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On nonlinear robust state estimation for generalized

Persidskii systems
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Abstract

A state observer is designed for a class of generalized Persidskii systems with nonlinear measurements, state disturbances,
and output noise. We assume that all nonlinearities are diagonal and belong to a sector. The robust stability and convergence
conditions for the estimation error are obtained by applying the theory of input-to-output stability. These conditions are esta-
blished in the form of linear matrix inequalities. We provide numerical examples to demonstrate the efficacy and performances

of the proposed observer.

1 Introduction

The unmeasured state estimation for dynamical systems
is a fundamental engineering problem whose solution
is needed in numerous control or monitor applications
[17,13]. The estimation theory is relatively well develo-
ped nowadays [4], and many different observers were pro-
posed in the literature for linear plants (e.g., the most
popular methods are the Kalman filter [14] or Luenber-
ger observer [23]) or for nonlinear systems whose mo-
dels can be approximated by linear ones under certain
hypotheses [18,11,12]. For example, using the first-order
approximations, the principal linear approaches can be
extended to nonlinear plants (the extended/unscented
Kalman filter [15,33], moving horizon estimation [31]).
Another related popular direction is focused on linear
parameter-varying (LPV) or quasi-LPV representation
of nonlinear dynamics that permits the utilization of li-
near estimation tools [27,21]. Many differentiation algo-
rithms are based on the state estimation techniques de-
veloped for a chain of integrators (a linear model) [32], as
the seminal high order sliding mode differentiator [20].
Methods based on linear approximations may lose their
validity if the state estimation is demanded at large (or
in the presence of a severe signal and parametric uncer-
tainty). Then some canonical forms of nonlinear dynami-
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cal systems are considered, as homogeneous [22], Lur’e
[2,7,6] or Persidskii models [25], for instance, in which
Lur’e systems constitute a popular benchmark.

The main step in the design of an observer is the obli-
gatory evaluation of convergence conditions of the state
estimation error and its sturdiness to given classes of
uncertainties, i.e., analysis of the robust stability. The
Lyapunov function method is the standard framework
for the stability analysis of nonlinear dynamics [17], and
the absence of constructive tools for the selection of a
Lyapunov function for a general nonlinear system is its
main drawback (thus, the canonical forms of nonlinear
models, mentioned above, with known compositions of
Lyapunov functions provide an answer to this weakness).

To illustrate another important issue in the nonlinear
state estimation, consider a dynamical system:

w(t) = f(x(t),d(t)), y(t) = h(z(t)), t =0,

where z(t) € R™, d(t) € R™ and y(t) € RP are the state,
the unknown input and the measured output, respecti-
vely, f : R" x R™ — R™ and h : R” — RP are known
nonlinear functions. An observer for this system is often
chosen as another nonlinear dynamics in a general form:

() = r(=(t),y(1), 2(t) = g(2(t)),

where z(t) € R? is the state of the observer and Z(¢) €
R™ is the estimate of z:(t),r : RIXRP — R?and g : R? —
R™ are functions to be selected so that the estimation
error e := x — & dynamics is asymptotically stable for
d =0 (i.e., lim;, 1 o|le(t)|| = 0) and robustly stable in
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the presence of disturbances d # 0 (frequently, the input-
to-state stability (ISS) framework [36,8] is applied). For
example, a popular choice is r(z,y) = f(z,0) + o(y —
h(z)) and g(z) = z, where the output injection term
o : RP — R"” is properly adjusted. For this purpose,
the estimation error dynamics is analyzed, and often
it is assumed that it can be described by differential
equations governed by exogenous disturbances/noises d,
but independent of the system state x:

é(t) = Le(t), d(t)) (1)

for some £ : R™ x R™ — R", which is always the case for
linear models (i.e., if f(z,d) = Az + d and h(z) = Cx
for known matrices A and C' of appropriate dimensions,
then r(z,y) = Az+ L(y — Cz), g(2) = z for an observer
gain L, and £(e,d) = (A— LC)e+d). Such a representa-
tion can also be obtained for plants close to linear ones.
Nevertheless, the independence of the dynamics of e in x
can be a restrictive hypothesis, and in a general scenario,
this differential equation has to take the following form:

é(t) = le(t), x(t), d(t)) (2)

with £ : R® x R® x R™ — R". Then the estimation error
behavior has to be analyzed together with the observed
system, and uniform stability or partial stability notions
come to the attention (the same convergence and sta-
bility properties are required from e, but independently
in 2 under imposed restrictions). One of the most popu-
lar concepts for robust partial stability analysis is given
in the input-to-output stability (IOS) theory [34,35] (an
extension of ISS).

In the present work, the robust state estimation pro-
blem is studied for a class of nonlinear dynamical sys-
tems that can be brought to the generalized Persidskii
form [10,25] (the latter paper contains the results of our
preliminary investigations formulated for a simpler class
of models, under more restricted stability conditions and
with academic illustrations). This class of systems is
close to Lur’e ones [2,37], and there is a known canoni-
cal form of Lyapunov function for a Persidskii system
[3,30,16], as well as for its generalized version with mul-
tiple nonlinearities [10,24], where ISS and IOS stability
conditions have been proposed in the constructive form
of linear matrix inequalities (LMIs). Using these results,
the robust stability for both cases of representation of
the estimation error dynamics, in autonomous (1) and
general (2) settings, are investigated. Numerical expe-
riments are given for a mechanical system and network
epidemics dynamics to demonstrate the performance of
the designed observer.

The organization of this paper is as follows. In Section 2
the preliminaries are presented. The system under con-
sideration and the problem statement are described in
Section 3. In sections 4 and 5, the LMI-based stability
conditions for cases (1) and (2) are given.

Notation

e N, R and R, represent the sets of natural, real and
nonnegative real numbers, respectively. The symbol
Il denotes the Euclidean norm on R™ (and the
induced matrix norm || A|| for a matrix A € R™*™).

e For p, n € N with p < n, the notation p,n is used
to represent the set {p,...,n}.

e For a symmetric matrix A € R™*", its maximal
eigenvalue is denoted by Apax(4).

e [, and O,,«, stand for the n x n identity matrix
and the m X n zero matrix, respectively.

e The m x n block diagonal matrix with matrices
v; € RmiXmi 4§ ¢ 1. N along the main diagonal,
where m = vazl m; and n = Zf\il n;, is denoted
by diag(vi,...,vn), and the set of n x n diagonal
matrices with nonnegative elements on the diagonal
is denoted by D C R7}*".

e For a Lebesgue measurable function u: Ry — R™,

define the norm |ulljs, ¢,y = esssupgepy, 4, lu(?)]|
for [t1,t2) € Ri. We denote by L7 the space of
functions u with [|ul|ec :=||ull[0,00) < +00.

e A continuous function ¢ : Ry — Ry belongs to
class X if it is strictly increasing and o(0) = 0;
it belongs to class K, if it is also unbounded. A
continuous function S : Ry x Ry — R belongs to
class XL if f(-,r) € K and S(r,) is a decreasing
function going to zero for any fixed r > 0.

e For a continuously differentiable function V: R" —
R, denote by VV(v)f(v) the Lie derivative of V
along the vector field f evaluated at point v € R™.

2 Preliminaries

This section follows the results of [35,36]. Consider a
nonlinear dynamical system:

() = f(z(t),d(t)), t € Ry, with 2(0) = =, 3)
y(t) = R(z(1)),

where x(t) € R™ is the state vector, d(t) € R™ is the
external perturbation, d € £ and y(¢) € RP is the out-
put vector. Moreover f: R™ x R™ — R", f(0,0) =0 is
a locally Lipschitz continuous function and h: R® — R?
is a continuously differentiable function. For an initial
state zg € R™ and d € L7}, we denote the correspon-
ding solution of the system (3) by x(t,xo,d), and the
corresponding output is y(t, zo,d) = h (z(t, o, d)). The
system (3) is called forward complete if for all x5 € R™
and d € L7, the solution x(t, g, d) is uniquely defined
for all ¢ € R,. In the rest of the paper, to lighten the
notation the time-dependency of variables might remain
implicitly understood, so we write x for the vector x(t).

Definition 1 A forward complete system (3) is said to
be input-to-output stable (10S) if there exist § € KL



and v € X such that

ly(t, zo, )| < B (zoll, t) +v(lldllc), VE € Ry (4)

for any xo € R™ and d € L. When h(z) = z, the IOS
property is called input-to-state stability (ISS).

An output stability property that is close to ISS is for-
mulated next:

Definition 2 A forward complete system (3) is said to
be state-independent input-to-output stable (SIIOS) if
there exist § € XL and v € K such that

ly(t, zo, d)[| < B ([[R(zo)ll, 1) + 7(lldlloc), VE € Ry
for any xg € R™ andd € L.

Definition 3 A forward complete system (3) is said
to be uniformly bounded-input-bounded-state stable
(UBIBS) if there exists o € K such that

[2(t, o, d)|| < o o max{|zo|, [d]lc}, VI € R4
forallzg € R" andd € L.

Definition 4 For the system (3), a smooth function
V:R"* >Ry is

(1) an I0S-Lyapunov function if there exist ay,an €
Koo, X € K and ag € KL such that

ar([[p(@)]]) < V(x) < as((l]), ()
V(z) = x(lldll) = VV(2)f(z,d) < —as(V(x), [[z]])

forallz € R™ andd € R™.

(2) an SIIOS-Lyapunov function if there exist aq, ag €
Koo, x € K and ag € K such that

ar([lyl)) < V(z) < as(llyl)), (6)
Iyl = x(lldl}) = VV () f(z,d) < —as([lyl])

forallz € R™ and d € R™.

Theorem 5 [35] A UBIBS system (3) is IOS if and only
if it admits an I0OS-Lyapunov function.

Theorem 6 [35] A forward complete system (3) is SI-
10S if and only if it admits a SIIOS-Lyapunov function.

3 Problem Statement

Consider a class of systems in the following (generalized
Persidskii) form:

M
#(1) = Agr(t) + Y- Ay (Hye (1)) + Du(r),
Coﬂ?(t)
Cl 1 1z
y(t) = ! (I.{ ") o), t € Ry,

where z(t) € R™ is the state vector; Ay € R™ ",
Aj € R™F and H; € RM>X" for j € 1,M; fi(¢) =
[f1(¢ )...f,gj(ﬁkj)]—r with ¢ = [¢1...4,,]T € R¥ for

j € 1, M are the functions ensuring the existence of the
solutions of the system (7) in the forward time at least
locally (to shorten further writing we define ky = n and
Hy = 1,); y(t) € R* is the output available for measu-
rements, z = E;Vio zs and Cy € R**ks for s € 0, M,
D € R™P; w(t) € RP,v(t) € R* are the external per-
turbations, w € LZ_, v € LF .

In this work, if the upper bound is smaller than the lower
one for an index, then the corresponding term (in sum
or a sequence) must be omitted.

Following [30], the sector restrictions on f7, j € 1, M
are imposed:

Assumption 7 Assume that for any i € 1,k; and j €
1,M,vf!(v) >0, for allv € R\ {0}.

Under Assumption 7, with a reordering of nonlinearities

and their decomposition, there exists an index m € 0, M

such that for all s € 1,m and i € 1, ks, hrf filv) =
V—r 00

+o00. Also, there exists u € m, M such that for all s €
filr)ydr = 4oo. If

L,pu, i € 1,ks, we have lim
v—Eoo
m = 0, then all nonlinearities are bounded (at least for

positive or negative argument). Clearly, u > m.

Remark 8 The Lur’e models with the sector bounded
nonlinearities [38,19] represent an example of (7) under
Assumption 7 with M = 1. The observer design for Lur’e
models using quadratic Lyapunov functions was conside-

red in [2,7,6].

In this study, an observer for (7) is proposed in the fol-
lowing conventio%ﬂ form:

B(t) = Aok (t) + Y _ A; 7 (H;a(t)) + L(y(t) — §(t)), (8)
j=1
Co(t)
) O f (Hi (1)
y(t) = : ,

Ca fM(Hpa(t))



where #(t) € R™ is the estimation of the state x(t);
L = [Ly Ly...Ly] € R™* is the matrix gain to be
designed, with L, € R"**s for s € 0, M.

As introduced above, the goal is to ensure asymptotic
convergence of Z to x in the case of no perturbations and
boundedness of the estimates otherwise. To reach this
objective, for this observer, we will analyze two cases of
expression of dynamics of the estimation errore = x — &
given in the introduction: (1) and (2). For the latter
case, we will investigate IOS conditions for the common
system (7), (8) for the output e, while in the former
scenario, SITOS conditions of the dynamics of e will be
studied (in both cases, the inputs are represented by
the disturbances w and v). Observability or detectability
issues of (7) are not considered in this work, and they
will not be related to the conditions of stability of e.

4 IOS analysis

Note that the output stability for the system (7), (8) is
equivalent to a robust state synchronization of these two
Persidskii systems under the influence of perturbations
w and v. Therefore, the synchronization method develo-
ped in [24] can be adopted. To this end, let us write the
common dynamics of (7), (8):

M
X =AX+) AFI(H;X)+D, D=

j=1

Dw

Lo |’ ®)

where X = [z #T]T € R?" is the extended state, D €
R?" is the augmented disturbance and

. A (o]
L= s nxksg  s€ 0, M,
LsCs As — LsCs

. J(H; N H; Og.xn
FI(H;X) = f.( 5%) , Hy = ! bl e T M
fI(Hj;z) Op;xn Hj

with the output function given by the estimation error:
e=DX with [ = [In —In} .

Clearly the system (9) also yields the generalized Per-
sidskii form.

We say that (8) is an observer for (7) if the common
dynamics (9) is IOS with the inputs w, v (or D) and the
output e (this corresponds to the case (2) given in the
introduction). The related conditions are as follows:

Theorem 9 Let Assumption 7 be satisfied. Let there ex-

ist0 < Py =P €¢R"™™;0< Py =P, € R¥¥2" A =
. j j 2k; ;. _ T s .

diag(A],..., A, ) € DY7 (j € 1,M); E° € D% (s €

0,M), Yo, €D (s € T, M); {YTs, 1M, ., CD? (s €
LM—-1);0eD¥: ¥eD}, pcRand0<d =" €
R27X2n gych that

Py >00rPft —2P32 + PP+ 0P, >0 (10)
"
OT‘ZAj + oP; > 0;

j=1

P<0,Q=Q" = Qa2 <0, (11)

Pll P12 .
where P}, P32, P32 € RV, Py = |2 2| AN =
P12 P22
27 173
. ) ) _ ) )
Hj dlag(AJl,.‘.,Aij)Hj +Hj d1ag(A£j+1,...,A%k]_)Hj,

Qi1 =AJ Pr+PrAg+E° +TTUT, Pr =D PAT + Py;
Qjt1,j4+1 = A;ﬁJTAj +ANH;A; + 27, j €1, M;
Q1,j+1 = Pij +A(-)I—H]—-FAj + HITOJ, j €1, M,;

Qst1,r+1 = AL HT A" + N H A, + H] H Yo H, Hy,
sel,M—-1,res+1,M;
Q1, m+2 = Pr, Qui2, M42 = —9,
Qjr1, M2 =MNHj, je1, M,

and for some £ > 0:

M m
P <&, ©+> HINH;<¢ (Z HZFA, (12)
j=1 k=0

m m—1 m
+23 B Yo H+2>0 > HSTHSTS,TﬁrTﬁT,> )
r=1 s=1 r=s+1

Then a forward complete system (9) is I0S.

PROOF. Consider a candidate Lyapunov function

M ij

X
V(X):XTPFX+2ZZA§/ F(r)dr, (13)
0

j=1i=1

where H ; is the i*M row of the matrix H ;. Let us check the

lower bound for V' from the first condition in (5), which
is valid if one of the following inequalities are satisfied:

I
XX >0, X" (Z H]Ajﬁj) X>0
j=1

under the constraints ){TFT[:’lFX =0,TX #0, ie.,
the matrix P, or Z;‘Zl H]TAjHj should be positive de-
finite on the subset of e # 0 belonging to the kernel of
Py (the summation is for u terms since only unboun-
ded nonlinearities are considered for radial unbounded-
ness of V). Hence, if Py > 0, then the constraints are
self-excluding, and the case P; > 0 is further conside-
red. To simplify the formulation, define new coordinates



I, -1,

Z=2S8X,8 =

, then e = [In Onxn} Z, S is
n n
not singular, and the above constraints take the form:

s onxn]TPl (12 Ousn] 2 =0, [I, Onsn| 2 #0,

which can be equivalently rewritten with respect to the
first component of Z (the error ¢e), e’ Pie = 0, e # 0,
together with the conditions to check:

“w
el (P211 —2P)? +P222) e>0,¢e' Z[\J e>0
j=1

P} P32
Py? P32
A = H;diag(A{, . ,Aij)Hj—l—Hdeiag(Af;jH, o
Using Finsler’s Lemma [9], these conditions follow the

first LMI given in the formulation of the theorem. So,
in such a case there are oy, as € K, such that

where Py = for P3t, P32 P3? € R™" and

ar(flel]) < V(X) < (] X1), (14)

where

M
@2(7) < Amax(Pr)72 + (Z 4k;
j=1

AT
max_ A'{/ Fl (v)dvy ¢,
JjeELM 0

i€1,2k;

then the first condition in (5) is verified. Next, consider
the derivative of V' (denote V = VV(X)X):

M
V=X"TPX+X"PrX+2> XTHNFI(H;X)
j=1
~ ~ M . ~ ~
—xT (AOTPF + PFAO) X+ | S Pix)TA] | prx
j=1
M ~ . ~
+X TPy AjFI(H;X) +2X T PpD +
j=1
M
23
j=1
J\/I -~ -~ -~ . . ~
(Z FS(HSX)TAST> H]TAJFJ(HjX)>.

s=1

(XTA()TH]TAij(ﬁ]-X) +DTH NFI(H;X) +

(AL ) H;.

Therefore, under (11) we obtain

.
X X
F1(H X) FY(H1X)
V= : Q - XT(rTer+=%x
FM(Hp X) FM(Hp X)
D D
]\/I . ~ . . ~ M ~ . ~
=Y FI(H;X)TEFI(H;X) =2 X TH] Yo FI(H; X)
j=1 Jj=1
M-1 M
-2 > FU(H,X)THH s H H.F"(HX)+D"®D
s=1 r=s+1

M
<= XT(TUr+2%x - FI(H;X) T2 FI(H;X)
j=1

M
-2 X TH] Yo ;F(H;X)

j=1
M-1 M

-2 > F(H,X)"H] HX,, H H.F'(HX)+ D" ®D.
s=1 r=s+1

Due to the form of the function V, there exists o € K
such that

M
a(V(X) < XT(CTUT + 29X + Y F/(H; X) TS FI (H;X)

j=1

M
+2> X TH] Yo ;FI(H;X)

j=1
M-1 M

+2 3 > FUH.X)TH]HY  H HFT(He X)
s=1 r=s+1

under the conditions (12), which have to be verified
for some £ > 0 (only the first m nonlinearities and the
quadratic term are radially unbounded). Finally, under
the conditions of the theorem:

V<—-aV)+DTeD

for all X € R?" and D € R?". Hence, the second relation
in (5) can be recovered:

V>al(2DTeD) =V < —%a(V),

and the I0S property is guaranteed (if the right-hand
side of the estimate for V' is in the form of a function of
class K (as above) and not of class KL (as in (5)), then
UBIBS property can be omitted, and forward complete-
ness is enough).

We can require a more strict property for the nonlinea-
rities of the system (7), which can be viewed as an in-
cremental passivity condition [29,39]:



Assumption 10 Foranyj €1, M:

X'T'TH} FI(H;X)>0,YX e R”*"\{Z e R*" : TZ = 0}.

Under these additional restrictions imposed on the sy-
stem (9), a relaxed stability result can be obtained:

Corollary 11 Let assumptions 7 and 10 be satisfied. If
there erist 0 < P, = P € R"™"; 0 < P, = P,
R2x2n {Ek}llew:o; {Tsﬂ"}rjwzs-l-l c Db} (se0,M~-1),
{AI }]A/il C Dikj and o € R such that

I
P+ H]AA] >0, Q=Q" <0,
q=1
where Q1.1 = AJ Pr + PrAg+T 2T, Pr =TT P + Py,

Qj+1,j+1 == A;HJTAJ +A]I~‘IJA] +E[JFTEJFHJT, j S 1,]\47
Q141 =PrA;+ AJH] N + H;T Yo ;T, j €1, M,
Qs+1,r+1 = AIH»,TAT + ASHSAT + HSFTTS,TFH7T7

sel,M—-1,res+1,M,
and
M-1
Z”’”rz 3 Z Ys,r > 0.
k=0 s=0 r=s+1
Then the system (9) with || D||ec = 0 has globally bounded
trajectories and lim;_, o |le(t)|| = 0.

PROOF. Consider the Lyapunov function (13). By
Finsler’s Lemma [5], the first LMI of the corollary im-
plies positive definiteness of V' with respect to X, then

a1 ([ X)) < VI(X) < a2([X1)

for some functions oy, as € K. Repeating the steps of
the proof of Theorem 9, the derivative of V' with D =0
can be upper bounded as follows:

M
V<-XxTrT2rX - Fi(H;X)T H;TT2/TH] FI(H;X)
j=1
M
=23 X077, TH] FI(H;X)
j=1

M-1 M
-2y > FU(H:X)'HJITY,,TH!F"(H.X)
s=1 r=s+1

under the condition @ < 0. Since

M—-1
zymzz S Ter >0
s=0 r=s+1

and due to assumptions 7 and 10, there exists a € K

such that V' < —a(|le||), which implies boundedness
of all solutions in (9) with ||D||.c = 0. Applying La-
Salle arguments [17], we obtain for all initial conditions,
lim; 4 oo|le(?)|| = 0.

Previously, the observer gain L was assumed to be given.
To find the gain as a solution of LMI, the next corollary
considers an equivalent expression of (9)

X = (Ao + WLoCo)X + KF(3X) + [[L)w} . (15)

with A, = diag(As, As), s € 0,M; W = [Om In]T;
FHX) = [(FY (X)) T (FM(HrX) T,
fH=[1T AT G = [y —c], s €00
=[(A1+WL1C1) ... (Ap + WELnCr)).

The conditions of Theorem 9 can then be developed:
Corollary 12 Let Assumption 7 be satisfied and H; =
I,, forj € 1, M. If there exist 0 < P, = P’ € R"*"; 0 <
Py, = P e R¥2m {2, D0 < @, = B, €
RP*P 0 < @, = &) € R*** and L; € R"*%i(j € 1, M)
such that G = G = (Gmb)f;jl < 0 where

Pr =TT Pl + Py; Gig = PTYA] + AoPt + PLY,

Al + A+ O LTWT + WL;C; +5, j €1, M,
A; +WL;Cj + P;1A0T7 jELM,

=Al +CJLIwT + 4, + WL, G,
sel,M—-1,res+1,M,

Gjt1,541 =
Gij+1 =
Gs+1,7‘+1

T _
Goy1, M42 = [DT Opxn} ,s€0,M,

-
T .
Got1, M43 = [Ozxn [Onxzo Ly ... LM] ] , s€0,M,

Gy, My2 = —Pw, Grg3, M43 = —Po, Grg2, M+3 = Opxz,

then a forward complete system (9) is I0S for the obser-
ver gain L = [OanO Ly ... LMg] .

PROOF. Consider Theorem 9 and its proof under
substitutions H; — I,,(j € 1, M), A¥ — I, (j € 1, M),
Tsr—>Oan(s€0M Lr € s+1,M), © — Py,
== P, U — P, ® — diag(®,,P,) and L —

[OnXZO L ... LM}. Since P, > 0 and P, > 0, the

relations from (5) about positive definiteness of the
Lyapunov function V in (13) are satisfied. The time
derivative of V' with respect to (15) is:

- - T ~ -
X X
FH(X) FHX)
V= : Qo : - XTPXx
FM(X) FM(X)
w w
L v . L v =
=Y F(X)TEFI(X) +w Qpw v Byv
j=1

M
<-XTPX-) FI(X
j=1

VT FI(X) +w' ®pw +v ' Oy,



where Qo = ETGE and E = diag(Pr, Ion, ..., Ion, I, I,).

Since P, > 0, there exists o € K such that

M
a(V(X)) < XTPrX 4+ FI(X) T2/ F/(X).
j=1

Therefore, V > a~'(2(w ' ®,w + v’ ®,v)) implying
V< —%a(V), so the IOS property is guaranteed.
Thus, to calculate L as a solution of LMIs, the conditions
of Corollary 12 introduce several additional restrictions
to the ones proposed in Theorem 9, where positive defini-
teness of P, P, and substitution A7 = I, for j € 1, M
are the most constraining.

Example 1 Consider a perturbed two-mass spring dam-
per system on a horizontal plane in the form of (15) from

[1]:

[0 1 0 o 00 0 0
Ay = -1 -02 1 0 A= 0-020 0 ’
0 0 0 1 0 0 0 O
i 1 0 —-1-04 0 0 0-0.2
Co=C1 = [1 00 0} , ¢(s) = min{1, |s|*" }sign(s),
K #(z1)
1 b(x2) . fHx)
D= i) = , FH(X) = ,
0 o(xs3) [fl(if?)]
-1 ¢(x4)

where x € R™ for n = 4 is composed of the relative po-
sition of the first mass with its velocity and the same in-
formation for the second mass. It is assumed that the po-
sition of the first mass x1 is measured, then we can also
assume that ¢(x1) is available; M = 1 and the nonli-
nearity approximating the dry friction respects Assump-
tion 7; for simulation w(t) = 0.2sin(t), v(t) = 0 for all
teRy; X =[2" 2T]T € R? is the extended state.
The selected observer gains are

T T
Lo = [1.1715 1.4461 0.4227 0.1555] , L1 = [10 00 0] -

Then the LMIs proposed in Theorem 9 are verified. A
state trajectory of the system (7), and the logarithm of
le(t)] in (7), (8) for several initial conditions are presen-
ted in Fig. 1 and Fig. 2, respectively (the blue curve in
Fig. 2 corresponds to the trajectory in Fig. 1). The simu-
lation results illustrate that the behavior of the system (7)
(it has nonlinearities in the state and in the output equa-
tions) is well estimated by the observer (8).

5 SIIOS analysis

To represent the dynamics of estimation error e for (7),
(8) in the form (1), let us introduce a short-hand notation

Of (x, &) = f(Hjz) — f7(H;)

System trajectory

z(t)

oo

o 10 20 30 40 50 60 70 80 90 100
t (sec)

Fig. 1. The state trajectory

ion error

Inle(t)])

Fig. 2. The logarithm of estimation error

for all j € 1, M (further we will often skip the argu-
ments (x, %) of § f7 for brevity). Then the following pro-
perties are required in the sequel for nonlinear functions
in (7) (a nonlinear version of quadratic constraints used
in [2,7,6)):

Assumption 13 Assume that there exist Sg, S{, Sg,
20,%9,%) € DY and 53,57 € D with j,q € 1, M
such that

Of)TofI <e"H] SiHje+2e"H S{(5f7)
M
+2e"H S (Hje) +2> (0f7) T H;S§OH] f9(Hge);
g=1
f/(Hje) ! (Hje) < eT H SHje + 2¢T HI 21 (5f7)

M
+2e"H %) £ (He) +2 (5f7) H;S57H] f9(Hye)

qg=1
forallz,z € R" withe =x — .

Since the right-hand side of the first inequality above is
proportional to the estimation error Hje, this hypothe-
sis implies Assumption 10 (further, we recall it in the
formulations of all results to avoid confusion). The dyn-
amics of e can be written as:

M
é=Age+ Y Aidf) +D, (16)
j=1

with D = Dw— Lv another auxiliary bounded input and



s = As — L;Cs, Vs € 0, M. The error dynamics (16)
can be interpreted as the autonomous system (1).

Theorem 14 Let assumptions 7, 10 and 13 be satis-
fied. If there exist 0 < P = PT ¢ R™"; 20 ¢ D7,
N = diag(A],...,A)), Ty, Q; € DY(j e T,M),
{Tjr} ey CD;0<® =07 € R, g€ R and
v,m > 0 such that

"
P+o> H/NH;>0;0=0" <0, (17)

j=1

M M
20— H]SJH; —n> H]S{H, >0,
j=1 j=1
Lj—~8] —n%i 20,
Q) — 75 —n%h 20, Ty — 785" —nSi* > 0,

where Q = (Qavb)37b:17 with

Q1,1 =AJ P+ PAo+E°, Q20 = —vInn, Q12 = PA+T,
Q1 3=AdA+Q, Q3=ATA+7Y, Q33 = —nlnu;
Q14=P, Q4=0nmxn, Wa=A", Qa4=—>,

= |:A1 AM],fZ [H;—Fl ...HJ\—;[FNI],
T= (HjTj,kHl;r)fk:p
A=[HTA HAM | Q=[BT Q) L H] QM)

then the system (7), (8) is SIIOS with respect to the
estimation error e.

PROOF. Consider a candidate Lyapunov function:

k; H’
V()—eTPe+QZZA]/ Fndr,  (8)

Jj=11i=1

where H]Z is the i*" row of the matrix H;. Let us check
the properties given in (6). Finsler’s Lemma [5] and
the first condition in (17) imply that the matrix P +

J 1 H; Y Hj is positive definite, which ensures requi-

red deﬁmteness of V. The time derivative of V for (16)
admits the following representation:

M
V=¢"Pete Pe+2¢" Y HNf(Hje)

j=1

M
=vOv' +2D " Pe+2D" Y H A f/(Hye),

6T
()T (P )T

where v = {eT (6fHT

Q=0"=(Qu1)] pui;
Ql,l = \AJP + PAy, Q2,2 = Ouxx,
Q1o=PA, Q3=AJA, Q3 =A"A, Q33 =0,xy,

with kK = Zjle k;. Therefore, using the matrices intro-
duced in Theorem 14, we have:

M M
V=vpQvp +7) ()6 +nd  (Hje)T f(Hje)
j 1 j=1
6—226 H;T;(5f7) —QZeTHQf]( i€)
Jj=1 j=1
M M )
=23 N (07 THY W HY fF(Hge) + DT @D,
j=1k=1
where

v =[eT ()T L G (FHHEe)T L (M (He)T DT

Since Q < 0 due to (17) and applying Assumption 13,

M
V<—e (”0—7ZHTS]H —n>_ HS)Hj)e
Jj=1 j=1

M
—QZeTHjT(Fj — 8] = X)) (6f7)
j=1
M ) ) )
-2 Z e HJ (Q — S —n%d) 7 (Hje)
j=1
M M
—2> > ()"
j=1lk=1
+D T @D.

Yk —SyF — a2V H] fF(Hye)

According to Theorem 6, to ensure the SIIOS pro-
perty of (7), (16) the right-hand side of the above esti-
mate should be a positive definite and radially unboun-
ded function of the error e. The corresponding term,

which can guarantee these characteristics, is e' (20 —

vy HI S H; —n S0 H S H;)e. Therefore, if the
conditions of Theorem 14 are satisfied, then we can sub-

stantiate that the system (7), (16) is SIIOS with respect
to estimation error e as desired.

Remark 15 Under an assumption that H; = I, for
j € 1, M and there exists o € K such thatVj e 1, M:

G787 = alllel), f/(e)T f(e) = allel)

forallz,z € R" withe =z —1 (i.e., the functions & f7
and f7 are radially unbounded in terms of the estimation



error e), the conditions (17) can be relazed:

I
P+ A >0,0<0;

j=1
M ) M . ) .

EY— > S -n> % >0,T; -8 —n¥] >0,
i=1 i=1

Qj — S5 =%y >0, Tk — 7S5 —nZg™ >0,

=) S —n> Sh42) (T —S] —n%)
j=1 j=1 j=1

M M M
423 (9 =Sy =02 +2> > (T — 5P —nmF) > 0.
j=1 j=1k=1

Remark 16 If there exist A; = diag(AJl, . .,A?) €
]Dij, A; €{0,1} fori € 1,k; and I1; € Rki*# sych that
A;H; =11;Cy for j € 1, M (ie., a part of the argument
of the nonlinearity is measured by the linear components
of the output), then the observer (8) can be extended:

2(t) = Aod(t) + Z Aj 7 (Hja(t)) + Ly (t) — §(t))
M =
+ Z (SJHJTAJ]M (ijo(t) — HjCo.’f?(t)), (19)

where yo(t) € R* is the first zo elements of the output
y(t), d; > 0 are tuning parameters. The error dynamics
(16) is:

M M
¢=Aoe+ Y A;0fT =D 8H] A (A He) + D.
=1 i=1

(20)
Clearly, the terms —6;H A; f7(A;Hje) are stabilizing
and allow Assumption 13 to be relazed (there is no need
in the upper bound for the nonlinearities in these new
items).

In Theorem 14, the observer gains Ly, s € 0, M are
assumed to be given. To find these gains as solutions

of LMIs, the following equivalent representation of the
error dynamics (16) will be used:

é= (A() - Loco)e + (A - Eé)éf + Dw — LU7 (21)
where we define the block matrices

A=[A1...Apy], L=[L1... L),
C = diag(C1,...,Cnr), 6f =[(6fH)T ... (fM)T]T.

We need (21) for compactness of notation in the next
corollary:

Corollary 17 Let assumptions 7, 10 and 13 with Sg =
SIF =) =22 = O,xp and H; = I, for j,k € 1, M
be satisfied. If there exist 0 < P = PT ¢ R™*"; =0 ¢
D {1, C Dy Us e R (s € 0,M); 0 < @, =
ol € RPXP: 0 < &, = ®] € R*** and v,n > 0 such
that

P<I, G=GT = (C?’a,b)i,b:l <0, (22)
20—y S -nY ¥ >0, ;-] - %] 20,

=1 =1
where

G111 =AJ P+ PAy— CJ UJ — UpCo + E?,
Gi2=PA-UC+T;Gi3=A]PJ—CqU] J,
G14=PD,G15=-U, Gao=—~yIpp, Goz=ATPJ
—CTUTJ, Goy = OnMxps Ga2,5 = Onnrxzy G3,3=—nlnn,
G3,4=J"PD,G35=—J"U, Ga4 = —By, Ga,5 = Opxs,
Gos=—0, U=[U1 ... Uy |, U=1[U0 U),

= [n FM],Jz [In In] € RxnM

then the system (7), (8) is SIIOS with respect to the esti-
mation error e with the observer gains Ly = P~ U, for
alls € 0, M.

PROOF. Consider a candidate Lyapunov function V
from (18) with H; = A? = I, for j € 1, M, which is po-
sitive definite and radially unbounded since P > 0, and
whose time derivative for (21) admits the representation:

M n
V=¢"Pete Pe+2> Y flle)é

j=11i=1

M M
=vOv' 9> @G 0> Fe) f(e)
=1 =1
M .

—e'2% — ZZ eTFj (6f") + w' ®pw + v Pyv, where
j=1
v=[eT G G ()T - )T wT 0T,
Q < EGE, E = diag(I,,, Inar, P71, ..., P74 1, 1), by
setting Ugs := PLg for all s € O,J\/{ and substituting
P? < I,. Therefore, it holds that Q < 0 if and only
if G <0.If G <0 and applying Assumption 13 with
S = 5Pk = %I = vI% = O, for j,k € 1, M, we have:

Mo Mo
V< —el(8° —'\{ZS(J) —nZE{))e
j=1 j=1
M
-2 Z eT(Fj — ’yS{ - nZ{)(ij) +w  Ppw+ v By
j=1

Following the proof of Theorem 14, the correspon-
ding term guaranteeing SIIOS property is e’ (2 —



vsz:l S? — anM:l »:])e. Therefore, if the conditions
of (22) are satisfied, then the estimation error dyn-
amics (7), (21) is SIIOS and the observer gains L,
s € 0, M can be obtained as desired.

Again the conditions of Corollary 17 are more restrictive
than in Theorem 14 since it is assumed that 0 < P < I,
and A =1, for j € 1, M.

Example 2 Consider a  multi-group
infected-susceptible (SIS) model [26,28]:

susceptible-

i(t) = diag(1, — 2(1))(BAz(t) + w(t)) — yx(t), (23)
where z(t) € [0,1]" represents infected populations in
n groups, 1, € R™ is the vector of ones; B > 0 and
~v > 0 are the infection and the recovery rates, respecti-
vely; A € [0,1]™"*™ is the adjacency matrix of infection
transmission between groups; w(t) € [0,1]™ corresponds
to unmodelled cumulative infection receipt at each group.
Following [28], assume that the infected population is me-
asured in 0 < p < n groups:

y(t) = Cx(t), C= [Ip Opx(n—p)]~ (24)
To represent this system in the form (7), consider a
change of variables z = In(1,, — ), x = 1,, — e, where
application of an elementary function to a vector argu-
ment is understood elementwise, then

2(t) = BAFL(2(1) — vfa(2(t)) —w(t), y(t) =
fi(z) =€ —1,, fa(z) =1, —e 7

and it is easy to check that assumptions 7 and 10 are sa-
tisfied. Assumption 13 holds locally with S3’ = I,, and
Y27 = I, and all other matrices equal zero for j € {1,2}.
Then the state observation can be performed for a suffi-
ciently small initial estimation error. Note that due to the
form of the output, we obtain that § = Cz is an auziliary
measured signal. The observer is taken in the form (19):

A(t) = BAFL(A(t) — v f2(3(1) + L(y(t) + Cfi(2(1)))
+> mCTCf((t) - 2(b)),

j=1

where 2(t) € R™ is the estimate of z(t), L € R"*P is the
observer gain to be selected, C'fi(x—2) = e9=* —1,, and
Cfa(z —2) = 1, — e“*~¥ are dependent on the measured
information only, m; > 0 are tuning parameters for j €
{1,2}. In the original coordinates the observer can be
rewritten as follows:

2(t) = diag(1, — #(t)) (L — moC'T diag(1, — y()) 1) x
(

) )
Ci(t) —y(1)) + BAZ(t)) — v2(t) — miCT (C2(t) — y(t),

—Ch=(1),

10

and it is straightforward to check that &(t) € [0, 1]™ for all
t > 0 provided that £(0) € [0,1]" and (m1 +m2)C"T — L
is elementwise nonnegative.

For n = 15, we selected the pair of matrices (A, C) in
(23), (24) to be observable (A is not symmetric), then the
LMIs of Theorem 14 induced by the error dynamics (20)
are verified. A state trajectory of (23) is shown in Fig. 3,
corresponding to the red curve in Fig. 4, representing the
estimation error decay in logarithmic scale for different
initial conditions. The error e converges to a vicinity of
the origin proportional to the amplitude of disturbances
(for simulation, w was chosen as a harmonic perturba-
tion, and v = 0. This application confirms the efficacy
and the generality of the developed estimation framework.

System trajectory

()

Fig. 3. The state trajectory

1 error

Inle(t)))

o 10 20 30 40 50 60 70 80 20
t (sec)

Fig. 4. The logarithm of estimation error

6 Conclusion

This work studied the problem of robust state estimation
for a class of generalized Persidskii systems. A simple
observer was proposed containing a copy of the system
dynamics with a nonlinear output injection term. Two
sets of stability conditions were developed, establishing
IOS and SIIOS properties of the common dynamics of
the system and the observer with respect to the estima-
tion error. These conditions were obtained in the form
of LMIs. Two examples were shown (two-mass and SIS
models) to verify the effectiveness of our framework. The
design of adaptive or reduced-order observers, extension
to the input estimation as in [7,6], or introduction of ad-
ditional output injection in nonlinearities as in [2,6] can
be considered directions for further investigations.
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