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Abstract—Risk analysis of an Autonomous Surface Craft
(ASC) is a very important subject since it is closely related to
the safety of an ASC operating in harsh ocean environments.
In this study, we provide a detailed analysis of the primary
disturbance of ocean waves and its influence on an ASC’s roll
motion. A conventional decoupled nonlinear roll motion model
has been chosen and through experiments the roll motion model
parameters are successfully identified. Using this model, we
perform extensive simulations under different assumed wave
conditions. Our analysis is based on the well-known erosion
basin technique in phase plane. The safe region proportion has
been defined to serve as a safety criterion. Through analysis,
we find out that the safety of an ASC operating in the ocean
is related to the wave amplitude and wave encounter frequency.
This relationship provides a useful reference for risk analysis
of an ASC. The results provided can be regarded as guidelines
for an ASC’s safety determination, and thus they are planned
to be integrated into an ASC for its self safety awareness. The
presented method can also be extended to other medium-size or
large marine vessels for their operational safety analysis.
Keywords—Autonomous Surface Craft; risk analysis; erosion
basin

I.

INTRODUCTION

There is an increasing interest for deployment of Autonomous Surface Craft (ASC) in different ocean exploration
missions [1]–[5]. However, an ASC operating on the ocean
surface has to be able to survive fast-changing ocean environments, i.e. strong winds and waves. A fundamental question is
how we can assess in real-time the vehicle’s safety with respect
to different adverse ocean influences. This is a prerequisite for
a successful ASC mission. An ASC operating in the seaway
normally has 6 DOF motion, and the oscillatory motions in
roll, pitch and heave may lead to the vehicle capsizing. In
this study, the risk analysis of an ASC has been discussed.
We concentrate our analysis on the nonlinear rolling motion,
but the proposed method can also be extended for an ASC’s
pitching or heaving safety analysis. An ASC’s horizontal
motion modeling and analysis for controlling purposes has
been extensively addressed [3], [6], [7], but it is the mostly
uncontrolled motions, roll, pitch and heave, that are the most
critical for vehicle safety. Therefore, this study provides a
unique supplement for the ASC research community.
Nonlinear ship rolling motion analysis traces back to 1970s
[8], and it has been a research topic since then because it is

closely related to the vessel stability against capsizing in the
seaway. The rolling motion is conventionally decoupled from
the other degrees of freedom, and the roll exciting moments are
normally assumed to be from the harmonic waves. The nonlinearity in the roll motion leads to some well-known complicated
phenomena, such as jumping and system chaos. For instance,
due to the nonlinearity of the roll restoring moments, the region
around the roll resonant frequency may have multiple steadystate roll response solutions [9]. To investigate the nonlinear
roll dynamics and perform the risk analysis, many approaches
have been developed. In the early days, due to the limitation
of computational power, the analytical approximations of the
steady-state rolling response solutions were formulated. Some
typical analytical methods include Perturbation Method and
Harmonic Balance Method [10], and they have demonstrated
their effectiveness in the main rolling resonance region. The
Melnikov method [11], [12] has been widely accepted and
employed for analysing the ship rolling dynamics analysis. As
a global analysis technique, it assumes that the ship roll motion
is subjected to a harmonic excitation. Through calculating
the value of the Melnikov function, the distance between
the stable and unstable manifolds can be determined as a
criteria for prediction of the system chaotic behaviour. In [13],
the Melnikov method has also been extended for taking into
account strong damping effects.
Taking advantage of the recent advances in computing
power, numerical methods have been extensively employed
for analysing the ship nonlinear roll motion and even the
complex coupled motions in the seaway. In this study, we will
implement the erosion basin technique [14], [15] to investigate
the nonlinear roll dynamics of an ASC in regular seas. The
concept of the safe basin was firstly introduced in [16], and it
was based on the phase plane analysis [17] where the evolution
of the roll motion, i.e. roll angle and roll rate, are plotted on a
2D plane. It has been demonstrated by several researchers [8]
that with the increment of the wave exciting amplitude, the area
of the safe basin will reduce or erode. When this happens, the
probability of a ship capsizing through rolling increases. The
erosion basin method is advantageous because it does not need
to assume the low wave excitation and small damping effects
as is required by the Melnikov method. Moreover, due to the
roll nonlinearity, the dynamic behaviour of the roll motion
is sensitive to initial conditions. The erosion basin method
examines all possible initial conditions, and thus can provide

an accurate estimation of the roll motion stability. There are
also some other methods including Lyapunov and bifurcation
analysis that have been researched, and interested readers can
refer to [8].
In this paper, we investigate an ASC’s nonlinear roll
motion risk analysis based on different wave conditions. An
accurate roll motion model is experimentally identified, based
on which extensive simulations are carried out. As far as the
authors are concerned, the risk analysis for an ASC has not
been investigated yet, and thus we employ the well-accepted
erosion basin technique for the nonlinear dynamics analysis.
The outcome of the research can assist us in determination
of an ASC’s risk/safety for a specific mission, and it is
planned that the corresponding results will be integrated into
an ASC’s autonomous guidance system to improve its self
safety awareness. The paper is organized as follows. Section
II describes roll motion modeling for the studied ASC, and
the nonlinear motion model parameters are identified through
tank tests. In Section III, the risk analysis of the ASC’s roll
motion is provided. Extensive simulations based on the erosion
basin technique has been implemented and the results are
summarized for rolling motion safety determination. Section
IV presents our conclusion and future work.
II.

ROLL MOTION MODELING AND PARAMETER
IDENTIFICATION

A. Roll Motion Model
Although in reality an Autonomous Surface Craft (ASC)
operating in the seaway moves in all six degrees of freedom
simultaneously, for the sake of simplicity, we follow the
convention to decouple the roll motion from the other degrees
of freedom. The nonlinear roll motion model is formulated as
˙ + 𝑅(𝜙) = 𝐾
𝐼𝑟 𝜙¨ + 𝐷(𝜙)

(1)

where 𝜙 denotes the roll angle, 𝐼𝑟 is the virtual roll moment of
˙ includes the
inertia that includes the added mass effect, 𝐷(𝜙)
nonlinear damping terms that is nonlinear and 𝑅(𝜙) represents
the roll restoring moments. Eq. 1 has been widely employed for
ship rolling motion and capsizing study in the naval architectural community [8], [10], [12], [14], [15]. However, it is worth
noting that the hydrodynamic coefficients are generally wave
frequency dependent. In the scope of this study, the condition
of regular wave excitation and small-amplitude response is
assumed. Hence, the hydrodynamic coefficients can be treated
as constant. In Eq. 1, 𝐾 is the external excitation moment and
it may include the disturbances from the ocean environments
such as wind, waves and ocean currents. The studied ASC
only has a relatively small portion above the water, so the
wind effect is negligible. The ocean current can be regarded
as constant or slowly changing compared to the roll dynamics
in the vehicle’s translational motion, thus it can be neglected
for the oscillatory motion. Therefore, we can assume the main
contribution for the roll excitation moments is from the waves.
The damping moments are normally formulated as a linear,
linear plus quadratic or linear plus cubic form polynomial [18].
In this study, we employ the form of linear plus quadratic term,
which is given as
˙ = 𝐷1 𝜙˙ + 𝐷2 𝜙∣
˙ 𝜙∣
˙
𝐷(𝜙)

(2)

where 𝐷1 and 𝐷2 are linear and quadratic damping coefficients. The restoring moments can be regarded as a linear
function of 𝜙 within the small range of the equilibrium
position. However, when the displacement angle is large, the
relationship is nonlinear and it is normally formulated as an
odd polynomial as
𝑅(𝜙) = 𝑅1 𝜙 + 𝑅3 𝜙3 + 𝑅5 𝜙5 ...

(3)

A full derivation of the wave exciting moments for roll
motion can be found in [19], and here we only provide
a brief overview. The dimension of the studied ASC is
Length×Width=1.5 𝑚×1.0 𝑚 and we are considering the wind
waves that have a wavelength of over 10 𝑚. Since the size of
the ASC is small compared to the wavelength, we can apply the
Froude-Krylov hypothesis. Thus, the wave exciting moment is
calculated by integration of the wave pressure 𝑝𝑤 acting on
the surface 𝑆𝐵 of the ASC hull as
∫∫
−
→𝐹 𝐾
→
→
𝑀𝑤 =
𝑝𝑤 ( −
𝑟 ×−
𝑛 )𝑑𝑆
(4)
𝑆𝐵

→
where −
𝑟 is the position vector of a unit area on the hull body
→
with respect to the center of gravity, −
𝑛 is the unit normal
vector on the body surface directed into the body and
𝑝𝑤 = 𝜑𝑤 𝜌𝜁𝐴 𝜔𝑤 sin(𝜔𝑤 𝑡).

(5)

Note that in Eq. 5, 𝜑𝑤 is the potential of fluid velocities
contributed from the sinusoidal wave on an ASC’s body, 𝜌
is the fluid density, 𝜔𝑤 is the wave frequency, 𝜁𝐴 is the wave
amplitude and 𝑡 denotes the time. Based on Eq. 4, the roll
excitation moment about the center of gravity can be derived
as [20]
𝐾 = 𝜌𝑔𝑉0 𝑘𝜁𝐴 𝐺𝑀 sin(𝜒) sin(𝜔𝑤 𝑡)
(6)
where 𝐺𝑀 is the metacentric height and can be regarded as
constant, 𝑔 is the gravitational acceleration, 𝑉0 is the ASC
displacement volume, 𝑘 is the wave number and 𝜒 is the
direction of the waves with respect to the heading direction
of the ASC. Based on Eq. 6, a compact form representation
can be formulated as
𝐾 = 𝐼𝑟 𝛼𝐴 𝜔𝑛2 sin(𝜒) sin(𝜔𝑤 𝑡)
= 𝐾0 sin(𝜔𝑤 𝑡)

(7)

where 𝜔𝑛 is the roll natural frequency, 𝛼𝐴 is the amplitude of
wave slope
𝛼𝐴 = 𝑘𝜁𝐴
and 𝐾0 is the wave excitation amplitude that is given as
𝐾0 = 𝐼𝑟 𝛼𝐴 𝜔𝑛2 sin(𝜒).

(8)

If an ASC operates with a total velocity of 𝑈 with respect
to the mean water current in the horizontal plane, 𝜔𝑤 in the
oscillatory term sin(𝜔𝑤 𝑡) of Eq. 7 needs to be substituted by
the wave encounter frequency 𝜔𝑒 as
𝜔𝑒 = 𝜔𝑤 −

2
𝑈
𝜔𝑤
cos(𝜒).
𝑔

collected from the vehicle 3D model hydrostatics analysis.
Fig. 2 depicts this parameter fitting results where a 3rd order
polynomial fitting can provide us with a relatively good fitting
results. The identified restoring moment parameter values are
𝑅1 =499.13 𝑁 ⋅ 𝑚 and 𝑅3 =-792.46 𝑁 ⋅ 𝑚, respectively.
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Fig. 1. Preliminary tests of the ASC SeaCat in the tow tank of Memorial
University of Newfoundland.

The Autonomous Surface Craft (ASC) SeaCat shown in
Fig. 1 is used in this study. SeaCat is a catamaran-type ASC
that is developed for offshore scientific missions and a detailed
description of the mechanical and electrical system design and
payload sensors can be found in [21].
Free decay tests are carried out to collect the ASC motion
data for the parameter identification in Eq. 1. The ASC SeaCat
is put into the tank, and then external force is applied on the
vehicle to introduce a static roll displacement. When the external force is removed, the vehicle roll oscillations will decay
until the motion levels out around the equilibrium position. We
employ the Attitude and Heading Reference System (AHRS)
for measurement of the roll angle. The sampling rate of the
sensor is 100 Hz. The AHRS is configured to output Euler
angles with an angular measurement accuracy of ±0.5∘ .
Some system properties have been summarized in Table
I, where 𝐼𝑟 is estimated based on the collected decay data
and 𝐺𝑀 is experimentally determined through performing the
ASC inclining tests and the value has also been validated using
the standard hydrostatic software [22]. Thus, the virtual roll
moment of inertia can be calculated using
𝑇𝑛 2
) Δ𝑔𝐺𝑀
2𝜋

where 𝑔=9.81 𝑚/𝑠2 .
TABLE I.

PARAMETERS OF THE STUDIED ASC

Length × Width
Displacement Δ
Roll natural period 𝑇𝑛
Roll natural frequency 𝜔𝑛
Metacentric height 𝐺𝑀
Virtual roll moment of inertia 𝐼𝑟

0
−5
−10
−15
−20
−50

B. Model Parameter Identification

𝐼𝑟 = (

5

1.5 𝑚 × 1.0 𝑚
163.4 𝑘𝑔
2.01 𝑠
3.126 𝑟𝑎𝑑/𝑠
0.2961 𝑚
48.76 𝑘𝑔 ⋅ 𝑚2

The roll restoring moment (righting moment) parameters
i.e. 𝑅𝑖 (𝑖=1,3,...) in Eq. 3 can be identified based on the data

0
Roll angle (degree)

50

Fig. 2. The 3rd order polynomial fitting of the roll restoring moments compared with the measured data. The data fitting range is in 𝜙 ∈ [−45∘ , 45∘ ].

The energy method [23] has been used for identification of
the nonlinear damping terms in Eq. 2. The nonlinear damping
effect is evident with large roll motions, thus we choose to use
the experimental data set where we have a relatively large ASC
roll oscillations for the parameter identification. The decaying
curve for vehicle’s roll motion can be fitted as an exponentially
damped sinusoidal solution [24] with the form
𝜙 = 𝐴𝑚 𝑒−

∑𝑁

𝑖=1

𝛽 𝑖 𝑡𝑖

𝑐𝑜𝑠(𝜔𝑑 𝑡 + 𝛿)

(9)

where 𝐴𝑚 and 𝛿 depend on the initial condition in the performed experiment and they have been determined as 10.43∘
and 0, respectively. The damped oscillatory frequency 𝜔𝑑 can
be regarded with the same value of the system natural roll
frequency assuming the damping effect is small. 𝛽𝑖 (𝑖=1,2,...)
represent the decay terms. The value of the decay terms can be
identified by using the measured maximum positive roll angle
in each roll decay cycle. A 3rd order decaying polynomial of
𝛽𝑖 has been identified using the least squares method, and the
results are given as [𝛽1 ,𝛽2 ,𝛽3 ]=[0.1507,-0.0049,0.0001]. In the
roll decay process, the total energy at each time instant 𝑡𝑗 can
be formulated as
𝐸(𝑡𝑗 ) = 𝐸𝑘𝑡𝑗 + 𝐸𝑝𝑡𝑗
∫ 𝑡𝑗
1 ˙2
˙
= 𝐼𝑟 𝜙 +
(𝑅1 𝜙 + 𝑅3 𝜙3 )𝜙𝑑𝑡
2
0
where 𝐸𝑘𝑡𝑗 represents the kinetic energy and 𝐸𝑝𝑡𝑗 stands for
the potential energy due to the rolling motion. The total energy
will decrease due to the damping forces, and thus the reduction
of the total energy in a specific time range will be equal to
the negative of the work that is done by the damping forces.

This relationship has been summarized in
∫ 𝑡𝑗+1
˙ 𝜙∣)
˙ 𝜙𝑑𝑡
˙
𝐸(𝑡𝑗+1 ) − 𝐸(𝑡𝑗 ) = −
(𝐷1 𝜙˙ + 𝐷2 𝜙∣
𝑡𝑗

= −𝐷1

∫

𝑡𝑗+1
𝑡𝑗

𝜙˙ 2 𝑑𝑡 − 𝐷2

∫

𝑡𝑗+1
𝑡𝑗

(𝐾0 ) already takes into account the wave direction information
according to Eq. 8.

˙
𝜙˙ 2 ∣𝜙∣𝑑𝑡.

(10)
In Eq. 10, 𝜙˙ can be calculated based on Eq. 9, and the numerical integration is calculated using Euler Method. Therefore,
the only unknown terms of 𝐷1 and 𝐷2 can be identified
by performing the least squares fitting, and the results are
𝐷1 =6.88 𝑘𝑔 ⋅ 𝑚2 /𝑠 and 𝐷2 =14.63 𝑘𝑔 ⋅ 𝑚2 , respectively. We
substitute all the identified parameter values into Eq. 1 and
perform the simulation in time domain neglecting the wave
exciting moments. The comparison depicted in Fig. 3 shows a
very good agreement with the experimental data.

Measured data
Simulated data
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Fig. 3. A comparison between the measured and simulated roll motion.
The simulated roll model is without the exciting moments and the unknown
parameters have been successfully identified based on the previous analysis.

III.

RISK ANALYSIS

The erosion basin or safe basin is a numerical method that
has been widely used in analysing marine vessel’s roll stability
[14], [15]. In this section, we analyse the ASC’s nonlinear
roll motion based on this technique. For convenience of the
following discussion, a non-dimensional form representation
of the roll motion model (Eq. 1) has been formulated as
˙ 𝜙∣
˙ + 𝜙 − 𝛼𝜙3 = 𝑓 (𝑡′ )
𝜙¨ + 𝜎1 𝜙˙ + 𝜎2 𝜙∣
where the second and first-order derivative are with respect to
the new time scale 𝑡′ = 𝜔𝑛 𝑡, and the other terms are defined
as
√
𝑅1
𝐷1 𝜔𝑛
𝐷2
𝑅3
𝜔𝑛 =
, 𝜎1 =
, 𝜎2 =
, 𝛼=−
𝐼𝑟
𝑅1
𝐼𝑟
𝑅1
𝑓 (𝑡′ ) = 𝑘0 cos(Ω𝑒 𝑡′ ), 𝑘0 =

𝐾0
𝜔𝑒
, Ω𝑒 =
𝑅1
𝜔𝑛

where 𝑘0 is defined as the non-dimensional roll excitation amplitude. It is important to notice that as a lumped parameter 𝑘0

While implementing the erosion basin method, the studied
phase plane area will be divided into equal sized small grids,
and the center of each grid is regarded as a particular initial
condition, i.e. initial roll angle and angular rate, for the roll
motion simulation. The numerical solution is calculated based
on all possible initial conditions. Based on the boundedness
of each simulated solution, different zones of safe and unsafe
initial conditions in the phase plane can be determined. In this
study, the graphs only plot the safe zones. If we vary the wave
excitation amplitude, we can investigate the process of the safe
basin erosion.
The basin erosion process for a particular example has
been depicted in Fig. 4. In this series of simulation, the
wave encounter frequency is defined as 𝜔𝑒 =2.6 𝑟𝑎𝑑/𝑠 and
the non-dimensional roll excitation amplitude, 𝑘0 , is varied
from 0 to 1.8. In each plot, the studied roll motion area is
𝜙 ∈ [−80∘ , 80∘ ] and 𝜙˙ ∈ [−80∘ /𝑠, 80∘ /𝑠] and it has been
divided into 161×161 equal sized grids. The center of each
grid is used as the initial condition for the integration and the
simulation time is defined as 100 𝑠. The numerical solution
is solved by using the fourth-order Runge-Kutta algorithm.
After the integration, if the final roll motion converges to the
˙ = (0∘ , 0∘ /𝑠),
vicinity of the upright roll position i.e. (𝜙, 𝜙)
this initial condition is safe and will be plotted out in the
final phase plane. Otherwise, if the simulation indicates the
divergence, that initial condition is unsafe and will be left
blank. It shows clearly in Fig. 4 that with the increment of 𝑘0 ,
the boundary becomes fractal and shrinks fast at some point.
There are actually two trends in the figure. When 𝑘0 ∈ [0, 1),
the safe basin will reduce from all directions simultaneously.
Whereas, if 𝑘0 ≥ 1.0, the safe basin is eroded irregularly. In
other words, even the area that is close to the upright position
turns to unsafe region.
To demonstrate this tendency, we generate a plot based
on the proportion of the safe initial conditions. When there is
no exciting moments, the safe region or the safe initial points
reach the maximum number 𝑁𝑚 . In the simulation where there
is wave excitation, we summarize the number of the safe points
𝑁𝑠 and normalize it by 𝑁𝑚 , and we call this division the safe
region proportion. This result has been depicted in Fig. 5. It
can be concluded that the safe region starts to shrink around
𝑘0 = 0.6, but it shrinks slowly until 𝑘0 = 1.0. When 𝑘0 > 1.0,
the safe region reduces in a faster rate. This phenomenon is
clearly indicated by the last two plots in Fig. 4, and it has been
suggested by [25] that the system chaos may have occurred.
The safe region proportion 𝑁𝑠 /𝑁𝑚 can be employed for
representation of an ASC’s rolling motion safety. With the
increment of the wave exciting amplitude or the sea states,
the safe region will reduce, which indicates a more severe
operational environmental condition for an ASC. To examine
the relationship between 𝑁𝑠 /𝑁𝑚 and the wave encounter frequency, more erosion basin simulations have been performed.
A summary of these results have been provided in Table II.
We plot the data in Cartesian coordinates as shown in Fig. 6,
where the 𝑥 and 𝑦 axes are the wave encounter frequency and
𝑘0 , respectively and 𝑧 axis is the safe region proportion. It can
be seen that when 𝑘0 < 0.5, the safe region will not reduce
a lot, but with the increment of 𝑘0 the basin erosion becomes
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Fig. 4. Erosion basin of the dynamic roll motion with the assumed wave encounter frequency of 𝜔𝑒 =2.6 𝑟𝑎𝑑/𝑠 or Ω𝑒 = 0.8334. 𝑘0 is the non-dimensional
roll exciting amplitude.
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Fig. 5. The proportion of the safe region versus the non-dimensional wave
excitation amplitude 𝑘0 when the encounter frequency is 2.6 𝑟𝑎𝑑/𝑠.

Fig. 7. The contour plot of the safe region proportion with respect to wave
encounter frequency 𝜔𝑒 and non-dimensional wave exciting amplitude 𝑘0 .

more evident. The worst case is when the wave encounter
frequency is around 2.2 𝑟𝑎𝑑/𝑠, which features the fastest
decrement among all the simulations. Based on Table II, the
contour plot has also been generated as shown in Fig. 7. The
number on each contour represents the safe region proportion.
Again, the wave encounter frequency around 2.2 𝑟𝑎𝑑/𝑠 marks
the quickest reduction of the safe region which is an adverse
condition for an ASC to operate.

probability that an ASC will capsize through rolling.

1
0.9
1
Safe region percentage

0.8
0.8

0.7

0.6

0.6

0.4

0.5

0.2

0.4
0.3

0
4

0.2
3
0

2
1
Encounter frequency (rad/s)

0.5

0.1

1
0

1.5
2

0
k

0

Fig. 6.
The safe region proportion versus 𝑘0 and the wave encounter
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The contour plots provide a useful reference for risk analysis of an ASC. For example, assuming an ASC is currently
operating in the ocean with a narrow-banded wave spectrum
and the peak wave encounter frequency is 0.8 𝑟𝑎𝑑/𝑠. Referring
to Fig. 7, if the 0.9 contour has been chosen as its roll motion
critical boundary, when 𝑘0 >1, the safe region proportion will
reduce below 0.9. It also shows that when 𝑘0 >1.4, the safe
region shrinks below 0.7 where the fractal boundary may occur
(recall the last three plots in Fig. 4), and there is a higher

It is important to note that the safe region proportion
does not explicitly define the probability of capsizing through
rolling. However, choosing a specific contour can assist us to
evaluate the varying tendency of the ASC safety with respect
to different wave encounter frequencies and wave amplitudes
(sea states). This is of great importance for risk analysis of an
ASC for a specific ocean exploration mission.
The boundary contour can be chosen based on the risk
that we want an ASC to take in a specific mission. If we want
to be as conservative as possible, it is better to employ the
contour of safe region proportion 0.99. However, this choice
will make an ASC especially alerted, since the bearable wave
amplitude is quite low which might limit the ASC’s applicable
environments. On the other hand, if the contour of 0.5 has been
chosen, although a heavy sea operation is possible, there is a
relatively high probability that the ASC will capsize during the
mission. Therefore, it is essential for us to choose the boundary
contour that can balance the vehicle safety and the possible
application scenarios with different sea states.
The contours shown in Fig. 7 have been achieved off-line
according to the ASC’s roll motion model and extensive simulations. Therefore, it is possible that the tabulated boundary
contour data can be integrated into an ASC’s onboard guidance
and control system to aid an ASC’s self safety assessment.
For real-time decision making, the ASC has to be able to
determine the current ocean environments i.e. wave frequency
and wave amplitude, which can either be directly measured by
appropriate sensors or be acquired from other sources such as
a wave buoy.
IV.

CONCLUSION

This paper introduces a risk analysis method for an ASC’s
oscillatory roll motion in the seaway. The presented method
is based on the erosion basin technique, and the roll motion
model parameters are identified through using the hydrostatic
software and performing the free decay tests in the tank.

TABLE II.

SAFE REGION PROPORTION UNDER DIFFERENT WAVE ENCOUNTER FREQUENCIES AND NON-DEIMENSIONAL
EXCITING AMPLITUDES

𝑘0
𝜔𝑒 
0.2
0.6
1
1.4
1.8
2.2
2.6
3
3.4

0
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

0.4
0.9761
0.9831
0.9916
0.9954
0.9987
0.9997
0.9982
0.9966
0.9950

0.8
0.8324
0.9296
0.9626
0.9805
0.9980
0.9970
0.9896
0.9795
0.9782

1.0
0.6971
0.8827
0.9255
0.8974
0.8354
0.9874
0.9711
0.9605
0.9630

Extensive simulations indicate the relationship between an
ASC’s roll motion safety and the wave conditions i.e. wave
encounter frequency and wave exciting amplitude. Our future
work includes the integration of our analysis results into an
ASC’s autonomous guidance system to provide an ASC with
self safety determination capability. We also plan to extend our
analysis to an ASC’s pitch and heave motion and combine our
results to generate a complete risk analysis strategy.
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