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In this paper, we present the mathematical design and implementation of a fault-tolerant control
scheme for a bio-inspired underwater robot with four flexible fins. The proposed active fault-tolerant
control scheme re-configures the force allocation matrix using the Elimination of Column Method,
depending on which fin actuator is faulty. The proposed method allows to decouple the 6-DOF
controllable underwater vehicle using the remaining three fins. The efficacy of the proposed method is
assessed experimentally for trajectory tracking of an ellipsoidal-shaped trajectory using two different
controllers, namely PID control and Sliding Mode control. The obtained results show that the

combination of a sliding mode controller with the proposed fault-tolerant control allocation approach
ensures an efficient trajectory tracking control performance when faults occur.

1. Introduction

Autonomous Underwater Vehicles (AUVs) are often
deployed in challenging environments, where they should
function reliably even in the presence of components’ fail-
ures. Fault-tolerant Control (FTC) for underwater robots is
of high importance, as it ensures a more robust and reliable
autonomy, and reduces the risk of losing the vehicle during
its mission.

The development of effective fault-tolerant control strate-
gies for thruster-based underwater robots has been an active
area of research in recent years Antonelli (2003); Liu, Tang,
Qin, Duan, Luo and Pu (2022a). Researchers have explored a
range of techniques, dealing with the three main components
of FTC: (i) fault detection, (ii) fault isolation, and (iii)
fault accommodation. Fault detection involves recognizing
when a failure has occurred that prevents the vehicle from
operating correctly. Fault isolation involves identifying the
cause of the failure and its location. Fault detection and
isolation have been studied extensively, and the reader
can refer to Antonelli (2003); Samy, Postlethwaite and Gu
(2011); Liu et al. (2022a) and the references therein. Finally,
fault accommodation, which is investigated in this work,
involves controlling the vehicle to execute a desired task in
the presence of a failure.

Fault accommodation has been addressed in the litera-
ture using two main approaches, namely active and passive
FTC. Active fault-tolerant control, such as control reconfig-
uration Ni (2001); Sarkar, Podder and Antonelli (2002) and
control allocation Omerdic and Roberts (2004); Alwi and
Edwards (2008); Baldini, Ciabattoni, Felicetti, Ferracuti,
Monteriu, Fasano and Freddi (2017), involves continuously
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Figure 1: View of U-CAT robot during an inspection mission
in a submerged structure.

monitoring the system for potential failures and implement-
ing corrective measures to prevent or mitigate the effects
of any hardware failures. Passive fault-tolerant control Liu,
Zhang, Liu and Zhao (2022b); Wang, Wilson, Liu et al.
(2015), on the other hand, relies on the inherent redundancy
and robustness of the system design to tolerate failures and
continue operating without the need for active monitoring or
intervention.

Most of the above-mentioned studies have focused on
thruster-actuated designs of AUVs. However, fin-actuated
AUVs have garnered significant attention RB, Hemakumar
and Prasad (2018); Scaradozzi, Palmieri, Costa and Pinelli
(2017), due to their improved locomotion efficiency Yu and
Wang (2005) and maneuverability Weymouth (2016). De-
spite this, the topic of fault-tolerant control for fin-actuated
AUVs has received little attention in the literature. As far as
the authors are aware, the only work on fault-tolerant control
for a bio-inspired robot was published in Yang, Wang, Wu
and Yu (2018). The authors in Yang et al. (2018) proposed a
passive FTC scheme using a central pattern generator based
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Figure 2: lllustration of the various fin configurations allowing to control the robot in each DOF using either 2 or 4 fins. The
actuated fins for each configuration are highlighted with a red dot.

controller to correct the heading of fish-like robot with a
multi-joint tail design.

This paper focuses on active fault-tolerant control of a
four fin-actuated AUV in the presence of actuator failures.
A control allocation switching mechanism is proposed to
accurately re-distribute the fins’ forces when a failure oc-
curs. The proposed FTC method is based on the column
elimination method Yang, Yuh and Choi (1998); Kadiyam,
Parashar, Mohan and Deshmukh (2020), which is adapted
and applied to the specific challenges posed by the highly
coupled and highly nonlinear fin-based actuation system.
The proposed FTC scheme has been experimentally eval-
uated for controlling three degrees of freedom, using two
different controllers: PID control and Sliding mode control.
The main contributions of this paper are as follows:

o The development and application of FTC scheme
for fin-actuated AUVs, which considers the unique
challenges of highly coupled and highly nonlinear fin-
based actuation systems.

e The experimental assessment of the proposed FTC
scheme in controlling three degrees of freedom, using
both PID and Sliding mode controllers.

e A comprehensive experimental analysis is provided,
including multiple scenarios to assess the robustness
and adaptability of the proposed FTC scheme.

e The work highlights the challenges and complexities
of implementing fault-tolerant control on a highly
coupled, under-actuated AUV, and discusses potential
directions for future research in this area.

e The paper contributes to the understanding of how
control allocation switching mechanisms can be em-
ployed effectively for fin-actuated AUVs, and can
potentially serve as a foundation for future studies on
fault-tolerant control for similar systems.

e To the best of the authors’ knowledge, the presented
work is the first one dealing with active fault-tolerant
control of fin-actuated underwater robots.

The remainder of the paper is organized in the following
manner: Section 2 provides a detailed description of the fin-
actuated autonomous underwater vehicle (AUV) and its dy-
namic model, and outlines the problem of control allocation
for such systems. In Section 3, we present our proposed
fault-tolerant control solution and the corresponding control
laws that have been implemented. Section 4 presents the ex-
perimental setup, including the various scenarios that were
studied, and presents the obtained results. Finally, we offer
some concluding remarks and suggest potential directions
for future work in Section 5.

2. Background and Problem Formulation

This section begins by presenting the fin-actuated AUV
U-CAT, as well as its hydro-dynamic model. We also
presents the problem formulation, which outlines the spe-
cific problem that the proposed FTC scheme aims to solve.

2.1. U-CAT biomimetic AUV

U-CAT is a biomimetic underwater vehicle able to
easily move and maneuver along six degrees of freedom
using its four flexible fins Salumie, Raag, Rebane, Ernits,

v Yb

Figure 3: lllustration of U-CAT's fins configuration. The robot
front right, rear right, rear left, and front left are denoted by
FR, RR, RL, and FL, respectively.
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Toming, Ratas and Kruusmaa (2014). It was designed for the
inspection of confined environments such as shipwrecks and
underwater structures autonomously or semi-autonomously.
It was used in previous works for various applications, such
as vision-based navigation Preston, Salumie and Kruusmaa
(2018), validation of control schemes for fin-actuated ve-
hicles Chemori, Kuusmik, Salumée and Kruusmaa (2016);
Meurer, Simha, Kotta and Kruusmaa (2019); Remmas,
Chemori and Kruusmaa (2021a); Salumie, Chemori and
Kruusmaa (2016); Salumie, Chemori and Kruusmaa (2019),
and study of fish/robot interaction Kruusmaa, Gkliva, Tuh-
tan, Tuvikene and Alfredsen (2020). Further technical de-
tails about U-CAT can be found in Remmas, Chemori and
Kruusmaa (2021b).

2.2. AUV Dynamic model

This subsection describes the kinematic and dynamic
models of the AUV, moving in six degrees of freedom. It can
be expressed, following Fossen’s notation, as Fossen (2011):

n=J(qv
MV +n(p,v)y=1 (1)
n(n,v) = C(v)v + D(v)v + g(n)

Where 5 = [x, , z, @, 0,y]" € R represents the vector
of the vehicle’s position and orientation in the earth-fixed
frame R,, and v = [u,v,w,p, q, T e RO represents the
vector of linear and angular velocities in the body-fixed
frame R,. The matrix M € R is the mass matrix of
the robot, C(v) € R denotes the Coriolis and centripetal
matrix, D(v) € R is the hydrodynamic damping matrix,
and g(7) € R® denotes the restoring forces and moments
due to buoyancy and gravity. The generalized forces and
moments on the vehicle, expressed in the body-fixed frame,
are represented by 7 = [z, 7, 7., Tg, Tps TW]T.

The Jacobian J(n) is expressed, using the Euler angles
notation, to map the velocities expressed in R, to the earth-
fixed frame R,, such that:

— R(ﬂ) O3x3

with it’s inverse as follows:

- R 03,5
T~ = 3 3
O e ®)
where the matrices R(z) and T'(n) are defined as:
cycld —sycd + cysfs®  sysP + cysOsd
R(n) =|sycld cycd + sysfs® —cys® + sysOcd
—c6 cOsd cOc®
1 s®td cDto
T =0 c® —s®
0o 2 @
cO cO

with ¢. = cos(.), s. = sin(.), and t. = tan(.).

2.3. Problem formulation of Control allocation

Fin-actuated AUV’s can achieve locomotion by moving
their fins with an oscillatory profile Low (2011). For the
motion control of U-CAT AUV, we propose to use the
following oscillatory profile:

@,(t) = A, sin(w) +¢;, i=1..4 @)

Where ¢;(7) is the instantaneous angle of each fin i,
A; denotes the oscillating amplitude, @ the oscillating fre-
quency, and ¢; the zero-direction angle. The indices i =
{1,2,3,4} are allocated for the Front Right (FR), Rear Right
(RR), Rear Left (RL), and Front Left (FL) fins, respectively.

When a fin is oscillating, we assume that it generates a
constant thrust force f; along the zero-direction angle ¢;,
which is the mean thrust force generated from one flapping
cycle Ren, Wang and Wen (2015); Xie, Zhu, Shen and Ren
(2018). The generated fin forces can then be mapped to body-
frame wrench 7 using the following nonlinear model:

T, = cyy (et f1—ca fr—cds f3+cdy [fu)
ty = 5wy (—cdy f1—cy o +cds f3+cdy f4)
T, =5¢1 f1+5¢y L+ 503 f3+ 50, /4

T = Mg (sby f1+5by fo = 5b3 [5— 5b4 [4)
T = My (=31 f1+5by fo+5b3 f3— 5b4 [2)

T, =M, (—cdy fi+cdy o —cdy f5+cdy fo)
(%)

The constant y, = 30° = 0.52 rad, denotes the fin
orientation angle in the body frame as illustrated in Fig. 3,
and the constants Mg = 0.15, My = 0.26, and MV, =0.29,
denote the moment arm values along roll, pitch, and yaw
axes, respectively.

The equation system described in (5) can be rewritten in
a compact matricial form as B[H,, V,]T = t,,, equivalent to:

¢ ¢ ¢ ¢ ¢ ¢ ¢ c
I -1 -1 1 0 0 0 o0
-1 -1 1 1 0 0 0 0
o 0 0 0o 1 1 1 1 [HC]=T
o 0 0 o0 1 1 -1 —1f|¥|""™
o 0 0 0 -1 1 1 -l
-1 1 -1 1 0 0 0 0

(6)

T,
With 7, = [—=, 2 ¢ =2 2 1T The two vec-
n [ch’SV/f’ Z’M(ID,MH’MW]

tors H, = [co,f1, chrfr, cPsfs, chpafq)l and V, =
(5@, f1» SDr [ SP3f3, ssf4]T denote the generated thrust
forces, projected on the horizontal and vertical planes of
the body-fixed frame, respectively. The symbols C;l and Cé
(for i = 1...4) are used as labels for the columns of the
allocation matrix.
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3. Proposed Fault Tolerant Control Unit

Before describing the proposed fault-tolerant control
scheme (cf. Fig. 4), let us introduce the detailed steps to
solve the control-allocation problem in the nominal case,
i.e. where all fins are fully functional. The control allocation
problem was solved in previous works following an empiri-

Pressure N control
IMU
Figure 4: Block Diagram illustration of the proposed fault-tolerant control strategy.
s¢2f2=%<rz+%+;4—i> (13)
sy f3=£—1l<fz—%+;l—(1> (14)
RN f4=i<fz_%_;4_i> (15)

cal approach Salumie et al. (2016). In this study we present
an analytical solution that solves the linear algebraic set of
equations, presented in (6). The system is considered to be
virtually over-actuated, since the fins have an infinite number
of possible configurations. The simplest and straightforward
solution would be to take directly the Moore-Penrose inverse
Penrose (1955), such that [H,,V,]T = B'z,. Where BT =
BT (BBT)~! results in the following:

1 -1 0 0 0 -1
1 10 0 0 1
1 1.0 0 0 -l

. 1|1 1 0 0 o0 1

B=2l0 0o 1 1 -1 o )
o 0 1 1 1 0
0 0 1 -1 1 0
(0 0 1 -1 -1 o]

This leads to the following solution where the fins’ forces
and orientations are still coupled:

1 Tx fy Ty
C¢1f1=—<—————) (®)
4 \ey, sy, M,
T T T
ey fr=a (- ©)
4 cyy  syy M,I,
T T T
by fy= (g (10)
4 cyy sy, M,
1 Tx Ty Ty
= - —_+ — 11
chs fy 4<CWf+SV/f+MW> (1)
1 T, T
s, f1=1<72+ﬁ‘;—ﬁ‘1> (12)

By dividing equations (12) (13) (14) (15) by equations
(8) (9) (10) (11), respectively, we can deduce the zero-
direction angles ¢, ¢,, ¢3 and ¢, as follows:

To To
T, 42— L
- Mgy My
o = atan(z—=—=") (16)
vy svp M,
To 4 o
T, + Mg + M, -
¢, = atan(— 3 T_w) 17)

e 4 %o
Tz Mg M,y 18
¢s = atan(—————=) (18)
cyy sy Mu/
_ o _ T
2 My My
¢4 = atan( - % T_W) (19)

The fins’ forces f}, f,, f3 and f, are derived by respec-
tively summing and squaring the equations (8) and (12), (9)
and (13), (10) and (14), and finally (11) and (15), which leads
to the following expressions:

W. Remmas et al.: Preprint submitted to Elsevier
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1 —Ty Ty Ty : o 7o ?
=- N A G L R 2
f3=7 <cy/f s, MW> =T My T M, 22)

f_l Tx+Ty+T‘P 2+ o T®2(23)
TaV\a, T T e, T My M,

The derived solution presented above for controlling the
fins’ orientations and thrust forces is not optimal for accu-
rately tracking time-varying trajectories, since all the four
fins need to be actuated regardless of the control input z. This
may cause for instance the four fins to rotate 180 degrees
when the surge component changes its sign. To tackle this
issue, we propose to take advantage of the symmetrical
configuration of U-CAT fins. Indeed, for forces and torques
produced in the horizontal plane of the body-fixed frame
such as surge, sway and yaw, only two fins can be used
to move in one direction, as illustrated in Fig. 2. We can
consequently reformulate the control allocation as follows:

T Ty
=t e T M,
¢, = atan kJ o (24)
2 H(r)r, _ H(-t))1, _ H(-7,)7,
ey swy M,
To 4 To
¢, = atan = g g (25)
_H(t)r, H(-t))z, H(t,)z,
o )
2T My T M,
¢3 = atan ki 0 (26)
2 _H(-rr, + H(r))z), _ H(-7,)7,
cyr Sy r M,
ni R
¢4 = atan i 0 27)
2 H(ty)r, + H(zy)zy, i H(z,)7,
vy Wy M,
H(rt )t —-H(-1))7 — H(=7w)T 2
fl—lZ (x)x+ yy+ ( \p)\y +
4 7 sy M, o
Te 7o 213
T, +— — —
My, M,
2
= 1], —H(-7,)7, N —H(-71))z, N H(rg)ry N
4 vy vy M,
(29)
T To ) ]z
T, — 4+ —
( Mgy M,
—H(-1 )t H()r, —H(—np)g\°
fg — l 2 ( x) X + Yooy + ( \1‘) y +
4 vy YWy M,
1 (30)
7, 7, 2
(TZ _ o _®> ]
Mgy M,
2
= 1 [2 ( H(z )7, N H(zy)r, N H(r\y)r.y> N
473 cyy sy MV,

€1V

2.1

o Te 2

(TZ__M__M”
@ 0

Once the required force for each fin is computed, it
should be converted to a fin-oscillating amplitude using

Table 1

Parametric values of the force to amplitude model (32).
p (kg/m’) | S; (m*) | @ (rad/s) | r,(m) | C,
997 0.02 4z 0.1 0.23

the inverse model described in Remmas et al. (2021b) as
follows:

A; = arccos _—f' +1 (32)
2C,pS s (r . w)?

where w denotes the angular velocity of the fin, p is the
water density, r, is the distance between the rotation axis
and the center of gravity of the fin, S, is the projection
area of the fin, and C; stands for the drag coefficient. The
drag coefficient C; was identified experimentally in our
previous work Remmas et al. (2021b). The above mentioned
parameters are summarized in Table 1.

The resulting amplitudes A; and zero-directions ¢; are
then filtered using a second order filter. This is to ensure
smooth and continuous transitions, which may significantly
reduce the effect of the non-modelled fin lateral forces. The
expressions of the used filters are as follows:

Al w2y AT 12 —ap =0 (33)
& + 214! + 13 —d) =0 (34)

Where y4 = 10 and y, = 3 are positive constants. The

values of ¢{ and A{ are computed using Euler’s integration
method, with a step-size of 0.01s, and are then sent to the
low-level control of the fins’ motors to achieve the desired
oscillation profile.

3.1. Control-allocation based FTC

An actuation fault may occur due to various reasons,
it can be of mechanical or electrical cause. In both cases,
one or several fins may become either malfunctioning, or
totally fail to function. In this study, we consider the case
of fin failure, and assume that the fault can be identified
and isolated. We also assume that only one actuator failure
occurs at a time. Throughout the remainder of this paper,
when referring to a fin as "faulty," it implies that the fin is
completely nonfunctional.

When an actuation failure occurs. We use the elimination
of column method to adapt the control allocation system.
The matrix B reported in equation (6) is then reduced by
two columns depending on which fin is faulty (cf. illustra-
tion of Fig. 3). The two following columns are eliminated
depending on which fin is faulty:

. C}l and C!, when the fin FR is faulty
. C,% and C2, when the fin RR is faulty

. Cfl and C2, when the fin RL is faulty

W. Remmas et al.: Preprint submitted to Elsevier
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Table 2
Numerical values of B! for all possible faulty fin cases.

FR \ RR

-1
-1

0=
[ eiNe ]

S OO == O
—_o O OO
[N e e
=
S OO = O
S OO == O
O == O OO
S = O OO

o
|
—_

FL RL

-1

[Nl
(=]

0=
-0 O o O

0
0
-1 0 0
1
0
1

(el w)
oS O O
Ny
[=Neel -
[N el o)
— -0 O OO
|
—
S OO = =0

. Cﬁ and C#, when the fin FL is faulty

Once the two columns are identified and eliminated,
the reduced matrix denoted by A, € R®® becomes a
full rank square matrix. This means that, in the case of a
faulty fin scenario, A, is invertible, and there exists only one
fin configuration that solves the control allocation problem.
Moreover, its inverse Ar‘1 can be generalized to all the faulty
cases listed above, as follows:

[H! Hi 0o 0 o0 Vv
H, Hy o 0 o VW
H, H; 0 0 0 V!
-1 _ 3 3 3
0 0 Hi V! VZ 0
[0 0 H] V! v} 0]

The resulting values of the Br‘1 for all faulty fin cases are
summarized in Table 2.

Following the same solving procedure detailed in equa-
tions (8) to (23), we can deduce both the required forces and
zero-direction angles required for the three healthy fins, as
follows:

T, T T
ficos(¢p) =H' = + H?—— + V! L =1"
C

vy o sy M,
(36)
T, T,
sin(d) = H' L2 4y L1 (i=1..3
f:Sln(d)z) L+3TZ + i+3 Mq) + i+3 Mg i (l )
37

The required zero-direction angles and forces are then
derived and expressed as:

=T i=1..3) (38)

= atan(—;) (i=1..3) (39)
r

i

s
|

The computed forces f; are then transformed into fin
oscillation amplitudes A; using (32). Finally A; and ¢; are
filtered using (33) and (34).

The resulting fin oscillating amplitudes Alf and zero-

direction angles gblf are allocated to the respective fins in an
ascending order of i as follows:

e RR, RL and FL, when the FR fin is faulty.
e FR, RL, and FL, when the RR fin is faulty.
e FR, RR, and FL, when the RR fin is faulty.
e FR, RR and RL, when the FL fin is faulty.

It is important to note that during the transition from
one control allocation matrix to another one leads to varying
fin oscillation parameters. This primarily results in different
commanded zero-directions and amplitudes for the fins, gen-
erating a finite amount of non-modelled external disturbance
during rotation, which can be managed by selecting suitable
control parameters. Moreover, the coefficients y 4 and y,,; of
the second-order filters, as indicated in equations (33) and
(34), have been manually adjusted to ensure smooth transi-
tions with minimal external disturbance during changes in
fin zero-direction angles.

3.2. Implemented controllers

To study the performance of the proposed FTC scheme
for trajectory tracking, we implemented two controllers,
namely a PID and a Sliding Mode controller. Let us define
the tracking error and its derivative as follows:

Mg —1 (40)
J N, —v 41)

=1
I

<
Il

3.2.1. PID Control

A conventional PID controller was implemented as a
base-line control law to assess the performance in terms of
trajectory tracking using the proposed FTC scheme. There
are several variants of PID controllers for AUVs control
Fossen (2011). In this study we adopt the model-free one,
as we do not have a high confidence in values of the hydro-
dynamic parameters of the model defined in (1). The control
input is expressed as:

1

Where the K, € RO*6 K, € R®® and K, € R%*® are
diagonal positive-definite matrices.

3.2.2. Sliding mode Control

In addressing the necessity for robustness against uncer-
tain parameters in the model, we propose the implementation
of a Sliding Mode (SM) controller. SM control is widely
recognized for its superior performance in managing system
uncertainties, disturbances, and nonlinearities, as compared
to traditional PID control methods. The design methodology

W. Remmas et al.: Preprint submitted to Elsevier
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of the SM controller yields a closed-loop system exhibiting
insensitivity to both disturbances and uncertainties Utkin
(2013); Slotine, Li et al. (1991). A comprehensive body
of research exists on Sliding Mode control in the literature
Gambhire, Kishore, Londhe and Pawar (2021). In this study,
we focus on the design and implementation of a first-order
SM controller. To do so, we define first the sliding surface
s = U+ aff. Where a is a 6 X 6 diagonal matrix with
positive coefficients. We consider then the positive-definite
Lyapunov function V' = %sz. To ensure asymptotic stability,

the control law should ensure V' < 0 Edwards and Spurgeon
(1998). Which leads to the following control law:

7 =n(n,v) + M Vi, + J 7, + aGiy — i) + K sign(s))  (43)

To avoid the chattering phenomena, inherent to first-
order SM, and caused by the sign() function, we propose
to use a hyperbolic tangent function instead. The resulting
control law becomes:

top =0 V)+M (I Vg + T iy + aGiy — i) + K tanh(As)) (44)

Where K and A are 6 X 6 diagonal matrices with positive
coefficients.

4. Real-Time Experiments and Results

The experimental setup and tested scenarios for evaluat-
ing the proposed FTC solution are presented in this section.
The results obtained from the experiments are discussed in
the following subsection. All of the conducted experiments
were video-recorded, and can be visualized in the attached
complementary video.

4.1. Experimental setup

A series of validation experiments were performed in
a laboratory pool of 1.30m depth (c.f. Fig. 5a) to evaluate
the proposed fault-tolerant control allocation method. These
experiments include a large grid of size 3m X 4m (cf. Fig
5b). The grid contains 328 ArUco markers Garrido-Jurado,
Muioz-Salinas, Madrid-Cuevas and Marin-Jiménez (2014),
72 of size 0.25m and 216 of size 0.1m. The onboard camera
captures images at a frequency of 10H z, and the detected
markers are used to provide the robot with its actual position
measurements in the Earth fixed frame R,,.

The shallow depth of the pool restricts the range of
motion of some degrees of freedom that can be explored,
it also affects the vision-based odometry, as the tags can
no longer be detected when going deeper, therefore, the
chosen reference trajectory to be tracked was a planar el-
liptic trajectory. The trajectory was generated using the
second degree Ordinary Differential Equation denoted in
(45). Using a set of pre-filtered desired set-points 7, =
[xp, Vps Zps u/p], the filter generates continuous desired posi-
tions n,; = [x4, ¥4, 24, Wy, velocities 7y = [X4, Vg, 24, W4l
and accelerations ij; = [X;, V4, 24, Wyl

fiq + 2rhg = v*(ng — 1) 45)

The filter is implemented to guarantee the generation
of smooth, continuous, and feasible velocities and acceler-
ations, even in the presence of non-linearity in the desired
set-points. A double Euler integration is then performed to
get the desired states #,, #7; and #j,;.

The pre-filtered set-points were then designed to achieve
a 2D ellipsoidal-shaped trajectory, whose time-trajectories
are expressed as follows:

x,(t) = x; + L (—cos(w,1) + 1) 46)
V(1) = y; + Lysin(w,1) 47)
2,(1) =03 (48)
W, (1) = atan2(y,(t + €)= y,(0), x40t + &) = x,(1))
(49)

Although both of the PID and SM controllers were
designed to control the robot in 6 DOFs, the robot at this
stage can only be controlled in surge, heave, and yaw DOFs.
Sway movement is not efficient with the fins positioned at
30 degrees, and this limitation can be addressed in the future
with a better mechanical design that allows a more balanced
control between all DOFs. To precisely follow a given 3D
trajectory, which is essential for underwater exploration or
surveying missions, we control the y position indirectly by
adjusting the Line of Sight in the desired yaw y, with a look-
ahead parameter { Fossen, Breivik and Skjetne (2003). The
robot is mechanically stable in roll and pitch by design and
thus it is not not necessary to control these DOFs.

The parameter y was tuned manually to guarantee feasi-
ble accelerations by the robot in the case where y, changes
abruptly because of the non-continuous atan2 function (49).
The parameters values for trajectory generation are summa-
rized in Table 3. The offset parameters x; and y; are selected
based on the measured initial location of the robot, such that
the trajectory would start from that point in space.

The following experimental scenarios where evaluated
for both the PID and SM controller for the tracking of the
above-defined trajectory:

e Scenario 1 (Nominal): All fins are healthy.
e Scenario 2 (RR): The rear right fin is faulty.
e Scenario 3 (RL): The rear left fin is faulty.
e Scenario 4 (FL): The front left fin is faulty.
e Scenario 5 (FR): The front right fin is faulty.

The gains for the PID and SM controllers were deter-
mined through a process of iterative testing and adjustment
to achieve optimal performance in the nominal case, where
all fins are functioning properly. In order to evaluate the
robustness of the two controllers, the same set of parameters
were used for all other scenarios without further modifica-
tion. The numerical values of the gains for the PID and SM
controllers are reported in Table 4 and Table 5, respectively.
The obtained results are presented in the next subsection.
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(a) Illustration of the experimental setup.

(b) Top view of the water tank.

Figure 5: The experimental setup used for real-time experiments at LIRMM laboratory (Montpellier, France).
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Figure 6: Trajectory tracking results across the different experimental scenarios using the PID controller.
Table 3 Table 5
Trajectory generation parameters. The numerical values of the gains for the SMC controller.
Lx wy Ly C()y g Y K 04 A
1.2 | 006 | 0.75 | 0.06 | 0.2 | 5.0 Surge | 14 | 08 | 1
Heave | 1.3 | 295 | 1
Table 4 Yaw 09 | 1.7 1
The numerical values of the gains for the PID controller.
K, | K| K 4.2. Obtained results and discussion
Surge | 1.15 | 12 | 0.18 In this section, we present the experimental results ob-
Heave | 62 | 14 | 0.7 tained from implementing the proposed FTC scheme with
Yaw 035 15] 08 PID and SM controllers for the previously described scenar-

ios. The performance of each controller is assessed based on
a single complete lap of the elliptical trajectory.
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Figure 7: Trajectory tracking results across the different experimental scenarios using the SMC controller.
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Figure 8: Time-series of the generated zero-direction angles and amplitudes for the different experimental scenarios using the PID

controller.

For Scenario 1 (nominal), both the PID and SM con-
trollers enable the robot to accurately track the desired
trajectory, as shown in Figures 6 and 7, respectively. The
PID controller displays increased oscillations in the zero-
direction angle of the rear right fin, which primarily con-
tributes to depth adjustments, as illustrated in Figure 8. In
contrast, the SM controller demonstrates reduced oscillation
in the zero-direction angle of the rear right fin as shown in 9,
resulting in improved tracking performance in terms of root
mean square errors (RMS), as displayed in Figure 10. The
tracking errors for x and y, reported in Figure 11, reveal that
the robot lags slightly behind the reference trajectory when
tracking the long side of the ellipse but catches up when
tracking the short side.

In Scenario 2 (faulty rear right fin), the tracking perfor-
mance slightly deteriorates when using the PID controller,
as demonstrated in Figure 6. An offset in depth tracking, ac-
companied by oscillations, results from the robot’s positive
buoyancy and the fins’ inability to generate adequate heave
force without switching configuration, as depicted in Figure
8. Conversely, the SM controller facilitates better tracking
performance when the rear right fin is faulty, as exhibited
in Figure 7. Although depth tracking performance is slightly
compromised, overall trajectory tracking remains satisfac-
tory. The fin zero-directions are significantly smoother, as
shown in Figure 9.

In Scenario 3 (faulty rear left fin), the tracking per-
formance for all degrees of freedom declines significantly
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Figure 9: Time-series of the generated zero-direction angles and amplitudes for the different experimental scenarios using the SM

controller.

when using the PID controller, as displayed in Figure 6. The
rear left fin plays a vital role in adjusting the heading for a
clockwise trajectory, and to compensate, the PID generates
control inputs that lead to oscillatory behavior in the fins’
zero-directions. In contrast, the SM controller offers superior
tracking performance, as depicted in Figure 7 and demon-
strated in Figure 10. A comparison of the tracking errors
for x and y between the two controllers is shown in Figure
11, which clearly highlights the superior performance of the
SMC controller.

In Scenario 4 (faulty front left fin), tracking performance
is slightly worse compared to the nominal case when using
the PID controller, as evidenced in Figure 6. Since the front
left fin is primarily responsible for generating surge force,
the only DOF affected by its loss is the tracking of x, as
shown in Figure 10. Additionally, Figure 8 shows that the
rear right fin switches orientation to x to compensate for the
required surge force and heading yaw adjustments. The SM
controller, however, ensures excellent depth control tracking
and accurate overall trajectory tracking, as displayed in
Figure 7. The generated zero-directions are considerably
smoother, as illustrated in Figure 9, leading to better perfor-
mance.

In Scenario 5 (faulty front right fin), the PID controller
fails to correctly track the reference trajectory, as shown in
Figure 6. Since the front right fin plays a significant role in
both generating surge force and adjusting the heading for
tracking a clockwise trajectory, the remaining fins struggle
to properly compensate for this loss with the PID inputs. As
illustrated in Figure 8, the fin zero-direction of the front left
fin constantly switches signs after the first 50 seconds, which
coincides with making a hard turn. On the other hand, the
SM controller enables improved tracking performance for all
degrees of freedom, as depicted in Figure 7. The importance
of the front-right fin for tracking this specific trajectory is
also noticeable, although the SM controller handles it better
than the PID.

Overall, the proposed FTC scheme with the SM con-
troller provides satisfactory tracking performance in the
presence of fin failures. The results demonstrate that the
robot can follow the reference trajectory using only the three
highly-coupled healthy fins, without the need for adjusting
the controller gains.

These results also indicate the effectiveness of the pro-
posed FTC scheme in handling actuation failures, even in
the worst-case scenario for tracking the studied reference
trajectory. This is particularly important for a symmetrical
robot with a symmetrical design, as the worst-case scenario
can be deduced based on the type of reference trajectory.
This information can be utilized to design high-level con-
trollers that adapt the reference trajectory and bypass worst-
case scenarios.

5. Conclusion and Future Works

In conclusion, this paper has addressed the problem of
fault-tolerant control for a highly coupled fin-actuated AUV.
We have proposed an active fault-tolerant control scheme
that utilizes a control allocation switching mechanism to
properly allocate controller forces to healthy fins in the event
of a fault. The effectiveness of the proposed method was
evaluated through experimental studies involving trajectory
tracking tasks using two different control laws: PID and
sliding mode control. The results indicate that the use of a ro-
bust controller, such as sliding mode control, in conjunction
with the proposed fault-tolerant control scheme, allows for
superior handling of faulty cases compared to conventional
PID control.

While the main focus of our work is on the fault-tolerant
control allocation strategy, which is independent of specific
disturbances such as sea currents, we acknowledge that the
influence of sea currents can be an important factor in real-
world applications. Although our experiments do not specif-
ically address the impact of external disturbances such as sea
currents, our analysis provides insights into the performance
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Figure 11: Tracking errors of x and y positions for all the studied scenarios. The errors are depicted for each scenario, illustrating
the performance of the control strategies in various fault conditions.

and effectiveness of the proposed control strategy under
actuator failure scenarios. As part of future work, we plan
to evaluate the performance of the proposed control strategy
in environments with sea currents, which will help to further
validate the robustness and applicability of our approach.

We also plan to extend the proposed method to more
complex cases, allowing for additional degrees of freedom
control. This would enable more comprehensive and precise
trajectory tracking under demanding conditions. Moreover,
we plan to address the challenges associated with handling
multiple actuation faults simultaneously, developing adap-
tive fault-tolerant strategies that can cope with various fault
scenarios. This would further enhance the reliability and
performance of fin-actuated AUVs, ensuring their safe and
efficient operation in the presence of faults.
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