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estigation is conducted in order to identify a PID control loop feedback scheme able to return dynamic
ping characteristics in the application of high speed flying yacht hulls. An existing lumped paramete
y equations of motion is extended and implemented in combination with a regular basic ocean waves
ies and predict the overall performances of a specific engine-propelled flying yacht hull, both in calm
unsteady behaviour of six foiling/manoeuvring appendages is investigated, the hydrodynamic characte
enerated through the use of computational fluid dynamics methods (CFD) coupled with static/dynam
tion and hydrodynamics are solved numerically by explicit time-integration method. By comparison wit
results show the effects of the use of PID controllers in such dynamic systems in terms of seakeeping
entation.
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ical knowledge
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operating beneath
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the system over a

uency and Strouhal
Analysis (NFA) to
both plunging and
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utilizing a cut-cell,
ng to model the un-
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d as input in terms
s used to distribute
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le to describe com-
unsteady motions,

nd time consuming
ration and/or com-
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use of simple ana-
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e governed by the
ethod of hydrody-

sional modeling of
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so explored the ap-

passive and active
9] for example, the
the passive stabil-
foiler. The whole
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iling performances
nvestigated. In this
nce the seakeeping
rtical plane motion
mic characteristics
          

TION

Trailing edge-fixed reference frame
reference frame

d reference frame
onent/lifting surface of the yacht system

g yacht hulls and sailing foilers are known [28, 51,
high performances in terms of total encountered re-
ic stability and immunity to waves interference phe-
gh performances are the result of favourable cruising
he sea level, which lead to a considerable decrease
et surface. Good stability to external disturbances is
od designing of lifting surfaces, but sometimes this
expense of penalties in terms of handling qualities
amic performances [17, 29]. In real sea conditions,

rnal disturbances vary along with many factors, in-
eed, encounter direction of waves and sea state. The
s acting on a basic flying yacht hull during its mo-
mmarized into four main components: the lift, which

the sum of all the hydrodynamic forces (resulting
e motion) and the hydrostatic (buoyancy) forces of
es, the total weight of the yacht, the thrust produced
sails, and the total encountered resistance. The latter
decomposed into several different components being
n, cross-sectional area of the lifting surfaces, trans-

ensional effects, wakes interference phenomena and
tions [36]. When active control is used for dynam-
n, additional control force components are present in
motion, which are those needed for the deflection of

ces. The maximum value of the control forces and
ge rates are both constrained by limited capability of
d machinery limitations, this being a primary factor
fects the choice of the control method [50]. Conven-
s such as PIDs have been widely adopted [30, 14, 24]
namics augmentation and stabilization for ships and

these controllers do not belong to the optimal con-
48, 50, 9], they are used due to readiness in theoret-

d implementation, the basic concept relying only on
a measured system variable and not on a mathemat-
of the system itself [6]. However, the PID algorithm
tee an intrinsic control stability, and loop tuning/gain
ations are necessary when uncertain parameters or

rities are present in the dynamic system [24].
erall performances in terms of stability, encountered
ling qualities and dynamic behaviour, now avail-
models find application over a wide range of com-
racy, which extends from complete unsteady three-

merical codes [13, 20, 49, 10, 2] to quick-simple

field, for example, Chapin et al. [13] performed
tigation on a two-elements wingsail for high per
yachts. The study is based on a computational (
the flow around the wingsail by resolving Navie
Unsteady modeling is also used to characterize
and give good understanding of the flow physics
such configurations. In [20], Filippas et al. dev
boundary element method which is applied to th
lating non-lifting bodies and flapping hydrofoils
the free surface, and in the presence of incident
results include the lift and thrust coefficients of
range of motion parameters such as reduced freq
number. Fu et al. [23] used the Numerical Flow
model breaking waves around a ship, including
spilling breaking waves, the formation of spray, a
of air. NFA solves the Navier-Stokes equations
Cartesian-grid formulation with interface-capturi
steady flow of air and water around moving bo
surface representation of the ship hull is require
of body geometry, and domain decomposition i
portions of the grid over a large number of pro
though recent numerical codes [20, 27, 26] and c
ods (CFD, FVM and NFA) [13, 10, 18, 23] are ab
plex three-dimensional hydrodynamic fields and
they still require large computational resources a
in terms of geometry preparation, mesh-grid gene
putational domain distribution processes.

From the first half of the twentieth century onw
dynamic systems have been studied through the
lytical models. Fossati et al. [22] used a simple
model with the aim to reproduce unsteady sail
ing into account three-dimensional effects and un
interaction. In this study, the hull of the yacht is
gle point mass constrained to move on a surfac
equations of wave motion. In Matveev [37], a m
namic discrete sources is applied for two-dimen
stepped planing surfaces. The water surface de
hull lengths, and pressure distribution are also inc
lation. Previous published works [50, 29, 24] al
plication of classic and modern control theory to
stability of both propelled and sailing foilers. In [2
classic methods of flight dynamics are applied to
ity of a specific modern high performance sailing
system is returned to a six degrees of freedom (D
equations of motion are solved in the frequency
sight is gained by extracting the natural modes an
the linearization of the equations. In [50], the sa
of a twin hull (S-SWATH vehicle) in waves are i
study, a flapping foil stabilizer is proposed to enha
advantages of the vehicle in rough waves. A ve
control model is built and the unsteady hydrodyna

J
ur

na
l

ters models [29, 24, 22, 37, 42]. In the numerical of the flapping foil stabilizer are also investigated. In [24], an adapted
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3 MATHEMA 3
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2. Physical mo
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dynamic effects
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mances and uns
water condition
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the problem. Each
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se three linear and
ns of the problem.
ding edge of each
idered only, the re-
xed with respect to
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ype foils placed al-
gravity G, whereas
odes control (Fig.

ht system has a lo-
middle point Ai of
igid ([15, 16]) lift-
terized by its over-
Cb,i, Cx,i, Cy,i, Cz,i

, ξi, αo,i. Unsteady
r-surface deforma-
asses [11, 47] are
evaluations, then

physical model by
ts. The space-time
rs which are unique
stant both in space
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respective applica-

and the initial con-
odel utilizes basic
predict the tempo-

utput quantities for
n. The general un-
hree directions and
frame which is po-
ynamic system and
e G-fixed frame of
of moments and ro-
ed to be positive in
. 1. With respect to
ilibrium equations

ten as

·V
)

(1)

(2)
TICAL FORMULATION

sion based on PID control is implemented in a high
model to obtain active control on heave/pitch modes
tabilities at the high-speed ranges.
the now available CFD, NFA and numerical codes,

parameters models are still largely used due to their
uickness, although their inaccuracy and limited range
[42, 38, 39]. Axiomatic assumptions and restric-
ic in the use of this type of models: lumped pa-

lation is not suitable for capturing complex three-
nomena such as free water-surface deformation and
ion-interaction involved in a system of lifting sur-
steady motion. From the point of view of active

grees of freedom models give poor insight into un-
upled dynamic modes and control forces [29, 50, 24],

other basic aspects of interest such as minimum
egimes and relative deviation (errors) from desired
te-time evolutions are involved. Different extensions
ed necessary to take into account such aspects, lead-

re rigorous and complex formulations. In view of
utcome of the present work is to investigate on the
active PID control scheme for a specific engine-

hull, which is able to return dynamics augmentation
akeeping characteristics through the control of six
ring appendages over a specified range of cruising

ion power) and sea-water conditions. In particular, it
to conduct a numerical investigation on the minimum
anges and control force gains which are necessary to
g control/hydrodynamic performances. For the sake
ped parameters model presented in [5] is extended
g surface system in conjunction with a PID control
cheme. In the next section, the physical and mathe-
f the problem will be developed and particularized to
acht hull. Due to lack of (ad hoc) experimental data
ments, numerical CFD simulations of the test yacht
, the results being collected and implemented in the
tion. It is shown that the present formulation is able
dynamics and seakeeping performances of the aug-
acht system, the results of the model being in good
the CFD numerical measurements over the specified
g speeds.

del and assumptions

t work an extension of the lumped parameters model
is developed and used in order to capture the main
of a PID control system on a specific high speed fly-
Fig. 1) for a given set of parametric quantities and
s. To be in line with the authors’ goals, main ef-
could be stability augmentation, seakeeping perfor-
teady rigid body dynamics both in calm and rough-
s. The yacht dynamic system is returned to a six de-

angular displacement variables are unknowns of
foiling and manoeuvring appendage is in turn re
grees of freedom point (Fi) of weight mi g, who
angular displacement variables are also unknow
In the present paper, the rotation around the lea
foiling and manoeuvring appendage will be cons
maining degrees of freedom being considered fi
the G-XBYBZB frame of reference. Furthermore,
rolling dynamic modes will be mostly affected
trolled torque around the leading edge of four J-t
most symmetrically with respect to the center of
two aft vertical rudders will be used for yawing m
1 and Fig. 3). Each i-th component of the yac
cal frame of reference Ai-XAiYAiZAi placed at the
the respective trailing edge, and is treated as a r
ing surface of finite thickness/span entirely charac
all dimensions Li, Bi, Hi, hydrostatic parameters
and hydrodynamic coefficients Cdx,i, Cdy,i, Cdz,i
three-dimensional phenomena such as free wate
tion, wakes propagation/interaction and added m
first estimated through the use of numerical CFD
space-time averaged and implicitly treated in the
augmentation of basic hydrodynamic coefficien
average process leads to hydrodynamic paramete
for each component of the yacht system but con
and time. Load, lift, resistance and thrust are tr
quantities and concentrated forces acting on their
tion point as depicted in Fig. 1.

3. Mathematical formulation

When all the components of the yacht system
ditions of the problem are defined, the present m
unsteady motion and hydrodynamic equations to
ral evolution of all state variables and related o
a given thrust, load and center of gravity locatio
steady motion equations of a rigid body in the t
rotations are written with respect to a reference
sitioned on the center of gravity of the whole d
which is stationary with respect to it. This is th
reference G-XBYBZB. Where not specified, signs
tations follow the right-hand rule and are assum
the counterclockwise direction as depicted in Fig
the G-XBYBZB reference frame, the unsteady equ
in the three directions and rotations could be writ

T+R+S+P = m
(

dV
dt

+ϖ(ω)

M = I · dω
dt

+ϖ(ω) · I ·ω

J
rn

a

m point (G) of weight mg, whose three linear and , where
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3 MATHEMA 4

M =




Xi
Yi
Zi


=

and the total
dynamic (R) an
V= [Vx,Vy,Vz]
tors of the yach
[ui,vi,wi] are th
tor relative to th
nents could be w

·GFi)−

E)

(12)

βi]
T ·AiFi (13)

(14)

dynamic force act-
trical foil sections,
nearly constant at a
the lifting surface.
position along the

ending both on the
ength. This excur-
tion. In the present
applied to the case

etry and XBYBZB as
rite the whole sys-
an extra set of six

rections. This leads
the 1st order in the
, yE , zE . This extra

use of the following

ω (15)
TICAL FORMULATION

Figure 1: System of forces acting on the yacht hull.

∑
i

xTB,i×T+∑
i

xDB,i×R+∑
i

xBB,i×S (3)

T = ∑
i

r[δϕi,δαi,δβi]
T · [Tmax,0,0] (4)

P = r[φB,θB,ψB] · [0,0,mg] (5)

S = ∑
i

r[φB,θB,ψB] · [0,0,−ρw gΓi] (6)

R = ∑
i

r[δϕi,δαi,δβi]
T · [Xi,Yi,Zi] (7)




X f ,i
Yf ,i
Z f ,i


+




Xd,i
Yd,i
Zd,i


+ r[0,αi,βi] ·




Di
Ci
Li


 (8)

ϖ(ω) =




0 −rB qB
rB 0 −pB
−qB pB 0


 (9)

αi = arctan
(

wi

ui

)
(10)

βi =−arctan
(

vi

ui

)
(11)

hydrodynamic force has been splitted into its two
d static (S) components. In the above equations,
and ω = [pB, qB, rB] are the inertial velocity vec-

t system in the G-XBYBZB reference frame, whereas
e Ai-XAiYAiZAi components of the local velocity vec-
e atmosphere. For the i-th appendage, these compo-




ui
vi
wi


= r[δϕi,δαi,δβi] · (V+ϖ(ω)

−r[δϕi,δαi,δβi] · (r[φB,θB,ψB] ·W
where

GFi =−




Lcg
Bcg
Hcg


 +AAi + r[δϕi,δαi,δ

AAi = [xi, yi, zi]A

and AiFi is the application point of the hydro
ing on the i-th appendage. For thin and symme
this application point could be assumed [1] to be
distance of about 0.75Li from the trailing edge of
For thin and low-camber sections, AiFi varies its
chord of the hydrofoil, the excursion range dep
relative incidence of the surface and its wetted l
sion will be further discussed in the next 3.3 sec
study, the moment equilibrium equations will be
of a flying yacht with XBZB as a plane of symm
principal axes. For convenience, it is useful to w
tem of equations in the state form by introducing
cinematic equations in both linear and angular di
to a single set of twelve differential equations of
state variables Vx, Vy, Vz, φB, θB, ψB, pB, qB, rB,xE
set of equations could be constructed through the
cinematic relationships

d
dt

[φB,θB,ψB] = R [φB,θB,ψB] ·

d T

ritten as dt

[xE ,yE ,zE ] = r[φB,θB,ψB] ·V (16)
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3 MATHEMA 5

, which have b
inertial earth-fix
following rotati

r[[All,1]] =

r[[All,2]] =

R [φB,θB,ψB]

A more extensiv
tions could be
(1), Eq. (2), Eq
ables which are
gration scheme
value problems
tion about the m
equations, the p
for the hydrody
and the PID con

3.1. Hydrodyna

The lift acting
tinct componen
ing surface and
ume under the f
different behavi
ber range [42]: a
order of magnit
are increased, t
the dynamic lift
the static one. F
that for lifting s
could be expres
lowing form

cL(

, the related lift

i,Li,Bi) (22)

i,Li,Hi) (23)

n Eq. (21) has been
and free-water sur-
the i-th lifting ap-
will be arbitrarily
cht system in order
numerical data.

lifting surface dur-
to several different
ectional area of the
ke profile and sea-
ynamic drag force
four main compo-
ary resistance. The
gh the use of semi-
ary term is treated
f a correction fac-
(Cdx,i, Cdy,i, Cdz,i).
n the present paper
rameters within the
frame of reference

istance components
aluated through the

cy,iLiHi)
cx,iBiHi)
cx,iBiHi)


 (24)

,i

,i

,i


 (25)

iLiBi

B2
i

c2
L

)
(26)

ith the ITTC 1957
ynamic coefficients
ed value obtained
TICAL FORMULATION

een written in a convenient way by introducing an
ed frame of reference E-XEYEZE and by using the

on matrices




cos(θ)cos(ψ)
sin(φ)sin(θ)cos(ψ)− cos(φ)sin(ψ)
cos(φ)sin(θ)cos(ψ)+ sin(φ)sin(ψ)


 (17)




cos(θ)sin(ψ)
cos(φ)cos(ψ)+ sin(φ)sin(θ)sin(ψ)
−sin(φ)cos(ψ)+ cos(φ)sin(θ)sin(ψ)


 (18)

r[[All,3]] =




−sin(θ)
cos(θ)sin(φ)
cos(θ)cos(φ)


 (19)

=




1 sin(φB)tan(θB) cos(φB)tan(θB)
0 cos(φB) −sin(φB)
0 sin(φB)sec(θB) cos(φB)sec(θB)


 (20)

e description about the derivation of the above equa-
found in [19]. The system obtained by joining Eq.
. (15) and Eq. (16) has twelve unknown state vari-
herein evaluated numerically by an explicit time inte-
based on the Runge-Kutta method for solving initial
. The reader is referred to [34] for further informa-
ethod. Before proceeding with the integration of the
roblem must be closed by adding explicit formulas
namic coefficients, the water-air medium properties
trol system.

mic lift

on a lifting surface could be separated into two dis-
ts: the dynamic reaction of the fluid against the mov-
the static buoyant contribution of the displaced vol-
ree-water surface. The dynamic lift component has
ors depending on cruising speed and/or Froud num-
t lower speed regimes, the dynamic lift component is

ude smaller than the buoyant component. As speeds
ransition or planing regime may occur [43, 42] and
component could be the same order or greater than
rom the classic aerodynamic theory [35] it is known
urfaces of finite aspect-ratio, the lift force coefficient
sed as a function of the relative incidence in the fol-

αi,Li,Bi) =


 2π

1+2 Li Bi
B2

i
ξi


(αi−αo,i) (21)

Li =−
1
2

ρi
(
u2

i + v2
i +w2

i
)

cz,iLiBicL(α

for the ZAi-direction, and

Ci =+
1
2

ρi
(
u2

i + v2
i +w2

i
)

cy,iLiHicL(β

for the YAi-direction. The parametric quantity ξi i
introduced to take into account three-dimensional
face effects which are related to the real form of
pendage [3, 32]. In this work, the value of ξi
chosen and assigned to each component of the ya
to obtain good agreement with the available CFD

3.2. Hydrodynamic drag

The total encountered resistance acting on a
ing its motion in water could be decomposed in
components which are related to friction, cross-s
surface, transverse three-dimensional effects, wa
water conditions. In this study, the total hydrod
acting on a lifting surface is decomposed into
nents, namely, frictional, form, induced and residu
first three components are treated explicitly throu
empirical formulas [35, 36], while the last residu
implicitly in the formulation through the use o
tor (ξi) and corrected hydrodynamic coefficients
CFD simulations have been conducted and used i
in order to give an estimation of the correction pa
speed range of interest. With respect to the local
Ai-XAiYAiZAi, the frictional, form and induced res
for the i -th lifting surface could be respectively ev
use of the following expressions [36, 35]:




X f ,i
Yf ,i
Z f ,i


=




ρiu2
i c f (ρi,µi,ui,Li)(cz,iLiBi +

ρiv2
i c f (ρi,µi,vi,Bi)(cz,iLiBi +

ρiw2
i c f (ρi,µi,wi,Hi)(cy,iLiHi +




Xd,i
Yd,i
Zd,i


=




1
2 ρiu2

i (cx,iBiHi)Cdx
1
2 ρiv2

i (cy,iLiHi)Cdy
1
2 ρiw2

i (cz,iLiBi)Cdz

Di =−
1
2

ρi
(
u2

i + v2
i +w2

i
)

cz,iLiBi

(
cz,

π

, where c f is the friction coefficient calculated w
Model-Ship Correlation Line [33] and the hydrod
Cdx,i, Cdy,i, Cdz,i are replaced by their averag

J
r

forces being through CFD computations within the analyzed speed range.
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3.3. Center of p

It is shown in
of pressure of p
hydrodynamic l
of pressure of th
to 75 percent o
conventional pl
position of the a
nearly constant
of the transom.
expression for t

cp

, where cp,i is t
som to the cente
present paper, th
is calculated thr
Γi under the fre
ponent is taken
Lw,i according to

3.4. Multiphase

The present f
used to comput
surfaces of the
mass density an
ties over each li
application poin

With referenc
the mass densit
medium could b

where




|
)|
|
)|
)|
)|




(32)

)T ·AAi
0,0]
−Hi]
,−Hi]
5Bi,0]
.5Bi,0]

i,−Hi]
Bi,−Hi]




(33)

(34)

(35)

βi] is the deflection
ve elevation which

formulation to the
n the present study,
use of regular basic
the phase speed cw.
z(x,y,z)] associated
] by the following
t to the earth-fixed
of frequency ωw:

x+ωwt
)

x+ωwt
)




(36)

(37)

. The two parame-
TICAL FORMULATION

ressure

[42, 45] that the longitudinal position of the center
laning surfaces could be evaluated by separating the
ift contribute from the hydrostatic one. The center
e dynamic lift component is taken to range from 33

f the mean wetted length forward of the transom of
aning surfaces. On the other hand, the longitudinal
pplication point of the buoyancy force is found to be
at the 33 percent of the mean wetted length forward
Savitsky suggested [42] the following semi-empirical
he total center of pressure excursion:

,i = 0.75− 1

5.21
(

ui√
gLw,i

)2
Bw,i
Lw,i

+2.39

(27)

he ratio of the longitudinal distance from the tran-
r of pressure divided by the wetted length Lw,i. In the
e application point of the buoyancy force component
ough the geometric centroid of the displaced volume
e-surface level, while the hydrodynamic force com-
to range from 33 to 75 percent of the wetted length
Eq. (27).

model

ormulation is based on a multiphase model which is
e the hydrodynamic forces acting on all the lifting
analyzed yacht system. Medium properties such as
d dynamic viscosity are treated as integrated quanti-
fting surface and are functions of the position of the
t where the hydrodynamic forces act.
e to Fig. 2 and for the i-th lifting surface of the yacht,
y and dynamic viscosity properties of the water-air
e written as

{
ρi = γi ρw +(1− γi)ρa
µi = γi µw +(1− γi)µa

(28)

γi =
Sw,i

cx,i Bi Hi + cy,i Li Hi + cz,i Li Bi
(29)

Sw,i = cx,i Sx,i + cy,i Sy,i + cz,i Sz,i (30)

Sx,i
Sy,i


=




1
2 (Hdmw,i +H pmw,i)Bw,i

1
2 (Hdw,i +H pw,i)Lw,i


 (31)




Lw,i
Bw,i

Hdw,i
H pw,i

Hdmw,i
H pmw,i



=




| f (EAi)− f (EA1,i)

|sin(θB+δαi)|
| f (EO2,i)− f (EO4,i
|sin(φB+δϕi)|
| f (EAi)− f (EA3,i)

|cos(θB+δαi)|
| f (EA1,i)− f (EA2,i
|cos(θB+δαi)|

| f (EO2,i)− f (EP2,i
|cos(φB+δϕi)|

| f (EO4,i)− f (EP4,i
|cos(θB+δϕi)|




EAi
EA1,i
EA3,i
EA2,i
EO2,i
EO4,i
EP2,i
EP4,i




=




EG− r(ΩB)
T ·AG+ r(ΩB

EAi + r(ΩB +δi)
T · [Li,

EAi + r(ΩB +δi)
T · [0,0,

EAi + r(ΩB +δi)
T · [Li,0

EAi + r(ΩB +δi)
T · [0,0.

EAi + r(ΩB +δi)
T · [0,−0

EAi + r(ΩB +δi)
T · [0,0.5B

EAi + r(ΩB +δi)
T · [0,−0.5

f (x) = η(x)U(η(x))

η(x) = x[[3]]−ξ (x)

, U(x) is the unit-step function, δi = [δϕi,δαi,δ
vector of the i-th lifting surface and ξ (x) is the wa
will be discussed in the next section.

3.5. Rough-water model

This section extents the above mathematical
case of yacht motion in rough water conditions. I
rough water conditions are simulated through the
ocean waves [41] moving in the XE -direction at
The velocity field WE = [Wx(x,y,z),Wy(x,y,z),W
with this type of waves could be described [41
scalar components, which are written with respec
reference frame E-XEYEZE and for a single wave




Wx
Wy
Wz


=




−Aw
2 ωw

cosh
(

2π
λw

(−Hw+z)
)

sinh
(
− 2π

λw
Hw

) cos
(

2π
λw

0

−Aw
2 ωw

sinh
(

2π
λw

(−Hw+z)
)

sinh
(
− 2π

λw
Hw

) sin
(

2π
λw

where

ωw =

√
g

2π
λw

tanh
(

2π
λw

Hw

)

is the wave frequency for a fixed ocean depth Hw
Sz,i Lw,i Bw,i ters λ w and Aw are respectively the wavelength and the height of the
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F gure.

wave. It is show
with the velocity
use of the follow

, this being equi
of those obtaine
sumed here that
ness at the water
and placed at th

3.6. Yacht contr

This section o
ical aspects of t
in the analyzed
considered cont

is satisfied for a
from the desire
evolution which
an initial state X
through the use
speed regimes a
particular, it is
over a specified

(40)

ere that the total lift
lation could gener-
is is especially true
ions out of symme-
erms of the r.h.s. of
he two sides of Eq.
ws that a minimum

)
(41)

th foiling and con-
of the appendages

gence [1, 7, 13]. In
all the angular dis-
lifting surfaces are

deflections being

(42)

s

max))+ (43)
TICAL FORMULATION

igure 2: Multiphase model applied to each lifting surface of the yacht system. Application for the hull component only shown in fi

n [41] that the free-water surface elevation associated
field of Eq. (36) could be approximated through the
ing harmonic function

ξ (x)≈ Aw

2
ωwcos

(
2π
λw

x+ωwt
)

(38)

valent to considering sinusoidal wave profiles instead
d by direct integration of Eq. (36). Moreover, it is as-
there is no slip-velocity and/or boundary layer thick-
-air interface, this being considered of zero thickness
e wave elevation ξ (x).

ol and PID closed loop feedback scheme

f the paper presents the synthesis and the mathemat-
he PID control scheme which has been implemented
flying yacht model. In this study, a state X(t) will be
rolled if the relation

Max
(∣∣∣∣

X(t)−Xd

Xd

∣∣∣∣
)
≤ εo (39)

ll t ≥ ∆t, where εo is an arbitrary deviation (error)
d state Xd and ∆t is the minimum time of dynamic
is necessary to reach steady conditions starting from
o. Due to the fact that the desired states are reached

of foiling and manoeuvring appendages, relative high
re necessary to make lifting surfaces effective. In

authors’ interest to conduct numerical investigation

∑
i

Li ≥ mg

is satisfied for all t ≥ ∆t. It has to be underlined h
force included in the present mathematical formu
ally exceed the total weight force of the yacht. Th
when either unsteady transitional regimes or mot
try plane are involved: in both cases, the inertial t
Eq. (1) become explicit in Eq. (40). Equating t
(40) and substituting Eq. (22) in Eq. (40), it follo
cruising speed of

Vmin =

√
mg

∑i
1
2 ρicz,iLiBicL(δmax

is a necessary condition for the yacht to obtain bo
trol, δmax being the maximum allowed deflection
before hydrodynamic stall and/or cavitation insur
the present formulation, a saturation threshold for
placement variables δi has been introduced when
controlled by the PID control system, maximum
limited according to the relation

δi = F(δi)

where F is a clip-function which is here defined a

F(δi) = δiU (δi +δmax)(1−U (δi−δ

speed range where the relation δmaxU (δi−δmax)+δmax (1−U (δi +δmax))
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Figure 4: PID close
tem.

and U is the un
flections δi are
amplitude of the

As already m
tion of the 6-Do
(15) and Eq. (16
for all foiling/m
control.

With referen
ing appendages
dynamic modes
the two manoeu
yawing modes.
ing yacht mode
vring appendag
fixed to the XAi
paper, each foi
dynamic subsys
factor ci, all pa
nal matrices m
δ = [δα f oil1,δ
DoFs to be adde
reference frame
both ZAi (foiling
for all the appen

mδ ·
(

rδ · δ̈
)
+

where rδ = [.
dynamic forces
a dimensionless
trol loop feedba
could be expres

fδ = Kp · (Xδ −

where Xδ is the

rlined here that the
sual) and improves
cting its behaviour.
trol function might
wing discrete form

·∆[Xδ −Xd ] (46)

(47)

t
(48)

gral operators, re-
ty N is the number
computation cycle,
thermore, the state
ts of the controlled
as to be underlined

s could be ready to
ear state variable zE
timated) indirectly.
δ −Xd is not zero
ent during the mo-
iling/manoeuvring

the external distur-
ed state. Where not
llow the right-hand
clockwise direction
for the case of lon-
e error is present, a

yacht to minimize
foiling appendages
pplies to the lateral
uctures for the PID
to the arrangement

+ap,z
+ap,z
+ap,z
+ap,z

0




(49)
TICAL FORMULATION

d-loop (positive) feedback scheme used for the present yacht sys-

it-step function. This implies that the angular de-
not allowed to exceed the value δmax, whatever the
control forces is.

entioned above, before proceeding with the integra-
F system obtained by joining Eq. (1), Eq. (2), Eq.
), the problem must be closed by adding extra DoFs

anoeuvring appendages and explicit formulas for PID

ce to Fig. 3, the deflections δαi of the four foil-
are herein used to control the pitching and rolling
of the flying yacht, whereas the δβi deflections of
vring appendages are used to control the dynamic
It has to be underlined that in the analyzed fly-

l there is no relative motion between the manoeu-
es and the aft propellers, the thrust vector Ti being

axis for i equal to rud1 and rud2. In the present
ling and manoeuvring appendage is returned to a
tem of mass mi, spring constant ki and damping
rameters being collected in their respective diago-

δ , kδ and cδ . The angular displacement variables
α f oil2,δα f oil3,δα f oil4,δβrud1,δβrud2] are the extra
d in the yacht system. With respect to the i-th local
Ai-XAiYAiZAi, the unsteady equilibrium equations in
) and YAi (manoeuvring) directions could be written
dages and collected as follows

cδ ·
(

rδ · δ̇
)
+kδ · (rδ ·δ ) = Gδ fδ +[Zi, ...,Yi] (44)

..,AiFi[[1]], ...] is the application point of the hydro-
(Zi,Yi), fδ is the vector of the control forces and Gδ is
global gain for the PID control system. For the con-
ck scheme [6] of Fig. 4, the overall control function
sed in time domain as

Xd)+Kd · Ẋδ − Ẋd
)
+Ki ·

� t

0
(Xδ −Xd)dt (45)

and Xd is the final desired state. It has to be unde
derivative action in Eq. (45) is ideal (i.e. not ca
settling time and stability of the system by predi
Hence, an approximation of the overall PID con
indeed be necessary. In the present paper, the follo
of Eq. (45) will be implemented:

fδ ≈Kp · (Xδ −Xd)+Kd ·
∆(Xδ −Xd)

∆t
+Ki

, where

∆X(t)
∆t

=
X(t)−X(t−∆t/N)

∆t/N

∆[X(t)] =
N

∑
i=1

(
X
(

t− i
∆t
N

))
∆
N

are the discrete forms of the derivative and inte
spectively. In Eq. (47) and Eq. (48), the quanti
of iteration steps (or subdivisions) within the 1-st
which will be discussed in the next section. Fur
variables φB, θB, ψB and zE will be the componen
state vector Xδ . From a practical point of view, it h
here that while the three rotational state variable
be measured providing gyroscope sensors, the lin
is not directly measurable and must be read (or es
From a physical point of view, if the difference X
due to the fact that external disturbances are pres
tion of the yacht, control forces must deflect the fo
appendages accordingly, in order to counteract
bances and minimize the deviation from the desir
specified, the signs of moments and rotations fo
rule and are assumed to be positive in the counter
as depicted in Fig. 1, Fig. 2 and Fig. 3. Hence,
gitudinal stability control, if a positive trim angl
negative pitching moment must be exerted on the
the error, the respective deflections of the fore/aft
being opposite in sign. The same procedure also a
stability control, leading thus to the following str
gain matrices, which will be here used according
of the appendages in the analyzed yacht model:

Kp = kp




+ap,φ −ap,θ 0
−ap,φ −ap,θ 0
+ap,φ +ap,θ 0
−ap,φ +ap,θ 0

0 0 +ap,ψ

J
rn

a

vector of the state variables which must be controlled 0 0 +ap,ψ 0
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Figure 3: Reconstru PID control also shown
in figure.

Kd =

Ki

where [kp,kd ,

relative signs being
this study, manual

t dynamic response
he time interval ∆t
l criteria (Eq. (39))
pective gain matri-

ing unsteady equa-
n [5] will be imple-
me is based on two
spectively. A total

l time must be large
state conditions. In
conds was found to
l the cruising speed
(6+4)-DoFs system
, Eq. (16) and Eq.
ration based on the
ontrolled time step
find more specific

ty in [34, 25, 21].
blem is first calcu-
ch step (i.e. when
tal interval of time
-st cycle scheduled
L EVALUATIONS

cted CAD model of the flying yacht. Curvatures are corrected through the approach discussed in [12]. Appendages deflections for

kd




+ad,φ −ad,θ 0 +ad,z
−ad,φ −ad,θ 0 +ad,z
+ad,φ +ad,θ 0 +ad,z
−ad,φ +ad,θ 0 +ad,z

0 0 +ad,ψ 0
0 0 +ad,ψ 0




(50)

= ki




+ai,φ −ai,θ 0 +ai,z
−ai,φ −ai,θ 0 +ai,z
+ai,φ +ai,θ 0 +ai,z
−ai,φ +ai,θ 0 +ai,z

0 0 +ai,ψ 0
0 0 +ai,ψ 0




(51)

ki] = [2.5, 25, 0.5] are dimensionless quantities and



ap,φ
ap,θ
ap,ψ
ap,z


=




20N/rad
25N/rad
2N/rad
2N/m


 (52)




ad,φ
ad,θ
ad,ψ
ad,z


=




10N/rad/sec
25N/rad/sec
2N/rad/sec
4N/m/sec


 (53)




ai,φ
ai,θ
ai,ψ


=




5N/rad ∗ sec
12.5N/rad ∗ sec

2N/rad ∗ sec


 (54)

are the respective gains of the PID matrices, the
chosen according to the above considerations. In
loop tuning operations are performed until yach
returns satisfying control qualities within both t
and the speed range of interest. Once the contro
are met, all the parameters are collected in the res
ces and used in the numerical evaluations.

4. Numerical evaluations

To perform a parametric study of the forego
tions of motion, the numerical scheme presented i
mented in the present work. The numerical sche
computation cycles of N and n iteration steps re
evolution time ∆t is chosen a-priori. This interva
enough to ensure that the solution reaches steady
the present study, a total evolution time of 25 se
be sufficient large to yield steady calculations at al
values. During each step of the two cycles, the
obtained by joining Eq. (1), Eq. (2), Eq. (15)
(44) is solved numerically by explicit time integ
Runge-Kutta method [34, 25, 21]. A dynamic c
size is used in this method and the reader could
information about the solution control and stabili

The solution of the unsteady hydrodynamic pro
lated N times in the 1-st cycle. At the end of ea
the dynamic response of the system covers the to
∆t/N), input parameters are updated following a 1
ai,z 5N/m∗ sec table of values. The 1-st computation cycle ends as soon as the total
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evolution time ∆
applies to the 2-
ing updated foll
end of each cyc
for post-process
culated a total o
computation cy
solution, the 2-
studies on the d
number of N =
found to be suf
ture yacht dynam
steps varying ac

5. Validation

To establish
validation analy
qualitative comp
formulation and
tance, trim and
ditions with mo
lected for the va
formed for a pa
specific cruising
sults for variab
are to be consid
Overall dimensi
model are listed
sections [1] hav
ticular NACA-4
appendages res
δmax = 12° has
order to avoid n
insurgence [1, 7

Steady mean
component of t
[10, 13] with si
Hydrodynamic
with in-plane m
and dynamic-m
the standard k−
the turbulence o
set according to
flying yacht mo
sidered at rest c
being collected
thrust vectors ar
the quantity Tma
the yacht cruisin

The yacht sy
motion instabili

t model.

l2,4 rud1,2

2 0.65
0 0.08
6 0.83
5 250
0 0.00
06 2.5e06
3 0.65

.15 ±1.20
1 0.49
7 0.00
r. 0.00
0 var.
5 0.65
0 1.00
4 1.00
0 0.64
0 0.48
6 1.15
5 0.86
0 0.50

00 0.00

f δαi ≥ 6°. In test
ominal incidences,

∀t ≥ 0 (55)

∀t ≥ 0 (56)

be underlined here
alues of maximum
er through the trim
ic incidence of the

ax (57)

umerical measure-
. Although its basis
ons, the model has
sponding compari-

he output quantities
gure, the trends in

s are well captured
/quantitative agree-
N

t is fully covered. Subsequently, the same procedure
nd cycle with n iteration steps, input parameters be-
owing a 2-nd cycle scheduled table of values. At the
le, a vector of the desired output variables is stored
ing operations. The solution of the problem is cal-
f N x n times. In the present study, while the 1-st

cle is used for explicit time integration of the system
nd computation cycle is used to conduct parametric
ynamic response of the system itself. An averaged

10000 subdivisions for the temporal evolution ∆t was
ficient large to reach solution convergence and cap-

ics in a satisfactory manner, the 2-nd cycle iteration
cording to the parametric studies requirements.

the reliability of the present mathematical model, a
sis is performed. Validation analysis consists of a
arison between the results obtained with the present
available CFD numerical data. Numerical resis-

elevation measurements at control open-loop con-
tion in the longitudinal plane of symmetry are se-
lidation of the present results. The validation is per-
rticular test flying yacht model (Fig. 3) and within a

speed range, i.e. from 20 knts up to 50 knts. Re-
les outside the validation range are also shown and
ered as an extrapolation of the present formulation.
ons and parameters of each component of the yacht
in Table 1 for convenience. Standard NACA series

e been used here for all the lifting surfaces, in par-
412 and NACA-0012 for foiling and manoeuvring

pectively. For this type of foil sections, a value of
been chosen as a maximum allowed deflection in
on-linearities, hydrodynamic stall and/or cavitation
, 13].
values for the hydrodynamic coefficients of each

he test yacht are estimated using RANSE method
ngle-phase model and static-mesh scheme [49, 40].
performances of the yacht system at foiling mode
otion are estimated with both multiphase VOF model
esh scheme [31, 46]. In all the CFD computations,

ε model [10] has been implemented for modeling
f the flow. Test conditions of present formulation are
the CFD numerical measurements and for the same

del. Where it is not specified, the test model is con-
onditions when t = 0sec, the steady output quantities
after a time interval of ∆t. Moreover, the two aft
e fixed in magnitude during each temporal evolution,
x following a scheduled table of values according to
g speed requirements.
stem presented and analyzed in this paper showed

Table 1
Geometric/hydrodynamic parameters of the test flying yach

Component

Parameter hull leg1,3 f oil1,3 leg2,4 f oi

Li (m) 15.00 0.52 0.52 0.52 0.5
Bi (m) 4.16 1.49 1.00 1.80 1.0
Hi (m) 2.09 0.06 0.06 0.06 0.0
mi (kg) 8500 125 125 125 12
ki (N/m) - 0.00 0.00 0.00 0.0
ci (N/m/s) - 2.5e06 2.5e06 2.5e06 2.5e
xA,i (m) 0.00 9.68 9.68 2.53 2.5
yA,i (m) 0.00 ±0.74 ±1.89 ±0.86 ±2
zA,i (m) 0.00 0.30 0.27 0.18 0.3
δϕi (°) 0.00 ±21 ±32 ±21 ±2
δαi (°) 0.00 var. var. var. va
δβi (°) 0.00 0.00 0.00 0.00 0.0
cb,i (-) 0.75 0.65 0.65 0.65 0.6
cx,i (-) 0.72 1.00 1.00 1.00 1.0
cy,i (-) 0.89 0.64 0.64 0.64 0.6
cz,i (-) 0.47 1.00 1.00 1.00 1.0
Cdx,i (-) 0.75 0.10 0.10 0.10 0.1
Cdy,i (-) 1.11 0.86 0.86 0.86 0.8
Cdz,i (-) 1.23 1.15 1.15 1.15 1.1
ξi (-) 0.00 1.50 1.50 1.50 1.5
αo,i (-) 0.00 -4.00 -4.00 -4.00 -4.

speed range of Vx ≥ 35 kts and for deflections o
conditions, all lifting surfaces are locked at their n
which are chosen so that

δαi =

{
0° i f Vx ≥ 35 kts

δαmax = 6° otherwise

δβi =

{
0° in− planemotion
−2° otherwise

in order to avoid the motion instabilities. It has to
that δαmax and δ max are actually two different v
allowed deflections, which are related to each oth
attitude of the yacht system and the hydrodynam
lifting surfaces in the following manner:

δ max = δαmax +(θB)max +(αi)m

Fig. 5 shows a comparison between CFD n
ments and results obtained with the present model
on lumped parameters and simplifying assumpti
shown good agreement with the results, the corre
son errors being between 1.5 and 33 percent for t
within the specific speed range. As reported in fi
the yacht total resistance, trim and heave curve
by present formulation, showing good qualitative
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ties [24] in pitch/heave dynamic modes for a cruising ment between CFD measurements and present results. A better esti-
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mation could be
able most affec
surface deforma
Froude number
of 0.4 (i.e. Vx
supported by th
low-speed regim
ing surfaces of
turn either plan
model it has be
Vmin(δmax) ≈ 20
tions, which is m
hull. This coul
yacht elevations
mid speed range
being still largel
hull. In this spe
effect of yacht
whole speed ran
could be more s
steady states if
parametric quan
trarily for the s
results. Matchin
by this paramet
is needed when
changed or alter

hich have been ob-
hen the control loop
lts are related to the
se and the CFD nu-

present analysis is
ing - over the spec-

f yacht dynamics in
lm and rough water
he minimum cruis-
necessary to obtain
nd satisfying yacht

s

t open-loop control
g/manoeuvring ap-
e. From a physical
ions are, the greater
uld also result in a
accelerations were
on, the PID control
ns within the speed
uction of the total
d system (Fig. 5).
ons and with yacht
A desired state of

as been chosen, the
ND DISCUSSION

Figure 5: Comparison between present results and CFD numerical measurements.

sought for the trim angle θB, which is the state vari-
ted by three-dimensional effects such as free-water
tion and wakes interference phenomena. When the
of the yacht hull lies below its critical value [44]
<≈ 9kts), the bulk of the yacht weight is mostly
e hydrostatic buoyancy of the hull [4, 27]. In this
e, the hydrodynamic forces acting on all the lift-
the yacht (including the hull) are too low to re-

ing or foiling conditions. For the present test yacht
en found, indeed, that a minimum cruising speed of
kts (Eq. (41)) is necessary to obtain foiling condi-
ore than twice the critical speed value of the yacht

d also be verified from Fig. 5, where considerable
zE are reached only after Vx ≈ 20kts. Within the
9kts <Vx < 20kts planing regime occurs, the yacht

y supported by the hydrodynamic forces acting on its
ed range, variations of the state variable zE are also
rotation and trimming attitudes θB. Hence, for the
ge 0kts < Vx < 20kts the approach discussed in [5]
uitable to give a better approximation of the reached
sought. Moreover, it has to be underlined that the
tity ξi of Eq. (21) has been chosen ad hoc and arbi-

pecific flying yacht model (Table 1) used in present
g with numerical measurements is strongly affected

er and additional CFD and/or experimental database
both shapes and dimensions of the appendages are
ed.

6. Results and discussion

This section of the paper presents the results w
tained through the use of the above formulation w
feedback scheme of Fig. 4 is implemented. Resu
same flying yacht model of the validation test ca
merical measurements. What is expected from the
the existence of a PID algorithm capable of return
ified range of cruising speed - an augmentation o
terms of stabilization and state control, both in ca
conditions. It is main purpose to investigate on t
ing speed regimes and control forces which are
low deviation (errors) from the desired states Xd a
control.

6.1. Yacht performances in calm water condition

In the previous section, yacht performances a
mode have been evaluated and shown, all foilin
pendages being locked at their nominal incidenc
point of view, the higher the yacht cruising elevat
the reduction of the total wet surface is. This co
reduction of the total encountered resistance if no
present in the advancement direction. In this secti
scheme will be used to control the yacht elevatio
range of interest in order to obtain a further red
wet surface with respect to the basic uncontrolle
Evaluations are performed in calm water conditi
motion in the longitudinal plane of symmetry.
Xd = [φB,θB,ψB,zE ] = [0°, 0.25°, 0°,−1.20 m] h

Jo
choice depending on the fact that cruising elevations higher than 1.20
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Figure 6

m lead foiling ap
wet surface. Fu
chosen here as d
qualities.

As already m
a minimum crui
dition to enter
from the minim
a function of th
lowed deviation
the maximum d
for six different
is Xd . A value o
are treated and
appendages bei
(55)).

From Fig. 6
control gain val
sired state Xd w
is a specific cru
mum deviation
speed, the hydro
and higher value
error. In the rig
of Gδ are mostl
error, giving go
the dynamic res
on the other ha
to maintain a de

eflection vector δ .

peeds. Conversely,
essarily associated

nt with the fact that
the hydrodynamic

too large to exces-
ections could result
this affecting yacht
f view, Fig. 7 and
mean plus standard
nent of the angular
spectively.

δ curves decrease
d, this underlining
ges are needed for
ent. The same con-
trol forces (Fig. 8):
, part of the energy
could be extracted
s is valid until the
ts intrinsic residual
gated by increasing
trol gain Gδ . It has
e of an integral ac-
tence of a residual
a finite time ∆t has

are two exceptions
ntrol gain assumes
ND DISCUSSION

: Maximum deviation error from the desired state Xd .

pendages to become (control) ineffective due to poor
rthermore, a low trim angle of θB = 0.25° has been
esired pitching attitude in terms of handling/comfort

entioned above, the analyzed yacht system has shown
sing speed of Vmin(δmax)≈ 20kts as a necessary con-
foiling mode. This value of speed is well different
um control speed of the flying yacht, which must be
e desired state Xd , the control gain Gδ and the al-
error εo. To underline this difference, Fig. 6 shows
eviation error ε(∆t) = Max

(∣
Xδ (∆t)−Xd

Xd

∣∣∣
)

obtained
values of the control gain Gδ when the desired state
f -1 for the gain Gδ means that open-loop conditions
control system is not active, all foiling/manoeuvring
ng locked at their respective nominal incidence (Eq.

it could be seen that for the analyzed flying yacht a
ue greater than 5.0e+04 is necessary to reach the de-
ith a deviation error below 0.1. Furthermore, there
ising speed for each Gδ curve at which the maxi-
error reaches its lower value. Above this cruising
dynamic forces tend to overcome the control forces
s of the gain are needed to not increase the deviation
ht half of the plot (i.e. Vx >≈ 1.6Vmin), high values
y associated with controlled states of lower deviation
od control capabilities and stability augmentation in
ponse of the yacht system. In the low speed range,
nd, a value of 5.0e+03 for the gain Gδ is necessary

Figure 7: Mean plus standard deviation of the angular d

in a complete loss of control for all the cruising s
values which are higher than 5.0e+03 are not nec
with lower deviation error states. This is consiste
control forces must be large enough to overcome
forces acting on the foiling appendages, but not
sively deflect the moving surfaces. Excessive defl
in a large increase of total encountered resistance,
trim attitudes in a severe way. From this point o
Fig. 8 show the maximum value obtained when a
deviation operator (=) is applied to each compo
deflection vector δ and control force vector fδ , re

As it could be seen from Fig. 7, almost all G
monotonically with respect to the cruising spee
the fact that lower deflections of foiling appenda
control when higher hydrodynamic forces are pres
siderations also apply to the magnitude of the con
for a value of Vx which is well above ≈ 1.6Vmin
needed to control and move the lifting surfaces
from the hydrodynamic forces themselves. Thi
PID control loop feedback mechanism reaches i
steady-state error (SSE) [6], which could be miti
either the Ki integral term in Eq. (45) or the con
to be underlined here that, although the presenc
tion in the implemented control scheme, the exis
steady-state error is possible due to the fact that
been chosen for yacht dynamics evolution.

From Fig. 7 it could also be seen that there
in the trend of the Gδ curves, i. e. when the co

r
a

viation error below the unity, lower values resulting the value of 5.0e+03 and 1.0e+03, respectively. In the first case, a
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Figure 9: Yacht per eflections also shown in
figure (blue thick da

Figure 10: Tempo ect to Xd components.

sudden increase
as the ratio Vx/
fact that the hy
tude of the con
the control forc
at all the cruisin
for the angular
unsteadiness of
tion of lifting s
yacht total resis
crement of eith
(44) could mitig
of an increase
control forces.

g speed range (i.e.
ch their lowest val-
eing a compromise
ristics. Higher val-

ng qualities, but the
ry high and unfea-

f total encountered
PID controller is at
he control gain Gδ .
dashed lines in fig-
e total encountered
ubdivided into two
ND DISCUSSION

formances at PID control closed-loop mode for six different values of the control gain Gδ . Open-loop conditions with nominal d
shed lines).

ral evolution of yacht state variables starting from Xo = [Vx,θB,zE ] = [Vmin, 0.1°,−0.75 m]. Quantities are dimensionless with resp

in the lifting surface deflection is measured as soon
Vmin exceeds the value of 2.0, this underlining the
drodynamic forces are of the same order of magni-
trol forces at this speed regime; in the second case,
es are too low to overcome the hydrodynamic forces
g speeds, this leading to a complete loss of control
position vector δ , which is totally dictated by the
the hydrodynamic forces. An uncontrolled deflec-
urfaces could in turn result in a severe increase of
tance (see next Fig. 9). In this latter case, an in-
er the spring or the damping factors (kδ ,cδ ) in Eq.
ate the unfavorable effect, but this is at the expense
in both the magnitude and the change rate of the
For the analyzed flying yacht system, it could be

seen from Fig. 8 that there is a specific cruisin
1.1Vmin ≤V x≤ 1.6Vmin) where control forces rea
ues, the interval 5.0e+ 03 ≤ Gδ ≤ 10.0e+ 03 b
between supply energy and active control characte
ues of Gδ would lead to better control and handli
magnitude of the control forces could become ve
sible from a practical point of view.

Fig. 9 shows yacht performances in terms o
resistance, trim attitude and elevation when the
closed-loop mode and for six different values of t
By comparison with open-loop conditions (blue
ure) and with regard to the output quantity of th
resistance, the examined speed range could be s

J

distinct parts: it could be seen that active control is desirable only
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in the high spe
speed lies below
forces tend to e
dynamic forces
inevitably leads
sistance, the eff
Conversely, if c
the higher cruis
flect all the foil
yacht resistance
speeds are highe
there is a contro
below which no
sistance reducti
elevation curves
values of the co

atisfactory manner,
l at all the cruising
03 is characterized
e unity (Fig. 6), it
augmentation and

ifically in Fig. 10,
state variables are

ns

e test flying yacht
tion in the longitu-
itions. This section
not on yacht sym-
ue to the fact that
ND DISCUSSION

Figure 11: Temporal evolution of yacht state variables during manoeuvre in rough water conditions.

ed range, its effect being not beneficial if cruising
the value of ≈ 1.6Vmin. In the latter case, control

stablish the desired state Xd overcoming the hydro-
with very high deflections of the lifting surfaces. This
to a considerable increase in the total encountered re-
ect being more severe as soon as Gδ becomes large.
ontrol forces become too small within the range of
ing speeds, hydrodynamic forces tend to overly de-
ing appendages, leading to a further increase in the
. This is the case of Gδ = 5.0e+ 03 when cruising
r than≈ 2Vmin. From Fig. 9 it could also be seen that
l gain value (within the range 1.0e+03÷5.0e+03)
ne of the examined cruising speeds is useful for re-
on. In the same figure, yacht trim attitude and CoG

are also shown: as already mentioned before, high
ntrol gain Gδ ( > 5.0e+03 ) are necessary to reach the

desired state Xd within the time interval ∆t in a s
lower values leading to a complete loss of contro
speeds. Although a limit value of Gδ = 5.0e+
by having a relative high deviation error above th
could however be sufficient in terms of stability
motion damping. This could be seen more spec
where the temporal evolutions of the controlled
also shown for four different values of Gδ .

6.2. Yacht performances in rough water conditio

In the previous section the performances of th
model have been investigated for the case of mo
dinal plane of symmetry and water in calm cond
extents the above results to the case of motion
metry plane and in rough water conditions. D

J

numerical investigation is conducted on yacht state variables lying
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Figure 8: M
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closed loop con
the control syst
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(Eq. (55) and
deflection of δ
(and propellers)
in yacht headin
underlined here
(Eq. (2)), rollin
and vice versa.
higher than zE =
bility augmenta
Xd = [φB,θB,ψB
sen here in orde
appendages dur
tude of the two
interval ∆t and i
ing speed of 50

As already m
rough water con
sic ocean wave
is conducted fo
Aw = 25cm and
beyond the sco
other values of H

Fig. 11 sh
ables during m

x,φB,θB,ψB,zE ] =
are shown for four

arison with control
values of Gδ higher
ed state Xd and to
atisfactory manner.
wing mode, the de-
more quickly than
those curves where
still present at the

h a further increase
global gain Gδ , but
other hand, values
to not be beneficial
odes showing both
he desired state Xd ,
surface deflections
drodynamic forces

has been conducted
ck scheme able to
eeping characteris-
hulls. An existing
teady equations of
ce system and im-
cean waves model,
all performances of
in calm and rough
iling/manoeuvring
mic characteristics
e use of computa-
ith static/dynamic-
ynamics have been
method. By com-
results have shown

dynamic systems
ics augmentation.

the cruising speed
ssary to obtain sat-
he presented flying
implementation of
obust control cate-
s on different start-

ght being necessary
om amplitudes and
ONS

ean plus standard deviation of the control forces vector fδ .

ation range and test conditions, results are to be con-
xtrapolation of the present formulation. Open and
ditions for PID control are both investigated. When
em is not active (Gδ = −1), all foiling and manoeu-
es are locked at their respective nominal incidences
Eq. (56)). As verified a-posteriori, a permanent

βi = −2◦ for the two aft manoeuvring appendages
is sufficient to obtain an increase of 4ψB = +45◦

g within the examined time interval ∆t. It has to be
that, due to the coupling of the equations of motion
g modes are affected if yawing modes are induced,
For a desired heeling angle of φB = +5°, elevations
−1.00m resulted indeed in a poorer control and sta-

tion of the yacht system. Hence, a desired state of
,zE ] = [+5°,+0.25°,+45°,−1.00 m] has been cho-

r to avoid excessive water-surface piercing by foiling
ing roll modes evolution. Furthermore, the magni-
aft thrust vectors Tmax is constant during the time

t has been chosen according to a desired yacht cruis-
kts.
entioned in previous sections, in the present study
ditions are simulated through the use of regular ba-

s (Eq. (36)). In this paper, numerical investigation
r a fixed ocean depth Hw = 10m, a wave amplitude
a wavelength λw = 15

(
xA, f oil1− xA, f oil2

)
. To not go

pe of the present paper, numerical investigation for
w, Awand λw will be future extension areas of work.

ows the temporal evolution of yacht state vari-

ing from an initial state vector of Xo = [V
[Vmin, 0°,+0.1°, 0°,−0.75m]. All curves in figure
different values of the control gain Gδ . By comp
open-loop mode (Gδ =−1), it could be seen that
than 5e+03 are sufficient both to reach the desir
suppress a wave amplitude of Aw = 25cm in a s
In particular, there are shorter transients for the ya
sired heading angle of ψB = +45° being reached
in the basic uncontrolled test case. With regard to
Gδ = 5.0e+ 03, an appreciable deviation error is
end of the interval ∆t, this being reducible throug
of either the integral term Ki in Eq. (45) or the
at the expense of higher control forces. On the
of Gδ which are below 5.0e+03 have turned out
in terms of yacht dynamics augmentation, all m
sustained fluctuations and large deviations from t
this being consistent with the fact that in this case
are mostly dictated by the unsteadiness of the hy
and not by the control system.

7. Conclusions

In the present paper, a numerical investigation
in order to identify a PID control loop feedba
return dynamics augmentation and superior seak
tics in the application of high speed flying yacht
lumped parameters model based on general uns
motion has been extended to a multi lifting surfa
plemented in combination with a regular basic o
to conduct parametric studies and predict the over
a specific engine-propelled flying yacht hull, both
water conditions. The unsteady behaviour of six fo
appendages has been investigated, the hydrodyna
being based on a database generated through th
tional fluid dynamics methods (CFD) coupled w
mesh schemes. Equations of motion and hydrod
solved numerically by explicit time-integration
parison with control open-loop conditions, the
the effects of the use of PID controllers in such
in terms of seakeeping performances and dynam
In particular, more insight has been given on
regimes and control force gains which are nece
isfying control/hydrodynamic performances for t
yacht model. Future areas of work include the
control systems which are part of the optimal/r
gory. Future works also include parametric studie
ing conditions and sea-water scenarios, more insi
to give good understanding for a spectrum of rand

Jo
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anoeuvre in rough water conditions and start- frequencies which could be involved in real sea conditions.
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