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SUMMARY

This paper describes a modeling approach to compute the lumped parameter hydrodynamic deriva-
tive matrices of an underwater multi-hull vehicle. The vehicle, modeled as a multi-body underwater
system and denoted as cluster, can be composed by heterogeneous bodies with known dynamic
parameters, rigidly connected. The nonlinear dynamic equations of the cluster and its parameters
are derived by means of a modular approach, based on the composition of single basic elements. The
ultimate objective is to derive a mathematical description of the multi-hull system that captures its
most significant dynamics allowing to design model-based motion controllers and navigation filters.
The modular nature of the resulting model can be exploited, by example, when control reconfigura-
tion is to be dealt with in the presence of (possibly multiple) failures. The numerical simulation of a
hypothetical cluster is presented and discussed.

KEYWORDS: Autonomous underwater vehicle; Multi-body underwater systems; Hydrodynamic
model.

1. Introduction

Remotely operated vehicles and autonomous underwater vehicles (AUVs) are increasingly applied
in a number of offshore applications in order to improve operation efficiency and operator’s safety.
Among many other applications, intervention missions of underwater vehicles equipped with manip-
ulators represent an important asset in many applicative scenarios such as rescue, oil and gas industry,
underwater construction, security, etc.

Modeling of generic underwater vehicles has been extensively treated in' and.” The challenge
for a multi-body cluster is to describe the nonlinear dynamics of the cluster from the dynamics of
individual elements.

With respect to traditional modeling methods, the major difficulties arise from constraints when
robots are connected. Indeed lumped parameter dynamic models of marine robots include many coef-
ficients (hydrodynamic derivatives) associated with hydrodynamic interactions as drag, lift, added
mass, and buoyancy. These can be numerically estimated by computational fluid dynamic (CFD)
methods or experimentally. A more recent approach® combines analytical and semiempirical estima-
tion (ASE) methods with a parameter estimator based on the extended Kalman filter. In particular, the
ASE methods build on theoretical and numerical hydrodynamics and geometric models of submarine
vehicles.

If a multi-body vehicle is built by composing in cluster rigid bodies with known dynamic param-
eters, the question arises on how to exploit such knowledge to estimate the dynamic parameters of
the cluster. This is the main issue addressed in this paper. Note that the unknown model parameters
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could be experimentally estimated either off line (as in*) or online (as in*). However, typical maneu-
vers of practical interest for underwater vehicles are generally poorly exciting, jeopardizing the use
of online observers for accurate parameter estimation.

Multi-body dynamics for underwater applications has been investigated in multiple papers.
Refs. [6, 7] used multi-body dynamics to model underwater cables. Multi-body dynamics methods
for modeling underwater vehicles have been used in refs. [8—13]. Ref. [12] presents an approach
to multi-body dynamics modeling of a “semi-submersible” system consisting of a surface towing
vehicle, a tow cable, and a towfish. The towing vehicle and towfish are modeled using 6-degrees
of freedom (DOF) rigid body dynamics. Given that the towing cable can experience large deforma-
tions and displacements, its dynamics are modeled using the Absolute Nodal Coordinate Formulation
method.

In ref. [13], the multi-body dynamic modeling and analysis of an AUV with a Variant Buoyancy
System is performed based on Kane’s dynamic equations, namely, generalized forces that con-
tribute to dynamics are determined by Kane’s approach. Kane’s method offers advantages over
Newton—Euler and Lagrange methods for the computation of multi-body dynamics. With the use
of generalized forces, the need for examining interaction and constraint forces among bodies is elim-
inated. Also refs. [10, 11] present a methodology for dynamic modeling of multi-body systems using
Kane’s dynamic equations. In ref. [8], the cooperative navigation and control problem for fleets of
streamer-vehicle systems is considered; in particular, a dynamic simulation model for a coupled
streamer-vehicle system is proposed based on Kane’s method. Ref. [9] investigates the dynamic
modeling and control of an underwater vehicle-manipulator multi-body system on the basis of the
Newton—Euler recursive algorithm.

Dynamic modeling of reconfigurable underwater systems has been also investigated in
refs. [14—17]. Ref. [17] proposes a method that combines Kane’s equations with graph theory
to model underwater self-reconfigurable robots. Whereas the modeling approach proposed in
refs. [14-16] is based on an application of the Udwadia—Kalaba equation.'® The papers develop the
equations of motion for a system composed of N rigidly connected robots based on the Udwadia—
Kalaba formulation.'® This framework uses quasi-velocities to derive the constraints imposed by
rigid connections.

A specific approach for the dynamic modeling of a multi-body underwater vehicle is proposed
in the present paper, which tackles the problem of representing in compact form the dynamics of a
cluster of N rigidly connected elements. The characteristics of each element of the cluster (including
its hydrodynamic model) are assumed known. The approach appears particularly interesting when
one considers the development of larger vehicles designed and built by linking several smaller ones.
Such an approach, which is at the basis of some recent research programs,!® presents several advan-
tages, provided that (i) a considerable degree of redundancy is obtained, which allows for an easily
reconfigurable control system in case of failures and (ii) testing of a single, smaller size, prototype
element of the cluster is not only easier but also significantly cheaper than building and testing a
single, large size, vehicle.

Moreover, when larger vehicles are realized by means of a cluster of existing (and possibly already
tested) robots, performance and suitability of the new design with respect to mission requirements
can be easily estimated as soon as the dynamic model is available. The present paper offers a method
that allows to perform such an analysis, before the vehicle is built, possibly comparing different
geometric configurations.

The elements of the cluster are heterogeneous robots/bodies, which can be either actuated or not
actuated. When the cluster is assumed to be rigid, it is possible to derive the net values of exter-
nal actions (hydrodynamic forces and moments, total weight, and buoyancy) and control forces and
moments from those derived for the individual robots, without the need of evaluating internal actions
associated with the constraint forces induced by the cluster structure on its elements during the
motion. Hence, a modular approach is here proposed that exploits the knowledge of the dynamic
model of a single underwater vehicle to obtain a mathematical model for a cluster of underwater
robots. The original contribution is related to the application of a systematic approach to the dynamic
modeling of modular underwater robots.

The advantage of this approach with respect to the Udwadia—Kalaba formulation ref. [5] is the
derivation of a dynamic—hydrodynamic model for the whole multi-body system considering the
constraints imposed by the rigid connections only at a geometrical level, without the need for
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Fig. 1. The H2020 ROBUST project UVMS (Underwater Vehicle Manipulator System) platform.

explicitly deriving constraint forces and moments. Indeed, the proposed approach allows express-
ing directly the motion of the cluster using a 6-DOF equation, rather than using a 6N-DOF vector
of quasi-velocities as in refs. [14—16]. Moreover, with respect to the recursive Newton—Eulerian for-
mulation used in ref. [9], the proposed approach allows to derive a closed-form multi-body dynamic
model.

Preliminary results of this modeling approach were presented in refs. [20]. The methodology is
here described in more detail and applied to a realistic test case, derived in the framework of the
activities of the H2020 ROBUST project,'® where a similar configuration was built and is currently
under test (see Fig. 1). Numerical simulations are presented and discussed for assessing the validity
of the modeling approach.

The rest of the paper is organized as follows: Section 2 defines the notation and recalls the main
tools for the transformation of generalized forces and moments. Section 3 presents the problem for-
mulation and the description of the equation of motion for the cluster and the single k-th body. The
cluster model is derived building on the knowledge of the single body models. Numerical results are
reported in Section 4. Finally, concluding remarks are addressed in Section 5.
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(0’

Fig. 2. Reference frames used for describing motion of cluster C and k-th body /C linked rigidly.

2. Preliminaries and Notation

2.1. Clustering method

The clustering approach aims at providing a generic framework to model modular underwater vehi-
cles. Let consider a generic multi-body rigid underwater vehicle, composed of N heterogeneous
robots/bodies linked rigidly, denoted as cluster. Each element of the cluster can be either actuated
or not actuated, and its characteristics (including its hydrodynamic parameters) are assumed known.
The objective is to derive a mathematical description of the overall multi-body system dynamics
building on the knowledge of the single basic elements. This dynamic modeling exploits a specific
composition approach. It is based on the main assumption that the cluster is rigid. When the cluster
is assumed to be rigid, it is possible to derive the net values of external actions (e.g., hydrodynamic
forces and moments) and control forces and moments from those derived for the individual bodies,
without the need of evaluating internal actions associated with the constraint forces induced by the
cluster structure. However, it should be noted that, in line of principle, the distance among each single
vehicle can influence the hydrodynamic forces and moments. If such a distance is sufficiently large,
namely greater than two times the diameter of each single vehicle, the overall dynamic model will
not significantly be affected by interference phenomena.

Note that when interference phenomena become significant, they will depend on the particular
configuration considered, and either numerical CFD simulation or a dedicated experimental cam-
paign are required for modeling hydrodynamic forces and moments developed on the specific cluster.
Indeed, in what follows, the vehicles will be assumed to be at a distance such that the possible inter-
ferences can be neglected. The proposed clustering approach has the benefit to simplify the design
of accurate controllers. This is an important feature, especially when control reconfiguration is to be
dealt with in the presence of (possibly multiple) failures.

2.2. Notations
In order to describe the motion of multi-body generic rigid underwater vehicle by means of rigid
body DOF, the reference frames, illustrated in Fig. 2, are defined as follows:

e {0}: inertial North-East-Down (NED) earth-fixed reference frame with origin in o0 € R?;

e {b}): cluster-fixed reference frame with origin in ¢ € R?, where ¢ is the point chosen as pole for
forces and moments;
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e {k}: k-th body-fixed reference frame (k = 1, ..., N) with origin in a point p; € R? of the k-th body,
where py is the point chosen as pole for forces and moments.

Moreover, the following notation will be adopted for vectors in the coordinate systems {0}, {b},
and {k}:

brC,Pk = position vector from ¢ to p; expressed in frame {b} where it is constant (rigid body
constraint);

Ovpk /o = linear velocity of p; with respect to o expressed in {0};

by, /0 = angular velocity of {b} with respect to {0} expressed in {b};
bv./, = generalized velocity of ¢ with respect to o expressed in {b};
p,’j Jf = force with line of action through the point p; expressed in {k};

b
c

99, = Euler angles between {b} and {0};

m = moment about the point ¢ expressed in {b};

"o = —"v,), time derivative of *v,,;

dr

C, is the cluster center of gravity.

The symbol S(-) € R**3 denotes the skew symmetric matrix associated with the cross product, such
that S(@)b =a x b for any a, b € R¥*3,
From Fig. 2 it follows that

0 0 Op b
Fop, = ro,c+ Rb Tepo (1)

where °R;, € SO(3) is the rotation matrix between frame {b} and {0}. Time differentiation of (1) gives
the velocity of the point p; (origin of k-th frame {k}) with respect to o (origin of frame {0}) expressed
in {0}, that is:

d
Ovpk/o = d_toro,pk = 0Vc/o + O(J‘)b/O X Orc,pk- (2)
From time differentiation of (2) it follows that:
0 d, d, 0 0 0 0
pifo= 7 Veo + 7 @bl ) X Tep, + @50 x (Cwpjo x rep,). 3)

In the following, we recall the main tools for the transformation of the generalized forces and
moments between two points in different reference frames.

2.3. Generalized velocity vectors in different reference frames
The generalized velocity of point p; of the k-th body with respect to o expressed in {k} is denoted as

k"p /o

k . k

Vpijo =, . 4)
Wi /0

In order to express the relation between kvpk /o and by. /o, 1t is necessary first to all to express the

vectors in the same reference frame {b}. Letting ”R; be the rotation matrix from {k} to {b}, one has
that:

b

Vpi/o =

bvpk/n = b = bRkkvpk/m (5)
Wi /0

where matrix ’R; € SO(6) is defined as

_ bR 03y
bR, ::[ Lo 3} e RO6. (6)
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Note that since all points of a rigid body have the same angular velocity, the assumption of a rigid
cluster implies that bwk/o = bwb/g. Now, as also illustrated in,? the transformation between ” V), /0 and
by, /o can be expressed as follows:

"pso =T ("Fepp) "veson 7)

where the matrix 7'(°r. ) is given by

Ly —S(°re,
T (*rep) = [ v =SCrey )], 8)

0353 I3x3
summarizing
kvpk/(, =R, T (”rc,pk) bvc/o. ©)
Similarly it can be shown that time differentiating (5) leads to the following:
Dpso="Ry T (") "/ (10)

2.4. Generalized forces in different reference frames
Letting ’[jk T, be the generalized forces vector acting on k-th about p; expressed in {k}

k
g | 2T (11)
Py k my,

k

the generalized forces can be expressed in the cluster-fixed reference frame {b} using the matrix *R,
previously defined:

[b)kaZbRkl;k‘l'k. (12)

As also illustrated in ref. [2], the transformation of the generalized forces between the points p; and
¢ in frame {b} is given by

bre=T" ("rep,) bk (13)

Hence, the generalized forces about the point ¢ expressed in {b}, that is, ©7y, can be written as a
function of the generalized forces about the point p; expressed in {k} ﬁkrk through the following
transformation:

grk =77 (brc,pk) PRy Iljktk. (14)

3. Cluster Equations of Motion

3.1. Kinematic equations
Assuming that the cluster of N robots is rigid, its 6-DOF kinematic equations can be expressed as
follows:

Oi‘o,c :()Rbbvc/o (15)

PRy =—S (P@/0) "Ro. (16)

where °r, . =[x, y, z]" denotes the NED position of the cluster in frame {0}, *v./, = [u, v, w]" and
b@;,/0=1[p, g, r]" are the cluster-fixed linear and angular velocity vectors, respectively. So, Eq. (15)
describes the translational motion and (16) describes the rotational motion (i.e., kinematics of the
rotation matrix).

It is worth highlighting that the standard kinematic equations for the rotational motion used, for
example, in refs. [2,21], make use of the Euler angles as a parametrization of SO(3). It is known
that any minimal rotation matrix parametrization is singular. The formulation adopted in (16) has the
advantage being derived without needing any specific parametrization of SO(3), hence avoiding all
the issues related to minimal representation singularities. Of course, if needed, Euler angles ("®;)
could always be derived from the elements of the rotation matrix *Ry as reported in ref. [22].
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3.2. Dynamic equations
As shown in refs. [2,23], the standard lumped parameter model used in most robotics applications is
given by

Mrbb‘.’c/o +Cn (bvc/o) bvc/o = ?Trb- (17)

Equation (17) represents the Newton—Euler dynamic equations of motion expressed in an arbitrary
cluster-fixed coordinate frame, where

by = [vaT/O be/O]T is the cluster-fixed generalized (linear and angular) velocity vector,

f 7,5 is a generalized vector of external forces and moments,

M,y 1s the rigid-body inertia matrix,
C, is the rigid-body Coriolis and centripetal matrix.

The generalized vector of external forces and moments “7,, is given by:

b b b b b b b
T =oTp+ Tdrag T Trf T+ TE+ T+ .TL, (18)

where

bz 4 is the vector of dynamic pressure forces and moments;
IC’ T drag 18 the vector of viscous drag effects forces and moments;

f T,y is the vector of restoring (gravitational and buoyancy) forces and moments;

’C’ T = };Twave + é’ T ina 18 the vector of environmental forces and moments on a rigid body (it will

be considered negligible in the following);

b
c

b
c

T is the vector of propulsion forces and moments;

7 is the vector of lifting forces and moments.

Note that hydrodynamic forces and moments acting on the cluster are due to added mass, drag,
and lifting (’C’ Tdp, ’C’ T drag» and ’C’ 71), whereas the restoring forces and moments are due to weight and
buoyancy (°z /).

With regards to the left-hand side of Eq. (17), the rigid-body inertia matrix M,; and the rigid-body
Coriolis and centripetal matrix C,;, in (17) are defined as in ref. [23]:

mI3X3 —mS(brc,cg) b mS(bwb/o) —mS(bwb/O) S(brc,cg)
b= Y s Cop(P@p0) == , Y ) ,
mS( rc’cg) I" mS( rc~cg) S( wb/”) _S(IC wb/”)
(19)

where

m is the total mass of the cluster;
b"c,cg is the distance vector from ¢ to C, expressed in frame {b};
1. is cluster inertia matrix about ¢ (origin of frame {b}).

Assuming that the inertia 7, of the k-th vehicle about its center of gravity is known, the matrix /. can
be computed by means of the Huygens—Steiner theorem. Namely, the contribution of each vehicle to
the cluster inertia matrix about c is given by

Lo =T —mi S (rec,), (20

where my, is the mass of the k-th vehicle and brc,cgk is the distance vector from ¢ to Cy expressed in
frame {b}. Hence,

N
=) la @1)
k=1

https://doi.org/10.1017/50263574719001693 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574719001693

Dynamic modeling of underwater multi-hull vehicles 1689

As for the right-hand side of Eq. (17), that is, the vector of external forces and moments, the hydro-
dynamic/hydrostatic parameters for the cluster form the knowledge of the hydrodynamic/hydrostatic
parameters of each individual body. The same for the propulsion and lifting forces and moments. To
this aim, we consider the equations of motion of each body as illustrated in the following section.

3.3. Equations of motion for the k-th body
The equations of motion of the generic k-th body can be modeled as in ref. [2], where the generalized

velocities "v,,k /o and forces Iljkt,bk of the generic k-th body are expressed in its body-fixed frame {k}
(k=1,...,N):

Mrbkk“’Pk/U + Gy (kvﬂk/O)kvl’k/U = fliktrbk’ (22)
with

k

_k k k k k k
pi Trbe = p, Ty +Pkrdm3k +Pktrfk +PkTEk +Pktk +Pkr1‘k' (23)

By means of the matrices R and T (brc,m, ) defined, in Sections 2.3 and 2.4, it is possible to specify
the inertia, damping, lifting, restoring, and propulsion (when present) forces of all bodies about a
common point ¢ in a common reference frame {b} making use of the cluster generalized velocity
bv./, only. The details of such procedure are illustrated in the following subsections. Hence, the
generalized external forces for the cluster in (18) can be obtained from the sum of the individual
contributions properly transformed.

3.3.1. Hydrodynamic forces and moments. In general, a body moving in a fluid is subject to external
forces and moments due to the interaction between its external surface and the fluid. These hydrody-
namic forces and moments are proportional to the fluid density and depend on speed and acceleration
of the body.

Added mass terms. The dynamic pressure forces and moments acting on the k-th vehicle expressed
in its local body frame {k} can be expressed in the form

d
k k k k
e Cdpe = _MAI\'E Vpi/o — CAk ( ka/O) Ypi/o- (24)

As highlighted in Section 2.4, the actions can be projected in the cluster-fixed reference frame {b}
and the pole for moments can be moved from p; to c. At the same time, under the transformations
described in Section 2.3, it is possible to express the generalized velocity of the k-th vehicle kvpk /o s
a function of the generalized cluster velocity “v. /0> leading to the following equation:

_ d _
?pok =-T' (brCyPk) My, T (brCst) Ebvc/ﬂ —7' (brCst) Ca, (bvc/") T (brCst) va/O’ (25)
where
My, ="RiMa Ry, (26)

and

S (Pwy)0) 03x3 :| _ @n
Ay

C b"c o) =
Ag ( / ) [S (hvc/o —|—hwb/0 X brc,pk) S (hwb/o)

Details about the derivation of (25) are reported in Appendix A. Equation (25) highlights how the
dynamic pressure forces and moments of the k-th vehicle about point ¢ can be expressed in the cluster
reference frame using cluster velocity ”v, /o only.

Lifting and drag forces and moments. Hydrodynamic drag and lift forces are conventionally calcu-
lated in the flow frame {f;}.>* The flow frame is commonly used in aerodynamics to model lift, side,
and drag forces. The flow frame is found by rotating the k-th body frame {k} such that the resulting
x axis becomes parallel to the freestream flow. In the flow frame, the x axis points directly into the
relative flow, while the z axis remains in the vehicle symmetry plane, perpendicular to the x axis. The
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Fig. 3. (a): Flow frame {f;} as function of the angle of attack « and sideslip angle 8 (b): Alternative flow frame
{f} as function of the angle & and angle o.

y axis completes the right-handed system. In the flow frame, each hydrodynamic term, lift, side, and
drag resolve into a force that is parallel to one of the axes. Indeed, lift is, by definition, perpendicular
to the relative flow, while drag is parallel and side force is lateral.

The transformation from flow to body frame is defined by two angles: the angle of attack oy and
the sideslip angle B;. For the sake of notation compactness, in the following the subscript k and the
angles o and 8 will be omitted.

For vehicles moving at a forward speed U > 0, the angle of attack and sideslip angle are equal to

a=tan"'(w/u), p=sin"'(v/U), (28)

where [u, v, w] are vehicle velocity components expressed in the body frame. The hydrodynamic
forces in the flow frame /tf,, are expressed as: /if, = —[D'S' L, where D', S', and L' denote the
drag, side force, and lift, respectively, that are function of the angle of attack .

Hydrodynamic force components are then projected into the body frame of the k-th vehicle by
means of coordinate transformation matrix

cos(B) cos(a) — sin(B) cos(a) — sin(«)
"Ry, = sin(B) cos(B) 0 ) (29)

cos(B) sin(a) — sin(pB) sin(«) cos(w)

The determination of hydrodynamic force components D, S, and L requires an ad-hoc model,
based on a database of hydrodynamic coefficients Cp, Cs, and Cy, such that each force component
can be expressed as 0.5 p U?A C,, j=D, S, L, where p is fluid density and A a reference area. Each
force coefficient depends on hydrodynamic angles, o and S, and Reynolds number R, = pV{/ L,
where £ is a reference length and p is fluid viscosity. Their values can be obtained experimentally
or evaluated by means of CFD method, generating a database for various combinations of « and f.
When a body is axisymmetric it is possible to take advantage of symmetry, provided that the plane
which contains the symmetry axis of the body, xp, and the velocity relative to the fluid is always a
symmetry plane, hence, no side force in a direction perpendicular to this plane is expected. Only two
hydrodynamic force components are necessary for determining the hydrodynamic action of the body,
in a frame which has xy = xp- and zs- as axes lying on this plane, as represented in Fig. 3(b).

This flow frame {f;} is obtained from the body frame with the following rotation matrix:

cos(a™) —sin(a™®) cos(o) sin(a™*) cos(o)
fRy = Ry Ry o = 0 cos(o) sin(o’) . (30)
— sin(a™) — cos(a™) sin(o) cos(a™) cos(o).

The resulting flow frame {f;} is thus still aligned with the velocity vector relative to the flow,
but symmetry of the body allows one to assume that S =0 =/<f, = —[DO0L]", where * and o are
equal to
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sin 8

ina*’

cos(a™) =cos(a) cos(B), sino = 31

The advantage of such a formulation is that we do not need to compute the lateral forces. Note that
the D, S and L forces will be different from the forces D/, S/, and L previously mentioned, because
they will be computed making reference to the angle of attack o* rather than «. Referring to the flow
frame {f;"}, we can compute the norm of the lift force as:

1
L=3p U?A(a*)CL(R,, o), (32)

where A(a*) is the projected frontal area of the body, and C.(R,, «*) is the a-dimensional lift coeffi-
cient depending on the Reynolds number R, and the angle of attack «*. The lift coefficient is usually
empirically determined. A good reference for experimental data is,”> which contains a large amount
of aerodynamic data from many different types of vehicles, wings, and other common engineering
shapes. Usually the lift coefficient is assumed to depend only on the angle of attack, and independent
of the Reynolds number, in the form:

CL(R,, &™) = Cr(a"). (33)

The lifting force consists of two different components due to circulation and cross-flow.?> Within the
range of small angles of attack, the linear circulation-type component of the lift is described by a lift
coefficient linear with the angle of attack:

CL = CLD,* (X*. (34)

As the angle of attack increases, a nonlinear component of lift originates due to cross-flow; for
example, for a cylinder the nonlinear lift coefficient is found to be:?’

Cp = C, sin*(a*) cos(a™), (35)

being C. a cross-flow coefficient. The lifting forces and moments in a flow frame centered in the k-th

body center of pressure (cpy) are ];‘;kt , = [00-L00 0]". Thus, the lifting forces and moments in
the k-th body frame centered in py, result in:

k T (k kp I
e TL = T Crpeep) Rf}f P T (36)

being r., ,, the distance vector from cpy to py expressed in frame {k}. Of course, the lifting forces
and moments can be expressed in the cluster-fixed frame {b} and transported to the point c using the
following transformation:

b, =T" (Prep) "Riy, o, 37)

With regards to the hydrodynamic damping, the drag forces of each k-th vehicle are parallel to the
flow and can be expressed in its own body frame {k} as in,>* namely as the sum of a linear damping
term (due to possible skin friction) and a nonlinear damping term (due to quadratic damping and
higher-order terms) such that:

f;ktdrugk = _];ka (kvpk/()) kvpk/m (38)
where
k k k k k
kak ( vpk/o) :kaklin +kakquad ( vpk/o) : (39)
A first approximation of the damping matrix could be to assume that it is diagonal in the center of
gravity,?* that is:
;()ka[,',l %_dlag(Xu, Y\MZW9 prMq,Nr), (40)

wi Do (Vpi10) 2 —diag X |ul, Yo V] Zupwi W, Kyl 1p1, Maigi1ql, Nos Ir]).- (41)
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Without loss of generality, here we have tacitly assumed that the k-th body frame is centered in the
center of gravity. Yet, the absolute value of each velocity component (|u|, |v|, [w|, |pl, Iql, |r]) in (41)
can be expressed as function of the cluster velocity b Veso:

surge
sway: [v| = [‘e"
heave : |w| = |¥e3
roll :
pitch :
yaw : |V|=|k66

being {ke;;i=1, ...,

k Tk k Tkp b
lu| = ["e vpk/o| =["er "RyT Fep

(en)
(e
"ol =1es T RT ("re) "vesol
Pl = Fea™ “vp0l = Fes “RoT (re,)
(e

b

% vc/o
b

k, Tkp b
vpk/()| = | e "RyT ('r. Dk vc/()

b

k vc/o

k Tk k, Tkp b b
lgl =" vpk/o| =["es "R,T Fep vc/o

K
l’pk/0| = | eGT kaT ( re pk) bvc/o (42)

6} the versors of the six-dimensional space R®.

At this point, following the procedure illustrated in 2.4, the damping forces ][jkrdmgk can be expressed
in the frame {b} and transformed to the point ¢, leading to:

Parage =—T" (rep) D "vero) T (Crep) "vesor

where pkak (bvc/,,) is defined as:

pDic ("vero) ="Ric oD ("veso) "Ry

(43)

(44)

Mathematical details about the derivation of (43) are reported in Appendix B.

3.3.2. Hydrostatic forces and moments. The restoring terms are determined by the gravitational and

buoyancy forces and are expressed as:?*

- kfrfk
rfk = =
ik km,fk S

k +k
ka ka :| (45)

(°re) fo, +5 (‘rs) 'fi

with *f G, denoting the k-th vehicle gravitational forces and kg p, the k-th vehicle buoyant forces,

defined respectively as:

kak — kRO

where

my, is the k-th vehicle mass;
g is the gravity constant;
p is the fluid density (salt water);

0 0
0 ) kak = _kRO 0 )
ny 8 P8V k

vV 1s the displaced water volume of the k-th vehicle;

k

body frame {k});
k

of body frame {k}).

Again, using the usual procedure,
point ¢ (origin of frame {b}):

b T (b bp k
chfk_T (rC,Pk) Rkkarfk-

r, is the position vector of center of gravity Cy of the k-th vehicle with respect to py (origin of

rp is the position vector of center of buoyancy Cy of the k-th vehicle with respect to py (origin

f)k‘t,f « can be expressed in frame {b} and transported about the

(46)

3.3.3. Propulsion terms. Assuming that the k-th vehicle has n, thrusters, the propulsion forces and

moments are CXpI’CSSEd as
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where B; € R is the allocation matrix and u; € R™*! is the thruster input vector.
Hence, when the propulsion forces and moments of the k-th vehicle are expressed in the cluster-
fixed frame {b} and the pole for moments moved from p; to ¢ became one has

bre=T" ("rey,) "Rib The (48)
Letting B =T (°rc,) "Ri Bk, Eq. (48) can be expressed in compact form as

b2y = Biuy. (49)

3.4. Cluster 6-DOF dynamic model

In this section, a model for the cluster is derived on the basis of the knowledge of the inertial, hydro-
static, hydrodynamic, and propulsion actions for each single body. As already highlighted in the
previous section, the inertia, lifting, damping, restoring, and propulsion forces (when present) of all
bodies can be expressed in a common reference frame {b} making use of the cluster velocity v/,
only. This allows to specify the generalized vector of external forces for the cluster in Eq. (17) as the
sum of the individual contributions of the N rigidly connected heterogeneous robots/bodies, that is

N

Mrbh‘.’c/o + Crb (bvc/o) bvc/o = Z (frdp}C + frdragk =+ f'l'rﬁC + frk + fTLk)' (50)
k=1

Interestingly, the contribution given by the propulsion forces and moments ’7 = ZkN:I b7 can be
rewritten as

bt =B, U, (51)

with By =[B}--- Byl and U=[u, .. .uy]". As a result, the effects of the control input of each
actuated robot are directly mapped onto the cluster frame and determine its motion. Summarizing
the dynamics of the cluster is described by (52):

(Mrb +MAcl)b“)c/z) + (Crb (bvc/o) +Cau (bvc/o)) bvc/o +
+ (chl + chl (bvc/o)) bvc/o + Trfel +7La=BuU, (52)

where the terms My 1, Ca cis Diincts Dquad ct> Trfel> Trei» and By are recalled in Table 1.

The advantage of this approach with respect to the Udwadia—Kalaba formulation'® is the deriva-
tion of a dynamic—hydrodynamic model for the whole multi-body system considering the constraints
imposed by the rigid connections only at a geometrical level, without the need for explicitly deriv-
ing constraint forces and moments. Hence, the proposed approach allows expressing directly the
motion of the cluster using the 6-DOF equation (52), rather than using a 6N-DOF vector of quasi-
velocities as in.'® Moreover, the use of the cluster allocation matrix B; has the benefit of directly
mapping the control input of each actuated robot on the cluster motion. This is an important feature,
because it simplifies the design of dynamic controllers for the overall system especially when control
reconfiguration it to be dealt with in the presence of (possibly multiple) actuator failures.

Remark. Following the approach discussed in,?* if the vehicle moves inside a current, it is still
possible to represent its dynamics by means of Eq. (52), under the assumption of an irrotational
and constant flow field in NED frame. In this framework, the generalized velocity of the vehicle with
respect to an inertial frame is given by v/, = v s + v¢/,, Where v ) = [ch/f, coCT/f]T is the generalized
cluster’s velocity with respect to the fluid, whereas vy, = [va/o, O3TX1]T is the generalized velocity
of the current. It is sufficient to replace v/, with v/ in Eq. (52) and let v/, =v./r + v/, in Eq. (15).

4. Numerical Example

4.1. Test case
In order to numerically assess it, the proposed approach is applied to a hypothetical cluster com-
posed by four AUVs connected by rigid rods, as illustrated in Fig. 4. Such a kind of configuration
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Table I. Inertia, hydrodynamic, hydrostatic, and propulsion parameters for the single body and the cluster

system.
k" body k-1 N Cluster
N
Added mass terms My, My = Z (TT (brc,pk) MAk T (hrc,pk))
k=1
N
Cay (k"pk/v) Cac (b"f/") = Z T’ (brcmk) Cay (b"C/O) r (brv,pk)
k=1
Damping terms I;kaz Dy = Zszl (TT (b" C,pk) "Ry ];kaszbbT (br C’I’k))
N
f?kaq (kvﬂk/o) Dyl (bvf/o) = (TT (brC-Pk) bRk;kaq (bvc/n) kabT (brcqﬂk))
k=1
N
Lifting terms ;kTLk TLel = Z (TT (brc,pk) hﬁk ;erk>
k=1
N
Restoring terms f;kr,fk Trfel = Z (TT (brc’pk) bR, Skr,fk)
k=1
Propulsion terms ) B, =B}...B}y]
Folaga-AUV 4-Folaga cluster

Fig. 4. 4-Folaga cluster multi-hull system obtained from single-vehicle Folaga-AUV.

is interesting from a practical point of view because the internal framework can serve as sup-
porting infrastructure for payload modules, such as robotic manipulators, sensing, processing, or
communication equipment typically necessary for the execution of specific missions.

The AUVs which compose the cluster are assumed to be Folaga-AUV type,>” which model is
available from the literature.?® The connecting rods are assumed massless in the simulation, so that
their contribution to mass properties, resorting, and hydrodynamic forces is neglected, for the sake
of simplicity. Note that, in the presence of information on geometry and mass of the connecting rods,
each one of them would simply represent an additional non-actuated element of the cluster. Hence,
the validity of the modeling approach is not affected by this simplifying assumption.

A numerical simulator has been developed implementing the described modeling approach, and
it is applied to the cluster depicted in Fig. 4. Several simulations are performed in both conditions,
ideal (without environmental disturbances) and more realistic including ocean currents.

The mass and dimensions of AUV and cluster are reported in Table II, whereas added mass coeffi-
cients and linear drag coefficients of AUV and cluster are compared in Tables III and IV, respectively.
Such terms depend on the shape of the body and are independent of velocity *v,. Jo-

The other hydrodynamic coefficients depend on vehicle trajectory. Indeed, the quadratic drag and
lift coefficients depend on the vehicle velocity, that is, “v, /o for the cluster and kvpk /o for the single
k-th Folaga-AUV. Fig. 5 reports the evolution of the lift coefficient as a function of the angle of attack
for a single Folaga-AUV. The restoring coefficients depend on the actual orientation of the vehicle.
Therefore, the effects of these contributions are compared making reference to a specific trajectory.
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Table II. Mass and dimensions of Folaga-AUYV single-body versus 4-Folaga cluster.

Parameter AUV  Cluster Units
mass 25 100 kg
Width 1.882 1.882 m
Height 0.155 1.31 m
Length 0.155 1.31 m

Table III. Added mass coefficients of Folaga-AUV single-body versus 4-Folaga cluster.

Coefficient AUV Cluster Units
X 0.47 1.88 kg
Y; 227 90.80 kg
Z; 227 90.80 kg
K; 0.1 458 kg m?
M, 3.64 1503  kegm?
N; 3.64 1503 kgm?

Table IV. Linear drag coefficients of Folaga-AUV single-body versus 4-Folaga cluster.

Coefficient AUV Cluster Units
X, 1.08 4.31 kg/s
Y, 10.21 40.84 kg/s
Zy 10.21 40.84 kg/s
K, 3.1073 2042  kgm?/s
M, 1.06 532 kgm’/s
N, 1.06 532  kgm?%s
0.4 T T T T T T T T
0.35 |- i
0.3} i
T 025| 1
S
2
2 02} i
"é‘
015 i
1)
01} i
0.05 |- i
0 L L L L L L L L
0 10 20 30 40 5 60 70 80 90
a’[deg]

Fig. 5. Lift coefficient versus generic o* (0 — 90°) with Reynolds number 1.5 - 103 < R, < 1.5 - 10° for Folaga-

AUV.

It is worth noting that cluster coefficients are not a bare sum of the individual contributions, but
they are composed through the transformation matrix 7" defined in (8). This could result in cluster
coefficients much higher than the individual AUV counterparts. This is particularly evident for roll
drag moment (see Table IV), which appears to be four orders of magnitude greater than the individual
AUV roll drag moment. The physical reason is that the individual AUVSs roll drag moments are not
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(b)

¢ Start point 45 T T T T T
iy © AUV1
—i | S
k
(a) - Tl:ajeciory 35 [ é|UV4 I
- uster
_ 30f
> P
o) L
3 25
* 2071
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15}
10}

0 10 20 30 40 50 60
[s]

Fig. 6. (a) Trajectory of the 4-Folaga cluster. (b) Evolution of the angle of attack o™ of the 4-Folaga cluster
system and the four Folaga-AUVs while performing the trajectory.

30 T
= AT ° :v AUV 1
s s o
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p N —— - - ! Y
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Z 4| o
> AUV 4
®© - Cluster —4 t
o 20 +
0 —— — — I S N
0 10 20 30 40 50 60 0 10 20 30 40 50 60
time [s] time [s]

Fig. 7. Drag forces and moments of the 4 Folaga cluster system and the four Folaga-AUVs while performing
trajectory in Fig. 6.

the only contributions to the cluster roll drag moment. Heave and sway linear drag forces acting on
the single AUVs also generate a roll moment on the cluster. The magnitude of each contribution thus
depends on the geometrical arrangement of the AUV within the cluster.

4.2. Simulations

Two different experiments are considered. The first one, denoted as experiment 1, is a motion in the
{x, z} plane performed at zero sideslip angle, which is generated by activating the rear main thruster
first (to accelerate the vehicle in the surge direction) and then the vertical thrusters of all AUVs with
the same intensity (thus accelerating the vehicle in the heave direction). The second experiment,
depicted in Fig. 10(a), is characterized by a not null sideslip angle. The motion is generated by
activating the rear main thruster first (as in the previous example, to accelerate the vehicle in the
surge direction) and then the lateral thrusters of each AUV with the same intensity.

Experiment 1. The first experiment is performed in the absence of environmental disturbances, and
the resulting trajectory is reported in red in Fig. 6(a). The blue arrows represent the attitude of the
body frame {iy, ji, k;} associated with the cluster. Fig. 6(b) represents the variation of the angle of
attack, whereas Fig. 7 reports the evolution of the not null drag force components and moments for
the cluster and the four AUVs, respectively, each one expressed in its own body frame. Fig. 8 reports
the evolution of the not null lift forces and moments for the cluster system and the four AUVs,
respectively. Finally, Fig. 9 shows the vehicle attitude and the not null restoring contributions.
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Fig. 8. Lift forces and moments of the 4 Folaga cluster system and the four Folaga-AUVs while performing
trajectory in Fig. 6.
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Fig. 9. (a) Attitude of the 4-Folaga cluster system while performing trajectory in Fig. 6. (b) Pitch restoring of
the 4-Folaga cluster system and the four Folaga-AUVs while performing trajectory in Fig. 6.

From Fig. 7 and 8, it is evident how the drag and lift forces evolution of cluster are the sum of the
drag and lift forces one of the four AUVs. This is due to the geometrical composition of cluster model
and to the similar physical conditions of each Folaga-AUV. Of course, the lift forces depend also on
the angle of attack o* illustrated in Fig. 6(b). As expected, in correspondence of small angles of
attack there is a pitch lift moment. Moreover, a further contribution to the pitch moment is generated
by restoring torques, which for this purely longitudinal maneuver, in the absence of ocean currents,
are zero around the other two axes.

The trajectory appears reasonable and the variation of state variables consistent with the expected
behavior of the vehicle under the considered control action. Note that the vehicle achieves a steady
descent trajectory, with constant angle of attack, provided that in the present longitudinal example
a=or.

Experiment 2. The second experiment is performed in both ideal conditions (without environmental
disturbances) and more realistic ones including ocean currents. With reference to the ideal conditions
case, the resulting trajectory is reported in red in Fig. 10(a). Figure 10(b) provides the variation of
a*, which in the present case corresponds approximately to a sideslip angle («¢* ~ ). The drag and
lift forces of the cluster and AUV are reported in Fig. 11(a) and (b). Figure 12(a) and (b) report the
evolution of the lift forces and moments for the cluster system and the four AUVs, respectively, each
one expressed in its body frame. As already highlighted, the drag and lift forces on the cluster are
the sum of the drag and lift forces on the four AUVs. In this case the angle of attack o* illustrated
in Fig. 10(b), characterized by a not null sideslip angle, gives rise to a lift contribution that generate
first additional sway, heave, pitch, and yaw motions, and then additional surge and roll motions. The
resulting vehicle attitude and restoring forces and moments are illustrated in Fig. 13.
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Fig. 10. (a) Trajectory of the 4 Folaga cluster. (b) Evolution of the angle of attack o* of the 4-Folaga cluster
system and the four Folaga-AUVs while performing trajectory
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Fig. 11. (a) Drag forces of the 4-Folaga cluster system and the four Folaga-AUVs while performing trajectory
in Fig. 10. (b) Drag moments of the 4-Folaga cluster system and the four Folaga-AUVs while performing
trajectory in Fig. 10.
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Fig. 12. (a) Lift forces of the 4 Folaga cluster system and the four Folaga-AUVs while performing trajectory in
Fig. 10. (b) Lift moments of the 4 Folaga cluster system and the four Folaga-AUVs while performing trajectory

in Fig. 10
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Fig. 13. (a) Attitude of the 4-Folaga cluster system while performing trajectory in Fig. 10. (b) Restoring
moments of the 4-Folaga cluster system and the four Folaga-AUVs while performing the same trajectory

¢ Startpoint
Trajectory without currents
Trajectory in presence of currents
i
b

—=p

—= ky

z[m]

y [m]

0 x [m]

Fig. 14. Trajectory of cluster without currents (red) and in the presence of ocean currents (blue).

The same simulation (i.e., same inputs) is repeated in the presence of a constant and irrota-
tional ocean current in the inertial NED frame, namely with %v¢/, =[0.10.1 0] " [m/s], and %/, =
01 .3[rad/s]. The initial condition of the cluster relative velocity is assumed to be null, Ovc/o =016.
Consequently, the two cases differ in the kinematics only as illustrated in Fig. 14.

5. Conclusions

A modeling approach has been developed to compute the lumped parameter hydrodynamic derivative
matrices for a generic multi-hull underwater vehicle. In particular, its dynamic model has been built
on the knowledge of the single basic bodies exploiting a specific multi-body composition approach.
This allows the derivation of a dynamic—hydrodynamic model for the whole multi-body system with-
out solving explicitly the constraints imposed by the rigid connections. The present paper provides
a generic framework to model modular underwater vehicles. It presents the advantage to simplify
the control system design for the overall system and potentially improve its performance. Moreover,
it offers a method allowing to perform a dynamic analysis before the cluster vehicle is actually
built, under the hypothesis of a sufficiently large separation between the bodies. For example, when
larger vehicles are realized by means of a cluster of existing robots, performance and suitability
of different geometric configurations can be numerically estimated as soon as the dynamic model
is available. Possible control method that could also benefit from the proposed dynamic modeling
approach may include path-following controllers, task priority-based controllers, formation control
tasks, or inspection tasks. Finally, numerical simulations have been presented applying the proposed
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methodology to a hypothetical cluster composed of four AUVs, whose models were already studied
in the past.
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Appendix

A. Derivation of Dynamic Pressure Generalized Forces on k-th Vehicle (25)

The dynamic pressure forces and moments acting on the k-th vehicle expressed in its local body
frame {k} are given by (24):

k _ k k k
i Cdpe = _MAkE Vpilo — CAk ( vl’k/”) Vpi/o-

As highlighted in Section 2.4, these actions can be projected in the cluster-fixed reference frame
{b} by means of the matrix "Ry:

_ _ _d _
b k b k b k kp b
e Tdp = "Ry o Tape = "Ri{—Ma, ha Vpso = Cae (“Vpiso) “Ro"vp 0} =

,,Rk[
b

d, _
( RkM ka) di vPA/f’ - Rk |:S(

k
®p /0 03x3

e d, S (*w@y0)
— ("RiM*R,) — S (o) =S (Fwiyo)
S

kp b
dt vpk/o - i| My, "Ry, Vpr/o =

Kop0)  O3x3
“Vpiso) =S (‘@)

Exploiting the following property of a generic rotation matrix R

:| “RyPRiM s Ry"v 0 (A1)

RS(x)R" = S(Rx) VR € SO(3), x € R?,
the (A1) yields:

} "RiMa Ry vy, j0 =

CRMARS) Loy — | 000 Ooa Vg ipyie 0 a2
k dl Pk S (hvpk/a) —S (hwb/o) k Pk
Hence, the Eq. (A2) becomes:
_ d - _
zkrdpk = _MAk d_tbvl)k/o - CAk (bvpk/O) MAkbvpk/O’ (A3)
where MAk and C_‘Ak (”vpk/,,) are defined as:
My, ="RiMyfR,, (A4)
) SCwpo)  Ons | -
Ca, (Pvpis0) = My,. (A5)
k ( Pk ) ( Vpk/o) _ ( wb/O) k

Now, exploiting the transformation between *v o and by, /o defined in (7), Eq. (A3) can be rewritten
as:

_ d
pftdpk = _MAk T(brc,pk)d[ Vefo — CAk(T(brc pk) vL/O)T( re pk) Veso- (A6)
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Finally, the pole for moments can be moved from p; to ¢ by means of the transformation matrix
T("rcp,):
_ d _
éjrdpk = _TT (brc,pk) MAk T(brc,pk)d_thvc/a - TT(brc,pk) CAk (bvc/o) T(hrc,pk)hvc/aa (A7)

where Ca, (*v,/,) is given by:

_ S (P 03x3 _
Ca, ("veso) = ( ) My, . (A8)
S (bvc/() + bwh/O X brc,pk) S (bwb/O)

B. Derivation of Drag Generalized Forces on k-th Vehicle (43)
The hydrodynamic drag forces acting on the k-th vehicle expressed in its local body frame {k} are
given by:

pfrdragk == prk (k"pk/O) k"pk/o’ (A9)
where
k k k k k
Pka ( ka/O) = Pkaun + Dkquad ( ka/O) . (A10)

Following the procedure illustrated in 2.4, the damping forces II;deragk can be expressed in the frame
{b} leading to:

pe Tarage ="Ric p( Tarage = ="Ric pDi ("Vpi0) V10 = (ALT)
= —bRk ,,,i{Dk (kvpk/(,) thbv,,k/(,. (A12)

Now, the pole for moments can be moved from p; to ¢ by means of the transformation matrix
T(brC.pk):

PTarag =T (rep) piTarag ==T" (rep) "Re piDi (Vpiso) “Ro vy o (A13)
Exploiting the transformation between v, /, and v, , defined in (7), Eq. (A13) becomes:

?fdragk =-T" (brc,pk) "R prk (k"pk/O) “RyT (hrc,pk) b"C/o- (Al4)

Finally, Eq. (A13) can be rewritten as:
f-Tdragk = _TT (brc,pk) prk (bvc/o) T (hrc,pk) bvc/m (AIS)
having defined pkak (”vc/o) as:

pkak (b"C/O) ="R, pkka (k"pk/O) “Ry ="Ry prk (kaT (brc,pk) b"C/O) “Ry. (A16)
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