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PREDICTION OF RESONANT OSCILLATION

FIELD OF THE INVENTION

The invention relates to a method and a device for predicting resonant oscillation
of vessels and other sea-surface constructions and, in particular, to such
prediction based on measured oscillations.

BACKGROUND OF THE INVENTION
Oscillations of a vessel, for example roll oscillations, is normally not a problem.
Even relative large roll oscillations caused by heavy weather is normally not

considered a problem.

However, resonant oscillation also known as parametric oscillation may cause
extreme oscillation amplitudes and large damages of vessels, for example damage

of containers of container ships.

Clearly, it is highly desirable to avoid resonant or parametric oscillations.

Methods based on weather information are known for suggesting alternative
sailing routes which reduces the risk for resonant oscillation. Thus, such methods
may suggest a longer route e.g. for avoiding heavy weather, which could cause
resonant oscillation. However, the necessity to choose longer routes is highly
undesirable in view of the increase of fuel consumption and the increased time

required to reach the destination of the vessel.

Therefore, it is desirable to enable prediction of resonant oscillation so that
planning of alternative longer routes can be avoided. Such prediction of resonant
rolling would enable the vessel to enter into a region with heavy weather, since
certain counteractions could be taken in sufficient time before resonance becomes

a problem if resonant oscillation is predicted.

US2008/0255757 discloses a method for generating a route for a vessel to travel
from a start point to an end point. A start point and an end point for the vessel
are identified. A forecast of wave conditions during a period of time is obtained. A
model of the vessel is obtained, wherein the model includes parameters used to
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calculate a response of the vessel to the wave conditions. A route is generated
from the start point to the end point for the vessel to travel on using the model of
the vessel and the forecast of the wave conditions, wherein the route avoids

conditions that may cause a treacherous environment and meets a set of goals.

Since US2008/0255757 only discloses methods for route planning for avoiding
parametric rolling, an alternative method for predicting parametric rolling is highly
desirable.

SUMMARY OF THE INVENTION

Accordingly, the invention preferably seeks a solution which enables prediction of
resonant oscillation so that counteractions can be initiated to avoid resonant
oscillation. In particular, it may be seen as an object of the present invention to
provide a device and method that solves the above mentioned problems so that
planning of safe, but longer routes, is not necessary.

This object and several other objects are obtained in a first aspect of the invention
by providing a device for predicting resonant oscillation of a sea surface
construction, the device comprising

- an input for receiving a measured first oscillation signal of said sea surface
construction, which first oscillation may enter into resonant oscillation,

- an input for receiving a second oscillation signal of said sea surface construction,
which second oscillation signal may invoke said resonant oscillation,

- a processor for determining a prediction value as a function comprising the
second harmonic of the first oscillation signal and the second oscillation signal so
as to quantify a correlation between the squared first oscillation signal and the
second oscillation signal,

- a processor for comparing the prediction value with a threshold so as to
determine a decision value for resonant oscillation,

- an output for communicating the decision value.

It may be advantageous to predict resonant oscillation by use of a function which
correlates the second harmonic of the first oscillation signal and first harmonic of
the second oscillation signal since, typically, a significant change occurs in this
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correlation signal before resonant behaviour of the first oscillation signal takes

over.

Since prediction is based on measured oscillations, resonant oscillations can be
predicted in time so that counteractions can be taken to avoid resonant
oscillation. Therefore, planning of routes for avoiding areas which could increase

the risk for resonant rolling in not necessary.

It may be advantageous to compare the result from the correlation with a
threshold in order to provide a decision with respect to resonant oscillations which
can be used to take certain actions to avoid resonant oscillation.

In an embodiment the prediction value is determined by determining a frequency
content of a correlation between the squared first oscillation signal and the second
oscillation signal. It may be advantageous to determine the prediction value on
basis of the frequency content of correlation signal, since changes in the
frequency content of the correlation is useful for discriminating between situations

where resonant oscillation is likely or un-likely to occur.

In particular, in an embodiment, it may be advantageous to predict resonant
oscillation by determining the prediction value in the frequency content of the
correlation signal in a range from one to three times a natural frequency of the
first oscillation mode of the sea surface construction, preferably in the range from
1.5 to 2.5 or more preferred in the range from 1.8 to 2.2. Since a change in the
frequency content of the correlation signal typically occurs in a frequency range in
the vicinity of two times the natural frequency of the first oscillation, it may be
advantageous to look for changes in a predetermined spectral range, e.g. from
1.5 to 2.5 times the natural oscillation frequency.

In an embodiment the prediction value is determined as a ratio between a power
of a signal product of the squared first oscillation signal and the second oscillation
signal, and a product of individual powers of the squared first oscillation signal
and the second oscillation signal. Since resonant oscillation of the first oscillation
mode is typically caused by a transfer of oscillation energy or oscillation power
from the second oscillation mode to the first oscillation mode, it may be
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advantageous to predict resonant oscillation by quantifying the transfer of energy

or power, for example by determining the above power ratio.

In an embodiment, the prediction value is determined from a function comprising
a variance and/or a standard deviation of a signal product of the squared first
oscillation signal and the second oscillation signal in a predetermined time
window. In general the signal product may be obtained as a product of the second
harmonic of the first oscillation signal and the first harmonic of the second
oscillation signal. In particular, the second harmonic may be obtained as the
square of the oscillation signal. It may be advantageous to predict resonant
oscillation by determining the variance, the standard variation, or a combination
thereof since, for example, the variation of the above signal product provides a
good prediction of resonant oscillation.

In general any of the methods comprising determination of frequency content, a
variance and/or a standard deviation may be used to quantify a correlation or a
product of the second harmonic of the first oscillation signal and of the first
harmonic of the second oscillation signal or to further quantify a transfer of power
from the second oscillation signal to the first oscillation signal.

In an embodiment the threshold is determined from a threshold function
comprising the variation of a signal product of the squared first oscillation signal
and the first harmonic of the second oscillation signal obtained under non-
resonant oscillation. It may be advantageous to obtain the threshold under non-
resonant oscillation, since the threshold can then be obtained experimentally

during operation of e.g. a vessel.

It may be advantageous, in an embodiment, to determine that the threshold
function both comprises a variation of a signal product of the squared first
oscillation signal and the first harmonic of the second oscillation signal obtained
under non-resonant oscillation and a selected probability of a false resonant
oscillation decision, so that the threshold reflects a desired sensitivity of false
decisions.
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In an embodiment the threshold is determined from experimentally determined
prediction values. The experimentally determined prediction values may be
determined when resonant rolling oscillation is present or when resonant rolling is
not present. For example, the threshold may be determined from prediction
values obtained from experiments of a model of a vessel exposed to resonant

oscillations.

In an embodiment, the device may be configured to determine the threshold from
prediction values obtained when the sea surface construction operates under non-
resonant conditions. Thus, the device may be configured to be trained from
prediction values. For example, the device may set the threshold to the peak
value of obtained prediction values plus a margin given for example as a fraction

of the peak value.

In an embodiment the processor is further configured to compare the prediction
value with an out-of-resonance threshold so as to determine a decision value for

the non-presence of resonant rolling oscillation.

In an embodiment, the decision value is communicated to a sea surface
construction controller for adjusting one or more of cruise speed, cruise direction,

rudder, oscillation damping tanks and stabilizing fins.

In an embodiment the decision value is communicated to an alarm device.

In an embodiment, a final prediction value is determined from first and second
prediction values determined from first and second methods according to any one
of the previous embodiments. It may be advantageous to determine the
prediction values from two different methods in order to increase the reliability of
the prediction of resonant oscillation.

A second aspect of the invention relates to a prediction system for predicting
resonant rolling oscillation of a sea surface construction, the system comprising,
- a device according to the first aspect,

- a sensor for measuring a first oscillation of the sea surface construction, and

- a sensor for measuring a second oscillation of the sea surface construction.
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A third aspect of the invention relates to a method for predicting resonant
oscillation of a sea surface construction, the method comprising

- receiving a measured first oscillation signal of said sea surface construction,
which first oscillation may enter into resonant oscillation,

- receiving a second oscillation signal of said sea surface construction, which
second oscillation may invoke said resonant oscillation,

- determining a prediction value as a function comprising the second harmonic of
the first oscillation signal and the first harmonic of the second oscillation signal so
as to quantify a correlation between the second harmonic of the first oscillation
signal and the first harmonic of second oscillation signal,

- comparing the prediction value with a threshold so as to determine a decision
value for resonant oscillation,

- outputting the decision value.

In summary the invention relates to methods for prediction of parametric rolling
of vessels. The methods are based on frequency domain and time domain
information in order do set up a detector able to trigger an alarm when parametric
roll is likely to occur. The methods use measurements of e.g. pitch and roll
oscillations and compare the measured oscillations using FFT analysis of signal
correlations, variance analysis of signals and other comparisons. As an example,
the presence of a growing peak around a frequency that doubles the roll natural
frequency indicates the possibility that parametric roll is going to happen.

The first, second and third aspect of the present invention may each be combined
with any of the other aspects. These and other aspects of the invention will be
apparent from and elucidated with reference to the embodiments described
hereinafter.

BRIEF DESCRIPTION OF THE FIGURES
The present invention will now be explained, by way of example only, with
reference to the accompanying Figures, where

Fig. 1 defines oscillation motions of a vessel,
Fig. 2 compares the phase of roll motion with pitch motion,
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Fig. 3A-B shows the pitch signal, the squared roll signal and the driving signal
given as the product of the first two signals,

Fig. 4 shows the probability distributions for resonant and non-resonant oscillation
modes,

Fig. 5A shows a non-resonant driving signal and a corresponding histogram,

Fig. 5B shows a resonant driving signal and a corresponding histogram,

Fig. 6A-C shows a table with results from experiments in regular waves, prediction
values PV from the experiments and the rolling oscillation signal,

Fig. 7 shows determination of a prediction signal PV and a decision signal DV,

Fig. 8A-C shows a table with results from experiments in irregular waves,
prediction values PV from the experiments and the rolling oscillation signal,

Fig. 9A-B shows prediction values PV based on different driving signals d, and

Fig. 10 shows a prediction device for predicting resonant oscillation of a vessel.

DESCRIPTION OF AN EMBODIMENT

Fig. 1 defines roll 111, pitch 112 and heave 113 motions of a vessel 100. Roll
motion 111 is a rotary oscillation of the vessel about the longitudinal axis 121
extending the length of the vessel. Pitch motion 112 is a rotary oscillation of the
vessel about the transverse axis 122 perpendicular to the longitudinal axis 121
and parallel to the width of the deck of the vessel. Heave motion 113 is a linear
oscillation of the vessel in the normal direction 123 perpendicular to the deck of

the vessel.

The motions defined in Fig. 1 for a vessel applies equally to other sea surface
constructions comprising any type of ship, sub-marines, gas and oil platforms and
other floating constructions. Accordingly, the devices, systems and methods of the
invention as defined by the claims apply not only to vessels, but to any sea
surface construction. In addition to off shore constructions, the invention may also
apply to air based constructions such as jet planes. However, applications for air
based constructions have not been verified yet.

The stability of for example roll motion 111 can be analysed by the equation:
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where ¢ denotes roll motion 111, E and F are functions, 1 is a time variable and n
is the ratio between the frequency of excitation and the natural frequency of roll
¢. It can be shown that this equation becomes instable for n=2. That is, when the
excitation frequency is approximately twice the natural frequency of roll, the
equation shows instability. The instability corresponds to resonant roll oscillation
or more precise parametric roll oscillation. Even though parametric oscillation is
the more correct description of such oscillation, it will equivalently be referred to
as resonant rolling in this description.

When the vessel in Fig. 1 or any other sea surface construction is exposed to
resonant oscillation or parametric oscillation, the vessel will show extremely large
roll oscillations. For a container ship such parametric oscillation may cause
damage of the containers and for a ferry the passengers may be injured. Floating
off-shore platforms could be damaged due to parametric oscillation.

Once parametric oscillations have started, it is very difficult to stop the oscillations
rapidly. Fortunately, if parametric oscillations are forecasted early enough, it is
possible to invoke adjustments or actions of the vessel that will hinder or
significantly reduce the risk of parametric oscillations. Such adjustments comprise
adjusting one or more of cruise speed, cruise direction, rudder angle. If the vessel
is equipped with stabilising means for damping oscillations such as oscillation
damping tanks or stabilising fins, such stabilising means may be activated in
addition to or alternatively to adjusting e.g. the cruise speed.

As an example, parametric rolling (resonant roll motion 111) may be excited
when the encounter frequency of incoming waves is approximately twice the
natural roll frequency. The encounter frequency is determined from the travelling
speed of the waves and the cruise speed of the vessel, i.e. the encounter
frequency is given by the rate that waves encounter the vessel. Accordingly, by
adjusting the cruise speed, i.e. lowering or increasing the cruise speed, the
excitation frequency and, thereby, the ratio n in the above equation can be
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decreased or increased away from the critical value. Thus, when the ratio n lowers

or increases, the condition for excitation of parametric rolling is no longer present.

For example, an increase of speed of 2 knots of a typical vessel may be achieved
within one minute, which may be sufficient to avoid damaging resonant

oscillations.

Accordingly, by predicting resonant oscillation of the vessel, such resonant
oscillations can be avoided by adjusting cruise speed and/or stabilising means,
possibly in combination with other adjustments, e.g. cruise direction, in order to
enhance the change of the exciting force or exciting frequency which could

otherwise initiate resonant oscillation.

Not only the roll motion 111 can change into resonant oscillation, but any of the
pitch motion 112, heave motion 113 and other linear and rotary oscillations may
be excited into resonant oscillation.

Resonant roll oscillation 111 may be excited by ordinary pitch oscillation 112 or
heave oscillation 113 or other oscillations. Resonant pitch oscillation 112 may be
excited by ordinary roll oscillation 111 or heave oscillation 113. In general any
first oscillation 111,112 may be excited into resonant oscillation by a second
oscillation 112,111.

In case the sea surface construction is an off-shore platform or other stationary
construction, it is not possible to change the motion of the platform and,
therefore, stabilising means can be activated to avoid a predicted resonant

oscillation.

Fig. 2 shows a measurement of roll motion 111 and pitch motion 112 as a
function of time in seconds along the abscissa axis. The ordinate axis shows the
amplitude of the oscillations.

Fig. 2 shows that the pitch motion 112 excites the roll motion by transferring
oscillation energy of the pitch motion 112 to oscillation energy of roll motion. Fig.
2 indicates that a requirement for transfer of oscillation energy from one
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oscillation mode to another is that every second peak of the energy transferring
oscillation is in phase with peaks of the energy receiving oscillation. During the
period 211 it is seen that every second negative peak of the pitch oscillation 112
is in phase with negative peaks of the roll oscillations 212. As a consequence, the
amplitude in roll oscillation 211 increases during the period 211.

In this description pitch and rolling oscillation will be used for convenience in
examples. But it is understood that the examples applies to any pair of oscillation
modes where a first oscillation is capable of increasing its oscillation-energy from
transfer of oscillation energy of a second oscillation.

During the subsequent period 212 the phase between the pitch and roll
oscillations are lost, since peaks are no longer in phase. As a consequence, no
energy is transferred from pitch to roll oscillation, and the amplitude of the roll
oscillation decrease during period 212 as shown.

The same scenario is seen in the subsequent period 213 where the amplitude of
the roll motion increases, until the next period 214 where the phase between the
two oscillations is lost again.

From the outset of roll oscillations, it may take e.g. 10 roll periods before the
oscillations have reached maximum amplitude. It is not possible to state the exact
time or condition for distinguishing normal oscillations from resonant oscillations.
However, as the oscillations increases in amplitude it becomes increasingly
difficult to take actions to stop or reduce oscillations. In particular, when the
amplitudes have reached maximum amplitude it becomes very difficult to stop

resonant oscillations.

Thus, Fig. 2 suggests that at least one condition for building up of oscillations by
energy transfer is that oscillations are in phase or rather, every second
positive/negative peak of the energy transferring oscillation must be in phase with
every positive/negative peak of the energy receiving oscillation. Thus, in addition
to the phase requirement, the frequency of the energy transferring oscillation
should be approximately twice the energy receiving oscillation.
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Thus, in principle resonant oscillation could be predicted by comparing peaks or
phases of e.g. pitch oscillations 112 with rolling oscillations 111. However, in
practice, when the vessel operates in normal irregular waves, the oscillations can
not be described as nice sinusoidal oscillations as in Fig. 2. Instead, the
oscillations will show random fluctuations. Therefore, a direct comparison of
phases or peaks of the oscillations is normally insufficient for analysis of the

nature of the oscillations.

Since the frequency of for example pitch oscillations should be approximately
equal to twice the frequency of rolling oscillations in order to excite resonant
oscillations, this suggests that the second harmonic of the rolling oscillations could
be compared with the pitch oscillations.

The second harmonic of the rolling oscillation can be determined by squaring the
measured rolling oscillation, i.e. by determining c|)2 of the measured rolling by

calculating the square of each sample.

In order to compare the second harmonic of the rolling 111 with the pitch 112,
the driving signal d equated as the signal product of the squared roll oscillation

signal and the pitch oscillation signal is defined:

d(t)=¢*(t)0(t) eq.1

Fig. 3A shows plots of the pitch signal 0, the squared rolling signal <|)2 and the
driving signal d from a measurement where resonant rolling is not present. Fig.
3B shows plots of the pitch signal 0, the squared rolling signal <|)2 and the driving

signal d from a measurement where resonant rolling is present.

Fig. 3B shows that a sequence of negative spikes of the driving signal shows up
when the amplitude of d)z abruptly grows. In contrast, positive spikes appears

when the amplitude of ¢2 decreases.



10

15

20

25

30

WO 2010/118752 PCT/DK2010/050083

12

Moreover, when parametric roll is developing, the magnitude of negative spikes in
the driving signal is much larger then those appearing when the roll mode is not
in a resonant condition as can be seen from Figs. 3A and 3B.

As have been discussed indicators for a possible development of resonant
oscillation may be present when a second oscillation signal, e.g. pitch which may
invoke resonant oscillation, contains contents of frequencies around twice the
natural frequency of the first oscillation signal, e.g. roll which may enter into
resonance. A further indicator for a possible development of resonant oscillation
may be present when a phase alignment exists between the second oscillation
signal and the first oscillation signal. Either of the two indicators (frequency based
and phase based) may be used alone or in combination to predict onset of
resonant oscillations. Not only a single second oscillation signal, but a combination
of different second oscillation signals may invoke resonance of the first oscillation
signal, for example a combination of pitch 112 and heave 113 oscillations may
transfer energy to the roll 111 oscillation. Accordingly, an alternative driving

signal to eq. 1 may be
d(t)=¢*(t)(ab(t)+ 1)) eq.1a

Where a and B are constants in the range [0,1]. This driving signal combines
information about frequency and phase correlation between heave, z(t), and
pitch, B(t) acting as resonance exciting oscillations, and roll, ¢(t). As an example,
assume a=1 and B=0 and assume that the pitch has contents around twice the
roll natural frequency, i.e. the square of the roll angle is a signal with a frequency
around the frequency of the pitch angle. If, moreover, roll and pitch angles are
in-phase or approximately in-phase or have a phase shift of 180 deg, d(t) will

show peaks of maximum amplitude.

An alternative drive signal d(t) could be derived from the associated energy
function given by the sum of the kinetic energy K, and the potential energy V,:
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E, = K,+V,

Lo 1.
= — +—k
2m¢ 2 ¢

It can be shown that the change of total energy is given as:

4L _
dt

mop+kpp=(—{d—kdp—(abd +p2)p)d + kpd = —{Pp* - (a8 + Bz) ¢

where C is a constant damping coefficient. The term — (a8 + Bz)(pd) represents
energy which is either pumped into the system or is dissipated. Since energy

being pumped into the system may indicate a risk of development of resonant

oscillation, the term —(a@ + fz)¢p¢d may be used as a driving signal:

d(t) = (ab(t) + Bz())p(H)P(t) eq. 1b

In general the drive function may include any combination of second oscillations,
for example combinations of heave and pitch, which may invoke resonant
oscillation of the first oscillation, where the first oscillation and any time
derivatives thereof such as the first time derivate (¢ (t)) can be included in the

drive function (d(t)).
Generally the drive signal can be formulated as a nonlinear function of measured

oscillations, e.g. roll, pitch and heave, and their time derivatives. That is, the

drive signal may in general have the form:
d(t) = f (e, x®,x®, .. x™) eq. 1c

dn
dtn

where x = [z,6,¢] and x™ = —x.

It is noted that all driving functions given by eq. 1, 1a, 1b and 1c are functions of

or functions comprising the second harmonic (¢, , ) of the first oscillation signal
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(e.g. the roll ¢) and the first harmonic of the second oscillation signal (e.g. the
pitch 8 or heave z). For example, the square of ¢ or the product ¢(t)¢$(t) contains

the second harmonic of ¢.

The increase in variation of magnitude of the driving signal d prior to resonant
oscillation suggest that a jump in variance of the driving signal d can be used to
predict resonant oscillation.

Thus, in an embodiment a prediction value which quantifies the risk for resonant
oscillation can be determined by calculating the variance or a standard deviation
of the driving signal (the product of the squared roll signal and the pitch signal) in
a predetermined time window containing a given number of previous samples of

the driving signal.

Fig. 5A shows a non-resonant driving signal d as a function of time in the left
coordinate system. The right hand coordinate system shows a histogram 501 and
a fitted probability distribution 502 of the driving signal, where the ordinate axis
of both coordinate systems is the amplitude of the driving signal d.

Fig. 5B shows a resonant driving signal d as a function of time in the left
coordinate system. The right hand coordinate system shows a histogram 503 and
a fitted probability distribution 504 of the driving signal, where the ordinate axis
of both coordinate systems is the amplitude of the driving signal d.

The histogram 503 and the probability distribution 504 for the resonant case
clearly show larger variations than the histogram 501 and probability distribution

of the non-resonant case.

Based on the difference of variations of the driving signal d in for resonant and

non-resonant oscillations, detection of resonant oscillation can be formulated as:

H,:d[n],of = o n=0,1,...,N-1

eq. 2
led[n],0§=012 n=0,1,...,N—-1
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where Hg represents a non-resonant case where samples n of the driving signal d,
has a variation G§ which equals the variation Gg of the non-resonant driving
signal d. H; represents the resonant case where the driving signal d, has a
variation G§ which equals or is greater than the variation 012 of the resonant

driving signal d.

The prediction of resonant oscillation can be achieved by determination of a
prediction value PV given by the ratio of probabilities:

)
pl\d; 67, H,

>, eq.3
pO(d;Hy)

PV=1L;=

Eq. 3 expresses likelihood that the driving signal d correctly predicts resonant
oscillation. Thus, by comparing the probability of d, given 612,H1 with the

probability given HO a prediction value LG is obtained which can be compared
with the threshold  so as to determine a decision value for resonant oscillation.

For example the decision value may be one if LG is greater than the threshold
which shows the resonant oscillation is predicted; and the decision value may be
zero if LG is smaller than the threshold which shows the resonant oscillation is not
likely to occur.

Fig. 4 shows the probability distributions p1 and p0 of eq. 3 where p1 gives the
probability distribution for resonant cases and pO gives the distribution for non-
resonant cases. Fig. 4 shows that for the obtained value dn of the driving signal d,
the probability 403 for resonant oscillation is grater than the probability 404 for
non-resonant oscillation. Accordingly, the ratio obtained by eq. 3 is grater than
one, which shows there is risk for resonant oscillation. Clearly, the larger the ratio
of eq. 3 is, the larger is the risk for resonant oscillation. By setting the threshold

¥ in eq. 3 to a value greater than one, ensures that not too many false resonance

warnings are given. On the other hand, if a very sensitive resonance predictor is
required, the threshold ¥ can be set to a value less than one.
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In practice eq. 3 is only operable when the variation 0'12 of the resonant driving

signal d is not known. Therefore, a method equivalent to eq. 3 can be stated as

follows:

5 Assuming that the Laplacian probability distribution:

N
1 )2 [2

p(d)= — | exp| - —ZZ]d[n]—yO‘ eq. 4
l =

20

describes the nature of the driving signal d, with the unknown variation 012 of the

) 2 .
resonant case, then an estimate of the square root of o; can determined as

10 follows:

ap ) N
8—61=O:>G1 ~ §|d[n]—,u0| eq. 5

Having determined the estimate 61 it is then possible to derive an explicit

function for the determination of a prediction value. This function is obtained as
15 follows by taking the natural logarithm of both sides of eq. 3

o N o ' TR .
20 where y =y —E]n oy andy =Iny . Substituting &7 into eq. 6, the function

for the determination of a prediction value (PV) reads

PVz—E]ncTz+£cT>7/m, eq. 7
2 Oy
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7

where d = Fzzli_ol’d[n]_ﬂo ,and ¥ =y +N.

Eqg. 7 can equivalently be expressed in terms of the calculated variation 0d2 and

the standard deviationoy
N N
PV =——In O'd2 +—0y >y eq.8
2 Oy

The variance 0d2 and the standard deviation oy of the driving signal may be

estimated from experiments of a model of a vessel in a towing tank or determined

. 2 - —
from variance o, and the standard deviation o, of non-resonant oscillations of a

2 . ) . 2 . i
real vessel, where e.g. 04" is approximated on basis of o;” using certain

assumptions of the probability distributions and experimental knowledge.

The prediction values PV of eq. 7 or eq. 8 are given as a function of the variance
and the standard deviation of the driving signal d. A predetermined or variable

time window is used to select the samples of the driving signal d. In general the
length of the time window will be an integer multiple of T¢, the period of roll, for

example 1 to 4 roll periods.

It is understood that eq. 7 and eq. 8 only represents one particular method for
computing prediction values PV. However, in general the prediction value (PV) can
be determined from a function comprising a variance, a standard deviation or both
a variance and a standard deviation of samples of the driving signal d in a
predetermined time window. It is also understood that alternative methods for
calculating spreading or dispersion of signal, than calculation of variance or
standard deviation, applies equally.

n

The threshold ]/' can be determined from experimental data. For example, the

(0

threshold » can be determined from experiments with a model of a vessel in a
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towing tank where resonant oscillation is excited. Then the threshold can be set
e.g. as a fraction of an average value of prediction values PV of resonant

oscillation cases.

5 The threshold ;/m can be determined from experimental data of the actual vessel.

Since resonant oscillation of the vessel is rare, the average or the maximum of
non-resonant prediction values PV can be determined. Then the threshold can
then be set as the sum of the average or the maximum value and “margin” value
or otherwise determined from prediction values obtained when the sea surface

10 construction operates under non-resonant conditions.

The threshold }/m can also be determined analytically as shown below:

In "Fundamental of Statistical Signal Processing: Detection Theory. S.M. Kay.
15 1998” which is hereby incorporated by reference it is shown that, given a

probability distrubution function p(d,e) where 0 is a vector of unknown

parameters, for large data records or asymptotically (as N — o) the probability

distribution LG in eq. 3 can be expressed as
2
a
2L5(d):y "%
7. (1) underH,
20 where ;(f is a chi-squared probability distribution (PDF) with r degrees of

2
freedom, and g, (ﬂ,) is @ noncentral chi-squared PDF with r degrees of freedom
and noncentrality parameter A, which is a function of the parameter vector 0.

Under the hypothesis H, the asymptotic PDF does not depend on 6, hence the

threshold required to achieved a constant probability of false alarms P., can be

25 determined. This detector is therefore referred as a constant false alarm rate
(CFAR) detector.

The probability of false alarms can be determined by observing that a random
variable x, with x:;(;z(/l), is equal to the square of a random variable y, with

30 y:N(\/I,l). Hence under the hypothesis H,
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Ppa = P1'{x>7/';HO}
= Pr{y>\/7;H0}+ Pr{y>—\/?;HOJl
=2Q(\/77)

Therefore the threshold is given by

/<o (n)]

where Q() is the complementary cumulative distribution function. Substituting y

into y gives

2
1
y ={Q I(EPFAH —%]nag + N, eq. 9

where it should be noted that for a desired P., the threshold increases with the

amount of data samples taken into consideration, i.e. the threshold increases with
the length of the time window of samples of the driving signal d.

Clearly, eq. 9 could have different forms, but in general the analytically
determined threshold is determined from a threshold function comprising the

variation Gg of the driving signal d obtained under non-resonant oscillation.

It is further noticed that the threshold in eq. 9 comprises a selected probability of
a false resonant oscillation decision P, , so that the prediction device 901 (see.

Fig. 10) can be designed according to a desired probability of a false resonant

oscillation decisions.

An alternative method for determining a prediction value is based on calculating
the cross correlation of the second harmonic of rolling oscillation 111 and pitch
oscillation 112 so as to compare the second harmonic of the rolling 111 with the
pitch oscillation 112. The cross correlation is given by
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PACIE > ¢yna [KION+K] eq. 10

k=—0

where the second harmonic ¢4 can be obtained by calculating the square of the

rolling oscillation similarly the derivation of the driving signal d in eq. 1. The cross
correlation is computed from samples of the oscillation signal contained in a time
window. Accordingly, in general the summation in eq. 10 may be replaced with
summation over the most recent N samples.

It is understood that the time derivative of eq. 10 or replacement of ¢, 4 in eq.

10 with the square of ¢ or the product ¢>¢3 provides alternative cross correlations
for determining a prediction value.
The cross correlation r¢29[n] at sample n carries information about which

frequency components are common in the roll and pitch signals and, therefore,
will show if frequencies of the pitch signal are common with the second harmonic
of the roll signal. Therefore, by computing the frequency content of the cross

correlation r¢26[n], the magnitude of frequency content in a certain frequency can

be analysed to see if the magnitude is greater than a given threshold.

The frequency content can be determined as the Fourier transform P¢9 (w) of the

cross correlation r¢29 [n] as follows
P, (w)= r, [kle7 1™ eq. 11
0@ = T K™ e

Detection of the resonant rolling problem can then be formulated as

H, : P¢29(a)) <P eq.11a

H,: P¢20(a)) >P eq. 11b
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by comparing the detection value P¢2€(a)) with the threshold P .

The detection value P¢29(a)) may be determined for frequencies @ within a

frequency range where resonant oscillation is likely to occur. Since resonant roll
oscillation is most likely to occur at frequencies close to twice the natural roll
frequency, detection values may be determined at frequencies in a frequency
range from one to three times a natural frequency of the roll oscillation mode,
preferably in the range from 1.5 to 2.5 or more preferred in the range from 1.8 to
2.2.

For practical implementation of the method for predicting resonance, the natural
roll frequency may be determined analytically from construction data of the vessel
and load data of the cargo. Alternatively, the natural roll frequency may be
determined from measurements of the heading alternations of the vessel, where

the heading alternations may be been invoked by operation of the rudder.

It was shown that the prediction value can be determined from the frequency
content of the cross correlation. However, the method applies to other similarity
or correlation calculations than cross correlation. For example, similarity
calculations based on the product of oscillation signals may be used for
determining a prediction value based on frequency content.

The threshold P can be determined from experimental resonant data of a model
of a vessel in a towing tank or the threshold can be determined from experimental
non-resonant data of the actual vessel similarly to the determination of the

thresholdy .

Since a condition for excitation of resonant oscillation is that energy is transferred
from pitch oscillations to roll oscillations or equivalent oscillation modes, a
prediction value PD for prediction of resonant oscillation can be based on the
power or energy of the oscillation signals.

A measure of the transfer of power can be formulated as
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P¢29

P,P
520

PD= eq. 12

i.e. the ratio between a power P¢29 of a signal product of the squared first

oscillation signal and the second oscillation signal, and a product of individual

powers (P¢2 and Pe) of the squared first oscillation signal and the second

oscillation signal. Optionally, the square root of the product of individual powers
may be determined.

The power values P¢20, P¢2 and P, may be expressed by the variances 02¢29 ,

02¢2 and ng, respectively, or the power values may be expressed by other

derivations. The variances can be determined in a given time window of the

oscillations signals by known methods for calculating variances.

Since energy can be transferred to roll oscillations, not only from pitch oscillations
but additionally from other oscillations, e.g. heave oscillations, a measure of
transfer of power may be expressed in terms of a combination of such oscillations
capable of invoking resonance. For example, when pitch and heave are considered
as oscillations capable of invoking resonance, a measure of transfer of power can

be formulates as:

PD =k Z—¢2+k % eq. 12a

where the coefficients k are weights used to scale the contributions of heave and
pitch. Any nonlinear combination of the terms eq. 12a is, obviously, still a
measure of the energy transfer from the heave and pitch modes into the roll
mode.

The detection of parametric rolling can then be formulated as
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Hy:PD<P' eq. 12a
H,:PD>P' eq. 12b

where the threshold P' can be determined in the same manneras P ineq. 11a
and 11b.

In general, the comparison of the prediction value PD with a threshold for
resonant oscillation results in a decision value indicating whether resonant
oscillation is predicted or not, or indicating a likelihood that resonant oscillation

will occur.

In general the similarity or correlation between the squared roll oscillation signal
111 and the pitch oscillation signal 112 may be quantified for the purpose of
determining a decision value DV by determining:

- a measure of the transfer of power as given by eq. 12,

- a magnitude of the frequency content of the cross correlation as given by eq.
11,

- a function of the variation 0d2 and the standard deviationoy of the driving

signal d as suggested by eq. 7 and eq. 8, or
- the ratio of probabilities as suggested by eq. 3.

In embodiments it may be advantageous to determine the frequency content, not
only of the cross correlation as given by eq. 11, but also of the transfer of power

as given by eq. 12, of the driving signal d, of the variation 6d2 and the standard

deviationoy of the driving signal d, or the frequency content may be determined

of other signals.

Clearly, the prediction value PV could be determined in other ways. However,
these and similar methods are all based on a comparison of the second harmonic
of the roll oscillation signal and of the pitch oscillation signal for quantifying a
similarity or correlation so as to determine a prediction value PV.

Thus, in view of the previous discussion relating to determining a driving function

d(t) for predicting resonant oscillation, the prediction value PV may be based on
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any combination of second oscillations, for example combinations of heave and
pitch, which may invoke resonant oscillation of the first oscillation, where the first
oscillation and any time derivatives thereof such as the first time derivate (¢(t))
can be included in the drive function (d(t)). Or, generally, the prediction value PV
may be based on a nonlinear function of measured oscillations, e.g. roll, pitch and
heave, and their time derivatives according to examples given in eq. 1, 1a, 1b and
1c.

Accordingly, in an embodiment the prediction value PV is determined as a function

comprising the second oscillation signal and any of the: second harmonic ¢, , of
the first oscillation signal, the square of the first oscillation, ¢?, the product of the
first oscillation and the time derivative of the first oscillation, ¢>¢S, the time

derivative of the square of the first oscillation, ¢52, or any other time derivatives
and/or powers of the first oscillation, so as to quantify a correlation between the
squared first oscillation signal and the second oscillation signal.

In order to increase robustness of the determination of decision values DV in
order to avoid situations where resonant oscillation is not predicted when
resonance actually did occur, and situations where resonant oscillation is
predicted when resonance did not occur, a final prediction value may determined
from first and second prediction values determined from different first and second
methods according any method for determining prediction values PV. For example
a first prediction value may be determined from eq. 11 and a second prediction
value may be determined form eq. 8, and the final prediction value may be
determined as an average of the first and second prediction values.

Fig. 6A shows a table with results from experiments of a model of a vessel
conducted in a towing tank in regular waves. First column shows the experiment
id-number, second column shows wave amplitude in meters of the waves, third
column shown the frequency of waves, fourth column shows the ratio of the
frequency of encounter waves and the frequency of roll oscillations 111, and fifth
column shows the maximum angle of rolling 111.
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The table clearly shows the large difference in rolling angles for experiments
1192, 1193, 1190 and 1189 where resonant rolling did non occur, and the
remaining experiments where resonant rolling were present with rolling angles

greater than 20 degrees.

The frequency of encounter waves corresponds with the frequency of pitch
oscillations 112, since the encounter waves directly excites the pitch rolling.
Column 4 shows that the ratio of the frequency of encounter waves and the
frequency of roll oscillations 111 does not need to be exactly two in order to
excite resonant rolling. Thus, Fig. 6A shows that the prediction value PD could be
determined from the frequency content similarity or correlation calculation
between the squared first oscillation signal and the second oscillation signal within
a range from at least 1.8 to 2.2 or preferably from 1.5 to 2.5 of the natural
frequency of rolling 211.

Fig. 6B shows prediction values PV from the experiments in Fig. 6A which have
been determined by a method equivalent to eq. 12 giving the transfer of power.
The results in Fig. 6B show a large difference in the prediction values for resonant

and non-resonant cases.

Fig. 6B shows that a threshold value P' is determined as a fraction of the
average value of prediction values PV of resonant oscillation cases. The illustrated
threshold value is large enough to avoid false detection of resonant rolling when
only non-resonant rolling is present, and small enough to correctly detect all cases

of resoant rolling.

Fig. 6C shows the rolling oscillation 111 from experiment 1172 as a function of

time in seconds. The curve of the decision value DV, shows that comparison of the

prediction value PV with the threshold P' results in a change in the decision value
when the rolling amplitude is about 5 degrees. The prection of resonant rolling
given by the change in the decision value may be communicated to a vessel
controller for starting an immediate braking or acceleration of the vessel.

Fig. 7 shows use of the prediction method based on the variation and/or the
standard deviation of the driving signal d from experiment 1172. The first
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coordinate system shows the driving signal as a function of time. The second
coordinate system shows the prediction signal PV determined from eq. 7 or eq. 8.
The prediction signal PV is compared with a first upper threshold 701 for
determining when the decision value DV should be changed to a value showing
that resonating oscillation is predicted. The prediction signal PV may be compared
with a second lower threshold 702 for determining when the decision value DV
should be changed to a value showing that resonating oscillation is no longer
present. Thus, the second lower threshold 702 may be referred to as an out-of-
resonance threshold for the determination of a decision value when the condition

non-resonant rolling is fulfilled.

The out-of-resonance threshold may be determined as a fraction of the first upper
threshold.

The use of two separated thresholds 701, 702 avoid rapid fluctuations of the
decision value DV when the prediction value PD fluctuates

The third coordinate system shows the roll oscillation signal 111 and the decision
signal DV.

Thus, by comparing the decision values of Fig. 6C and Fig. 7 for the same
experiment 1172, it is seen that both the method based on determination of
transfer of power of Fig. 6A-C and the method based on variation of the driving
signal of Fig. 7 are applicable for determination of the driving signal DV. In the
1172 experiment, the resonant roll oscillation is predicted slightly faster in Fig. 7
as compared to Fig. 6A-C.

Fig. 8A shows a table with results from experiments of a model of a vessel
conducted in a towing tank in irregular waves. First column shows the experiment
id-number, second column shows the significant wave height in meters, third
column shows the peak period of waves in seconds, and the fourth column shows
the maximum angle of rolling 111.
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The table again shows a large difference in rolling angles for experiment 1195
where resonant rolling occurred, and the remaining experiments where resonant

rolling did not occur.

Fig. 8B shows the determined decision signal from experiment 1189 based on the
same method as in Fig. 7, i.e. the prediction signal PV is based on the variation of
the driving signal d according to eq. 7 or eq. 8. Since the decision value never
increased beyond the upper threshold 701, the decision value DV is never
changed to indicate prediction of resonant rolling.

Fig. 8C shows the determined decision signal from experiment 1195 which is
again determined from eq. 7 or eq. 8. The prediction value PV increases beyond
the first upper threshold 701 after approximately 90 seconds and, therefore, the
decision value DV changes to indicate resonant oscillation. After approximately
700 seconds the prediction value PV decreases below the first upper threshold
701, but the decision value DV only changes to indicate non-resonant oscillation
when the prediction value decreases below the second lower threshold 702 after
approximately 770 seconds.

Fig. 9A is based on the same experiment 1195 as Fig. 8C, and the prediction
value is determined from eq. 7 or eq. 8 where the driving function d(t) used is eq.
la with B=0.

Fig. 9B is based on the same experiment 1195 as Fig. 8C and Fig. 9A, and the
prediction value is determined from eq. 7 or eq. 8 where the driving function d(t)
used is eq. 1b with p=0.

Fig. 8C, 9A and 9B shows that predictions values PV for reliable prediction of
resonant oscillation can be determined on basis of different driving functions d(t)
which are generally determined as a function comprising the second harmonic

(¢4 ) Of the first oscillation signal and the first harmonic of the second oscillation.

Oscillations may be excited directly from waves. For example, roll oscillation may
be directly excited by waves approaching the vessel in a direction perpendicular to
the longitudinal axis of the vessel. It is not effective to reduce such directly
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excited waves, for example by changing the speed of the vessel. Therefore, it is
desirable to avoid prediction of resonant roll, when the roll is directly excited by
waves instead of an indirect excitation by an exciting oscillation. Fortunately, the
methods for predicting resonant oscillation work by determining a prediction value
PV as a function of the second harmonic of the e.g. the roll oscillation and of the
exciting oscillation, where the function quantifies a correlation between the
squared first oscillation signal and the second oscillation signal. Therefore, a
directly excited oscillation is not likely to cause prediction of resonant oscillation.

Fig. 10 shows a prediction device 901 for predicting resonant oscillation of a
vessel or other sea surface construction 100. The device comprises an input 903
for receiving a measured roll oscillation signal 111, ¢ or other oscillation signal the
vessel may enter into resonant oscillation. The other input 904 is for receiving a
second measured pitch oscillation signal 112, 6 or other oscillation signal which
may invoke resonant roll oscillation. The two inputs 903 and 904 can also be
formed as a single input where different oscillation signals are provided using

time-division.

A processor 902 is provided for processing the signals received by the first and
second inputs 903 and 904 in order to determine the prediction value PV.

The same processor 902 or a separate processor is provided for comparing the
determined prediction value PV with a threshold 701 in order to determine a
decision value DV. The decision value is communicated via the output 905.

The processor 902 may be a computer, a digital signal processor, an electronic
circuit board comprising digital and/or analogue electronics for processing of
signals. The inputs and the output may be any kind of wireless, wired optical ports
for receiving and outputting signals.

The sensors 921 and 922 may be accelerometers provided on the vessel for
measuring roll and pitch oscillations or other oscillation. Clearly, any kind of
sensor capable of measuring changes in angular or linear position can be used.
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The decision value DV communicated via the output 905 may be communicated to
a controller 930. The controller could be any controller of the vessel, such as a
controller for adjusting cruise speed via the propeller, a controller for adjusting
cruise direction via the rudder, a controller associated with oscillation damping
tanks and stabilizing fins used for damping oscillations.

Additionally or alternatively, the decision value DV communicated to an alarm
device 930, such as an optical or acoustical alarm for making the operator of the
sea surface construction aware of the predicted critical situation.
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CLAIMS

1. A device (901) for predicting resonant oscillation of a sea surface construction
(100), the device comprising

- an input (903) for receiving a measured first oscillation signal (111,¢) of said sea
surface construction, which first oscillation may enter into resonant oscillation,

- an input (904) for receiving a second oscillation signal (112, 8) of said sea
surface construction, which second oscillation signal may invoke said resonant
oscillation,

- a processor (902) for determining a prediction value (PV) as a function
comprising the second harmonic (¢, ) of the first oscillation signal and the

second oscillation signal so as to quantify a correlation between the squared first
oscillation signal and the second oscillation signal,
- a processor (902) for comparing the prediction value with a threshold (701, P",

¥, ¥ ) so as to determine a decision value (DV) for resonant oscillation,

- an output (905) for communicating the decision value.

2. A device according to claim 1, where the prediction value (PD) is determined by

determining a frequency content of a correlation (r¢29[n]) between the squared

first oscillation signal and the second oscillation signal.

3. A device according to claim 2, where the prediction value is determined from
the frequency content of the correlation in a frequency range from one to three
times a natural frequency of the first oscillation mode of the sea surface
construction, preferably in the range from 1.5 to 2.5 or more preferred in the

range from 1.8 to 2.2.

4. A device according to claim 1, where the prediction value is determined as a
ratio between a power of a signal product (d) of the squared first oscillation signal
and the second oscillation signal, and a product of individual powers of the

squared first oscillation signal and the second oscillation signal.

5. A device according to claim 1, where the prediction value is determined from a

function comprising a variance and/or a standard deviation of a signal product (d)
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of the squared first oscillation signal and the second oscillation signal in a

predetermined time window.

6. A device according to claim 1, where the threshold is determined from a
threshold function comprising the variation (ag) of a signal product (d) of the

squared first oscillation signal and the second oscillation signal obtained under

non-resonant oscillation.

7. A device according to claim 6, where the threshold function further comprises a

selected probability (P,,) of a false resonant oscillation decision.

8. A device according to any of the preceding claims, where the threshold is

determined from experimentally determined prediction values.

9. A device according to any of the preceding claims, configured to determine the
threshold from prediction values (PD) obtained when the sea surface construction

operates under non-resonant conditions.

10. A device according to any of the preceding claims, where the processor (902)
is further configured to compare the prediction value with an out-of-resonance
threshold (702) so as to determine a decision value for the non-presence of

resonant rolling oscillation.

11. A device according to any of the preceding claims, where the decision value is
communicated to a sea surface construction controller (930) for adjusting one or
more of cruise speed, cruise direction, rudder, oscillation damping tanks and
stabilizing fins.

12. A device according to any of the preceding claims, where the decision value is

communicated to an alarm device (930).

13. A device according to any of the preceding claims, where a final prediction

value is determined from first and second prediction values determined from
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different first and second methods for determining the prediction value according
to any one of claims 2-5.

14. A prediction system for predicting resonant rolling oscillation of a sea surface
construction, the system comprising,

- a device according to claim 1,

- a sensor (921) for measuring a first oscillation of the sea surface construction,
and

- a sensor (922) for measuring a second oscillation of the sea surface

construction.

15. A method for predicting resonant oscillation of a sea surface construction
(100), the method comprising

- receiving a measured first oscillation signal (111, ¢) of said sea surface
construction, which first oscillation may enter into resonant oscillation,

- receiving a second oscillation signal (112, 8) of said sea surface construction,
which second oscillation may invoke said resonant oscillation,

- determining a prediction value (PV) as a function comprising the second
harmonic of the first oscillation signal and the first harmonic of the second
oscillation signal so as to quantify a correlation between the second harmonic of
the first oscillation signal and the first harmonic of the second oscillation signal,
- comparing the prediction value with a threshold so as to determine a decision
value (DV) for resonant oscillation,

- outputting the decision value.
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