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Abstract

As a vessel navigates at high speeds in waves, considerable pitching motion can result in the discomfort of passengers. In this study is proposed
a ride control system consisting of dual T-foils to generate a larger righting moment than a common single T-foil system. One T-foil is mounted
at the bow, and the other at the stern. Accordingly, different control strategies for dual T-foils were proposed To verify the stratigies, a model
experiment was conducted in the Towing Tank, Dalian Unievrsity of Technology. The optimal control signal was determined by comparing the
pitch responses, heave responses, bow accelerations, and stern accelerations of a vessel in regular waves. In addition, the control strategy for the
best motion-reduction effect was investigated. The optimized dual T-foil system provides a 34% reduction in pitch motion.

Keywords T-foil; Active control; High-speed vessel; Ride control system; Control strategy

1 Introduction
1.1 Background and relevant work

Considerable vertical motion responses can lead to
decreased passenger comfort under adverse sea conditions
(Davis and Hollway, 2003; Hollway and Davis, 2006). Ride
control systems (RCSs), such as T-foils, fins, Hull Vanes,
and stern spoilers, have been widely utilized to enhance
seakeeping performance (Fang and Chan, 2007; Thomas
et al., 2011; Jacobi et al., 2012; Liu et al., 2021; Gopinath
and Vijayakumar, 2023). However, only an active control
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T-foil has been demonstrated as an effective solution for
mitigating the motion responses of high-speed vessels.

Esteban et al. (2000) conducted a comprehensive numer-
ical analysis of the active control of T-foil and confirmed
that the effectiveness of motion reduction primarily relies
on the control strategy implemented for the “Silvia Ana”
fast ferry model equipped with a T-foil and two stern spoil-
ers. Furthermore, experiments carried out on a deep-V
monohull model demonstrate that the modular architecture
of an active controller can incorporate analysis of various
control strategies (Esteban et al., 2001). Given the dynamic
characteristics of ships, ensuring that these actuators oper-
ate swiftly and efficiently is essential. Hence, several con-
troller solutions have been proposed, including conven-
tional PID, multivariable PID, multiobjective control strat-
egy, and nonlinear control strategy (Giron-Sierra et al.,
2001; Aranda et al., 2001; Esteban et al., 2002; Giron-Sier-
ra et al., 2002). The ship actuator control model was devel-
oped using SIMULINK as an effective simulation environ-
ment focused on control aspects (Polo et al., 2001; Esteban
et al., 2005).

The University of Tasmania has conducted a series of
experimental studies on the motion-reduction performance
of T-foils to confirm their reliability. AlaviMehr et al.
(2015) onducted experiments on the lift resistance of T-foil
in a water tunnel at different flow rates and attack angles;
the results confirmed a strong agreement between experi-
mentally measured lift coefficients and theoretical values
derived from a combination of a static lift curve slope and
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Theodorsen theory for unsteady lift. AlaviMehr et al.
experimentally investigated the performance of an active-
center bow-mounted T-foil equipped with a smoothness
control system based on a 2.5 m catamaran model (Lavroff
et al., 2009; Lavroff et al., 2013). Their findings indicated
that when the T-foil flapped at an angle of 15°, the model
sunk approximately 7 mm, confirming its effectiveness in
generating vertical force (AlaviMehr et al., 2016). To set
the RCS gains for a control strategy, a T-foil and stern
spoilers were utilized to excite only pitch or heave motion
in a model. A proposed nonlinear control method was
employed to manage RCSs (AlaviMehr et al., 2017). which
consistently used maximum configuration to effectively
control vessel motion and considerably improve RCSs’ per-
formance. Furthermore, how this control strategy affected
kinematics during water entry impulses and energy trans-
fer acting upon catamaran models was examined (Ala-
viMehr et al., 2019). Results demonstrated that RCSs sub-
stantially reduced entry impulse and total strain energy.

Comprehensive studies on T-foil have been conducted.
Zong et al. (2019) investigated the motion-suppression per-
formance of an actively controlled T-foil on a trimaran and
found that compared with passive control, an actively con-
trolled T-foil can considerably improve the suppression of
heave amplitude and pitch angle. Additionally, Ticherfa-
tine et al. (Ticherfatine and Qidan, 2018; Ticherfatine and
Zhu, 2018). confirmed that their proposed iPD controller
is more effective than a PD controller in eliminating fluctu-
ating disturbances affecting T-foils; this new controller can
continuously re-identify system dynamics and enhance
dynamic behavior. Furthermore, Liu et al. (2021) success-
fully decoupled T-foils and flaps and designed a trimaran
motion derolling reduction controller based on the concept
of Kalman filter combined forces and moments; the experi-
mental results verified the controller’s attachment effec-
tiveness and efficiency. Jiang et al. (2020) proposed a
hybrid control method to regulate the behavior of a T-foil,
demonstrating that it can regulate linear and step control
and considerably reduce vertical motion. Rozhdestvensky
and Htet (2021).proposed a mathematical model with
wing devices that use ocean waves as renewable energy
sources; the model helps to estimate the seaworthiness of
ships with wing installations during the design process to
explore options for directional influences on ship heave
and pitch movements and to moderate these movements
and correspondingly reduce additional wave drag. Yang
et al. (2019) used an overlapping grid to simulate an
advanced catamaran fitted with an active T-foil under each
bow. Compared with EFD data, the results are in good
agreement, showing the feasibility and effectiveness of the
method in simulating the hydrodynamics of ships with
active appendages.

In addition to the utilization of a single T-foil, the use of
dual T-foils has been proposed and numerically investigated.

Cakici et al. (2018) proposed equipping a motor yacht
with bow and stern T-foils to evaluate the performance of
a static output feedback controller in reducing vertical
acceleration. Simulation results indicate considerable reduc-
tions in pitch motion, bow vertical acceleration, and stern
vertical acceleration. Kucukdemiral et al. (2019) conducted
a numerical investigation into the model predictive control-
ler for mitigating the vertical motion of passenger ships
under irregular wave excitation. The design considers actu-
ator amplitude and rate saturation phenomena, and a pair
of active stabilizing fins mounted on the bow and stern
were used for the ship’s motion control system. By apply-
ing MPC-based discrete controllers, numerous simulation
studies have considerably reduced vertical acceleration at
various positions along the ship, including the bow, center,
and stern.

The aim of this study is to investigate the motion-reduc-
tion performance of a dual T-foil system on a high-speed
monohull. A DTMBS5415 ship model was constructed,
which was equipped with two T-foils positioned at the
bow and stern of the vessel. A dual T-foil control system
was proposed and tested under regular wave conditions. The
effects of different control signals were initially compared,
and three distinct control strategies applied to the system
were assessed: passive, linear, and step control. The aim
was to compare their motion-reduction performance.

1.2 Outline

The paper is structured as follows. Section 2 describes
the experimental setup and the T-foil geometry. Section 3
introduces the T-foil control unit and the control method.
Section 4 presents the analysis of experimental data of dif-
ferent control signals and strategies and discusses the effect
of the dual T-foil system on the drag of the ship model.
Finally, in section 5, conclusions regarding the outcome of
this study are presented.

2 Experimental setup
2.1 Test model

The experiment was conducted in the Towing Tank of
Dalian University of Technology. The test object is the
DTMB5415 ship model, and the scale-down ratio of the
model is 1:30. The model, which ensures geometric simi-
larity to a real ship, is made of wooden material processed
with sufficient stiffness. The center of gravity position and
mass moment of inertia of the model and the real ship
have a similar relationship to the relationship of a real
ship. The ship model for this test is shown in Figure 1, and
the main parameters of the real ship and the model are
given in Table 1.

@ Springer
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DTMB 5415 Ship model

Figure 1
Table 1 Main parameters and ship form parameters
Main parameters Real ship 5415 model

Length between vertical lines (m) 142.000 47330
Design waterline length (m) 142.170 4.7390
Design waterline width (m) 19.050 0.6350
Design draught (m) 6.150 0.2050
Drainage capacity (m”) 8 584.785 03102
Square factor 0.507 0.507 0
Model scaling ratio 30:1

2.2 Active control T-foil

The T-foil structure is depicted in Figure 2, comprising
a vertical foil, a fixed horizontal foil, a flap, a trunk and
end plates. In Table 2 is provided specific parameters for
the T-foil, including a maximum flap angle ((pmax) of 15°.

The upper part of the swing rod connects to the stepmotor
slide rail, allowing for precise control of the swinging con-
necting rod for driving the flap at a specified angle. To
reduce additional resistance to the hull, the mechanism at
the bottom of the perimeter well and the top of the vertical
foil is shaped to fit seamlessly and to have no protruding
structure or blunt body. Additionally, transmission devices
are completely enveloped within the vertical foil, which
reduces contact with the external fluid and further decreases
resistance during navigation. This design results in a con-
siderable reduction in fluid drag compared with traditional
one-piece oscillating T-foil mechanisms (Polo et al., 2001;
AlaviMehr et al., 2015). Furthermore, rectangular end plates
can be added to enhance lift for improved performance. In
conclusion, this study’s T-foil mechanism exhibits a high
lift-to-drag ratio.

The dual T-foils are installed on the ship’s bottom base-
line. The bow T-foil is positioned at 1470 mm (/) from amid-
ships, and the stern T-foil is positioned at 1400 mm (/) from
amidships. As illustrated in Figure 3, the G-point is the
center of gravity of the ship model.

2.3 Data measurement methods and expression
of results

In this study, various test data, such as pitch, heave, and

navigational resistance, need to be measured in the ship
model test. The primary measurement instrument utilized

@ Springer
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End plates

L 240 mm

Figure2 T-foil structure chart

Table2 T-foil parameters

Index Model values
Airfoil shape NACA0012
Wingspan 240 mm
Chord length 160 mm
Maximum angle +15°
Vertical foil height 60 mm

Figure 3 Side view of the model

for collecting these data is a six-degree-of-freedom sea-
worthy instrument (Figure 4), which is mounted on a trailer
to drive the model and measure its motion. Furthermore,
these motion parameters can be acquired with a gyro-
scope, and an accelerometer is employed to measure the
head-to-stern acceleration of the model.

Figure4 Wave resistance test equipment
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The dimensionless responses of the heave and pitch are
defined in the following form:

y= Q)

. y-L

T2w¢ @)

Y
The dimensionless local acceleration is
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b ==L 3
2 €)

Then the resistance coefficient is given by

R
Crzﬁ “)
EpU S

3 T-foil control method
3.1 Dual T-foil control system

The dual T-foil control system primarily comprises a con-
trol unit, an altitude sensor, an actuator, and upper computer
software. The control unit (Figure 5) is a miniature control
board that receives and processes signals from the altitude
sensor to regulate the rotation of the stepmotor. The alti-
tude sensor consists of three single-axis accelerometers and
three single-axis gyros to measure the angular velocity,
accelerations in 3D space, and inclination values. The actu-
ator employs a stepmotor to drive the slide rail and precisely
adjust the flap angle of the T-foil by controlling the rota-
tion angle of the stepmotor. Additionally, the upper com-
puter software records real-time sensor data and provides a
storage function for easy post-test analysis. Figure 8 pro-
vides the details of the dual T-foil control strategy.

During tests, the altitude sensor is mounted on the model.
Heave velocities, pitch velocities, and pitch values are trans-
mitted to the micro-control board, which then computes
the real-time flap angle ¢ (Figure 6) and directs the step-
motor to adjust the flap angle ¢ accordingly. Notably, the
bow and stern flap angles have equal magnitudes but oppo-
site directions. In the seakeeping tests, the actuator maneu-
vers the flap to rotate at a corresponding angle in order to

|Wave |—>| Ship IMU Sensor

Vertical force

(moment)
system 1|

Tofoil 1led Transmission

generate damping force, thus preventing pitch motion.
3.2 Dual T-foil control strategy

3.2.1 Passive control strategy
The passive control of dual T-foils maintains the fixed
angle of the T-foil flap at ¢, = 0°.

3.2.2 Linear control strategy

In the linear active control of the dual T-foils, the verti-
cal force and pitching moment generated are linearly related
to the control signal. This setup allows for the continuous
adjustment of the flap angle in real time, thereby enabling
the real-time control of the moment generated by the dual
T-foils. The various control signals are collectively referred
to as S. At the onset of ship motion, passive control is ini-
tially employed, and monitoring is conducted on the maxi-
mum value (Smax ), minimum value (Smin ), and amplitude

(Su) of S. The maximum and minimum values correspond

to the respective flap angles of ¢ _, . Once active control
begins, the linear control equation for flap angle is given by

N
(ﬂL = ¢maxS7’ _(ﬂmax < (DL < ¢max (5)

3.2.3 Step control strategy

In the step control strategy, a change in the direction of
a control signal triggers an immediate adjustment of the
flap angle to its maximum speed. Throughout this process,
dual T-foils are consistently controlled with a flap angle

(DS = i(”max'

4 Results and discussion
4.1 Comparison of control signals

To investigate the effect of the control signals on the sta-
bilizing efficiency of the dual T-foils in the same control
strategy, a step control strategy was employed to compare
the pitch velocity signals with the bow motion velocity sig-
nals. During the comparison test, a model speed of 2.792 m/s
was selected to correspond to a real ship speed of 30 knots.
Wavelengths of 3.75, 5, 6.25, 7.5, 8.75, and 10 m were
tested. Variations in the amplitudes of pitch, bow accelera-

Upper machine

Control

T-foil angle 1

T-foil 2 =

Transmission

board

T-foil angle 2

system 2

Figure 5 Dual T-foil control strategy
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Flap of T-foil

- X

Fixed hydroflap

Figure 6 T-foil swing angle diagram

tions, stern accelerations, and heave motion response with
encounter frequency are depicted in Figures 7—-10 for anal-
ysis and discussion purposes.

Figure 7 demonstrates that control signals can effectively
reduce the pitch of the ship. Notably, the stabilizing effi-
ciency of the pitch velocity signal surpasses that of the local
velocity signal across a wide range of encounter frequen-
cies. A similar trend is evident in bow acceleration motion
(Figure 8) and stern acceleration motion (Figure 9). Active
control has minimal influence on the heave (Figure 10) pri-
marily because the vertical forces generated by the bow
and stern T-foil are equal but opposite in direction and
effectively cancel each other out.
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Figure 7 Pitch amplitude response for different control signals
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Figure 8 Amplitude response of bow acceleration for different
control signals
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Figure 10 Heave amplitude response for different control signals

To further analyze the rolling reduction of the dual T-foil
device on the hull, this study extracts and analyzes the
time history data of hull pitch under different working con-
ditions. Figure 11 displays the five-second data of pitch in
the experimental stability stage at an encounter frequency
of 5.95 rad/s. The active control T-foils demonstrate a notice-
able stabilizing effect under both control signal conditions.
Additionally, in both cases, the T-foils have a clear stabiliz-
ing effect on bow-lifting motion. Furthermore, compared
with using bow motion speed as the control signal, utiliz-
ing pitch angular velocity as an input signal increases sta-
bility. Therefore, in selecting a control strategy, we opted
to utilize the pitch velocity signal for dual T-foil control.
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Figure 11 Pitch time history for various control signals
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4.2 Comparison of control strategies

To investigate the effects of control strategies on the per-
formance of the dual T-foils, an experiment was conducted
using passive control, linear control, and step control to
stabilize the ship’s motion. The control signal used was
pitch velocity. Figure 12 illustrates that heave response
amplitude varies with encounter frequency. When active
T-foil control is applied at each encounter frequency, the
heave response of the ship closely resembles that of a
naked hull. This finding indicates that the dual T-foils have
minimal effects on the heave motion of the ship. During
the control process involving dual T-foils, real-time monitor-
ing reveals that the flap swing directions of both T-foils are
opposite to each other and result in equal but opposite lift
moments exerted on the ship. These opposing lifts neutral-
ize each other and thus have little impact on heave motion.
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1.2} o &
1.0 |
0.8 F
0.6 |
0.4+
02+ >
0 ; . . . |
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-- Passive control
-+ Linear control

Dimensionless heave

Figure 12 Heave amplitude response with different control strategies

Figure 13 illustrates that pitch amplitude response var-
ies with encounter frequency. The pitch of the ship with
passive control T-foil is reduced by 22.19% at its peak,
compared with the naked hull. Additionally, the stabilizing
efficiency of linear control is similar to that of passive con-
trol. Notably, considerable improvement in stabilizing effi-
ciency is achieved with the dual T-foils using step control,
which can reach 34.52% at its peak, which is approximately
12% higher than that of passive control. The motion reduc-
tion effect of step control surpasses that of linear and pas-
sive controls. Figure 14 displays the time history data of
pitch angles under various working conditions at an encoun-
ter frequency of 6. The rolling reduction effects of differ-
ent control strategies remain stable. The rolling reduction
effect of different working conditions is similar when the
ship is raised. However, when the ship is buried, the step
control strategy demonstrates the most effective stability
effect. In summary, step control yields the best effect at an
encounter frequency of 5.95 rad/s.

To investigate the local motion of the ship under differ-
ent control strategies, measurements were performed on
the basis of the response of bow and stern accelerations.

1.2
- Naked hull

-- Passive control
-#- Linear control

1.0+

=
2 - Step control
208 +F
v
3
§ 0.6 +
2041 %
£
02} -
0 1 ]
4 5 6 7 8 9

Encounter frequency (rad/s)

Figure 13  Pitch amplitude response with different control strategies
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Figure 14 Pitch time history for different control strategies

Bow acceleration response varies with encounter frequency
(Figure 15). Overall, step control showed the most effective
rolling reduction effect across the full frequency range,
followed by linear control. At an encounter frequency of
5.95 rad/s, the naked hull exhibited the largest amplitude of
bow motion acceleration. At the same frequency, the dual
T-foils demonstrated a clear rolling reduction effect. The
motion reduction effect of step control compared with the
naked hull was 45.89%, which was 24% higher than that
of the passive control. The amplitude of stern acceleration
with encounter frequency was similar to bow motion accel-
eration (Figure 16). Step control had the best rolling reduc-
tion effect across all frequencies for stern motion accelera-
tion. Notably, at an encounter frequency of 5.95 rad/s, the
maximum motion reduction effect achieved by step con-
trol relative to the bareboat was 66.52%.

For the active control system of the dual T-foils, step
control has the most stabilizing effect on vertical motion,
effectively reducing motion across all frequencies. Experi-
mental results show that the step control system of the
dual T-foils considerably reduces motion across the entire
frequency band. At an encounter frequency of 5.95 rad/s,
the dual T-foils notably mitigate rocking effects. Figures 17
and 18, respectively, illustrate maximum vertical motion
without T-foil and under the condition of step control with
dual T-foils. The rolling reduction effect of the dual T-foils
is clearly evident in these figures.
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Figure 17 Maximum vertical motion without T-foil

Figure 18 Maximum vertical motion with Dual T-foils in step
control
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4.3 Drag effects of the dual T-foil system

To investigate the impact of dual T-foils on the sailing
resistance of a ship, we conducted measurements of the
ship’s sailing resistance in various states: naked hull, pas-
sive control, linear control, and step control. These mea-
surements were obtained at a speed of 2.792 m/s. The aver-
age values of the ship’s resistance under different encoun-
ter frequencies are presented in Figure 19. A small increase
in resistance was observed for all three control strategies
and is approximately 10% of the resistance of the naked
hull state. Additionally, resistance from active control com-
pared with passive control increases from 5% to 10%. The
effect of dual T-foils on the navigation resistance of ships
is extremely small.

[0 Naked hull
100 |

© Passive control

Resistance (N)
DN
S

466 520 595  7.02
Encounter frequency (rad/s)

Figure 19 Resistance average versus encounter frequency curve

5 Conclusions

The dual T-foil system was proposed, and a DTMB5415
ship model experiment was conducted to evaluate the effec-
tiveness of the system in reducing pitch motion. The main
conclusions of this study are as follows:

1) Compared with different control signals with a step
control strategy, the pitch velocity control signal demon-
strated excellent motion reduction effects under various
encounter frequency conditions.

2) Compared with the ship’s motion response with dif-
ferent control strategies revealed that step control had the
most stable effects across the entire frequency range. The
dual T-foils with the step control achieved a peak stabiliz-
ing efficiency of 34.52%, which is approximately 12%
higher than that achieved by passive control.

3) In different active control strategies, an overall increase
of nearly 10% in hull resistance was observed after the
installation of the dual T-foil system.

Only regular head waves were used with the DTMB5415
model. Future studies should include experiments using
irregular waves. Additionally, time lag reduced motion
reduction effectiveness when control was based on data
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after changes in ship attitude. Thus, the research team will
focus on enhancing predictive capabilities to effectively
stabilize and control ship altitude at subsequent moments.

Nomenclature

U velocity of the ship

Fr Froude number based on hull waterline length

P Density of water

¢ amplitude of the wave

Iy distance from the center of the hull bottom to the bow T-foil

I distance from the center of the hull bottom to the stern T-foil

[ flap angle of the T-foil (radian, positive bow on)

R Resistance of ship

y instantaneous model heave at the longitudinal center of
gravity (positive up)

», %nstantaneous. rpodel heave at the site where T-foil was
installed (positive up)

7, %nstantaneous. heave velocity at the site where the T-foil was
installed (positive up)

7, instaptaneous hea\./e. acceleration at the site where the T-foil
was installed (positive up)

. instaptaneogs mode.l Pitch about the longitudinal center of
gravity (radian, positive bow down)

N wetted surface

C, Resistance coefficient

, wave encounter frequency (rad/s)

L length of the ship

B beam of the ship

t draught of the ship

\Y drainage volume

Cy block coefficient

y* normalized heave amplitude

V* normalized pitch amplitude

b normalized local acceleration amplitude
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