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Adaptive track-keeping control of underwater
robotic vehicle

Jerzy Garus

Abstract—The paper describes a method of control of the
underwater robotic vehicle to the problem of tracking of a reference
trajectory. A multidimensional non-linear model expresses the
robot’s dynamics. Command signals are generated by an autopilot
consisting of four independent controllers with a parameter
adaptation law implemented. A quality of control is concerned
without and in presence of environmental disturbances. Selected
results of computer simulations illustrating effectiveness and
robustness of the proposed control system are inserted.
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Underwater robotics has known an increasing interest in
the last years. The main benefits of usage of Underwater
Robotic Vehicles (URV) can be removing a man from the
dangers of the undersea environment and reduction in cost of
exploration of deep seas. Currently, it is common to use the
URYV to accomplish such missions as the inspection of coastal
and off-shore structures, cable maintenance, as well as
hydrographical and biological surveys. In the military field it
is employed in such tasks as surveillance, intelligence
gathering, torpedo recovery and mine counter measures.

The URV is considered being a floating platform carrying
tools required for performing various functions. They include
manipulator arms with interchangeable end-effectors,
cameras, scanners, sonars, etc. An automatic control of such
object is a difficult problem caused by its nonlinear dynamics
[1], [21,
[4] —[6]. Moreover, the dynamics can change according to the
alteration of configuration to be suited to the mission. In order
to cope with those difficulties, the control system should be
flexible.

The conventional URV operates in crab-wise manner in
four degrees of freedom (DOF) with small roll and pitch
angles that can be neglected during normal operations.
Therefore its basic motion is movement in horizontal plane
with some variation due to diving.

An objective of the paper is to present a using of a model
reference adaptive algorithm to driving the robot along
a desired trajectory in spatial motion. The paper consists of
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four sections. Brief descriptions of equations of motion of the
URV and the adaptive control law are presented in Section 2.
The next section provides some results of the simulation
study.

Conclusion is given in Section 4.

Il. NONLINEAR ADAPTIVE CONTROL LAW

The general motion of marine vessels of six DOF describes
the following vectors [3]-[5]

n=[xy.z¢0y
v=[uv,w,p,qrf
t=[X,Y,Z,K,M,NT

1)

where:
1 — position and orientation vector in the inertial
frame;
XY, Z — coordinates of position;
mg, 6, v — coordinates of orientation (Euler angles);
% — linear and angular velocity vector with
coordinates in the body-fixed frame;
u, v, w — linear velocities along longitudinal,
transversal and vertical axes;
p,q,r —angular velocities about longitudinal,
transversal and vertical axes;
T — vector of forces and moments acting on the
robot in the body-fixed frame;
XY, Z — forces along longitudinal, transversal and
vertical axes;
K, M, N —moments about longitudinal, transversal and

vertical axes.
Nonlinear dynamical and kinematical equations of motion
in body-fixed frame can be expressed as [4], [5]

MV + C(V)v+D(V)v+g(m) =1 (2)
where:
M — inertia matrix (including added mass);
C(v) — matrix of Coriolis and centripetal terms
(including added mass);
D(v) - hydrodynamic damping and lift matrix;
g(y) — vector of gravitational forces and moments.
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For the URVs there are some parametric uncertainties in the
dynamic model (2), and certain parameters are generally
unknown. Hence, parameter estimation is necessary in case of
model-based control. For this purpose it is assumed that the
equations of motion (2) are linear according to a parameter
vector p, i.e. [8]:

MV +C(V)V+D(V)v+gm) = Y(n,v,V)p =1 (3)

where Y(n,v,v) is a known matrix function of measured
signals, usually referred as the regressor matrix (dimension
nxr), and p is a vector of uncertain or unknown parameters.
Let estimates of the matrices M, C(v), D(v) and the
vector g(n) be described as M, C(v), D(v) and §(n). If

model parameters are known with some accuracy the
following nonlinear control law can be applied [5], [8]:

T=Mu+C(V)u+D(V)u+§(n) -Kps = (4)
= Y(‘I],V, u, U)ﬁ - KDS

where:
M —inertia matrix (including added mass);
Kp - positive definite diagonal matrix;
S=¢, +Ae,;
e =N—"g;
€, =V—-Vy;
Uu=v, —Ae;;
A —positive definite weighting matrix.

Choosing the parameter update law as [4], [8]:
p=-TY"(n,v,u,u)s (5)

where T is a positive definite symmetric matrix, stability of
the control system and convergence s to zero is guaranteed.

A block diagram of the control system with parameter
adaptation law shows Fig. 1.

A
St v.n
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K;s
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p=—TY'()s s=(v=v,)+AM-m,) v,

Fig. 1 Diagram showing the parameter adaptation law
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I1l.  SIMULATION STUDY

A main task of the designed tracking control system is to
minimize distance of attitude of the robot’s centre of gravity
to the desired trajectory under assumptions:

1. the robot can move with varying linear velocities u, v, w
and angular velocity r;

2. its velocities u, v, w, r and coordinates of position x, y, z
and heading y are measurable;

3. the desired trajectory is given by means of set of way-
POINts {(Xy;, Vi 24 )}

4. segments of the reference trajectory between two
successive way-points are defined as smooth and bounded
Curves;

5. the command signal t consists of four components:
r,=t,=X, 5,=1t,=Y, r,=7,=2 and ¢, =7, =N
calculated from the control law (4).

A structure of the proposed control system is depicted in
Fig. 2.

To validate the performance of the developed nonlinear
control law, simulations results using the MATLAB/Simulink
environment are presented below. The model of the vehicle
basis on a real construction of an underwater robot called
“Coral” designed and built for the Polish Navy. The URV is
an open frame robot controllable in four degrees of freedom,
being 1.5 m long and having a propulsion system consisting of
six thrusters. Displacement in horizontal plane is done by
means of four ones which generate force up to 750 N
assuring speed up to +1.2 m/s and 0.6 m/s in x and y

direction, consequently. All parameters of the robot’s
dynamics are presented in the Appendix.
Mission
Planner
@‘ﬂd-\}s
: L Underwater | 1Y
A | — i —
utopilot Robiot
Filtering
& Estimation K————|
Module

Fig. 2 Main parts of the control system

Numerical simulations have been made to confirm quality
of the proposed control algorithm for the following
assumptions:

1. the robot has to follow the desired trajectory beginning
from (10m,10m, Om), passing target way-points:
(10m,10m,-5m), (10m,90m,-5m), (30 m, 90 m,
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-5m), (30m,10m,-5m), (60m, 10 m,-5m), (60 m,
90 m,-5m), (60m,90m,-15m), (60 m, 10 m,-15m),
(30m, 10m,-15m), (30 m, 90 m,-15m), (10 m, 90 m,
-15m) and ending in (10 m, 10 m, -15 m);

2. aturning point is reached if the robot is inside of a half
meter circle of acceptance;

3. the sea current interacts the robot with maximum velocity
0.3 m/s and direction 135°;

4. dynamic equations of the robot’s motion are integrated

with higher frequency (18 Hz) than the rest of modules
(6 H2).

It has been assumed that the time-varying reference
trajectories at the way-point i to the next way-point i+1 are
generated using desired speed profiles [7], [8]. Such approach
allows us to keep constant speed along certain part of the path.
For these assumptions and the following initial conditions:

un (tb )= Mo
Nk (tf ): A

Mok (tb )= Mo
ok (tf ): Mo
max ﬁdk (t) = ﬁmax

(6)

k=14, the i™ segment of the trajectory in

a period of time te<tb,tf> has been modelled according to

where

the expression [8]:

ﬁmax _770
o+ 2t
m ot — ’?max(tf - Ztm)
2
+ ﬁmax(t _tm)
_ 7.7max — 771
Ui 2t

t2

Mo (t) =

(t -tf

77max
The algorithm of control worked out
the simplified URV model proposed in [4], [9]:

where ¢ —t _h7'h.

basis on

M,V+D,(Vv="1 (8)
where all kinematics and dynamics cross-coupling terms are
neglected. Here Mgy and Dy (V) are diagonal matrices with the
diagonal elements of the inertia and damping matrices,

consequently. Uncertainties in the above model are
compensated in the designed control system.
The model (8) for motion of four DOF takes a form:
My U +d, |uju =74
m,V +d, Vv =7, 9)
m,W +d, [ ww =7,
myf+dyrlr =7,
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Define the parameter wvector p in a form
p=[m, d, m d, m, d, m, d,] the expression
(8) can be written as:

Y(v,V)p=1 (10)
where:
U jyw 0 0 0 0 0 O
_ 0 0 vijyo 0 00O
Y(v,v)= .
0 0 0 0 w ww O O
00 00 0 0 1 |
The regulation problem has been examined under

interaction of environmental disturbances, i.e. sea currents. To
simulate such influence on robot’s motion the current velocity
V. was assumed to be slowly varying and having a fixed
direction. For computer simulations it was calculated by using
the 1% order Gauss-Markov process [5]:

V. + NV, = (12)

where o is a Gaussian white noise, ;>0 is a constant and
0<V (t)<V,

cmax

Results of track-keeping in the presence of external
disturbances and the courses of command signals are
presented in Fig. 3.

It can be seen that the proposed autopilot enhanced good
tracking control of the desired trajectory in the spatial motion.
The main advantage of the approach is using the simple
nonlinear law to design the autopilot and its high performance
for relative large sea current disturbances (comparable with
resultant speed of the robot).

During simulations it was assumed that the true values of
components of the vector p are unknown. An evaluation
process started from the level of half of nominal values of
mass and damping coefficients. Time histories of estimated
parameters during tracking are presented in Fig. 4.

IV. CONCLUSION

In the paper the nonlinear control system for the underwater
robot has been described. The obtained results of simulation
study allows to state that the proposed algorithm with
parameter adaptation law assures a high accuracy of tracking
control along a predefined trajectory and shows its numerical
simplicity and usefulness for practical applications.

Disturbances from the sea current were added to verify the
performance and confirm correctness and robustness of the
approach.

Further works are devoted to the problem of tuning of the
autopilot parameters in relation to the robot’s dynamics.



INTERNATIONAL JOURNAL OF MATHEMATICAL MODELS AND METHODS IN APPLIED SCIENCES

position z [m]

position 'y [m]

80

position x [m]
F -
o o

N
o

o

1500 2000

error x [m]

2000

=
o
o

al
o

position y [m]

- d

—

error'y [m]

time [s]

Issue 4, Volume 1, 2007

position z [m]
&

1500 2000

-0.005

-0.01

error z [m]

-0.015

-0.02

1000
time [s]

2000

400

N
o
o

course psi [deg]

o

)
=}

error psi [deg]

-40
0

2000
time [s]

forces and moment

1
1000
time [s]

2000

Fig. 3 Track-keeping control under interaction of sea current
disturbances (maximum velocity 0.3 m/s and direction 135°):
desired (d) and real (r) trajectories (left upper plot), x-, y-, z-position
and their errors (2™ = 4" plots), course and its error (5" plot),
commands (right low plot)
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estimates for motion along x axis
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estimates for rotation about z axis
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Fig. 4 Estimates of mass and damping coefficients:

set value (s) and estimate value (e)

APPENDIX

The set of parameters used in computer simulations:

the URV model:

M =diag{99.0 1085 1265 82 32.9 29.1}

D(v)=D+D,(v)
where:

D =diag{l0.0 0.0 0.0 02 19 16}
227.2u] 405.4)| 478.
D, (v)= diag { u| 405.4)v] 478.0w|

3.2lp| 14.00|
C(V) — |:C11 C12:|
C21 CZZ
where:
00O
C,=/0 00
00O
[0 26w —28v
C,=|-26w O 18u
| 2v. -—18u 0
Cyn=Cy,
0 5r -6q
C,=|-5r O p
6q -p O

12.9r}
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—17sin(60)
17 cos(9) sin(¢)
17 cos(0) cos(¢)
— 279 cos(8) sin(¢)
— 279(sin(8) + cos(8) cos(¢))
0

g(m)=

2. nonlinear control law:

K, =diag{100 20 50 0 0 10}
I=diag{200 10 20 0 0 20}

A=diag{50 10 20 0 0 20}
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