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ABSTRACT. In this paper, we focus on the output-feedback fault-tolerant controller de-
sign for dynamic positioning ships with consideration of actuator faults and external
disturbances. Firstly, a Takagi-Sugeno fuzzy model is used to represent the nonlinear
dynamic positioning system of ships. Secondly, to cope with potential actuator faults,
fuzzy approach and high gain method are employed to generate the fault-tolerant control
law. A rigorous closed-loop stability analysis is carried out and a stability condition is
posed in a linear matriz inequality framework through which the controller and observer
gains are computed directly. Finally, in order to illustrate feasibility and effectiveness
of the proposed fuzzy fault-tolerant control approach, some simulations are carried on a
dynamic positioning ship with actuator faults and disturbances.

Keywords: Dynamic positioning, Fault-tolerant control, Takagi-Sugeno fuzzy models,
Linear matrix inequality, Fault estimation

1. Introduction. In recent years, with the rapid development of ocean engineering, the
dynamic positioning (DP) of ships has attracted significant attention [1, 2, 3, 4, 5, 6,
7, 8]. This is because the DP system can automatically keep the ship at the desired
target position and heading through its own thrusters and propellers. Compared with the
traditional anchor moored positioning, the DP system is more convenient to operate and
avoids destroying seabed, and the cost of the DP system does not increase as water depth
increases [9]. Based on this, some advanced DP techniques have been proposed to obtain
desirable performance and stability, with many results reported in the literature, such as
hybrid control [6, 10], model predictive control [1, 11], backstepping control [12, 13] and
sliding-mode control [7, 14]. However, most researches on the DP control did not consider
the possibility of the occurrence of thruster faults. In practice, the highly disturbed
marine environment will lead to aging of the components of ships, which causes inevitable
malfunction in actuators [15]. As long as the fault is related to the state of the ship,
it will change the structure and even stability of the DP system. Therefore, the fault-
tolerant control (FTC) of DP ships is necessary since it can maintain the DP control
system stability and safety in the event of thruster faults.
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In [16], a control reconfiguration strategy for dynamic positioning ships is proposed
using disturbance decoupling methods, but it is assumed that the failed thruster has
already been isolated. Cristofaro and Johansen utilized an unknown input observer (UIO)
technique to produce a fault detection and isolation mechanism for an over-actuated
marine vessel based on linearized model [17]. An iterative learning observer-based fault
detection and fault-tolerant controller are proposed for dynamic positioning of ships via
back-stepping technique, but it is assumed that all states of the DP system are measurable
[12]. In [18], a thruster robust fault-tolerant control is proposed for ocean surface vessels
with parametric uncertainties and unknown environment disturbances, provided that all
the states available. Fault detection and isolation mechanism, based on two techniques:
the parity space approach and the Luenberger observer, was proposed to guarantee a fault-
tolerant robust control for dynamic positioning of ships [7]. Other remarkable results
on fault-tolerant control for dynamic positioning of ships can be found in [13, 15, 19].
Unfortunately, it should be noted that all aforementioned fault-tolerant control methods
for the DP system depend, more or less, on fault detection and isolation (FDI) block,
which causes the time delay problem. Moreover, the measurements of velocity cannot
always be obtained in practice, sometimes in order to reduce weight and cost, or even
because of sensor failures [9]. Therefore, the full state feedback fault-tolerant control
schemes cannot be directly applied to the DP ships without velocity measurements. In
addition, most of the existing fault-tolerant control schemes are only available to the linear
model of ships. However, the dynamic positioning ships process nonlinear characteristics,
and research on fault-tolerant control of the nonlinear dynamic positioning systems has
more practical significance.

It is well recognized that Takagi-Sugeno (T-S) fuzzy models are nonlinear systems de-
scribed by a set of IF-THEN rules which gives a local linear representation of an underlying
nonlinear system, and each local-model contributes to the global behavior of the nonlin-
ear system through a weighting function [20, 21]. Thanks to the convex sum property
of the weighting functions, it is possible to generalize some tools developed in the linear
domain to nonlinear systems. During the last decades, some attention has been attracted
to describing nonlinear dynamic positioning system of ships using T-S fuzzy models and
some results have been reported in [22, 23, 24, 25|, but most of these results are about
fuzzy stabilization control without considering faults.

Based on the above discussions, an adaptive fuzzy fault-tolerant controller is proposed to
enhance the performance of post-fault DP system. To the best of the authors’ knowledge,
it is the first time that fuzzy theory is applied to the fault-tolerant control of dynamic
positioning. First of all, a high-gain observer is used to generate the auxiliary derivative
outputs which are fed back to the fuzzy observer. Secondly, an adaptive fuzzy observer is
constructed to estimate unmeasured velocity states, unknown time-varying disturbances
and thruster faults. Finally, an adaptive fuzzy fault-tolerant controller is designed to deal
with the thruster faults and unknown disturbances.

The main contribution of this paper is the proposed velocity-free fault estimation and
compensation for DP ships with disturbance. The novelty of the approach with respect
to existing results is summarized as follows.

i) Unlike in [7, 16, 17], where fault detection and isolation mechanism are needed, in
this paper, neither real-time fault diagnosis nor fault isolation is required; consequently,
there is no delay between the fault occurrence and corresponding actions.

ii) Compared with the FTC in [12, 13, 18, 19], the FTC scheme in this paper has more
practical application value due to the following two facts: 1) applying the fuzzy model to
describing the ship’s nonlinearity; 2) assuming that the velocity states are not measurable.
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The rest of this paper is organized as follows. In Section 2, the problem formulation and
preliminaries are provided for preparation. The nonlinear adaptive fuzzy output-feedback
fault-tolerant control design is presented for the DP system of ships with unmeasured
velocity states, unknown time-varying environment disturbances and thruster faults in
Section 3. In Section 4, we illustrate the effectiveness of the proposed method via simu-
lation on a DP ship. Conclusions and future works are summarized in Section 5.

Notation: Throughout the article, Apin(A) and A\yax(A) are the minimum and maximum
eigenvalues of A, respectively; A > 0 (A < 0) denotes that A is positive (negative) definite
matrix; *; represents the i-th component of the vector %, and the operation < for two
vectors is performed in terms of the corresponding elements of the vectors; [A]; is defined
by [A]ls = A+ AT; [A]T is defined by AT A; dim(z) denotes the dimension of x; ||.||
represents Euclidean norm of the vector or induced spectral norm of the matrix; the
symbol * within a matrix represents the symmetric entry; Y " h; is defined by > h; =
hi+hy+ -+ hy.

2. Preliminaries and Problem Formulation.
2.1. Modeling of ships. For the horizontal motion of a surface vessel, let n = [x Y w} g

be the three degree-of-freedom (DOF) position (x,y) and heading 1 of the vessel in an

Earth-fixed inertial frame, and let v = [u v T]T be the corresponding surge and sway
velocities (u,v) and yaw rate r in the body-fixed frame. The 3-DOF DP ship’s equations
are described mathematically by the kinematic and kinetic equations as follows [9]

n=JWw
My =71—Dv+J'(W)b+ 74

where J(1) is the state dependent rotation matrix from the body-fixed frame to the
Earth-fixed inertial frame given in the form

(1)

cos(y) —sin(y) 0
)= | sin@) cos(y) 0 )
0 0 1

where J(1)) is non-singular for all state and that J='(¢) = JT(¢); M € R*3, D € R¥3

denote the inertia matrix and damping matrix, respectively; 7 = [7’1 Ty Tg]T represents
the total forces and moments vector produced by thruster system; b € R**!, 7, € R¥*! are
unknown time-varying environmental disturbance due to wind, waves and ocean currents,
and unknown thruster faults, respectively. The Earth-fixed inertial frame and body-fixed
frame are depicted by Figure 1.

By defining the state £ = [I y Y ou v T’}T, the state-space model can be written
in compact form as

E(t) = A(&E(t) + Br(t) + Bf(t) (3)
y=C¢

where f = J7(1))b+ 7 represents the sum of external disturbances and thruster failures;

03, J 03+
-2 9, ] [

The control objective of this paper is to design an adaptive fuzzy output-feedback fault
tolerant control law for dynamic positioning of ships (3) in the absence of velocity mea-
surements and subject to thruster faults, for the purpose that the DP ship can maintain
the desired position and heading without degrading the desired performance.

:|7 02[13*3 03*3}-
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FiGURE 1. The Earth-fixed inertial frame and body-fixed frame

2.2. Preliminaries. Throughout this paper, the following assumptions are made.

Assumption 2.1. The parameters M = M > 0, and D is positive matriz (may be not
symmetric) [26].

Remark 2.1. It should be noted that Assumption 2.1 implies that the ship is sailing
at lower speed, which is a common and reasonable assumption in the relevant paper of
dynamic positioning control, such as [15, 17]. Actually, the nonlinear damping term can
be neglected since the linear term dominates at lower speed situation [9].

Assumption 2.2. The faults/disturbances signal, states and control input of the system
have a norm bounded second time derivative except for a set of measure zero, i.e., z(t)H <

iy <oo,Vie (f,&1).

Remark 2.2. Since the ocean environment is constantly changing and has finite energy,
the disturbances acting on the ship can be viewed as the unknown time-varying yet bounded
signals with the finite changing rates. Moreover, it should be noted that any energy in
nature available to a given system is always limited on account of its physical structure
feature. Accordingly, the external disturbance, system state, and actuator input being
regarded as bounded in this paper are reasonable. In addition, Assumption 2.2 emphasizing
that the changes of these signals are very slow is reasonable in practice [27, 28].

Remark 2.3. In general, the environmental disturbances acting on the ship generate
two separate movements. The sea waves of the first order generate high-frequency move-
ments, while the slowly changing forces generate low-frequency movements. Only the
slowly-varying disturbances should be counteracted by the propulsion system, whereas the
oscillatory movements generated by the waves (wave disturbances of the first order) should
not enter the control system loop [9]. Therefore, we only consider the low-frequency mo-
tion model of ships (1) in this paper. For the dynamic positioning control method with
consideration of high-frequency wave force, please refer to the relevant literature [10, 29].

Assumption 2.3. For any state &, the dynamic positioning system (A(§), B, C') is min-
imum phase, that is, all the invariant zeros of the triple (A(€), B,C) lie in the left half
plane.

Remark 2.4. This paper does not assume rank(CB) = dim(7), so called observer match-
ing condition, which is not satisfied in the DP system of ships [30].
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Before giving the main results, we recalled some lemmas which will be utilized in the
subsequent control development and analysis.

S1 S

Lemma 2.1. (Schur complement lemma [31]) Suppose S = [ . S } is a given sym-
4

metric matriz, where S; € R™"™. Then the following three conditions are equivalent.

S <0
Sy <0, S;—STS1S,<0 (4)
54 < 0, 51 — SQSZISg <0

Lemma 2.2. (Young’s inequality [32]) Given two matrices L and R with approzimate

dimensions, there exists a positive definite symmetric matriz F' = FT > 0 such that the
following inequality holds

L"R+R'L<L'FL+R'F7'R (5)

Lemma 2.3. Consider a negative definite matriv N = NT < 0. Given a symmetric
matrizv X = X7T of appropriate dimension, then there exists \ such that

XTNX < 20X — M*N ! (6)
Proof: Since N < 0, we can always choose a A such that
(X + AN N (X + AN <0
then
XNX +22X + N1 <0
Lemma 2.3 is thus proved.

Lemma 2.4. (UIO existence conditions [33]) There exist a matriz L, G and a symmetric
positive definite matriz P = P > 0 such that

P(A+ LC)+ (A+ LC)TP <0 )
BTP =GC

if and only if the rank(CB) = rank(B), and the invariant zeros of (A, B, C) lie in the left
half plane.

Lemma 2.5. (Comparison Lemma) Consider the scalar differential equation

= f(t,u), u(to) =u(0) (8)
where f(t,u) is continuous in t and local Lipschitz in u, for allt > 0 and all u. Let [ty, T)
(T could be infinity) be the maximal interval of existence of the solution u(t). Let v(t) be
a continuous function whose upper right-hand derivative DT v(t) satisfies the differential
inequality
Du(t) < f(t,0(1)),  v(to) < uo (9)
Then, v(t) < u(t) for all t € [to, T).

3. Main Results. The schematic diagram of the dynamic positioning fault-tolerant con-
trol system is shown in Figure 2. The position and heading of the ship are the output
variables = [x,y,%]T of the system. The ship operating in the ocean is subjected to the
environmental disturbances and actuator faults, which cause the deviation in the ship’s
position and heading from their desired values. First, in this paper, the T-S fuzzy model
is employed to approximate the nonlinear dynamic of ships. Then, the adaptive fuzzy
observer is designed to reconstruct the fault/disturbance signal quickly and accurately by
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FIGURE 2. Schematic of the dynamic positioning fault-tolerant control system

using auxiliary derivative outputs. Finally, the fuzzy controller can calculate the appro-
priate forces and moments that the thrusters and propellers must generate in order to
eliminate the positioning deviations of the ship.

3.1. T-S modeling of the nonlinear DP ships. There are many methods to obtain
the T-S model such as: (i) linearization around some operating points and using adequate
weighting functions; (ii) identification of unknown parameters of the model using sparse
Bayesian approach [34]; (iii) nonlinear sector transformation [35]. In this section, we will
use the linearization method to obtain the fuzzy model which represents the nonlinear
DP ships (3). Hence, under actuator faults, it follows that

Plant Rule i: IF 0y is p1, ..., 0, 1S
THEN € = Al + Br + Bf, n=C¢

where pi;; is the fuzzy set and 6y,0,,...,0, are the measurable premise variables; ¢ =
1,2,...,n, and n, is the number of fuzzy rules; A; is the locally linearized system matrix.
Then the total fuzzy system is represented as follows [24, 25]:

- Z hi (A + Br + Bf (%))

- (10)
n=C¢
P, .. .
where h; = % is the weighting functions depending on the premise variables
i MYy
0 = [01,0,...,0,], which is, in the sequel of this paper, the heading state &. It is obvious
that the fuzzy weighting function h;, i = 1,2,...,n, satisfies the following convex sum
properties.

h; =1
2 )

0<h; <1

Theorem 3.1. (Universal Approxzimation Theorem [20]) For any given real continuous
function F(§) on a compact U C R™ and arbitrary € > 0, there exists a fuzzy system G(&)
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in the form of (10) such that
sup [|[F(§) = G(E)] < e (12)

Eeu

Remark 3.1. By Theorem 3.1, with the increase of fuzzy rules, the fuzzy T-S system
(10) can approzimate the nonlinear dynamic positioning ships (3) with any precision.
Howewver, it also can be seen from Theorem 3.3 below that with the increase of fuzzy rules,
the computation load of the system will increase simultaneously, which will cause the time
delay in the control system. In [21], Zhang et al. designed the consequent parameters by
using sparse Bayesian technology and proposed a method to adjust the number of fuzzy
rules according to the consequent parameters.

Remark 3.2. The main contribution of the proposed work consists in the approach devel-
opment that is oriented on the simultaneous design of the fault estimation and compen-
sation systems for marine surface vehicles under the framework of fuzzy systems, which
is different from [22]. In [22], a single back-stepping controller is designed by using fuzzy
system to approxzimate unknown disturbances. Instead, in this paper, fuzzy rules are used
to model the nonlinear controlled plant, marine surface vehicles. Then a group of adap-
tive observers and controllers are designed to estimate the disturbance and compensate the
actuator faults. In summary, the proposed control scheme in this paper is fundamentally
different from the result in [22] due to the fact that both controllers and plant are essen-
tially designed by fuzzy logic. In addition, compared with [22|, the proposed method in this
manuscript has another two advantages: a) In comparison with the result in [22] where
the upper bound of disturbances is assumed to be known, such restrictive assumption is
largely relaxed and only the first derivative of disturbance is assumed to be bounded in
the proposed work; b) Stability conditions developed in this paper can be posed in a linear
matriz inequality framework through which the controller/observer gains can be computed
directly.

3.2. Auxiliary derivative outputs for the DP system of ships. The ship’s velocity
states, in most instances, are not available for the DP control system design. In order to
obtain the speed-related information of ships, an auxiliary system is designed to obtain
the auxiliary derivative outputs (ADOs) from the position states of the system by using
the high gain method. The dynamics of the auxiliary systems are constructed as follows
{p“Ap*‘B” (13)

po=Cp

where p = [,0?, ol pt pﬂ " € R™ are the states of auxiliary system and p, is the auxiliary
derivative outputs. By choosing a number € > 0, the definitions of A, B, C' are as follows

0
I
Jor 0 0l i mee
A== B=10 C = JT
el 0 0 0 I |- ) ' 02— 0 0
—1I —a3] —CLQI —CL1] .y €
€

Theorem 3.2. Under Assumption 2.2, the auziliary derivative outputs of high-gain ob-
server constructed by (13) can provide the estimations of the position n and velocity vector
v of the ship (3) by properly choosing the parameters ay, ay and € such that the matriz
A is Hurwitz. There exists T such that for all t > T, the estimation errors p, — & are
guaranteed to be bounded.
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Proof: After some manipulations, Equation (13) can be rewritten as

p1— 1 = —a3pz — A2P3 — A1P4 — €4

= —¢(aspy + azpz + a1p3 + pa)

= —clagl asl ayI I pY (14)
Similarly, we can prove that
% — i =—elasl asI aI 1] p® (15)
Then we analyze the dynamics of
pD = Apti=Y 4 Byt vi=1234 (16)

By defining a new variable Y = p~Y and U = n~Y, we can convert the original Equation
(16) into

d - _
EY =AY + BU (17)
Then .
Y(t)=o()Y(0) + / Ot — T)BU(T)dT (18)

where ®(t) = e is the fundamental matrix solution. By Assumption 2.2, U(t) < Uy
can be obtained. Therefore, according to Lemma 2.5, we can find a T" such that for all

t > T the Y(t) is bounded by Y, where Yy, = ®(¢)Y(0) + %, v is a positive

constant related to the eigenvector of A. In the light of the definition of Y'(¢), we have
o V]| < par. Combining with (14) and (15) we can deduce that

I 0 p1—N
o=l =| |5 o] |2,
€

ey
< ||—exdiag ([as] ax] al I],[as] asl ail I])*[g@)]

< €fs (19)
where 3y = Bipar, B1 = max{azﬁ ag, ay, 1}-

Remark 3.3. (Peaking phenomenon [36]) Although the estimation error can be limited to
a sufficiently small neighborhood of desired target values, the initial error will lead to the
so called peak phenomenon (Detailed reasons for peak phenomenon please refer to [36]).
To eliminate the peaking phenomenon of the high-gain observer, we introduce saturation
mechanism on the auxiliary derivative outputs (see Figure 2).

3.3. Fuzzy FTC for the DP system of ships. In this subsection, an adaptive fuzzy
output feedback fault-tolerant controller is designed based on the fuzzy observer for the
DP system of ships. The fuzzy observer-based fault-tolerant controller is constructed as

rT — (i —hiKi€> —f
<ézihi(z‘lig-i-BT—i-Bf—l—Li<p0—5>> (20)

f = PrF (po =€+ (po—))
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Pl'>0isa
positive definite matrix; £ and f are the estimate of states and fault signals, respectively;
po 1s the auxiliary derivative outputs, and o > 0.

where L;, I' are the observer gain matrix, and Kj; is controller gain; P =

Theorem 3.3. The dynamic positioning system described in (10) is considered, and As-
sumptions 2.1-2.3 are supposed. If the observer-based fault-tolerant controller is designed
as (20) with the parameters K; = X9, X7 ', Li = X; ' Xai, where X1, Xo;, X3;, X4 are the
solutions of the following linear matriz inequalities (LMIs):

min y
v>0
_ _ T
v XyB—F <0
* -1
[ [A;: X1 — BXy;], BX,; B 0 0 ]
* —22X; 0 A 0
ny  ny * * —2XM1 0 A
>3 s <
il * * *x [XuAi — X, +e — (AiTX4B - X§ZB)
o
-2 _r 1
* * * * —B'"X,B+ — + 2¢
L o o i

then the state-estimation error, fault-estimation error and state vector of the entire closed-
loop system are uniformly ultimately bounded.

Proof: Denote e = § — é sep=f— f . Consider the Lyapunov function candidate V
fort > T as
V(X)=XTAX
where A = diag (P, Py, P3/0), P, =P >0,i=1,2,3, X = [ST 65T e?]T. According
to the convex sum properties (11), it can be verified that
£ = ZZhh ((A; — BK;) & + BKje¢ + Bey)
(21)

Zh

Based on the two equations (21), then by taking the first time derivative of the Lyapunov
function V', one can achieve that

d (.7 T b3
v_dt <§ P1£+6£P26§+€f;6f>

i = Li) eg + Bep — Li(p, =€)

= Z Z hih € ([P (Ai = BK;)]s€ + [PIBK;) e + [PiB) ep) + e ([Po(Ai — Li)l e
+PsBlues ~ [P0~ ) + 5 (f = P F (po—E 40 (=€) )

= X:Zhh ( P1 A BK; )] f—FgT[PlBKj}Seg—FST[PlB}SGf

2P 72
+ef [Pa(Ai — Li)lsec + el [PaBlsey — e [PaLils(po — €) + €f—3f - €f —F

(40— €)
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T2 2
~ 2o - G 2Fo(, ¢+ eo)) (2)
For simplicity, define the new term p := p, — . According to Theorem 3.2, we have
B =ll-clast axl al 159 < et (23)

and then the following inequalities are obtained

pr—1
ol =] e yr
—p2 + —pa— JT = I
L € €
pr—1
e
L €2 €
< eb (24)
where 31 = Bopar, B is a positive constant depending on f,. Besides, according to
Assumption 2.3 and Lemma 2.4, it can be verified that there exists a matrix F' such that
P,B=F" (25)

Then, the derivative of the Lyapunov function (22) can be further rewritten as
V= ZZh h; < [Py (A; — BK;)|, € + €7 [PBK;], ec + €T[P1Bsey

+ e [Pa(A;i — Ly))see — € [PaL]p + ¢ —f Fp Feg 6?2Fﬁ) (26)
Then, substitute the differential equation of é¢ (21), the following is obtained:
V= ZZh h; ( [Pi(A; — BK))]€ + ef [Pa(A; — Li))see + £ [PLBK;] e
2 2 oP, . N
‘l—fT[PlB]Sef — 6";;FB6J£ - G?EF(AZ - Li)ef + G?Tf - Gg[PQLZ]Sp
2 5 Ll ~
— e?;Fp + e?QF (; - I) p) (27)
According to Lemma 2.2 we have
L;
—eg[PoLilp—e;~ 2 Fj+ €;2F (— — 1)
= —26€ \/_\/_Pg ip— Zef\/_\/— Fp—l—Qef\/_\/_F <——]>
< cllecl” + emnif3 + elles|? + ~ra? + elies|” + eraif

where K1; = Amax [L?PQ}T, K2 = Amax|FT, K3i = Amax [F (% — I)]T. Then, the derivative
of the Lyapunov function (27) becomes

VgZZhh (g [Pi(Ai — BE)] € + el ([Pa(Ai — L)), —i—e)eg—ef( FB



FAULT-TOLERANT CONTROL DESIGN FOR MARINE SURFACE VEHICLES 855
1 2
— ; — 26) € + §T[PlBKj]se§ + §T[PlB]sef - G?EF(AZ — Li)eg + I@',’) (28)

where R; = €k1;05 + Sk} + €rgi33 + Ka, Ky = —)‘“‘a’;(P;)fﬁ.
Therefore, (28) can be further transformed into compact form as

[[P\(A; — BK;)]s P, BK; P\B
—1
: U & Py(A; — Ly)]s —(A; — L)TFT
V< XTI iy - P e ) X
i 2 1
* * — (—FB - — = 26)
- O- 0- —
+ > hiF;
S XY N hihE X 4+ ik (29)
7 7 7

So as long as we choose > " > 7" hih;=;; < 0, (29) can be transformed into
V< ol X+ YR, (30)

where kg = Amin(— D 5" Z;"" Zi;). It follows that || X|]* > Z:% renders V < 0. It is
obviously observed that V' is uniformly ultimately bounded. According to the definition
of V', the signal of X is bounded too.

Next, we will analyze how to select parameters to satisfy the condition provided in
Theorem 3.3 using LMIs.

Firstly, for the condition (25), we can rewrite it as
Trace (P8 — F")" (BB - F")) =0 (31)

Further, by Lemma 2.1, the design problem of B = F7T is now transformed into an
optimization problem with LMIs constraints:

miny > 0 (32)
_ T
{ ZI PQB_IF ] <0 (33)

Secondly, for the condition )" Z;L’“ hih;=;; < 0, post-multiplying and pre-multiplying
it by diag (P1_ Lt ) yields

Ny

> D hihy
i J

where Q;; = (4; — BK;)P{ '+ P (A, — BK;)", Q; = [BK;P[ ', B], W = diag (P; ', 1),

<0 34
* WTNZW ( )

o
N; =
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According to Lemma 2.3, there exists A such that WTN;W < —2 AW —A2N;!. In addition,
according to Lemma 2.1, we can obtain the equivalent condition of (34) as follows

Ny MNp Qij Qj 0
SN hihy | % =20W A | <0 (35)
7 J * * NZ

Let P1_1 = X1, Kin1 = Xy, B L; = X3;, P, = X4, and then we can obtain the LMIs in
Theorem 3.3.

Remark 3.4. In the design of the fault-tolerant controller, the above LMIs only deduced
one possible solution, which may not satisfy the required convergence rate. To solve this
problem, a new LMI, X1 — @ < 0, where (Q > 0 is a positive definite matrixz determined

by designer, can be added to ensure the appropriate convergence rate by increasing control
gCLZ"I’L Kz = XQin_l.

4. Simulation Research. In this section, the numerical simulations of the nonlinear
dynamic positioning ships are carried out to demonstrate the efficiency of the proposed
fuzzy output-feedback fault-tolerant control approach. Readers can access all the data
supporting the conclusions of the study in [37]. We consider a DP ship given in [37] as

0.027521 0 0
M =107 « 0 0.076348  —0.073803
0 —0.073803  6.690963
0.000025 0 0

D =10° « 0 0.009865 0.001375
0 0.000711 2.813355

It is necessary to determine the working region of &5 for finding the linearized subsystems
for the T-S fuzzy model. In this numerical example, the working region is chosen as
& € (—n/2,7/2). As mentioned in Remark 3.1, the number of fuzzy rules is closely related
to the control accuracy and computation burden of system. Referring to [24, 25], in this
paper, three operating points are chosen, and the corresponding membership functions
are summarized in Table 1. Using parameters of M and D given above, the T-S fuzzy
model was computed and obtained as

0 0 0 0035 ~1 0 7
000 1 0.035 0

4000 0 0 1
00 0 —0.0001 0 0
000 0  —00131 —0.0429
000 0  —0.0002 —0.0425
000 1 —0.035 0 7
000 0035 1 0

4000 0 0 1
00 0 —0.0001 0 0
000 0  —00131 —0.0429
000 0  —0.0002 —0.0425
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coococoo
coocoococo

OO O oo

0.035 1 0
-1 0.035 0
0 0 1
—0.0001 0 0

0 —0.0131 —0.0429

0 —0.0002 —0.0425_

TABLE 1. Membership function

H1 H2 K3
(0.5) | |1-m| O
(550) | 0 [1—pg| -7

0 0 0 7
0 0 0
0 0 0
0.3634 0 0
0 0.1324 0.0015
0 0.0015 0.0015]
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It is easy to verify Assumption 2.3 and there are no invariant zeros in the dynamic
positioning system. Further, by choosing the parameters ¢ = 0.8, A = 10, ¢ = 0.01,
a; = az = 4.5, a; = 7, the gain matrices of the fuzzy observer and controller are calculated

by MATLAB LMI toolbox as follows

Ly

Ly

K, = 10° %

Ky =10° «

Ky =10° %

[ 1.8768  0.0112 —0.0001
—0.0336 1.9591  0.0010
0.0044  0.0021  2.0639
0.1425  0.0982 —0.0011
—0.0657 0.2666 —0.0364
| 0.0011 —0.0005  0.4089
[ 1.8868  0.0003  0.0001
—0.0007 1.9930  0.0007
0.0002 —0.0021  2.0640
0.2336  0.0010 —0.0000
—0.0061 0.3265 —0.0370
| 0.0001 —0.0015 0.4089
- 1.8758  —0.0103  0.0002
0.0348 19591  0.0010
—0.0043 0.0021  2.0639
0.1427 —0.1027 0.0011
0.0581  0.2666 —0.0364
| —0.0010 —0.0005  0.4089
[ 0.1469  0.0000 —0.0000
—0.0000 0.3114 —0.0078
0.0000  —0.0097  0.4026
[ 0.1470  0.0000 —0.0000
—0.0000 0.3143 —0.0078
0.0000  —0.0097  0.3959
[ 0.1469  0.0000 —0.0000
—0.0000 0.3203 —0.0078
0.0000 —0.0093 0.4106

0.1818 —0.4925 0.0015 T
0.6258  0.2749 —0.0004
0.0013  —0.0352 0.7265
1.1610 —0.0143 —0.0002
—0.0244 0.4247 —0.0284
0.0004 —0.0108 0.2567 |
0.7903  —0.0209 0.0001 7
0.0218  0.7190 —0.0019
0.0000 —0.0321 0.7265
1.1366 —0.0001 —0.0000
—0.0010 0.3685 —0.0284
0.0000 —0.0101 0.2567 |
0.1815  0.4841 —0.00147
—0.6261 0.2752 —0.0004
—0.0014 —0.0353 0.7265
1.1604  0.0130  0.0002
0.0235  0.4261 —0.0284
—0.0004 —0.0109 0.2567 |
1.5368  —0.0000 —0.0000]
—0.0000 3.3301 —0.1451
—0.0000 —0.1119 5.1954
1.5106 —0.0000 —0.0000]
—0.0000 3.0391 —0.1310
—0.0000 —0.1117 5.0178
1.5236 —0.0000 —0.0000]
—0.0000 3.3301 —0.1451
—0.0000 —-0.1119 5.3814
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—0.2437 0.0023  0.0000 2.8563 0.0006 0.0000
0.0072  —0.4647 0.0456 0.0002 3.3922 0.0754
0.0001  —0.0051 —0.0091 0.0000 0.0377 0.0559

F =10«

Remark 4.1. How to select the value of parameters o, A and € to make the LMIs in
Theorem 3.3 solvable is a key problem. The specific values of parameters can be selected
by experience and theoretical proof. It is worth noting that the selection of € should not be
too large or too small; otherwise the control accuracy will be reduced or peak phenomenon
will occur [36].

4.1. Simulation of proposed control method in the constant fault case. For the
[10m 10m 1rad]T,

and the expected conditions are taken as n; = [Om Om Orad]T. In order to illustrate
the efficiency of the proposed fault-tolerant control scheme, the constant faults and time-
varying faults are simulated respectively. First, we consider the constant fault situations
for actuators, which is denoted as Case-1 in the following and is created as

£(t) = fi=fo=f3=0; if0<t<20
| fi=fo=f3=T%10° otherwise

Simulation results of the proposed fuzzy fault-tolerant control strategy for the constant
actuator faults are depicted in Figures 3-5. It is shown from Figure 3 that the proposed
controller can force the ship to the desired target value ng = [0,0,0]7 in around 20s. In
Figure 4 the velocity estimation errors [e,, €,, er]T are shown to be uniformly ultimately
bounded with respect to a ball whose radius is sufficiently small. Figure 5 describes fault

simulation purposes, the initial conditions are selected as 7(to)

(36)

15 10 -
— 1><10
10 — 5 ' —F
= = D
E E N 0 | 40
5 0
p—
0 5
0O 10 20 30 40 50 0 10 20 30 40 50
10 10
%107
-
5 — i 5 E_L
£ E L T 2 40
0 0
—
-5 -5
0 10 20 30 40 50 0 10 20 30 40 50
! : ! %107
05 4 os g ,\
® B -
g S | 10 20 30 40| 50
0 0
05 05 -
0O 10 20 30 40 50 0 10 20 30 40 50
time(s) time(s)

FIGURE 3. Actual and estimated position, and their estimation errors

(Case-1)
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FIGURE 4. Actual and estimated velocity, and their estimation errors
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FIGURE 5. Actual and estimated fault, and their estimation errors (Case-1)
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estimation of the proposed fuzzy observer. Note that although the oscillation occurs at
initial stage, the fault estimation error e; converges to a sufficiently small neighborhood
of zero within a finite time quickly. Therefore, from the simulation results, it is seen
that the proposed nonlinear adaptive fuzzy output-feedback fault-tolerant controller has
a good robustness against unknown constant faults.

4.2. Simulation of proposed control method in the time-varying fault case.
Further, it is assumed that a time-varying faults f(¢) occur in the actuator, which is
denoted as Case-2, i.e.,

fi =100sin(0.1¢) cos(0.11)2, fo =0, fz=0;, if0<t<10
ft) =< fo=100sin(0.1¢) cos(0.1¢)?, f1 =0, f3=0; if 10 <t <30 (37)
f3 = T7%10%sin(0.1¢) cos(0.1¢)%,  f1 =0, fo=0; otherwise

Simulation results of the proposed fuzzy fault-tolerant control strategy for the time-
varying actuator faults are depicted in Figures 6-8. It can be observed from Figures
6 and 7 that the fuzzy output-feedback fault-tolerant controller can force the ship to the
desired target value ng = [0,0,0]%, also, the velocity estimation errors [e,, €,,e,]? can
converge to a sufficiently small neighborhood of zero. The reconstructed time-varying
fault f is shown in Figure 8, and it clearly reveals that the fuzzy observer can accurately
and quickly reconstruct the time-varying faults.

12 T T T T T T T T T
x(m)
----ylm)
Ve )i rad )| |
10f \\_
| '\\ 0.5 —
\ Y
T \\\ \\ -
Y —
Gl o \\ 0 R e s -
\ -
\
4= ) =1
05 > 2 2
2k ' 10 20 30 40 50 -
T =—— l‘\\ ‘H"'\-\.
H"“:-._ B —
0fF e ——
2 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
time(s)

FIGURE 6. Position and heading of DP ships (Case-2)

It is worth noting that, in practical application, the marine environment is complex and
the disturbance forces caused by wind, wave and current cannot be ignored. A frequently
used disturbance model for marine control applications is the first-order Markov process
(10, 38|

b= —A;'b+ Byw, (38)

where b € R? is the vector representing the changing disturbance forces and moment,
wp € R? is the vector of the Gaussian white noise with zero mean value, and A, and
B, are the diagonal matrix of positive time constants and the diagonal matrix scaling
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FIGURE 8. Actual and estimated fault, and their estimation errors (Case-2)

the amplitude of Gaussian white noise. For the simulation purposes, the parameters are

selected as A, = diag(3000, 3000, 3000), and B, = diag(1000, 1000, 1000).
Figures 9-11 display the simulation results when the above disturbance (38) is taken

into account, and demonstrate that the proposed fuzzy fault-tolerant controller is also
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FIGURE 10. Velocity estimation errors (Case-3)

effective for the case of simultaneous presence of actuator time-varying faults (37) and
environmental disturbances (38), which is denoted as Case-3, even though the heading of
ship is slightly chattering. Moreover, from the simulation results in Figures 8 and 11, it is
quite obvious that estimation errors of fault signal in Case-3 are much bigger than those
in Case-2, which is caused by the fact that #; in (30) of Case-3 increases as f), increases.
Nevertheless, the ship position (z,y) and heading 1) can also arrive at the desired target
value ng = [0,0,0]” in around 25s. Consequently, it is concluded that the proposed fuzzy
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FIGURE 11. Actual and estimated fault, and their estimation errors (Case-3)

output-feedback fault-tolerant controller possesses not only excellent fault tolerance but
also great disturbance rejection ability for dynamic positioning of ships.

5. Conclusions. An adaptive fuzzy output-feedback fault-tolerant control scheme for
nonlinear dynamic positioning of ships with actuator faults is investigated in this paper.
The proposed fault-tolerant control scheme only depends on the measurements of the ship
position and heading. Closed-loop stability of the proposed fault-tolerant control system
is established by the Lyapunov stability theory. The effectiveness of the fault-tolerant
control scheme for DP ships in the presence of disturbance is demonstrated through
simulations. In simulations, it has been shown that the fault effect has been negated
completely without degrading the system performance significantly which confirms the
effectiveness of the proposed scheme. In addition, due to the fact that the saturation
limits and loss-of-effectiveness always exist in actuators, the FTC strategy designing for
DP ships with multiplicative faults under more actuator constraints is another interesting
and practical issue, which will be investigated in our future work.

Acknowledgment. This work is partially supported by the National Science Technology
Support Program of China (Project No. 51609046). The authors also gratefully acknowl-
edge the helpful comments and suggestions of the reviewers, which have improved the
presentation.

REFERENCES

. Wang, Y. Tuo, 5. Yang an . Fu, Nonlinear model predictive control of dynamic positioning o

1] Y. W. Y. Tuo, S. Y. d M. Fu, Nonli del predicti 1 of d i f
deep-sea ships with a unified model, International Journal of Robotics and Automation, vol.31, no.6,
pp-519-529, 2016.



864

2]

X. LIN, H. LI, A. JIANG, J. NIE AND J. LI

J. Du, H. Xin, M. Krsti¢ and Y. Sun, Dynamic positioning of ships with unknown parameters and
disturbances, Control Engineering Practice, vol.76, pp.22-30, 2018.

Y. Yang and J. Du, Robust adaptive NN-based output feedback control for a dynamic positioning
ship using DSC approach, Science China Information Sciences, vol.57, pp.1-13, 2014.

A. Doria-Cerezo, J. A. Acosta, A. R. Castafio and E. Fossas, Nonlinear state-constrained control.
Application to the dynamic positioning of ships, IEEE Conference on Control Applications (CCA),
pp-911-916, 2014.

K. Tiwari and P. Krishnankutty, Fuzzy logic controller for dynamic positioning of an offshore supply
vessel, The 36th International Conference on Ocean, Offshore and Arctic Engineering, Trondheim,
Norway, 2017.

D. Nguyen, A. Sgrensen and S. Quek, Design of hybrid controller for dynamic positioning from calm
to extreme sea conditions, Automatica, vol.43, pp.768-785, 2007.

F. Benetazzo, G. Ippoliti, S. Longhi and P. Raspa, Advanced control for fault-tolerant dynamic
positioning of an offshore supply vessel, Ocean Engineering, vol.106, pp.472-484, 2015.

X. Lin, K. Liang, H. Li, Y. Jiao and J. Nie, Robust finite-time H-infinity control with transients for
dynamic positioning ship subject to input delay, Mathematical Problems in Engineering, vol.2018,
Article ID 2838749, 2018.

T. I. Fossen, Handbook of Marine Craft Hydrodynamics and Motion Control, Wiley, 2011.

X. Lin, H. Li, K. Liang, J. Nie and J. Li, Fault-tolerant supervisory control for dynamic positioning
of ships, Mathematical Problems in Engineering, vol.2019, pp.1-11, 2019.

G. Zhu, J. Du and Y. Liu, Model predictive control for dynamic positioning system of ships with
unknown time-varying disturbances and actuator constraint, The 6th International Conference on
Information Science and Technology, Dalian, China, 2016.

Y. Lin and J. Du, Fault-tolerant control for dynamic positioning of ships based on an iterative
learning observer, The 35th Chinese Control Conference (CCC), Chengdu, China, 2016.

W.-Z. Yu, H.-X. Xu and H. Feng, Robust adaptive fault-tolerant control of dynamic positioning vessel
with position reference system faults using backstepping design, International Journal of Robust and
Nonlinear Control, vol.28, no.2, pp.403-415, 2018.

M.-H. Kim and D. Inman, Development of a robust non-linear observer for dynamic positioning
of ships, Proc. of the Institution of Mechanical Engineers, Part I: Journal of Systems and Control
Engineering, vol.218, pp.1-11, 2004.

Y. Lin, J. Du, G. Zhu and H. Fang, Thruster fault-tolerant control for dynamic positioning of vessels,
Applied Ocean Research, vol.80, 2018.

M. Fu, J. Ning and W. Yushi, Fault-tolerant control of dynamic positioning vessel after thruster
failures using disturbance decoupling methods, IFEE International Conference on Automation and
Logistics (ICAL), pp.433-437, 2011.

A. Cristofaro and T. A. Johansen, Fault tolerant control allocation using unknown input observers,
Automatica, vol.50, 2014.

M. Chen, B. Jiang and R. Cui, Actuator fault-tolerant control of ocean surface vessels with input
saturation, International Journal of Robust and Nonlinear Control, vol.26, 2015.

Y. Su, C. Zheng and P. Mercorelli, Nonlinear PD fault-tolerant control for dynamic positioning of
ships with actuator constraints, IEEE/ASME Trans. Mechatronics, 2016.

L.-X. Wang, A Course in Fuzzy Systems and Control, Prentice-Hall Upper Saddle River, NJ, 1997.
L. Zhang, H. Yang and Q. Mao, T-S fuzzy system identification based on Bayesian inference, ICIC'
Ezxpress Letters, vol.13, no.1, pp.51-58, 2019.

X. Lin, J. Nie, Y. Jiao, K. Liang and H. Li, Nonlinear adaptive fuzzy output-feedback controller
design for dynamic positioning system of ships, Ocean Engineering, vol.158, pp.186-195, 2018.

H. Xin, J. Du and J. Shi, Adaptive fuzzy controller design for dynamic positioning system of vessels,
Applied Ocean Research, vol.53, pp.46-53, 2015.

W. Ngongi, J. Du and R. Wang, Robust fuzzy controller design for dynamic positioning system of
ships, International Journal of Control, Automation and Systems, vol.13, 2015.

W.-J. Chang, H.-J. Liang and C.-C. Ku, Fuzzy controller design subject to actuator saturation for
dynamic ship positioning systems with multiplicative noises, Proc. of the Institution of Mechanical
Engineers, Part I: Journal of Systems and Control Engineering, vol.224, no.6, pp.725-736, 2010.

T. I. Fossen, Marine Control Systems: Guidance, Navigation and Control of Ships, Rigs and Under-
water Vehicles, Marine Cybernetics AS, Trondheim, Norway, 2002.

M. Fu, M. Li and W. Xie, Finite-time trajectory tracking fault-tolerant control for surface vessel
based on time-varying sliding mode, IEEE Access, 2017.



28]
[29]
[30]

[31]

FAULT-TOLERANT CONTROL DESIGN FOR MARINE SURFACE VEHICLES 865

J. Du, H. Xin, M. Krsti¢ and Y. Sun, Robust dynamic positioning of ships with disturbances under
input saturation, Automatica, vol.73, 2016.

Y. Xie, X. Lin, X. Bian and D. Zhao, Multiple model adaptive nonlinear observer of dynamic
positioning ship, Mathematical Problems in Engineering, 2013.

T. Floquet, C. Edwards and S. Spurgeon, On sliding mode observers for systems with unknown
inputs, vol.21, pp.214-219, 2006.

M.-Z. Gao and J.-Y. Yao, Adaptive fault-tolerant attitude control for reentry vehicle involving ac-
tuator saturation, Proc. of the Institution of Mechanical Engineers, Part G: Journal of Aerospace
Engineering, vol.233, p.095441001881171, 2018.

Q. Jia, W. Chen, Y. Zhang and H. Li, Integrated design of fault reconstruction and fault-tolerant
control against actuator faults using learning observers, International Journal of Systems Science,
pp-1-13, 2015.

J. Tu, State and input estimation for a class of uncertain systems, Automatica, vol.34, pp.757-764,
1998.

L. Zhang, J. Li and H. Yang, T-S fuzzy model identification with sparse Bayesian techniques, Neural
Processing Letters, 2019.

A. M. Nagy, G. Mourot, B. Marx, G. Schutz and J. Ragot, Model structure simplification of a
biological reactor, IFAC Proceedings Volumes, vol.42, pp.257-262, 2009.

H. Khalil and L. Praly, High-gain observers in nonlinear feedback control, International Journal of
Robust and Nonlinear Control, vol.24, 2014.

C. F. L. Thorvaldsen and R. Skjetne, Formation control of fully-actuated marine vessels using group
agreement protocols, The 50th IEEE Conference on Decision and Control and European Control
Conference (CDC-ECC), Orlando, FL, USA, 2011.

H. Xin, J. Du and J. Shi, Adaptive fuzzy controller design for dynamic positioning system of vessels,
Applied Ocean Research, vol.53, pp.46-53, 2015.



