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Summary

Nowadays, interceptors are often used to decrease total resistance and enhance comfort
by reducing dynamic trim for high-speed planing vessels. They can be controlled manually as
well as automatically by using a suitable closed-loop control system. Thus, in the present
study, an automatically controllable system is presented to minimize the total resistance by
reducing the dynamic trim in calm water. To reach this aim, a mathematical model which can
represent the 2 degree of freedom vertical motion of a prismatic planing vessel is presented.
The coefficients used in the model are calculated by using the Savitsky method. The standard
dynamic trim angle and the optimum ones in terms of resistance are calculated by using the
same method. For control action, a linear full state feedback control strategy (linear quadratic
regulator) is applied, and instantaneous blade heights are found considering the change in
forward speed. Therefore, the control-oriented model is able to change the blade height to
reach the optimum trim angle in terms of the total resistance of the vessel for different
forward speeds and speed profiles. The results show that the designed linear quadratic
regulator control strategy is successful for reference trim tracking problems.
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1. Introduction

With the technological developments in fast vessels, the need for them to be faster and
more comfortable has emerged. While the speed of the vessel is increasing, comfort and
security are expected to increase and fuel consumption is expected to decrease
uncompromisingly. To overcome this challenge, an automatic control policy generally uses
active actuators such as flaps and interceptors to follow a pre-calculated ‘the best” dynamic
trim angle for minimum drag. In order to obtain an efficient solution for this aim, the
controller must be well-designed and sensitive [1].

Understanding of the dynamics of planing vessels began in 1964 with Daniel Savitsky.

Savitsky [2] presented semi-empirical formulas for buoyancy, drag force, and center of
pressure for a prismatic hull in calm water. When a planing hull reaches high speed, the
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hydrodynamic buoyancy force becomes dominant, the displacement volume decreases, and
the vessel starts to be planing regime on the water surface. Due to the reduced wetted area, a
planing hull can reach higher speeds than a displacement-type hull [3]. Most of the planing
vessel weight is supported by the hydrodynamic lift at high speed and the center of pressure
shifts towards the bow of the vessel. Therefore they cause excessive trim and poor seakeeping
performance. In addition to these hydrodynamic problems, these facts can cause poor comfort.
However, appendages such as interceptor, trim tab, and transom wedge can be adopted to
improve not only the seakeeping performance but also the comfort [4] whie the optimization
of conventional type of yachts can be made by changing the bulbous form [5],[6].

The appendages used to improve seakeeping and comfort for planing hulls can be active
or passive for calm water as well as in waves [7]. However, the studies about these
mechanisms showed that the change of the appendage configuration such as blade height,
angle of attack, etc. can be more efficient not only in waves but also in calm water [8], [9],
[10], [11]. In other words, introducing well-designed automatic control that drives the
actuators actively is more useful compared to passive ones. However, to control them actively
a mathematical model for actuators is needed.

The mathematical model of trim tab systems is generally based on Dawson and Blount
method [12] and Brown formulas [13]. In these studies, it was stated how the additional
hydrodynamic lift force created by the trim tab system is calculated. With the help of the
equations presented in these studies, a mathematical relationship can be established between
the trim tab and the interceptor. After almost 4 decades, Villa and Brizzolara [14] compared
the hydrodynamic properties and performance of trim tabs and interceptors with
computational fluid dynamics (CFD) simulations for dynamic trim of planing hulls. From the
results obtained, they defined an equation between the flap angle of the trim tab and the blade
height of the interceptor. After Dawson and Blount formulas, a new formula that defines the
relationship between the flap angle of deflection and the equivalent interceptor of attack angle
has been obtained from numerical results.

Since the trim tabs create an extra protrusion behind the vessel and cannot be closed
completely, they can increase the friction force. To solve such negative effects, the
interceptors used today have been developed. The main difference between the interceptors
and trim tabs is the deflection angle from the keel of the hull. The difference in deflection
angle will result in smaller surface areas of the interceptors in contact with water compared to
the trim tabs, and the resulting increase in resistance will be less. The interceptor systems
generally consist of two active flaps, which are located on the port and starboard side
perpendicular to the stern of the boat. These flaps, which move linearly, can be controlled
automatically. In addition, the flaps can work simultaneously and independently of each other.
The flaps create additional lifting pressure beneath the boat, and in the case of controllable
interceptors, the plate can be extended or retracted as needed to increase or reduce the amount
of lift.

In the literature, there are experimental and numerical studies conducted to understand
the effects of the interceptor system on planing hulls. Savitsky [15] mentioned that an active
control system that can be located on the transom of the boat can be useful to reduce motions
and accelerations. In his study, he examined the effect of controllable flaps on heave and
pitch. Towing tank test results showed that heave motion could be damped by 50% and pitch
motion by 70%. Tsai and Hwang [16] conducted model tests to determine the effect of a stern
flap, interceptor, and integrated interceptor with stern flap on the resistance performance of a
high-speed planning vessel. Test results showed that the resistance reduction effect is greatest
between Froude number (Fr) 2.0-2.5. Xi and Sun [17] developed a nonlinear controller to
reduce the porpoising instability of high-speed planning vessels using controllable transom
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flaps. The controller was designed based on feedback linearization, and the controller's
performance was verified in the simulation. Rijkens et al. [18] conducted vertical motion
modeling based on the model test data and controlled the vertical motion using a stern flap
and an interceptor. The controller was designed using Proportional-Integral-Derivative (PID)
control, and the controller performance was validated through simulation. Ghassemi et al. [19]
investigated under which conditions a planing hull can provide its optimum performance at
different speeds. In addition, it was shown that the appropriate interceptor blade height varies
according to the Froude number. Day and Cooper [20] studied the effect of interceptors on the
drag reduction of high-performance sailing yachts. The interceptor exhibited a 10-18%
resistance reduction over the speed range of 8-20 knots, and the resistance reduction was
larger than trim changes by moving ballast longitudinally. Seo et al. [21] presented the
application of devices such as trim tabs, interceptors, transom wedges, and integrated transom
wedges-tabs to control the dynamic trim and improvement of fuel efficiency of the vessel.
The model test results showed that the optimum appendage was the interceptors and they
produced 5% fuel saving and 1.2 degrees of trim reduction in design speed. In addition to this,
the results showed that the reduction of resistance can reach 7% at the maximum speed.
Karimi et al. [22] demonstrated that the heave, pitch motion, and vertical accelerations can be
reduced by an interceptor through model tests on the performance of high-speed catamaran
planing boats in calm water and waves. They designed a vertical motion controller for
planning boats using a linear quadratic regulator (LQR) feedback controller. In the simulation,
it was confirmed that the pitch motion of the vessel is reduced by active control in head sea
conditions. The application of a controlled stern interceptor results in pitch and heave
reductions were up to 25% and 20%. Mansoori et al. [10] presented a numerical study to
provide a convenient method for determining interceptor dimensions. They stated that the
height of the interceptor should be between 0.1 and 0.6 times the boundary layer thickness at
the stern of the planing boat. Sakaki et al. [23] evaluated the hydrodynamic performance of a
boat with a trim tab and interceptor attachment using a genetic algorithm (GA). In their study,
they generated planing boats with a trim tab and an interceptor by using Savitsky’s equations
with GA. Optimization by changing the deadrise angle showed that the total resistance
decreased at different deadrise angles. Park et al. [4] showed that the interceptor effect can be
improved not only in still water but also in regular and irregular waves with a controllable
blade height mechanism, thus reducing both vertical motions and fuel consumption. As a
result of their study, the pitch motion was reduced by up to 41.3% in the regular wave and
32.4% in the irregular wave by a controllable interceptor system.

In the present paper, the LQR controller is designed for tracking the optimum trim angle
of the planing vessel in calm water for minimum drag by using a highly nonlinear
mathematical model. In order to obtain a linear state space model for the LQR design, the
system is linearized around the zero motion equilibrium point. When the current literature is
surveyed, to the best knowledge of the authors no such work addresses the reference tracking
problem by using transom interceptors for this kind of fast vessel. Therefore, the main
purpose of the study is to calculate the required interceptor blade heights for minimum drag at
different vessel velocities and velocity profiles as well. The present paper is organized as
follows: Section 2 describes the mathematical model of the planing vessel in calm water. The
LQR strategy is presented in Section 3. Section 4 gives the simulation results of the LQR for
different velocity profiles of the vessel in calm water. Section 5 gives conclusion remarks
about the study. The paper is further structured into subsections for better readability.
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2. Mathematical Model

In this section, a mathematical model for planing vessels with controllable interceptors
is presented. The presented model ensures tools for understanding high-speed vessel physics
and control design.

2.1 The Coordinate System and the Hull with Interceptor

A right-handed coordinate system is chosen for the mathematical model. The chosen
coordinate system is described for the planing vessel in Figure 1.

‘\ %0 \ater surface
NZ.

k interceptor

Fig. 1 The coordinate system of the prismatic planing vessel

The trim angle is defined as 10 at the running attitude. The vertical distance of the center
of gravity (COG) from the water surface is also defined as zo. n3 and ns depict the heave and
pitch motions, respectively. The pitch motion means the rotation of the vessel relative to the
defined inertial frame that is fixed at the center of gravity. It should be mentioned that nz and
ns are positive upward and bow down.

In the present study, a monohedral (prismatic) hull form with a constant deadrise angle
is used in all analyses. Within the scope of the TUBITAK Teydeb-1507 project (Project
Number: 7190739), the authors have already produced an interceptor mechanism that can be
suitable for the 4-10 m planing hulls. The main particulars of the vessel used in this study are
listed in Table 1 where L, B, LCG and VCG represent the length overall, beam, longitudinal
center of gravity and vertical center of gravity respectively. Figure 2 shows the 2D and 3D
views of the hull form which was re-scaled from the original form produced by Begovic and
Bertorello [24]. Please note that the selected planing hull form can be assumed as a
benchmark because several investigations have been carried out by using this form [9].

SECTION A SECTION B

SECTION A SECTION B

MONO |

16.7° !m?‘
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A —

Fig. 2 2D-3D view of the monohedral hull form [22]
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Feature Value Unit
L 4.750 m
L/B 4.481 -
T/B 0.226 -
Static Trim 1.660 deg
A/ (pgB?®) 0.428 -
kyy /B 1.375 -
B 16.70 deg
LCG/L 0.369 -
VCG /L (from the keel) 0.075 -
Table 2 Main particulars of the interceptor
Feature Value Unit
Span/B 0.2830 -
Maximum height (hmax) / B 0.0472 -
Thickness / B 0.0057 -

The twin interceptor configuration is located in the stern and the main particulars of the
interceptor are listed in Table 2. The closed configuration (off) and the maximum height
condition (fully on) are shown in Figure 3. It should be noted that blade height (h) may vary
between 0 and 50 mm (h/B = 0.0472). Figure 4 shows the interceptor layout measurements.

Fig. 3 Interceptor is off (left) and on (right)
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Fig. 4 The layout of the interceptor

2.2 Equations of Motion

The Equations of the motion for heave and pitch motions are described following the
expressions presented in Troesch [25]. Equation (1) represents the heave motion while
Equation (2) represents the pitch motion where t(t) and z(t) are the effective trim angle of the
vessel and the effective vertical distance of the COG of the vessel from the calm water
surface.

1,(t) = 2(t) - 2, 1)

15(t) = —7(t) + 7, )

On the other hand, 10 and zo denote the trim angle and vertical distance of the COG of
the vessel from the calm water surface at running attitude. The presented mathematical model
contains heave and pitch motions and it is assumed to be decoupled with surge motion for
small trim angles. Therefore, the motion equation of the planing vessel with controllable
actuators operating in the calm water can be written as follows:

M7#j+Di=FR+F™ 3
where

SRSy

75 FsR FsFL

Vi :|:M + Ay A :|’ D:{B&” Bss:|
A, Iy +As Bs; B

Here, the dot product denotes the derivative with respect to time. M denotes the mass of
the vessel while ly denotes the pitch moment of inertia about COG. Aij and Bij are the
radiation coefficients (the added mass and damping) although i and j can be 3 or 5 in

accordance with the motion. F,and F.° are the heave and pitch restoring forces,

respectively. It is noted that F3FL and F5FL are the flap forces in heave and pitch directions,
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respectively and they will be changed to interceptor blade heights using the method offered by
Dawson and Blount [12], please see section 2.5.

2.3 Radiation Coefficients

For added mass and damping coefficients, the experimental study of Troesch [25] is
used and the change of the values with respect to the wave frequency is ignored since the
paper is interested in calm water operations. Although the added mass and damping values are
the non-linear functions of the motion amplitude, this nonlinearity is still small compared to
restoring terms and it is neglected. Therefore A and B matrices are assumed to be constant
matrices at a given vessel speed. Their values are calculated using the experimental data with
a first-order polynomial fit depending upon the forward speed of the vessel. Please see
Section 2.6 for details.

2.4 Restoring Terms

With the consideration of a simpler version of restoring forces recommended by
Savitsky [2], F,* and F.Fcan be calculated as follows:

Ry (8) = N(t) cos(z, — 775 (1)) — Mg (4)
F*(t) = —N(t)cos(l, (1) - LCG) (5)

Savitsky [2] presented empirical formulations to compute the restoring forces as
functions of the mean wetted aspect ratio which is defined as A(t) and the effective trim angle
which is defined as t(t). The related expressions are given as follows:

C®=z®)" (0.012/1(00-5 + M] (6)
C () =C,(t)-0.00655C,, ()°° (7
N (t) =0.50V °B*C_, (t)(cos 7 (t)) (8)
,(t) = A(t)B| 0.75- ! - ©)
5.21(':5] +2.39
A1)

Where Frg (-) denotes the beam Froude number and V (m/s) denotes the forward speed.
B (m) denotes the vessel beam, C _, (-) denotes the lift coefficient for a zero deadrise flat

surface, o (-) denotes the lift coefficient for the surface with a constant deadrise angle of 3
(deg), p (kg/m®) denotes the water density, g (m/s?) denotes the gravity constant. A(t) can be

calculated as follows where VCG denotes the vertical distance of COG from the keel, and
LCG denotes the longitudinal distance of COG from the transom.

/l(t)zé{u:mt VG _(ztm()
an(z, =5(0) - sin(zo —775(0)

(10)
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2.5 Forces Induced by Interceptor

Forces created by interceptors can be determined using the equivalent flap angle
formulation presented by Dawson and Blount [12]. In this experimental data-based approach,
it is assumed that the flap and the interceptor have the same width and the maximum flap
angle is taken as 15 degrees. The geometric interpretation of the approach is shown in Figure
5.

Transom

L¢ ¢ ]

5 5 . Water flow

h int

Fig. 5 The logic for the transition from the flap to the interceptor [9]
As known well, Savitsky and Brown [26] provided empirical formulations to calculate
the forces based on the transom flaps. The flap lift F,"and the flap moment F.about COG
can be found as follows:

FF =0.023L.0BpV?s (12)
R =(0.023L.0BpV?)(0.6B+L. (1-0))5 (12)

Where Lr (m) denotes the equivalent flap chord length. o (-) denotes the flap span-beam
ratio. O (deg) flap angle. According to the experimental work of Dawson and Blount [10], O
(deg) flap angle can be expressed with an equivalent geometric angle for interceptor o,
(deg), under the restriction of maximum flap angle as 15 degrees, defined in Equation (13).
The interceptor blade height (h) can be calculated as defined in Equation (14).

8 =0.1755 +0.01545 (13)

int

h=Lsin(d,,) (14)

A virtual flap was considered and L is taken 0.25B. In addition, c=1 was taken by
assuming the flap span is equivalent to the beam. These values were chosen by considering
the present hull dimensions and benefiting the current literature [17], [26].

2.6 Linearized Mathematical Model

To design an LQR controller, the mathematical model should be linearized. The
linearized model is given with Equation (15).

M7+ D +Rn = yo (15)
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The reason for the nonlinearity in Equation (3) is the restoring terms and these terms
can be linearized around the zero heave and pitch motions as follows where i and j are equal
to3or5.

R, = _% (16)
around 7, =0 and where

7 0.023L.oBpV?
= [nj’ £ {(O.OZBLFaBpVZ)(O.GB iL, (1_0))]

M:{M—i—Aﬂ Ass },D:{B‘?S B35}’R:{C33 Css}
Ass Iy + A:,s Bss Bss C53 C55

According to data supplied from Tioesch [25] and using first-order curve fitting, added

mass and damping coefficients in the M and D matrices are obtained by a function of Frg
(Cv) as follows:

A= (1.118Cv — 1.2292) pB’

B, = (0.3685Cv + 1.4362) p B*\/g/B
0.4191Cv — 0.457) p B

~1.3765Cv + 1.2538) p B*\/g/B (17)
0.0609Cv + 1.4384) p B®

(
(
(
(1.839Cv + 0.3002) p B®\/g/B
(
(

—~0.4348Cv + 1.2448) p B*;
2.3701Cv - 1.9203) p B*\/g/B

Ay
BS3
Ass
BSS
Ass
BSS

After calculating the flap angle, the corresponding interceptor blade height can be
determined by using Equation (13) and Equation (14). To perform the derivation in Equation
(16), Equation (4) and Equation (5) are calculated for relatively small heave and pitch
motions, and obtained values are plotted as in Figure 6. After the implementation, the second-
order polynomial fit, Cs3, Cs3, C3s and Css are found as -43388, 42496, 4973 and -83842.

4000 3000 .
= =@ - Heave Restoring Force (F,) | ~ =3 - Heave Restoring Force (F,)
~ =+ - Pitch Restoring Moment (F) B - i = - PHEE Restoling Moment (1)
i . 2000 | B
— 2000 |- = =) - ; e i I
N ok i e o v o e E ’ ST
z - Z qo00 k. v=98084x° - 43388 x + 16453 . i
o3 V = 629609 X* + 4973 x + 1645.3 o3 i =0
£ 5 £ -
= I £ of
£ e |
s e £ s
o8 -2000 [~ ol O & 1000
g ’ el @ V' =:201126 5% + 42496 X - 2279.3 .
2 Y= 1E+06 x° - 83842 X - 2279.3 i 2 1 ; : T ol
T oo £-2000 |- N e
S E LT ;
-4000 - % et
3000 oo = :
FE I 1 A — fefosprtgis poospan feunsp e i oppan e s s e oz
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Pitch [rad] Heave [m]

Fig. 6 The linearization process for the restoring terms

9



Omer Sinan Sahin, Emre Kahramanoglu Control of dynamic trim for planing vessels
Ferdi Cakici, Emre Pesman in terms of comfort and minimum drag

3. Control Design

Although the mathematical model is complex, the first attempt for controller design is
to design an LQR. For this purpose, the linearized model given in Section 2.6 is used. To have
a constant system matrix, added mass and damping coefficients are calculated at Fre=2. The
state-space model is used as a control-oriented model as follows:

%x(t) = Ax(t)+B[o(t)] (18)
UE
where x(t)= 7?5 ,
Ug
s
zeros(2,1)
zeros(2) eye(2) )
A= MR Dl B=| _ | 0.023L,.ocBpV
(0.023L,cBpV?)(0.6B +L,(1-05))

o(t)is the control input representing flap angle in Equation (18) and it will be
transformed to interceptor blade height. For the reference track problem, an error vector
between measured pitch angle and reference pitch angle is defined asé(t)=7. — 7., Where

1. is instantaneous pitch motion and 7, is the optimum effective trim angle calculated using

the Savitsky method as a function of vessel Frg. Systematic Savitsky analysis is performed to
obtain the minimum drag conditions at different Frg by manipulating the dynamic trim angle
of the hull with an energy-saving device such as flaps and interceptors. Detailed information
on the calculation of optimum trim angles for minimum drag can be found in the work of
Sancak and Cakici [27].

If the state space equations are rearranged considering the added error vector, the
augmented state-space system is obtained as follows:

d
axnew(t) = Aneanew (t) + Bnew [5(t)] +B2775REF (t) (19)
where
_773_ 0 |
0
) 75 A A zeros(4,1) B B 5=l0
X = ) — , — , =
new 73 new 0 1 0 0 O new 0 2
75 0
_é - _-1_

For minimization of ¢é(t), the designed controller will minimize the quadratic cost
function given in Equation (20) by the use of the state variables and control actions.

10
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0

J = [[%,0" (0%, (£) + S(6) RO(6)]dt (20)

0

The solution of Equation (20) gives the well-known Ricatti Equation as follows:

A "P+PA_ —-PB_R'B_"P+Q=0 (21)
5(t) = KX, (1) (22)
K=-R'B,, P (23)
where R and Q are weighting matrices and they are selected as follows:

1 0 00 0]

0 10 0 0 O
Q=0 0 1 0 0F, R=[le-6] (24)

0 0 010

0 0 00 1]

K is calculated as given below and finally obtained flap angles ¢ are transformed into
interceptor blade height h by using Equation (13) and Equation (14).

Since matrices A and B are dependent on the vessel velocity V, the control law matrix
K should be calculated in the loop as the velocity of the vessel changes. However, the close
loop simulation results showed that taking the K matrix as time-invariant gives more stable
results than that of the time-varying K matrix. Therefore, K is calculated for a medium Frg
(Frs=2) and found as follows:

K= 10°[2.5045 0.5941 0.8623 0.7524 1.000] (25)

4. Simulation Results

To obtain simulation results, the standard and optimum trim angles in terms of
minimum drag should be known prior. For this, the Savitsky method is employed and the
standard and optimum dynamic trim angles are obtained for each Frg. Please see the work of
Sancak and Cakici [27] for more details. Then a second-order polynomial is fitted to capture
the normal and optimum trim angles of the vessel concerning vessel operations speed. For this
aim, three different typical forward velocity profiles that range the operational speed of this
kind of vessel are predefined as seen in Figure 7. On the figure captions, VP means the
velocity profile with respect to time. It is noted that the difference only comes from the
periods that the velocity of the vessel is kept to a constant velocity. It is interesting to note
that the defined velocity range is taken between Frg=1.50 and Frg=2.50 which are typical
speed ranges for interceptor usage [9].

11
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Fig. 7 The pre-defined velocity profiles (VP)
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Fig. 8 The dynamic trim angles (left) and the optimum ones (right) in terms of minimum drag for

different velocities

Figure 8 is given for the standard and optimum trim angles of the subjected planing
vessel by using the methodology presented in Sancak and Cakici [27]. The calculated LQR
control law is used in the nonlinear model, and the results are given in Figures 9 to 11. In
these figures, while the optimum trim signal induced by interceptor is obtained by the
difference of dynamic trim angle and the optimum trim angle that is found using a second-
order polynomial given in Figure 8 (right), the trim (LQR) signal is obtained with the control
action of the interceptor blade. Figures 9 (right), 10 (right) and 11 (right) show the blade
heights with respect to time for each velocity profile. Figure 9 represents the most aggressive
velocity profile. In this case, the velocity of the vessel changes very rapidly and the responses
of the interceptors are relatively slow compared to the other two cases. Almost from the
beginning (Frs=2) to t=45 seconds, the LQR fails to track the optimum trim angle as seen in
Figure 9 (left). The main reason for this failure is thought that more control effort is required
to bring the very low initial trim angle (around O degrees) to a relatively higher optimum
angle (around 3 degrees).

12



Control of dynamic trim for planing vessels
in terms of comfort and minimum drag

Omer Sinan Sahin, Emre Kahramanoglu
Ferdi Cakici, Emre Pesman
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Fig. 9 The LQR controlled trim vs. optimum trim (left) and blade heights with respect to time for VP1

Figure 10 represents the second velocity profile (VP2) which is middle-level aggressive.
The velocity changes are slow compared to VP1 but fast compare to VP3. In this case, LQR is
quite successful to capture the optimum trim angles of the vessel. Only some reference tracing
failure is depicted at the beginning of the operation that emerges from the low initial trim
angle of the vessel as seen in Figure 10 (left).

35F

Trim Angle [deg]

LQR
- Optimum

30

s 1 Jrot
90 120

60
Time [s]

i |
150

0.03

Blade Height [m]

. 1 i J
90 120 150

30 60
Time [s]

Fig. 10 The LQR controlled trim vs. optimum trim (left) and blade heights with respect to time for VP2

Figure 11 represents the third velocity profile (VP3) which is the mildest case out of

defined scenarios and it is thought to be the most realistic one.

In this case, LQR is very

successful to capture the optimum trim angles of the vessel at varying velocities. It should be
noted that, in all scenarios, the maximum interceptor blade height remains in the allowed
range recommended by the study of Sahin et al. [9].

13
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Fig. 11 The LQR controlled trim vs. optimum trim (left) and blade heights with respect to time for VP3

Table 3 illustrates the reached optimum interceptor blade heights obtained from the
simulations and the optimum trim angles in terms of Freg.

Table 3. The optimum blade heights and trim angles

Fre [-] Blade Height [mm]
1.50 26.86
1.75 14.68
2.00 8.824
2.25 5.458
2.50 3.176

5. Conclusion Remarks

In the present study, an LQR controller is designed to track the optimum trim angle for
minimum drag by using a non-linear mathematical model of a planing hull. The radiation
terms in the model are obtained using the data presented by Troesch [25] while the restoring
terms in the model are calculated using the Savitsky formulas [2]. Similar to this, the
optimum trim angles for the selected planing hull are obtained using the same semi-empirical
method widely used in the literature. The optimum blade heights for different velocity profiles
are obtained considering the optimum trim angles and then the controller changes the blade
heights with respect to the change in velocity. The following outcomes are reported from the
study:

- The interceptor blade height corresponding to the flap angle was determined using

Equation (13) and Equation (14). It has been seen that it is possible to obtain the
mathematical model of the interceptor by using the trim tab model.

- According to the command from the designed LQR controller, the interceptor blade
height can be changed as required.

- In different velocity profiles, the LQR controller approach is tested and it is found that
VP2 and VP3 velocity profiles are successfully tracked. Since the VP1 profile is
rapidly changing, the LQR fails especially at beginning of the operation. Therefore,

14



Control of dynamic trim for planing vessels Omer Sinan Sahin, Emre Kahramanoglu
in terms of comfort and minimum drag Ferdi Cakici, Emre Pesman

the designed LQR controller is successful in the reference trim tracking problem for
relatively slowly changing velocity profiles.

The authors comment that any uncertainty in the geometry of the model or the
coefficients in the mathematical model should be compensated with the use of feedback logic.
In future works, it is planned to investigate the effects of regular and random waves on the
reference trim tracking problem. To overcome such disturbance effects, different control
strategies will be developed.
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Al Added mass coefficients LOR Linear Quadratic Regulator
Bij Damping coefficients M Mass
B Beam M Mass matrix
Ci Restoring coefficients T Draught
Cuo Lift Coefficient for zero deadrise angle V Forward Speed
Cip Lift Coefficient for beta deadrise angle VCG | Vertical Center of Gravity
CFD Computational Fluid Dynamics VP Velocity profile
CoG Center of Gravity Z0 Vert. distance between CoG and calm water
FR Restoring forces in heave & pitch directions | z(t) Effective vertical distance of the COG
FrL Flap forces in heave & pitch directions A Displacement
Fr Length Froude Number B Deadrise angle
Frs Beam Froude Number T(t) Effective trim angle
g Gravitational acceleration To Trim angle
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GA Genetic Algorithm N5 Heave motion
h Blade height s Pitch motion
Kyy Gyration radius for pitch motion Nsrer | Optimum effective trim angle
L Length Overall A1) Aspect ratio
Lr Equivalent flap chord length p Water density
LCG Longitudinal Center of Gravity o(t) | Flap angle
Ip Center of Pressure c Flap span-beam ratio
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