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ABSTRACT

Frequancy domain methods are esaployed for the design angd
anilysis of anti-roll tank systems. A waveslope spectrum of
the ocean 1is developed based upon the trochoidal amodel of
ocean waves and the Pierson-Moskowitz ocean wave powver
spactra. The response of a typical ship to the waveslope
spa2ctrum is studied with the aid of a numerical example.

FORTRAN subroutines for the design of passive and
oump-activated U-tube anti-roll tanks are developad, and the
effects of a tank installation on the ship parame+ers is
observed. Many controller design methods are investigated,

and final design is accomplished by exhaustive search of
closed-loop frequency responses. Frequency responses of
passive aad activated tank stabilized ships are compared
with that of an unmodified ship to illustrate +he
effectivenass of design. The affacts of vessel displacement
variations due to consumption of fuel and stores on tank
effectivenass and controller design are discussed.
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I. FORMULATION OF THE PROBLENM

A ship on the ocean is in constant motion. Ideally, the
only motisns would be translation in the forwvard direction
and rotation about the vertical axis, associated with
propeliing and maneuvering the ship. Realistically, there
ar2 perturbation motions in addition to the desired motions
in the form of translations alonjy and rotations about tﬁe
longitudiial, <+ransverse, and vertical axes of the ship.
Th2 purpos2 of this thesis was to study +*he rotation akout
the longitudinal axis, known as roll, and arrive at a schem2
far controlling it, A procedure for designing +th=
installation of a U-tube anti-roll tank system was
consolidat=2d from several sources [Chadwick, 1950] [Chadwick
and Klott=ar, 1953][ﬁlaqoveshchensky, 1962](Vachanaratana,
1975][?iegler, 197?] and presented in the fo;m of a FORTRAY
subroutina. Many controller design methods were
investigated, and the final design was accomplished by

exhaustive search of closed-loop freguency responses.

A. WAVESLIPE SPECTRUM OF THE OCEAN.

Befors 2 wmeaningful analysis of ship motions in water
could be conducted, the motions of the water 1its21lf had to
be understsod. Because a ship tends to ride normal ¢o the
surface of the water, the most significant physical property
of waves with respect to ship motions is the wav2slope, y¢.
At the crast and in the trough of a wave, the waveslope is
zero, while at some point nearly wmidvay between those
extremes, the waveslopa is maximum.

Several theoriass of£ wave gotion have been advanced,

inzluding the siample harmonic wave; the Stoke's Wave, which




is a haraonic wave with a secorni harmonic added; and the

trochoidal wave. Geometrically, a trochoidal curve 1is
constructed by rolling a circle of radius R under a
horizontal line, and tracing the locus of a point a radial
distance r<2 from the center of the circle. The trochoidal
curve may be steep or shallow depending on the ratio of r:R,
and corresponds very closely to actual observed ocean waves,
whare 2r R = L = wavelength, and 2r = h = trough-to-crest
wave height.

Ocean waves are primarily caused by the transfer of
kinetic eiergy from the wind, which is the result of the
transfer >f thermal energy in weather phenomena. As the
wind blows over a flat surface of water, the water particles
at the air-sea interface are excited by frictional forces,
and tend to move downwind. The freedom of motion of these
particles is limited by the fluidic properties of water, and
thus they tend ¢to accumulate 1ian successive ridges, or
ripples, on the sea surface. Once these ridges are formed,
further wave buildup continues by a different mechanisnm.
On the upwind side of a ridge, a small local high pressure
region devalops which exsrts a downward force on the water
surface, forming the wave trough. On the downwind side of a
ridge, a corresponding small local 1low pressure region
develops which draws the water surface upwvard, foraing the
wave crest., The wave continu2s to grow as long as *the
wind contizues to supply energy in excess of that consumed
by the intarnal friction of the water in the wave, which it
do=s until the wave velocity equals the wind velocity.

Three key factors govern the development of wave
systems. They are the initial difference between th2
velocities of the wind and any existing wave systams; the
length of time (duration) that the wind continues at a given
velocity; and the fetch, or distance of relatively unifora
depth water over which the wave will run before being




altered by a change of depth or d2stroyed by encountering a

land mass. (The passage of a vessel through an ocesan wave
system doas little +to alter the growth or shape of the
system.)

The rate of increasing wave height 1is a function of the
initial difference between the v2locities of the wind and
the existing wave system. A suddsn change of wind velocity,
such as that associated with th2 passage of a <£front, can
cause the waves to increase at a rate of one or two feet per
minute. There 1is a physical 1imit +to the increase 1in wavse
height, aa1 it is Jdefined in termas of the wave height to
wave length ratio, h:L=1:7. ©Near this ratio 1liait, excess
wind enecgy blows off the tops of +he waves, forming
turbulence known as "white caps."

The rate of increasing wave length generally lags behind
the rate of 1iancreasing wave height., Thus in regions of
short fetch, a sudden change of wind velocity may never
produce waves with 1long wavelengths due to the 1limiting
ratio. In contrast, on the open ocean where there is a long
fetch, a chainge of wind velocity can produce 1long waves of
relatively low height. Por waves of length L>100 fee*, there
is a diminishing likelihood of ever approaching the maximunm
value ¢f the ratio. In practice, for wavelengths between
500 and 500 fe=t, the ratio rarely exceeds 1:20; <for the
longer ocean waves (of 1length ovar 1000 feet), the ratio
drops to 1:50.

The above discussion of wave development only hints at
the complexity of attempting to define the waveslope
spectrum 2f the ocean. Conferences have bean held, and many
books have been written on the subject of ocean spectra.
[Conferenca, Faston, Maryland, 1961] [Inoue, 1966]
[Comstock, 1967] [Gillner, 1969] [Ziegler, 1975] Many ocean

spactra plot relative wave energy as a function of freguency
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with "sea state" as a parametar, Others define wind

velocity and duration as parametars. Still others define
"significant wave height" as a parameter, with many
definitions of "significant wave height" itself. Spectra
have been constructed for given locations citing mean wavsa
height, or wmean squared wave height, or RMS wave height as
parametars.,

Two other factors which affect the effective ocean
spectra 3re vessel speed and angle of encounter. To
illustrate these eoffects on the ocean spectrum, consider a
ship proceeding with velocity 4identical +to that of a
single-£frequency wav=2 train. If the ship heads Jdirectly
into the approaching wave train, the apparent frequency of
the wavs doubles, but tae roll coupling with the ship goes
to zero. When the ship travels parallel to the wave train,
which is *0 say the ship is in a beam sea, the apparent
fraguency 2f the wave is the same 1s the actual fraquency of
the wavae, and the roll coupling is maximum. When the ship
heads in the same diraction as the wave train ("following
seas" conlition), the apparent frequency of the wave drops
to zero, as does the rall coupling. If B denotes <he ship's
angle of =2ncounter with the wave train, where 8=0" for a
following sea, B8=90° for a beam sea, and B=180" for a head
sea, then the apparent waveslope is related to +the actual
waveslope, and the apparent frequancy of the sea is related
to the actual frequency by the expressions [Ziegler, 1975]:

V(B) = sin B (1)
max

w(B) = w {(le- w €u . /g) cos B {2)
sea sea ship

1 . = forward velocity of the ship

ship

o = acceleration due to gravity

Since the ultimate reason far this study was to aid in

11
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the desigy of a general-purpose anti-roll stabilizer, the
ocean spectrum chosen was a wave height power density
spectrum, with sea state and significant wave height (1/3
highest waves) as parameters. The waveslope spectrum was
than computed on the basis of the trochoidal model of the

ocean, whare

T = 1/f = 2/ w seconds 3)
2

L = 5.118 T feet (4)

¥ = (h/L) x 57.3 degrees (first approximation;

max (5

B. SHIP ROLLING IN WAVES.

A ship on the ocean moves, in general, with six degrees
of freedom relative to the coordinate axis system. BY
convention, the ©positive x-diraction is forward along the
longitudiaal centerline of the ship, the positive
y-direction is horizontally outward on the starboard beanm,
and the positive z-direction is vertically downward. The
center of the coordinate axis system 1is 1located at the
vessel center of gravity. Rotation about the x-axis is
known as roll, with positive roll angle, ¢, defined as an
inzlinatioa to starboard. Roll can be considered separately
from the other degrees of freedom, which reduces the study
of ship motions to a two-dimensional problem with one degree
of freedon.

1. Definitions and Concepts of Naval Architecture,

The following definitions and concepts of naval
architectare [Comstock, 1967] [gillmer, 1969] are given for
the benefit of the reader, and are illustrated in Figure
1-1.

a. Displacement.

The displacement of a vessel, A, is defined as
the weight of the volume of water displaced by the vessel.

12




G = Center of Gravity

B = Center of Buoyancy

M = Metacenter

GM = Metacenter Height

GZ = Righting Arm

$ = Ship Roll Angle Relative to Earth Reference
WL = Water Line

Figure 1-1. Definitions and Concepts of Naval Architecture

13
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Due to the Principle of Archimedes, the displacement eguals
the weight of the vessel itself. Displacement is always
given in 1long tons, where one 1long ton equals 2240 U.S.
pounds. The weight of the water displaced equals the weight
of the vessel, independent of the density of the water. The
volume of water displaced, howevar, is a function of the
density of the water. Por purposes of most calculations,
the density of fresh water 1is given as 36 cubic feet per
ton, whereas the density of salt water is given as 35 cubic
feet per ton.
b. <Center of Gravity.

The center of gravity, G, 1is defined as the
point at which the summation of the moments of all the
veights in a vessel with refersnce to any axis passing
through that point equals zero. The center of gravity of
most warships of usuwal form is generally located near the
designer's waterline, in or near the plane of the midship
section. For purposes of buoyancy and stability analysis,
the entire weight of a vessel is considered to be
concentrated at, and the force of the weight acts vertically
dovwnward through, the center of gravity.

Cc. Center of Buoyvancy.

The center of buoyancy, B, is defined as the
geometric ceonter of the underwater form of the vessel. The
force of buoyancy, equal in magnitude to the force c¢f the
displacem2nt of the vessel, acts vertically upward thrcugh
the center of buoyancy. When a vessel 1s 1in static
eguilibrium, the center of buoyancy 1is located directly
under the center of gravity, such that the force vectors of
displacement and buoyancy are equal and opposite. Due to
this definition of the center of buoyancy, as the condition
of a vessel varies from ¢that of static equilibrium, the
location of B varies also.

14
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d. Metacenter,.

As a ship inclines, the shape of the undervater
form chanjy2s, and the center of buoyancy migrates to remain
at the geometric center. The migrations form a locus which
is dependent upon and directly related to the shape of the
ship's hull., This 1locus is generally elliptic and as such
cannot have a fixed «center, but for an infinitesimal
increment of the locus the 1instantanecus center, called a
metacenter, can be located. Th2 locus of metacenters \is
geometrically an evolute, and is called the metacentric.
For small angles of inclination, up to 10° for most ships,
the metacenters are co-located at a point known as the
Metacenter, 4.

e, Metacentric Height.

When a ship is upright, that is, when the argle
of inclination o = 0° « the centers M, G, and B lie in a
straight vertical line over the k=2el. The distance between
G and M is known as the metacentric height, GM. If M is
above G, 34 is d=fined as being positive.

f. Righting Aram.

When a ship is inclined, the center of buoyancy
is no longar on the original vertical centerline. A point 2
is described by the intersection of a line drawn vertically
upward from B with a line drawn horizontally away from G.
The distance GZ is known as the righting arm, and for small
angles of inclination o,

GZ = GM sin¢ = GM o {6)
g. Righting moment.

The righting moment, M,, is the product of the
force (displacement) and the righting arm:

M, = AGZ = AGMO ¢!
h. Metacentric Height and Stability.

The wmetacentric height 1is a measure of the
statical stability of a vessel. A large positive GN
corresponds with a pair of high-frequency complex conjugate

15




poles in the left half of the s-plane, far removed from the

jw -axis. A small positive GM corresponds with a pair of
low-frequency complex conjugate poles in the left half of
th2 s-plane, close to the jw -axis. If GM = 0, then there
are two poles at the origin of the s-plane. A negative GHM
puts poles in the right half of ths s-plane.

2. Eguations of Motion.

a. Natural Period of Roll,

In still water, a ship can be made to roll by
applying and removing external heeling moments. In the
inclined position, the righting moment is egual and oppcsite
to the heeling moment, and the potential energy of the ship
is equal to the work done by the external force causing <the
inclination. When <th2 external wmoment is removed, th=2
righting moment oroduces rotation of the ship towards th=
upright oosition. Th2 potential energy 1is converted to
kinetic 2nerqgy such that when the ship is in the upright
position, assuming unresisted roll, all the potential energy
has been convertad to kinetic energy. As a result, the ship
vill continue to rotats past the upright position untii all
kinetic enargy has been reconverted to poteptial energy, at
the opposite liamait of —roll. Assuming no 1loss due ¢to
friction, the ship would <continue to oscillate, or roll,
indefinit=21ly with <constant anplitude. The period of these
oscillations can be found from simple harmonic motion
relationships to be [Comstock, 1967]

T = (2rk)//3GH
* . (1.108k) /. /cH
=~ (0.44p) s JSGH (8)

2

where

acceleration due to gravity, ft/sec

~
[} ]

radius of gyration of mass of ship, feet

16




b = extreme beam of ship, feet

b. Roll by Wave Action.

The cause of ship rolling in a seaway is
primarily ¢the unbalanced wmoments which result from the
center of buoyancy shifting in response to the change of <¢he
waterplane, and thus the shape of the underwater portion of
the hull, as waves pass under the ship. A ship will usually
attempt to ride normal to the surface of a wave. A ship
also moves in a circular orbit as do “he particles of water
in a wave. The orbits induce centrifugal forces, which are
opposed by the dynamic forces in water.

Rollingy in waves 1is a forced oscillation, and the ship
will tend to oscillate at or near the frequency of the
waves, If the waves are not uniform, which is usually <the
case, a ship will attempt to oscillate with its natural
fraquency. The overall roll, therefore, is a combina*ion of
ths ship's natural and the wave's periods, with the wave
influence being generally more predominant.

¢c. Equations of HMotion.

A ship can be modeled as a seconi-order,
spring-mass-damper system. [Chadwick, 1950] [@omstock. 1967]
The spring constant, or static righting coefficient, was
discussed earlier in this paper in the definition of the
righting moment. The static righting coefficient is

K =AGY (9)

s

The inertia term, or roll insrtia coefficient, 1is the
product of the mass o0f the ship and *he radius of gyration
of the mass of the ship sguared:

2
Js = (a/s9) k (10)

The ridius of gyration 1is found by timing <the natual

17




period of roll in protected (still) water, and massaging the
equation for roll period as follows:
k = (T,\/358 )/2r
= (T,/5M )/1.108 (11)
The <tcoll Jdamping coefficient is derived from the
observation that the daaping ratio of a typical ship is
approximately
¢ , =0.1/7r=0.0318 (12)
ship
éy working backwards through the second-order systen
relationships, the roll damping cosfficient was found to be

2
B = 0.1 (T,AGH ) /r (13)
s ¢

On the forcing function side of the equation of amotion,
following the classical usage of Proude and Krylov,
[thadwick and Klotter, 1953] the ship-sea coupling
cosfficient was considered to be approximately equal to the
static righting coefficient. Tharefore, the eguation of
motion for a ship in a seaway is:

J & +Bo +Ko =KV (14)

s s s s
Dividing through by the roll inertia coefficient and
performing *he LaPlace Transform operation, the systen

transfer function was 2btained:

2
[s"+ (B /3)s+ (x 73)] #(s) = (K /3 ) w(s)  (15)
S S S S S S
2 2 2
(s + @rods s+ @ ] a(s) = w wis) (16)
S S S S
2
¢ (s) w
—_ = S _ 3
¥ (s) S ¢+ (27 w)s + w
S S S

18
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K /J
(515) (17)

2
s ¢+ (B /3 )s ¢+ (K /7))
S s S &

It was useful in the analysis to normalize the equations
such that the ship's natural frequency was unity. This was
accomplished in the following manner:

Starting with the deneral equation of motion, divide
through by the static righting coefficient:

(J /JK)yod+ (B /K )o+to = V¥ (18)
s s S S

Let t' = wt = (/K /3 )¢t
s S

S
é
¢I

Defin2 d¢ /4t
d¢ /de?

2 2 .
d o4t = @
(‘/Ks”s ) o

(K /3 ) o~
S S

Then é

[}

P

The ejuation was then rewritten as
"+ (B / KJ )de+od =V (19)
s s s

The LaPlace Transform operatisn was performed, and the
system transfer function (normalized) was ootained:

2
[s"+ B/k3 s+ 1] e(s) = wis) (20)
S S S
- 1
_____(s_) = 2 (21)
¥ (s) s ¢# (B/KJ)s + 1
S s S

3. Fcequency Response.

In order to study the frequency respcnse of a vessel
to the waveslope spectrum of the ocean, it was necessary to
introduce a numerical example. The example <c¢hosen was a

19




well used a2xample [Blagoveshchensky, 1962], vhich was:

L = 49.1 meters (161.0 feet)

b = 5.0 meters ( 29.5 feet)

4 = 936.0 metric tons (921.2 long toans)
GM = 0.73 meter ( 2.4 feet)
T, =

¢ 8.63 seconds
The radius of gyration of the mass of the ship, and <he
coefficients of the eguation of motion were computed as

follows:
k = (8.63./(9.81) (0.73) )/2r = 3.68 meters
2 2
J = (936/9.81) (3.68) = 1289.021 tons-meters-sec
s

2
B = (0.1) (8.63) (936) (0.73)/r =59.7 tons-meters-sec

>
K = (936) (0.73) = 683.28 tons-meters
s

These values wer2 then substituted into the transfer
function, the roots of the characteristic equation were
found, and the frequency response was determined.

$ (s) = > 0.53
¥ (s) s 0.046s + 0.53

-+

roots (poles) az

(0]
[}

-0.02 &+ § 0.73
0.73

[}

natural frequercy w
s

damping ratio { = 0.032
s

The frequency response 1is graphically illustrated in
Pigure 1-2. The Digital Simulation Language (DSL/360)
program which generated the plot is listed in Appendix A.
The zero decibel 1low freJuency response demonstrazes thae
natural tandency of a ship to ride norwal to the surface of
3 wave. The resonant peak which occurs at 0.724 rad/sec has
a gain of 23.9 db, or a magnification factor of 15.6.
According to the waveslop2 spectrum of the ocean, tabulateAd
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Figure 1-2. Frequency Response of Typica Ship
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in Appendix E, for a sea of 15 foot significant wave height
{s2a state 6) the maximum waveslope angle at 0.724 rad/sec
would be 2.23 degrees. Therefore, the ship would exparience
a maximum roll angle of 34.8 degrees, relative o the
horizcn. This severity of roll causes crew discomfort, and
limits the ability of the ship to conduct operations, such
as gunfirs support, flight opsrations, or small boat

operations.
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IT. SHIP STABILIZATION BY PASSIVE ANTI-ROLL TANKS

A. DEVELOPMENT OF THE EQUATIONS OF MOTION

In order to apply servo theory +to the problem of ship
stabilization, the physical system was assumed to be linear,
with lumped parameters and constant coefficients. It was
also assum2d4 that the rolling degree of freedom could be
considered independently of the other degrees of freedon,
such that the ship oscillates as if about a fixed center of
rotation. The problem thus became a two-body problem, the
ship and the tank-fluid, each with one degree of freedoam.
Th2 tank-£fluid was idealized as a one-dimensional filament,
with provision for varying cross-section but with constan+
v2locity across each cross-section, Thase assumptions
rejuired small angles of ship roll but allowed for moderatae
anjles of tank-fluid 1level, both being reasonabls in a
stabilizel ship.

1. Doable Pendulum Analogy.

As discussed -earlier in *his paper, a ship at sea
behives 1like a damped oscillator, and was modelzd as a
second-ordsr spring-mass-damper system. Anoth2r aporopriate
molel which was considered was the pendulum model [?haduick,
1950] [Chadwick and Klottar, 1953], with a spring constant,
an inertia constant, and a daamping constant.

The stabilizer chosen was a U-tube anti-rolling tank
system. Th2 water or other fluid in the U-%+ube acts as a
hylraulic pendulum. Since th2 tank was to be contained
within and wholly supported by the ship, the ship-tank
system thit resulted was a pendulum supporting a pendulun,
or a doubl2 pendulum. In general, this kind of systam leads
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to two second-order differential equations with <coupling

terns.

2. Noamenclature.

Thare are two types of nomenclature needed here.
Thase are the parametars and variables of the diffsrential
aquations, and the Jdummy variables and parameters which
charzacterize the tank geometry.

a. Differential Egquations.

The differ=antial equations are second-order in

nature, and have forcing functions. The wvariables and
parameters are as follows:

Dependant variables of the forcing side:

¢ = instantanesus effactive waveslope

Paramesters of the forcing variables:

K = ship-sea coupling coefficient
Ss

Torgues produced on the forcing side:

K ¢ = disturbance torgue due to waves
ss

Dependant variablas of the homogeneous side:

® = ship roll angle relative to the horizon
# = tank-fluid level angle relative to the ship

Paramet=ars 3f the homogeneous variables:

Saip self-tarms:

J? = roll inertia coef., unmodified ship (no tarks)

>

B' = damping coef. of unmodified ship

K* = static righting coef. of unmodified ship

s

J_ = roll inertia coef., modified ship (with tanks)
3 = damping coef. of modified ship

K = static righting co=ef. of modified ship

v
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Tank self-terams:

J = equivalent inertia co2f. of *tank-fluid
B; = skin~friction damping coef. of tank-£fluid
B = overall daaping cozf. of tank-fluid

K = equivalent static coef. of tank-£fluid

Mi1tual coupling terams:

J5t= mutual-coupling inertia coefficient

Bst= mutual-coupling damping coefficient
E Kst= mutual-coupling static coefficient |
&
% It is 1 feature of the double pendulua that *
' K = K

3t t ’

B =20

st

As discussed earlier in this paper

K =K

EE] s

b. Tank Geometry.

The notation used 1in the Jerivation whica

depends upon tank geometry is shown in Figure 2-1, arnd is
given below.

i

s a generalized coordinate, the <curvilinear

distance along the fluid trajectory. s=0 at

the tank-fluid surface in the starboard tank,

and s=S at the tank-fluid surface in the port
[+]

tank, when 8 =0.

w
1}

lever arm of tank, the horizontal distance

‘ from the vertical zenterline of exsther side

tank to the vertical centerline of the ship.

t(s) +he radial distance from the virtual center

e




Figure 2.1, The Dependent Variables and Nomenclature of Tank
Geometry
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of rotation to any point on the fluid

trajectory.

p = density of fluid in tanks.

D(s) = the perpendicular distance from the virtual
center of rotation to tangent at any point on
trajectory.

a{s) = angle between r(s) and D (s).

y(s) = angle between r(s) and deck of ship.

A = tank cross-section at s=0 and s=S.

a(s) = tank cross-section at any point s.

g = acceleration of gravity.

3. EBuler-lLaGrange Eguations of Motion.

T12 two degrese of fresiom system of ship and
tank-£fluid was best treated by means of the Euler-LaGrange
ejuations in generalized coordinates. The generalized
agquation is [?hadwick and Klotter, 195#]

4 |aT T 3y aD
dt [aé. ¢ dq ¢+ 93 + 93 =Q (23)
i i i i i
whare Qi is the so-called generalized ncn-conservative force
in the ith equation, and 1i=1,2, The generalized force is
equal to the rate of doing virtual work against the external
non-conservative forces when g, is given a virtual
displacem=2at., The parameters of the Euler-LaGrange =2quation

ara:

T = D mv2/2 = kinetic energy (24)

U = Z:jff-dx = conservative_gotential energy
(due to gravity) (25)

D = > Bv2/2 = dissipative energ (26)
(Que to skin fricxion, atc.)

£ = conservative force

B = damping parameter
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4. Calculation of the Energy Functions.

For each L(ype of energy (kinetic, conservative
potential, and dissipative), the contribution of the ship
alone and the contribution of the tank-fluid alone was
calculated, then the contributions were added to arrive at
the total energy. In the regions where the fluid surfaces
travel, namely the vertical legs of the U-tube, it was
assumed that the tanks were straight, parallel, and of
uniform cross-~section. This neant that a(s) and D(s) were
constants in these r23ions, thus for any expressions whkich
depended only on the variables a(s}) and D(s), the limits of
integration wers fixed at zero and S, without approximation.

Calculation of kiretic energy:

S+R tané 2 5
T = foa(s)yl6R A+ dr(s)| + 2[0R ®D(s ds
fluid f {[ aZsSil [ ( )jl [ alsi][ ( ):l}
R tansg (27)
«2
T . = J* ¢ /2 (28)
ship s
T = T L.t T (29)
total fluid ship

Calculation of potential 2nergy:

S
Ufluid = [n g A Rf%_s_)_;ég)_ siny ds][1 - cos ¢]
0 2 (30)
+ pg AR [2 tand siné- tan 8 cos e
U = sz/z (31)
3hip s
1] = (32)

o} + U
tatal fluid ship
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Calculation of dissipative energy:

v2
D = B'O /2 33
fluid t / (33)
+2
D . = B1® /2 (34)
ship s
D = D +0D (35)
total fluid ship

5. The Equations of Yotioa.

Tha equations of motion of the ship and tank systen
come from equation (23), with T, = ¢, and qz = 0 .
Substituting in equations (27) through (35) and simplifying,

and lettiny Q, = K,¥ and Q, = 0, the equations of motion are
| $ 2

Ship: (J ¢ +3 o +K ¢ ) + (J 9 +K 8 )
3 S s st t

K ¥ (36)
S

"

Tank: (J S +K &) ¢ (J O +B 6 +K § ) = O (37)
st t t t t

Obtaining the system *ransfer function fronm the
equations 5f motion Was somewhat more complicated <than it
was for the ship without tanks., Pirs*, the equations were
divided through by the respective inertia coeficients, and

tha LaPlace Transform operation was performed:

Ship: [524-(8 /3 Ys+ (K /J ):]cb(s)#[(.] /J )sz*(K /d )]9(5)
S s s s st s t s

= (K /3 ) v¥(s) (38)

s s

Tank: [(J_ /3 ysoa (K /3 )]e (s)+[52+(3 /3 )5+ (K /3 )]0(5)
st t t t t t t ¢t

=0 (39)

& (S) 43s isolated by applying Cramer's Rule, and the

transfer function was obtained:
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B J +#J B KJ +J K ¢B B =-2K J
t t s+ 2
s

4 s+t s & 3 st s %
A = g ¢ 25"
J J =J J J ~J
s t st s t st B
2
B K K B K K ~-K
s t S t s t s .
+f T 2 s + 2 (40)
J J ~J J J -J
s t s s t st
$ (s) (K /73 ) : (B /3 ) (K /3
5 S + S+
—2 2 Vg t Tt t ot (41)
¥ (3) A

6. Definitions of Parameters.

The parameters of the equations of motion are given
in terms of previously definel parameters and dummy
variables as follows:

Ship self-terms:

s
2 2
J_ = 31+ eAR f[a(s)/a] [r(s)/a:] ds (42)
0
B = BR? (ua)
S S
s
K = K! + pgAR f(:a(s)/A] [r(s) /R] sinY ds (44)
0

Tank self-terams:

2
Jt = p AR jf A/a (s) ds (45)
0
B = B! 46
b ¢ (46)
2
Kt = 2pg AR (47)
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Matual-coupling teras:

S
2

3 =P AR f D(s) /R ds (48)
> 0
B =0 49
st ( )
K = K (50)
st t

B. ANALYSIS OF THE EQUATIONS OF MOTICN,

Having arrived at a set of 2quations of motion, it was
necessary to conduct a brief analysis of the egquations to
give them physical significance.

1. Tha2 Self Teras.

Looking first at the self-terms of the homogeneous
equations, it was observed that the ship acts as a simple
pendulum if the tank-fluid does not wove, and that the
tank-fluid acts as a simple pendulum if the ship is
prevented from moving. Each of +hese pendulums has its own
natural frequency. These two frequencies are important
factors in the stabilization problen.

2. Th2 Mutual Teras.

Thare is a third critical frequency associated with
the ship-tank system, called the secondary resonance
frequency, which is due to the mutual-coupling terms. The
mathematizal significance of the effect became apparent when
the ship =2quation, equation (36), was rewritten with the
mutual tecms on the right side as follows:

J o +B d+K 0 = K ¥ =(3 § +K 6 ) (51)
3 S s S st t
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This 2juation shows the ship as a simple pendulum, acted
upon by a anet torque, which is the torque due to waves minus
the torque due to tank-fluid amotion. If the tank-fluid were
maje to oscillate at the secondary resonance frequency, the
tank-fluid torque would be egual to the wave torque, and
thus the ship would be influenced by zero net torque.

C. ANTI-ROLL TANK DESIGN CRITERIA.

The easiest tank gsometry to d=2sign and build is a right
rectangular U-tube, with the vertical legs having constant
craoss-sectional area, and the horizontal cross-leg having
constant but smaller cross-sectional area. Given this tank

geometry,
a(vertical legq) = A (52)
a(horizontal leg) = a 5 )
= (AR w)/(9 - h w) (53)
s S
D(vertical leg) = (54)
D(horizontal lz2q9) = (55)

The length of ths trajectory of +the fluid in th=2 tank,
S, is dependent upon the lever arm of *he tank, R, and the
height of the fluid column in a vertical leqg of the U-tube
when 8 = 0°, h,
S = 2(R ¢+ h) (56)
For wmaximum effect, the tank system must span the
extreme beam of the ship. Therefore the lever arm of the
tank is half of the beam, b, diminished by the width of a
vertical la2q, w,
R = (b-w)/2 (57)
The relationships derived from the eguations of motion
which define the tank dimensions and parameters are:
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K/ = A (58)
t s
K = <02
t/Je -
2 a
= 3

f A/a(s) ds {59)

0
J /73 =X
st t

X =

S
f(D a)/ (R A) ds
0

2 h + 2(D a/Ad) (60)

The first ratio, A, reflects the free surface =2ffect of
the tank-£fluid, and should be a small number. An accaptable
value was found “o be 0.05 [Vachanaratana, 1973].

To be effective as a stabilizer, the anti-roll tank
system aust be "tuned"” to the natural frequency of the ship
in which it is installed. Therefore,

K73 = K /3 61
. 4 s s (en

The third ratio, X, is depandent upon the placement of
tha tanks in the ship relative ¢to the center of rotation.
This ratio can be forced to zero (J“ forced to 2ero) by
placing ¢h2 horizontal leg of the U-tube above the center of
rotation by the amount

-0 = h A/a (62)

There are no hard and fast rulss for determining a value
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of h, except that the tanks must fi+ within the hull of the
ship, and the £luid in the tanks should not be permitted to
either contact the top or complet2ly drain out of the hottom
of a vertical 1leg of the tank at the paximum expected
tank-fluid level anglz, 0

mar °

Since Js depends upon tank geometry, the approximation

must be mazde <that Js = J; . for purposes of initiating
design. Trhen
K = AJY
t s
2
= 2pg AR
2
= pglw (b-w) /2 (63)

A reasonable value of tank width should be chosen. Then

2
1 2 Kt / p g w (b~w) (64)

Yaking the approximation that the natural fregquency of
the modified ship is the same as the natural frequency of
th2 ship without tanks, and picking a value for h, equation
{53) is solved for a, and then aguation (62) 1is tested for
feasibility. TIf the wvalue of D so computed cannot be
physically realized, then a realizable wvalue of D must be
chosen. This merely means that oy will not be identically
zero, and the overall analysis will take more care.

The tank damping parameter is derived by working
backwards through the second-ordsr relationships for the
hydraulic pendulum, noting that the damping ratio for the
tank-fluid is approximately egual to the damping ratio of
th: (unmodified) ship:

"
o
-
~
»

65
{t (63)

B
t

Jnce the tank system parameters have been determined,

(66)

"
o
.
N
~

ot

[
~N
»

the modified ship parameters are found. Over the range s=0
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to s=h, r2 = RZ+ (D+h-sf » and T sin¥Y = D+h-s; over the
range s=h to s=h+R, rz = (R+h-sg + D2 e and r sinvy = D.
2
J = J'" + 2pAR (I +1I) (67)
s s 1 2
2 2 2 3 2
= )
3 [(33 +20)h + 2Dh° + h ]/ [33 ] (68)
2 2
12 = a (R +3D )/( 3a% ) (69)
K = K' +2pg AR (I_+1) (70)
3 s 3 4
2
13 = =(2D + h )/( 2R) (71)
I,4 = Da/A (72)

The design steps should then be retraced, removing the
approximations. Normally, after two or three iterations of
the design procedure, the calcula*t=d values converge on the
actuwal values, and a final design has been achieved. The
FORTRAN subroutine wused in this iterative design procedure

is included in Appendix B to this thesis.

D. FREQUENCY RESPONSE OF PASSIVE SHIP-TANK SYSTEM.

The same numericil example used in the frequency
response study of a vessel on th2 ocean was used for the
design example and <rfrequency response study of a ship with
passive anti-roll tanks to the waveslope spectrum of the

oc=zan:
J: = 1289.021 metric tons-meters-sec
B: = 59.746 metric tons-meters-sec
>
K* = 683.280 metric tons-meters

3

The following arbitrary choices were made:
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= Y.3  aa*ar
A = Y, JE
) 3
P 1 = 1.,JI> maz=ric tons/matar (salt water used)
Tien
f = (N.09) (1283.3271)

= bHU4.45% matric tons-neter

2
1 = (2) (64.451) / (1.025) (1) (9-1)
= 1.965 aqeter

A = wl 5
1.965 ameter

w
1]

1.965) {4 83.28/128

. . . . )

2
0.457 mater

Testing equation (62) for f2asibilie+y,
-0 (1.3) (1.965) / 0.457
5.59 m2ter
Since this tank placement would probably not be possible

in the ship being studied, a amore realistic value, still
above the center of rotation, was arbitrarily chosen:

-0 = 1.0 meter

Then X is non-zero, as indicated.
J /d = X
t

-

st

= 2 [1.3 - (0.457) (1.965)]

[}
N
.
-
[¥¥)
(%]

To sumaarize, the tank dimensions found thus far were
w = 1.0 ma2ter
1.965 nmeter

[
"
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2

A = 1.965 meter
a = 0.457 meter2
R = 4,0 meter
D = -1.0 meter
Siven these tank dimensions, the modified ship ]

parameters became:

J = 1289.021 + 11.155
7 2
= 1300.176 metric tons-meters-sec
K = 683.280 - 3.121

w

680.159 aetric tons-meter

After four iterations of the design procedure, the
following final values were obtained:

W = 1.0 meter
1l = 1.982 aeter
2
A = 1.982 meter
2

a = 0.454 meter
R = 4.0 meter
D = = 1.0 meter
J = 1300.236 metric tons-meters-sec

3
B = 59.746 @metric tons-meters-sec

3
K = 680.185 metric tons-meters

3
Jt = 124,276 metric tons-meters-sac
Bt = 5.722 nmetric tons-meters-sec
Kt = 65.012 metric tons-meters

2

J = 266.152 metric tons-meters-sec

These values were then substituted into the transfer




TTE T T RTINS s s w i s ]

function, the roots we2re located, and the freguency rasponse

was obtained.

b (s) - T 0.523132 + O.OMGQYS + 0.523 )
¥ (s) s + 0.164 s + 1,485 s + 0.0857 s + 0.4u1
(73)
z2roes at s = =0,0230 ¢+ j 0.723
pyles at s = =-0.0135 ¢ j§ 0.642
and s = =-0.0684 ¢+ j 1.031

The frequency response 1is graphically illustrated in
Figure 2-2. The DSL/360 program which generatad the plot is
listed in Appendix 3. The negative decibel low frequency
response demonstrates the ability of the passive tank systen
t> overcor2 the natural tendency 5f the ship to ride normal
0 the waveslope, making it ride upright with respect to
earth reference instead.

Comparing this response with the response of the
unnodified ship, given in Figure 1-2, it was observed that
thas effect of adding passive anti-roll tanks was to place a
pair of complex =zeroes at the ship's own natural frequency
to reduce the resonant peak, from 24 4db at 0.7 rad/sec, to
two lower peaks of 14 db at 0.6 rad/sec and 10 db at 1.0
rai/sec, and a notch of -11 db at 0.7 rad/sec. In sza state
6, this translates to wmaximum ship roll angles of 8.5
degr2es at 3.6 rad/s2c, and 15.8 degrees at 1.0 rad/sec, a
considerable improvement over ths 34.8 degree maximum roll
angle of the unmodified ship.
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ITI. SHIP STABILIZATION 5Y ACTIVATED ANTI-ROLL TANKS

A. MODIFIE)» EQUATIONS OF MOTIOVN.

Activating an aati-roll tank syst2m, @mithematically,
only involves adding a <forcing functicvn terz to the tank
equation of motion. Physically, hrwever, it can be
accomplishad in basically two 1ifferent ways. ihese amethods
are pneumatic and hydraulic. A pn=2umatic effector oJperates
by alternately creating an overprsssure or 2 partial vacuum
condition in the airspace above the tank-fluid surface in
th2 9er+tizal legs of the U-tube, while an hydraulic effector
generally consists of an arranjement of pumps in the
horizontal cross duct. The effector type chosen <for this
analysis was a constant speed controllable pitch propellor
p*-+2, so chosen for its linear blade pitch angle vs. flow
characteristic [?lagoveshchensky, 1962].

1. Nomenclature.

In addition to the nomenclature of the passive tank
system, th2 following are the parameters and variables of an
activated tank systam:

Dependant variables of the forcing side:

@ = jnstantancous pump~blade pitch angle (commanded)
Parameters of the forcing variable:

B = velocity head-loss coefficient of the pump
p

K = static head coefficient of the pump
]

Torques produced on the forcingy side:

K a- B § = Counter-rolling torque due to pump
e p
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2, Modification of Parameters.

As indicated by the expression for counter-rolling
torgque, the addition of a pump to the tank system has the
effect of increasing the overall damping coefficient of the
tank-fluid. All other parametars of the homogeneous side
remain unchanged. The pump should be chosen such <that the
coaposite tank damping factor is 0.45 |Vachanaratana, 1973]:

B = BY' ¢+ B (7“)
4 t P

B /J = 0.45 (79)
c t

8 = 0.45 3 - B! (76)
p t t

3. Ejuations of Hotion.

The equations of motion £for the activated anti-roll

tank systeam come from equation (23), with Q1 = Ks¢ ’ Q2 = K.«
P 3y = ¢, 2nd q, = 8 [Chadwick and Klotter, 1953].
Ship: (J &+ B ¢+ K &) + (J 8 +K 8) =K ¢ (77N
s s S st t s
Tank: J ¢ + K ¢ ¢+ (J §+B 6 +K 6 = K « 78
{ <t . ) ( tO . . ) 0 (78)

Following the procedure us=sd for the passive ship-tank
system, ¢(s) was found to be

®(s) = ¢1 (s) - 4>2(S) (79)
2
¢ (s) = (KS/JS>[s SRR ‘Kt”t’]“’ (s)  (80)
A
¢ (s) = (x s3)[@_ /3 )t e (€ 23] As) (81)
2 p_: st s t s
A = as defined by‘%quation (40)

B. CONTROLLER DESIGN AND FREQUENCY RESPONSE.

The problem of ship roll control is a frequency domain
problem: controlling against a (time Jdomain) stochastic
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disturbanze with a Jenerally known (frequency domain)
spectrum. Therefore the classical approach to control was
pursued, designing on the basis of feedback compensation.

It was assumed that roll angle, rate, and acceleration
signals would be available from shipboard sensors (gyros and
accelerometsars). The <controller transfer function was
considered to be of ths fornm

C(s) A(s)/ @ (s)

]

Ks +Ks +K (82)
2 1 0

For purposes of block diagram development and analysis,
the following block transfer functions were defined, based
upon equations (79), (80), and (81 :

SS(s) = ¢1(S) / ¥ (s)

K /3 Esz + (B /3 )s + (K /3 )]/A
s 3 t t t t

2 2 2
= W [s +2§'ws+w]/A (83)
n t n

St (s) ¢2(S) / A(s)

R /d [(J /J)52+ (K /3 )]/A
p t st s t s

2 2
K /J Xs +w /A 84
Za [ ‘] (84)

[}

SST (s) ST({s) / SS{(s)

KP/KS [sz + wz]/[sz + zs“tuns + w:] (85)

Q
—
[
h
=
~
<

52+(B/J)s+(K/J)]
t t e

)
A- K /3 [s * (B /I ¢ (xt/at)]

2~ 2 2
w [s ¢ 20w s + w (86)
=
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H(s) SST (s) C{(s)

4 3 2 2 2 2
= 1/K [:ch+ch+(xc+wC)s+wCs+wc:]
s- 2 1 0 n 2 n 1 n 0
2 Z
s + 2 ws + w (87)
t n
Where
(o = K K
2 p 2
C = K K
1 p 1
Cc = KK
) po

The "opan loop" transfer function, then, was

F(s) = G(s) / [+ G(s)E(s)]
= (K/J)[szf(B /3 )s ¢+ (K /3 )]
s s £ P (88)
A (open)
) 2
A(open) = 4- (Ks/Js)l:s * (B /3)s + (Kt/Jt)] +

(173 )| xc u+x C 3 (XC +(K /3 )C ) 2
+ S S 4+ + S
s [ 2 1 0 t t 2

+(K /J )C +(K /J )C
( t/ t) 1s ( t/ t) 0] (89)
The overall, or "closed loop" response became
T(s) = P(s)y / ¥ (s)

= rs) /7 [1+E(s)]

(K /3 ) 2. (B./J )s + (K /J )] (90)
= s s

— S [ t ¢ t ¢t

A (closed)
(closed) = A+ (1/J )[x" S +XC S+ (XC +(K sd )C )s°
ate s L2 1 o 't T2

K /3 )C K /d )C 91
*(R/3)1C s +(K /3 0] (91)
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The Characteristic Equation of the <c¢losed loop response,
A(closed), was

4 3 2
s +A s +A s *+As + A =0 (92)
3 2 1 0
A= JJ —'BJfJdeJC
3 S t s t s t st 1
2 (93)
JJ +J C J J +«J J J
st st 2 s t st s t
A = J J KJ+JK+BB - 2KJ
2 s t s ¢t s t s t t st
(94)
J J +J ¢C J J +J
st st 2 s t st
J € + K C
st t 2
+
J J
s t
A = [ a4 B K+ KB + KC |
1 S t s t s t
2 (95)
JJ +J C J J -J
Ls t st 2 s t st s t
- = 2 3
A = J J K K - K + KC
d st s t t
2 (96)
JJd +J3 C J Jd ~J
st st 2 s t st s a
L L

The block diagram development is illustrated in Pigure
3-1. The first design approach attempted was the wmodern
control theory state variable feedback method. The
difficulty with this method was the inability to define a
time-domain objective or cost functional.

The next design approach attempted was with the Computer
Ailed Design of Optimal Compensators (CADOC) progranm
[ Anastassakis, 1977 ]. This method consisted of selecting a
frequency-lomain cost functional and a desired frequency
response curve, and used the function ainimization procedure
of M.J. Box. There were two difficulties encountered 1in
applying this program to the problem of ship anti-roll
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{a) Direct implementation of equations (79) and (82).

A(S)
STE ]é‘ Cie &

(b) First state of block diagram reduction.

Figure 3,1. Block Diagram Development for Activated
Ship/Tank System
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(c) Final block diagram.
Y(s) $(s)
~
7~

(d) Equivalent block diagram for servo theory analysis.

Figure 3.1, Block Diagram Development for Activated
Ship/Tank System
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control. The first problem was that a portion of tha
feedback path in the physical system was fixed by
architecture, while the CADOC program requirad all
coefficients in the feedback path to be adjustable. The
second problem involved selecting an attainable frequency
response faor CADOC input. It was concluded that th2 CADOC
program was best suited for optimizing a close Jdesign,
rather than for initiating a design.

Another design approach attempted was in the root locus
parameter space. Two separate procedures exist here, and
both were attempted. The first procedure was the standard
root 1locas approach, fixing two of the three adjustable
gains and varying the third. This method amounted <to an
exhaustive search technigue, atteapting to locate the best
combination of the three gains to define system roots with
adequate 1amping.

The second root locus parameter space procedure involved
using a parameter plane computer program, PARAM A, which
exists at the Naval Postgraduate School and is available
from Dr. 3.J. Thalar, but has not been document2d in any
literature to his knowledge. This program varies two gains
which appear in 1linear combinations in the coefficients of
th2 system characteristic equation, for a fixed value of the
third gain. The output of this program is a two-dimensional
parameter plan= showing families of curves of constant
daaping ratio and coastant natural frequency as functions of
the two gains.

The problems associated with both root 1locus parameter
space procedures were the exhaustive search nature of a
three-variable system, and the =axclusions of the systen
closed-loop zeroes from the analysis. This was noted to be
a problem when the gains found by these procedures were used
in a frejuency response study of the activated ship/tank
system, and large resonant peaks were observed.

47




After attempting all of the above methods and abandoning

them for the reasons stated, an exhaustive search of
closed-loop frequency response curves was conducted, using
the program listed in Appendix C. An acceptable design was
accomplished when ¢ = 110, C = -150, and C = =-80. This
corresponded to placing the compensator roots at s = -2.4388
and s = +0.5638, which improved the overall systenm damping
and provided +the frequency response illustrated in Figure
3-2. This response was characterized by two 1low resonamnt
peaks, one at 0.582 rad/sec of 2.85 db (linear gain 1.39),
and one at 1.38 rad/sec of 1.96 db (linear gain 1.25). The
minimum response between the two rasonances occured at 0.861
rad/sec, and wvas -4.75 db (linear gain 0.58).

In sea state 6, the maximum waveslopes at the resonant
frequencies are 1.44 degrees at 0.582 rad/sec, and 8.11
degrees at 1.38 rad/sec, and the maximum waveslope at 0.861
rad/sec is 3.15 degrees. Using this controller design, the
paximum roll angles that the ship should experience in sea
state 6 wouid be 2.0 degrees at 0.582 rad/sec¢, 1.83 degrees
at 0.861 rad/sec, and 10.1 degreas at 1.38 rad/sec. The
wave heijht power spectral density at those frequencies,
according ¢o2 th2 spectra of Pierson and Moskowitz, are 205
£¢2 sHz at  0.582 rad/sec (0.093 Hz), 80 ft2 /Hz at 0.861
rad/sec (0.137 Hz), and 12 f£t</Hz at 1.38 rad/sec (0.219
Hz) . Therefore it was concluded that even though the pure
nunbers indicated a poor roll control at the  higher
fraquency resonant peak, the waves at that frequency lack
sufficient power to cause the ship to attain the maximum
theoretical roll angle.
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IV. EFFECTS OP VESSEL DISPLACEMENT VARIATIONS

The anialysis of ship motions and roll control thus far
had been conducted under the assumption that the
displacement of the vassel was constant. Over the short
term, the assumption may be true enough, but for a ship
underwvay, consuming fuel and storess, the assumption cannot
hold true beyond a few days at best.

As a ship's displacement dacreases, the underwater
surface ar=2a of the hull decreases also, in keeping with the
Principle of Archimedes. This in turn leads +to a lowering
of the <C2nter of Buoyancy, which results ip a lowering of
the Metacenter. The =offect on the metacentric height,
however, 1is not so clear, as the exact location of +the
Center of 3ravity io the ship depends more on the placement
of the onboard weight tham on the total displacement. 1In
general, fuel tanks are located 1low in a ship; thus
consumption of fuel is removal of low weight, which shifts
the Center of Gravity upward, d=creasing the metacentric
height. It should be noted here that ballasting empty fuel
tanks with sea wa*er has the effect of restoring the ship as
mach as pdssible to the original condition of statical
stability which existed at the beginning of the voyage, and
extends the time frame of applicability of the assumption of
constant lisplacement.

VYarying the ship's displacem2nt therefore varies the
natural frequency of the ship, ani effectively de-tunes the
anti-roll tank system. The only physical adjustment that
can be male to a passive tank installation underway is to
vary the guantity of water in the U-tube. This has the
effect of changing th2 limits of integration of the design
egquatisns, 3nd therefore changes the parameters of the tank.
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Additional adjustaents are available on the activated
tank systea, These are the gain of the pump, which is a
function o5f the pump rotational speed, and the feedback
gains from the sensors to the pumap controls. Thus, 4if a
method exists for determining on-line the wvarious ship
parametars as they change, the controller for the activated
tank systea can be made adaptive. Various schemes may be
considered, from Kalman filter type parameter estimators to
FPr devices, anl this field is left as a topic for further
possible ca2search,
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V. CONCLUSIONS

In stadying ship roll contral, it was necessary to
become familiar with the nature of ocean waves. The
waveslope spectrum of th2 ocean which was generated, when
usad in conjunction with the Pisrson-Moskowitz wave power
spectra, gave much insight into the problem. It was learned
that the s2a surface does not and can not assume the slopes
thit an observer on a ship often estimates.

A typical ship on the ocean magnifies the waveslopes
near the resonant fraguency by 3 factor of about 15. By
ins+alling passive anti-roll tanks, this waveslope
magnification factor was split into +two resonant peaks, ons
with a factor of 5, and the other with a factor of 3.
Activating the tank system further decreased the waveslope
magnification factors to 1.4 and 1.3, respectively.

Several assumptions have been made over the years in tha
study of roll control by U-tube tank systems, and some of
tham wers sources of problems in the design of ©physical
systems. The first assumption was that a ship has constant
parameters: displacement, metacentric height, and natural
period. This assunption holds true only if the ship does not
coasume any fuel or storas, or if these weights are replaced
with appropriat=z quantities of suitably placed ballast.

Another assumption was that the tanks could be placed in
the ship 1in such fashion as to Irive the mutual-coupling
inertia coefficient to zero. This assumption had two
linitations. The first pitfall was the direct connection
between this assuaption and the assumption of constant ship
parameters. The second pi*fall was that the tanks had to be
placed in an impossibnle location 5n the ship to accomplish
the objective of the assuaption.
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Roll control by pump activated tanks is perhaps the best

form of roll control for slow moving vessels, or for vessels
conducting operations either at slow speed or stopped, where
activated fin stabilizers lose their effectiveness. It
should be noted that a pump activated tank system can be
us2d to cause rolling, as an aid for breaking out of ice.
It can alss be used to correct list, including damage-caused
list, as a safer alternative to counter-flooding. Therefore
the pump activated U-tube tank system is the most versatile
form of r>1ll control that a multi-purpose vessel can have
installed.
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APPENDIX A
2rogran Llst*n for Preguency Response of
Unmodified Ship, with
FORTRAN Subroutine PARAM

The Fraquency Response prograz was written in Digital
Simulation Language (DSL/360) to be run on the IBN
Systemn/360 machine at <the W. R. Church Computer Center,
Naval Postgraduate School. To use the program, a deck of
plot 1identification cards must be appended following +*he
FORTRAN Subroutine, in accordance with the DSL/360 user's
manual.

The labels and variable names used in the program are
defined in the Glossary for Preguency Response Prograams,
Appendix D of this thesis.
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APPENDIX B

drogram Listing for Pregquency Re$€onse of
Shlg with Passive Tanks, with
ORTRAN Subroutine CALC

The Fraquency Response program was written in Digital
Simulation Language (DSL/360) to be rTun on the IBM
System/360 machine at the W. R. Church Computer Center,
Naval Postgraduwat2 School. To use the program, a deck of
plot identification cards must b2 appended following the
PORTRAN Subroutine, 1in accordance with the DSL/360 user's
manual.

The labels and variable names used in the program are
defined in the Glossary for Fr2guency Response Progranms,

Appendix D of this thesis.
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APPENDIX C

rogram Listing for Prﬂ%uonc Response of
Activated "Ship/Tank System, with
FORTRAN Subroutind CALEA

The Frajuency Response programs was written 1in Digital
Simulation Language (DSL/360) to be run on the IBM
System/360 mwmachine at the W. R. Church Computer Center,
Naval Postgraduate School. To use the program, a deck of
plot identification cards must be appended following th2
FORTRAN Subroutine, in accordance with the DSL/360 user's
aanual.

The labels and variable names used in the program are
defined 1in the Glossary for Frajuency Response Progranms,
Appendix D of this thesis.
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END




APPENDIX D

Glossary for Frequency Response Programs

SYMBOL
A0,41,42,43
BsS

BT

CLJOoP

coMp

G
GIMAG
GREAL
H

I
INd
Js
JST
JT

KS

KT
LOGW
MAG
MAGH
MDB
MDBH

oLoop
PHI

MAIN

MEANING

Coefficients of characteristic equation
Damping coefficient of ship

Overall damping coefficient of tank-fluid
Closed-1loop transfer func*ion

Compensator (controller) transfer function
Denominator polynomial of open-~-loop *“ransfer
function

Open-loop transfer function

Imaginary part of open-loop transfer function
Real part of open-loop transfer function
Closed-loop transfer faunction

Imaginary part of open-loop transfer function
Inaginary part of open-loop transfer function
Roll inertia coefficient of ship
Mutual-coupling inertia coefficient
Equivalent inertia coefficient of tank-fluid
Static righting coefficient of ship
Egquivalent static coefficient of tank-fluid
Natural logarithm of radian frequency
Magnitude of open-loop transfer function
Magnitude of closed-loop transfer function
Decibel gain of open-loop transfer function
Decibel gain of closed-loop *transfer function
Numerator polynomial of transfer function
Open-loop transfer function

Phase of open-loop transfer function
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-

|

SST

SYMBOL
A
AS

BEAM
BP
BS
BT
BT1

DABS
DCAL

DIS?

E1,E2

GM
GRAV

I1,12,13,I4

Js

Denominator polynomial of open-loop trarnsfer
function

LaPlace transform variable

Ship-tank response in feedback path

SUBROUTINES

MEANING
Cross~-sectional area of vertical leg of U-tube
Cross-sactional ar=2a of horizontal 1leg of
U-tube
Transverse dimension of ship (beam)
Va2locity head-loss coefficient of pump
Damping coefficient 2f ship
Overall damping coefficient of tank~fluid
Skin-friction damping coefficient of tank
fluid
Perpendicular distance from center of rotation
of ship to horizontal cross-leg of U-tube
Absolute value (magnitude) of DCAL
Calculated value of D to force the
mutual-coupling insrtia coefficient to zero
Displacement of ship
Incremental diffensance between current and
previously calculated values of ship
parameters
Metacentric height
Acceleration of gravity
Height of f£fluid column in vertical leg of
U-tube
Evaluation of integrals as described in main
body of thesis
Roll inertia coefficient of ship
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JS1
JST
JT
KRAD
KS
KS1
KT

LEN
LMDA
N

RHO
RHOG
TJ
TK
TPHI
WIDE
WN2

Roll inertia coefficient of unmodified ship
Mutual-coupling inertia coefficiant

Equivalant inertia coefficient of tank-£fluid
Radius of gyration of the mass of the ship
Static righting coefficient of ship

Static righting coefficient of unmodified ship
Equivalent static cosfficient of tank-fluid
Longitudinal dimension of a vertical leg of
the U-tube

Longitudinal dimension of ship (length)

Design ratio A

Number of iterations of design procedura

lever arm of U-tube

Mass density of tank-fluid

Weight density of tank-fluid

Temporary JS

Tamporary KS

Natural period of roll of ship

Transvarse dimension of vertical leg of U-tube
Natural frequency of ship-tank system, squared
Design ratio X
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APPENDIX E

Waveslope Spectrum of the Ocean

The waveslope spectrum of *the ocean was generated from
the relationships of the trochoidal wave model. It 1is
intended to be used in conjunction with the
Pierson-Moskowitz wave power spectra.

i This appendix includes <the 1listing of the DSL/360
' program which gJenerated the spectrum, and listings of the
spectra for sea states 3, 4, 5, and 6.
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