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ABSTRACT

This paper presents an active disturbances rejecter controller (ADRC) for position and path following control of a fully
actuated autonomous underwater vehicle (AUV). The unmodeled, undesirable dynamics and disturbances reduce
the performances of classical controllers and complicate the design of appropriate and efficient controllers. In the
proposed approach, the different modeling complexities; such as uncertain parameters, non-linearities, and external
disturbances are considered all as a part of disturbance which is estimated in real-time by the extended state observer
ESO, and effectively compensated from the control law. The ESO is also able to estimate the position and velocity
of the system in real-time, in case where the full state measurement of the AUV is not possible during experiments.
Computer simulations demonstrate the high ability of the AUV tracking control based on ADRC, to follow the desired
trajectory in the horizontal plane and space with high precision, and showed high robustness and efficiency in rejecting
the external and internal disturbances caused by significant changes in parameters of the system, and the added

position disturbances.
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INTRODUCTION

An autonomous underwater vehicle (AUV) is a type
of unmanned underwater vehicles (UUV), operating
independently of the human intervention. AUVs have been
widely studied and took part in a lot of research and works
due to their huge use and domain of application; such as
surveillance, reconnaissance [1], anti-submarine warfare,
mine countermeasures, mapping of the ocean floor, and
pipeline inspection.

The control of AUVs appears imperatively as a pertinent
topic of study in order to enable the AUV to execute its
task autonomously and reach the desired system behavior.
Classical controllers were firstly considered in the AUV’s
control. A survey of traditional controllers applied to AUV’s
and their limitations were well addressed in [2]

In order to ameliorate the robustness and accuracy, several
control technique and strategies have been proposed such
as: proportional-integral-derivative (PID) [3] Integer and

fractional order PID controllers in trajectory tracking [4],
robust adaptative control [5-6], robust Fuzzy Logic and PID
Control in [7], time delay controller in [8].

More robust controllers have been designed in this area;
including a feedback linearization controller for AUV’s control
[9], self-adaptative fuzzy PID [10], and a combination of
different control techniques (adaptative, FLC and Sliding Mode
Control (SMC)) in order to reduce the chattering of the SMC
to maintain the robustness of the model uncertainties in [11].

In the last decade, the Active Disturbance Rejection
Controller (ADRC) introduced by Han in [12], has presented
the best immunity to the internal and external disturbances
and proved its robustness and independence of mathematical
models. Very encouraging results in terms of disturbance
rejection have been reported for the ADRC approach, in the
control of a cross-coupled highly non-linear aerodynamic
system in [13], and in terms of robustness to significant
modeling uncertainty in the control of 2-DOF manipulator
[14], in the control of mobile robots [15], quadrotors [16]
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and manipulators [17]. The results obtained in the works
mentioned above encouraged the authors to consider this
approach in this work.

The contribution of this paper is the design of an appropriate
controller based on ADRC, for position and path following
control to force the AUV to track the desired trajectory in the
dynamic environment in the presence of disturbances and
modeling uncertainties. ADRC contains an extended state
observer ESO which is able to estimate in real-time, firstly the
position and velocity of the vehicle without the need of using
sensors, secondly an extended state variable that represents the
value of disturbances, uncertainties and unknown dynamics
missed in the modeling, and other undesired dynamics such
as the coupling terms. The estimated value of disturbances will
be compensated from the control signal which ameliorates the
controller’s performance and robustness.

For simplicity, the linear version of ADRC called LADRC,
and some assumptions were considered in the AUV’s
modeling and control design. Numerical simulations were
runin MATLAB/Simulink, and they illustrate the efficiency of
the proposed controller in tracking the desired trajectory and
rejecting the different undesired effects. The obtained results
are very satisfactory compared to some existing approaches;
bio-inspired velocity regulation for three-dimensional
trajectory tracking for underactuated AUVs with constant
disturbances in [18], and adaptative tracking control for
AUV under hydrodynamic parametric uncertainties in [19],
nonlinear model predictive control (NMPC) method for the
trajectory tracking problem of an autonomous underwater
vehicle [20], robust non-linear controller of an autonomous
underwater vehicle (AUV) in [21], and L2 Disturbance
Attenuation Control for Path Following of AUV in 3D [22].

The paper is organized as follows. Section 2 presents the
kinematic and dynamic modeling of the AUV. The design of
LADRC based control law for the AUV to track the desired
trajectory is developed in Section 3. To verify the efficiency and
robustness of the proposed control law, numerical simulations
are made. Results discussion is provided in Section 4. Finally,
conclusions are presented in Section 5.
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Fig. 1. AUV coordinate system
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SYSTEM MODELING

KINEMATICS

The kinematic description represents the motion of the
vehicle regardless of the effect of the forces acting on it.

To do this, Earth reference frame {E} and a Body-Fixed
reference {B} frame are employed as showed in Fig.1.

The different degrees of freedom of the AUV are detailed
in Table.1, and the position and velocity vectors of the AUV
defined in the body frame {B} are y and v respectively as:

X= [XB, Vp Zp Pp 93,\1!3] )

v=1[u, v, w, p,q, 1] @)
Tab. 1. Degrees of freedom of the AUV
Degree Of Freedom Positions and Linear and _
Euler angles angular velocities
motions in the x-direction x u
(Surge)
motions in the y-direction v
(Sway) y
motions in the z-direction 2 ®
(Heave)
rotation about x-axis
(Pitch) 4 p
rotation about y-axis 0
Roll 1
rotation about z-axis ,
(Yaw) v

The motion of the AUV can be described by:
= R(n)*v 3)
Where 7] is the velocity vector expressed in the earth frame

{E}, and R is the transformation matrix between {B} and {E}
determined by

R(n) = diag {R1(¢p, 6, v), R2(p, 6, v)} @

COCy —CopSy +SpSOCy  SoSy +CpSOCy

R1=|COSy CoCy+SpSOSy —SeCy +CpSOSy
-56 SpCo CopCH
(5)
1 ST CoTd
R2=]0 Cop —So
0 Sp/CO CoplCO ©)

Where C.= cos(.), S.=sin(.), and T.=tan(.)
R1 is a derivation of the rotation matrix and R2 a derivation
of the coordinate transform matrix.



DYNAMICS

The dynamic modeling is a study of the motion of the
vehicle taking into consideration the forces affecting it and
the physical characteristics of the robot. Since these forces and
the AUV’s dynamics are highly complex, some assumptions
have been considered to simplify the control design task:

o The AUV operates at low speed.

o The AUV is symmetric in the XZ plane and YZ plane.

 Roll and Pitch degrees of freedom are neglected.

Considering these assumptions, several terms can
be eliminated from the dynamic model matrices. Any
unmodeled dynamics will be considered as a disturbance
and, they will be estimated by the LESO, and compensated
from the control law.

After considering the previous assumptions, the simplified
kinematics are represented by (7)

X =ucos(y)—vsin(y)
y=usin(y)+vcos(y)
Z=W

(7)

y=r
Mv+Cw)v+DWv+g(n) =1 8)

The terms of the dynamic model defined by (8), can be
simplified and presented in the following subsections.

Mass and Inertia Matrix:
The mass and inertia matrix consist of the mass and inertia
of the rigid body M, and the added mass matrix M, with

M:MB+MA (9)
'm0 0 0]
Vo 0 m 0 0 )
P10 0 om0
_O O O ]zz_

X, 0 0 0
P U AR
o0 -z, 0 .

0 0 0 -N,

Coriolis and Centripetal Matrix
The Coriolis and centripetal matrix consists of the rigid
body term C, and the added mass term C, with

C=CB+CA (12)

0 0 0 -mv
Cy(v) = ° 00 (13)
0 0O 0 O
mv —mu 0 0 |
0 0 0 Yy ]
0 0 0 —Xu
CO= 0 0 o )
Yy Xu 0 0 |

Hydrodynamic Damping Matrix

The hydrodynamic damping of AUV is composed of the
drag and lift forces since the AUV is assumed to be operating
in low speed so the lift force can be neglected, and the drag
force consists of two terms; linear D, and quadratic D, where

D=D,+D, (15)
and X, 0 0 0 ]
0 -Y 0
D, = (16)
o 0 -Z, 0
0 0 0 -N_
Xl 0 0 0 |
0 ~Y M 0 0
D = (17
! 0 0 ~Z,lef 0
0 0 0 =N, |r]

Gravitational and Buoyancy Matrix

0
() = !
gD=l gy _p) (18)
0
where
W=mg and B=pgV (19)

The full AUV dynamic model for 4 DOF is

(m =X, )= (X, + X,y —(m=Y,)vr =1,

(m=Y,)-(1,+7,

v|)v +(m—X,ur =1, 20

(m=Z,)o~(Y,+Y,,|o)o=1,

(m—N,)i—(N, +Nr‘r‘ |l”|)r+(Xa +Y uv=r,
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CONTROL SYSTEM

ADRC

Contrary to traditional approaches dependent on
mathematical modeling of the system, and the disturbances
acting on it, the ADRC approach is less dependent on
mathematical modeling. This control technique presented

n [12], has the ability to react in real-time to external
and internal disturbances affecting the system, thanks to
the ESO which actively estimates the total disturbances,
then compensates them from the control signal. Since the
unmodeled dynamics and the model uncertainties are
considered as a part of the total disturbance, the accurate
mathematical models are no more indispensable to
accomplish the desired tasks.

APPLICATION OF LADRC TO AUV

Considering the dynamic model of the AUV for 4 DOF,
LADRC has been designed for each degree of freedom, the
control design for the surge channel illustrated in Fig.2 is
presented in this section. The other degrees of freedom are
controlled in the same way.

+/77 N\

fxidg‘k‘ ) . Plant
( FU ¢ /)‘/’\—J
O :
o r
X 2-

& LESO ]

Fig. 2. Surge control loop based on

By considering the assumptions made in the previous
section and the full AUV dynamic model for 4 DOF, the one
degree of freedom (surge) dynamic equation is:

mu-du-myr=r 21)
where
m, =m—X,
My =m=Y, (22)
dy =X, +X,,ul

Equation (21) can be expressed in the Body frame {B} as
X=1m (d x+m, yy+71)+ds (23)

d_is the disturbance term, then the disturbance function
f.is introduced in (24)

X = fx (X, », y, t, ds) + bex (24)
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where bx = and Ux =T,
ml 1
The state space form of the system can be written as:
X =X,
X, = f.(X, p,,t,ds)+bU. (25)
y=xX

Then, the state space is extended by an additional
state variable x, = f (X, J, Y, t, ds), which estimates total
disturbances, and the extended system state is presented
below:

X =X,
X, =x,+bU.
X =1

Now, a following third order LESO is designed for the
above system:

(26)

X =%-pe
;Cz =X =B +bU, 0
Xy ==
The control law of the surge is described by the following
equation:
U = Uy~ )23

' b

X

(28)

A~

X= f »and U, is a simple PD controller chosen for each
LADRC control loop.

U, = Kp(xr -x)+K, (x-x) (29)
To simplify the tuning of the parameters of the LESO and

the controller, they have been set as (30), and the tuning is
reduced from 5 to 2 parameters.

B =3a,

ﬂ2:3a)§

B, =, (30)
K, =’

K,=2%w

where w, is the observer bandwidth and w_is the closed loop
bandwidth. The LESO and controller gains are set as (30) to
ensure the Hurwitz stability [23-24].

By inserting equation (28) in equation (24), one obtains:
=f.(%p,p,t,ds)+bU.
#=U,

()



The system can now be expressed as the following
disturbance-free system

xl = x2
x, =U, (32)
y=x

The above model can be rewritten using tracking error:
6 =X 4

€ =X, =X =X, =X,
(33)

&=%-x=%-U,
where x, is the desired value of state x, and U, is the feedback
controller responsible for minimizing the tracking error:

U==x,+ Kp(xr -x)+K, (x-Xx) (34)

By applying (34) to the last term of (33), the error dynamic
equation is obtained as

€ + Kde1 + erl =0 (35)

According to (35), by setting the controller gains, the
exponential convergence of the tracking error to zero for
any initial condition will be obtained.

The 4D control loop based on LADRC is presented in Fig. 3
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FX dl x_d++ LADRC x

il

?: g |y g 9? y_d—~ LADRC y |—T y—
S5 | | =
= i~
R 1 2 AUV
‘D Zd fz_dT_z—v
- = =
=
L
= o0
7 hd
Fig. 3. Control structure of LADRC scheme
SIMULATION AND RESULTS

In order to verify the efficacy of the proposed path following
control law, computer simulations are carried out considering
different desired trajectories.

The parameters of the AUV used in the numerical
simulations are listed in table 2

Tab. 2. AUV's parameters used in simulation

mass (kg) Damping coefficients (Ns/m)
m, =215 d,=70+100 | u|
m,, =265 d,,=100+200 | v|
m, =265 d,,=100 +200 | w |
m,,= 80 d,,=50+100]r|

2D PATH

The AUV is set to track a desired 2D curvy trajectory (red
dashed line) in the XY plane as shown in the figure below.

15

- -desired trajectory —actual trajectory

10 |

St

Y(m)

X(m)
Fig. 4. AUV 2D path following
Fig. 4 shows the matching between the desired and the
actual trajectory, which means that a precise tracking was
assured by the proposed controller.
Positions and velocities are represented in Fig. 5 and Fig. 6.

10+ T R T R T D —— :

Positon (m)

0 100 200 300 400 500
time (s)
Fig. 5. Actual, estimated and desired positions

Velocity (m/s)

100 200 300 400 500
time (s)

Fig. 6. Actual, estimated and desired velocities

Fig. 5 and Fig. 6 show the match between the estimated, the
actual and the desired positions and velocities, respectively,
which proves the efficiency of the LESO in estimating the full
state of the AUV during the tracking task, and the satisfactory
tracking accuracy presented by the proposed controllers.

Positions and velocities errors are represented in Fig. 7
and Fig. 8.

 0.03 o e W

~ X
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=
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time (s)

Fig. 7. Position errors
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Velocity error (m/s)
(=)
=
W
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time (s)
Fig. 8. Velocity errors

Fig. 7 and Fig. 8 show the positions and velocities errors.
From these figures, it is observed that the errors converge to
zero in less than 5s and the error is acceptable considering
the changes due to the turns in the desired trajectory.

Fig. 9 shows the real-time estimation of the disturbances
during the tracking.

X, —X
B 0.05& 3
Q
2|
[a~]
e /
= 0r
A \ T
-0.05)
0 100 200 300 400 500
time (s)

Fig. 9. Disturbances estimator

The torques or control inputs are represented in Fig.10.

50+

B -50- /7
= T T
2100 =7

=

-150¢ ‘ ‘ ‘ I
0 100 200 300 400 500
time (s)

Fig. 10. Torques

Fig. 10 represents the torques or control signals applied to
the AUV. It shows that in the first 5 seconds of motion, the
torques have high values due to the AUV’s trend to catch the
desired positions and velocities, which introduce considerable
acceleration that will decrease when the trajectory is smooth,
and increase a bit when there are sudden changes in the curve.

Fig. 11 represent the trajectory tracking for different
initial conditions (x,= -1, y,= -1), so initial errors are
(x,= -1, y,= -1). From this figure, the fast convergence of
the AUV to the desired trajectory is observed with a small
initial overshoot.

‘ - desired trajectory —actual trajectory

X(m)

Fig. 11. 2D path following with different initial positions
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3D PATH FOLLOWING: SPIRAL PATH

The referenced path presented in Fig.11 is a spiral path in
space defined as:

x, = 105in(0.01¢)
v, =10 cos(0.0lt)

(36)
z, =1
v, = /3
- -desired trajectory /—Nactual trajectory
2000
g 1000
N
0
10
10
0 0
-10 10
Y (m) X (m)

Fig. 12. AUV spiral path following

The XY plane projection of the desired path is illustrated
in Fig. 12.
20

- desired trajectory —actual trajectory
10 1

0 1

Y (m)

-10 | ]

-20 . . . . .
-15 -10 -5 0 5 10 15

X(m)

Fig. 13. XY plane projection
Fig. 12 and Fig. 13 illustrate the desired and tracked spiral
paths followed by the AUV in the space and the XY plane.
From these figures, it is clear that the proposed control law
assured a precise tracking of the path.

Fig. 14 and Fig. 15 show the desired and actual positions
and velocities. From these figures, the match between the
desired and actual positions and velocities of the AUV are
well observed which proves good tracking performance of
the controller.
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Fig. 14. Actual and desired positions
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Fig. 15. Actual and desired velocities
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Fig. 16 and Fig. 17 show the positions and velocities errors.
From these figures, it is observed that the errors in the surge,
heave, and yaw converge to zero in 5s and the error in the
sway after 10s from the beginning.
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Fig. 16. Position errors
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Fig. 17. Velocity errors

Fig. 18 represents the estimated value of the different
external and internal disturbances during the tracking time.
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Fig. 18. Disturbances estimator

Fig. 19 illustrates the torques or control signals applied
to the AUV. It shows that in the beginning stage of motion
torques had peak values due to the AUV’s trend to catch the
desired positions which provoke a considerable acceleration
that will gradually tend to a constant value (zero in the case
of zand y).

£3000 Ty T Ty
Z
32000t
21000
e
= 0x
0 50 100 150

time (s)
Fig. 19. Torques

SPIRAL PATH FOLLOWING UNDER
UNCERTAINTIES AND DISTURBANCES EFFECTS

In order to evaluate the proposed LADRC-based control
under parameter uncertainties and external disturbances, the
tracking controllers are tested under a perturbed parameters
situation as in (36) and (37), and added disturbances to the
surge position signal as white noise, and to the heave position
signal as a step signal, as detailed in table 3.

Tab. 3. Disturbances

Perturbation signal Time Value

Step 300s 15m

White noise 500 s 0.02 m

m,, =m,, +20%m,
My, = My, +20%ms, (@7)
And d, =d +20%d,,
— 0

d,, =d; +20%d,, (38)

The path tracking under disturbances and uncertain
parameters and disturbances is shown with the disturbance-
free path, and the desired path in Fig. 20 and the XZ plane
projection in Fig. 21.

et
F-desired trajectory _ ACTUAL TRAJECTORY |
~ 1000
g
N
0
10 10
0 0
-10 -10
Y (m) X (m)
Fig. 20. AUV spiral path following with disturbances and uncertain parameters
1500
= Without disturbance __with disturbance
/_’—‘_’_'—’—
1000 F
315
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N 500 il
300
295
0 T
-10 -5 0 5 10 15

X (m)
Fig. 21. XZ plane projection
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As shown by the figures above, the tracking performances
were slightly affected by the uncertainties in parameters
values and the added position disturbances.

The LADRC has a strong ability to reject disturbance in
a short time and re-join the zero-error steady state, thanks
to the compensation of the disturbances values estimated by
x, as shown in Fig. 22.

15
—Z

2 10+ —X| 1
2

s 5t

E

200 300 400 500
time (s)

Fig. 22. Disturbances estimator
CONCLUSION

In this paper, the path following control of autonomous
underwater vehicles has been carried out. First, a simplified
model of the AUV has been established. Then, a LADRC based
controller has been designed for each degree of freedom in
order to track the desired positions.

The designed extended state observer (ESO) has effectively
estimated the full state of the system, which is extremely
useful and practical in the case of unmeasured states
due to inaccessibility to sensors information during the
experiments. The extended state variable has estimated the
total disturbances value that were canceled out from the
control signal.

The path following control for AUV based on LADRC
showed good tracking performance when it is moving in
the plane and space, with a satisfactory accuracy that can
be concluded by comparing the actual and desired positions
and velocities, and the convergence of related errors to zero.

To evaluate the robustness of the proposed controller, the
system has been tested under model uncertainties and added
disturbances. The obtained results confirm the ability of the
LADRC based controllers to reject the different disturbances,
and its immunity to the modeling uncertainties.

By analysing the obtained simulation results on the
background of some related works [18, 22], the following
points has been concluded:

o Comparing to [18, 19]; in the tracking of 3D spiral path,
the authors proposed approach presented faster path
convergence speed, and better tracking performance
in term of tracking errors, overshoot and response time
of the system.

o Comparing to [20]; in the tracking of a circular path in
the plane, the proposed approach has presented more
accurate trajectory tracking.

o Comparing to [21], better tracking performance and
robustness has been reported for the authors proposed
approach in the tracking of a 2D curved trajectory.
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o Comparing to a closer approach which has been
presented in [22], basing on disturbances attenuation
control, better tracking accuracy, and robustness is also
reported.

In the future works, the authors consider the frequency

domain study and stability analysis of the proposed system,
and validating it with an experimental study.
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