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Abstract—This paper addresses the problem of stabilizing
and trajectory tracking control of a remotely operated vehicle
(ROV-Observer) in the vertical plane. The underwater vehicle
is not actuated in the pitch direction and cannot be locally
asymptotically stabilized by continuous feedbacks which are
functions of the state only. In the present note, exponential
convergence is obtained by considering time-varying feedbacks
which are only continuous. Furthermore, using the backstepping
technique and the tracking error dynamics, the system states are
stabilized by forcing the tracking errors to an arbitrarily small
neighborhood of zero.

I. INTRODUCTION

Autonomous and remotely operated marine vehicles are
becoming a key component in several aspects of maritime
industry and defense. The problem of stabilizing an underac-
tuated underwater at a desired trajectory is an important issue
in many offshore applications such as, for example, solving
trajectory tracking, path-following, path-tracking and stabiliza-
tion problems. Modern developments in the fields of control,
sensing, and communications have contributed to make very
complex and dedicated underwater robot systems a reality. This
kind of vehicle could be used in highly hazardous and unknown
environments. The autonomy and control of the robot is the
key factor to its mission success. In spite of highly coupled
and nonlinear the dynamics of underwater vehicle system in
nature decoupled, linear control system strategy is widely used
for practical applications. As autonomous underwater vehicle
needs intelligent control system, it is necessary to develop
control system that really takes into account the coupled and
nonlinear characteristics of the system. In addition, most of
the AUVs are underactuated [2], i.e., they have fewer actuated
inputs than the degrees of freedom, imposing non-integrable
acceleration constraints. The problem problem of designing a
stabilizing feedback controller for under-actuated systems is
challenging since the system is not able to be stabilized by a
smooth static state feedback law [15].

For controlling the motion of underwater vehicles, various
control strategies have been developed in years, such as
PID, LQG, SMC, neural network, fuzzy logic, SM fuzzy
logic controllers. An example for the application of PID
control to the underwater vehicles is presented in [16].
In [17], a discontinuous state feedback control law was
proposed by using o-process to exponentially stabilize
the underactuated ship at the origin. The authors in [18]

developed a discontinuous time-varying feedback stabilizer
for a nonholonomic system and applied to underactuated
ships. As cited in [4], continuous time-invariant controller
was developed to achieve global exponential position tracking
for underactuated AUV. However, the orientation of the
AUV was not controlled. In [19] the problem of stabilization
of underactuated surface vessel with various disturbances
such as waves and wind is treated. To achieve semi-global
asymptotic tracking in the presence of uncertainty and
unknown disturbances, a non linear controller for a fully
actuated AUV using a robust integral of the design of the
error feedback term with a neural network is proposed in [9].
Based on Lyapunov’s direct method and passivity approach,
two constructive tracking solutions were proposed in [5] for
an underwater robot. In [3], a single controller was proposed
to solve both stabilization and tracking simultaneously. A new
type of control law is developed in [8] to steer an autonomous
underwater vehicle (AUV) along a desired path, it overcomes
stringent initial condition constraints that are present in a
number of path-following control strategies described in the
literature.

We study an ultraportable submarine vehicle, called ROV,
where it is expected for observation and exploration in subsea
historical sites. The ROV is procured by the Digital-Ocean 2
project from SUBSEA TECH society. In this paper, we propose
two controls input to resolve the stabilizing and tracking
problem of underactuated ROV moving in vertical plane. Our
contribution is to design methodology to construct a nonlinear
controller of underactuated ROV to stabilize the ROV kino-
dynamic model around a desired position and attitude. Further,
based on Lyapunov theory and backstepping techniques, the
proposed controller achieves global stability and convergence
of the position tracking error to a neighborhood of the origin
that can be made arbitrarily small.

The paper is organized as follows: The kinematic and
dynamic model of the ROV is addressed in section II. A
set of continuous time-varying control laws which locally
asymptotically and exponentially stabilizes the desired attitude
is proposed in Section III. In section IV, we present the result
for the tracking control problem. Finally, Simulation results
are presented in section V.



II. ROV MODEL DESCRIPTION

The ROV has a close frame structure is equipped with two
cameras which allow us the Tele-exploration in mixed-reality
sites (see Fig.1). This vehicle is actuated with two reversible
horizontal thrusters Fi, and F5, for surge and yaw motion,
and a reversible vertical thruster F3, for heave motion. A
150 meters cable provides electric power to the thrusters and
enables communication between the vehicle sensors and the
surface equipment (see Fig.1).

Fig. 1. Body-fixed frame and earth-fixed reference frame for the ROV

A. ROV kinematics and dynamics

In this subsection, the kinematic and dynamic equations
of the motion of a ROV moving on the vertical plane are
described. Further details on the ROV’s dynamical modeling
are given in [1] . Using an inertial reference frame R and
a body-fixed frame R, (Fig. 1). the kinematic equations of
motion of the center of mass G for the ROV on the vertical
X Z plane can be written as:
0=q (1)

T = cOu + sBw 2 = —sbu + cOw

where cf = cos#, s6 = sinf, x and z represent the inertial
coordinates of the center of the mass G and w, w are the
surge and heave velocities respectively, defined in the body-
fixed frame. The orientation of the vehicle is described by the

angle 6 and q is its pitch(angular) velocity. The dynamic of
the ROV is expressed by the following differential equations:

met = —mywq—dyu— (Fw — Fp)sl + 7w
ma = mguq — dww + (Fw — F)cl + Tw 2)
Jyi = —(mz —mz)wu —dgq+ 2, Fps

where

. mz:m—Xu, mZ:m—Zw, Jy:Iyy—Mq
with - m represent the mass of the ROV
- (X4, Zy) are the added mass in the surge and heave
directions, respectively.
- M, are the added inertia in the pitch direction.
o 7y = F1, + Fy,, 7, = F3, are the imputes.
e (Fp, Fy ) are the buoyancy and gravity magnitudes.
o du=Xy— X |t dw=Zuw— Zuww | w|
and dg = My — My, | q | are the drag parameters.

B. Coordinate transformations
We introduce the following coordinate transformation to the
vehicle:

z1 = xch — 280, 20 = x50 + zch, 23 =0

Using the above change of coordinates, the vehicle dynamics
in (1)-(2) can be rewritten as in the form of equations

Z3=q 3)

It is assumed that the angle 23 is small enough in a neighbor-
hood of zero, then the dynamics of the ROV can be written

Z1=u—22q¢ Z2=w+21¢

;= Mz _ dy,, _ (Fw—Fp) 1
T o Wq — U 23T T
[ - Mg _ duw 1=
W= rug = Wt T (C))
. — d zg F,
Mz —Mg q gt'B

= =—zgu— 2+ =2

q . 7,4 =5 %

where T, = 7, + (Fiw — FB).
In the next section, we will consider the system (3)-(4) and
study its controllability and stabilizability proprieties.

III. CONTROLLABILITY AND STABILITY ANALYSIS
Before tackling the stabilization problem, it is essential to
study the controllability of the model (3)-(4).
A. Locally Controllability

In the following we show that the system (3)-(4) is Small
Time Locally Controllable (STLC) in the neighborhood of
the equilibrium. First, the equation (3)-(4) define a non linear
control system of the form

2
E=g0(&)+ Y o )
=1

where & = (21, 22, 23,u,w,q)T € S x R? is the state, go and
g; are the drift and control vector

U — 229
w+ 219
! 6
= Fw—F
9o(§) —%wq _ %’;u _ me B)Z3 (6)
R — few
z Mg : dq - z2gFB
m Jy7n wu — qu + Jy 23
0 0
0 0
0 0
g1 = 1 y 92 = 0 @)
My 1
0 —
0 0

Note that the set of equilibrium solutions corresponding to
7; = 0 is given by the equilibrium manifold

Me={£e€ M|zgs=u=w=q=0}

It is easily verified that the linearization of equations (3)-(4)
about the equilibrium has an uncontrollable eigenvalue at the
origin. This implies that a non linear analysis is necessary to



characterize the controllability and stabilizability proprieties of
the system [11]. As a result, from [15], we cannot stabilize the
system (3)-(4) by a continuous pure-state feedback. However
Coron’s theorem [13] proves that a time periodic continuous
feedback is sufficient to stabilize the system to a point.

Proposition 3.1: The ROV dynamics described by equation
(3)-(4) is small-time locally controllable at the origin.

Proof: Consider the system (5). Sins the vector fields

91, 92,90, 911, [90> 92], [92: [90, 911, [[90, 92], [90, 91]]

span a six-dimensional space at any point £ € S x R®, the
strong accessibility Lie rank condition is satisfied at any point
and the system is small-time locally controllable at the origin
([10], [11], [14]). ]

B. stabilization of the ROV

The control objective is to find a feedback law that asymp-
totically stabilizes the origins of the ROV in the vertical plane.
We will show first, that it is not possible to stabilize the ROV
using a feedback law that is continuous and function of the
state only. This follows from results given by [15]. Thus, we
propose a continuous periodic time-varying feedback law that
stabilizes the ROV.

Theorem 3.2: Consider the following functions

—keyzy — F2Zathad gin (¢ /¢)

Uqg =
V123l +lql
(®)
wg = —kazo+2+/| 25|+ | q|sin(t/e)

where ki, ko, k3 and ks > 0. Furthermore, consider the fol-
lowing continuous periodic time-varying feedback law:

Tu = —kymg(u—ug)+dyu
)

Tw = *kwmz(w - ’LUd) + dww

Then there exists ey such that for any € € (0,¢) and
for positive and sufficiently large parameters k, andk,, the
feedback law (9) locally exponentially stabilizes the origin of
the system (4)-(3), with respect to the dilation

6;(% 7, t) = ()‘ua Aw, >\2Qa Az1, Aza, >\2237 t)

Proof: The ROV model with 7, and 7,, given by (1) can

be written .
12

o) = 10+ gm0 (10)

|

where v = [u, w, ¢|T, n = |21, 22, 23]7

f(Vﬂ?at) = [_ku(u+k121 + I\C;%%Sin(t/E))7
—kw(w + kazo — 2¢/] z3 | + [ ¢ [sin(t/e)),

my—my zqFB ]T

d
wu_TZQ‘i’ Ty 23, U, W, q
(11)

and the remaining terms

g(yan7t) = [_%wqa %uq707_z2qaZIQ70]T (12)

Consider the dilation d}, the functions 7,, and 7,, are homo-
geneous of degree strictly positive with respect to the dilation,
and continuous for (7, v) # 0, they are also continuous at zero.
The vector field f is thus continuous. It is furthermore time-
periodic, £(0,0,¢) =0 and f is homogeneous of degree zero
with respect to the dilation d% (1,7, t). Furthermore, the vector
field g is continuous and defines a sum of homogeneous vector
fields of degree strictly positive with respect to 0 (v, 7, t). It is
sufficient to show that the origin (1, ) = (0, 0) of the system

v
< 7 ) :f(l/7n’t)' (13)

is locally asymptotically stable.

To this purpose, let us consider the following reduced system
obtained from (13), by tacking © = uq and w = wq as new
control variables. We have obtained the following resulting
system:

. —m, d z2gFB

q 77LszTVLI wdud _ Tzq _"_ _i]y 23
a0 = Ud (14)
22 Wy

Let (8) defines the control inputs to (14). Due to the periodic
time-variant control, the resulting system is a periodic time-
varying system, which can be written in the form,

( g ) =h(q,n,t/€)

sz—ymx (—kiz1 + kaz3thsg sin(t/€))

|z3|+]q|
(—kyzo — 2d | z5 | + | ¢ |sin(t/e))

z9FB
zZ
Y 3

= —k kozstksq s t (15)
12 e sint/e)

—kaza — 24/ 22 | + | q | sin(t/e)

q

We approximate this system by an averaged-system which is
in particular autonomous (see [12]). The averaged system of
(15) is defined as

( ?] ) = ho(q,m) (16)

where ho(g,n) = (1/Ty) fi h(q,n,t/€)dt (T} is the period).
The averaged system of (14) with controls given by (8) lead
to

q k1ky sz—ymT, z122 + K z5 + k''q

21 —k121

. = 17
zZ2 —kqzo an
2 q



where k' = —ky + Zg E and k"' = —kg — UJl—z.
The linear part from (17) is given by \
q 0 0 kK F q
2"1 o —k‘l 0 0 0 21
2';2 - 0 —k4 0 0 22 (18)
23 0 0 0 1 z3
=A

This permits to apply the Hurwitz’s criterion [7] and deduce
the (k;)i=1,2,3.4 gains. Then (g, z1, 22, z3) tends asymptotically
to zero. Now, the dynamic of v and w in (13) are given by

—ku(u — ugq)
—ko(w — wyg)

u =
b (19)
The functions uy and wy in (8) are continuous, time-periodic,
differentiable with respect to ¢, of class C! on (R? x R? —
{0,0}) x R and homogeneous of degree strictly positive with
respect to the dilation d% (v, n,t) in (3.2).

Thus, adequate parameters k, and k, can be defined such
that the actual velocities « and w track the desired velocities
ug and wy. Consequently, for positive and sufficiently large
values of k,, and k,,, the origin of (10) is locally asymptotically
stable. Thus (n,v) = (0,0) is a locally exponentially stable
equilibrium of (5), with respect to the dilation 65 (v,n,t) in
(3.2). ]

C. Robustness study

To study the robustness problem of the proposed control
input, we consider the additive terms g. Note that the distur-
bance terms can be result from modeling errors or uncertainties
parameters. Generally, we do not know g, moreover we know
some information like the boundary of the additive term g.
Further, we consider a time varying disturbance is vanishing
additive perturbation (g(¢,0) = 0). Let us consider

£=f(t,€) +9(t,&) +3(t,€) (20)

where ¢ = (v,1)7, f, g is defined in the previous section, and
g(t, &) is continuous function in ¢ and locally Lipshitz in &.
Suppose that

19, )1 < All]] @n

for all ¢ > 0 and £ € Q (2 is an open neighborhood
containing the origin) where k is non-negative constant. Using
the converse Lyapunov theorem [7], there exist a continuous
Lyapunov function V (¢, &) that satisfies

D) alél? < V(t,€) < eaél? ,
ii) The derivative of V' (¢, £) along the nominal equation £ =

f(t,8) + g(t, &) satisfies

79 =2"+ % pa.e)+ 8Z

3 —esil”

g(t,¢) <

iii) || Gl < call€]

where cl, ca, c3 and c4 are positives constants. The idea
consist to use V' as a candidate Lyapunov function of the

additive perturbed system (20) and the time derivative of V'
with respect to system (20)

V(t,6) = 81+%Z <t,e> ag (1,6) + 5 3(1.6)
< —aalle? + 11 G- €)
< —eallel? + mnsn?
< —(e3 — Aea)|€]?

Then if we choose A < g—i, the perturbed system is exponen-
tially stable.

IV. ROBUST TRACKING CONTROL

The section is divided into subsection; in the first one, we
will write the error dynamic model that present the difference
between the ROV model and the reference model, and in the
second subsection we will use the backstepping method that
provides a non linear control law that realizes the control
objective.

A. Error dynamics formulation

The aim here is to track the following reference variables:
Ty Zpy Oy U, Wy, g To this end, we define the following
tracking errors: o = — Ty, 2e = 2 — 2, 0 = 0 — 0, ue =
U — Uy, We = W — W =q—q-and X, = (v, 2z.)T.

1r, We rs Qe q — gr e e “e
According to (1) and the definition of the tracking errors we
obtain the error dynamics as the kinematic ones:

. cd  sO Ue
Xe_(—s@ c@)(we>
—_———— ——

Ro Ue
ch_ch, s6 — s0, U
Jr( —s0 + 56, ¢l — cb, > ( W, ) (22)
\‘/—/
RQT U,
ée =(e
and the dynamic ones:
Malie = — My (Wele + WrGe + qrwe + wypgr) — dy e
—(Fw — Fp)s(0c +0,) + T — Ur + Xu
M, We :mz(ueqe + UrQe + Grue + UTQT) — dyWwe

+(FW - FB)C(ee + 07) + Tw — Wr + Xw (23)

JyGe =(my — my) (UeWe + UpWe + Wrtte + Upwy) — dgGe
+ZgFB5(96 + 97“) - q'r + Xq

where X, Xw and x4 show the three dimension disturbances,
assumed to be bounded.



B. Control design

The tracking control objective has been converted to a
stabilizing problem given by the system (22)-(23). Thus, we
make the following assumption.

Assumption 4.1: 1) Each of the time-varying terms has a
constant upper bound, for example (0 <|| ¢, ||< ¢r maz)
2) The pitch and heave velocity has lower and upper bounds,
|| q ||§ Umaz and ” w HS Wmazx-
3) The uncontrolled velocity errors ¢, has upper bounds.

Proposition 4.2: With the proposed feedback controllers

Tu =M ATy + Mz (Wege + WrGe + qrwe + wrqy) + dytie

+(Fw — Fp)s(0c + 0,) + i — Xu} (24)
My (UeGe + Urfe + Grite + UrGr) + dywe
—(Fw — Fp)c(0c + 0,) + 1wy — Xw}

Tw =M {Tw —

with
Ty = — Clu(ue - au) - CQu(ue - O‘u)3
46y, — el + 250 (25)
Tw = — Clw(we - aw) - CQw(we - aw)g

+bg — T80 — 2ol

where o, and «, will be specified later. Then, we prove that
the proposed control law (24) guaranteed the convergence of
the error tracking in the neighborhood of the origin.
Proof:
step 1) In order to stabilize the vector position (X, 0.)7,
we assume u.,w. and g, as virtual controls. We start by
defining the following Lyapunov function candidate:

1 1
Vi = §X€T X, + 593 (26)

The time derivative of V7 can be writhen as

Vi = XT(RoUe + Ry, U,) + 04 27

Then, the first part of the desired expressions for the virtual
controls is chosen as

Ue = (ot 001)" = —R{K X, ag = K0 (28)

where K = diag(k1+ke, k1+k2) and (kq, ko, k') are positives
constants. The time derivative of V; becomes

Vi=—-XTKX,—k6*+ X716 (29)

where 6 = [0y, d2]7 = Ry, U, a bounded terms.

step 2) Since the components of the vector (U,,g.)” are not
true controls, we need to introduce new error variables w,,, @,
and w, defined as:

w = [wiuwuan]T = [ue — Oy, We — O, Ge — aq]T

Then, the inertial position (X, f.) and the error w, equations
are rewritten as

X.=—KX.+ Roww+ 6 (30)
0, =— K0, (31)
Wy =— me_ e (UeWe + Upwe + Wyptte + Upwy)
Y
d F
= S+ 20,40, — g +xa (BD)

Before starting, we perform some manipulations on the pitch
error dynamic equations. Then <, can be expanded to:

My — My Mg — My
T W = e +o,  (33)

Wy = —

where

d ZFB
—(k — %4y, 4 2
0q =( Jy)q + Ty

3(95 + 67“) + UrWer — qr + Xq (34)
We now consider the stabilization of the subsystems that are
controlled by the assumed virtual controls u. and w,

My — M, My — My
-+ — ——UpWe + Qq (35)
Jy

WWg = Qg2 (36)
UpTq = Qg2 37
My — M
where ¢y, and co4 are positive constants. Then, taking into
account (29) it is
Qy =01 + Q2 (38)
Qyy =CQlyy1 + Q2 (39)

So far, the controlled subsystem of the kinematics and the
errors wy is transformed as

X.=—KX.+Ryw+46 (40)
6, =—k'6, (41)
Ty = — ClLaww, — Coquit, + 04 (42)

In order to stabilize the above subsystem,we choose
1 5
Vo= Vi+ 5 (43)

Taking into account (29), its time derivative becomes

Vo=—XTKX, - k6> +XTs

—(clqw2 + czqug)wg + 04w, (44)

step 3)In the following we would force w, and w,, to zero,
so we consider the following Lyapunv function:

1 1
Va=Vo+ iwi + §wﬁ, (45)



The time derivative of V5 can be expressed as:
Vs=—XT'KX, —K6?>+XTs
+ 00y (Tu — Gy + Tl — 2.80)
+ 0y (T — Qay + T80 + zcH)
_(Clqw2 + Cunz)wg + 0q@q (46)

Using 7,, and 7, given by the proposition, equation (46)
becomes:

Va=—XTKX.— k6> — cruw? — couwos
2 4 2 2\ _2
—Clw Wy — C20w Wy — (Clqw + C2qu7“)wq
+X76 + 04w,y “47

Note that although Vj is not necessarily always negative, this
will be sufficient to achieve practical stability.

Now, the last term with uncertain sign is examined using
a worst case analysis, i.e., considering that all of them are
positive. In the following analysis we use Youngs inequality,
the quantities (&;);=1,2,3,4, are positive constants. For the first
three of the uncertain terms we have

M 1 M
(K = T1aewy <7 = T lacl +alw”  @8)
y Y

M, 1 M,
qu|Q|wq > Jqq q2wq < 7‘wq|2 +e2—— qq |Q|4 (49)

Jy Jy
2o F . 1
(=2 Bs(0e +6,) + ww, — ¢r)w, _4—|wq|2 + €362 (50)
y €3
where we have £ > |29FB (6’E +60,) + urw, — g
Xq@q < qul + eafwy|? 1)
1)
~XTKX. + XI'6 = — kya? — k122 — ko(ze — i)Z
2
d2 o I1O17
—hy(ze — ~2 )% + oL 2
ka(ze %2) 1y (52)

After tedious but straightforward algebraic manipulations
of the various terms in (48)-(52), and taking into account the
above assumptions, we end up with the following form of the
derivative of V3

. 01 02 152
Va < — ka2 — k122 —ko(ze — =) — ka(ze — —)° — k0
3 S 1Te 1%¢ 2(30 ng) 2(2 ks )
L — Coy T — a1 w2 + cogu® — €1 — €4 — 1 b w2
“ “ a amr dey  deg’ 1
1 M
_Clwww CQluww + E[k/‘/ - qu 2q2,maz
qu 537L(LL 1
+e2 Jy Q’V‘V‘LIZ(E +E3€ + - 4]€ + | Q| (53)
In Eq. (48) the term [c1,w? + czqu2 — €] — €4 — é - i]

must be posmve Setting € = €1+ €1+ 7 452 +E > 0, it must be

clqw + czqu > ¢, which holds for large and positive ¢4, c24
and small ¢

Choosing the various gains in order for the coefficients of the
states of the error dynamics to be negative we rewrite Eq. (53)
as follows:

V3 < — klxi — k‘lz — K 02 — cluw2 — ch,,w kgw +
(54)
where
2 2
® k3 =CiqWiae + C2qUr maz — € (55)
1 ’ Mq 2 2 qu2 4
L Al |
® [ 461 [ Jy } Ge,max + €2 Jy dmax
52 1
2 mazx =
+es” + YT o X (56)
Taking o = min{ky, k', ks, cru, C1w }- Then
Vs <—20V3+p (57)

By using the comparison lemma [7], the previous equation
leads to:

Va(t) <Va(0)e > + 2= (58)

Now, if we define
&= [xe,ze,ﬁe,wu,ww,wq]T (59)
then, consideringn equation (45) it is 2V3 = [|£]|> we conclude

eI <l + [ (60

Eq. (60) means that the states of the error dynamics remain
in a small, bounded set around zero, which can be reduced
using an appropriate combination of the controller gains. At
this result we arrived using (25) along with (20). [ |

V. SIMULATION RESULTS

In this section, we give a numerical simulation to illustrate
our theoretical results. Before starting, we will present the
system parameter values (IS units) used for simulations. The
added masses and hydrodynamic coefficients calculated from
the CAD-geometry are presented in Table 1.

TABLE I
RIGID BODY AND HYDRODYNAMIC PARAMETERS OF THE ROV

Parameter Symbol Value

mass (kg) m 10.84
moment of inertia (kg/m?) Iyy 0.216
Added mass in surge X -1.0810
Added mass in heave A -0.3.848
Added inertia in pitch My -0.0075
Surge linear drag Xu 2.1613
heave linear drag Zw 2.4674
Surge linear drag My 0.053
Surge quadratic drag Xuu 4.4674
heave quadratic drag Zww 5.989
Quadratic pitch drag Myq 0.1011

Center of gravity G (za,ya, z2a) (0,0,—0.16)

Center of buoyancy C (zB,YB,2B) (0,0,0)




o The feedback laws given by (9) make the origin of (1)-
(2) exponentially stable for small enough values of ¢
and large enough values of k, and k, : The control
parameters were chosen as

k1:k4:10, k2:2, kgzk‘u:kw:g,E:0.0l
The initial vector of states of the ROV is taken as:
[u, w,q,0,z,2]"(0) = [0.3,0,0,0.2,0.5, —0.5]"

Figure 2 shows the time evolution of the ROV state
variables and we can see that the inertial position converge
in a small neighborhood of zero. The linear and angular
velocities convergence are depicted in figures 3.

Figure 4 sketches the control forces 7,, 7, needed for
stabilization.

In figures 3, we can see that the inertial position and the
Euler angles converge in a small neighborhood of zero
which can be considered as a practical stability results
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Fig. 2. Trajectory of the ROV in the vertical plane
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Fig. 3. Sketch of the different states in the vertical plane
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Fig. 4. Sketch of Feedback stabilizing controller in the vertical plane

o The reference trajectory in the vertical plane is described

by the following equations
x, = 10sin(0.3t), 2. =0.3t, 6, =0.1rad
The initial vector of states of the ROV is taken as:
[u,w,q,0,z,2]"(0)=10,0,0,0.1,-1,1]7

The simulations results were obtained with gain chosen
as: k‘1 = 0.5, k‘Q = 0.4, kK = 05, Cly — Cy — 3,
Clw = Cow = 3, Clq = C2¢q = 1.

In figure 5, the reference and the resulting trajectory
of the CM of the vehicle in the inertial XZ plane
are displayed. The convergence of the errors in linear,
angular velocities and Euler angles are depicted in figure
6. Figure 7 sketches the control forces 7, and 7, needed
for tracking in the vertical plane.
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Fig. 5. Actual and reference trajectory in vertical plane
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Fig. 6. Sketch of the different tracking error in the vertical plane
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Fig. 7. Feedback tracking controller in the vertical plane



VI. CONCLUSION

In this paper, the design control problem for underactuated
ROV on the vertical plane was addressed. In the first part, We
prove that the presented system in the paper is not stabiliz-
able by continuous pure state feedback law. The exponential
stabilization problem of the origin by means of smooth time-
variant feedback law has been proposed for the kino-dynamic
model. The averaging theory is used to prove the stabilizing
results. Secondly, given a reference trajectory to be followed
by the ROV and using these reference values, the dynamic
of the ROV was transformed to the error one. Backstepping
techniques is used to stabilize the above system and force the
tracking error to a neighborhood about zero that can be made
arbitrarily small. Computer simulations are showed very good
tracking performance and robustness of the proposed method
in the presence of parametric uncertainty or of trajectories that
are described by time-varying velocities.
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