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Abstract

This study introduces an enhanced adaptive fractional-order nonsingular terminal sliding mode controller (AFONTSMC) tailored for stabilizing
a fully submerged hydrofoil craft (FSHC) under external disturbances, model uncertainties, and actuator saturation. A novel nonlinear
disturbance observer modified by fractional-order calculus is proposed for flexible and less conservative estimation of lumped disturbances. An
enhanced adaptive fractional-order nonsingular sliding mode scheme augmented by disturbance estimation is also introduced to improve
disturbance rejection. This controller design only necessitates surpassing the estimation error rather than adhering strictly to the disturbance
upper bound. Additionally, an adaptive fast-reaching law with a hyperbolic tangent function is incorporated to enhance the responsiveness and
convergence rates of the controller, thereby reducing chattering. Furthermore, an auxiliary actuator compensator is developed to address
saturation effects. The resultant closed system of the FSHC with the designed controller is globally asymptotically stable.

Keywords Fully submerged hydrofoil craft; Longitudinal motion control; Fractional-order terminal sliding mode control; Disturbance observer;

Saturation compensation

1 Introduction

Over the past few years, significant advancements have
been made in the development of surface vehicles, such as
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hydrofoil crafts, unmanned surface vehicles, planing boats,
and hovercrafts (Wang et al., 2024). These vehicles have
garnered extensive research attention, particularly in atti-
tude control, path planning, and trajectory tracking (Wang
et al., 2022; He et al., 2024). A fully submerged hydrofoil
craft (FSHC) represents an advanced marine surface vehi-
cle with high sailing speed, minimal resistance, and excep-
tional performance. Elevated above the water surface by
lift force, the FSHC experiences reduced resistance and
frictional drag. However, the absence of inherent restoring
forces and moments compromises its stability, necessitat-
ing an effective control system for attitude stabilization.
Given the limited coupling between lateral and longitudi-
nal motions, this work focuses on stabilizing longitudinal
motion and achieving precise tracking of the desired
height of the FSHC during high-speed sea travel.

In recent years, considerable attention has been devoted
to the motion control of the FSHC. The seakeeping perfor-
mance of hydrofoil crafts has been extensively investigated
utilizing regulators and Kalman filtering techniques, albeit
predominantly in calm water conditions (Kim and Yamato,
2004). An optimal preview servo system integrating wave
elevation prediction for feedforward control has been
developed to eliminate the need for human operation of the
FSHC (Kim and Yamato, 2002). Robust integral feedback
control has been proposed to regulate slow-varying sys-
tems, and a state feedback control strategy coupled with a
disturbance observer has been established for fast-varying
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systems to ensure the course stability of the FSHC (Liu
et al., 2017). A novel filter algorithm combines square-root
cubature Kalman and smooth variable structure filtering
for accurately estimating the state of the fully submerged
hydrofoil craft has been studied (Niu and Liu, 2024). Addi-
tionally, a switched adaptive backstepping control scheme
has been devised for FSHC, incorporating compound learn-
ing techniques to achieve precise tracking control on the
horizontal plane. Moreover, a compound learning tech-
nique incorporating a fuzzy logic system and a disturbance
observer has been introduced to mitigate uncertainties in
the FSHC (Deng et al., 2020). Furthermore, a joint control
method for the FSHC that combines linear—quadratic opti-
mal control with sliding-mode control has been investigated
(Liu et al., 2022). Deng et al. (2020) studied the tracking
control of the FSHC using compound learning and fuzzy
logic systems. Besides, various control strategies, includ-
ing optimal control, PID control, and robust control, have
been employed for the motion control of the FSHC (Ren
et al., 2005; Zhang, 2016). However, controllers designed
based on linearized models may yield unsatisfactory perfor-
mance in terms of accuracy because of the inherent nonlin-
earities and uncertainties in the dynamic model. Research
focusing on longitudinal motion control of the FSHC, par-
ticularly considering lumped disturbance and actuator satu-
ration, remains scarce.

To enhance robust performance in the presence of
unknown disturbances and parameter perturbations, numer-
ous advanced methods have been introduced for the motion
control of rigid objects. These methods include model pre-
dictive control (Li et al., 2016), neural network control,
robust control, and sliding mode control (Li et al., 2013).
Sliding mode control (SMC) has garnered significant atten-
tion owing to its versatility in managing strong nonlinear
dynamics and intrinsic robustness to disturbances and
unmodeled dynamics, all while maintaining a straightfor-
ward physical structure design. Its simplicity and ideal per-
formance make it well-suited for nonlinear systems (Hu
et al., 2021). To mitigate the rocking motion induced by
ocean waves, a strategy integrating SMC with an output
feedback H  control algorithm has been investigated (Ren
and Yang, 2005). Conventional SMC ensures the conver-
gence of signals to the sliding surface, but it does not guar-
antee finite-time convergence of sliding variables. To address
this limitation, a fast terminal sliding mode variable struc-
ture control strategy has been proposed to achieve rapid
convergence (Elmokadem et al., 2016; Tran and Kang,
2016; Yang and Yan, 2016). Additionally, a nonsingular
terminal SMC scheme incorporating adaptive neural net-
works has been proposed for trajectory tracking control of
underactuated unmanned surface vehicles (Wu et al.,
2023). Moreover, fractional-order calculus has been incor-
porated into the SMC strategy to augment the design flexi-
bility of controllers beyond conventional methods (Meli-

cio et al., 2010; Mujumdar et al., 2015; Yu et al., 2020).
Fractional-order control outperforms the output feedback
H_ control algorithm under identical dynamic conditions,
streamlining parameter design (Ionescu et al., 2020). In
pursuit of enhanced performance and robustness against dis-
turbances, various fractional-order SMC strategies have
been investigated (Hua, 2019; Sun, 2018; Yin et al., 2014).
The combination of fractional calculus and terminal SMC
has shown improved convergence precision across diverse
systems, including chaotic systems, linear motors, and
quadrotor UAVs (Wang et al., 2016; Ni et al., 2017). This
approach has proven particularly efficient in nonlinear
actuator control for mechatronic systems (Ionescu and Mure-
san, 2015). A practical adaptive fractional-order terminal
SMC (FOTSMC) strategy has been proposed to attain
heightened convergence precision in the tracking control
of linear motors (Sun and Ma, 2017). In a related study
(Labbadi et al., 2023), a novel fractional-order recursive
integral terminal sliding mode has been designed for
quadrotor systems that eliminate the reaching phase and
guarantee finite-time convergence. Furthermore, a novel
adaptive fractional-order nonsingular terminal sliding mode
control (FONTSMC) strategy has been introduced for
applications in robot manipulators and spacecraft (Wu and
Huang, 2021; Alipour et al., 2022). Incorporating fraction-
al derivatives into sliding surfaces offers enhanced degrees
of freedom, rapid response, and robustness against distur-
bances. However, despite the robustness to disturbances
exhibited by fast terminal sliding mode designed with frac-
tional calculus, it is susceptible to compensation errors in
disturbance estimation, leading to controller chattering.

The FSHC, as widely acknowledged, is susceptible to
uncertain and time-varying environmental disturbances
from waves, wind, currents, and other contributing factors.
To effectively mitigate the effect of external disturbances
without compromising system performance, nonlinear dis-
turbance observers (NDOBs) have been introduced to esti-
mate and compensate for disturbances during controller
design. NDOBs exhibit rapid and exceptional performance
by effectively compensating for disturbances via the feed-
forward channel. Consequently, observer-based strategies
have been developed to address lumped uncertainties and
simplify controller design (Chak et al., 2017; Lungu, 2020;
Mohammadi et al., 2013). In contrast to robust controllers,
which prioritize robustness at the expense of performance,
disturbance observer-based controllers actively reject dis-
turbances to maintain optimal controller performance.

The practical utilization of actuators is inevitably con-
strained by their inherent limitations. For instance, during
high-speed navigation of the FSHC, the actuator saturation
of the foil may ensue, resulting in performance degrada-
tion and instability. Therefore, incorporating actuator satu-
ration into the control design procedure is crucial to enhance
system performance. Various compensator design methods
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have been proposed to address saturation effects (Hu et al.,
2002; Tyan and Bernstein, 2010; Wang et al., 2021). The
controller is primarily designed to meet performance require-
ments while overlooking the effect of actuator saturation
nonlinearity. Subsequently, saturation compensation is
devised and integrated into the control system. This approach
ensures system performance and is adaptable across diverse
control strategies. Based on this methodology, the anti-
windup compensator is widely employed (Chen et al.,
2009; Saqib et al., 2019).

In this study, we propose a novel enhanced adaptive
fractional-order nonsingular terminal sliding mode control
(AFONTSMC) strategy for longitudinal motion control of
the FSHC in the presence of actuator saturation. Unlike
prior research, our approach comprehensively addresses
external disturbances, model uncertainties, and actuator satu-
rations in the controller design. Compared with the meth-
odology outlined by Wu and Huang (2021), an enhanced
fractional-order nonsingular terminal sliding mode surface
is designed by integrating a disturbance observer to com-
pensate for lumped disturbances and mitigate the chatter-
ing phenomenon. Furthermore, unlike the methodology
proposed by Alipour et al. (2022), a continuous hyperbolic
tangent function is employed in the reaching law of the
SMC, coupled with an adaptive law for parameter adjust-
ment within the control strategy. As a result, the designed
controller exhibits improved smoothness and robustness.
This controller explicitly considers the foil saturation situa-
tion, which is overlooked in prior longitudinal motion con-
trol strategies for the FHSC. Finally, experimental investi-
gations are executed to validate the efficacy of the pro-
posed controller. The primary contribution of this work is
summarized as follows:

1) A nonlinear fractional disturbance observer is pro-
posed for accurate estimation of lumped disturbances. By
integrating the nonlinear disturbance observer with frac-
tional-order calculus, we mitigate observer conservatism
while enhancing estimation accuracy.

2) In contrast to conventional approaches, a modified
fractional-order nonsingular terminal sliding surface is
integrated with disturbance estimation to enhance distur-
bance rejection. Consequently, the switching gain of the
controller only needs to surpass disturbance estimation
errors rather than adhere strictly to disturbance upper
bounds. Smoother controller operation with reduced chat-
tering is realized. An adaptive fast-reaching law of the con-
troller is also designed utilizing the hyperbolic tangent
function to achieve a fast convergence rate and high con-
trol accuracy.

3) An auxiliary compensation system based on the
dynamic model of the FSHC is developed to address actu-
ator saturation via the feedback channel. The closed-loop
system, comprising the AFONTSMC with disturbance
observer, saturation compensation, and parameter adaptive,
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demonstrates global asymptotic stability within finite time.
The remainder of the paper is structured as follows: Sec-
tion 2 presents the fundamentals of fractional calculus and
establishes the dynamic model of the FSHC. Section 3
details the AFONTSM controller design with saturation com-
pensation and nonlinear disturbance observer. Section 4 dis-
cusses the simulation results. Section 5 concludes the paper.

2 Preliminaries
2.1 Preliminaries of fractional calculus

Fractional-order differentiation and integration represent
generalizations of their integer-order counterparts, and they
offer powerful tools to describe diverse characteristics.
The definitions of fractional derivatives, which extend
beyond the traditional integer-order calculus, exhibit unique
characteristics. This section defines fractional calculus. The
fundamental fractional-order operator is delineated as fol-
lows. For detailed definitions of the Riemann Liouville
fractional-order integration and Caputo’s fractional deriva-
tive, readers are referred to Alipour et al. (2022).

d a>0
dr*
D*=11 a=0 (1)
t
[ ey a<o

where « is the fractional order. The correlation lemmas are
given as follows:
1) Lemma 1 (Alipour et al., 2022). The operator I’ =
1 f to5(r)
(e -1

fied (1>a;9e C,Re(9)>0)(1<p<o, —w<c<d<w):

— dr is bounded in L,(a, b) when satis-

(6? _ E)Re(v)

Kzi
Re(y) | (y)]

Q6 ||p <K|s], 2)

2) Lemma 2 (Wu and Huang, 2021). Considering the
sign function and the RL fractional derivative operator

" 1 d (" o(r) - .
= al <a<
D{o(¢) (-0 dt) o (1-2)" dr, 0<a<1, we can derive

>0 if e(t)>0,t>0

Disen (e o i ory<0.1<0

3)

2.2 Dynamic model of the FSHC

We focus on the longitudinal motion of the FSHC, which
encompasses pitch angle and heave motion. Figure 1 pres-
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ents the overall structural configuration of the FSHC (Liu
et al., 2019a).

The FSHC model, integrating translational and rotational
motions, is built upon the principles of rigid body dynam-
ics. Given the momentum theorems and rigid body dynam-
ics, the dynamic model of the FSHC moving at constant
speed with small perturbations is established as follows:

m(V+QV,+QR,|=F

, : “)
i + RV +QV,Im=M
u’| u,
where V' =| v | represents the velocity vector, V,=| 0
w 0

is the constant speed under small perturbation, 2 =
0 —r g

r 0 - p|denotes the rotation transform matrix, F =
l-¢ p O

(X I, 0 0
Y| is the force, I=|0 I, 0| represents the inertia
4 0 0 I,
p K
moment, w =| g | denotes the angle velocity, M =| M
r N
0 -z yg 1
represents the moment vector, and R; =| z, 0 -xg
Ve Xg (U

denotes the location transform matrix about the center
of gravity. Table 1 provides the definitions of the motion
variables.

. mommmm A

Figure 1 Overall shape structure of the FSHC

Table 1 6-DOF motion of the FSHC

Direction of motion Force/moment Velocity Displacement

Translational along X-axes X u

Translational along Y-axes Y v y

Translational along Z-axes Z w z
Rotate along X-axes K 14 [
Rotate along Y-axes M q 0
Rotate along Z-axes N r v

The disturbance force and moment are composed of
hydrodynamic and wave forces and moments induced
by irregular waves. The total force and moment can be
expressed as

OF OF \ . [oF OF \ .
= V+|—=|V+|——|w+|——|w+
F (aV VgV (aw)w ow |
OF OF OF
—|g+|—F5|Z+|-< |0+
(ag ez )7 55 o ®
oM oM\ (oM oM \ .
== |V+|— |V+|— |w+ | |w+
M (aV)V (aV)V aw " o
oM oM oM
— g+ |Z+| |0+
(ag o (a 2456 |0 Ms ©
X, X, X X, X, X,
a u v w aF u v w aF
where —=|Y,6 Y, Y | —=|Y, Y, Y. .| ——=
aV u v w aV u v w aw
z, 7, Z, z, 7, Z,
X, X X1 .o [X X X, A
YP Yq Y.l E: Y¢ Y, Yl/,, g=|0} Fr e Y5,
z, Z, Z, z, Z, Z, W Z,
oF |
oz |7
Z;

o is the flap angle, %5 is the derivative of the hydrody-
namic force with respect to the velocity of each axis, and

zTI; represents the derivative of the hydrodynamic force

with respect to acceleration. Similarly, other derivatives
are defined. Fy=[X, Y, Z,] and My =[K, Mg Ng|'
are the disturbance force and moment, respectively.

We then substitute Equations (5) and (6) into (4) and
consider R; =0, v,=w,=0, u =0, and y = 0. Thus, the
longitudinal motion equations of the FSHC can be obtained
by expanding Equation (4) by the matrix defined above
and considering the heave motion and pitch motion. The
relationship between the earth-fixed and body-fixed frames
(Fossen, 1994) is considered:

[Z] _ [cos 0 0}[WJ N [— u, sin 9} ™
0 0 1ll¢q 0

where w denotes the heave velocity and ¢ is the pitch angle
velocity in the body-fixed frame. z and 6 denote the heave
velocity and pitch angle velocity, respectively. The nonlin-
ear dynamic model of the FSHC, accounting for external

disturbances and parameter perturbations, is established as
described by Liu et al. (2019a; 2019b):

(Zy-m)w+Zw+Zz+2,4+(Z,+um)qg+Z0=
~ 2,8, 2,6, ~ Zs
(®)
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M+ Mw+ M.z+ (M, -1,)g+M,qg+ M0 = function:
_M(Séa_M(Séb_MS ©
U h X =X,
Considering (7), we convert the FSHC model presented { _ _ (10)
in Equations (8) and (9) into the following state-space %, = fi(x,%,) + fo( %, x,) + Bu+ d,
(a3b3—az) _(a3b5—a5) 1 (a3b2—a1)._(a3b4—a4)9~
1-ab, )° |\ 1-aspb, cosO|\ 1-apb, |° \'1-asb, )
(azbl - b3)z ~ (asbl - bs) 1 (albl - bz)Z. ~ (a4b1 - b4)9~
1 - a,;b, 1 - a;b, cosf\ 1 - asb, 1 - a;b,
B a.b. - a a.b. - b T the AFONTSMC is developed for longitudinal motion con-
— 372 1 11 2 . .
)= {( 1 - a5b, )”e tan ¢ (l—a3bl)u" tan ¢ } (12) trol of the FSHC under actuator saturation and disturbances
with a fast convergence rate and high control accuracy.
7 7 7 The aim of the control strategy is to improve the perfor-
where a, = Y a, = — ay = Y mance of the controller working in the outer control loop
(Zw - ml) (Zw - ml) (Zw - m1) with the disturbance observer and actuator compensator
( Z,+ U, ml) z, Z, operating in the inner loop. Figure 2 depicts the diagram of
a, = = ag = ‘ ,ay = the designed control system.
(Ze=m) " (zo=m) " (Z-m)
Z, M, M 3.1 Nonlinear disturbance observer with fractional-
Yy as= b= » by = v T order calculus
(Zw_ ml) (Mq—l}) (Mq—ly)
M, , b= M, , by= M, , by= M, , Considering the influence of ocean wave disturbances
(Mq - Iy) (Mq - Iy) (Ms, —]y) (Mq—ly) and model uncertainties on controller performance, we
M, design a nonlinear disturbance observer incorporating frac-
b; = by =1. tional-order calculus to estimate lumped disturbances. The
(Mfi N Iy) desi inimi ti d system limitati
gn minimizes conversation and system limitations, so

T. Va
where x, =[z,0] is the system state vector, fl(x],xz)

and fz(xl,x2) are nominal nonlinear items, and d,
Afl(xl,xz) + Afz(xl,xz) + d, is the lumped disturbance.
Af, (xl,xz) and Afz(xl,xz) represent the parameter pertur-
bations, and d, is the external disturbance caused by waves
and wind. u =[J,, 5,,]T € R’ is the control item.
Assumption 1. The nonlinear parts of f_](x,,xz) and
fz(xl,xz) are continuously differentiable and locally

Lipschitz.
Assumption 2. The lumped disturbance d, is limited as
| d, | < W, and its derivative is bounded as ” d,|<w.

3 AFONTSM controller design

The control objective of the FSHC is for the state x, =
[z, Q]Tof heave motion and pitch angle to approach the
equilibrium point x, = [zd, Gd]T in the presence of lumped
disturbance and actuator saturation. The nonlinear distur-
bance observer is designed to estimate the lumped distur-

bance, and the anti-windup compensator is devised to com-
pensate for the influence of the actuator saturation. Thus,

@ Springer

the observer can be utilized in controller design for distur-
bance compensation.

H=é + D" (sig(e,)) (13)

d,=L+gH
L= —g[f_](xl,xz) +f2(x1,x2) +Bu+ L+ (14)

gH + 1, D"(sig"(e,))]

The nonlinear disturbance observer is formulated in Equa-
tion (14), with H as the nonlinear function designed with
fractional-order calculus. The derivative of H is obtained
as H=é, + l]D“(sig}'l(el)). e, =x, —x, represents the

state error, x, = [O,O]T represents the desired state, tfw
denotes the estimation of the lumped disturbance, and L
represents the internal state. The fractional operator is con-
strained within the range 0 < a < 1, with g = diag(g,, g, ),
A, and 4, being positive parameters.

Differentiating (13) and (14), considering the model of
the FSHC, and using the definitions and lemmas of frac-

tional-order derivative, we can obtain d, as follows:
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Lumped
disturbance

Reference
0

A

Actuator
compensator
Eq. (23)

« {1
ontrol strategy u 1
4 "l Eq.(23) »  of the FSHC
I N 1 Ea0)

Dynamic model

P~

Qo>

Y

( Disturbance ] W
observer <
Eq.(18) ) J

Figure2 Proposed diagram of the designed control system

dAw =L +gH:— g[ﬁ(xl’x2) +f2(x1’x2) +
Bu + L+ gH + 7,D"(sig"(e,) | +
g(é] + /IID“(sigzl(e]))) =
_g[ﬁ(x1:x2)+.f2(x1»x2)+
Bu+ L +gH+ i]D“(sigﬂz(el))} +
g(ﬁ(xlsx2)+f2(x1:x2)+3” +d, +
/I,D“(sig)‘l(e1 ))) =-gL - g(gH) +gd, =

gld,-d,)=gd, (15)

The convergence rate of the estimation error is influ-
enced by g, underscoring the importance of selecting an
appropriate value for this parameter. The nonlinear distur-
bance observer with fractional-order components designed
in Equation (14) ensures the boundedness of the estima-
tion error within finite time. Furthermore, effective com-

pensation for the estimation error is achievable through the
controller.

3.2 Anti-windup compensator design

Actuator saturation is a common occurrence in industrial
manufacturing, often resulting in serious deterioration of

B | S™D* ' (BAu) | + 1/2p> (Au)" Au

the controller’s performance. The flap angle of the FSHC
is limited, so the effect of actuator saturation should be taken
into account during controller design. The model of the
FSHC considering actuator saturation can be expressed as

X, =X,
. (16)
X, :fl(xlaxz) +fz(xl,xz) +Bo+d,

where 6 =[5, 0,1 denotes the aft flap angle and bow
flap angle of the FSHC, respectively.

5[max ui > 5[max
0, =sat(u;)=1u, Oimin < U; <0, 17)
5imin U; < 5imin

To mitigate the effects of actuator saturation, an anti-
windup compensator is designed, which incorporates the
structural characteristics of the flap actuators and the phys-
ical dynamic behavior of the FSHC. When actuator satura-
tion occurs, the anti-windup compensator is activated to
reduce the effects of this saturation. This compensator is
designed independently of the controller specifically to
handle the issue of constraints and maintain the stability of
the control system (Tarbouriech and Turner, 2009; Chen
et al., 2011). The anti-windup compensator with fractional-
order components is designed as follows:

- ko

. 2
0= a

where Au = 6 — u, ¢ denotes the state of the actuator com-
pensation system, k; > 1 and p > 0 are the parameters to
be selected, and 7 is an arbitrary small constant.

¢ +pAu [o]>1
(18)
lol<=
3.3 AFONTSM controller design

An AFONTSMC is designed for the longitudinal motion
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control of the FSHC. A novel sliding mode surface modi-
fied by a disturbance observer is introduced to enhance the
controller’s performance under lumped disturbances. Instead
of using the sign function, a hyperbolic tangent function is
employed in the reaching law of the SMC. Additionally, an
adaptive law is incorporated to manage uncertain parameters
within the control strategy.

To reduce the effect of disturbances further, a fractional-
order fast terminal sliding mode surface is designed by
integrating the disturbance observer as follows:

S(1)=D"""é,(1) + ye, (1) + Pe, ()" + d,, (19)

where §(¢)=[s, s,]',and y € R** represents the con-
stant matrix to be selected. 1 is the parameter to be selected,
£ >0 is a constant parameter, and 0 < a < 1. p and ¢ are
odd integers such that 0 < p < g < 2p. To ensure fast con-
vergence while considering the model and system charac-
teristics of the FSHC, the parameter is typically selected as
p=3andg=>5.

Remark 1. The fractional-order sliding mode surface,
as designed in Equation (19), is modified by incorporating
a disturbance observer. Although most existing works focus
on incorporating state error considerations when designing
sliding surfaces, the estimation error of disturbances is sel-
dom accounted for in designing fractional-order sliding
mode surfaces. We effectively mitigate the effect of lumped
disturbances on the controller by introducing a sliding mode
surface based on disturbance estimation. Consequently, the
switching gain of control law only needs to exceed the dis-
turbance error instead of the disturbance upper bound. The
utilization of fractional calculus, as employed in Equation
(19), reduces the controller’s reliance on an accurate model
and conservatism. This approach addresses chattering issues
associated with sliding mode controllers and ensures that
no adverse effects are caused by incorporating a distur-
bance observer.

Differentiating (19), we can derive

s'(r)=D“"é1(r)wél(t>+ﬂ§el(t><"“’-‘>é1<r>+Ad‘W
—D" (%, —mwey(r>+ﬁ§e1(r)“’/q'“él(zwéw

=D“’l(fl(xl,xz)-i-f;(xl,xz)-ﬁ-B§+dw)+

1o () f e (1) Ve (1) +igd,
(20)
To achieve fast convergence and high tracking precision
in the existence of complex lumped disturbances, a novel

adaptive fast-reaching law with a continuous hyperbolic
tangent function is designed as follows:

@ Springer

S(1)=—K,|S|"sen(S) - K, S |"sen(S) —ktanh(%)
(21)

where K, = diag(kul, km) and K, = diag (kaz, kbz) are posi-
tive constant matrices. K is the time-varying parameter to
be designed by the adaptive law. 0 <m <1 and n > 1 are
positive constants, and tanh (§') = [tanh(s,) tanh(s, )]T.

Remark 2. In contrast to previous studies, the adaptive
fast-reaching law designed in Equation (21) comprises two
parts that greatly reduce chattering and enable a faster
response. The power reaching law accelerates convergence
to the sliding mode when the system state is far from it
while exhibiting a smaller gain as the state approaches the
sliding mode surface. Additionally, the continuous hyper-
bolic tangent function is introduced to mitigate the effect
of disturbances and ensure smoother controller operation.
The adaptive fast-reaching law design guarantees the miti-
gation of lumped disturbances.

Lemma 3. Considering the hyperbolic tangent function,
for any y € R, ¢ > 0 exists, thus satisfying the following
inequality:

0 <|x|- xtanh(y/e) < e, = 0278 5 (22)
We then design the AFONTSMC with a disturbance
observer to guarantee the stability and accuracy of the lon-

gitudinal motion of the FSHC under the lumped distur-
bances and actuator saturation.

u(t) =u(t)+u.(r) (23)

where u_(¢) is the nominal control law, and u,(¢) is the
control reaching law:

u (1)=-B"(D'"(8°K (ke -| S| +
AP W I+]s 1]+ 25" [le]) -
37l(fl(x1»x2)+]?2(x1=xz)+".éd+ ‘iw) -
B'(Dl“(xél(r>+ﬁ’;el<r)w“él(r)))—
B '(D'"(S-9)) (24)
u(t)=5B '(D1 '“(— K|S|"sgn(S) -
K,|S|"sgn(S) - ktanh(“:))) (25)

where $* = S (S"S) ' represents the pseudo-inverse of S.
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K represents the estimation of K and is updated by the
adaptive law. K=K-K represents the estimation error,
and the constants P and g are defined during the distur-
bance observer design. W is the upper bound of the
lumped disturbance.
Lemma 4. For any (x,y) € R?, the Young’s inequality
is given as
B 1

p b
Wgzﬂﬂ+aﬁh| (26)

Theorem 1. Considering the dynamic model of the
FSHC in Equation (11), we design the AFONTSMC in
Equation (23) with the disturbance observer in Equations
(12) and (13) and the anti-windup compensator in Equa-
tion (18). If Assumptions 1 and 2 hold, the states of the
system converge to the desired condition, and the system
is globally asymptotically stable in finite time.

Proof. The AFONTSMC, enhanced by the disturbance
observer, anti-windup compensation, and adaptive law, guar-
antees the stability of the FSHC. To validate the stability
of the system, the Lyapunov function is designed as follows:

1 T 1 IT pJ 1 T 1 T
=_ + = + = + =

v, 2S S 2dedw 2K K R4 27
By deriving (27), we obtain

V,=8"S+d Pd,+d Pd,+K'K+¢"p (28)
Substituting (20) into (28) yields
Vz = ST(Da_ ](.f_‘l(x]:vXZ) +ﬁ(x1»x2) + Bo + dw)) +

ST(}{é1 (t) + ﬁ%el ()77 Ve (1) + igﬂiw) +

J‘IPJM" + dL)};PJM’ + ETKL' + ¢T¢ (29)

Considering the actuator saturation Au = ¢ — u, Equa-
tion (29) can be expressed as

Vz:ST(DWl(fl(xlsxz)"'fz(xl,xz)+B(”+A“)+dw))+

+

ST(Xé1 (1) +ﬁ§el ()" Ve, () +)gd,
d! PJW + JJPJW +KTK+9"p
(30)

By substituting Equations (23), (24), and (25) into (30),
we obtain

szsT(Da_] (.fl(xl’x2)+f2(xl’x2)+BAu)+dw)+
ST{D“"B{B’I (—fl(x],xz)—fz(x],xz)—)'éd—tiw)}}—

ST{D“*'B(B*I(D““(S*IQ(k3g—|| S |+
2Pl ke[|l 2] 5" 1))-

STD“"B(B*(D]'“(xémr)w{q’e1<r>“’/q'”é]<r) +

STD“']B(B'](D]"‘(—K1|S|msgn(S)—

|

ST[Xél (t)+ﬂ§el ()", (t)+/1gtiw}-

K2|S|”sgn(S)—1%tanh(S +

&

S™D'B(B(D'"*(S-9p)))+d! Pd,+
d'Pd, +K"K+9¢
(31)

From the proposed control law, the derivative of the
Lyapunov function becomes

V,=8" (D" (BAw)+d,)~S{D*"(d,)} -
ST(S R (ke = S |+2 PIw |+

IS Il 2] s Wl g]) ]+ 57| - K.l SI"sen(s)-
K2|S|"sgn(S)—1%tanh(g +8"gd, -

ST(S—p)+dIPd,+d Pd,+K"K+¢"¢
(32)

Considering the stability demonstration of disturbance
observer (14) and actuator saturation compensation of
(18), we can deduce

7,=S8"(D"'(BAu)+d,)-S"{D" (d,)} -
(S K kie=| S|+2] PUW 4] ST [ ]+
ALl ])f+s7(-KiISI"sen()-

K2|S|"sgn(S)—I%tanh(S) +

&

S"igd,-S"(S-9)+K"'K+

d'P(d,-gd,)+(d,~gd,) Pd,+

B | ™D (BAu) |+ 1/20” (Au)" Au
o]

T

9

~ksp 9 +pAu

(33)
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We design the adaptive law for estimating adjustable
gain K as

K=2|PIIw |+|S" |luf+ 4] lg] G4

By using the Lemma 3 and substituting Equation (34)
into (33), we derive

V,<S"(D"'(BAu)+d,)-S"{D""'(d,)}-
ST(S°R (ke =S |+ 2] PIIW |+ 7| ]+
ATl l)f+57(- KIS "sen(s)-
K,|S|"sgn(8))+K (ke[ S])+S"igd, -
S"(S-9)-d'Qd, +2d!Pd, -
RI(2) P w1+ 8™ [l + 2] " [l 1) -
ksp"p - | STD*(BAu) |- 1/20*(Au) Au+ 9" pAu

(35)

where K is the parameter and K = 0 such that K=- IL<, ky=
0.278 5, and & > 0. Considering Lemma 4 and 1. (Q)

” d, ”2 <d'Qd, <) (0) | d, 2, the equation is given as

V,<|ST(D* (BAw) |+ 8D (d,)} -
Re|Piw ]S [|u]+2]s" 1) -
K|S"" - K|S|" -ST(S-9)-
Kreppiiw i+ st l«]+4]s" e+

[P |- 2 (@) |, ] -

kyp'p — | STD (BAw) | - 1/2p° (Au)" Au +

o piu < | 7D (Baw) | |87 [| D)

ROIPIW ]S [l + 25" [l2 ] -

n+1

STigd,+2 H d,

imin(K1)|S|m+] _/lmir1(1(2)|s‘nJrl -
RTIP W+ | ST e]+ 4] ST 2]+
|87 [ag]d, |+ 2, )l P W 1= Ao (@) |4 | -

ko9 - S'S+ 2SS+ o'y -
[ 57D (Baw) [ 5 7 Ay B+ S g +
% p*(Au)"Au
(36)
Supposing that K > |d,,
any |[D*~'(d,) | < u|d,

| and considering Lemma 1 for

, we can deduce

@ Springer

Vo<s=KQ@IPNIW ]S ]+ ] 8" -
Lo K S| = (KL S| -

T @)

K2 P Iw =] s"[lu]+2] s [1£])+

K(|8 | +|S™|2g+20P 1w ) <

d,

>
- ESTS+ (1-k)p"p -

m+ 1

_)Lmin(Kl)‘S| _;{min(KZ)|S|

1 (1= k)e'e 37)

n+1

58S = 2,,(0)| d,

We select &k, > 1, then V/, < 0.

Thus, the closed system of the FSHC with the
AFONTSMC strategy, which considers the disturbance
observer, saturation compensation, and parameter adaptive
law, is globally asymptotically stable.

Remark 3. By incorporating the adaptive fractional-order
nonsingular fast terminal sliding mode surface with distur-
bance observer, as described in Equations (14) and (15)
and the anti-windup compensator in Equation (20), the
closed system is globally asymptotically stable. In this
work, the adaptive fractional-order nonsingular fast termi-
nal sliding mode surface, combined with a nonlinear dis-
turbance observer, is developed to mitigate the adverse
effects of lumped disturbances. The designed controller
only requires to exceed the disturbance observer error. The
reaching law of the SMC is enhanced by the continuous
hyperbolic tangent function with adaptive law, signifi-
cantly reducing chattering. The anti-windup compensator
is designed with fractional-order items for the actuator sat-
uration, considering the dynamic model of the FSHC and
actuator deviation. This approach minimizes the influence
of the actuator saturation on system performance.

4 Simulation results

Matlab/Simulink simulations are conducted to demon-
strate the applicability and efficiency of the proposed control-
ler. The enhanced AFONTSMC with disturbance observer
and saturation compensation is applied to the FSHC. The
parameters of the FSHC are selected as follows: m =
2,62 x 10°kg, I,=3.9 x 10° kg-m’, U, =229 m/s, L, =
17.86m, a, = 6.06(1/s), a,=0.338(1/s*), a,=3.14m,
a, =42.4(m/s), as=454(m/s*), a, = 51.5(m/s*), a, =
62.9m/s*, b, = 0.016(1/m), b, = 0.069 (1/(m -s*)), b, =
8.45(1/s), by =0.654(1/s*), and b, = —4.58(1/s*) (Liu
et al., 2019b).

Comparative experiments are conducted in the follow-
ing two scenarios. Scenario 1 assesses the efficiency of the
proposed nonlinear disturbance observer with fractional-
order calculus. Simulations for FSHC’s longitudinal motion
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control are carried out under various conditions. Scenario
2 presents comparative simulations of the full-order fast
terminal SMC (TSMC), FOTSMC without saturation com-
pensation, and the enhanced AFONTSMC.

4.1 Disturbance observer simulation

The system uncertainty Afl(xl,xz), AfQ(xl,xz) contains
unmodeled dynamics and parameter perturbations, which
typically fall within a range of approximately +10% of the
nominal values. d,, = Afl(xl,xz) + Afz(xl,xz) +d, is the
lumped disturbance and d, is the external disturbance. For
the analysis of the ocean wave and external disturbance,
readers can refer to Liu et al. (2019b). A significant wave
height of 1.5 m and a wave encounter angle of 60° are cho-
sen for the simulations. The angles of the aft and fore foils
are limited at £45°.

The disturbance observer is designed to estimate the
force and moment of lumped disturbance. The parameters
of the disturbance observer are determined as 4, = 0.1 and
A, = 0.2. The performance of the observer is significantly
influenced by g; therefore, this parameter is carefully se-
lected through trial and error, and the RMSE of different
parameters is compared in Table 2. The RMSE and error
mean are defined as follows:

' E =ii|E N (38
> avg Ni:1 (l) ( )

Table2 RMSE of different parameters of disturbance observer

Parameter of g RMSE of disturbance ~ RMSE of disturbance

force moment
[20;012] 0.806 1 0.166 6
[50;012] 0.383 4 0.164 2
[100; 0 12] 0.1858 0.158 6
[150;012] 0.2114 0.168 2
[180; 0 12] 0.238 1 0.159 4
[100;0 5] 0.494 7 0.269 9
[100;09] 0.2302 0.189 9
[100; 0 15] 0.1925 0.167 7

The comparation results in Table 2 suggest that g =
[10 0;0 127 is the optimal selection for the distur-
bance observer because it yields the minimal RMSE when
adjusting g, and g,. Thus, g =[ 10 0; 0 12]is selected
as the parameter for the disturbance design. The fractional
parameter of disturbance observer is selected as a = 0.5.
To show the effectiveness of the nonlinear disturbance
observer proposed, the nominal nonlinear disturbance
observer (DOB) and the disturbance observer incorporat-
ing fractional-order calculus (FNDOB) proposed in this
paper are compared (Figures 4—6). The simulations of the

actual lumped disturbance, DOB, and FNDOB are shown
in Figures 3 and 4. The estimation errors of the DOB and
FNDOB of the lumped disturbance force and moment are
evaluated in Figures 5 and 6, respectively.
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Figure 3 Disturbance force of the FSHC
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Figure 4 Estimation error of disturbance force
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Figure 6 Estimation error of disturbance moment
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Figures 3—6 show that the FNDOB performs better than
the DOB in that the estimation error of the FNDOB is less
than that of the DOB. Thus, the proposed nonlinear distur-
bance observer incorporating fractional-order calculus per-
forms exceptionally in accurately estimating lumped dis-
turbances. The estimation error remains bounded and ulti-
mately converges to a sufficiently small value. The pro-
posed nonlinear disturbance observer is effective for dis-
turbance estimation with reduced conservation.

4.2 Simulation of the proposed controller

To demonstrate the performance of the controller,
comparative simulations among TSMC, FOTSMC, and
AFONTSMC are conducted in Figures 7—10. The control
performance of heave motion is depicted in Figures 7 and
8, whereas the pitch angle is illustrated in Figures 9 and
10. The control angle of the AFONTSMC and TSMC are
presented in Figures 11 and 12. The parameters selected
for the proposed controller are P=[1/36 0; 0 1/18],
K,=[001 0;0 001, m=05n=12,k =3,p=10,
and a = 0.6.

03

— AFONTSMC
| —— FOTSMC

=
o

e
=

|
=
=

Heave motion of the FSHC (m)
(=]

1(s)
Figure7 Heave motion of the FSHC
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= =
- =
S W

S
S W

-0.05

-0.10

Heave motion of FO-TSMC2 (m)

-0.15

0205 20 40 60 80 100
1(s)
Figure8 Heave motion of AFONTSMC

To comprehensively assess the efficacy of the three dis-

tinct controllers, we establish a set of specific performance
criteria, incorporating RMSE and steady-state error mean
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values. The desired equilibrium for heave motion and
pitch angle is set to zero. Subsequently, RMSE values for
heave motion are computed, as depicted in Figure 12,
whereas Figure 13 illustrates the corresponding RMSE val-
ues for pitch angle. Tables 3—6 display the RMSE values
and mean errors for heave motion and pitch angle at vari-
ous encounter angles (30°, 60°, 90°, 120°, and 150°).
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Figures 7—10, 13, and 14 and Tables 2—5 indicate that
the RMSE and mean error metrics associated with the pro-
posed controller AFONTSMC surpass those of TSMC.
The precision achieved by AFONTSMC is approximately
threefold greater than that by TSMC. The adeptness of
AFONTSMC in mitigating system disturbances is evi-
denced by its capability to significantly reduce stability
errors. Moreover, the results in Tables 2—5 underscore the
consistent precision of the proposed controller across vari-
ous encounter angles, thereby highlighting its efficacy in
handling lumped disturbances. Figures 11 and 12 illustrate
the markedly smoother performance of AFONTSMC com-
pared with TSMC. The integration of fractional-order
SMC with disturbance observation and adaptive fast-reach-
ing law augmented by hyperbolic tangent functions is effec-
tive in attenuating disturbance effects and controller chat-
tering. Additionally, AFONTSMC outperforms FOTSMC
because of its proficient saturation compensation mecha-
nism, which effectively manages actuator saturation. Con-
sequently, the controller presented in this work exhibits
higher steady-state performance and reduced conservation
in the face of lumped disturbances and actuator saturation.
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~
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AFONTSMC FOTSMC TSMC

Figure 14 RMSE of the pitch angle of the FSHC

Table3 RMSE of heave motion

Encounter angle
30° 60° 90° 120° 150°

Control method

FO-TSMC2 0.038 0.032 0.041 0.029  0.036
FO-TSMC 0.042 0.035 0.048 0.035 0.038
TSMC 0.053 0.076  0.066  0.071 0.068

Table 4 Error mean of heave motion

Encounter angle
30° 60° 90° 120° 150°

Control method

FO-TSMC2 0.033 0.025 0.033 0.023 0.028
FO-TSMC 0.036  0.028 0.037  0.027  0.031
TSMC 0.056  0.063 0.054  0.056  0.054

Table5 RMSE of pitch angle

Encounter angle
30° 60° 90° 120° 150°

Control method

FO-TSMC2 0283 0372 0337  0.351 0.380
FO-TSMC 0307 0428 0349 0372 0.392
TSMC 0.551 0935  0.620 0.788  0.901

Table 6 Error mean of pitch angle

Encounter angle
30° 60° 90° 120° 150°

Control method

FO-TSMC2 0207 0295 0259 0262  0.290
FO-TSMC 0232 0316 0267 0288 0319
TSMC 0.415  0.785 0509  0.691  0.719

Furthermore, while the FSHC cruises in the sea, the
wave height undergoes regular fluctuations. The sailing
height of the FSHC must adjust accordingly to maintain
stability. Two distinct conditions for desired sailing
heights are established to demonstrate the tracking capa-
bilities of the controllers: case 1: x,, = 0.1 X tanh ((z -
30)/0.1), and case 2: x_, = 0.1 x tanh ((¢# — 50)/0.1). The

@_ Springer
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tracking performance of AFONTSMC, FOTSMC, and
TSMC are compared in Figures 15 and 16.
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Figure 16 The tracking performance of case 2

In Figure 15, the convergence times of AFONTSMC,
FOTSMC, and TSMC are recorded as 2.6, 2.9, and 3.2 s,
respectively. In Figure 16, these convergence times are
slightly adjusted to 2.8, 3.1, and 3.3 s. The proposed meth-
odology exhibits a rapid transient procedure with signifi-
cantly enhanced trajectory tracking accuracy during the tran-
sient phase. This performance superiority over TSMC under-
scores the effectiveness of the proposed method. More-
over, its steady-state error is significantly diminished com-
pared with that of TSMC during height tracking. These
results collectively indicate that the proposed controller
not only delivers outstanding steady-state performance but
also excels in transient trajectory tracking capabilities.

5 Conclusions

This study introduces an enhanced AFONTSMC tai-
lored for longitudinal motion control of the FSHC in the
presence of lumped disturbances, model uncertainties, and
actuator saturation. A nonlinear disturbance observer utiliz-
ing fractional-order calculus is devised for the accurate

@_ Springer

estimation of lumped disturbances. The fractional-order non-
singular SMC is augmented by incorporating disturbance
estimation, and the adaptive fast-reaching law of the con-
troller is refined using the hyperbolic tangent function. An
anti-windup compensator is also devised to mitigate the
effects of actuator saturation. Simulations are conducted to
compare the performance of AFONTSMC against FOTSMC
and TSMC in longitudinal motion and desired height track-
ing. The results indicate that the proposed controller achieves
a faster convergence rate and higher control accuracy,
exhibiting reduced controller chattering and conservative-
ness under disturbances and actuator saturation. The pro-
posed controller demonstrates effectiveness in FSHC control.
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