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Abstract: This article addresses robust guidance and control for a fully-actuated underwater
autonomous vehicle under external perturbations. A cascade strategy based on an adaptive
integral terminal sliding mode controller is designed. Such approach ensures practical finite-
time convergence of the tracking errors and robustness against disturbances with unknown
boundaries. In addition, it does not overestimate the control gain, reducing chattering. The
guidance law forces the vehicle to track desired trajectories, providing velocity and heading
references for all degrees of freedom. Then, a low-level control ensures convergence of all the
state variables. Finally, simulations results carried on a full model subject to water currents
prove the feasibility and advantages of the proposed control scheme.
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1. INTRODUCTION

Over the past years, there has been a growing demand for
UUVs (Unmanned Underwater Vehicle) due to the rise of
scientific and industrial interest He et al. (2020), as these
crafts can operate in hazardous environments and are
a low-cost alternative to perform underwater activities.
Moreover, UUVs have the potential to increase their pres-
ence in a wide range of applications such as surveillance,
offshore exploration, aquaculture, military missions, ar-
chaeology, and maintenance of sub-aquatic infrastructure.
Furthermore, a UUV is a self-propelled submersible which
can be fully autonomous, equipped with its own energy
supply, thrust, navigation, and control systems Christ and
Wernli (2014).

To achieve fully autonomous behavior, trajectory tracking
is a motion control problem that should be considered.
In such problem, the system is forced to track a time-
parameterized reference. However, it is challenging to
implement a reliable trajectory tracking, since UUVs are
affected by the highly nonlinear dynamics, uncertainties
of model parameters, and external disturbances due to
the underwater environment, like water currents. Hence,
robust control methods are well suited solutions that
focus on attaining system reliability under non optimal
circumstances Zhang (2010).

To cope with the UUV tracking problem, different con-
trollers have been proposed. For instance, Ali et al. (2021)
proposed a twin controller approach, which is composed
of a Proportional Integral Derivative (PID) controller
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along with a Model Reference Adaptive Control (MRAC)
that minimizes the system disturbances. A hybrid tech-
nique based on fuzzy PID, and dynamic compensation
was developed in Dong et al. (2020), to perform depth
control. The use of neural networks to approximate un-
known nonlinear functions of the model along a sliding
mode controller was investigated in Guo et al. (2019) to
accomplish target tracking tasks.

A widely used control technique which provides robust-
ness against unmodeled dynamics and insensitivity to
perturbations is the Sliding Mode Control (SMC), which
establishes a variable structure that switches from one to
another member of a set of possible values (Utkin, 1977).
Hence, the system moves towards the sliding surface and
stays at it. Consequently, a number of SMC variants
have been employed to deal with UUV trajectory track-
ing issues. In Kim et al. (2021), a SMC along a sliding
perturbation observer is applied to underwater vehicles.

Nevertheless, the SMC technique produces chattering ef-
fect that causes instability and irregular motions. Thus,
it is important to reduce the chattering effect, as it can
generate not feasible control signals or even cause actua-
tor damage. To deal with it, there are several techniques
that mitigates the chattering. For instance, a High Order
Sliding Mode Controller like the super-twisting method
is adopted in Ismail and Putranti (2015), where the
chattering effect is theoretically eliminated and robust
tracking of the UUV is achieved. On the other hand,
Adaptive Sliding Mode Controller (ASMC) is another
effective technique that minimizes chattering thanks to an
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adaptive gain, which changes its value depending on the
needed control effort to suppress disturbances, therefore
the control gain is not overestimated Gonzalez-Garcia
and Castaneda (2021). In Huang et al. (2008) an ASMC
approach for nonlinear systems with uncertain parameters
guarantees tracking performance. The design of a ASMC
to control surge speed and heading of a USV subject to
perturbations was investigated in Gonzalez-Garcia and
Castaneda (2021). Lastly, an ASMC attitude controller
for underwater vehicles was designed and implemented in
Cui et al. (2016), where a nonlinear disturbance observer
was included in the control scheme to compensate internal
and external uncertainties.

However, the aforementioned SMC and ASMC techniques
are based on a linear sliding surface, which guarantee
asymptotic error convergence, whereas Terminal Sliding
Mode Controller (TSMC) is a robust technique whose
nonlinear sliding surface was designed to reach finite-time
equilibrium, improve the transient response, and assure
control accuracy. The principle of the TSMC sliding sur-
face is the terminal attractor that was introduced in Zak
(1989) with a neural learning application, later it was
employed to motion control systems in Venkataraman and
Gulati (1993). Therefore, this control strategy has been
the root to develop various vehicle control systems. For
example, in Elmokadem et al. (2017) a TSMC scheme
was proposed to perform the lateral motion of an un-
deractuated underwater vehicle. Then, in Ghadiri et al.
(2021) an Adaptive Super-Twisting Non-Singular TSMC
was investigated to decrease control signal chattering of a
quadrotor. Nonetheless, TSMC has a singularity concern
that stresses the system and generates complex numbers.
Then, Integral TSMC is a method whose purpose is to
avoid the singularity concern as well as to achieve finite-
time equilibrium. The ITSMC sliding surface is a first
order function that forces the system to begin inside the
surface whenever the error initial values of e(0) are known.
In Wu et al. (2021) a Non-Singular ITSMC is addressed
for a 5-DOF underwater vehicle to solve the trajectory
tracking problem.

The contribution of this article is the design of a robust
controller for a fully-actuated unmanned underwater ve-
hicle subject to water currents and model parameters
uncertainty. A cascaded strategy is adopted in order to
deal with two first order subsystems, which are based
on Adaptive Integral Terminal Sliding Mode Control
(AITSMC) for trajectory tracking of UUVs. Such method
provides finite-time tracking error convergence, eliminates
the reaching phase and assures control accuracy. Mean-
while, the adaptive control gain avoids overestimated
gains, mitigates the chattering effect, and maintains ro-
bustness against external perturbations with unknown
boundaries. Under such properties, a guidance law is
designed following the AITSMC strategy which provides
the desired velocity references to the control law, which
is formulated on the such algorithm. Finally, numerical
simulations results demonstrate the UUV capability to
track the desired trajectories in presence of water cur-
rents, exhibiting robustness and accuracy of the proposed
control scheme.

The paper is organized as follows: Section 2 presents the
dynamic model of the UUV and perturbations. Section 3
addresses the design of the controller and guidance law. In
Section 4, the simulation results are illustrated. Finally,
conclusions are drawn.

2. UUV MODEL

In this section, the VTec U-IV UUV dynamic model,
vehicle parameters and a description of the water current
disturbances are addressed. Fig. 1 shows the UUV proto-
type utilized to develop the proposed control scheme. On
the other hand, Fig. 2 displays the inertial and body-fixed
reference frame diagram of the UUV.

Fig. 1. VTec U-IV UUV CAD Prototype

Fig. 2. VTec U-IV UUV reference frames, and at top right
corner includes thurster configuration

2.1 UUV mathematical model

The 6 DOF marine craft equations (Fossen, 2011) of
motion are expressed by:

Mo+ Cww+Dww+gn) =1 (1)

n=Jnwv (2)

where 17 and v are the position vector in the inertial frame

n = [z,y,2, ¢,0,9]", and the velocity vector in the body-
fixed frame v = [u, v, w, p, q, 7|7, respectively. In addition,
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M = Mpgp + M 4 is composed of a rigid body and added

mass matrix, which represents the craft inertia as follows:

MRB = diag[m7m7m7lxmalyy7 zz] (3)

M 4 = diag[ X, Ve, Zo,, Ky, My, Ny (4)

C(v) = Crp + C 4 consider the Coriolis and centripetal

effect, due to the rotation of the body-fixed frame about

the inertial frame. It is composed by a rigid body matrix
Crp, and an added mass matrix C 4,

_ 0323 —mS (vyin)
Crn®) = | _18(vm) —S(I,v,0r) (5)
0 0 0 0 — LW Y@U
0 0 0 wa 0 —qu
1o 0 0 —Yev Xgu 0
CA(U) B 0 — LW Y@U 0 7N7x7" qu
wa 0 —qu NM‘ 0 —npp
—Y@U qu 0 —Mgq Kpp 0

(6)
where m is the mass, S is a skew-symmetric matrix, v, =
[u, v, w]T is the linear velocity vector, v,.; = [p,q,7] is
the angular velocity vector and I, = diag[l,a, Iy, I.-] is
the inertia. Restoring forces vector g(n) depend on the
vehicle orientation, that yields equation (7)

(W — B)sb
—(W — B)cls¢
—(W — B)cco (7)
—1p, . Bclsg
—ryp, . Bsf
0

where W is the weight of the craft and B is the buoyancy
force of the vehicle.

The damping matrix D(v) are forces related to the
velocity of the UUV, it is composed of a linear part that
considers linear skin friction and a nonlinear part which
contains higher order terms such as turbulent friction and
vortexes.

D(’U) = _dlag[X’uu Y’U7 Zwu Kpu Mqu N'r’]

g(n) =

_diag[Xu\m |u|, Yv\v|v|v‘> Z|w\w|w‘7 K|p|p|p|7 M|q|q|Q‘7 N|r|r|T|](

Additionally, T = [X,Y, Z, K, M, N]T is a vector of forces
and moments produced by the six thrusters of VTec U-IV
UUV. Furthermore, equation (2) contains the six degrees
of freedom kinematic equations, where J(n) is defined as

following.
s = [0 %) ®
cpcl —sped + cpsbsp  sse + cpepstd
R(n) = [swcﬁ cped + spsfsyy  —cpso + sﬁswcqh}

—sf chsp chcop

1 s¢td cotd
Tmn)=|0 co —s¢]

0 sp/ch cp/ch

2.2 Vehicle parameters

The UUV consists of a front facing oval with a quasi-
rectangular shape that encompasses three cylindrical en-
closures that stores the hardware. Moreover, the UUV

Table 1. VTec U-IV parameters

Parameter Value Parameter Value
Length 0.48 [m] Iy 1.75 [kg/m?]
Height 0.36 [m] I.. 1.43 [kg/m?]
Beam 0.72 [m] X 16.8374

Mass [m)] 24 [kg] Yy, 20.2748
Volume 0.0252 [m3] Z 35.3180

Weight (W) 234.44 [N] K 0.2165

Buoyancy (B) 245 [N] My 0.6869
B 20 [deg] Ny 0.6157
€ 15 [deg] Xu -0.3431
e 75.92 [deg] Yy 0.0518
) 24.81 [deg] Zw -0.5841
¥ 105 [deg] K, 0.0064

Th,z -0.10726 [m] My 0.04
The 0.1867 [m] N, -0.1063
Th,y 0.2347 [m)] Xiulu -111.7397
Th.- 0.0175 [m] Yiulo -44.4058
Toz 0 [m] Zjo)w -157.1951
To,y 0.2384 [m)] Kiplp -0.4634
To,z 0 [m] Mg1q -0.2902
y - 0.9 [kg/m?] Niplr -2.2897

is 0.5% positively buoyant with respect to the vehicle
weight.

The vehicle parameters were calculated using strip theory
and computational fluid dynamic methodologies Eidsvik
(2015). In Table 1 physical parameters of VTec U-IV UUV
are presented.

2.3 Thruster configuration

Since, a costumize UUV is considered, generalized control
forces 7 € R™ needs to be distributed to the actuators
in terms of control inputs. Hence, a torque vector is
defined considering VTec U-IV thrust vector as well as
the mapping matrix of the thruster configuration, which
yields vector (10).

(Tl + TQ — T3 — T4)|65|
(—Tl + T2 — T3 + T4)|SO(|
- —(T5 + Tﬁ) + (-Tl — Ty +1T5+ T4)C’}/
T (T + To)pr + (Ts — Ty)pe + (=T5 + T6)ro,
(Th +T2)ps + (T3 + Ta)pa
(=T +To+T5—Ty)ps
(10)
whete py = (rgler] + rslea)l, ps = (nyler] — rsleal),
ps = (Phelcy] = rsled])s ps = (malerl + Taclcd]) and
ps = (rnz|ca| + rhy|cd]). Furthermore, it is important
to notice that the thrusters have been tilted with an
angle € and a direction B. Therefore, the prior con-
figuration enables fully-actuation and prioritize longi-
tudinal movement. In addition, the thruster positions
are defined by vectors; ||rp1|| = |lrn2ll = |lrns
Irnall = Vraw® +ray? +ra2? and [lroall = [lroa|| =
\/m’w2 + ryy? +7y,.2. Previous mentioned parameters
€, 3,r, and r, can be found in Table 1.

2.4 FEaxternal disturbances

A UUYV is mainly exposed to water currents, which are
circulation systems of ocean waters. To consider the

Copyright© AMCA, ISSN: 2594-2492
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ocean currents effect into the UUV dynamical model the
following equation is applied (Fossen, 2011):

Mo + CRB('U)U + CA('UT)'UT + D(’UT)U’!‘ +9(77) =T (11)
where v,, = v — v, is the relative velocity vector, and v,

is the current speed that is obtained following the Gauss-
Markov process, that begins by solving the next first-order

equation: '

Ve + Mc‘/c = W¢ (12)
V. is the speed magnitude, p > 0 is a constant and w is a
Gaussian white noise. Then, for a 3-D irrotational water
current the next expression is given:

V(:C(Oéc)c(ﬂc)
Ves(Be)
Ves(ae)e(Be)
0
0
0

where «a, and (. are the attack and sideslip angle,
respectively. Also, v™, is the current velocity vector in the
inertial frame, so it should be rotated to get the current
velocity in the body-fixed frame.

o™,

(13)

3. GUIDANCE AND CONTROL DESIGN

In this section, a cascaded control is designed, where a
guidance law provides velocity references to the low-level
controller. Hence, the control objective is to force the
system state x to track the desired trajectories zy4 in
presence of water currents and unmodeled parameters.
Then, an integral sliding surface is considered as follows:

s=e+ aer (14)

ér = sign(e)lel? (15)

where a > 0 and 0 < 8 < 1 are constant values, and since
er(0) = —e(0)/a, implies that the system starts in the

sliding mode.
3.1 Guidance law

The guidance law based on adaptive integral sliding mode
control is addressed. The first step is to define the pose
error, given by:

en(t) =ma—n (16)
where e, (t) represents the position error in the inertial
reference frame. Then, let represent us the system in the
state space form given by:

&1 = f1(z1) + g1(z1)us (17)
where &1 = 1) is the velocity vector in the inertial reference
frame, fi1(x1) = 0g,1 as the guidance law does not
consider any hydrodynamic element, g1 (z1) = J(n) is the
transformation matrix and u; = vg provides the reference
velocity to the control law.

To obtain the guidance law, (17) is substituted in the first
derivative of the following sliding surface:

éfl =Z4q — 21+ ané] (18)
$, ==%q1 —g(x1)u1 +ayér (19)
where, Z4, contains the derivative of the reference posi-

tions from n,. Then, using feedback linearization method,
it can be resolved for the control input u; as:

uy = g(z1) " (Far + 0ér —uy) (20)
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where an auxiliary control u,, is added to provide robust-
ness and denoted as follows:

Un,i = (21)
where i = [z,y,2,¢,0,9¢] and K;, is the adaptive gain,
which is adjusted following the adaptation law presented
in Gonzalez-Garcia and Castaneda (2021):

K= {Ka,i5i9"(|5i| — i), if K1 > Kpini
" Kin,i if K1 < Kningi

where K, ; regulates the adaptive ratio, Ky, ; is the
minimum value allowed for the adaptive gain, u; is
a constant that detects the loss of the sliding surface
and thus increases the gain. Additionally, K5 ; helps the
adaptive gain to reach the sliding surface.

. 1
— K isign(si)|si|? — Ka,is

(22)

3.2 Control law

The control law also based on an adaptive integral ter-
minal sliding mode approach is adopted, producing the
forces and moments 7 that the UUV needs to perform.
The velocity error is defined as follows:

e,(t) =vg —v (23)
where e, (t) denotes the velocity error in the body-fixed
reference frame. The state space form of the system is

represented as:

&y = fa(z2) + g2(z2)us (24)
where o ¥ is the acceleration in the body-fixed
reference frame, fo(xs) = M1 (—C(v)v — D(v)v — g(n))
contains the hydrodynamic elements of equation (1),
g2(x2) = M~! is the inverse of the mass matrix and
Uy = T is the thrust vector.

To obtain the control input, the system (24) is substituted
in the first derivative of the sliding surface.

8, =Tgo — Lo + Q€1 (25)

Also, using previous definitions the next equation is
yielded:

8, = Zaz — f(T2) — g(T2)u2 + rér (26)
Then, by using feedback linearison method, it can be
resolved for the control variable us as

uy = g(x2) N (Ea2 — f(®2) + vlr —uy (27)
where an adaptive integral terminal sliding mode control
u,, is added, and expressed as:

(28)
where j = [u,v,w,p,q,7] and K, ; is the adaptive gain,
which is defined as the previous adaptation law (22).
Finally, in order to illustrate the complete control strat-

egy, the Fig. 3 is introduced, where clearly exhibits the
guidance outer loop and the inner control loop.

—*— YUV Iﬂ

. 1
Uy,; = —Ky jsign(s;)|s;|? — Kz ;s

Guidance Control

(AITSMC) (AITSMC)
i I EF [

Fig. 3. Control-Guidance scheme

T

—_—

i
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4. SIMULATION RESULTS

This section addresses the simulation results in order to
verify the control performance and its robustness against
external disturbances. The simulations were carried out
in MATLAB Simulink, with a step time of 0.01 seconds
solved by the Euler integration method.

A Dubin trajectory was given as reference to the system to
test the AITSM controler in different scenarios. To prove
the controller feasibility to follow different changes in
direction, the desired trajectory consists of a combination
of vertical, horizontal and curved lines. Such desired
trajectory is defined as follows:

0m,0 <t < 20s
0.2(t — 20) m, 20 < t < 40s
salt) = sin(0.057(t — 40)) + 4 m, 40 < ¢ < 60s
—0.2(t —60) +4 m, 60 < ¢ < 80s
—sin(0.057 (¢ — 80)) m, 80 < ¢t < 100s
0.2(f — 100) m, 100 < ¢ < 120s
(29)
1m,0<t< 20s
1m,20 <t < 40s
—¢0s(0.057(t — 40)) +2 m, 40 < ¢ < 60s
Y1) =\ 31,60 < ¢ < 80s
—¢05(0.057(t — 80)) + 4 m, 80 < ¢ < 100s
5m,100 <t < 120s

(30)
02t 4+1m,0 <<t <20
zalt) = {5 m, 20 < t < 120s (31)
(¢d, 0a,1a)(t) = {0 rad,0 < t < 120s (32)

The controller assumes that the full state is always avail-
able by estimation or measurement. Furthermore, it is
expected to use a IMU, a barometer and a DVL to obtain
the state of the craft in the physical implementation. Also,
as mentioned in Section 2, water currents were mathemat-
ically modeled as perturbations, where u. = 0.02, w is a
Gaussian noise at 100H z, o = 20° is the angle of attack
and B, = 0° is the side slip angle, hence the disturbance
has a constant direction. The previous values yield a pick
of 50N as the highest disturbance force. Additionally, the
initial state of the UUV is [z,y,2,6,0,1)]=0.

Moreover, the applied disturbance is present during all
the simulation time. Results are presented below:

Fig. 4. 3D Dubin trajectory versus UUV response

In Fig. 4, the performance and accuracy of the UUV to
follow the desired Dubin trajectory is exhibited. Further-
more, due to the changing trajectory some peaks can
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Fig. 7. Linear velocities of the UUV
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Fig. 9. Control input signals

be observed in the linear and angular responses. In Fig.
5 the system demonstrates its robustness against water
currents, also it follows the desired trajectory as the state
responses do not present deviations. Similarly, in Fig. 6,
the attitude response is robust against disturbances as
well, where the deviations are small enough such that the
affectation to the UUV performance is minimal. Addi-
tionally, previous figures showcase the elimination of the
reaching phase, which is a characteristic of the integral
TSMC sliding surface that provides a faster convergence.
Fig. 7 and 8 display the desired velocities provided by the
guidance law, which have negligible oscillations that are
a consequence of the perturbations. Moreover, the output
signals prove the control law effectiveness at following
the time-varying reference signals. Fig. 9 indicates that
the trajectory is feasible to the physical capabilities of
the UUV, as there is no saturation. Additionally, no
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Fig. 10. Adaptive gains relative to the Guidance
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Fig. 11. Adaptive gains of the Control

chattering is presented, which is another advantage of
the AITSMC that deals with unmodeled dynamics, con-
sequently the system is not stressed. Last Figs. 10 and
11 are the gains which are constantly active to counter
disturbances.

5. CONCLUSION

A robust control and guidance for an unmanned underwa-
ter vehicle subject to perturbations and model parameter
uncertainty has been addressed. A cascaded control loop
was proposed to handle the trajectory tracking problem,
where the goal was to follow a Dubin reference. The guid-
ance and control law were based on an adaptive integral
terminal sliding mode control, such approach guarantees
finite-time convergence, increases the system effectiveness
and removes the sliding surface reaching phase. Moreover,
water currents were modeled as disturbances and added
to the simulation tests. Results showcased the robustness
and accuracy of the proposed controller. Finally, tracking
error finite-time convergence was achieved without any
presence of saturation or chattering in the control signal.
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