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Network-Based T-S Fuzzy Dynamic Positioning
Controller Design for Unmanned Marine Vehicles

Yu-Long Wang,Member, IEEE, Qing-Long Han,Senior Member, |IEEE, Min-Rui Fei, and Chen Pengenior
Member, |EEE

Abstract—This paper is concerned with Takagi-Sugeno (T-S)
fuzzy dynamic positioning controller design for an unmanne
marine vehicle in network environments. Network-based T-S
fuzzy dynamic positioning system models for the unmanned ma
rine vehicle are first established. Then stability and stabization
criteria are derived by taking into consideration an asynctronous
difference between the normalized membership function ofthe
T-S fuzzy dynamic positioning system and that of the contrdér.
The proposed stabilization criteria can stabilize states fothe
unmanned marine vehicle. The dynamic positioning performace
analysis verifies the effectiveness of the networked modiely and
the controller design.

Index Terms—Unmanned marine vehicle, dynamic positioning,
network-based control, T-S fuzzy control.

|. INTRODUCTION

By using multiple unidirectional tugboats, robust dynamic
positioning of an unactuated surface vessel was studieiin [

In [18], robust controller design for dynamic positionin§ o
ships and offshore rigs usin§f,, and mixedg techniques
was considered. A novel continuous robust controller for
dynamically positioned surface vessels with added massster
was constructed in [19]. A robust nonlinear control law for
the dynamic positioning system of ships subject to unknown
time-varying disturbance and input saturation was progpose
in [20]. Passivity-based controllers for dynamic posiian

of ships were developed in [21]. Quadratic finite-horizon
optimal controller design for T-S fuzzy-model-based dyiam
ship positioning systems was addressed in [22]. It should be
mentioned that the T-S fuzzy-control-based approach, wisic

Marine vehicles have found applications in broad areaifferent from those in [13], [16]-[21], was adopted in [2B)]

including transportation, military operations, hydrogjne,
fishing, oil and gas exploration and construction, oceasoig
ic data collection, and scientific characterization. Simagine

describe the dynamic positioning of a marine vehicle. There
a growing interest in applying a T-S fuzzy control approazch t
deal with nonlinear control systems. The main characterist

vehicles are subject to disturbance induced by waves, wirdd, T-S fuzzy control lies in utilizing a linear system model t
and current, it is of paramount importance to study the nmoti@escribe the local dynamics of each fuzzy rule [22], [23]eiTh
control of marine vehicles [1], [2]. There are some inténgst the abundant linear control methodologies can be adopted to
results available in the literature, which cover reseaoglics investigate each linear model. Since the dynamic posiimpni
in roll stabilization [3], heading control [4], [5], containent system (DPS) of a marine vehicle is a complex nonlinear
maneuvering [6], [7], tracking control [8], mooring coritro system, how to propose an appropriate modelling and control
[9], fault detection [10], model predictive control [11]né scheme to improve the dynamic positioning performance is

path planning [12]. Besides the topics mentioned abowvgractically valuable and attractive.

dynamic positioning, which aims at regulating the horizbnt

This paper aims at providing good dynamic positioning

position and heading of marine vehicles, has also attracteerformance for an unmanned marine vehicle (UMV). The
much attention in the literature [13]. For example, Kalmadynamic positioning for the UMV is usually based on a
filtering-based positioning and heading control of shipseveremote land-based/mother ship-based control station. The
investigated in [14]. Output feedback control for a marineommunication between the UMV and the control station is
dynamic positioning system was addressed in [15], [1&ompleted through communication networks. Thus, the UMV,
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and Technology Commission of Shanghai Municipality, Ch{@&ant No.
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China (Grant No. BRA2015358); the “Six Talent Peaks ProjeftJiangsu
Province, China (Grant No. DZXX-025); the “Qing Lan Projeof Jiangsu
Province, China; and the Natural Science Foundation ofgdiarProvince,
China (Grant No. BK20161361)Cprresponding author: Qing-Long Han).

the remote land-based/mother ship-based control stediod,
communication networks constitute a network-based contro
system. Because of attractive advantages such as low cost in
installation and maintenance, flexibility in communicatiar-
chitectures, and high reliability, network-based consyatems
have attracted increasing attention [24]-[31], see supapers

[32], [33] for recent developments. Despite of advantages o
network-based control, introducing communication neksor
into control systems may induce packet dropouts, delays, an
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to take sampler-to-controller and controller-to-actugacket
dropouts, network-induced delays, and packet disordémniiag
account, and to establish network-based T-S fuzzy models
are of paramount importance and still unresolved. Answgerin
these questions is the first motivation of the current work.
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For a T-S fuzzy system, if a communication network ignduced characteristics.
introduced between the controlled plant and the controller ¢ Appropriate observer-based controller design schemes are
the membership functions of the controlled plant and thgoposed to provide good dynamic positioning performance
controller are not synchronous, and such a charactersstioti with the negative influences of wave-induced disturbance
considered in [34]. The asynchronous difference between theing reduced.
normalized membership function of the controlled plant and The remainder of this paper is organized as follows. Section
that of the controller is taken into consideration in [356]. |l establishes novel network-based T-S fuzzy models for
Moreover, for the T-S fuzzy-control-based DPS of a UMV, ththe UMV. Section Ill is concerned with stability analysis.
T-S fuzzy model is closely related to the variation scopehef t Observer-based controller design is presented in Section |
yaw angle. Then how to take into account the variation scoPgnamic positioning performance analysis is given in Secti
of the yaw angle and the asynchronous difference betweénConclusions are drawn in Section VI.
the normalized membership function of the UMV and that Notation: R™ denotesn-dimensional Euclidean space.
of the controller, and to derive a novel stability criteriare denotes the entries of a matrix implied by symmelrand0
practically valuable. Addressing these issues is the skcampresent an identity matrix and a zero matrix with appidpri
motivation of the current work. dimensions, respectively. The superscriptd“and “I” mean

In practical situations, the controlled plant states aré nthat the inverse of a nonsingular matrix and the transpose of
always measurable. Thus, it is of paramount importance toas-matrix (vector), respectively. Matrices and vectors, df n
tudy observer-based control scheme for T-S fuzzy systemas, a&xplicitly stated, are assumed to have appropriate dirassi
some nice results are available in the literature [37]-[H@fe
that only the sensor-to-observer network-induced delags a Il. NETWORK-BASED T-S FUZZY MODELLING

considered in [37], while packet dropouts and the contrdte This section aims to establish network-based T-S fuzzy
actuator network-induced delays are not considered. Thik W odels for the UMV. The dynamics of a marine vehicle in 6
in [38] assumed that updating instants of the .co.ntrol inp_ﬁ%grees of freedom include surge, sway, heave, roll, ot

and the measured output are the Same. In fact, if ime-vgry aw. For the normalized model of horizontal motion in a DPS,
network-induced delays are considered, such an assump{ion. . components such as surge, sway and yaw were inves-

may not be applicable. Moreover, packet dropouts are not C?@ated in [1]. This paper investigates the dynamic positig

sidered in [38]. The Bernoulli stochastic process was @bpl, , arine vehicle which is equipped with thrusters. Coersid

in [39] to describe packet dropouts in the sensor-to—okﬂer\fhe body-fixed and earth-fixed reference frames presented
channel and the controller-to-actuator channel with nétwo in Fig. 1, wherez, y, and z denote the longitudinal axis

induced delays being neglected. The problem of Obser\;ﬁ%nsverse axis, and normal axis, respectivety; Y, and

based ou_tput feedba_ck cc_)ntrol for T'S fu_zzy systgms_un 2" denote earth-fixed reference frames. The origin of the

decen'Frallzed event triggering commun|gat|on was diselis _coordinates is chosen to be at the center line of the marine

[40] with packet dropouts and network-induced delays bein hicle.

neglected. For the observer-based T-S fuzzy DPS of a UMV,

taking into account sampler-to-controller and contretter body-fixed p(1)

actuator network-induced characteristics will lead to muc (surge)

modelling and controller design complexity. How to solve

these issues is the third motivation of the current work. A
This paper investigates the network-based modelling, sta- (swg)y) (vaw) earth-fixed

bility analysis, and controller design for observer-ba3es v X

fuzzy DPS of a UMV. The T-S fuzzy dynamic positioning y z

system model is established firstly by taking into consitiena

the variation scope of the yaw angle for a marine vehicle. Y z

Then networked T-S fuzzy models for the UMV are estab-

lished by taking into consideration sampler-to-controled Fig- 1. Body-fixed and earth-fixed reference frames

controller-to-actuator network-induced characterstind the

asynchronous difference between the normalized memipershi The body-fixed equations of motion in surge, sway, and yaw

function of the UMV and that of the controller. Based on theg¥'e described as

models, the stability analysis and observer-based cadatrol .

. ) S M N = 1
design for the T-S fuzzy dynamic positioning systems are P(E) + Nv(t) + Got) = u(t) +w(t) (@)
presented. The proposed observer-based controller deaignwhere v(t) = [p(t) v(t) r(t)]T is the body-fixed linear

provide good system performance, which is verified by thend angular velocity vector withp(t), v(t), and r(t) de-
dynamic positioning performance analysis. The main centrnoting the surge velocity, sway velocity, and yaw velocity,
butions of this paper are summarized as follows: respectively; o(t) = [z(t) y(t) ¥(t)]T is the earth-fixed

e Novel network-based T-S fuzzy dynamic positioningrientation vector withz(¢) and y(¢) denoting positions and
system models for the UMV are established by taking ins(¢) denoting the yaw angle. The control input vectdt) =
to consideration the variation scope of the yaw angle, afa (¢) ua(t) us(t)]? with uy(¢) anduy(t) denoting the forces
the sampler-to-controller and controller-to-actuatotwwek- provided by main propellers aft of the marine vehicle and by
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tunnel thrusters, respectively, ang(t) denoting the moment 6, (t) € [-3, 3], 62(¢) € [‘/5, 1]. The T-S fuzzy DPS can be
in yaw provided by azimuth thrustersy(¢) is the wave- obtained by introducing the following rules

induced disturbance)/ denotes the matrix of inertia which

is invertible with M = MT > 0; N introduces damping; the Plant Rulei: IF 0, (¢) is Wi; andfs(t) is Wiz

matrix G = diag{g11, g22, gs3} represents mooring forces;THEN

and 5%15% - giﬁ(l(f);r EU(?)JF Diw(t) -
2(t :021'5 t +Ew t
¢(t) = Qp(t))v(t) 2 y(t) =Ci&(t)
where wherei = 1, 2, 3, and 4,0,(t) = sin(&(t)) and fy(t) =

cos(&3(t)) are premise variable$l;; andW;, are fuzzy sets,
z(t) and y(¢t) denote the controlled output and the measured
output, respectively(s;, F;, andC; are known matrices with
5pproprlate dimensions, while

sin((t))

cos(1(t))
0 0 1

The starboard-port symmetry of the marine vehicle implie

that M and N are of the following structure [0 0 0 1 -3 0]
o 0 0 + 1 0
mi; 0 0 nip 0 0 ~ 0 0 0 (2) 0 1
M= 0 maz Mgzl N =1 0 mznz A= a1 a2 a3 bin bz big|’
0 maz mss 0 a2 mas a1 a2 a3 bay bao  bog
Let las1 a3z asz bar b3z b33
ailr a1z G13 0 0 0 \/75 f% 0
A=-M"'G=lan axn ay|, o 0 0o & ¥ o0
asy Gazz 033 Ay=|0 0 0 0 0 1
b1 b1z bis a1 a2 a3 bix bz bis
B=—-M"'N= [by by bos , az1  azx a3 bar  bay  bos
b1 b3z bss Las1 a3z aszz ba b?iQ b33
dir diz  di3 00 0 11 0
D=M"1= |dn dyp do 00 0 = 1 0
ds1 dsz  dss As = o0 000
a1 a2 a3 by b biz|’
Then the system (1) can be expressed as Qo1 Qs @93 boy  bys  bos
(t) = Ap(t) + Bu(t) + Du(t) + Duw(t) A3) L3132 33 bj% bif ba
. 0 0 0 % = 0
Define £(t) = [&1(t) &(t) &(t) &lt) &(t) ()T = o 0 o0 1 V8 g
(2(t) y(t) w(t) p(t) o(t) r(t)]T, whereg (1) andé, (t) denote O A
the earth-fixed position on the X-axis and the body-fixed Ay = u u a b b boal
velocity on the x-axis, respectivelg; (¢) and¢s(t) denote the a“ a12 al‘f b” b12 bl‘f
earth-fixed position on the Y-axis and the body-fixed vejocit a21 a22 a% b21 b22 b%
on the y-axis, respectivelés(t) and &(t) denote the yaw e e e Tl Tz s
angle and yaw angular velocity, respectively. Combining (2 0 0 0
and (3) together, one can obtain state equations described a 0 0 0
follows ~ ~ ~ ~ ~ 0 0 0
1(1) = cos(Ea (1))64(1) — sin(E(1))é (1 B [ Y
1(t) = 3 sin(&s(t))&s(t) d d do-
Ea(t) = sin(§3(t))€a(t) + cos(&3(1))Es(¢) di dji djj

(t)
&s(t) =&e(1)
&a(t) 701151( )+ a12&2(t) + a13€3(t) + b11&4(t)

+b1285(t) + b13&6(t) + diru(t) + diausa(t)
_ +dizus(t) + diiwr () + diswa(t) + disws(t)
&s5(t) = ao1&1(t) + aa(t) + a3és(t) + ba1éa(t)
+02285(t) + base(t) + darur (t) + dazua(t)

Remark 1: Note that the measured outpy(t) is described
asy(t) = C1£(t) instead ofy(t) = C1;£(t). In fact, when
dealing with observer-based controller design, an equalit
constraintJCY; = C.J is usually introduced with/ and
J denoting unknown matrices. This equality constraint leads

4

) +d25ud (t) —+ dglwl (t) —+ dQQCUQ (t) —+ d23(.d3 (t)

§6(t) =az1&1(t) + az282(t) + azz&z(t) + bar€a(t)
+b3285(t) + b33&e(t) + dziua(t) + dsaua(t)
+d35’u,3 (t) —+ d31w1 (t) —+ d32W2 (t) + d53W3 (t)

to much difficulty for designing the observer-based coterol

Thus, this paper choosé€s; = Ci.
From the definition of A;,

Wi (6:1(t))
Wia(62(t))

one can conclude that
Wa1(01(t)), Ws1(01(t)) Wi (01(1)),
= W32(92( )) ng(eg( ) W42(92(t)). Note

Without loss of generality, suppose that the yaw ang|g;

¥(t), which is also known ags(t), varies between-¢ and
5 and letd,(t) = sin(&3(t)), O2(t) = cos(&3(t)). Then

Wi (01(t))
W (6:(t)

() =1

Wi (0
)~ Wt (61(1)) = 611 ©)



4 IEEE TRANSACTIONS ON CYBERNETICS

Then one has Note that no communication network is introduced between
Wia (61(1)) = War (61(£)) = L + 61(¢) the observer and the controller. It is reasonable to asshate t
7 : :
War (61(8)) = Waa (61(8)) = % — 6y (t) (7) premise variables of the fuzzy observer and the controtier a

the same. Then the observer-based fuzzy control law can be
Similarly, represented as

Wia(0a(t)) = Wiz (02(t)) = —3 — 2V/3 + (4 4 2v/3)6a(1) Cte A i h PN
Waa(0a(t)) = Wig(@g(t)) =4+ 23— (44+2V3)0(t) o %rét'(loller Rulel: IF 0;(t) is W;; andfy(t) is Wiy

From (5), one can derive the following T-S fuzzy DPS at) = Ki(t) (12)
4 - - - whered; () = sin(&s(t)) andfy(t) = cos(&5(t)) are premise
§(t) = 22 hi(0())[A:€(t) + Diu(t) + Dicw ()] variables,W;; and W, are fuzzy sets] = 1, 2, 3, and 4;

<
I
A

-4 (9) K is the controller gain to be determined. Then the fuzzy
z2(t) = 21 hi(0(1))[C2:&(t) + Fiw(t)] controller is
y(t) =Cré(t) . 4. .
a(t) = > ¢u(0(1)) Ki&(t) (13)
where =1
hi(B(t)) = —2PW) 9. (6(t)) = Wit (61(t))Wia(62(t))  where the definition fors; (4(t)) is similar to that ofg; (4(t)),
2,956 here it is omitted for brevity.
4 In what follows, we turn to network-based modelling for
hi(0()) 20, 32 hi(8(1)) =1 the UMV.

= Throughout this paper, we consider the case that the UMV

Remark 2: As observed from (5), a different variation SCOP@n the remote control station are connected through com-
of the yaw angle)(¢) will lead to different A;. This paper mynication networks; there exist packet dropouts, network
assumes that the yaw angl¢t) varies between-§ and§. I inqyced delays, and packet disordering; if packet disimgder
a different variation scope for the yaw anglet) is chosen, qccyrs, the latest available data packets will be utilizgd b
the corresponding T-S fuzzy DPS is also different from (9) ifhe observer or the actuator, and disordered packets wil
this paper. o . be dropped; the sampler is time-driven, while the observer-

Since communication networks are introduced betwegsed controller and the actuator are event-driven; theatmt
the UMV and the observer-based controller, the premig¢ chosen as the zero order hold which is connected to
membership function structure of the observer may Rge propeller and thruster system; the sampler, the observe
different from that of the fuzzy system (9). Thus, it iSyased controller, and the actuator are assumed to be clock
of paramount importance to construct an observer-basgghchronized. The networked structure for the T-S fuzzy DPS
controller under imperfect premise matching. The rule @ thyt 3 UMV is presented in Fig. 2, where the UMV is the C-Stat
observer is given as follows station keeping vessel of ASV Global in United Kingdom.

Observer RU'@ IF él(t) is le andéQ(t) is ng

THEN =
{ £0) = Lé() + Dya(t) + LG - 9()) (40

l

¢
y(t) - Clg(t) Communication Communication
~ ~ ~ ~ network network
wheref); (t) = sin(&§3(t)) anddz(t) = cos(&3(t)) are premise Remote conto staion
VariableS,le and ng are fUZZy sets; = 1, 2, 3, and
controller

4; £(t) is the estimated observer staig/) is the measured
output received by the observel,; is the observer gain to Fig. 2.
be designed. The global dynamics of the observer can be

described as

Networked structure for the T-S fuzzy DPS of a UMV

Fig. 3 depicts the signal transmission for the UMV sub-
2 4 N ~ A ~ B R ject to sampler-to-controller and controller-to-actugiacket
{ £() :J; 5 (0()[A;€(t) + Dja(t) + L;(5(t) — 5(t))] dropouts, network-induced delays, and packet disordering

g(t) = CLé(t) where the solid lines denote successful data packet transmi
(11) sion, while the dashed lines and the dotted lines denotespack
where dropouts and packet disordering, respectively.
R 9,(0(1)) o L o As observed from Fig. 3, sampled data based on the
9;(0() = +—"—, U;(0(t)) = W;1(61(t))Wj2(62(t))  measured outputs at the instartish, tpi1h, --- (k =
E{ﬂsw(t)) 0, 1, 2, ---) are transmitted to the receivers successfully,

4 . . ~ ~
5 5 o hile the data sampled at the instantigh and tx2h are
J(6(1) >0 J(6(1) =1 w
03 (6(t)) 20, j; 03 (6()) dropped due to communication network unreliability and
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packet disordering, respectiveli; denotes the length of thewhere
sampling periodp— 1 denotes the upper bound of consecutive

packet dropoutsy;¢ and 7, denotes the length of sampler- 1 A +DK1 L;Cy 0 M. — 0 0
to-controller and sampler-to-actuator network-inducethys, L A; — DK+ L;C,  A;|’ *~ |DK, 0]’
respectively;7* is defined asr, — 72¢; 7,50 < 72¢ < 737, LG,  L.Cy _ 0] ~

“a ~a -a sc “a .= J J = ~ =
Tt <1t <18t T < e < T, WhereT,w > 0, 75 > 0, 35 [chl chl] D [D} , 1 [I I]

Tm > 0, andr,, = 75¢ + 75

Remark 4: Note thatD, = Dy = D3 = Dy = D. Then

Wi, fealt ¥ Ty D; (i =1, 2, 3, 4) is written asD in (16) and the followed
vy '\\ ________ — expressions for brevity.
controller ... Y TNa \ ol If communication networks are introduced between the
achuator \‘\ R ! \ UMV and the observer-based controller, it is natural to take
th o ih B,k teah } into account the imperfect premise matching. However, this
5 b will lead to increased computational complexity inevitgabl
th+oy leah+ 7 which statement is verified by the stability criterion in

Theorem 1. Without loss of generality, we turn to consider
the case of premise matching, and the rule of the observer is

described as
Thus, fort € [tph + 73¢, trp1h + 735, ), the measurement

Fig. 3. Signal transmission for the UMV

output utilized by the observer is described as Observer Rule: IF 6, (t) is W;; andfy(t) is Wig
THEN
g(t) = y(teh) (14) _
_ _ §(t) = A(t) + Da(t) + Li(y(t) — 9(t)) (17)
Fort € [tph + Tk, txr1h + Tr41), the control input available g(t) :Clé(t)

to the actuator is

where 04 (t), 02(t), W;1, and W;» are the same as the cor-
u(t) = a(tih + 75°) (15) responding items in Plant Rule £(t), %(t), and L; are the
same as the corresponding items in (10). The global dynamics

Remark 3: Note that fort € [tjh+ 7, txi1h+7e41), the Of the observeris described as
measurement outputs available to the observer are variable 4
Then one should choose an appropriate measurement out utg(t) Z (O]

Aj(t) + Dat) + L (5(t) - 9(¢))]

for the observer. At the instant.h + 7., the measurement 1

outputs utilized by the observer may be sampled at instanfs 9(t) = 5( )

txh, tkh+h, -, tyh+ |3 ]h, where |3k | is the largest a(t) = KE(t)

integer smaller than or equal 9. A S|m|lar conclusion can (18)

be drawn for the instarti, ; 4+ 741. When the control input Where the definition of.;(6(2)) is similar toh;(6(t)) in (9).
a(tyh+7°) is received by the actuator at the instapt- 7, Motivated by the networked T-S fuzzy DPS in (16), one can

the actuator sends an acknowledgement signal to the olbsergstablish the fuzzy DPS under premise matching as follows

based controller. The acknowledgement signal is assigmed t

highest transmission priority and its network-inducedagisl '( £)

are negligible. Thus, fot € [txh + 7%, tp41h + Tr41), the

S ha(6(2))h; (6(0) M)

Jj=1

I
M»

@
Il
i

observer can choose to use the measurement oytput) as +H2€(t 7(t)) + 3;€(t — d(t)) + Dw(t)]
its input. 4
Defined(t) = t—txh andr(t) = t—tyh—73°. Then one has () _Z; ha(BWO)Ca E(E) + Fuo(0)]
d(t) € [d, d) andr(1) € [r, 7) with d = 7, d = oh + 7, (19)
T =75, and7 = ph+7y —75¢. Define(t) = £(t)—£(t), and  Where

£(t) = [€7(t) €7(t)]". The following networked T-S fuzzy
DPS can be established readily 1, — Aj+ DK — L;C 0 10, — {ﬁ 0}
ij — )

Ai— A; — DK + L;C, A, ~ |DK 0]’
. 4 4 4 4 . R L.Cy L.Cy _ 0 ~
hi(0(t))o,; (0(t 0t 3 = J J = |~ =
{0=5 2 3 3 oo ()ao() I, LWI%MLD{AJ 1]
¢ (0(t — 7(t))) 1308 (t) + as&(E — 7(1))
+I3;6(t — d(t)) + Dw(t)] Note that sampler-to-controller and controller-to-atbua
4 ~ network-induced characteristics are taken into full cdesi
#(t) = Z hi(0(t))[C2:1€(E) + Fiw(t)] ation in closed-loop systems (16) and (19). If one considers

1

<.

(16) only controller-to-actuator network-induced charactics, the



global dynamics of the observer in (18) reduces to

AjE() + Dalt) + Ly(y(t) —§(1))]

§(t) = Cué(t)
alt) = KE(t)

(20)
where h;(0(t)) is similar to h;(6(¢)) in (9). Then the net-
worked T-S fuzzy DPS in (19) is converted to

Mu;

S ha(0(2))h; (6(0) [Ty (1)

J=1

£(1)

<,
Il
-
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t t—1

EOmEds+ [ Rae(s)ds

t—T

‘/S(tv gt)

—r

/t
worf L
e

andgt = g(t+§) with g e [tohﬁ*’]’ofmal'{’l_', J}, t()h+7'()],
while P, Q1, Q2, R1, Ro, R3, R4, S1, and Sy are symmetric
positive definite matrices of appropriate dimensions. W& no

t—d B
Reg(ds + [ € RE(s)ds,
t

—d

0)S1€(0)dfds

0)S&(0)dods

JZHQS(t 7(1)) + Dw(t)] (21) state and establish the following stability criterion fdret
2(t) =32 hi(6(t) [02115( ) + Fiw(t)] network-based system (16).
i=1 Theorem 1. For given scalar:zrf,f >0, 70 >0, 7ar >0,
h >0,0>0,v>0, o0, € [0, 1], membership functions
where om0t —7(1))) and ¢, (0(t)) satisfying o, (O(t — 7(1))) —
Dm0 ( )| < o, and matricesL; and K of appropriate
i, = A; + DK L;Cy dimensions, the network-based s fuzzy DPS (16) is asymp-
Ai—A; — DK A; — L;Cy totically stable with anH,, norm bound~, if there exist
0 o] = 0 symmetric positive definite matrice3, Q1, Q2, Ri1, Rs, R3,
Il = {5[( 0} , D= [5} = [ 1] Ry, S1, So, and Z;j; such that
andr(t) € [m, ™), wherer; = 5%, 7% = ph + 75¢ Lijim + Sijim + Zijt > 0 (23)
Remark 5. Note that the T-S fuzzy-model-based dynamic 4

positioning of a marine vehicle is investigated in [22] bynas

Lijjs + Eijjs + Z om(Lijjm + Zijjm + Zijj) <0 (24)

a state feedback fuzzy controller. In this paper, we comside
an observer-based output feedback fuzzy control for dyoami
positioning of a marine vehicle in network environments. As
a consequence, network-induced characteristics are tat@n
account to establish network-based models and then investi
gate the stability analysis and controller design for neked

T-S fuzzy DPSs. The proposed modelling and observer-basetderei, j, I, s, m =1, 2, 3, and 4, and
output feedback fuzzy control schemes can be extended to dea

m=1

Fijls + Filjs + Eijls + Hzl]s + Z Um( ijlm + Filjm,

+Eijlm + ~—*zljm + szl + Zzl]) < 0 j<l
(25)

with general T-S fuzzy systems. Ty = Fl,):jls 11:2
3
Eijts =Ul1j1eOU1i51s + 7 Ui Usi,
[1l. STABILITY ANALYSIS FOR NETWORKED T-SFuzzY [T, 0 0 0 0 I[P T3]
DPSs *x I'?2 0 0 0 I 0
* ¥ I3 0 0 I3 0
In this section, we analyse stability of network-based T- T'1ijis=| * « = T* 0 0 T |,
S fuzzy DPSs (16) and (19) for the UMV. In doing so, we * * * r*s o 1
construct the Lyapunov-Krasovskii functional as k% % x I 0
| * * * * 0 I ]
g _ [ % 9 9 0 0 PD]
V(t&) = Vit &) (22) 0 0 &% 0 0 0 o0
= 0 0 0 S 0 0 0
where Fo=| 0 0 0 0 S 0 0 |,
0 0 0 0 0 S 0
Vi(t,&) =€ (1) PE(), L0 S 8 0 000
B ¢ . L 0 % 0 0 S S 0 |
Va(t, &) =(7 — 7(t / £ (5)Q1&(s)ds , 120, 120, 125,
t—7(t) I's =diag{———, — ——=, — = ,
t T d T—T
+(d— d(t))/ ET(5)Qo€(s)ds, 125, 125, 125,
t=d(t) T o Taa a-a
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4 4
2]1 =PIl + le]lP — % — 222 Ri + Rs, where
201 2Q2 o1 1 1
16 17 — “T.. “T..
[ =Pl — —=, T} = Plly; — —=, Ty =30 + 505 + 5T,
2 Ry, Ry - 45, R __251 7 Ly = [Udzj Usij Uiiij 1U3ij Uz, L
T—T T—T s =diag{—(7—17)" Q7 ", —(T—1) 5],
e 4 an 2 - 14— - 1o
N R (A= d7QY, —d-d)Sy, —AT),
e ¢ Hlij 0, ,0 11, H3J‘ 07 ,0 D
44 _ 45y ur 25 Usij = —_—— —_—— ;
I'"* =Ry — R3 — = s I =—= ) ! 4 6
d—d d—d ~
% - R, 45, ’ 57 _ _ 252 7 UQZ-[C%I ISRy 1 1,
d—d d—d 12
pes _ _ 4Q1 85 T _4Q2 85, , while T;; is derived froml';;;, in (26) by substitutinglly;;
T T—T d d—d andIly, with II;;; andII, in (19), respectivelyl;; andT's ;;
g = 651 g = fiSQ are derived froml';; and Iy ;;, respectively, by substituting
T—1 d—d’ the subscripyj with ¢; I';; andI'y j; are derived froni’;; and
. My 0, -+, 0 Ty T3y 0, .0 D I'y.;;, respectively, by interchanging the subscriptsnd ;.
Lijls = — T ’ Proof: By combining Theorem 2.2 in [43] and the proof of
o7 0 0o Bl -~ Theorem 1 in this paper, one can derive the stability cateri
Uy = [ z i i ‘I, I= [I I} , presented above. The detailed proof is omitted here forityrev
12 This completes the prooll

O=(F—-1)(Q1+S1)+ ([d—d)(Q2+ S2),

(26) IV. CONTROLLER DESIGN FOR NETWORKEDI-S FUZZY

while I';j,,, and =y, are derived froml;;;, and 2., re- DPSs
spectively, by substituting the subscripivith m; I';j;5, Zijjs,
Fijjmn Eijjmi and Zijj are derived fronTile, Eijlsr Fijlmi
Zijim, and Z;;;, respectively, by substituting the subscrip
U with j; Tijs, Zigs, Lijm, Zijm, and Zy; are derived
from Tis, Ziitss Liiim, =iitm, and Z;;;, respectively, b -

gler =agls - aglmy Sl at P Y B Theorem 3: For given scalars® > 0, 75¢ > 0, 7y > 0,

interchanging the subscripgsand!. m = m
Proof: See the Appendixal h >0, 0>0,~v >0, the network-based T-S fuzzy DPS (19)

Remark 6: Note that the assumptiofw,,, (f (t — (1) - is asymptotically stable with af ., norm boundy and the
M . T y— .
b (B ( )| < o, is introduced in the proof Theorem 1. Ascontroller gainkK = V; J~1, and the observer gaih; =
discussed in [35], considering the asynchronous d|ffesrenE2a , if there exist symmetric positive definite matricés
between the normalized membership function of the cortgoll @1 Qs, Ri, Rs, Rs, Ry, S1, and S, matricesVy, Va;, and
plant and that of the controller will lead to less consesmti -/ such that

This section is concerned with controller design for
petwork based T-S fuzzy DPSs of the UMV.

We state and establish the following controller design cri-
terion for the closed-loop system (19).

Thus, the stability criterion in Theorem 1 is expected to Ty Fé,u‘ 1 <0 (29)
provide good dynamic positioning performance. On the other x Iy
hand, the T-S fuzzy systems and the stability criterion in B N B B
Theorem 1 of this paper are totally different from those in reem Taui Tagy Tag
[35], the comparison between this paper and [35] is omitted. * 30 0 0
If the networked T-S fuzzy DPS (19) under the premise % « 9T 0 <0 (30)

matching is considered, the following stability criterios
followed immediately.

Theorem 2. For given scalars;* > 0, 7 > 0, 7as > 0, JoT =cTJ (31)
h > 0, 0 > 0, v > 0, and matricesL; and K of
appropriate dimensions, the network-based T-S fuzzy DB} (Where

is asymptotically stable with ai/, norm boundy, if there B [~ =~

* * * 2f5

. . . . . 'y T
exist symmetric positive definite matricés Q1, @2, R1, Ro, I = Lij fQ ,
R3, R4, Sy, and Sy such that the inequalities (27) and (28) . 3
hold for 1 < i # j < 4, r rzljl 0 0 0 0 T F]l? 7
Fii F4,ii * F22 0 0 0 F26 0
[ * I ] <! @7 * o« I 0 0 I’ 0 (32)
- T . — To44 747
Tij Tasi Tagy Taji D=1+ = = '™ 0 0 T ’
* 350 0 e I
* * 2T 0 <0 (28) * * * * x  I66 0
* * * 2T | x * * * 0 I |
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1
D
§>z
D
1

V]

> 5 0 0 0 0 D diag{P~', ---, P7', I, ... I} and its transpose,
0O 0 S 0 0 0 0 —_— —
~ 0o 0 0 5 0 0 0 and pre- and post-multiplying both sides of (28) with
L= 0 0 0 0 S5 0 0, diag{P~", ---, P71, I, ... I} and its transpose,
Q 0 0 0 0 Sy O —13_/ T
oty 0 S S 0 0 0 supposing that there exists a matixsuch that/CT = C{ J,
o o v s s ol s e Rk
~ ~ > 1 - L1 2 - 2, 3 - ‘13
Ty —digg{— 121 _ 122 1250 PRP = Ry, PISIP = 81, PSP = 8,
T d T-T JKT = Wi, JL] =V, and considering that
B 12517 B 1_252, B {2527 ey —Q1 < Q1-2Y, —Q;' £ Q2 -2, —S7" < S 27,
T—T d—d d—d —S; 1 < S, — 27, one can see that if (29)-(31) are satisfied,
- 4Q7  4Q- - the stability criterion in Theorem 2 is also satisfied. This
T

jj =Hu; + Hij; — = 4 " Ry + R, completes the proofll

o 2@ _ 2@2 It should be mentioned that the equality constraint in (31)

=gy - — T} =HJ — 7 induces some difficulty for numerical calculation. We tuon t

T ~ ~ eliminate the equality constraint in (31). For the matfiX of

2 =Ry — Ry — 7451 , 26 = f?ﬁv full column rank, there always exist two orthogonal matsice

ToT T X e Ro*% andY e R**3 such that
~ ~ 4S5 o~y 25,
Fd(j:*R o dezi— Ty Xl T . b
- o1’ xcly = |3 efy = (33)
I =R, — Ry — ,452 T4 = - ,252 , where X; € R3*¢ X, € R3*6, & = diag{a1, az, az},
~d —d ~d —d anda;, az, as are nonzero singular values 6f'. By using
055 _ R, 45, 55T 25, Lemma 2 in [44], one can conclude that if the matrixcan
L d—d’ be written as
~66 4@1 85, = 4@2 85, Juu 0
;66 — _ _ 77— 22 S J=xT X =X{JuX1+X]JnX, (34
= P p] i—d 0 Jy 1JXa + X5 JaXe  (34)
g - 651 g, — 652 where J;; and Joo are symmetric positive definite matrices
LT L d’ with appropriate dimensions, then there exists a nonsamgul
= ~ ~ ~ ~ ~ matrix .J such that/CT = CTJ.
T i.:[ i 1 1
i Usij - Usig U3f Usij Uz B Based on Theorem 3 and the statement presented above,
Ts =diag{(7 — )" *(Q1 — 27Y), (F — 1)~ *(S1 — 2Y), one can derive the following observer-based controlleigmes
d—d)" Qs —27), (d—d)""(Sy —27), —~I}, criterion.
(_ 4" (Q: ) d)= (% ) _7£ Corollary 1: For given scalars® > 0, 75¢ > 0, 7ar > 0,

Ui = H}; 0, ---,0 Hy Hj 0, ---,0 D] h >0, 0> 0,~ > 0, the network-based T-S fuzzy DPS

Y " 5 " (19) is asymptotically stable with af., norm boundy and
~ T . 17 the controller gaink = V;T' (X{J11 X1 + X7 J52 X)L, and
HE o0, .0 F _ 14 _ _

Uz = —_— ; the observer gainl; = V,[Y®J;'®~ YT, if there exist
~ _ 1~ 2 1~ symmetric positive definite matrice$;;, Ja2, Q1, Q2, R,
L™ =gl + 5Ty + 5T T = diag{J, J}, Rs, R3, Ry, S, and Sy, matricesV;, and Vs, such that

A A 0 »DT I T
Hy; = 0 JZ,-T] , Hy = [0 10 , Uiig Tagiig <0 (35)
L i * F5,J
g [Crvy —ctvy) L [ICH o
3= CTVo;  —Ci Vo w ek U557 Tasig Taijs Tajig

Ay =JAT + VDT — TV, « Blsg 0 0 1o (30)

. ~ ~ or 0
N AT - AT B DT Te, * * 5,J ~
2 J i J j Vi + Cl VYij * * * 2F5,J

- _ _ - - _ where Ty, i, Ds., ffj‘{’,?, T4y, and [y ;s are
while T';; gnd_l‘47ii are derlveq fronf_t‘ij and~1“4,ij, respectlvely, derived fromf“-, f4 o f5, fzq](?m’ f4 " andf4 51N (29)-(30),
by substituting the subscripf with &; T';; and 'y j; are reqpectively, by substituting with X7 711 X1 + X Jaz Xo.

derived fromI;; andI'y,;;, respectively, by interchanging the it the networked closed-loop system (21) is investigated, t

subscripts: and ;. o A controller design criterion in Theorem 4 is followed regdil
Proof: Let P = diag{P, P}, and P7! = . Theorem 4. For given scalars;* > 0, 75f > 0, h > 0,

Pre- and post-multiplying both sides of (27) witho > 0, v > 0, the network-based T-S fuzzy DPS (21) is
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asymptotically stable with arf/,, norm bound~y and the
controller gain K = V(X1 J11 X1 + XT Ja X5)™
LY ®J; e~y T, if there exist

the observer gairL;

symmetric positive definite matrice&;, Jo2, Q1, Ri, Ro,

and S, matricesV;, and

Va; such that

Ty fG i
2 <0 37
[ v ] @37
rgom f(yz‘ fG,ij fG,ji
o 3 00 g (38)
* * 2I'; 0
* * * 2I';
where
[T 0 o TW T® 0 0 D ]
« 2 0 I o I 0 0
« % DB DM o0 0 I 0
; N " + 44 145 a6 paT
ij = 55 ’
* * * * I 0 0 0
* * * * 166 0 0
* * * * « 177 0
| * * * * x  —l
) 4Q 2Q
1_‘21]1 H5Z] + Hg;] Q + Rh F14 HT 31’
e 601 - ~ - 45, - 25
p1s 061 F22:R2—R1— —, D=
T TV —T7 TV — 7
f26 _ 651 7 f‘dd _ 7]"%' . 451 7 f34 _ 275&’
T — T T =T =T
P37 _ 651 e _4Q1 _ 8751 45 — 6;Ql
7'“le7 TU T“—Tl7 Tu '’
pao par = 091 s 1201
T — 7 TY
A 125, = = o
[66 =77 = — - L g5 = [U4ij Usij U5i:| )
T — T
Ty =diag{ (" — 7)1 (Q1 — 27),
(Tu - Tl)_l(Sl - 2T)7 - ,7]}7
Uw;=[HL, 0 0 HI 0 0 0 D]
T
Usi = Hii 0, . 0 FZ} ;
L 6
com 1 1 1. ; 7T
F” :g_ru —+ EF” + §Fji; T = dzag{J, J},
o _[FAT Wb AT - JAT -7
o CT Vs JAT —CTVay |7

j:XlTJHX1 + X2TJ22X2;

L and

fuzzy DPSs (19) and (21) are investigated in Corollary 1 and
Theorem 4, respectively. The proposed design methods can be
extended to investigate the system (16), and the corresppnd
result is omitted here for brevity.

V. PERFORMANCE ANALYSIS AND DISCUSSION

In this section, we show the effectiveness of the proposed
observer-based dynamic positioning controller designttier
network-based T-S fuzzy DPS (21). In fact, the dynamic
positioning controller design scheme in Corollary 1 is also
applicable. The detailed performance analysis correspgnd
to the design scheme in Corollary 1 is omitted here.

Choose the matrice®/, N, andG in the system (1) as (see
[4], [22])

[1.0852 0 0
M= 0 2.0575 —0.4087] ,
|0 —0.4087  0.2153
[0.0865 0 0
N = 0 0.0762 0.1510] ,

0 0.0151 0.0031
[0.0389 0 0
G = 0 0.0266 0
0 0 0

Noting thatA = —M~'G, B= -M~'N, D = M~"', one
has

[—0.0358 0 0
A= 0 —0.0208 0],
0 —0.0394 0
[—0.0797 0 0
B= 0 —0.0818 —0.1224] , (39)
0 —0.2254 —0.2468
[0.9215 0 0
D= 0  0.7802 1.4811
| 0 1.4811 7.4562
Without loss of generality, let
Coy=[05 1 0 01 0 —0.7],
Cop=[1 0 1 21 —-16 0],
Cys=1[02 0 2 1 0 -0.8],
Coyy=[-1 0 =07 0 1 06],
F =08 1 03], =[1 -1 2], (40)
F3 =[06 1 705], 4=[1 0.9 -2],
100100
C, =10 1 00 1 0
001001

For Theorem 4, letr5¢

=2.

By using matrix singular value decomposition and from
(33), one has

0s, T3¢ = 0.03s, h = 0.02s,

while H> and Hy; are the same as the corresponding |tems In

Theorem 3; F“ and F6 i

are derived frorri‘u and T, ;;,

spectively, by substltutlng the subscriptvith ¢; F]Z andF6 i

are derived fronT” andl'g .ij» respectively, by interchanging

the subscriptg and ;.

Remark 7: Note that observer-based controller design,

—0.7071 0 0 —0.7071 0 0
X1 = 0 —0.7071 0 0 —0.7071 0 s
0 0 —0.7071 0 0 —0.7071
—0.7071 0 0 0.7071 0 0
Xo = 0 —0.7071 0 0 0.7071 0 s
0 0 —0.7071 0 0 0.7071
—1 0 0 1.4142 0 0
Y =10 —1 0|, &= 0 1.4142 0
0 0 —1 0 0 1.4142

which can stabilize states of the UMV, for network-based T-S
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g. 8. The responses of state error between the UMV and theredr. (a),
Suppose that the initial state of the closed-loop system (2(&) and (c) are corresponding £a(t), £5(t), and e (t), respectively.

isé(t) =01 —0.1 0.2 —0.2 0.3 =03 000 0 0 0]
The disturbance of surge, sway and yaw motiong), w2 (t),
andws(t) is given as

wi(t) = 0.27F1(s)N1(t)N2(2) 0.26 and K> = 0.8; e; ande, denote the damping coefficients
wa(t) = —0.6co0s(1.6t)e 12 with e; = 0.2 ande; = 1.7; o1 ando, denote the encountering
ws(t) = 0.58F5(s) N3 () Na () wave frequencieg v_vithrl = 1.3 qnd g2 = 0._9; Ny (t) and
Ns(t) are band-limited white noise with noise powers 2.69
where Fi(s) and Fy(s) are shaping filters described by
2+2£L;115&+02 and 2+22;225&+02, respectively;K,,; and K,
denote the dominate wave strength coefficients Wity =

(41)
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Fig. 9. The responses of observer state. (a), (b), and (cyaresponding

Fig. 6. The responses of the yaw angle and yaw angular wglocit to &1 (t), £2(t), and&s(t), respectively.
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and 1.56, respectively; while 02 ‘ ‘
H
1, te€[0s, 6] g o
N2 (t) - . E; \ L I L L L
07 OtheT’U}’Lse -020 5 10 15 20 25 30 35
(@)
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E RIS N - e ] Fig. 12. The responses of the disturbance. (a), (b), andéca}@responding
E-oz v | | | | to the disturbance of surge motiam (¢), the disturbance of sway motion
° B 10 oy " » %0 * wa(t), and the disturbance of yaw motiam (t), respectively.
% 05
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Eosl V. ‘ ‘ ‘ ‘ ‘ VI. CONCLUSIONS

The networked modelling, stability analysis, and observer
Fig. 10. The responses of observer state. (a), (b), and écyaresponding based controller design for the T-S fuzzy dynamic positigni
to £4(t), €5(t), and&g(t), respectively. system of a UMV subject to wave-induced disturbance have
been investigated. Network-based T-S fuzzy models for the
DPS have been established by making full use of the variation
scope of the yaw angle, and the sampler-to-controller and
controller-to-actuator network-induced charactersst& novel
stability criterion has been derived by taking the asynobrs
difference between the normalized membership functiohef t
UMV and that of the controller into consideration. The pro-

The force provided
by tunnel thrusters
L b o 0w~

Y , posed observer-based controller design has been shown to be

. : = = = g = . effective in providing good dynamic positioning perfornean
3: . © Future research includes network-based filtering [26]] [45
EE o5 A 1 for the T-S fuzzy dynamic positioning system of a UMV in
22 R W W\ e network environments.
2 08, ; 1‘0 1‘5 z‘u 2‘5 3‘0 35

©
Time (s)
APPENDIX

Fig. 11. The responses of the control forces and moment gedvby the
thruster system. (a), (b), and (c) are corresponding todteet:; (¢) provided
by main propellers, the forcex(t) provided by tunnel thrusters, and the
momentus (¢) provided by azimuth thrusters, respectively. Taking the time derivative of the Lyapunov functional

Xo(t,g_t) given in (22) along the trajectory of the system (16),
we have

PROOF OFTHEOREM 1

The number of packet dropouts and the network-induc
delayst, vary stochastically.
The responses of the UMV state are given in Fig. 4, Fig. 5,
and Fig. 6, from which figures one can see that the proposed ) ~ .
dynamic positioning scheme can guarantee satisfying perfo Vi(t,&) = 267 (1) PE(t) (42)
mance for the UMV. The responses of state error between
the UMV and the observer are presented in Fig. 7 and Fig.Applying the Wirtinger-based integral inequality [41] 2}
8. In fact, the observer-based dynamic positioning colatrol one has
design scheme can provide a small state error between the
UMV and the observer, which is verified by Fig. 7 and Fig. Va(t, &)
8. The responses of observer state are described by Fig. & (7 — 7(1))E7 (1)Q1£(t) + (d — d(t))EX (£)Q2£(t)
and Fig. 10, while Fig. 11, and Fig. 12 present the responses ¢ ) ) ¢ ] )
of the control forces and moment provided by the thruster —/ E7(5)Q1€(s) —/ £T(5)Q2€(s) (43)
system, and the wave-induced disturbance, respectivegn E t=7(t) _ t—d(t) _
if the wave-induced disturbance is imposed on the UMV, the < (7 — 7)¢7 (£)Q1£(¢) + (d — )& (£)Q:E(t)
control cost is still acceptable. This statement is verifi
Fig. 11 and Fig. 12. P e - ;QTQlCl - ;CzTQléb - %C§Q2C3 - %Q;TQ2C4
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Va(t, &)
*ET() 1€(t) + & (t — ) (Ry — R)E(t — 1)
EN(t = T)Ro&(t — 7) + £ (t) Ra&(t)

t—

7 t
€1t — d)(Ra — Ra)§(t — d) — & (t — d)Rag(t — d)

(44)
Similar to the inequality in (43), we have
Va(t, &)
< (7~ r>§ (DS1€(1) + (d— DET (1)S2(1)
- 351G — LCeTlecs - C7TSlC7

(45)

3 3
- T—CgTS1C8 - §9 S2Go — C1052C10

d—
C1152C11 C1252C12

t—7(t)
G=E(t—T(t)+E(t—7T) — #/t &(s)ds,

-7

t—d
Cro =€(t — d) + &(t — d(t)) — ﬁ / o s

) ) t—d(t)
Cua =€t — d(t) + E(t —d) — — 2 / E(s)ds

d—d(t) Ji_gq
(46)

Define
n(t) =
E7@t), €t —x), E(t—7 ET(t ), £(t - d),
(- 7)., €t - (). t) £ (s)ds

T t—7(t)
1 t t—1
%/t—d(t) tT(t) (

) H(t)T a
- L d
T—7(t) /H < le)s, d(t) —d/taz(t)f (e)ds,

t—d(t)
Jld(t) /d £ (s)ds, W (B)]".

IEEE TRANSACTIONS ON CYBERNETICS

Then we obtain the following inequality

vt &)Jr’y_lzT(t) (t) =y’ (Hw(t)

<ZZZZh )b (0(1) s (Ot — 7(1)))

i=1 j=1[1=1 s=1
0" ()[Tijis + Eijisln(t)

(47)
wherel';;;s and=;;;s are the same as the corresponding items
in (26).

Note that the right side of the inequality (47) can be
rewritten as

=D D> > hilb 1)1 (0()) 65 ((1))
i=1 j=11=1 s=1

4 4
77T (t)[Fi]la ‘—‘Z]lé + Z Z Z Z hz

i j=11=1

65 (0(0) a1 (0()) (05 (Ot — (1)) — 65(8(1)))
UT(t)[les + Zijis + szl] (t)

—

(48)

By assuming thafe,, (0(t — 7(t))) — ¢m (B(t))| < o, ONE
can see that
4

ZZZ > ha(o 1)1 (6(t)) (6 (Bt — 7(2)))

i=1 j=1l=1 m=1

- ¢m(9(t)))77T (O[T ijim + Eijim + Zijaln(t)

< ZZZZhz-w(t))@(é(t»@(é(t»@(é(t»
i=1 j=1 =1 s=1

O om(Cijim + Zijim + Zij)In(t)

(49)

A< Z Z DD hal8(8)e; (6(6)du(6(t)ds (B(1))

4
0" (O)[Tijis + Zijis + Z Om (Lijim
m=1

+ :wlm + Zwl)] ( )

4
ZZZ 0);(00)6.(0(1)

4
1" ()[Tigs + Zigjs + Y om(Tigm
m=1

+ :UJm + Z’L]J)] ( )

+ZZZZh £)du(6(1))0s (8(t))

i=1 j=1s=1 j<l
4
0" (O)[Tijis + Tirjs + Zijis + Zitjs + Z om(Lijim
m=1
+ Litjm + Eijim + Sitjm + Ziji + Zuj)n(t)
(50)
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From the inequalities presented above, one can conclyelg S. Muhammad and A. Doria-Cerezo, “Passivity-baseatrob applied to

that if the inequalities in (23)-(25) are satisfied, tHéft, &)+

v 12T (t)z(t) — yw'(Hw(t) < 0. Based on the definition |,
for H., performance, one can get the stability criterion in
Theorem 1. This completes the pro®.

[23]
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