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states have led to the hypothesis that the cause could be a large slamming load from a tall
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teristics of a semi with DP shows that due to the wave + noise filter in the DP controller, a
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loads can be strongly amplified as a result of viscous forces on the columns, as shown by
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1 INTRODUCTION

According to Petroleumstilsynet (The Petroleum Safety Authority of Norway) there have been a number of
cases when large wave forces - yet under normal operating conditions - have caused loss of position for DP-
controlled semi-submersibles, cf. [1], [2]

One hypothesis has been that the platform's excursion was caused by slamming from a high and steep single
wave created by statistical coincidence. Such a load could well be regarded as one that causes the same
effect as that of an ideal impulse load — i.e., a load of infinite magnitude, but with infinitesimal duration,
such that the time-integrated product of magnitude and duration becomes finite and non-zero.

When an impulse hits a mechanical body that is free to move, it will cause a step change in the body's velocity
and kinetic energy. In practice, a load can be regarded as approximately impulsive, provided the body's
velocity is not affected noticeably by reaction forces during the time the force is acting. For a moored or
dynamically positioned vessel, the reaction forces are restoring forces and damping forces.

Another possible cause of loss of position in seas of moderate height could be large viscous force ("Morison
load" [5], [6]) on the semi's columns from a not so steep, but tall wave. In contrast to models based on
potential theory, the Morison equation has an additional viscous term. Compared to a slamming load, the
wave force on a column would be smaller, but its duration longer, which might have an identical effect on
the semi's response

A third effect could be that of extreme wavedrift (i.e., extreme for the wave height), i.e., the slowly varying
force caused by non-linear forcing mechanism in irregular seas. In this case, a group of tall and steep waves
could in its passing create a significant force of less than a minute's duration. The load would in this case not
qualify as an approximate impulse load, but still happen quickly enough to escape the full restoring action
of the DP system.

These three types of loads will be treated further in Chapter 3.

2 PRINCIPLE OF DYNAMIC POSITIONING

The response of the DP system to the wave disturbance will be less immediate as that of mooring system.
This is because the thrusters need some time to react to the changing demand for force from the controller,
and because the filter for reduction of wave frequency motion and measurement noise will add a delay.

The detailed functioning of a DP controller is the secret of the manufacturer. Still, it is expected that any
system will perform Proportional + Integral + Derivative (PID) control in combination with model-based fil-
tering. A basic schematic of a DP system is shown in Figure 2-1. The purpose of the filter is to remove the
wave-frequency (WF) component from the measured position to leave the low frequency (LF) component
of motion. The reason for this is that the WF loads are so forceful they cannot be counteracted by the
thrusters. Letting the WF part of the position error through to the thruster system via the feedback would
result in futile WF thrust action that would only create wear on the thrusters and unpleasant audio noise for
the crew. In addition to reducing the amount of WF in the feedback loop, the filter also filters off measure-
ment noise.

Like a mooring system, a DP system can be regarded as a spring plus damper system, with the difference
that the spring and damping actions are created synthetically. As described above, another difference is the
delay of reaction from the DP system. The integral action of the DP ensures zero stationary (mean) error, a
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property that the mooring system lacks, unless the mooring lasses are run continuously. One great advan-
tage with DP over mooring is that a large damping level — e.g., 70 % of critical — can be set.

Measurement

noise
Estimated LF

Envir. l response

F +F X +x y 56\“:
tF wF . Feedback
IF WF Vessel —p| Meas ——Pp Filter | ——3P calc
i 1
Thr
®
Thruster Thruster
force Thruster command
<
system

Figure 2-1 Simplified block diagram of a typical DP system. The yellow boxes constitute the DP controller.

3 LOADING MECHANISMS

As proposed in the introduction, three different "mechanisms" can be thought to create sudden loss of
position:

1. Slamming load from a steep single wave
2. Viscous load from tall single wave
3. Wavedrift load from a group of large waves

In the following these will be treated briefly.

3.1 Slamming load

It may happen that a steep and tall wave will rise and break in the immediate front of a column and create
damaging water pressure where it hits. In the modelling world, this is seen as a coincidental combination of
the phase angles in the components that constitute the irregular sea. Such slamming has very short duration
and can well be regarded as coming close to the notion of impulse load. When a large area of the column's
side is hit, the total slamming force could be so large as to drive the vessel off position.

The linear spring-mass-damper system is frequently used as a simplified model in analysis of mechanical
dynamic systems, such as moored or dynamically positioned vessels. The system is modelled by the simple

differential equation:

mi+cx+kx=F (1)
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where x is the position, x the velocity, X the acceleration, and F the driving force. The parameters m, ¢ and
k are the coefficients of mass, damping and stiffness, respectively.

For a spring-mass-damper system initially at rest, the position response to an ideal impulse load, F =/, be-
comes

x(t) = miﬁexp(—at) sin St (2)

(provided the damping is not greater than critical). The response is seen to consist of a sinusoidal oscillation
which is damped by a declining exponential function. Denoting the coefficients of mass, damping and stiff-
ness by m, ¢ and k, respectively, the decay exponent () and the natural frequency (f) become:

(3)

1

The excursion reaches its maximum value at the time ¢,,,,, = tan™ g . The maximum becomes:

a

Xmax = x(tmax) = \/%exp (_ﬁ tan_l(g)) (4)

Introducing the damping ratio, { = a/y/a? + B2, Xxmax can be formulated as

[
¢

(5)

( )

I ¢
x =——exp (— tan~1!
e = R P

When the damping is zero (¢ = 0 = ¢ = 0), the maximum excursion becomes I/m . When the damping
is increased, the maximum excursion is reduced. This is shown in Figure 3-1. For a damping ratio of {=0.1
(10%), which may represent the surge damping of a moored vessel, the peak of the excursion is 0.86 times
that of the non-damped vessel. For a damping ratio of 0.7, which is typical for a DP system, the maximum
response is reduced to 0.46. Figure 3-2 shows the impulse responses for the three values of damping ratio.

It is noted from Eqg. (5) that, provided the damping ratio remains constant, the maximum offset is inversely
proportional to the square root of the stiffness, k. This means that if one wants to reduce the maximum
value of the response by a factor of two, the stiffness of the mooring system or DP system (i.e. the propor-
tional gain) must be quadrupled.

As explained above, although the damping value of { = 0.7 is characteristic for a DP system, the impulse
response of a real DP system must be expected to be greater than shown in the figures due to the delay of
the filter and the thruster dynamics. This is treated further in Chapter 5.

Project no. Report No Version
302006215 0C2021 F-079 1 7 of 47



©)

SINTEF

Max impulse excursion as function of damping ratio

0.3

0 0.2 0.4 0.6 0.8 1
Damping ratio (zeta)

Figure 3-1 Dependence of max impulse response on damping ratio. The curve is normalized
by the max response of the non-damped system (c =0 = {=0)

O -
0.51
zeta=0
zeta = 0.1
zeta=0.7
1 I I 1 I
0 2 4 6 8 10

Scaled time
Figure 3-2 Impulse responses of mass-damper-spring system for different values of damping ratio, .

Neglecting for the moment the delay in the response due to delays in filter and thruster response, we try to
find an impulse load that is capable of driving a vessel substantially away from the mean position. The vessel
is taken to be the size of Deepsea Bergen, which has a total mass of 29 945 metric tonnes, including hydro-
dynamic added mass at zero frequency. The stiffness of the DP system is assumed such that the undamped
natural period becomes 100 seconds, which gives a stiffness of k = 120 kN/m. The damping ratio is assumed
to be T = 0.7, including the hydrodynamic damping. The "substantial" excursion is taken as 7 m (which is
inspired by the event reported in [1] and [2]). Using this value for xmax in Eq. (5), the impulse becomes:

I1 = 29 000 kNs (6)
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We will compare this value with the result from a slamming model: We consider a slamming event in a sea
state of 7 m significant height (Hs) and a spectral peak period (Tp) of 9.1 s. This is a state of steep waves but
it may well be within the limit of most offshore operations (It is identical to the middle case in Table 6-3, or
"base case" considered below).

[ J

Figure 3-3 Sketch of slamming event. The red lines show the position limits for the
vessel. If the vessel's centre is driven past any of the lines, this is defined
as loss of position.

It is assumed that a vertical "wall" of moving water is formed immediately in front of the semi-submersible's
column, cf. Figure 3-3.

The maximum slamming force can be expressed as (cf. [4]):
F = 2mphRV? (7)

Here, p is the density of water, h the height of the slamming area, i.e., the height of the column surface hit
by the wave, R the radius of the column and V the horizontal speed of the water.

Some further assumptions are made:

The height h of the slamming area is taken as the most probable highest wave amplitude in three hours'
time. The formula for the most probable maximum, assuming Rayleigh-distributed peaks is:

h = 0,/2log (N) (8)

Here, 0 = Hs/4 is the standard deviation of the wave, and N is the number of zero up-crossings, Assuming
the mean zero up-crossing period to be T; = T,/1.2 = 7.6 s, the average number of peaks in 3 hours is N=
1421. (The ratio between T, and T, depends on the shape of the sea spectrum, cf. [3]. The value 1.2
corresponds to a narrow-banded Jonswap spectrum with the parameter y equal to 5).

From the above, the most probable maximum in three hours becomes:
h=6.7m

The radius of the front columns of Deepsea Bergen is R = 4.5 m. The wave speed (celerity) is calculated from
(assuming deep water), cf. [4]:

Project no. Report No Version
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97T,
V==—
21T

(9)

where g is the gravitational acceleration. The speed becomes:
V=14.2m/s

Inserting these parameter values in Eq. (7) gives for the initial slamming force on the column:
F =39 000 kN

This is the force that arises in the instant when the "wall of water" hits the column. According to [4] the
duration of the slamming event can be estimated by the formula

_13R
32V (10)

which gives T = 0.129 s. However, in this time the force will decline towards zero. To estimate the impulse
load, it is reasonable to assume an effective duration of Te = T/2 = 0.064 s. The impulse then becomes | =
Te-F =2 500 kNs.

If the wave hits the front of the semi in such a way that the slamming conditions are fulfilled for each of the
two front columns, the impulse load will be doubled, and we get:

I, =5 000 kNs (11)

This value is significantly lower than the impulse /1 in Eq. (6), which is the impulse capable of moving the
vessel 7 m out of the mean position from a state of rest. For comparison, the slamming impulse /> will move
the vessel 1.2 m.

It is pointed out that the calculation of the slamming load is rather crude and rests on a number of assump-
tions. However, these assumptions are made such that the impulse load /> becomes a worst-case event for
the given significant wave height of 7 m. Other parameter combinations could be tried. Changing the wave
parameters and the duration of the time period under consideration will not give drastic change.

In the above calculation it is assumed that the column has circular cross-section. For a square column and
when the wave hits a side perpendicularly, it must be assumed that the peak load will be greater and the
duration of the load shorter. When the wave hits diagonally the opposite will happen. In either case, the
force-times-duration magnitude of the impulse may not deviate substantially from the estimate for the cir-
cular cross section above.

3.2 Wave frequency viscous load

The Morison equation is a heuristic formula for the force on a slender vertical pile extending from the sea-
floor from viscous flow, [5] [6].

K D
iy 2
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Here, u(z) is the depth-dependent speed of water normal to the column's surface, p the water density and
D the diameter of the column. The integrals are evaluated from the location (-d) on the seafloor and the sea
surface. Cy and Cp are the dimensionless coefficients of inertia and drag. These coefficients depend on the
Reynolds number and the Keulegan-Carpenter (KC) number [7]. While the value for Cy in most cases will lie
around 2, the dependence is stronger for Cp, which also depends on the surface roughness. For Eq. (12) to
hold, the pile must be slender, which is loosely formulated as the condition that the diameter must be much
smaller than the wavelength. For Deepsea Bergen, the diameter of the columns is less than 1/14'th of the
wavelength corresponding to a period of 9.1 s. This must indicate that the Morison formula will apply.

It is only the second integral in (12) that is of interest in the present context. The first integral represents
inertia force, which is already included in the potential-flow model for the 1%*-order transfer functions (yet
with a moderate error due to the linear extension of the model to the non-infinitesimal surface elevation
and vessel motion).

The second integral represents viscous loading, which is absent in the potential model. In regular seas of
small amplitude, the viscous force will be cyclic and approximately symmetrical about zero. Thus, the force
will contribute to the wave-frequency motion of the vessel. When the amplitude is larger the Morison drag
(second term in Eq. (12) becomes more asymmetric, as the positive peaks of force will be larger than the
negative peaks. Here, a positive peak of force is taken to correspond to the situation when a wave crest is
passing the column. A measure of the force is estimated as follows:

Using a wave of 7 m significant height and T, = 9.1 s as in the example above, the 3-hour most probable
maximum wave peak is 6.7 m, as calculated above. Assuming now a sinusoidal wave with this amplitude, the
second integral in (12) is evaluated from the bottom of the column at 9.5 m below the SWL (d in Eq. (8)) and
up to an height above the still water level (SWL) equal to the wave amplitude of 6.7 m (n in Eqg. (8)). Below
the SWL the velocity profile declines exponentially as exp(kz), where k is the wave number and z the vertical
distance below the SWL (where z is negative). The value Cp = 1.0 was used in the calculation. See [6] for
background theory.

The Deepsea Bergen (Figure 6-1) has eight columns. The four columns at the corners have a diameter of 9
m. The peak force on one of these columns resulting from a wave of 6.7 m amplitude becomes 1060 kN. The
four columns between the corners have a diameter of 7.4 m and experience a force of 870 kN each. Assuming
as a worst case that the force on each column is unaffected by the presence of the others, and that the
forces happen simultaneously, we get as an upper bound for the viscous force:

Fvisc = 7 700 kN

From the motion characteristics of Deepsea Bergen in the SIMO model (see Section 6.1) we get the corre-
sponding potential force for the same wave period: 20 000 kN. The motion amplitude obtained from the
SIMO model for a wave amplitude of 6.7 m is 1.44 m. This means that by adding the viscous force to the
potential force, we will expect an increase in the motion amplitude of about 40 %, i.e., from 1.44 mto 2.0 m
as the 3-hour extreme amplitude in the chosen sea state (Hs=7 m, Tp = 9.1 s). This calculation holds if the
potential force and the viscous force are in phase. If ninety degrees phase difference is assumed, the increase
is only 7 %.

It is reminded that this estimate of Fyisc is an upper bound, assuming synchronous force on the columns. In
addition, viscous damping is not taken into the account. It is possible that this damping may outweigh the
additional viscous excitation such that the net viscous contribution will be negative.

Project no. Report No Version
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The conclusion, therefore, is that viscous WF effects will not be a major cause of loss of position.

It is further added that in irregular seas the quadratic nature of the viscous drag in (12) and the asymmetry
of the force will cause nonlinear frequency mixing, which will generate components of force outside the WF
band, in particular LF components of force. For a wave of amplitude 6.7 m the viscous force corresponding
to a wave trough is -125 kN on a corner column. This shows the degree of asymmetry of the viscous force.
The viscous LF components will be small in comparison with the viscous WF force, but due to their longer
persistence they may cause a noticeable increase in the motion. However, this phenomenon belongs to the
category of wave drift, which is treated next.

3.3 Wave-drift load

Avessel in regular seas will in addition to the oscillating wave load experience a constant force, the wavedrift
force. This force is the result of a nonlinear hydrodynamic forcing mechanism. Based on the methods from
potential theory the constant force can be modelled by so-called wave-drift coefficients, which vary with
frequency. For a regular wave, the wave drift force will be proportional to the square of the wave amplitude.
In irregular seas the wave-drift force will vary slowly about a mean value given by

F= ijWD(w)S(w)dw (13)
0

Here, Cyyp(w) is the wave-drift coefficient and S(w) the wave spectrum. Figure 3-4 shows the wave drift
coefficient for surge for Deepsea Bergen. On the whole, a wave-drift coefficient will increase with frequency.
The function in the figure will give almost no wave drift for frequencies below 0,5 rad/s — which corresponds
to a period of about 13 seconds. Up to 1 rad/s the value of the coefficient has a moderate trend, then it
increases dramatically. The tall peak lies between frequencies corresponding to periods in the range 4.5 -6
seconds. The general increase of the wavedrift coefficient with frequency implies that for spectral seas the
mean force will be greater for steep waves, i.e., when the wave spectrum is located to the right on the
frequency axes.

Deepsea Bergen
350 . P . g

0 0.5 1 1.5 2
Frequency (rad/s)

Figure 3-4 Wave drift coefficient of surge
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To calculate the slowly varying force the quadratic transfer function (QTF) is needed. The QTF is a function
on a two-dimensional frequency domain and is little used. This is because the much simpler Newman appro-
ximation [6] usually is found adequate, in particular for semis.

Compared with the linear (1**-order) wave force, the wave drift force in irregular seas will vary slowly (and
is therefore frequently referred to as low frequency (LF) wave force). The variation in magnitude can be
large. Figure 3-5 demonstrates this. The figure shows surface elevation and wave drift force reconstructed
from measurements on a moored semi that had suffered a line breakage in a one-year storm. The large force
arising in the middle of the figure was estimated as the cause of the damage. This force, in turn, was caused
by a group of high waves, as seen (The difference in the mean force level before and after the large peak is
only apparent and due to uncertainty in the calculation). It is characteristic of the wave drift load that it does
not change sign, although the wave oscillates about the SWL.

The load in the figure has a duration of about 100 seconds and cannot be said to be an impulse, even approxi-
mately (since the positioning system will begin to react well before the termination of the load peak. Still, it
is informative that its impulse value, estimated as the area under the curve across the interval between 3
200 s and 3 300 s is in the order of 250 000 kNs. This is vastly more than the values /1 and /; above, cf. Egs.
(6) and (11). It must be noted that the event in the figure concerns a bigger semi-submersible than the
Deepsea Bergen and a more severe wave condition than in the calculations above. Still, there is reason to
believe that the reported cases of loss of position have been caused by large wave drift force.

Assuming wave drift loading to be the predominant cause of loss of position, the processes of loading and
response will be studied further below.

Like the mean wave drift force, also the low frequency variation of force will be greater for steep sea states.

Wave (m)

10 | | LF force (KN/500) | 1

10 F 4

3000 3100 3200 3300 3400 3500 3600

Figure 3-5 Surface elevation and wave drift force in surge. Horizontal axis shows time in seconds
(The tallest wave in the figure has a steepness of 0.045, which is about one third of the
breaking limit)
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4 EFFECT OF CURRENT AND WAVE CONDITION ON WAVE DRIFT

Wave drift coefficients are calculated by methods based on potential theory, i.e., the assumption of inviscid
fluid flow. For semi-submersible vessels there may be viscous effects that increase the load significantly.
Further, most calculation codes do not take the effect of current into account. The presence of current will
change the ratio between the frequency of encounter and the wavelength and cause a change in the wave
drift.

One goal of the Exwave joint industry project [8] was to find a way to modify the wavedrift model such that
the effects of current and viscosity could be included. To this end a series of laboratory tests were carried
out in the Ocean basin at SINTEF Ocean. Two scale models of semisubmersibles were tested. One model
represented the Deepsea Bergen (Figure 6-1). The other was an "anonymous" vessel design referred to as
the Exwave semi (Figure 6-2).

The so-called "Exwave Formula" for correction of wave-drift coefficients reads:

Cwp (@, Ug, Hg) = (1 + CoU, €08 Bye) CP2D () + B(w)(GU, c0s Bye + Hy) (‘;’; g) (14)
where
w = Wave frequency (rad/s)
U, = Current speed (m/s)
H, = Significant wave height (m)
Cwp(w,U,, Hy) = Corrected wave drift coefficient (N/m?)
Co = Potential flow wave-current interaction coefficient (s/m)
(Cp =0.25 s/m is a typical value)
Bwe = Angle between wave direction and current direction
Cél%)t) (w) = Original un-corrected wave drift coefficient from potential theory (N/m?)
B(w) = Correction factor depending on geometry of semisubmersible (N/m?)
G = Viscous wave-current interaction coefficient (= 10 s)
8 = Wave direction relative to vessel x axis.

The formula consists of two parts. The first is a correction for the effect of current on the potential-flow
wave drift coefficient. The second part is a correction for viscous correction when current exists plus a cor-
rection for wave height dependence. Eq. (14) applies to surge (x) and sway (y). The meaning of the last
parenthesis is that cos 8 is to be used for x and sin 8 for y.

Various versions of the formula exist, differing in how the coefficient B(w) is calculated. This coefficient
depends in particular on the number and sizes of columns. In the present study, B(w) is calculated according
to [14]. A somewhat different formula is presented in [9].

Figure 4-1 shows an example of the result of applying of the correction formula. The wave drift coefficient
is the same as is shown in Figure 3-4. It is seen that the correction has a substantial effect, in particular in
the frequency range below 1 rad/s.
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Figure 4-1 Original and corrected wave drift coefficient for surge (Uc = 0.5 m/s, Hs =7 m)

5 RESPONSE CHARACTERISTICS OF DYNAMICALLY POSITIONED VESSEL

5.1 Model

To study the dynamic properties of the vessel with dynamic positioning, an 'essential' model was made. The
model is linear and has one degree of freedom (dof) of motion. It is essential in the sense that it includes the
basic characteristics of the vessel mechanics, the DP controller and thruster system.

e The vessel is modelled as separate parts for the low frequency (LF) and the wave frequency (WF)
response
0 The LF model is a 2"-order mass-spring-damper system driven by white noise
0 The WF response is modelled as a narrow-banded process (see below)
e The DP controller uses feedback to the thrusters from estimated LF position error and velocity. The
estimator is a Kalman-Bucy filter.
e The thruster system including servo controllers is modelled as one resulting force with a 1%-order
lag (time constant)

The model is primarily made for studying impulse response: What will the reaction of the DP system be when
a large, sudden excitation occurs. The linearity allows its properties to be investigated in both the time
domain and the frequency domain.

e One-dof motion is justified because for a semi-submersible the cross-coupling between the com-
ponents of motion of the vessel's centre is weak: A force attacking in a given direction will cause a
response more or less in the same direction.

e The linearity of the vessel damping — rather than quadratic damping — is justified since the bigger
part of the damping comes from the DP system, which is linear

Project no. Report No Version
302006215 0C2021 F-079 1 15 of 47



©)

SINTEF

e The thruster response (to the thruster command) will for a real system be nonlinear due to the
guadratic hydrodynamic torque resistance. However, the thruster response will also depend on the
functioning of the servo system, which is manufacturer-dependent. The basic thruster property to
model is the thruster delay, and without further knowledge, a 1**-order lag should be adequate.

The response model is expressed on state space form:

Xpr = AppXpr + BrpFr + Breéir

. (15)
Xwr = AwrXwr + Bwréwr

Here, the state vectors x.r and xwr represent the LF and the WF model, respectively, Fris thruster force,
and & and éwr are "scalar" driving white noise processes.

The elements of the state vector x,r are LF position and velocity.

_ [*LF
XLF = [ULF] (16)
The matrices Air and B.r are composed as
0 1 0
M= | pm —epm) e B = [1ym) )

where m is the vessel's total (rigid + hydrodynamic mass) mass, and ¢ the hydrodynamic damping coefficient.
For the model to represent horizontal motion (which have no restoring) the stiffness, k, is set to zero. With
the parameterization in (17) the white driving noise &,r becomes defined as force.

The WF response must have a spectrum that is narrow-banded and concentrated around a peak frequency.
This frequency will be close to the peak frequency of the wave spectrum, and the width of the spectrum is
expected to be comparable to that of the wave spectrum, as long as the horizontal WF motion is considered.

As a simplification, therefore, the WF motion is modelled as a constant multiplied by the wave elevation:

Xwr(t) = Twe n(t) (18)

The coefficient rwr can be regarded as an average RAO across the width of the wave spectrum (It is noted
that the purpose of the WF model is to have a basis for the construction of the wave filter used by the
controller (Figure 2-1) and not a high-precision model for the WF response).

The Pierson-Moskowitz (P-M) spectrum is found to be a convenient choice of spectrum type since it is readily
scalable to any magnitude and location on the frequency axis. To represent the process behind the P-M
spectrum as a differential equation, least squares model fitting was used. The method is too involved to be
included here but is described in [10] (where it is applied to wind gust spectra). It was found that a model
order of six gave an excellent representation of the P-M spectrum, as demonstrated by Figure 5-1. The model
was then given state space formulation, cf. Eq. (15), c.f. [10].

The WF state space model was made to represent a normalized P-M spectrum, i.e., the spectrum corres-
ponding to Hs = 1.0 and T, = 1.0. Changing the model to represent a different peak period and magnitude of
response is easily done by scaling the coefficients in the matrices Awr and Bus.
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Figure 5-1 The spectrum corresponding to the 6" order model for WF motion in comparison with the
Pierson-Moskowitz spectrum .

The main input to the controller is the measurement of position, which is modelled as the sum of LF and
WEF position:

XLF

xwp] +w (19)

y=C [
Here, the vectors of LF and WF position form a combined state vector of eight components. The variable w

is measurement noise. Cis a constant measurement matrix that maps the right state variables to the (scalar)
measurement, y (The 3™ WF state is the wave elevation, the other five states are auxiliary variables):

C=[10001000] (20)

Eqg. (19) and the model (15) are the basis for the design of the state estimator (observer). Its task is to make
an estimate of the LF state, xir = [xir, vie]" given the measurement, y. In addition to the coefficients of the
matrices in the state space model, the (constant) power densities of the process noises (&;r and éwr) and the
measurement noise (w) must be known.

For the state estimation, the Kalman-Bucy filter is used. This filter is the continuous time equivalent of the
better known Kalman filter. The details of the estimator are not given here but can be found in [11] or else-

where in the rich literature on the subject.

When the estimate (X;r) of the LF state is obtained, the feedback command to the thrusters is expressed
as

u=-—=aG /x\LF (21)
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where the gain matrix G consists of position gain and velocity gain:
G=[9p 9v] (22)

To model the response of the force (Fr) from the thrusters a simple 1%-order model is used, as mentioned
above:

. 1 1
FT = __FT+ —Uu (23)
Ty Ty

This equation represents the combined response of the thruster dynamics and the thruster controller. The
quickness of the response is determined by the time constant Tr, see Figure 5-2, which shows the thruster
response to a unit step in the commanded thrust. After a time, equal to the time constant, the thrust has
reached 63 % of its final value.

09r 1
0.8 1
0.7 1
0.6 1
0.5
0.4r
03[
0.2

0.1

S

1.5 2 2.5 3 3.5 4
Time/T

Figure 5-2 Unit step response corresponding to the first-order model in Eq. (23) . T is the time constant.

5.2 Example

5.2.1 Model data

The frequency response and impulse response of the system described above are calculated using data for
Deepsea Bergen. The Kalman-Bucy filter was based on the sea state Hs = 7 m, and Tp = 9.1 s and the
assumption of P-M spectrum. The parameters used in the calculation are summarized in Table 5-1. The data
pertain to the semi's surge motion.

Using the spring-mass-damper analogy in Section 3.1 the gains of the controller were chosen such that the
bandwidth of the controller becomes 1/100 Hz and the damping ratio about 0.7, including the effect of the
natural hydrodynamic damping. Using the frequency domain program MIMOSA, the standard deviation of
the LF and WF motions were calculated as 1.84 m and 0.40 m, respectively. The standard deviation of LF
motion was obtained by the above model (15) by choosing the power density of the driving white noise, Vi,
listed in the table. The value ryr= 0.23 to give the wanted WF standard deviation of 0.40 m, is close to the
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true RAO value (=0.21) at the peak period (T» = 9.1 s) of the wave spectrum. This supports the reasoning
behind Eq. (18).

Table 5-1 Vessel and DP parameters used in example

Vessel total mass (surge) m 29945 tonnes
Vessel damping coefficient c 180 kN/(rad/s)
Power density of LF driving noise, & Vir 9.0E+05 | (kN)?/(rad/s)
Coefficient of WF response model rwr 0.23 m
Power density of measurement noise w 0.25 m?/(rad/s)
Controller position gain dp 120 kN/m
Controller velocity gain gv 2473 kNs/m
Thruster time constant Tr 10 S

5.2.2 Filter characteristics

With the parameters in Table 5-1, the frequency response of the Kalman-Bucy filter is shown as a Bode plot
in blue in Figure 5-3. The graphs show the frequency response from position measurement to LF position.
The curves in red show the case when there is negligible WF motion. The purpose of the filter in this case is
to filter off measurement noise. The difference between the two filter characteristics is that the blue ampli-
tude curve contains a "trench" in the frequency range of the WF response. The amplitude value of the trench
is about -13 dB, which corresponds to a reduction of 4.5 times as compared to the zero-frequency amplitude
(= 0 dB) (It is noted that this filter, based on the Kalman-Bucy theory, is the best obtainable filter, given the
premises). Figure 5-4 shows the characteristic of the filter in linear axes.

=——With wave filter
W\ ithout wave filter

-15 1 1
90 Lo . .
107 107 10° 10
Frequency (rad/s)
0 e :

—With wave filter
—Without wave filter

Phase (degrees)
2

-100 =ut '
107 107 10° 10
Frequency (rad/s)

Figure 5-3 Bode plot of Kalman-Bucy filter for LF position
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Figure 5-4 Characteristic of Kalman-Bucy filter. Same as above figure, but in linear axes.

5.2.3 Response of dynamically positioned vessel

5.2.3.1 Response with and without thruster delay

With the parameters in Table 5-1, the frequency response of the vessel with DP system is shown in Figure
5-5 (only the amplitude response is shown). The figure shows the position response amplitude caused by a
load of unit amplitude. The ordinate axis is scaled in dB, but the underlying unit is m/kN. The figure shows
the response without and with thruster delay (= 10 seconds as in Table 5-1). The increase (= deterioration)
of the response when the reaction time of the thrusters is included is clearly seen.

Comment 1: The choice of controller gains as described in Section 5.2.1 was based on simple
mass-damper-spring analogy without consideration of thruster delay. It is likely that a more tho-
rough choice of gains would reduce the resonance peak of the blue curve in Figure 5-5.

Comment 2: The frequency response would normally be expected to approach zero towards zero
frequency, but this requires that an integrator be included in the DP controller. Since the purpose
of the model is to study impulse response, the slow action of an integrator will have no effect.

The impulse response with and without the 10 seconds thruster delay is shown in Figure 5-6. In the calcula-
tion an impulse of 10 000 kNs is used. Maximum excursion and thruster force are shown in Table 5-2. Again,

the reaction time of the thruster causes a bigger response.
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Table 5-2 10 000 kN impulse - maximum excursion and thruster force

Thruster time Excursion .
. Force maximum (kN)
constant, Tt (s) maximum (m)
10 52m 761
0 40m 743
'30 T T

= With thruster delay
— Without thruster delay |

Amplitude (dB)
S

-100

_110 1 Il 1
1072 107 10° 10°
Frequency (rad/s)

Figure 5-5 Frequency response of transfer function from LF load to LF position response

Excursion

=—=With thruster delay
=——\WWithout thruster delay

//'—‘\
0] 50 100 150 200 250
Time (s)
Thruster force
500 T T T T
D I —
=
=
-500 =—With thruster delay |
=——Without thruster delay
-1000 ' . . .
0] 50 100 150 200 250
Time (s)

Figure 5-6 Impulse response with and without thruster delay (Time constant of 10 s)
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5.2.3.2 Analysis of impulse response

A reflection on the impulse response in Figure 5-6 indicates that the vessel excursion is significantly larger
than indicated by the simple analysis of the mass-damper-spring model in Section 3.1. The cause of this must
be 1) the filter delay, and 2) the thruster delay. To study the effects of these two delays, the simplified
numeric model was excited with the impulse load /1 =29 000 kNs, which resulted in a maximum excursion
of 7 m for the delay-free model in Section 3.1, cf. Eq. (5).

Figure 5-7 shows the position response of the vessel when subjected to the impulse /1 (red line). The maximal
excursion is 15.2 m, which is more than twice that of the delay-free mass-damper-spring model in Section
3.1, which is shown in blue and designated "Ideal" in the legend box. The causes of the difference are as
pointed out, the lags in the state estimator (filter) and the thruster response. The former is seen from the
yellow line in the figure, which shows the estimated position. The position feedback of the controller is based
on this variable.

A clearer illustration is given by Figure 5-8. This figure shows the velocities that correspond to the positions
in the former figure. An (ideal) impulsive load gives an instantaneous change in velocity. According to the
figure, the load /1 gives a start velocity of almost 0.9 m/s both in the ideal (=lag-free) case and the true (or
actual) case. The estimated velocity — which is calculated from the position measurement by the Kalman-
Bucy filter in the DP controller - begins at zero and needs some time to converge to the true velocity. In the
ideal case, the damping force takes effect immediately and starts slowing down the excursion at once. In the
actual case, the damping is obtained from the estimated velocity and needs some time to take full effect.
This is what causes the difference between the red and blue curves in Figure 5-7 and Figure 5-8.

To find out which effect is the greater — the delay in the filter, or the delay in the thruster response — the
above calculation is repeated with a thruster time constant of Tr = 1 s, which gives an almost immediate
thruster reaction. The result is shown in Figure 5-9 and Figure 5-10. The maximum position deviation is now
11.4 m, which is still significantly higher than the 7 m maximum in the ideal case. This difference is due to
the lag in the wave + noise (Kalman-Bucy) filter.

Comment: One might surmise that the "ideal" response, i.e., the response of the mass +
damper + spring model could well represent that of a mooring system. However, the model
has a damping ratio of 70 %, which is representative of a DP system and not obtainable for a
mooring system.

Turning to the slamming case in Section 3.1 and the estimated slamming load /> = 5000 kNs. This load will
cause an excursion maximum of 2.4 m when the filter and thruster delays are considered (vs. 1.2 m in the
ideal case). Note that this excursion is a real estimate linked to a sea state and vessel dimensions, whereas
the values in the above figures originate from the original, random choice of 7 m as the maximum excursion.
Nevertheless, the examples show the effect of the delayed control action.

It is expected that the importance of quick regulator action is less when the disturbing load has longer
duration. To check this, the model was excited with rectangular pulses of varying duration, but equal impulse
value (i.e. magnitude times duration). The impulse value was chosen equal to /1 =29 000 kNs . In Figure 5-11
to Figure 5-13 the case with an ideal impulse from the example in Figure 5-7 and two cases of longer pulses
are shown (20 seconds and 60 seconds, respectively. Position response and thruster force are shown.

The peak values of vessel position and thrust are shown in Table 5-3. For the pulse of 20 seconds length the
peak of the excursion is not much less than for the ideal impulse. In the case when the pulse length is 60
seconds the maximum excursion is almost as low as the maximum in the case of a delay-free control system.
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These results show that the DP system acts as intended by design: short disturbances are supposed to pass
unrestrained. The problem arises when the disturbance has the character of a short-lasting strong transient
load, rather than a cyclic load at wave frequencies.

Position
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Ideal
= True
15} a Estimated | |
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Figure 5-7 Impulse response of position. Tr=10s
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Figure 5-8 Impulse response of velocity Tr=10s
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Figure 5-9 Impulse response of position (Tr=1s)
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Figure 5-10 Impulse response of velocity, Tr=1s
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Motion response to ideal impulse load

20

10 1 ]
1S

0
_1 0 1 1 1 1
0 50 100 150 200 250
Time (s)
Force from thruster system

1000 F i i i i

-2000 s L . | E
0 50 100 150 200 250

Time (s)

Figure 5-11 Position and thruster force in case of ideal impulse load

Response (Duration of load: 20 s)
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Figure 5-12 Response to a rectangular pulse of 20 seconds length
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Response (Duration of load: 60 s)
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Figure 5-13 Response to a rectangular pulse of 60 seconds length

Table 5-3 Maxima of position and thruster force for different pulse lengths

Ideal impulse

Pulse length 20 s

Pulse length 60 s

Position peak

152 m

14.0 m

7.8 m

-2126 kN

- 1865 kN

- 836 kN

Force peak

5.2.3.3 Importance of the initial state

In the previous paragraph, an excursion peak of 2.4 m was found for the slamming event described in Section
3.1 when the delays in the DP system were included in the calculation. The assumed wave condition of Hs =
7 mand Tp = 9.1 s represents a condition of steep waves and has an expected return period of one year. In
the load calculation the wave that caused the slamming load was assumed to form a vertical wall imme-
diately before hitting the columns of the semisubmersible vessel. The probability of such a wave arising at
all and in addition doing so right in front of the vessel is unknown, but probably tiny.

Another factor of importance is the motion state of the vessel when the wave hits. An ideal impulse will
cause an immediate change in the velocity of the vessel. The calculations above are carried out for the case
when the velocity of the vessel is zero. However, the velocity may be negative when the load happens, which
may retard the vessel and reduce its kinetic energy. Equally well, the velocity may be positive in the slamming
instant and made to increase further by the load. It may also happen that the vessel is close to the offset
limit when the wave hits and is driven across it by the load. To carry out a probabilistic study of these cases
is interesting, but beyond the scope of the present study.
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6 SIMULATION OF MOTION IN IRREGULAR SEA

6.1 SIMO model

In irregular sea, characterized by a wave spectrum, the vessel motions will be irregular too. The peaks of
motion will be random and vary in magnitude. When the duration of the simulation is long enough, a reliable
statistical distribution of the peaks can be calculated.

(The motion will consist of a combination of 15t order components generated by a linear response model and
slowly varying components generated with a 2"¥-order model. The spectral range of the 1%t order response
is the same as the range of the wave spectrum and the 1%*-order response is therefore frequently referred
to as wave frequency or WF response. The 2" order response components are the result of non-linear fre-
guency mixing and will contain frequencies across a broad range. However, usually only the low frequency
(LF) components are significant.)

To see what response peaks one must expect under stationary conditions, simulations were carried out with
SINTEF Ocean's simulation code SIMO [12]. To calculate the wave-drift loads, Newman's method was used,
cf. Section 3.3. To include viscous effects on the vessel's columns and the effect of current the correction
formula (14) from the Exwave project [8] was used.

Two numerical models were used, one representing Deepsea Bergen (Figure 6-1), the other the "Exwave
semi" (Figure 6-2).

Comment: As shown by the figures, the two semis have columns of different cross-sectional
shape, i.e. circular and square. This was a criterion for the choice of the models, as it was initially
assumed that large slamming load might be a cause of position loss, and that the magnitude of
the load might depend on the geometry of the columns. However, as discussed in section 3.1,
the magnitude of the slamming impulse is moderate. Slamming is therefore not expected to be
a single cause of loss of position, whatever be the shape of the columns. Another indication of
the unimportance of the columns' cross-sectional geometry is the fact that the correction for-
mula (14), which is based on empirical data, requires no information about it.

Table 6-1 Main particulars of the two semis

Parameter Deepsea Bergen Exwave semi
Length of pontoons 92.5m 107.5m
Width 67.2m 81.3m
Draught (survival) 17.5m 23.0m
Displacement (survival) 25963t 39206t

. roll 294 m 36.1m
Ra:;'lcizz- pitch 313 m 344 m
&y ' yaw 35.0m 423 m
Width of columns om z':md 74m 12.5m

(circular) (square)

The original SIMO model data from the Exwave project for the two semis include:

e Structural mass and moments of inertia
e Added mass matrix
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e Hydrostatic and gravitational restoring matrix
e Wave-to-motion transfer functions

e Wave-to-force wave drift coefficients

e Linear and quadratic damping coefficients

e Quadratic current load coefficients

e Mooring system

The models did not include a DP system, so the mooring system model was removed and replaced by a
"generic" DP system. The DP controller in SIMO uses PID control based on state estimates from a quasi-
Kalman observer. The thruster dynamics are modelled by coefficients of thrust and torque, rotational inertia,
and servo controller. Both fixed-direction and rotatable (azimuth) thrusters can be modelled.

For the study, four identical azimuth thrusters were modelled. The basic controller and thruster data are
shown in Table 6-2. The gains of the DP controller are functions of the bandwidth and damping ratio. The
intention was to make the DP system in SIMO similar to the DP system of the simplified model in Chapter 5.
However, due to a lapse the controller for Deepsea Bergen was chosen a bit stiffer, as shown the table. The
coefficients of the filter are also functions of the chosen bandwidth and damping ratio. The filter charac-
teristic is consequently not based on assumptions of the power spectral densities of process noise and mea-
surement noise as was the basis for the Kalman-Bucy filter used above. The adaptive wave filter in SIMO is
a harmonic oscillator with time-varying frequency of oscillation and amplitude that are estimated simul-
taneously with the ordinary state variables. It is assumed that this filter in average will behave like the filter
used in the simplified model.

Table 6-2 DP data

Parameter Deepsea Bergen Exwave semi
Controller bandwidth 1/77 Hz 1/100 Hz
Controller damping ratio 70 % 70 %
Filter bandwidth 1/30 Hz 1/30 Hz
Filter damping ratio 70 % 70 %
Rise time of thrusters 14s 14 s
Capacity of thrusters Sufficient Sufficient

The simulations are done with excitation in the vessels' surge direction. Due to symmetry, there will be
negligible sway and yaw motion, and the thrusters will be directed along the vessel's surge axis. To avoid
loss of efficiency when a thruster needs to turn 180° to give thrust in the opposite direction, the limit on the
turning rate is set very high. This is unrealistic but will model the case when the thrusters are set in biased
mode or locked at fixed angles.

The rise time in Table 6-2 is the minimum time the thruster needs to go from 10 % to 90 % of full capacity.
Unlike the linear model (23) the model for thruster dynamics in SIMO is nonlinear. The rise time of 14 s in
the table is assumed to have the same effect as the time constant Tr = 10 s in Table 5-1 (However, no tho-
rough comparison has been carried out).

The force capacity of the thrusters was set sufficiently high to prevent the thrusters from saturating.
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Figure 6-1 The Deepsea Bergen: numeric and physical model

Figure 6-2 The Exwave semi

6.2 Sea states

For the simulations with SIMO, five sea states of moderate significant height were selected. The sea states
represent conditions of steep waves: the peak periods are chosen from the 1-year contour line for the
Haltenbanken in The Norwegian Sea (Figure 6-3), as calculated from the Nora 10 metocean data base [14].
Thus, each state has a mean return period of one year. Simulations are carried out for five sea states, all
having the JONSWAP spectral shape. The parameters of the sea states are shown in Table 6-3. The sea states
are moderate with respect to height and may - considering wave height alone - well represent normal off-
shore operation conditions. The values of ¥ in the table are the typical values that correspond to the signi-
ficant wave height and the peak period.

In addition to waves, a current of speed 0.5 m/s in the direction of the waves is used. Wind gusts are expec-
ted not to contribute significantly to the dynamic motion of the vessels and is not modelled.
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Table 6-3 Sea states

Significant . Peakedness
. Peak period
wave height T (s) parameter
s
Hs (m) P Y
5.0 7.1 5.0
6.0 8.1 5.0
7.0 9.1 5.0
8.0 10.1 5.0
9.0 11.2 4.3
15 T T T T
10 1 7
0
I
5 - -
D i i i i
0 9 10 15 20 25
Tp

Figure 6-3 Sea states used in the simulations. These states lie on the 1-year contour line.

For each sea state the wave-drift coefficents are modified according to the formula (14). In addition, wave-
drift damping coefficients are estimated from the material in the Exwave Joint Industry Project, see Table
6-4. The damping coefficients depend on the sea state. They were calculated for a common y value of 3.3
and not the values in Table 6-3, but this is considered not to introduce significant error in the simulations
(considering that the damping from the DP system is one order of magnitude greater).
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Table 6-4 Wave-drift damping coefficients

Wave drift damping coefficient (kN s/m)
Hs(m)  Tp(s) .
Deep Sea Bergen Exwave semi
5.0 7.1 187.6 232.0
6.0 8.1 229.1 166.9
7.0 9.1 254.4 233.8
8.0 10.1 247.5 320.1
9.0 11.2 267.3 312.9

6.3 Simulations

For each semi and each sea state, simulation runs were carried out with three hours duration plus time for
initial transients to settle. For the Deepsea Bergen some parameter variation has been carried out in order
to check which metocean parameters are important.

6.3.1 Parameter variation

In addition to the sea states in Table 6-3 some simulations with the model for Deepsea Bergen were carried
out to check the motion response's dependence on various parameters. The simulated duration is three
hours. The results are presented in a qualitative way as cumulative distribution plots with fitted Weibull
distribution. The following "base case" was chosen:

Hs=7m,Tp=9.1s, =5, Uc=0.5m/s, C,=0.25s/m
Here, Ucis the current speed and Cp is the current coefficient in the Exwave correction formula (14).

To check the importance of wave steepness, the peak period associated with Hs = 7 m was changed to the
statistically expected value, Tp = 13 s, see Figure 6-4. The cumulative distribution of LF + WF surge motion
for this condition is shown with that for the base case in Figure 6-4. The two curves cross at x =3 m and
consequently have the same probability of exceedance (or non-exceedance) at this point. Below this value
the "normal" wave state gives surge response of higher probability than the "steep" wave state. Above 3 m
the opposite happens. The explanation for this is that the peak period of 13 seconds gives larger WF response
than the 9.1 seconds peak period, whereas the LF response dominates for the latter. For the two cases, the
sample maximum is x = 7.6 m for the steep case and x = 12.9 m for the normal case. Hence, from this exam-
ple, it appears that wave steepness has a significant effect on the extreme surge response.

To see the effect of swell, a swell condition of 2 m Hs and 15 s T, was superimposed on the base case. As
shown by Figure 6-5 the existence of swell has no noticeable effect on the extremes. This agrees with Figure
3-4, which shows there is almost no wave drift force generated at low wave frequencies.

The effect of the Exwave correction is demonstrated in Figure 6-6. As is seen, the effect is tremendous. The
sample maximum increases from 5.5 m to almost 13 m when the formula is applied. The figure also shows
the contribution of the "potential correction” when current is present. This effect is determined by the coef-
ficient Cp in Eq. (14). Without this effect (C, = 0), the curve in the figure is raised somewhat (blue points >
red points), but most of the distance to the non-corrected curve of green points remains. This indicates - at
least in this example — that the largest correction given by the Exwave formula is due to viscous effects.

Comment: The values of cumulative probability could have been shown in logarithmic axis to
express better the distribution of points close to the upper probability limit of 1. However, the
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graphs were obtained from the workbench and user interface Sima, which does not yet offer
this as an option.
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Figure 6-4 Cumulative distribution of simulated LF+WF surge response with fitted Weibull distribution. The
red points represent the base case of steep waves, the black points represent a case of

statistically expected or normal steepness.
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Figure 6-5 Distribution of surge motion with (red points) and without swell (black points) in
addition to local sea.
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Figure 6-6 Cumulative distributions showing the effect of the Exwave formula. C, = 0 gives only
viscous correction. Cp = 0.25 gives potential correction in addition.

6.3.2 Simulation results

6.3.2.1 Deepsea Bergen

Three-hour simulations were carried out for the Deepsea Bergen for the five sea states in Table 6-3. The
Exwave formula was used with C, = 0.25 s/m and the wave-drift damping coefficients in Table 6-4. The travel
direction of the waves was along the vessel's surge axis. A current speed of 0.5 m/s was used in the same
direction, which contributes to increase the wave drift force.

Statistics for the surge motion and LF force are shown in Table 6-5. For the motion, the standard deviations
of the WF and LF parts are shown separately in addition to the standard deviation of the total (WF+LF)
motion. For the calculation the LF and WF responses were derived from the total response by low-pass and
high-pass filtering. As shown by the table, the LF motion is strongly predominant for all the sea states.

The minima and maxima are sample values, i.e. the extremes that occurred in the simulations. The sample
minima of wave-drift surge force are zero for all wave states. This is as expected from Newman's approxi-
mate method. Ratio in the table is defined as

X—x (24)

Ratio =

where X, X and o denote the maximum, the mean and the standard deviation, respectively. For the Wave-
drift force in the table, Ratio lies between 7.1 and 9.0, which reflects the fact that the force is exponentially
distributed. For the surge motion, Ratio lies between 4.3 and 5.2, which indicates that the distribution of
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surge offset tends toward the Gaussian distribution. Still, the maxima are much higher than those one would
expect from the Rayleigh distribution. The variation in the values of Ratio from one wave state to the next
may not be significant, since the sample maximum is known to have a large statistical spreading. Statistical
uncertainty may therefore be the likely explanation for the fact the maxima of motion and force for Hs= 8
m are greater than those for Hs =9 m.

Ratio is a crucial parameter. In cases when the basic measure of response is standard deviation, extremes —
such as the expected maximum or the most probable maximum in a given period of time - are usually esti-
mated by applying a factor such as Ratio to the standard deviation. The value of the factor depends on the
assumption of the underlying statistical distribution. For WF response extremes, the extremes are well est-
imated from the assumption that the response peaks be Rayleigh-distributed. For a period of three hours
this usually leads to values in the range 3.7 - 3.9. For the LF extremes, estimation is much more complicated
and usually gives higher values of Ratio, cf. [13] and [16].

Comment: Since the surge response is the sum of WF and LF response, one will expect Ratio to lie
between the values that can be expected for WF motion and LF motion separately. In Table 6-5
Ratio is well above the expected Rayleigh estimate of 3.7-3.9. This shows that estimation of ex-
tremes based on the Rayleigh assumption should not be used when the response is partly caused
by wave drift.

Table 6-5 Statistics for Deepsea Bergen. Three-hour simulations with sea states in Table 6-3

Hs=5m Hs=6m Hs=7m Hs=8m Hs=9m
Tp=71s Tp=81s Tp=91s Tp=101s Tp=11.2s
Mean 0.00 0.00 0.00 0.00 0.00
St. dev. WF 0.15 0.19 0.35 0.56 0.75
Surge St. dev. LF 1.49 1.58 2.14 2.67 2.85
position St. dev. total 1.51 1.61 2.19 2.77 3.02
(m) Minimum -2.86 -3.22 -4.72 -6.22 -7.11
Maximum 6.97 6.85 11.44 13.48 12.94
Ratio 4.6 4.3 5.2 4.9 4.3
Mean 301 352 436 499 529
Wave-drift | Standard dev. 310 356 436 496 525
force in Minimum 0 0 0 0 0
surge (kN) | Maximum 2943 3410 4377 4371 4253
Ratio 8.5 8.6 9.0 7.8 7.1

6.3.2.2 The Exwave semi

The wave impact phenomenon is not significantly dependent on the shape of the semi's columns — circular
of square. The Exwave formula does not require any information of the shape. Therefore, the original moti-
vation for studying the Exwave semi has more or less gone. Still, having modelled this vessel, simulations
with SIMO have been carried out for this vessel. The result is shown in Table 6-6 which is directly comparable
to the results for Deepsea Bergen in Table 6-5.
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Table 6-6 Statistics for the Exwave semi-submersible. Three-hour simulations with sea states in Table 6-3

Hs=5m Hs=6m Hs=7m Hs=8m Hs=9m
Tp=71s Tp=81s Tp=91s Tp,=101s Tp=11.25
Mean 0.00 0.00 0.00 0.00 0.00
St. dev. WF 0.32 0.34 0.31 0.38 0.54
Surge St. dev. LF 1.27 1.73 3.16 3.68 3.06
position St. dev. tot. 1.32 1.78 3.20 3.73 3.16
(m) Minimum -2.86 -3.47 -5.74 -7.20 -7.11
Maximum 6.71 8.65 18.37 22.29 15.57
Ratio 5.1 4.9 5.7 6 4.9
Mean 418 551 809 922 881
LF wave- Standard dev. 431 561 816 914 870
drift force Minimum 0 0 0 0 0
(kN) Maximum 3995 5364 8124 8349 6618
Ratio 8.3 8.6 9.0 8.1 6.6

The comparison may have some interest, since the Exwave semi is a bigger vessel. Comparing the two tables,
we see that the motion response of the Exwave semi in general is larger than that of the Deepsea Bergen.
The difference in wave-drift loads reflects the difference in the corrected wave-drift coefficients (Figure 6-7).

6.3.2.3 Comparison of results fro the two semi-submersibles

For the loads, the values of Ratio in Table 6-5 and Table 6-6 are about the same for the two semis, but the
Exwave semi has somewhat larger Ratio values for the surge offset. This indicates, according to [16], that
the motion response of Deepsea Bergen tends more towards gaussianity than the response of the Exwave
semi. This further indicates that the damping ratio of Deepsea Bergen is lower (Although Table 6-2 states
identical damping ratios for the two semis, these values are based on the mass-spring-damper analogy. The
prescribed damping may therefore deviate from the true damping, which depends on how the filter and
thruster delay affect the control system's characteristics ). Most important for the difference in response is
probably that Deepsea Bergen has tighter position control, owing to the larger controller bandwidth (see
Table 6-2), which results in larger controller gains.

Also for the Exwave semi the response maximum is obtained for the second highest wave height. Rather
than being a coincidence, this is caused by the fact that identical wave realizations are used for the two
platforms.

Project no. Report No Version
302006215 0C2021 F-079 1 35 of 47



©)

SINTEF

400 I ' Deepsea Bergen
Exwave semi

350

3001

250

kN/m?
[3%]
]
[

100

501

0 | . |
0.5 1 15 2
Frequency (rad/s)
Figure 6-7 Corrected wave-drift coefficients for the two semis. Correction is carried for a
significant wave height of 7 m

After the simulations had been carried out, it was discovered that the correction formula (14) had been
applied slightly incorrectly for the Exave semi, in that the number of columns had been set at six, rather
than four. Since the other parameters in the formula, including the total water plane area, had been set
correctly, the resulting error in the wave drift is comparatively small, as shown in Figure 6-8.
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Figure 6-8 Corrected wave-drift coefficient for the Exwave semi assuming 4 (correct)
columns and 6 (wrong) columns in the correction formula.

6.3.3 Probability of loss of position
The numbers labelled "Maximum" in Table 6-5 and Table 6-6 are sample maxima and as such estimates for

the expected three-hour maxima. The probability of exceeding the expected maximum is in the order of 0.5.
This means that by making observations in a number of three-hour intervals, the expected maximum will be
exceeded in roughly half of them. For Rayleigh-distributed peaks, the probability of exceeding the expected
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maximum is 0.53 (while the most probable maximum has an exceedance probability of 0.61). In the fol-
lowing, it is attempted to extract additional information about probability from the content in the two tables
and the background simulations.

The statistical distribution of the response is complicated as it consists of the sum of LF and WF responses,
which are distributed differently. The WF response, being approximately Gaussian and narrow-banded, have
Rayleigh-distributed peaks. No known distribution formula exists for the LF response, but an approximate
semi-empirical model for the LF maximum exists [16]. For the maximum of the combined (LF+WF) response,
a rule of thumb is frequently used in want of a proper formula [9], [13]:

Xrewr = Xpp + 20pF (25)

Here, the circumflex accent stands for maximum, and o denotes standard deviation (This expression applies
when the LF response is predominant, in the opposite case an analogous expression applies).

To estimate the maximum in a time period of given length, a factor is frequently sought such that the maxi-
mum is expressed as

2= Co (26)

where o is the standard deviation of the process. The factor C depends on the type of the probability distri-
bution, the sample size and what kind of maximum one wants, e.g. the expected maximum, the most pro-
bable maximum or a percentile. For a given percentile, g, the factor C becomes a function of q.

Assuming a given limit L;r for the LF maximum X, we seek the value of g that gives L;f, i.e.

Lip = C(Q)oLr (27)
The sought probability is solved from
q= C'(Lir/oyr) (28)
where C! denotes the inverse of the function C.
The expression for the function C(q) is rather complicated. It is not shown here, but can be found in [13] and

[16]. The parameters of the function C(g) were found by running MIMOSA with a model of Deepsea Bergen
and the wave states in Table 6-3.

For chosen limits of response,
L={7,10, 15,20} m

the corresponding LF limit was calculated as, (cf. (26)):
LLF =L- OwF (29)

The probability g was then calculated using (28). This was done for each limit, L, and each wave state. The
result is shown in Table 6-7.

For the Exwave semi, the same factor C(g), was used as for Deepsea Bergen. This was based on the assump-
tion that basic type of distribution would be identical for the two vessels.
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Table 6-7 Probability of exceeding given position limits. DSB = Deepsea Bergen, EXW = Exwave Semi

Probability of exceedance

POS, H5=5m H5=6m H5=7m H5=8m H5=9m
limit To=7.1s T,=8.1s To=9.1s T,=10.1s T,=11.2's
DSB EXW DSB EXW DSB EXW DSB EXW DSB EXW

7m 0.511 0.349 0.621 0.810 | 0.966 0.9998 | 0.9992 0.99999 | 0.99991 0.99991
10m | 0.091 0.040 | 0.135 0.254 | 0.564 0.963 | 0.900 0.995 0.961 0.969
15m | 0.003 0.0008 | 0.006 0.016 | 0.077 0.492 | 0.298 0.738 0.430 0.492
20m | 0.0001 1.5E-5 | 0.0003 0.0009 | 0.008 0.130 | 0.053 0.291 0.093 0.124

Information like that shown in the table is useful as a criterion for when a given offshore operation can be
carried out in a given wave state, which can be obtained from on-site wave measurements or a provider of
metocean forecast. The table gives the probabilities of limit exceedance in a period of three hours. However,
similar tables can be made for any duration.

The semi-empirical probability model behind the numbers in the table is complicated. The type of distribu-
tion of the LF response peaks depends on the damping in the system, cf. [16]. Like most approximate models,
it has a range of validity. The results above are obtained for a DP-regulated vessel, which is strongly damped,
and the model's applicability for such a damping level should be investigated. Further, the apparently crude
way of combining LF and WF components of motion (25) could be subjected to study and hopefully impro-
ved.

As a point check of the results in Table 6-7, a 100-hour simulation was carried out with the model for Deepsea
Bergen and the lowest wave state in the table. Figure 6-9 shows the cumulative distribution of the approxi-
mately 50 000 peaks. The sample maximum (encircled) is as high as 14.83 m, which is considerably larger
than the second highest peak of 11.3 m. This indicates that the type of distribution is close to exponential,
which according to the theory in [16] is the limit for strongly damped vessels. It is interesting to compare the
occurrence of 14.83 m with the 3-hour exceedance probability for 15 m in Table 6-7. This value is 0.003 (for
Hs =5 m). Transformed to a 100-hour interval the 3-hour exceedance probability of 0.003 corresponds to an
exceedance probability of 0.1. This means that we should expect a sample maximum of 15 m to occur in
about one of ten 100-hour periods. This shows that the estimated probability of 0.003 of exceeding 15 m
response in waves of Hs =5 m and T, = 7.1 s could be on the high side, but definitely not improbable.
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Figure 6-9 Cumulative distribution of peaks of surge motion from a simulation of 100 hours length with the
model for Deepsea Bergen. The sample maximum is encircled.

6.3.4 Dependence of response on spectral peak period - probability curves

The choice of wave conditions for the study was based on the assumption that steep waves would create
the largest force. Hence, to the selected five values of significant height, corresponding spectral peak periods
were taken from the 1-year contour of statistical recurrence. To check the assumption, T, was varied for
each of the five values of Hs in Table 6-3. To get small statistical error, a duration of eighteen hours was
simulated, and extremes of motion were estimated from Weibull distributions fitted to the data. The model
for Deepsea Bergen was used.

The result is shown in the form of equiprobability curves in Figure 6-10 and on tabular form in Table 6-8.

Accepting the Weibull distributions as representative for the statistical response processes, the probability
of any extremum of response can be calculated. The figure below shows an example. It is directly obtainable
from Sima (the "workbench" of Simo). The probability level of 99.994 % in the figure is not comparable to
the probabilities of 3-hour offset maxima in Table 6-7. Rather, it represents a point on the cumulative pro-
bability of the sample distribution of individual peaks in 18 hours. The parameter o in the figure pertains to
the fitted Weibull distribution. The lines represent values of offset peaks that have the same cumulative
probability, which makes the peak periods comparable. The figure shows that for the smallest significant
wave height (Hs = 5 m) the peak that corresponds to the 99.994 % probability is highest for the selected
short period of 7.1 seconds (Table 6-3), but varies little with period from 8 seconds and upwards. For the
other wave states, the lines have a negative slope. For the highest wave height (Hs = 9 m) the decline with
period is most pronounced.

These results support the hypothesis behind the choice of the wave states, i.e. that short waves give larger
motion response. Yet, longer periods may well give significant 3-hour maxima. If the criterion for operability
is based on significant wave height only (and not also Tp), the probabilities for threshold exceedance in Table
6-7 must be calculated as a probability-weighted average over all relevant values of Tp.
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Figure 6-10 Lines of equal probability of surge peak offset as functions of spectrum peak period - one
line for each significant wave height. The lines represent a probability of non-exceedance
0f 99.994 %

Table 6-8 Information of Figure 6-10 in tabular form

Sigma 4

Hs/Tp 7,1 7,5 8 81 85 9 91 95 10 10,1 105 11 11,2 11,5 12 125 13 135 14
5103 93 79 78 76 79 80 80 79 78 79 79 80 79 80 79 78 76 77
6 13,8 11,8 11,6 11,5 11,7 11,8 11,6 11,3 11,2 11,2 11,0 11,0 10,9 10,5 10,6 10,3 10,1 10,0
7 16,6 16,2 15,5 154 15,0 14,7 14,7 14,4 14,1 13,7 12,7 129 12,7
8 20,4 19,7 19,1 189 185 18,0 17,3 16,7 16,1 15,2
9 24,1 23,5 22,8 21,6 20,8 19,9 19,4

To give an indication of the agreement between the results in Table 6-8 and Table 6-7 a rough comparison
is made: The offset value of 10.3 m for Hs=5 mand T, =7.1 s in Table 6-8 has a probability of non-exceedance
of 0.99994 by choice. Assuming the mean period of oscillation to be 7.1 s, the number of peaks become
1521. Assuming independently distributed peak heights (which is questionable), the probability of exceeding
10.3 m should then be P(x > 10.3) =1 —0.99994%°2% = 0.087. This compares well with the probability 0.091 of
exceeding 10 m in Table 6-7 (Deepsea Bergen).

6.3.5 Further analysis of results

For the base case in Table 6-5 (Hs=7 m, Tp = 9.1 s) the wave-drift force and the surge response for Deepsea
Bergen are shown in Figure 6-11. The tallest force peak and corresponding response peak happen just before
1780 seconds. The magnitude of the peaks corresponds to the maximum values for 7 m wave height in the
table (4377 kN and 11.44 m, respectively).

Figure 6-12 shows a close-up on the circumstances around the extreme event. The wave-drift force has the
appearance of a sequence of peaks of short duration, i.e. less than twenty seconds. According to paragraph
5.2.3.2 and Figure 5-12, a pulse of this duration may cause a response that is not much less than a response
created by an ideal impulse. The response shown in Figure 6-12 is the total of LF and WF response, the WF
components appearing as ripple on top of the LF response. It is seen that the response more or less follows
the smoothed wave-drift load, yet with a lag of fourteen seconds. The lag is expected, considering the delays
in the wave + noise filter and thruster response.
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For the base case, the spectra of wave-drift force and surge motion are shown in Figure 6-13 and Figure
6-14. The force has considerable power from zero and up to the peak frequencies of the wave spectra (0.09
-0.14 Hz). This is useful information for an evaluation of the simplified model described in Chapter 5.

The response spectra - shown with identical scaling — are damped out by the mass of the vessel and the DP

system and have negligible power above 1/100 Hz (For the largest sea state, some WF power is barely dis-
cernible around 0.09 Hz)
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Figure 6-11 Deepsea Bergen surge response and wave drift load (Hs=7m, Tp =9.1s)
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Figure 6-12 Deepsea Bergen surge response and wave-drift load around tallest peak (Hs=7
m, Tp = 9.1 s). Dashed line is smoothed force.
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Figure 6-13 Spectra of wave drift force in surge for the five sea states (Deep Sea Bergen)
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Figure 6-14 Spectra of surge response for the five sea states

7 THE INFLUENCE OF THE DP SYSTEM ON THE RESPONSE

In the study, the characteristics of the DP system has remained more or less constant. The backbone of the
DP controller is the proportional feedback, which has been chosen such that the undamped natural period
becomes about 100 seconds. For Deepsea Bergen this resulted in a gain of about 120 kN/m. For the Exwave
semi the gain was about 200 kN/m. The derivative gain or damping was set to give a damping ratio of about
0.7 based on the mass-spring-damper analogy.

In general, higher controller gains will reduce the position error. As described in Chapter 5, the control action
is delayed by the thruster dynamics and the wave + noise filter. For a slow disturbance this delay matters
little. For an abrupt disturbance, however, the position error will evolve with little restraint from the thrus-
ters. This is of course, exactly what is the purpose of the wave filter, but as demonstrated in paragraph
5.2.3.2, a pulse of 20 seconds duration — well above the normal range wave periods - will also evade control.

Comment: A wave filter can be designed with any frequency-discriminating sharpness, but
high sharpness will create a phase lag that is inadmissible in a feedback system

As concluded in the foregoing, the likely reason for loss of position in moderate wave conditions is a group
of high and steep waves. The passing of such a group may last less than a minute.

There are a number of ways the resulting vessel responses can be reduced, e.g.:
Increase the controller gains.

Higher gains will in general give smaller response. However, increasing the gains above a certain limit will
make the control system unstable.
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Reduce strength of wave + noise filter

The filter reduces the amount of WF motion and measurement noise that is fed to the thrusters. By removing
the filters (some noise filtering must be retained), the action of the DP controller will become more prompt.
However, the thrusters will become noisier, more exposed to wear and demand more fuel. So, DP controller
design is a tradeoff between these deficiencies and effective motion regulation.

Alternative instrumentation

The main measurement today is position measurement with satellite and inertial navigation devices. The
vessel velocity, which is needed by the controller, is not readily measured. Acceleration is cheap to measure,
and can be processed to give velocity. However, there will still be a need for strong lowpass or band-stop
filtering, which will cause delays. Moreover, a horizontal accelerometer will be strongly affected by the ves-
sel's rolling and pitching motion and requires correction from devices for measurement of angular motion.
Such correction is done in most so-called motion reference units (MRU's) today. Still, there is a lower fre-
guency limit for the usefulness of an MRU.

8 SUGGESTIONS FOR FURTHER WORK

The work carried out in this study has been mainly phenomenological, in that a certain hypothesis has been
tested with simplified models and a limited amount of calculation and simulation with a comprehensive
state-of-the art model like model Simo. Only one component of vessel motion (surge) has been considered.

To complete the picture, the following tasks are suggested:

e Study the responses of other relevant vessel modes, i.e. sway, roll, pitch and yaw.

e Study composite responses, e.g. the motions of a gangway, which may have a complex pattern of
motion that will include the resonant motion of rolling and pitching.

e Develop better probabilistic models for vessel response, e.g. how to combine WF and LF response and
how to produce more reliable estimates of limit exceedance.

e Establish criteria for safe vessel operation based on metocean statistics

e Investigate the possibilities and limits of the DP system, as discussed in Chapter 7, to recommend DP
settings under varying metocean conditions, and possibly suggest new ways of instrumenting.
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10 CONCLUSION

There have been a number of cases where the position limits for DP-regulated semisubmersibles have been
exceeded in sea states that can be classified as normal operating conditions. One hypothesis for these events
is that the semis had been driven past their limits by a slamming load from a single high and steep wave.
Other possible causes for the loss of position could be viscous loading on the semis' columns or the accumu-
lated effect of a group of tall waves.

The slamming hypothesis was tested by assuming an extreme slamming event in a sea state of 7 m significant
height and a spectral peak period of 9.1 s. The wave was given the amplitude of 6.7 m, which corresponds
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to the most probable maximum in a period of three hours. Assuming the wave to form a vertical front of a
height equal to its amplitude at the time it hit the columns and setting the velocity equal to the celerity
corresponding to the spectrum peak period, the slamming load and its duration were calculated.

The behaviour of a vessel under DP control resembles that of a mass-spring-damper system, however, with
one exception: The restoring force is not immediate as by a spring but delayed as a result of filtering in the
DP controller before created by the thrusters. Assuming a typical DP system and a semi similar to Deepsea
Bergen, the above slamming event resulted in a maximum excursion of 2.4 m, which is twice as much as the
excursion obtained with a mass-spring-damper model of similar mechanical characteristics. Still, a slamming
load is not considered to be a single source of loss of position.

The vessel + DP system model used in the calculation was made as a linear model with one degree of free-
dom of motion. The model is a combination of: 1) a mass-spring-damper model resembling the mechanical
properties of Deepsea Bergen, 2) a Kalman-Bucy state observer 3) a proportional + derivative controller, and
4) a 1st-order dynamic model with a time constant of 10 seconds to represent the thruster response.

The model was used to investigate essential behaviour of the DP system. Although the thruster dynamics
will cause delay in the thruster action, it was found that the main reason for the bigger maximum excursion
as compared to the mass-spring-damper system, was the delay in the state observer (which incorporates
the wave + noise filter). In particular, the problem can be tracked down to the delay in the velocity estimate:
To restrain the excursion caused by an abrupt disturbance, quick velocity feedback is required

Viscous force on the columns of a semisubmersible vessel is not included in models based on potential
theory. Drag force on the columns of Deepsea Bergen was calculated for the same wave state as in the
slamming analysis. Although quadratic in velocity, the viscous drag will generate an additional force that is
strongly correlated with the oscillatory potential force from the waves. The magnitude of this force is found
not to be a cause of excessive vessel motion.

In the Exwave joint industry project an approximate formula for increased wave-drift loading has been deve-
loped. The formula applies to semi-submersible vessels and includes the extra slow-drift loads on the co-
lumns due to non-linear effects, in particular viscous force. In addition, the formula includes a modification
to the drift force when current is present. To study the effect of the "Exwave formula" simulations with Simo
were carried out with two numerical models. One model was Deepsea Bergen, for the occasion fitted with
thrusters and DP. The other model represents an anonymous semi-submersible. This model is referred to as
the Exwave semi. It has columns of square cross-section in contrast to the Deepsea Bergen, which has circu-
lar columns. However, the cross-sectional shape of the columns is of minor importance and is not used by
the Exwave formula.

Five wave states with Hs from 5 m to 9 m to represent possible operation conditions were chosen for the
simulations. For each Hs the smallest spectral peak period occurring on the 1-year probability contour was
chosen. Thus, each (Hs, Tp) pair has a mean return time of one year.

From the simulations with Simo and presenting the response as graphs of cumulative distribution of peaks,
it was demonstrated that, for a given Hs of 7 m, the wave-drift force corresponding to the chosen short
spectral peak period of 9.1 s is significantly larger than the force obtained for a period of 13 s, which is typical
for that Hs. Further, adding swell to the wave causes insignificant increase in the wave-drift force. For the
same wave state, it was also demonstrated that applying the Exwave formula gives a considerable increase
in the force.
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It is characteristic of wave drift loads that the maximal load is much larger than the mean force or the stan-
dard deviation as compared to linear processes. For the five chosen wave states, the 3-hour maximal respon-
ses range from 7 m to 13 m (Deepsea Bergen). For the wave state with Hs=7 m and Tp=9.1 s, Simo gives a
response maximum of 11.4 m. The wave-drift force in this case consists of a number of pulses of less than
20 seconds duration. These pulses are not effectively counteracted by the DP system.

The maximum of 11.4 m is much larger than the excursion of 2.4 m caused by the rare slamming event. From
this, the conclusion must be that if an excessive excursion happens to a DP-controlled semisubmersible, the
most probable cause will be a wave group that creates large wave-drift force.

Simulations with the model for the Exwave semi and the five wave states gives responses that on the whole
are larger than those obtained with Deepsea Bergen. The Exwave semi is a bigger vessel and not moved so
easily as Deepsea Bergen, but this is more than outweighed by the larger wave-drift forces. For the Exwave
semi the second largest significant wave height (8 m) caused a larger response than the wave of 9 m signifi-
cant height. The reason for this is the smaller wave period for the wave of 8 m, as shorter waves in general
will produce larger wave-drift force.

From the simulated results, the probability of exceeding offset limits of 7, 10, 15 and 20 metres were esti-
mated for the two semis. The estimation is complicated, since the response is a combination of LF and WF
components, which have statistical distributions of very different character. The WF peaks of motion can be
modelled by the well-known Rayleigh distribution. For the peaks of LF motion an approximate semi-empi-
rical distribution model exists. For the combination of LF and WF peaks a common rule of thumb was used.
Although based on approximate and uncertain models, point checks using Weibull distributions fitted to
long simulation runs shows good agreement with the estimated probabilities of limit-exceedance.

The probabilities of limit exceedance were calculated for the five wave states on the 1-year contour. To find
the 1-year (say) probability of limit exceedance for a given wave height, regardless of period, the calculation
of probability must be carried out as a weighted sum of for all periods within the 1-year contour.

Throughout the study, a DP system with a bandwidth of about 1/100 Hz has been used. Tighter control
(stronger feedback) will give smaller motion response, but too large gains will cause instability. To improve
the DP system's response to sudden disturbances, weaker WF and noise filtering can be used. However, this
will let more WF and noise through to the thrusters.

Some suggestions for topics of further work are given
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