My; (2)
120 £20

and the external disturbance d(t) satisfies

sup 1(d(0), (), ... .d"@)| < M, 3)

where M;(i = 1,2) are some positive constants.
The following Assumption 2 is about the unknown function f{-).

Assumption 2. There exists a nonnegative continuous function ¢ € C(R"™!;[0, o)), such that for any function
g € VOfj =2, ....n),

| fX,d, 0|+ ||IVfX,d, 0| + Zlgj(X, d, )] <¢X,d),Vt €[0,0),X € R",d e R, 4

j=2

where Vfand VUfrepresent the gradient of fand the finite set of all j-order partial derivatives of f with respect to its
arguments, respectively.

Remark 1. 1t is significant to emphasize that both Assumption 1 and Assumption 2 are essentially to ensure the
boundedness of f()(j = 1,2, ..., n). It also should be noticed that the boundedness requirement for the state X(¢) in
Assumption 1 aims for estimating the state-dependent uncertainty fiX(¢), d(t), t), so that this boundedness assumption
can be removed in the case that the uncertainty function is state independent. Moreover, the state could be bounded
in many practical control systems such as those for faults diagnosis.* Finally, since the observer is usually designed
for feedback purpose, we can use observer-based feedback to make the state be bounded.®!!'»!8

Remark 2. Assumption 2 is about the “growth” requirement of the time-varying unknown function f(X, d, ) with
respect to (X, d), which is reasonable as stated in Remark 1. However, if the unknown function f(X, d, t) is time indepen-
dent, the Assumption 2 can be removed since in this case the left-hand side of (4) is always a nonnegative continuous
function with respect to (X, d) and VUfis just a finite set for eachj = 1,2, ..., n.

We point out that many physical systems can be modeled by system (1). Examples can be found from robotic systems,?’
DC-DC converter,” flight systems,” among many others (see, eg, the work of Xue et al*). For the control of system (1),
there is a widely used method that performs two steps.’* One step is to estimate the uncertainty through observe and
the other is to compensate for the uncertainty in the feedback loop. The central strategy of this approach is the distur-
bance/observer/estimator, which provides an online estimation of the disturbance or uncertainty such as ESO, EHGO,
PIO, and GESO.

General observers of variable augment design to estimate the uncertainty are of the following form:

@) (@) (@)
y =A|, u - P s
lf(f)] [f(t)]+B u(t)+L<y(t) c[f(t)D (5)
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where X(f) € R" and f(f) € R are the estimates of the state X(f) and the lumped uncertainty f(X(t), d(¢), t), respectively;
A, By, and C are the following extended matrices

a[45]. me[t] e-tem 0

and L € R™! is the observer gain vector to be designed.
In fact, the observer (5) is a general form for uncertain systems in the sense that all ESO, EHGO, PIO, and GESO are
special cases of (5), which can be summarized from the following two aspects.

a) Both ESO and EHGO'* are designed for special integral cascade systems, where

01 ...0 0 0
A=l " o 1lba=]glbu=]g|c=110 ... 0] (7)
0 .0 1 1

which assumes that the relative degree from the control input to the controlled output is n and the lumped uncertainty
is matched with the control input;

b) The GESO and PIO*** are for general A,, by, by, ¢, the lumped uncertainty is, however, commonly assumed to be
ultimately steady, ie, lim,_ ., f® = 0, which ensures asymptotically convergence of the estimation error. This paper
will further study the transient performance of the observer (5) without this ultimately steady assumption.

To analyze the performance of observer (5), we start from the estimation error:

_ X(1) _[Xx®
n = [f(X(t), d). 1) ] [ ) ] ' ®
It is seen that the estimation error is governed by
A(t) = (A = LOn(®) + BafY, )

where By = 0”1’(1 . To achieve asymptotically unbiased estimation n(c0) = 0, the observability of (4, C) is a basic

condition, which is commonly used in previous studies.!”***>% This is because if (A4, C) is observable, A — LC can be
designed to be Hurwitz by tuning L. Solve the error Equation (9) to obtain

t
n(t) = €A L (0) + / eW-LOM=9)g, £ g (10)
0

It is seen that when (4, C) is observable, ¢4 ~LC)" can decay as fast as desired by choosing the appropriate gain matrix L
from the pole assignment. Thus, if the uncertainty f(-) is a constant function, ie, f = 0, it follows from (7) and (10) that
n(co0) = 0. Therefore, it is often assumed that the uncertainty is ultimately steady, ie, lim,_ ., f’ = 0 to ensure asymp-
totically unbiased estimation.?>?* However, if f{-) is not a constant function, ie, f # 0, there is not necessarily existing
a gain vector L to achieve asymptotically unbiased estimation even if (4, C) is observable, which can be easily seen from
some simple counter examples, such as example 2 in Section 5.1 later. It is natural that some additional conditions about
bg in system (1), which demonstrates the position of the uncertainty f, should be required to ensure the asymptotically
unbiased estimation of the observer (5).

Actually, for general uncertainty f{-) satisfying Assumption 2, if (A,C) is observable and Assumptions 1 and 2 are
satisfied, the following proposed structural condition:

¢bg =0,cAgbg =0, ... ,cA}?bg = 0,cAl by # 0 (11)

will be proved to be not only a sufficient condition but also a necessary one to guarantee that there always exists a gain
vector L such that the observer (5) is convergent, which is presented in Theorem 2 in the next section. Specially, if we
only consider the sufficient condition for the convergence of the observer (5), we can replace Assumptions 1 and 2 by the
following weaker Assumption 3, then (A4, C) is observable and condition (11) can insure that there always exists a gain
vector L such that the observer (5) is convergent, which is shown in Proposition 1 in the next section.
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3 | CONVERGENCE OF THE OBSERVER

Before analyzing the performance of the observer (5), we first give two essential properties, which make the observer
feasible. The observer (5) is said to be convergent if the following conditions (P1) and (P2) are satisfied.

(P1). The observer is interiorly stable, ie, 6(A — LC) c C~.
(P2). The estimation accuracy of the observer can be adjusted by c(A — LC), that is to say, for any T > 0 and any
e € (0,1], there exists L’ such that (4 — L'C) = %a(A — LC) and

ln@l <Te,Vit>T, (12)
where #(t) is defined as in (8) and I' is a constant independent of .

As discussed in Section 2, (P1) is a basic property for the observer to be practicable. (P2) means that the estimation
error of the observer (5) can be eventually unbiased : lim._o||#(t)|| = O by tuning the observer gain L’ in every time.
Actually, unlike properties analyzed in general observers, (P2) ensures not only the ultimate performance but also, more
importantly, the transient performance. Since (P1) and (P2) are preconditions for the observer (5) to be convergent, it is
significant to discuss under what conditions or for what kind of uncertainties, the observer can satisfy both (P1) and (P2).

According to the dynamics of the estimation error (9), it is difficult or even impossible to find analytically the estimation
error for general A, C, and f. Thus, we will first transform (9) into a special form that is more easy to be analyzed. The key
steps of this transform can be summarized as follows. First, since the observability of (4, C) is the prime condition for the
feasibility of observer, we always assume that (A, C) is observable. In this case, thereisan (n + 1) X (n + 1) invertible
matrix

C c 0
CA cAy cby
S&| CA? [=| cAZ cAoba (13)
cA" | | cAn cA™ b,
such that (A, C) can be changed into the observable canonical form
SAS'=A, cst=¢C, (14)
where
0 1 ... 0
A= 0 0 1 ’ C=[1O 0]1><(n+1)' (15)
n+1 n -1
[CAO cApba ] S (n+1)x(n+1)
Then, the estimation error (9) can be reformulated as
n(t) = (A = LOY(t) + Baf Y, (16)
where we set
7i(t) = Sy(t), L = SL, By = SBy. 17)

We can see that the if we only consider the first term of the right-hand side of (16), it has been the estimation error of the
observable canonical form. We focus only on the second term By /. Let

0 ... 0
0 .. 0 fo
: f(n—l)
CAg_zbd ... ¢by
It is verified that
A=AA-ByfV +F, (19)

where

@
F=— [Onxl] [CAg_lbd de] lf(n)] + [Orixl] [CA3+1 CAgbd]S_lA. (20)
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Since CA = 0, (19) becomes

A=@A-LO)A-ByfY +F. (21)
Denote
o =1 + A. (22)
It then follows from (16) and (21) that
o =@A-LC)ny, +F. (23)

From the discussion above, we can see that the error Equation (9) is reformulated as (23) in the observable canonical
form. The convergence of system (23) is presented in the succeeding Lemma 1.

Lemma 1. Suppose that F defined in (20) is bounded. Then, there exists an (n + 1)-dimensional vector L such that
system (23) satisfies both (P1) and (P2).

Proof. Since (A, C) is observable with both A and C defined in (15), for any {4, 4, ..., 4,} € C~!, there exists an
(n + 1)-dimensional vector Ly such that

A —LyC = PyAP; L, (24)
where
— Zl
A() = _ S
/1n+1
[ n+1 n+1 T
m-Nad? m-Yadt L hi—ae 1
i=2 i=3
n+1l n+1
pi| =Dl I -Nad L - 1
0 i=2 i=3 ’
n.+1 n'+1
}”Z+1 - Zai%_fl A:ﬁ - Zai/lizfl o Anpr = Qnpr 1
| i=2 i=3 ]

[ar, ... ,@pp1] 2 [ AR cAllbg | ST

When we replace Ay with i/_\o (e € (0,1]) in (24), there also exists an (n + 1)-dimensional vector L such that

A-IC=P [1/‘\0] P, (25)
E
where P71 = Py LT with
1
En+l 1
T=T;! pr T, (26)
1
and
1 0 0
T _an+1 . . E (27)
a— : 1 O
—ay ... —Qup41 1

o = TP, Py'Tno +F. (28)
Zn+l

£

Denoted = Tp,. It follows from (24)-(28) that
d=LXA—L,09+TF. (29)
&

Since TF = F, (29) becomes
d=YA-1,009+F. (30)
€
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Since A — LyC is Hurwitz, thereis an (n 4+ 1) X (n + 1) positive definite matrix Q such that
(A-Lo0)'Q+ QU — LoC) = ~Iins1yx(n+1)- (31)
Let V = 9'TQJ, which satisfies

imin(Q)”&llz < |4 < j'max(Q)”19”2,
and hence

V= (%(A —Lo0)9 + F)TQS +97Q (%(A —Ly0)9 + F)

lotg, 1ot 2

1_1
(3

- 2_v +2/|Q|12|IF |2
< Q) + 2||IQII*IIF]|

Furthermore, since F is bounded, there exists a positive constant C; such that 2||Q||?||F||> < C;. This, together
with (32), yields

(i-3), t ‘
V() < e ma@ 'V(0) + C; / ¢ mn@ s, (33)
0

Since 0 < £ < 1, we then have

= t -1
V(t) < e¥me@ ' V(0) + C, / e Tmm@ Y dg
0

(34)
< eTna@ V(0) + 2Amax(Q)C1 €.
In addition, for any given T > 0, there exists a positive constant C, independent of e such that
-1
eFma@ 'V (0) < Cre, V t € [T, o). (35)
Lety = C; + 2Anmax(Q)C1. Then, for any t > T,
V <vye. (36)
This follows that )
lnoll* = IT71911> < 1T~ V <Te, Vie[T, ), (37)
Amin(Q)
where " 2 L'T_;l(lg)y is a constant independent of . O

By Lemma 1, the capability of observer (5) is demonstrated in the succeeding Theorem 1.

Theorem 1. For the observer (5), if (A, C) is observable and Assumptions 1 and 2 are satisfied, then there exists an
(n + 1)-dimensional vector L such that the property (P1) is satisfied; in addition, forany e € (0,1]and T > 0, when
the gain vector L* is chosen such that 6(A — L*C) = EU(A — LC), it holds

lln(t) + S7'A|> <Te,Vt> T, (38)

where T is a constant independent of € and n(t), S, A are defined as those in (8), (13), (18), respectively.

Proof. Since Assumptions 1 and 2 are satisfied, we can easily show by a computation that f()(j = 1,2, ..., n) are
bounded. It follows from (20) that F is bounded. By Lemma 1, there exists an (n + 1)-dimensional gain vector L such
that the estimation error system (23) satisfies both (P1) and (P2). Furthermore, since

SAS'=A,cS'=C,L=S5L, (39)
which is specified in (14) and (17), we have
SA-LO)S'=A-1IC, (40)
which means that
6(A—-LC)=0c(A—-LO). (41)
It then follows from Lemma 1 that for any e € (0,1] and T > 0, there exists a gain vector L such that (P1) is satisfied,

and
ln(t) + S'A|> <Te,Vi> T, (42)
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for some e-independent constant I' when we choose the gain vector L* such that 6(A — L*C) = io-(A — LC). This
completes the proof of the theorem. O

Theorem 1 shows that the estimation error (#(tf) + S™'A) can be tuned as small as possible by the observer gain L*.
Moreover, (5(t) + S~ A) will converge to zero with the eigenvalues of 6(A — L*C) tending to negative infinity. Since ST A
depends on the uncertainty f(-) and the structure of the original system (1), it cannot be adjusted by the observer gain L*,
which is therefore regarded as a biased estimation of the observer (5).

Theorem 1 is significant in the sense that it gives a quantitative estimation error of the observer (5). To achieve unbiased
estimations, S~ A should be a zero vector. From this fact, condition (11) specified in last section is considered as not only
a sufficient condition but also a necessary one for the convergence of the observer (5), which is shown in the following
Theorem 2.

Theorem 2. For the observer (5), suppose that (A, C) is observable and Assumptions 1 and 2 are satisfied. Then, there
always exists an (n + 1)-dimensional gain vector L such that the observer (5) is convergent if and only if condition (11) is
satisfied.

Proof. Sufficiency: Since (A4, C) is observable, there exists an (n + 1)-dimensional gain vector L such that (P1) is
satisfied. If condition (11) is satisfied, from (18), we have A = 0. It then follows from Theorem 1 that (P2) holds.
Necessity: Suppose that (P1) and (P2) are satisfied. Then, for any e € (0,1] and T > 0, there exists an
(n + 1)-dimensional gain vector L such that 6(A — LC) ¢ C~, and when we choose the gain L’ such that 6(A—L'C) =
%o-(A — LC), we have
ln®Il <T1e,ViE>T, (43)

for some e-independent constant I';. Suppose that there is an integer 0 < i < n — 2 such that
cAlbg # 0,

which yields A # 0 for the uncertainty fsatisfying f EN)
Since (A, C) is observable and Assumptions 1 and 2 are satisfied, it follows from Theorem 1 that

In(t) + ST'A|| <The,ViE>T, (44)
for some e-independent constant I', with the choice of the gain L’. Now,
IS~ AN = [In@®ll < lln() + ST A|l < Tae, (45)
which yields
In@ll = IS Al = Tae. (46)

It is easy to see that there exists y > 0 such that * e miner 14, IS A|l > 0, and we suppose that 0 < & <
min{ 29?', 3% 1}. This, together with (46), yields
2 1

o*

which contradicts with (43). Therefore,
cAlbg=0,0<i<n-2. (48)

In addition, since (A4, C) is observable, S is nonsingular. Thus, we have cAg‘lbd # 0. This shows condition (11) finally.
O

Theorem 2 gives the necessary and sufficient condition (11), which is about the system structure for convergence of the
observer (5). It should be noted that the integral cascade system, which is widely discussed in ESO and EHGO, definitely
satisfies (11). This is the reason why ESO and EHGO show good estimation performance for uncertain systems.

The Assumptions 1 and 2 in Theorem 2 can be replaced by the following weaker Assumption 3 as a sufficient condition
about the unknown function f to guarantee the convergence of the observer (5), which is substantially required for the
boundedness of f ,

Assumption 3. The state X(f) and the input u(¢) of system (1) are supposed to be bounded in the sense that
sup [|IX (0| + sup [u(t)| < M, (49)
>0 >0
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and the external disturbance d(t) satisfies
Su(l)a 1(d(®), Al < Mo, (50)
>

where M;(i = 1,2) are some positive constants;
There exists a nonnegative continuous function ¢ € C(R""!; [0, o)), such that

|fX,d, ]+ ||IVfX,d, )] £¢X,d),Vte[0,0),X e R",deR. (51)

Proposition 1. Suppose that (A, C) is observable, condition (11) and Assumption 3 are satisfied. Then, there exists an
(n + 1)-dimensional gain vector L such that the observer (5) is convergent.

Proof. Since condition (11) is satisfied, it follows from (20) that
F=-— [0"1“ ] cAl by fO. (52)
Since Assumption 3 is satisfied, a direct computation easily shows that f is bounded and then F is bounded. Similar

to the proof of Theorem 1, we can conclude that there exists an (n + 1)-dimensional vector L such that (P1) is satisfied.
Besides, forany e € (0,1]and T > 0,

In(t)+ ST'A| <Te,Vi>T, (53)
provided we choose the gain matrix L so that 6(A—LC) = %a(A—EC). Since A = 0, there exists an (n + 1)-dimensional
gain vector L such that (P1) and (P2) are satisfied. This completes the proof of the proposition. O

Remark 3. Theorem 2 and Proposition 1 indicate that for general uncertainty f(-), condition (11) is essentially the
structural condition to ensure the convergence of the observer (5). Nevertheless, condition (11) is often neglected in
previous observer studies. It seems that as long as (A, C) is observable and f(l) is bounded, the estimation errors can
always be tuned small enough through 6(A — LC). However, it turns out that the convergence of the observer (5)
is not only related to the observability of (4, C) and the boundedness of fO but also depends on which channel the
uncertainty exists in as stated in condition (11).

In the next section, it will be further revealed that condition (11) is the fundamental one to ensure the observability of
uncertain systems.

4 | OBSERVABILITY FOR UNCERTAIN SYSTEMS

Up to present, we have studied the convergence of the observer (5). However, a basic question may be ignored: does
the output contains the information of uncertainty? If it does, whether the output uniquely determines the state and
uncertainty? Motivated by this question, we discuss the observability of the uncertain systems.

For exactly known linear/nonlinear systems, observability of the state means that the continuous dependence of the
output with respect to the initial value, ie,

y@) =0,ut) =0,Vte[0,00)=>X(0)=0. (54)

This is because with the initial value and the exactly known model, the state X(f) will be uniquely determined by the out-
put. However, this may not hold true for uncertain systems. With uncertain dynamics, the state of an uncertain system
may not be uniquely determined by the output even if (54) is satisfied. Hence, observability for uncertain nonlinear sys-
tems not only requires the continuous dependence of the output with respect to the initial value but also with respect to
the uncertainty. For this, we give a definition.

Definition 1 (Observability for uncertain nonlinear systems).

The state X(¢f) and uncertainty f{-) of system (1) are said to be observable, if for any unknown initial state value X(0)
and T > 0, the state X(¢) and uncertainty fiX(t), d(¢), t)(t € [0, T]) can be uniquely determined by the output y(¢) and
the control input u(t)(t € [0, T]).

Observability for uncertain nonlinear systems is well defined by Definition 1, which means that the output not only
contains all information of the state but also the uncertainty as well. In particular, if f= 0 or by = 0, system (1) is reduced
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to be linear time-invariant one, and Definition 1 is line with the observability of linear time-invariant systems.**> The
necessary and sufficient condition for observability of system (1) is presented in the following Theorem 3.

Theorem 3. Forn > 2, system (1) is observable under Definition 1 if and only if (A, C) is observable and condition (11)
is satisfied.

Proof. The first n-order derivatives of y satisfy

y c 0 0 ... 0 X
y cAy  cbg 0 ... 0 f
y(z) = CAS CA()bd de f(l)
: : : : ~ 0 :
y _CAS CAg_lbd CAS_Zbd ... ¢cbg f(l_l) (55)
[0 0 ... 0 u
¢ch, O ... 0 u®
+| cAoby, cby u®
: R :
_cAg‘lbu oo .. Chy || uD
Sufficiency: Since (A, C) is observable, S is nonsingular. This, together with condition (11), gives
y 0
(1)
[)f( ] = el O (56)
Y™ cA}'byu.

It follows from (56) that the state X(f) and the uncertainty f{X(t), d(¢), t) on [0, T] can be uniquely determined by the
output y(¢f) and the control input u(t) on [0, T].

Necessity: Consider a constant disturbance: f = D for some constant D. In this case, f(i) =0(i > 1) and system (1)
is reduced to the following linear time-invariant one:

S f (57)
X(t)
y=C .

By observability for linear time-invariant systems, the observability condition for this special case is that the pair (4, C)
is observable. For general disturbance f, assuming

i=min {i|lcA'bg #0,i € Z} 1> 0, (58)
i>0
we can get
[ ¢ 0 0 e 0]
y 0 0 ... 0 u cA : : oo X
y® ¢y, 0 .. 0 u® ] 0 0 f
y@ |+| cAby cby . u?® | =| cA* cAlby 0 . (59)
: o i 0 : cAH2 CAE+1bd CAfbd
@D cAHp, L cby || u@HD : : : FED
cAHL cAHI1p, cAHI=2h, o cAlby

where {X.f,f W, f(l_l)} are unknown variables to be determined. To get {X.f, f(l), cosf =D}y from the
Equation (59), it is necessary to requiref > n — 1. Moreover, since (A, C) is observable, S is nonsingular, and thus we
can geti < n — 1. Hence i = n — 1. In conclusion, the pair (4, C) is observable and condition (11) is satisfied. This
completes the proof of the theorem. O

Remark 4. Ifn = 1, system (1) is definitely observable.

Theorem 3 gives a necessary and sufficient condition for system (1) to be observable. Moreover, according to Theorems 2
and 3, we can get the following Theorem 4.
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Theorem 4. Suppose that Assumptions 1 and 2 are satisfied. Then, the following three assertions are equivalent:

(i). The observer (5) is convergent.
(ii). System (1) is observable.
(iii). (A, C) is observable and condition (11) is satisfied.

Remark 5. Condition (11) is often neglected in the literature, which essentially reveals the nature of observability for
the uncertain system (1). More importantly, the combination of observability of (4, C) and condition (11) is an explicit
observability criterion that is easily to be verified. With the observability criterion for uncertain nonlinear systems,
it is easy to check whether the uncertain nonlinear systems are observable before we design observers. On the other
hand, we can also use the observability criterion to choose the least feasible output to ensure the convergence. If the
observability criterion is not satisfied, one may make the uncertain nonlinear systems to be observable by seeking
more output information according to the observability criterion (iii) of Theorem 4.

Remark 6. For unobservable uncertain nonlinear systems, the estimation error for each state and uncertainty, which
actually reflects the degree of observability for each state and uncertainty, is quantitatively presented in (38) of
Theorem 1. According to the estimation error, the estimation accuracy for the state and uncertainty can be evaluated
through the structure of the uncertain nonlinear systems and the bound of the derivatives of uncertainty. For the state
or uncertainty with high estimation accuracy, the estimations of the state and the uncertainty are almost “reliable,”
which can be treated as the approximation of the corresponding state and uncertainty although the uncertain sys-
tems are unobservable. As a result, (38) in Theorem 1 can be used as an evaluation of the observability degree, or in
other words the estimation accuracy, of each state and uncertainty for unobservable uncertain systems, which will be
shown in details in example 5.2 of Section 5 later. The above theorem will be verified by three benchmark examples
in the next section.

5 | APPLICATION EXAMPLE AND SIMULATIONS

5.1 | Numerical simulation examples

1. Observable uncertain nonlinear systems. Consider the following observable uncertain system:
x1(8) = x(0),
X(t) = d(1), (60)
y(®) = x1 (1),

where (x;,x,)T € R?, y € R, and f(-,t) = d(t) € R are the state, the measurement output, and the external disturbance,
respectively. The initial states are chosen as

xl(O) =0, xz(O) =-1. (61)
The observer (5) is used to estimate the state (x;,x;) and the external disturbance d(t) = sin(t) and the parameters of
observer are selected as
S 0 3w,
[Xi‘(o)] —lo|, L=]|3w2]|, w =30, (62)
f(0) 0 Wy}

which satisfies the bandwidth design of observers presented in the work of Gao.* The estimates X, = (%1, %) and f(¢) of
the state (x1,x,) and the uncertainty d(t) are depicted in Figure 1. The results indicate that the observer (5) estimates both
state and uncertainty accurately. Notice that system (60) is observable according to the observability conditions given by
Theorem 4. The simulation results in Figure 1 validate that the observability for uncertain systems is a sufficient condition
for observer to achieve satisfactory estimation performance.

2. Unobservable uncertain nonlinear systems. Consider the following unobservable uncertain system:

X1(8) = x%(8) + d(@),
X(t) = d(b), (63)
¥(6) = x,(0),
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FIGURE 1 The states, disturbance, and their estimates from the example one [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 The states, disturbance, and their estimates from example two [Colour figure can be viewed at wileyonlinelibrary.com]

where (x;,x,)T € R?, y € R, and f(-,t) = d(t) € R are the state, the measurement output, and the external disturbance,
respectively. The initial state (x;(0),x,(0)) and the external disturbance d(t) are chosen the same as (61) and d(¢t) = sin(¢),
respectively.

The observer (5) is designed with the same initial values and bandwidth such that

3w,
L=|3w*—w |, (64)
o

and both X,(0) and w, are the same as (62). The simulation results are depicted in Figure 2. Figure 2 shows that the
observer (5) fails to estimate the state component x, and the uncertainty f(-,t) = d(t) accurately no matter how to tune
the gain matrix L. The estimations are always biased.

From Theorem 1, in the second example, the observer (5) actually gives the estimations of the following observable
group of state and uncertainty, in other words,

b : "1
[ X] — X2 |x-fO|,ve>0. (65)
VAN AR f+fo

The estimates [ ] is almost coincident with

\)X >

] and X are plotted in Figure 3, which shows that each component of [

\)X >
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FIGURE 4 Two-mass-spring system with uncertain parameters

corresponding component of X. This validates that only the observable group of states and uncertainty can be estimated
accurately by the designed observer.

These two examples show that the observability condition for uncertain systems is a sufficient and necessary condition
for the observer to achieve satisfactory estimations of state and uncertainty.

5.2 | Application Example

A benchmark two-mass-spring system was considered in the work of Zhang et al** and its schematic is given in Figure 4.
The system consists of two masses m; and m, that are free to slide over a frictionless horizontal surface. The masses
are attached to one and another by means of a light horizontal spring of spring constant k. The states of the system are
defined as the displacements and velocities of the two masses, respectively, where x; (f) and x3(t) denote the displacement
and velocity of mass m;, and x,(f) and x4(¢) denote those of the mass m,. The control signal u(t) is the force applied to
the object one. By Newton's second law and Hooke's law, the two-mass-spring system dynamics can be described by the
following equation:

ao| [0 0 10fleawn]| [o 0

o (t 0 0 01 t 0 0

9.62( )| _ L x(t) +| @+ bowi (0] + bawa (1),

O] | T ow 00 w0 | ) (66)
0| | £ —Loo|lxo| | o o
r x1(8)
t) = >
¥(®) _Cl Cz] lxz(t)l

where w;(f) and w,(t) are two external disturbance forces applied to the masses m; and m,, respectively. When w; () is
considered only, b; = 1and b, = 0, and when w,(¢) is considered only, b; = 0 and b, = 1.In the same way, ¢c; = 1 and
¢, = 0 means that the position of the mass that m; is measured, and ¢; = 0 and ¢, = 1 means that the m, is measured.
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We mainly consider the uncertainty observing problem for multiple uncertainties w;(¢) and w,(¢) with the measure-
ments y(f) = x;(¢) or y(t) = x,(¢). For this system, the general observer is designed as (5) with the control input to be set
asu(t) = =kix1(t) — kaxy(t) — kaxs(t) — kaxs(t) to stabilize.

When both w;(t) and w,(t) are considered,

by =

o ilFoco

A calculation shows that (A, C) is unobservable no matter x;(f) or x,(t) is measured. The following four cases are
considered:

e« Casel:by = 1,b, = 0,c; = 1,¢; = 0;
« Case2:by = 0,b, = 1,¢; = 1,¢; = 0;
e Case3:b; = 1,b, = 0,c; = 0,c; = 1;and
e Case4:b; = 0,b, = 1,¢; = 0,¢c5 = 1.

According to observability conditions for uncertain systems in Theorem 4, the observability for uncertain system (66) for
these different four cases is listed in Table 1. It follows from Table 1 that although (A, C) for four cases are all observ-
able, the uncertain system for Cases 1 and 4 is unobservable for condition (11) is not satisfied. Next, we investigate the
estimation performance of the observer (5) for four cases. For the sake of simplicity and easy tuning, the observer gain
L= [11 L1l ]T for four cases are designed so that all eigenvalues of A — LC would be placed at the observer band-
width —®,. The coefficients of L for four cases are listed in Table 2, where a = (m; + m;)/(m;m,). The coefficients of
the controller gain can be chosen as

2 4 3
ki = 6w;my — (my + my)/my, ky = mimyo; — ki, ks = 4o.my, ky = do;mym; — ks,

to place all closed-loop poles at —w,.. The observability for uncertain system is tested by the two-mass-spring system with
the parameters chosen to be

my = 0.1kg, my = 0.1kg, k = 1IN /m, w, = 100, w. = 10, w; = sin(¢), w, = sin(0.5¢).

The real and estimated states and uncertainty for four cases are depicted in Figures 5 to 8.

It is observed from Figures 6 to 7 that the estimates of both state and the uncertainty exactly track the real values in
Cases 2 and 3 while certain deviations exist between the real and estimated values of state and uncertainty in Cases 1
and 4, which are shown in Figures 5 and 8. The estimation performances of Figures 5 to 8 are rightly consistent with the
observability results of Table 2, which means that the observability for uncertain systems is a sufficient and necessary
condition for observer (5) to achieve unbiased estimations.

TABLE1 The observability of two-mass-spring system with four cases of uncertainty and
measurements

(A,C) is observable (11) is satisfied The uncertain system is observable

Case 1 Yes No No
Case 2 Yes Yes Yes
Case 3 Yes Yes Yes
Case 4 Yes No No

TABLE 2 Coefficients in L in four cases of uncertainty and measurements

Case 1 Case 2 Case 3 Case 4
N 5w, 5w, 10w3mym, — Lmy)/my  (0w3mym, — lsmy — Lmy)/my
L (10w3m1m2 =lsmy —lLhmy)/m, (100’3”"1’"2 —Lhm)/m, Sw, Sw,
I 10w2 — a 10w? —a Gatmim, — lymy)/my Gawtmim, — lymy)/my
I Botmim, — Limy)/m, BGatmim, — kmy)/m, 10w? —a 10w? —a

ls a)gmlmz a)gmlmz O)gmlmz G)gmlm2
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FIGURE 5 The real and estimated values of states and uncertainty for Case 1 (example three) [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 6 The real and estimated values of states and uncertainty for Case 2 (example three) [Colour figure can be viewed at

wileyonlinelibrary.com|

FIGURE 7 The real and estimated values of states and uncertainty for Case 3 (example three) [Colour figure can be viewed at

wileyonlinelibrary.com]
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Moreover, it follows from Table 2 and Figures 5 to 8 that when x;(f) is measured, the uncertain system with w;(¢) is
observable, while the uncertain system with w,(¢) is unobservable. Conversely, when x,(f) is measured, the uncertain
system with w,(¢) is observable whereas the uncertain system with w;(¢) is unobservable. Thus, for given measurement,
observability corresponding to different uncertainties may be opposite. Fortunately, the observability criterion (iii) in
Theorem 4 clearly tells us the case of uncertainty that can be accurately estimated before we try to design an observer
to estimate the uncertainty. This is of great significance both theoretically and practically. On the other hand, for certain
uncertainty, different measurements have different observability properties. How to choose the least “feasible” output
to achieve unbiased estimation of uncertain systems is an important problem to be solved. The observability criterion
(iii) rightly gives the intuitional answer to this problem. For instance, Table 1 indicates that if we want to estimate w; (f),
X,(t) needs to be measured, and similarly, if we want to estimate w,(f), x;(f) needs to be measured, which is verified by
Figures 6 to 7.

A comparison of Figures 5 and 8 shows that although the estimations for Cases 1 and 4 are both biased, the deviation
for Case 4 is much smaller than that for Case 1. According to (53) in Theorem 1, the estimation error of unobservable
system is S™'A, which is calculated as the following values for two cases:

Case 1:

STIA = [0 —ibi(8) 0 Wy (1) Wi(6) ] = [0 sin(®) O cos(t) —sin())]";

Case 4:

STIA = [—0.1w2(t) 0 wy(t) 0 0.1\702(1‘)] T= [0.025 sin(0.5¢) 0 0.5cos(0.5¢) 0 —0.025 sin(O.St)]T.

The (53) in Theorem 1 quantitatively gives an estimation error of unobservable Cases 1 and 4, which helps to explain why
the deviation for Case 4 is smaller than that of Case 1. Since the estimation value is almost coincident with the true value
of w,(t) for Case 4, the estimate of w,(f) can be treated as “reliable” one, which can be used to approximate the true value
of w,(¢) although the uncertain system in Case 4 is unobservable.

6 | CONCLUSIONS

This paper analyzes the performance of observer for a large class of uncertain nonlinear systems and proposes a structural
condition, which is proved to be essential to ensure the convergence of the observer. It is shown that the combination of
the structural condition and the observability for the augment matrix pair is a necessary and sufficient condition for the
observer to be convergent. By defining observability for uncertain nonlinear systems, it is further proved that the uncer-
tain nonlinear systems are observable if and only if both the structural condition and the observability of the augment
matrix pair are satisfied. In addition, for unobservable uncertain nonlinear systems, which do not satisfy this necessary
and sufficient condition, it presents explicitly a biased estimation error, which can be used to evaluate the estimation
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performance of the proposed observer. The numerical simulations for three typical examples are carried out to validate
the theoretical analysis.
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