State and Parameter Estimation for Affine Nonlinear Systems
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Abstract— This paper proposes a new approach to online
state and parameter estimation for affine nonlinear systems.
Unlike conventional methods limited to specific classes of non-
linear systems and reliant on stringent excitation conditions, the
proposed approach uses multiplier matrices and a data-driven
concurrent learning method to develop an adaptive observer
for affine nonlinear systems. Through rigorous Lyapunov-based
analysis, the technique is proven to guarantee locally uniformly
ultimately bounded state estimates and ultimately bounded
parameter estimation errors. Additionally, under certain exci-
tation conditions, the parameter estimation error is guaranteed
to converge to a given neighborhood of the origin.

I. INTRODUCTION

In many real-world control systems, the limited availability
of sensor information and unknown model parameters make
effective control of the system difficult, if not impossible.
While adaptive control methods typically rely on full state
measurement to generate parameter estimates, techniques
that simultaneously estimate the system states and parameters
are also available for nonlinear systems, albeit for specific
classes of nonlinear systems [1]-[3]. This motivates the
need for nonlinear observer techniques for simultaneous state
and parameter estimation for a broader class of nonlinear
systems.

In nonlinear state observers like the extended Luenberger
nonlinear observers in [4]—[8], restricted to a specific class
of nonlinear systems, incremental multiplier matrices are
employed to characterize the nonlinearities in the system
dynamics, and observer gain matrices are then obtained by
solving linear matrix inequalities [7]-[9] using semi-definite
programming. The drawback of extended Luenberger nonlin-
ear observers is the need to compute bounds on the Jacobian
matrices of unknown vector fields that model the system.
Methods such as [10] and [11] offer solutions to challenges
in calculating such Jacobian bounds and suitable multiplier
matrices. However, due to their separation of measurable and
unmeasurable signals and reliance on convex optimization
techniques to formulate an explicit matrix polynomial form
of the gradient, methods such as [10] and [11] are difficult
to apply for simultaneous state and parameter estimation in

This research was supported in part by the Office of Naval Research under
award number N00014-21-1-2481 and the Air Force Research Laboratories
under contract numbers FA8651-19-2-0009 and AFRL-FA8651-23-1-0006.
Any opinions, findings, or recommendations in this article are those of
the author(s), and do not necessarily reflect the views of the sponsoring
agencies.

1 School of Mechanical and Aerospace Engineering, Oklahoma State
University, email: {tochukwu.ogri, rushikesh.kamalapurkar}
@Qokstate.edu.

2 Air Force Research Laboratories,
zachary.bell.1l0Q@us.af.mil.

Florida, USA, email:

Zachary I. Bell?

Rushikesh Kamalapurkar!

nonlinear systems. Notwithstanding, the convergence proper-
ties of extended Luenberger state observers can be leveraged
to generate precise state estimates for parameter estimation,
even when only partial state measurements are available from
the output [9].

Parameter estimation methods that rely on persistent exci-
tation (PE) [12]-[14] and finite excitation [15]-[18] have also
been studied extensively in the literature for systems where
all state variables can be measured. Recent research efforts
have focused on developing adaptive observers that can
simultaneously estimate the state and parameters of nonlinear
systems [1]-[3], [19]-[23]. However, most of these methods
are also restricted to a specific class of nonlinear systems
and rely on assumptions that may be difficult to satisfy
in practice, such as stringent PE conditions [1]-[3], [22],
[23]. Methods such as those developed in [1] and [3], while
effective, are restricted to dynamical systems that are of the
Brunovsky canonical form. Similarly, adaptive observers that
use dynamic regressor extension and mixing (DREM) rely on
the existence of a cascade form via a coordinate change for
which a linear regression relation exists between the system
states and unknown parameters [22].

Unlike the existing simultaneous state and parameter es-
timation methods described above, limited to narrow class
systems, such as systems in Brunovsky form or cascade
form, this paper presents a novel method that achieves
simultaneous state and parameter estimation for a broader
class of nonlinear systems. The key idea is to leverage the
advantages of the multiplier matrix approach for Luenberger
observer design, which has been proven to yield asymptotic
convergence of state estimation errors [7], [9], and build
upon concurrent learning (CL) frameworks [1], [3], which
utilizes recorded data (stored in what is commonly called a
history stack) to estimate parameters with high accuracy. In
contrast with methods proposed in results such as [24]-[26],
the developed method does not require any restrictions on
the form and rank of the C' measurement matrix or impose
observability conditions.

The rest of the paper is organized as follows: Section II
contains the problem formulation, Section III presents the
state observer design, Section IV presents the parameter
estimator design, Section V contains stability analysis of the
developed method, and Section VII concludes the paper.

II. PROBLEM FORMULATION
Consider a nonlinear dynamical system of the form

& =Y (2)0+g(z)u, y=Cu, ()



where * € R™ and v € R™ denotes the system state
and the control input respectively, 6 € © C RP is a
vector of unknown parameters, C' € R?*™ is the output
matrix, and y € RY is the measured output. The functions
Y :R" - R" P and g : R" — R™*"™, denote the regressor
and the control effectiveness, respectively. Consistent with
the literature on state and parameter estimation, the control
signal u and the system state x are assumed to be bounded.

The objective is to develop a real-time state observer for
online state estimation of z using input » and output y along-
side a parameter estimation scheme, which uses memory
from recorded data to provide parameter estimates denoted
as 6. The following assumption is necessary to facilitate the
development and analysis of the method presented in this
paper.

Assumption 1: The functions Y and g are known, their
derivatives exist on the compact set C C R™ containing the
origin and satisfy the element-wise bounds

oY (2));.i
(Kyl)j,k‘ S (M] 01 S (Kyg)j,kv (2)
9(g(x));
s = (P98 < (K @)
forallz e C,ueld,0e€0,i=1,...,p, j,k=1,...,n,
and [ = 1,...,m, where (-);, (-)j, (+)i, and (-);x denote

the element of the array (-) at the index indicated by the
subscript.

Remark 1: The conditions stated in Assumption 1 are
commonly required in several observer design schemes (see,
e.g., [51, [7], [27], [28]).

Sufficient conditions involving multiplier matrices that
characterize the affine system will be presented in the fol-
lowing section, along with the design of the state observer.

III. STATE OBSERVER DESIGN

This section presents the development of a state observer
that generates estimates of x by employing an extended
Luenberger-like observer. To facilitate the observer design,
the nonlinear dynamics described in (1) is expressed as

&= Az + Fy(x,0) + Gu(z,u), y=~Cuz, 4)

where A = (K, + Kg,), Fyp(z,0) = —K,,z + Y (x)0 and
Gulz,u) = —Kg x+5 | gi(2)(u);. Assumption 1 implies
that the derivatives of Fyp and G, satisfy the element-wise
inequalities

0 Fg xX))q
0< (8(9§),3)] < (Kyg)j,k - (Kyl)j1k7 o)
O(Gy(x,u));
0< (53((35)1<))] < (Kgo) gk — (Kgy)jks (6)
for all 5,k = 1,...,n. Using the derivative bounds, a state

observer with three correction terms is designed as

&= Ad+ Fy[i 4L (y— C#),0) + Gyli + lo(y — C), ]

where & € R" is the estimate of z, [; € R"*9, [, € R"*9,
and L € R"*? are observer gains, l1(y — Ci) and l2(y —
C't) are nonlinear injection terms and L(y — C%) is a linear
correction term. With the state estimation error defined as
T = x — &, the estimation error dynamics is given by

i = (A—LC)i+Fp(x,0)+Guy(z, u)—Fyli+l (y—C#), 6]
— Guli + 1y (y — C&) ,u] + Fo(z,0). (8)

where Fy(z,0) = Fy(z,0) — Fg(a:,é). Let the parameter
estimation error be defined as 6 = 0 — 6. To facilitate
the design of the state observer, the following assumption
is made about the set ©, which contains 6.

Assumption 2: There exist a known constant § € R such
that |0 < 6.

Remark 2: Assumption 2 is used to implement a parame-
ter projection algorithm that ensures 0 stays within a bounded
convex set © C RP := {# | h(d) < 0},where h(f) =
670 —0° and V;h(0) == 20 (cf. [12, Example 4.4.2]).

Let D C {Z € R" : z,& € C}, the difference functions
between the uncertain system components and their estimates
can then be characterized using the difference functions
(blez()XDX@—}Rn and¢g:R20xD—>R",
defined as ¢, (t, Z, 0) := Fy(x,0)— Fyli+1,(y—C%), 6], and
0q(t, ) = Gy(z,u) — Gy[& + lo(y — CZ), u], respectively.
The observer error dynamics in (8) can then be expressed as

&= (A—LO) T+ ¢y(t,%,0) + ¢y(t,7) + Fo(z,0). (9)

According to the differential mean value theorem (DMVT)
[29, Theorem 2.1], provided Assumption 1 and Assumption 2
hold, the difference functions ¢, and ¢, are guaranteed to
be bounded as

Ky, (L,~10)F < ¢y(t,7,0) < K, (I,~1,C)%, and (10)

K, (L, — 120)7 < ¢y(t,7) < Ky (L, — 1C)2. (11)
Ehere Fyl = Opnxn, ?yz = K, — Ky, Fgl = Onxn,
K,, = K, — K, and the notation I, represents an

n by n identity matrix. To establish the stability of the
state estimation error dynamics, it suffices to rely on the
sector information provided by the compact set C, which is
defined by the Jacobian bounds presented in (5), and (6) and
constraints ¢,, and ¢,4. Specifically, the inequalities in (10)
and (11) can be used to obtain the following bounds

[y (£,2,0)] " [y (£,8,0)—K y, (1,—1,C)Z] < 0, and ~ (12)

[bg (£, )] [Bg(t, &) — K gy (I — 12C)E] <0, (13)

which can be expressed in their quadratic forms as

AT T ]
r Hn_llc 0 Hn_llc 0 x
Lby] [ 0 Hn} My|: 0 Hn] |:¢y:| < 0, and
(14)

T T
T I,—0C 0 I,—C 0 T
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with their corresponding multiplier matrices designed as

K! —K]
Y2 Y1
M, = [ ok I ] and  (16)
0 7K;27K;1
Mg - Kgy—Kgy I ? ' (17)
_f n

A Lyapunov-based analysis that uses the above inequalities
to establish boundedness of the state estimation error for all
t € R>( is presented in Section V.

IV. PARAMETER ESTIMATOR DESIGN

The parameter estimator to be designed in this section
relies on the fact that the difference between the state
estimates at time ¢ and time ¢ — ¢, where ¢ € R denotes
the time delay, can be expressed as an affine function of the
parameters 6 and a residual that reduces with reducing state
estimation errors as described in the following Lemma.

Lemma 1: If x, £ € C and if Assumption 1 holds, for
all ¢ > 0 and for a}ll t > S the state estimatesﬂsatisfy
B(t) — 2(t —<) = 3’( )9 + Qu( ) ( ), where V(1) =
[ Y(@(r)dr, Gu(t) = [ g (r)dr, and E(t) =

O (supepp—c 3( >||
Proof: Integrating the dynamics in (1) yields

z(t) —z(t —¢) = /t_ Y (z(7))0 + g(z(7))u(r)dr (18)

By adding and subtracting z(t) and z(t — <), the difference
Z(t) — Z(t — ¢) can be expressed as

Ft)—2(t—9)=—-Zt)+T(t—¢)+z(t)—z(t—c5). (19)

Substituting from (18), adding and subtracting the integral
ft Y (&(7))0 + g(&(7))u(r)dr, and simplifying yields

t—¢

T(t)—z(t—5) :/ti Y(;i(T))@dT+/t7 g(z(m))u(r)dr

S
t

—z(t)+z(t—¢)+ / }7(35(7'), &(7))0dr

t—¢

+ /t_ g(x(T), Z(1))u(T)dr (20)

where Y (z(7),#(r)) = Y(x(r)) — Y(i(r)) and
glz(r),z(1)) = glx(r)) — g(&(r)). If 2,4 € C and
Assumption 1 holds, then the DMVT can be invoked to
obtain Z(t) — &(t — <) = V(t)0 + Gu(t) + E(t) where the
residual term satisfies £(t) = O (supyep_c g [[Z(0)] ). ™
Lemma 1 implies that the parameter estimation error at any
time ¢ can be expressed as V()0(t) = &(t) — &(t — <) —
Gu(t) — Y()0(t) — £(t), which motivates the update law

kol if 679 < G orif

I— §T0=0"and (koT'¢)TH<0
INTH

(H _eTre)k‘)W}’

21

otherwise

- T

where (1) = S (g ) (#() — (= <) -
Gu(t;) — V(t:)0), K € Ryg is the normalization gain, and
ko € Ryq is the CL gain. The matrix I' € RP*P is the
least-squares gain matrix updated as

V() Y (t:) e AT — BPor
60— kr1+ Hy(t)HQF if 0’6 < @ orif

I= T6=0"and (koT'¢)TH<0
0 otherwise
(22)
where 81 € Ry is a constant adaptation gain. The update
law relies on the time delay ¢, and a history stack 4. The
history stack represents a set of piecewise constant functions
that can be expressed as

&(t1)—2(t1—9) V(tr)
<93‘1: 7@12 7gu:: :
2(tn)—2(tN—s) V(tn) Gultn)

where 2 € R, % € R"N*P and &, € R™VN. The integral
terms in the adaptive update law can be calculated as V() =
Iy( ) Iy(t—g) and G, (t) = I () = I (t—g) where

= [ Y (&(r))dr and I, (t) = [ g T)dr, are
computed by solvmg

Gu (t1)
(23)

Iy = Y(2) and I,, = g(&)u

starting from the initial conditions Iy, = O, xp and I, o =
0,x1. Using Lemma 1, the parameter estimation error dy-
namics can be expressed as

(24)

. N V4T N AT
éz—kerz y(tz) Ay(tz) é—kgrz y(tz)Ag(tz) ]
i=1 1+’€||y(ti)||2 i=1 1+H||y(ti)||2

It is clear from (25) that for the parameter estimation error
to be bounded, the matrix va 1 1)4}-(;“)3}2;(1‘/
positive definite, which can be ensured 11) the trajectories
are sufficiently informative and the data (&(¢;) — &(t —
¢), V(t:),Gu, )Y, stored in the history stack #{ are recorded
carefully. The following assumption formalizes this require-
ment.

Assumption 3: For a given N € N, there exist a set of time

© CX15
:)nstances {t;}}, such that \pip (Zf\;l %) =c>

In the following, a history stack that meets the eigenvalue
condition in Assumption 3 is called full rank.

Since the convergence rate of the parameter estimation
errors depends on the lower bound ¢ on the minimum
eigenvalue, a minimum eigenvalue maximization algorithm
is utilized for the selection of the time instances {t;}}, (see,
for example, [3]). The algorithm presented in Algorithm 1

B = dime Vi G, ),
new data point (:ﬁ* — i*_,jﬁ*,gﬁ), for some i € 1,..., N,

where :; — 3% = &) — &t — <), Y* = Y(t) and
G :=4,(t), only if the condition

(25)

needs to be

replaces an existing data point with a

)\min(z 013}:3}1 + Ujj}jTj}j)
i#]



Amin (Zz;ﬁ] Uzj);rj}z + U*J}Tj)*)
< (1+90)

holds. Here, Apin(+) denotes the minimum eigenvalue of a

matrix, ¢ is a constant that can be adjusted o; = m,

The availability

(26)

oj = and o =

1
L+r|Y; )12 1+N\|3’ 2°
of accurate state estimates is required for precise parame-
ter estimation. However, the initial history stack, recorded
during transients, may contain inaccurate data, requiring a
purge of the history stack once more accurate state estimates
become available. In such cases, newer state estimates are
preferred, subject to the conditions of Theorem 1. A greedy
purging algorithm based on dwell time is employed to ensure
estimator stability while utilizing newer data. This algorithm
uses two history stacks: a main stack denoted as # and a
transient stack labeled G. The transient stack is filled until a
sufficient dwell time 7 has elapsed. Then, the main stack is
purged, and the transient stack is copied into the main stack.
This approach enables the use of newer, more accurate data
while maintaining estimator stability.

V. STABILITY ANALYSIS

In this section, stability analysis of the joint state and
parameter estimation architecture will be carried out using
Lyapunov methods.

A. Analysis of state observer

The following Theorem establishes local uniform ultimate
boundedness of the state estimation errors.

Theorem 1: Provided Assumption 1 and 2 hold, there
exists a constant symmetric positive definite matrix, P, and
three observer gains, Iy, lo and L, that satisfy the matrix
inequality,

(A-LC)TP T T
+2aP P—(I-1,0)T(M, P—(I-1,0)T(M,):
<+P(A—LC) a (I-LC) (My)2 (I=10) " (My)22 o,
P—(My)21(I-1,C) —(My)22 0
P—(My)21 (I-12C) 0 —(Mg)22

27)
then observer error in (8) is locally uniformly ultimately
bounded.
Proof: Consider the continuously differentiable candi-
date Lyapunov function, W : D — R defined as

W (%) = &' Pz, (28)

which satisfies Apin(P)[|Z]|2 < W (Z) < Amax(P)| 7%
Since P is a constant symmetric positive definite matrix, both
eigenvalues are positive. On the set, D, the orbital derivative
of the Lyapunov function along the trajectories of (8) can be

expressed as

. 1" [(A-LO)"P+P(A-LC) P P|[Z
W(f)7t)I: ¢f P 0 O ¢f
oS P 0 0] |

+2" PFy(x,0)+Fy(x,0)PE.  (29)

Provided the matrix inequalities in (27) is satisfied for
some constant o € R, the multiplier matrices and sector

Algorithm 1 Algorithm for Adaptive History Stack Observer. At
each time instance ¢, 71 stores the last time an event occurred, T2
stores the last time instance H was purged, A\ stores the highest
minimum eigenvalue encountered so far, 7 denotes the dwell time,
A* denotes some user selected eigenvalue threshold, ¢t* denotes
some user selected sampling rate and £ € (0,1] is a threshold
for purging.

Require: t; € Ry, t" € Ry, T €Rx0, A" >0

L Z 0,7+ 0,9 + 0,7+ 0, 7«0
variables

> Global

2: A« min(eig(ZTH)), to 0, Zo + &(to), bo = O(to)
3: while tq <ty do
4: integrate DDEs in (21), (22) and (24) over [to, tf]
5: if (t —71) > ¢* then
6: if ¢t > ¢ then
7: stop integration, an event has occurred
8: jé—argmax;_q. N{min{eig(!}T@; )>J)>1+)>T)>) }}
o if max {mm{mg(OJT@ ARV y)}}azx*
then ' o
10: A maﬁ{min{eig(?yT?Z/—yiTyH-yTy) }}
11: {@}2 n(i-1) Y(t)
12: {%.. o L (i—1) — Gu(t)
13: {3&’}1 nG—1) < Z(t) —2(t—5)
14: if G is not full then
15: add the data points to G
16: else
17: add the data points to G if (26) holds
18: end if o
19: if min(eig(# %)) > £ then
20: if (t — ) > T (t) then
21: H<+—G, G+ 0,and 72 <1
22: if A < mln(elg(OIT@)) then
23: A < min(eig(#T¥))
24: end if
25: end if ) )
26: to < t, Zo — aa(t), 6o <T O(t)
27: Iy’o +— Iy(t), Igu,o — Igu (t)
28: end if
29: end if
30: else
31: no event, keep on integrating the DDEs
32: end if
33: 71 <=t > Set this even if a new event is not detected
34: end if

35: no event, keep on integrating the DDEs
36: end while

conditions formulated in (14) and (15), the S-Procedure
Lemma [30], Assumption 1, and Assumption 2 can be used
to guarantee that the orbital derivative of W is bounded as
(cf. [9], [31])
W(:i, t) < —2aW (j) + 2)‘max(P)F0~”‘%H7 (30)
for all £ € D, where mé15<||F9(33,9~)|| < F; for some
xT

F; € R,. Hence, the orbital derivative is bounded along
the trajectories of (9) as

W(z,t) < —aW (i),VZ €D, |7 >£>0. (31

where & = % Invoking [32, Thereom 4.18],
the state estimation error is locally uniformly ultimately



bounded. And the ultimate bound on Z can be estimated
as limsup, o, || 7] = /32={F)¢,

Remark 3: The observer design is only valid if the control
input remains bounded and the system trajectories remain
within the compact set C where the bounds on the Jacobians
in (5), and (6), respectively, are valid.

Remark 4: The matrix inequality in (27) can be reformu-
lated as a linear matrix inequality (LMI) using the typical
variable substitution method. Indeed, substituting L = P -1R
in (27), the matrix P and the observer gains L, [; and l5 can
be obtained by solving the LMI

ATP+PA 29aP P—(I-1CV (M P (IO (M.
_OTRT_rc | T2 —(I-L,C)T (M), P—(I-ly )(,g)22<0
P—(My)a1(I-1,C) —(My)22 0 s
M Imhe) 0 (M)
(32)
for P, R, lyand l.
|

B. Analysis of Parameter Estimator

In order to rigorously analyze the convergence properties
of the parameter estimation error, a precise definition of
“finitely informative” and “persistently informative” data in
the history stack is presented below.

Definition 1: [33] The signal (Z,u) is called finitely
informative (FI) if there exist time instances 0 < t; <
to < ... < tn, for some finite positive integer N, such
that the resulting history stack is full rank and persistently
informative (PI) if, for any T > 0, there exist time instances
T <t <ty <...<ty such that the resulting history stack
is full rank.

The subsequent theorem establishes that the parameter esti-
mation error § converges to a neighborhood of the origin if
Assumption 3 holds and the data are sufficiently informative,
as per Definition 1. To facilitate the analysis, given s in N,
let Hs denote the history stack that is active during the
time interval Iy := {t | p(¢) = s} containing the data
{(5&1“@;“%@(“)} ) , where p : R>( — N denotes a
1=1,...

switching signal that satisfies initial condition p(0) = 1 and
for any time ¢ in the domain of the signal, p(t) = j+1, where
j denotes the number of times the update H < G has been
carried out over the time interval 0 to ¢. To also facilitate the
analysis and simplify notation, let ¥, : R>o — RP*? and

. nxp N VI Vsi
Qs : Ry =R be defined as ¥, == )., m

yT i . . . .
Qs = Zivz 1 m Using this notation, the dynamics
of the parameter estimation error in (25) and (22) can be
expressed as

and

= —kgT W0 — kgTQ, and I' = BT — keT W, T (33)

respectively. It is important to note that the functions ¥
and (@), are piece-wise continuous. Thus, the trajectories of
(33) are defined in the sense of Carathéodory [3], [34]. Using
arguments similar to [1, Theorem 1], provided the conditions
of Theorem 1 are satisfied, and the states and state estimation
errors remain within the compact sets C and D, respectively,
over the time interval I;_1 in which the history stack was

recorded, then using the error bound developed in Lemma 1
the error terms can be bounded as

1€l < Lees, Vi€ {1,...,N},VZ €D,  (34)

where €, := sup,¢; _, [|Z(t)|| and L. € Ry is a constant.

Theorem 2: If the state and parameters of the system in
(1) are estimated using state and parameter estimators that
satisfy the conditions of Theorem 1 and Assumption 3, the
signal (Z,u) is FI, H is populated using Algorithm 1, and
if the excitation lasts long enough for two purging events
(i.e. Hs is full rank), then the trajectories of the parameter
estimation error are ultimately bounded.

Proof: Consider the candidate Lyapunov function V' :

O x R>9 — R defined as,

V(0,t) = %éTF’l(t)é. (35)

Using arguments similar to those presented in [12, Sec-
tion 4.4.2], provided (3) holds and A\, {T'(0)~1} > 0, the
update law in (22) ensures that the least squares update law
satisfies

I, <T(t) <TL, ¥t € Rxg (36)

for some I, € R, where I, denotes a p x p identity
matrix. Applying the bound in (36), the candidate Lyapunov
function satisfies the following inequality

%HQHQ <V(,t) < iuen%w € Rxo. (37)
Using arguments similar to those presented in [12, Theo-
rem 4.4.1], the orbital derivative of V' can be bounded as,
Vo(0,1) < —3alldlf* + koQ,|10]], where a = koc + 2, ¢
is defined in Assumption 3 and @, is a positive constant
such that @, > ||Q;||. Using the completion of squares, the
orbital derivative is then bounded for all ¢ € R>( as

. 1 - _
Vs(0,t) < —ZQ\Ié’IIQ,VII@II > o([lll) (38)

where o(||u])) = (%) |p||? and p = \/as Hence, the
conditions of [32, Theorem 4.19] are satisfied, and it can
be concluded that (33) is input-to-state stable with state 0
and input p. If Algorithm 1 is implemented and if the signal
(Z,u) is FI, then there exists a time instance T}, such that
for all ¢ > Tj, the history stack remains unchanged. And as
a result, using [32, Exercise 4.58], an ultimate bound on 0
can be estimated as

lim sup 6(1)]| < (7:) = ﬁ (‘Mi@)) .

where Q(T) denotes a bound on residual error term Q,,
in the history stack H for all ¢ > Ts. The parameter
estimation error can be reduced by reducing the estimation
errors corresponding to the state estimates stored in the
history stack, which reduces ;. The projection algorithm
and Theorem 1 imply the boundedness of all signals in the
closed loop for all ¢. Furthermore, Theorem 1 implies that
given any € € R, , the gain « can be selected large enough to

(39)



ensure that T has reached the ultimate bound before t = T}
and that the ultimate bound is smaller than ¢ so that €5 < €.
Since the history stack Hs, which is active over the interval
I3, is recorded during the interval I, the bounds in (34)
can be used to show @3 = NQI:;SZ < ]\QI\L/EE As such, if
(#,u) is FI with the excitation lasting long enough so that
H3 is full rank, then (39) implies that lim sup,_, ., [|6(¢)] <

T (2kgNL. c
kL a ’

VI. SIMULATION

A two-state dynamical system is simulated to demonstrate
the developed method’s performance. Consider the dynam-
ical system of the form in (1) with states x = [(x)1; (z)2]
where

()2 0 0 0
()2 w2(cos(2(x)1) +2)2

0 = [(0)1; (0)2; (0)s; (0)a], g(x) = [0;cos(2(x)1) + 2] and
C = [1;0]T. To satisfy Assumption 3, a controller that
results in a uniformly bounded system response is needed,
which is chosen to be a proportional-derivative (PD), defined
as u = —kp((x)1 —xq) — ka ((z)2 — 44), where k, and
kq are control gains. The objective of this controller is to
make the system track the trajectory (x4)1(t) = (x4)2(t) =
—1 cos(3t) — & cos(2t). The initial conditions of the systems
are selected as z(0) = [2;2], 2(0) = [2.5;1.5], 6(0) =
[0;0;0;0] and the actual values of the unknown parameters
in the system model are (), = 1, ()2 = —1, 65 =
—0.5, 64 = 0.5. In order to satisfy the stability conditions
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Fig. 1: Trajectory of state estimation error

of Theorem 1, the LMI in (27) is solved using SEDUMI in
YALMIP on MATLAB. The objective is to obtain the three
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Fig. 2: Trajectory of parameter estimation error

observer gains, L, [, and [y, and the symmetric positive
definite matrix, P, which satisfies the LMI. The learning
rate used in the LMI is a« = 2. Data is added to the
history stack H using the minimum eigenvalue maximization
algorithm detailed in Algorithm 1 with initial values given
as Iy’o = 0gx4 and Igu,() =02x1,s=2,t"=0.1, \* =0.
The learning gains are selected through trial and error, as
N = 25, kp = 50, p; = 0.5, I'(0) = diag([1,1,1,1]),
k, = [50;50]T.

A. Results and Discussion

Figure 1 and figure 2 demonstrate that the developed state
and parameter estimators are effective in driving the trajec-
tories of state estimation errors and parameter estimation
errors to the origin, respectively. This result demonstrates
the effectiveness of the developed method and validates the
theoretical results in Section V. The value of the constant
symmetric positive definite matrix P is given as P =
[2.3886, —0.1840; —0.1840,0.0270], and the value of the
observer gain was found to be L = [10.0671;103.167].

VII. CONCLUSION

An online joint state and parameter estimation scheme for
nonlinear systems using a multiplier matrix observer design
and an event-based implementation of concurrent learning
adaptive update laws is developed. Convergence properties of
the developed method are analyzed using Lyapunov methods
and validated through simulation, demonstrating local uni-
formly ultimately boundedness of the state estimation errors
and input-to-state stability of parameter estimation errors
under a finite informativity condition.

To avoid the need to compute exact Jacobian bounds
and allow for relaxed LMI conditions, future work will
involve developing a methodology for simultaneous state
and parameter estimation via exact Takagi-Sugeno tensor-
product models or polynomial rewriting of the error system,
as formulated in [10], [11].
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