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A Robust Nonlinear Model Reference Adaptive
Control for Disturbed Linear Systems: An LMI
Approach

Roberto Francol, Héctor Rios'*, Alejandra Ferreira de Loza** and Denis Efimov*

Abstract—In this paper a robust nonlinear Model Reference
Adaptive Control (MRAC) is proposed for disturbed linear
systems, i.e., linear systems with parameter uncertainties, and
external time-dependent perturbations or nonlinear unmodeled
dynamics matched with the control input. The proposed non-
linear control law is composed of two nonlinear adaptive gains.
Such adaptive gains allow the control to counteract the effects
of some perturbations and nonlinear unmodeled dynamics
ensuring asymptotic convergence of the tracking error to zero,
and the boundedness of the adaptive gains. The nonlinear
controller synthesis is given by a constructive method based
on the solution of Linear Matrix Inequalities (LMIs). Besides,
the simulation results show that, due to the nonlinearities, the
rate of convergence of the proposed algorithm is faster than
the provided by a classic MRAC.

Index Terms—Uncertain Linear Systems, Model Reference
Adaptive Control, Robust Control, Nonlinear Control.

I. INTRODUCTION

In the last decades, the adaptive control theory has received
a great deal of attention. The MRAC is one of the most
popular approaches in such a field. This approach uses a
stable model reference, and the objective is to design specific
control parameters such that the system dynamics behaves
like the model reference (see [1]).

In the context of MRAC several approaches have been
proposed. In [2], the Mazenc construction method is used to
design strict Lyapunov functions for MRAC. Furthermore, a
Lyapunov function for a passivity-based adaptive controller
of Lagrangian systems is developed, which provides a uni-
form asymptotic convergence to zero of the regulation error.
In [3], it is shown that under the same standard MRAC con-
ditions, without the knowledge of the plant parameters, the
tracking error has a stronger higher-order convergence prop-
erty. In [4], a combined MRAC for unknown multiple-input-
multiple-output linear time-invariant systems with guaranteed
parameter convergence is developed. This approach ensures
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exponential decay of the tracking error, as well as plant and
control-parameter estimation errors to zero, with imposing
a significantly milder initial excitation condition. In [5], a
MRAC approach improves the transient performance, and
restrains high-frequency oscillation of the control signal,
without modifying the selected model reference guaranteeing
asymptotic convergence of the tracking error to zero. In [6],
a parameter estimation method is proposed in the framework
of composite MRAC for improved parameter convergence.
The convergence to zero of both tracking and parameter
identification errors can be guaranteed without persistent
excitation. In [7], a generalized MRAC is developed to
solve the trajectory tracking problem via output feedback
for uncertain linear systems. This approach is based on high-
order sliding-modes differentiators and dynamic gains, and it
guarantees asymptotic stability of the closed-loop system and
ultimate robust exact tracking. However, none of the previous
works consider the effect of external perturbations.

In the context of MRAC under external perturbations, a
robust adaptive tracking controller is proposed in [8]. The
external time-dependent perturbations are matched with the
control signal. Moreover, it is assumed that such perturba-
tions are bounded as well as their derivatives. This approach
ensures the convergence of the tracking error to a region
around the origin. To the best of our knowledge, the literature
related to the development of MRAC in the presence of
external perturbations is limited. Nonetheless, some Input-
to-State Stability (ISS) results can be found in [9], [10], and
[11].

Note that in addition to the parameter uncertainties, and
the possible presence of external perturbations, the nonlinear
unmodeled dynamics affect most of the systems. Motivated
by these observations, in this paper, following the framework
for stability analysis of Persidskii system proposed in [12],
a robust nonlinear MRAC is proposed for linear systems
with parameter uncertainties, external time-dependent per-
turbations and nonlinear unmodeled dynamics matched with
the control input. The developed nonlinear control law is
composed of two nonlinear adaptive gains. Such adaptive
gains counteract the effects of some external time-dependent
perturbations and nonlinear unmodeled dynamics. The main
contribution is threefold:



o The nonlinear control law ensures asymptotic conver-
gence of the tracking error to zero, and the boundedness
of the adaptive gains in the presence of some distur-
bances.

o In the absence of perturbations, if the reference signal
is persistently exciting, then the convergence to zero
of the tracking and parameter identification errors is
guaranteed.

o The synthesis of the nonlinear controller is constructive,
and it is based on the solution of LMIs.

Besides, the simulation results show that, due to the
introduced nonlinearities, the rate of convergence of the
proposed adaptive control is faster than provided by a classic
MRAC.

This paper is organized as follows. The problem statement
is given in Section II and the preliminaries are introduced
in Section III. The robust Nonlinear-MRAC and the main
results are presented in Section IV. Simulation results and
conclusions are shown in Sections V-VI, respectively. The
proofs are postponed to the Appendix.

Notation: The Euclidean norm of a vector ¢ € R"
is denoted by ||¢||. For a matrix Q € R™*™ | denotes
its smallest singular value omin(Q) = /Amin(@TQ) and
its induced norm as ||Q| = /Amax(QTQ) = omax(Q),
where Apax 18 the maximum eigenvalue and A, is the
minimum one, omax 1S the largest singular value. For a
Lebesgue measurable function u : Ry — R™, define the
norm [[ul.¢,) = €585uPye sy o llu(®)]l then [ufloc :=
lul(0,4+00) and the set of functions w with the property
lullco < oo is denoted as L. For a matrix function
Q :Rxp = R™*™  denote ||Q||oo := [|Ql](0,+00)- Define the
function [a|” := |a|”sign(a), for any v € R, and any a €
R. For the case a € R", [a]” = [[a1]7, [az2]?, ..., [an]7]T.
Denote 0,,«,, as a zero matrix of dimension n x m, 1,, as a
vector of ones with dimension n and I, as the identity matrix
of dimension n xn. For a matrix A € R"*"™, §(A) represents
the matrix containing only elements in the main diagonal of
A, and x(A) corresponds to the matrix with zeros on the
main diagonal and absolute values for other elements of .A.

II. PROBLEM STATEMENT

Let us consider the following linear system:

&(t) = Ax(t) + B(u(t) + w(t, x)), (1)

where x € R™ is the state, © € R is the control and w :
R x R™ — R represents some disturbances comprising time-
dependent perturbations and nonlinear unmodeled dynamics.
The matrices A € R"*" and B € R™ are unknown but it is
assumed that the pair (A4, B) is controllable. Let us introduce
the following model reference:

T (t) = A () + B (t), (2)

where A,, € R™"*™ is Hurwitz and known, B,, € R" is
known and the reference signal r € L.

It is assumed that the model reference is designed such
that

A, = A+ BEL,
B, = Bk,,

(3a)
(3b)

where k, € R™ and k, € R\ {0} are the unknown ideal
values that achieve the control objective for w = 0.

The manuscript aim is to design a control input « such that
the system dynamics (1) behaves like the model reference
(2), without the knowledge of the system parameters, and in
presence of disturbances w.

III. PRELIMINARIES
Consider a time-varying differential equation:
dz(t)

7 “

where = € R™ is the state vector, f : R, x R" x Rl — R”
ensures forward existence and uniqueness of solutions at least
locally in time, f(¢,0) = 0. Thus, it is assumed that solution
of the system (4) for an initial condition zy € R™ at time
instant ¢y € R is denoted as x(t, to, xo) and it is defined on
some finite time interval [tg,to + T') where 0 < T < oo.

Theorem 1. [13]. Let V : [0,00) x R" — R be a
continuously differentiable function such that

= f(tax(t))v t>to, to € ]Ra

Wi(z) < V(t,x) < Wa(z), (5a)
Vita) = G+ SLfha(t) < W), (6

for allt > 0, for all x € T C R", where W1 and W5 are
continuous positive definite functions and W' is a continuous
positive semi-definite function on Y. Choose r > 0 such that
B, € T and let p < min|,—, Wi (x). Then, all the solutions
of system (4) with xo € {x € B,|Wa(z) < p}, are bounded
and satisfy W (z(t)) — 0, as t — oo.

Moreover, if all the assumptions hold globally and W1 is
radially unbounded, the statement is true for all xo € R".

IV. A ROBUST NONLINEAR MODEL REFERENCE
ADAPTIVE CONTROL

First, let us rewrite system (1), using (3), as follows
& =Apmx + Bk, (u +w(t,x) — kfx) .

The proposed nonlinear controller and the adaptive laws
are given by

w=ker +klx + kKT f(T), (62)
ke = ki o(@,1)(E P+ fT(#)A) By, (6b)
ke = — Ky 23T P + fT(£)A) By, (6¢)

where k1 > 0, 0 < KT = K, € R™" K =
[k, ki, k3]T € R, 0 < PT = P € R™", A =
[Ao, A1, Ao]T where A; = diag{)\;;} with \;; € Ry for
i=T,nand j=0,2, f(Z) = [fI(2), fL(2), fI(@)]", with




Jo(@) = [2)°, f1(2) = [2]°, fo(@) = [2]” and a € (0,1),
v>1, p(@,7) =r+ KT f(Z) and ¥ = z — x,,. Thus, the
closed-loop dynamics is given by

&= A + Bulo(Z,7)(1+ 601) + oz + w(t, 2)],  (7)
with the new disturbance term w(t,x) := k;'w(t,z) and
the gain identification errors #; and A5 defined as:

0y =k 'k — 1, (8a)
0y = k7 (kT — kD). (8b)

Then, taking into account (7) and (8), the error dynamics
is given as follows

&= Ap@ + Bp|[KT f(Z) + 019 + box + @(t,x)], (92)

01 = —k 'kt o(@T P+ fT(2)A) By, (9b)
(%)

0, = —k Ky (3T P + fT(3)A)B,n]T.

Note that fixing A = 03, x, and K = 03,; one recovers
the classic MRAC error dynamics. For the case where w = 0,
one can take ks = k4 = ks and A9 = Ay = A,, then
the convergence conditions of the error dynamics (9) are as
follows:

Theorem 2. Let the robust nonlinear MRAC (6) be applied
to the system (1) with w = 0. Suppose that, for a € (0,1)
and v > 1, there exist 0 < X7 = X € R™*", Y € RIX™,
¢ = diag{¢;} > 0; Q; = diag{w;;} > 0 for i = 1,n and
7 =0,2, such that the following LMIs
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Q1<0, 2+ Q;>0, (10a)
j=0
17 [6(BnY + XAL) + x(B,Y + XAL)
+Q0] <0, (10b)

1M1+ a)d(BrY + XAD) + ax(B,Y + XAL)
X (BrY + XAL) + (1 4+ )] <0, (10c)

1T [(14+7)8(BnY + XAL) +vx(BnY + XAL)

X" (BnY + XAL) + (14+7)Q,] <0, (10d)
with
AmX + XA% + (I) 0
Q _ * BmY + YTBZ;
1= * *
* *
0 0
B,Y +Y?'BL B,Y +Y'BL (11
B,Y +YTBT B,Y +YTBT |°
* B,Y +YTBT

are feasible for a fixed 0 < Ay = diag{\og;} = Ay = Ay and
1 = 1, n. If the controller parameters are selected as ki > 0,
Ky=KI'>0 kI =kT =kl =YAyand P = X7},
then [%,01,05) = 0 is Globally Uniformly Stable (GUS) and

Note that the persistence of excitation condition over the
reference r, and thus over z,,, implies that the regressor
term [p,x] is persistently exciting (PE). This is due to
lim¢ 4o Z(t) = 0 and both ¢(Z,r) = r + K f(Z) and
x = I + x, are PE. Hence, it implies that [61,02] = 0 is
Globally Uniformly Asymptotically Stable (GUAS). There-
fore, the following result is provided:

Corollary 1. If all the conditions of Theorem 2 are satisfied
and r is persistently exciting; then, [Z,01,02] = 0 is GUAS.

For the case when w = 0, the discontinuous term, i.e.,
fo(&), could be skipped and the given result is not affected.
Now, for the disturbed case, let us introduce the following
assumption over the class of disturbances admitted in this
work.

Assumption 1. The disturbance term w satisfies the follow-
ing inequality:

[w> < w + LIZ|* + L[| &' + L[| &', (12)

where w, L, Ly, Ly € R, are some known positive
constants.

The disturbances described in Assumption 1 contemplate
different kinds of nonlinearities such as linear terms, which
are related to L||Z||?, the nonlinear terms growing faster
than the linear ones given by Lo||Z||**” (for big deviations
of the error #) and L;||Z||*** (close to the origin). Note
also that this bound considers non-vanishing time-dependent
perturbations, which are bounded by w™. In this sense,
Assumption 1 is valid for a large class of disturbances.
In addition, such perturbations cannot be attenuated by a
linear controller (due to presence of the terms with the
powers containing v and «); thus, a nonlinear control design
becomes obligatory.

The convergence properties for the disturbed case, i.e.,
w # 0, are described by the following theorem.

Theorem 3. Let the robust nonlinear MRAC (6) be applied to
the system (1) with w satisfying Assumption 1. Suppose that,
for a € (0,1) and v > 1, there exist 0 < XT = X € R"*™,
Y; € R>X" & = dlag{gbz} > 0; Qj = diag{wji} > 0 for
1 =1,nand j = 0,2, such that the following LMIs

Q2 <0, (13a)
1Y [6(BmYo + XAL) + x(BnYo + X A])
+Q0] <0, (13b)

N[+ a)8(BpYr + XAL) + ax(BnY:r + X A])
X (BnY: + XAD) + 1+ )] <0, (13c)
1 [(1+7)3(BmY2 + XAL) + 9x(BmY2 + X AL)

+X"(BmY2 + X AL) + (1+7)Q] <0, (13d)
2
O — uLl, + Y 20, — pLody + Qo > 0, (13e)
s=1
> pull,, 2Q, —pLd, >0, s=1,2, (13f)



with

AnX + XAL + @ 0
- * BumYo + Y¢ BE + 1 A
Q2 = * *
* *
* *
0 0 B
B.Y1 +Y{BY B.Y>:+Y{BL B,
B.Y1 +Y'BY B,.Y.+Y'BL B, (14)
* BnY>+Yy) B}, Bn
* * —ul,

are feasible for fixed 0 < A; = diag{\;;}, with j = 0,2,
and i = 1,n, and p € Ry. If the control parameters are
selected as k1 > 0, Ko = K2T > 0, 145]7-1L3 = YA, with
j=10,2 and P = X1, then [%,01,05] = 0 is GUS and

Note that the feasibility of the LMIs (10) is guaranteed due
to the controllability of the pair (A,,, B,,), and thus, con-
trollability of the pair (A4, B) provided that A, is diagonally
dominant. Indeed, in this case the matrix X can be selected
to be diagonal, while the row vector ¥ = —eB;l for some
sufficiently small ¢ > 0. For the LMIs (13) the conditions
are the same for sufficiently small values of constants given
in Assumption 1, and in this case Y; = feiB;L for some
sufficiently small ¢; > 0 with i = 0,2 is an admissible
choice.

Remark 1. The proposed approach cannot completely com-
pensate the unmatched disturbances. However, following the
same stability analysis, one could provide ISS properties with
respect to some unmatched bounded disturbances.

Let us illustrate the efficiency of the proposed nonlinear
MRAC by numeric simulations with a robotic system.

V. SIMULATION RESULTS

The simulations have been done in Matlab with the Euler
explicit discretization method and sampling time equal to
0.1[ms], while the solution to the given LMIs were obtained
by means of SeDuMi solver among YALMIP in MATLAB.

Let us consider a single-link Flexible-joint robot manip-
ulator, the dynamics in state-space form can be written as
follows [14]:

0 1 0 O 0
=k Mgley g ko 0
™ — J1 Jl Jl
k —k 1
T 0 7. 0 T

where z = |11, 22, 23, 24]T = [q1, 61, 2, G2]T, 1 and x5 are
the angular positions of the link and motor, respectively; 2
and x4 are the velocities of the link and motor, respectively;
J1 € Ry and J,,, € R denote the inertia of the link and
the motor; M € R, is the mass of the link; g € Ry is

the gravitational acceleration, [ € R, represents the length

of the link and £ € R is the stiffness of the spring. The
model reference is given as follows:

0 1 0 0 0
. |—32.35 0 25 0 n 0
$7n - 0 0 0 1 x’rn 0 T,
9.93 11.79 —-8.65 —11 1
where the ideal gains are given as k., = 1 and k, =

[10,—11.7,—11.3,10]. Consider the initial conditions as
2(0) = [0.4,1.3,2.7,1.5]7, 2,,,(0) = [0,0,0,0]T, k,.(0) =0
and k,(0) = [0,0,0,0]7. In order to illustrate the state-
ments of Theorem 3, let us consider an external disturbance
w(t,z) = 0.7sin(t) + 0.1 + im - ix4|x4|, which
represents some non-modeled dynamics and external pertur-
bations. Note that an upper bound for w can be rewritten as
w(t,x)] < 0.8+ 7= (&7 + 2 (|Za] + |zm,]) +27,,) -

Then, taking into account that z,,,, is bounded, it is clear
that w satisfies the condition (12). Thus, the Robust Nonlin-
ear MRAC (6) is implemented, with a reference signal r = 3.
Then, based on Theorem 3, fixing the following control
gains: k; = 1 x 1073, Ky =3 x107%1,, wt =0.9, Ag =
A = Ay = 151, p =017, L = Ly = Ly = 1.74,
a = 0.5 and v = 1.5, the following solution for LMIs (13)
is obtained:

0.102 0.396  0.004 0.376
p_ 0.396 0.002 —0.092 0.310

0.004 —-0.092 0.077 0.758]"’

0.376  0.310  0.758 0.004

® =diag{0.059, 0.045, 0.072, 0.102}, Qo =diag{0.027,
0.018, 0.027, 0.016}, € =diag{0.011, 0.011, 0.012, 0.026},
Qs =diag{0.009, 0.008, 0.009 ,0.070}, k3 =[1.321, 1.102,
-0.589, -0.95717, ks =[1.648, 3.022, -2.819, -1.414]7 and
ks =[3.268, 5.675, -5.526, -2.828]".

For comparison purposes, the classic MRAC is also im-
plemented fixing A; = 0,,x,, and kj+3 = 0,, with j = 0,2
in (6). The behavior of the system is depicted by Fig. 1 and
the norm of the error Z is depicted by Fig. 2. Opposite to the
classical MRAC, the robust nonlinear MRAC tracks the de-
sired reference despite the presence of disturbances, matched
with the control law, depending on the state variables and the
time.
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Figure 1. Trajectories of the system and the model reference in presence
of disturbances with a constant reference.
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Figure 2. Norm of the error Z in presence of disturbances with a constant
reference.

The control law w is depicted in Fig. 3; the nonlinear
MRAC requires less control effort than the classic MRAC.
It has to be remarked that the nonlinear control law tracks
the reference signal even in the presence of vanishing and
non-vanishing external perturbations. Finally, the evolution
of the nonlinear adaptive gains is shown in Figs. 4 and
5. It can be seen that the adaptive gains remain bounded.
Based on Theorem 2 and 3, the rate of convergence is
asymptotic similarly to the classic MRAC. However, given
the comparative simulation results, it can be seen that due
to the nonlinear terms, the convergence rate is faster than in
the conventional MRAC algorithm.
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Figure 3. Action law u in presence of disturbances with a constant reference.
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Figure 4. Nonlinear adaptive gains in presence of disturbances with a
constant reference.
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Figure 5. Nonlinear adaptive gains in presence of disturbances with a
constant reference.



VI. CONCLUSIONS

In this paper, a robust nonlinear MRAC is proposed for
linear systems with parameter uncertainties, external time-
dependent perturbations, and nonlinear unmodeled dynamics
matched with the control input. The designed nonlinear
control law counteracts the effects of such disturbances. The
control synthesis is achieved through a constructive method
using LMIs. The nonlinear control law guarantees that the
tracking error converges asymptotically to zero despite the
effect of perturbations and unmodeled dynamics, whereas
the adaptive gains remain bounded. The performance of the
approach is illustrated by numerical simulations. The results
show that the convergence rate is faster than provided by a
classic MRAC; the nonlinearities in the control law provoke
such effect. The proposed approach inherits common MRAC
disadvantages, i.e., the systems under consideration must
satisfy the matching and controllability conditions, and the
transient quality is sensitive to sampling times.

Future research can be devoted to the case of presence of
external disturbances that are not matched with the control
signal.

ACKNOWLEDGMENT

R. Franco, H. Rios and A. Ferreira de Loza thank the
financial support from CONACYT CVU 772057, Catedras
CONACYT CVU 270504 project 922, and Catedras CONA-
CYT CVU 166403 project 1537, respectively; and from
TecNM projects.

APPENDIX

Proof of Theorem 2. Let us consider the error dynamics (9),
with w = 0, and the following Lyapunov function

V = &' Pi + k k167 + k0% K0,

+2ZZAOZ/ fii(s

7j=01i=1

where f; = [fj1,.. fin]? for all j = 0,2. According to
[12], V is positive definite and radially unbounded. Due
to the shape of the nonlinearities f;; their integrals are
positive definite functions, hence there exist W; and Wy
satisfying (5a). Moreover, W1 (Z, 01, 05) = Amin(P)||Z|]? +
ky k103 4 Ky Amin (K2 )| 02| [2. Then, the derivative of V along
the trajectories of (9) is given by

V = 3T P34 5T P + kyk16,0, + 2k, 67 K20,

2
+23 i Aofi(E),

Jj=0

it follows that

V =" [PA,, + AL P # + 22" PB,,

2
> k5 fi(&)
j=0
+ 28T PBfyp(F, 1) + 257 PBbaz + 2k, 07 Ky,

. 2
+ 2" (F,7)k1 0y + 2 (27 AL Ao f ()
j=0
2
+ > @k BRL AL (E) + ¢

s=0

(Z,7)01 BL Ao f; (%)

+aT07 Bl Mo f4(7))
Then, since 51 = k; 'k, and 52 =k 11@5, selecting the
adaptive gains dynamics as in (6b)-(6¢) under substitutions
Ag = A1 = Ay and k3 = k4 = ks, it is obtained

2
> k5 fi(&)
=0

A (f)kngAofm?)) :

s=0

V =" [PA, + ALP] 7+ 22" PB,,

+QZ< TAT Mo f;(E) +

Thus, the Lyapunov function can be rewritten as

17T PAm+ AT P PAo+ AT Ao

V: fO * AOA0+A5AQ
f1 * *
f2 * *
PAo+ AT Ao PAo+ AL Ao z

AoAg + AT Ao AoAo + AT Ao fol _ gTQ ¢
ANoAo + AoTAo AoAp + Ang fil >
* AoAo + AL Ao f2

where Ao = Bmkg Pre and post-multiplying @), by R =
diag{P~1, A", Ay, Ay}, it follows that

2171 AnX +XAT  B,Y +XxA47
v |fo * B,Y +YTBT
T A * *
fe * *
B,Y + XAT  B,Y 4+ XAT Z

BnY +YT'BY B,Y +YTBL fol _ €T 0¢
B,Y +YTBY B,Y+YTBT il — ’
* B,Y +YTBT fa

where X = P~! and Y = kI'Aj'. To ensure the non-
positive definiteness of @, the blocks Q12, Q13, Q14, ie.,
Q12 = Q13 = Q14 = B, Y + XA | and their symmetric
counterparts have to be treated specially [12]. Taking these
terms out of (), it is obtained that:

2
V=g - 3"0n -2) aTQ,f5(3)

Jj=0

2
+23 " (BnY + XAL + ;) £;(3),
j=0



where & = diag(¢;), with ¢; € Ry, Q; = diag(w,;), with

wj; € Ry, fori=1,nand j = 0,2, and
AnX + XAT + @ 0
O = * BnY +YTBE
! * *
* *
0 0
B.Y +Y"BL B,Y+YTBT
B.Y +YTBL B,Y+YTBT
* B,Y +YTBL

Therefore, the elements on the main diagonal of B,,Y +
XAT + Q;, with j = 0,2, are useful if they are negative,
meanwhile the cross terms can be treated using Young’s
inequality, i.e.,

Tifo(Tr) < |74, (15a)
|‘T’L|1+a Ck|{f?k‘1+a

i , 15b

T f1(Tr) < T+ T+a (15b)

. o e 17

i ) < , 15¢

() < T + T (150

for any i # k, with i,k = 1,n. Let us analyze the block
@13 + ;. For such a term it is required that

Qs + ) f1 <0,

and by Young’s inequality (15b) and the fact that f1(Z) =
[%]%, it follows that (16) can be upper bounded by

(16)

@
15(@uaf+ + 15 XD gy
+ 1T XT(QI?)) ‘jla—i-l + Ql|i“a+1 < 07

1+a
that by multiplying by (1+«) is equivalent to the LMI (10c).
Therefore, following the same procedure, one can obtain the
LMIs (10b) and (10d) by analyzing the blocks Q12 + (2
and Q14 + o, respectively. Hence, since the LMIs (10) are
feasible, it follows that 27 (B,,Y + X AL + Q;)f;(z) <0,
and, hence an upper bound for the time derivative of V is
given as

2
V<-iTor-2) i"Q;f().
=0

Moreover, by applying Theorem 1, it is concluded that for
any ¢ > 0 and for all initial states in the set {V (&, 61, 65) <
c}, all state variables are bounded for all ¢ > ¢ty and
lim; oo Z(t) = 0, ie, [Z,6,,6,] = 0 is GUS and
lim¢_, 4 oo Z(t) = 0. This concludes the proof. O
Proof of Theorem 3. Let us consider the following Lyapunov
function

V = &' Pi + k, k162 + k0% K0,

+2ZZAJ1/ Fi(s)

7=01i=1

then, the derivative along the trajectories of (9) is given by

V =i" [PA, + ALP| 2+2i" PB,, 22: kT, o f;()
j=0
+ 22T PB,,w + 28T PB,,01¢(%, 1) + 2&T PB,, 05
+ 2k, 6T K0, + 2k, 0T (&, ) k0o + 2 22: (@7 AT A, f;(2)
2 =
+ > (@) ks sBLA; f(2)

s=0

+Q0T(i',7“)§1.B;Z;LA]fJ(f)
+a 0T BT A, (%) + @ BTA, f;(& ))

Then, since 91 =k k and 92 =k 1/@2, selecting the

adaptive gains dynamlcs as (6b)-(6¢), it follows that

V =i" [PA, + ALP| 2+2i" PB,,

Zk feafi(®

2 2
+23° (:zTAgA]— f@+> T (f)kmBﬁAjfj(:ﬁ))
i s=0
2
+28" PB4+ 2w " BLA; f(E).
§=0

Thus, the Lyapunov function can be rewritten as

17 [ PAn+ALP PAo+ AL Ao
fo * AoAo + AT Ao + 2271,
V=|h * *
f2 * *
w * *
PA, + AL A, PAy+ AT A, PB, T
A1 A + Ag;AO AsAs + Ang BZ;LA() fo
A1A1 + A’{Al AQAQ =+ A’{Al B,?;.LAl fl
* A2As + AYAy BLA, | | /2
* * —H w
+
w T _
I gy i = €7 Qo — U g7 fo 4 ",

where Ag = Byks, A1 = Bpks, Az = Bpks and wt €
R is given in Assumptlon 1. Then pre and post-multiplying
Qp by R = diag{ P~ A;', AT!, Ayt 1}, it follows that

717 [ AmX + XAL BnYo + XAT
fo * B Yo + Yo' BE 4 2 A2
V=1|h * *
f2 * *
w * *
B.Yi +XAT  B,Y.+XAL B, 7
Bn.2Y1+Y{BL B,Y:+Y{BL B, fo
B.Yi+Y'BL B,Y.+YT'BL B, f1
* BnY2+Y{ BE Bn | |2
* * —L w

+
w _T _
o et = €7 Que - o



where X = P71, Yy = kIA;', Vi = kIA;' and
Yz = kI A5, To ensure the non-positive definiteness of (.,
the blocks Qs Quyss Quyss i€ Quyy = BmYo + X AL,
Quys = BnY1 + XAL, Qu,, = BnYs + X AT and their
symmetric counterparts, have to be treated as in the proof
of Theorem 2. Taking these terms out of @),,, it is obtained
that:

‘ - 2 +
V<€ Qot — T RE - 2) 3T (&) — AT fo

j=0
2
+2) @" (BnY; + XAL + Q) f5(&) + pa"w,
7=0
where
ApX + XAT + @ 0
) x BnYo +Y{ Bl + M2 A
QZ = * *
* *
* *
0 0 Bm
BnY1 +Y{BL B.Y.+Y{BL B,
BnY1+Y{"BL, Bn.Y:+Y{'Bl Bn
* BnY2+ Y3 B, Bn
* * —u

Therefore, the elements on the main diagonal of B,,Y; +
XAT + Q;, with j = 0,2, are useful if they are negative,
meanwhile the cross terms can be also treated using Young’s
inequality given in (15).

Thus, following the same procedure given in the proof of
Theorem 2, one can obtain the LMIs (13b), (13c) and (13d)
by analyzing the blocks Qu,, + R0, Qu,s + 21 and Q,, +
Qo, respectively. Therefore, since the LMIs (13b)-(13d) are
feasible, it follows that Z7(B,,Y; + X AL + Q) f;(Z) <0,
and, hence an upper bound for the time derivative of V is
given as

2 +
V< -iTor -2 a7 f(7) - % T fo + pw”w.
§=0

Furthermore, due to Assumption 1, it is obtained

2
1% < —JNUT(q) — uL)fZ — ZiT(QQs - HLs)fs<§:)
s=1

—287Q0 fo(7).

Moreover, by applying Theorem 1, it is concluded that for
any ¢ > 0 and for all initial states in the set {V(Z,61,65) <
c}, all state variables are bounded for all ¢ > t; and
lim, , ooZ(t) = 0, ie, [Z,6;,6,] = 0 is GUS and
lim¢_, 4 5o Z(t) = 0. This concludes the proof. O
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