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Abstract: A decentralized adaptive resilient output-feedback stabilization strategy is presented for
a class of uncertain interconnected nonlinear systems with unknown time-varying measurement
sensitivities. In the concerned problem, the main difficulty is to achieve the decentralization of
interconnected output nonlinearities unmatched to the control input by using only local output
information corrupted by measurement sensitivity, namely the exact output information cannot
be used to design the decentralized output-feedback control scheme. Thus, a decentralized
output-feedback stabilizer design using only the corrupted output of each subsystem is developed
where the adaptive control technique is employed to compensate for the effects of unknown
measurement sensitivities. The stability of the resulting decentralized control scheme is analyzed
based on the Lyapunov stability theorem.

Keywords: decentralized adaptive control; unknown corrupted measurement outputs; output-feedback;
interconnected nonlinear systems

1. Introduction

For the implementation of control systems, sensors play a crucial role in measuring the state
variables of physical systems, and thus, the measurement precision of the sensor affects the control
performance [1]. However, due manufacturing reasons or the practical limitations of sensors,
the measured state variables can be inaccurate in the practical environment [2,3]. Therefore, a main issue
is to design stable controllers regardless of the inaccurate measurement of sensors. In [4-12], there were
attempts to control single linear or nonlinear systems with uncertain measurement sensitivity.
Output-feedback control approaches were proposed via the feedback domination approach [6-10],
and a sampled data output-feedback stabilizer was developed in [11]. In [12], the output-feedback
controller using the dual-domination approach was designed for nonlinear systems with unknown
time-varying measurement sensitivity. However, these control approaches require the knowledge
about the bounds of the partial derivatives of unknown output functions [6-11] and the bounds of
unknown time-varying measurement sensitivity [12].

The decentralized control problem of interconnected nonlinear systems has been regarded as
an interesting issue because of the benefits of decentralized controllers over standard centralized
controllers such as the simplicity and computational efficiency by using the information on the
subsystem itself (see [13-18] and the references therein). Among them, the adaptive recursive
control techniques such as backstepping [19] and dynamic surface control [20] have been employed
to handle unknown interaction nonlinearities unmatched to local control inputs [21-26]. In [27],
a decentralized output-feedback domination design approach was investigated for uncertain
nonlinear large-scale systems. In [28,29], decentralized adaptive control strategies were established
for a class of interconnected nonlinear systems with completely unknown actuator failures.
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A decentralized adaptive controller was developed for interconnected nonlinear systems with
stochastic disturbance [30]. An adaptive decentralized control method using barrier Lyapunov
functions was proposed for uncertain large-scale nonlinear systems subject to full state constraints [31].
However, the existing results [21-31] did not consider the measurement sensitivity problem. Namely,
the decentralization of the control structure is based on the accurate state-feedback information.
The main design difficulty in considering measurement sensitivity comes from the difference between
the interconnected state information of systems and the local state information used for the feedback
control. Different from the state information in the interaction nonlinearities, the state information
for the local control design is corrupted by measurement sensitivity. Thus, contrary to [21-31],
the local controller using corrupted state variables should be designed for each subsystem. Because of
this difficulty, there are few results to deal with the imprecise sensor measurement problem in the
decentralized control field. In [32], a decentralized output-feedback small-gain controller using the
cyclic-small-gain theorem was proposed to deal with the corruption of the output information owing
to sensor noise. However, the previous control scheme [32] necessitates the known bound of the
Sensor noise.

The aim of this paper is to present a decentralized resilient output-feedback control strategy of
uncertain interconnected nonlinear systems with unknown time-varying measurement sensitivities.
The bounds for the measurement sensitivities are assumed to be unknown. Unmeasurable local state
variables are estimated by high-gain observers using local output signals corrupted by unknown
measurement sensitivities. Then, a local adaptive dynamic surface output-feedback controller for
each subsystem is recursively designed using the corrupted output information where the adaptation
structure is employed to compensate for unknown measurement sensitivity. In the proposed control
scheme, the decentralization of interconnections among uncorrupted output signals is achieved by
designing the local controller using the corrupted output information. Based on the Lyapunov stability
theorem, it is ensured that all of the closed-loop signals are uniformly ultimately bounded and the
local stabilization errors converge to an adjustable neighborhood of the origin in the presence of the
measurement sensitivities.

The main contributions of this work are two-fold:

(i) Compared with [21-31], the decentralized control problem in the presence of unknown
measurement sensitivities is considered in this paper. The local adaptive resilient output-feedback
control design using the corrupted output information is presented for each subsystem.

(i) Compared with the existing result [32], the proposed decentralized resilient control methodology
ensures the robustness on unknown time-varying measurement sensitivities, without using any
bounding information of the measurement sensitivities. The adaptive control strategy is proposed
to compensate for unknown bounding effects of measurement sensitivities.

The rest of the paper is organized as follows. A decentralized adaptive resilient output-feedback
stabilization problem of uncertain interconnected nonlinear systems with unknown measurement
sensitivities is formulated in Section 2. Local adaptive resilient output-feedback control designs and
their stability analysis strategy are discussed in Section 3. Section 4 presents the simulation results.
In Section 5, some conclusions are given.

2. Problem Statement

Consider interconnected nonlinear systems consisting of subsystems with unknown measurement
sensitivities. The ith subsystem is represented by:

Xij = xijp1 + it X xi 1),
xi,ni = Uj + 1/71',11, (t/ Xi/ Xi, ui)/ (1)
yi = ¢i(t)xi1,
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wherei = 1,...,N,j =1,...,n,—1, x; = [xi1 ,...,xi,ni]T € R", u; € R, and y; € R are the
system state vector, the control input, and the system output of the ith subsystem, respectively,
K= [X11, - Xic11, Xit 11, s erl]T denotes interconnected state variables among subsystems, ¥; ; :

R+ x RN~ x R" x R — R are nonlinear functions of the ith subsystem, and ¢;(*) denotes an unknown
parameter denoting the time-varying measurement sensitivity of the ith subsystem. When ¢;(t) =1,
the system (1) describes ideal interconnected nonlinear systems without measurement sensitivities
that are considered in [21-31].

Assumption 1 ([6]). The system outputs y; corrupted by measurement sensitivities are only measurable
for feedback.

Assumption 2 ([12]). For interconnected nonlinear functions ; ,,(t, %;, x;, u;), there exist constants k; , > 0
such that:

|¢i,m(tr Xi/ Xi, 1/[1’)| < ki,m( ) (2)

form=1,...,n;.

Remark 1. Assumption 2 was firstly introduced in [33] and was wused for the control
design in several works (see [7,9,11,12] and the references therein). For example,

consider the nonlinear functions P = ﬁ + xp,1 sin(xp1 + uil”t) and
1,2 12

P23 =11 cos(xgll—l—uz)—}—ln(l—l-(x%g)c), where ¢ > 1 is constant.  Then, Assumption 2

1
(1—cx10)2+22

(ZC — 1) ‘xlz‘ [34].

can  be satisfied as follows: |P12] < and

5 |11+ x2,1] < (14 2¢)

2c—1
[23] < |x11| + (2 = 1)

Assumption 3. ¢;(t) and ¢;(t) of each subsystem are bounded as 0 < ¢, < |¢;(t)| < ; and |;(t)] < b
where ¢., i, and §; are unknown positive constants and the sign of ¢;(t) is known. Without loss of generality,
we assume that ¢;(t) > 0.

Problem 1. The problem of this paper is to construct local adaptive control laws u; using only the corrupted
output y; for stabilizing the interconnected nonlinear system (1) with the unknown time-varying measurement
sensitivity ¢;(t).

Remark 2. (i) In [32], a decentralized output feedback control problem was investigated for interconnected
nonlinear systems with known bounds of imprecise sensor measurement. On the contrary, the proposed adaptive
output feedback control strategy deals with the completely unknown bound problem of unknown measurement
sensitivities. That is, the bounds ¢, i, and §; for the unknown measurement sensitivities are unknown.

(ii) Assumption 2 implies that the nonlinear functions ; ,, are bounded as the linear combination of
state variables. According to the amplitude of uncertain nonlinear functions, the constant k; ,, can be adjusted
to satisfy Assumption 2. Thus, the proposed control approach can achieve good control performance under
Assumption 2.

(iii) In view of the controllability, Assumption 3 is reasonable for the decentralized output feedback control
problem because the measurement sensitivity cannot be zero (i.e., 0 < ¢, < |pi(t)|) and the measurement
sensitivity and its derivative should be finite (ie., |¢;(t)| < ¢; and |¢;(t)| < §;). In addition, under
Assumption 3, the high frequency of the measurement sensitivity ¢;(t) can be allowed.
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3. Decentralized Adaptive Control Via Corrupted Output Measurement

3.1. Local High-Gain Observer Design
A Jocal high-gain observer using the output y; is presented to estimate the state variables
®)

xl]—x1]+1+Dbz](y )
— %),

xln = U +Dn1b1nl(]/1

as follows:
1, D; > 1 denotes an observer gain and b;; > 0 are Hurwitz

wherei =1,...,N,j=1,...,n
polynomial coefficients of the ith observer.
@)

Let us define the observer errors as
— Xim

Py Xim
tm = m—1
Di

withi=1,..., Nandm=1,...,n;.
By differentiating (4) and substituting (1) and (3), the observer error dynamics is given by
$i = DiAs;si + DiBs; (xi1 — yi) + Yi(t, i, xi, ;) ®)
i—1 .
where Si = [Si,lr . /Si,n,-}—r/ Bsi = [bi,lf ey bi,n,']T/ ‘Fi = [lpi,lr lpi,Z/Dir ceey lpi,ni/D? ]T/ and:
—bi; 1 0
A, = : R I e
~bip—1 0 -+ 1
~biy, 0 - 0
i1, -, i n;- Thus, there exists a

(6)

Here, A, is Hurwitz owing to Hurwitz polynomial coefficients b; 1,
R"*"i guch that:

symmetric positive definite matrix Ps
Ad P, + P, As, < —1

where [;, € R"*" is an identity matrix
The Lyapunov candidate function is defined as V;; = s, Ps.s;. From (5) and (6), differentiating V;
@)

with respect to time yields
Vi, < — Dyls;||> +2D;s; Ps,Bs,(x;1 — yi) + 25/ Ps, ¥

Using Assumption 2, we have

) < 3o 0l

1|xzm\

\9Cl1|Jr Z Z

=15
m=2 j=m z'
a |%im|

N
SZZ
l=1]71
i
<sz1]|x,1|+ Y )k /]Dm 1
m=2 j=m

®)

1
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Therefore, using (4) and (8), we have:

N

25 Py ¥ < 2|lsill| Py, ZZ" L Z Zk”( 1|D ) ©

I=1j=1 m=2 j=m

Using Young’s inequality, the terms of (9) can be represented by:

N n; 1 N
2[Isilll1Ps, | 32 Y kijlxial < ) ki (I\TIPsiIZISiI2 + lez,l)' (10)
1=1j=1 j=1 =1
. ) ~2
nio g k. |x1m| N K 2010112 Xim
20lsilllIPs 1l Yo Y ki < Y0 Y ki (P P llsill* + =5 )- (11)
m=2j=m Dl m=2j=m Di
Substituting (10) and (11) into (9) yields:
T ) n; n; 322
2s; Ps¥i < willsi]l +22k11x11+ Y Zkl]DZm 2 (12)
I=1j=1 m=2 j=m i

where w;; = 2}11 ki iN||Ps,|1> + Xoi, Z}zm ki,
Using x;1 —y; = (1 — ¢;(f))x;1, we have:

Py |+ 25, o T, ki

Py |-

D:
[2D;s;" Ps;Bs, (i1 = yi)| < = lIsill® + 2Dil| P |2 By, (1 — ¢)°s. (13)
By substituting (12) and (13) into (7), the following inequality holds:
D l 1 2
Vs < —(2 —wzl) lIsill* + Z Zk”x,l +wip(1—¢p)? 11+ Y. Yk /]DZm 2 (14)
I=1j= m=2j=m
where w;, = 2D;|| P, ||2HBS;' H2
3.2. Local Adaptive Output-Feedback Controller Design

The decentralized adaptive output-feedback control design using the dynamic surface design
technique is proposed in the presence of unknown measurement sensitivity. For the local control
design, the error surfaces are defined as:

Zi1 = Yis
zij = Xij — Vij, (15)
Gijj = Vij — Vij,
wherei=1,...,N,j=2,...,n;,z;; and zj,j are error surfaces, gij are boundary layer errors, v;j are
virtual control laws, and 7; ; are the output signal of the first-order low-pass filter defined as:

KiVij+ Vij = vij, 7;;(0) = v;;(0) (16)
with a time constant «; ;.
Step 1: From y; = ¢;(t)x;1, (1), (4), and (15), the time derivative of z; ; is:
zin = ¢ixip + Pi(xi2 + Pi1)
= ¢ixi1 + ¢i(Disip +zip + Gip + Via + Yin). (17)
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Select a Lyapunov candidate function V;; = Vi, + (1/ 24)i)zizl. The time derivative of V; ; along (17)
and Xi1 = Zi1 /(Pl is:

$i

. z 1 .
Vip = 41) [pixin1 + ¢i(Disip +zip +Gip +vip +¥i1)] — 297 z 4+ Vs, (18)
1
< 2. (Ds; , , , $i > b; 2o
<zi1(Disip +zip + Gip +Vip) + ?Zi,l — (7 ~win lIsill +zi¢pin

+w12( 11+22k

4,2 ;+ Z Z ij D2m 3 (19)

L2
¢l m=2j=m

Using Assumption 2 and z;; = ¢;x; 1, it holds that:

N 2
_Zki, 11<N21+2 ) (20)
1=1 4’1

N
zinPin < ) kin
=1 g7

Based on (20), it becomes:

Vip < Zi,l(Disi,Z +zip+Gio+ Vi,Z) +1T;z7, — (1 — w; 1) sl

2
+Z 114 +22k1] i i) (21)
I=1 =1j=

7
where ITf = kitN + ¢;/ (2¢7) + wip((1 = ¢:)2/¢7) and Hi(%) = L/, 700, kij(27,,/Di"2) with
2= [Rip .., Rin]

From Assumption 3, there exists a constant ITf such that [IT}| < TIIf where
ITf = ki1 N + ¢;/ (2@2) +wjo(1+ 4_71-)2/9?. In addition, we have:

i 27 i 27,
kit—= <) kii—>, (22)
=1 44’1 =1 4?12
k; < k; (23)
Lhe sy ind
Substituting (22) and (23) into (21) yields:
- D; 2
Vii £ =5 —wip lIsill® + 11251 + zi1(Djsip + zi2 + Gip + Vi2)
% ki1
+ ( + >Zl 1+ Hi(%). (24)
4¢2 j=1 (Pz
Choose the virtual control law v; , with an adaptive parameter IT; as:
vip = —aizip — iz, (25)
I = pi(z5; — oilly), (26)

where ;1 > 0 is a control gain, p; > 0 is an adaptation gain, I'l; is an estimate of the unknown constant
IT; to be defined later, I'T;(0) > 0, and o; > 0 is a constant for the o-modification [35].
Substituting (25) and (26) into (24) yields:

. D; _ ~
Via < = (3 —aia ) Il = w222 + (11 = 10)2%, + Dis iz
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ki1
4¢2 j=1 4)2

+211212+leéz2+2< )le"i_H()?) (27)

Step p (2 < p < n; — 1): From (3) and (15), the time derivative of z; ,, is described by:

Zip = Zip+1 + Gipt1 + Vipt1 + D; bzp(y 2i1) — L,p- (28)
A Lyapunov function is considered as V; , = V; , 1 + (1/ 2)21‘2 P Then, the time derivative of V; ,

is obtained as:
Vip < Zip(Zipr1 + Cipr1 + Vips1 + DUy (yi — £i1) — Uip) + Vipoi. (29)

The virtual control law v; 1 using (16) is selected as:

Viy, — 7
Vip+1 = —ipZip — DIbip(yi — %i1) + % (30)
Lp
where «; , > 0 are design constants. Substituting (30) into (29) and using (27), we have:
, D; . -
Vip < — 7_“’11 \|Sl|| + (IT] — 1T;) 2“1121]"'[)211512
j=
a No(kip | ki .
+ Y (zijzij +ziiCije) T ) | 5 Z — ) zi, + Hi(%). (31)
j=1 I=1 4?1 j=1 (P
Step n;: Similar to (28), the following result holds:
Zim = Ui+ Db (yi — £i1) — Vi, (32)

A Lyapunov candidate function is considered as V;,,, = V;,._1 + (1/ 2)212,14,-' Based on (31), the
time derivative of V; ,,, is given by:

n;—1

. D;
Vi < (3~ i ) Il + (17 1) - & iy + Disi

1’[1'—1
+ Y (zijzije1 + 2ijGi 1) + Zig, (Ui + D} biy, (i — Rip) — Vig,)
j:

+z(

44,2 ]1¢2>211+H( %i)- (33)

To deal with the nonlinearity H;(%;) derived from the observer error dynamics, we add and
subtract 2 tanh? (zin;/0;)Hi(%;) into (33) with a design constant &; > 0. Then, it holds that:

) D; ~ A -1 n;j—1
Vi, < (lei,1>||si||2+(n —11) Z “1]21]+D211512+ Z Zi,jZi,j+1 +ZZJ€ZJ+1)

) . . 2 Zin, .
+ Zip, (Mz' + Db, (yi — £i1) — Vi, + T tanh? ( < )Hi(xi)>

+ (1—2tann? (2 Hl(f')+§: k"—'1+ - Kij z? (34)
(5i 1\ 2 y 2 11
1

I=1
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where the term (2/ zirni)tanhz(zi,ni/ 0;)H;(%;) is a well-defined nonlinear function owing to the
following property: limzirﬂ__,o(l /Zin,) tanhz(zl-,ni /6;) = 0[36].
The local actual control law u; is designed as:

2 2 Zin; N n; N Vin, —Vin;
—QinZin, — | & tanh 5 H,»(x,») — Di lbi,n-(]/i — xill) + " Ziny #0,
_ i 1 in; i 1 in; 35
uj = . Y (35)
; A~ in:—Vin;
=D;"bju, (yi — £ip) + ", zZig, =0,

. 7
Kin;

where «; ,,, > 01is a design parameter Using (35) and the inequalities Djz;15i2 < D,»z?'/1 + (D;/ 4)512,2 <
Dizzz,l + (D;/4) |15l 2 jZijt1 < z /2 + zl]+1/2 and z;;8; ;11 < z /2 +¢2 i1 /2 yields:

. D _ R }‘1,‘71 3
Vi < (3 =i ) Il + 08 = 1128, = (o2 = D= )z = 5 (- 2)z%,,-
j=2
1 2 2 Zirni N N o kl]
(zxmi 2>Zi,ni + (1 2 tanh <5l>> (%) + ZZ; (44)1 ]Z% 4)2
n;—1 1
+ X gl 36)

where the term —(«;,, — 1/ 2) becomes zero when z; ,. = 0, and thus, applying (35) to (34) can be
described by the inequality (36) for two cases z; ,, # 0 and z; ,, = 0.
Consider V = Zfil Vi n;- Using the following property:

Yy (B Rt =y (e )2
497 St i=1i=1 4¢2 &

2
i=11=1 j=1?i

and (36), the time derivative of V is:
N . }’ll‘—l 3
Z |: ( w11>||si||2+(HiHi)le,1 — (Dci,l —Di—l)zlz,l — Z (“i,j2>212,]‘

1\ , 2 (Zin, 1
— "‘i,n,— — E Zi,'rl,' + (1—2tanh Tl Z (;rl]+1 (37)

where IT; =TT} + TV, ((ki1/(497)) + i kij(1/¢7))-

Remark 3. Contrary to [21-31], the proposed local control scheme using the observer (3) and the
controller (26), (25), (30), and (35) only uses the local output signal y; corrupted by the time-varying
measurement sensitivity ¢;(t). Nevertheless, the decentralization of interconnections among uncorrupted output
signals is achieved by compensating for the effect of unknown measurement sensitivity via the adaptive recursive
technique, and the stability of the total closed-loop systems is successfully analyzed in the following section.

3.3. Stability Analysis

In this section, the stability of the closed-loop system is analyzed in the presence of unknown
measurement sensitivity. From (26) and ﬂi(O) > 0, it holds that I'l; > 0 for all t > 0. Then, using (15)
and (16), the time derivative of ¢; ; is represented by:

(:i,j = —# + Bl',]', (38)
Kl,]
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wherei=1,...,N,j=2,...,n;,and Bij = —vj; satisfying:

|Bio| < ®i2(Zi,2i1,8i2, Cin §, ¢i, 1))

= (a1 +115) %,
IBimi1| < Pims1(5i2, 2 Zi i1, Cimr1, §r i, 11i)

¢

= i m|(Zigns1 + Cim+1 — XimZim)| + i + D}"b; | Dil(sip — bisin)|
lm

1 |z11] |47z'| ¢i+1
+ D;b; ( +1>z +k; zia| +
Vil (P |zl‘ 1121 (Pl (Pz i1 (Pl |11|

> |i||211|+¢1|(D 512+212+‘:12_(0‘11+H)Zzl)|+¢zkzl

with m = 2,...,n — 1, §i,2 = [Si,lrsi,Z]T/ Z; = [21’1, ceer Zic11s Zigldse - ,Zer]T,
Zimr = (201, Zimia) T Gimr = [8i2, -+ Gima] T and = [, ¢N] T
Define a total Lyapunov candidate function as:
_ NG 1 -
Vv ) (X585 TH) @
e

where IT; = IT; — IT;.

Theorem 1. Consider the interconnected nonlinear systems (1). The decentralized adaptive output-feedback
control scheme (3), (26), (25), (30), and (35) ensures that for all initial conditions satisfying V(0) < r with
any constant r > 0, all signals of the total closed-loop system are semi-globally uniformly ultimately bounded,
and the local stabilization errors converge to a neighborhood of the origin, which can be adjusted by selecting
design parameters.

Proof. From (37), (38), and the adaptation law (26), the time derivative of V is obtained as:
ul 2 2 e 3\ 2 1\ »
Z { < - wn) l[sill= — (a;1 — D — 1)Zi,1 - 22 <0‘i,j - 2>Zi,j - <‘Xi,ni - 2>Zi,ni
: ]:

z: . i 1 1 1 A
+ (1 — 2tanh? (?))Hi(xi) -y ( - 2)51-2,]- + Y GiiBij+ aiHl-Hl} . (40)
i j=2

j=2 \Kij
Using o;IL,IL; = oiTL;(11; — I1;) = —oi 112 + oiTLIT; < —(03/2)11% + (0;/2)112, (40) becomes:
N n;—1
- D; : 3 1
<y - (T eIl = = D=1 - T (- 2)z%,j - (sm =3
: =

4 (1—2’fanh2 (%?’))Hz(ﬁ?z)—i (Kl ) "’ZMLJ

j=2 \Kij

_ G S+ ?H%} L@

To deal with the term (1 — 2tanh2(zl-,ni /6;))H;(%;), we define the compact set E; as
Ei = {zin]| |zin,| <0.88144;} fori =1,...,N. The stability analysis is considered as two cases
according to the inclusion of z; ,; in the compact set Z;.
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Case I (z;,,, ¢ &;): Because of z;,, ¢ &;, it holds that 1 — 2tanh2(zi,ni/5i) < 0 [37]. Owing to
H;(%;) > 0, (41) becomes:

N ) n;—1 3 ) 1 5
<Y | =5 —win ) lIsilP? = (@ = Dy =)z = Y (@i — 5 )5 (%im = 5 ) Zig

i=1 j=2

_Z(Ku ) +Z|§”|q>1] UZH2+2iHZ«2]. 42)

We define the compact sets 0 j := {25 Py;s; + (1/¢;)z7; + Z{nzz(zﬁm +¢7,) + 1 /p; < 2r} e RMHY
wherei =1,...,N,j =2,...,n;,and r is a constant satisfying V(0) < r. Then, we know that there
exist constants Mg, ; > 0 satisfying D;j < Mg,jon the compact sets Qi,]' under Assumption 3.

Using the inequality |; ;|®; 2 jCDiZ]. /(24;;) + 1;,j/2 with positive constants ¢; ;, V is obtained as:

l]_

. D; 2 , 3\ 2 1\ »
\% S Z — Z — wi,l ||SZ|| — (061"1 — Di — 1)Zi,1 — Z Oél',j — E Zi,j — ‘Xi,ni — E Zi,ni

j=2
.72 B2
N 5% o
_ N Jou_TipR| 4 43
Z(Kw 2)@:,]+22 s 9T+ 3)

j=

where A = YN, [(0;/2)IT? + Z"’ 1, 14;j/2]. By choosing the design parameters as D; = 4(w;1 + D;),
wip = Dj+1+af, le] = 3/2—1—0(11, Wi =1/2+af, and 1/x;; = MG,/ (20)) +1/2 + «}; with

positive constants D}, o Iy "‘i,j' "‘:‘F,n , and K ., the followmg inequality holds:

N n; g
- 5 <I>z,]
sg — D} ||s4]| Zad 2 ZK,];]—* 2(1—M2 ) 2] }+A. (44)
1= 7,

j=2 D,i,j
Owing to ®;; < Mg,;; on V = r, (44) becomes:
V<AV +A (45)

where A = min{D} /Amax(Ps;), 2¢. K720,
)\max(Psi) denotes the maximum eigenvalue of P;,. When A > A/r, it holds that V<0onV=r Thus,
if V(0) <r,then V(t) < rforallt > 0. Thatis, V < ris an invariant set. The solution of (44) can be
represented by:

szm,pioi} fori =1,...,Nand m = 2,...,n;. Here,

_ A (o AN _a
= -= > 0. 4
0< V() < X (V(O) A)e , Vt>0 (46)
From (46), as time increases, V(t) is bounded by A/A. Therefore, all the closed-loop signals
are semi-globally uniformly ultimately bounded. The control error vector z = [z, ,. 1y LZh nN}T

exponentially converges to a compact set Z := {z|||z|| < (2¢*A/A)V/?} with ¢* = max{¢1,. PN}
and Z can be reduced by selecting design parameters.

Case II (z;,, € E;): Since z;,, is bounded as |zl- n;| < 0.88144;, a Lyapunov function candidate
V can be rewritten as V = YN [ Py;s; + 1/ (2¢1)22 ot Zn’fl(l/Z)ziz,j —l—Z;iz(l/Z) 12] +1/(20:)11;].
Then, the time derivative of V is obtained as:

N ) ni—1 3 1,
P (3w Il D= E (w3 )+ 55, ¢ Al

j=2
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O ~ o;
—Z(K > +2|§1]|c1>,] ST+ ST (47)
i

Consider the compact sets le, m = 2,. — 1, defined in Case I and a compact set
Zi = {25 Py;s; + (1/4),)2%1 + 2]7-12 it Z]n’ , 87 i+ Hz/pi < 2r} € R¥i~1. Then, ®;,, and ®; ,, are
bounded as ®;,, < Mg, on the compact set Ql,m and ®; ;. < Mg, on the compact set Z; x &;,
respectively, where Mg, > 0 and Mg, > 0 are constants. £;, and £; ; can be represented by:

Rip = zip +Cip — (w1 +11;)zi4

s j—1
Rij=zij+Gij —aij-1zij-1 — D; bi,jflsi,l

-1 1 Gij—1
— DI by (1 - )Zi,l -2

¢ Kij—1

where i = 1,...,N and j = 3,...,n;. Then, there exist constants M;;,, and
My ; . such that |£; ,,| < My ,, on the compact set ();,, and [%; ,.| < My ; ,, on the compact set Z; x &;
wherem =2,...,n; — 1.

Using ]@l]|CI> ij < %qu%j/(Zli,j) +1;7/2 with constants 1;; > 0 and |z; ,,| < 0.88149;, we have:

N }’li—l 3
L 3 R G L e L R o (PR LR 1

j=2
(1 1N\ ¢ Cuq)z 2, Yi2 1
_x<m_2) J+§T 211 + 511 +Z 2(08814(5)} (48)
j=2 /] j=2 /]
By choosing D; = 4(wiy +Df), ap = Di+1+af, a; = 3/2+ wl],
and 1/K1] Mé 1]/(2111) +1/2+ K w1th positive constants D}, 11, i*,j' “z’*,n/ and Ki*,]., we have:
N ni—1 ' n; <I>2 2 M2
- 2 O ~o D,i,j
B o E i -2 (o ) 2
— j=2 D,i,j ]
X 0i 12 Lij
+ H;(%;) + Eni +]§ > + 5(0 .88144;) } (49)

Because of ®;,, < Moim Pin, < Maojin, |£im|l < Mgim, and |£;,| < Mg, on
V =, (49) becomes:

V<—-AV+A (50)
where A = min{D;‘/AmaX(PSi),Zgocfl,Zocf] 2’(1*mrpi‘7i} for i=1,...,N,j=2,...,n;—1,
and m=2,...,n; and A = YN [(ei/2)IT2 + Nl 2([,]/2) (1/2)(0.88146;)% +

Yo, Z]nl: " kl-,]-(M tim! D2?"=2)]. Therefore, by a similar procedure to (46), the semi-global uniform
ultimate boundedness of the closed-loop signals and the exponential convergence of z to an adjustable
compact set D = {z|||z|| < (2¢*A/A)'/?} are ensured.

From the two cases, the boundedness of all closed-loop signals and the convergence of the
stabilization errors are ensured. O

Remark 4. In the proof of Theorem 1, the boundedness of the term ®; j on the compact sets C); ; comes from
the property of the dynamic surface design [20] where the compact sets C); ; are subsets of the compact set
V < 'r. In Theorem 1, it is proven that all signals are semi-globally uniformly ultimately bounded for all initial
conditions satisfying V(0) < r with any constant r > 0 where V (0) denotes the initial errors of the closed-loop
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system and r, which can increase or decrease by arbitrarily choosing the initial conditions, denotes the bound of
the initial errors of the closed-loop system. That is, the condition V(0) < r meaning the boundedness of initial
errors causes the “semi-global” concept, and thus, the boundedness of the term ®; j on V = r is satisfied. This is
the fundamental property in the stability analysis of the dynamic surface control system [20].

Remark 5. In the proof of Theorem 1, we know that the stabilization error converges to the compact set Z in
Case I and the compact set D in Case II. These compact sets can be reduced by adjusting the design parameters,
and thus, the stabilization error converges to an adjustable neighborhood of the origin. The guidelines for
selecting the design parameters of the proposed decentralized control scheme are as follows: (i) b;,,, i =1,...,N,
m =1,...,n; are chosen such that the matrix A, is Hurwitz. (ii) By choosing the small time constants Kij
withi =1,...,Nand j = 2,...,n; and increasing D;, a;,, and & j, the convergence regions \/2p*A/ A
and \/2¢* A/ A can be reduced. (iii) Reducing 1; ; and 6; leads to decreasing A and A. Then, \/2¢*A/ A and
V/2¢*A/ A can be reduced by decreasing A and A, respectively. (iv) The tuning speed of T1; can be increased by
increasing p; and fixing o; as a small constant.

Remark 6. In [38], an adaptive output-feedback control method was presented to deal with the unknown sensor
sensitivity of nonlinear systems. However, single nonlinear systems were only considered in [38], and thus, the
control method presented in [38] cannot be applied to the decentralized control problem in the presence of the
nonlinear interaction among subsystems with unknown sensor sensitivities. In this paper, the interconnected
nonlinearities of the system (1) depend on the state variables x11, %21, ..., XN 1 of subsystems, and these state
variables are corrupted by measurement sensitivities ¢;. Thus, the exact information of the interconnected state
variables x11,%21,...,XN,1 is not available for the decentralized control design. Accordingly, the decentralized
control design strategy using the corrupted local output y; is established in this paper. This is a main difference
between this paper and [38].

4. Simulation Results

In this section, simulation examples containing a practical example are used to illustrate the
effectiveness of the proposed control scheme. Furthermore, to examine the compensation ability of the
unknown measurement sensitivities of the proposed approach, the simulation results of the proposed
decentralized controller are compared with those of the decentralized controller presented in [27].

Example 1. Consider the following interconnected nonlinear systems with unknown measurement sensitivities:

Xij = Xij1+ it X, xiu), j=1,2

Jei,'rl,- = Uj + lpi,ni(t/ fi, Xi, ui)r (51)
yi = ¢i(t)xia,
where i = 1,2, n; = 3, 11 = 0.7sin(x]|)xp1 + 0.3x1,1, $12 = —13In(1+x7,) +sin(t + uf)x1 5,
— X11 : 2 — ; — Qi 2 X21
P13 = (T sin(x1t), 21 = 0.3c0s(2 + uz)xp,1 + sin(t)x11, P2 = sin(x7 ) oy
and Y3 = x11 + sin(3f)In(1 + x‘iz). Assumption 2 holds with |¢11] < 0.7(|x11] + |x21]),
[12] < L3([xp1] + [x120), |13l < SBlxaal, voal < [xal + [x2al [$22] <2|x24],
and |Po3] < 3(|x11| + |x22]). The unknown measurement sensitivities ¢1(t) = 1+ 0.28cos(12f)

and ¢ (t) = 1+ 0.48 sin(10t) are assumed to influence systems (51). The local high-gain observers and local
adaptive controllers of the proposed approach are constructed as:

%iy = fip + Dibia(yi — %ip),
Xip = %i3 + D?b; 5 (yi — %in), (52)
Xi3 = u; + Ddbis(yi — %in),
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and:
Vip = —i1zi1 — iz, .
_ 2 s Vip—Vip
Vig = —ipZip — Dibio(yi — %i1) + 52,
_ 3 o V',3—17,3
uj = —i3ziz — Dibig(yi — Xip) + == (53)

2 2 (Zi3 ’21‘22 ’?1'23
—(z;) tanh” () ( (ki +ki,3)ﬁ? +ki,3D*’;; ,
I1; = pi(z}; — ailly),

where i = 1,2, and the design parameters are chosen as D; = 3,b;1 = 3,bjp =3,bj3=1,a;1 = 5,010 = 4.5,
a2 =6.5,0;3="75,1x,;=0.01,j=2,3,6 =1, p; =50, and 0; = 0.00001. The initial conditions are set
to x1(0) = [-0.4,0.4,0] T, x(0) = [-0.3,0.3,—0.1] T, £1(0) = [0,0,0] ", £2(0) = [0,0,0] ", I'T{(0) = 0,
and T1,(0) = 0.

The simulation results are displayed in Figures 1-5. Figure 1 compares the local stabilization
results of the proposed local control system with those of the local control system of [27]. By the
output-feedback corrupted by the unknown measurement sensitivities, the proposed control system
can achieve robust stabilization, but the local states of the control system [27] do not stabilize.
This implies that the effects of the unknown measurement sensitivities can be compensated by the
proposed decentralized control approach. The state estimation results for each subsystem are shown
in Figures 2 and 3 where all state variables are estimated by the local observers. The local control
inputs of each subsystem are compared in Figure 4. The estimated parameters of the proposed
approach are displayed in Figure 5. These figures show that the proposed decentralized adaptive
output-feedback control scheme ensures satisfactory stabilization performance in the presence of
unknown measurement sensitivities while all signals of the closed-loop system (51)—(53) are bounded.

2 fust J(Propo‘sed met‘hod) zy ;(Propu‘sed met‘hod)
F ———21([27]) 1 050 TN -~ —Ea(R7)
& ,‘/v\'\ /N ,"'\ N ,"'\ ‘/'ﬂ'\_ SN /./ \‘\ g ol K4 \ FARN N SN LN s
o0ps \ ! \ 7 N \ o/ 4 N 4 -/ ./ N R L ~
ST Wi = AR AT S = L . . . . . | .
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time(sec) Time(sec)
10 T T T 4 T T T
12(Proposed method) 2y5(Proposed method)
N 5F — == 12((27]) 1 REI —-—-=2([27))
g o ‘/'h'\v /'\'\_ N VY I SN /V\'\‘ g oF N ‘,'/‘\'\. SN N N o ”
AT ARV IRV AR SRV RSN ARY W NS T T
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Time(sec) Time(sec)
40F T " i . T T ,
21,3(Proposed method) 35(Proposed method) -
520t . ~ /'\ - *'*;,;\11.‘5([271? o m([27)
5K SN NN SN SN S e L W
O N N O N AN AN = ~ ~
L % L L L -4 N L ) L L L L L
0 1 2 3 4 5 6 7 8 9 10 5 6 7 8 9 10
Time(sec) Time(sec)
(a) (b)

Figure 1. Comparison of the stabilization results of System (51): (a) the state variables of the first
subsystem; (b) the state variables of the second subsystem.
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Figure 2. Comparison of the estimation results x1; and %y, j
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System (51): (a) the proposed decentralized control scheme; (b) the decentralized control scheme [27].
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Figure 3. Comparison of the estimation results Xoj and 322,]», j = 1,2,3, for the second subsystem of
System (51): (a) the proposed decentralized control scheme; (b) the decentralized control scheme [27].
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Figure 4. Comparison of control inputs u;, i = 1,2 for System (51): (a) uy; (b) us.
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Figure 5. Parameter estimates I';, i = 1,2 for System (51).

Example 2. In this example, we consider the tripled inverted pendulum connected by springs, as shown in
Figure 6. Because the inverted pendulum system is an inherently unstable system, one of its basic research topics
is the balance and posture control. These inverted pendulum systems have been applied to various technical
real-world applications such as bipedal walking robots [39], a two-wheeled vehicle [40], and an exoskeleton
robot [41]. The proposed decentralized control design via the output feedback corrupted by sensor sensitivities
can provide a basic research result for the practical experiments of these technical real-world applications. Thus,
the mathematical model of the tripled inverted pendulum is considered as a simulation example in this paper.
The motion equations of the pendulums are given by [42]:

0, =y + > sin 0y —|— (sm 6, cos B, — sin 6, cos by),
5

92—M2+

(sm 61 cos 01 — sin 0, cos 6;)
K> 12 . (54)
-l-ﬁ (sm 03 cos 93 —sin6; cos 07),

O3 = uz + & i sinfs —|— 12 (sm 6, cos B, — sin 63 cos 03)

where 0; and m; are the angle and the end mass of the ith pendulum, g is the gravitational acceleration, I,
is the length of each rod, 1, is the distance between the pivot and the center of gravity of the rod, Ky and K
are the spring constants, and u; is the control input torque with i = 1,2,3. The system parameters are set to
my = 0.2kg, my =0.4kg, m3 =03kg, g =98 m/s?, Ly =9m, I, =3m, Ky =1, and Ky = 1.2. By the
transformation of coordinates x;1 = 0; and x; , = 0;, the interconnected system (54) is rewritten as follows:

X1 = x12+7~/}zl(t Xi, X, uz)/

xl,2 - ul + 1P1,2(t/ xl/ xl/ ul)/ (55)
Yi= ¢i(t)xi,l
where i = 1,2,3, i1 = 0, 10 = (g/lm)sinxyy + (Kll%/(mllfn))(sinlel cosxp1 —
sin X1,1 COS X1 1), 5%) = (g/lm) sin X1 + (Kll%/(mzlrzn))(sm X1,1€COSX11 — sin Xp,1 COS X2,1)+

(Kzlz (mzlz))(SII‘IX31COSX31 — sinx21cosx2 1) and 1/13/2 = (g/lm)sinxm +
(K212 (m3l2,))(sinxp1cosxpq — sinxzqcosxsy). Assumption 2 holds with |[¢1o] < (g/lm +
1<112 (mil5) (i) + |x210), 12| < (8/1n + Kaly/ (malfy) + Kol / (malf))( al),
and P32 < (§/Im + Kzlf, / (m312))( 1|). The measurement sensitivities are assumed to be
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$1(t) = 1+ 0.44(sin(3t) + sin(t)), ¢2(t) = 1+ 0.31(cos(3t) + cos(t)), and ¢3(t) = 1+ 0.57sin(t).
The local high-gain observers and local controllers of the proposed approach are given by:

Xi1 = %o+ Dibi1(yi — %i1),

L s . (56)
Xio = uj + Dibis(yi — 1),
and:
Vio = —ai1Zi1 — 1Lz, )
_ 2 N Via—Vi2
uj = —aipzip — Dibip(yi — £ip) + 252
R (57)

f(%) tanh? (%)ki'zﬁf’

I1; = pi(z4 — oilTy),

where i = 1,2,3, and the design parameters are chosen as D; = 2, b;1 = 2, bjp =1, 0;7 = 4, a;0 = 1.5,
kip = 0.01, 6; = 1, p; = 50, and o; = 0.00001. The simulation results shown in Figures 7—14 are obtained
under the initial conditions x1(0) = [0.7,0] T, x,(0) = [-0.5,0.4] T, x3(0) = [0.8, —0.3] T, £,(0) = [0,0] T,
%(0) =[0,0]T, £3(0) = [0,0] T, I1;(0) = 0, [15(0) = 0, and I13(0) = 0. Under unknown measurement
sensitivities ¢;, the local stabilization results of the proposed decentralized control system and the previous
decentralized control system [27] are compared in Figures 7-9. While the existing decentralized stabilization
method [27] cannot compensate for unknown measurement sensitivities, which leads to the unstable result of
controlled state variables, the proposed decentralized control approach can achieve the robust stabilization against
unknown measurement sensitivities. Figures 10-12 show the local state estimation results of each subsystem.
Figure 13 compares the local control inputs. Figure 14 depicts the adaptive parameters of the proposed control
approach. From these figures, the stabilization of the tripled inverted pendulum systems (55) connected by springs
is successfully achieved by the proposed approach in the presence of the unknown time-varying measurement
sensitivities and their unknown bounds.

Figure 6. Tripled inverted pendulums connected by springs.
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Figure 7. Comparison of the stabilization results for the first subsystem of tripled inverted pendulum

systems (55).
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Figure 8. Comparison of stabilization results for the second subsystem of tripled inverted pendulum
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Figure 9. Comparison of stabilization results for the third subsystem of tripled inverted pendulum
systems (55).
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Figure 10. Comparison of estimation results x1 j and £ ;, j = 1,2, for the first subsystem of System (55):
(a) the proposed decentralized control scheme; (b) the decentralized control scheme [27].
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Figure 11. Comparison of estimation results Xoj and .7?2’]‘, j = 1,2, for the second subsystem of
System (55): (a) the proposed decentralized control scheme; (b) the decentralized control scheme [27].
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Figure 12. Comparison of estimation results x3 j and %3 ;, j = 1,2, for the third subsystem of System (55):
(a) the proposed decentralized control scheme; (b) the decentralized control scheme [27].
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Figure 13. Comparison of control inputs u;, i = 1,2,3 for System (55).
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Figure 14. Parameter estimates fIl-, i =1,2,3, for tripled inverted pendulum systems (55).

5. Conclusions

This article addressed the decentralized adaptive stabilization problem for a class of uncertain
nonlinear interconnected systems by the output-feedback corrupted by unknown measurement
sensitivities. A local adaptive control strategy was established to compensate for the effects
of the unknown bounds of the measurement sensitivities. In the Lyapunov stability sense,
the stability of the proposed decentralized adaptive control system was successfully analyzed.
Finally, simulation comparisons were provided to show the compensation ability of the unknown
measurement sensitivities of the proposed approach.
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