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Abstract

This paper proposes an H* robust control scheme for a wave-piercing catamaran (WPC) ride control system (RCS) in rough
water. The control signal is assigned to the T-foils and trim tabs by an improved genetic algorithm. To reduce the vertical
oscillation of a WPC in wave turbulence at high speeds, based on the uncertain parameters model of the coupled heave/pitch
motion of a catamaran with an RCS, an H® robust controller is designed according to p-synthesis theory. The RCS includes
two T-foils and two trim tabs; the cooperation control is studied and an allocation rule based on the principle of minimum
system driving energy is optimized by an improved genetic algorithm with pattern search algorithm. Finally, comparative
simulations demonstrate that the proposed RCS has superior anti-heave/pitch performance and robustness.

Keywords Genetic algorithm - Ride control system - H® theory - Catamaran - T-foil

1 Introduction

The wave-piercing catamaran (WPC) is a high-performance
ship. A WPC is capable of reaching navigation speeds of
35-40 knots due to its special hull structure, by which wave
resistance is greatly reduced when the ship is sailing at high
speed. However, it is reported (Castiglione et al. 2011) that
WPCs will produce rocking motions in high sea states. These
rocking motions may inflict negative effects on the seakeep-
ing performance of fast catamarans, such as seasickness,
speed loss, and low maneuverability. The wave-encounter
frequency increases when the ship velocity increases. Con-
sequently, the vertical oscillation (heave and pitch motion)
becomes a serious problem for catamarans (Soars 1993).
Improving the seakeeping performance of WPCs is essen-
tial to the control of ship motion. The most commonly used
stabilizer for improving the vertical oscillation of ships is the
passive fin under the bow, which generates lift and damping
for the hull—the former slightly raises the ship’s bow and
reduces the wet hull area, thereby reducing drag and lighten-
ing the wave impact, while the latter counteracts the heav-
ing force and pitching moment. The passive fin can reduce
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heave/pitch motion. But some researches indicate that active
fins may be more effective in improving vertical oscillations.

Thomas (1998) performed sea trials on a ride control
system (RCS) based on a generalized predictive control-
ler. Compared to experimental data, the control system was
effective (Thomas 1998). They also studied the effect of
slamming and whipping on the fatigue life of a high-speed
catamaran (Thomas et al. 2006). Haywood et al. highlighted
the importance of fluid mechanics emulation during RCS
design. They introduced the design process of a controller
and verified the anti-pitch effect of the RCS on a mini-type
high-speed ship (Haywood et al. 1995). In a simulation of
a trimaran, they proved that a controlled hydrofoil mounted
on a high-speed ship can reduce the resistance and expand
the navigation area (Haywood and Schaub 2006). Esteban
et al. (2005), De la Cruz et al. (2004), Muifioz-Mansilla et al.
(2009), and Giron-Sierra et al. (2002) studied seakeeping
improvements for fast monohulled ferries using T-foils and
trim tabs. After 10 years of research, they made significant
achievements and proved the feasibility of genetic algo-
rithm-based PID control of T-foils and trim tabs. A Japa-
nese ferry company studied a 112-m wave yacht developed
by the Australian company INCAT and collaborated with
the Osaka Prefecture University in Japan to study the sea-
worthiness of the ship (Yoshiho et al. 2008). Qiang (2008)
researched scheme optimization for the stabilizing fin and
longitudinal motion control of a small waterplane area twin
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hull (SWATH) vehicle and obtained an optimized layout for
the stabilizing fin and designed an effective H* controller
for vertical motions.

For WPC, T-foils and trim tabs are chosen as the anti-
vertical equipment. Although proportional-derivative (PD)
control effects are stable, the system can be further improved
based on modern intelligent control theory and strategy.
The most significant impediments to performance are the
uncertainties of the ship and external interference. These
will affect the high-precision operation of the control sys-
tem and even the instability of the system. They cannot be
eliminated by improving the accuracy of the model, so the
design of the system should accommodate the uncertainties
of the model. This study focuses on the application of robust
control in a high-speed WPC RCS. Aiming at the charac-
teristics of a ship’s vertical motion control system—such as
parameter uncertainty and external disturbance—it is easy
to generate unmodeled dynamic uncertainties. An uncer-
tain model of ship vertical motion is thereby established,
and the controller is designed with an H® control method
based on p-synthesis theory. The RCS input consists of two
angles: T-foil fin angle, oT, and trim tab angle, oF. A real-
time decision-making system for these angles is proposed in
this paper, and optimized by an improved genetic algorithm.
Finally, using the catamaran as an example, a simulation
analysis of the control effect is conducted.

2 Model of the coupled heave/pitch motion
of a catamaran

The motion of a vessel can be divided into six degrees of
freedom (DOF): heave, pitch, yaw, roll, surge, and sway.
Among them, pitch and heave are vertical motions, which
are usually coupled. Roll, sway, and yaw are lateral motions.
Because the plates on both sides of a catamaran have the
same shape, and the hull is symmetrical in the vertical sec-
tion of the middle line, coupling usually does not occur
between the transverse and vertical motions.

When analyzing the motions of a wave-piercing boat sail-
ing in waves, it is generally necessary to use linear poten-
tial theory. At this time, the following assumptions are to be
made: the catamaran is a rigid body; the waves acting on the
catamaran have small steepness and amplitudes; the cata-
maran’s motion is slight, and the motions and forces satisfy
the superposition principle; the error caused by the surface
tension of water is not calculated, and the water is assumed
to be incompressible; the underwater hull structure of the
catamaran satisfies all the hydrodynamic parameters required
by the strip theory. The frequency domain 6-DOF motion
equations of a catamaran can be written as (Lloyd 1989)

(M+Akj)§j+Bkjé+ij§k =Fypkj=1,..,6, (1
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Table 1 WPC principle parameters

Parameter Real ship Ship model
Displacement 710t 66 kg
Draft 2.6 m 0.1l m
Length (waterline) 86 m 39m
Beam (waterline) 26 m 1.18 m
Text width 17.6 m 0.8 m

Text height 255 m 1.16 m
Column width 8.45m 0.38 m
Column separation 0.7m 0.03 m

Fig.1 3D model of the WPC

where &, 5 R § represent the displacement, velocity, and accel-
eration of the vessel; the indices “k” and “j” represent the
Jj-mode oscillatory motion caused by the k-direction force; M
is the rigid body mass matrix; A, B are the added mass and
damping matrix, respectively; C is the restoring matrix; and
F is the excitation force.

For heave and pitch, the coupled 2-DOF equations are
written as

(M +ARE + Cply + Byué + Ay ES + Culs + By &g = Fae™!
(ss + AgEs + Csbs + Bobs + AGE + Ci 63 + By = Fse’é’).
In this study, a 2.5D numerical method was used to
predict the vertical motion performance of a high-speed
catamaran. The parameters of the target ship are shown in
Table 1 and Fig. 1 shows a body plan of the vessel.

The hydrodynamic coefficients in the above equations are
mainly related to three factors: the static buoyancy effect of
the ship, the potential flow motion by the disturbance with
free water surface, and the effect of the viscous flow on the
naked hull.

The hydrodynamic coefficients that are related to the
static buoyancy of ships can be easily obtained, while those
caused by the potential flow are mainly calculated by the
panel method (Faltinsen et al. 1991; Salvesen et al. 1970;
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Ma 2005; Ma et al. 2016). Calculations of the hydrodynamic
coefficients produced by the viscosity and actuators are
based on experimental data and the semi empirical. Finally,
the calculation formula for the total hydrodynamic coeffi-
cient can be obtained by adding all three parts of the hydro-
dynamic coefficients. Only C in this equation is a constant;
A and B depend on the wave-encounter frequency.

In this study, we used the WPC ship model described
in Table 1 as an example and calculated its hydrodynamic
coefficients at five different speeds using 2.5D theory. By
this method, the wave-force model, the hydrodynamic coef-
ficients were obtained. With those data, the force—motion
model can be obtained.
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Compared to the experimental data obtained by the Har-
bin Engineering University towing tank, the heave and pitch
response amplitude operators (RAOs) at different wave-
length—ship length ratios are shown in Fig. 2.

It can be seen from Fig. 2 that the numerical calculation
results were in good agreement with those of the model tests.
The variation trend of the hull motion—wavelength ratio was
consistent with that of the model test. The average error
of the prediction results for pitch and heave motion was
between 8 and 10%, which is within the acceptable range.
Therefore, this method can be used to predict the vertical
motion of catamaran.
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Fig.2 Heave and pitch RAOs at different speeds: a 1.952 m/s; b 2.469 m/s; ¢ 3.086 m/s; d 3.704 m/s
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Table 2 T-foil principle parameters

Parameter Real ship Ship model
Fin area 2%x88m?> 2 x 18,200 mm?
Hydrofoil area-hull waterline area 2% 2%

ratio

Fin profile NACA2412 NACA2412

Hydrofoil span 4.690 m 213 mm

Maximum chord length of hydrofoil 2.345 m 107 mm

Minimum chord length of hydrofoil 1.407 m 64 mm

Average chord length of hydrofoil 1.876 m 85 mm

Strut profile NACA0015 NACAO0015

Strut height 1.5m 68 mm

Table 3 Trim tab principle parameters

Parameter Real ship (m) Ship
model
(mm)

Length 2 91

Width 5.94 270

<

Fig. 3 Structure of T-foil with flap

3 Model of the T-foil and trim tab

T-foils are significant in improving the seakeeping perfor-
mance of WPCs. The T-foil is small relative to the ship’s
hull, but—with a reasonable installation—increases the
damping of the ship and its resistance to wave-induced
forces and moments and reduces vertical motions. The ver-
tical acceleration is usually produced by heave and pitch and
affects the seaworthiness of the ship.

Tables 2 and 3 show the principle parameters of the T-foil
and trim tab, respectively; Figs. 3 and 4 show the structure
of the actuators (von Sicard 2002).

@ Springer
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Fig.4 Structure of trim tab

The motion of the trim tabs is limited upward, while the
fin of the T-foil can move freely upward and downward.

The design of the actuators was based on the dimensions
of the ship and hydraulic cylinder capabilities, and the rel-
evant physics dictated the boundaries. The T-foil fins were
trapezoidal with a 3-m span, 2.5 maximum chord, 13.5°/s
maximum rotational speed, and + 15° maximum angle.
The fin flaps also had a 13.5°/s maximum rotational speed
and + 15° maximum angle. The trim tabs were rectangular
with a 4.8-m span, 1.1 chord, 13.5°/s maximum rotational
speed, and — 15° maximum angle. The actuators offer lift
force at the price of drag and other degrading phenomena,
such as cavitation and turbulence. As mentioned, the T-foil
can produce both upward and downward forces, while the
trim tab can only generate an upward force. As such, the
T-foil plays the leading role in anti-vertical control, while the
trim tab plays a supplementary role in anti-vertical control.
The lift force is a function of the actuator angle o and the
fluid speed U given by (Esteban et al. 2005)

1
F, = zp(AT +Ap)Crr(ag, azp) U2

1
Fp= szFCLF(aF)UZ

" X 3)
My = EZTPATCLT(“T)U

1
Fp= EleAFCLF(aF)UZ,

where /- and I are the locations of the T-foil and trim tab on
the ship, respectively; C;and C; are the lift coefficients
of the T-foil and trim tab, respectively; o is the T-foil fin
angle of attack; o is the trim tab angle of attack; A; is the
area of the T-foil; A is the area of trim tab; p is the fluid
density; and U is the ship velocity. From the experiment, the
relationships between the fin angles and the T-foil/trim tab
lift coefficients are shown in Fig. 5. A sketch of the WPC
with T-foils and trim tabs is shown in Fig. 6.
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Fig.5 Relationships between fin angles and T-foil/trim tab lift coef-
ficients

The T-foil lift coefficient, C, , is a two-variable function
of a; and o and can be obtained by a regression analysis
(Thomas 1998) using experimental data.

Fig.6 Sketch of WPC with
RCS

The stability of the WPC with RCS is herein defined as:
after the WPC is disturbed by external or ride control forces,
it deviates from its original equilibrium position; when the
same force is canceled, the boat has the ability to return to
its original equilibrium state. We obtained an inequality with
data in this design:

leAFCLF(aFmaX)Uz + lppArCrp (aTrnax) U* <VGM Esmaxs

where a0 Armax> a0d & are the maximum angles of the
T-foil, trim tab, and pitch motion, respectively.

This means that the maximum moment generated by the
RCS cannot exceed the restore moment of the ship with a
maximum pitch angle—that is, the RCS will not affect the
stability of the hull.

4 H” controller design

4.1 Linear fractional transformation model
of the coupled heave/pitch motion
of a catamaran with T-foils and trim tabs

For the parameter perturbation system, it is generally consid-
ered that the uncertainty is linear with the coefficient matrix
of the state equation. However, the relationship between the
parameters and coefficient matrix of the state equation is not
linear in practical problems. Therefore, for general situa-
tions, the object model of the parametric perturbation system
is described by linear fractional transformation (LFT).
The closed-loop control system is described as
(M + A )8 + Cyp8 + Byyé + Ay E + Coils + By &y = Fe™ + F,

“

Uss + Asg)Es + Csg&s + Bosls + Al + Ciu 85 + Boyby = Fse™ + M,
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The space representation of the equation is

[ _a-1 _a-1 -1 -1
= | B TATC 4 | ]F(t) + [Al ]”(t)
IZXZ 2X2 O2><2 02><2
Ao M+ A ]
' Asz Is + As;
B B C C
B = | P33 5 0 co=|53 35
1 | Bs;  Bss ] [ Cs3  Css ]
y = Cx()
&0 &)
& ® &)
& & @

F() = [?z],u(t)z [AZ ]

u
&)
where x is the state vector, y is the output vector, u is the
input vector (total control forces and moments generated by
T-foils and trim tabs and need to be allocation and optimiza-
tion for T-foil and trim tab), F'is the disturbance vector, and
E and A are the coefficient matrix for the nominal system.
The state variables x; generated by control and x, gener-
ated by waves are separated as

-1 -1 -1
50 = [‘Al By =4, C‘]x1<r>+ [Al ]u(t)

12x2 02x2 02x2
) —A7B, —ATIC -l 6
x2<t>=[ i ‘]x2<r)+ A ]F(z) ©
22 2%x2 2%X2

y = Cx;(t) + Cx, ().

In this way, the output, y, of the system will become two
parts: the first is the pitch and heave value caused by the
stabilization device; the second is the pitch and heave value
caused by wave interference.

Let @ = Cx,(¢) be the interference. The system can then
be transformed into a non-singular standard control problem

, -A7'B, —AT'C A7
xl(t)=[ 11 ! 01 l]xl(t)+ [01 ]u(t)
2%2 2%2 2x2

(7N
y = Cx(?) + o.

Let ¢, = (A33’A35’A537A55)’ 9 = (333’335’353’355)’
q=(q1.9,). According to the state equation,
A(g) B(q)] .
M(qg) = . Thus, by means of factorization,
@ rcm) D(g) y
M(g) = F,(Py.A) where
(A33,A35,A53,A55,B33, 335’353’355)’ and

P, = [PMII PMIZ]'
Py1 Py

A = diag
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The perturbation range of the model coefficients is set as
20%, and A=F,(P,,A;) is obtained, where
As = diag(8,,8,, 85, 6,,65,6¢,67,84) , |6,/ <1, and
P, = LNT! PAnj_

Pror Paxp

A standard LFR of M(g) can be obtained by star product

calculation

M(8) = F,(P, As), (8)

where

FI(PA’PMII)

-1
P= . PAIZ(I_PMIIPAZZ) PM12 .
PM21 (I_PA22PM11) PAZI

Fu (PM’PAZZ)
4.2 Design of H™ controller based on p synthesis

A schematic diagram of the anti-vertical motion robust con-
trol system is shown in Fig. 7.

In the figure, W, is the performance weight function and
W, is the control weight function, which are determined
according to the physical meaning after repeated selection.

Because the actual WPC vertical motion control system is
highly complex and non-linear, the general method for con-
troller design is to transform it into a linear system under the
assumption of small disturbances. However, the disturbances
of this system cannot be treated as small. Therefore, it is
necessary to consider the effects of external disturbances,
parameter uncertainties, and unmodeled dynamics when
designing a controller based on linear systems. For this, u
synthesis is a powerful tool. It is not only mature in theory,
but also less conservative (Doyle 2002).

The aim of p synthesis is to find a controller, K, to mini-
mize p(M).

1
M = )
#a ) min{&(A)|A € A, det (I — MA) = 0} ®)
A s <

LFT matrix of
WPC vertical
motions P

vy

Y.
=

Anti vertical motions
robust regulator K

A

Fig.7 Schematic diagram of the anti-vertical motion robust control
system
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where 6(A) is the maximum singular value of A. If
we assume that M and A are stable, when A =0 and
det(/ — MA)=1+#0, the system is stable. With the
increase of 6(A), the continuity of the poles shows that
there must be an initial value of 6(A) = 1/u, (M) such that
det(/ — MA) = 0. It can be seen that the smaller the p, (M),
the larger the permissible perturbation range of the system.

Subsequently, the design was conducted using the
p-toolbox in MATLAB, and the p-synthesis controller of
the system was obtained using D-K iteration.

5 Decision-making system for T-foil and trim
tab

After obtaining the H*® anti-vertical controller, the output
forces and moments are generated by the two T-foils and
two trim tabs. Based on Eq. (3), the RCS three angle inputs
could be countless. As such, the optimization and allocation
of the control angles are proposed in this section. The T-foil
and the trim tab are independently. The energy consumption
that RCS turn its fins with can be the optimization target. To
achieve the minimum energy consumption, it is necessary to
first establish the driving energy model.

The angles of the T-foil fin, flap, and trim tab at k and
k+ 1 instant are a;(k), ap(k) and a;(k + 1), ap(k + 1), respec-
tively. The servo system driving moment of the T-foil and
trim tab is My, Mgy, and Mgy The driving energy of
the system from the k to k4 1 instant can be expressed as
follows:

ap (k1) agp (k1)
AJk+1) = / M(6)do +/ M pr(0)do
ar(k) agp (k)

ap(k+1)
+/ M,(0)do. (10)
ap(k)

When the T-foil fin turns, the servo system needs to over-
come four moments: My, generated by the hydrodynamic
force to the fin axis, My; produced by the fin speed changes,
the recovery moment My, and the friction moment M.
Based on the moment balance principle, the total moment
M can be obtained

My = —(Mpg +MTj + My, + MTf). (11)
My, is the main part of My,
1 oCyr
Mie=—5Ar5, Uarl,, (12)

where C,, is the T-foil torque coefficient and L, is the dis-
tance from the hydrodynamic point of action to the fin shaft.

My = —jo, (13)

where j is the moment of inertia of the fin around the shaft
and w is the angular acceleration.
My, = har, (14)

where £ is the recovery coefficient of the fin. The friction
moment My, is 10% of the other three moments:

My = 0.1 X (Mpp + MT]- + Mp). (15)

Similarly, it is easy to find the driving moment of the
trim tab, My

Mpr = —(Mpg + Mg + Mg, + M), (16)
where
1 aoC
Mpg = —5pAp 5 2 eyl (17)
ar
My = —jrop, (18)
Mp;, = hpag, (19)
MFf=0.1><(MFR+MFj+MFh). (20)

In summary, the expression of the system driving energy
model is obtained

arp(k+1)

1
AJk+1) = 5 PAL UL, / Cyr(0)d0 — (My; + My, + M)

ar(k)
X [ap(k+ 1) — ap(k)]

ap(k+1)

1 2
+ szFU L ,/mk)
X [apk + 1) — ap(b)]. 21

To get the T-foil angle ap(k+ 1) and trim tab angle
ap(k+ 1) with minimized energy consumption, we need to
optimize (a(k+ 1), ap(k+1)). The vertical righting force
and moment calculated by the controller are F(k+ 1) and
M(k+ 1), respectively, and the function of the distribution
rules of the T-foil and trim tab is to determine a;{(k+ 1) and
ap(k+1) for the k+ 1 instant. There are many methods for
parameter optimization, such as the simplex and gradient
methods. However, the simplex method easily falls to a
local optimal solution, and the gradient method can only be
used to continuous-differential performance index function;
hence, they are not suitable for our case. According to the
excellent convergence effect of the simple genetic algorithm
(SGA) (Deb and Goldberg 1989; Michalewicz 1996) and the
fast convergence speed of pattern search method (PSM), an
improved genetic algorithm combining the two is proposed.
The basic idea is to optimize the initial scheme using the
genetic algorithm of adaptive crossover operator and muta-
tion operator. The optimized scheme is then used as the ini-
tial scheme of the pattern search method for fast convergence
optimization, so that the global optimal solution with the
best effect and the highest efficiency can be obtained.

Cyr(0)d0 — My + My, + M)
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The genetic algorithm is generally applied to uncon-
strained optimization, so the penalty function P(X, y) is
used to transform the constrained problem into an uncon-
strained problem. The penalty function and corresponding
augmented fitness function are shown in formula (24).

N M
PX.p) =7 g,lhi<X>|+;|min[0,gj<X>]| o

minF(X,y) =f(X) + P(X,y).

In the formula, y is the penalty factor, /,(X) is the par-
tial function of equality, and g;(X) is the partial function of
inequality.

The pattern search algorithm is a direct optimization
method, which is easy to calculate and does not require
solving of the reciprocal of the objective function. It uses
local test information of search points to find the descend-
ing direction of the objective function and uses two search
methods—exploratory movement and pattern movement—to
reduce the number of iterations. Exploratory movement is
in the advantageous direction of axial detection and mode
movement is in the advantageous direction of accelerated
movement. The optimization effect of the pattern search
method is closely related to the convergence of the initial
solution of the algorithm it relies on, and the judgment of the
motor scheme is determined only by an increase or decrease
of the value of a single optimization variable, rather than a
change of the value of multiple optimization variables. As
such, it is difficult for the pattern search method to achieve
a global optimal solution. If the simple genetic algorithm
is used to obtain the initial solution and the pattern search
method is then applied, the optimization will be better.

For the minimum problem, the crossover operator, P, and
mutation operator, P, of the simple genetic algorithm are

P :{ Pcl’f/>favg
¢ (fmm _f/)Pcl /(fmln _favg)nf/ Sfa\/g

Pvl’f, >favg

(23)
P = .
Y { (fmln _f/)Pvl /(fm]n _favg)7f, Sfavg

In Formula (23), the values of P, and P, are between 0
and 1, f,,;, is the minimum fitness in the population, f,,, is
the average fitness in each generation, f is the smaller fitness
of two individuals to cross, and f'is the fitness of individu-
als to mutate. For the constrained allocation optimization
problem of the RCS, we can see from Formula (23) that the

search speed of the genetic operators is slow in the initial
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Fig. 8 Flowchart of the optimization model
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Fig.9 Structure block diagram of the system

stage of evolution, and it is easy to converge to the local opti-
mal solution in the later stage of evolution, and the evolution
algebra is independent of the crossover and mutation rates.
Therefore, the adaptive crossover and mutation rates must be
improved. The accuracy and efficiency of the crossover and
mutation rates of the genetic algorithm depend on the fitness
of the individual population. As such, when the fitness is
high, to reduce the probability of gene damage, individu-
als will adopt smaller crossover and mutation rates. When
the fitness is low, to ensure that the search area is enlarged,
individuals will adopt larger crossover and mutation rates.
Therefore, the operators of the improved genetic algorithm
are as follows:
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100 T T i i i Table 4 Vertical motion of WPC in irregular waves
Hee control
80 - PID control | | Ship speed (m/s)  SNN 3 4 5 6
eor 1 1.952 Pitch
40 - Naked hull 0.81 1.81 293 438
g 20l ﬂ ﬂ‘ With RCS 0.45 1.14 1.92 2.94
éf ‘ Motion reduction (%) 44 37 34 32
i 0 ‘ Heave
% 20t | Naked hull 022 049 078 128
[ With RCS 0.15 0.35 0.58 0.97
or | Motion reduction (%) 32 28 25 24
-60 7 2.469 SNN 3 4 5 6
80k i Pitch
l ‘ ‘ ‘ | I I | | Naked hull 0.71 1.72 2.84 427
e 50 100 150 200 250 300 350 400 450 500 With RCS 042 105 169 261
Time(s) Motion reduction (%) 41 38 40 38
Heave
15 T T T T T T T Naked hull 0.26  0.70 1.17 1.71
With RCS 0.17 045 0.79 1.12
Motion reduction (%) 34 35 32 34
3.086 SNN 3 4 5 6
Pitch
5101
8 Naked hull 0.81 1.76 3.04 445
6( With RCS 0.46 1.10 1.73 272
g Motion reduction (%) 42.71 37.55 42.86 38.88
‘g Heave
£ 5t Naked hull 0.31 0.74 1.22 1.81
With RCS 0.19 0.50 0.84 1.27
‘ Motion reduction (%) 38 32 30 29
‘ ‘ 3.704 SNN 3 4 5 6
J ‘ \ t I . Pitch
° 0 50 100 150 200 250 300 350 400 450 500 Naked hull 068 1.73 293 415
Time(s) With RCS 0.38 1.00 1.64 2.44
Motion reduction (%) 44 42 44 41
Fig. 11 Angles of the T-foils and trim tabs (signifi- Heave
cant wave height=3 m) Naked hull 031 074 128 214
With RCS 020 052 093 1.47
Motion reduction (%) 34 30 27 29
Pclhf, >favg
Pe=1q PaPo o < St 4 Latla o o ¢ The constraint conditions are
2 Jmin Ve 2 e
- (24) F,k+1)=Fp(ap, agp) + Fplagp)
thf/ >favg M, (k+ 1) = My(ay, arp) + Mp(ag)
P,=19 pP,-P, cos < S~fave + Pvl+Pv2’f/ <f : |aT(k+ 1)| < Ormax
2 Fmin e 2 "
L 0<aptk+1) < apmax (26)
ap(k+ 1) — ap(k) <
— Ar = Armax
The objective function is ap(k+1)— aF(k)‘ <y
minAJ(k + 1). 25) At - ormax

@ Springer

The population size was 100, T, was 0.4, and T4 was
0.8. The proportional selection, single point crossover, and
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basic bit mutation strategies were applied for optimization.
The ratio value was 0.25, and the initial crossover and muta-
tion values were 0.3 and 0.2, respectively. The termination
condition was set as the average fitness difference of five
successive generations less than 0.01. The optimization
flowchart is shown in Fig. 8.

6 Simulation and results

With the controller and optimization, a simulation of the
intelligent robust control system for the T-foil/trim tab for
the vertical motion of the ship was conducted. To reflect the
advance of the algorithm, we added a normal PD controller
in the simulation and compared it with the proposed control-
ler. The simulated sea condition was as follows: the sea state
number (SSN) was 5, the significant wave height was 5 m, the
wave direction was 180°, and the ship speed was 4.497 m/s.
Figure 9 shows a structure block diagram of the system prin-
ciple. Figures 10 and 11 show the simulation results.

Additionally, to conserve space, the experimental results
of other voyage conditions are given in Table 4. The experi-
ment was performed in the Harbin Engineering University
College of Automation’s towing pool. We used four differ-
ent SSNs and ship speeds to verify the feasibility of the
controller.

From the simulation results in Figs. 10 and 11, we can
see that the RCS could not only stabilize the vertical motion,
but also suppress the external disturbances and improve the
vertical motion performance. With the proposed control-
ler, the actuator reactions to the wave forces were evidently
faster than those with the normal PID controller and had
more reasonable allocation than with normal PID control.
The pitch and heave motions were both reduced effectively
with the proposed controller, and its anti-heave and anti-
pitch effects were superior to those of the PID controller.
The H® robust controller was used to design the joint control
system for the T-foils and trim tabs. The uncertainty of the
system model, the randomness of the disturbances, and the
driving energy of the RCS were considered such that the
anti-vertical motion effect and robust performance of the
system could be obtained, and the control signals were well
allocated to the RCS.

7 Conclusion

This paper presented a calculation method for the force/
moment generated by T-foils and trim tabs and established
an LFT model for WPC vertical motions with parameter
perturbation. After obtaining the closed-loop model, an H®
controller based on p-synthesis theory was designed. Due to

the multi-component composition of the RCS, a T-foil/trim
tab decision-making system was established by an improved
genetic algorithm with pattern search algorithm. From the
simulation results, it has a good effect on improving the ver-
tical motion performance of the ship and it can meet the
robust performance requirements of the system.
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