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Abstract — In this paper, a 9 degree of freedom seaweed harvester dynamical model
is presented. The model presented describes the coupled dynamics of a vessel and a
harvesting device, lifted by a winch, subject to sea waves disturbances. In order to
ﬁnd an appropriate harvesting path, which minimizes the harvester motions, the model
response is simulated for diﬀerent encounter angles. This 9 DOF seaweed harvester
model is deﬁned by merging the uniﬁed ship model, given in Fossen [1], Perez [2] ,
including the seakeeping ﬂuid memory eﬀects, and the Nielsen [3], Fard [4] 9 DOF shipcrane model, which includes an elastic coupling between the vessel and the harvester, and
computes the harvester hydrodynamics, as in [5]. For the ship-harvester elastic coupling,
a linear stiﬀness matrix, based on Shashikala et al [6], has been computed. The model
obtained also includes the eﬀects of the vessel forward speed, the wave and current
loads, the ship propellers and motion control forces, and the winch motor dynamics.
The motor dynamic is based on the control-oriented models of Messineo et al [7]. A
mathematical formulation is ﬁrst presented, and its assumptions are discussed. Then,
a model simulation, obtained by modifying the Fossen et al [8] Simulink MSS Toolbox,
and its results, are discussed. The harvester position variance and the RMSE index are
compared, for the simulation results of diﬀerent harvesting paths, and a compromise
solution is discussed.
Keywords — Seaweed harvester, marine systems, oﬀshore lifts, MSS Toolbox, multibody
systems.

I

The Harvester Altitude Control
Problem

The system to represent, shown in Figure 2, consists of a winch, located on a small ship, which is
subject to ocean wave disturbances, and moves at
an average constant speed, with a periodical turning manoeuvre, in low depth water. The winch
lifts a harvester, suspended by a rope, which is
subjected to the wave induced ship motion and
the water environment interactions. A typical harvesting path follows a zig-zag shaped trajectory,
as shown in Figure 1. The pattern orientation, χ̄,
also called encounter angle, corresponds to the relative orientation between the longest straight line
of the zig-zag path, and the wave mean direction.
The goal of the control action is to obtain a desired constant harvester altitude, with respect of
the seabed proﬁle, taking into account the waves

Fig. 1: Relative pattern orientation χ̄ deﬁnition

induced vessel and harvester motions, the winch
dynamics and the rope stiﬀness. The control design is beyond the scope of this paper, while, the
model presented here, will serve to examine the
relationship between the encounter angle, and the
magnitude of the wave induced disturbance, on the
cutter altitude. In this paper, the optimal prob-

hp-frame moves at the average speed of the
vessel, following its path. It is also subject to
vertical motion, due to the altitude control actions, which are assumed are slowly varying,
with respect to the harvester motions. The
wave-induced forces are calculated in this reference frame, which is considered to be inertial. The frame origin is determined such that
the z-axis passes through the time-averaged
position of the harvester center of gravity.

lem solution corresponds to a set of encounter angles, which reduce the disturbance variance and
the RMSE, under a given threshold, to keep beneﬁts on both the control design and performances.
II

Reference Frames

A ship in a seaway moves in six degrees of freedom
(6 DOF). The coordinates of motions are referred
to inertial frames and body-ﬁxed frames. The harvester moves also in 6 DOF, but for a control oriented model, only the 3 controllable translational
DOF need to be considered, as in Fard [4]. The
ship and harvester model presented here will have
therefore 9 DOF. The 9 DOF model coordinate
systems are shown in Figure 2.
For marine systems, the following right-hand
frames are here considered, as in [2]:

• Winch frame (W -frame)
The W -frame is not ﬁxed to the hull, and its
origin (ow , xw , yw , zw ) coincides with the center of the winch motor axes. The frame is used
for computing the winch motor equations.

• North-east-down frame (n-frame).
The frame, (on , xn , yn , zn ), is used to deﬁne
the absolute position of the vessel. The x-axis
points towards the north, the y-axis towards
the east, and the z-axis towards the center of
the Earth.
• Ship body-ﬁxed frame (b-frame).
The frame, (ob , xb , yb , zb ), ﬁxed to the hull,
is used to formulate the equations of motion.
For marine vehicles, the axes are chosen to
coincide with the principal axes of inertia, as
shown in [2]. This determines the position of
the origin of the frame, see [1] for details.
• Hydrodynamic ship frame (hs-frame).
The frame, (ohs , xhs , yhs , zhs ), is not ﬁxed to
the hull. It moves with the constant average
speed of the vessel, following its path.
The wave-induced forces make the vessel oscillate, with respect to the hs-frame, and are
computed in this reference frame, is considered to be inertial. The positive x-axis points
forward, and is aligned with the low frequency
yaw angle, ψ̄. The “slowly-varying oscillations” yaw angle, ψ̄, is obtained by ﬁltering
out the ﬁrst-order wave induced motion. Note
that, ψ̄ is constant, for a ship sailing in a
straight line path, like a seaweed harvester.
The frame origin is determined such that the
z-axis passes through the time-averaged position of the vessel center of gravity.
For the harvester motion, the following right-hand
frames are here considered:
• Hydrodynamic payload frame (hp-frame).
The frame, (ohp , xhp , yhp , zhp ), is not ﬁxed to
the harvester, and it’s used to compute the
force due to interactions between the harvester and the waves. As the hs-frame, the

Fig. 2: Reference frames

III

Kinematics of Ship and Harvester
Motions

The equations of motion of the ship and the harvester are expressed in the b-frame. The wave
forces are expressed in the hydrodynamic frames
hs and hp. Some kinematic transformations are
required to map the hs and the hp frames into the
b-frame. For 6 DOF, the transformation between
the hs-frame and the b-frame is given in Fossen [1]
and Perez [2], as:
b
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)
I(3×3)


(2)


(3)

In equation (2) the Rbhs is the Euler angle rotation matrix, and TΘ is the angular velocity transformation matrix, given in [2],[1]. Θhs−b is the
Euler angle vector between the hs- and b-frame,
In equation (3), S(λ) is a skrew symmetric matrix,
b
is the vector
used for the cross product, and rōhs

of the equilibrium position of the hs-frame origin,
expressed in the b-frame. See Perez [2], and Fossen [1] more details about the above coeﬃcients.
Assuming small angles, Θhs−b ≈ 0, and a slender
ship [9], the following approximations are taken:
Jˆbhs (Θhs−b ) ≈ I(6×6) ,

(4)

such that ,
b
b
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(5)

A similar approach can be taken for 9 DOF. First,
the case of zero forward speed is described. The
b
, the origin the hp-frame in the b-frame
vector rohp
reference, points from the b-frame origin ob to the
time averaged position of the center of the payload
b
is subject to
ohp , when the spring is at rest. rohp
2-dimensional pendulum motion, given by:
b
b
= Rbhp (Θbhp−b )rōhp
rohp

(6)

where the Euler angle vector between the hp and
T

.
the b-frame is Θbhp−b ≈ φb θb 0
b
In equation (6), rōhp is the vector of the equilibrium position of the hp-frame origin, expressed in
the b-frame. At this stage, for the b- to hp-frame
transformation, the small angle approximation,
Rbhp (Θbhp−b ) ≈ I(3×3)

(7)

is taken, instead of the more accurate eq.(8),
Rbhp (Θbhs−b )

≈ I(3×3) +

S(Θbhp−b ),

(8)

such that the b to hp-frame transformation is linear, and has the same form as eq.(3), and the couplings in the b-frame equation of motion are linear.
The 9 DOF body ﬁxed to hydrodynamic frames
transformation is assumed to be:

b
b
where the matrix Jbh (rōhs
, rōhp
) is linear.
In the case of a forward speed, U , it’s assumed
that ν = ν̄ + δν, where δν is the b-frame velocity
perturbation vector, and ν̄ is the slowly-varying
b-frame velocity vector, given by, for 6 DOF [10]:

ν̄6 = [ ν¯3 T

0(3×3) ], ν¯3 = U col1 (Rbhs )T

,
(11)

where col1 {R} denotes the 1st column of R. To
include the vessel forward speed, Rbhs (Θhs−b ) and
Rbhp (Θhp−b ), are approximated by eq.(8), but the
resulting nonlinear couplings, are neglected [2].
Therefore, for sinusoidal motions, a linear approximation of equation (10) arises, from expanding the
6 DOF formulation of Perez [2], and is given by:
ξ̇ = Jbh δν −

U ˙
Lδν
ωe2

(12)

b
b
, rōhp
), δν = (ν − ν̄) is the
where Jbh = Jbh (rōhs
9 DOF oscillating component of the velocity vector, in the b-frame, and ν̄ ≈ [U, 0, 0, 0, 0, 0, U, 0, 0]T
is the 9 DOF surge velocity slowly-varying component linear approximation, expressed in the bframe. ωe is the wave encounter frequency, given
in Perez [2], and the only non-zero elements of the
L matrix are L26 = L86 = 1 and L35 = L95 = −1.
Given the accelerations in the b-frame, the accelerations in the h-space are:

˙ + U Lδν
ξ̈ = Jbh δν

(13)

The transformation between the b and the n frame
is non-linear and is given by:
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, rōhp
)
Jbh (rōhs
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, rōhp
)
H(rōhs
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b
The rōhp
vector is a function of the slowly varyW
, expressed in
ing motor position component z̄m
the W -frame, so the transformation given in eq.(9)
W
is time varying. The slow varying component z̄m
b
is assumed, such that ṙōhp
≈ 0 and J˙bh ≈ 0. The
generalized perturbation velocity, for zero forward
speed, expressed in the h space, can be approximated by:

b
b
, rōhp
)ν
ξ̇ = Jbh (rōhs

(10)

The transformation between the b and the W
frame is given by:
b
b
b
JbW (ΘW −b , rōW
) = JˆbW (ΘW −b )H(rōW
, rōW
) (15)

where JˆbW (ΘW −b ) has the same form as eq.(14),
b
b
, rōW
) has the same form of eq.(9), and
and H(rōW
ΘW −b are the Euler angles between the b and the
W -frame, such that ΘW −b = Θhp−b . The transformation between the b and the W -frame, given
in eq.(15), is non-linear.
IV

A 9 DOF Ship and Harvester
Control Oriented Model

The 9 DOF dynamical model, shown in this section, includes the eﬀects of forward speed, the wave
and current loads, the ship propellers and motion control forces, and the winch motor dynamics.

This formulation arises by merging the uniﬁed ship
model of Fossen [1], Perez [2] , including the seakeeping ﬂuid memory eﬀects, and the Nielsen [3],
Fard [4] 9 DOF ship-crane coupled model, which
includes an elastic coupling between the vessel and
the payload, and computes the harvester hydrodynamic forces. For the ship-harvester elastic couplings, a stiﬀness matrix, based on Shashikala et
al [6], has been computed. The motor dynamics
are based on Messineo et al [7]. It’s assumed that
the motor is a three-phase AC servo motor, with an
embedded speed regulator, such that the W -frame
W
W
≡ żm
,
dynamics between the real motor speed, vm
W
and the desired motor speed, vd , is given by the
W
W
= [−λ]vm
+ [λ]vdW .
ﬁrst order system v̇m
As in the seakeeping theory, it’s assumed that:
The sea is an ergodic stochastic Gaussian process,
fully deﬁned by its power spectrum, Sζζ (ωe , χ).

 b

b
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)ξ
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),
z̈m

μ̇ = Abr μ + Brb δν,
η̇ = Jbn (Θhb ) ν,
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where:
b
h
MRB
= (Jbh )T MRB
Jbh
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is the rigid body mass, in the b-frame,

Here, ωe is the encounter frequency and χ is the
vessel heading, as given in [2]. See [2], [9] for more
details on seakeeping theory. For multidirectional
sea waves, also called a short crested irregular sea
[2], the spectral density is given by:

MAb (∞) = (Jbh )T Ah (∞)Jbh

Sζζ (ωe , χ) = Te (U, χ) S(ω) M (χ̄)

is the centripetal and Coriolis matrix, in the bframe,

(16)

Where M (χ̄) is a directional spreading function, proportional to cos2n (χ̄), non-zero only for
−π/2 < χ̄ < pi/2, as in [2], where χ̄ is the vessel heading relative to the dominant wave heading, also called the encounter angle, and n is a directional spreading factor. In eq.(16), S(ω) is the
spectrum for monodirectional sea waves, i.e a long
crested sea [2]. A commonly used power spectral
density function is the JONSWAP spectrum [1],
[9], given by:
S(ω) = 155

Hs2 −5
ω exp
T14

−944 −4
ω
γY
T14

(17)

where Hs is the signiﬁcant wave height, T1 is the
average wave period, given in [1], [2], γ is the spectrum peakedness factor, and Y is a function of ω
and T1 , as given in [1]. In eq.(16), Te (U, χ), is a
doppler eﬀect spectrum transformation, due to the
vessel forward speed, given in [2]. The sea state
realization is approximated by a ﬁnite Fourier series. The relationships between the power spectrum, Sζζ , and the sea characteristics are given in
[2] and [1].
The 9 DOF ship slow manoeuvring and harvester
altitude control oriented motion model, in a seaway, with forward speed, in ﬁnite depth water, is
therefore given by:

(20)

is the inﬁnity frequency added mass matrix, in the
b-frame,
b
b
= U MRB
L
CRB

N b (∞) = (Jbh )T [B h (∞) + U Ah (∞)L]Jbh

(21)

(22)

is the inﬁnity freq. damping, including the forward
speed eﬀect, in the b-frame,
g(η)b = (Jbh )T Gη

(23)

is the restoring force, in the b-frame. The only nonW
W
W
, Żm
, Z̈m
and VdW
zero entries of the vectors Zm
W
W
W
are the 9th element, respectively zm , żm , z̈m
and
W
b
h h
vd . τw = (Jb )τw is the generalized ﬁrst and second order wave force vector, in the b-frame, given
in [2]. The ﬁrst order wave forces arise from the
linear potential theory [11], and are computed with
the linear transfer function response amplitude operator (RAO) approach, see [2], [9] for more details. τpb + τcb are the generalized propeller and
ship motion control forces in the b-frame, given in
b
W
(żm
) is the motor generalized force
[2] and [1]. τm
vector in the steady state, which is a function of
W
.
the motor speed żm
The motor inertia matrix in the b-frame is given
by:
b
W
= (JbW )T Mm
Mm

(24)

where JbW , is given in eq.(15). The only non-zero
element of the motor mass matrix in the W -frame
W
(9, 9) = mm , where mm is the motor mass.
is Mm

The inertial coupling between the ship and harh
and Ah (∞), as in
vester are neglected in MRB
[4]. The ship (6 × 6) upper part of the matrih
and Ah (∞) are in the same form as in
ces MRB
[2], as for the upper part of B h (∞), and g(η)b .
It’s assumed that the harvester is a sphere, of rah
dius r. The rigid 
body MRB
(3 × 3) lower matrix
h
= Diag ml , where ml is the payload
is MRB
p

(3 × 3) lower
mass. For the matrix Ah(∞), the 
matrix is Ahp (∞) = Diag 4/3 ρπr3 , where ρ is
the water density, as given in [5], [9].
The radiation force ﬂuid memory eﬀects are
computed only for the vessel, as shown in [2]. A
simple linear diagonal damping matrix Dl is added
to the (6 × 6) B h (∞) matrix. Ar , Br , Cr and Dr
gives the ﬂuid memory state space approximation
of Cummins’ equation [12], and are the same as
in [2], computed only for the vessel 6 DOf, with
the Kristiansen and Egaland [13] approach. The
W
, expressed in
slow motor position component, z̄m
the W -frame, is assumed to approximate the cable nominal length, also referred as the pendulum
length, l, when the cable is at rest, as in [7]. The toW
), in eq.(18),
tal stiﬀness coupling matrix, Gbm (Zm
based on Shashikala et al [6], is given by:
W
)
Gbm (Zm

= T̂

T

Kc T,

(25)

b
b
where T̂
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, rōW
), and T =
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⎤
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K
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K
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K

In eq.(26), K = Diag{ke }, where ke = AE/le is
the rope stiﬀness, in which A is the cross-sectional
cable area, E is the Young elasticity modulus, l is
the pendulum length, and le is the eﬀective cable
length, including the elasticity eﬀects. The point
b
rōW
, is the origin of the winch reference W -frame.
The hydrodynamic forces acting on the harvester are based on a modiﬁed Morrison equation
[9], [5]. The hydrodynamic loads, acting on the
harvester device, are:
dw̄
h
h
= +MRB
+ τsh +
τ̃wp
p dt

,

(27)

Bph (∞)(w̄ − ξ˙p ) + Dvhp (w̄ − ξ̇ p )|w̄ − ξ̇ p |
where the only non-zero element of τsh is τsh (3) =
3
displaceg(ml − ρ∇), where ∇ = 4/3πr
 is the
√ 
ment volume, Bph (∞) ≈ Diag ∇ Clv rg is assumed to be the payload inﬁnite frequency linear
damping matrix [4], with Clv = 1, and Dvhp =


Diag ρCdv r2 is the Morrison viscous drag [9],

where the gain Cdv is approximated with the
Clauss table, given in [9], for dominant inertia
forces and low frequency waves, as Cdv ≈ 1.2. The
ﬁrst term of equation (27) represent the FroudeKryloﬀ pressure forces, where the w̄ is the ﬂuid
velocity vector, given by:
 
⎡
⎤
Γx η cos(χ) sin(we − kx̄)
sin(we − kx̄) ⎦ , (28)
w̄ = ωe ζa ⎣ −Γx η sin(χ)

−Γz η cos(we − kx̄)
where ζa is the wave peak, kx̄ is the wave space
phase, k = ωe2 /g is the wave number,


x̄ = η(7) cos(χ) − η(8) sin(χ)
(29)
as in [2], and
 
Γx η =

cosh(k(h−η (9))
,
sinh(kh)

 
Γz η =

sinh(k(h−η (9))
sinh(kh)

(30)
come from the wave potential function, for a ﬁnite
depth water, [9], [5]. The last term of eq.(27) is
approximated by [9]:


Dvhp (w̄ − ξ̇ p )|w̄ − ξ̇ p | ≈ Dvhp w̄|w̄| − ξ̇ p |ξ̇ p | , (31)
such that the functions of ξ p can be moved to
the left hand side, and the ﬁrst term of eq.(31),
is added to τwh . The matrix Dvb is obtained
via eq.(19). Instead of the approximation of
eq.(31), one can also use the equivalent linearisation method, shown in [9].
V

Simulation Results

For the evaluation of diﬀerent harvesting patterns,
a simulator toolbox has been developed. The simulation environment is based on the open source
Simulink MSS toolbox, developed by Fossen et al
[8]. The sea state is simulated, for a short crested
sea, using a JONSWAP spectrum, as in eq.(17),
with Hs = 3 meters, γ = 3.3 [1], a cutoﬀ frequency
fc = 4.7143 Hz, 200 discrete uniform distributed
random frequencies, 60 discrete directions, and a
directional spreading factor of n = 4.
The vessel data are taken from the MSS example vessel S175 [14], computed using Seaway
[15]. A vessel heading Nomoto PID controller
[2], also included in the MSS toolbox, is used for
course keeping. The harvester is assumed to be a
sphere of aluminium, with radius r = 0.5 [m], and
mass ml = 1000 [kg]. The thruster force is τp =
4.3067 106 [N ], Lpp = 175 [m] is the vessel length
between perpendicularies [2], and m = 24609 is the
vessel mass, in Tons. The winch is put on the stern
of the vessel. The reference W -frame origin from
the b-frame is Xt = −(0.03 + 1)Lpp/2, Yt = 0,
Zt = −3T and T = 9.5 [m] is the ship draught.
The ship length/breadth ratio is L/B ≈ 6.8898.

In the example under analysis, the winch motor
dynamic is neglected, and the cable is assumed to
have a constant nominal length, l = 5T = 47.5 [m].
The average altitude of the harvester, the z comb
is l − Zt ≈ 19 [m]. The cable
ponent of the rōhp
elasticity stress is AE = 3.96 109 [N ]. The water
depth is 28T = 266 [m]. The vessel average forward speed is U = 4.4 [m/s]. Figure 3 shows the
the harvester heave RMSE and variance, as a function of χ̄. The threshold for the solution optimality
is 0.6 [m]. The optimal pattern heading, which re-

[4] M. Fard, “Simulation of coupled vessel-load
dynamics,” E&P Load and Responses R&T,
Bergen, Tech. Rep., 2001.
[5] O. Faltinsen, Sea Loads on Ships and Oﬀshore
Structures. Cambrige University Press, 1990.
[6] A. Shashikala, R. Sundaravadivelu, and
C. Ganapathy, “Dynamics of a moored barge
under regural and random waves,” Ocean Engineering, vol. 24, no. 5, p. 401:430, 1997.
[7] S. Messineo, F. Celani, and O. Egeland,
“Crane feedback control in oﬀshore moonpool operations,” Control Engineering Practice, vol. 16, p. 356:364, 2008.
[8] T. Perez, O. Smogeli, T. Fossen, and
A. Sorensen, “An overview of the marine system simulator MSS: A Simulink toolbox for
marine control systems,” Modelling, Identiﬁcation and Control, vol. 27, no. 4, p. 259:275,
2006.

Fig. 3: Harvester heave RMSE and variance, for diﬀerent
encounter angles, χ̄

duces the harvester heave disturbance RMSE and
variance, under the given threshold, lies between
[−40 , 40] degrees.
VI

Conclusions

In this paper, a 9 DOF seaweed harvester model
and a simulation toolbox are presented. Then, an
optimal harvesting path orientation, which minimizes the wave induced harvester motion, is evaluated, by simulating several pattern headings, for
a particular vessel, harvester and sea state. Several winch positions on the vessel can be chosen,
for design purpose. The hydrodynamic vessel and
harvester data can by obtained by using standard
seakeeping softwares, such as Seaway [15], Veres
[16] and Wamit [17]. The 9 DOF model, presented
in this paper, can be used for the vessel and harvester motion control design, and validation.
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