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Abstract—In this article, we propose a new adaptive fuzzy
fault-tolerant control (FTC) for a three-dimensional riser-vessel
system with unknown backlash nonlinearity. A model for the
smooth inverse dynamics of the backlash is introduced; then, the
control input is divided into an expected input and a compensa-
tion error. Considering the imprecision of system modeling and
unknown external disturbances, we employ a fuzzy adaptive tech-
nology to achieve compensation. By incorporating the actuator
fault term and backlash error, the adaptive FTC is developed
to resolve loss faults in the actuator and compensate for the
unknown backlash to some extent. The direct Lyapunov method
is used to demonstrate the system’s bounded stability. Finally,
simulation results demonstrate the effectiveness of the derived
scheme.

Index Terms—Adaptive control, fault-tolerant control (FTC),
fuzzy control, inverse backlash dynamics, riser-vessel system.

I. INTRODUCTION

ARINE risers play a crucial role in deep water oil

and gas development projects, as they are the main
channels connecting offshore floating devices and submarine
pipelines [1]. Risers face a series of complex technical prob-
lems in harsh marine environments. For example, there is a
rise in pressure acting on the pipe as the depth increases.
Concurrently, capricious ocean currents also pose a threat
to pipe structures. Compared with rigid structures, flexi-
ble structures can make the riser lighter and more suitable
for the seabed environment. However, deformation inevitably
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appears in flexible risers owing to complicated environments,
vibrations, and unknown disturbances, which will affect the
service life of risers and even lead to oil and gas leakage.
Thus, efficient control technologies should be developed for
flexible risers.

The riser model is a distributed parameter system (DPS) [2].
If the system is reduced to a finite-dimensional state space
for control design, it may produce an adverse spillover effect.
Fortunately, this problem can be addressed via boundary con-
trol (BC), and fewer sensors and actuators are required during
execution [3], [4]. In recent years, significant progress has
been made in the study of BC methods for flexible risers [5].
In [6], a new boundary iterative learning control strategy was
proposed to compensate for external disturbances, input satu-
ration, and output constraint of one-dimensional (1-D) flexible
risers. To address parameter uncertainties and asymmetric non-
linear input dead zones in riser systems, a robust adaptive
control was designed in [7]. In [8], an adaptive robust con-
trol method for three-dimensional (3-D) uncertain riser-vessel
systems was developed. However, these previous studies were
limited to the vibration suppression of 1-D or 3-D flexible
riser systems, and the methods used are not applicable to 3-D
riser-vessel systems with input backlash.

Backlash is among the common nonlinearities in indus-
trial system mechanical actuators. It may be caused by gear
clearance and friction of control valve components, among
other causes. The backlash nonlinearity leads to an increase
in system performance degradation and even to an unstable
system. To address this problem, various approaches have
been proposed. The backlash is resolved by a simple anti-
backlash torsion torque and a virtual average motor model
in [9]. In [10], a fuzzy backlash model was adopted to describe
the uncertainty actuator backlash input nonlinearity. The best
way to compensate for input backlash is to use an inverse
to eliminate it [11]. The authors introduced a smooth inverse
function to model the backlash and incorporated it into the
controller design using the backstepping technique in [12].
Note that the literature was confined to stabilizing finite-
dimensional systems with backlash, and these methodologies
are not available for infinite-dimensional flexible systems.
Recently, significant advances in tracking the backlash of
flexible systems were documented in [13]. In [14], the back-
lash was formulated as a linear input and the addition of
interference-like terms; then, a new auxiliary term was intro-
duced to compensate for the influence of backlash. In [15],
a new control strategy was proposed by introducing adaptive
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inverse backlash dynamics to handle a flexible riser system
with input backlash. However, the aforementioned studies
handled the backlash nonlinearity in flexible systems in the
presence of known backlash parameters, and these approaches
are ineffective in addressing the uncertainties of backlash
slope. Moreover, the unsmooth backlash inverse dynamics
in [15] and [16] may result in more chattering in the actuators.
Although significant developments have been attained in dis-
posing the backlash of flexible systems, no research has been
reported on employing the smooth inverse backlash dynamics
to eliminate the backlash in 3-D flexible riser systems, which
is the motivation for the present study.

Uncertainties and actuator faults universally exist in con-
trolled system and pose a significant challenge to the control
design [17]. For actuator faults, an adaptive fault-tolerant
control (FTC) for in-wheel motor drive electric vehicles via
a reinforcement learning algorithm was proposed in [18].
In [19], an effective adaptive actuator fault compensation
scheme was adopted for a class of parameter-strict-feedback
MIMO nonlinear systems. In recent years, many researchers
have been dedicated to developing a wide variety of con-
trol methods to address the uncertainties or actuator faults in
flexible systems [20], [21]. In [22], considering the system
uncertainty, an adaptive neural feedback control for nonlin-
ear flexible DPSs was proposed. In [23], a robust adaptive
control allocation algorithm with actuator fault compensation
was presented for flexible string systems. Although successful
solutions have been provided on the BC of flexible systems
preceded by uncertainties or actuator faults, the control design
for a 3-D flexible riser-vessel system with unknown backlash,
actuator faults, and model uncertainties remains an open issue,
which drives further research.

Motivated by this background, we intend to develop a
new adaptive fuzzy FTC for a 3-D riser-vessel system with
unknown backlash, actuator faults, and model uncertainties.
The main contributions of the present study can be summa-
rized as follows.

1) In contrast to previous studies [8], [24], [25], [26],

the modeling uncertainties and external disturbances
are incorporated into the unmodeled terms, and then a
fuzzy-logic system (FLS) is utilized for approximation
compensation.

2) The chattering issue caused by the unsmooth inverse
is resolved by introducing smooth inverse backlash
dynamics and an adaptive mapping operator.

3) An adaptive fuzzy FTC is established to address the
actuator faults, compensate for the model uncertain-
ties, eliminate the unknown backlash, and stabilize the
vibration in 3-D flexible riser systems.

II. PROBLEM STATEMENT
A. System Model

Fig. 1 depicts a schematic of a 3-D flexible riser-vessel
system, where ODEF represents the coordinate system. Here,
u, o, and 7 denote the independent time variable, space
variable, and riser length, respectively; d(w, 1), e(w, i), and
f(w, ) denote the vibrational deflection of the riser in
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Fig. 1. Riser-vessel system.

the DEF directions; and ®4(w, 1), ®.(w, u), and Py (w, @)
represent the distributed disturbances on the riser system in the
DEF directions. The model uncertainties of the riser system

are expressed as (1), Op(1), and O (1) Ty(te). Te(p).
and I'y(1) denote the extraneous disturbances that act upon
the tip of the riser; and E4(u), E.(u), and E¢(u) are the BC
inputs in the DEF directions. R represents a collection of real
numbers. For simplicity, some symbols are defined as follows:
() = () (@, ), (%), = () /I, (%) = (%) /0w, (¥)y =
02 (#)/0wdit. (oo = *#)/00%, Fewe = 8°(*)/00’,
(Favos = 31 (#)/90*, (), = /92, (£ = (00, p),
(*); = (x)(1, u), and ¥ = x—* for (w, u) € [0, T]x [0, +00).

First, we consider the system’s dynamical model as fol-
lows [8]:

3
Sdyup = EA(fowdo + duafo) + Tdoo + 5 EAd; o
1
—Eldyowo + EEA[dw(ueZ) + Zdweweww] + @4 (1)
3
seun = EA(fowew + evufw) + Tewpw + EEAeZ,eww

1
—Elegoon + 3EA [ewwdfu 4 2ewdwdww] +d, ()
un = EAdudow + EAewepn + EAf oo + ®; 3)

with the following boundary conditions:

B4 — mdruu = —Eld; pwow + EAdrofrw + Tdr — Tg

1
+5EA(dme$w + diw) ey 4)
Ee — meryy = —Ele;pow + EAerofro + Tz, — Te
1
+§EA(emd$w + eiw) o (5)

1 1
Ef = mfeun = S EAdR, + SEA€}, + EAfry, — Ty
—Or ©)

dowew = €0ww = foww =0,  drww = €rvw = froo =0 (7)
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where m represents the vessel mass, and the uniform mass per
unit length, tension, axial stiffness, and bending stiffness of the
flexible riser are expressed as ¢, T, EA, and EI, respectively.

B. Actuator Fault and Input Backlash

In this study, we consider a riser-vessel system subject to
the unknown backlash and actuator fault.
Then, the backlash expressions are presented as [27]

M(w) = B(@;(1))
0j(wj — Byj), if ;>0 and
I; = o(w; — By)
j = oj(m; — By)
(), otherwise

where ¢; > 0¢j, j = d,e,f, denote the slope of the lines,
with g, j = d, e, f, being small positive numbers. B,; and
Bjj, j = d, e, f are constants greater than zero and less than
zero, respectively; @wj(i), j = d, e, f, represent the expected
control to be developed; I1;(), j = d, e, f, describe the actual
input affected by the backlash and ITj(u_), j = d, e, f, show
no change in IT;(u).

Remark 1: As opposed to previous studies [8], [24], [25],
we consider the modeling uncertainties including the uncer-
tainty of system parameters. For example, the deflection at
the top of the riser will have a significant impact on the top
tension of the marine riser [28]. In order to avoid design-
ing the adaptive laws of multiple parameters [29], we propose
a fuzzy compensation strategy. In addition, in previous stud-
ies [13], [15], the inverse backlash compensation control was
investigated based on the assumption that the backlash slope
is a known constant and the left and right “crossing” terms
are symmetrical. However, the backlash parameters may be
unknown in reality; therefore, a new compensation method is
required for backlash compensation.

To avoid the chattering caused by the unsmooth inverse
compensation operator, we introduce the following smooth
backlash inverse dynamics [12]:

BI(T1j) =

where Grj(f[j) and GU(ﬁj), j=d,e,f, are defined as

1 . .
@i(n) = plAs ByjG;(11)) + ByGy(11;) - (9)
J

. e(PiTL))

Gri(T) = e(PiT) 4 o(=PiT1)) (19)
. (=Pi11)

Gy (11)) = (11)

e(PiT)) 4 o(=PiT1))
where Pj, j = d, e, f, are positive constants. The larger the P;
\{alues are, the closer G,; is to 1 and 0 when ﬁj — o0 and
I1; — —oo, respectively. In contrast, Gj; is closer to 0 and 1
when I1; — oo and I1; — —o0, respectively. Because both G,;
and Gy; are continuously differentiable, the chattering caused
by the nonsmooth inverse indicator function can be settled.

To address the backlash parameter uncertainty, we
rewrite (9) as follows:

~ 1 — .
oj(w) = BI(Mg(n) = a—j[ndj(li) + 0jB,iG)j(Tg)

+0;B1iGyj(T4)] (12)
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where Ig(n), j=d,e,f, , represent the the actual actuator inputs
after compensation. 0j, Q]Brj, and Q]B[] denote the estimates
of ¢j, 0jByj, and @;By;, j = d, e, f, Tespectively.

Invoking (12), the expressions of ITy;(u) are given as
¢ByGy(My). (13)

M) = 0jw(1k) — 0BrGyj(Ig) —

Further, the compensation errors can be expressed as

Mg(w) = gjm;(w) — 0BG ()
—0BiiGyi(aj) + gnj(10)-

IT; () —
(14)

Suppose that there exist positive constants g; that sat-
isfy [gpi(w)l = g for any u = 0, j = def.
Moreover, we define l?(,u) = [0}, 0jB ,],QJBZJ] , and v; =
[, Gr](Hd]) Glj(l'ldj)] j = d,e,f. The compensation
errors in (14) can be rewritten as

T (1) — Tagi(p) = ] v + g (). (15)

Assuming that the actuator input process does not work,
the actual inputs E;(11) are not equal to IT;(n), j = d, e, f.
According to [30], the forms of the actual actuator inputs
8j(u) are defined as

i) = () + Ep(w) (16)

where n; € (0, 1], j = d, e, f, are unknown constants express-
ing the fault degree of the actuators and E5(u),j = d, e, f, rep-
resent the floating faults of the actuators, which are unknown
functions. Thus, combining (15), the actual inputs can be
expressed as

Ej(w) = niTLi(w) + () = niTlg(w) + 0] v

+ nigpi() + Ef(w).  (17)

Remark 2: Equation (16) is a classic actuator error expres-
sion. If n; = 1, they imply that the actuators are completely
effective. Conversely, when n; = 0, they denote that the
actuators totally lose efficiency. In this article, we consider
the incomplete loss of actuator efficiency, that is, n; €
(0, 1]. Ef(u) are time-varying parameters such that E5(u) €
[—Ej, Ef] with Ef > 0.

Remark 3: In practical application, the BC of the riser
system can be completed by a hydraulic system [31]. The
hydraulic system converts the pressure energy of the liquid
into mechanical energy through the hydraulic motor. However,
incomplete contact between the two gears inside the hydraulic
motor gearbox is inevitable, which is modeled as the backlash
of the actuators (8). In addition, if the actuator structures are
not continuously powered, actuator faults (16) will occur. It
is worth noting that since there is only one actuator in each
direction, the total loss of effectiveness fault or struck fault is
not considered [32].
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C. Fuzzy-Logic System Framework

Because of the excellent approximation performance of the
FLS, it has been widely used in nonlinear system control in
recent years [33]. Therefore, the FLS is used to compensate the
unmodeled dynamics instead of the adaptive design of multiple
parameters [29]. The FLS framework includes the fuzzifier,
center-average defuzzifier, and product inference. The fuzzy
rules are defined as follows [34]:

Rl:IFal isFll, anistl
THEN, bis Q', 1=1,2,3,...,N

where a = {aj,as,...,a,} and b represent the fuzzy input
and output, respectively; {F" l, e, Ffl, Ql } € R are fuzzy sets;
and N denotes the number of fuzzy rules in the system. After
fuzzification and defuzzification, we obtain the FLS output
b as

P 51[“?:1 Spl (di)]
Z?/:] [H?:l SFl (ai)]

where (pi(a) = exp[—(a,-—xf)z/yf] denotes the system
membership function, with xf and yf representing the
centers and widths of ¢pi(x;), respectively. In addition,
br = maxper i (a)).

Then, we further express fuzzy output b as

b(a) =

(18)

b=68Te(a) (19)
where 87 = [by,ba,...by] = [81,682,...,8n] and €(a) =
le1(a), ex(a), ...,eN(a)]T. € is given as

[T, iFf(“i)

€l (20)

B Z?[:l [1'[?:1 CF,!(“!')] .

The target uncertainty compound items xj(a), j = d, e, f,
are expressed as

Xj(@) = Og(u) + Tj() = 8" ¢j(a) + Bj(a).

According to [34], FLSs can approach a smooth continuous
function defined on the set £2; to a certain extent. Then, we
obtain

21

sup lim |;(a) — bj(@)| < B (22)

where Bj, j=d, e, f, are positive constants.

D. Preliminaries

To facilitate the subsequent analysis,
assumptions and lemmas are provided.

Assumption 1: For disturbances I'j(i) and ®j(w, u), j =
d,e,f, there exist positive constants l:j and CT>',j =d,ef
satistying [Tq()| < [a ITe(w)| < Te ITpw)| < T,
|Pi(w, w)| < Py, |Pe(w, w)| < D¢, and |Dp(w, u)| < Dy.

Assumption 2: We assume that the unknown disturbances
Ij(n),j = d, e, f, acting on the tip of the riser are related
to vessel displacements d(t, u), e(r, u), and f(r, ), and
their respective derivatives d(r, w), é(r,m), and f(r, nw),
respectively.

the following
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Lemma 1 [35]: If p; and 7; are scalars and satisfy p; €
R,rj€ RT,j=d, e,f, we have

2
Pj
<r;

— 1]
2 2
VP T

If r; > 0 are uniformly bounded continuous functions with
lim,_, o f IZJ ri(m)du < rj, the above inequalities are satisfied.

0<lpjl = (23)

III. CONTROL DESIGN

In this section, the smoothing inverse operator for backlash
compensation is introduced to obtain the compensation error
and the designed input. Then, the external disturbances and
model uncertainties are combined and approximated using the
FLS. Subsequently, by combining the unknown backlash error
with the time-varying actuator floating fault, an upper-bound
adaptive compensation scheme is proposed.

A. Adaptive Fuzzy Fault-Tolerant Control

Let g = (1/n)), j = d,e,f. To achieve the control
objectives, the following expected robust adaptive control
commands are proposed:

where c}j, Jj=d,e,f, denote the estimated values of g; with
the estimated errors defined as g; = g; — §j. Yud, Ve, and Yyr
are defined as

(dw + rrtdm)@% A/A\d(dm + nrdm)

Taa = 2 AigeT (a)er (a)
e+ 7de) 63 + 2 (0) @€y (@€
+ma tdypy + 25qdry, (25)
(exp + mTeEr0))67 Ae(ery +mTere)
Yae = 2 4i.eT (a)er(a)
\/(eru, +7T'fera)) &ez‘i‘rg(ﬂ) €2 2
+muteryy + 2500y (26)
(fru + ”Tfrw)&fz j\f(fru + ﬂfftw)
Yo = 2.2 2 4 ET(a)e (a)
\/(frll«"'nffrw) oy +Vf(/1«) 13 3
+maT Tfrop + 25t 27
where 1,54, Se, S, td, te, tf > 0, and [\-,j = d,e,f, are
the estimated values of Af expressed as A; = ||8j*T||2,
with the estimation errors defined as [\j = A}* — Aj.
Further, 6j, J = d,e f, are the estimated values of o;
defined as o; = suplimy>o|njgs; + Zpl, with the esti-
mation errors represented as 6; = o; — 6;. The terms

e + 7 Tje)6F 1 Gep + TTje0)267 + 20, = d.e.f,
are used to compensate for the effects of the actuator float
faults and inverse backlash dynamics compensation errors.
ri(n), j = d,e,f, are three positive uniformly bounded
integrable functions.

The dynamic adaptive update laws are designed as follows:

. Zd(drp. + ﬂfdrw)z

j\d = — é‘dj\d
digel (@)ei ()

(28)
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X Zelery +TTEr0 2 ~
‘= Euez{ (a)éz(a)) T @
1o 0 (30)

dires (a)e3(a)

da = Projy {Aa(dey + 7rdeo)va) —Ba  BD)
z%?g = Projﬁe{Ae(ew + ﬂrem)ve} — 196 (32)
by = Projy, { Ar(fru + wfe0)vr} — B (33)
64 = Vod(dey + 7Tdre) — Voaba (34)
Ge = Voe(€rp + TTerw) — Voobe (35)
5f = Yor (fru + TTfrw) — Yoroy (36)
Ga = va(dey + 7tdr) Yaa — da (37)
de = Ve(erp + 7Ter0) Tae — Ge (38)
G = ¥ (fen + wfra) Yar = (39)
where ¢, z;, vy, ¥ > 0,j = d,e,f, and Ay, A,, and Ay

e R3X3, ] —
matrices.

Remark 4: The reason for using Projﬂ (¢) is to ensure that
the estimated ©; values are restricted within certain ranges.
Clearly, if 9;, j = d, e, f, do not fall within the ranges, they can
easily lead to a singularity when 0; — 0, making the control
inputs infinite. Pr0]§ (©), j = d, e, f, describe the projection
mappings defined in [36] as

d,e,f, are all positive-definite symmetric

vT
Ve )<> 1f$] € Q

and v$<>>0
1f§je§2 or(SJGQ
and vsjofo)

Proj & (©) = 40)

(<>) b

where W; € R3X3 are symmetric positive-definite matrices,
j=d,e f ; and Q], j = d,e,f, represent the interior of
the sets £2; and the boundary of sets 2;, respectively. Further,
Vs j=d,e,f, denote the normal Vec_tors that point outward
when §;, j = d, e, f, are at boundary ;, and &; represent the
symbols replaced by ¥; in this article, j =d, e, f.

Remark 5: In the execution process, we can obtain signals
dr, e, fo,dep, eop, frps drws €rws fros drops €rops and frpy in
control laws (24)—(27) through sensors and corresponding
algorithms. Signals d., e;, and f; can be measured by the
laser displacement sensors and signals d;,, €74, and fz, can
be measured by inclinometers. In addition, the remaining
signals dqy, exp, frus drops €rops and fre, can be further
obtained by the backward difference algorithm based on the
measured values. Furthermore, hydraulic motors are gener-
ally used to generate a control torque in practical industrial
applications.

B. Stability Proof

We select a Lyapunov function F x(u) as follows:

Fruw) = Fra(w) + Fr() + Fo(u) + Fru() @1
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where

Fi(p) =

N =

- 2, 2\7?
EA/ |:fw+wj| dow
0

1 T 1
+§EI/0 (d§w+e§,w)dw+ ET/ (d2 +e )dw
1 ‘ 2 2 2
+35 ), (dﬂ +é +fﬂ>da) (42)
T
Fro(pn) = 775'/0 w(dudw+euew +fufa))dw (43)
2 1 2
Frapw) = 2m(dw + 7tdrw)” + Em(ew + TTerw)
1 2
+_m(f‘[ﬂ +7Trfrw) (44)
Fra(p) = 1A+1A2+1A+ 0TA—119
k4 (U d 22, 2f £ ) d
- nf 15 1 52 Nd -2
ﬂTA 1§, + LyTA- 9 + — -
ne ~2 ng ~2 1 2 1 ~2
S+ G+ —65+—06, (45)
2]/ 2Vf o 2Yed 74 2Yse ¢

Lemma 2 [37]: The Lyapunov candidate function given
by (41) has upper and lower bounds

0 < saA(w) + F3(w) + Fra()] = F ()

<s0lA(W) + Fia(w) + Fra(p)] (46)

where s and srp are two positive constants and A(u) is
described as

T
A(w) < /0 [dﬁ+ei 24 d 4+
e+ (o) + 2, + €2, [do. (@T)

Proof: The proof process is similar to [25, Lemma 4]. ®
Lemma 3 [37]: The time derivative of (41) is upper
bounded as

Fr(u) < —sF p(p) +6 (48)

where s and 6 are two positive constants.

Proof: See the Appendix. |

Theorem 1: For the riser-vessel system depicted in (1)—(7),
with the established adaptive fuzzy FTC strategy (24) and
online updating laws (28)—(39), if the initial conditions are
bounded and the designed parameters are properly selected
satisfying constraints (66)—(73), we conclude that the offsets
of the riser system uniformly and ultimately converge to a
small neighborhood around zero.

Proof: Using Lemma 3, we multiply (75) by e** and
integrate the resulting expression to obtain

(49)

Fr(p) < Fr@e " + £ (1 —e771).

Using F 1 (), A(un), and Lemma 2 yields
1 T 1
L, ) = /0 B 10do < AGW) < —F i) (50)

le2(w,m < f (o, pydo < A() < im(u) (51)
T 0 al
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1 T 1
220, ) < / Polw, wdo < A < —Fi(w) (52)
T 0 kAl

where (w, u) € [0,7t] x [0, 4+00). Substituting (50)—(52)
into (49) yields

lim |d(w, )| <p, lim_|e(w, w)| < p (53)
n—>+00 H—>+00
lim |f(o,w)| <p (54)
H—>+00
where w € [0, ] and p = /(t0/ ). ]

IV. NUMERICAL SIMULATION

To verify the effectiveness of the proposed FTC strategy,
a numerical simulation is carried out using the finite differ-
ence method. The system parameters are presented as follows:
T = 1000 m, EI = 1.22 x 10> Nm?, m = 9.6 x 10° kg,
T =2.75x10% N, EA = 3.92x 108 Nm?, and ¢ = 108 kg/m.
In this study, the simulation time step and spatial displace-
ment are set to Apu = 0.06 s and Aw = 50 m, respectively.
The distributed disturbance of the system is detailed in [38].
According to Assumption 2, the distributed disturbances of the
system are given as I'y(u) = (dy + dyy + sin(0.5¢)) x 10%,
To(u) = (er + ery + sin(0.50) x 104, and Tr(u) = (fr +
Sru +sin(0.57)) x 103. The model uncertainties are consid-
ered as Oy = 0.1(Tdre, + EAdrof 1o + EAdr €2, — Eldz o),
Of = 0.1(Terw + EAeryfrw + EAeryd?, — Elerpuy), and
O = 0.1(EAfr, + EAd?, + EAe2,). The initial states of
the system are d(w,0) = e(w,0) = f(w,0) = (4w/7t) and
dy(,0) = e, (w,0) = f,(w,0) = 0. The parameter set-
tings of the proposed controllers are presented as follows
sa = Se = 1.6 x 107, sp = 1 x 10% z; = z. = 0.04,
7t =005 64 = ¢ =¢ =1 x107°, 7 = 49 x 1074
Ag = Ay = Ap = 10T, yy = 3, = 1.28x 1074,
v = 1.2 x 1073, Yod = Yoo = Yof = L, la = te =
50, = 100, and Py = P, = Py = 20. In this study, the FLS
inputs {ai, az, ..., a,} are set to {drw, €rw:fros deps dropls
{drw, eros fros €rps rop), and {drw, €rw, fros fou fron}. We
choose the fuzzy membership functions for the system states
ai,ap, ...a as follows:

¢p1(a) = exp[—(@; +1— (= 1)?] (55)

where [ = 1, ...,5. The fuzzy basis functions are defined as
[T ¢p(an

€i(a) = ’ (56)

Y [1_[1'5=1 Sp! (di)] .

For the loss of the actuator effectiveness fault, the effi-

ciency factors are set to ng = 7. = nr = 0.5 and
Bu(n) = Br(uw) = Ex(u) = 100sinu. In addition, the
actuator clearance parameters are chosen as ¥y = ¥, =

¥ = [1,3 x 10°, =2 x 10°]. The limit values are given as
Vamin = Yemin = Vfmin = [0.8,2.16 x 10°, —2.4 x 10°], and
Damax = Pemax = Vymax = [1.2,3.96 x 103, —1.92 x 10°].
When no control was applied (E; = E, = Ef = 0), as
shown in Fig. 2, the system freely vibrated in a 3-D space. The
maximum deflection can reach 4 m, which has significant side
effects for pipeline transportation. Under the adaptive fuzzy
FTC depicted in (24)-(39), we can observe a control effect
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Fig. 2. 3-D offset of the riser.

from Fig. 2. It can be seen that the 3-D direction deflection
of the riser system can be stabilized under control.

Fig. 3 shows the time variation diagrams of the actual
inputs 8y, Z., and Ey and expected inputs wy, w,, and wy,
respectively. Therefore, with the designed controller, the actual
outputs are affected by the faults; however, effective controls
can still be achieved. Compared with previous studies [13],
[15], [16], the actual inputs do not produce chattering under
the influence of backlash, which proves the effectiveness of
the smooth inverse backlash dynamics (12).

V. CONCLUSION

In this article, a new adaptive fuzzy FTC strategy was
proposed to stabilize a 3-D riser-vessel system affected by
actuator faults, unknown backlash nonlinearity, and model
uncertainty. Smooth inverse backlash dynamics were utilized
to address the chattering caused by the previous unsmooth
inverse operator. The FLS was introduced to compensate for
the influence of unknown disturbances and model uncertain-
ties. Further, an unknown upper-bound adaptive compensation
strategy was proposed to offset the side effects caused by the
inverse operator compensation error and actuator floating fault.
The designed control guaranteed uniform boundedness of the
controlled system. The control performance was further evalu-
ated by applying theoretical and simulation analyses. Despite
its many advantages, the proposed control strategy cannot be
applied to actuator stuck-type faults [39], [40] or intermit-
tent actuator faults [41]. When the system actuator is stuck
or the efficiency factor changes, the controlled system may
no longer be stable. This problem will be addressed in future
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Fig. 3. 3-D control inputs of the riser.

work. Moreover, the iterative learning control of controlled
riser-vessel systems will also be addressed in future work.

APPENDIX
PROOF OF LEMMA 3
Proof: We differentiate (41) to derive the following:

Frw) = Fraw) + Frow + Fiw) + Fru@w.  (57)

Function £ (1) yields

ﬁkl(l‘«) = (Ed +Ta+ ®fd - mdr,uu)drp. + (e + T

+Of, — mecyp)ery + (Ef +Tr + Op
T
—mfp ) feu + / [dy®q+ e, Pe + £ Pfldw. (58)
0

Moreover, the derivative of Lyapunov function F () is
given as

. 3 i 3 i
o) = ——mEA / d*dw — ZwEA / et dw
8 0 8 0
T T
—EA / fod?do — wEA / fwetdw
0 0
3 T 2 3 T 2
——nEA | (dpey) dw — —mEIl | d,, do
4 0 2 0

3 t 1 !
——rrEI/ e do — —nT/ d2dw
2 0 2 0

! i 1 2
—EJTT A ewdw—anAr 2d”°
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2
1
© ~|—fm] - EnTrdzw

1 'y 1 s,
—ETL’EA A Jfodw — 7S A d,do

1 o, 1 Ty
—zng A e dw — Eng A fidw
+7tfro(Er + Ty + O — mfryp)

1
+§ngt[d2 + ew +fw]

1
—EnTte%w + 7tdro(Ea + Ta + Op
_m‘lwu) + nre,w(EE + T+ Op — mewu)

T
+7 / w(dw®a + e Pe + f0 Pf)do. (59)
0
Subsequently, we take the derivative of F j3(w)
F (n) = (dtu + jTTdrw) (mdrup, + mn"—'dtwu)
—i—(ew + nte,w) (mewu +mr temu)
+(fr/1, + nffrw) (mftwj, + mJTTfra),u)‘ (60)

The derivation of function [ g4(u) yields
= 2
Ad(dw + ntdm)

4igel (a)eq (a)
~ 2
B Ae(ew + nrem)

Fra(p) = —

+ a0 T AT Dy

Nd ~ Ed ~
+ —qaqa + ZAdAd

4L662T (a)ez(a) Vd
~ 2
- A +rT ~
LS RAL - f(fwT fro) YR,
Ze dires (@)es(a) i
—1a9F A Proj[ Ay(dzy + wTdrw)va]

_neﬁ\TA—lProj[Ae(ew + ”Terw)ve]
=1 ﬂf f Proj[Af(frp, + nffrw)vf]
—ﬂde(dm + nfdrw)rdd - 6—d(d‘[ﬂ + 7T‘L’d,;w)

. Moo n -
—NeGe(erp + TTer0) Yae + y_eCIeCIe + 6464
e
- N A oa s
_Ufo(fm + forw)Tdf + éqqu + 0.0,

- 5f(fm + ”Tffw)
—i—nfﬁf f 1§f + 6707 + nelngzlée.

—0, (ew + 7 tem)

(61)

According to 0 < €l (a)e;(a) < 1, i = 1,2, 3, the following
inequalities can be obtained after further derivation:

2roxT 2
d drw) [8
(dop + 7den)stT ey (@) < T T7dre) [ €1(@)]

4y
2\ ox
(dep + TTdre) )AdelT(a)el(a)
+ig < + g
4y
2 *
- (dep +andtw) A ©2)
dige; (a)ey (a)
(dep + mtdre)Bala) < wm+nwm)+@2<&>
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s - 2 Lo 1,
0404 = Jd(o'd - Ud) = —0y + E(Td + Egd
=0y (64)

where |B4] < B with B} is a positive constant. The derivation
of polarization terms e; and f; is similar to that of d; and will
not be expanded upon here.

Invokmg (41) (62)—(64), (1/2)dm > Tw, (1/2)e,w >
m, and STI" (o — PrOJg (©)) < 0,j = d,e,f. Applying
Lemmas 1 Young S 1nequahty [25, Lemma 1], Sobolev’s
inequality [25, Lemma 2], and Assumptions 1 and 2, the
proposed adaptive laws (28)—(39) and control laws (24)—(27)

are substituted into the differentiation of F ;(u)
. 1 1 o 1 2
Fr(u) < —(57@ - a—1> /0 d,do — (Sd - Eﬂﬂ)dm
1 1 o, 1 2
_(Eng - Z) /0 e dw — <se - Engr)em
1 1
(e ) (- e
1 2 3
—<§nEA — 7TT(¥6> / fodw — (gnEA

EA t
—”—)/ ddw — S [2 4 2 AR
207 0 274 22,
3 7 EA Ty 2

1 EA !
—nT —nmtas — TEAos / e2dw
2 4 0

TT T,
o]+ — dDdda)—i— a2+— @edw
as ) Jo as
oz + 25 /tcbzd 3El/ dzd
o — w— =7 w
Tag) b T 2 o
—nEl | e, ,do— —mEA (da,ew) dw
2 0 4

Nd ~»

nTt — sgn’t )d2 3 —qy
Vd
nTt — senzrz) 2 — i[\ﬁ + éA}z
€

*2
Ad

2 ’7e~2
q__
2y, ¢

1 1., na o7A7'D,
+re(p) + 503 - 5%2 - 7%
)Ldmax(Ad )

1 2
2 tw +fra):| +§ﬁfm

1 2
—EnEAr Zd”"
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1, 1

N 2 1, 2
+%qf + ra(p) + 5% ~ 5% + Eﬁdm
1~2_77e éeTAe_lge

1
() + of — 67 — L TeZe Te
2722 Aemax(Azl)

+%f}§m + gttty (65)
where |B.] < B} and |Bf| < ,3; with 8 and ﬂ; are two pos-
itive constants. In addition, o; ~ ag > 0 and parameters 7,
Sd» Se, Sf, o, and i =1---8 are chosen to satisfy the follow-
ing constraints (66)—(73). Owing to the existence of adaptive
mapping operators, three constants, gy, Uem, and ¥p > 0,
are guaranteed to exist satisfying 141l < Pams 106l < em,
and ||1§f|| < U, Tespectively.

The constraint conditions making (65) hold are
formulated as
1 1 1 1
kKl=-n¢c——>0,kp=-n¢——>0 (66)
2 o] 2 o
1 1 1 EA
k3=-n¢c——>0, kg==-T—t0ag — a7>0 67)
2 o3 2
1 1
K5:Sd—§7'[§f>0, K6:§EA—taf,>0 (68)
3 EA 3 EA
=—-FA— — >0, —FA— — >0 69
T T2 T T T ag 69)
1 1
K9=Sf—§7l'§‘[>0, K10=S6—57'[§‘L'>0 (70)
1 EA
K1l = ET— Tos — ad >0, T>4symt (71)
1 1 1
Sd > T Se > T s > 7 T >4sewr, T>spmr (72)
TT\ =, TT\ =5 TT\ =,
=1+ — o+ a2+ — JtP, + |3+ — |1 P
g as a6 :
1, 1 5 L,
+§z9dm + Ez‘}em + 30 P+ Fe + B+ ha + he
*. T]d 2
Sdpy fepny Hpe g Ty
Tagg M g A AT s
Ul nf 2 %2
+2;q +2— + B+ B+ B < +oo (73)

where hj = (1/2)012, j=d,e,f.
Invoking (66)—(73), we obtain

T T T
Fr(p) < —K1/ dida) - /Q/ eidz - K3/ fida)
0 . 0 TO
—K4TT / dczvda) — K5d$M — KT / fjda)
0 0

/Td4d /r 4 g — L R2
—K77T w — K{TT e w— —

3 o 1 2
——nEl d,,dw— s — — (ew + ntem)
2 0 4
T
—ng%M — Kqul,zu — K“n/ e2dw
0

3 2 €d 72 _ %e 72
——nEl el dw— —AN;— —A

2 /0 @ 22 ¢ 22z
Ne

3
—-nFA d, dw —
47T / ( wew) w 2 >4, 2)/,}" qr
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AR
2 )\dmax<A;1>

1 2 Nd -
—<Sf - Z)(fw + 7)) - 2—%16131

~ 1~ AT —13
ne DL, De  my Vp Ay

2 )Lemax(Agl) 2 )Lfmax<Af7])
1 ~2
—EO' — 50’6
< —a3(A(R) + Fa(w) + Fra(w) +6

1

1.5

1~2
— 507 0

(74)

where 33 = min(ky, k2, k3, K47, K5, KT, K77, KT, K9,
K10, k117w, (3/2)mwEl, (3/4)wEA, [(2sq — 0.5)/m], [(2s. —
0.5)/m], [2sy — 0.5)/m], [I/Admax(A‘;l)L [I/A‘emax(Ag_l)]»
[1/ 2 max (A7 D1, €4, es &7, Yods Yoer Yo 1.

Invoking (74), we further obtain

Fr(u) < = k(u) +6 (75)

where » = (3r3/312). This completes the proof. |
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