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~~~ formalism. The forces and moments were represented during the simulation by
time series. The sea state was defined in the UNREP simulation by the
Pierson—Moskowitz Spectra.

The simulation incorporating some approximate nonlinear sea state
excitations, together with an automatic controller on each ship, was used
for control variable sensitivity studies. The automatic controllers were
used to eliminate human bias. Simulated euvers included station keeping ,
station changing, and the approach and br a way phases of standard Navy
UNREP operations. Previous work showed t at he control variables required
for display included heading angle, heading an e rate, longitudinal
separation distance, lateral separation distance, lateral separation distance
rate, propeller shaft revolutions , and rudder angle. The sensitivity studies
performed here revealed that measurement errors in the range of 3% to 5% in
the control variables were acceptable under the conditions of the simulation .

The good controllability of both ships when using automatic control
during UNREP simulations indicated that automatic control slx,uld be considered
for collision avoidance during UNREP. The results of the simulation sensiti—
vity control—variable analysis will be used for engineering judgments in
developing a prototype sensing system for maneuvering control during UNREP .
Two Mariner Class Study ships were used in the study but the simulation
technique can be easily adapted to Navy ships by incorporating the appropriate
hydrodynainic data.
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EXECUTIVE SUMMARY

INTRODUCTION

The operational procedure of replenishing ships at sea while
steaming on parallel courses in close proximity is used ex tensively by
the Navy. Since fuel and/or cargo must be transferred , a sui table phys-
ical connection must be maintained , thus increasing the danger of col-
lision between the ships. The tracking ship is usually assigned the
task of avoiding collision and maintaining station relative to the lead-
ing ship. The leading ship is assigned the task of maintaining a steady
course and speed.

At the Center , data were collected from underway replenishment
(UNREP ) collision reports documented at the Naval Safety Cen ter and the
Fleet Material Support office. The data from these reports were analyzed
to determine the principal causes of collisions, cos t of repairs , and
time out of service. Fleet personnel experienced in UNREP operations
were interviewed and asked for suggestions relative to reducing the risk
of collision.

From the study ,  it was determined tha t the monetary cost of ship
repairs and the operational time lost by ships during repair warran ted
an analysis of the UNREP control problem . A need for more control infor—
mation and/or instrumentation which would assist the Conning Officer and!
or helmsmen was also apparent. Thus, it was decided to simulate two ships
during UNREP maneuvering operations to establish , on a quantitative basis ,
the control parameters affect ing ship control.

UNREP INVESTIGATION

The Center is conducting an investigation of the control problems
involving the complex dynamic interaction between two ships maneuvering
in close proximity during UNREP. The objective of this investigation is
to define the necessary control parameters and recommend a prototype
sensing system for ship control during UNREP maneuvering involving Naval
ships. Definition of these control parameters aboard ship will aid the
Conning Officer and/or helmsmen in preventing ship collisions .

APPROACH AND PROGRESS

The maneuvering control problem for UNREP was studied by develop ing
and exercising a hybrid computer simulation. Two identical Mariner class
merchant ships were used in the study because of insuf f ic ient hydrod yna—
ic data for conventional Naval surface ships. However , the resultant
simulation can easily be adapted to Naval ships when the hydrodynamic
information becomes available. The simulation results for the Mariner
and conventional Naval ships should , in general , be similar.
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Phases I—Ill of the simulation study included the beginning devel-
opment of a hybrid computer underway rep lenishment maneuver ing simula tion
for two Mariner type ships. Simulation of UNREP in calm and regular seas
where both rudder and propeller revolutions were “manually” con trolled on
each ship was performed in Phases I and II. In Phase III, an automa tic
control was incorporated into the simulation together with linear irreg-
ular sea effects in the sway and yaw degrees of freedom. The control
variables to be displayed aboard ship were de termined to be heading
angle , heading angle rate, longitudinal and lateral separation distance ,
lateral separation ra te, propeller shaft revolutions , and rudder angle.
The relatively high—frequency linear, first—order sway foi .~e (and yaw
moment) were determined not to be a control problem under the condi tions
of the simulation . The present Phase IV simulation work emphasized the
use of an automatic controller on each ship for maneuvering control
variable sensitivity studies. Using an automatic controller on each ship
was one way to eliminate subjective results due to the skills of the
operators when using manual control. Some approximate nonlinear sea
excitations were added to the simulation model as an engineering approxi-
mation to an Irregular sea state. The irregular sea state (Note: 4 or 5
on Beaufort Scale, moderate sea state) is defined by the Pierson—
Moskowitz Spectrum. The UNREP simulation model has some limitations so
that simulation results may be provisional. These simulation studies
indicated that sensor noise and measurement errors of approximately 3%
to 5% in the maneuvering control variables should be acceptable for a
ship—separation monitoring system under the conditions of the simulation.
Despite the obvious limitations of the mathematical model on the UNREP
simulation the results presented here should be useful for engineering
judgments in designing a sensor system for maneuvering control during
UNREP.

RECOMMENDATIONS FOR FUTURE WORK

It  is recommended that this inves tiga tion be con tinued to simula te
Naval ships during UNREP . At the Massachusetts Institute of Technology ,
computerized analytical techniques for determining the interaction forces
and moments for surface ships due to close proximity maneuvers such as
UNREP have been developed and will be incorpora ted into this work . Hydro—
dynamic maneuvering coefficients for Navy ships (i.e., the DD 963
Destroyer and AO 177 Class Auxiliary Oiler) have been de termined b y model
tes ting experiments by the Ship Performance Department.

Underway replenishment simulation with Naval ships should be per—
formed with “Quickened Manual Control” and “Automatic Control.” Coinpari—
Sons of these different control methods for UNREP maneuvering should be
made. The studies should include different types of sensor systems and
displays of measured control variables aboard Naval ships. It is antici—
pated that some of these sensing systems will be available on the latest
Naval ships. From these studies , a pro totype sens ing sys tem for UNREP
should be recommended for Naval Ships.
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NOMENCLATURE

A = Longitudinal separat ion distance measured betwei~n cen ters
of mass of the two ships

B = Lateral separation distance between the two ships (side— to—
side distance)

a
T 

= Cain cons tant in integral feedback loop

= Term ii in func t iona l  series

g Gravi ta t iona l  constant

H (~~) = F i r s t — o r d e r  ( l inear)  t r ans fe r  func t ion

H(w 1, w 2
) Second—order t ransfer  function

h = Wave height  (crest to trough) fo r  regular wave

- 
- h = nth—order impulse response function

In Imaginary part

I = Moment of inertia about z axis

K = Kernal of integral equation

KL 
= Feedback gain vecLor for  leading shi p

= Feedback gain vector for tracking ship

L Ship length between perpendiculars (LBP)
I

m = Mass of ship

= In i t ia l  propeller r /min  (ahead s t r a igh t—l ine  motion)

~n = n — n
1 

(n — propeller r /min)

N = Yawing momen t abou t z axis

r = Angular velocity of yaw (r =

Re = Real par t

R (r  , -t ) = Cross—covariance funct ion for  processes X and Yxxx 1 2

S (u ,Ul ) = Physically realizable cross—bi—spectral d~~ - - I tv f ’i ncj o nxxy 1 2

S
~
(w) = Pierson—Moskowitz Spectrum
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NOMENCLATURE (Continued)

t ,~~t Time and time interval , respectively

u ,v = Veloci ty componen ts of the or igin of the body axes , (long i—
tudinal and transverse compone nts , respectively , correspond—
ing to surge and sway velocity components)

u1 
Ini t ial  equi l ibr ium velocity component (ahead s t r a i g h t — l i n e
motion at constant speed w i t h  rudder at amidships

= u - u
i

= Acceleration components of the origin of the bod y axes ,
(longitudinal and transverse components , respe ctively

• 
= Veloc ity vector of the ori gin of the bod y axes

x ,y , z = Coordina te axes f ixed in ship. Origin of axes system need
no t be at the center of gravi ty of the ship (positive direc—
tion f orward , starboard , and downward , respectively)

X
0

~~~37
0

~~~Z
0 = Coordinate system fixed with respect to the surface of the

earth

Coordinates of the center of mass of the ship rela tive to the
coordinate system fixed with respect to the surface of the
ear th

X(t) = Free—surface elevation

F- X ,Y = Hy drodynam ic forc e componen ts on ship body (longitudinal and
la teral components , respectively)

= Wave amp litude for  reg ular wave

6 = Angular disp lacemen t of the rudder

= Random phase ang le

A = Wave length of regular wave

p = Wa ter mass densi ty

= Phase of first—order system

= Phase of second—order system
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NOMENCLATURE (Continued)

= Ang l e of yaw

x = Ship—to—wave heading angle

= radian frequency

I
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INTRODUCTI ON

GENE RAL DISCUSSION OF UNDERWAY REPLENISHMENT

— Replenishment operations are conducted at sea b y the Navy to t r a n s f e r
cargo or fuel between ships . This extends the operational time of ships
at sea. During replenishment , a suitable physical connec t ion mus t be
maintained between the ships which are maneuvering on essentially parallel
courses at the same average speed . Since the ships are close together
during the physical ccnnec tion , there is danger of collision . The tracking
ship usually has the task of avoiding collision while maintaining station
relative to the leading ship which attempts to maintain steady course and
speed .

During Underway Replenishment (UNREP) operations , the conning off ice r
on the tracking ship monitors both relative speed and separation distance
between the ships. A marked distance line is used to measure the distance
b etween the two ships . One end of this line is attached to the leading
shi p ,  wh ile the other end is tended by a man on the tracking ship . He
pays out and takes up the line as required to keep it “taut”. The conning
officer orders small course and speed changes to maintain position . Details
of UNREP operations have been published .1—5

UNDERWAY REPLENISHMENT COLLISIONS

Data were collected from UNREP collision reports documented in the
Naval Safety Center and in Casualty Reports to Fleet Material Support Office.
These da ta were analyzed to determine the principal causes of the collisions ,
dollar cos t of repairs , and ship ’s time out of service. It was determined
that the monetary cost of ship repairs and the operational time lost by the
ships from service warranted an analysis of the maneuvering—control problem
during UNREP. The results of the initial studies indicated that there was
a need for more control information and/or instrumentation to assist the
conning o f f i ce r  and/or helmsmen .

In addi tion , Fleet personnel experienced in UNREP operations were
interviewed and asked for suggestions pertaining to reducing the risk of
collision. In the opinion of ship handlers , the conning o f f i ce r needs to
know hull—to—hull distance between ships , whether the ships are opening or
clos ing,  the ordered course and rpm , and the rudder angle the helmsman is
carrying to maintain course. The conning officer gets this information
f r om the seaman ’s eye , the distance line , and the rudder—ang le indicator.
During the approach , the most critical stage of an UNREP, they use the
radian rule , a maneuvering board , and a stadimeter .

77-0003 1
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BACKGROUND

The control problem involving the complex dynamic interaction between
two ships maneuvering in close proximity during UNREP has been under investi-
gation at the Center. The objective is to define and analyze maneuvering
con trol parameters and recommend a prototype sensing system for ship control
during UNREP . Selection and display of available control parameters for
monitoring aboard Navy ships by the conning officers and/or helmsmen should
red uce the coll ision hazard , increase the efficiency, and extend the range
of operating conditions under which UNREP can be performed.

Phases I through III included the beginning development of a hybrid
computer underway replenishment maneuvering simulation for two Mariner

- - type ships. Simulation of UNREP in calm and regular seas was performed
wher e bo th the rudder angle and propeller shaft revolutions were “manually ”
cont rolled on each shi p. 6 8  Finally, an automatic controller on each
ship was incorporated into the simulation.9

UNDERWAY REPLENISHMENT INVESTIGATION

This report describes the fourth phase of the development of the
hybrid computer simulation for maneuvering during UNREP using the charac-
teristics of two Mariner class merchant ships. Naval ships were not simu—
lated because of insufficient hydrodynamic data for the conventional surface
ships of interest. The computer program developed here can easily be
adapted to Naval Surface ships . Similar simulation results can be expected
for Naval ships where the response times to changes in propell€r shaft
revolutions and changes in rudd er angle will dif f e r  somewhat f rom the
Mariner .

During UNREP maneuvering simulations , the leading ship sets a straight—
line course at constant speed and the tracking ship tries to maintain station
relative to the leading ship .

This work emphasized the use of an automatic controller on each ship,
which was developed earlier for sensitivity studies of maneuvering control
variables. Using an automatic controller on each ship was one way to
eliminate subjective results due to the skills of the ‘opera tors ” when using
manual control. Some approximate nonlinear sea excitations on the ships ’
hulls during UNREP were added to the simulation model as an engineering

• approximation of an irregular sea state. It was necessary in this work to
get an indica tion of the pe r f ormance of the con t r ol ler on each sh ip when
subjected to nonlinear sea state excitations. The irregular sea state is
def ined by the Pierson—Moskowitz wave energy spectrum which is a function of
wind speed . The unidirectional sea state wave height as a function of time
is represented by the Gaussian stochastic integral representation .

77—0003 2
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Since the object of UNREP maneuvering is to maintain a lateral and
longitudinal separation between two ships traveling on essentially parallel
courses , the sway and yaw degrees of freedom were considered most important .
The roll and pitch motions were neglected in the TJNREP simulation because

— they have insignificant ef fec ts on lateral separa tion dis tance and would
have added unnecessary complexity to the simulation model. The present
application involves the hypothesis that the sway force and yaw moment acting
on a ship hull in oblique irregular waves can each be mathematically repre-
sented by an infinite functional power series.1C~~

l i The first—order (with
respect to wave amplitude) sway and yaw terms of the series generally con-
tain many relatively high—frequency as well as low—frequency components and
are a zero—mean process. It is assumed in this work that “automatic control”
is generally not required to compensate for the first—order irregular sway
force (and yaw moments). This assumption may not be entirely realistic for
control of two interacting ships. More work is needed in this area. The
assumption is justified to some extent because in earlier work8’9 they
were determined not to be a control problem for either “manual ” or au toma tic

• control under the conditions of the simulation. However , in fu ture work ,
these terms can easily be incorporated into the TJNREP simulation model.
The second—order force and moment functions each contain two terms :
(1) a low—frequency non—zero—mean component; and , (2) a high frequency
zero—mean component. The high—frequency components are neglected because
they are small , relatively high—frequency , zero—mean processes .

The slowly—varying transfer function of the second—order term of the
- , Volterra Series was approximated . Newman suggested that the transfer function

could be approximated throughout the bi—frequency plane by its diagonal
value. ~~ Thus, the approximate nonlinear transfer function associated with
the slowly varying, second—order sway force (or yaw moment) was obtained
by p lotting the curve of the mean sway force (or yaw moment) developed
on a ship model at a particular speed in a specified ‘oblique regular
wave divided by the wave amplitude , squared , versus wave encounter fre-
quency. These data were obtaine

1
d
2 
from model testing at the Stevens

Institute of Technology by Chey on a restrained Series 60 model in
oblique regul ar waves.

I

After incorporating the approximate irregular sea state into the UNREP
simulation , determination of the control variables and their sensitivities
to measurement error using automatic control was made . Throughout this
work the automatic controller on each ship demons tra ted good performa nce
and was relatively insensitive to errors in control variable measurement
under the simulation conditions .

The nonlinear sea—state excitations on the ships’ hulls simulated
here have definite limitations and should not be considered as hi - hlv
accurate , bu t only as an engineering approximation to give an in ’ 
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of random nonlinear sea effects on the automatic controller on each ship.
The technique used to simulate the sea—state excitations uses the Pierson—
Moskowitz Spectrum to define the sea state so that the nonlinear sway and

• yaw excitations can be related to the sea state characteristics.

Linear maneuvering equations for each ship were used as the basis of
- •  the UNREP simulation maneuvering mathematical model. Nonlinear hydrodynamic

-
~ coefficients are of some importance (e.g., cross—flow drag) and cannot be

totally ignored , but were not considered here. The first reason is that
during the simulation conditions the two ships traveled on essentially
straight line course at nearly the same speed (15 knots) in a rather
moderate sea state (4 on the Beaufort Scale). Second , fund ing limitations
and time did no t allow a de tailed anal ysis to be performed to de termine
which nonlinear hydrod ynamic maneuver ing coef f ic ients are of impor tance
under the simulation conditions presented here. In future UNREP simula—

- tion studies using Navy ships , however , it is plarc~ ..to incorporate
-
• 

importan t nonlinear hydrod ynamic coefficients into the maneuvering equa-
tions.

Since the controllers are relatively insensitive to changes of a
number of orders of magnitude in the second—order , slowl y varying force
(or yaw moment) excitations , the automatic controllers would probably
control both ships quite well if nonlinear maneuvering coefficients were
added to the maneuvering equations under the conditions of the simulation.

- I Despite the obvious limitations of the mathematical model in the
UNRE P simula tion , the results presented here should be useful for engi—
neering judgments in designing a prototype sensor system for maneuvering
con trol during UNREP .

I
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UNREP SIMULATION IN IRREGULAR SEAS

The fourth phase of th~ UNREP simulation incorporates some approximate
• nonlinear irregular sea—state excitations on the ships ’ hulls and the

hydrodynamic interaction forces and moments acting on both the leading
and tracking ships (see figure 1). The IJNREP simulation is capable of
controlling either the leading or tracking ship ’s rudder and propeller
shaf t speed “manually” or “automatically ,” but only automatic control is
considered in this phase for lateral control.

BASIC MATHEMATICAL MODEL

The ship dynamics model for each of the two identical Mariners used
in this study consists of a set of linearized equations in the horizontal
plane (surge, sway , and yaw). The nonlinear hydrodynamic interac tion forces
and moments and the nonlinear effects of the oblique irregular unidirectional
sea (4 on Beaufort scale) are added to tha model as additional forces and
moments . The nonlinear equations for the leading ship are presented below( ‘ represents the non—dimensional value):

Surge Equation

(X’-. — m’) ~~~
‘ + X’

~~
u’ 

~
X’nt~

n’ (1.1)

* Sway Equation

— in’) ir ’ + Y’
~
v’ + (Y’~. — m’x’0) ~~~

‘ (1.2)

+ (Y ’r — m ’u’1) r’ = —Y’~~ 
— Y’n~

n’ — Y’(A, B) Y ’s (x)

Yaw Equation

(N’~ 1fl ’x ’G) ‘~~~
‘ + N’

~
v’ + (N’~ - I’) 

~~~
‘ (1.3)

+ (N’r — m ’x’Gu
’
l

) r ’ N’,5ô — N~ tin’ — N’(A, B) — N ’5(~)

where :

Y’(A, B) = nonclimensional hydrodynainic interaction force caused by
tracking ship on the leading ship

N’(A, B) = nondimensioaal hydrodynamic interaction ~:c ~-t  La :c by
tracking ship on the leading ship
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LEADING SHIP

SHIP L

_ _ _ _

~OT

- /

~~~~~~~ 

C.G. 

NL 

—

-
I 

y0 i 

TRACKING :HIP

• (x 0, y0) REPRESENTS SPACE AXIS
I • (x, y ) REPRESENTS MOVING AXIS FIX ED IN SHIP ‘N- • MOMENTS AND ANGULAR DISPLACEMENTS ARE / T

POSITIVE IN THE CLOCKWISE DIRECTION P
• FORCES, DISPLACEMENTS , AND VELOCITY

COMPONENTS ARE POSITIVE ALONG THE
FORWARD DIRECTIONS OF THE A RROWS
ALONG THE AXIS (x , y ) FIXED IN SHIP

- NOTE: The tracking ship is nearly abeam of the leading ship ,
and both ship ’s speeds are approx imately 15 knots.

Figure 1
Orientation of the Leading and Tracking Ships During UNREP

77—0003 6

—•~ 
. - - -—. .i•L•....•._ ~.••. • -

~~_~r’ — 
- - — • __ - - - ‘_• — - 

~~~~

• -• - - —

~~~~~~~~~- - -- b - -- ~~~, 
_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  4



V

= nondimensional slowly varying, second—order sway force
due to sea state (ship—to—wave angle x = 1500 (2.618 rad),
(see figure 2)

nondimensional slowly varying, second—order yaw moment
due to sea state (ship—to—wave angle x = 150° (2.618 rad),
(see figure 2).

Y’(A, B) and N’(A, B) depend on the longitudinal separation , A , measured
between centers of mass of two ships and lateral side—to—side distance , B,
measured be tween two ships centers of mass. Since the study ships are iden-
tical , the interaction force Y’(A, B ) ,  and momen t N ’(A , B) are chang ed to
—Y ’ (—A ,B) and —N ’(—A, B) when app lied to the track ing shi p ’s maneuver in g
equations . A and B are constantly calculated and updated in the simulation.

The following limitations exist and basic assumptions were made in
developing the UNREP mathematical model:

• Only oblique irregular seas were simulated , since ship con trol is
assumed to be more difficult for this condition than in the head—sea condition
which is the most common sea condition for performing UNREP .

• Under the conditions of the IJNREP simulations in oblique irregular
waves , the ship—to—wave angle for both ships changes insignificantly. If
hi gher wave—height sea states were incorporated in the simulation and appro—
priate nonlinear maneuvering coefficients were added , the ship—to—wave angle
could change significantly.

• ‘1s(x )  and N5(~) are assumed independent of v, ‘~~, i~~, ~ and ~ since
these variables are kep t small by the automatic controller under the con-
ditions of the simulation .

• The effects of oblique irregular sea on the propeller (propeller
load ing) and power p lant , which a f fec t the ship ’s long itudi nal control
during maneuvering, are small. The reliability of X~ , 

~n 
and N0 obtained

from calculations by Calvano’3 in open seas are uncertain under the con-
ditions of the simulation. was determined by using the effective horse-
power versus propeller revolutions per minute data for a Mariner at speeds
of approximately 15 kno ts. 

~n 
was calculated from the fact that a single

screw Mariner requires a 1.2 degree port rudder to maintain a steady course
in an open sea. From the value of Y6 and assuming the force exer ted by
the propeller can be expected to vary as the propeller speed squared Y~
was calculated. The value of Nn was similarly obtained .

One should bear in mind , however , that the propeller perfor-~ni- -:~ ~~~‘

a calm—water condition and in a sea—state can be consider~’-’ l ~ercr.- .
Since there is no information available to the authors to ~u 1f t �  S~

Livity of these terms with respect to the tJNREP simulatfc.i , : c• a

importance of these terms to the other coefficients in he cqu~ t o r. 0
motion cannot be determined.
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0 SPACE AXIS 
_____________________________- 

~~~~~~~DIRECTION OF
IRREGULAR

— WAVE

(4 BEAUFORT )

_______ _____ 

u= 15 KNOTS

LI~~~~II~~~~~~~~ J~~~~= 1500) 

///
// N(x ~~150°)

x 150°

y

NOTE: x = Ship-to-Wave-Heading Ang le

Figure 2
Or ientation of Mar iner Study Sh ip and Irregular Sea
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• It is assumed that both ships are subjected to the same irregular
wave system at any given instant of time . This assumption holds only
when the sizes of the two ships are abou t the same size and the gaps be tween
the two hulls are not so large compared to the average wave length .

• It is assamed that automatic control is generally not required to
compensate for the first—order sway force (and yaw moment) under the con-
ditions of the simulation , since these are zero—mean processes (with both
low and high frequency components) which do not affect the mean course of
the ship. This is probably an acceptable assumption for the single ship
trave ling on a straight line course. However , for the UNREP maneuvering
operatinil where there are two interacting ships , the assumption of no
automatic control may not be entirely realistic. This assumption may be
justif ied to some extent because in the Phase 118 and II1~ work , it was
shown that the first—order sway force (and yaw moment) did not cause a
control problem for ei ther “manual” or automatic control. Also , the pr imary
objective of the work presented here was to study the nonlinear sea
excitations on the ship’s hull on the au tomatic con troller on each sh ip
during UNREP .

This assumption does not apply to low—frequency , high—amplitude
swell. Time series of the first—order sway force (and yaw moment) can
easily be added to the maneuvering equations in future work .

Af ter adding the hydrod ynamic in terac tion forces and in terac tion
moments ‘~(A , B) and N(A , B) to the linear maneuvering equations for each
sh ip ,  the response of the system to sea state excitations (sway and yaw)
becomes nonlinear from a control theory point of view . Thus , even though
the first—order and second—order sway force (and yaw moment) excitations
are addi tive in the nonlinear equations of motion , the ir responses are
approx ima tely the sum of the separate responses of each excitation term .
Therefore , before firm conclusions can be drawn about the response of the
automatic controller to the first—order and second—order excitations , it
pr obably would be necessary to add both the first—order sway force (and
yaw moment) time series to the equations of motion .

• Nonlinear terms such as “cross—flow—drag ” eff ects (Y v ]v Iv Iv~)
cannot be completely dropped from the maneuvering equations for each ship .
When this simulation technique is used to simulate “real ” Navy sh ips , it
is planned to study these nonlinear maneuvering effects and introduce the
appropriate nonlinear hydrodynamic coefficients into the linear maneuvering
equations .

Even though the model has definite limitations, the major objective
of this work is to get an indication of the performance of the automatic
controller on both ships to nonlinear sea state excitations . The automatic
controller performance data are then used to determine the sensitivity of t1~e
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maneuvering control variables. The provisional simulation results pre-
sented here will be used for engineering judgments in designing and building
a prototype sensor system for maneuvering control during IJNREP. The validity
of these and earlier simulation results will be determined by comparing the
results with full—scale sea trials using the prototype sensing system.

The variables in equation (1) are defined in the nomenclature. The
nondimensional variables are defined in Appendix A. The linear hydr odynamic
coefficients in equation (1) are also presented in Appendix A . Most of these
coefficients (except for X0, Y~ , and from Calvano ’s work 13) are averages
of coefficients for a Mariner at 14 to 15 knots and determined from data pre-
sented at the Twelfth International Towing Tank Conference..14 The basic
Mar iner study ship ’s characteristics are presented in Table 1. A detailed
descrip tion of the mathematical model ard ccinputer simulation of two Mariner
ships maneuvering during underway replenishment in calm seas , which forms a
bas is for  the curren t work , has been presented by Alvestad and Brown.8

INTERACTION CURVES

The steady—state ship interaction curves used in equation (1) are
for two Mariner ships (traveling at 15 knots) on different parallel paths.
Figures 1—A and 2—A in Appendix A show curves of the Y force and N moment
versus separa tion distance , respectively. In each of these figures , the
curves for B 50 ft (15.24 m) and B = 100 ft (30.48 m) were determined
from model test ing by Calvan o13, and the curves B = 110 ft (33.53 iu) through
B 150 ft (45.72 m) were determined by extrapolation by the authors.8 The
ef fec ts of the yawing of either ship on the interac t ion forces and momen ts
are neg lected in the simula tion because the in terac tion curves are measured
for parallel paths for the two ships . Since transients are relatively small
in this UNREP simulation , the steady sta te and transient interac tion forces
and moments are assumed to be approximately equal.

TABLE 1
CHARACTERISTICS OF MARINER-rIPE

STUDY SHIP

Length 527.8 ft 160.9 m

Beam 76.0 ft 23.2 m

Draft 29.75 ft 9.07 m

Displacement 16,800 tons 16 .9 X 106 kg

Block Coefficient , Cb 0.6 0.6

The ship ’s coord inates are assumed to be at the ship ’s
cen ter of gravity (i.e., XC, YG ~ 0).
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SIMULATION OF RUDDER DYNAMICS

The lag time in the rudder dynamics when a rudder angle (helm
angle) is commanded is another important aspect of the maneuvering control
problem which must be considered . Figure 3 shows the analog design ,
developed by C. L. Patterson , Jr. of the Center , that was used to represent
the rudder dynamics in the simulation . ~~ represents the rudder command
and ó the actual rudder angle. The rate of change of the rudder angle was
jssumed to be directly proportional to the negative of th~ error  signal

K~e). The rate constant K was set equal to 0.50 (
~f~-) and the minimum

error signal was 7 degrees (.122 rads). Figure 4 shows the resp onse of
the rudder to step inputs of the helm angle. A dead—band (±0.5 degrees)
was no t included in the simulation of the rudder dynamics , but will be
incorporated in future work.

COORDINATE SYSTEMS

The coupled equations of planar motion are solved in ship velocity
coordinates (u, v) and then transformed to the space coordinates (x0, y0),
(see equation (2) and figure 1). This mathematical transformation was
performed since the information of pr imary interes t in an UNREP simula tion
is related to the space coordinates (i.e., longitudinal and lateral separa-
tion distances and yaw angle). In the work presented here , the space coot—
dina te sys tem is given an initial velocity of 15 kno ts , equal to the
equilibrium velocity . Therefore, changes in the transverse and/or longitudinal
position coordinates with respect to the space coordinates system (x0, y0)
are due to perturbations above or below the ship equilibrium velocity.

The mathematical transformation from ship to space coordinates is
representated by

~~~ = u c o s~~p — v s i n ~~ (2)

-~~ u sin~~~+ v co s~~py0
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Response of Rudder System to Step Cor ia
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GENERATION OF SWAY FORCE AND YAW MOMENT
ACTING ON SHIP HULL (SLOWLY VARYING , SECOND-ORDER)

BACKGROUND

The fundamental mathematical techniques of Volterra ser ies were used
for generating the sway force and yaw moment time series acting on the ship
hull in irregular waves , and have their eng ineering or igins in the f ie ld of
electrical engineering communication theory . The fundamental ideas used
here were f irs t expressed by Wiener ’5 over thirty years ago . This work was
appl ied much la ter to ship hydrody namics by such authors as Vassilopulos 16,
Tick17, and Hasselmann.’8

The subsequent discussion of the theory of the Volterra series19 tO
second order follows a brief presentation by Neal.’° The Volterra seriesrepresen ts a causal physical system. This power series was used as a basis
for the mathematical model for generating the slowly varying, second—order
yaw moment and slowly vary ing, second—order sway—force time series , acting
on the ship hull due to an oblique irregular wave in the UNREP simulation
(see equations (1) for maneuvering equations).

THEORY

The present applica tion involves the hypothesis that the sway force
and yaw moment acting on a ship hull  in oblique irr egular waves can be
represented by an infinite functional power series (the nonlinear system
is assumed time invariant and the kernels thus depend only on time differences).

Y( t) = F~~
) (t, x) (3)

where :

F~°~ (t, x) = h0 (a constant)

and F(s) (t, x) = f .. .  f h~~ (~~, • • , r~~) X(t—T 1)

—~~~ —~~~ X(t—t1) dt1 ~~
.. dr , n>

h0 (11, 
. . •  , T )  = kernel func tion (f or analy tic purposes , symmetric

kernels may be assumed wi tho ut loss of generality).

X(t) = excitation which may be deterministic or stocciastic .

In application to phys ical problems the series is truncated after n
terms to yield a func tional pol ynominial. The response , Y(t) for a u nite
number of terms will be mathematically meaningful if the input X(t) is bounded
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and the kernels are each absolutely integrable. In addition , for the seri~~--
to converge as n -* = it is necessary that the contribution from terms of
order n approach zero as n approaches infinity. For mathematical details a

- ‘  more rigorous description can be found in earlier references. 10 . 16 18 .20 ,21

It must be assumed for this work , that the series converges (e.g., Ku
and Wolf 22). We shall limi t our analysis of the sway force and yaw
moment to include excitation effects only through second order (n = 2) whe re
X(t) in this case is the irregular wave free—surface elevation at a reference
point . Equation (4) is the fundamental mathematical model and is called a
truncated functional power series or functional polynomial. This quadratic
series can be used to analyze wave force or moment excitations on the ship
hull that are proportional to the wave amplitude or the wave amp litude squared
(system is assumed time invariant).

Y ( t )  = Y(°)(t ) + Y (1) (t ) + Y~
2
~~( t ) (4)

= h0 + h1 (t — t1) X(t1) dt1 +

+ f : f  h2 (t - t 1, t - t 2)  X ( t 1)  X ( t 2 )  dt
1 

dt
2

= h0 ± f  h1 ( r )  X(t—T) dT

+ f  f  h~ (T 1, t2)  X (t-i1) X (t-T2) dT1 dt2

T1ck~
7 has called equation (4) a time— invariant quadrat~ e system , since it

inciudes both a first—order and second—order term .

For the sway force and yaw moment , h0 in the truncated series (equation
(4)) was set equal to zero . The first—order term Y~~~~(t). is the familiar
convo intion integral for linear , t ine—invariant systems and can be used to
represent the first—order sway force or first—order yaw moment acting on the
ship hull. The irregular first—order sway force (and moment) acting on the
shi p hull genera l l y contain many high—freq uency as well as low—frequenc y
components , and are zero—mean process. These terms etre not consider’~c in
th is work b ecause they were stud ied earl ier 8 ’9 and deter ~’ i n c  not to ca~:sc
a significant control problem under the conditions of t } ~~~~ sinn:lation . The
pl-in.l rv objective of this phase of the work was to st j Iv the ffects of ~he
slowLy varying, nonlinear sea—state excitations acting on t h ~~ sh ip ’s hu~~
on the automatic controller performance of each ship. In Phase II ‘ nanu.~
control ” in d ifferent first—order regular seas8 was consilered . and in P’ c o
ru9 preliminary work using automatic control with fir st—or -icc , linear rc -ular
sea effects (sway force and yaw moment) were considered. In either case
under the conditions of the simulation , the first— rder sea state - f f - c t ~
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did no t prod uce a sign if i cant con trol problem . The statement does not
appl y to low—frequency, high—amp litude swell. First-order sway force (and
yaw moment) time series can be easily added to the maneuvering equations of
motions in later work .

The second—order term Y~
2
~ (t) with the second—order impulse response,

• - -  h
2 

(-r 1, i,) , is the basic mathematical term that will be used to study the
secona—oraer force (and moment) wave excitations throughout this work . The
second—order sway force (and yaw moment) each consist of two components ;
(1) the rapidly varying (high—frequency), second—order component; and ,
(2) the slowly vary ing, second—order component. The rapidly vary ing sway
force (and yaw moment) are a zero—mean process and are neglected in this
work . It is the slowly varying component of the sway force (and yaw moment)
each containing a (0. C. offset) non—aero mean , wh ich cause the sh ip ’s large
surface excursions , that must be controlled by the rudder.

SLOWLY VARYING , SECOND-ORDER WAVE EXCITATIONS

The Gaussian stochastic integral representation10 w ill be used to
represent the irregular sea.

X(t) = f cos Cut - t ( -
~~ ) V25~~

)
~ (5)

a ° 

:;m~~~~~

05 
[~ n

t — c(w~ )J E2s~~
) 6wl i

where the radial [2s (a)  represents the amplitude of each harmonic
wave in the sum . 

X

Where:

= radian frequency

S (~) = one—sided wave energy spectrum for irregular sea state
x 

(Pierson—Moskowitz wave energy spectrum)

= un iformly distributed random phas e ang les from 0 to 2-- .

Substituting X(t), equation (5), into the second—order term Y~
2
~~(t)

(equation (4)), results in the following expression:
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Y~
2
~~( t) = RAPIDLY VARYING , SECOND-ORDER TERN

— SLOWLY VARYING , SECOND—ORDER TERM (6)

Y~
2
~~(t) = f  i: 

cos [(ul 
+ a

2
)t -(6 (d ) + o(w 2 ) )  +

x~~~H( w 1, w
2)1

2 S (w
1
)S (.

2
)dw

l ~~2

+ f  f  cos [(a1 
- u

2
)t - ( c ( w

1
) - 6 ( w

2
) )  + 

~~
w
l~ 

-

x~~~ H (w 1, - w 2 ) 1 2 S
~~

(w
1

) S ( w
2
) dw

1 
dw

2

where H(w1, a
2
) is called the second—order transfer function and is defined

as

H(w1, w2
) =f f  h(T

1, 
T

2
)e 1[~ 1

T
1~ + a2 12] dT

1 
dr

2
.

The transfer function can be written in terms of the amp litude and phase
components as

= I H ( w 1, a2 ) I e’~~~ i’ ~2
) , (8)

For de tails of the deriva tion , see Neal

The first term in equation (6) can be used to represent the contri-
bu tion of the wave frequency pair sums to the second—order wave forces (or
moment) excitation. The second term in equation (6) will be used to repre-
sent the contribution of wave frequency pair sum differences to the second—
order wave force (or moment excitations). Following past investi gations ,
we shall call the f i r s t term the rap idly vary ing, second—order term and
t h e  second term the slowly vary ing, second—order term.

In summary , the slowly vary ing, second— order term in equation (6) will
be used to genera te bo th the slowly varying,  second—order sway force and the
slowly vary ing , second—order yaw moment for the UNREP simulation. The input
req ui red f or prod ucing the slowly vary ing excitations on the ship hull is as
f ollows :

• The sea state wave energy spectrum 
~~~~~~ 

(Pierson— ~’oskowitz).

• The transfer functions associated with the slowly vo rvh n g, second—
order  sway force (and yaw momen t ) .
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Since the information for the transfer function is generally not
availab le , the estimation of the transfer  func tions wil l  be cons ider ed
next.

ESTIMATION OF THE TRANSFER FUNCTIONS

Li tt le knowledge of the “second—order transfer function” is ava i lable
for hydrodynamic systems in waves . In 1970, Lee23 calculated the second—
order transfer function for forced oscillations of two—dimensional cylin—
ders floating on the free surface. A general prac tical theory does not
appear available at this time for determining the general second—order
transfer function for an arbitrary ship wave system .

A very general approach using cross bi—spectral analysis for deter-
mination of the second—order transfer function H(w1, a2) for ship problems
has been discussed by Ti ck 17 and Hass elmann18. Tick ’s expression for  the
transfer function is obtained in terms of phys ically realizable spec tra as
(see Neal’° for a detailed discussion of the derivation):

S (a , a )
a ) = (9)

1
’ 2 2S C- )S ( -  • )x 1 x 2

wh ere:

S ( ~ 1
, ~c2

) = physically realizable cross—bi—spectral density function

and S (w) = one—sided spectral density function

The transfer function must be symmetric and thus satisfy the relationship :

H(w1, 
~~ 

H( w 2, a1). (10)

Therefore , the cross—bi—spectrum analy tic technique canno t be used direc t ly
to determine nonsymmetric transfer functions .

This method has the drawback that expensive experimental records from
model testing must be taken. From these records , a third—order moment
Rxxy (Il. 12) must be determined10 , and complex ma thema tical manip ula tion
and computer techniques must be used to determine the transfer function .

• This method was not used in this work primarily because of the cost .

This syn thesis , however , deals with the slowly varying nature of the
important nonlinear forces (or moments) which can be estimated by an
approxima te me thod developed by Newman 11 . This method disregards the
rapidly  vary ing , second—order forces (and moments) which are not considered
to be important in the maneuvering UNREP problem being studied here.

I
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~icwman
11 

approximates the slowly vary ing transfer function H(u0
(which is real for symmetric transfer functions) by approximating the ’

function in the bi—frequency p lane by its diagona l value H ( ~~n m~0). These
d i a g on a l values must be obtained by model testing involving m~nochromatic
(regular) waves or theoretical calculations involving comp lex h \-hrodyn amic

- tenttal calculations. Since these data are sometimes found in the litera—
ture , model experiments can sometimes be av~~id &-d . In general , however , the
error result i ng  f r o m  this a p p r o x i mat i o n  cannot  rigorously be determined.

h ic rt f o re , fo r  practical e n g i n e e r i nc  purposes , as in ti n- cork h e r e , this
g re : - :i aat ion  o f f e r s  the only possibi lity fo r  analysis of the slowly varying

for c e s  (or m o m e n t s ) .  For a detailed discussion of thi s a p p r o x i m a t i o n , the
r- - i d - r  should consult Newman ’s paper where he cons i d - r s t h e  d isc rete analog
ot  equation (6)

In the work performe d here , the t r a n s f e r  f u n c t i o n s  assor ~ ated with the
slow l y v i rving, sway f o rc e  and the slowly v a r y i ng  yaw moment  were e S t i —
ma ted by Newman ’s approx  iniat ion .  Thus , a curve of tiie m e i n  sway f o r c e
(or  yaw moment)  developed on a ship model at a particul ar speed in a
specified oblique regular wave divided by the wave amplitude , squared ,
versus wave encounter frequency were used for the estimated sway  (or  yaw )
transfer function. These curves were determined from model test data taken
by g h i e v i2  •t t  the Stevens Institute of Technology for a Series 60 (G

b 
= 0 .60)

restrained shi p model proceeding at 15 knots into oblique regular waves
sh ip—to—wave angle — = 150° (2.168 rad), see figure 2) at different regular

wave ci- counter frequencies Ce. The Series 60 model is very similar to the
- - Mariner - t u d v  Ship used in the UNREP simulation. See Appendix B for model

particulars , model tes t information , curves , and detailed discussion of the
limitations of the data for this work.

The experimental results from a restrained ship model were used
lu-cause it was the only experimental data available to the authors at t h e
time of the work. Lalangas24 reports that for a ship in b e am  seas at zero
speed , the drift force on a model which is free to  move is diff erent from
the drift force on a restrained hull. Discussions of the drift force and
r t ’ i l , - n t  on a ship in waves can be found in other references.25 ’ 26 Thus , it
appears that it would be more realistic for this work to have data f r o m

* 
partially restrained model testing . There is a definite need for mere
realistic sway and yaw data so that better transfer functions c an  be esti—
mated for simulation purposes. With more realistic transfer functions , t h ~
validity of the Newman approximation could be determined with creator

o - - -it ra cy . Chey ’s data were also rather limited as to t he nunh - r  of avail—
a b h e  exp erime ntal points for p lotting the estimated transfer functions.

The limitations in the transfer functions used in this work. io— ~~- ,-r ,
probab l y do not have a large effect on the perfern-ne. ~~- of the n i t s r at  he

~untr l1er during the simulation which is of primary concern in this work .
-~~rail;jtion results discussed later show that t h e  contre l~ cr is re1at ~ mc~
insensitive (number of orders of magnitude) to large chia ig~ In t h e  clc -: i
vary Log sw~~y force (and y aw moment) exci t a t  I c c i - - . This oint vi Il he dis-
cussed in some det iii later in the report •
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SWAY FORCE AND YAW MOMENT TIME SERIES

Digital computer simulation programs developed by Neal by using equa-
tion (11) as the basis for the mathematical model, were used to generate
the time series of the slowly varying,  second—order sway force and the
slowly vary ing,  second—order yaw moment acting on the Mariner Study Ship

- - proceeding at 15 knots in to  oblique irregular waves (~ = 1500 (2.618 rad))

Y~~~

2

~~~( t)  af  J 
cos [(dl 

- w 2 )t  - (C(w
1
) - c(w

2
) ) +  

~ (a
1
, - W

2)]

xV IH(w 1
, - wi) l 2 S~~ (~~i ) S x ( w 2 ) do1 da 2 (11)

where H (a1, — a 1
) is assumed to approximately equal H(w1, — a

2
) which is

Newman ’s approximation. In the computer calculation a
1 

and a
2 
are the

encounter frequencies .

The computer input required to generate the time series consists of a
wave energy spectrum 5 (w), and the approximation to the transfer function
associa ted wi th the slowly varying sway force (or moment).

It is assumed that the oblique irregular seaway in the UNREP simula-
tion is unidirectional and long crested . The seaway is statistically
represented in this work by a Pierson—Moskowitz wave energy spectrum repre-
senting a sea state 4 on the Beaufort Scale (approximatel y 4—feet signifi—
cant wave height). The wave height time series that corresponds to the
Pierson—Moskowitz wave energy spectrum 27’28 is shown in figure 5. A digital
approximation to the random phase model (see equation (5)) was used to gene-
rate the wave surfaces with Gaussian distribution properties .

In Appendix B , Chey ’s data that were used for determining the estimated
nonlinear transfer functions associated with the sway f o r c e  and yaw moment
excitation are reported.

The digital computer generated slowly varying, hydr odynam ic sway f orce
versus t ime , and the slowly vary ing h ydr odynami c yaw moment versus time
acting on the Mariner Study Sh ip at 15 kno ts in a 300 (.524 rad) bow
irregular sea (approximate significant wave height of 4 feet) are presented
in f ig ur es 6 and 7 , respectively . Both time sertes were recorded on com-
puter cards a t a samp ling rate of 0.5 sec for UNREP hybrid computer simu-
lations.

— The objective here was to use Newman ’s approximation to estimate the
• slowly vary ing , second—order sway force (or moment excitations) for an’;

given time history of the wave elevation . The conditional results show

t that the simulated sway force and yaw moment time series (figures ~ and 7)
appear cerierally to have the correct statistics. Both hive a D.C . off ot
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and the f requency  is lower than the f requency  of the wave height time
series (figure 5). There are no exper imenta l  da ta  available , or known to
the au thors , with which to compare these results. However , the  provisional
simulated resu l t s  seem to Ind ica te  tha t  there  is some validi ty in Newman ’s
approximation for estimating the transfer functions .
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ThE AUTOMATIC CONTROLLER

The automatic feedback control  algori thms required for  th i s  phase of
the project were primarily developed in the Phase 111 work (see Alvestad9) .
During UNREP maneuvers at sea, the lead ing sh ip is charged with maintain ing
a constant heading while the tracking ship is responsible for maintaining a
constant separation distance. In the hybrid computer simulation , the algo-
rithms for the two ships are adjusted to reflect their different control
functions . The basic control algorithm is as follows (see figure 8):

- 
SET [RANDOM I [MEASUREMENT

L~o POINT SEA ] ERROR

_ _ _ _  

DV~ AMICS~ 
SENSORS

[aTj~
-Bdt 

~
[ DIGITAL ~CO~ T ROLLER 

~~~ 
~~= z + ERROR

Figure 8
Automatic Control Configuration
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The main control law for the digi tal  automatic control ler  is as
follows :

I5* 6 +-~~5
(12)

A6 = K 1~~, + K ~ ip + K ~L~B + K ~B + a
T 

f  ~Bdt

where:

= nominal rudder angle

= rudder perturbations about 6 (output from digital
controller)

K. = feedback gain constants ( i = 1, 2 , 3 , 4)

aT 
= gain constant in integral feedback 1oop

= i~~— (~o

= ~~ —~~~~~~~i~ , s i n c e p = o

1~B = B — B
0

~iB = B — B , s i n c e B = o
0 0

The subscript 0 represents the nominal value c~f the variable .

Integral control was added to the tracking ship to improve the
control charac teristics , but was not needed for the leading ship . The
gains KL and K,.~, are as follows :

= [20.0 40.0 0 .0  0.0] ; a.,~. = 0.0
— (13)

= [10.0 35.0 0 .6  3.0] ; a~ = 0.03

and~~~

B

where L and T represent leading and tracking ship, respectively. It must
be kept in mind that all motion variables are actually perturbation van —
ables about the nominal condition. Thus , AB represents the actual dis—
tance minus the desired distance.
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For passing maneuvers , the trackir~g shi p feedback vector  was changed
to 

= [20.0 40.0  3.0 14.0] (14)

to improve the steady state error characteristics.

For detailed discussions concerning the automatic controllers , the
reader should consult the Phase III UNREP report9.
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S I M U I A T i  :)N R E S U L T S

— The simulat~ -m re silta for t he  ir r e~~u l a i  sea c o n d i t i o n  are shown
in f i g u r e s  9 t h r o i g i  16 w h er e  ho t !  shi ps ’ speeds are approx ima te ly  15
knots .  The interact ion d a t a  h alts t h e  r-~nge in side—to—side separation
distance from 50 (15.24 :n) to 150 (45.72 a) feet. Allowable rudder com-
mands are limi ted to ~ 2O e-1~re€Ts . Each of the two ships has a separate
automatic coit rolier. On t i .  l ead ~ og ship, the e n  troller maintains a
constant heading, while oi the trackinA ship the controller ’s function is
to maintain the lateral sep; ration distance at the desired value (100 feet).
The controllers ar e  not dire ctl y coupled . The maneuvers simulated include
station keeping , lateral stjtion changino , and the approach and breakaway
of the tracking ship. In all subsequent fie-I ro s , the subscripts L and T
denote the leadinh and tracking ships , respectively .

Figures 9 through I show station keeping at  a longitudinal separa-
tion distance A of A = 0, +550 (+l.67.hA m) and —550 (—167. hA m) feet ,
respectively. lift - slowly vary i flC SWay l o r d - Y~ ( . -) and slowly varying
yaw moment N, ~ (~) induced by t h e  ir r e g u l a r  sea on the  sh ip  hu h  a re
stored on the digital portion of t I l e  hyh r i d  s i m u l a t i o n  as 20—minute  r i m 0
series which are inpu re! to the ships ’ dynamic model as f o r c i n g  f u n c t i o n s
at half—second i nt -~- rv r . is . The se  c o r p - c  cOts  O t O  shown on cha nnels 7 and 8
of the figures . The nonlinear interaction forces are also i nput ed  to the
ships ’ dynamic model , but are not shown on the graph recordings . Figures
9 through 11 shoo tha t the automat ic controller on each ship performs well
in the station seep~~n —o mcd.- under the  conditions of the simulation (approx-
imately 4 on Beaufort scaLe).

Controller perform ance for stat ion chang ing commands is shown in
figures 12 and 13. Comm~-nds were made to change separnt~ c-n distance B
f r o m  100 ~~~ ( 3 0 . 4 8  m)  to 125 fist (38.10 in) . In f i g u r e  12 the command
is a ten—seco nd ramp wh ’le i n  lIglI r .- 13 the command is a step input. The
controller m e t  :I- ~ s the sep-I ral i o n  distance to tin- desired value in both

• cases. Howe-o r , the step comm ( n i  (f ito~re 1 3 )  creates undesirable rudder
transien ts and shc~~1d the refere be avoided .

The time series cn - -rIO (-nt s  Y . (~) and N , ( - )  a c t i ng  on the ship hull
are caused by a f u 1 y d € v ’  i ’O1 ~- I , w in - I-- driven (approximately 11—16 knots)
sea state with a significant wave  h e ig h t  of approximately 4 feet (4 on Beau—
fort scale). To sirtflot ~ a rriorc- soy -Ic ~ea ~o n d i t i n r , the component force
and moment ma lni tu des .rC l e c r ea s e d  hr a f ir to r of 3. The resulting simu—
laN-Il mancIlv ( r is show-n in l ure i-i . Adequate control is ‘-~~~i t l t h ed , al-
thoug h perturh iit i t s  on severaL v a r !, j i l e s  -I r e  n o t i c e a b le .

F i g u r e  15 shows a compl et e passin g maneuver where the longitudinal
separ ; t i n  A GlanCes f r o m  —550 f e i t (-- 167 .64 m) to +550 feet (+167.64 m) in
a p p rc x i c . I t . - l v  Y m i r o t e s  . ~ nia x i t - u r n  ch a n g e  of Oi~ -~~I t  t~ f e e t  (~ .83 a)  in the
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la teral  separat ion d i s t ance  is experienced dur ing  the maneuver. Sideship
(lateral drift) reaches approximately 90 feet (27.43 m) during the 20—
minute run . Since UNREP is generally performed in open water , lateral
d r i f t  does not present a problem . Even so, lateral drift can be counter-
acted by adequate course changes on the leading ship.

Figure 16 is the same maneuver with a hold in the longitudinal
separation at A = 0 feet to simulate the actual replenishment operation .
The maximum change in the lateral separation distance is again approxi-
mately 6 feet (1.83 m).

The simulation results imply th at the automatic control device per-
formances are not adversely affected by the slowly vIirviII C force and
slowly varying moment resulting from the nonlinear frequency interactions
of the waves. According ly ,  an increase of three times the slowly vary ing
sway force and s lowly vary ing yaw moment does not appreciably affect the
lateral separation distance between the two ships . This may , in turn , sug-
gest that an appreciable error in the evaluation of the nonlinear sway
force and moment can be tolerated on the simulation of IJNREP operation.
Howeve r , unless the simulation results are validated against full—scale
UNREP sea trials or model testing data using automatic control , these
results should only be considered as provisional.

Work is needed to add important nonlinear maneuvering coefficients
to the U N R E I~ maneuvering equations . The first—order sway force  (and
yaw moment), and higher sea states should also be incorporated in the
simulation. Also , more reliable data a r e  needed to estimate the transfer
functions associated with the nonlinear sway force and ya\~- m o r l L - I l t  so that
these hydrodynamic coefficients can be evaluated accurately . It should
also be remember ed a t th is poin t , that the UNREP n’-athematical model r4-pre—
sents the nonlinear response of the system to n o n l i n e a r  sea s t a t e  exci-
ta t ions .
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SENSITIVITY ANALYSIS

A prel iminary analysis of cont ro l le r  sensitivity to errors in meai
surement of the feedback variables was performed in the Phase III work.
However , in the cur ren t  work , the control ler  design has been modif ied
with the addit ion of in tegral  feedback , and some approximate nonlinear
irregular sea state excitations . Therefore , sensitivity is again con-
sidered , with the following modifications :

• Since the frequency response cut—off point for the control
ioop is approxima tely 1 Hz, only low—frequency drift and D.C. errors are
important.

• Errors in separation distance are measured in response
to a step error (D.C.) in each feedback variable. This is considered the
worst  case.

• Recommended measurement accuracies are spec i f ied  in ab-
solute  u n i t s .

Since the controller  con tains an integral feedback loop (see f i gure
9) err ors in the separa tion dis tance B caused by errors in the measure—
ment of the feedback variables will be slewed to zero after an initial
transient. This does not hold , however , if the measurement error is in
the value of B itself , since an error in B is equivalent to a change in
the desired separation distance . Thus , a one—foot error in the measure—
ment of B will result in a one—foot error in the actual separa t ion  dis-
tance . The absolute initial controller error due to step errors in the
feedback var iabl es :~ presented in Table 2. In each case , the var iable
error is approximately 5% of the expected maximum value . The expected
maximum values are as follows :

• 15 deg (.262 rad)max

• i~ = 2 deg/sec (.035 rad/sec)max

• B 150 feet (45.72 m)
max =

• B = 10 feet/sec (1.82 m/sec)
max
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TABLE 2
CONTROL- VARIABLE ERRORS

ERRO R ABSOLU TE VARIABLE LATERAL SEPARATION
VARIABLE ERROR (5%) DI S ANCE ERROR

.75 deg (.013 rad) 10.0 ft (3.05 m)

.10 deg/sec (.002 r~ d/sec) 3.5 ft (1.07 m)

B 7.50 f ee t  (2.29 m) 7.5 ft (2.29 m)

B .50 feet/sec (.51 m/sec) 1.0 ft ( .30 m)

.75 deg (.013 rad) 10.0 ft (3.05 m)

.10 deg/sec (.002 rad/s~-c) 3.5 ft (1.07 m)

Errors in the maximum value of the control variables much in excess of
5% tend to cause the automatic controller to become unstable. The controller
functions well with errors up to 5% in the maximum variable value.

Since the measurement of heading ( ‘~‘) and heading rate ( -
~~ )  by c irrent

techniques seldom leads to step errors , the error in separation distance
caused by errors in these variables s-ill be less than that shown in Table
2. However , depending on the measureirient device , el e-: tronic sensor or man-
ual , error s in B and ~ may be discrete. The reconmanded maximum error
criterion for measurement of the feedback variables under the conditions of
the simulation is as follows:

= .5 deg ( .009 r i C )

= .1 deg/sec ( .002 rad/sec)

B = 4.0 feet ( 1 . 2 2 0  n)

B .5 feet/sec ( .150 rn/sect)

1. 
.5 deg ( .009 r i d )

= .1 deg/ see ( .00~ r a d / s e c )
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It should be realized that these results are for moderate seas (4 on

Beaufott Scale) and that the UNREP mathematical model has limitations .

Therefore , these results are provisional and may not hold for high seas.
However , the good performance of the automatic controller on each ship un-

der the conditions of the UNIREP simulation are demonstrated since , the con—

trollers do not appear to be sensitive to errors in sensor measurement .
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— DISCUSSION AND C0NCLUS i~~~N~

Phases I through III included the heginnlng development of a hybrid
computer underway replenishment maneuvering simulation f- - c tvo M ar i n e r
ships. Simulation of UNREP for two ships :i calm and regular seas using
both “manual ’ and automatic control were p - rt o r m € - d  in t h -  three phases.
This work revealed that the control variables required for disp lay i n~ Jude
heading angle , head ing ang le rate , longitudinal separation distance , lat—
eral separation distance , lateral separation distance r to , propeller
shaft revolutions , and rudder anNie. The relatively h i g h - f r e q n e n c y ,  first—
order , sway force (and vow moment)  s-ore determini—d not to he a c o n L r o l
problem under the conditions of the  si m u la t io n .

In the Phase IV work presented here , the emp hasis v-as placed on per-
forming a sensitivity analysis of the maneuvering cent c c l  variables during
UNREP simulations . Some approximate nonlinear sea-crate encitations act-
ing on the ships ’ hulls due to a specific irrt- clar sea were added to the
simulation model. Nonlinear sea state excitations were only considered in
this work. The Vcalterra Series formulation was used as the basis for t h e
mathematical model to generate the  s lowly v i r v i n g ,  second—order swa; fo rce
(and moment). The forces and moments were represented d u r i ng  UN REP simu-
la tions by time series. Newman ’ s approximation was us ed to estimate the

- - t r a n s f e r  f u n c t i o n s  associa ted  wi th  the  slowly v a r y i n g  sway for-:e and slowly
vary ing moment. The first—order sway force (and v ciw )  couid  be ~~- a c  rporated

in the UNREP mathematical model in ‘-iture work.

The approximate nonlinear sea—state excitations ac t in g en tbe ships ’
hulls together with an aur :m cttic controller or each ship were incorporated
into the UNREP simulation and used for control variable sensitivit y studies.
The automatic controllers were developed in earl ier work . TI~ sensitivi tY
anal ysis indicated that sensor noise and me-as recent errors c-f 3% t o  ~~~
in the control variables should be acceptable for a ship separation moni-
toring system under the con’litions of th t- s i n u l a : io n (4 a n d 5 on the Beau—
f o r t  Scal e, moderate sea states). The good s~~:p control performance of

- - au tomat ic  control during UNREP simulatic-ns were -)--mon- ~~rated. Thus, On t o—
matic control should be considered for c o l l i s i o n  av o i d a n c e  d u r i n g  U N R E P .

These resu l t s  may be o r ov i s i o na l , h owever , s i n c e  there a re  c ;-~~ o l im-
i t a t i o n s  in the  L ’NREP s i m u l a t i o n  math- :cr :at ic:. l mr-del . F i r s t , n on l i n e a r
terms con ta in ing  the nonlinear maneuvering uoef~~fcient- ; were  not used in
the maneuver ing equat ions  that form t i c  b a s i s  icr  the atherat ic al model
in the UNREP simulation . Second , tle~ data i~ ed f o r  e~~r i r c t . i r n n the trans-
fe r  funct ions  associatcd w i t h  the slowly varying se-a force (and yaw no —
inent) were limited in scope and a c c u r a cy .  A l s o , th~ va l i d i t y  of Ne--man ’s
approximation must  be determined . T hird . i t is assumed that the a u t o m a t i c
controller is generally not required to compe n: - c l t c  f - - c r  t h e  f i r ~- t — o r d e r  ir-
regular wave foree~: (and moments). This ansilmI t i o n , wh i c h  i s  g e n e r a l ly
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val id for  a single sh ip moving in a straight line , may not be entirely
valid for two interacting ships . More work is needed to determine the ef-
fects of the first—order sway force (and yaw moment) on the automatic con-
troller. Before firm conclusions can be made from the UNREP simulation

- results , the above points must be treated in detail. The results of the
- - - sensitivity studies should be useful , however , for engineering judgments

in designing a prototype sensing system for UNREP .

The UNREP simulation technique presen ted here can eas ily be adap ted
to conventional naval surface ships prov ided the appropria te hydrodynamic
characteristics are available.
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RECOMMENDATIONS FOR FUTURE WORK

The UNREP maneuvering simulation work conducted to -late has been
limited to the study of Mariner Class ships because sufficient hv~ ro—
dynamic interaction data cogether with hvdrodynamic niiIce uvering coefficients
for Naval Ships have generally not been available. Sim ilar simulation re-
sults , however , can be predicted for Naval ships where the response times to
changes in propeller shaft revolutions and in changes of rudder angle will
differ somewhat from the Mariner. The control variables necessary for ship
control during UNREP for Naval ships should be the same as those for the
Mariners , but the control—variable accuracies and noise limits should be
d ifferent.

Therefore , it is recommended that a fina l study be conducted to sirnu—
late Naval ships during UNREP . At the Massachusetts Institute of Technology ,
computerized analytical techniques for determining the interaction forces
and moments for surface ships due to close pr :-ximitv n -Inc cers such as UNREP29

have been developed and may be incorporated into this work. Hydrodvnamic
maneuvering coefficients for Navy ships are being det erm ined by model test-
ing experiments by the Ship Performanc e Department (i.e., the DO 963 Destroy-
er and A0 177 Class Auxiliary Oiler30). Nonli nea r m aneuver ing coefficients
will be incorporated into the UNREP mathematical model.

Unde~~ ay rep lenishment simulations with Naval ships should be per-
formed in irregular seas using “Quickened Manua l Control” and Actomatic

Control.” Comparisons of these different control methods for U N R E P  maneu—
• vering should be made. Studies of different tYpes of sensor systems , and

displays of measured control variables aboard l-laval ships should be made.
It is anticipated that some of these sensing systems w ill he available on
the latest Naval ships. From these studies , a pr- - ro~ ’-- -e sensing systt -n for
UNREP will be recommended for Naval ships . Sc-n trials data involving ma-
neuvering d u r i n g  U N R E I  u s ing  the  p r o t o t Y p e -  sensing svst cm shou ld P c  com-
pared with recordings from the t~NREP simulation to validate the NNdLl c -n—
purer simulation.

I ,

(
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APPENDIX A

SHIP HYDRODYNANIC INTERACTION CURVES AND
MANEUVERING HYDRODYNANIC COEFFICIENTS

REFERENCES

(a) Caivano , C.N., “An Investigation of the Stability of a System of
Two Ships Employing Automatic Control While on Parallel Courses
in Close Proximity ,” M.S. Thesis, Dept. of Naval Architecture and
Marine Engineering , MIT , May 1970 .

f .  (b) Proceedings of Twelfth International Towing Tank Conference , Rome ,
Sept 1969 .

(c) Alvestad , R. and Brown, S.H., “Hybrid Computer Simulation of
Maneuvering Dur ing tjndetway Replenishment in Calm and Regular Seas ,”
Vol 22 , No.  250 , June 1975.

Appendix A presents the hydrodynamic interaction data and maneuvering
coef f i c i en t s  incorporated in the UNREP maneuvering equations (equations (1)
in text of report),

INTERACTION CURVES

The s t eady—sta t e  interact ion L’Irves ( re fe rence  ( a ) )  used in th is
study are for two Mariner ships traveiJng at 15 knots at different paral—
id posi t ions (see f igures  1—A and 2—A) . The for c e s  a c t i n g  on the  leading

3 ship (ship L)* due to the interaction effects of the tracking ship (ship
T)** are separated into a lateral force component Y (A,B) act ing through
the ship ’s center of gravity and a moment N(A,B) about the center of gra—
vity in the horizontal plane . Figures 1—A and 2—A show the Y and N forces .
When app lying these curves to the tracking shi p, t h e  i n t e r - c c t  ion f o r c e
Y(A ,B) and moment N(A ,B) must be changed tO -Y(—A ,B) and —N(-A ,B), re-
spectively. In each figure , the curves for  B = 50 f e e t  and B = 100 f e e t
are determined from experimental data , and the c ur v e s  i t - t - ~een B = 50 feet
and B 100 fee t are de termined by interpolation (reference (a)). These
data were also extrapolated to B = 150 feet (reference (c)). The inter-
ac tion da ta are r epres ented by nonl inear f unc t ions wh ich a re mad e p iece-
wise linear and stored on the digital computer .  These data r e p r e s en t a t i o n s
consist of a first—order approximation at intervals of 50 feet in the

*L = Leading ship
**T = Tracking ship
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longitudinal direction and 10 feet in the lateral direction . A and B are
con tinually read by the digital cotrputer as input data to a two—dimensional
interpolation routine which calculates the interaction forces acting on the
ship. These forces are then scaled and transmitted to the analog computer ,
at which time the digital computer reads new values of A and B and repeats
the cycle.

MANEUVERING COEFFICIENT S

The UNREP maneuvering s imulat ion requires realistic values for the
open water hydrodynam ic coeff icients for  the Mariner study sh ips (see Table
1—A) . Most of these coefficients (except for X~ , Y , and N~ f rom Calvano ’s
work (reference (a)) are derived from the averages 8f hydrodynamic coef-
ficients measured at 14 to 15 knots where the derivatives were determined
f rom “captive—model” tests (reference (b)), (the ship model is constrained
by a towing carriage). The forces and moments are measured , and the hydro—
dynamic coefficients required for the equation of motion determined. A
series of tests are carried out , i.e., straight—line yawed flight , rotat-
ing—arm , and planar—motion mechanism (oscillation) tests.

The non—dimensional variables are defined in Table 2—A. The hydro—
dynamic coefficients (Table 1—A) are used for both study ships in the four
phases of this work.
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TABLE 1—A

NONDIMENSIONAL }IYDRODYNANIC COEFFICIENT NUMERICAL
VALUES SUBSTITUTED IN EQUATION (1), (TEXT OF REPORT)

Nond imensional Nondimension al
Coefficient Form Value x lO~

(X. — rn)/½ pL3 —850:00

X / ½  pL
2
U
1 

—120.00

~~~~ 
p L2U 1 

-1243.00

(Y. - m) /½ pL
3 

1500.OO

- m)/ ½ pL3u
1 

-510.00

(Y. — m x G )/½ ~L4 — 2 7 . 0 0

Y
~~~ /½ pL2u1

2 270.00

N / ½  pL
3
u
1 

351.00

N ./½ pL
4 —20.00

(N r 
- m x G)/½ pL4u1 

-227.00

(N . — I ) / ½ pL 5 
—68.00

~~i’~ ~i~
3u1

2 -~~2 6 . o~

x/ ½ pL 3
U
1 

4 . 6 2

Y /½ pL
3
u —0 .52

n 1

N / ½  pL
4
u1 

0.26

Note : X
G 0 , 

~~
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TABLE 2-A

NOND IMENSIONAL VARIABLES USED IN
EQUATION (1), (TEXT OF REPORT)

Nondimensional
Symbol Form Definition

u
1 

U ’

1 

= 1 Initial velocity of origin of
body axes relative to fluid .

v v ’ = —~~~ Transverse velocity component
1 of origin of ship axes rela-

tive to fluid.

.,v v = —
~~

- Transverse acceleration corn—
u
1 

ponent of ship axes relative
to fluid.

XX X = 2 2 Hy drod ynami c longitudinal
½ p L u

1 force (positive direction
forward).

= 2 2 Hy drodynamic la teral force
½ p L u

1 
(positive direction to star-
board).

n n ’ = fl— Shaft revolutions per minute
1 of propeller .

r L
r r = Yawing angular velocity

1 component.
. 2., r L  . .r r = —

~~
-— Yawing angular acceleration

U
1 

component.
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APPENDIX B

APPROXIMATE TRANSFER FUNCTIONS

REFERENCES

(a) Chey , Y . ,  “Experimental Determination of Wave—Excited Forces and
Moments Acting on a Ship Model Running in Obli que Regular Waves ,”
Davidson Laboratory , Rept 1046 , Stevens Ins t i t u t e  of Technology ,
New Jer sey, October 1964.

(b) Salvesen, N. “Second—Order ” Steady—S tate Forces and Moments on Surface
Sh ips in Oblique Regular Waves ,” publ ished in “The Dynamics of Marine
Vehicles and Structures in Waves, edited by R.E.D. Bishop and W.G.
Price , published for the Institution of Mechanical Engineers by
Mechanical Engineering Pub lications Limited , London , April 1974.

In th is appendix , Chey ’s data which was used for the transfer functions
associated with the slowly varying ,  second—order sway for ce and slowly
vary ing,  second—order yaw moment are plotted . Curves of the mean sway
force divided by ½ pgLh2 and mean yaw momen t divided by ½ p gL2h2 versus
regular wave encounter frequency are presented in figures 1—B and 2—B.
The symbols are defined on figures . These curves were used for determi-
ning the transfer functions associated with the slowly varying , sway
force (and yaw moment).

The approximate rransfer function associated with the nonlinear sway
f orce is ob tai ned by p lotting the mean sway force for a ship model at a
par ticular speed in a spec if ied obl ique regular wave divided by the wave
amplitude squared versus wave encounter frequency . The approximate trans-
fer function associated with the nonlinear yaw moment is obtained by plot— —

ting the mean yaw moment for a ship model at a par ticular speed in a
specified oblique regular wave divided by the wave amplitude squared
versus wave encounter frequency .

DISCUSSION OF CHEY ’s EXPERIMENTAL DATA

These data were obtained from a Stevens Institute of Technology tech-
nical report by Chey (reference (a)). This report presents experimental
measurements of the forces and moments acting on a restrained Series 60
(Cb 0.60) ship model (propeller without a driving motor ; it was free to
rotate , so as not to produce any lateral force or moment contribution)
proceeding in oblique regular waves . Sway fo r c e, yaw moment , heave fo rce ,
and pitch moment were measured for different combinations of speed , wave—
leng th , and sh ip— to—wave heading . The Froudt- numbers had a range from
0.1 to 0.3 , and wavelengths ranged from one—half to two model lengths .
Wave heigh t was 1/48 of the model length throughout these model test experi—
ments . The model particulars are presented in Table 1—B.
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TABLE 1-B
SERIES 60 MODEL PARTICULARS

Length between perpendiculars 5.000 ft 1.52 m

-. Beam 0 .6 67 f t .20 m

Draf t (even keel) 0.267 ft .08 m

Fresh—water disp lacement 33.270 lb 147.99 Newton

Block coefficient 0.600 0.60

i
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The mean sway force and yaw moment in bow and beam regular w~jves were
presented as functions of Froude number in figures 16 and 19 of Chey ’s
repor t. The means of the nondimensional sway force and nondimensional yaw
moment data for the Series 60 model at a speed of 15.4 knots in oblique
regular waves (see figure 3—B , x = 1500 for orientation of ship and wave)
were obtained from Chey ’s report and plotted here as functions of encounter
frequency (see figures 1—B and 2—B , respectively). Four encounter frequen-
cies were available (ue = .573 , .685 , .889 , 1.417) corresponding to wave-
length to ship length ratio of (X/L — 2 .0 , 1.5 , 1.0 , and 0.5). Both the
means of the sway force and yaw moment curves were extrapolated to zero
f r equency,  and both curves were terminated at encounter frequency of 

~~~~ 

=

• 1.417.

Salvesen has calculated the dr if t f orce f or a ~ariner hull at 15 knots
with a ship— to—wave angle of 150 degrees. Salvensen ’s calculation uses
comp lex potential flow type computer calculations where the model was
unrestrained except for surge . Salveson ’s results show that the peak of
the drift force occurs at X/L = 1.0. Chey ’s data does not show this trend .
The d i f f e r e nce , however , may be related to the fact that Chey ’s model tes t
data is for a restrained model and the data is limited (4 points). The
data used for estimating the transfer function should have been partia lly
restrained model test data. These data , to the knowled ge of the auth rs ,
were not available. Also at this time, it is believed that no general
conclusions can be made to the accuracy of Salv esen ’s theory or the experi—

• mental data used here.

Thus the preliminary work on the estimated transfer function should be
cons idered provisional and the limitations of the data should be considered
when evaluating the work. More accurate mean sway and mean yaw data will
be necessary for evaluating the accuracy of Newman ’s approximation.
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DIRECTION OF WAVE TRAVEL

~OG

V0 NODE LINE WAVE TROUGH NODE LINE WAVE CREST NODE LINE

NOTE: 150 deg = 2.618 rad. 15.464 kt = 26.01 ft/sec = 793 rn/sec

Figure 3—B
Orientation of Space Axis (x0 ,y0) and Moving Axis in Ship (x,y)  f or Ser ies 60

Model in Oblique r egular Waves
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