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Abstract

This work deals with the problem of finite-time and fixed-time observation of linear multiple input multiple output (MIMO) control
systems. The proposed nonlinear dynamic observers guarantee convergence of the observer states to the original system state in a finite
and in a fixed (defined a priori) time. Algorithms for the observers parameters tuning are also provided and a robustness analysis against
input disturbances and measurement noises is carried out. The theoretical results are illustrated by numerical examples that consider both
noisy and noise-free measurements and a comparison with a high-gain observer is included.
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1 Introduction

State estimation (observation) is a classical problem in con-
trol theory [1], [2] that still forms an active research domain
[3], [4], [5]. Observer design algorithms give background for
the development of fault detection [6], data assimilation [7]
systems and system parameter estimation [8], among other
relevant research topics.

Observation with time constraints (non-asymptotic observa-
tion) is an interesting problem for both control theory [9]
[10] and practice [11]. On the one hand, finite-time observa-
tion is a simple way to realize the separation principle, the
condition under which the control and the observation algo-
rithms can be designed and analyzed independently. On the
other hand, in many control systems the transition processes
are strongly restricted in time, e.g. the state estimate of a
walking robot must be provided before each impact with the
ground, i.e. calculated within the length of each step [12].

One of the most popular approaches to system state estima-
tion is the so-called dynamic observer design, which uses a
copy of the mathematical model of the system with an addi-
tional output injection term (see, for example, [2], [13], [14]
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etc.). In this approach, the observer is designed by studying
the stability of the error equation in order to guarantee finite-
time or fixed-time (prescribed in advance) convergence of
the observation error to zero. To attain this type of conver-
gence, high order sliding mode (HOSM) differentiators [15],
[16], [17] and homogeneous observers [11], [10], [3] can be
used and they admit a rather simple and constructive repre-
sentation. However, the practical implementation is compli-
cated since, to the best of our knowledge, proper algorithms
for parameter tuning and convergence time adjustment are
not yet developed for high order systems.

The present paper, for which [18] is a preliminary version,
develops effective computational algorithms for tuning the
parameters of a finite-time observer and a novel fixed-time
one; both of them based on homogeneity properties. In com-
parison with previous works, the algorithms here developed
translate the observer parameter selection into a system of
Linear Matrix Inequalities (LMI)[19], which allows to ad-
just the settling time.

Notation: Let Apin (P) and A\ ax(P) be the minimum and
the maximum eigenvalues of the positive definite symmet-
ric matrix P € R™*" respectively; I,, € R™*" denotes the
identity matrix; diag(z1, 22, ..., zm) denotes the diagonal
matrix with diagonal elements z;,7 = 1,2, ..., m; rown(W)
and coln(W) are the number of rows and the number of
columns of the matrix W, respectively (e.g. if W € RP*¢
then rown(W) = p and coln(W) = ¢); ker(W) and
range(W) are the null space and the column space of the
matrix W, respectively; null(W) is the matrix with columns
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defining the orthonormal basis of the subspace ker(W);
R_ denotes the set of nonnegative real numbers; 1, repre-
sents a vector of ones such that 1, = (1,1, ..., T € Rr;
L>°(RP) denotes the set of essentially bounded measurable
functions f : R; — RP and the notation L'(Og’b) is used for
similar functions defined on (a, b); | - | denotes the absolute
value in R and || - || denotes the Euclidean norm on R™.

2 Problem statement
Let us consider the perturbed linear control system:

{ i(t) = Ax(t) + Bu(t) + dq (1),

ey
y(t) = Cax(t) + dy(t),

where © € R” is the state variable, y € R” is the measured
output, u : R — R? is the control input, A € R™*" is the
system matrix, B € R"*# is the matrix of input gains and
the matrix C' € R¥*™ is the output matrix which links the
measured outputs to the state variables. The pair (A4, C) is
assumed to be observable and rank(C) = k.

The goal of this work is twofold:

e Design two dynamic observers that estimate the state of
the non-perturbed system (1) in a finite time or in a fixed
(defined a priori) time, under the assumption that the
domain of initial conditions is unknown.

e Both observers must be robust (in an input-to-state sense)
with respect to Lo.-bounded measurement noises d,(t)
and L-bounded disturbances d ().

3 Preliminaries

3.1 Finite-time and fixed-time stability

Let us consider the system of the form

.’L‘(t) = f(t, m(t»’ ﬂf(to) = Zo, 2

where € R" is the state vector and f : Ry x R — R" is
a nonlinear continuous vector field. Let us assume that the
origin is an equilibrium point of (2).

Definition 1 ([20], [21], [22]) The origin of system (2) is
said to be globally uniformly finite-time stable if it is uni-
formly Lyapunov stable and finite-time attractive, i.e. there
exists a locally bounded function T : R™ — Ry U {0}
such that x(t,to,x9) = 0 for all t > to + T'(xg), where
x(t,to, xo) is a solution of (2) with o € R™. The function
T is called the settling time function of the system (2).

t > to,

Definition 2 ([23]) The origin of system (2) is said to be
globally fixed-time stable if it is globally uniformly finite-
time stable and the settling time function T is globally
bounded by some positive number Ty > 0, Le. T(xg) <
Thax, Vo € R™

A characterization of the fixed-time stability property by
means of a Lyapunov function can be found in [10], [23].

3.2 Implicit Lyapunov Function Method

The Implicit Lyapunov Function (ILF) method allows to
determine the stability of a system without presenting the
Lyapunov function in an explicit form. Indeed, the Lyapunov
function can remain in an implicit form, for example, as a
solution of some algebraic equation (e.g. Q(V, x) = 0), and
in order to analyze finite-time or fixed-time stability of a
given system it is not necessary to solve this equation; it
suffices to study some conditions involving the right-hand
side of the system, as stated by the next theorem.

Theorem 3 ([24]) If there exists a continuous function () :
Ry x R™ — R such that:

C1 Q is continuously differentiable on Ry x R™\{0};
C2 forany x e R™"\{0} there exists V € Ry : Q(V,z)=0;
C3 for Q= {(V,z) e R""! : Q(V,z) = 0} we have

lim V= 0+ lim [z =0, lm V = +oc;
z—0 v—ot ||| —o0
(V,z)eQ (V,x)eQ (V,z)eQ

C4 —0 < % < 0forV € Ry and for x € R"\{0};
C5 29Ven) f(4, 0) < cVITH2UVE) iy e R, W(V,z) € Q,

where ¢ > 0 and 0 < u < 1 are some constants. Then
the origin of system (2) is uniformly finite-time stable with

. . Ve
the settling time estimate T(xo) < ﬁ, where Vy € Ry :

Q(Vo, ) =0.

The proof of this theorem is based on the classical Implicit
Function Theorem [25] and recent results in the ILF method
[26], [27], [24].

The next extension of the previous theorem allows to deter-
mine fixed-time stability using the ILF method.
Theorem 4 ([24]) Let two functions Q1(V, x) and Q2(V, x)
satisfy the conditions C1-C4 of Theorem 3 and

C6 Q1(1,z) = Q=2(1,2),Vx € R"\{0};

C7 28 f(t ) < VITZAD oy e R
VV e (0, 1] Ve € {z¢€ R”\{O} Q:1(V,z) =0},
where c; > 0 and 0 < p < 1 are some constants;

C8 292050) f(t 1) < V1T 29VD v e R, WY >
1, Vw € {z e R"\{0} : Q2(V, zs/ 0}, where ca > 0
and v > 0 are some constants.

Then the origin of (2) is fixed-time stable: T'(xo) < — 4+ ——

C1 ,u C2 v
The presented theorems are used below for analysis and de-
sign of finite-time and fixed-time observers. The correspond-
ing implicit Lyapunov function candidate is selected as

Q(V,2):= "D, (VHPD,. (V)2 —1 3)
where V € Ry, z € R*, P = PT € R"" is a positive
definite matrix and D,.(-) is the dilation matrix of the form

D,(\) = diag(A\" I, , A Ly, ..., A™ I, ),  (4)

with r = (7"17 ...,’I"m)T e R™ r; >0, "yin = mil’llgjgn’l“j
and n; are natural numbers such that ny + ... + n,, = n.
Note that if r; = ... =, = 0.5 then Q(V, z) = 0 implies
that V = 27 Pz.



3.3  Weighted Homogeneity and Input-to-State Stability

The observers to be presented derive many of its properties
from the fact that they exhibit a regular multiplicative scaling
behavior, namely homogeneity. In this subsection we define
this property and present some relevant theorems regarding
robustness of homogeneous systems.

Consider the system in the form

&(t) = f(z(t),d(t), t>to, x(to) =x0, (5)

where € R", d € L.(RP) is a disturbance and f €
R™P — R™ is a continuous or discontinuous vector field
that satisfies Filippov conditions [28].

Definition 5 ([29]) A vector field f : R — R" is r-
homogeneous with homogeneous weights v € R™ and de-
gree n € R, with 1 > -1y if for all x € R™ we have

XD (A f(Dr(N)z) = f(2).
The system (5) for d(t) = 0 is 7-homogeneous of degree 7
if the vector field f(x(t),0) is r-homogeneous of degree 7.
Definition 6 ([29]) An r-homogeneous norm is a map v
N\ 1/T
[z, where for any T > 0, ||z||, - := (2?:1 || 7

Vz € R". The set S, = {x : ||z||,,r = 1} is the corre-
sponding r-homogeneous unit sphere.

If a vector field fails to exhibit a global degree of homogene-
ity but behaves as an homogeneous vector field near infinity
and/or near the origin, we say that it is locally homogeneous.

Definition 7 ([10], [30]) A vector field f : R™ — R" is
(70, Ao, fo)-homogeneous with degree 19 > -romin (fo is
an ro-homogeneous vector field and 1o nin = Miny<;<nTon)
and Ao € Ry U{+o00} if lim_, x, [N D;L (X) f (D, (N)z)—
fo(x)] = 0, for all © € Sy, uniformly on S,, with
Ao € {0, OO}

In the context of control and observation of nonlinear sys-
tems, the concept of input-to-state stability has won ground
in characterizing the robustness of a system with respect to
disturbances, noises and unmodeled dynamics since it allows
to guarantee that for a given essentially bounded and mea-
surable input, the system’s state remains bounded [31],[32].

Definition 8 ([32]) The system (5) is called

Input-to-state stable (ISS), if there exist functions ( € KL
and 9 € K such that for any d € L (RP) and any ¢ € R"
l2(tto, d)]| < C(llzoll,) + O(1[dl0.)), vt > 0.
Integral intput-to-state stable (ilSS), if there are some
Sunctions 91,99 € Koo and ( € KL such that for any
zo € R"™ and d € Lo (RP) the following estimate holds:

Dl (t 2o, d)) <C(llzoll, £)+ V2 (lld(s) ) ds, Ve = 0.

As the following theorem shows, homogeneity and homo-
geneous approximations allow to easily verify robustness
properties, in an ISS sense, of a given system.

Theorem 9 ([30]) Let the vector field [ be homogeneous
with weights v = (r1,....,rpn)T > 0, 7 = (F1,...,7p)T >
0 and with degree 1 > -ryp, i.e. f(Dy(N)x, Dr(N)d)=
AN'D,.(N) f(z,d) for all x € R, d € R? and all X\ > 0.
Assume that the system (5) is globally asymptotically stable
for d = 0, then the system (5) is

ISS if Pimin > 0 or  iISS if Tin =0 and n < 0.

In the case of locally homogeneous systems, ISS stability
can be asserted through their homogeneous approximations
at 0 and at oo.

Theorem 10 ([10], Corollary 2.21) Let the vector field f
be continuous and ((r™°,7°°), +00, fs )-homogeneous with
the weights v = (r°,...,rp°) > 0, 7°° = (7%, ..., 7°) >
0 and ((r°,7°),0, fo)-homogeneous with the weights ° =
(19, .srp) >0, 70 = (7, ...,70) > 0. If the origins of the
systems & = fo(a:,O),:'c = f(x,()) and & = foo(x,O) are
globally asymptotically stable then the system (5) is ISS.

4 Observer Design Using the ILF Method

4.1 Observer Canonical Decomposition

The observers’ design starts with a decomposition of the
considered system into an appropriate block canonical form.

Lemma 11 Consider the system (1) with the pair (A, C)
being observable and rank(C) = k. Then there exists a
nonsingular transformation ® such that

PAD ' = FC+A,CP' = (o0 ..0),C = [I}, 0] € RF*™,

0A;2 0 .. 0
0 0 Aass ... 0

A= : = - : , Cy € RFXF | ¢ RXK
00 0 .. Apmiim
00 0 0

where m is an integer, A;j_1; € RM-1X", n; =
rank(A;_1;), j = 2,...,m, so that n; = rank(C) =k an
ooni=n.

We omit the proof of this lemma since it is a trivial con-
sequence of well known results on block observability and
controllability forms (see [33], [34], [35], [36]). However,
in order to make the article self-contained we provide a suit-
able algorithm to calculate the transformation matrix ® in
the Appendix. If £ = 1 then m = n, n; = 1 and ® trans-
forms the matrix A into the canonical Brunovsky form. It is
also worth stressing that canonical forms and related trans-
formations also exist for nonlinear systems (see for instance
[37], [14]). Therefore, the observer design algorithms given
below can be adapted to the nonlinear case.

4.2  Finite-Time Observer

Let us consider the following nonlinear observer

Dat) = A2(1) + Bu(t) — g, (0(1) ~ Ca(1)),  ©)



where Z(t) € R™ is the observer state vector and the function
Gpp : R — R™ is defined as

9er(0) = Dy (1PC0|) Loy = F| Cilo, - (D

where o € R¥, the matrices ® € R™*", ¢, € R¥*F and
F € R™ ¥ are defined in Lemma 11, Dx(-) is the dilation
matrix given by (4) with

T
~ 2 m,
r= (H—(Trlt:l)u’ H(mlil)p’ ey H{mﬁl)u) VRS (Oa 1]a (®)

and L,, € R"* and P € R*** are matrices of ob-
server gains, to be determined. The error equation in the
disturbance-free case (i.e. d; = 0, d, = 0) has the form

¢ = (/1 + D; (||Pée||-1) LFTC’> e, )
where e = ®(x — ), A € R™" and C' € R¥*" are defined

in Lemma 11. Obviously, if iz — 0 then D5 (||}5€’e||1) —

I,, and the presented observer becomes the classical Luen-
berger one.

Remark 12 If the term ||PCjlo| in (7) is replaced
with eA+Hm=Dw/un where ¢ > 0 is a small con-
stant, then the system (6)-(7) becomes a high-gain ob-
server [38], [14] with the error dynamics given by
e = (A—&—diag(e‘llm,e‘QInz,--- 7e‘mInm)LFTCN') e. In

our algorithms the gain factor € depends on the available
part of the observation error, namely, on 0 = y—Cz = Cle.
This allows the finite-time and fixed-time observers to be
less sensitive with respect to noises (see Section 6).

Let us define H, = diag(r11,,,r2ln,s ooy Tmln,, ) € R,
r= [1+m} Lp—7 and E(\)=A(Ds(X1)—1,).

Theorem 13 Let for some p € (0,1], « > 0, £ > 0 and

T > 1 the system of matrix inequalities
PA+ATP+CTYT+Y C+EP+a(PH,+H, P) P
P <7z

) <0, (10a)

X YT
P>0,7>0,X>0, (10b) <Y P>>0, (10c)

PH,+ H,.P >0, (10e) P>CTXxC, (10d)
E(NZEWN)<IP, VA€(0,1], (10f)
be feasible for some P,7Z € R"™ ™ Y < RF*™ gnd
X € R¥*k_ Then the error equation (9) with L, = P-'Y
and P = X'V/2 is globally finite-time stable with settling
time T < VpS,EO))7p: 1+(n€11)p’ where V : R™ = R is
defined implicitly by the equation Q(V,-) = 0 with Q) given
by (3).

In other words, this theorem claims that any solution of
the observer system (6) converges to a solution of the real
system (1) in a finite time 7', which is dependent on the

initial estimation error e(0) € R™. The main idea of the
proof is to show that the function () (defined in the statement
of Theorem 13) satisfies all conditions of Theorem 3. Proofs
of all theorems and propositions are given in the Appendix.

Corollary 14 The system of matrix inequalities (10) is fea-
sible for sufficiently small |1 > 0.

Indeed, observability of the pair (A, C') implies that the pair
(A+0.5(aH,+£&1,,), C) is also observable. Hence, it can be
easily shown that the inequality (10a) is feasible with some
positive definite matrices P, Z € R"*™ and Y € RF*" The
matrix inequalities (10d) and (10c) are also feasible for some
X € RF*¥F and sufficiently large 7 > 1. Since ||Z(\)|| — 0
uniformly on A € [0,1] as p — 0, then the inequalities
(10e), (10f) will hold for sufficiently small x> 0.

In order to apply Theorem 13 we need to solve the
parametrized system of nonlinear matrix inequalities (10)
with respect to variables P, X, Z, Y for a given u € (0, 1]
and o, , 7 > 0. By fixing the value A € [0, 1], the system
(10) becomes a system of LMIs, which can be solved using
any appropriate mathematical software (e.g. MATLAB).
However, the mentioned LMIs must be checked for any
A € [0,1]. Due to the smoothness of Z(\) with respect to
A € (0,1], this can be done on a proper grid constructed
over this interval. The next corollary provides sufficient
feasibility conditions for the parametrized matrix inequality

(101).
Proposition 15 The parametric inequality (10f) holds if
2(4:)ZE(qi) +5(¢] —ai )M < 1P, i=1,...N, (lla)

P>0, Z>0, M>0 (11b)
<(I7L—HF>Z+_Z<I,L-H;> Zﬂf) >0, (11c)

7

where 0 = g0 < 1 < ... < gv = 1, Hy = diag(F11,,,
Folpys o imln, ), P, M, Z € RP*™,

The provided result allows the implementation of a simple
algorithm to solve the parametrized system of matrix in-
equalities (10) with fixed «, &, 7 and p.

Algorithm 1
Initialization: N = 1,q, =0,q, =1, = {qo, qx}-
Loop: While the system of LMI (10a-10d), (11) is not feasi-
N
ble,do X S U{ L5 L and N 2N,
i=1
Since the matrix inequality (I,—H7)Z+Z(I,—Hz) > 0 is
obviously feasible for sufficiently small p > 0, then, in the
view of Corollary 14, the presented algorithm always finds
the required solution if y is sufficiently small.

4.3 Fixed-Time Observer

Let us consider now the following observer

d .

() = AT+ Bu(t) — gox (y(t) - C2(1)),  (12)



where # € R™ and the function g, , : R¥ — R" is defined
as follows:

gon(0) = q)-l[{D;( \|Plcala|\-1)+§f(ancalau)}LFX B F]C(.)la

where 0 € R¥, the matrices ® € R"*", Cy € R¥*¥ and
F € R™*F are defined in Lemma 11. P, € RF¥* =12
and L, € R™ ¥ are gain matrices to be determined.

The error equation between (1) and (12) with d, = d, =0
is given by

é= (A+4{Ds (11 Cel™ ) 4D (| PaCel)} Ly C)e, (13)

e = ®(x— ), where A € R"*" and C' € R**" are defined
in Lemma 11.

Let us define 7; = (-1)'F + [1—&-%} T, Z2()\) =

s o (350) 0, (32020 — 1.0 -
()\1,/\2) and H; = d1ag2{(7“z) Luys ooy (i)mtn,, } € R™X™
for:=1,2.

Theorem 16 Let for some € (0,1], >0, £>0, 7>1 and
d=1(01,02),0;>0,i=1, 2, the system of matrix inequalities
(PA+ATP+C*TYT+YC*+§P+a(PHi+HiP) P

P €7

) <0, (l4a)

xyT
(TY P)>o, (14b) P>0,X>0,7;>0, (14¢)

PH;+H,;P >0, (14d) P>C"XC, (14e)
ENZE]A)<LIP, VAE[0,1]x[0,1],  (14f)

be feasible with P, Zy,Z> € R"*", Y € R"*" and X €
R**k_Then the error equation (13) with L., = P™'Y, P, =

8; X1/2 g globally fixed-time stable with Ty, < %

Under the following additional restrictions, the parametric
LMI (14f) can be simplified:

Proposition 17 Let 0 = g9 < ¢1 < ... < gy, = 1 and
0<po<p1<..<pn, =1forsome Ni,Ny > 1. If the
positive definite matrices Z;, S;, M;, R;, U; € R™*"™ satisfy
the following system of LMIs

ZiHyz+HzZ; Z;Hx
( >>0 (15a) M;Hz+HzM; >0, (15b)

H:Z; Ui
2Z;—Z;Hr—HzZ; Z;H7 -Z;Hj;
HyzZ; M; 0 ZO, (ISC)
-H:7Z; 0 Si

Eé(qj7pS)ZiE?(qj7ps)+
ln<pfi ) =2(q;,0)U;Z (g5, 0)+ (15d)
2_ g2
(D f(62>MiDT<52)+s>gg :

< :(g5.p0) 22(q;,0 n'%) ) >0, (15¢)

D: ( 1/2)21: (q;,0)

where Yi(¢j,p0) = +P — D(q;)(Di(po)ZiDi(po) +
1/2 1/2 = =
Di(py*)BiDs(pg/*))D(a5) ~ El(47.0)2:E1(4,0) —
UG (M, + S;) and Dylg;) == %Ds ((53—#1;‘)(’1)1),
i=1,2j=1,..,Ny, s =1,..., Ny, then (14f) holds.

Based on this proposition, an algorithm for solving the
parametrized system of LMIs (14) can be presented, analo-
gously with the finite-time case.

Algorithm 2
Initialization: 3 > 0, Ny = 1, Ny = 1, pg >0, py, =1,
(]0:0, qu :1; EZ{QO: qu}» A:{p07pN2}'

Loop: While the system of LMIs (14a-14e), (15) withq; € X,
ps € A is not feasible, do

2+ XU{0.5(gj— 1+qj)} 2y with g;€X, Np<2Ni,
A(—Au{pleﬁ}wzthpleA, No+ Ny + 1.

Remark that the grid A is a logarithmic grid such that the
term In ( jl) in (15d) equals 8 for any ps € A\{po,p1}-

5 Robustness Analysis

We consider now (1) with nonzero d, : Ry — Lo (R"),
and nonzero d, : Ry — Lo (R¥). Since the observers’
robustness follows from their homogeneity properties, we
will establish, for each observer, the type of homogeneity
that it exhibits and next that they are robust against bounded
disturbances and bounded measurement noise. Again, the
error variable is defined as e = ®(z — ).

Corollary 18 Consider the perturbed error equation be-
tween (1) and (6)

¢ = Ae + Di(|PCe + dy|| ") Lpp (Ce + dy) + ¢, (16)

where ¢ =-FCd,+®d,, d, € Loo(R™),d, € L2(R") and
assume that all conditions of Theorem 13 are satisfied. Then
the system (16) is ISS for u € (0,1) and ilISS for = 1.

A similar result can be provided for the fixed-time observer:

Corollary 19 Consider the following perturbed error equa-
tion between (1) and (12)

é=Ae+1{D;(e') + Di(e2)} Ly (Ce +dy)+o, (17)
where ¢ =®d,~FCd,, ¢;=||PiCetd,|i=1,2, dy,d, € L=
and assume that all conditions of Theorem 16 are satisfied.

Then the error dynamics (17) is ISS stable with respect to
additive disturbances d, and measurement noises d,,.

Only qualitative analysis of robustness (i.e. ISS) is presented
in this section. The quantitative one needs further research
developments using ideas introduced in [39], [38], [40]. The
LMIs presented in the previous section are expected to be
useful for obtaining of rather precise ellipsoidal estimates of
the observation error in the perturbed case.

6 Examples

The following two numerical simulations aim to show the
main properties of the finite-time (FT) and the fixed-time



(FX) observers. In both examples, an inverted-cart pendu-
lum model will be used. In the first example, the robust-
ness of the FT observer will be studied by applying it to
the nonlinear plant and a comparison with a high-gain (HG)
observer will be included. The second example will focus
on the uniformity w.r.t to initial conditions (IC) of the FX
observer. A linearized model will be used such that we can
compare the performance of the observers with IC far away
from the linearizing equilibrium point.

The state vector is given by x = [z, &, , 9}T, where as usual
(z, ) represents the position and the velocity of the cart

and (6,0) the angle (from the vertical down position) and
the angular velocity of the pendulum. The model parameters
are M = 0.5 Kg - mass of the cart, m. = 0.2 Kg - mass
of the pendulum, b = 0.1 N/m/s - cart friction coefficient,
[ = 0.3 m - length to pendulum center of mass, I = 0.006
Kg - moment of inertia of the pendulum.

It is assumed that only position and angle can be measured
directly. The nonlinear equations describing the system mo-
tion are given by

(M +me)E + b + me — 16 cos§ — m.10?sinf = F,
I+ mCZZ)é + meglsin@ + m.lZ cosf = 0,

where Fj, represents the input force. A simple proportional

control law F}, = p%é(t) is used to stabilize the pendu-

lum around the downward position, %é(t) is an estimate of
the angular velocity to be obtained using the observers. The
linearization of the model around the downward equilibrium

point xo =0 € R* gives the following parameters for (1):

0 1 0 0 0

0 -0.1818 2.672 0 1.818 100
4=lo o o 1[B=| o ’C*(oou))'

0 0.4545 -31.181 0 -4.545

The first step of the observer design is to transform the
linearized model into the observable canonical form, given

0010
in Lemma 11, by obtaining the matrix ® = <'1 99 8> ,

boot1
where a = -0.1818 and b = -0.4545.

Example 1 (Comparison between FT and HG observers). In
order to make a fair comparison we adjusted the parameters
of both observers to have similar time response for the initial
condition xg = (0,-2, 7/4, 1); that is to say, the norm of the
estimation errors is admitted to be less than 0.15 for ¢t > 0.5
s. Using Algorithm 1 with (u, o, 7, &) = (0.25,2.5,100,4)
we design the FT observer (6), (7) with

—(-9.9080 0 0 -46.8452\T p_ 10
Ly = (0% 9.0080 -46.8452 00 > ) » P=0.0969 (o 1) ’
and we compare it with the HG observer, designed according

to Remark 12. Namely, the term || PC;'c|| in (7) is replaced
with e(+H(m=1n)/n,

Note that, the gain factor e = 0.3 (and correspondingly the
admissible estimation error ||e(0.5)]| < 0.15) is selected suf-

High-Gain Observer Finite-Time Observer
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Fig. 1. Simulation plots of e; and e, for the HG and FT observers
applied to the nonlinear plant with IC z(0) = (0,-2, ,1) and
K, = 10.

ficiently large since the HG observer becomes more sensi-
tive with respect to measurement noises as € decreases. The
estimation error of the FT observer turned out to be 10 times
less® (Jle(t)|| < 0.01) for ¢t > 0.5 s.

Figure 1 depicts the evolution of the observation errors of FT
and HG observers for the noise-free case. Although the ob-
servers were designed using a linearized model, the system
remains stable for the complete nonlinear model. It is also
worth noting that the FT observer demonstrates a smaller
peaking during transients.

To compare the observers for the case of noisy measure-
ments, a band-limited white noise of power 10~ has been
added to the output signal during the simulation. The cor-
responding results are presented at Figure 2. They show al-
most twice better precision (in both L%O.m‘ 5) and L(Og_ 5.1.5)

norms of the error) of the FT observer with respect to the
HG one. This fact has a simple explanation in the context of
high-gain observer theory: since the gain factor € of the FT
observer depends on the available part of the observation
error (see Remark 12), namely,

e =e(0) = |PCyla||M/A+Hm=Dr) 6 —y _ O3 = Ce,

then its value is automatically adapted to the noises of differ-
ent magnitude (the larger the noise magnitude, the smaller
the gain). In the noisy case the convergence time of the FT
observer slightly increases, allowing a better estimation pre-
cision.

Example 2 (Uniformity w.r.t. to initial conditions). Here we
compare the FT and the FX observers assuming that the FT
observer is derived as the homogeneous approximation of the
FX observer at zero, i.e. Ly = 0.5Lpx and P = P;, where

L — (-3-8624 -6.70081)T7 By o= (00233, 0.,

0 0
FX -3.8624 -6.7081 0 0.0233

! The numerical simulations have been done using the explicit
Euler method with sampling period 107,
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Fig. 2. Simulation plots of e; and e; for the HG and FT observers
with a band-limited white noise in the measurements.

10%° ‘
---FT Observer

—FX Observer
10'0t

15 20

Fig. 3. Simulation plot of |le|]| for the FT and FX ob-
servers applied to the linearized plant for three different IC
m(O) = (07 1, %70)’1'(0) = 103(Oa 1, %7 )71'(0) = 107(07 1, %7 )
and K, = 5.

Py = (0289, ,0. ) are the gain matrices of the FX ob-
server obtained applying Algorithm 2 with the parameters

(1, 00, 7,€, 61,64, B) = (0.12,0.006, 15, 1,0.3,10/3,0.3).

The comparison results between the FT and FX observers
in the noise-free case are depicted in Figure 3. They con-
firm low convergence time sensitivity with respect to initial
conditions for the FX algorithm; for the FT one it is pos-
sible to see that the convergence time increases drastically
as the norm of the initial conditions increases. The result of
simulations are depicted using the logarithmic scale in order
to demonstrate fast (hyper-exponential) convergence rate of
the observers. Since locally (close to the origin of the error
system) the FX algorithm almost coincides with the FT one,
it has almost the same sensitivity with respect to measure-
ment noises (see Fig. 4).

7 Conclusion

This article presents finite-time and fixed-time nonlinear ob-
servers for MIMO linear systems. Their key features are ho-
mogeneity properties and the use of the implicit Lyapunov
function method for stability analysis of the error equation.
The former allows the observers to attain non-asymptotic

10'° ‘
—FT Observer
=~ 10°F :
0 5 10 15 20
10'° L \
—FX Observer
< 10°F ]
0 5 10 15 20
t

Fig. 4. Simulation plot of ||e|| for the FT and FX observers with
measurement band limited noise to the linearized plant with IC
z(0) = 10°(0,1, Z,0) and K, = 5.

(finite-time or fixed-time) convergence while the latter sim-
plifies tuning of the observers’ gains using LMI-based algo-
rithms. The design is based on a transformation to a canon-
ical observability form so that similar observers can be eas-
ily applied to nonlinear systems that admit this canonical
form. The observers’ robustness against bounded measure-
ment noises and disturbances was also studied. It was shown
that while both observers are ISS stable. Quantitative ro-
bustness analysis (e.g. construction of a sharp estimate of
the observation error in the perturbed case) is considered as
an important problem for further research.
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8 Appendix

8.1 Block Decomposition

Let the matrices 7; be defined by the following algorithm:
Initialization : A, = A, C,=C, Ty =1,,m=1.

Loop: While rank(C,,,) <rown(A,,) do Tpy,1=(C,, C-),

Ams1=(C5) A Ch Conir = CHARCE, m=m + 1,
where C4 := null (C,y,), Gy, := null ((C5) ™).

This simple algorithm can be easily realized in MAT-
LAB and it helps to construct an orthogonal coordi-
nate transformation that decomposes the original sys-
tem (1) into a block upper diagonal canonical form. If
the pair (A, C) is observable, then the algorithm given
above stops after m steps, where m < n, and the ma-

. Iy, 0 Iy, O I
trix O = Tl( b Tz)(i(? T3)...< o T(jn), where

w; := n — rown(T;), is an orthogonal matrix such that
OTO =0T =1, and

Aq1 Aiqg 0 0

Aoy Aoy Ass 0
oaom| 1 - | co(co0 . 0),

Am-im-1 Am-1m
mm—1 Amm

Am-11 Ama12 -
Am1  Ama2



where Cy = CCy, A;; € R"*", n,; = rank(C;), i,j =
1,...,m and rank(A; ;11) = n;11. This can be proven, for
example, using ideas of duality and Lemma 3 from [23].

Since rank(4; i41) = ni41 = rown(A7, ;) then A7, -
A; i1 is invertible and A, = (AT, A; i) P AT, s
the left inverse matrix to A; ;1. Consider now the next
recursive algorithm in the matrix A.
Initialization: AE”;] =45 ,j=12,..m
Loop: forg=m,m —1,...,2

forp=0,1,....,q — 2

forj=1,2,...,q—p—1

lg-p-1] _ 4la-p] lg-p] + lg-p]
qu _qu Aq‘”’ qulqp Aq-p-lj
enc[l 1] d] d] lg-p]
q q q q-p +
Aqlqpl Alqpl+Aq1q'Aq(1P Aplqp
end
end

where the superscript [m] represents the m iteration over the
matrix A. Then it can be shown that the transformation

In, 0 0 0
-al8 at, Ing 0 0

o T G
A£72'L] 12A+ AE?),] 13A+ Inm 1 0
AP at, caBloaf, oAl at g,

reduces the original matrix A to the block form: AP! =

T
FC+A,wheren; =k, F = (all all a0 4" and
0Ai2 0 .. O
0 0 Asg ... O
=T, 0]R™*", A= A
00 0 ..o Amcim
00 0 .. O

8.2 Proof of Theorem 13

I. Show that the function () defined by (3) satisfies the condi-
tions C1-C3 of Theorem 3. It is continuously differentiable
on Ry x R™\{0}. Since P > 0 then the inequalities
Amin (P) |2 <0 Amax (P) | (?

max{V2 min r; V2 max r; } - min{V2 min 7*1-,‘/2 max 7’1-}
imply that for any z € R™\{0} there exist V- € R,
and Vt € Ry : Q(V7,2) < 0 < Q(VT,z2). More-
over, if Q(V,2) = 0 then, obviously, the condition C3 of
Theorem 3 holds. Since 92 = -V-1.7D,(V')(H,P +

PH,)D,(V'')z then H,P + PH, > 0 implies % <0

for VV € Ry and z € R™\{0}. So the condition C4 of
Theorem 3 also holds. Therefore, the equation Q(V,z) =0
implicitly defines a positive definite Lyapunov function
candidate V : R™ — R.

IL Let us denote A = ||[PCe||/V and show that 0 < \ < 1
if (10d) holds. Let us denote é = D,(V-1)e. Hence,

|PCe||/V = ||[PCé| and é"Pé = 1 (due to
Q(V,e) = 0). Given (10d) and that P = X2 we have
N =el'CTXxCe<elpPe=1.
III. Denote by 0Q° the partial derivative of ) along (9):

(Vi2)+1<

8Q° =2¢7D, (V) PD, (V) (fHD; (||Pée||-1) LFTC’) e.

Taking into account the identities Dz(V)V! = D, (V1)
Y/ A+m=1w  p (VYAD(V)=V D5 A and
Di(VY) L, C=V @5 D(V) L, CD,. (V-

rive

- D, (V )e T D, (V )
50°¢ = ViFm-1n | _ T
@ ’ <;(A) L upcen > (“(’\) Ler HPC&H )

where T = (P(A+LFTC)+(A+LFTC)T
P

trix inequality (10a) with Y = PL.,
el'D,. (V1 )PD (V1e=1we estimate
0QF <V I Tm (-ae™D, (V)(PH,+H,P)D,(V*')e+

(I?C:VC)T.'—I T = - 1 PCei)
Sqpeart L ENZEN Loy P a5 =)
Since (10c) is equivalent to P-*LT PL,, P < 71}, with
P = X'/2 and taking into account (10d) and (10f) we derive
90, < -aeTDT(V'l)(PHTJrHT YD (V1)e oV’

jEs ey

oV TG 99
Finally, applying ‘fheorem 3 we finish the proof.
8.3 Proof of Proposition 15

Denote W (\) = ()\)Z"()\)z Since Z'(0) = :2(0) (I
H;)—H;,thenW’(G): T(=1(0)Z2(0) +2(0) 22 (0))r =

T 1 1
ZT(E](S)) (;(I,,LfH,;,)_i;LfZZ(I,,ﬁH,;) 9M)( I(e)) 0T »
and due to (1lc) and the Schur complement we have
W'(0) > -02"Mzand W(A) < W(q;) — 3(\>—¢?)z" M=z
for any A € [gi—1,¢), © = 1,....,N. Hence, the set of
inequalities (11) imply (10f).

8.4 Proof of Theorem 16

I. The function @; defined by (3) with r = r;,;i = 1,2
satisfies the conditions C1-C4 of Theorem 3 (see proof of
Theorem 13). Note that Q1 (1, z) = Q2(1, z) for all z € R™.
In order to complete the proof we need to show that the
conditions C7-C8 of Theorem 4 hold.

IL Let P, = §; P with P = X'/2. In Subsection 8.2, it was
shown that 0 < Ay = I2Cel < 1 with Q(V, ¢) = 0 if (14e)
holds. The same result remains true for Q;(V,e) = 0.

IIL Let 0Q) be the derivative of (); along the equation (13)

_ Di(=LE)4Dr(62rV)
BQ? — 2€TDT7¢(V—1)PDT¢(V—1)<4+ (51/\1V)2 2A1 LFXC>6

1) we de-

P 103 ) Using the ma-
and the identity

5~ . nitly, :
A =1EE<l Since D, (p)=p't TF0n Dk D ( (Y ) p>0 then

Q¢ V1+(<1) i) Dy, (Vhe g Dy, (Ve
m o Y Ce X\ =5 Ce
=i Mlpx péar ) \F Wex 15y )

A = (A1, A2), where x = (P(A‘FLFXC')-&}-D(A%-LFXC‘)TP 1;)7

Ao = V2 e (0,1]if i =1 and Ny = 1/V? € (0,1]
if ¢ = 2. Repeating the considerations of the proof
of Theorem 13 we derive that (14) imply 0Q5 <

-n?
—aV1+<m =5 eTD, (&) (PH;+H;P)D, ()e. Taking into
account 29Vl —_y1.T D (VY (H, P+PH,;)D,,(V")e
and LMI (14d) we derive that all conditions of Theorem

4 hold, so the error equation (13) is fixed-time stable and

1+(m—1)p
Tmax S 0.50&/1 .



8.5  Proof of Proposition 17

I. Consider the function W;(\) = 2T=2(\)Z;Z0(\)z,
=5
where z € R" is an arbitrary non-trivial vector. Since 9= —

O
HE+E (D5 (8220/257%) = D (A /(610))) Hr =
@0,

— H7) + Di(82M\1 /N5 ?)Hy + Hy) then
oWy _ :rB_L =4 TES 9=7
W : =z + 2 Za)\1 z=
Ef(k) 22;—H;Zi=ZiHi 7 g oo E A)
2T D~(52/\1) < M PR r> Dx (22
7“ 1—2 H»,"Zi 0 0 r

> “H:Z; 0 0 2

) 2.
2 A
I, ) I,

Using the inequality (15c) we derive %V;/i > -0

~\127 8z, where ¥;()\) = 2T D; (ifAi)M D; (52A1) .
On the other hand, the inequality M H: + H:M; > 0

implies the estimates 8\1(;)\()‘) > 0, 3\1, ()‘) > 0. Hence

we conclude 8>\1 > AlzTD;(52)MiDF(52)z — M2TS;z
for A € [0,1] x [0,1] and W;(X) < Wi(g;,A2) +
2 42
%ZT(DrF((SQ)M»LDF((SQ) + Sl)z for all \; € [quhqj]-
_ _ ~ i+1 ~
IL Since Z3(\) =22 (3)+ 21 D; (A§'1> NDr(\2) with A =
(\1,0), then we derive the identity W;(\) = 27 B;(A\)7
T
Fi(2)Bi(\)z, where Fi(h) = (7)) z;(Pr)

AL . NG
(21 Dr((/\;i?&;) 1 )> Let us denote
Ii()\g) = In(M\oW). Since x has the derivative 4% =

v (W+2TB( )7 D;(/\z) On)ri<D;(/\2) O) Bi(q;i;;)a

where I'; = (7470 HZ) Since T; + () = 0

due to (152) then ddg > /\% — ce ") with ¢ =
ZTES(NUES (M) 2. Hence W(X) < W(A1,ps)+eln(psAt)
< W(/\l,pé) + cln( ) for all Ay € [ps—1,ps]. There-
fore, LMIs (15a- 15d) 1mp1y W) < 7122TPz for all
A € [0,1] x [po, 1]. Finally, it is easy to check that W;()\) <

< Da(X Zq;D;, A2)+Dr(A
W) = 2TBi(\ )T( (A2) (A2)+ (2)Z+ZD0(>\2)Z)

Bi(\1)z. Since Z;Hz+HzZ; > 0 then g—W > 0 and

W(A) < W(A,po) for all Ay € [0,po]. Therefore,
the inequality (15e) implies W()\) < 712TPz for all
A€10,1]x[0, po]-

8.6 Proof of Corollary 18

Denote f(e,d) the right-hand side of (16), where d =
(dz,dy). For d = 0 it coincides with the right-hand

side of (9) and defines an r-homogeneous vector field
with degree < 0. Taking into account that

and Bi()\l) =

1+(7_nu—1)u
L(NAD,(\) = X705 Aand CD,(\)e = X' Ce we
e <
derive \TFOT7 D, 1(A)(ATDF(m)LFTC) r(A)e
= (A + D#(||PCe||71) L, C)e, therefore the error dynam-
ics (9) is r-homogeneous of degree n = ﬁ Select-
ing 7 = (Lg,r— mﬂn) € R**" and using Theorem
9, we conclude ISS for system (16) for u € (0,1). Iff p =1
then 7,;n = 0 and only iISS can be asserted for (16).

8.7  Proof of Corollary 19

Denote f(e,d) the right-hand side of (17), where d =

(dy,dy). For d = 0 it defines a vector field f(-) = f(-,0)
that is locally homogeneous at 0 and at 400, namely,
(r1,0, fo)-homogeneous with negative degree 17y =
and (rg, +00, foo )-homogeneous with positive

= THm—DA° fQZ(A+~%DF(||P106||'1)LFXC~’)6
and foo = (A + 2Dz (||P2Ce||)L,. .C)e.

N S
I+(m—1)p>
degree 1o =

Indeed, lim P\_,,D_Tll()\)[D;(H151CDTl(k)eI\’I)QJrD;(Hﬁz@Dq(A)eH)
Ao—0
L. CDr,(Ne + AD;(Ne] — (Ae + 5D:(||P1Cel| ™)
L.,Ce)] = 0 forp = —m < 0, so the r;-
homogeneous approximation of degree 7 around 0 of (13)
is fo. Analogously it can be shown that f,, is the ro-
homogeneous approximation of (13) with degree 1o, =
#—1)# > 0 at +oo. Itis worth stressing that if all the con-

ditions of Theorem 16 hold, then the origins of é = fy(e),
¢ = f(e) and é = f(e) are globally asymptotically stable.
Hence, selecting 70 = (1, 7r; — ﬁﬂn) € RFt™ and

7° = (g, ro + mﬂn) € R**7", and using Theorem
10 we derive that the system (17) is ISS.
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