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for simulating parametric roll
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The motion of a ship or an offshore platform at sea is gov-
erned by a coupled set of nonlinear differential equations.
In general, analytical solutions for such systems do not ex-
ist and recourse is taken to time domain simulations to ob-
tain numerical solutions. Each simulation is not only time
consuming but also captures only a single realization of the
many possible responses. In a design spiral when the con-
cept design of a ship/platform is being iteratively changed,
simulating multiple realizations for each interim design is
impractical. An analytical approach is more preferable as it
provides the answer almost instantaneously and doesn’t suf-
fer from the drawback of requiring multiple realizations for
statistical confidence. Analytical solutions only exist for sim-
ple systems and hence there is a need to simplify the nonlin-
ear coupled differential equations into a simplified 1-degree
of freedom system. While simplified methods make the prob-
lem tenable, it is important to check that the system still re-
flects the dynamics of the complicated system.

This paper systematically describes two of the popular
simplified parametric roll models in the literature - Volterra
GM and Improved Grim Effective Wave (IGEW) roll models.
The paper also proposes a correction to the existing Volterra
GM model described in current literature to more accurately
capture the restoring forces. The simulated roll motion from
each of the models are compared against simulation from a
nonlinear coupled time domain simulation tool to check their
veracity. Finally, the paper also provides a discussion of the
extent to which each of the models capture the nonlinear phe-
nomenon accurately.

Nomenclature

p Density of water

g Acceleration due to gravity
V Displacement of the vessel
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¢ Roll angle

® Roll velocity

¢ Roll acceleration

144 Roll mass moment of inertia

A4sa  Frequency dependent roll added moment of inertia

B4y Frequency dependent roll radiation damping

B; Linear viscous roll damping coefficient

B, Quadratic viscous roll damping coefficient

®p Roll natural frequency of the ship

GZ Roll restoring arm

GM Metacentric height - Distance between center of grav-
ity and metacenter

GM, Calm water metacentric height

BM  Metacentric radius - Distance between center of buoy-
ancy and metacenter

KB Distance of vertical center of buoyancy from keel

K3 Cubic coefficient of GZ approximation

T Draft at calm water

r(t,x) relative wave elevation at station x at time ¢

1 Introduction

The dynamics of any rigid body are governed by the
Newton’s 2nd law of motion. For a ship or an offshore plat-
form involving multiple degrees of freedom, the application
of Newton’s law results in a coupled set of nonlinear differ-
ential equations. In general, analytical solutions for such sys-
tems do not exist and hence require either linearizing to solve
it analytically or performing nonlinear time domain simula-
tions to get a numerical solution [1].

The numerical solution of ship motions in irregular seas
is time consuming and each simulation captures only a single
realization of the many possible responses. In order to get a
statistical confidence, multiple realizations are needed which
requires further time and computational resources.



In a basic design phase when the concept design of a
ship/platform is being iteratively changed, simulating multi-
ple realizations for each interim design is not only imprac-
tical but also extremely time consuming. On the contrary
an analytical approach which provides the answer almost in-
stantaneously is more preferable. Another advantage with
the analytical models is that they do not require analysis of
multiple realizations for statistical confidence.

However, analytical solutions are only possible for sim-
ple models. Thus, for a possibility of analytical methods, the
equations of motion must be simplified to a model involv-
ing a few manageable parameters. The simplifying assump-
tions often come at the cost of rendering model incapable to
capture the complete dynamics of the system. It is impera-
tive that the designer, during the design phase make the right
compromise between the computational time involved in a
simulations and simplification of the model.

The parametric roll of ships in head seas is a com-
plex nonlinear phenomenon and many researchers have ap-
proached this problem with a combination of simplified mod-
els and numerical simulations. Initial investigators preferred
to study this phenomenon only in regular waves. Paulling [2]
was one of the first investigators of this phenomenon who
suggested a few simplified approaches, but these methods
were insufficient to study large amplitudes of motion. Neves
[3] proposed a coupled model with third order restoring co-
efficients and showed that the second order model was insuf-
ficient in capturing the dynamics in regular waves. Analyti-
cal expressions for the coefficients in regular waves was ob-
tained based on the offset data of the ship. Neves [4] later ex-
tended this method to calculate the new stability boundaries
for the Hill’s equation. However, as the model is improved
from second to third order, both the complexity and the num-
ber of coefficients to evaluate increases tremendously. There
also is a speculation [5] that such detailed geometrical data
might not always be handy. Spyrou [6] suggested analyti-
cal and probabilistic techniques to predict the susceptibility
of a hull form to parametric roll in regular waves. However,
these methods were based on the assumption of a Mathieu
type instability and were not applicable as the mathemati-
cal models become more realistic [7]. Moideen suggested a
Hill’s equation approach instead of a Mathieu equation for
modeling the parametric roll in regular waves and developed
3-D stability charts to predict the roll amplitude in regular
waves. The advantage of using Hill’s equation was to capture
non-harmonic but periodic variation of hydrostatic stiffness
in regular waves [8,9].

While the investigations into regular wave parametric
roll continued, many researchers also started investigating
the problem in irregular seas. One of the first ideas was
provided by Grim [10] to extend the regular wave models
to the irregular waves using an equivalent regular wave rep-
resentation of the irregular wave profile. Umeda [11] de-
veloped a simplified model for regular waves in which the
roll restoring stiffness was calculated using a Grim’s effec-
tive wave concept. The Grim’s effective wave reduced the
problem of calculating roll stiffness over an irregular wave
profile to an equivalent regular wave whose crest/trough was

fixed at midship. The model was quasi-statically balanced
on the regular wave to match the calm water displacement.
However, Hashimoto [12] compared this model with exper-
iments to find that the two did not agree well suggesting
that an improvement was needed. Bulian [5] improved upon
Umeda’s model by incorporating the Improved Grim Effec-
tive Wave (IGEW) into the roll stiffness. The improved Grim
effective wave allowed the equivalent regular wave to have
crest/trough at any point along the length of the hull [13]
and resulted in a better fit of the irregular wave profile. This
model predicted a better quasi-static equilibrium trim than
the original Grim effective wave model. However, even the
improved model showed a some what reasonable agreement
with the experiments [5]. The SCAPE committee as a part
of its investigation also documented the comparison of the
Grim effective wave and IGEW models against experimental
results and suggested the use of a vulnerable criterion and di-
rect assessment for the design against parametric roll [14]. It
concluded that although the simplified 1-DOF model could
be used as an assessment, a complete nonlinear time domain
simulation tool would still be required to gain a thorough un-
derstanding of the phenomenon.

While the Grim’s effective wave was becoming popu-
lar, an alternate simplified model was proposed by Hua [15]
which modeled the GM variation in waves using a system
of Volterra transfer functions. This method was further in-
vestigated by Moideen [16] and Somayajula [17] in detail.
The Volterra series method allows the GM variation to be
obtained through frequency domain transfer functions while
including the effect of dynamic heave and pitch of the ves-
sel in waves. Its advantage includes using the exact irregular
wave profile instead of using an equivalent regular wave. In
addition, the Volterra model also incorporates the dynamic
effect of heave and pitch motion on the roll restoring mo-
ment. However, its drawback is the exclusion of the time
varying cubic restoring stiffness. A further improvement of
the model to include constant cubic restoring stiffness was
also investigated by Somayajula and Falzarano [18].

Continuing to investigate the problem of parametric
roll, Somayajula and Falzarano [1] also developed a 6-
DOF (degree of freedom) nonlinear time domain simulation
tool called SIMDYN which included the nonlinear Froude-
Krylov forces and nonlinear hydrostatic forces and solved
for the large amplitudes of motion. SIMDYN, however, still
uses linear radiation and diffraction forces calculated by 3D
radiation and diffraction program using the Green function
approach [19,20,21]. Somayajula and Falzarano [22] com-
pared the simplified model described in [18] against the non-
linear time domain simulation tool and found that there was
still a missing piece in the single degree of freedom mod-
els which rendered them incapable of capturing the complete
dynamics of the phenomenon of parametric roll.

This paper continues upon the above investigations to
systematically compare the various simplified models for
simulating parametric roll of ships in head seas. The simpli-
fied models will also be compared against the coupled non-
linear time domain simulations to ascertain the limitations of
each model. Specifically, we will be looking at two different



Table 1: Details of the C11 hullform

Particulars Variable  Value
Length between perpendiculars (m) Lyp 262.00
Breadth (m) B 40.00
Depth (m) 24.45
Mean Draft (m) T 12.30
Displacement (tonnes) 74520
Vertical Center of Gravity (m) KG 18.111
Transverse Metacentric Height (m) GM, 2.075
Roll Natural Period (s) Ty 25.27
Critical damping ratio (%) € 0.79

simplifying approaches which have gained much popularity
in the recent times to reduce the problem into a 1-DOF un-
coupled roll model - Volterra series method of calculation of
GM variation and the Improved Grim’s Effective Wave ap-
proximation. The Volterra series method of GM calculation
used by both Hua [15] and Moideen [23] included a time
varying KG in the calculation of GM. In this paper we dis-
cuss this assumption and suggest an improvement to consider
KG to be time invariant.

For the purpose of simulation, a standard hull form i.e.
APL China with minor modifications (C11 hullform) is cho-
sen. The C11 hullform is known to exhibit parametric roll
instability [24] and is chosen specifically due to its suscepti-
bility. The particulars of the ship used are shown in Table 1
and its body plan is shown in Figure 1.

2 Roll Equation of Motion

For a ship subjected to head on waves, the roll mode
of motion may be assumed to be decoupled from the other
modes [25]. The 1-DOF roll equation of motion can then be
expressed as shown in Eqn. (1).

[I14 + A4a ()]0 + [Baa (o) + B1]d + B20| 0|
+ pgVGZ(1.0) = 0 (1)

The restoring arm GZ(z,¢) can be approximated by an
odd polynomial function as shown in Eqn. (2). Assuming a
cubic polynomial approximation the roll equation of motion
is now given by Eqn. (3).

GZ(t,0) = GM(1)9 — K3 (1) + ... )

[[44 +A44((DO)M.)+ [344((00) +Bl]¢+B2¢|¢|
+pgVGM ()0 — pgVK3(1)9* =0 3)

The metacentric height GM (¢) can be expressed as a sum
of the calm water metacentric height GM( and the time vary-
ing component SGM (¢) as shown in Eqn. (4).

GM(1) = GMy + 3GM (1)

SGM (1)
o)

= GM, (1 + )

In many of the simplified techniques it is assumed that
the cubic variation of restoring arm K3(¢) is independent of
time to make the problem tenable. It is common to estimate
the value of K3 by curve fitting the calm water GZ curve.
However, it will be later shown that this assumption leads to
significant deviation from the actual physics and needs to be
used with extreme caution. Dividing Eqn. (3) throughout by
[l14 + As4(@p)] leads to Eqn. (5).
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The linear and quadratic damping coefficients in
Eqn. (5) are generally calculated from a free decay experi-
ment. In case a free decay experiment is unavailable, they
may be estimated from experimentally measured roll motion
time series using a system identification approach [26, 27].
However, when experimental data is unavailable, the linear
and quadratic damping coefficients can be obtained using the
empirical Himeno approach [28,29]. The critical damping
ratio in Table 1 is computed as the ratio of effective lin-
earized damping to the critical damping. The linearized ef-
fective damping is calculated using the linear and quadratic
coefficients for a chosen roll amplitude of 10 degrees.
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Fig. 1: Body plan of the C11 hullform

It is clear from Eqn. (5) that in order to solve for roll
motion time series, we need to estimate the GM variation in
waves. In this paper we will investigate two different meth-
ods of calculating the GM variation.

3 GM Variation by Volterra Series Approach

This section describes the method of estimating the
GM variation from a Volterra series approach. Although
this method is based on the works of Hua and Moideen
[15,23,16], there are significant differences which are de-
tailed below.

The ship is separated into a number of strips along the
length as shown in Figure 2. When the ship is encountering
irregular waves, at every time instant the local draft at each
of these sections is different due the effects of the wave, in-
stantaneous heave and instantaneous pitch of the ship. The
local breadth B(x,T + z) and moment of sectional underwa-
ter area about the keel M (x, T + z) at any section x and local
draft T + z can be expanded into a Taylor series as shown in
Eqgn. (10) and Eqn. (11) respectively.
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Fig. 2: Separation of C11 hull form into 200 2-D strips

B(x,T+2) =B(x,T)+ciz+c22° + ... (10
M(x,T +72) =M(x,T) +dz+drz* + ... (11)
where
oB 1 9*B
cl1 = a—z(x,T), Cy) = 27!8712()67 T), (12)
oM 1 *M
d] = TZ(X,T), d2 = zflaizz(.x, T), (13)

From standard naval architecture, the metacentric height
GM for any free floating structure is given by Eqn. (14).

GM = BM + KB —KG (14)

The instantaneous BM and KB can be expressed as inte-
grals along length of the ship in terms of the relative water-
line r(z,x) as shown in Eqn. (15) and Eqn. (16).

_ b 1 3
BM = v = oV /LB (x,T +r(t,x))dx (15)
1
KB = 6/M()@T—I—r(t,x))dx (16)
L

Substituting Eqn. (15) and Eqn. (16) into Eqn. (14) gives
and expression for GM in waves. Hua [15] also suggested a
time varying KG across the length of the ship. However,
KG of the vessel only depends on the mass distribution of



the vessel and is immune to the motion of the ship. Hence
in this paper we shall consider KG to be time invariant and
accordingly modify our Volterra series model.

GM:é/L[W

+M(x, T +r(t,x))| dx— KG (17

Expanding the integrands using Eqn. (10) and Eqn. (11)
and collecting coefficients to various powers of r(z,x) gives
Eqn. (18).

GM = GMy +8GM, +8GM> + ... (18)
where
" p3
GMOZL/ B (x,T)+M(x7T)} e KG 19
Vit 12
r 2
6GM1 = l/ W+dl(x7T):| I”(t,x)dx (20)
V| 4
- 5 )
SGM, = % / c2(x T)B(x,T) :Cl(va)B(xaT )
L L

+dy (x, T)] P (t,x)dx (21)

In other words, the total GM variation can be expressed
as a sum of various orders of GM variation as shown in
Eqn. (22).

SGM(1) = glscMi(t) _ ; /L Gi)r (e (22)
where
Gi(x) :% [C‘(’“’T)fz(x’m Fdy(x, T)] 23)
Gal) = % [cz(x7 T)B*(x,T) :c% (x,T)B(x,T)
+do(x, T)] (24)

The plot of G| (x) and G, (x) along the length for the C11
hull form are shown in Figure 3.

The wave elevation in irregular head seas can be ex-
pressed as a superposition of linear regular components as

Plot of Gl(x) and Gz(x) along the length of the ship
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Fig. 3: Variation of G| (x) and G, (x) along the length for C11
hull form

shown in Eqn. (25) where a,,, ki, ®,, and €, represent the
amplitude, wave number, encounter frequency and phase of
the m'" regular wave component.

i(kmx+mt +€m) + e_i(kmx+w;)1t+€m>] (25)

Assuming that &3(w,,) and &s(®,,) are the heave and
pitch response amplitude operators (RAQO) at encounter fre-
quency M,,, the corresponding relative wave elevation incor-
porating the dynamic heave and pitch of the vessel can be
expressed as shown in Eqn. (26).

N
r(t,x) = Z m [V(com,x)e’(w’”’Hm + V(@ x) e (OntFEm)

m=1

(26)
where
1 .
Vi on) = 5 [e’k’"x —E5(0m) +x§5(wm)] 27)
1 , _ _
Vi) = 5 e &) +aBs(on)|  @8)

Substituting Eqn. (26) into Eqn. (22) gives the expres-
sions for various orders of GM. The first order GM variation
is given by Eqn. (29).

N
SGMy = Y an | (@)@ 4 F(ay )0t em)
m=1

(29)

where f() is the first order transfer function given by
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Fig. 4: First order transfer function for GM variation for C11
hull form in 5 knots forward speed

(30)

) = /L G (x)V(®,x)dx

The second order GM variation is given by Eqn. (31).

N N
dGM, = Z Z ap,an |:g1((0m’Q)n)e’{(wln+w/1)f+8m+€,,}

m=1n=1

+§2 (O)m’ mn)ei{<wz11—0)n)t+am_gn}
+g2 (O)Ma (Dn )ei{(iwm+w" )t78m+8n}

21 (@, @) On ) en ) | (31

where g1 and g; are the second order transfer functions
given by

1 (0, ®,) / G2 (x)V(@p, x)V(0,, x)dx (32)
2 (@, ®y) /62 V(@ X)V(0,,x)dx (33)
2 (@, @) / G2 (x)V(@p, X)V(@y, x)dx (34)
{(@00) = [ Ga(0F(@n 0@, )dx (35)

Figure 4 shows a plot of the first order transfer function
f(®) as defined in Eqn. (30). Similarly, the second order
transfer functions g;(®,®) and g»(®,®) are shown in Fig-
ure 5 and Figure 6 respectively.

In order to verify the veracity of the Volterra series for-
mulation, the first order GM variation is compared against
the actual GM variation in waves. The actual GM variation

is obtained by calculating the instantaneous relative water-
line which is then used to evaluate the instantaneous GM at
every time step. Figure 7 shows the comparison between
the first order GM variation and the actual simulated GM in
the same input wave realization from a Bretscchnieder spec-
trum with a significant wave height H; = 3m and modal pe-
riod T, = 14.1s. The comparison shows a decent agreement
which suggests that the GM variation obtained by Eqn. (29)
can be used as a reasonable approximation for §GM(r) in
Eqn. (5) to simulate the parametric roll motion of the ship.

An important point to note is that although dGM(r)
might not be a stationary process, dGM| (¢) by its definition
in Eqn. (29) is a stationary process. This is a very useful re-
sult as it allows for further application of probabilistic tech-
niques to the problem as suggested by Roberts [30].

4 Grim’s Effective Wave Approach

This section describes a second approach to obtain the
hydrostatic variation in waves. In this approach, instead of
using the irregular wave profile across the ship, the problem
is reduced to a ship in a regular wave. The original idea
of reducing the irregular wave profile across a ship into an
equivalent regular wave was proposed by Grim in 1961 [10].

As before, the irregular head sea can be described by a
linear superposition of linear regular components as shown
in Eqn. (25). Eqn. (25) can also be expressed as shown in
Eqn. (36).

N
n(t,x) = Z A COS (kX + Ot + €)

m=1

(36)

Grim proposed replacing the irregular wave by a least
squared fit regular wave with a fixed wavelength equal to
the length of the ship while having a time varying ampli-
tude. The proposed equivalent wave profile 1, is shown in
Eqn. (37). Note that the Grim’s effective wave has a restric-
tion that the crest/trough of the wave be located at the origin.
Assuming that the origin is at midship, the equivalent regular
wave is always assumed to have the crest/trough at midship.

Ne(t,x) = a(t) +T]c(t)coszTnx 37)

Over the years, the Grim’s effective wave has been mod-
ified to allow for the crest/trough of the equivalent wave
to be at any point along the length of the hull [12, 14, 31].
The modified formulation is also sometimes referred to as
the Improved Grim Effective Wave (IGEW) and is given by
Eqn. (38).

(%) = ale) 4 Me(1) cos 2 4, (1)sin 2 G8)
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The coefficients a(t), N.(¢) and Ms(¢) can be found by
solving the least square fit problem described in Eqn. (40)

and are shown in Eqn. (41), Eqn. (42) and Eqn. (43) respec- i kL
tively. Fulkn) = SIZQ, 0=""% (44)
20sinQ 275 sinQ
Je(km) = 20 fslkm) = 20 (45)

N
Z amfa(km) cos(kyx + @pt +€)

=1
N
Z amfe(km) cos(kmx + Ot +€5)
=1

N T
Zamfs )cos mx—i—oomt—i—em—z)

where

(39)

(40)

(41)

(42)

(43)

The square of the transfer functions f, (ks ), fe(kn) and
fs(kn) are shown in Figure 8. Figure 9 shows the quality of
fit of IGEW and Grim effective wave to the actual wave ele-
vation in space at a particular time instant. It can be seen that
the flexibility of IGEW to move the crest along the length
clearly results in a better fit than the original Grim effective
wave.

With the improved Grim effective wave, the problem of
calculating the hydrostatic stiffness of a ship on an irregu-
lar wave profile is reduced to that on an equivalent regular
wave. Within this approach of using a regular wave approxi-
mation, there are again two different techniques to model the
hydrostatic stiffness.

4.1 GM variation using IGEW
The first method is to evaluate the instantaneous GM by
imposing the regular wave profile over the ship. Bulian [31]
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suggests allowing the ship to trim freely to a quasi-static
equilibrium before calculating the GM. However, in this
paper we will consider a model which uses IGEW and the
dynamic heave and pitch of the vessel to evaluate the in-
stantaneous waterline and GM. The inclusion of dynamic
heave and pitch is an improvement over quasi-static trim ap-
proach and is implemented to make a fair comparison with
the Volterra model.

Figure 10 shows the comparison of the GM calculated

by using IGEW with the actual simulated GM for the same
input wave realized from a Bretschnieder spectrum with sig-
nificant wave height Hy = 3m and modal period T, = 14.1s.
In contrast to the Volterra series method, the power spectral
density of GM variation obtained using IGEW has a shifted
peak as compared to the simulated GM variation.
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4.2 GZ variation using IGEW

In this method instead of assuming that only the GM
varies with time, the hydrostatic stiffness is modeled using a
time varying GZ in regular wave. The roll equation of motion

corresponding to this model is given by Eqn. (46).

GMy (46)

O+ b1+ 5200 + wf (Gz(t’q’)) =0

At every time step the instantaneous wave profile across
the ship is approximated by n,(z,x) as given by Eqn. (38).
The instantaneous GZ at each time step is interpolated from
a lookup table. The lookup table for GZ values are calculated
prior to the simulation for various regular wave amplitudes,
crest location along the length of the ship and different roll
angles [32,5]. These GZ values for various cases are usually
obtained using any standard hydrostatic calculation software.
A sample GZ curve for a 4 m high regular wave for various
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Fig. 11: GZ variation calculation using IGEW

crest positions is shown in Figure 11a.

It is important to note that this model does not include
the effect of dynamic heave and pitch on the change in in-
stantaneous waterline. While calculating the GZ lookup ta-
ble, in each of the cases the model is allowed to trim freely.
Thus a lookup table similar to a GZ can also be calculated
for quasi-static trim angle which can be used to compute the
equilibrium trim angle time series. The quasi-static trim val-
ues for various heel angles and crest positions for a 4 m high
regular wave are shown in Figure 11b. Figure 11c shows the
comparison of dynamic pitch with the quasi-statically calcu-
lated trim time series.

5 Comparison of Simulated Roll Time Histories

So far we have only discussed the differences in all three
roll models in terms of how they model the roll restoring mo-
ment. However, in order to understand whether a model cap-
tures the physics accurately it is important to compare the

simulated roll time series with either experiments or coupled
nonlinear time domain simulations. Due the lack of exten-
sive experimental data in irregular waves, in this paper we
will compare the simplified models against a nonlinear time
domain simulation program - SIMDYN - developed in house
at Texas A&M University [1].

This time domain simulation tool has been vali-
dated against regular wave experiments performed by Silva
[33]. Silva documented the observed parametric roll in
regular wave tests performed at Canal de Experiéncias
Hidrodinamicas de El Pardo (CEHIPAR), Spain as a part of
the HYDROLAB III project. Twelve regular wave tests were
performed which spanned three wave heights of 6, 8 and 10
meters and four wave lengths corresponding to A/L of 0.8,
1.0, 1.2 and 1.4. As the roll decay tests were unavailable,
the simulations used a standard linear and quadratic damp-
ing model proposed by Himeno [28]. Each simulation was
started from a zero initial roll condition and the steady state
solution was measured after visually examining that the tran-
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Fig. 12: Comparison of parametric roll amplitudes from SIMDYN simulations with experiments [33]

sient had decayed. The comparisons between simulations
and experiments for all twelve cases are shown in Figure 12.

It can be seen that SIMDYN simulations agree quite well
with experiments. Both the roll amplitudes and the disap-
pearance of parametric solution with higher A/L are captured
well. Based on these comparisons, SIMDYN is chosen as the
benchmark to compare against the simplified models.

Figure 13 shows the comparison of the roll response
from the three models described against the results from the
nonlinear time domain simulation. The same input wave re-
alized from a Bretschnieder spectrum with significant wave
height Hy = 3m and modal period 7,, = 14.1s has been used
for all models to be consistent (Figure 13a). Unlike SIM-
DYN, 1-DOF models require an initial perturbation for the
instability to manifest. Thus, each simulation (SIMDYN and
1-DOF models) was started from a initial condition of 20
degrees roll angle for consistency. While many realizations
were investigated as a part of this study, it was found that
all of the realizations demonstrated the same qualitative re-
sults as shown in Figure 13. For brevity, only one of these

realizations shown in Figure 13 will be discussed here. It
can be seen that all the three models are far off from the
nonlinear time domain simulations. The GZ variation model
performs a bit better than the other two models in terms of
the maximum roll angle. This clearly shows that the simpli-
fied models are unable to capture certain key aspects of the
phenomenon of parametric rolling.

Although the heave and pitch of the vessel significantly
affect the roll motion through the variation of instantaneous
hydrostatic restoring moment, the effect of roll on pitch and
heave is negligible. Even in cases of severe parametric roll,
the pitch and heave motions of the ship are nearly linear. This
has been demonstrated from both experiments [12] and sim-
ulations [1,34]. This indicates that the major difference be-
tween the coupled nonlinear simulations and the simplified
models is in the handling of nonlinear stiffness and Froude
Krylov forcing.

SIMDYN uses a nonlinear Froude-Krylov force vector
which is obtained by integrating the Wheeler stretched pres-
sure [35] around the hull. It also uses a nonlinear hydrostatic
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force vector accounting for the instantaneous position of the
hull with respect to the incident waterline. These are the two
main factors which are not completely accounted for in the
simplified models.

To ascertain the dominant factor between them, SIM-
DYN simulations in regular waves were performed with and
without the nonlinear Froude-Krylov force options. In both
cases the nonlinear hydrostatics, large angles of rotation (Eu-
ler angles) and convolution integral were included. Two
cases with different wave heights of 2m and 3m but the same
period of 14.1s were investigated. The results are shown in
Figure 14a and Figure 14b respectively.

It is interesting to see that including the nonlinear
Froude-Krylov force option in the simulation does not
change the final steady state amplitude of roll angle for both
wave heights. Including the nonlinear Froude Krylov mo-
ment only changes the transient behavior and does not affect
the steady state roll amplitude reached by the system. These
results suggest that the nonlinear hydrostatics (including the

dynamic effect of heave and pitch) is the key to enhancing
the simplified models to capture the physics of the problem
accurately.

Comparison of the three simplified models with the non-
linear time domain simulations show that the simplified mod-
els over-predict the roll motion. Both the Volterra and IGEW
GM models account for only the time varying linear stiffness
while assuming a constant cubic restoring coefficient. It can
be seen that the GM variation predicted by the Volterra model
compares better with the actual GM variation than the IGEW
GM model. However, its inability to capture the final roll an-
gle accurately as compared with the IGEW GZ model sug-
gests that the nonlinear restoring component in waves plays a
significant role. This suggests that if a Volterra type of model
can be implemented for the higher order (polynomial) coef-
ficients then it might lead to a more accurate modeling and
predictions closer to the time domain simulations.
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6 Conclusions and Future Works

Although parametric roll of ships has been known to re-
searchers for a long time it is still an active area of inves-
tigation. Various simplified models have been proposed by
researchers which include varying degrees of complexity. In
this paper an effort has been made to study in detail three
of the more popular approaches and compare them against
the coupled nonlinear time domain simulations to assess the
strengths of the different models. The first method is based
on modeling the GM variation in waves using a Volterra se-
ries approach. Since the GM variation is reduced to a set
of transfer functions, this method is quite suitable for ana-
lytical and probabilistic techniques. The second and third
models use the Grim’s effective wave as a basis for reducing
the hydrostatic restoring moment in irregular head seas in a
equivalent regular wave problem.

All three models were compared against coupled non-
linear time domain simulations. It was found that between
the two GM variation models, the Volterra model has a bet-
ter accuracy in predicting the actual GM variation. However,
as the current Volterra model does not include time varying
higher order stiffness coefficients, it compares worse than the
IGEW GZ model.

All the three models investigated in this work are found
to over-predict the roll response when compared with the
nonlinear time domain simulations. While the over predic-
tion of roll response of IGEW GZ model has been previously
reported [13], the corresponding comparisons of other mod-
els have not been investigated to the authors’ knowledge.
However, the comparative analysis shows that the GM varia-
tion is better predicted by the Volterra series method as com-
pared to the IGEW GM model. This hints at the possibility
of achieving a better model if the Volterra model can be ex-
tended to higher order stiffness coefficients. This approach
will be investigated further in the future.
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