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Abstract :In this paper, a High Order Sliding
Modes Control (HOSMC) approach is used to
control an autonomous underwater vehicle. Au-
tonomous underwater vehicle motion in ocean
conditions requires investigation of new control
solutions that guarantee robustness against exter-
nal parameter uncertainty. Sliding Mode Control
(SMC) is adequate for controlling AUVs, since
it offers robustness in the presence of uncertain-
ties and environmental disturbances ; however the
main drawback is the chattering effects that sti-
mulate high frequency vibration that can damage
the actuators. HOSMC control preserves the pro-
perties of standard SMC and removes the chatte-
ring effects. Therefore it is able to improve a ca-
pability to track the desired state of the proposed
autonomous underwater model. Different simula-
tions have been carried out to show the perfor-
mance and effectiveness of the proposed method.
Keywords : Autonomous underwater vehicles
control, High order sliding modes, sliding modes
control

1 Introduction

Autonomous Underwater Vehicles (AUVs) have
gained increasing interest in recent years because
of a wide area of possible applications such as
maintenance, diver support, pipeline inspection,
geological surveying and military. The control of
the AUV is a challenging task; this is primarily
due to the high and coupled non linearities, envi-
ronmental disturbances (like ocean currents and
wave’s effects) and parameter uncertainties. Fur-
thermore, the controller must satisfy two basis re-
quirements : first it has to be robust to develop its

work ; secondly, it shouldn’t be very complicated,
otherwise it could have singularities and their real
time performance could be slow. Several control
schemes have been proposed for AUVs [9]-[13]. PD
controller [9], Optimal control [10], Neural Net-
work [11], Adaptive Sliding Mode Control [4], etc
. In this paper, SMC and HOSMC control laws are
proposed to solve the problem of accurate trajec-
tory tracking for the desired depth. The paper is
organized as follows. Section 2 presents the kine-
matic and vertical dynamic models of the AUV. A
second order sliding mode control structure used
for the AUV is described in Section 3. Effective-
ness of the proposed schemes is demonstrated by
simulation in Section 5. Finally the conclusion is
given in Section 6.

2 Mathematical Modeling

The equations of motion for underwater ve-
hicles can be presented with respect to a Body-

fixed frame relative to an Earth-fixed frame, Fig.
1.
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The position of the Body-fixed measured in the
Earth-fixed is,
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2.1 Kinematics model

The vehicles-fixed linear and angular velocity
and the time derivative of the earth-fixed vehicle
position coordinates are related by the following
relationships (Figure 02) :
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FIGURE 2 — definition of the swing angles
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Where J.1 (1) is the transformation matrix of the
linear velocity and J.(n2) is the transformation
matrix of the angular velocity. This representa-
tion has a singularity for § = £90° .
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2.2 Dynamic model

The vehicle dynamics model derived by [7] is
based on a set of dynamic equations that govern
the vehicle’s translational and rotational motion
in 3-D space. Using the Newton laws, the trans-
lational and rotational motions are :

et

S M

where F is the net external force applied to the
vehicle, m is the mass of the vehicle,y is the ac-
celeration of its mass center with respect to an
inertial frame, M is the net external moment ac-
ting on the vehicle at the center of mass, I is the
inertia tensor about the vehicle’s mass center, and
¢ is the vehicle’s angular acceleration. The exter-
nal forces and moments on the vehicle are due to
gravitational, buoyancy, propulsive, control and
hydrodynamic effects. As shown by [5], the mo-
tion equations given by (5) can also be written in
the form :
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Mpgpt + Crp(v)v =T

(6)

where Mpgp is the inertia matrix including added
mass, and Crp(v) is a matrix that includes cen-
trifugal and Coriolis forces

v is the generalized velocity vector in the body-
fixed frame, and © is the acceleration vector in
the body-fixed frame. Generalized force vector I
has the following components :

F:Fh+rg+ru+rp

(7)

Where I'j, present the hydrodynamics force vec-
tor of the vehicle body, I'y is the static force vec-
tor ((gravity and buoyancy)), I, is the controlled
force vector (include the thruster force and the
fin force) and I, is outside disturbances force and
moment acting on the AUV.

2.2.1 Hydrodynamic forces

In this section, we will discuss the hydrodyna-

(3) mic forces for AUV. The balance of efforts due to
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the inertia and mass of water added can be put
in the form :

— (M0 + Cy(v)v) =T, (8)
where M, is the added mass matrix and C,(v) is
a Coriolis-like matrix

The viscous damping force is given by the dam-
ping matrix D(v) is given by

—D,(v)v =T}y (9)
With I', = I', + 'y is the vector of hydrodynamic
efforts.

2.2.2 Hydrostatic forces

A solid body submerged in a fluid will have
upward buoyant force acting on it equivalent to
the weight of displaced fluid, enabling it to float
or at least to appear to become lighter. If the
buoyancy exceeds the weight, then the object
floats ; if the weight exceeds the buoyancy, the ob-
ject sinks. If the buoyancy equals the weight, the
body has neutral buoyancy and may remain at
its level. Discovery of the principle of buoyancy,
which is a result of the hydrostatic pressure in
the fluid, is attributed to Archimedes (figure 03).
Hydrostatic force includes the gravity part WW
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FIGURE 3 — hydrostatic equilibrium

and the buoyancy part BB. The balance of hydro-
static efforts can be put in the form :

—g(n) =T, (10)

2.2.3 Actuators of the robot

Actuators forces can be decomposed into lift
and drag forces, perpendicular and parallel to the

incoming fluid flow, respectively.

The control plane forces in the body frame, acting
at the center of pressure of the control planes, are
computed as :

When we use fins to control the motion of the
AUV, the vehicle must maintain a surge speed.
The propeller is used to generate energy to pro-
vide the surge force and then keep the vehicle mo-
ving ahead. Of course, the number of propellers
mounted on the vehicle can be more than one.
In the modeling process, we view the propeller
as a special module and model it independently.
The thrust force generated by a propeller and the
rolling moment caused by the propeller can be
computed by [1] :

On the vertical control planes

F, —0.5pSsVE (Cls80, + Ciscdy)

F, | = —0.5pSs Vg (Cos88, — Crscdy)

M, F, (0.2¢5¢6, — dgs) + Fy (0.2¢550,)
(11)

On the horizontal control planes

F, —0.5pSs Vg (Cys50, + Clpscde)
F, | = —0.5pS Vg (Cys50, — Cpscdy)
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(12)
Where p is the fluid density, S is the surface of
the wing Sy = bs X ¢, V is the modulus of the
fluid flow around the wing, 0.2¢, is the distance
from the leading edge of the wing at its point of
application of hydrodynamic forces, Cys and Cy;q
represent the coefficients of lift and drag.

When we use fins to control the motion of the
AUV, the vehicle must maintain a surge speed.
The propeller is used to generate energy to pro-
vide the surge force and then keep the vehicle mo-
ving ahead. Of course, the number of propellers
mounted on the vehicle can be more than one.
In the modeling process, we view the propeller
as a special module and model it independently.
The thrust force generated by a propeller and the
rolling moment caused by the propeller can be
computed by [1] :

T, =
Q =
Where n, is rotating rate of the propeller, p is
the fluid density, D, is the propeller diameter,

Kr is the thrust coefficient, K¢ is torque coeffi-
cient Jo = V,/(n,D,) is the advance number. V,
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is the advance speed at the propeller (speed of the
water going into the propeller) which has a rela-
tionship with surge velocity V5 : V, = (1 — w,) Vo
where wa is the wake fraction number (typically :
[0.1 :0.4]). The final dynamic equation of the ro-
bot is as follows [3] :

M @)+ Cw)v+D@w)v+g(n) =T (15)
where M = Mgp + M, is the inertia and added
mass matrix, C' (v) = Cgp (v) + C, (v) is the ma-
trix of Coriolis and centripetal forces, from inertia
and hydrodynamics, D (v) is the hydrodynamic
damping and g () is the vector of restoring forces
and moments. I' is control-input vector describing
forces and moment efforts

I' = [0p, ¢, 1] (16)

With ¢, is the fin angle of AUV | 4, is the rudder

angle of AUV, n is the revolution of propeller as
thrusters of AUV.

2.3 General equation of motion

The non linear vehicle equation of motion is
written as :
{ n=J 5(772)1)

Mo+ Cw)v+g(n) =T (17)

Hence the global state vector is represented by :

(n? U) - (x7 y? Z? ¢7 07’1/}7 u7v7 w7p7 q? r) (18)
In this article, we only need to position (x,y) ,
the yaw angle ¢ linear velocity (u,v) and angular
velocity r . Then we considered the other variables
states as null.

v —0.209 —-0.605 0 v
i =] —0.054 —0.569 0 r
0 0 1 0 0
0.145 (19)
+ | —0.152 | 6.
0

3 Sliding mode controller

Nonlinear model based control systems offer a
level of dynamic capabilities which linear tech-
niques are incapable of providing when dealing

with parameter uncertainties and unmodelled dy-
namics. Sliding mode [13], is categorized as a
variable structure control system which has ex-
cellent stability, robustness, and disturbance re-
jection characteristics. This type of control is not
new to submarines, in fact it is widely used due
to its capability to overcome modeling errors (due
in this case to the hydrodynamic terms and mo-
deling as an uncoupled system). Sliding mode has
been used in : spacecraft [14], robotics [15], mis-
siles [16], and many other applications where mo-
delling error is a concern.

The idea behind SMC is to define a surface
along which the process can slide to its desired
final value. The structure of the controller is in-
tentionally altered as its state crosses the surface
in accordance with a prescribed control law. The
SMC control law, consists of two additive parts.
That is :

(20)

U = Uegq + Uglis

where u., : Nominal control, which is determined
by the robot model. uy;s : Sliding part, which is
useful to compensate model uncertainties. Sliding
surface in the state error space for tracking pro-
blem is defined and now the state errors are :

r=x— Tq (21)
where x4 desired tracking state. Now, sliding sur-
face can be defined in the error state space form
as follows

s=|w X 19} =57 (22)
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where y,w and ¢ are the sliding surface constants.
The sliding surface s must obey the next condi-
tion :

$ — 0and s — 0 as t — oo so, this imply
T — 0 as t — oo The simplified model conside-
red here given by the expression (23) and takes
into account the following three states. Then we
rewrite :

MY = CD.Y + g.(n) + Vaug + U (23)

The sliding surface s is defined as a function of
the state space of errors :

s=w(—va) +Fx(r—re) +0 W —vq) (24)



The derivative of s is expressed by the equation :
§=wb+7+ ) =S8Y (25)

The equivalent command is determined from the
solution of the following expression

$=0 (26)
Y is replaced by equation (23), we have :
§=SM; ' (CD.Y + g.+ Veug +U.) =0 (27)
The equivalent command is :
U.=—(CD.Y + g+ Veuy) (28)

u=U.+ Kyssign(s)

Finally the sliding surface and the command are
given by the expression :

u = 0.5260v + 0.162r + 4.3465 (¢ — 1g)
+1.5sign ((0.15v + 1.657r + (¢ — 1b4)) /0.05)

(29)
In the standard SMC, is discontinuous; this is
the main reason why high frequency switching
appears in the output signal (chattering effect),
which causes problems in practical application.
In order to avoid chattering, a high order sliding
control is used [17][18]. HOSMC acts on the hi-
gher order time derivative of the system devia-
tion, instead of influencing the first deviation de-
rivative as it happens in SMC [18]. Its principal
characteristic is that it keeps the main advantages
of the SMC, removing the chattering effects. The
sliding order is a number of continuous total deri-
vatives of in the vicinity of the sliding mode (Fig.
04) The proposed 2nd order sliding mode control
can be used as an alternative natural approach
for smoothing the input signal. The sliding or-
der is a measure of the degree of smoothness of
the sliding variable in the vicinity of the sliding
mode. This proposed technique can be considered
an extension of the first order sliding regime. It is
composed of two parts [3] :

u = /ueq +Kglis/uglis

J ugiis is composed of the integral of the function
sign multiplied by a constant K g,.

J tteq is designed by using the equivalent com-
mand method for the new sliding surface s.

(30)

FIGURE 4 — Second order sliding mode trajectory

It is necessary to express the previous system
(23) to appear the derivative of the control output

v 0 00 1 0 v
7 000 0 1 r
v =101 0 0 0 WY
¥ 0 0 0 —0.209 —0.605 v
7 0 0 0 —0.054 —-0.569 r
0
0
+ 0 Oc
0.145
—0.152
(31)

The new sliding surface is defined as follows :

Se =8+ s

= Wi + X7 + whv + (v + xB) T+ vBY (32)

The equivalent command for the second order sli-
ding technique is defined as follows :

Ueqg = —0.362150 + 1.671707 + 1.091507) (33)
Finally, the command output is written :

6. = —0.362150 + 1.671707 + 1.09150¢)
+0.75sign((0.150 + 1.657
+0.03750 + 1.41257 + 0.25 (1) — 1b4))/0.05)

(34)

4 Simulation Results

In this section, simulation results are imple-
mented by using second order SMC controllers



as described in previous section. In the hea-
ding control, the desired heading angle is 2°. Fi-
gures 05-09 depict the results of plots for heading
control without disturbance. As can be seen, the
desired trajectory is followed almost without error
after 17s and 25s for SMC and HOSM controller

respectively
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5 Conclusion

This paper describes SMC and HOSMC control
algorithms, which are evaluated in autonomous
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FiGURE 9 — Rudder control of the heading

underwater vehicle (AUV) heading control. The
second order sliding mode controller has been
introduced to provide system’s stability. It gua-
rantees that an AUV is able to converge to a
desired heading and depth with constant speed
as demonstrated in the simulation. From simu-
lation, a second order sliding mode controller is
able to provide accurate control for subsystems,
which gives satisfactory results. The first Sliding
mode control consumes a lot of control energy
and damages AUV. By using a second order sli-
ding mode controller reduce control energy and
prevent the chattering effect. Moreover, the pro-
posed control exhibits a satisfactory performance
when used with disturbance and dynamics uncer-
tainty.
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