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Abstract.  The present work focuses on the development of a numerical body nonlinear time-domain
method for estimating the effect of active roll fin stabilizers on ship roll motion in both regular and irregular
seaway. The time-domain analysis aims at providing fast and accurate ship responses that will be useful during
the design process through accurate estimation of the environmental loads. A strip theory-based approach is
followed where the Froude-Krylov and hydrostatic forces are calculated for the exact wetted surface area for
every time step. The equations of motions are formulated in the body frame and consider the six degrees of
coupled motions. The active fin, rudder, and propeller modules are included in the simulation. This leads to
accurate modeling of the system dynamics. The numerical unstabilized roll motion is validated with
experimental seakeeping simulations conducted on a Coastal Research Vessel (CRV). The phenomena of
Parametric Rolling (PR) is identified during the numerical investigation of the candidate vessel. Besides, a
nonlinear PID (NPID) control technique and LQR method is implemented for active roll motion control and
its performance is observed in regular as well as irregular waves. The proposed numerical approach proves to
be an effective and realistic method in evaluating the 6-DoF coupled ship motion responses.

Keywords: CRYV; fin controller; irregular waves; non-linear seakeeping; NPID Controller; oll motion
stabilization; parametric rolling

1. Introduction

Ships are expected to operate in different sea conditions and speed ranges. The safety and
operation effectiveness of the ships are very important and they depend on effective prediction and
modeling of the ship dynamics. The real-time operating environment is highly complex and
nonlinear. Many researchers have developed and implemented numerous ship motion/response
prediction techniques based on the level of complexity and accuracy of the sea-keeping problem.

1.1 Seakeeping time-domain numerical methods
The numerical methods can be categorized into frequency domain (FD) and time-domain (TD)

methods. The TD methods can be further categorized into strip theory based methods (Fonseca and
Soares 1998, Mikami and Shimada 2006, Rajendran et al. 2016), 3D Panel methods (Kring et al.

xCorresponding author, Assistant Professor, E-mail: sureshr@iitm.ac.in
2Ph.D. Student, E-mail: neha.patil0603@gmail.com

Copyright © 2021 Techno-Press, Ltd.
http://www.techno-press.org/?journal=ose&subpage=7 ISSN: 2093-6702 (Print), 2093-677X (Online)



276 Neha Patil and Suresh Rajendran

1997, Shao and Faltinsen 2014) RANSE based CFD approach (El Moctar et al. 2017,
Oberhagemann 2016, etc. for linear and nonlinear prediction cases.

The numerical methods like the nonlinear 3D time-domain method and CFD-based methods give
accurate results, however, they become highly computationally expensive and time-consuming if
implemented to replicate the uncertainties of the real-environment seakeeping problem. Thus, it is
very important to implement a simplified and robust method for numerical predictions which should
be accurate enough for practical engineering applications. This paper highlights the development of
a body nonlinear time-domain approach, based on strip theory, applied to estimate the roll motion
in various heading, speed, and sea conditions.

1.2 Roll stabilization techniques

Among the three degrees of freedom with restoring coefficients, roll motion is critical because
of the low damping value. The prediction and control of roll motion are of prime importance as it
affects the vessel performance in terms of passenger safety, onboard operations, and vessel safety.
The ship motion response predictions and the stabilization of the excessive rolling motion have been
studied in the past. The area of research is still popular due to the challenges and complexities
associated with the effective predictions and applications of motion control systems. To reduce the
roll motion, roll stabilizers have been used for decades in the industry. The roll stabilizers are mainly
classified into two groups — active and passive roll stabilizers. The passive devices operate without
any power source and control system like bilge keels, passive anti-roll tanks, fixed fins, etc. The
active devices produce a moment to oppose the roll motion through active control surfaces like
active fins, active anti-rolling tanks, and gyroscope.

Cox and Lloyd (1977) gave a detailed paper about the hydrodynamic design and performance
analysis of the different types of stabilizing devices like bilge keels, anti-roll tanks, and fins. They
addressed the need for roll stabilization in the early ship design process. The development of ship
motion prediction methods is important to apply advanced stabilizing devices. Zhu and Katory (1998)
presented a linear time-domain analytical method to predict forces and motions using 3-D time
domain Green’s function. Dallinga (1993) explored the hydro-mechanical aspects of the design of
fin stabilizers in terms of fin area, hull-fin interfaces, and performance of fins. Sgobbo and Parsons
(1999) presented a Multiple Input Multiple Output (MIMO) controller for ship roll stabilization with
fin/rudder. The modeling of ship dynamics in single and multiple degrees of freedom, wave
disturbance model, and control algorithm was described in detail. Gaillarde (2002) studied the
effects of mechanical angle saturation and stall condition for fins working at a lower angle of attacks
and operating at low speed in mild sea conditions. The lift and drag forces were presented for three
different vessels to explain the dynamic behavior of the fins. Perez and Goodwin (2008) presented
a model predictive control (MPC) technique to a decoupled roll motion model to take into account
the effect of dynamic stall of the fin stabilizers when the ship is operating in severe sea states. The
paper discusses the non-linear effects and unsteady hydrodynamics observed in ship and fin response.

The conventional controllers or the control techniques are not effectively applied in the complex
environment. Hence, the conventional controllers are replaced with advanced modern controllers in
recent years. The modern controllers work based on the modern control theories — Linear Quadratic
Regulator (LQR) Controller, Sliding Mode Controller, Model Predictive Controller, Integrated
Controller, etc. Carletti ef al. (2010) presented the design of an integrated control system for heading
and roll damping control using fins and rudder. The ship dynamics are modeled for sway, roll, and
yaw coupled motion with a nonlinear multivariable approach. Lee et al. (2011) designed and
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numerically simulated a frequency weighted LQR controller using a combination of fin stabilizers
and pod propellers for ship roll stabilization. They further compared the designed controller with a
simple LQR controller. Kim and Kim (2011) presented a design for fin stabilizers using PID and
LQR control techniques for decoupled roll motion and roll and pitch coupled motion. The numerical
investigation was carried out with help of a sea-keeping program based on 3D Rankine panel method
with time-domain formulation. Perez and Blanke (2012) discussed the control aspects and feasibility
of the roll motion control devices. They discussed the limitations, constraints, and performance
assessment of the control techniques for linear 1DoF and 4DoF motion models. Lavieri et al. (2012)
applied the sliding mode technique to develop a controller for roll stabilization which was chosen to
deal with the uncertainties present in the mathematical model due to inaccurate estimation of the
hydrodynamic parameters and changes in the real environment. They presented computational
simulations to test the designed controller for regular wave conditions. The study could be further
extended to improve the efficiency of the controller and the effect under irregular waves. Ronghui
et al. (2015) presented the control design for an uncertain nonlinear ship roll stabilization system.
The neural network approach is used to approximate the unknown nonlinear parameters of the
system. The proposed design is numerically validated for a sinusoidal wave disturbance for a
container ship operating at design speed. Christina Kazantzidou et al. (2018) presented a control
technique that integrates the fin and rudder for roll motion stabilization and course keeping. The
ship dynamics are described with a restricted 3DoF linear model and the internal model control
technique is used to design the controller. The design is investigated with simulation results for
sinusoidal and stochastic disturbances in quartering, beam, and bow seas. Zhang et al. (2019)
investigated the effect of rudders on ship roll reduction control during ship turns. The nonlinear 4-
DOF motion model for a multipurpose naval vessel with forces and moments caused by
hydrodynamics, propellers, rudders, and waves is established. Based on the simulation analysis of
ship turning motion with static and dynamic rudder angles, a linear quadratic regulator (LQR)
controller is developed to realize the rudder roll stabilization (RRS) control during turning. The
extended literature review identifies the research gap in this area.

1.3 Parametric rolling

Finally, we look into the realm of parametric rolling with the developed tool. Since the numerical
method takes account of the body nonlinearity, it can identify the vulnerability of the ship to
parametric rolling (PR). PR occurs due to large variation in the metacentric height (GM) when a
ship travels in the head or following seas. This is largely reported for containerships because
container ships are slender in shape and characterized by the large bow flare which results in a
significant change in the waterplane area as the wave travels along with the ship (Turk 2012), (Greco
et al. 2015), (Somayajula and Falzarano 2014), (Rajendran and Guedes Soares, 2017). However,
such a phenomenon is not limited to containerships. The candidate research vessel used in this paper
has a low block coefficient and is also vulnerable to parametric rolling. International Maritime
Organization (IMO) proposes 3 levels of scrutiny to check the vulnerability to parametric rolling. If
a vessel is found susceptible in the first two preliminary level investigations, the vessel needs to be
examined using the level 3 method, which is the direct assessment of the parametric rolling using
any numerical tool. The numerical tool developed here will be suitable for such a task.

1.4 The main contributions of the paper
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The previous researchers on fin-stabilization have focused on linear and nonlinear control
techniques, however, the wave loads were mostly considered to be linear. This results in uncertainty
in the system dynamics modeling and additional effort is required from the controller to nullify the
uncertainty in nonlinear wave force modeling. In this paper, we integrate a body nonlinear time
domain with control algorithms for analyzing the fin roll stabilization performance of a ship. In this
way, the hydrodynamic modeling is accurate enough for engineering applications. Integration with
such a numerical tool, the controller can be tuned and its effectiveness can be checked for realistic
sea conditions a priori to seagoing and the optimum controller action can be decided. Additionally,
as the present study deals with nonlinear motions, the linear control techniques would prove effective
only over a limited operating range when applied to nonlinear systems. Hence, it is important to
consider the nonlinearities in the feedback while applying a control technique. The present work
focuses on the design and application of active fin stabilizers with nonlinear PID control techniques
to stabilize the roll motion. The proposed control strategy works effectively in controlling the effects
of parametric rolling also.

The paper is divided into the following sections: 2) The theory behind the body nonlinear time-
domain (TD) formulation and the modeling of the control surfaces 3) Control system modeling
which includes LQR and nonlinear PID 4) Description about the ship and wave particulars 5) In this
section results and discussion are held which include 5a) the TD code results in very low wave
steepness is compared with FD results and validated 5b) the TD code results are compared with
experimental results for higher wave steepness 5c) Identification of parametric rolling and its control
5d) responses in irregular waves and roll stabilization based on different control algorithms.

2. Time-Domain (TD) approach

Two kinds of frames of reference are followed in this paper 1) an inertial frame — XYZ-fixed on
earth and 2) the body frame - xyz. The formulation in the body frame helps to reproduce the exact
body kinematics and easy integration of the control surface forces/moments. The inertial frame and
the body frame coincide with each other at the starting of the simulation. The frame is located at the
mean water level and the midship. A right-handed coordinate system is followed in which the
positive X and Y axis point toward the bow and port direction. Positive Z-axis is upward. The same
follows for the body frame. The transformation between the inertial frame and the body frame is

Y u
v,y 8 B

4; ¢ U’X

X

Fig. 1 Frame of Reference
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carried out through Euler angles, R. Formulation in the body frame help to reproduce the exact body
kinematics and easier integration of control surface forces and moments.
The 6-DoF equation of motion is given by —

1 =R@mv (1)
[M]V + [Crglv = {Fp} + {Fr} + {Frin} + {Frest} + {Frx + Fp + Fraa}i (2)

where i = 1,2,...6
The mass matrix is given as

M 0 0 0 Mz, 0 ]
0 M 0 _MZC 0 ch
o 0 M 0 -M, O
M= 0 _MZC O 14 0 _14-6 (3)
MZC 0 _ch 0 15 0
L 0 ch 0 —ly 0 Is |
The Coriolis component matrix is given by-
0 —-M, M, 0 0 0
M, 0 -M, 0 0 0
-M, M, 0 0 0 0
Cre =1 ¢ 0 0 0 —Leq+1Isr  —Isq @)
0 0 0 —lertlp 0 Lyer + Lup
0 0 0 Isq Lye — I4p 0
cp  —spcl + cPsOsep  sPse + cpcpsO
R(n) = [syYcO cpcp + s¢psOsyY  —cps¢p + sOspce Q)
—s6 cOs¢ cOcp

where 7j,, 1%, N, denote the acceleration, velocity, and displacement, respectively in the inertial
frame, of the k mode of motion of the ship. M is the mass matrix. Roll viscous damping is included
in the numerical simulation. The viscous damping factor is included in the [B]matrix. The external
forces and moments denoted by {Fp},{Fr} {Frin} {Frest} {Frx} {Fp} and {Fro,q} Show the
propeller thrust, rudder forces/moments, roll fin forces/moment, restoring force/moments, Froude-
Krylov forces/moment, diffraction forces/moments and radiation forces/moments respectively. The
added mass and damping coefficients are calculated based on the 2D panel method (Bertram et al.
2006), and the forward speed correction is applied based on STF theory (Salvensen et al. 1970). The
diffraction and radiation forces are assumed to be linear.

The Froude-Krylov exciting force/moment and the restoring forces are calculated for the exact
wetted surface area and hence assumed to be body nonlinear. The ship is discretized along the length
into a finite number of strips. The Section curves defining the cross-section of each strip are further
discretized into a finite number of line segments. The surface elevation of the wave is calculated as

n = Acos(—kXcosy + kYsiny + wt + €) (6)
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where A is the wave amplitude, w is the frequency of the incident wave, k is the wavenumber
and € is the phase difference. The sectional Froude-Krylov forcess/moments in the inertial frame
are given by

£1(X,t) = pgAe* cos(—ikXcosy + kYsiny + wt + €) N,dl (7)

where X,Y,Z are the instantaneous position of the midpoint of the line segments in a strip (section)
in the inertial frame (X = X7+ Yj + ZI?). N, is the outward normal of the line segments in the
inertial frame. The sectional forces in body frame are given as

Pt)= Y, R r=123 (8)

where n is the number of line segments in a strip. The Froude-Krylov sectional moments in the body
frame is given by

fiFt)= Y PxfP k=456 9)

where 7 is the position vector of the line segments in each strip. The Froude-Krylov
forces/moments are integrated for each time instant

FP@®) = [, f;’(x,0dx,j =1 to 6 (10)

The heave restoring forces (in the inertial frame) acting on the line segment of a strip is
r3’()?, t) = pgZN,dl (11)
The heave, roll and pitch restoring forces/moments in the body frame are given by Eqgs. (12)-(14)
RsP(6) = [P [E9alrs 1] dx — Wi (12)
RiP(0) = = [ 72[Spiilzr,® — yrs®]dx — Wyz, (13)
RE(t) = f"fz[ StAb[xrsB]dx — Wax, + Wiz, (14)

The weight vector W is given as (W = Wi+ W,j + Wsk). The diffraction forces are
calculated based on STF theory (Salvensen et al. 1970), therefore assumed to be linear. The total
diffraction forces/moments are calculated by integrating the sectional forces/moments over the ship
length as given below

hi(x) = wye~tkxcosy fc'x(in3 — nysiny)ekYSiy gkzy . d| (15)
D;(t) = Re[pAe'(Wet+) /; hidx|,j = 2,34 (16)
; : u
Ds(t) = Re [pAel(We“'e) J; [xh3 + Eh3] dx] (17)
D¢(t) = Re [pAei(We”e) [ [xh +-Lh ]dx] (18)
6 L[ + i he

where ; is two dimensional velocity potential, n, and ns are the unit outward normal vectors
iny and z directions respectively, w, isthe encounter frequency and x isthe moment arm.



A time-domain method for analyzing the ship roll stabilization based on active fin control 281

The radiation forces/moments are assumed to be linear and are calculated based on Cummins
formulation (Cummins 1964).

F©) = Ao @ + [y Kyt =Dve@de - jk=11t0 6 49

where Aj, is the infinite frequency added mass and Kj,(t —7) is the memory function
calculated from the frequency-dependent damping coefficients. (Rajendran et al. 2015).

2.1 Rudder, propeller and roll stablizing fins

The rudder module considers the hull-rudder interaction and the resulting forces and moments
are calculated (Skejic and Faltinsen 2008). Rudder modeling helps to include the additional roll
moment due to the rudder. The rudder is controlled with a PD Controller with gain values - Kpg =
5.35 and Kpr = 2.5 where Kpp and Kpg are proportional and derivative gains for rudder
respectively.

The rudder forces and moments are given as

Xgr = —(1 — tg)Fysind (20)

Yr = —(1 + ay)Fycosd 2D

Np = —(xg + ay X xy)(lbp)Fycosd (22)
Kr = —(1 + ay)(yr)(Ibp)Fycosé (23)

where, Fy is rudder normal force, ¢ty is steering resistance deduction factor, ay is rudder
increase factor, xy is the non-dimensional longitudinal coordinate of the acting point of the
additional lateral force, xz and yyp are the longitudinal and lateral coordinates of the rudder
respectively and & is the rudder angle.

The rudder normal force is given as

Fn = 0.5pAr (Frps) [(wn)? + (vg)Isinay 24)

where, Ap is profile area of the rudder, A is the rudder aspect ratio, ay is effective
inflow angle to the rudders (az = 6 — 6z), 6y is effective rudder angle at which the rudder normal
force becomes zero, yr and [ are flow straightening factors due to lateral speed and yaw rate
respectively (Igr = 2xg), up islongitudinal inflow velocity to the propeller, ¢ is the ratio of wake
fractions, k is a constant, and 7 is the ratio of the diameter of the propeller to rudder span. The
rudder particulars and interaction parameters are calculated for the rudder.

A pair of B-series propellers are designed for the candidate vessel. The open water characteristics
of the propeller are evaluated by performing an open water test. Hydrodynamic force due to
propellers

Fp = (1 —tp)pnp’DpKr (25)

where, Dp is the diameter of the propeller, np is the number of revolutions (rps), tp is thrust
deduction factor and Ky is thrust coefficient. The rudder and propeller data is given in the tables
below

The important parameters in the fin design are the fin size (profile area) and the fin location. A
series of geometrically symmetric airfoil sections, NACA four-digit series for low Reynolds number



282 Neha Patil and Suresh Rajendran

application is used in the present design. The fin is located at the midship. The location of the fin
close to the center of gravity ensures the minimum coupling with the other motions (Dallinga 1993)

(Gaillarde 2002). The fin parameters are as mentioned in Table 6. The lift and fin moment is given

by
Lift = %pVZSCL (26)
The restoring moment produced by the fin is given by
Efin = 2 % Lift x Ly, * cos [atan‘1 (%)] (27)

where a is the fin angle of attack, C; is the coefficient of lift and S is the fin planform area.

The incoming flow speed, V is given as

V=WY)=U-u,(),z+¢L, — 0L, — v, (t) (28)
Table 1 Rudder Particulars

Particulars Value

Span 0.092 m

Agr 0.0168 m?
Aspect ratio 1.167
XR '0472
YR 0.249

Table 2 Parameters for calculating rudder forces

Particulars Value
ay 0.0858
tr 0.4404
xy’ -0.4371
€ 0.9
K 0.59
Vr 0.5317
I -0.9436

Table 3 Propeller data

Particulars Value

Diameter 0.12m

Pitch ratio (P/D) 0.90

Expanded blade area ratio 0.60
(Ao/Ay) '

Hub diameter ratio 0.20

Xp -0.462

Vp 0.244
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Table 4 Predicted Parameters for propeller forces

Particulars Value
Jo 0.3984
1 -0.2997
I -0.1405
np 1.65
tp 0.21
Wp, 0.0726
Table 5 Fin Particulars
Particulars For prototype (43m)
Number of fins 2
Planform area 4 m?
Aspect ratio |
Profile NACA 0015

Lift

Drag

(@) (b)
Fig. 2 Typical arrangement of the fins (a) and schematic of fin forces (b)

where U is the ship forward speed, u,, and v,, are horizontal and vertical components of the
fluid particle velocities respectively, L, and L, are fin momentarms. ¢ and 6 are the roll and
pitch angles. The fin effective angle is given by

a = fin angle + 6+ [atan‘1 (%)] (29)

X

3. Control system

The vessel experiences a high magnitude of roll motion in beam sea condition which needs to be
controlled. The vessel is analyzed for a linear control application and further compared with the
nonlinear feedback control application. A linear quadratic regulator (LQR) control technique is
implemented for its robustness and optimality over traditional linear controllers.
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3.1 Linear quadratic regulator

The roll motion model is locally linearized at the resonance frequency and coupled for 3DoF
sway, roll, and yaw motion for control application. The Eq. (2) is rearranged as

V=M + A(w)] " (Fext — Crgv — BV) (30)

where the mass matrix is given as
M —M; M,
M=| —Mg, Iy —l46 (31)
My, —lis I

The Coriolis component matrix is given by

[ 0 0 0
CRB = 0 _146q + I6T 0 (32)
L 0 0 0

F,.: represents the combined external excitation forces. The above equation is modeled in state-
space form as given below

x =Ax + Bu (33)
y =Cx (34)

The state matrix is givenas x=[y y ¢ ¢ P P]7 , A is the state matrix, B is the
input matrix, C is the output matrix and the controller input is © = —Kx. The feedback gain
matrix K is calculated by solving the linear quadratic cost function. The cost function is given as

J= f0°°(xTQx + uTRu)dt (35)

where Q is the state-cost weighted matrix and R is the control weighted matrix. The LQR
controller aims at minimizing the cost function to give an optimal controller output by tuning Q and
R weighting matrices. The R matrix alters the control signals — a larger R-value means the system
is stabilized with less energy, that is, an expensive control strategy and a lower R-value means the
control signal is not penalized, that is, cheap control strategy. The R matrix also depends on the
actuator saturation limits. The Q matrix alters the states of the system —a larger Q value corresponds
to a lesser change in the states of the system. As a trade-off between the two, the Q matrix is fixed
as an identity matrix or a function of C’'C matrix, and the R matrix is altered to obtain the desired
control response. The matrix R is chosen to be R = [1.5] and the matrix Q = pC’'C where p
is the weighting factor which is modified to obtain the desired step response as given in Fig. 3 while
tuning the controller.

3.2 Nonlinear feedback control

The linear control techniques may be suitable for moderate operating conditions and may behave
poorly when the system is subjected to uncertainties and non-linearity. The control system can be
improved for its cost and efficiency by implementing a nonlinear PID control technique, in which,
the gain is calculated based on the system response. The present NPID technique considers the
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Fig. 3 Roll decay response for the vessel with and without control action

feedback function as a continuous dynamic function (Tian et al. 1999). The controller gain value,
integral time, and derivative time are calculated as nonlinear functions of the error signal e.
The NPID controller is represented as

u(t) = Kp(e) [e(®) + 5= [ e(®)de + Tp(e) 52 (36)

where u(t) is the controller input, Kp(e) isthe controller gain, T;(e) and Tp(e) are the
nonlinear integral time and derivative time respectively. The controller gain is presented as the
function of error signal e,

Kp(e) = Kpmax — (Kpmax — Kpmin) (1 + aple])exp(—ap|e|) (37)

where Kpmax and Kp,i, are the maximum and minimum values of the controller gain such that
Kpmax = Kp = Kpmin and ap is a positive parameter. Similarly, the T;(e) and Tp(e) values
are calculated as

Ti(e) = Timax — (Thmax — Timin) (1 + azle)exp(—ay|el) (38)
TD (e) = TDmax - (TDmax - TDmin)(l + aDleDexp(_aDleD (39)

where Timaxs Tomax @0 Timin, Tomin @re the maximum and minimum values of the integral
time and derivative time respectively such that, Tymax = T1 = Timin @4 Tpmax = Tp = Tomin-
ap and a; are positive parameters. The base values for the controller gain and time are tuned based
on the open-loop and closed-loop step response observations of the linearized system (1DoF in roll
motion) as given by the transfer function

k¢Wn2
TS24 28wy,s + w2

Gow

The transfer function is analyzed for the roll resonance condition frequency of w,, = 3.21 rad/s.
The closed-loop response for the linear transfer function is initially plotted for a proportional gain
value of 1. The proportional gain value is tuned to obtain the system oscillations for a given constant
amplitude. The derivative and integral gains are tuned to adjust the desired response time and settling
error of the system. The linear PID gain values help to decide the maximum and minimum values
for the controller gain of the NPID controller. The linear PID gain values are also
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Bode Diagram
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Fig. 4 Bode Diagram

verified with a linear 6DoF system. The gain set for the NPID controller is then finalized based on
the gains for 1DoF and 6DoF model-based PID controllers.

The roll decay plot (Fig. 3) and the bode plot (Fig. 4) depict the effectiveness, stability, and
margins of the open-loop and closed-loop system. Fig. 3 shows the comparison of roll damping
response for the vessel with and without the control action. The vessel is subjected to an initial
inclination of 10deg and then allowed to attain the equilibrium position (0deg). The plot depicts the
effectiveness of NPID control action on the roll damping performance of the vessel. Fig. 4 shows
the phase margin and gain margin of the open-loop and closed-loop system. The gain margin of the
system is ~16dB and the phase margin is 89.7°. The system is in a stable loop. It can be observed
that the peak magnitude decreases for the controller action in closed-loop which shows the damping
effect imposed by the fin-based control system.

The Egs. (37)-(39) depict that the controller gains are evaluated based on the control error signal.
If the value of the error signal is higher, the values of Kp(e),T;(e) & Tp(e) are also higher and
vice versa. Therefore, the control input signal is automatically estimated based on the error value.

4. Experimental setup

A free-running model of a Coastal Research Vessel (CRV) is used for seakeeping tests (Dubey
and Subramanian 2017). The seakeeping tests are performed in a 30 m length x 30 m width x 3 m
water depth Wave Basin facility of the Department of Ocean Engineering, IIT Madras. A scaled-
down model of CRV (1:17) is used for the model tests. The model is tested for beam sea conditions

in regular waves with a wave steepness of 1/50(% =1 /50). The roll natural period of the
vessel is 7.83s. The vessel particulars and the incident regular wave details are given below.
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Table 6 Vessel Particulars

Particulars Prototype (43 m) Model (1:17)

Length overall, LOA 43 m 2.529 m

Beam 9.6 m 0.565 m

Draft 2.5 m 0.147 m

Depth 3.70 m 0.217 m

Displacement 615950 Kg 121.95 kg
Froude number 0.1 0.1

Metacentric height (GM) 0.739 m 0.0435 m

LCG from aft perpendicular 17.696 m 1.041 m

i

ro

8|

y(m)
Fig. 5 The fabricated model and the body plan of the vessel (Subramanian et al. 2020)

5. Results

The simulations are carried out to investigate ship roll response in regular waves. It is important
to observe the ship roll response close to its natural period and investigate the ship behavior in a
resonance condition when the motions are severe. The simulation results are presented for different
wave headings, frequencies, wave steepness, and ship speeds in the form of Response Amplitude
Operators (RAOs). All the data given below are on the Prototype scale.

The RAOs are calculated as given below

Roll Amplitude (rad)
Wave Slope

Roll RAO = (40)
where, Wave Slope =k n,, k and n, are the wave number and wave amplitude.

The numerical simulation is conducted for Fn = 0 and the speed corresponding Fn = 0.1 for three
headings. Beam Sea (90°) and Oblique Sea (135°) and Head Sea (180°) are considered to investigate
the effectiveness of the nonlinear time-domain approach over a wide range of applications. The
heave, roll, and pitch motion responses are investigated for these cases. The results include
simulations for the ship responses in low and high wave steepness and roll motion control
applications. The low steepness waves (H/L = 1/200) are compared with the linear frequency-
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domain code (Figs. 6-8) and the high steepness waves (H/L = 1/50) are compared with the
experimental simulations performed in the wave basin facility (Fig. 9).
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5.1 Comparison with Frequency Domain (FD) results for low wave steepness (H/L= 1/200)

In this section, the time domain results are validated by comparison with the frequency domain
(FD) results for low wave steepness (H/L = 1/200) for both zero speed condition and steady speed
condition (forward speed case). The frequency-domain results are obtained from STF theory
(Salvensen et al. 1970). For a very low steepness, the nonlinear TD code and FD code results should
match.

Fig. 6 shows the comparison between TD and FD results for the roll transfer function for 90°
heading for zero speed case and forward speed case plotted against the wave period. Ikeda formula
(Ikeda et al. 1978) gives a roll viscous damping factor of 0.05. However, the roll viscous damping
factor based on the experiment is found to be 0.07, which is used in the numerical simulation. The
roll resonance occurs at 7.83s and the heave peak occurs at 4.79s. These values match with the

natural frequency calculations i.e., w, = \/g where K is the heave/roll stiffness and M is the

summation of mass/roll mass moment of inertia and the associated added mass/ roll added inertia.
The FD roll RAQ peak values are slightly lower than TD results, however, the difference between
them is less than 10%. The model in the time domain simulation is subjected to sway and yaw motion
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and the restoring forces are calculated for the exact wetted surface area. This may lead to a slight
difference between the FD and TD results based on the exact location of the ship in the inertial frame.

Figs. 7(a) and 7(b) shows the comparison of FD and TD motion RAOs in 135° wave heading for
zero speed and forward speed condition. The roll RAO peak value has decreased by 30% and 12%
in the oblique sea for zero and forward speed conditions, respectively. The heave and pitch RAOs
for the forward speed are characterized by resonance peaks. Figs. 8(a) and 8(b) depict heave and
pitch plots for 180° heading and the TD code results are in good agreement with the FD code results.
There is a slight discrepancy between FD and TD RAO for forward speed conditions in head seas.
However, the difference is less than 10%.

5.2 Comparison of RAOs with Experimental results for wave steepness H/L=1/50

Fig. 9 depicts the Roll RAOs for zero speed case and forward speed case for wave heading - 90°.
The Time Domain (TD) Code and Experiments are investigated for a wave steepness of 1/50 (wave
height/ wavelength). As the wave steepness increases, the ship is subjected to larger sway and yaw
motions and also drifts, which affect the roll motion. Even though second-order drift forces are not
included in the calculation, a component of the drift force results from the body nonlinear estimation
of the Froude-Krylov forces. Therefore, to estimate the roll RAO, the average amplitude of the last
6 cycles of roll motion is considered. The roll RAO in beams seas slightly decreases by 6% when
compared to Fig. 6 (low wave steepness). There is a good agreement between the TD and the
experimental results for the roll RAO in beam seas.

The TD and experimental Roll RAO peak occur at 8.25s. The difference in the resonance
frequency values between the low (1/500) and high (1/50) wave steepness cases is less than 5%.
This slight difference is probably due to the nonlinear restoring force which may lead to a change in
the instantaneous position of the metacentric height. The TD RAO peak value in steeper waves is
8% smaller than the low amplitude waves. This is probably due to the nonlinear effects which the
TD code can capture. Similar behavior for heave and pitch resopnses of a containership in the
extreme sea was reported by Dalzell (1962). RAOQ peaks increase with speed i.e. by 11 and 14%,
respectively, for the numerical and experimental cases. The TD code slightly overestimates the
experimental RAO peak values however it’s less than 8%.

e EXPERIMENT e==m== TD CODE
emOueee TD CODE e EXPERIMENT

N
(€]
J
w
o
)

[ N
n o
1 1
=N N
n o un
1 1 1

=
o
1

o
Oz}
1
o
(O]
I

Roll transfer function
= k !
o
1

oll transfer function

e
o
R
©
o

0.00 5.00 10.00 15.00 0.00 5.00 10.00 15.00
Prototype period (s) Prototype period (s)
_ @ ®)
Fig. 9 Roll RAOs for 90° heading for zero speed (a) and forward speed (b) condition
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Fig. 11 Parametric Rolling identified in vessel subjected to wave steepness = 1/12 and 170° heading

5.3 Parametric rolling

During parametric rolling, a ship is subjected to heavy rolling due to parametric excitation in
head seas. Generally, the problem is approached as a Mathieu-type instability in which the nonlinear
dynamics are represented by a 1DoF nonlinear roll equation of motion. Even though such methods
are effective in predicting the vulnerability to parametric rolling, the roll amplitude estimation may
not be accurate. As the roll motion is coupled with other modes in a highly nonlinear motion, the
prediction of coupled modes is necessary for accurate prediction. Since the TD code incorporates
body nonlinear restoring forces, it’s able to identify parametric rolling. The CRV model used here

is tested higher wave steepness (1/12) and found to be vulnerable to parametric rolling in the head

seas for a wave to ship length ratio of 0.8, 1 and 1.2 (Li =0.8,1 and 1.2). The parametric
pp

rolling generally occurs when the encountering frequency is double the roll natural frequency
(i.e., w,~1.6 rad/s). When the ship encounters waves with Li~1 and a Froude number of 0.1,

pp
the encountering frequency matches the criterion. Figs. 10 and 11 show the ship roll response in 180
and 170 degrees, respectively. The phase plane plot in Fig. 12 shows the boundedness of the
responses.

5.4 Roll stabilization using active fin control system for 6-DoF model

5.4.1 Ship response in regular waves
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Fig. 13 Controlled and uncontrolled roll motion response at the resonance frequency

The roll motion time series for beam seas and the resonance frequency corresponding to the
natural roll period are plotted in Fig. 13. The propeller rpm is set to 610 RPM to achieve a speed of
2 m/s. The time series is plotted for a regular wave with wave slope = 1/50 and the wavelength/ship
length ratio is 2.6 which matches the roll resonance frequency. In this case, the ship response with
maximum roll magnitude is observed. The ship roll motion is controlled with the help of a fin-based
nonlinear PID (NPID) controller. The controller is tuned for the gain values of Kpjax =
15, Kpmin = 8.5, Timax = 6.5, Timin = 4.5, Tpmax = 12.5 and Tpi = 6.5. The positive
parameters ap,a; and ap are set to 1. The fin angle is constrained to £20°. The controller is
switched ON at 100s.

Fig. 13 shows that the maximum uncontrolled roll amplitude observed in the case of resonance
condition is 7.96°. The NPID controller controls the roll amplitude to 0.84° and thus a roll reduction
of 89.44% is achieved.

Figs. 14(a) and 14(b) depict the Roll RAO for 90° and 135° heading (wave slope = 1/50) for Fin
ON and Fin OFF case for forward speed condition. The Fin ON case represents the roll motion
stabilization with the active fin controller switched ON and the Fin OFF case represents the roll
response of the vessel without the action of any roll stabilizing device. The comparison of the RAQOs
shows a significant reduction in the roll magnitude when the controller is active.

Figs. 15(a) and 15(b) depict the Parametric Roll time series for 180° and 170° heading (wave
slope = 1/12, wavelength/ship length = 1) for Fin ON and Fin OFF case for forward speed condition.
The plots depict that the excessive parametric rolling amplitude is effectively stabilized with the
proposed NPID controller.
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Table 8 Summary of parametric rolling simulation data

) ) Stabilized Parametric Roll
Wave Length / Ship Length ~ Parametric Roll (PR)

Heading ) i Amplitude (deg)
ratio Amplitude (deg) LOR NPID
0.8 No PR - -
170° 1 39.66 1.50 1.41
1.2 32.84 1.46 1.32
0.8 No PR - -
180° 1 43.11 1.65 1.60
1.2 29.65 1.34 1.15

Table 9 presents the summary of results. The table includes the roll stabilization tests performed
for wave slopes 1/10, 1/20, and 1/50 and wave headings of 45°, 90°, and 135°. The % Roll Reduction
in both the cases is more than 89% for all the cases.
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Table 9 Summary of roll response in regular waves (Prototype Scale)

. % Roll
Wave Wave © Roll Magnitude (deg) Reduction
length/Ship Heading ¢
Slope lenath ratio (radls) Controller Controller Controller
9 OFF ON ON
1 45° 1.036 Capsizes 1.98 -
1/10 1 90° 1.259 Capsizes 1.34 -
1 135° 1.483 Capsizes 1.12 -
1 45° 1.036 12.4 1.15 90.73%
1 90° 1.259 10.16 1.075 89.42%
120 1 135° 1.483 6.1 0.64 89.51%
1.2 45° 0.961 14.02 1.41 89.94%
1.2 90° 1.146 12.06 1.25 89.64%
1.2 135° 1.331 6.82 0.68 90.03%
1 45° 1.036 4.08 0.41 89.95%
1 90° 1.259 3.71 0.35 90.57%
1 135° 1.483 341 0.34 90.03%
1/50 1.2 45° 0.961 6.44 0.62 90.37%
1.2 90° 1.146 3.97 0.28 92.95%
1.2 135° 1.331 2.86 0.26 90.91%
2.6%* 90° 0.777 19.28 1.78 90.77%
3.16** 135° 0.777 18.54 1.63 91.20%
* e = Wave encountering frequency
**resonance condition
0.8
0.6
Z04
0.2
0
0 1 2 3
w

Fig. 16 Jonswap Spectrum

5.4.2 Ship responses in irregular waves

The heave, roll, and pitch motion responses are investigated for the vessel in irregular seas
generated based on the Jonswap wave spectrum (Fig. 16). Figs. 17 and18 present roll and stabilized
roll, time series, and respective energy plots for vessel subjected to an irregular wave of Sea State 4
(Hs=2.5m, Tp =8.88s) and 135° wave heading and for a Froude number of 0.1. The incident wave
peak frequency results in resonance condition for the aforementioned condition. All the wave input
data is on a prototype scale. The peak frequency of the roll response spectrum matches with the
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Fig. 19 Controlled and uncontrolled roll motion response for ship subjected to irregular waves at Sea State
4 and 90° wave heading.

resonance frequency. The roll energy is reduced by 97 % by the active fin stabilizer based on NPID
controller.

Fig. 19 represents the comparison of roll motion time series for the vessel in an irregular seaway
for controlled and uncontrolled motion. The vessel is exposed to extreme rolling conditions to
investigate the effectiveness and maximum performance of the roll stabilization system.
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Fig. 21 Fin angle comparison for NPID and LQR controller for the vessel in Sea State 4 and 90° wave
heading

Table 10 Summary of roll response in irregular waves

Heading S}\z;\fe];;hgtr};t/io Parameter Mean Variance  Skewness Kurtosis
Heave 0.0265 0.7008 0.0509 2.7703

90 2.6% Roll -0.2475 9.2396 0.3538 3.8948
Stabilized Roll -0.0371 0.2079 0.3538 3.8948

Pitch -0.0398 03374 0.1380 2.6908

Heave 0.0177 0.4731 0.0341 2.7943

135 3.16% Roll -0.0562 1.1767 0.0583 3.2505
Stabilized Roll -0.009 0.0301 0.0583 3.2505

Pitch -0.0812  4.4419 0.0508 2.8962

*corresponds to the resonance frequency

Fig. 20 depicts the comparison of the NPID controller with a linear quadratic regulator controller.
The magnitude of roll reduction for the NPID controller is slightly higher (~2% higher) than that for
the linear controller for the given fin actuator constraints. There is no significant difference in the
maximum roll amplitude between these two controllers.

Even though there is no significant difference in the maximum roll amplitude between NPID and
LQR controller, it will be interesting to look at the fin performance based on these controllers. Fig.
21 depicts the comparison of fin angle for NPID and linear quadratic controller. The Roll RMS value
before stabilization is 8.718 and that after stabilization is 0.349 with NPID controller and 0.512 with
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LQR controller. The RMS value of fin deflection for NPID controller is 5.973 and that for LQR
controller is 6.613 (i.e., 10% reduction for NPID). The maximum fin angle in the case of the LQR
controller is 18.85° and that in the case of NPID controller is 15.67°. The maximum fin angle
reduction achieved is 16.87%. The average fin angle deflection in the case of the LQR controller is
5.41° and that in the case of NPID controller is 4.61°. Therefore, the average fin angle reduction is
14.5%. Therefore, the NPID controller offers a smaller value of actuator signal i.e. fin angle without
affecting the motion stabilization effectiveness. This directly contributes to the lesser energy
consumption.

Table 10 summarizes the heave, roll, and pitch motion responses in irregular waves. The data is
obtained for Sea State 4 (Hs = 2.5 m) and for an incident wave peak frequency that matches the
resonance condition. The data is plotted for 1800s duration.

6. Conclusions

A roll stabilizing active fin model based on NPID control technique is coupled with a body
nonlinear time domain to investigate the ship responses in a wide range of incident waves. The
investigation discusses the implementation of a fin-based active controller to stabilize the roll motion
responses. The numerical simulations plotted for different cases depict the versatility of the proposed
techniques for different cases.

In the first part of the results section, the time domain approach is validated by comparing the
results with a frequency domain approach for the low steepness wave, that is, wave
height/wavelength ratio H/L = 1/200. Both the numerical estimations are in good agreement and
consistent for all the headings for ship roll motion. Later, the time domain results are plotted for
higher wave steepness (H/L = 1/50) to validate with the experimental results. These time-domain
simulations are validated with the experimental simulations and found to be in good agreement. The
TD roll RAO peak values in steeper waves decrease by 6 and 8% for beam and oblique sea
conditions. In comparison with and without speed in steeper waves, the [TD RAO peaks increases
by 11% following a similar trend as the experimental RAO. In the head sea condition, the time
domain approach identifies the vulnerability of the ship to Parametric Rolling. The vessel is tested
for a range of wave to ship length ratios that result in an encountering frequency approximately
equal to double the roll natural frequency. The PR is identified in both 170 and 180 deg heading and
the roll response characteristics are investigated.

The roll motion stabilization problem is addressed for the vessel operating in regular and irregular
waves. The NPID controller reduces the roll by 89.44% for the resonance condition in regular waves
for beam sea condition. The stabilized and unstabilized roll RAOs are compared and the
effectiveness of the NPID controller is analyzed. Similarly, the NPID controller is used for
stabilizing the PR and can reduce the roll motion by 89%. The proposed non-linear controller is also
compared with the LQR controller. The results depict the effectiveness of the NPID over the LQR
control technique.

Finally, the NPID and LQR controllers are tested for analyzing the roll response in irregular
waves. The incident wave peak frequency results in resonance conditions for the tested cases. The
roll energy is reduced by 97 % by the active fin stabilizer based on NPID controller. Even though
there is no significant difference between the NPID and LQR performance on the roll angle reduction,
the NPID controller results in reduced fin deflection for achieving the same performance. This
directly contributes to the lesser energy consumption of the fin actuator mechanism.
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The proposed technique of ship motion response prediction and ship motion control is effective
and versatile over a wide operating range. It can be used as a computing resource for practical
application to investigate the influence of the external environmental forces. The method helps to
build a data bank for the controller gain which will be useful for ship navigation based on the
accurate estimation of the roll motion.
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