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Abstract—1In this work, we propose a new robust adaptive
controller for a class of multi-input multi-output nonlinear
systems subject to uncertain state delay. The proposed method
is proven to yield semi-global asymptotic tracking despite
the presence of additive input and output disturbances and
parametric uncertainty in the system dynamics. An adaptive
desired system compensation in conjunction with a continuous
nonlinear integral feedback component is utilized in the design
of the controller and Lyapunov-based techniques, are used to
prove that the tracking error is asymptotically driven to zero.
Numerical simulation results are presented to demonstrate the
effectiveness of the proposed method.

I. INTRODUCTION

Adaptive control of nonlinear systems subject to structured
and unstructured uncertainties with unknown/uncertain state
delay has received noteworthy attention over the last several
years [1]. As a result, various robust adaptive controllers,
based on different model assumptions and stability results,
have been proposed. To name a few, in [2], Zhang and Ge
proposed an adaptive neural controller for a class of uncertain
multi—-input multi—output (MIMO) nonlinear systems in a
triangular control structure with unknown state delay. The
design was based on the principle of sliding mode control and
the unknown time—varying delays were compensated by the
use of appropriate Lyapunov-Krasovskii functionals. In [3],
[4], [5], researchers have proposed adaptive neural network
based tracking controllers for nonlinear time delay systems.
A discontinuous adaptive controller for a class of nonlinear
systems with unknown time delay was proposed in [6]. In
[7], Zheng et al. designed an adaptive robust controller for
uncertain linear systems with multiple state delays. Hua et
al., in [8], studied adaptive backstepping control of a class
of nonlinear time delay systems with triangular structure.
Tong and Sheng [9] proposed an adaptive fuzzy backstepping
controller for a class of nonlinear systems with unknown time
delay and unmeasured states. One drawback of the studies
in [2]-[9], however, were the uniform ultimate bounded sta-
bility results. Furthermore, there are singularity issues in the
controllers of [4] and [6]. In [10], Wu designed an adaptive
robust controller for uncertain nonlinear systems subject to
nonlinear delayed state perturbations. However, while the
perturbations were assumed to be unknown with a bounded
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magnitude, the rest of the system dynamics was assumed
to be known exactly. In [11], Mirkin and Gutman proposed
an output feedback model reference adaptive control scheme
for a class of MIMO linear dynamic systems with unknown
state delay and additive disturbance, and obtained semi—
global asymptotic tracking result. Recently, in [12] (and its
preliminary version in [13]), Sharma et al. presented a robust
adaptive controller for the same class of systems in [6] where
the robust integral of the sign of the error term in [14] was
utilized in the controller design and obtained semi—global
asymptotic tracking.

Review of the relevant literature highlights the fact that
most of the proposed controllers for uncertain nonlinear
systems with state delay fails to guarantee asymptotic sta-
bility result and additionally, almost all of the above papers
(see [12] and [15]) considered the input gain matrix to be
constant. Motivated by this fact, in this work we propose
a continuous robust adaptive controller that can achieve
asymptotic stability for a class of uncertain nonlinear systems
i) subject to additive bounded input and output disturbances,
ii) with a state—dependent input gain matrix, and iii) with
an unknown state delay. However, since the delay value is
considered to be unknown, the delay dependent terms with
structured uncertainties can not be utilized in the design of
the regressor matrix. In [12], Sharma et al. dealt with this
challenging issue by segregating the appropriate terms when
forming the linearly parameterizable function and a delay—
free regressor matrix was obtained. Inspired by this, in our
work, a similar segregation is utilized to obtain a delay—free
regressor matrix. Also to design a robust adaptive controller
that is applicable to a wider class of nonlinear systems, the
robust control structure in [14] is utilized along with an adap-
tive component. Another novelty of our work is removing the
need for the upper bound of the unstructured uncertainties
by introducing a novel adaptive gain term. Lyapunov based
stability analysis is provided that is fused with a Lyapunov—
Krasovkii functional to remove time delayed terms and semi—
global asymptotic tracking is achieved.

The rest of the paper is organized in the following manner:
The system model and problem statement are presented in
Section II. Controller formulation and development is given
in Section III while the stability analysis is presented in
Section IV. Simulation studies are presented in Section V
and Section VI contains some concluding remarks.
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II. SYSTEM MODEL & PROBLEM STATEMENT

Consider the following class of nonlinear systems'

il = X9
Tp_1 = Tp
in = [(X)+0(X)+ f2(X7)

+02 (X7) +b(X) (u+di) +do (D

where z; () € R™, i = 1,...,n, are the system states,
X(t) = [ of - 2T ]" € R™, 7 € R is
an unknown constant arbitrarily large time delay, f1 (X),
f2(X;) € R™ and b(X) € R™*™ are linearly parameteri-
zable uncertain nonlinear functions, ¢; (X), 2 (X,) € R™
are unknown functions, d; (t),dz (t) € R™ are unknown
additive nonlinear disturbances, and u (t) € R™ is the control
input. Notice that the system model in (1) can be rewritten
in the following compact form

M2™ = hy+ Mfo, +u+di+ Ms 2)

where M (X) € R™ ™, hy(X), 6 (X,X,,t) € R™ are
explicitly defined as

M2bt | mEMf A3)

§ £ 61 (X) + 02 (X7) + do. “)

The system model given in (2), is assumed to satisfy the
following assumptions:

Assumption 1: The nonlinear function b is symmetric,
positive definite, and its inverse M satisfies the inequalities

mE)* <M E<m()|IE)? VEER™ (5

where m (X) € R is a positive, globally invertible, non—
decreasing function of its argument and m € R is a positive
bounding constant.

Assumption 2: The nonlinear functions, fi, fs, 01, d2
and b, are continuously differentiable up to their second
derivatives (i.e., f1, fa, 61, d2, b € C?).

Assumption 3: The nonlinear functions, f1, fo and M, are
affine in uncertain parameters.

Assumption 4: The additive disturbances, d; (t) and
dy (t), are assumed to be continuously differentiable and
bounded up to their second derivatives (i.e., d; (t) € C* and
d; (t) ,d; (t) ,d; (t) € Lo, 1=1,2).

Our main control objective is, given a smooth desired
reference trajectory z, (t) € R™ satisfying

. t)eC 20 (t)e Lo, i=0,1,....,(n+2). (6)

ensure that the output of the system, x1(t), converges to the
desired reference signal asymptotically. To provide a means
of quantifying the control objective, we define the output
tracking error signal e; (t) € R™ as

A
e1 =X, — T1. 1)
"Throughout the paper, a time dependent delayed function is denoted

as x (t —7) or zr and a time dependent function without time delay is
denoted as x (t) or x.

To further ease the presentation of the subsequent analysis,
a combination of the reference trajectory and its time deriva-
tives is defined as

T T
XT(t):[xT il (xgm) ] ER™.  (8)

In the next section, we will present the development of a full
state (the system state vector X (¢) with all its components
are measurable) robust adaptive control law that ensures
Hegi) (t)H —0ast— 00,i=0,...,(n— 1), with all signals
remain bounded within the closed—loop system.

III. CONTROL DEVELOPMENT

We begin our analysis by defining, error signals, denoted
by e; (t) e R™, i =2,3,...,n, as follows

€9 é él +e1 (9)
es = éxter+en (10)
€En £ énfl +eén—1+en—2. (11)

A general expression for e; (t), i = 2,3,...,n in terms of
e1 (t) and its time derivatives can be obtained as

i—1

(4
€ = E @i,5€1

Jj=0

12)

where the known constant coefficients a; ; € R are generated
via a number series [14]. To facilitate the control develop-
ment, filtered error signal, denoted by 7 (t) € R™, is defined
by

r&é, + Ae, (13)

where A € R"™*™ is a constant, diagonal, positive definite,
gain matrix. After differentiating (13) and premultiplying the
resulting equation with M, and applying some mathematical
manipulations, the following expression can be derived

1. -
Mi’:—ng—en—u+N+Nr+1/) (14)
where (7), (12), the first time derivative of (2), and the fact
that a, (,—1) = 1 were utilized and the auxiliary functions,
N, (t), N(X,t), v (t) € R™ and N (X,t) € R™ are
explicitly defined in the following manner

N & M (24 game?”) + e, | +en
7=0
+M (xg’” + %7’) = Mfs—Mfy (15)
Ne 2 Ny xox, (16)
N 2 (N—%(M@Jrf%—fz)))
(0= GOLG A for - Fa)) (D
6 2 b= LG farr — fo) (18)

dt



in which the terms M, (¢t) € R™*™ and 6, (t), for (),
forr (t) € R™ are given as follows

M, £ M|x_x, (19)
S 2 61 (X, (1) + 62 (X, (t—7)) +do () (20)
for = f2(Xr (1)) 21
farr f2 (X (t=7)). 22)

Note that the N (-) term defined in (15), does not explicitly
depend on 7. Also the auxiliary signals of (16), (17) and (18)
are constructed such that:

Remark 1: From a direct application of the Mean Value
Theorem [16] (along with Assumptions 2 and 4 ), the norm
of N (X,t) can be upper bounded in the form

|56 <o Qe el + o2 Qe Il 23

where p1 (+), p2 () € R are non-negative, globally invertible,
non—decreasing functions of their arguments and z (t) €
R(+1mx1 jg defined by

zé[elT 82T .. el

z 24)
Remark 2: From (6), Assumption 4, (15), (16), and (18),

it can be concluded that v (t), N, (t), ¥ (t) Ny (t) € Loo.
Remark 3: The term N, (t) does not depend on the un-
known time delay 7, and from Assumption 3, it can be

linearly parameterized in the sense that

T]T'

N, =W,0 (25)

where §# € RP is the unknown parameter vector and
W, (t) € R™*P denotes the known regressor matrix which
is a function of only x,. (¢) and its time derivatives, and does
not depend on the delay.

Based on the open-loop error system in (14) and the
linearly parameterized term in (25), the control input is
designed as

u = (K+1y) {en(t)—en(to)—l—j\/t en(a)da}
+ tWT(U)é(U)dO’-i-H

to

(26)

where the auxiliary signal I (¢) € R™ is generated according
to the following update law

IT = (Cy + C2)Sgn (en) , I (to) = Opnx1 (27)

and 0 (t) € R? denotes the parameter estimate vector and is

generated via

~ t t .

6 = T | WT(0)Ae,(0)do— F/ WT (0)en (0)do
to to

ATW, () en (t) = TW,T (to) €n (to) - (28)

In (26)-(28), K, Co € R™*™ and I" € RP*P are constant,
diagonal, positive definite, gain matrices, I,, € R™*™ is
the identity matrix, Sgn(-) € R™ is the vector signum
function, and C; (t) € R™*™ is a piece—wise time—varying

continuous diagonal control gain matrix with its diagonal
entries being defined as
t
Chi (t) = leni ()] = leni (o)l + A [ |eni (0)| do

to

(29)

where the subscript ¢ = 1, - - ,m denotes the 7th element of
the vector or the diagonal matrix. It should be noted that
’U,(to) = Omxl’ é(to) = Op><1 and Cli(tO) = 0 where
Opx1 € RP and 0,,x1 € R™ are vectors of zeros. Based
on the structure of (26)—(29), the following are obtained

@ = (K+ILy)r+W,0+ (Cy + Cy)Sgn (e,) (30)
6 = wlr @31
Chi = msgn(en) ,i=1,---,m (32)

where (13) was utilized. At this stage, substituting (30) into
(14), the following closed-loop error system for (¢) is
obtained

1. -
Mi = =5 Mr—ep— (K +In)r+ W0 —

(Cy + C2)Sgn (en) + N + 1 (33)

where the parameter estimation error signal 6 (t) € RP is
defined as

020—0. (34)

IV. STABILITY ANALYSIS

Before introducing the stability result, we would like to
present two preliminary lemmas, where the output of both
will later be utilized in the proof of our main result.

Lemma 1: Let the auxiliary function Lq(t) € R be
defined as follows

L1 27T (1) — C1Sgn (e,)) (35)

where C; € R™*"™ is a constant, diagonal, positive definite,
bounding matrix. If the entries of C are selected to satisfy
the following sufficient condition

1 .
Ou> i e+ |40, 66
then the following inequality is satisfied
t
/ Ly (7)dr < G (37)
to

where (51 € R is a positive bounding constant.
Proof: A similar proof can be found in [14].

Remark 4: 1t is highlighted that the bounding matrix in
(35) (i.e., C1) was not utilized in the control design (see
(26)—(28)). Instead, the update rule given in (29) was utilized
in the controller. This is a novel departure from the similar
existing results in the literature. Specifically, in [12] and [13],
Sharma et al. used a similar term to that of (27) but with
a constant control parameter (which should be greater than
the uncertainty bounds). In this study, different from [12]
and [13], the term in (27) is designed with a piece-wise
time-varying continuous control gain matrix which does not
require the knowledge of the uncertainty bounds.



Lemma 2: The auxiliary function Ls (¢) € R is defined as

Ly & —Cyép,sgn (en) - (38)
Provided that Cy is positive definite then
t
[ La@io<a, (39)
to

where (3, € R is a positive constant.
Proof: See Appendix 1.
We are ready to propose the following Theorem:
Theorem 1: The control law (26), (27), with the update
law (28), and the time—varying gain introduced in (29) ensure
the boundedness of all closed—loop system signals and the
convergence of the error signals in the sense that

lim |[e{? t)H:Oforz’:O,...,n (40)
provided that )
/\min (A) > 57 (41)

and the entries of the controller gain matrix K defined in
(26) selected sufficiently large relative to the system initial
conditions.

Proof: We begin our proof by defining the following
non-negative scalar function, denoted by V(s(t),t) € R, as

- 1 1~ ~
7 ZeiTei+§TTMr+§9TF*19
=1

N =

+Pi+ P+ P+ Py 42)

where P (t), Py (t), P5 (t), Py (t) € R are explicitly defined
in the following manner

Py &Gy — /tLl (0)do (43)
t v

P& 21;mm /Pg(l\Z(U)II)IIZ(o)IIQdo (44)
tor t

Py £ (o — /t0 Ly (0)do 45)

s %zm: Cri = Ci)’ (46)

with Kp,;n € R being the minimum eigenvalue of K and
5 (t) € RIHD)m+44pIx1 §g defined as

s=[7 VP 0" VB VB VB |

Note that, after utilizing (5), (42) can be bounded in the
following way

2 2
Aulls]® = V(s t) < A ([1s]) 1]l
where A1, A2 () € R are defined as

(47)

(48)

1
Moo= g min {1, m, Amin (F_l)} ,

maox {1, 5 (1) 3w (C) . 49

A2

Taking the time derivative of (42), utilizing

n
Z T.
€, € =

elT(eg—el)—l—eQT(eg—62—81)—1—...

+el (en—en_1—en_2)+el (r—Aey,)
n—1
= - Z efe; +el e, +elr—elAe, (50)
i=1
and substituting for (31), (33), (35), (38) then cancelling the
cross terms, we obtain

—geel

+rT'N —
1
2Kmin
which can be upper bounded in the following way

y 2
Vo< =gzl el (D 20+ il oz (11 2|

V:

elAe, +er e, —rTr

1 2
K+ g (121D I

P35 (1 1) llz711” = efy AC2Sgn(en )(51)

2
—Koin I +2Kmmp2(||2||)|\ 2|
1
Y (”ZTH HZT” ZA Cailens| . (52)
Utilizing
min 1
I7ll p2 (2= 1) 121 < —5= lI7[1* + QKminpg(HZTH)HZTII2
(53)
7l o1 1= [121 < == 111> + 2Kminpf(l\ZII)HZH2
(54)

we can further upper bound (52) as

o{lzl) >| I’ ZA Corlen  (59)

3; and p(lzl) =

V<— </\3
where A3 £ min {1, A (A
Pt (1=l + £3 (llzID)-
Provided that the minimum eigenvalue of the controller
gain, K iy, is selected according to satisfy
PERIED
23

! (2/\3Kmin) (56)

oz < p”
the upper bound of V/(t) given in (55) can be formulated to
have the following form

V< =Bl (57)

- Z AiCo; |en|

i=1
where By € R is a positive constant. From the structure
of (42) and (57), we can conclude that V (s,t) € L, when
(56) is satisfied. And since V' (s, t) is a decreasing function it
should have its maximum value at V' (s(to), to). This enables
us to further update the gain condition to have the following
form

K S Lp /\2(”5 (tO)”) HS(tO)”

min = 58
23 A1 (58)



Following standard signal chasing methodologies we can
prove that all signals in the closed—loop system is bounded
when the gain condition (58) is satisfied. Furthermore from
the integral of (57) we can prove that z (¢t) € Lo and e, (t) €
L. Since e, (t) € L1 N L, from (29), we can conclude
that C (t) € L, and since 7 (t) € Lo, then from (32), it
is clear that Cy () € L. A direct application of Theorem
8.4 in [16] can be used to prove that ||z (¢)|| — O when the
gain condition (58) is satisfied. Based on the definition of
z (t), it is easy to show that |le; (¢)||, || (¢)|] — 0 as t — oo,
i =1,2,...,n. From (13), it is clear that ||é, (¢)|| — 0 as
t — oo. By utilizing (12) recursively it can be proven that

egl) (t)‘ —0ast—o00,i=1,2,..,n.

Notice that, from (58), it is apparent that our proof depends
on the selection of the controller gain according to the initial
conditions of the system. Therefore the stability result is
semi—global.

V. NUMERICAL SIMULATION RESULTS

A numerical simulation was performed to demonstrate the
performance of the adaptive controller given in (26)—(29).
The class of systems in (1) with m = n = 2 is considered
with the following modeling functions

fi = [¢3z21712, ¢4I11I22]T
f2 = [¢5$C1127£C22T, b6 CO;(£C12T)]T
. + cosxi1 3+ sinzig

b= disgf T }
6 = [sin(haay),cos (3z12)]"
o2 = [0.5 (21177217 + T12,T22,) , S0 (2:5117)]T
di = [cos(2t) + exp (—0.5t) ,sin (3t) + exp (—0.5¢)]"
dy = [sin(2t) + exp (—0.5t),cos (3t) + exp (—0.5¢)]"

. T T
with z1 = [ T11  T12 } and zo = [ To1 Too ] . The
reference trajectory was selected as

o | sin (t) (1 —exp (—0.2%))
" | cos(t) (1 —exp (—0.5t%))

During simulation studies the initial conditions were set to
X1 (to) = [ -1 -1 }T, X9 (to) = [ 0 0 ]T, é(fo) =
[0.75,0.9,0.5,0.6,0.9, 0.8]T, while the controller gains were
chosen via trial and error method as A = 515, K = 101,
Cy = 315, T = 51, and 7 = 10 sec. The unknown parameter
vector is formed as 6 = [gbl,¢2,¢1¢3,¢1¢5,¢2¢4,¢2¢6]T
where unknown parameters are given as ¢; = 0.5, ¢ = 0.2,
¢3 = ¢6 = 2, ¢4 = ¢5 = 3. The tracking error ey (t)
is presented in Figure 1. In Figures 2 and 3, the control
input u (t) and the parameter estimate é(t) are presented,
respectively. Finally, the entries of the time—varying gain
matrix Cy (t) are presented in Figure 4.

VI. CONCLUSION

In this work, we have developed a singularity—free robust
adaptive controller for a class of MIMO nonlinear systems
with unknown state delay which is subject to both parametric
and non—parameterizable uncertainties along with additive

input and output disturbances. An adaptive desired system
compensation in conjunction with a continuous nonlinear
integral feedback component is utilized in the design of
the controller and Lyapunov-based techniques, are used
to prove that the tracking error is asymptotically driven
to zero. Our stability analysis parallels the previous result
presented in [12] however the proposed methodology can be
applied to a wider class of nonlinear systems. Additionally,
by introducing a time-varying gain (i.e., C (t)), the need
for knowledge of the upper bounds of the unstructured
uncertainties was removed which is a novel departure from
the previous results including [12]. When compared with the
previous robust adaptive type of control for time delay sys-
tems, we considered a state—dependent input gain matrix for
the system model and the our controller controller is robust
to both matched and unmatched disturbances. A numerical
simulation was presented to demonstrate the viability and
performance of the proposed method.
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APPENDIX I
PROOF OF LEMMA 2

Proof: The integral of (38) from % to ¢ is obtained as

follows [17]

/t:Lz(T)dT = —OQ/t:én(T)Sgn(en(T))dT

— —Cz/ Sgn (e,)d (en)

to

S /t:duenw

= —Co(len (V)] — len (to)])

It can be easily seen that if C5 is chosen as positive, then
the inequality in (39) holds with

&2 £ Cy len (to)] .- (60)
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