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Abstract: This paper considers the dynamic modelling and motion control of a Surface Effect
Ship (SES) for safer transfer of personnel and equipment from vessel to-and-from an offshore
wind-turbine. Such a vessel is a key enabling factor for operation and maintenance (O&M)
of offshore wind-energy infrastructure. The control system designed is referred to as Boarding
Control System (BCS). We investigate the performance of this system for a specific wind-farm
service vessel—The Wave Craft. A two-modality vessel model is presented to account for the
vessel free motion and motion whilst in contact with a wind-turbine. On a SES, the pressurized
air cushion carries the majority of the vessel mass. The control problem considered relates to
the actuation of the pressure such that wave-induced vessel motions are minimized. This leads
to a safer personnel transfer in developed sea-states than what is possible today. Results for the
BCS is presented through simulation and model-scale craft testing.
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1. MOTIVATION AND INTRODUCTION

As reported by the European Environment Agency’s EEA
(2008), it is expected that in 2020 there will be 30-40
times the installed offshore-wind infrastructure developed
in 2008. The next generation of turbines are located
significantly further offshore. Therefore, they experience
higher sea states, which requires specialised service vessels
for operation and maintenance (O&M). A key issue for
good economics on an offshore wind farm is maximization
of access feasibility for O&M. Surface Effect Ship (SES)
equipped with the Boarding Control System (BCS) intro-
duced in this paper will allow safer transfer of personnel
and equipment from vessel to-and-from an offshore wind-
turbine.

Based on our modelling and experimental validation (for
data corresponding to the British North Sea), we estimate
that a relatively small craft can enable safe turbine access
in sea states of up to 2.5 meter significant wave height.
Today, a similar sized craft can only operate safely up
to 1.5 meters (OWA, 2010). This improvement in vessel
motion handling would significantly extend the operability
envelope.

1.1 Surface effect ships

The SES rides on an air cushion which is enclosed by two
rigid catamaran demi-hulls and flexible rubber seals at the
bow and the stern. SES literature can be found in Lavis

(1998); Butler (1985); Kaplan et al. (1981). Fig. 1 shows
a cutaway drawing along the longitudinal centre plane of
a typical SES.

Fig. 1. Cutaway drawing along the longitudinal centre
plane of a typical SES. Illustration: Umoe Mandal.

The air cushion is pressurized by centrifugal lift fans that
blow air into the cushion. The air cushion lifts the vessel
vertically and the pressurized cushion can carry up to
80% of the total vessel mass. When this is the case, only
a minor part of the hull is submerged and exposed to
hydrodynamic drag. In this case, the pressure is controlled
by controlling the position of a set of vent valves that
varies the cushion air leakage. This can alter the crafts
submerged level considerably. To obtain high performance
during turbine boarding, a Wave Craft has installed twice
the air-flow actuation capacity necessary for traditional
SES high-speed mode. This is the consequence of the BCS
needing to transfer large amount of air through each wave
in order to achieve crucial vertical motion damping. Fig.



2 shows a model-test boarding setup. For cushion control
systems during transit, or Ride Control Systems (RCS),
see Adams et al. (1983); Sgrensen and Egeland (1995);
Kaplan and Davies (1978).
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Fig. 2. The Wave Craft model test (photo: Umoe Mandal)
2. MATHEMATICAL MODELLING

In this section, we develop a mathematical model that
accounts for both free station keeping and station keeping
whilst the vessel bow is in contact with the wind-turbine
column. The following are the modelling hypotheses con-
sidered:

(1) Vessel motion in surge, heave and pitch. The wind-
turbine column is considered vertical and rigid.

(2) As a point of reference on the vessel, we consider
the point B which is located below the center-of-
gravity on the mean water line. The surge and heave
displacements at point B are considered with respect
to the point O in an inertial (¢) frame, namely
zl Jo and z% Jo- The upper right script indicate the
coordinate system and the lower scripts indicate the
reference points to which these offsets refer to. This
is illustrated in Fig. 3.

(3) The compliance of the point of contact between vessel
and turbine is modelled by a vertical and a horizontal
spring-damper system, k,, ¢,, kp, and ¢y, respectively.
The springs capture the elasticity of the bow rubber
fender (Fig. 2 and 3). The springs are attached, or
suspended, to a small fictitious mass m,—which is
considered in order to avoid computational causality
issues due to holonomic constraints. The location of
the uncompressed fictitious mass is represented by the
point M, which is horizontally fixed, but but it has
a vertical degree of freedom. Fig. 3 shows the system
when there is no contact between vessel and turbine.

(4) The point C is located at the bow tip on the craft’s
centerline. The offsets x% /B and zg /B indicate the
fixed distance between point C' and B in body-fixed
coordinates.

(5) We choose O to coincide with B when the horizontal
spring is compressed. When turbine contact isn’t
present, we assume that our model, with the chosen
coordinate frame, is valid given that the bow is
arbitrarily close to the turbine. This is illustrated in
Fig. 3. Hence, the model covers both in- and not in-
turbine contact mode.

(6) The horizontal spring produces force (X?) only when
it is in compression which is when xzc /0 > xﬁw /0> See
Fig. 4. When this is the case, the vertical spring force
Z!, can act both in compression and tension. The
spring suspension is fixed in the x-direction, hence
xé\/[/o is constant.
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Fig. 3. Uncompressed horizonal spring - no contact
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Fig. 4. Compressed horizontal spring - turbine contact

(7) During boarding operation, when contact is present,
the bow (zé/o) can either be fixed to, or slide up and
down the wind-turbine column. This is regarded as
stick-slip motion and is modelled as Coulomb friction
force, which is calculated as the friction coefficient
multiplied by the normal force between two bodies.

The stick motion relates to the static regime. When
sufficient wave energy is available to overcome static
friction, the bow will move either up or down and the
system enters the kinetic regime. To account for this,
we consider the following modes:

(a) Static friction, with coefficient g, prevails if the
mass m, is fixed to the turbine, hence 25\4/0 =0.

(b) Kinetic friction, with coefficient py, prevails if m.,
glides up and down the wind turbine column,
hence 25\/{/0 # 0.

2.1 Spring forces

The pitch angle is referred to as 8(t) and is defined positive
with the bow down according to the right-hand rule. The
inertial coordinates for the point C' can be expressed using
a rotation matrix:

\ ! -
rejo0 =Tpro + Rireys

I
T ) 6) 0 sin(6)] [ (1)
C/O B/O COS( ) sm( ) Cc/B
O |=] 0]+l 0o 1 0 0
2570 250 —sin(f) 0 cos(6) Zbc/B

The horizontal spring force, in inertial coordinates, can be
expressed:

‘ I Y -
Xi= kh(xM/o fUC/o) Cth/o) if () . 2)
0 otherwise.

(*): 2¢/0 = Thy/0- According to hypothesis (2), we have

that X’ < 0 during craft-to-turbine contact. The vertical
spring force in inertial coordinates is expressed

Zé = kv(zﬁw/o - Zé/o) + Cv(z'f\/f/o - 732}/0)- (3)
2.2 The friction force

The friction force between the fictitious mass m, and the
turbine column is modelled as



. A if ()

Zf = {ﬂng sgn(y, ) otherwise. (4)
(+%): |23y /0] < € and | Z| < —p; X{. The upper and lower
row correspond to static and kinetic friction force, respec-
tively. € is chosen sufficiently small to avoid numerical
problems in simulation, such as shattering. The parameter
sgn(-) denotes the signum function. Recall that X? < 0 so
the friction force will always act against the motion and
act as a stabilizer and damping of motion. Note that a
discontinuity exist when toggling the regimes.

The equation of motion for the fictitious mass m,, can be
written

m*éjw/o =7y — Z,. (5)
Note that due to equation (3), (4) and (5), the point M

coincide with point C' when turbine-contact is not present,
hence Z}WO = z’C/O.

2.8 Decomposing the propulsion force

The propulsion forces are modelled in the inertial frame
as

X! = Kpgpcos(h),

1_)rop

Z[’L)T‘Op = _KBP sin(&), (6)
) —L .

Mp,op = TKBP sin(#),

where Kgp > 0 denotes the propulsion bollard pull force.
We assume that the propulsion force coincides with the
water plane for § = 0. L denotes the air cushion length.

2.4 Air cushion pressure dynamics

The following notation and modelling of the air cushion
is based on Sgrensen and Egeland (1995). Let P,(t) +
P, denote the total air cushion pressure, where P, and
P,(t) denotes the atmospheric and the excess air cushion
pressure, respectively.

For control purposes we define pu,(t) as a uniform, non-

dimensional dynamic cushion pressure variable:

P,(t) — P

OB ")
Py

where P, denotes the equilibrium pressure.

Hu (t) =

AAL(t) is our controller output and denotes the com-
manded dynamic leakage-area of the air cushion. The total
leakage is expressed:

Ap(t) = Ar, Bras + AAL(t), (8)

where A;, pras is some mean operating value that allows
two-sided control. In the absence of sea waves, the air
cushion reaches its equilibrium point when AAf () = 0.

The dynamics for y,, given in Sgrensen and Egeland (1995)
is written:
K piu(t) + Ks pu(t) + peoAci(t) 50 — peoActepf(t) =
Ko AAL(t) + peo Vo(t),
(9)

with

0 ho Ae 2P,
K1:p0701)7 Ko = peo cp 707
(1 &) ’ (10)
o PcO o ann
Kj = > (Qo 2Pyq P |0>,

where pg, peo and A, denotes ambient air density, equilib-
rium cushion density and air cushion area, x., denotes
the longitudinal length between the inertial coordinate
frame origin and the center of the air cushion pressure,
Qo is the equilibrium air flow, 8(%3" lo is the linearised lift
fan characteristic slope at the equilibrium point, which is
always negative. ¢ denotes the total number of lift fans
that are running on the same, constant speed.

Vo is the wave volume pumping of the dynamic pressure.
It is regarded a disturbance to the air cushion since it
represents the sea wave volume inside the air cushion:

. sin L

Vo(t) = AsCuwo TL2 cos(wot), (11)

2

where (, and wg denotes the wave height amplitude and
sea wave frequency. k = 27” denotes the wave number
where A is the sea wave length. As a side note, when
modelling the vessel in transit we would use w, which is
the wave frequency of encounter.
2.5 Motion in surge, pitch and heave:

The vessel motion in surge, pitch and heave consist of stan-
dard seakeeping equations of motion with radiation and
wave excitation forces. The restoring forces are considered
linear, following assumption 7.1 in (Fossen, 2011), for low-
speed applications. The craft experience low speed during
the docking phase. The same symbolic notation is also
used.

The equations of motion are coupled with cushion pres-
sure, spring forces and friction forces. A hydrostatic cou-
pling between heave and pitch is neglected due to the cho-
sen coordinate frame. The air cushion pressure is coupled
with heave and pitch velocity. The work presented in this
paper considers head seas which is reasonable since the
orientation of the wind-turbine-ladder, which is where the
bow docks the turbine, is placed accordingly. We consider
the following control plant model, where the equation in
surge can be expressed as

(m + A11) &0 () + Bi1 @70 (t) = Xjppop(t) + X, (1)
+XZUGU€S (t)’
(12)
and the motion in heave can be written as,
(m + As3) 25 0(t) + Bsa 250(t) + Cs3 230 (t)
_Ac PO /j‘u(t) = Zzi)rop(t) + Z;(t) + Zi}aves (t)?
while the pitch equation is given by

(13)

(Iyy + As5) 0(t) + Bss0(t) + Cs50(t) + xepAc Po pra(t)
= M;Zrop(t) + Zé’/BX;(t) - be/BZ;(t) + Miluaves (t)’
(14)
where A;;, By; and Cj; denotes the hydrodynamic added-
mass-, water wave radiation- and hydrostatic coefficient in
motion iz where ¢ = 1, 3, 5 respectively denoting motion in
surge, heave and pitch. Added mass and radiation terms



are frequency-dependent but are solved as coeflicients
using the Cumming equation (Faltinsen, 1990), (Fossen,
2011). m and I, denotes vessel mass and moment of
inertia around the y-axis. X! ,oess Zoaves and MY are
the hydrodynamic wave excitation forces in surge, heave
and pitch, respectively, and models for these can be found
in Faltinsen (1990) and Fossen (2011).

3. CONTROL SYSTEM DESIGN

The control problem considered consist of minimizing
the vertical craft motion by controlling the air cushion
pressure. The pressure is not actuated directly but through
varying the leakage area out of a set of vent valves as
illustrated in equation (8) and (9).

3.1 State space model

The SISO system, expressed in equation (1) through (14)
can be written on the following state space form:
x(t) = Ax(t) + Bu(t) + f(x(¢)) + Ev(¢)
y(t) = Cx(1),
where Ax(t) captures the unperturbed and uncontrolled
dynamics of the craft when bow-to-turbine contact isn’t
present. Correspondingly Ax(t) + f(x(t)) applies for
the perturbed bow-turbine-contact case which includes
wave excitation, water jet-propulsion, spring- and friction-
forces. Bu(t) and Ev(t) is the control force and distur-
bance force, respectively.

(15)

Momenta, cushion pressure and displacement will be used
as states in a 9-dimensional state space vector x =
[1 2 ... 29]T, where

z1 : Heave displacement, ziB e

x9 : Pitch angle, 0

x3 : Heave momentum, (m + Agg)éiB/o

x4 : Pitch angular momentum, (I, + Ass)0
x5 : Dynamic cushion pressure, j,(t)

xg : Surge displacement, x%/o

x7 : Displacement of mass m., z}VI e

s : Surge momentum, (m + A1)i% o

Tg : Vertical momentum of mass m., m*éjwo

The scalar control is defined as wu(t) := AAL(t). Note
that a positive u correspond to a leakage area less than
A Bras (8) and vice versa. Heave velocity is our mea-

nﬁx;. The initial state

is z(tg) = [O16 ZZ‘/O 01.2], where 0,4y, is the n x m-
dimensional zero matrix. The disturbance vector is ex-
pressed v = [Z}, M Vo X uves) T

waves waves waves

surement, hence y(t) = Cx(t) =

The system matrices A, B, f(x), E and C can be found
in Appendix A.

3.2 Feedback control law

The following feedback controller is proposed:
u(t) = —ky(t) = -k Cx(t),
where k € R is the controller feedback gain.

(16)

4. RESULTS

We have designed a controller as specified in section 3.
Physically, the controller input is a numerical integration
of an accelerometers located at the centre-of-gravity (CQG)
acting in the z-direction. The output is the commanded
vent valve leakage area AAp(t). BCS results which ex-
clusively deals with a free floating SES can be found
in Auestad et al. (2014). All values on the y—axis are
normalized.

4.1 Simulation results

Fig. 5 illustrates a test run that consist of three phases.
The craft (point C) is initially located in front of the
turbine (point M) and no contact exist. Also, since the
fictitious mass m, is implemented to capture the dynamics
of the fender it was tuned using the trial and error
approach to capture model-test-data response. m, was
set to 5 kg. The propulsion force, which initially is zero,
is enabled at t = 33 s. At this time turbine contact is
engaged. The BCS is active from ¢ = 66s. The regular head
sea wave has peak-to-peak wave height 2.4m and period
7.16s.
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Fig. 5. Simulation run

The simulation can be summed up as follows:
Phase 1, t € (0,33): The horizontal spring is uncom-
pressed. In this sea state, the pitch (0) resonance (3.3 s) is



triggered and results in fluctuations around the resonance-
and the wave-frequency. The fictitious spring suspension
follows the bow tip, hence 23\4/0 = zZC/O.

Phase 2, ¢t € (33,66): The propulsion force is thrusting the
bow tip (zy, /o) towards the turbine, however, kinetic and
static friction are fighting each other, leading the bow tip
(25 /o) to glide up and down the turbine. 6 is damped due
to friction.

Phase 3, t € (66,100): The BCS is activated while
maintaining the propulsion thrust force from phase 2. The
amplitude of # and ziB o indicates that motions in the
entire vessel are significantly reduced. The friction force
type are exclusively static and boarding of the turbine is
safe since z’c /0 is fixed. The control system ensures that

the system trajectories return to an equilibrium (zlc /0~
.0.6).

4.2 Model-test craft

The performance of the control system has been inves-
tigated through model-testing (Fig. 2). This section is
divided into two parts, one for regular seas and long-
crested waves, and one for irregular seas described by a
wave spectrum with distributed wave heights and periods.
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Fig. 6. Time Series. Hy = 3.2m

Regular seas:  Fig. 6 shows that the bow vessel tip is
fixed to the turbine when the Boarding Control System is
on while it is slipping up and down the turbine when the
BCS is off (the system is uncontrolled). The peak-to-peak
wave heights (H;) are 3.2m. In Fig. 6a, the wave period
(T}) is 8.5s while it is 11.7s in Fig. 6b.

In Fig. 6a the amplitude of P, decreases when the BCS is
turned on, in contrast to Fig. 6b where the amplitude of P,

is increased when the BCS is turned on. This emphasize
an important fact which differs from traditional RCS,
since the BCS manipulates the pressure variations to be
whatever is most beneficial to reduce vertical motions:
for the shorter wave period case (Fig. 6b), the wave
volume pumping (Vp) is dominating the disturbance in
heave and consequently, the BCS manipulates the pressure
variations by damping the disturbance pressure amplitude
and by changing the phase to act in opposite direction
of the heave velocity. For the case of the longer wave
period Fig. 6b, the wave excitation force (Z%) is the
dominating disturbance and the BCS commands large
pressure variations in counterphase of the heave velocity.

Irregular seas: ~ The parameters H, and T}, denote signif-
icant wave height and time period, respectively. In this
case, the model-tank wave-generator produces a JON-
SWAP wave spectrum, Fossen (2011), parametrized with
Hy=25mand T, =7.5s.

Fig. 7 and 8 show the performance of the BCS in irregular
seas by reducing vertical bow motions. This enables safe
turbine access in higher sea states. Fig. 7 shows time series
for a ten minute run, while Fig. 8 estimates of the Power
Spectral Density (PSD) plot, obtained by the MATLAB
function pwelch, for a 40 minute run. Decreased bow
motion which results in increased safety during turbine
boarding.
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Fig. 7. Time series of the bow motion with and without
the BCS active
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5. CONCLUSIONS AND FURTHER WORK

The performance of the proposed BCS indicates that wind-
turbine availability can be increased compared to the
uncontrolled case. The model-test results in Fig. 6 indicate
safe turbine access in up to 3.2 meter for regular waves,
and up to 2.5 m significant for irregular waves (Fig. 7 and
8). Note that the bow experience some small slips during



the irregular sea case but turbine access is still regarded
safe; in practice, all turbine transfer vessel experience some
slips when pushing its sea wave limit OWA (2010) but it is
the size of, and how frequently these appears, that are of
interest. Unfortunately such limits are not yet classified
but these crafts have a designated crew operator that
signals the service personnel whether or not boarding is
safe, and based on this, we regard the results given with the
BCS active in Fig. 7, as safe. The Wave Craft prototype,
Umoe Ventus is charted by Dong Energy on the wind-farm
Borkum Riffgrund 1, in the Germany’s north sea starting
from March, 2015. Full-scale performance of the BCS will
be published in the near future.

Appendix A. SYMBOLIC MATRICES

_ 02:1

A]_rmr Orz4 f13w1 Blf;vl
A — [olite) s} f — B — .

| O4z5 Osqa]’ (x) 02,1 |’ 0421 |’

f22$1

(0223 021

I3:3 031
E = | 0243 0251 = [Cligs Oiz4],

Ole 1

_01:53 0

(A1)

where 1,,,,, denotes the nzm-dimensional identity matrix.
Furthermore, using A1 = Als,5:

1
0 0 i 0 0
0 0 0 Tt A 0
A1=|-Cs 0 m_sza 0 APy
0 —055 0 Iy;fff)o _xcpAcPO
O 0 _P(;OAC Irppz‘OAr —K3
K1(7n+A33) Ki(Iyy+Ass) K1
Bls,, = [0 000 ?} Clsun = [0 0 7 0 0]
(A.2)
—Kppsin(zg) + ZL+ Z1
fl3x1 — f%sm(m + ZC/BX xC/BZZ + Mwaves
peoVo
2. Kpp cos(za) + XU+ XY pves
2x1 — Zf Zz )
where
. ) xs Bx4
X! =k (xl - —a)—c ,
s h M/O 6 h (m+A11 Iyy+A55)
: i ie) T3 QT4
Zy=ky(zr —x +e | — — )
( ’ e ) (m* m+A33 Iyy +A55>
; A if |22 <eand |Z| < —ps X
Zy = i e e
pe X sgn(o) else,
and
a=a(zg) = ach/B cos(xa) + sz/B sin(xs),
B =p(xs) = fxl(’j/B sin(zg) + zg/B cos(z2).

(A.3)

» Kaplan, P.B., Bentson, and Davis, S. (1981).

Appendix B. MAIN DIMENSIONS

Description Full-scale Model-scale

Length Over All 26.6 m 3m

Width Over All 10.4 m 1.3 m

Draught (On-cushion) 2.77 (0.9) m 0.34 (0.1) m

Cargo Capacity 4T n.a.

Transit Speed ~ 40kn n.a.
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