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Abstract: This paper addresses a robust controller for an unmanned surface vehicle subject
to external disturbances. An adaptive integral terminal sliding mode technique is designed
to control the surge speed and yaw dynamics of the vehicle. Such controller is robust
against bounded disturbances, allows finite-time convergence of the tracking error variable,
and attenuates the chattering effect common to sliding mode approaches by adapting its control
gain. Furthermore, a trajectory tracking guidance law is designed to provide speed and heading
references. Simulation results illustrate and compare the advantages and feasibility of the
proposed approach in the presence of wind, waves, and currents disturbances.
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1. INTRODUCTION

Unmanned Surface Vehicles (USVs) operate in different
water bodies, such as oceans, coasts, lakes, and rivers,
without any onboard crew. The development of fully au-
tonomous surface vehicles can be beneficial for several
activities including disaster management (Murphy et al.,
2008) and inspection (Lindemuth et al., 2011), among
others. Control systems play an important role to ensure
safety and success of autonomous operations (Liu et al.,
2016). Given the complex nature of the environment where
USVs operate, controllers have to be robust against nu-
merous factors such as modeling inaccuracies, unmodeled
dynamics, and different unknown external disturbances
such as winds, waves, and currents.

Different controllers have been proposed to deal with the
complex and nonlinear USV dynamics. For instance, in
von Ellenrieder (2018), a backstepping controller with a
disturbance observer, capable of operating in the presence
of unknown disturbances was proposed. In Klinger et al.
(2017), adaptive control was investigated to deal with
different displacement and drag configurations. In Huang
et al. (2019), a dynamic surface control strategy with
active disturbance control was reported. Model-free adap-
tive control was studied in Liao et al. (2020), showcasing
robustness against uncertainties.

A remarkable robust control method is Sliding Mode
technique (SMC), which is capable of rejecting bounded
perturbations (Shtessel et al., 2014). Therefore, diverse
types of SMC have been applied to USV control. In Chen
et al. (2019), an SMC heading controller combined with a
disturbance observer was developed. One of the common
problems of SMC is the so-called chattering effect, which
has been attenuated through different methods. Higher-

Order SMC and super-twisting SMC approaches reduce
chattering, and they were combined in a control-observer
scheme in von Ellenrieder and Henninger (2019) for USV
trajectory tracking. Another technique is implementing
Adaptive SMC (ASMC), which can reduce chattering by
avoiding unnecessary control effort with adaptive gains.
ASMC was designed and implemented in Gonzalez-Garcia
and Castanieda (2021) to control the surge speed and
heading of a full-scale USV subject to unknown parametric
uncertainties. Faramin et al. (2019) studied ASMC with a
disturbance observer for USV control in the presence of
wind disturbances. Integral SMC (ISMC) was compared
against Adaptive ISMC (AISMC) in Van (2019), where
AISMC achieved better performance in the presence of
external disturbances.

One disadvantage of conventional SMC is that the tracking
error is asymptotically convergent, even if the sliding
variable is finite-time convergent. Terminal SMC (TSMC)
was developed to overcome this issue. Then, one problem
of TSMC is a singularity that appears during control law
design. In Wang et al. (2019), a Nonsingular Fast TSMC
approach was proposed for trajectory tracking of a USV,
capable of handling external disturbances.

Another type of TSMC is Integral TSMC (ITSMC) (Chiu,
2012), which achieves finite-time convergence and avoids
the TSMC singularity issue. For conventional SMC, the
beneficial properties only appear when the system is on
sliding mode (sliding variable equal to zero), making the
reaching phase vulnerable to perturbations. A charac-
teristic of ITSMC is that the sliding variable does not
have a reaching phase if the initial condition is known.
Hence, because the controller is always on sliding mode,
the controller is robust even during the tracking error
convergence, improving the transient response.
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Fig. 1. Reference frames and trajectory tracking problem.

Thus, the contribution of this work is the design of a
robust controller for an unmanned surface vehicle sub-
ject to wind, waves, and currents. A strategy based on a
class of Adaptive Integral Terminal Sliding Mode Control
(AITSMC) is designed for the first-order surge speed dy-
namics and the second-order yaw dynamics. The ITSMC
sliding surface guarantees finite-time tracking convergence
and enhances robustness during the state reaching phase.
The adaptive control gain avoids unnecessary control ef-
fort, reducing chattering, and maintains robustness against
bounded external perturbations. Moreover, a trajectory
tracking guidance law is implemented to provide speed
and heading references. Finally, simulation results show
the performance and feasibility of the proposed control
scheme in the presence of external disturbances from wind,
waves, and currents.

The paper is organized as follows: Section 2 presents the
dynamic model of the USV and perturbations. Section 3
addresses the design of the controller, whereas Section 4
described the trajectory tracking guidance law. In Section
5, the simulation results are illustrated. Finally, conclu-
sions are drawn.

2. MATHEMATICAL MODELING

In this section, the USV dynamic model and a description
of the external perturbations affecting the vehicle are
addressed.

2.1 USV dynamic model
The VTec S-III USV model is taken from Gonzalez-Garcia

and Castaneda (2021), which follows the robot-like model
(Fossen, 2011). The equations of motion are expressed by:

My + Clv)v+ Dy =71 (1)

= Jmv (2)

where v = [u,v,7]T is the velocity vector in body-
fixed frame, and n = [x,y,9]" is the position vector in

an inertial reference frame, where ¢y € (—m,n]. Fig. 1
depicts the USV and its defined reference frames. Then,
M represents an inertia matrix including rigid-body and
added mass, denoted as:
m — X, 0 —mygq
M= 0 m-—Y, mxg-—Y; (3)
—-myag mrg— Ny I, — N;

C(v) is a Coriolis matrix adding a standard Coriolis rigid-
body matrix Crp(¥) and an added mass matrix C4(v),
being

0 0 —m(zgr + v)
Clv) = 0 0 —m(ygr — u)
m(zgr +v) m(ygr — u) 0
Y: + N;
0 0 2(Yev+ (%)7’)
—+ 0 0 —Xa’u
2(—Yiu — (@)r) Xau 0

(4)
Moreover, D(v) is the sum of linear and nonlinear damping
matrices, expressed as follows:

X, 0 O
Dy)=-|0 Y, Y,
0 N, N,
Xu|u‘|u\ 0 0 (5)

- 0 Yv|'u||v| + Y'u\'r\|r| )/r|'u\|v| + Yr|r\|r‘
0 Nv|v||v| + Nv\7‘|‘r| N’r|v\|v| + Nr\'r'\|{r|

while 7 is a vector of forces and moments induced by two
rear thrusters, denoted by:
0

Tu
-1

Tr (Tport - Tstbd)B/2
The thrusters are saturated between —30 < Tport, Tstba <
36.5 N according to its physical limits (Gonzalez-Garcia
and Castaneda, 2021). Finally, J(n) is a rotation matrix
to transform the velocity vectors between body-fixed and
inertial reference frames:

Tport + Tstbd
(6)

cosyY —siny 0
Jn) = [sin P cosy 01 (7
0 0 1

On the other hand, the physical parameters and hydrody-
namic coefficients of the VTec S-III USV can be found
in Gonzalez-Garcia and Castafieda (2021), which were
previously identified.

2.2 FExternal disturbances modeling

The dynamic model including external disturbances from
wind, waves, and currents is expressed in the following
form (Fossen, 2011):

My + Crp(v)v+ Co(v, )+ D, )V =T + Toying + TW?V§

8
where v, = v — v, is the relative velocity and v, is the
water current velocity vector, respectively. Tywing includes
the wind induced forces and moments, and Tyaye the forces
and moments due to waves.

Water currents  Such effects are modeled by a Gauss-
Markov process (Fossen, 2011), described by:

Vc + ,Ufc‘/c = We (9)
where V. stands the current magnitude, with direction
Be and p. > 0, respectively, and w, is a Gaussian noise
signal. Then, the current velocity vector is then defined
for irrotational currents as:

Ve cos(Be — 1)
|

Ve =

Ve Sin(ﬁc - ?/J)
0
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Waves This kind of perturbations are forces as Fyave =

X2 +Y2 . and moments due to waves Nyaye, inde-

wave wave?

pendent to the hull of the USV (Fossen, 2011). They are
expressed in state space form as:

[g; B _—SJE —2A1wwe_ f;i; + _;?w_ wrr (1)
Fuave = 0 1] [gj s 12)
o) = [ o ]+ [ ]
Nyave = [0 1] ij +dy (14)

where K, > 0, Aw > O,dF = ng,dN = WnN2, and
wp1,Wra, WN1,wn2 are Gaussian process signals. w, is
given by:

we(U7 wo, ﬂwave) =

with wy as the wave spectrum peak frequency, Byave the
wave direction, g ~ 9.81 m/s? is the gravity, and U =

vu2 + v2. Finally, the wave disturbance vector is:

Xwave Fyave COS(/Bwave - 7[})
Twave = Yivave Fyave Sin(ﬁwave - ¢) (16)
wave

wave

2

wo — %)Ucos(ﬁwave) (15)

Wind The wind effect on the USV can be defined as:

Xwind] 4 Cx (Vrw)Arw
Twind = | Ywind | = ipanw Cy (Vrw)ArLw (17)
wind CYN (’er)ALWLOA

where p, =~ 1.2 kg/m3 is the air density, V., =
Vu2, + 02, is the wind relative speed, V,, states the wind
Velocity, Upy = U — Uy, Vpyp = U — Vg, Uy = Vi €O8(Byyind —
¢)a Uy = Vi Sin(ﬁwind _w)a Yrw = _atanz(vrwy urw) repre-
sents the wind angle of attack, Bying is the wind direction,
Apw corresponds to the projected frontal area, Apy is
the projected lateral area, and Lo, is the USV length.
The coeflicients are computed with:

Cx(Vrw) = CDiar 3 cos(yru)

CDy. .
1-— 2(1 - C’Dt)bm (27rw)

Sin(Ypw )

) CDy, . 5

- 5(1 - C,Dt)sm (29pw)
T

Cn(Yrw) = —0.18(Vrw — E)CY(’er) (20)
Considering the VTec S-III USV, it is assumed that
CDiarp(0) = 0.55,CDjap(m) = 0.6,06 = 0.6, Apyy =
0.225,ALW = O.3,CD[ = CDZAF('er)AFW/ALW;CDt =
0.9.

(18)

CY('YNU) = CDt (19)

1

3. ADAPTIVE INTEGRAL TERMINAL SLIDING
MODE

In this section, the design of surge speed and heading con-
trol for the USV is presented. To design such controllers,
the model (1) is reduced following some assumptions from
Gonzalez-Garcia and Castaneda (2021):

o Assumption 1. The vehicle is a rigid body, with homo-
geneous mass distribution, and the shape structure is
port/starboard symmetric.

o Assumption 2. The body-fixed frame origin is located
at the center of gravity of the vessel.

o Assumption 3. The heave, pitch, and roll dynamics
are neglected on the horizontal plane.

o Assumption 4. The off-diagonal terms of inertial and
damping matrices are small compared to the main
diagonal terms, and hence can be neglected.

o Assumption 5. Unmodeled dynamics, parameter in-
accuracies, and external disturbances are considered
as uncertainties.

Hence, the uncertain model is expressed as:

. 1
T X, [(m = Yo)or + Xypuulul + Xuu+ 7] — Ay
(21)
0= X+ ¥l = Ay (22)
. 1
7= I.— N, [(*Xu + Y )uv + Nypppyr|r| + Nor + Tr]
o (23)
where
X(u; 7') = oY, [(—m + Xﬂ)ur} (24)
1
Y(U) = m [}/1)\1)|v‘v| + YUU:I (25)

There is a lack of control input in sway (22) because the
USV is underactuated. Thus, X (u,r) and Y (v) are as-
sumed to be bounded by mechanical design such that Y (v)
satisfies Y (v) < Y, < 0 (Paliotta et al., 2019). A,, A,
and A, are uncertainties and external disturbances, which
are assumed to be both bounded and unknown. Then, a
robust control strategy based on AITSMC is proposed to
reject these unknown perturbations.

8.1 Surge speed control
Consider the following first-order uncertain system derived
from (21):

§u = f(fu) =+ g(fu)Uu - Ay

where £, = u is the state,

f&w) =
1

9(&u) = P

are nonlinear functions, and U, is the control input. Next,
to design the AITSMC, an integral terminal sliding surface
is defined as:

(26)

=, Lm = Ya)or + Xypujulul + Xuu] - (27)

(28)

Sy = €y + Qyu€J u (29)
€1 = sign(ey)|ey /P (30)
where e;,(0) = —ey(0)/c, ey = (ug — u) is the surge

speed error, ug is the desired speed, a, > 0 is a fixed
parameter, and p, and g, are odd integers satisfying p, >
qu > 0. If s, is always kept as zero (i.e. e, = —oerq),
then e, and e, are finite-time convergent as proven in
Chiu (2012). Next, the time derivative of (30) results in:

Su = eu + auél,u

. . 31
=tta — (f(&u) + 9(§u)VUu — Au) + Quéry (1)
Hence, one can design the following control U,, = 7,,:
1 . .
Tu = [_f(fu) + ug + Qyu€J 0 — ua,u] (32)

9(€u)
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where u,,, is an auxiliary control driven by an adaptive
sliding mode strategy:

Ugu = _Kl,u|3u|(1/2)Sign(su) - K2,u5u (33)

with K, computed with the following adaptation law:

K _ k@,uSignqsu‘ - ,uu); if Kl,u > Kmin,u
e = Kmin,ua if Kl,u S Kmin,u

and Ky, > 0 is a constant parameter. The adaptive
controller adjusts K, to increase if the sliding variable
is larger than threshold pu, > 0, which detects the loss
of sliding mode. If s, is lower than pu,, it decreases until
reaching Kp,in. > 0, which ensures no zero gain, hence
reducing unnecessary control gain, and kg ,, > 0 establishes
the gain adaptation rate. Inserting (32) in (31) results in:

(35)

The stability and convergence of this closed-loop was
proven in Castaneda et al. (2021).

(34)

s

éu = Ua,u + Au

3.2 Heading control

Now, consider a second-order uncertain system:
éd) = fr
& = f(&w) +9(&)Uy — A,
where £, = 1 is the state, &, =7,

(36)

(&) = ﬁ [(—X4 + Y3)uwv + Npjyrlr| + N7
(37)

! (38)

g(&w) = m

are smooth functions, and Uy is the control input. Then,
the following integral sliding surface for second-order sys-
tems is defined as (Wang et al., 2018):

Sy = éw + ﬁ¢€¢ + aypery (39)
ér.y = sign(ey)|eq| /P (40)
where e;,4,(0) = —[é4(0) + Byey(0)]/ay, ey € (—m,7] =

(g — 1) is the yaw error, ¢y € (—m, x| is the desired
heading, By, 0y > 0, and py, gy are odd integers which
satisfy py > gy > 0. Similar to the first-order case, with
s(0) = 0, the tracking error was proven to be finite-time
convergent (Wang et al., 2018). Then, the derivative of s,
with respect to time results in:

Sy = €y + ﬂwéw + ayéry (41)
=7a— (f(&) + 9(&)Uyp — Ar) + Bypé + ayéry
Thus, the following controller Uy = 7, is designed:
1

Tr = ——— [=f(&) + Ta + Bué + apéry —uayp] (42)
9(&y)
where u, , follows the adaptive sliding mode technique:
Ug,yp = —K1,¢|sw|(1/2)sign(sw) — Ko 5y (43)

where the dynamics of K 4 are driven by (34).

4. GUIDANCE LAW

In this section, to compute the desired references uy and
1g for the AITSMC, the trajectory tracking guidance law
proposed in Huang et al. (2019) is applied. The procedure

X, Ud, Y/ uy Tr
2% GUIDANCE Y41 ArTsMC 0 Usv A

Fig. 2. Guidance-control scheme diagram.

starts by defining the along-track z. and cross-track y,
errors as follows:

Te| | COSYp siny,| |T— g
Ye —siny, cosYp| | Y — Yd
where x4 and yg are the desired inertial positions, and

vp = atan2(yq,&q) is the desired path angle. Then, the
desired surge speed is obtained with:

Ug = \/ Ugseudo —v?
_ (Ud - ka(i) \/ yg + A% (46)

Upseudo - AL

(44)

(45)

where

ky > 0is a constant gain, Ay, > 0 is a constant look-ahead
distance, and Uy = \/a'sfl + yg. Now, the desired heading is
computed using:

Va =vp+atan(Aye) - B
L

where 8 = atan2(v,u) stands for the sideslip angle be-
tween the USV and the velocity vector direction. Given
that the ITSMC sliding surface is finite-time convergent
(Chiu, 2012; Wang et al., 2018), and the ASMC is finite-
time convergent (Castafieda et al., 2021), the surge speed
and heading errors e, and ey converge to zero in finite-
time. Since convergence of along-track z. and cross-track
Ye errors is guaranteed in Huang et al. (2019), then the
guidance-control system is convergent as well. Moreover, a
diagram of the scheme is illustrated in Fig. 2, and the
trajectory tracking problem is graphically described in
Fig. 1.

(47)

5. SIMULATION RESULTS

In this section, simulation results to validate the effec-
tiveness and robustness of the proposed control strat-
egy while subject to external disturbances are presented.
Simulations were performed in MATLAB/Simulink at a
frequency of 100 Hz. First, a test for surge speed and
heading control is addressed, then a trajectory tracking
case is also evaluated.

5.1 Surge velocity and heading control tests

In this test, the proposed AITSMC was compared against
the ASMC from Gonzalez-Garcia and Castaneda (2021)
to illustrate the robustness superiority. A reference surge
speed of ug = 0.7 m/s was considered, with a time-varying
yaw reference of ¢4 = 0.4sin(0.17t)+0.4 rad for 0 < t < 40
s. The initial condition was n(0) = v(0) = [0,0,0]%.
To verify robustness, external disturbances from currents,
waves, and wind were considered with . = 0.5, w. with
a frequency f = 20 Hz and standard deviation ¢ = 1 for
currents; K,, = 0.64, A\, = 0.1, w, = 0.8, wpy with f =20
Hz and ¢ = 10, wpy with f = 20 Hz and 0 = 2, wyy
with f = 20 Hz and ¢ = 1, and wy2 with f = 20 Hz
and ¢ = 0.1 for waves; V,, = 10.28 m/s for wind; and
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Fig. 3. Applied currents, waves and wind disturbances.
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Fig. 4. Surge speed and yaw subject to perturbations.

Be = Bwave = Bwind = 0.77. The resulting behavior can be
seen in Fig. 3 in the body-fixed frame. On the other hand,
the gains of the AITSMC were set as a,, = 1, ¢, = 3,
Pu = 5, kO,u =2 My = 0.01, Kmin,u = 0.1, k2,u = 0.1,
Ay = 1, Bd) =3, qQy = 3, Py = 5, k@,d) =2, Hyp = 0.01,
Kpiny = 0.1, kg y = 0.1.

In Fig. 4, the tracking of surge speed and yaw dynamics
is shown to be robust for both controllers, and it is
noticeable in both plots how the AITSMC has lower
deviations from the reference signals. Hence, the AITSMC
is more robust. Additionally, there is no overshoot in
the AITSMC responses, which is one of the ITSMC
sliding surface characteristics. Likewise, heading responses
showcase the added robustness during the reaching phase,
as the ASMC deviates to negative v values because of
the disturbances, and the AITSMC does not. In Fig. 5,
the adaptive gains behave similarly for both controllers.
The gains remain active throughout the experiment to
reject the complex disturbances. In Fig. 6, one difference
is during the convergence of the tracking errors, as the
ASMC saturates the signal and the AITSMC does not,
consequence of the improved transient response induced
by the ITSMC sliding surface.

5.2 Trajectory tracking

A second experiment considered the trajectory tracking
scenario, where the guidance law from Section 4 is evalu-
ated with the AITSMC. The reference trajectory was de-
signed as x4 = 10sin(0.027t) and yq = —20 cos(0.017t) +
21.5 for 0 <t <200 s. Such trajectory has a time-varying

Fig. 5. Evolution of AITSMC and ASMC adaptive gains.

ey
D

'z‘ T
= \ N H’\ " fmr."‘m‘“ﬂ
& = i
m\m X ;Utm Wmd smm
g 20y [arTsye | i \
0 5 10 15 20 25 30 35 40
Time |[s]
E 4u=‘r| T
= 20¢| N MJ"
‘g Og\J\Va fi=man \nf{ N‘J 'I M\J“““'"ﬁpﬁ”"% K, “TJ‘?J}L‘ M ]ﬂ;wx
= [asvo ‘
0 5 10 15 20 25 30 35 40
Time [s]

Fig. 6. Control input signals

0 5 10 15 20 25 30 35 40
Reference —-—-— Usv

Fig. 7. Desired versus USV Trajectory.

curvature and allows to see the disturbance affecting the
USV from different angles. The initial conditions were the
same as in the previous experiment, and the external dis-
turbances were equal with the exception of V,, = 5.11 and
V. was multiplied by 0.5. These changes were introduced
to avoid unmatched disturbances in some segments of the
trajectory. Nonetheless, the disturbances were still highly
complex for the VTec S-IIT USV. The parameters for the
guidance law were ky = 0.1 and Ay, = 1. Additionally, ug
if Uqg S 1

is limited by:
Uy = Ud,
TN, ifug > 1

In Fig. 7 the USV trajectory is shown to be robust
and effective at following the reference trajectory, while
subject to external disturbances. In Fig. 8, the output of
the guidance law is shown as the desired values for the
AITSMC surge speed and yaw controllers. Once again,
the robustness of the AITSMC controller is showcased
by accurately following the time-varying references in
presence of perturbations. In Fig. 9, the gains are depicted
to be rejecting disturbances throughout the experiment.
Likewise, the control signals, although very active because
of the perturbations, are feasible by the physical system.

(48)

6. CONCLUSIONS

A robust controller based on adaptive integral terminal
sliding mode for an unmanned surface vehicle subject
to external disturbances has been proposed. Such per-
turbations were induced as water currents, waves, and
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Fig. 8. Surge speed and yaw responses.
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Fig. 9. Adaptive gains and control signals.

wind. Surge speed and heading controllers based on the
AITSMC exhibited accuracy and rejection of such adverse
effects. The integral terminal sliding surface guaranteed
finite-time state convergence, enhanced robustness, and
improved the transient response by eliminating the sliding
variable reaching phase. For the trajectory tracking sce-
nario, a guidance law was included to provide the desired
references. Finally, simulation results of tracking of time-
varying references, and trajectory tracking subject to dis-
turbances illustrated and compared the improved accuracy
and robustness of the proposed controller.
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