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Abstract: This paper addresses integral sliding mode output feedback fault-tolerant control (FTC)
of unmanned marine vessels (UMVs) with unknown premise variables and actuator faults. Due to
the complexity of the marine environment, the presence of uncertainties in the yaw angle renders
the premise variables in the Takagi-Sugeno (T-S) fuzzy model of UMVs unknown. Consequently,
traditional integral sliding mode techniques become infeasible. To address this issue, a control strategy
combining integral sliding mode based on output feedback with a compensator utilizing switching
mechanisms is proposed. First, a radial basis function neural network is used to approximate the
nonlinear terms in the UMV T-S fuzzy model. In addition, an integral sliding mode surface is
constructed based on fault estimation information and membership function estimation. On this
basis, an FTC scheme based on integral sliding mode output feedback is developed to ensure that the
UMYV system is asymptotically stable and satisfies the prescribed He performance index. Finally,
simulation results are provided to demonstrate the effectiveness of the presented control strategy.

Keywords: unknown premise variables; integral sliding mode; output feedback control; Takagi-Sugeno
(T-S) fuzzy models; unmanned marine vessels (UMVs)

1. Introduction

Unmanned marine vessels (UMVs) find wide applications across various domains,
including tourism, fisheries, pollution cleanup, and more [1-7]. Compared with manned
vessels, UMVs offer greater flexibility and adaptability. UMVs are influenced by distur-
bances in the maritime environment. These disturbances can cause vessels to deviate
from their intended course or even lose stability. With increasing demands for precision
and reliability in vessel motion, ensuring that vessels can perform various tasks stably
and safely becomes crucial. In the literature, there are some excellent research results,
including studies on sideslip angle control [8], trajectory tracking control [9], and heading
control [10]. Additionally, dynamic positioning (DP) control is also a highly regarded
research area, aiming to utilize thrust generated by its own propulsion system to counteract
external disturbances and retain a specific orientation at a designated location on the sea
surface, thereby fulfilling various operational functions [11-13]. DP systems can move
freely in different marine environments and working conditions, without being restricted
by anchor positions [14-19]. Alternatively, Takagi-Sugeno (T-S) fuzzy models boast robust
approximation capabilities, enabling effective approximation of any smooth nonlinear
function, making it an efficient method for nonlinear system modeling. Additionally, T-S
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fuzzy models are subject to examination within the theoretical construct of fuzzy logic
control, providing a flexible and effective tool for addressing control problems in complex
systems. UMVs are typical complex nonlinear systems; the T-S fuzzy model stands out as
an effective tool for designing controllers for such systems. Meanwhile, extensive research
was conducted on the DP control problem based on the T-S fuzzy model [20-22]. Ref. [20]
proposed a fuzzy controller design methodology to tackle the management of T-S fuzzy
models dealing with multiplicative noise within nonlinear stochastic DP systems. In [21], a
robust DP controller was developed utilizing T-S fuzzy models with H, control techniques.
In [22], a DP control scheme for UMVs was developed by using T-S fuzzy models. To
tackle the trajectory tracking control issue of DP vessels amidst modeling uncertainties,
environmental disturbances, and unpredictable velocities, ref. [23] combined performance
control techniques with adaptive fuzzy backstepping control methods to design a novel
adaptive fuzzy controller. In [24], a control strategy with high gain was given by combining
the adaptive fuzzy method with the auxiliary dynamic system, considering the unknown
parameters, unmeasured state, and saturated input of the ship dynamic model.

Despite that the aforementioned literature has yielded promising results, the controller
may fail to operate effectively in the event of actuator faults. When UMVs operate in harsh
marine environments, they are influenced by various uncertainties, including strong winds,
large waves, marine pollution, and so on. These uncertainties exert additional pressure and
loads on the actuators of vessels, making them more prone to failure. As noted in [25,26],
occurrences of actuator faults can lead to significant performance degradation or mission
cancellations. Fortunately, the fault-tolerant control (FTC) technology stands as an effective
control methodology for addressing thruster failures. FTC denotes a system’s capability
to maintain its fundamental functions even if specific components fail. The premise of
FTC lies in the system’s redundancy, with the key being how to pre-design and utilize this
redundancy effectively for fault tolerance. The approaches to achieve FTC mainly consist
of two design methods: active FTC and passive FTC. The design principle of passive FTC
aims to develop a fixed controller for anticipated faults, ensuring system stability and
control performance while rendering the closed-loop system insensitive to faults. Due to
the difficulty of implementing hardware redundancy in many practical control systems and
its limited fault-tolerant capability, passive FTC methods may be challenging. Therefore, ac-
tive FTC based on adaptive control methods is an effective approach. Its fundamental idea
is to utilize adaptive mechanisms to estimate faults online, providing fault parameter infor-
mation for controller design based on adaptive control methods [27-29]. Ref. [27] proposed
an approach for fault-tolerant tracking control in T-S fuzzy model-based nonlinear systems,
integrating integral sliding mode control (ISMC) with adaptive control techniques. In the
work presented [28], a novel nonlinear robust FTC law is introduced for position tracking
of a tilt tri-rotor unmanned aerial vehicle in the presence of unknown rear servo stuck
faults, parametric uncertainties, and external disturbances. Ref. [29] introduced a novel
approach for robust FTC of robot manipulators, employing an adaptive fuzzy ISMC and a
disturbance observer. Ref. [30] focused on actuator fault mitigation, external disturbances,
and actuator saturation in spacecraft. It proposed an FTC method based on adaptive
integral sliding mode (ISM) to mitigate these issues. Ref. [31] investigated the issue of
FTC for robots subjected to external disturbances, model uncertainties, and actuator faults.
It suggested a control approach utilizing adaptive higher-order super-twisting control in
conjunction with nonsingular terminal sliding mode. Ref. [32] addressed the DP control
problem of unmanned ships with signal quantization. It designs an integral sliding mode
FTC strategy [32-34]. We observe that the literature mentioned above suggests an integral
sliding mode FTC scheme assuming the measurability of all system states. However, in
reality, not all system states are entirely measurable. In such cases, designing an output
feedback-based ISMC strategy is crucial for effectively controlling the system and achieving
the desired performance. Ref. [33] suggested an FTC approach utilizing integral sliding
mode output feedback for addressing ship propulsion failures and signal quantization
concerns. An adaptive mechanism is employed to estimate fault information and upper
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bounds of external disturbances online. Ref. [35] investigated ISM output feedback con-
trol methods, ensuring disturbance attenuation in linear systems. Addressing the issue
of unknown state vectors, [33,36] designed ISMC with an output feedback component
for UMVs. To mitigate the impact of actuator faults and failures on the system, ref. [34]
proposed an observer-based fault estimation unit and designed an integral sliding mode
output feedback FTC strategy. Unfortunately, when employing the T-S fuzzy model, the
aforementioned results derived from the linear ship model become impractical. To the best
of our knowledge, the utilization of an output ISMC framework in UMV T-S fuzzy systems
has not been explored. Therefore, the main motivation of this study is to design the output
ISMC law solely based on output measurements in the T-S fuzzy UMV model.

The T-S fuzzy model divides the input space into various fuzzy subspaces and con-
structs local linear models within each subspace to approximate nonlinear functions accu-
rately. The ability to approximate complex nonlinear systems more effectively is facilitated
by the property of piecewise linear approximation inherent in the T-S fuzzy modeling
approach. In contrast with traditional methods, which linearize the model at a single
operating point, the benefits of the T-S fuzzy model are apparent. Furthermore, extend-
ing linear system control methods to address the control problems of nonlinear systems
based on T-S fuzzy modeling is another advantage. Leveraging these advantages, this
paper applies the T-S fuzzy modeling approach to UMV models. The application of this
method will provide more effective solutions for handling UMV DP systems in practical
and complex marine environments. As far as we know, although there have been some
excellent research results on the FTC of T-S fuzzy systems [14,22,37], ref. [37] suggested
an FTC strategy that combines T-S fuzzy integral sliding mode adaptation with He, per-
formance, addressing the effects of thruster faults and marine disturbances on unmanned
vessels. Ref. [38] proposed a fuzzy finite-time He mixed-trigger DP control strategy for
UMYV subjected to network attacks and ocean disturbances, utilizing a combination of
fuzzy state observers and hybrid triggering techniques. To mitigate the effects of actuator
faults and time-varying state delays on T-S fuzzy systems, a dynamic output feedback
FTC strategy was formulated, incorporating fault estimation observers [39]. To address
the simultaneous occurrence of sensor and actuator faults in nonlinear systems, ref. [40]
proposed a T-S fuzzy FTC scheme based on proportional-integral observers, enabling the
reconstruction of both sensor and actuator faults. Ref. [41] addressed the FTC problem of
underwater vessels with actuator failures. Based on event-triggered techniques, it proposed
a T-S fuzzy FTC method, aiming to ensure the efficient operation of underwater vessels
while minimizing the waste of communication resources. It is noteworthy to mention that
the aforementioned T-S fuzzy fault-tolerant controllers are all designed based on known
premise variables. However, due to the complexity of the marine environment, there exists
uncertainty in the yaw angle. In such scenarios, premise variables become challenging
to measure, rendering traditional fuzzy controllers based on known premise variables
ineffective. Fortunately, significant efforts have been made in addressing the problem
of unknown premise variables in T-S fuzzy systems [42-44]. Refs. [42,43] addressed the
challenges of fault detection and finite-frequency Ly—Le filtering in T-S fuzzy systems
with unknown membership functions, respectively. Ref. [44] investigated the decoupling
of nonlinear dynamics to manage unmeasured states within the membership functions.
Ref. [45] focused on addressing the fault detection issue of T-S fuzzy systems with partially
unmeasurable premise variables and suggested a controller relying on observers. Ref. [46]
introduced an output feedback fuzzy control approach grounded on observers for T-S
fuzzy systems with partially unmeasurable premise variables. Ref. [47] presented a control
methodology utilizing fuzzy observers, facilitating the regulation of nonlinear networked
control systems amidst uncertain model parameters. To mitigate thruster failures and
quantization effects in unmanned marine vessels modeled as T-S fuzzy systems with un-
measurable premise variables, ref. [48] devised a quantized sliding mode control strategy
employing switching mechanisms. Although the FTC problem of the UMV considering
unknown premise variables had been addressed [48], the inclusion of traditional sliding
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mode control techniques based on state feedback in the literature fails to ensure robustness
from the outset. Furthermore, the introduction of ISMC techniques, especially output ISMC
techniques, presents new challenges for FTC of UMVs with unknown premise variables in
T-S fuzzy systems. This increases control complexity, requiring the overcoming of chal-
lenges posed by unknown premise variables and the design of effective control methods
suitable for the system. Therefore, another significant motivation for this research is to
address the design of fault-tolerant controllers based on output ISM for T-S fuzzy UMVs
in the presence of unknown premise variables.

Based on the foregoing analysis and discussion, this paper addresses the design of an
FTC strategy based on ISM output feedback for a T-S fuzzy UMV model with unknown
premise variables and actuator faults. A control strategy based on output feedback ISM
with a compensator utilizing switching mechanisms is proposed, addressing the issue
of unobservable premise variables. The RBFNN is utilized to estimate the nonlinear
components within the T-S fuzzy model. Additionally, an adaptive mechanism is utilized
to estimate fault information. Based on the estimated fault information and membership
function estimation, an integral sliding mode surface is constructed. Expanding on this, a
fault-tolerant control strategy is formulated using T-S fuzzy integral sliding mode output
feedback to ensure the UMV system’s asymptotic stability and fulfill the specified Heo
performance criteria. The primary contributions are summarized as follows:

(1) This paper presents a novel approach by integrating an ISM output feedback technique
into the design of a fault-tolerant controller for the T-S fuzzy UMV model, which
enables the UMV T-S fuzzy system to achieve robustness against disturbances from
the beginning only utilizing measurable output information.

(2) In contrast with the existing FTC approach applied to the T-S fuzzy UMV model
[22,37], in response to the challenge posed by unknown premise variables in T-S fuzzy
UMV models, this study devises compensators and fault-tolerant controllers based on
a switching mechanism utilizing upper and lower bounds of membership functions,
effectively reducing conservatism.

(38) Compared with the approaches for handling the nonlinear functions in the UM Vs [48],
this paper employs the radial basis function neural network (RBFNN) to approximate
the nonlinear terms in the T-S fuzzy model of the UMYV, which enhances the adapt-
ability of the UMYV system to complex marine environments, thereby improving its
overall performance and robustness.

Then, the following structure of this manuscript is provided: In Section 2, we give
the required definitions and existing results. Section 3 presents the FTC scheme based the
output ISM method. In Section 4, the simulation results are provided. Section 5 presents
the conclusions.

Notation: Let T~1, TT, and T denote the inverse, transpose , and pseudo-inverse
of the matrix T, respectively. The notation diag {ay,ay, . ..,a,} denotes a diagonal matrix
containing the elements a1, ay, . . ., 4, along its main diagonal. The symbol “*” embedded
within a matrix is employed to signify a term resulting from symmetry. R” and ||z||
represent Euclidean space with n-dimensions and the Euclidean norm of z, respectively.

2. Preliminaries
2.1. UMV System Model

The dynamic equation of the UMV with three degrees shown in [22] is as follows:
Ru(t) + Gu(t) + EO(t) = Nuf (t) +d(t) 1)

1 1 0 0 0 cosE
where for arbitrary =, N [49] is defined as N = 0 0 1 1 1 sin &

kl —k2 —k3 —k4 k5 k6 sin &
The meanings of other symbols in the equation are shown in Table 1. Correspondingly, the
overall layout of the UMYV is shown in Figure 1.
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Figure 1. The overall layout of the UMV.

Table 1. Table of notations in the UMV model.

Symbols Description
v1(t) surge velocity
v (1) sway velocity
v3(t) yaw velocity
T
v(t) v(t) = [ vi(t) va(t) wos3(t) |
(xp(£), yp(t)) positions
(1) heading angle
T
0(t) 0(t) = [ xp(t) yp(t) ¢(t) ]
R inertia matrix
G damping matrix
E mooring forces matrix
N thruster configuration matrix
da(t) ocean disturbances, ||d(t)|| < d
0 unknown actuator effectiveness level matrix
us(t) stuck fault with the property ||us(t)|| < is
s sth thruster, s € {1,2,---,p}
t tth malfunction mode, t € {1,2,--- 4}
0!, ¢, 2) < 0,1
Ay {o' | of = diag{gﬁ,gtz,...,gé},gé € o}, o]}
Ag {¢" | ¢" = diag{c},¢5, ..., ¢h} 6t =0o0r1}

The unified thruster fault model uf (¢) is adopted as follows [25]:

uf () =

witho € Ay, ¢ € A

Qu(t) + cus(t) ()

The kinematic equation of the UMV is given as follows:

0(t) = M(¢(t))v(t), ®)

with M(¢(t)) being a rotation matrix defined in [22].
Let 6(f) = f(t,v) [14,25]. Then, from (1), we have the following:

v(t) = Av(t) + B(ou(t) +

cus(t)) +Dd(t) + Ff(t,v) 4)
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a1 a4 413 by bz bz by bis bie
where A = —R71G = | ay am a3 |,B=—-RIN=| by by by bu by by |,
a3 az;  as3 bsi b3y bzz by b3s bz
din dip diz fir fiz fis
D=-R 1= | dy dn dy ],and]: =-RE= [ fo1 f2 fa3 ]
d31 d3y d3 fa1 fa f3

2.2. T-5 Fuzzy UMV Modeling
To streamline the presentation, we omit the independent variable ¢ in the subsequent

discussions.
Letx=[x, yp ¢ v1 v 03 }T; we can obtain the following equation by com-
bining (3) with (4):

Xp =cos(¢p)v1 — sin(¢)vo
Jp =sin(¢)o1 + cos(¢)os

¢ =03
U1 =a1101 + 41202 + a1303 + bllu{: + blzulzs + b13u§ + b14u£ + b15u§ + bl6u16:
+ fuf(to1) + fraf (£,02) + fiaf (8, 03) + dudy + dipds + diads (5)

Uy =a2101 + A0 + 32303 + boyuu] + booub + bogul + bogutly + bysud + bogu,
+ faf(t,01) + faaf (£, 02) + fa3f(t,v3) + dndy + doada + dozds
U3 =a3101 + a30 + 3303 + by} + bsoub + bagul + bagul + basud + baeug,
+ farf(t,01) + faof (t,v2) + fasf(t,v3) + d1dy + dapda + d3ads
In this study, the yaw angle ¢(t) is considered as the premise variable, with its variation

range supposed to be —Z to 7 [22]. Denote sin(¢), cos(¢) as @1, @2, respectively. Then, we
can obtain the T-S fuzzy UMV model below.

Plant Rule i:
IF @y is M;; and @, is M»

THEN
X = Ajx+ B(ou + gus) + D;d + Fif(t,x)
y=Cix (6)
z=C;x

where M;; and M, are fuzzy sets, i = 1,2,3,4; y, z are the measured output and the

regulated output, respectively; C;,C; are known matrices, whileA; = [ 83X3 ”Qj },
3x3
0 0 0 0 1 -3 0
B:[ 3X6]/Di:[ 3><3]/Fi:{ 3%x3 3><3}/£{l: % 1 0 ,JZ/QZ
B D 033 F 5 o0 1
3 3
£ 1o 1o £ 10
3 @ 0l 5=| -2 1 0| o= -1 @ 0 |- Define y;(t), which is a
0 0 1 0 0 0 0 1
desired output; then the error is j = y(t) — y, (). For convenience, let y;(t) = 0, 7 = y(t).
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According to Formula (6), we have the following:
4
X = 121 hi(@)[Aix + B(ou + gus) + Did + Fif (x)]
=
4
y= ,):1 hi(@)Cix @)
1=
4 _
z=Y hi(®@)Cix
i=1

4 .
where Y 1i(@) = 1, hi(@) = 12 > 0,1;(@) = M (@1) Mp(@2).
i=1 ¥ xi(@)
=1

2.3. RBENN Approximation

To approximate the nonlinear term f(x) over a compact set Q2 in (7), the RBFNN [50]
is introduced in this paper. Therefore, the following equation can be obtained:

f(x) =wTB(x)+ ¢ 8)

where

w* = argmjn{sup f(x) — zi)TE(x)‘} eR"
v xeQ

denotes the optimal weight vector, in which @ represents the estimate of w* and n means the

number of the node; E(x) = [&1(x),&2(x),- -+, &n(x)] represents the radial basis function

vector, the element ¢;(x) of which is usually chosen as the Gaussian function; and ¢ is an

unknown constant, which meets the following:

o lI< o ©)

Remark 1. In contrast with [48], this paper employs adaptive RBFNN to approximate the non-
linearity f(x) in (7). This approach simplifies the subsequent stability analysis by handling the
nonlinear term more straightforwardly and enhances adaptability to unmodeled dynamics induced
by complex and dynamic marine environments. It is worth mentioning that although we adopted
the structure of the adaptive RBFNN mentioned above in this article, considering that the state
in this article is not entirely obtainable, we used the estimated value of the state for the input
information in the Gaussian basis function, which is to replace the original value with the estimated

value for estimation; that is, we use f(x) = w*TE(%) + ¢ to replace f(x) = w*TE(x) + @, where

E(%) = [C1(2),62(%), -, En(2)].

2.4. Assumptions and Lemmas

Assumption 1. In the event that partial or stuck faults occur inup top —i(i=1,2,--- ,p—1),
the remaining thrusters are capable of achieving the control target.

Assumption 2. Rank(Bg) = Rank(B) =1 forall ¢ € A.

Remark 2. Assumption 1 above ensures that the feasible solution exists for the actuator failure
accommodation problem of UMVs [25,48]. Assumption 2 ensures the presence of a feasible solution
to the thruster fault accommodation issue [25,48].

Lemma 1 ([25]). For the full-rank decomposition in Equation (13), there exists ju > 0 for Vo € A,
such that
NoNT > uNNT. (10)
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Lemma 2 ([51]). For any m x n matrices C, D, and any scalars 6 > 0, A > 0, the following
inequalities are valid:

C'D+DTc <s6CcTC+ %DTD (11)
0 C'D ] { ACTC 0
< (12)
T 1
[ D'C 0 0 ;DD

3. Output Feedback-Based ISM FTC Strategy

In this section, an output feedback-based ISM surface and a switching-type fault-
tolerant controller for the UMV will be provided. The proposed control scheme is given in

Figure 2.

Adaptive

mechanism

0 Gi i | @r o di po Fault
Ya 7 . u UMYV model with y
- ® s T-S fuzzy controller nonlinear term Sensor —>
y al &
h'[ Switching

surface

x
f_ ________ Compensator )
4 . _
=Y hi(¢)[(MA; — L;C)w + Uy + Ly %]
i=1

i=
U = Ly;(I — CB,G) + MA;B,G
£ =w+B,Gy

Figure 2. ISM output feedback-based FTC strategy for T-S UMV model.

3.1. Output ISM Surface Design

Suppose that matrix B can be decomposed into full-rank matrices in the following
form [25]:

B=B,N (13)

The ISM surface is provided as follows:
- t —
a(y) = Gly —y(to)] - /t Nauo(t)dt (14)
0

where G = (CB,)" —Y [I - (CBZ,)(CBU)JF} is a freely designed matrixand ¢ = diag{d1, 02, ...,0,}
in (14) is the estimation of ¢, which is updated by the following projection algorithms:

0, if (¢ = ¢,and I < 0) or(¢; = ¢; and 3 > 0)

(15)
-, otherwise

0i = Proj[gl_,@] {3 = {

_ .4 .
where J = o2 TN* ¥ hj(@)K;;%, in which 7 is the adjusted parameter, N' is the ith column
j=1
of N, and Kj; is the ith row of K in the jth fuzzy rule.

Remark 3. In comparison with [48], this paper adopts output information instead of state informa-
tion when designing the integral sliding surface, thereby reducing the reliance on unmeasurable
state information. Additionally, the construction of the output integral sliding surface involves
the unknown membership functions caused by unknown promise variables, undoubtedly posing
greater challenges to the design of the integral sliding surface. To address this issue, compensators
and controllers based on switching mechanisms will be elaborated in detail in the following text.
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The high gain compensator design is given as follows:
. 4 7 w ey
W= Zl hi(@)[(MA; — Ly;C)w + Uy + Ly;%]
1=
U=~Ly(I- CBZ;G) + MA;B,G ! (16)
£ =w+ B,Gy

where M = I — B,GC.
Theorem 1. Consider the UMV (7) with satisfying Assumptions 1-2 and assume that the system

is in the integral sliding surface (14). For given positive scalars vz > 0,81 > 0, if there exists
P, =Pl >0,P, = P! >0, K; € R™*", that makes the following inequalities hold:

4 ) ]
I, PMD ¥ (hi—hi)AiTMTPE 7P,
i=1

-3 0 0 | <0 (17)
* -1 0
* * —B1

where IT; = P,MA; + ATKTP, — P,A,CTC — (P,A,CTC)".

_ 4 . i
A P7ICT pPly (hl- —hl-)AiTMT
i=1

* -1 0

1
* * -
B1

<0 (18)

the proposed dynamic compensator design (16) with the following:

K; = K; Py
Ly = ACT
Ly = P tCTcAlp,

can make the closed-loop system (26) and be asymptotically stable at the beginning and the Heo
performance index is no more than .

Proof. The derivative of the ISM surface (14) is derived as follows:
i(y) = Gy — Noug (19)

Substituting (7) into (19) results in the following:

4

i(y) =) hi(@)[GCAx + N(g — @)uo + Nauy + Ngus 20)
i=1
+GCDd + NEf (x)]

Then we can obtain the following equivalent control: [52]

4
Uleg = — Zl hl(C@)(Ng)+[GCA1x + NQMO — Néuo + Ngus (21)
i=

+GCDd + NEof ()]
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Substituting (21) into (7) and using the property that (No)(Ng)t = I;, then we can
have the following equation:

M-

X = hl((D){(I — BUGC)[AZ‘X + Dd] + Béuo} (22)

i=1

Let M = I — B,GC, e = x — %; we have the following:

=Y hi(@){MA;x + MDd + Bjuo} (23)
i=1
4 4 4
é=()_hiMA; =Y hiL1;C)e+ ) hMDd
z:l i=1 \ i=1 (24)
+ (Z(hz - i:li)MAz - ZEZLZZ)ﬁr
i=1 i=1
4 4
£ =) h[(MA; 4 Ly)% + L1;Ce] — B0 ) hiK;%
ljl i=1 (25)
— 2 fli[(MAi + Ly — B@Ki)ﬁe + LliCe],
i=1
- P \ MA; + Ly — BOK; ) Lq;C
where we defined that x, = [ . ], Ayi = ,Zl (hi _ ﬁi) MA; — Ly 21 WMA; — LC |
i= i=

0]~ 0 - .
Dy = { I }MD: [ ¥D ],Cy: [C 0],C =] C 0 ];then we have the following:

4
e =) hi{Awixe + DMd}

X

i=1 2
7= Cyx, (26)
Z= Cﬁx,g

o MA; + Ly — BoK; Ly;C - ! _ 0 0 .
Let Alwz = |: Ly MA,‘ . Llic ’ Asz = i; (hz I’lz) MAZ‘ MAl‘ ;

then the following equations can be derived:

4 .
Xe = .;1 hi{(Alwi + AZwi)xg + DMd}

- 27
7= Cyxe, @7

2 = Cf.Xe

Choosing the following Lyapunov function:
Vi = x! Px,, (28)
then we have the following:
Vi = 2l Px, + x! Px,
4 4
= Y hi{xl AL +d DY} Pxe + 3T P Y hif Auie + Dy}

i=1 i=1 (29)

Il
™=

I
—

fzi{xeT (A;.P 4 PAwi) xe +d"DLPx, + xZPDMd}
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Due to the following:

d" D} Px, + x! PDjyd < v, *x] PDMD}Px, + v3d’ d, (30)

~
_l’_
N>
ﬂ
D>
|
oy
Ui
U
ﬂ
QU

4 31
< Yl ! (ATuiP + PAvs + 772 PDMDJP + CECs ) x, + ! (ALiP + PAo ). } D

0 0
- th ~2pDy DL P = . -
},t en we can get that MDD [ 0 Wd_ZPeMDDTMTPe }

, 50 we can further get the following:

@
>
O
D>
|
1
o
o o
—_

<7 (AP + PAgyi ) x, (32)

cl1'lc c17'ce y—7
=R (Rl ] [ ]-m] %] @

= le — le + The

I 0
where T} = Tcn[ 0 ],Tz = Tcn{ T, }
Therefore,
el PMA;2 = y' T P.MA;% — 9T T P.MA;% 4 T TI P.MA;2 (34)
2TAIMTPee = 2TATMT P, Ty — 2T AT MTP, Ty g + 2T AT MT P, The (35)
Let A; = yTT] P.MA;% — T T] P.MA;% + 2TATMTP, Ty — TATMTP. Th 9,
4 ~ _
0 v (hi—hi) ATMTP.T,

_ B =
AZwi - !

|:Qll le} _
) | oL, O»

4 R _ 4 . _ _
y (hi - hi) TIP,MA; Y (hi - hi) (ATMITP, + P,MA;
i=1 i=1

Q= AlTwiP + PA1yi + 'yd_ZPDMD{AP + CZTC2 + Apyi, SO we can get the following:

4 4 4
Vi 272 = 2d7d < xT Y hQro+ YR Y (hi - fzi)Ai (36)
i=1 i=1 i=1

Thus, to make V; + 272 — 92d"d < 0 hold, simply prove the following:

~ | Qun Qn }
h; <0
i=1 Z{ Qo1 Qn | ~

]:l‘ i ]’li,Ai >0 ’
b hirAi S 0

(37)
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where

Qi1 = PyMA; + AT M Py + PyLy; + LY. P, — PyBoK; — (PyBoK;)" +CTC
4
Qi = PiLyiC—LLP + Y (hi - hl-) ATMTP,T,
i=1
Qu = Po(MA; — Ly;C) + (MA; — Ly;C)" P. + v, 2P.MDDT M" P,

+ ; (hi - 121-) (Al-T mTp, + PEMAZ-).

Remark 4. Formula (37) provides a switching function to provide estimation information for the
membership function. Compared with the switching mechanism in reference [48], the switching
function provided in this paper can effectively utilize the upper and lower bounds of the membership
function, reducing conservatism.

4 N _
According to L1; = ACT, Ly = Pe_1CTCAiTPx; then Q1 = ¥ (hi — hi)AiTMTPeTz.
i=1
It follows from Lemma 2 that

r 4
h; — h; ) ATMTP, T
|: Q%ﬂl Q1 :| B Qn igl( i 1) i el2
=, A )
Qi Qn (hi - hi) T) P.MA; Q22
L i=1
- ) ) o
Qut+phr = (hi - hz‘)AiTMTMAz‘ 0 o G8)
< i=1
0 Q22+ %TZTPEPETZ
A — Qll le }
Q { oL, O»
namely,
Q11 =P.MA; + AT M Py + PyLy; + LEP, — P,BoK; — (P,BoK;)" +CTC
4
+6 Y (hi - hi)AiTMTMAi
i=1
(39)

- _ _ T _ _
Om =P.MA; — P,ACTC + (PEMAi - PEAZ-CTC) + 4, 2P.MDDT WP,

B1

To prove Q < 0, as long as 011 < 0and Oy < 0, it can be inferred through contract
transformation and Schur’s complement lemma that Q11 < 0and Oy < 0are equivalent
to the following two linear matrix inequalities in Theorem 1.

The proof of Theorem 1 is complete. [J

+ é (hi - fzi) (A,.T MTP, + PeMAi) + Lorpem,

3.2. ISM Output Feedback Controller Design
The ISM controller is designed as follows:

U =1uy+u (40)

where
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4
g =y hi(@)K;#
i=1 (41)

Ml — _é’ﬁONT ‘X(y)

where K; = K;Py, K; € R™*" (i = 1,2,3,4), and Py € R"*"; fiy is an approximation of i
with the relation that y¢ = %, in which the parameter y is introduced from Lemma 1, while

1 _ . _ Mo )
(=1 <|N|||Eo|(P0 +INIEoll Y- @vér (%)
N r=1
(42)
m _ N q _ R
LY NG+ Y ||GCDy e +€>
i=1 k=1

where A is the smallest eigenvalue of NNT, e > 0, while ¢g, @, ¢, fis, and d represent the
estimations of ¢y, w, ¢, iis, and d, respectively.

For further analysis, the matrix decomposed forms are given as [37].

In addition, the adaptive laws are shown as follows:

o = vCANlla (), di = varll ()| GCDy|,
itsi = il eI INill, &r = var [ @) [N Eol&r (%),

i = n2illaW) NNl disi, po = slla(w) N[l Eoll, (43)
f10(0) = poo, i5i(0) = 1isio, §i(0) = oo,

k(0) =dro, @r(0) =wro, $0(0) = oo

where { isA as shown in (42); poo, s, Gio, cfko, wro, and @qo are bounded initial values of
flo, ils;, i, dx, ©r, and @y, respectively. The design parameters 7, Y1;, 72i, Y3k, Y4r, and 75 are

positive.
We define the following:
flo=flo—Ho,0=0—00=0—w,
uzszﬁs*ﬁs,dzzdﬁf _, (44)
$o=Po—po,6 =G —¢
Obviously, we can further derive the following;:
fio = fio, 6 = 0,0 = &, il = ils,
TR )
d=d, ¢o= $o,¢ =6

Now, the following theorem is given to analyze the reachability of the output ISM.

Theorem 2. Suppose that the linear matrix inequalities (17) and (18) in Theorem 1 have feasible
solutions. Then, the state of the system (7) onto the ISM surface Q = {y € R™ : a(y) = 0} can be
driven by the ISMC law (41) and the adaptive laws (43).
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T
Proof. Let & = [ ,o, ad,al, et d-r ,qbg} ; then we have the candidate Lyapunov
function below:

_ 1 4 cill2;
V(&) =Vo+ =9 ‘upid + Z +) ==
2 ieM 2’)/ 0 jem 271

% (46)

+ £ 4 L+ 0

ng 272i kEEQ 293k ,; 294 275

where Vg = (1/2)a (y)a(y).
Deriving the following derivative of Vj by substituting the system (7):
. T - 4 — —
Vo = o (y)ie(y) =a" (y)[GC ) hi(w) Aix + N(o — @)uo + New -
i=1

+ Ngus + GCDd + GCFf(x)]

The following text will abbreviate a(y) as a. According to Assumption 1, it is not
difficult to obtain the following inequalities:

a'GCDd = Y a"GCDydy < Y ||a|||GC Dy |dx
k€@ keQ

i} i} _ B} (48)
o' Nous = Y o Nigiug < Y [lacll||Nillgillusill < Y [l || Nillgitsi
ieM ieM ieM
Based on (47) and (48), we can show the following:
Vo <a'Nouy +a"NEof(x) —a"Nauog+ Y |||l | Nillgittsi + Y l|lal| || GCDy||di
ieM keQ
From (41), we can further get the following;:
) o o
Vo < —a'NoZpoNT — + Y [la]|||Nil|gitsi + a" NEof (x)
lall
(49)

4
+ Y llal||GCDy||dk — a’No Y hi(@)K;%
keQ i=1

We have the following inequality by substituting (44) into (49) according to [50] the following:

. _ ~ 14 IS NAIT
Vo < —“TNQEVONTH T Y lellINiligitisi — Y el [ NI Githsi

ieM ieM
— Y el Nillgifisi + Y llall||GCDy||di — Y [l | GCD | (50)
ieM keQ keQ

— ocTNé

-

hi(@)K;2 + aTNEg (ng(x) + (p(x))
Obviously,
a"NEo (w"e(x) + p(x)) < [lall[N]|Eoll (&(x) + ()] )
P (51)
< Jl«lllIN ]| Eol (Zwrc:fr + goo>

r=1
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We can achieve the following inequality by combining (50) with (51):
: o on « R ST
Vo < —tXTNQCMoNTH T Y NelllINGlGitsi — 3 el NGl
ieM ieM
— 2 lallINillgitisi + 3 [lall| GCD[|di — 3 lleell[| GCDx|di 5
icM keQ ke (52)
4
- Z “TNleKz]x“‘ H"‘H||N|||E0||<Zwr§r +€00>
j:1 ieM rep
From (44) and (52), we can get the following:
‘ o « -
Vo < —wTNQCVoNTHaH + 3 allIN1gittsi — 3 llellIN:|Githsi
ieM 161\71
- Z H“H”N ”‘51”51 + Z ||"‘||HGCDk||dk - Zh Z “TNiéiKijﬁ (53)
ieM ke@ ieM
+ [|«l[[IN1[|Eoll (Z @rGy(x) = @TE(x) + fo — (Po) = ) llall[| GCDy||dy
reP keQ
Obviously, fip(t) > 0. The following inequality can be derived from Lemma 1:
g#O‘XTNQN || ” gﬂOHANH“H
Now, it is easy to get from (53) the following:
Vo < —Z(fo + o) pAnllall + 3 el INGlIGidtsi — 3 el NG IGii
ieM ieM
= Y llallIN:llitisi + Y, llall[| GCDdi — Z || GCDy |
ieM ke@Q
, . T o (54)
+ [ INTEoll{ Y @rér(x) = @ & (x) + §o — o
reP

‘Mﬂk
=

f (D) Z DCTNiQ'iKi]‘J?
1 ieM

]

Substituting (42) into (54), we get the following:

Vo < —ellall = gouAn|lal = Y llall||GCDg|di — llall|NI|[|Eol| ¥, @rér(x)

keQ reP
= [l INT[I[Eoll o — Y Nl INillGithsi — Y Nl INillgithsi
ieEM ieM
4 . T
— Zh]((D) Z a" N ~iKij92
j=1 ieM

Considering the adaptive laws (43) and (45), we have the following derivative of (46):

V(@) =Vo+ Y 2y o + Y S
iem 10 iem T
(55)

d d Op 0 50§
Zgz€z+z kk Z r r+§9O(PO
iem 12 geg Tk sep VA 5
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From (43), we have —{uAniio||B|| + v ufiofic = 0. Thus, from (55), we can get
V(&) < —e|la|| < 0. Further, V(&) < V(&(0)) £ V; is valid. Then, we can obtain the
following inequality by simultaneously integrating both the left and right sides of (55):

t
V-V(0) < — /0 el dt (56)

From the inequality above, it is obvious that [;* €[|a||dt < V) — Voo < oo is valid, that
is, o € L3 L. Hence, utilizing Barbalat’s lemma ensures that the system trajectories are
confined to the ISM surface. [J

4. Simulation Result

In this section, the results are shown to demonstrate the effectiveness of the proposed
control strategy for UMVs. The parameter matrices R, G, E, N of the UMV model are ob-
tained from [21,22]. The simulated propulsion layout reference is Figure 1.

d; = 0.27M; (S)Nl (t)Nz(t)

From [22], we have the following: ¢ dy = W(t) where M (s) =
ds = 0.58M2(S)N3(t>N4(t)

Kg]S

m, Kél = 026, 61 == 05, 81 = 13, and Nl(t) - 269 Slmllarly, MZ(S) ==

1

5,24_21;@% with Kz, = 0.2, & = 1.7, & = 09, and Na(f) = 1.56, while the specific
2

values of Ny (t), Ny (t), W(t) can be found in [37].

We simulate a 40% loss of effectiveness occurring after 30 s for the bow tunnel thruster
and a stuck condition at 0.1sin(2¢) for aft tunnel thruster L

For simulation, B is chosen as [37],79 = 1 and x(0) = [0.1 —0.01 —0.050.11 —
0.07 0.07]7, @(0) = [0.5,—0.5,0.01], 1o (0) = 0.1,75(0) = [0.12,0.1,0.1,0.1,0.1,0.1], (0) =
[0.05,0.05,0.05,0.05,0.05,0.05],(0) = [0,0,0,0,0,0], ®(0) = [0.2,0.1,—0.1,0.2,0], ¢ (0) =
0.1,y = 10, o = [0.01,0.01,0.01,0.01,0.01, 0.01}, v, = [0.001,0.001,0.001, 0.001, 0.001, 0.001]
= 72,93 = [0.023,0.023,0.023], 74 = [1,1,1,1,1,1], 95 = 0.01.

The simulation results presented in this paper affirm the effectiveness of the proposed
control approach. Figure 3 illustrates the achieved state responses, demonstrating the con-
vergence of the states to zero over time as proposed. Upon the occurrence of faults starting
from t = 30 s, the states exhibit fluctuations due to the fault influence; however, they swiftly
resume convergence to zero under the action of the fault-tolerant controller. Analysis of
the control signals in Figure 4 further validates the efficacy of the proposed controller. It is
observed that the controller promptly responds to fault occurrences at t = 30 s and adjusts
accordingly. In sharp contrast, the controller design scheme proposed in [22] without
fault tolerance consideration is evident. As depicted in Figures 5 and 6, it is clear that,
after the occurrence of faults at t = 30 s, both the system states and the controller signals
exhibit noticeable divergence. In summary, the control methodology outlined in Section 3
demonstrates commendable control performance. By selecting another set of parameters
for random noise ocean disturbances, Kz, = 0.2, ¢; = 0.4, &1 = 0.7, and Ny(t) = 3.2.
Similarly, Kz, = 0.6, €2 = 1.6, &3 = 1, and N3(t) = 4.2; we can obtain the result of Figure 7.
In order to further demonstrate the robustness of the controller designed in this paper
to disturbances, this paper further expands the types of disturbances and selects the fol-

lowing sine wave disturbances: d; = { —0.8sin(L6t)e” 01" t€[0s,30s)
' —1.25sin(1.6(t — 30))e015(t=30)  otherwise

g =] 06 cos(1.6t)e 012t t€[0s,30s) [ cos(t)e"008 t€[0s,30s)
2 { —15c0s(1.6t)e 012(-30)  otherwise 0 { sin(t)e~0.08(t=30)  otherwise

From Figures 7 and 8, it is not difficult to see that the fault-tolerant control scheme proposed
in this paper can still achieve good control effects under different disturbances. In order
to further quantify the impact of disturbances on the behavior of the control system, this
paper focuses on calculating the steady-state error of the output information starting from
10 s after the fault occurs, which is 40 s later. Table 2 shows the steady-state errors for each
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disturbance scenario. Moreover, under ocean disturbance, our system’s Ho, performance
index of 0.1 indicates better disturbance rejection compared with 0.2 in [48]. These compar-
isons demonstrate the effectiveness and robustness of our control approach. Compared
with the traditional PID disturbance handling method, the control scheme provided in this
article can easily handle disturbances and avoid the complicated process of adjusting PID
parameters based on manual experience. To further explore the fault-tolerant capability of
the fault-tolerant controller designed in this article, we once again simulated the situation
where the bow and aft tunnel thrusters experienced 60% and 50% effectiveness losses
simultaneously after 30 s, respectively. The results are shown in Figure 9.

0.1
0.05 4
0 IS
x1
—0.05 x2 |
% x3
17 x4
—0.1 x5 |7
X6
—0.15 | 4
—0.2 | 4
—0.25 I I I I I
0 10 20 30 40 50 60

t

Figure 3. System responses x(t) using the scheme developed in this paper.

60

ul
50 u2 |

u3
40 |- u4 |
us
30 - ué |

20 + 4

10} ]

control signal

0 p—r—— beoee— = e —

—10 F 4

—920 k 4

—30 - ]

—40 L L L L L
0 10 20 30 40 50 60

t

Figure 4. Controller responses u(t) using the scheme developed in this paper.
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Figure 5. System responses x(t) using the scheme developed in [22].
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Figure 7. System responses x(t) using the scheme developed in this paper with another set of

parameters for random noise ocean disturbances.
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Figure 8. System responses x(t) using the scheme developed in this paper with sine wave disturbances.
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Figure 9. System responses x(t) using the scheme developed in this paper with the bow and aft
tunnel thrusters experiencing 60% and 50% effectiveness losses simultaneously.

Table 2. Table of steady-state error.

Type of Disturbance SteadyErrory, SteadyErrory, SteadyErrory,
reference [22] 7.35 x 10705 6.13 x 10705 456 x 1079
random noise 7.49 x 10795 6.24 x 10705 465 x 1070

sine wave 8.83 x 10705 6.62 x 10792 6.95 x 10795

5. Conclusions

In this study, a fault-tolerant output feedback ISMC strategy is devised for T-S fuzzy
UMVs subject to unknown premise variables. Initially, the T-S fuzzy UMV model incor-
porating unknown premise variables and actuator faults is established. Subsequently, to
address the issue of unknown membership functions resulting from unknown premise
variables, a compensator and a fault-tolerant controller based on a switching mechanism
with upper and lower bounds of membership functions are designed. Adaptive RBFNN is
utilized to approximate the nonlinear terms in the T-S fuzzy UMV model. The proposed
method’s effectiveness is confirmed by simulation results. Future research will focus on
investigating delay and event-triggering issues in T-S fuzzy UMV DP systems.
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