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ABSTRACT:This paper addresses the control problem of an Unmanned Surface Vehicle steering system subject to
unknown dynamics, external disturbances caused by the ship’s operating conditions and environment, actuation failure
and unavailable state measurement. An adaptive nonlinear controller is developed using Radial Basis Functions Neural
Networks, a high-gain state observer and some dynamic parameters such that all the aforementioned challenges are
tackled simultaneously. Using the Lyapunov’s theory, a stability analysis is performed. In order to illustrate the
efficiency of the proposed controller, a MATLAB/SIMULINK simulation is performed with the ships subject to
disturbances. The results obtained demonstrate the good tracking behaviour obtained thanks to the proposed controller
such that the vessel can perform its missions autonomously despite some adverse conditions.
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LINTRODUCTION

Unmanned Surface Vehicles (USVs), which are also called Autonomous Surface Crafts or Autonomous Surface
Vehicles, are a type of vessel that runs on the surface of water without a pilot on it[1, 2]. Their first use can be tracked
back to World War |1, where they were used for military purpose. USVs can be used, in a cheaper and safer way, for
different missions such as environmental monitoring, defence, scientific studies, general robotic researches, target
objects searching, oil spill monitoring and handling, bathymetric mapping, post-disaster search, border
patrol,communication relays for Under Water Autonomous Vehicles [1-6]. The great challenge posed by USVs is to
improve the automation level in practical application [7].

Changes such as water depth, cruising speed, and ship loading lead to various changes in the USV’s dynamics
such that the USV is a time varying nonlinear system with parameters uncertainty [8-13]. In addition to these changes,
external disturbance like wind, wave, and current make more difficult for the USVs to accomplish their mission.
Therefore, the design of efficient controllers for USVs, able to tackle the aforementioned perturbation, is an important
task, which has received a tremendous attention from the scientific community.

Considering the fact that USVs are complex nonlinear, time varying and uncertain systems for which precise
kinematics model is difficult to obtain and external disturbance effects need to be cancelled, adaptive robust controllers
are needed to guarantee USVs’ successful accomplishment of their desired mission. Different types of adaptive
controllers have been proposed using different approaches. For instance, in [6] an adaptive sliding mode controller
(SMC) for a USV’s steering system has been developed by using two parallel Radial Basis Function Neural Networks
(RBFNNSs) for approximating the unknown nonlinear yaw dynamics and for adjusting the control gain (to cancel the
effects of external disturbances), respectively. The speed and steering controller design for manoeuvring motions of a
UVS was addressed in [7]. An adaptive SMC was designed such that the USV can track a desired velocity and to
estimate unknown parameters for the separated surge motion. An augmented model including the heading motion and
output tracking error integral was presented and used to design an observer-based model reference adaptive
controller.Another adaptive steering control law for a robotic USV was developed in [9] using a predictor, a tracking
differentiator, neural networks, and a dynamic surface control technique. The proposed control law was designed to
tackle issues related uncertain parameters, time varying disturbances and measurement noises. The heading control
problem of an uncertain USVs was addressed in [10] using the model-free adaptive control theory.A robust adaptive
autopilot for uninhabited USV based on a model predictivecontroller (MPC) is presented in[12]. The proposed MPC
was adaptive thanks to theuse of three algorithms, individually: gradient descent, least squares and weightedleast
squares (WLS). In order to overcome the input saturation caused by the limitation of the steering engine of a USV, a
feedback control law, based on backstepping design method, was presented in [7]. This feedback control law was used
with an auxiliary system to handle the effect of input saturation.
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It is clear from the above discussion that there exist in the literature different studies of adaptive controllers
able to tackle perturbations like external disturbances, uncertain parameters and actuator saturation. However, only a
few of them, to the best of our knowledge, address simultaneously, in addition to the aforementioned disturbances,
issues related to unavailable measurements, and actuation faults and saturation.

Motivated by the above discussion, this paper proposes an autopilot based on a nonlinear adaptive control law
that can effectively cancel, simultaneously, adverse effects related to time-varying parameters, external disturbances,
unavailable measurements, input saturation and actuation faults for a USV, will limited effort. This controller is
developed using a high-gain state and RBFNNS.

The remainder of this article is organized as follows.In section I, abrief descriptionof the kinematics model of
USV, of the high-gain state observer and of the Radial basis function Neural Network are proposed. In sectionlll, the
design ofthe controllerand the stability analysis of the closed-loop system are discussed.Simulations results and
discussions are presented in section IV before the paper is concluded in section V.

11.PROBLEM STATEMENT AND PRELIMINARIES

This section presents the control problem of the UVS steering system subject to uncertain dynamics, external
disturbances, unavailable measurement and actuation fault. The mathematical model of the UVS steering system is
presented as well with some details on the high-gain state observer.

11.1. PRESENTATION OF THE USV MODEL
In this paper we consider the steering system of the marine surface vehicle called DH-01, which is a modified version
of a remote-controlled ship[14]. This steering system is characterized by some nonlinearity related to the nonlinear
characteristics of fluid force and by some uncertainty in parameters values caused by changes of cruise speed and the
external environment. In this paper we discuss the motion control of this ship in the horizontal plane. The motion
model in this plane is illustrated in Fig. 1 where ¥ (t) is the heading or yaw angle of the USV, while §(t) is the rudder
angle, which controls the heading.

A
y

oL

>

Fig. 1 The motion model of the USV
On the basis of the linear second-order K-T equation, the mathematical model of the USV’s steering system is
described as follows [8,14,17-19]:

Y(6) =r(0) .
() = —%H(r) +%6(t) +d(t) @)

where r(t) is the yaw angle change rate, d(t) is the external disturbance, H(r) is an uncertain nonlinear function
expressed as follows[8]:

H@) = a®)r(t) + B () )

a(t),B(t), K(t) and T(t) are coefficients that are positive for a stable movement of the ship, and which are affected by
changes in ship’s quality, shape, cruise speed, and external environment. It is complicated to find the mathematical
relationship between these coefficients with the cruise speed together with the environment, which makes the system
controller design challenging such that controllers free of these parameters are needed [8].

Equation (1) can be rewritten as follows:
{ #1(8) = x(6) -
X%,(1) = f(t,x2) + g(O)u(®) +d(0)
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where x;(t) =1 (t), x,(6) = r(t), u(t) =800, f(t,x2) = —K(t) H(xp)/T(t) and g(t) = K(t)/T(t). Knowing
that f(t,x,) is uncertain nonlinear function, and that g(t) varies with the unpredictable cruise speed and external
environment, we need to design a controller for which the implementation does not involve these two uncertain
functions.

Another issue that can disturb the USV’s movement is a rudder failure such as actuator’sloss of effectiveness. Hence,
the actuator’s output can be expressed as follows [19, 20]:

u() = (1 - g dui(t) (4)
where 0 < g, < 1is the degree to which the effectiveness is lost and u;(t) is the rudder’s actuator input.

Let us apply Eg. (4) in Eq. (3) so that we obtain:
x2(t) = f(t,x2) + g(Ow; (©) + D(¢t,w;) ®)

where D(t,u;) = —g, - g(t) - u; (t) + d(t) is a lumped disturbance, which is unknown.

The control objective is to make sure that the USV’s actuator can generate a rudder angle u(t) that guarantee that the
system’s yaw angle x, (t) = ¥ (t) can track a given desired value x4 (t) regardless of potential perturbations related to
parameters changes, actuation failure and external disturbances. This control must be such that the system’s state
x = [x;, x,]Tremains bounded over a compact set O c R2.

Assumption 1: The desired yaw angle x, 4(t) is available, continuous and bounded.

Generally, the system’s states x,(t) and x,(t) are provided to the control system through sensor measurements.
However, the effectiveness of the control system can be subject to deterioration caused by malfunctioning sensors.
Therefore, a control system with reduced number of sensors is interesting. In this paper, we consider that only yaw
angle sensor measurement is available.

In order to deal with uncertain dynamics and unavailable sensor measurements, systems like RBFNN and high-gain
state observerare used, respectively. These two systems are presented in the following subsections.

11.2. THE HIGH-GAIN STATE OBSERVER

By considering that only a yaw angle sensor is available to provide a measurement of x, (t) such that the yaw rate’s
value x,(t) needs to be estimated, knowing that the system’s dynamics is unavailable, and only the system’s
outputx, (t) is available, let us use a high-gain state observer modelled as follows[20, 21]:

y=25x%
where X = [%,, £,]7is the estimated state vector,A = 8 (1)]L = [ky/€,k,/€%]7 is the high-gain vector where € > 0 is

a small design parameter; k; and k, are constant design parameters selected using the pole placement method such that
the polynomial :
p>+k,p+k =0 7

is Hurwitz stable.
Let us rewrite Eq. (3), where Eq. (5) is used, as follows:

{x = A;\;—l—=F;C(t, X, U;) (®)
1

where F(t,x,u;) = [0 f(t,x;) + g(®)u;(t) + D(t,u)]".

Remark:During the transient phase, an important offset between the initial value of the yaw angle x; (0)and its desired

value x;,(0) can lead to the generation of an important control signal or rudder angle. In order to make sure that this
value of rudder angle is restrained between the allowed boundaries, we consider that the actuator’s output signal u (t)
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is bounded in a non-empty set U c R. This set is defined as U :== {u € R:upip < u (t) < Uy} Where u,,;, and
Umay are constraints on the minimum and maximum values of the rudder angle expressed as follows:
Umin ifua < Umin
U(t) = { Uy if g = Unax ©)

u, otherwise
where u, (t) = (1 — g )u;.

Assumption 2 [20, 22]: Considering that the state variables x; and x, are bounded in the compact set Q c R?, that the
lumped disturbance is D(t,u;) < A and the control signal is |u(t)| < Upay, the nonlinear vector field F(t,x,u;) is
bounded with respect to its arguments on Q. Hence, there exists a positive value T' € R such that [|[F(t, x, u;)|| <
IP||~1r'Vx € Q with P = PT > 0.

Let us denote ¥ = x — Xas the observation error vector such that its dynamics is obtained as follows:
X =A% + F(t,x,u;) (10)

where Ay = A — LCT wherec” =[1 0].

Considering assumption 1, let us check the convergence property of the state observer using the following candidate
Lyapunov’s function:
V = >XTPx (11)
where P = PT > 0 € R?*2 s a solution to the following Riccati algebraic equation:
ATP + PA, = —Q (12)

for a given matrix Q = QT > 0 € R?*2,

The fist-time derivative of Eq. (11), where Eq. (12) is used, yields:
V= %"*TP’:Z + %iTPk = %~T(A(T,P + PAy)X + X PF(t, x,u;) = — §~TQi +%TPF(t, x,u;) (13)

. 1 - - 1 N N
eV —E/an(Q)lell2 + IXIIPINFCE, x,u)ll < —Eflnu'n(Q)lell2 +XIr <0

where A, (@) is the smallest eigenvalue of Q. From the inequality expressed by Eq. (13), we can conclude that
whenever ||%|| is outside the region bounded by [|%|| < I'/A,,;,(Q), V < 0. Thus, according to Barbalat’s lemma,
lim;_,,, X = 0, i.e. the estimated state vector converges as X = x.

11.3. THE RADIAL BASIS FUNCTION NEURAL NETWORK (RBFNN)

Consideringthat the USV’s functions f(t,x,) and g(t) are unknown, and hence unavailable for practical
implementation of the control system, we need to use and intelligent devices such as RBFNNs to provide
approximation of the unknown dynamics. RBFNNs are feedforward networks, made of three layers, namely the input,
the hidden and the output layer, which are used to approximate any smooth function on a compact set Q € R™ using the
universal approximation theorem[8, 11].

Two RBFNNSs are used in this paper for the approximation of the two unknown USV’s functions f(t,x,) and g(t).
The input vectors are selected asx,; = [¢ &]"with é = £, — x4, and x,, = [®; %,]7, respectively, for the two
RBFNN.With m and n being the numbers of hidden layers, the neural networks’ outputs provide approximations of the
two functions expressed as follows:

f(xe1|W1) = WIhl(xel) (14)
ﬁ(xe2|W2) = Wghz (xe2) (15)
where WI =[W;; Wy, - Wiyl and WL =[W,, W,, -+ Wiy,] and estimated weighting vectors for
which update rules are defined as follows:
Wy =y 5hy (xer) (16)
W, = y38 - u; - hy(xe2) (17)
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where § is a filtered error function defined as follows:

§=c-é+é (18)
with ¢ > 0; and hT(x.;) =[hy1 hiz - him] and hI(x.;) =[hy; hy, -+ hyy] are radial basis vector
functions for which the elements are obtained using :
e1—A1j 2
hyj(ten) = exp (— %) (19)
1
_ Jrez=2a4°
hai(xe2) = exp| =7 (20)
2

with A;; € R** and 1,; € R®*! being the centric vectors, ; € Rand 8, € R being the base widths of the radial basis
functions, for the two RBFNNs.

The differences between the neural networks’ outputs and the exact nonlinear functions they approximate are:
f(xe1|W1) — f(t,x;) = Wih;(xe1) — & (Xeq) (21)
G(xe2lW3) — g(t) = Whhy(x,2) — £3(xe2) (22)

where W, and W, are errors on the approximated weighting vectors; &; (x,;) and &,(x,;) are the neural networks’
approximation errors.

Assumption: For each of the two RBFNNSs, there exist an unknown constant E,, k = 1,2, which is the upper bound of
the approximation errors & (x,) over the compact set ) € R?, i.e. max,,, |ex(Xer)| < Ey.

I11. FAULT-TOLERANT NONLINEAR CONTROLLER DESIGN

Considering a particular situation where full state measurement is unavailable, system’s dynamics are uncertain, the
system may be subject to external disturbances and actuation faults, a control law that can suppress the adverse effects
of these perturbations is needed. Therefore, for tackling these challenges, we propose as control law expressed as
follows, for the actuator’s input:

1

" 9(xe2lW2) [cé — %14 + f(xe1|W1) + AT () + KL E(S)] 23)

u; =

Withé =%, —x,40.8 =c-é+ & T() = (exp(48) — 1)/(exp(48) + 1), E(8) = §/(exp(8) + 1).
7(t) is a time varying parameter for which the value is adaptive online to tackle effects related to unknown external
disturbances, actuator’s fault and RBFNNs approximation errors. This parameter is computed using:

() = 71(8) + 02 (t) (24)
where
h(@® = 151/v, (25)
and
12(8) = p(l&1] + Upmax * €2 (26)

where p > 1 is an arbitrary design parameter;&; and £, are estimates values of RBFNNs approximation errors, which
can be obtained from:

E1(t) =8/, @7)
£,(6) = 8- u/e, (28)
Theorem 1: Considering the good convergence property of the high-gain state observer, demonstrated by Eq. (13), the
control law expressed by Egs. (23)-(28), and constrained by Eq. (9), guarantees that all signals in the closed-loop
system remain bounded and the tracking error e(t) or é(t) converges asymptotically towards zero.

In order to provide proof to this theorem, let us define the following candidate Lyapunov’s function:
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1 1 o 1 o
V1=ESZ+EV1W1TW1 +EV2W2TW2 (30)

and

1 ~ 1 ~ 1 ~
Vo = Vufit + Ve, & +5 Ve, 65 (31)

where y; >0, y, >0, 3, >0, ¥, >0, and y., > 0 are the learning rates for W, (t), W, (t), A, (t), & (t) and
&, (t), respectively. Errors on W, (t), W, (t), A (t), & (t) and &, (t), are defined as follows:

Wy (0 =W, (&) — Wy (32)
W, (0 =W, (6) —W; (33)
iy (6) =y (©) = (34)
g (D=4 () - & (xe) (35)
& (D) =& (1) — £,(xe2) (36)

where Wy, W;and ni >» D(t, u;)are unknown optimal parameter values used here only for analytic purpose.

By performing the first-time derivative of Eq. (30) we obtain:
V1 =ss+ V1W1TW1 + )/ZWZTW/:Z (37)

With s = ce + é, where e = x; — x,4, and with e = ¢é, the fist-time derivative of s is obtained, using Egs. (5),(21)-
(23), as follows:
S=cé—%qtf (t,x)+ [g(t) - ﬁ(xe2|wz)]ui + D(t,u) + Q(xe2|Wz)ui
=[f (t.x) = f(xea|W1)] + [9(0) — G(xe2|W2)|u; + c(é — é) + D(t,w;) — AT () — K,E(3) (38)
= [51(xe1) - FWVIh1(xe1)] + [Sz(xez) - W;hz(xez)]ui + D(t,u;) —H(OT(S) — KL E(S)

By applying Eq. (38) in Eq. (37), where Egs. (16), (17), (32) and (33) are used,and considering that thanks to the
observer’s convergence s = §,we obtain:

v, = W7 (V1W.1 - Shl(xel)) +W] (VzVTé —sh, (xez)ui) + 581(Xe1) + 582 (Xe2)u; + sD(t,u) — sH(E)T(S) — sK1E(S)
= WThy(xe1)(s — 8) + WEh,(x2) (s — 8) + 5&1(Xe1) + s&2(Xez)u; + sD(t,u;) — sH(OT(S) — sKLE(8) (39)
= 5&1(Xe1) + 582(Xe2)u; + sD(t,uy) — sH(E)T(S) — sKLE(8)

The first-time derivative of Eq. (31); where Egs. (34)-(36) are used,gives:

Vz =Yy ﬁ1 + 7, & 51 +ve,é 52 =Yyl ﬁ1 + Ve, & 5;\1 + Ve, & 5;\2 (40)

Using Eqgs. (39) and (40), the first-time derivative of Eq. (29), where Egs. (27), (28), (35) and (36) are used, with s = §
gives:

V = s&1(Xe1) + 5&2(Xep)u; + sD(t,u) — sH(O)T(S) — K E(8) + vy M+ Ve, &1 &1+ Ve, 65 &
= S(él(xel) - 51(xe1)) + Sui(éz(xez) - 52(xez)) +sD(t,uy) — sH(OT(S) — sKiEB) + vyfiy 11 + Ve, &1 &1 + Ve, & &
= & (%e1) (Y, é1 — 5) + &(xe2) (Ve, 62 — sui) + sD(t,uy) — sH()T(S) — K E(S) + vy fiy 1 + 561 (Xer) + 562 (Xe2)
=& (xe1) (8 — 5) + & (xe2)ui(8 — 5) + sD(t,uy) — sH(O)T(S) — SKLE(S) + vyfiy N1 + 5€1(Xeq) + 515 (Xe2)
= sD(t,u;) = SHOTS) = Ky oo + Yyl 1 + 581 (Xer) + 5wy (Xer) (41)

&2

exp($)+1
S .
S sA—=sH(OTES) - K1W + ¥pfls 1+ Is11E(Xe) | + [S[Umax|€2(xe2)]

Considering that, in case of perturbations, we may have |§| » 0 and |T(8) = (exp(4$) — 1)/(exp(48) + 1)| = 1 such
that Eq. (42), where Eqgs. (24)-(26) are used, becomes:
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a2
> S ~ A A Py * *
V<sA- 5(771(t) + Uz(t)) - KlW + ]/77771 N1+ |S||£1(xe1)| + |S|umax|£2(xez)| + N1S —MN1S

< Is1(181Ceen)| + Umaxl €2 (Xez)| = 12(8)) + 5B + Is| (=1 () +n7) — + Yol 11— 1is(42)

exp(s)+1
&2

S - 2 .
= |s1(16;(Xe1)| + Umax|€2(Xe2)| — n2(8)) + sA — K1m+ iy (yphs — Isl) — nis
a2
S
= |s](16; (e + tmax|€2(Xe2)| — n2(8)) + sA — K1W— nis

a2
S

<|Is| (== s

|s|( 1) 7206 + 1518 =) — Ky g

with p > 1, K; > 0 and n; > A, one can notice that V < 0. Therefore, with the proposed observed and RBFNN based
control law, the USV’s steering closed-loop system is asymptotically stable despite potential perturbations related to
the occurrence of parameter changes, external disturbance and actuation faults. Hence, the USV can successfully
achieve its mission in adverse conditions, as according to the Barbalat’s lemma, the tracking error e — 0 when t — co.

IV. SIMULATION RESULTS AND DISCUSSIONS

In order to illustrate the efficiency of the proposed autopilot for the DH-01 USV, let us perform a
MATLAB/SIMULINK simulation of the control system with an unavailable yaw rate measurement, unknown external
disturbance, actuation loss of efficiency and parameter changes. The specifications of the vehicle are as follows [8, 14,
19]: length of 110cm, width of 36¢cm, weight of 5.4kg and max power of 36W.

The parameters used for the RBFNNs are selected as: m =n =5, 4;; = 4,; =[0.10 0. 1017, and B, =
B, = 0.5. The parameters for the high-gain observer are chosen as follows: k; =5, k, = 7 and € = 5.5 X 1072, The
other controller’s parameters are selected as follows: ¢ = 5, K; = 2, ¥, = 0.35,¥,, =¥, =5,y, =0.09and y, = 15.
Considering physical limitations of the actuator or saturation, the control is restricted between —35° (—0.61 rad) and
35°(0.61 rad).

In order to illustrate the advantages of the controller proposed in this paper, its results are compared with those
obtained using itsSMC used in [8] with all state variables available. The SMC is known for its robustness with regards
to some perturbations. We consider the same simulation scenario as in [8].Let us consider that the reference yaw angle
is Y, (t) = 0.5sin(0.2t) and that the external disturbance is d(t) = 0.2 sin(t). We consider that for t < 10sec the
vessel has a cruise speed of 7 knots (12.964km/h), speed for which the DH-01 parameters are as follows [8, 19]:
K(t) = 0.366, T(t) = 0.24, a(t) =0.35, and B(t) =0.3. For t = 10, we consider that the ship’s parameters
becomeK (t) = 0.266, T(t) = 0.29, a(t) = 0.4, and B(t) = 0.35. For studying the behaviour of the control system,
we consider that from t > 20 the actuator looses 50% of its effectiveness.

The results of this simulation are depicted in Figs. 2 to 4. Figure 2(a) represents the desired yaw angle value
Y4 (t) along with the USV’s yaw angle ¥ (t) obtained using the controller proposed in this paper, the yaw angle
estimate 1y, (t) provided by the state observer and the yaw angle ., .(t) obtained using the traditional SMC. As one
can observe from this figure, the proposed controller provides better tracking results in different operating conditions.
This can be better observed in Fig. 2(b) where the tracking error on the yaw angle is represented, and where it is
obvious that the tracking error is smaller with the proposed controller in all situations. One can see clearly that at
t = 10sec, when the USV parameters vary and particularly when the actuation fault occurs at t = 20sec, an important
increase of the yaw error happens in case the SMC is applied. However, with the proposed adaptive fault-tolerant
controller, this error on the yaw angle does not change much and remains restricted in small boundaries despite the
occurrence of the disturbances and the use of a state observer. This superiority of the proposed controller is more
obvious in Fig. 3(b) where one can see that with the SMC the error on yaw rate is far bigger. It is worth reminding that
the proposed controller uses observed states, unlike the traditional SMC. Figure 4 depicts the rudder angle provided by
the proposed controller and the SMC, respectively. One can observe that the two control signals are not too different
even though they yield some very different results.
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Figure 2. (a) Desired yaw angle ¢, (t) compared with the output obtained using the traditional SMC and the
proposed controller. (b) Tracking error of the yaw angle obtained with each controller

06 ;
15} 04r &
— o2 ¢
2 s
s 1y .
© Q) K
Y g A
® T OfF
= o
3 o5 5
>
02}
0 Y\——’/\
04F
05 : : : ‘ : : 06 ! ‘ ‘ ‘ ‘ !
0 5 10 1 20 25 30 35 40 o 5 10 15 20 25 30 35 40
(asime(s) time(s)
(b)

Figure 3. (a) Desired yaw rate 1,4 (t) compared with the yaw rate obtained using the traditional SMC and the
proposed controller. (b) Tracking error of the yaw rate obtained with each controller
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Figure 4. Control actions u(t) = §(t) obtained with the proposed controller and with the SMC
IV. SIMULATION RESULTS AND DISCUSSIONS
The control problem of an Unmanned Surface Vehicle steering system subject to unknown dynamics, external
disturbances caused by the ship’s operating conditions and environment, actuation failure and unavailable state

measurement have been addressed in this paper. Using Radial Basis Functions Neural Networks, a high-gain state
observer and some dynamic parameters, an adaptive nonlinear controller has been developed such that all the
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aforementioned challenges have been tackled simultaneously. Using the Lyapunov’s theory, a stability analysis has
been performed. A DH-01 USV has been simulated on MATLAB/SIMULINK, with the proposed autopilot, which has
been proved to be very efficient in terms of tracking accuracy, in different operating conditions. These good results
have been put in display by their comparison with those obtained using the traditional sliding mode control, which is
known for its robustness. Hence, thanks to the proposed controller the vessel can perform its missions autonomously
and successfully despite some adverse conditions.
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