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NOMENCLATURE
Clist of the main symbols)

cross sectional area of a water duct in the

tank,

cross secticnal area of awing section of a
tank,

breadth moulded,

distance between surface center 1in 2 wing
section and ship’s center lirpe (tank hal+ -
bEreadth),

gain ceoefficient in the channel of the roll’s
angular velocity,

gain coefficient in the channel of the rell's

shin®s center of gravity,

initial metacentric height ("froze
cignificant wave amplitude,

static moment of inertia of fre= surface 1in
the tank,

M.I. of ship®c mass r=2lative to the roll axis,
wave number k = Zr/\),

length of the center line of the tank,
gravitational asymmetry moment generated by
tank,

roll exciting moment, due to the waves,
stabilizing moment,

mass of ship,

moment of inertis of added mass relative o
the roll axis,

damping coefficient against reolling,

gQain coef%iciént in the channel of tha roll’s
angle,

vector repressnting the set o©f construction
parameters of a tank,

spectral density of wave amplitude,

spectral density of wave slope,

spectral density of rolling motion,

inertia coupling coefficient,

close bleocking valves time,

cpen blocking valves time,

contrel signal,




Vv — ship®s speed,

w¢ — non - dimensional roll damping coefficient
(gquadratic part),

Ws — non — dimensicnal stabilizing fluid motion
damping ceoefficient (quadratic gart),

o — wave slope angle amplitude,

cE — eff=ctive wave slope angl=2 amplitude,

R — course angle,

ﬁ¢ - non — dimensiecn2l roil damoing coefficient
(linear part),

ﬁ& — non — dimensicral ctabilizing fluid motion
damping coefficiant (linear part),

)% — free csurface factor (relative reduction GNOF,

A — weight of displacement,

&t - time gate,

S — angular position of the fluid in the tank,

GN — angle of a tank saturation (maximum 2angular
peosition of the stabilizing fluid in a tank),

x¢ — reduction roll facter,

) — mass dencsity of s2a water,

P, — mass density of stabilizing fluid,

T — transrporting delay of stabilizing fluid,

cu — phase angle between tank moment MA and rolling
motion ¢; peositive if MA leads ¢,

- roll angle,

¢A - roll amplitude,

¢A1/3 — significant rell amplitude dus to irrecular
relling motion,

éAt/a - significant athwartship’s acceleration due to
irregular rolling motion,

w — circular frequency,

Wy — natural frequency of the motion of the
stabilizing fluid,

w¢° — natural ship roll frequency,

v- — volume of displacement.




1. INTRODUCTION
New classes of sea—geing units characterizes the
contemporary stage of developement of ship building.

Therefore problems connected with the functions and tasks
set for the new ships ariss.

More and more often highly specizalized modern sea—-going
units are being built, which are designed to minimize the
loss of speed as well as to maximize safety. Passenger ships
always had to be very fast, btut the quick development of air
transport has causzed the passenger chip to increase its role
2 a recreation object. More and more ships ar=2 being

opzrated to explore and expleit the sea’s natural rasources.

—

he seakeeping qualities cf thess ships play 2 primary role
dus to th=2 need te increase their efficiency.

Due +po th=s zforesaid we r=alize that the operational
rejuir-ements of modern ships and offshore vessels have given
2 new dimension to the problems connected with the ships
funztions. The question of stabilization and compensation of

tory motion as well as the minimization of the mostly
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able influence of these motione take on a greatsr

The ship®™s necillatory motions stabilization,
especially, its roll and yaw is one of the basic problems
connected with sa2iling and cperating ships.

These motions can caus2 a range of unfavorable

pPhenomena [12, 141:

1) the decrease of the ship®s stability, in some cases
causes the capsizing of the ship,

2) additional dynamic loading of the construction of the
ship®s hull,

3) renders impossible or detericrates the operation of the

deck equipment (especially on drilling ships, and

exploration vessels),




4) deterioration of the ship’s maneuverability and the

decrease of its forward spe=d,

3) great deterioration of passenger and cargo comfort.

The cscillatory motion of the ship has a great
influence on its seakeeping qualities and in some cases
renders impossible the ships normal cperation and threatens
its safety. Therefore the reduction of this motion is of
pPrimary importance.

The ship®s excessive oscillatorvy motion can be reduced
bys
1) suitably cheoosing the dimensions and parameters of the
hull,
suitably manceuvering the ship relative toc the wave front
(the changing of the ship®s speed and course),

using special equipment which reduce these motions.

The first twe methods are known as natural
stabilization of the oscillatory motion. They are of very
limited importance and in principle do not solve the problem
o0f the reduction of the ship™s cscillatory motion. The third
method is the most effective.

The equipment used in reducing the ship®s oscillatory
motion are called stabilizers.

The amplitude reduction of the ship®s oscillatory
motion is the main task cf these stabilizers. Moreover we

gain additional positive secondary effects:

increase of the ship’s sailing safety,

possibility of realizing the ship’s tasks, 1in a wide

range of external conditions (sea states),
increase of the ship®s manoeuverability,
betters the living and working conditions of the crew

as well as operation of the technical equipment installed

on the ship.




L

Chapter 2

2. CLASSIFICATION OF THE SHIP®S OSCILLATORY MOTION.
LITERATURE AND THE AIM OF THE STUDY.

By simplification we can assume the ship to be a solid
body with six degrees of freedam. It can perform three
linear motions along the axis of a chosen cartesian
ccordinate system and three angular motions around these
axes. Figure 2.1 shows the basic oscillatory movements of a
vessel.

In examining the problem of the stabilization of the
ship®s roll it is sufficient to intreduce two coordinate
systems: fixed (terrestrial) and a system connected with the
ship.

The system connected with the ship is chaosen in such =a
way, so that the origin of the system 1lies on the ship’s
center of gravity {(rarely on the center of buoyancy) and the
axes lie along the ship’s main axes of inertia.

We can differentiate the following components of the
ship’s motion (fig. 2.2) brought about by the ship’s

environment:
@ — ship’s angular moticon around the longitudinal axis

- ROLL,
¥ — ship”s angular motion around the vertical axis — YAW,
€ - ehip’s angular motion around the lateral axis — PITCH,
X — ship®s oscillatory motion along the longitudinal axis
- SURGE,
Yy — ship®s ascillatory motion along the lateral axis — SWAY,
2z —-ship’s oscillatory motion along the vertical axis

— HEAVE.

The composition of the above motions, represent the
oscillatory motion of the ship through space. In real
conditions the disturbance forces and moments are random
pProcesses, therefore the ship’s motion is a stochastic

Process.
Among the six types of motion described above, during

the ship’s operation the highest values are reached by the

amplitudes of the ship’s roll motion.




Fig.2.1l., The ship's osscilatory motions.
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Fig.2.2. The basic coordinate systems.




2.1 Survey of literature and practical constructions of the

chip roll stabilizers.

There exists a whole range of possibilities in
Classifying roll stabilizers. At present the most common

methods described in publications [55, 611 dealing with this

Problem is the classificaticon of stabilizers according to
their power source (active and passive stabilizers). They
€an be duely divided according to their physical principles
of compencsating the ship®s roll motion (stabilizing fins,
stabilizing tanks, gyroscopic stabilizing equipment, etc.),
as well as according to their influence on the lateral
stability of the ship (equipment which change and do not
Change the initial stability of the ship).

Ship roll pescive stabilizers differ from the active as
they do not posses an external control system. They also do
not require enerqgy from an external source to provide
effective stabilization of the ship’s roll.

The active roll stabilizzsrs were developed on the basis
of passive stabilizers, and are much more effective. But
they are far more complicated, much more expensive, and
@bave all require measurement and control systems.

Historically the first ship stabilizers were
different types of passive hydrodynamical stabilizers, used
Up to date in the form of bilge keels (first half of the
XIX century). Ites function is to increase the pressure
resistance during the roll of the ship which causes an
increase in the damping ccefficient of the ship®s hull.
Active stabilizing fins, which as a result of auvtomatic
Control, change their angle of attack, generating a moment,
Which works against the disturbance moment acting on the

hull, were developed from the bildge keels. Due to the

Necessity of generating very high lift forces, active fins
function efficiently only during very high ship speed. Much

has peen written about the problem of active fin

Stabilization (9,13,37,55,571 and fins are manutactured by




many firms (Siemens, Sperry, Brown—Brothers—-Vickers,
Muirhead, SNACH and others).

A whole group of tank stabilizers has been developed
independent of fin stabilizers. They generate a
gravitational stabilizing moment as a result of Ffluid
motion. Up to the present moment, a whole range of tank
types and subtypes has been developed (U-shaped tanks,
Watt’es type tanks, Flume type tanks). The most popular are
passive tanks (especially Flume tanks). Although their
effectiveness is less than that of fins, these tanks are the
most common stabilizing equipment used to reduce the ship’s
roll teoday. This is due to the fact that the passive tank is
the least costly and is relatively simple technologically.

The wide interest of ship owners 1in tank stabilizing
systems is reflected in the large range of publications (3,
4,6,10,13,17,19,20,23,24,30, 36,37,38,52,53, 54,58, 59, 60,61,
651 on the theory, design and application of passive
stabilizers. Authors of text bocks also devote much space to
this preblem [S, S55,611.

The lack of interest in active tank stabilizers can be
explained by the fact that they need complicated control
systems and high enerqy consumption to drive the pumps.
Their theory is close to the theory of active fins. Basic
information on active tank stabilizers is given in the book
[S5].

Passively-controlled tanks occupy a special place among
ship roll stabilizers. They form a intermediate group
between passive and active tanks, as they partly posses
features of both groups. Various methods of influencing the
natural motion of fluid in the tank are used in
Passively-controlled tanks. They eliminate certain negative
features of active tanks <(high energy consumption) and

Passive tanks.
The presented work deals with a certain solution of the

Passively—controlled tank.
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There are very few publications devoted to the problem
of passively—controlled tarnk stabilizers, other than a few
Positions [22, 37, 38, 52, 53, 6&01. The case of the
Passively-controlled tank is described in the materials
[37,381. Due to the presented results of tests on the
experimental ship, the cognitive value of these works is
significant. The studies [52, 53] describe a ship roll
U-type tank stabilizing system with the application of air
valves, manufactured by the firm "Intering". The presented
material is not sufficiently clear and 1leaves a 1lot of
leeway in interpretation, to the reader (especially in the
cas=a of the control of the blecking valves and choice of the

tank’s parameters).

The publication [60] is a very interesting study of tank
stabilizirng systems, it also includes passively—controlled
tanks. It widely presents the problems coccurring during
design and construction cof such tanks.

Short information on passively—controlled tank is alsc
to be found in works [13,551.

Dues to the lack of publications on the above theme, a
short survey of the passively-contreolled tank market will be
a necessary complement.

The world market in passively—-controlled tanks is very much
in the hands of two Ffirms: Intering (FRG-USA) and
Denny-Brown—Vickers (Great Britain). According to
advertising brochures [18,51,52]1 of these firms, they have
Already sold a sufficiently big quantity of ship reoll
sStabilizers with passively—-controlled tanks. The
Passively—controlled tanks of both these firms are based on
Simple control algorithms, which have as their principle
task the exclusion of the ship’s roll increase in the range
of low frequencies. An additional reason for the
installation of this equipment is the possibility of its use
in compensating the ship’s static heel (anti-heeling). This
quality is very useful in many cases (crane operations,

quick loading and unloading of containers, etc.), and 1in

_—




many cases is a deciding factor in its use, on beoard ship.

In the second half of the 1980°s the Finnish firm
HONKANEN [22] started offering its products. They are bacsed
Oon research (eg. [24]1) conducted in the 1970°s. Due to its
short existence the firm has not produced many such
stabilizers. However it is necessary to state the many
achievements of this firm. Among them, the ample research
material, as well as the publication, for the first time, of
the pas=zive control method of the Watt’s type tank.

It was considered up to now that passively—-controlled
tanks could be built only as a U-shaped tank. Honkanen®s
Proposition greatly widens the range of applicaticen of this
type of tank and is a great achievemert theoretically as
well as constructionally.

Mereovef it is necessary to point out the relatively
new csolution of the passively—controlled tank by the Flume
firm (beginning of 1980°s) [3&8]1, which is not a n=w tank,
but an improvement of the old Flume tank. It is known that
in the case of perpendicular walled tanks (Watt’s) and flume
tanks it is possible to change slightly the natural
frequency of the tank by changing the quantity of
Stabilizing fluid in the tank. Flume therefore built a
Simple tri positional relay system, which could control the
level of the fluid. This system uses as input the phase
angle between the motion of the fluid and ship’™s roll angle.

At the end of this short survey of available
Publications we can confirm, that in the field of ship roll
Stabilization, the tendency is tc use tank stabilizers. They
are far cheaper than fin stabilizers and their operation
does not depend on the ship’s speed. Publications on the
Passively-controlled tank is scarce and mainly consist of
Producers”® trade brochures. The absence of any sort of
theoretical publication which considers the whole prcoblem of

the passively—controlled tank, inclined the author to take

Up this subject. The problem cof the stabilization of




the ship’s roll during slow speeds and of the stopped ship, is

of great importance due to the rapid development of drilling

and mining techniques. In these conditions, tank stabilizers
are the only sort of squinment that can be used on beard
ship and passively-controlled tanks belong to this group of

stabilizers.

I )
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»Z2. The aim of this thesis.

Although the passive tank cstabilizer has mar:y
advantages (cheapness, simple construction), it has come
defects too. The effectiveness of these tan¥%s depends on the
tuning of the dynamical characteristice of the tank, to the
frequency characterictics of the ship’s roll. The correc
tuned passive tank, is a tank whose natur-al peried cf
fluid moticn is equal to, or close to the parizd of th=
Ship’s reoll. Such a tuned tank stabilizes effectivaly *the
Ship®s roll in the resonance frequency range {(ir the range
0.4 + 1.2 of the ship’s natural frequency) [13,411. Cut of
this range the passive tank only increases the roll
amplitudes. This quality is called destahbilization and it
greatly reduces the effectiveness of the passive tank in
real (irregular) wave conditions. As this sometimes forces
the closing down of the tank, we can call it the greatest
defect of passive tank stabilizers.

In the presented work the author analyzes the cperation
Oof a tank stabilizing system that does not have this defect.
He proposes the use of a specially designed U-shapesd tank of
high natural frequency. This tank is equipped with a set of
valves which enables the blockage of the motion of fluid
between the wing sections of the tank.

The aim of this work is to find out, whether there
exists a physically realizable system for cortrolling the
fluid motion, which would ensure better efficiency of roll

Stabilization in comparison with a correctly tuned passive

tank. The improvement of the proposed stabilizing systam




should be looked at from the point of view of increasing its

effectiveness as well as widening the frequency of its

operation. Therefore it is necessary to:

1. propose the mathematical model cof the dynamic system
ship — passively-controlled tank as well as the algorithm

of the blocking valves control,

<« work out the methodics of the synthesics of the proposed
ship®s roll stabilization system, which can be directly

applied in ship’s design,

-« realize the contrel algorithm in the real conditions and

carry out tests of the tanks operaticn on scale models.

2eS. GCeneral characteristics of the ship®s roll

stabilization.

The stabilization of the ship’™s roll motion 1s a rang=
of problems, which has as its 2aim the definition of ths
dynamic system which ensures the optimal filtration of
random disturbances acting on an object [146,211.

In the ship’s roll stabilization system, the ship as a
Control plant, is a dynamic system which can be descrikted by
the state equation in its general form:

gé = F(X,U,2), (2.1)

where X is the state vector.

The state variables are the angle and linear coordinates and
their derivatives. The number of state variables depend on
the degree of simplification of the mathematical model.

Fig. 2.3 shows schematically the ship as a control plant in

-

the rol1 stabilization system.




Z(t)
"
Lt v = @t)
> Ship v 2
Fig. 2.2 The ship as a contrel plant in the roll

stabilization system.

N

The output of the plant is the roll angle ¢, which 1
the phase variable xi. The control vector U({t) reorecents

the stabilizing moment M generated by the stabilizer

sTtAR’
lnstalled on the <hip. Due to certain construction
limitations the maximum moment generated by the stabilizer
1s limited. Therefore:

|M | =M (2+2)
STAB STABMAX

The maximum value of the moment generated by the
Stabilizer is a function of the vector F which represents a

Set of construction parameters of the stabilizer:

e e F‘(P) (2.3)
Z(t) 1is the general vector of disturbances and
Fepresents the compcocnants of the action of the environment,
in other words the variable ferces and moments acting on the
hull due to the waves. They have a random character. Most
Ooften (in the case of the mathematical model of the ship’s
roll, which has one degree of fresdom) vector ZLE)
Fepresents the random function Ms(t), which is the external
Exciting moment. The values of Ms are non—measurable.
In evaluating the solutions of the concrete realization
of the stabilizer there must be defined certain criteria

Which show the magnitude of the ship’s roll, and often has

the form:



magnitu.de

a = E{é(x)} (2.4)

Due to the fact that Z(t) is a stochastic process, X(t)
and U(t), defined in the equation (2.1), are alsc random
functions, the functicnal G(X) is a random variable.

Therefore in (2.4) the expected value E{> is used.

It is necessary to find such a way of ceontrol U(t),
within the accentable soluticon (which is physically
realizable), so as to minimize th=a efficiency criteriz of
the cship's roll stabilization.

It seems advisable to look for optimal control in  the
form:

U = vxy (2.5)

determined in the state space.

One of the points of this study is the pessibility of

finding such a control method cof the special U-type
Rassively—-controlled tank with air or +Fluid valves, which
ensures a greater efficiency of the ship’s roll
stabilization, in comparison with the passive tank

(optimally tuned).

The technical conception of the proposed soplution is as
follows. The solution will be found for a U-type stabilizing
tank of high natural frequency, equipped with valves which
Enable the blocking of the fluid flow between the wing
Sections of the tank at any given moment. Thanks to the
€qQuipping of the tank with blocking valves (binary working)
it is possible to tune the frequency of the moment generated
by the tank to the exciting frequency, through out a wide
Fange, limited only by the natural frequency of the tank.
The case of such a tank installed on board ship is examined.
The method of installation of such a tank on board ship is
identical with the installation of a U-shaped passive tank.
The idea of applying such a tank was proposed in 1930°s by
Agiejew. A short note on the application of such a tank type

€an be found in [3,14,52,53,55,611.




The general block diagramme of the ship roll
stabilization system using the propeosed tank is shown in
Big. 2.4.

The ship roll stabilization system sheown in fig. 2.4 is
devoid of the comparison plant, characteristic for control
Systems operating in a closed feedback 1loop. This is
Connected with the zero value of the setpoint of the ship’s
roll angle.

A solution close to the presented one is published 1in
(37,521, In the 1970°s the firm PBrown-Brothers introduced
Passively—contreolled tanks, which used air valves to
interrupt the natural motion of fluid between the wing
Sections of the tank.‘ Although there 1= a principles
fifference between the netural fregquencies of the above
mentioned tank and the cne discussed in this work, it seems
advisable, for better understanding to present [T71 the
SChamatic drawing of the ship roll tank stabilizing systen
installed on the American drilling ship "Clomar -

Challenger" (fig. 2.59). Fig. 2.4 shows the Honkaren [221

RPassive control method of U-type and Watt’s tanks.



interru.pt

o Ak in

Blockinz~

o

|
1) ;
tank l+ Ship I
|
|

Controller

Fig.2.4. Block scheme of the ship roll stebilizing

gsystem with the passively-controlled tank.

-----

.

-

P

.

.
shhatas
et
L 2 b
R
B P
adprena

v v/ow Rvasiiv el w ale sl sy’
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Fig.2.6. The passively-controlled tanks
of Honkanen's firm:

a - U-tube tenk,
b - free surface tank.




Chapter 3

3. THE MATHEMATICAL MODEL OF THE SHIP ROLL STABILIZATION
SYSTEM: SHIP — PASSIVELY-CONTROLLED TANK.

- -
=+1 The coordinate systems.

The motion of a sea-going vessel is shown as the motion
Of a solid body with siv degrees of freedom, in 2 three
fimensional cartesian frame of reference.

Under the influence of the sea’s environment the ship
Performs linear and angular oscillatory motions. The
Variables in these motions are the ceordinates in three
directions and rotations about three axes. In the general
Cese thece oscillatory motions mutually cemplement to  form
the complex oscillatory motion of the ship.

In describing and researching the ship®s ascillatory

Motion we often uss ths following frames of referenca:

S dextrcrotary, static systam 0 , % , ¥ . =z 4, whose aues % ,

o o o o o
Yo lie on the plane of the calm water, %o axis lies along
the main wave direction and the zo axis is directed

Perpendicularly downs

dEXtrorDtary, inertial, mobile system 01, x‘, y‘, z‘,
Moving relative to the static frame of reference, at the
average velocity of the ship V = const, in such a way so
that the origin of the system lies on the average
Projection of the ships center of gravity G on the se=2
Surface and the x‘ axis along the direction of the speed
vVector V forming a course angle 3 relative to the xo axis

Of the static frame of reference;

GExtrorotary, mobile system 6, %, y, z fixed to the ship,
the origin of which lies on the center of gravity of the
Ship 6, the axes x, y on the plane parallel tec the
Constructional waterline; the » axis lying along the plane
of symmetry of the chip directed towards the bow, the vy
@%is to starboard and the =z axis downwards (in

hydrostatics, upwards).

The Systems are shown in fig. 3.1.




The instantaneous position of the oscillating ship in
the inertial system 01, Mps SYERwrE, ics sgpecified by six
Coordinates: three coordinates of the pole, which is
Generally the ship’s center of gravity G and three rotation
angles relative to the axes goirg throuzch this peole. The

dependency of these six coordinates as a function of time

fully describes the ship’s oscillatory moticon.

3.1 The Cartesian coordinate systems:
a - inertial systems,
b

— system fixed to the ship.

“+2 The mathematical model of the ship’s oscillatory motion.

An equation of the ship’s motion in the coordinate

System G, x

ty ¥, = was formulated tc define the position of

the ship in space at any given moment of time. This system,
fiveq to the ship was chesen, as in this system the inertial
Moments of the ship’s mass are constant.

It is also assumed that the ship’s characteristics (as

2 soligd body) are known, which means that known are:




ma2ss of ship,
Position of the ship®s center of gravity G and the
inertial moments of the ship’s mass,

deviation moments of the mass, relative to the axis of the

coordinate system firxed to the ship.

The set of differential equations describing the ship’s

Simple cscillatory motions tzakes on the following form [12]:

@ .
mx_ =F
G x
my. = Fy
mz = F_
. e ) (3. 1)
IXX 3 IZXV.:MOK
I =M
Yy Gy
i Isz-' r sz¢=MO:
Where:
M = mass of ship,
ILk = ship™s inertial moments; j.k = %, y, =
Fj = resultant of all external forces; i = %, y, =
"oj — resultant of all external meoments relative to point

G2 3= %,VeZa
In solving the set of equations (3.1), it is necessary
to determine the external forces and moments which cause the
Ship>g oscillatory motions. These forces depend on the wave
parameters,

Ship~e mass, velocity and course angle, relative to the main

geometry of the hull and distribution of the

Waves direction.

Generally, for 2 sclid beody of any given shape, a
pr"-°'21Eter-mi.ne'_'! tyne of oscillatory motion causes the
98Neration of certain forces which effect the ship’s
Cther Oscillatory motions. This is the reason for the
interaCtinn between oscillatory motions.

Due to the lengthwise symmetry cof the ship, it is necessary

i :
2 ermlng the 1linear interdependencies of the excitinao




forces and the parameters of motion, teo group the ship’s
Oscillatory motions in threes: surge, heave and pitch form
the so called symmetrical oscillatory motions and sway, roll
and yaw form the so called asymmetrical oscillatory motions
of the ship.

After taking into account the afcoresaid assumptions,
the ship’s oscillatory motions can be described by a system

of six second degree linear differential equations:

-

equations of the ship’s csymmetrical oscillatory moticons

(in the ship’s plane of symmetry):

[im +m )% +N % +m 2 +N =z +
%% “a ux' g %z G x="a :
h -w t
b 766 3 Nze =FAVE
| m"? £ NS R AFH * m__YzZ + N__z +
R == - e —-iw_t (3.2)
+ z 8 + 9 + B =
Bzz a b m:ae Nzee z6 FQ’E
¥+ > z z_ 4+ z
m9x> Nex a i me:zo & Nez G Eez & :
- ; —»wﬁt
+ + + R =
f (I + mgg?® + Ny + B0 FAae

T equations of the ship’s asymmetrical oscillatory motions

(in the plane of the midship section):

r .- »
m + m ) + N + m + N +
yy Yo yyYa y¢5(1> y¢>¢ =t
+m P+ N _y=F, e
wa yww— A
Yy
B N v %Y > m daN +
T ¢vYa ~ Tey’o A o0’ P * Nogh iU
.. . E
+ R + (m = 3 dy + N =F _ e
o i gt T Mg A,
m Y +N y +m -1 )Yb+N +
wy’a Wyc y@ zZx ¢ ¢w¢ e
o . E
+ (Izv 244 mww)w + Nwww=FA e

Fa

¥




This set of equations is the mathematical model of the

ship*s oscillatory motion, on the regular wave of
infinitesimal amplitude.
3.3 The ship’s roll motion.

In the linear general model of the complex coscillatory
motions » presented in section 3.2,by excluding the through

interactionS, the equation for the simple oscillatory motion

(any roll with one degree of freedom) can be formulated.
In the equations (3.3), by excluding the interacticns
With the sway and the yaw, we cbtain thes equation cf the
Ship®s pa11, in the form:
. < —xwgt »
(I . + m¢¢)¢ + N¢¢¢ + B¢¢¢ = FA¢9 (3.4)

In equation (3.4, N;¢ is the damping coesfficient of the
Foll, due to the influence of the viscosity of water, the
bilQE keels and the ship®s veleocity. The behavior of the
ship throughcut the resonance range depends on the value of
this coefficient [15, 261.

By determining the coefficient of the righting moment:

_ B¢¢ = ngMOA 3.5
1IN which:

P = mass density of water,

S - acceleration of gravity,

Eno‘ initial metacentric height of the ship,

A - displacement of the ship,

and by writing the amplitude of the moment exciting the
Ship’s rol1 in the form:
»
= < i - e
. FA u¢hAk[d“¢¢ + ;(gmGMo wwsm¢¢)] (3.6)
N whichs
@ reduction coefficient of the Froude-Krylow part of the

exciting moment,

wave number,

A wave height,




the ship roln equation takes following form:

T, utimy ).+ N;¢¢, + gmGM_¢ =

& —LmEt
= . i 3 - ) e (3.7)
x¢hAL[éN¢¢ + L(ngMo wusm¢¢ ]°
After introducing the values:
5
wz v gm;Mo
o Ixx + m¢¢
N’
'?ﬁ- = ¢¢ - 1
e I + m [
® x T Mge  “go
m
u ¢¢
q I + m
%X PP
the equation (3.7) takes the following form:
5 y ! .
o 2 w + W = .
RonBBgon & e ugah
—-iw t
=2 a |2 w + tlw - qQuww )]e (3.8)
¢“a [ Ogeo ¢o E
Nhere
w¢° = natural frequency of the free roll,

*¢QA — amplitude of the effective wave slope angle,

»*

(£}

3 ~ nondimensional roll damping coefficient.

By ignoring the diffraction part of the exciting

fDrcEs’ we can further simplify (3.8) to obtain [12, 14]:

b+ 2050,0 * whod = e o () (3.9

Whi : :
hich describes the ship’s reoll, caused by a sinusoidal of
W
e frequency.
The equation (3.9), describes the roll on the regular

Wa : . <
Ve, in which the wave slope angle az(t) is a harmonic

f .
Unction of time:




a (t) = a sinw t (Z.10)
E A E

In analyzing the roll, the equation (3.9 is
Supplemented by introducing linear—quadratic damping, using

Ordinary stochastic linearization [14, &11:
r i . S
2 = 21 . w + w (3.11)
) ﬁ¢w¢o¢ ﬁ¢ ¢o¢ ¢¢|¢I
in which:

ﬁ¢ = linear part of the damping coefficient,

s ~ Quadratic part of the damping coefficient.

The one dimensional equation describing the shin®s roll

takec the form:

T = : A 2 2 : :
¢ + ‘ﬂ¢w¢o¢ + w¢¢|¢| + w¢o¢ = w¢ox¢aA51nwkt Le 3 2)

1N which the coefficients ﬁ¢ and W, are practically

i
*PP2pendent of the angular roll v

)]
fo—
0
N
14
[
2.3

=~
“+4 Dynamics of the system ship — passively—-contrelled tank.

o
Ve, 1 The principle of the passively-controlled tank®s

Cperation.

This study takes into consideration the possibilities of
usi”% & U-shaped passive tank of high natural frequency,
cnntrOIIEd by air valves,placed in the air duct connecting
Wing Sections, to stabilize the ship’s roll.

The proposed stabilization system can exist in two
dynamic states, connected with the clesing and cpering of
Fhe 2ir valves. Due to the use of air valves in the system,
it ig Possible to control the stabilizing effect of the tank
By ih1:1uencin¢;; the natural motion of the fluid in the tank
uring the roli (fig. 3.2)

In the case of the open air valves (fig. 3.2a) the tank
€an be thought of as a U-tube with open ends. The natural
Mtion of the fluid in the tank due to gravity is not

di
Sturbed. This state of the passively-controlled tank is

(S
Alled the passive state.




When the air valves are closed (fig. 3.2b), then the tank
€an be assumed to be al-tube with closed ends. Ignoring
Certain effects connected with the compressibility of the
qlr in the wing sections, we can assume that the fluid
motion between wing sections is impossible . The stabilizing
fluid in the tank with closed air valves is "frozen” in the

@Ngular position which it had when the valves were closed.

This passively-controlled tank state is called the
tﬂgigﬂ_giisg. In the frozen state, the tank generates a
MOment about the roll azis, proportional to the diffsrence
In the levels of the fluid AHY (the angular position of the
fluig 8, in the wing sectiors,

il

ah

Bit = :
=S. 3.2 The dynamic ctates of the passively-controlled tank:
a — air valve open,
— air valve closed.

3.4_ -

=~ The mathemztical description of the

hs

Passively—contrelled tank®s cperating states.

If the ship’s roll is a simple ascillatory motion

Sroung oo S o3 S d : . . c 49
Sund Lhe iongiitudinal anis, pvassed ithrough the snip’s




& |

Center of gravity, then the dynamic system ship =

Rassively—contrelled tank can be assumed to be a system with
twe degrees of freedom.

The mathematical description of the system shin -
Passively-controlled tank was formulated, assuming that +he
tant operates in twe states. Additicnally it was assumed
that the clesing and operning of +the air valves is an
Instantanesus process 1n compariscon with the processes
taking place within the system.

The argle © was acceptzd as the ceoordinate which
describes the position of the fluid flow. & is the momentary
8ngle which the surface of the fluid forms with the

- TN

Feferance plane of the ship (fig. T.3).

R

A-A | e L)
G , O Qxi5 <r rofi,_'!"{b_d__

\ 1
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= - T

The coordinates and symbols usad i describing the

system ship — tank.

0




The actual state of the system is determined, through

the cpen and closed states of the air valves:

T Passive state - for the time t e (£}, t™,
(=
T frozen state - for the time t e (t', t;*l),
<

of the opening of the valves,

1]
3
0
3
D
3
rr

whers t_ symbolizes th

T 5 2
e the moment of the closing of the valves and the index

"
1" determines the discrete time.

IﬂE_ggssive state of th

)
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t
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The dynamic system ship — pas

+ . ; . L A .
“he ~f2ssive state, is identiczl to the dynamic system ship -

Ped passive tank
The ship’s roll and the fluid motien in the tank is
d%scribec by the defarential equatiors [13, S5, &1, &S1:
* : 2 s 2z _ 2 2
¢ + 26 ,w + W + [e—w, @ -~ Tw, & =, a (t)
S P 3 @0 ¢o ¢o E
e . (Z.13)
9 + " 2 s 2 Y- =

Where,

= roll angle,

— effective slope of the stabilizing fluid,

@

9

weo = natural frequency of the tank,

»

ne =~ nondimensional tank damping coefficient,
g = inertia coupling coefficient,

E

=~ free surface correction factor.

The equation system (3.13) presents the model of the
Tell of g, ship, equipped with a U-shaped passive tank, with
&h immobile roll axis. This set of equations differs Ffrom
that Proposed in [20] by the presence of an additional term
r‘§~w;°é in the equation (3.13a) and by a different
1ntE"Dl"etation of the parameters. In the equations (3.13)
this Parameter represents the inertia coupling in the system
ship‘tank_ Although it is of 1linear dimension, it is
9®Nerally not equal to the vertical position of the

S AN
tablllzing fluid®s static level with respect to the ship’s




akis of rotation, as was assumed in [20].

Only the pure rolling motion of a ship is considered in
Squations (3.13). It is well known, however, that the ship’s
SWay motion has to be taken into account when calculating
the stabilized ship’s roll motion. According to [231, this
Can be approximately achieved in a simple way by intreoducing

the expression —w;as(t‘. instead of zero, into the right

Side of equation (3.13b) (Appendix 1); then the following

Set of equations is ohtained:

+ o™ ; 2 S Pe LN 2
2B, w, ¢ + w, ¢ + Fﬁa—m! & Frn, & = w aE(t)
(Z.14)

® + 2 " L .20 = .2 S 2 o +
ﬁs P “s0” W (=1 So¢ “eo¢ wSOGE")
After introducing linear—quadratic damping in equations
=
(3,199 (as in equation 3.11) they take the following form:

2 2
b+ 23, ¢ + o, $lb| + o 2od ¥ Tl ® — Mul & = w) o (6)
£S5 10)
s 2 dyF 2 S 2 2 L i
+ 238 wsos + W e|e| + w008 + —a—w9°¢ - w80¢ = weoas(t)
Whera

B¢’ W¢ = linear and quadratic parts of the ship s roll
damping coefficient,
ﬁb, We = linear and quadratic parts of the damping of the
fluid in the tank when the system is in the passive
state.
The set of equations (3.15) describes the dynamics of
Fhe System ship — tank for any U-shaped passive tank, which
i therefore true, for the passively-controlled tank in the
Passive state.
This model can be used for testing the behavior of the

Syst+ . y
Ystem ship - tank on regular and irregular waves.

The
~=_frozen state of the system

In the frozen state, the fluid in the tank is




Practically immobile. The derivatives of the fluid motion

take the form:

8(t) = &(t) = 0
The closing of the air valves and blocking of the fluid
Motion between the wing sections of the tank causes a change
1N the natural frequency of fluidoscillation. The assumption

that the f1luid is completely frozen leads to the following

inferences:
wS:'.:O
“s, — frequency of oscillation of the fluid in the

passively—controlled tank in the frozen state.

Therefore we obtain the description of the dynamics of

the system ship - passively—controlled tank in the form of a

Single differential equaticn:

byt 204 ¢°¢> % w¢¢|¢| + u¢°¢ polCe(t) + I8t D] (3.16)

Due to the fact that the angular fluid position

does not change in this case, the value of the expression:

Which causes the passively-controlled tank in the frozen

State togenerate the moment, known as the asymmetrical

Ssent:

MA = (I ¢¢)Fw¢°6(t ) (2.17))
whEl"e:
I

Sy = ship’s inertial moment about the longitudinal axis,
e(tc) = angular position of the fluid at the instant ¢t

(the point of cleosing of the blocking valves).

The analysis of the equation (3.16) 1leads us to the
fONClusion that in the frozen state, the sum of the
dj

1Sturbance moment and the asymmetrical moment M (generated

b
Y the tank) acte on the ship. The asymmetrical moment of

X
e Passively—contrpolled tank can be 1leooked uwupon as an




&xternal additional moment acting on the ship’s hull
(SUDerposition principle).

The mathematical descripticn of the dynamics of the

System ship - passively-controlled fank in both states of
Operation, taking into account the changes in th2 natural
freQ’-lE'ncy of the fluid’s cscillation, in %the case of the
frozen state, can be formulated using parametrical

differential equations:

2

[+ 200,00 + w, GlP| + Wb+ Mol ® = Mwj e = o o (+)

] &+ 28,050,828 + w|o]o + witu,t)e + (3.18)

s 2 ' 2
) — y _+ = - {
+ -—g——ws(u.tv¢) we(u.-)(b ws(u,t)as.t)

The system’s variable parameter is the fregquency of the
fluid s pscillation wglu,t), which is a function of +the
leCking valves control and time.

The control of the air valves is an integral part of the
Mathematical model of the system ship — passively-controlled

tank, Chapter S5 is devoted to this problem.

(o
e =
]

S.4.3 The compressibility of the air in

passively-controlled tank.

The use of the air valves, which would block the
Naturay fluid motion requires taking inteo account, in the
mathematical model of the system, the compressibility of the
&ir, above the fluid surfaces as well as its influence on
the sStabilizing moment of the passively-controlled tank in
the frozen state.

During the operation of the system, the tank’s air
SPace undergoes periodic polytropic processes of compression
and decompression. As it is not possible to determine the
Expo"'Ent of these changes, it is assumed that the polytropic
cUPVES are between the isothermic and adiabatic curves.

In the frozen state, the asymmetrical moment generated

b
Y the tank is proportional to the angular positions of the
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Assuming that the exponent of the polytropic

transfcrmation is z, for the left wing section we obtain:

z z -
= (3.21)
povx,o vaL
therefore:
-— t z
_ SP b'r gsc (.23
P = Po|™= = €30 o
s -
Analc";zi-:ally, for the right wing section:
& =z
p_=p e (3.23)
P ol s + b tgd® ¥ '
P T
After taking into account (3.22) and (3.23), the

SQuation (3.20) takes cn the fcollowing form:

Zpgbr(tgecos¢ - sind) +

€ 4 D . s + b _%tg &
+ n =P thgsc 2 P 4 J.I?C
= — i -+ T g
o S5 thgéf sp thgp

Where.

Il
[}

(3.24)

P - mass density of the stabilizing fluid,

br = half the width of the tank,

P
o

s

Nnormal atmospheric pressure,
p _ length of the air-tubs above the fluid surfac= in the

wing section, when ¢ = O.

The Compressibility of the air in mathematical model of the
SYstem ship — passively-controlled tank can be taken into
SCcount by solving the equation (3.24) for the variable

8Ngles o and ¢.
c
S.5 The mathematical descrintion of the wave motion.
The real sea wave motion has an irregular character and

i : "
S 2 random process, which can be described using the

Drubability and the random theories. A descrinticn of the

Quaj;: - =
flities of the wave motion was presented in [14].




The sea wave motion is assumed to be a staticnary,
hQMDgeneous and ergodic space-time random process. Its
Values, which describe the wave’s prefile is of normal
distribution.

Approximately the wave motion can be presanted as 3

gul

twQ‘dlmen=1ﬁna" irrecular wave. It ic in fact the finite sum
a

£ - :
cf 2le2mentary sinuscidal wavee {cz2lled harmenic w
t

a
iz zpontained in the characteris

FECirum. The wave snargy spectrum shows the way in which

the totay energy of thz wavese i=s distributed between (hs
hEr’-"T"?i: componsnts (frequencies) of the wave motieon.

In the cace of insufficient data 2bcut the ship’s
Q:Erating region, Internaticnz2l Towing Tank Conference
(1 %

TT .
'TC) recommends the follcowing form of the <ctandard wave
ot

fum [142

S, (@) = Aw Zexp (-Bw ) [m’=] (3.25)
Where:
© = circular frequency of the wave in [rad/s1,
If the significant wave height h and characteristic

1/3
Period T are known, then the constants A and B can ke

determined froms
A= 173 /T B = &91/T" (326
Whera.

o~

1.3 ~ Significant wave height, determined as the average

value of 1/3 of the highest waves,

T

—_

characteristic period.

Alongside the wave height density spectrum S, (@), the

Wa
V& slope density spectrum function S,(w! can be used. The

Dllcwlng relationship is reached between these functions:




S (@ = K25 (w) (3.27)
a h

where:

k w?

T wave number: k = 5

The wave power spectrum shown as in (Z.25) does not
take into account the motion of the <chip relative teo the
“ave motion, which can be described, giving the ship’s
Velocity and the angle between the vectors: ship’s velocity
and the wave propagation velocity. The frequency of the wave
S¥Citing the ship’s roll is called %he relative circular
frEQUEncy and is expressed by:

w = |w - o’y cosp) (3.28)

E =

Whers:
“E = relative frequency, ie.: +the wave frequency in the
mobile inertial system 01, x‘. yl, z‘,
absolute wave Ffrequency in the static coordinate
System,
ship’s velocity,
= eéngle between the ship®s course and the dominant

direction of wave propagation.

3 e :
) Remarks on the identification of the coefficients in
the mathematical model of the system ship -

Dassively—confrolled tank.

In this chapter, the complete synthesis of the model of
the dynamics of the system ship — passively—-controlled tank,
B System of differential equations with a variable
S8rSmeter has been formulated. In this model we can

di
lf“'Ef'E*ntiate the following component models:

the mathematical model of the ship’s free roll as a second
dEQFEE Oscillator with linear—quadratic damping,
the mathematical model of the stabilizing fluid’s free

®SCillatory motion, which is also a second degree

9Scillator with linear—quadratic damping,




= the model of the coupling elements between the stabilizing
fluid* e and the ship’s roll motions,

= the mathematical model of the pelytropic gas transformations
In the fropzen state of the passively-controlled tank,

= the mathematical model of the sea wave motion.

The purpose of the model (3.18) has a deciding
i"'Fl'—'ence on the structure and form of the accented model as
well ae on the range of simplifications done during its
Synthesij g,

The basic problem in the synthesis cof this mathematical

Medel ig the acceptance of the faoarm of the2 model in the
p

v
Fesul ¢

/1]

Ss

=

cstate. The model of the system in the froz=n state

o

irectly from the modsl in the passive state.

u
8

There‘ﬂra it is burdened with all the simplifications used
In the Construction of this model.

The dynamic model of the passive state was formulated
1n the general form. In literature we find articles which
diSC!SS the correlations between the dynamic models and the
real Systems [2Z, 4611, The main problem is the impossibility
of FSferring all the results obtained in model tests to the
Feal Conditions. The realization of such a comparison leads

to Sreat difficulties. For example it is impossible to limit

+
the degrees of freedom of a real ship.

An interesting discussion on the usefulness of
mathamatical models during the design of ship roll

StabiliZing systems can be found in [3].
The particular usefulness of models of two degrees of
freedDm (roll - sway), is pointed out in the above mentioned

publiCation [Z). This is the kind of model proposed and used

N this werk.




Chapter 4
4. THE EFFECTIVENESS CRITERIA OF THE SHIP’S ROLL STABILIZATION.

The necessity to formulate the obijective criteria
dEfining the effectiveness of the ship®s roll stabilization

drises from the following premises:

POssibilities of mutual obiective comparison between
Several realizations of stabilizers,
= Necessity to use these criteria as elements of the
target function, during the optimization of the
Construction and control of the stabilizer,
T fetermination of the costs (profit and loss), resulting

from the installation of the roll stabilizer on board shipn.

The ship’s roll meoticon is ogenerallya non-statiorary
st'-:"~'~’1«E‘.'5tic process and depends on a range of factors, of

Which the most important are: s=a state, veleccity and course

)
w

8Ngle of +he ship, relztive to the main directicn of the s
Wave motion, and lcad conditions.

Generally, we accept the following division of the

=1

&ffectiveness criteria, for the functiconing of the rol
Stabilizers:

L. Criteria which determine the effectiveness of roll

Stabilization on the regular wave,

2. Criteria of the effectiveness of roll stabilization on |
the irregular wave, which can be divided into two
Sroups:

-

short time prognosis,

=~ long time prognosis.

The evaluation of the effectiveness of roll
stabilization is connected quite frequently with a whole
renge of misunderstandings and incomplete information,
ESDE:ially in prospects and advertising brochures.

The frequent reasons for these misunderstandings are:

|
1. Omition of the criteria used in evaluating the

Sffectiveness of the stabilizer,

a8bsence of the conditions in which the concrete criteria

Values were obtained.




Methods of determining the effectiveness of roll

Stabilization on regular waves.

The regul ar wave conception (aA(t) = ahsin wEt) is 1in
scmeways an ideal. In reality such a wave does not exist. It
£an Only be a certain approximation of the sc called dead
Have., The testing of reoll stabilizers on the regular wave
Should be connected with tradition and practice in the
ath""ﬂatic control theory. The roll stabilizers are qgenerally
SUtomatic contrci cystems or systems defined by a set of
di;":9"‘97"ltial equations.

For such stabilizers (as long as they are defined by a
+

Sat

2f linear differentizl equations), it is possible +o

asgj 3 2 2
Sign amplitude and frequency characteristics:

K(jw )] = ¥ (w )
| | e (4.1)
elw ) = *‘szs\
; E
N which;
K (5
| (J“E)| — module of the frequency characteristic of the
system ship — stabilizer,
£
= phase angle (phase delay) of the response,

corresponding te the system ship - stabilizer,

relative to external disturbance.

The characteristics (4.1) allow us to draw concrete
:z:fi?sions as to the behavior of the stabilized ship in the
= ~~1lon wE. These conclusions although drawn on the basis

N idealized form, can be used in evaluating the behavieor
°F the stabilizing system in real conditions.
(4,1)The amplitude and phase characteristics of the form
are the most often vsed criteria, in evaluating the
unctiQHing of roll stabhilizers.
If the system ship — stabilizer is described by a set

Qf .
m:'r"llﬁear' differential equations, then it i1s not possible

S d;
3 lrEctly assign its characteristics (4.1). In such a case
1=
L : - 3
S€ the frequency charactericstics in the form:




(w )= >
AT Falo = L
Ry T (4.2)
e(wg) =£¢a(ws)l

a = const
: A
N which:

¢k T Maximal or effective amplitude of the ship’s roll,

% ~ amplitude of the wave slope angle,

= Phase angle of the response, corresponding to the
System ship - stabilizer, relative to external
disturbance.
An  additional difficulty is the control of the

Stabilizer. due to the presence of twe types of

Sharacterictics (4.2):

= characteristics for the optimal (different for each
frequency) settings of the controller,

a Chéritteristics far the constant cettings of the
Sontroller (usually these are settings, optimal for the

F8Sonance frequency of the ship).

Other than information on the behavior of the system
Ship = stabilizer, the Ffirst group of characteristics
Drdinarily constitute the premise for the necessity for
sel‘F"t‘-‘”ing of the stabilizer controller. The second group
o Cha"aCteristics shows the frequency range through out
"hich the stabilizer functions properly. The evaluation of
the Characteristic (4.2), in the case of the non-linear
fode) Of stabilizer dynamics, as well as in the case of
:?::1 tests, ic done by the point by peoint method, for

SN ar sixteen points, within the chesen frequency
Mange,

On the basis of the characteristic (4.1) or (4.2) it is

Pose;
tsslble toc evaluate the effectiveness factor of
Stak:

a &

blllZation [13]1 according teo the formula:

¢ —¢
A ASTEN (4.3)

E = ?

or A




|
|
|
|
|

=Ny
E= ~2"00 (4.4)
¢A

In which:

P

A A S YA respectively, the reoll amplitudes of the

unstabilized and stabilized ship, determined

for the same input frequency.

Complete information on the stabilizer’s operaticn can
be Obtained by representing the relationships (4.3) and
(

‘4.4) as functions of the input freguency @, and the

Sentrpl u. Therefore:

~
EC(E) = €{(w _,n) (4.5
E
There esxist cther criteria, common for the evaluation
C+ « o : =
-he stabkilizsr operaticn, =n the regular and irreguler
Wave. These criteria will be discussed later.
4.'\ .
< Evaluation methods of *he effectiveress of the roll
Stabilization on the irregular wave.
In formulating the criteria determining tha
+

&ffectiveness of the roll stabilizers, it is necessary

X 0

define the influence of the stabilizer (construction an
ccntr01), on the behavior of the ship equipped with such a
Stabilizer.

It is also necessary to take intc account that, the
majcrity of values occurring during the ship’s roll motion

a
"® random cnes.

Generally, in evaluating the effectiveness of the roll
stabilizer, the variance criteria is accepted in the
fDllQWing form:

1 o 2 - Y
By _.r_o_[‘ [k1¢ + k¢ + ko ]dt (4.6)
1N which:
T

— process time,




k, k . ka - respective weight cecefficients of the angle,
angular velocity and the angular acceleration

of the ship’s rell motion.

The criterior (4.6) is a simple expressicn to
determine the value of the ship®s rcll and 1its derivatives.
Thig criterion is often named "critericn of comfort", as it
directly determines sailing comfort.

The energy consumpticn of the stesbilizer, plays an
important role in most ©f the controlled etahilizers,
ThErefore into the expression (4.6) we introduce a term
Proportional to the censumed energy,

T

SO Ll D D 2] as -
g, = -7F.~[ P1¢’ + k¢ + Ko +qt ]d- Q.7
o
Where:
P coordinate determining the moticn of the actuater of the
Stabilizer (ex. angle of attack of the stabilizing
fins).

The criteria (4.6) and (4.7) are general cnes used in
8valuating the efficiency of the stahilizer, on regular and
irregular waves. The only inconvenience connect=ad with the
USe of these criteria is the difficulty in defining the
Weight coefficients k. and q.

If we acsume, that k, =1and k, =k, = g = 0, then the
Value of the criterion (4.4) is equal to the variance of the
Ship-e rell motion. It is worthwhile to add, that the
Cosfficient q (representing generalized control costs) is
fbt Significant in the case of the passively—-controlled
tank. The mction of the stabilizing fluid is not an energy
CQ"SUming process.

The effectiveness factor of the stabilizer on the 1irregular
Wave can he determinated on the basis cf the criteria (4.4)
and (4.7). This factor gives information on the advisability
i uUsing a stabilizer, especially when it can be evaluated
for the wave characteristics of the ship®s future operation

Feg; - - - - - < - e ® = . @ o
S9lons. 1§ the ship ls designed tor free saiiing then the




Criteria of effectiveness are determinated for the North

Atlantic.
The effectiveness factor of roll stabilization on irregular

Waves is evaluated analogically teo (4.3) and (4.4) as:

E .= (4.8)
N
2
¢N
or
2
E = __g_ilﬁi (4.9)
P
N
in whichs
2
D¢ . D; - the respective roll variances of the
N STAB

unstabilized and stabilized ship.

Other than the criteria given by the expressions (4.45)
to (4.9), a wheole range of auxiliary criteria determining
the average values of the roll angles and accelerations are
in use. These criteria have been defined and discussed in
detail in C14, 6&11.

Criteria often applied 1in describing the ship’s
Dstillatory motion on irreqgular waves are the power spectra.

If the dynamic system ship — stabilizer is described by
linear differential equations with constant coeoefficients,
then the form of the energy spectrum can be

AMalytically obtained from Parseval’s formula:

S (w) = IK(jw )lz S (w) (4.10)
¢ E E Lo )
In which:
S¢(QE) — roll spectrum,
Sq(ws) — spectrum of the sea wave motion.

It is relatively difficult to determine the energy

SPectrym  (4.10) in model tests, but having sueitatble




fpparatus it can he determined through the special procedure
(ex. fast Fourier transform). On the basis of the stahilized
and uncstabilized ship roll spectra it is possible to draw
Wider conclusions than from the expressions (4.8) and (4.9).

The evaluation criteria for the effectiveness of the
ship®s installations, especially useful For the roll
stabilizers, are the probability functicons of exceeding the
rell amplitudes and the angular rell accelerations. These
functions in principle, complement the random distribution

function to unity:
p{|¢| > ¢"} = £l (4.11)
in whichs
P{|¢| > ¢*} — prebability of the rolling ship exceeding the
fixed roll angle ¢*.

The properties of the criterion (4.11) result directly

from the definition of a distribution furnction:

P{|¢| > o} =1 and P{|¢| = a} =0

The criterion (4.11) is best determined from experimental
tests’ by special data processing programmes.

The criterion (4.11) is especially useful for ship
dssigners, because in a simple way, it characterizes the
Ship>g rcll motion on the irregular wave. With the aid of
Criterion (4.11) it is simple to define the 1limits of the
ANgles (angular accelerations) cof the ship’s rell motion. It
allows us to determine the influence of the rell motion on
decy equipment incstalled on board ship, ex. drilling
SYstems, handling systems, =%c.

4.3 Analysis of the efficiency of rcll stabilization.

The necessity for using the rell stabilizer on beard
Ship, in practice denends on the tasks to be realized by the

Ship’ in the future. Accordingly twe groups of tasks can be

dlstinguished [491:




1. transportation — understecod as displacement of cargo,
Passengers and equipment with persenel and cstores,
between two points on the sea,

2. sSojourn — understood as the stay or the slow motion on
the sea, of the ship with the z2im of completing tasks
such as loading — unloading, hyd-ographical, drilling,

geological, trawling, etc.

The neceszity of the shipg®s roll stabilization, in the
tiret grroup of tacks, 1s economically justified by th
c ¥

onsumption by the main =ngines at a given

0
ot
N

The neces=zity of the zhin®s roll stabilization in the

Second group of tasks, is coneidered justified, if the
Unstahilized chip carneot, du=e %o bad weather conditions,
FErform ite aczigned taskzs (du= tc the chip evceeding *%*he
llmlts of tha rell angles and angular accelesrations).

To evaluzste the necs=sity 2a2nd effectivenssse cof rclld
Stabilization {according to the afor=menticned aimes), it is
re:ezsery to have at cn=e’e disgossl lcong time progncocsis  of

ical model

the cshin’s operation [621, characteris
arm2ticn on the sail c

The criteria discussed in the previous sections of this
theDtEr, ar2 the only ones vused in this study. These
Criteria are aporopriate in eveluating the effectiveness of

the stahilizar, whese installation on board ship has already

Besn preordained, on the basis of economical analysis.




Chapter 5

S.CONTROL ALGORITHMS OF THE VALVES BLOCKING THE FLUID MOTION
IN THE PASSIVELY-CONTROLLED TANEK.

The control of the ship roll stabhilizer can be
Considerad a problem of optimal filtering. A stabilizer 1is
"5¢EEsary to compensate the effects of external disturbances
(r9§uler and irregular), which act on the ship. The ship is
the obj=ct of control in the roll stabilization system.

Fractically, the problem of contreol of the chip roil
Stabilizer is not discussed in scientific literature. The
SSneral theories presented in [14, 211 can be adapted only
t2 the synthesis of control of active roll stahilizers,
®SPecially for the <etabilizing fins. Similar general
“heories on this subject can be found in [55, 5S731. 1In
lit ~8rature published by various preducers [22, 37, S1, 923
the Problem of the pacssively—controlled tank’s control is
Not discussed.

In the case of the passively—-controlled tank, when +he
fontrolled parameter is the natural frequency of the tank,
it 1s impossible to practically apply the general theories
for the control synthesis. For such objects, it’s difficult
to find the proper control through pure empirical methods.
Due tq certain interesting aspects of this problem, this
chaptEF tries to find the blocking valves centrol
al';l‘l'r‘ithms, as well to explain phenomena connected with the
Sentrol of the fluid motion., in the passively-contrelled
tany,

This algorithm can be most easily derived from the
Qbservation of phenomena cccurring in the system ship — tank.
The 8im of the algorithm is to determine the moment of
clos‘ﬂﬂ (t ) and opening (t ) of the valves blocking the

fluig motlon in the tank.

A Properly operating control éystem should ensure that
the Stabilizing moment, generated by the tank, counteracts

tin the oppeosite direction? the disturbance moment, created

b
¥ tne Sea-surracte. 1N tne case ot active stanilizers thais




SOndition is relatively easy to realize. However, in the
Case of the passively-controlled tank, in which the fluid
Tation occurs only under the influence of gravity, it is not

always possible to ensure the above mentioned conditicons.

ot

=
“+1 Certain phenomena cccurring during the fluid moation in

the tank.

In the case of the fluid hlocking valvee being open,
"= fluid moves ip such 2 way so as e achieve =2 horizontal
tion. This tendency does not depend on the resition of

h T : 2
the ship’es hull. A faw such cases are shown in fig. S.1.

Bia :
*3.5.1. Different positions of the ship’s hull on the <ea

and their corresponding fluid positions.

I+ we examine tha fluid mcotion in the tank from any
Yven moment to a stable state, depending on the actual
Pesition of the ship®s hull relative to the terrestrial
SRordinate system, we will note that the fluid motion is
Characterized by a periodical tendency to achieve a new
State of stability. In real conditions, the ship®s hull
fulls, therefore, the stable state of the stabilizing fluid
“hanges continuously. This can be illustrated by the

figos 25

e
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Fig, 2.2 The time diagrammes of the fluid motion in the
tank.
Ressuming that the chip’®c hull ic heslad at a certain
2

18l=2  and remains static in this nosition, concrete

Puring the motion of the stabilizing fluid in the tank

Wi - : > ~
tk cpen blocking valves (fig. 5.3), there arises a2 $luid

leve: difference between the wing sections of the tank.
Q).
1V, 0 b). v
v(0)
\ tx L
|
|
I
|
|
|
I
i
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t Vst = Pust. i
> e i —— e
I
i
Fi
S: 5.3 The time diacramme of the transient processes of

| the stabilizing fluid motion for the static ship’s
‘ heel angle:
a) for zero initial conditions of the fluid,

b) for non—=zero initial conditions of the fluid.




The level of fluid in the tank changes continuously. If at a
Certain moment the blocking valves are closed (the tank is
in a frozen state), the existing difference between the
levels of fluid, which is propeortional to the ancular
POsition of the fluid © in the tank, is constant (not taking
into account the change of the fluid level due to the
COmpressihility of the air).

In this case the tank generates an asymmetric moment
(3.17), which acts on the rolling ship. This moment directed
alﬂng (in phase), the action of the exciting moment,
intreaseg the amplitudes of the ship®s roll. In the opposite
Case, yhen the tant’s moment is directed against (in counter
Phase) the ship’s roll,its amplitudes decrease.

We can prove that the maximum moment of
98nerated when the difference of the fluid
the wing sections achieves the greatest value. This
When 9(t)—->max, therefore S(t)=>0. Independent of
foresaid it is necessary to . interrunt (hlock) the

when the fluid level in on2 wing section reaches its
when |&8(t) | = SN.

Therefore the condition for freezing the fluid flow,

the closing of the-blocking valves is as follows:
t = min {t:[[é(t) = 0] v [|s~<t)| =9 (P)]]}
c N

c = the moment when the blocking valves should close,

t

e -~
ﬁn(p) = the tank’s saturation angle,
P

— the vector representing the construction parameters

of the tank.

The finding of the condition for closing th= valves
does Not solve the problem of the synthesis cof the control
Sloorithm, In particular, it does not sclv=2 the problem of
g'E”E"é'.tinf;; the proper stahilizing moment by the tank. The
Prope, stabilizing moment should be directed against (in

c
unter Phase, if it is possible) the ship’s rell evciting
QOen +.




To satisfy the above mentioned condition, it is
Necessary to find a physically realizable algorithm, which
defines the conditions for the opening of the blocking
Valves, It is also notable that the algorithm (Sa1)
dEtErmin:ng the conditions closing the blocking valves which
ShSures only the maximization =f the tank’s moment, do=s not
SNSure the proper action of the tank.

The algorithm which determines
blocking valves is the contral
Passively—controlled tank,looked for by u=. The
the Plocking valves is in fact only a consequence of
f2rlier opening.

The control of the cpening of the blocking wvalwves

falled hereafter the control of the tank) shculd take into

SCcount two conditions arising from the phenamena of ths=

Froposed system. They ar= as follows:

T H9=tarmination of the possibilities of fluid
the wing sections of the tank; due toc the properti=s of
the tank, the fluid flow should take place only undar the
force of gravity, therefore it is necessery to determine
the conditions of the fluid mection in the required
Yirection,
detEr‘mination of the necessity for opening the valves,
th‘-‘"‘-"‘Eby restoring the fluid flow between the wing sections
of the tank, which determines the =¢ffect of the change of

the tanks asymmetrical moment on the ship’s roll.

The ceontrol algorithm of passively—-controlled tank

s
heul g consist of two parts:
~ the

Flus

Precondition which determines the peossibility of
d motion,

adequate condition which determines necessity of this

Motion,




3.2 The evaluation of the precondition of the cpening of the

fluid motion in the passively-contrelled tank.

the relationships, which

<

"+
0

hal
e
J

o

I+ is nececssar

determine the relative positions of the ship™s hull and the
frozen fluid in the tank, which after the opening =f the
leCking valves make possihble the relacation of the fluid o
the Oppaosite wing section, orly under the influence of
Sravi tVe

Let’s evamin=2 four relative positions of the cehin’cs
Aull sng the frozen fluid in the tank (fig. S.£). The
Situstions shown in fig. .4 takse inteo account a3l! pcos=ibhl=
Felative pasitions of the chin’s hull and the frozen f1luid,

above menticned statement is correct, becaus=2 the

not i

L]
W
8
1}

FUNning valuee of the angles ¢ and m
ImDCPtant are their signes conly (positive or negative).
ACCGPdlng to the fig. 5.4, we see that in the case of ths
sit'-lations described in fig. S.4a and S.4b, the opening of
?he valves does not cause the looked for fluid meotion. This
1S due to the fact that the ship 1is heeled to the side
“Sighted down by the column of fluid.

Therefore the disadvantageous relative position of the
M1 ang the frozen fluid in the tank is determined by the

SXpPression:

6L = {f: Cp(t)  S(t) > OJ} (5.2)

Wi
here 6, (R) defines the time gate (time delay) for which the
r !
®lation R is true.
The advantageous influence of gravity is shown in fig.

=
¥sSc and 5.4d. These situations are characterized by the

time gate:

6st = {%: () -9(t) < O]} (35.3)




/

Flg' S.4. The different relative positions of the ship’s hull
and the frozen fluid in the passively—controlled
tank.

The time gate 6 t as defined by the expression (5.3)

AN be called the energy precondition for the cpening of the

¥
luig flow between the wing sections of the tank.

9.
S The evaluation of the adequate condition for the opening

Of the fluid motion in the passively-controlled tank.

The passively—contrelled tank with valves blocking the
Nat
SSural filuid motion 1is an example of the plant with

a"SDDr'ting delay. The flow of fluid from one wing section

L
¥

Shother is not a time=less (infinite) process. It 1s a




finite process, which can be sufficiently accurately
determined as half the pericd of the free motion of the
fluid, in the tank. Therefore:
R ARIOSS Teo = —g—— (5.4
So
Where r defines the transport time of stabilizing fluid from

ONe wing section to another.

The opening of the fluid flow, after the detection of
the disadvantageous action of the tank’s asymmetrical momsnt
s a delayed reaction. The tank would generate the desired
8Symmetrical moment only a2fter a time T. It can be noted
that additionally, in this case.the energy nrecondition éEt
is not satisfied: therefore change of the asymmetrical
MOment*s direction is not possible.

Therefore, it is necessary to open the fluid flow in
the tank with a certain orediction time; only then can we
S¥pect the precondition & t to be fulfilled and the change
i the asymmetrical moment’s direction will then take placa
3t the proper time.

Let us assume that the value of the ship®s recll angle
%t moment t + Ar (Ar > 0), ie. the value ¢ (t + A7), is
known at moment t.

Then the condition for openiAQ the fluid flow can be

dEscribed by the following expression:

to = min {%: [ (£t + AT)-9(%) >OJ} (5.9)

The EXpression (5.5) shows that for the moment t + At the
tank’s action be disadvantageous. If At > O, then the energy
Precondi tion 6.t is satisfied at the same time.

To ensure the optimal prediction time for fluid
r.elc’ca‘:icm, it is necessary to predict the ship’s behavior
(e AT = 7, Therefore the condition for opening the fluid
Flow in the passively-controlled tank can be finally written

. follows:

to = Min {:_; [¢; (t + 7)-8(t) 2> 0._1} (5.6)




S.4 The possibilities of predicting the ship’s roll angle.

The prediction of the ship’s behavior at sea is neot a
Simple problem and is difficult to realize. For example,
Paper (s3] presents a complesx theory for such a prediction,
based on the use of the Wiener-Kolmeogorovy filter.

Several realizable algorithms which make possible the

Prediction of the ship®s roll angle are presant=ed below.

= .
S.4.1 The prediction of the ship’s roll angle using Taylor’s
extrapeolation method and Butterworth®s filter in

filtering the signal.

The determination of the future values of the
DPQCESSing variables 1is cone of the basic problems of
E“Qineering today. The prediction of the above varizbles
Makes peossible in many cacses the realization of optimal or
SUb-optimal control.

The problem cof prediction, in our case, can he
fc,"’mulated as follows:

T on the basis of information on the course variable, in
the previous time interval, we should evaluate the
cDrPesponding Butterworth’ s approximation (determination
of the prefiltered magnitude); this algorithm is described
in 353,

= thisg approximation is extrapolated, expanding it intc the

Taylor*s ceries.

T =
MIS can be-illdastrated by the fig. 5.5.

P(t) Butterworth’s F(t) Taylor’s Flt+1)
~—~>——| Filtration —_—t | Extrapolation |—>——
Algorithm Algorithm ™ "
F-
'9. 5.5 Obtaining the value of the predicted ship’s

roll angle.




To obtain the value @(t+7) we expand the approximation into
the Taylor’s series in the following form:
B L
Pt + 1) = }E:a“%t>_%7 (S.7)

L=0

0Of course the accuracy and quality of the pradiction
92pends on the number of terms in the series. A larger
Mumber of term= makes the prediction more accurate. Fractice
Shows th=t it i=s possible to measure easily the angle or the

qM3ular velecity of the ship®s roll, rarely is it pessible

in

ure the angular acceleraticn. For 2ach of the above
it 1= easy (o measure or c2alculate the
owing magnitudes: angle, angular velocity and angular
~S2larztion of the ship’s roll. Thersfore we must linit the

(2.7 o three and we cbtain:

n

cf *arms of the csz2rie

- 2 .2 —
Td(¢(t)) o ST (¢(§)) (=.9)
dt dt

Pt + 7) = Ft) +

N

The formula (S5.8) concerns the measurement of the anqgle
¢(t)- In case of the measurement of the angular velocity the
Serj :

SFies (S.7) can be written in the following form:

L+T

- 253
; dip(t)) (%15

dt

Pt +7) = I @lE)dt + T @(t) +

Lt

Determining the prediction @(t+7), from the formula
5'9) we avoid the necessity to take into account the value
i the constant angle ¢, which arises due to faulty lecading.
The Shin’s rpll stabilizer therefore, will not react to the
tQnstant angle ¢, which is considered the correct sclution
°F the problem.
The structure of the pradicters (5.8) and (5.9) is in

Prj .
1n':lple consistent with the structure of the controllers:

F’DDZ

(for the form (5.8)) or FID (for the form (5.9)).




Therefore the predictor, in this case can be found in
the structural class PIDD?’. Such a structure is not

9ifficult to realize.

9
Algorithm of the real regulator PIDD™

The real contrcller PIDD® can be realized through the
direc digital contrecl technigue itn the form of the

following clgorithm:

L. Position algerithm, in whickh the actucl signal from the
regulator is the actual control signal,

2. Speed calgerithm, in which the regulater calculates the
Qctual increment cof the control signal relative to the
Previcus signal.

It was decided that we design a speed algorithm, which

'S derived directly from it’s &asic structure, therefore,

from the pesition algorithm. The position structure has the
follcwing ferm:
n

Pg(t) + I}: ¢[ =ERETY o i)At] + (5.10)

L=0

Pl 4 T)

D[11¢<t) — 18¢(t —Ak) + 9@(t — 2At) - 2¢(t - ?At)]/éAt +

DZ
[2¢(t) — S@plt — AE) + 4¢(t — 2At) — @t - 3At)]/.’_\.tz,
Uhez.e
t <
NAt; At — period of signal sampling @CtD,
p
’I’DsDz — gain coefficients for the channels:

progortinal, integrational, first and second

derivatives.

Due to practical calculations, as well as for the

POse of reduction of the sensitivity of the algorithn,

the

Calculation of the derivatives was done on the basis of

t
[he lefe di f ferences approximation with four point smootAhing
213.




|
(4
‘c“

|

@lt) = [11¢(t)—18¢(t—At)+9¢(t—2At\—2¢(t—3At)]/ EAE =

=% [V¢(t) + 19200 + Lv%r.t)]
< i (S.11)
ey = [2¢'.t)—5¢'t—At)+4¢(t—2A‘_)—¢(’:—'.'At)]/£.tz =
1 2 3
= — [v pit) + 7 ¢f.t)]
L at

Therefcre the speed algerithm of the siructure PIDD? tacRes

the following form:

P + 1) = gtk +7) — @t +7 - 4A) =P[¢(t‘ —¢(t—At>]+

* Iatgor) 4+ 9__[[v¢<t) - Ipit - At)] . i,[vz¢<t) - Vgt -

AT
- 1(_3 3 D? 2
At)] + .,[v Bt~ e (= At)]] + [v plE) —
- 2
At
= 2
Vigt - At)] + [V3¢:(t) - 9 - At)]].- (5.12)

W, ’
here the integrating element is best realized con the bCasis

o the Adam’s method [211:

L
!
J¢(t)dt ~ TAt [¢<t)+%v¢(t)+%v2¢(t)+§v’¢(t)+§%v‘¢>] (5.13)

The Butterwecrth sine low pass filter

The Butterworth sine low pass filter - as descrided in

Ly
tterature [35]1 - is not only one of the mecst simple high
Orge :
T filters auvciladble dut alsc one of the most effective.

features of this filter as well as the dynanmic

ch
Wacteristics of the ship as an object which effectively

Qam -
Wes high freguencies, decided the cholce of this filter.

The scuare of the module cf the sine tronsfer anctton

°f the p : : .
ut terworth filter is descrided as fcllows:




[He |2 = - —, (S.14)
1 sin(nfAt)
sin(nf At)
o
Vhere:
e~

o the cut off freguency cof the filter,

M - order of the filter Cthe number of polesD.
The practical reclization cf this filter is relatively
Slmple. It is based on the well known principle, that any

hlgh order filter can be realized as ¢ cascade filter, which
'S made up of first and second order filters connected in
Chain. From this the equation of the m—th constituent filter

has tre following form:

Y™y = b 5P (e)—a F™e-atr-a ™ x-2at) (5.15)
tm o' tm im’ tm 2m’ tm
Vhere
e o - _
tm ~ Y, (t), A () = ylm(t); P = M/2 wvhen M ts even
P = (M+I)/2 vhen M is odd,
bo T the constant coefficient, the same for all elements of
the cascade filter,
auﬁ BZM(m = 1,...4F) — the coefficients of the sine filter,

ere, if M s odd then the last P-th coefficient is = 0.
P

The coefficients a and a as well as b are
im Z2m o

=

c
Qlculated according to the Otnes algorithm L35

It is necessary to prove that for such a complex
st"'L‘C'lur‘e of the prediction device, 1t is possible teo obtain
s Prediction time accaording to the expression (5.4) and to
Use PID or PDD2 structures (dependant on the measurement
DQssibilities of the process variables) for the control of
the Passively-controlled tank.

We will prove the case of the PDD® structure (during

t
he Measurement of the ship reoll angle ¢) for the regular

Qyesa .
cltlng moment.



casca.de

With sufficient accuracy we can cpproximate the roll cof
the ship stabilized by the passively—-controlled tank on
Tegular wave to a harmonic éne Ca more precise explanation
ls given in chapter 7.3.30, whickh caen be expressed by the
SQuation:

@tt) = ¢A sln(wst =
Vhere.

According to the expr ~ d using (5.158) thke
-

fr ; . 2 ;
€diction of angle @t can te formulated:

[@(t+7) = Psin(w t-&) + Dw cos(w t-&8) + D w’sin{w t—-&)
E E E E E

& = arctg e 1 s (5.17)
=
E

. o

P 2
»D,p* — static gain coefficients in the chennels cof angle,
angular velocity and angular acceleration of the

ship’s roll motion.

After compounding the harmonics we get:

-

1
¢(t+r)=V/(P + DZw2)? + (Dw Y% sintw t-8+o)
E E E

Dw
E
o=arcty —m——

P+ Dzwz
E

"“"&e-p R y :
€ © is defined as in expression (5.17).



preci.se

Converting the prediction time T glven by the
€Xpression (S.4) to the correspending grediction angle o:

W ‘'
= (5.19)
w

°
o

Therefore to ocbtain the secrched for predicticn time Ut
. ‘ ; 2
ts Necessary to chocse the static gain values P,D,D” in such

C way so that they satisfy the relation:

W T Dw

E

it = arctg o
o P+ Dw
o E

/8 » : s . :
€l’s examine the expgression (S.20) In re

The frequency cf the passively-controlled tank is chosen,
ordlﬂcrily. as the highest fregquency cccuring during the

Shigs operation. This usuclly &rings us to the degpendence

m@ € (1.5, 2)w, . Let’s accept the higher value: wy = 2w¢
o

¢O O o

"d ve receive from CS.200:;

If the equation (S5.20a) is to &be fulfilled then the

: .
STm F + D%w? should be zero and D should not be equal to

o
2
ero. Analysing (5.20) and (S.20a) the following conclusions

can pe made:
€8> the achievement cf searched for prediction time T,
determined by the expressicn (5.6) is possible for the
frequencies of the ship’s roll; this is true for the
resonance, directly from the expression (5.20a); for
the whole range of freguencies, this will be done 1in

the digital and physical simulation process (chapter B),



rna.de

the static gain coefficient in channel é Cangular
velocity) must be different from =zero,

lt is possidle to have an infinite combination of
settings of F',D_.D2 in the respective channels of the
prediction structure, which ensure dif feren
prediction times,

in the case of p? having a positive value, then

cecefficient P shcoculd bte negative and vice versc.

of the ship’s roll angle using

the k—step Kalman®s predictor.

In the last few years, we hava seen the development of
:Dntral methods based con the thecory. develoned by a group of
Ame‘"iCan scientists in the 1960°s. The=se methods based on
thimal contrel with minimal variance, k-step prediction and

Dn\li”E variable identification. These methods make possible

t ’
he Fealization of complicated control algorithms. Today

algorithms carn be realized due to the use of computers.
Frecented below is an application proposition of an
Drigi“al method developed to control the work of the
passiV91y—:ontrolled tank®s blocking valves.

The starting point is the development cof the model cof
A SYystem®s dynamics to synthesize the Kalman <filter. The
model Of the system ship — tank is derived directly from the

Ss
tof 2quations (3.13) and is as follows:




=3

2 3
w¢ wg

P The model (S.21) is a aggregated model of the ship’s
Q1 Vg

1 dynamics, the motion of the fluid in the tank as well
S

dynemic disturbances. The structure of this model can be

'hQre si A
Simply written as:




A (4,4) : K21(4,2)
e la avi S St [x1 + DCnl, (5.22)
O (25804 | Aual2,2)
Whera.
Au = block sub matrix describing the associated dynamics
of the ship and tank.
Au = block sub matrix describing the disturbance
formulating filter from the Gaussian white noise,
Km = Sub matrix scaling the celored neoice, inputting into
the cbhiect,
9 = Zero sub matrix,
% ox - the respective wvectorz: the derivatives of the

state variables and the stata variahlss definsd

13T
in

follows:

b4
L
v S S

2
b ° — .
X > &
“+
x1 > first coordinate of the formulating filter,
Xzf > second ceoordinate of the formulating filter.

The formulating filter was chesen [S7] in such a way so
s
to map, with the help of rational functions, the ITTC

s
pect"'Um- The form of the transfer function of the filter is
5 follows:
H 3 OlE(S) /;Eﬁr 1 s
O((S) = = (

.
n,(s) g 52 + 2as + fol o ﬁz)

(4]
N
2
b

b _
r Variation of the sea wave, as a stationary and ergodic

Fandom process with a average zerc value,

(<
BP =~ confficients of the filtsr,

— gain coefficient of the formulating filter,

L]
4 n; = BGaussian white noises of zero average value. and

" : 2 2
respective variations of k‘ and Xz.



variabl.es

The model (5.21) describes the dynamics of the ship’s

r°11; the aoscillations of the fluid in the tank and external

di . -
1Sturbances in the form of a <=2t of <cix Ffirst order
dlff?"ential equations. The descriptiaon of the states:
Passive and frozen can be cbtained from the following:

W= w for the passive state
o o
(8

“s = O for the frozen state.

Due teo the control of the passivaly—-controlled tark, it
is important to estimate the chject s state vector, in tha
frozen state of the system. Therefora the model (S5.21) is
grsatly simplified. Further cimplificeticn <ca2n be darived
from the fact that the wvalue of the inertiz zcunling
cna*ficient s, influences the dynamics of the system ship -
passivel‘—:cntrolled tank in a very =mall way [20,417,

Tharafcre acsumption s = 9 is Justifia=ad espacially
beciuss the +Ffilter structur= 1is conetant. After such
Slmﬂllflcatlon the model (S.21) can be formulated ac:

- 3 E ir 1
x‘ 0 1 0 0 Q x
2 2 N
X -, s=2R .0 . 3w, 3 0 sk o X
2 o, T eret T t g, 2
: _ . .
Xq Q Q O (0] C Xg +
P 0 Q 0 (0] 1 ¥ 0
x 0 0 o - a2+{32]:—2a %
2f 2$J
- J - -




I i
000
100 n
1
+|010 n (S.24)
2
alals ) 7
o
001J
_ The white noise in the third squaticon of S.20), was
int.
“"Rduced sg as to aveoid zerno values of the Kalman filter’s
Cor
F8Ctor, from the state variables % . The model (5.24) is a
- a
~Qn
‘1““0“5 model, which contains a f21 inconveniences in
the
S SOnstruction of the Kalman filter., Due to this it is
Mg+

Sonvenient tp transform the continuous model (S.24)
int~
C a discrete model using the methed given in [2!11. The

ﬁle
Sfrete model is obtained as follows:

. =P
’o—tFkbnk

= o
yk ka vk

& The second equation of the model (5.25) is an  equation

Sutputs (measurements) and v, is the vector of

leas:rEment noises. In the system, we measure two outputs;

he ro11 angle and angular position of the fluid in the

Nk o (the second possibility) the angular velocities of
el 4 fluid motion in the tank.

In the first case the matrix C takes the following form:

~ _ [10000

s y = |oo100)
fiVthe sacond one:

I FO].OOU

€. = loo100



valu.es

Now it is easy to determine the value of the gain

Mat 5 : ; 2 2
Fix, ofthe stationary Kzalman Filter®s corrector. This

mate,; : Iy
4 Mi% is obtained through the digital <solution of the
'3 ' .

SCati’s discrete equation [7, 151, where the input data

era
= the 2lements of the matriv F,b and C1 and Cz.

The estimated values of the state vector X, s €an be

S
=4 noy for k-step predictio The algorithm of *he

ne.
Rrags g
dictor can be easily determinad [7, 141, and in the case

Q
f the model (S.25) has the form:

n
X = F x (S.26)
k+n k
Due +to the impcssibility to measure the vector X, fas
Wal» :
11 €S due tno measuremernt noicss) it is hast o ranlacs tha
‘/9_:;.'_‘ >
oo ‘} with the vector xk. Then we firnslly obtain:
~ -~
% = F") (S.24a)
k+r k
| ot
“An =
® 2.8 shows the bBlaoct diagramme of the ccocntrol system 1in
tha
= C2se of tha measursment of the shin™s rell angle and th=
:':"51 3
*tior s the fluid 1in the tank
-~ ~
X X
a J -—¢—- = k k+n
S~ Passively Kalman % n-step
:Qntrolled o = |Filter 3 nredictor
anlk ;'“‘

Algorithm

L“-—__, for the
¢ direct control -

of the blocking
valves

Fy
s S.e General block diagramme for control of the ship®s roll

stabilizing system using the passively-controeolled

tank.




S =
“*< Comments on the control of the

From the above assumptions we

o

The passively-controlled tank
antj

onk

ctabiliz=ar" defined

e
"2l unit of such 2 stabilizer i

Sleration of the ship roll.

to +

~CS of the ship’s roll motion,
o - 2
+ 2 ) + W =

o (8]

Snd ghs

¢

o

¥ From the equation (5.28) we
truct' 2 = = = .

Pl 4ire PDD is in principle
2

T ") of the running values of the effective wave slope.
heref DrE

the contreol of the ideal

“relling stabilizer, which does not

If as the starting peoint we accspt the idea of

= _1 4 2 ;
aE(t) = [¢ B _ﬂ¢w¢o¢ +

passively-controlled tank.

can see that there are

wWays 4o sclve the control alcorithm of the
~vely-controlled tank. Fig. 5.7 shows the gen=sral block

*3%ramme for control of the passively-controlled tank.

is a special type of

n

onsume energy from

o - b & 4
Sard spurces. This means the ctabilizer is placed between

fully active and fully passive stabilizers. Due to the fact
that the passively-controlled tan} is controlled in some
Ways’ it is necessary to determine the relations betweer the
c:n‘“ﬁl 2lgorithms of the passively-contreolled tank and
Ctive ctahilizeres. Thics leads to very inter=ssting
tzncl'=1:ns.

85 dnl ERNY, then *he

s realized as the linsar

Sination of: the roll angle, angular velocity and angular

Thi
*S leade to the contrel of the ide=zl stabilizer, according
*hs principle POD (during angle measurement). If e

SFt tha the differential equation describing the

in it's simplest form is:

w: & (5.27)

¢ e

o

S is due to the fact (with zero initial conditions):

A
W 2 (5.28)
@ "’]

o

can conclude that the

an ochserver {ecstimation

ship’s roll stabilizer is




Filtration aE e Prediction
of measurement ______;> of roll angle
signals &

MEASUREMENTS

(\
Pasgively- s V
controlled 3
W ST tank 2 Sufficient Feceseery
condition condition
signal
‘open valves!' 1
= v v
Extreme controller J — — NO ©NO =
$ 90 o ! .8 / - L
of the stabilizing | —\, @-V<O gb/fvé)q}/O
fluld level
YES

signal
'close valves'

Fige5.7. The block diagramme for control the blocking
valves in the passively-controlled tank.




practiCally opposite to the effective wave slope a - We can
the"e*‘ore conclude that the optimal settings of the FPDD>
will change depending on the disturbing frequency.
L1553z
set dependent on the roll angle plays a main role
dUFing low frequencies,
for frequencies close to resonance the control sheould
be in counter phase to the ship®s roll angular
velocity,
for high frequencies, the main role is played by the
Control, in counter phase to the ship®s roll angular
acceleration.
Obvious ly this conclusion is a simplificatiop,

"y for the regular wave, but it enables us to

tha

or

Phyzical basis for ship’s ro < ) =ation commen

211 active stahilizers.
From the discussion about the contropl of the
Q*‘::VEIy—con+rolled tank, we can conclude that in the case
S @pplicaticn of Taylor®s extrapolator, the suggested
‘n'”Dl algorithm rezlizes the principle of "the ship roll
Mf=l Stabilizer" control. We should remember however that
BT | control . of the . yfluid. _ flow o dh the
tn:zlvely~con+rgllgd tank, we cannot influence the fluid
mn s+

Th any given moment.
& DrECQn

dition (5.3) for cpening the fluid flow decides

Dosslb111+y of changing tha sign of the asymmetrical

mg e”t

Not satof the tank. Due to the fact that this condition is
sSlve;Sfled always, it is not
; Y=Contreolled tank
An analysis of the
ST enables as tc assume a the

Cop dlnﬂ to the algorithms described abeve,

th A1l active stahilizers (active tanks and fins), used in
Pi

NS 'lng thay can be ceontrolled according to the principle

Co the i1ceal stabilizer". Theretore according to ths

Bngy
a algorithms, described above, passively-controlled




tanks Fealize principle of "“the binary ideal stabilizer®
fontro) ,

I¥ the control algorithms of the passively-controlled
BN i ru 1 trativin ‘and ship's P11 angle prediction; tare
equiVQIEHt to the algorithm of control in counter phas=2 *o
the disturbance, then it is pessib 1
State feed-back controller algorithm, for cont-cl
B 81 y-—controlled tank. This algorithm is .based _on__the
adaptation of the principl=s, described in 441, wherz +hizs
algorithm was used in active stabilizing fins cont

ro
ad : 2
SPtatign of the cptimal contrcl algorithm 25 described

NG Gthers in r1s, 211:

uet) = KTx (e, (5.29)
for the Fascsivs=ly—controll=sd tank is simple. If the Sl;Fal
e dstQFmines the coptimal control! of the continuously
PEratln_ ship roll stabilizer, then itz use, in the contrzal
QFthE Passively-controlled tank can be realized c&s:

£, = min{‘:: [[:,«(t.\ -9 ‘fC)]A['_-‘t) “9t) >o]} (S.30)

algnr?n the other words, the replacement of the continuous
o8 thxthm by the bistate algorithm leads to the resplacement
€ Value u(t) by the value @(t+7) (vide fig. S5.7).
Control hypothesis (S5.30) of the passively-controlled
(:::p:ill be checked experimentally during simulation tests
er g8).

the QThe SWnthesis of the regulator tvpe, (S5.29) is based cn
st SYStem modsl glven by the expres=sion (S.21) or the mere
(3?219 formule (5.24). It is easier to wuse the formule
& s the synthesis of the regulater, due to the changes
Therthe dynamics of the tank during wvalves operation.
o Sfore y4 is test to estimate only the ship's movement
mponent and excitement, and to measure the component €

(st
o R—
Ariadble x ).
" thy 3) .
t 4 Yay wae can auoid the neccesity for continuosly

€ the Kalmen filter.




Chapter 6

6-
THE PROBLEMS OF THE STABILITY OF THE SYSTEM: SHIP -
PASSIVEL Y-CONTROLLED TANK.

The pProblem of the stable operation of the ship roll
Page;
¢ sslVEIY—contralled tank stabilizer has to be examined from
wo Plintgs

-

thEDrEtical — which has as its aim the definition of the
98Neral stability conditions, for evample th
CIEtE"'fftination of the range of settings, of the pradictio
Structure FDD?(PID) and the tank dimensicns (parameters)
Whi cp would ensured the stable cperation of system,
technical — which leads to the selecticn of the stable

~1on structures as well as tank parameters, through
BRI v (tists: wand - -suttably- ‘Girected
E"{:"5‘-"‘im'i'nt'5.

8.1
‘1 F L _
Srrulation of the nroblem of the csystem®™s thearetizzl

Stability.

5 ™he formulation of the theoretical stability of +he
Stem -
SM is not difficult. In the linear systems stabhility

the
Qr
Ys there exists the method of root position ((modes)

Nvest; "
th tlgatlon of the characteristic equation, in other words

i | 4
nidy Nvestigation of the stability ex definition. There also
st
MNemo-technical methods (for example Ruth - Hurwitz
terion,

sy Qive

Cry
Thl Mihailov criterion, Nyquist®’s criterion, etc.).
Qm“itiq 2 explicit answer to the question of the stability
disturb NS. This answer is independent of the external
sw“xms?nce values (it is the characteristic of linear
case of non—-linear systems, momentarily

many types and subtypes, the explicit

of stability conditions, is much mors=

=+ The non-linear system stability, is dependent on

da 4 of the external disturbances, therefore,the
dnﬁsrmlnatign of the solution for a certain class of  inputs

ng
t SGlve the problem generally.




B

The general—-purpose method for all cases (in literature

Wa o

find about 30 different definitions of the stahility of
Non-1 =
linear systems [1&4, 211), of the evaluation of
Non—y

~linegar system stability, i to prove that in the case of

th i
2 limited input the system, output is aleso limited, Thic

lipms
m:+ . ’ . :
~8tion is understood in such 2 way Sithat, 1 EEE)

Sym s
bolizes the i-th coordinate of the state vector, or the
g

Vecs
Star of system output, then £/t) is limited, when for ¢+
tina +

m

€ (0, w) the following condition is satisfied:

=R (5.1)

(L(t)

S F - finite constant.

J There exists a2 wheole range of metheds to solva this
o
Blan (Lapunov’= methods, phase space method, stc.).
as o
" SNalytical =olution of this problem comse across =2 whola
e”%s of : - : : 1Y 3 i =
' difficulties, connected with the peculiarities of
~Ng p
a

2 gon

SSively-controlled tank system.This is a system withk

syste:rglled parameter. . Therefore the contrel of this
thrg doss not have the typizal character of control
“Sh an energy flow.

ParamEtriE systems, the control of which, is connected
a

SUffici

Wi#ﬁ
Minimal consumption of energy dees not yet have a

na Ently developed theoretical bas=z. Attempts are being
‘Ada to o

S yet onl
Dscillatio
So) ved, T™H

mulate such a theory [Z281.
Y the problem of leocal stability of the harmonic
NS in periodic changing parameter systems has been

on) is stability can be determined for such a system,
Y durjp

hegy -
S !
ths 7S test of the ship is such a situation, but even in

9 operation in non—-zero initial conditions. The

Case the following relationship is not satisfi=d:

t O%S(t) - (de(tl - -?3. . Ll

her
Q

fore the control parameter is not a periodic ene. i

5 The method presented above is connect=ad with the
st
ths 1.

imsi = " .
mltatlon of the system input, and in our case is also

-, .
S2tion of the limitation of the system output, dur
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Fig.6.1.

The phase trajectory of the ship stabilized by passively-

controlled tank; the results ef numerical simulation in
regular waves.

Wave slope angle — 1.5°, wave frequency — 0.499 rad/s
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-1.00 -0 .41 0,18 0n.7€ 1o 1
Fig.6.2

. The phase trajectory of the ship stabhilized hy passively-
controlled tank: the results of numerical simulation in
irreqular bheam seas.

Sea state: hif =4.5m, T = 9.35 s

=




difes
Fficult to realize. The analytical sclution of this

pr
Oblem, demands the description of all the ron-linear

el
Sments of the system, for =uample, with the help of the

‘Fi?':‘- '_ =S
== harmonic method. L= ir fig. 2.7 the quantity of

-
J
0
w
"
m
|

ements irn the system is great, which makes the

~\/ti':a1 =0

L
et

ution cf the preobklem practically impocssibla,

additional difficulty is the fact, that the

lled tank in operation is = dynamic

System by an irregular- signel, the phase +trajectory
Folling ship runs through a limited ar=2a, therefore,
b= :

DSclllet:ry motion of the =zship can be qualified as

“PSriodic vibrations [281.

Dassli:?m the above infeormation, the system ship -
e =-¥Y-controlled tank can be a system, whose oceration
T;Er::abIE, but this can nct be provad, explicitly.
%GtEmQTE’ it is necescsary to ensure the stability of the
in another way.

6.2

i e technical possibilities of ensuring the stable

SPeration of the system.

F

St TOm a technical point of view, the preoblem of the
hiy, ~

l'tY of the system chip — passively-controlled tank can

be e
=V ~
Ny *fed intn the following:
SIS o PR -
" ==2ble pneration, of the roll stabilization system,
A3
i )
“1d eneirs oroat reduction of tha roll amalitudecss

'

-
of the roll reduction can be ochserved on he



Duri.no

basis of the efficiency criteria (especially the big

S€CFmase in the quadratic criterion (4.8)),

b)
l 1 - -
tis Necessary to ensure the minimal reduction of the
Shin> 3 3
=R = natural righting moment, caused by the
in '
Stallation of the stabilizing tank:; it secures the

mi~s - 111
imal reduction of the transverse stability cf the
Shi : : i A3 ] 13
“PBs which is a deciding factor in avoiding of the
e
==0€iza nf +the chip,
t) i;.
© *S Necessary to ensure stable operation of the valves
h :
*king the f1uid flow in the tank.
g Thi= mezns, that the problem of th=2 stability, leads to
) 1

rm:“ﬁximal reduction of the ship’es roll motion. The cheosen
., So
80 of synthesis of the control systan, based on the
Simulation af the recll pracess, with tha
mization prccedurss,

t
S Us to spolve this problam. The unstability of the
+

33;??’ C3uses the increase of the roll amplitudes of the
m@+;;j:?d ship f(cometimes to & greater level, than the
ths"'IIZEd ship®s roll). The quality of stabilization,
cpﬁ@ijzeétly deteriorates. Due to the fact, that the
Q&Qma;ftlﬁn precedures used in the control synthesis,
ija;ilcally eliminates the excessive increase of the
arg “*ON criterion. The cases of unstability of the system

a] S
SO eliminated automatically.

T e e <
t°b he 11m1tations, due to the classification rules, have
=

3

Sh;
ip,

e These rules, enfeorce a strict 1limit con the maximum

taken into account in designing the tank stabilizer,

S has 5 great influence on the seakeeping gqualities of

c :
Of 4 TOment of the stabilizer. This ensures, in the case

:tﬂys defective cperation of the stabilizer, required
11

“me 'ty of the chip. These rules, 1limit the geometrical
Ns
3

N 18NS of the tank (passive and passively-contreclled),
wsll ~
mnmsﬂt
Ch
Wwacy . .
Q& “Sristic. the stabilizer wave slope capacity.
Q°ici+y

the quantity of fluid in the tank. The stabilizer

1S generally given in the form of its static

to the rules of classification, the wave slope

=

Of a roll stabilizer cannot exceed S .




Alty
SUgh this limitation is strictly a static one,

3
‘-f
P 8
0

[
0

(ad

- J

/]

Case
Of tank stabilizere it is closely connected

d‘ln :
Naq
MiEs of the ship”s reoll motion.

It ;
le
S knewn that the installation on the ship, of a free
Surs

*3 = y
" C= tank, decrsases the initial metacentric height of
e

= Ship, This feature takes the following forms:

A(GM) 1229

GM_ | TAGM_ SR
h%ﬁi:he formul a (6£.3); expresses the relaticon of the tank
‘S moment tp the ship®s righting moment.
2&g012: typical passive tanks causes a reduction of
piSEivel the ship®s initial matacentric height. The
mi“ﬂy H? Contreolled tank generates the stabilizing moment,
nwrech~49 te high amplitudes of the stahilizing fluid.
'8, it ic designed, so as to reduce *he initial

Mg
te":E”tl’ic haiaht =m0y je=. Ehat £k
Pace 2ight by 15:20%. We can see from this, that the

iva
sty ‘IY‘CQntrolled tank causes a lesser decreas= in the
~ ‘iliﬁ

thm. Thing moment of the €hip, in compariscon to the pacscsive
tmm dD;Erefcrn, the installation of a passively-ceontrollsd
=S not greatly deteriorate the ship’s stability.

hduw:IShDUId now analyze extreme cases of failure of the
‘Wud begw centrol in the pascsively-controlled tank, as this
ffiilu 2 source of danger to the ship. Two extreme cases
X, e are:

:::: ii is not possible to close the blocking valvess in

=

Drdina ® the passively-controlled tank behaves 1like a
Qmplezy Passive tank of high natural frequency; the
Syste, 2 éDluticn of the problem of stability of the
a"aly;-Shlp — passive tank can be found in [55]. From the
yDica;S Contained in the book, it seems that for all
Shapes of the U-tube passively-controlled tank

2 whsnsfability conditions are fulfilled,
; 't is not possible to open the blocking valves,

€ the difference between the levels of fluid in the

Wi
lng s

SCtions is at its greatest. In this case it is




Necessary to treat the tank as a source of continuous
hEEling moment; this does not however endanger the ship.
Due to the system not being hermestically tight, there exists
® Certain loss, of the differencz between the levels in the
i”% Sections of the tank. Moreovsr it can be observed that,

“Md&r the condition that the tank moment is limited to the
Valugc

Lol K] 1°¢=

recommended by the above menticned classification
Ss thics break-dowr does not endanger the ship.

h [29] we +Ffind an criginal method to determine the
chdl*’“ns for the ship to capsize. This could be applied in

; Wider analysis of the results of the fluid blockage in the

The analysis of the problem cf¥ the oparation of
he bIDCPing valves, can be consider follows. The
eﬂalySiS of the contrcl algorithm shows ! the unstable

DEraticn of the valves could take place,

dire:tly affer the bleocking of the fluid flow, if this
leckege happened dus tc the fluid reaching the maximum
POSition (saturation angle ® ) but nct due to the acticn
9F the extreme regulator. In this case, the condition for
the Opening of the valves will be fulfilled, soon after

their closing, etc.,

dirECtly after the release of the natural fluid flow in
the tank (the opening of the valves): in this situation
the Condition for the closing of the valves will be

fUlfilled at once, etc.

: In both these cases the stable operaticon of the valves
1
) SNsured by suitably delaying their xt action.In the

i
M:St Case, the opening of the valves can start only after
2 Sign change of the ship’s roll angle value @(t).

1
. the Second case, it is necessary to enforce delay,

tpgndant on the non-zero value of the angular velocity of
he
Fluid motion &(t).




We can see that the general problem of the stability of
the Passively-controlled tank is difficult to solve. Leaving
his Question open, we note from the facts mentioned above,
that the installation of the passively-controlled tank does

introdu:e into the system. elements of the ship’s rgll




7.
MODEL EXPERIMENTS.

The actual state of knowledge of passive tanks, allows
us 4
-0 determine the amplitude frequency characteristiz of

h
ki Ship stabilized by this tank, when we know the tank’s
Rar
SMeters. Normally these characteristics are shown in the
form,
& (w)
A

Yoo

"here.
LK
A ~ the ship®s roll amplitude

Q ¢
8 = The wave slope amplitude.

5 Most of the tank parameters are geometrical ones,
rdl”arily
=4
Star :

Mination is not difficult. However some of these
S amEt are

defined by the ship’s designer, therefore, their

R
(damping coesfficient of the fluid motien, tank’s

Natyr

%n al frequency in non- typical constructions and - in a
it S P
le: Way — the inertia coupling coefficient) cannot be

sufficiently accurately, theoretically or by

a1c
ulatan They can be determined however experimentally.

1
P thig Case

we can also investigate the influence of the

"sat,
£ Fation" of the tank, during high amplitude values of

< Stab111»1ng fluid.

Exper1m9nt5 conducted on ship’s models, equipped with
EStab]'ll’ln

e
’Hn;,,

g tank on regular and irregular waves give us

th
lity of directly determining, the effects of the

- installation in the ship’s hull. The experiments on
the ™

S3ular wave, directly determines the characteristic

> and the experiments on the irregular wave, give

Dl"mat i on

Wa about the ship®s roll motion, in concrete

sat
ar R
and lpading conditions.

T
QQ$1 e above menticned steps are however troublesome and
\y’

Wne, and the obtained results are difficult to
z

.,

ovmar-y mornd o I Dt ——
My IRnLS D= -

— Y .
ira y

d"'\em Separated tank with the aid of a special
Q :
metrltal cradle (the bench test mechanism) [&41.




The Basis of these experiments, is that the medel of the
tang is placed on the sélf—aligning table of the 'bkench
methanism, which is in harmonic motion of censtant amplitude
g frequency. During this motion, the total moment dus to
/8redynamic forces caused by the fluid flow relative to the

Ea3y .

b‘l =21 and the nhase angle (between this moment and the

1=}

=Nc - -
<h mechanism moticn) are measured.

If the tanl’s motion is in the form:

pt) = ¢A sin wt

¢A=const

hydrodynamical moment of th

Sive +n the v0ll avis can bhe writter as=:

()Y sin Wt — eu)

&

=& (w)
M M ¢‘A=const

Sive
Cha

us the searched for characteristics. These
ractEristics, make possible the determination of the tank
aracteristics againest the stabilizing fluid velume, roll
dimensions and shape of the tank, construction
Itis ! é elements of the fluid motion in the tank, etc.
dey Bbvious that in recalculating the characteristics from
shmdqssale to full scale, Freoude and Strouhal numbers
€ equal for the model and the real tank [&6].
BUB te the fact that the bench mechanism measures the
Moment (the hydrodynamic forces moment and reaction
of the "frozen" fluid, the tank casing and table), it
pe:?':es'sarv to calibrate the test station before
Ments,

S 4 he Influence of the "frozen" fluid and tank’s casing
et

' 5 ms P
Ined +hronesh = ) $ Ehrsugh
2 = :




Si A
‘Mulation of the fluid by a solid body.

I -
wa designate the reaction of the tank’s model and it

s
=€ angle as M; and e;, and reaction and phase angle of
tha
2 & k .
- =ank casing and the “frczen" fluid as Mx and s;, then
‘he .
Feal hydrodynamic force reactions and their phase angle
aras -
S Slven by:
r
M = . . " " 2 . : . " : " 2
A { Mcose! ' — M'cose” )Y + (Msinse’ — MiUsine” )
A M A M A M A M
=)
M'sine’ — M”sincg” oSS
BT P A M A M
M - arctg
M cose’ — MYcoses”
A M A M
: The analysis, with the help cf (7.5} must be conducted
QA
th = few valuas of @ =2nd for a wide freaquency range. From
A
Seg
== resultc charactesristics (7.4) can be cbhtained.
.
d 7 the case cof the passive tank, this 1leade to *he
-
th Mnation of optimal tankage, as well as the placing of
e 42 .
& ~S€Mping elements, inm such 2 way =0 as to attain the
g
‘i .
o al tan! mement and the corract course of
SIS

“8Cteristics (7.2).

~~S

e

For the passive tank, this stage usually ends the
s but for the passively—-contrclled tank this is oen
1nitia) stage of the tests.
7.1 TESt: e y
S of the passively-controlled tank on the bench test
®echani sm.

Tha basic difficulty during the testing of the
H

osg;
“Vely—controlled tank on the bench test mechan

Sa
~‘n
Ce of a preferred standard for such te

sts by ITTC. The

0 Mentioned methods are standard only for passive tanks
S &ra . . - 3

Moy Applied hHy most of the <chip model basins inm  the

i*ficultigs during the testing of the
t

clled +3nlt pn +the bench

owing:



valu.es

1-

the behavior the

dEDEﬂds on the actual

basic

of

difference

passively-controlled tank

contrel algorithm; this

batween the pas

Passively-controlled

tank,

Yery Qquick changes of #the moment generated &

»
J

pasEively—controlled

tecsting

-

The

technical eqguinment for

the

necscsary

Pase;
SSively—controlled
of s

tank or bench mechzarnism ccn

~

b
®NCh test mechanism desicned Solish

-
Center (cvny in Edanst rean

actheter )

ef measurement equipment produced and d

m
x

*'M Solatron (Great Britain) consisting of:
(i)

- mechanical
Uiy gy

reference racselver tyne JX 14

gital transfer function anszalyzer

with an accuracy of up te 0.5%.

The model of the passively-controlled +tank, made of

stEEl’
Mg

Was built in 15,T scale and was additionally equipped
part of the

Capacitance meter type S70. This is
as
“Femgnt system Silometer S7/8570, produced by Endress %

&

auSE :
© With an accuracy of up to 1%.
The of the

blocking the
n of the control algorithm and datsz=
d :

fhe by a IEM PC/AT computer. This computer

® A/D 12-pit

r direct control valves,
Eal-
12atjq

LETS
Wi th

Sutn,,
o CES carg (TTL

acquisition
was equipped
isnlated
10

card and a digital

Due to the fact that

converter

te standard!}. elder
~

W $

S used in t

B he ceonverter, 1ts accuracy was assessed as
."/;-




7.
2 The praogramme of experiments on the bench test

Mechanism.

The programme of tests for stabilizer tanks ceon the

be
nck -
ch test mechanism consists of:

a2 ¢
=F the passive tank: tests on the bench mechanism in

the frequency range: from 0.81 rad/s to 3.4 rad/s which
fOrrssponds to the frequency range: from 0.2 rad/s *o
0-85 rad/s in the full =cale. The bench mechanrism
SMPlitudes were set at values ¢4 = 1.5; T and & degrees.
At ¢k = 129 the air channel of the tank was flood=ds

therE*FDr‘e this amplitude was neglect=d.

tEE_EEg passively—-controlled tank: tests on thes banch
mechaﬂism in the frequency range: from 0.2 rad’/ce to 90.8S
r -
8d/s in the full scale. The bench mechanism amplitudes
Were set at values ¢k = 1.9; 2 and & degrees. At ¢k= 12°
t : ,
he dynamic lcads of the bench mechanism were so large
t
hat they threatned the destruction of the mechanism:
t
herE*Dre this value was neglected.
The tasts were carried cut as follows:
1
At
Ssts an the separated passive tank, to find the ontimal
P T 3 - 3
c’s"tlcﬁs for the damping elements and to aveoid neoisy
Peration r341,
2
.te
Sts on the separated passiv2ly-contrelled tank as a
Pasg;
g SSive tank (when the bElecking valves are open) to
=8 3 2
k. fine its dynamic parameters in the passive state,
v, o
Sts on the separated passively-controlled tank with its
Co
- Ntron and measuring systems being in operation %o
e ;
termlne its characteristics (7.4).
tnm_ThE block diagramme of the measuring system used in
“SRin ! I
3 the passive tank is shown in fig.7.1.
T :
Sha,. he uUse of the apparatus as in fig.7.1 in testing the
a ) . .
She, Qterlstics of the passively—-contrelled tank with 1its

atj
ing valves was not possible. Morecver, the phase angle



valu.es

tthEen the signals ¢(t) and M (t), is impossible to define:
this 1S due to the fact that *h1s idea does not exist for
he Pair of signals: sinuseidal (the bench mechanism moticn)
T:: trapezoidal (the passively-controlled tank moment).

refore the system for testing the passively-ceontrollad

ta
(nk Used the bench mechaniem to force the harmonic motion
88 fig.7.2).

7.~
- ® - s
DEscr1pt1cn of the test methods and r=a2sult processing.

-3.
1 The handling of data for the bench tests of +he

Passive tank.

tank and the

1]
3
fu
n
n
'™
\
m

For the bench tests of th
pass-

*Vely-controlled tank in the passive state +the methed

a.

h}irleH in [45] was applied. This method is being applied
any countries (for ex. FRG, Italy, Japan and Fclard).
In  chort, this method can te describted as
Qllnws- If we 2ssume that the tank’s motion on *he kench

Me~ h :
Nism can be described by:

the“ P = ¢A sin wEt (7.4)
&u;a:aklng into account the expression (7.6) and its
lves, and placing the above in the expression
%l’b)s we get the following differential equation:
B 20 o, o 4wl B = (-2t e 1t ¢ sinat 737}
& 90 90 g E 80 A E

=
BT 1035 .
Slutjon of the equation (7.7) is:

& = SAsin (wst = ru), (7.8a)
Wherq .

9 O
& = (7.8b)




from the tensometer plate /
Tensometer
.
I bridge
o

I M, ()
from the bench mechanism's position sensor
|

P Thyrystor Electronic.system Y
220V ~ controller of the position
O—— of DC motor sensor
or)

TRANSFER FUNCTION ANALYZER

| At

Masin MA cos Ma Ep

Fig.7.1. The block diagramme of the measuring system
for bench tests of the passive tank.




o

from the bench mechanism's position sensor

-
L
\\ from the stabilizing fluid's sensor
\ Electronic system
ﬁ e i of the position
3 sensor
Y
e Thyrystor Power g%egﬁzogiaigystem
220V ~ controller amplifier Yool abnser o)
o
| of DC motor f
(i)
Y
single bit 12-bit A/D CONVERTER

control signal

Fig.7.2. The block diagramme of the measuring sysiem

Multl
I/0
card

for bench tests of the passively-controlled tank.

< IBM - PC/AT




1.0.9
uf = Iy 7.9
) S
the R : :
=Ment, resulting from the tank meotion, is described by:
Hn =l o g(iw£+ 18 sin(w t—= ) = M sin(w_t-c ) (7.10)
il et A E M A E M
angy
its structure i= compatible to (7.3).
ThE n -
& BN~dimencional damping coefficient ﬁ3 can be exprecssed
S:
F N
- “’ao E
(€] - tge (7.11)
o waow: M

From the equations (7.8b) and (7.10) follows, +that the

Val ue

hyt Of the inertia coupling cocefficient can be expressed
he

following expression:

= -
2 2
e < [ MA f/[ = wg) + 499 we W

w5 e . = - 1] (7.12)
» T We ¢A
o

1
u;m:' assumed that, the values of the nen-dimensional
inmitg Coefficient, the tank natural frequency and the
'Eanla Coupling ceoefficient are det?rmined fcr the
to SNCe, je. when the phase angle is 90°. Then it is easy
eret°PM1na the Do value from the graphic sM(w). and the
For SSion (7.12) for resonance takes a more simple form.

y o, Stermining the coefficient ﬁs it is necessary to

i : .
Nate the indeterminacy in (7.11), which gives us:




1

ﬁe - de
M

“’9 dw
o

w_w\9
o

Therefore we have relatively easily
Pa
rameters of the passive tank.
ow
“*< The handling of data for the bench tests

Passively—-contreolled tank.

¥ For the bernch tests of the passively-controllsed tank,
s?have Snly the values: @(t) and £}, From these twc
} passively—
tank in the passive state, the characteristics of

tion were determined.
used in cbtaining these results try *o connect
tank theory to passively-contrelled tanks.
an example of the run of the signals @¢ft) and
mml'.This run is an idealistic one but in a simple way
1ns the accepted method of the result processing.

R From the expression (7.10), we see that the fluid
Act;

. SO

fr
le-

£ ~he section 7.3.1 are based on the assumptien that the
us

id L : ; . .
¢ Feaction moment is a harmonic curve with an amplitude

th. A 3d phase angle £ . This assumption is not true for

N moment M is proportional tc the arcular osition
" prop x| F

Stabilizing fluid ©(t). Moreover, all the expressions

8 :
8 pasSlvely—controlled tank, whose reaction moment 1is

miy
B to a trapezeoidal curve.

1f we determine the area under the curve of the angle
area Sbcd and compare it to the area under the
d e
curve then we get:

= 28*‘
A



valu.es

Where,
9.
A~ amplitude of the substitute sinusoid, whose area under

half the period is equal to the trapezcid bede.

g3

R
9.7,
3 Determination of the values M and £ for the
b Passively-controlled tank.
i)
to the fact, that from the bench tests, we have

reg,

1

mi-sterEd the courses: ¢(t) and ©(t) for k perieds T_, to
imi-

S § Y tne error, we can designate the amplitude of the

Ubst.
1tute sinuscid from the expression:

kT
E

Jle(t)|dt

T sl =l (7.15)

41

T _
Ds he phase angle £ s has physical sense only as a  time

<

r'io
3 9 between points a and b (fig.7.5). Therefore the phase
Ngy

e
€an be expressed by:




£ =@
ax “:At¢9 (7.16)
wher‘e:
u —
E frequency of the harmonic motion of the bench

A mechanism,
t I
e time, between the intercsections of the time axis and

the signals ¢(t) and 8(+) in the =ame direction (ie:

Tha
- M®an value of the phase angle can be calculated from:
2k
<L)
z At o
» L=1 - -
L, = ) cmme— 7 37)
M E oy
i Th°FE{Qre. the substituts =inusoid of the fluid motioan
n
- the rassively—contr-ollad tank, dotarmin=d from tha
\"”:FEtc -
==1lons (7,.15) and (7.17}), can te evoressed by:
+ : +
® (t) = 9 sinflw.t — & ), (7.18)
E M
Whi
m0§h MBanz, +hat this motion can be logked at as 2 harmonic
ti -
3 LN jie. analpgiczally to the passive tank, and the change
+ Crdinate ® to M is simple and results diractly from
“he e A A
“Pression (7.10).
In concluzion,
1

nth
= paSSively-controlled tank at a excitation fregquency

E = Const is equal,in an energetic sense, to the passive
2, tank With a natural frequency of w3

the Passively-controlled tank, in a wide range of

excitation frequencies, can be substituted by an infinite

§T or passive tanks of natural frequencies, placed

Wlt
hin the defined range of frequencies and with

' 3
ferent saturation anales & .




A special cemputer programme was written to designate
he values in the expression (7.18). In connection with the
ove information, we see that the basic problem of the
bench testz of the passively—-controlled tank, is the
f’:"'.""-!laticn of the data proceszing method. This method,
ensUf‘es the possibility of the transformation of the
stabilizinn;- fluid motion in the passively-controllad tank,

i -
Nto tha corresponding fluid metic

—ie = -

c
eSSiVE tank. The influence cf *he suhstituta pazsive tand

On g y 2
the Ship®s roll motion is identical, to the influenpce of

th

. fluig moticn in th= passively—-controlled +apl The
) ~ L )
asﬂﬁtrical and dynamic parameters of the substitutas nag=ive
ts

=Nk )

" &re not im-ertant.

7.~

e o z - =
“*= The detarmination of the cship’™s roll raspone= from the

5 The roll amplitude characteristic (7.1) for +he ehic
tq“Fﬂed with the stabtilizing tark, on the cordition that
he Shin cktained

is rolling around a static axis can te
r

i the bench tests of the separat=z2 tank. The in
X Stabilizing fluid on the ship is expressed by the
Q);t

iqy s
a1l moment, which can be treated as an addition=zl
mvernal excitation. Then the 1linear expressicon of the

lpn»
g Foll motion takes the form:

L = ” e » + ‘7- Q
TRy NP + AGMP = ASMasine t + M (7.19)
In
the Case of the forced roll of the stabilized ship the
m
8 e "H is a harmenic function with an angular frequency
9 .
"hual to the excitation frequency «_. Assuming that the
Mg, L ;
mhgnt ”H is a sinusoidal curve with an amplitude MA and
of S angle . , relative to the ship’s roll, the sclution
th

S ®Xpression (7.19) is the relationship:

@ity = ¢\sin(wrt =" &7 (7.20)




cosE

A M]
AGM:,)A

From the expressions (7.237) an2 (7.24) we see that

tan —
i has an influence on the damping of the chip,

Co
¥nent of the tank reaction proporticnal to the angular

8o - .

9\DCIty of the ship’s roll) and on the stiffness of the
i
P (the component propeortional to roll angle).

1 The method described above, presented in [411 was

or

rEkEd Out for passive tanks. However, by means of the
1

atiﬂnships described in 7.3.2, this method can be used in

Ssj : :

ig SIvely‘t:f:zntrc\lle':! tanks. The sclution (7.21) in this

Q‘a Non 1inear one, and the rell response characteri
Ou1d

'“th be determinated point by peoint, using the
~ Dd.

3
& The analysis of measurement errors during the testing
5 Passively-controlled tanks on the bench test

Mechanism.

m&m . Measurement process during tests ©on the bench
~ a &
Mlsm Consists of measuring the components of the tank’s




r .
eactlon. This process characterizes the two stages of tests
Q

d the separated tank model (measurement of the fluid

r b
®action and determination of the influence of +the tanks
Casing)‘

The main role in this case, is played by the systematic
Srors, All the main measur=2ments on the bench mechanism
Mere done in the following way. Using the sst of instruments
Shown in fig.7.1, only results repeated five times were
mjttEn in the measurement protecol. This 1s a2 situatior

Wh
S0 the measurement results zre practically identiczl. For

ﬁ+
Sfmining the systematic errors, we should taks into
5:#
S2unt, that the measursments of the reactiorn c—comporsnts,
Sra . 2
S their indirect measursments. Senarzally. it meane that
th
[~

= M2asurement result, derends on the measvremert of many

]l >
“SS of direct measurements

— 3 e 2>

z = flx v ) (7.25)

We must determine the measurement error of the value =,

=
3] .

Jmlng that we know the messurzment errors of ¢ . In our
ta: L
% we do not have any additionz]l premises, therefore we

y s 3

Usey the

4 maximal errors method described in [546]. The
Ay
BN Amacurement erflor i wpressed hy:
af (x ,xz,......)
Az E I Axi (7.25)
-'\ L
&

i~ ®rror of the i—th direct measurement.

% The expression (7.26) is the total differential cof the
&prESSiQn (7.25).Due to the fact, that the errors are
854

3nated as maximal, the value in the expression (7.26) is

s
Clute (module).

f1 In determining the maximal measurement error of the
uj T
d Feaction moment, and ite phase angle, it is necessary

USe the total differential of the formula (7.5). We must

i
st Note that:



resu.lt

’
—— MA
g Yo ‘2 C siLn
M =/ + L = '
by MA MAA L arctg——————
cos sin M
A
cCos
7 270
— MA
" 012 "2 " ain
M =A + M ;e =arctog—;
A A A M
cCos sSLn M
A
cos
£
“2M which.
& 1 : - . .
A 2M AM + | 2M AM (7.282a)
— Y ~ A
/,2 '2 Coa —C o =Ly =N
=
</ M +
A MA
cos sSELn
Q"" A 1 o o g "
N 2M AM + | 2M AM (7.28h)
— A A A A
. o, cos coa SL0 LT
2/" = + M
A
cCOos svn
4 1
AC . . . .
T MA IAH + MA lANA (7.28c)
H' 2 ~ M' 2 cos sin sin coa
A A
cos SLuLn
Acu 1 o " " "
Yk M AM + M AM (7.28d)
" oy A r = 3 A
2 2 cos sin sin cos
M + M
A A
cos aSa|n
Th . "o L4 " S
& terms AM . AM - AMA and AMA sin the
fbrm"l Acos Ac<:,a s\n aun
Va Y88 (7.29) determine the measurement errors of the
Tin _
Ny Sus Components of the tank reaction moment, with the
Vi
T "3 fluid (index * ), and (index * ) of the frozen state.
(5\/ :
th' e NNt direct messnremante, hut the mavimal arrar ~£
=
L
Sasurements can be easily presented as the sum of the




ren S 1
E~at1ve errors. The measurement error, consists of the

f A
DIIDWIHQ errore:

-~
-

w

o
3

On

©
]

le of +the angular position of bench mechanis

5

(=]
=

n

!
=

Stion moment on the bench mechanism axis &M

J

hae

=

sensitive apparatus & = 0.%%4.

1
m

The measurement error, of any given compenz2nt aof  the
Mo : -
"Nt is the sum of all measurement errcrs, and 1its value

i
=S 2 =
- Jd

“«« The absolute error in the expressions (7'a 2597, is
Ca
fleulated by multiplying the total relative errcor by thes

Act
421 value being measured.

"L.h - =
‘*tltuting the expressions (7.28), to the total

gis .
fErential (7.5), we find the necessary values ocf Lthe

24, : )
imal measurement errcrs, in the folleowing form:
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- B|cose |] + M Ar [Alcoss
M A M M

o q ’ N o o LLd " "o "
2lsins + AM |B|cess - Rl=ine + M As |B|sins |-
M| ) A M M A M M
= "
Alcose {7.20)
M '
“here,
L . “° "
A= |IM cose. — M cose
A M
‘ L " o
B =Msine — M =singe
A M A M
ASSU“lng, the equality of relative errors M and éc_,
We .
%N calculate in full scale the error values AM  and  As ’
Qep;
"lved f-om the formulze (7.29) and (7.30). Such a
2
S<Cie : 3
“Wlation is necessary onrnly for the wvalues of the f£ank
:F‘Q
S
. iy « In calculating the wvaluses 2 the errors,

:cnr. .
e, ING to (7.29) and (7.30), we used a computer programms
1 :
“ten in W masic.
i Another way of determining the measurement errors, was
i _
®d to the analysis of errors, in the bench tests of the

b=

& Vely-controlled tank. Due tc the fact, that in this
Sa
> the bench mechanism angle @) and the angular

Paes
Sit+;
tng 10N of the fluid moticn in the tank 8(t) were measured
N
My heir values was inputed into the computer, the only
“slogd ) . : &
the 8vailable for use, is the statistical processing of
W El’rcrs.
T : o s
his he 8valuaticn of the statistical maximum errors was
Sq
On the following formulae [S41:
r b 308
SM = 6 + &S + (7.313a)
L A JMAX oy
J o
A
3o
] “w
Se = & + E& 4 e (7_.318)
L MJMax -




In the expressions (7.31), &¢ and &2 denote the

rEla#'
==lve errors corresponding toc the bench mechanism angle
an

¢ an ¥

¢
e

h

ot
[

Jular position of the stabilizing fluid & , wh

o

'+
(W

la

|-
N
-

Otk
SF terms, represent the <ctandard deviations ca

e

Y‘Elat,va s+ . i
- < their mpean values. The fluid r=2ac

¢ tion moment in
he
W; tank was determined f-om the evnrassion (3.47)..
er s
th Sfore, in (7.31a) the appearance of oy 25 2 companert of
L=
| Me2surement error of the moment. In calculating the
| Mess,,
| f\~greme”t error values for the vearious hench mechanisnm
| f‘e . .
| £ qJE”CIES, the computer programme wes written 1n lanpguage
| t.rt?‘an 77.
\ 7.a
| " Tests Df the passively-contrelled tzrk on irresgular
} Waves,
! .~ T™e tects of the =hip roll *ank ctabilizer= o
1")—
ey
i SSular wavee ars carriad out very rarely. Rccording to

au

Lthc'r"i TIL_ L1 4AS ch tect ELj i =
~28,61,485]1, the bench tests are sufficient and give

tﬁmﬁle‘

‘Mstay

the Ra

1y

€ informaticn cn the cperation of such & stabhilizor
IEQ onbecard ship. This is true, however, mainly Ffor
Ssive tank. In our case, the passively-centrolled tank
hsr:: Cbject, which has been insufficiently test=d,
asi, Qr9>1t was decided to test the tank, in ths modal

* USing a physical model of the ship’s hull.

Due tq high costs, tests in the model basin were

: T
1m1ted to:

: 1. tEs

'S of the behaviour of the ship,equipped with the
Ragej

SSively-controlled tank, for two different r=alizations

o+ .
the irragular wave,

ta
Sts of the unstabilized ship, on the above menticred

Wa
ve Fealizations.

The methodices of these tests, as well as the

Fa
<Sa -
Ntation of their results, are simpler than in the cacse

th
it € bench tests.

ig 2
r - - - -
LA helessary Lo convert the cbtained results, in such

N QQm -
Dlxcated way (as in the case of the bench tests) to




®tain finished results, which —an be used in discussion.

The ship’s meodel, equipped with a model of the
Dessively~ccntrolled tank (the models being constructed in
: k

n

SCale) were placed in the model basin, in su

the

ma; ,
B axis (fig.7.4).

0

a
i : - 1 o + . = s Pis
Ship~= plane of symmetry is perpendicular t Fhe basin’=

‘ wave
model generztor

| TOWING BRIDGZ Al of ship \i
l
Al W TN
‘ aain &(18 \ W -
4 = j N\ wave
| model direction
' of passively-

controlled

tank
| - .. L

Fis |
* 7.4 The placing of the ship’s mcdel in the model basin

for testing on the irregular wave.

irregular waves were generated by Hottinger’s
Wwave generator. The model was equipped with a

S%Pe  which meassured the ship®s roll angle. Thi

n

s an CGW4 (made in USSR) is an aviation model. It
QSUr g tn

[} .
2 roil angle i1n the range *15 with an accuracy




Q{ - 2 =
2%. Also the tank model was equipped with 2 capacity

Se _
b“st"’, identical to the cne in the model, tested on the
e

nch mechanism. Due to the small ecale of the model, the

C . { .
_turéCY, in the measurement of the fluid angular position
% 2,5y

Due to the character of +he excitation, the only
Poees
“S1ble method to determine the eorror is the method of
'?Ia\.i
“Mum statistical errors (therefore eupressions identical
tn
7. 31) ),
Th
1=
3 value o+ the standard deviation iz difficult to
Jaed
S8 -
Mine. Ther=fore, we can assume that +the mavimum errer,
D‘,r‘
N5 Ysetc on the irrecular waves is 4,5%
] The toct on the irreculzr waves wer=s corcducied for  Twn
ff
STent rpalizations:
1z h = 2.5m T = 7.45¢
1/3
2: h = 4.Sm T = 9,3%e
1-3

In both cases the physical realizaticn of wavee in  the
383

P

1 was achieved with the help of the generating

gl
Tamme,
By
sy

developed by FPelish Ship Research Center in




Chapter B

8
* RESULTS OF EXPERIMENTS.

The type of protlem, which needs to be solved, hae a
da
SSided  influence  on the cheoice of the erneriment

. nalysis of the ship - passively—con
o
gk System™s behaviour euperimentally has 25 its aim:
= .
investigation of thezuitability of the propesed

model (equations (3.13) or (3.14), for

1
the system®s kehaviour:

i!‘;';
S
"FRoving pf the hypothesis connectsd with the control of
+
“he rRssivelv—controllaed tanlk in conditicns =loz== +n thae
2ly—controllsd fank i ditic 1z== +2 =
T3=21i ¢y
ity.
Thezs 2¥perimentes wers divided intpo zsvarzal groun=, Exch
RS
ST &
hesa Irouss solved = scecific camponent praklen, Theze
g-“".
TSRS ars az follows:
&, Seres
TSHEA tssts conducted £or tha passivyslu—contrzllad  Sant
0 the RPassive stata, o datesrmina the tank s ~arzastars
£ thig state of action,
Si : 5
Mulatiopn experiment=s cn the computar, of %the chin -
paESiV51y~ccntrolled tank system’s cperation, for

Parameterc cbtained from the ahove tecsts,

SXPeriments on the bench test mechanism, conducied on the
paSSively-controlled tank, with the blecking valves in
Qperation; the aim of these tests, is to compare their
FeSults with results obtained frem the simulation tests
(DDint b)),

dq, t
Sct; .
“Sting the cperation of the passively-controllad tank on
ir :
Fegul ar waves and comparison of the modesl t=st rasults

Wi . -
1th the results of the computer simulations.

te In tEsting the passively—-controlled tank on +the bench
3

mechanism. the results of thecse experiments wer=s shown,
9 the

Us:

Sip

by
Sfeund. rzg7,

tests conducted o©on the pacssivae tank, as a




The

= SCale models used in these experiments are shown i

n
mmtngraphs 2.1 and 8.2. They were built tpo 1:146.3 and 1:28

2sSt recults presented in this chapter constitute the
+*

he analycsis of *he passively controlled

lthCU;h the =sequence of tests as shown abave sheould force
8o Aresent their results in the sams order, the s=suthor
delib”atEIV npresents them differantly in the hope that this
"mﬂﬂ influence the clarity of +he conclucicns,

5 As the test object. the autheor chose a fishing wveesel.
ERPe ticu)ars are presented in table 8.1

Bazsd on the ship"s body 1lines, the shase of the
:QSSive and passively-controlled tanks weres designed as
houn in fig. 8.1 and 8.2. The tanks were decsigned in H
=y that thair connecting ducts run 2beve the ship’s douvbhle

b
Bty o

i These tanks and their meodels were equipped with tuning -
samh .
<8 "ifg devices in the form of = revolving grid of blades,

S%d in the water ccnnection duct. In this way +the duct
e Jivideq intoc four independant channels, which can be
s:j::;ely closed by revelving the blades ,causing the
eramet damping of the stabiling fluid® s motion. The chosen
Srs of the passive tank wer=2 based on the principle
EQE”tEd in [55,5&£). The parameters of the passively-

Snty -
Olled tank were based on the above orinciples, as well

~

or T
1 the author?’s propesitions.
Table o

n_.2

shows the basic parameters of the two tanke.




P -
h°t°-0.l. odel of passively-controlled tank
in 16.3 scale for the beanch tests.

) : -
*S8.2, iodel of passively-controlled tank
in 28 scale for basin tests.




"ig.8.1. The basic dimensions of passive tank
designed for lested ship (in full scale).
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Mg.2.2. The basic dimensions of passive-controlled
tank designed Tor tested ship (in full scale ).
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-]
ble g, 5 The settings of the basic parameters of the

stabilizing tanks (calculat=ed and assumed values).

., SGM Wou

(=} m

PASSIVE TANK

.44 0.21

PASSIVELY-CONTROLLED TANK

= @nd their different meth

F ‘
: om fig., 8.1 and
Ngle

o

'@sDQS for' the passive and passively-controlled
“Stively 12° and 21°. Therefore, the gravitational
i:::t Sensrated through the passive tank, 1is du= to the
%QllacEment of a mass of great cross—-section A, through
" ®Ngles §. In the passively-contreolled tank the angies
lsp16Cement are greater, therefore, so as to cecbtain a
as in the passive tank, it is necessary %o

tank’s wing sectien with a much lasser

Qs
s~ .
Sectional area A -

hi - - ;
i Principle was taken inte account when constructing

bogy,

Secy tanks. From fig. 8.1 and 8.2 we can note, that the wing

1
nhn SNE of the passively-controlled tank are much highar

mltheir counrterparts in the passive tank. They also have
Ch

~

lg lescer cross—-section, which causes the tank teo bhave

Ssa
8 ' . .
Influence on the ship’s initizl metacentric h=ight.
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8,
i Tests of the passively-contrelled tank during regular

&Xcitation.

ALl the tests of the passively-controlled tank on the
Tes
sUlar wave were cenducted with the h2ln of the FDD

equipped with the Butterwerth’®s filter.
CQMDar

ative testing of the other corntrollers (described in
Chapter [ S

5 S) were conducted on irregular waves. The
rese”tation of the cperation of the other regulators on the
SSular wave, would complicate the results and malke them
Unf'sadab e

i The Prasentation cf the

-
.
: *Ndicating the coefficient of the ship’ pirg
Qb+ .
: “*ned from testing the fr=e roll of the hull’s medel),
ig
i "ell ae the damping ccefficients of the stabilizing fluid
n
Bath tanks., Fig. 8.7T presents the course of the chin’e
" ~ .-
M
84‘ damping cosfficient when the ship is staticnary, fig.
te - the course o©f the =stabilizing +fluid’s damping
~Oss:.
B "TiCient in the passive tank and fig. 8.5 - in the
i3 P
ar‘lVEIy—ccntrgllgd tank. The values of these coefficients
e
*hown in table e.3.
Tey
1 '
S 8.3 The damping coefficients of both stabilizing tanks
3 W
Py Wo o
\ i 1/rd i/0
Pace; -3 a2
_Ssive tank 3.63 - 10 12.60 0.22
to Passively— RS Y s 6 215 B TS SO
\\‘:Eigi}Ed tank v = &

The damping coefficient of the ship was shown earlier in

t

t::le 8.1. Therefore tables 8.1, 8.2 and 8.3 fully present
mmuD:”ﬂmeters of both tenk models used in the tests. It
tho be noted, that in choosing the damping coefficients
t I BAssive and the passively-controlled tank were

r
Sat
tﬁw Sd differently. The basic component of the passive

>
5 damping is the quadratic component, where as +the




for the ship

for the pessive tank

8, 07240 vy [leg]+4.021-10”
4.625 4072 Uy [ra]+4.024-10™

for the passively-controlled tank
. pagsive state

5° 10° 45°

e,

'8'4,8.5. Non-dimensional damping coefficients.
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hneer damping dees not play a practical role. In the
Dﬁalvnlv—ccntrolled tank, the situation is reversed. It is
IEES oo, that the fluld motion damping coBtficlents of
ReSsively—controlled tank are much 1less, than in thes
Sive tank. This =2lso precoves the different hacss for
'3ting the gravitatiopnal moment of the passivaly—-
*"Clled tank in compariscn with the passive tank. The

Ve tank operates properly (as shown 1n many ctudiss

—contreolled tank has to be dampned less  than
nk, due to the fact, that it h=as %o achieve
uid displacement angles. The properly choosen

3 valve contrel algorithm, ensures the form of *the

r
®Eteristic (7.1). for the ship stabilized by  the

D sel e
ly—controlled tank.

B teccribing the test results it is possiblel o

an £
font the above chservations with reality. All the

s::“lts Presented in this section were obhtained for a
‘Qnary, ship and are recalculated in full scale.
m&tFif. 8.6 shows the frequency characteristics of a
h*m.blli,Ed ship obtained by the point by point method,
ir “sh Bigital simulations using non linear model.
) *6 confirme the fact, that the selected ship is very
SQED
Pa
msm‘"CE reaches the value 20. This means, that the use of
"b;lpass
r. motion- This is confirmed in the cheracterxstlc courses

tible to the roll. The characteristic from fig. 8.6 in
lve tank onboard ship greatly reduces the ship’s

9- 8.7. They show the Frequency characteristics of
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Fig.8.6. The roll response characteristic for unstabilized ship,
calculated from numerical simulation experiments.
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Fig.8.7. Results of numerical experiments with the ship’s roll
motion; the roll response curves for ship stabilized bhy:

the paszive tank,

the pagsively-controlled tank (Without conpreszsibility of the air),

the paszively-controllad tank (coHpreszibility of the 2ir - isotherHic proc
]

),
the pazzively-controlled t3ank (coHpreszibility of the air - adiabatic prac )
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=L PN =

th .
te Ship stabilized by the passive and passively-controlled
ank,

nﬁs figure shows the frequency characteristics taking into
ac::Qu“t = in the case of the passively-controlled tank -
adiibatic and isothermic processes of the compressibility of
» as well as, the course without air compressibility.
is, we note, that allowirng Ffor air compressibility

r~ . -
=SS tho effectiveness of the passively-controlled tank.

The . :

3 ~“rves T and 4 in the fig. 8.7 determine the range of
- lé_?—: s : - 2 - = .

g *Cteristic variation between the limit conditions of the
PQP

The time diagrammes (from 8.8 tc 8.19) show the rasulte

~'€ Computsr time simulaticne of the ship’s roll process.

1ip being stabilized by nassive and nassively-
o

r thres chosen frequencies of regular

-
Lo g
il
-
5
1}
D
D
5
5
D
n

wers chosen in such a2 way, =0 as to

“he Doeration of the tanks, during the following fcrms

Swes 3

R ~1tat1Qn: sub resonance,. resconance and super rescnance.
D
M o+ ! .
-he coemparison of the abtove diagrammes, we note the

IQWingg

‘01

T dypg
‘NG excitation characterised by 1long periods, the

s‘siVEIY‘controlled tank causes deformations in the course
‘hfte Ship®s rpll angle (only in calculaticons which ignore
mwigomDressibility). This is caused by short-time changes
¢ S the opening and closing of the valves. In the case of

Sy - . S e :
latIDns, taking into account air compressibility, this

ig e

Q DbSE"'VEd,
1]
in "&ration by the passively-controlled tank, of a moment

Ca ; : :
pr’u”tEr~phase to the excitation is possible enly in the
s

Qmm' Fesonance; in other frequencies, the necessary
1t 3 A
.t1°n (S.5) is not satisfied at the appropriate instant
Ime’
N
0 fhe

TS 2 described diagrammes we should note the self tuning

Passively-controlled tank to variable excitation

fies; in the passive tank, this phenomena takes place
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912, Tine diagramme of the ship’s roll simulation for the
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i Process for compressibility of the air).
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"turalyy,

while in the passively-controlled tank this takes

Pl . .

ace through variations of the valve closing time (during
Q| . . .

NS excitation periods the closing time is longer, durirg
Sh

Fter Periocds the time is shorter),

v : fa . .
Slues of the fluid angular position in the passive and

Page;
SS‘V31y-contralled tanks, depend on the value of the

Ship»
ER°s roll angle.However, in the case of the

.
SSively-controlled tank this dependency is less.

. The next series of diagrammes (£fig.8.20 to fig 8
Q
" results pbtained from experiments o©n the hench test

Mee 2
hanlsm for the tank model in 14.T scale.

The

-

! S8 results are or2cs2ntad in the form o©f characterictice
7. a\

9 “* The courses of the first harmonic of the moment
]

n

Sratag by the passively-controlled tank are decidedly

St
(=T
8 |

Any

than the analogicel courses chtained €or- +he passive
5 These characteristics proove the higher efficisncy of
- E E -
peSElvely—controlled tank’s action. The have to be
Y

Ws
‘Em
ineq together with the phase angle charactesricstics (fig.

t;:l; 8.2 and 8.29). They show the influence of control cof
L 3Ssively-controlled tank, on the phase angle between
Igsi:tabilizing fluid motion and the bench mechanism motion.
¢ to be noted, that in the case of the passive tark and

s :
passIVEly—controlled tank in the passive state, the
Qf‘act
VQI Ves
Chy

&ristics run monotonously, however when the blocking
are in operation, then the course of the
r
. acte"istics vary.
pas51V91y—controled tank is characterised by a nearly
nstant
rnpert
‘r-n Ys
" thE [a)

an
Stang
Qha

r
1 3 : - -
% ctErxstics were usefull in 1identifying two basic

fies
™ Cientg of the tank’s mathematical model.

Ce
Phase angle 2., cscillating about 90°. This is a

which differentiates the passively-controlled tank
assive tank; as it is not possible to determine a

Phase angle £, for the latter. The phase

Ry
Ae: the passively-controlled tank’s natural frequency
pe&uhe damping coefficient in the passive state. The
ts

Obtained from these characteristics were given
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Fig.8.28. Characteristics of the moment amplitude (first harmonic)
of the fluid reaction as a function of frequency,

calculated from the hench tests for:

i1 - the passive tank, 2 - the passivaly-controlled tank,
*

2 = the passively-controlled tank in the passive stata,
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Fig.8.22. Characteristics of the moment amplitude (first harmonic)

of the fluid reaction as a function of frequency,

calculated from the bench tests for:

i1 - the passivua tank, 2 - the passively-controlled tank,
2 =~ the passively-controelled t3ank in the passive state,
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Fig.8.23. Phase angle characlteristics of the fluid reaction as a
function of frequency, calculated from the bhench tests for:

1 - the passive tank, 2 - the passively-control lead tank,

2 = %he paszively-controlled tank in the passive state,




10 2

/ M, [kNm*181 9,= const = 6°
gl &
1,254
1.004
0.754 1

T T
0 .50

i X

e TN L el ety | T X
0 .25 3

~ -‘.8—_‘_ il

: 3] X "-_x

i W [rzd.z2]
(' 0') | =y 1 T T ] 1 1] 1) 1 Al i | | T ] 1 }

.18 0.%1 0.68 0.54

Fig.8.24. Characteristics of the moment amplitude (first harmonic)

of the fluid reaction as a function of frequency,

calculated from the bench tests for:

1 - %he passive tank, 2 - the passivaly-controlled tank,
2 -~ the passivaly-controlled tank in the passive state,
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Flier (fig. 8.4 and 8.5 and in table 8.3), as they were
u -
S&d in computer simulations. Table 8.4 shows all the

EBee o .
°'E*"’lCients.

Ta
ble 8.4 Parameters of the stabilizing model tanks

obtained from the bench test.

e~

B o Yo “s P -
‘-__:_ 1/rd 1/s = m
- PASSIVE TANK

3"’~i10'*’ 12.6 0.565 X -4.5
. PASSTVELY-CONTROLLED TANK

1'oim" 0.215 0.842 0.155 -4.0

It should be noted, that the coefficients I and s were

til
Culatey analytically, while the cther coefficients (Bgs

® and wg) were determined through bench tests. This

"Rach dpes not doffer Ffrom the accepted methods of

854
tl”? passive tanks. In connection with the fact that +the

::::;al frequencies of both types of tank, obtained from

h&hh On the bench mechanism depend on the amplitude of the

tese Mechanism oscillations, the arithmetical mean value of

l&twe re§u1ts’ is accepted. In our case the d?fference

iffeen individual natural frequency values cbtained for

m&s Tent amplitudes of the bench mechanism’s oscillations
Mot differ from each other more than 3%.

Pa Fig 8.26 shows the amplitude characteristics for the
Ss
the

valY-t:ontrolled tank in the passive state, limited at
top and bottom by measurement errcors calculated from the

Uat
tion (7.29).
Fj .
thy 9" 8,27 shows analogical diagrammes for phase
r
t Cteristics. These characteristics were determined with

_ " help

“‘7:;!.
S a
13t

of the equation (7.30). Fig. B.28 and 8.2%9 show the

Ee

i

and phase characteristics of the passively-—
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Fig.8.26. Characteristics of the
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curves hordered by the

moment amplitude of the fluid
of frequency for the passively-
passive state; the measurement
values of the maximum errors.
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cuwrﬁlled tank with the air valves in operation. The
ha"acter-u_:.t).cs were limited by maximal measurement error
“uES obtained from equations (7.31).
5 It can be easily noted, that the maximal error values are
Y small, and do not exceed 8%. The above results can &ke
it:tEl:H:ed as being very satisfactory in the case of the
passi Vely—controlled tanl::”.
FrEquency characteristics o©of a ship stabiliz=d by

2 X
sslv“ and passively-controlled tankes, calculated +From

[™N

Sg

Darat“ model tests of the above tanks are shown n _+ig.
<3

0. These diagrammes decidedly proove the advantage of the
88e;

Slvely—controlled tank, above +he optimally chos=n

Es= 3
Slve tank, through our the whole range of excitation

"Susnc; e,

The last twe diagrammes show important compariszons. The
§s

“lts obtained from bench tests and computar simulsations

% Ship stabilized by the passive tank i=s <chown in fig.

8>

8i
imy
lar (variation does not exceed 10%).

=1, The results, obtained by both methods, ar=e very

The same comparison as above, for the passively—

t
in Folled tank with blocking valves in operation, is <shown

]iklg. 8.32. In this case, the results are not so similar.

h‘ ng into account air compressibility, the max imum
¥
Srence between the obtained results is 23%. Tests of the

Ssj
Wiy lvE1Y~contr‘olled tanks (in reduced scal=) are connectad

th Many difficulties, which will be discussed later. At
1

S - :
! PRint, we should accept the results obtained, as being
sfaCtory, because the character of the curves are
¢ 1€al. Therefore, the effect which was modelled is

r
fct Physically and numerically.

\\\‘-.__,

¥
mg Sse tests were conducted in Peoland for the first time.
r

8 3 : : " -
3 'S no mention of the methodics involved in conducting

Uch

+ :
~8Sts in available literature.
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Fig.8.31. Comparison bhetween the model bench tests and the numerical

simulation in regular heam waves of constant height for the
passive tank:

1 - resul®z froH the nunerical ziHulation,
-

Z = results fron the bench tasts,
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Fig.8.38. The roll - -response characteristics of the ship with the

passive tank (1) and ship with the passively—controlled

tank, calculated (in full scale) from the bench tests.
The dots correpond %o the direct spplication of the tank HOHANRt charscteriztics.
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Fig.8.32. Comparison bhetween the model hench tests and the numerical

simulation in regular beam waves of constant height for the
passively—controlled tank:

L - results fron the beanch tasts,
2,3,% = rezults frov the nuHerical siHulations,




The next step

Fa
SUlts obtained from tests (experiments) on

have ~

Way, ; .
®S will be collected and given in section

8

in

The results of tests

BXcitation.

It was planned

this

= RO =
study, is the discussion of
the irregular
on the regular and irregular
8.35.

D
= Tests of the passively-contrclled tank during

irregular

b to test the =hip’s roll during two
Lo P
th *itions of excitation, conforming to two ce=z2 =states on
] : ; 5 3 -
A Caraxbean Sea. This ship, when entering its cp=zrational
es
¢ = (the Caraibean Sea) hzs S0% of its maximal load Bench
834
*S were conducted for this =zame lcading conditicon,
2
BB.S shows the wave evcitztion conditions.
Table R.S
Res .
ol FULL SCALE SCALE 1 : 23
fion
-
1/3 T S “H 1.3 ¥ n “u
m = 1/e /s cm s i/s 1/e
1 Lus) - ol Q.50 1.43 8.93| 1.43 2.64 a2t
2 =
4.5 b T b 0.40 1,15 §16.10]) 1.77 2..12 £.09

Table g.5 contains, other than the values h

1ch ch ] e = .T,
"ﬁ@r . aracterize the sea state, values s ané ‘wH, which
8 Mne correspondingly the upper and lower limit of the
Qf::ic band of the wave cspectrum. The freguency W wWas
‘W;hneé' neglecting 3% of the total wave energy contained
g, f interval (0,®), while the value w ~ was obtained,
tndécfing 4% of +the total wave energy. Therefore the

'tions of the equation [251 are met:
Wy @
I S(widw = 0.93 I S(w)dw (8.1)
w

L

0




“hers,

2
173
Sty o S e = W 691 -4
—_— P —_ .
4 P P
1 T

D“riﬂ; initial experiments in the basin, it was found

s
::a‘iﬁ wave conditions of “‘/3= 4.Sm, the heel angles of
as Ship’s model (unstabilized) was sc great that, thers was
miaSSibility of the hull capsizing and the destructicn of
t;-EqUiEDERt built into the hull. Theresfore, it waes decided
ul’sdu:e thae amplitude motion o0f the wave generator’s
m:f:s, ie., the reduction of the e amp1itudes,
hq. rv1ng, howaver, the proper fraguency ranges of .
tham':u'ur- components. This does not in any way deviate Ffrom
t:.ai'E Of the evrperiments, becausa the aim was not to te=t
g Shi,’J-‘s behzviour on 2 concrete predstermires sez=. but to
C cakeenesniliiestien ey inkusimiam W i 3
hrg, ~N2 affectiveness of the passively—-controlled tank in
“sUlar, near rescnance wave conditions.
% The width of the tank model, built into the hull is

o, The main problem in 211 model tests are the scale

silzts and errors, due to conducting tests in reduced

e This was discussed at 14-th International Towing Tank

”ﬂ@iTEHCE in 1975 and is alsc discussed in [8]. From these

$ tals, we can conclude, that the required minimum width

lUt;ank models is 380 mm. This width is much less than the
9f the tank used in our model experiments.

T g
~~ he diagramme 8.33 presents the energy spectra of both

m% tYDes, determined directly from measurements of the
in>
Sa S wave elevation using resistancs s=nscrs. The energy
tr ,
K UM 1 corresponds to h .= 2.9m (in the scale 1:28
7’

‘“v\ B'9'3Cm). The curve 2 corresponds to the second type of
£
in hDNever‘, of lesser amplitude. This can be clearly seen

Spa
*Ctrum 2. Th e W of the ship (in scale 1:28 =
{ngﬂ The value ¢o P 6

s is presented in fig. B.33. This diagramme prooves,

=
-

that o

Ws\,sr_

.
tests were ceonducted For near rescnance  waves.

Wwayve conditionse 2 should be acceptaed as fully
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Fig.8.33. The wave height spectra of irregular heam waves generated

as an external disturhance during model experiments with
the ship roll tests in the towing tank.
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ot

m*“°ﬂﬁnd1n- te conditions of resonance waves.

The

Ship*s rel1l energy spectra (obtained for the wave

L~ 3 2 e
“itson 1), for the ship unstabilized and stabilized by

t

e Fassively-controlled tank are shown in fig. B8.34. From
th;

%S, we ses, that the roll) of the stabilized ship is much
lﬂg J

S than +hat of the unstabilized ship.

Diagramme 2.3 confirms this, showing the norobability of
ng of the roll angles for the same wave condition.,

2 big reduction of the raoll (confirmed earlier by bhench

s in the case of the tecsted ship, is connected with 2

"Y sms 11 value of the rell Z2amping cosfficient. We can see

“® fig 8.3I5, that the probability of excesding the =pl1

e Dy
S for the unstakilized ship (curve 1), dcocesz not define
r the unstakiliz = -

distribetion pf %*he roll amplitudes accerdin

dogse not differ (fig.8.33) from  the

rice cnly from the basin’s wave surface.

After apalysing the method of keeping the model
tiQnaPy, the author concluded, that an additional cause
mg?xéitation during model tests, were the stay ropes

dxng the ship’s modesl steady) tied at the bow and stern
edlng tests (fig. 7.4). These ropes were tied at tha other
to the basin’s construction. Due tc the fact, that these
(rms Were tied to catches placed at a certain distance

‘QSQerd vertically) from *he medel’s roll axis, all the
ﬁa‘tlbn forces due to the ship’s vertical and horizontal
1°”5 caused additional excitation of the ship’s rcll.

,q}Th: influence of the additional moment, dues to stay
ﬂus” is greater when the roll amplitudes increase. The
S roll is coupled with the sway motion of the ship as
sy, ®S with the yaw motion. The method of holding the ship
in 3 Stay ropes as shown (fig. 7.4) is used most fregquently

mudel tests. Such a method c2llows the model to execute
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Fig.8.34. The ship roll spectra of irregular heam waves in model

scale for the unstabilized ship (1) and ship with the
passively—-controlled tank (2).
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Fig.8.35. Probhability of exceeding an angle 3* in irregular heam
waves for the unstabilized ship (1) and ship with the
passively—controlled tank (2).




o™l ex motion, similar to motion at s=2 in real conditions,

tt Causes, however, such undesired effects as described
iva
e.

The Surve 2 shown in fig. B.35S determines the probability of
£x

SS%eding, of the roll amplitudes of th= stabilized ship. It
Shows 5 great similarity to Rayleigh™s distributicon, which
meVES the features of the ship holding methed described
at"‘"""5- The stabilized ship is characterised hy lsezsr roll
ampIitudes in comparison with the unstabilized ship. This

Sads g less2r amplitudee of the zoupled motion.

HGwever. if the coupled motion has lesser amplitudes

then the effect of tre stay ropes is 3lso much lse= Thisg
?fcsct Cennaot be easily described mathemsticzall Therefors
E is difficult tp determire the percentace increase nof +the
&:itat:cn momant of the model®s roll, dus %to the stay
"hse,

i

t"3‘;"‘9.1"{7“5 8.36 shows the probability of exceeding of the
|4

*Lilized ship’s roll angles; the ship being stahilized by
the assively-cortrolled tank for the first wave condition.
o Fesultes were obtained for various controls of the tank.

These results were obtained for different settings of

th
IQ Prediction structure PDDZ. These settings differed up to
00y

and more, but as we can clearly see, the effects on thes
un:tion of exceeding are minimal. This prooves, that the
S::F’S control conditions are not very rigorous and

'Sfactory effects can b= obtained from many ceontrol
sﬂmings of the prediction structure (P,D,Dz).

Diagrammes B8.37 to 8.39 are analogical to diagrammes
4 to B.36 for characteristics, obtained for the second
tVe Condition. All the statements made above are true for

; Second wave condition. The characteristics of the
Ns

LS
th ~@hilized ship (curve 1 in +Ffig. B8.38) differs from

b FtaYleigh’s distributicn, while curve 2 (stabilized ship)

S
Similar to the distributicon. In conclusion,table 6.6
bESEHts the level of roll reduction of the ship stabilized

7 A
’kh

m

Pessively-cuntrollied tank.



Ficu.lt

Wave condition — 1
Ship speed — B kn

0.

w

' = I r 7 i
.00 .38 E 1.08 10

Fig.8.36. Probabhility of exceeding an angle 3% in irregular bheam
waves for the ship stabilized by passively-controlled

tank, obtained from rolling model tests for different
variants of tank control.
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Fig.8.37. The ship roll spectra of irregular bheam waves in model
scale for the unstahilized ship (1) and ship with the
passively—controlled tank (2),.
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Fig.8.38. Probability of exceeding an angle §" in irregular beam
waves for the unstabhilized ship (1) and ship with the
passively—controlled tank (2).
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Fig.B8.39. Probability of exceeding an angle 3° in irregular heam
waves for the ship stabilized by passively-controlled
tank, obtained from rolling model tests for different

variants of tank control.




Table 8.6

\
Realization 1 ¢ 2
B
Unstabilizeg ship
@ £ 13.8 h (e RS
Al1/9
.
Stabxllzedosh1p 521 5,58
@ 3
AL/9
\
% roll reduction £2.2 &3.3
¥

Computer simulation experiments were conducted more
mdelyg than medel tests in the basin. This was duese to much
IESSEr costs of these tests.

In computer tests. the predicticon structure wWas
slmu1='*.t=_=d basad on:

1,
Structure of the classic FDD- controller,

b2 |

y 2
Structure of the classic FDD controller equipped wit

? -
“*d prder PButterworth’s Ffilter for the roll angl

D

Measurement =ignal,

P-"51:&\;3 predictor working with 2 Kalman filter,

Structure of the optimal controller, from the state
Yariahles (with a Kalman filter as an estimator of state

Vectors of the system ship — asymmetrical moment).

In these experiments, it was necessary to determire the

in

s{IUEnce of compressihility of the air (tetween the
tab; -

_ablllzing fluid and valves), on the stabilizing
Stg

SCtiveness, as well as, to conduct quantitive comparison

MMEEH the numerical calculations and physical medelling.
B influence of air compressibility, is difficult to
tsrmine experimantally, but due to the fact, that it can
. Easily determined analytically f(section T.4.3) it was
ecided to evaluate its influence by calculation.
quTﬁble 8.7 shows the calculated results ‘?f statistical
Cteristics of the ship’s roll (¢ and ¢ ) for two

Ssa A1/3 AL/3
States, as well as, for all possible variations of the




By analysing

h
loewing for air compressibility
1 a

l al causes 2 esmall

a . o
‘. p‘rientage reduction in the rol stahilization. It is

i . :
| MRor+ant that allowing for 2ir compressibility, we do not
\ gke any ecsential changes in the transition processes,
|
Ts
Ble g,.7 FParameters characterising tha =hig’s r211 procees
of the unstahiliz=d ckip and the ckipn giahiliza=d
by the assive d cac=ival,——opt-=1l=d +anlb=
‘ v P i an pas=ival,—contraollsd tanks,
| ] datermined on the bacsic of computsr eimulation
| (centr-2l1 of the tank wusing CDDZ structurs wikh =
| Butterworth filter).
|
[ WZUE PARAMETEES
| Shv > e Sl < e o —r — — ~——— —
107 s h =2.9 WM, | = doas S5 N = 8,0 M, ! = Y. 30 &

\ roneed CCORSE ANGLE of WAVE COURSE ENGLE of wWaveE
| ~Yrnotea - : - - - = -
| ; 30°| 60%| 90% 1207|1507 =0°| 60°| 90°|120°|1S50°

¢ 6.07[8.02|3.63|2.09[1.19
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T WAVE PARAMETERS
Spezds h o= 2.5 My 1 = 7.50 S o oS My 1 = -
o - A
Eknots] COURSE QNGL? of WAVE S chEQE:ENGEj1;‘T?$ﬁrj:
. 30°| 60°| 920°|120° 1507 ] 30°| &60°| 90°|120°|150
SHIP STARILIZED by PASSIVELY-CONTROLLED TANK
¥
WITHOUT AIR COMPRESSIBILITY
\
$ 1.72|2.85|2.36|1.83|1.05]3.00]|4. 47
1.3
7
b 0.51]1.11
173
\
$ R 4
1.3
0
$ Al R
1.3
\
\
¢ 1.4%|2.45
13
7
$ _lo.sal1.08
173
\
P o b
e |
0
$$/3 R R
\
\
¢, ,|1-60]2.48
7
$ _lo.s1]|1.04
173
¢1/9 x ‘\R
0
$ ® | %
1.3




The course angle of the wave in table 8.7, is

!hterminej in such 2 way, thzst %the angle 0° denotes
leIDWing seas and the angle 180° denotes head seas. Beam
Seas are denoted hy the wave uvprush of 90°,

Thrcugh well chosen computer simulation experiments, the

Rr
Blem of determing th= typs of the prediction structure,

( .

°Dt1mal for the contrcl of tha Dassively-—contrslied tank)
LS

M be pacily solved., The value ¢, . was accaptad as being

— T = - -

L3S
152 = 4
S Optimal criterign, in these evneriments.

T
NDie 8.8 shows the critzriz for 2ll tha types of onradictor

st
TUuctures determined for the statiorary shi

| 3
=
ANa 8.8 Stabilization guality critaria of £ha ship
stabilized by the psssively—-contralled tank for
differant types of pr=dicticon structurss

(stationary shiz, adiakatic gproceess)

WAVE FEFRAMETERS
h=2.0 m 1 =7.00s Ilh=24.0 m, | = 0.90 5

FDD? CONTROLLER

2.71 S5.80

| PDchDNTRDLLER with Butterworth®s filter

- 2.53 5. 69
[°]
KALMAN FREDICTOR
2. 62 &.00

OFTIMAL CONTROLLER

.

tqﬁRESUItS achieved through simulation of the ship’s roll,
%MQ”Q into account adiabatic changes in  the  air
Fessibility process are presented. No especial reasons

re Yaken into account, and table 8.8 is representative for
her Conditions. For the model, without taking inte account

8,
Comprossibility, as well as, for modelling iscothermic

thén

D - - -
39S, the change tendencies of the criterion value
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¢A1/3ar9 identical.

The effective wave slcope spectra of irregular beam waves
USed ag external excitation during numerical simulaticon
tssts ar= presented in fig. 8.40. The wave height spectra,
W8re npot included here (as in  fig. 8.33), because the
Simulation programmes did not ocutput the wave height, but
Snly the wave slope.

Dlairammes Q.41 +tpo B.4& pracsent the results of simulatien
e

SMperiments for wave heights of h = 2.5m. Diagramme .41
173

5 . . . .

Nows the exceeding functicn of the ship’s roll,cbtained for

tha

= stationary ship. This prooves the excellernt efficisncy
Y

-

o !
| the passive tank, 2

SEEINI

|-

though in this case toc, it ic +c he

» that the passivzly-controlled tank is superior.

‘ The cother diagrammes show the roll  spectrum  furctions
ST the ustabilized shiz and the ship stabilized by the
ive and passivealy-contrclled tank.

The Fresentation of cpectrum functions, not exceeding
thera:teristics was, due tc the fact, that in practice the
E:ft'i"E":!i!'!r;; characteristics would not clearly differ from ezch
i chEr,

iagrammes 8.47 to B.S2 show the results of csimulation tests
ide”tical to the ones above, touching heowever higher seas,
chehat:t:er'is(:.-ci by wave heights h __= 4.5m. The conclusions

dr ) :
‘ 3Wn from these tests are identical to the ones presented
ove,

& Conclusions drawn from experiments.

The methodics and results of many years of theoretical

d &Xperimental investigations on the passively-controll=d

h it
g "« stabilizing the ship®s roll, as presented above, allows

\s : ;
to answer the following two basic questions:

(i)

= whether the control algorithm of the valves, blocking
the natural fluid flow in the passively-controlled
tank 1s physically realisable, in other words, whether

it has the ability to operate in real sea conditions,
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Fig.8.48. The wave slope spectra of irregular bheam waves used as

an external disturbance during numerical simulation tests
with the ship roll motion.
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Probability of exceeding an angle 3% in irregular beam
waves, obtained from numerical simulation experiments for:

1 - the unstabilized ship,
£ = the zhip stabilized by the paussive tank,
¥ = the zhip stabilized by the passively=-controlled tank.
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Fi9-9-42a. The ship roll spectra of irreqular heam waves,
obtained from numerical simulation experiments for:

{ - the unstabilized ship,
2 - the ship stabilized by the passive tank.
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'9.8.42b. The ship roll spectra of irregular beam waves,
obtained from numerical simulation experiments for:

1 - the ship stabilized by the passive tank,
2 - the shop stabilized by the passively-controlled tank (isothernic process)

3 - the ship stabilized by the passively-contrelled tank (3diabatic process)
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ri9-8-43a. The ship roll spectra of irregular heam waves,
obtained from numerical simulation experiments for:

i = the ship stabil,zed by the passive tank,
2 - the ship stabilizad by the passively-controlled tank
Kith the FOD" controller.

W [r:..: :]
3

] 1 ' 1 - ] i 1 l f 4

0.75 1.00

ship stabilized by the passively-controlled tank for
the conditions given in Fig.8.43a:

1 - Without compressibility of the air, 2 - isothernic process,
3 = adiabatic process
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obtained from numerical simulation experiments for:
1 - the shap stabilized by the passive tank,
2 - the ship stabilized by the passively-controlled tank
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Pi9-8-44h. Comparison of the ship roll spectra obtained for the

ship stabilized by the passively-controlled tank for
the conditions given in Fig.B8.44a:

1 - Without compressibility of the air, I - is2%thernic process,
3 = g3kt iC process
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i9-9.45¢. The ship roll spectra of irregular beam waves,

obtained from numerical simulation experiments for:

1 - the ship stabilized by the passive tank
< - the ship stabilized by the passively-controlied tank
with the n-step Kalman's predictor.
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19‘8'455. Comparison of the ship roll spectra ohtained for the
ship stabilized by the passively-controlled tank for
the conditions given in Fig.B.45a:

1 - without compressibility of the 3ir, 2 - iscthernic process,
3 - sdiabatic process.
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Fl9-9-463. The ship roll spectra of irregular beam waves,
obtained from numerical simulation experiments for:

1 - the ship stabilized by the passive tank
Z - the ship stabilized by the passively-controlied tank
Wwith tne optima! controller and Kaiwan Filter
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‘9‘8-465. Comparison of the ship roll spectra obtained for the
ship stabilized by the passively-controlled tank for
the conditions given in Fig.B.46a:

1 - without compressidility of the 3ir, 2 - isothernic process
2 - adistatic process
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Fig.8.47. Probabhility of exceeding an angle 8 in irregular heam

waves, obtained from numerical simulation experiments for:
1 -~ the unstabilized ship,

= the ship stabilized by the passiuve tank,

= Yhe ship ztabilized by the passivealv-controlled tank.
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Fig.8.48a. The ship roll spectra of irregular heam waves,

ohtained from numerical simulation experiments for:

1 - the unstabilized ship,
2 - the ship stabilizsd by the passive tank
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Plg-8-481). The ship roll spectra of irregular heam waves,

chtained from numerical simulation experiments for:
i - the ship stabilized by the passive tank,

Z - the ship stabilized by the passively-controlled tank (isotherdic process)
2 = the ship stadilized by the passively-controlled tank (3diabatic process)
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Fig.8.49a. The ship roll spectra of irregular beam waves,

obtained from numerical simulation experiments for:

1 - the ship stabilized by the passive tank,
2 - the ship stabilized by the passively-controlled tant
Hith the PDD2 controller.
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Pi9-8.49b. Comparison of the ship roll spectra obtained for the
ship stabilized by the passively-controlled tank for

the conditions given in Fig.8.49%:

1 = without conpressidility of the sir, I - isothernic process,
2 - diabatic process
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19.8.50a. The ship roll spectra of irregular beam waves,
obtained from numerical simulation experiments for:
{ = the ship stabilized by the passive tank,
2 - the shap stabiliz2d by the passively-~controlled tank
With the PDD® controller and the Buttarworth's ¢ilter
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n of the ship roll spectra obtained for the
ship stabilized by the passively-controlled tank for
the conditions given in Fig.8.58a:

L - Without compraszibility of the air. 2 - iZothermic process
3 - disbatic process
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Fig.8.51a. The ship roll spectra of irregular heam waves,
obtained from numerical simulation experiments for:
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Pig.g. 51, Comparison of the ship roll spectra obtained for the
ship stabilized by the passively-controlled tank for
the conditions given in Fig.8.51a:

1 - without compressibility of the 3ir, £ - isothermic process
3 - 3diabatic process
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ship stabilized by the passively-controlled tank for

the conditions given in Fig.8.52a:

{ - Without compressibility of the air, 2 = iS0thernic process
Z = adisbatic process




(1i) - whether the use of the passively—-controlled tank
ensures greater stabilizing efficiency, compared to a
optimaly chosen passive tank, in other waords, whether
the use2 of the passively—-contreollsd tank onboard

ship is justified.

A modern fishing vessal with a smnall damping cosfficient
(this vessel does not have =2 Hildge keel), and with a
Felatively short period of fre= roll, was used

in
the passively-controlled tank. This makes i+ difficult +go

Frove the supesricrity of the passively-cont-nolled +ank in
S2mparison with the pacssive %ark. The zbhove mentiocned
fesatures of the veszel makes 22sy, it 2ffective

t s
abjlizaticon by the passive tank, due tao the relatively

2
sh amplitudes of stabilizing fluid motion, in

= n

Enk. This effect does not grzately influence the operative

&fficiency of the passively-controlled tank, as the control

9F the blecking valves decides the proper cperation of this

tyns of tank.

chever! such a choice cof experimental vessel was made dus

to the need to compare the operation of both types of tan
v

LT The cther difficulty in realizing the above teste was

stabilizers, in conditions, decidedly favouring the passi
o

the necessity to control the blocking valves in model test
Stnditions.

Tha control of model tarnks built in 16.T and 28 scal= is far
More difficult, than in real conditions. Physical preocess
teFe rlace far faster (correspondingly 4.04 and 5.3 times)
than in real conditions.

Construction of the blecking valves, in the case of
Mode) tanks, is different from the ones proposed for real
Sonditions [4631.

The necessity to control these valves electrically (not
D“Eumatically), as well as the necessity to have very much
Shorter opening and closing times of the blocking valves,

Caused inaccuracy in the stabilizing €luid’s blockage




fentrel.

The above mentioned problems caused the decrease in the
S¥ficiency of the passively-controlled tank’s operation
during model tests, and it’s not possible to correctly

etermine the decrease analytically.

In real conditions Cfull scaled, the measur=ment -
Control algorithm loop time is 0.25 seconds. During bench
tests, the loop time was 0.06 seconds end during tests on
Physical model, this time was 0.04 seconds. This prooves the

8reat difficulties in controlling and building the

Pessively-controlled tank medels.

Computer and physical simulations of the stabhiliz=tieon
Systen using the passively-controlled tank, ara the last
Staces of this rasearch study and verificationr of the
Cperative pocsihilities o+ the proposad sclution.

1 ontr-olled tank is far more effective in
stﬂbilizing the shin’c rpll in regular and irregular wavss,
in Comparison with the optimally tured passive tank., This
W&s confirmed in this study, prasenting racsults of
S¥periments. A great adventace of the passively-cortrollsed
tank ig the fact, that it stabilizes the ship’s rell in the
fuly range of possible freguencies.Therefore, this tank doss
Not Cause destabilization, which is a great defect of the
Passive tank.

The influence of air compressibility was examinasd only
Quring computer simulations. The stahilizing mcment,
gE"Er‘ated by the tank, is decreased when air compressibility

i - ; . :
S taken into eccount, especially during regular excitation.

D“ring irregul ar xcitation, this does not cauvs= any
Essehtial changes in the value of Aisg? 25 well as in the
5n5rgy spectra of the stakilized chip. The greatest loss of

Q

Bseryeq in the near resonance band.
hi

1gh frequencies of regular

‘m,'-”"Est:{Hi'lif-\/ hae laceesr snfluyonrcras
S1011TCY 12 = e R L L —




This can be explained by analysing the characteristics shown
in fig. 8.8 to 8.19. During low and high frequencies, the

RPassively-controlled tank, operates with relatively emall

™
1
n
u
[ 5
1

angles of the stabilizing fluid's motion, and +ha

]

(w3

the tank’s moment due to compression (decompression)

i
b
10

Small. In regular excitation, by near rescnance waves,

]
1—
1]
n
0
-’1

RPassively-controlled tank operates with graater an
the stabilizing fluid®s meoticon . Theresfore, the decrezse of
the tank’s moment is much 1laraer.

An attempt at Ffinding the most effactive contral

w

flgorithm for the passively—contraolled tank, was made durin

Simulaticon experiments or the irregular wave., The recsults of

“hess tests shown in tabla £.2 croove, that the problem  cof
chcmsing the regulator (prediction structure) is not easily
SClved., It appears, *hat 211 the proncsed aloorithms
Rfactically give the same value of $AL3 (for lower waves
the mayimum difference is 8%, for higher waves - 5.5%).

This is due to proper predicticn structures an

ts, as well as, due tg the specifics of the cyvesten
Ship - passively—contrellad tank., The algorithm, simple in
"Szlisation (algorithm FDD° and PDD° with PButterworth’e
filter) ensures proper ctahilizaticn, but is, however, very
Sensitive to changes in natural frequencies, and in tha
Ship’g rol12 damping, during the ship’s operation.
Complicated algorithms, basad on cptimal filtraticn are more
difficult in realisation, but are less sensitive to
Measurement noises and are self-tuning.

The next important problem is the inter-relation betwaen
rESUlts, obtained from model tecsts and recsults obtainsd $ram
Somputer simulations.

Fi?- 8.31 and 8.32 show the comparisaon of the above
mshtioned results. The results obtained for the pascsive tank
re very compatible (better than 10%). Such compariscn for
the passively—contrelled tank, doss not show such
tomDatibility, but due to difficulties in conducting thece
s""‘33’5'!"imeﬂ'r_s on scale models the compatibility achieved

Better than 22%) is satisfactory.

.




In the case of irregular waves, it is difficul
dbout result comparison, because

Usscribed earlier) during model tests was
&%citation during computer simulatien.

Ship®e roll reduction in both the zhove

Qives a certain possibility of compariscn.

According to tables 8.& and 8.7,

Rassively-controllad tank for +he

h .= 2.5Sm 1is:
/3

assume,
ling were carried out
esion above,
Us +q certify, . the
Déssively—contro

Achieved results are correct.




Chapter 9

9.CONCLUSIONS AND FINAL REMARKS.

The presented thesis is an attempt to completely scolve
the problems ceonnected with  the application of
Passively-controlled tanks in stabilizing the ship®s rell
Mcticn. World literatur=s, gives us only fragments of
informetion, onubliched by producers of such equipment., There

1S no complete study of thics theme acs yet.

This study examines 2 prcoposed mathematical model which
Ssscribes the dyramic system chip - passively-controlled
tznt {Chapter 3I). The system™s mathematizal model, other
+

r
n

n the dynamic relations, analyzes phenomena of the air

ibility in th= tank, when the valves are closad. The

n

n
=
L)
<
0
1]
i
|4

cecription of thes tank ie an integral pnart of the

"
(]
!
(Rl

§
(R}
[}
L

tical model. This problem is described in chapter =,

3
1
[
xI
D
3
')

in whick we analyzed a rang=2 cf contrcl z2lgorithms of the

Razzjvely-controlled *ank, which are physically realizable.

Chapter 7 contains a proposition of new methodics for the
Bench tests of passivaly—controlled tanks, as well as a
Method for preocessing the results obtained in this way. The
Material in this chapter ics especially useful, because the
Rroposed methedics ensures poscsibility of directly comparing
the test results of this tank with the results obtained from

traditional testing of the passive tank.

Chapter 8 includes the results of all tests (computer
Simulation and model tests). Results obtained from beth
tests methods were found to be comparable.

This study demanded the solution of a range of problems
In the field of the automatic control theory (for fluid flow
le:kage), and certain hydrodynamical preblems which are
;Ennected with the operation of the passively-controlled
tank.

The material presented in this study, sclves the
SYnthesis of the system ship — passively-controlled tank in
8 Satisfactory way. Certain difficulties were found in
Qnalvtically determining the conditions of system stability.

This problem was solved in chapter &, through analysis of




The analysis of the material contai
recsults of testes), zllow

about

Possibility of using the passively-controlled
anti-he=sling operations.

These conclusions show us that the passively-controlled
tank is a particularly useful ship’e roll stabilizer for
Shipe with changing (through a wide range) lpading
fonditions.

It is necessary tec emphasize the value of the presented
TSthodics of system synthesis, due to the possibility of its
Practical application. A whole family of digital simulators
"hich make possible the full investigation of the effects of

Ehe inctaliation of the passively-controlled and passive

tﬁnk cn any given hull was dssigned. A wide range of

tc’"’DUter programmes used in analyzing the results, of medel
o+ the separated tanks (passivye and

=~ v=ly-caontrciled) were also designed.




The methodics described in this study was used by the
Quthor practically in the shipyard. Comparison projects.
Which had as their aim the determination of the
» Possiiilities of ship's roll stabilization, Using
Passively-controlled or passive tanks, were carried ocut for
three specialized ships bullt by the Szczecin Shipyerd. In

geophysical shipg> ¢

limincte, th=

with control elen=nt
=

Ltaspite of the dect
the cassively-controlled
it was decided nol to use this type
that the stadbilizing fluid wes
of the application cof fuel
the electiriccl measurement sysiem

not dbe used.

Several orchblems connected wi

Only signalized or ignored
CoOmpetancy).
The following important problems were omitted.

L. Synthesie of the special 2algorithms of control with
self-tuning to changing external disturbances, as well as
to changing dynamic parameters of the ship; during the
realization of this study tests were conducted for one
Chosen leoadinc condition of ship; the change of external
conditions caused the long range search for optimal
(suboptimz21) settings of the regulator. This shows the

Necessity for contrelling the adaptation.

Elaboration of the monitoring algorithms and accident
blockade algorithms and analysis of all dangerous

Situations.
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Appendix 1

Equations of roll a2bout the fized axis, for a ship with a

U-tube tank [465].

The set of differential equation (3.17) was derided by

J
»

using a method almost identical to that given in [SS5
Only the a2ngle of the stabilizing liquid effective clope

1
wae introduced instead of the coordinate of the

The vieccsity coupling betwesn stzbilizing liguid and
the ship was neglscted.
The natural frequency of the tank is eupr=s=ed ac:

where 11 is the resduced tank length:

1 Av
1 =5 |—— dl (AL.2)
T
1 T
T
wWhere:
11 — the length of the center line of the tank,
Av — the cross sectional area of a wing section of the

tank,
Q(IT) = the local sectional area, measured perrpendicular to

the center line.
The inertia coupling ceoefficient is expressed by the

formula:
s = — =—"f3 (AL.3

in which EbT denotes the distance between free surface

Centers in wing sections of the tank (FigQ.3.3), and




— the distance of the c=n

the axis of rotation of

] — *he argle betyeen

corrasponding tangent

surfacs correction

T 24
T — .lg_g.z — .

re:
— =static surfac= moment relativy
of the ship,
— ship displacement includ:
liquid in the tanl,
GM -~ metacentric height of the shi with

stabilizing liquid in the tank.
The particular sclutions of the equations
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solutions of the set of equations (3.14)
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Appendi %

The approximate estimation of ce

mathematical model of the system s

tank.

in chapters

e of the tz=nk

design stag

[N

more

The natural frequency of the tank

from the formula:

A
& v
1, = d, + ﬁ:br

lculated

Or accurately using (Al.2).

The inertia coupling ceoefficient s is

the formulas (A1.3) and (A1.4).

2

rtain parameters opf tha
hin — passively-contrelled

models (ZT,.13)

is determined Ffrom

expression (Al.1). The parameter 17 can be approximately

determined approvimately from the expression:

-~

s —(a + d)
T T

(AZ2.1)

determined From
Coefficient = can alsoc be
(A2.2)
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