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ABSTRACT

An Autonomous Surface Vessel (ASV) can be

discussed using first principles
uncertainties, non-linear and non-

Vessel kinematics

INTRODUCTIO

Autonomous Surface Vessels (ASVs) are useful, especially for researchers and generally to
mankind due to their versatile applications such as in Oceanographic survey (surface, under sea),
as a communication interface between underwater vehicles & surface ships, for mine hunting,
protection or surveillance, in anti-submarine warfare [1], pollution/chemical detection,
bacteriological or radiation detection and so on. Research and development of classical controllers
for any dynamical system are initially based on the availability of a mathematical model, which
provides close and accurate description of dynamics of the real system. Many previous research
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publications are available on mathematical modelling, control, navigation, and communication
systems for underwater vehicles [2]--[4], but only a limited research has been reported on
hydrodynamic modelling of surface vessels, especially for autonomous applications [5], [6] with
engine propulsions. A mathematical model for a hovercraft was developed in [7] to introduce
stabilization algorithms and such systems are simple when compared to that of a standard surface
vessel as it does not contain many of the nonlinear coupled drag terms. In [8] and [9] also,
mathematical models were used to test and simulate control algorithms but these rather poorly
represent the non-linear dynamics of the vehicle.

in to account when
independent with the
i hese

described in [10] was used as a main reference oments calculated using
practical data found in [6],[9],[10],[11] and referen in. g assumptions are made
in the mathematical modeling @kthe ASV:

1. Surface vessel is rigid.
2. Earth Fixed Frame [EFF] is ine
ig€ in vertical, pit@
cy forces are &

6. Hull
7. Fluid in

A Complex 3-DOF dynamic model is derived for the CAD model of the surface vessel shown
in Fig.1. Important parameters of the vessel are depicted in Table I. The design of an ASV
depends on many factors and conditions. But here, geometry of the vehicle is important only as
mathematical relations are obtained using general notations rather than numerical values. Main
vessel components are Hulls; two hulls (pontoons) with same shape and dimensions are mounted
symmetrically on either side of the body.
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4] propellers

A. Hulls of the Vessel

Two hulls (pontoons) with same shape and i i on either side
of the body. Since beam to length ratio I i to flat plates for
damping calculations.

B. Strut

Strut is a thin column with s is.airfoil cross sectio xtended from bottom of the
body to inside of the sea surface.

the back end of the hulls by vertical supports and the thrust
Isive action of the power drives. Please refer [11] for different
types of propellers issues.

Specifications of the ASV Components

Component Parameter Notation Specification
Length 2.540
Beam 0.152
Draft 0.127
Planform area 0.774
Length 1.580
Beam 0.025

Hulls
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Chord Cq 0.075
Projected area
(- direction)
Projected area
(- direction)

Length 1.870

Greatest

diameter

Propellers Blade diameter 0.100
(screw type) No of blades

0.035

0.119

Submerged
body

0.443

Total mass
Surface Vessel

Yaw inertia

BFF) is chosen such that
Y0.f.) system is considered

1)

linear displacement and € = ¢ (t ) is the rotation about the

vertical is. i i of surge (Xg-direction), sway (Yg-direction), and yaw

(rotatj i Zv(t),andr =r (t), then the velocity vector of the
written as

2
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Figure 2. Coordinate frames defined for kinematic analysis

When the angle of trim (@) and angle of roll () are negligible the rotation matrix from the BFF
to the EFF for a 3 d.o.f. system can be derived to be

cosy -—siny O
J(n)=|siny cosy O
0 0 1

Then, the relation between the 7(t) and V (t) can be express

d(n(t) _ .
a7

Newton-Euler equations governing the mo i ternal forces and
torques are written referring to Fig. 2. The fesu i the ASV along the
directions of BFF are

where M is the positl finite mass-inertia matrix, C[v(t)] € ®>® is the total matrix of Coriolis
and centripetal ternfs, D[v(t)] e R® is the damping vector, g[n(t)]eR® is the vector of

gravitational forces and moments, and T, (t) =[X(t),Y (t), N(t)]" € R® is the input vector that
represents the external forces and moments that will be described shortly.

Further, M and C[v(t)] consist of sum of two components representing rigid body (RB) and added
mass (AM) matrices, M ,,, and C,,, that are formed due to the forces of the surrounding fluid are

described later section of this paper. The gravitational forces and moments include the forces and
moments due to the weight (W) of the vessel and the buoyancy (b) force;
69
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gln(t)] = gu (1) + 9, (1) @

where g, =mg and g, =—p(volume)g . As vertical or the heave motion of the SV is
approximated to zero, term g[7(t)]is diminishing.

HYDRODYNAMICS MODELLING

In this section, all hydrodynamics damping forces applied on the vessel, added mass coefficient

sential to analyze all
ys of friction forces.

properties; density ( as 1025
and 3.3% salinity [10] are assumed. The planfor

(eg: surface hulls as flat plateseg
practical data contribute mainl
vehicle can be represented using

CG and distances,
end, the velocit

ve ( residual ) resistance (R.s) where later two resistances constitute
Froude’s residual res e total resistant coefficient can then be written as

C, =@1+k)C, +C,+C, 9)

where C, - frictional resistance coefficient, C, - wave resistance coefficient, C, - additional resistance
coefficient and (1+ k) - form factor where K is a constant. (1+ k) is known as form factor which varies

for different block coefficients (C;) defined as the ratio between the ship’s displacement volume and that

of a rectangular box in which the ship’s underwater volume “just fit”.

From Froude’s approach [11];
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(10)

where p — density of the sea water inkg/m®, V — model speed and S — wetted surface area of the

. . . Ul . . -
object/hull in m?. Renold number, R,, defined by R, = — is used to estimate resistance coefficients
v

[9] with correct substitution for characteristics velocity, U , which is defined same as U, in (11) and
characteristics length, | . Relationships given in (13) and (14) are appli el to calculate C, and

C,, [11] respectively

0075
[log(R,) - 2] ¢

f

is the velOcity at CG of the particular object or element

on is contributed by viscous/skin drag (VD) and residual
oth hulls (port side hull and starboard side hull) are

Fox, (U,1) =C; pA U (14)
Fax, (U, 1) =C,, pAU|U| (15)

where U =u—d, ,r and d, , is the distance from the CG to the port side hull ( same for starboard

side hull as well) in Y, -direction and, A, is the wetted planform area of the either hull [10].

INTERNATIONAL JOURNAL OF ADVANCES IN ENGINEERING RESEARCH




International Journal of Advances in Engineering Research http://www.ijaer.com
(NAER) 2016, Vol. No. 12, Issue No. I, July e-1SSN: 2231-5152, p-1SSN: 2454-1796

Damping force in Y; -direction can be calculated by integrating elemental damping forces for both
hulls as

forward dfx

FR.n= | dFy= | ZCo T, oMy

aft —dax

V(X) —V4+ Viow ~ Vstern
Lh

with v, ,, and v, being the velocities at bow (front end) angé® c d) of the hulls, and

C,y, =2 for cross flow over a flat plate [5]. Total damping acnt in y Mfirection is calculated

agdl other terms are

To that end, ; (18)

(19)
where S, and S, are projected area of the strut in X and Y, -directions respectively. Therefore,
the total force in the X g -direction is;

Fe%, (U,r) = Lsina + Dcosa (20)

1
FSVY)?B (u’r) =§pVSvXBNS,XB AXCrX (21)

INTERNATIONAL JOURNAL OF ADVANCES IN ENGINEERING RESEARCH




International Journal of Advances in Engineering Research http://www.ijaer.com

(NAER) 2016, Vol. No. 12, Issue No. I, July e-1SSN: 2231-5152, p-1SSN: 2454-1796

and that in the Y -direction is
Fsv,eg (v,r) =Lcosa —Dsina (22)
y-ry

1
Fsy, (u,r) =§,0VS'YB sy, [AC (23)

where A, and A, are projected areas, V , and Vg, are the veloci Qe strut of the format as

by respective distances.

D. Gertler Pontoon Damping Force

d by summing up elemental drag forces

..., 10) elements in Y, -direction as cross

pAyngi ‘Vgi ‘Cgi

10
_ F VD
- G,Ygi
i=1

Damping moment in -direction;
Mg (U, v, 1) =D R3S (v, r)dy, @7

where v, =v+dr, and d; is the distance from the CG of the pontoon to element CG in Y-

gi
direction. Moment derived from the force in (24) is cancelled as the vessel CG vertical plane is
aligned with submerged body mid-vertical plane.
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E. Thrust and Propulsion

A propulsion system is needed to overcome the resistance and drive the vessel in desired
trajectories by desired velocities and accelerations. Propulsion is an energy transfer generating
when a propulsor delivers thrust and translation for torque inputs. Fixed pitch open screw
propellers, controllable pitch propellers, ducted propellers, thrusters, cycloidal or voiht-schneider
propellers, water jets are names for such propulsors mainly used in present systems. Different
propulsion configurations, specific applications and advantages can be found in [11]. The
efficiency of propulsors varies widely depending on propulsion method used (type) and among
above types, screw propellers has not yet been equaled in mo other types (greater

pe propellers consist
produce thrust when

n - Angular velocity of blades, d - Diameter o . i nd (29), thrust, T, and
torque, Q, can be derived using the thrust cgéffici i Ky, and their

Resultant thrust vgctor (input fa

and Y, -dir
X =T, cosa, + T coSag
Y =T, sina, — T, sinag

N=Xxd,, +Yxdp, .

INTERNATIONAL JOURNAL OF ADVANCES IN ENGINEERING RESEARCH




International Journal of Advances in Engineering Research http://www.ijaer.com

(NAER) 2016, Vol. No. 12, Issue No. I, July e-1SSN: 2231-5152, p-1SSN: 2454-1796

Figure 3. Seleted screw propellor and repersentation ofdil@i€es and momen

F. Propeller-Hull Interaction
The propellers operate in the wake of the hull a

(42)

All friction forcC ulated in above sections by assuming steady-state sea environment.
But this is not satisfie ost of the time as acceleration of the vessel can be changed. Therefore,
viscous friction coeffs€ient should be altered according to those variations. The non-dimensional

term, U%, i.e., the number of body lengths traveled in a time, t, defined in [10] is used to

differentiate this effect as in (43) and (44).

Ce (R, V)= Co(R)  ;UY <1

cF(Rn,U%)ch(a,U%) ;U% >1.
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Therefore, this effect that is often ignored in literatures for example as described in [6], [7], and
[15], are considered for our hydrodynamic model.

H. Added Mass Coefficients

Values of added mass coefficients represent the amount of fluid accelerated with the body in
physical standpoint. However, the added-mass coefficients for translation generally differ
depending on the direction of the body motion, as opposed to Newron’s equation of motion.
Referring [10], [16]--[18] and 3D model developed using open ce FreeCAD parametric
modelling software [19] (Fig.1) are employed to calculate adgée pefficients as in (46)
through (48) and then added masses of Coriolis and centripet3

[-0.0007 O 0
0 7.5673  0.5060
|-0.0003 -2.7924 26779

13.8159 0
0 149.53
0 45.2148 169

(t)=-M[C(V)+DV)V(t) + M T,
Now, we can define the state vector as

X=" v

From (4) and (51), the state space model of the ASV can be obtained as

X = f(X)+BT,
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I V(1) }
~M[C(v) + D)V (t)

where Bz{ 0_1} and f(X)={
M

CONTROLLER DESIGN

To demonstrate practical use of the mathematical model, a CTC: computed torque-like
controller [21] for tracking of predefined trajectories relative to EFF coordinate system is
designed. This illustrates the accuracy and efficiency of the models derived above.

The CTC control law is

T, () = MV (1) +[C(V) + DV)]V (¢

V() =[3 )1 g

—J(7)\V

where 7, (t) represents the desired trajectory a the tracking error. The
controller gains, K; and K qare diagonal positive i$€s. The system (6) with the

controller (51) result in the erro
(52)

> the desired and actual trajectories and orientation so that the
behavior of the ve i pletely shown. For simulation purposes the dynamics explained by
(49) is used with the ¢ ller inputs given by (50) for desired trajectory 7, described as

ns =[Xs Yo V4 I' (53)

X4 = Asin(ot + @)
Y, = Acos(wt + @)
vy =—(at+4¢)
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and the phase shift, ¢ = 45°is selected for this simulation. The radius of the trajectory is A=10m and
angular velocity @ =1.rpm (= z/30 rad/s) rad/s. The behavior of the vehicle is simulated for 60
s, or one complete cycle. Controller gains are chosen as

K, =diag (10,10,10) and K, =diag (10,10,10).

The desired path and corresponding actual path, and surge, sway and yaw rates are shown in
Fig. 4. The vehicle converges quickly to the desired trajectory and follows the same for rest of the
time. Surge velocity rises up to 6m/s and achieves constant ut 1 m/s within 4s

actual

¢ desired

Velocities of the Vessel

T
)

Figure 4. Tracking of circular trajectory (arrows show orientation of the ASV)
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DISCUSSION
The dynamical behaviours of a surface vessel can only be partially depicted using current
modelling techniques in the literatures. Further hydrodynamics of SVs are complicated when the
vessel's motion is in transient. When considering a tracking problem where the vessel may be
required to follow search patterns or its desired path is constantly being modified with the
presence of large, unknown perturbations in ocean environment. For high-performance control of
a mechanical system in terms of accuracy, stability, and robustness, it is of paramount importance
to consider its mechanical structures, torques and forces acting upon it. Therefore, it is necessary
to have accurate dynamic models of the controlled system, and cg should be synthesized
surface vessels are
urately. Hence, the
jronments, apd to

filling the current gap of the field.

It is important to note that in practice there two control S (thrust and angle of
propellers) control three d.o.f. (swage, sway, w) when trolling two propellers
simultaneously. Because of thglack of a third indepen i
generally ignored in many re
whose stability is not proved. | .
docking of surface vghicles. CTC @ based Q
dynamics is availd@le. Obviously, Wis i

is of dynamics of an autonomous surface vessel is presented.

ical model is developed by analyzing kinematics, vehicle body

arine-hydrodynamics behavior of the different components of the

surface vessel. Scre ropellers are proposed to power the vessel due to their high efficiency

and availability. A c@Mmputed toque-like controller is designed and the model is simulated

numerically to track a circular trajectory. Results show the linear stabilization of velocities and

nearly close follow of the actual trajectory with constant yaw rate though it moves in sway

direction from center to perimeter initially. Friction forces induced on the surface vessel in the sea

is unpredictable and non-linear in nature. To track a given path or destinations are highly surface

vessel should equipped with self-adapting controller. Authors are intending to use this model for

their future researches on development of a fully autonomous controller for path tracking and

stable speed maneuvering prior to develop physical model of the surface vessel designed and
described through this work.

79

INTERNATIONAL JOURNAL OF ADVANCES IN ENGINEERING RESEARCH




International Journal of Advances in Engineering Research http://www.ijaer.com

(NAER) 2016, Vol. No. 12, Issue No. I, July e-1SSN: 2231-5152, p-1SSN: 2454-1796
REFERENCES

1] http://www.sirehna.com (accessed online on 12. 05. 2014)

21 Bradley E. Bishop, “Design and Control of Platoons of Cooperating Autonomous Surface
Vessels,” United States Naval Academy.

@1 V. Bertram, “Hydrodynamic Aspects of AUV Design,” ENSIETA, Brest/France.

Ananthakrishnan, P. & Decron, S. “Dynamics of Small- and Mini-Autonomous Underwater
Vehicles, Part I. Analysis and Simulation for Midwater Applications,” tech rep., July 2007.

N. Newman, Marine Hydrodynamics.

MIT Press, 1977.

I. Fantoni, R. Lozano, F. Mazenc, and K.
actuated hovercraft,” International Journal of Ro
645-654, 2000.

Y. Fang, E. Zergeroglu, M}

dynamically positioned surfad

no. 4.
E. O. Tuck, 4

ie, Offshore Hydromechanics. Delft University of Technology,
. Crowe, J. A. Robertson, and D. F. Elger, Engineering Fluid
n Wiley & Sons, Inc., 7th ed., 2001.

Inc., 1959.
M. Gertler, “Resisfance experiments on a systematic series of streamlined bodies of revolution
for application to the design of high-speed submarines,” DTMB Report C-297, Bethesda,
1950.K. Pettersen and O. Egeland, “Exponential stabilization of an underactuated surface
vessel,” 1996.

[14] “Nomenclature for Treating the Motion of a Submerged Body Through a Fluid,” The Society
of Naval Architects and Marine Engineers, no. 1-5, 1950.

115] K. Pettersen and O. Egeland, “Exponential stabilization of an underactuated surface vessel,”
1996.

80

INTERNATIONAL JOURNAL OF ADVANCES IN ENGINEERING RESEARCH




International Journal of Advances in Engineering Research http://www.ijaer.com
(NAER) 2016, Vol. No. 12, Issue No. I, July e-1SSN: 2231-5152, p-1SSN: 2454-1796

6] L. Landweber and A. T. Chwang, “Generalization of taylor's added-mass formula for two
bodies," Journal of Ship Research.

171 O. Saout, “Computation of hydrodynamic coefficients and determination of dynamic stability
characteristics of an underwater vehicle including free surface effects,” Master's thesis.

(18] Bradley E. Bishop, “Design and Control of Platoons of Cooperating Autonomous Surface
Vessels,” United States Naval Academy.

1191 FreeCAD: An open-source parametric 3D CAD modeler VV0.16 http://www.freecadweb.org/

1201 Y. Fang, E. Zergeroglu, M. de Queiroz, and D. Dawson, “Glo
dynamically positioned surface vessels: an adaptive control

INTERNATIONAL JOURNAL OF ADVANCES IN ENGINEERING RESEARCH




