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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 brpakgway phases of standard Navy
UNREP operations. Previous work showed that {he control variables required
for display included heading angle, heading anjle 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 should 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
hydrodynamic 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 extensively by
the Navy. Since fuel and/or cargo must be transferred, a suitable 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 Center and the
Fleet Material Support office. The data from these reports were analyzed
to determine the principal causes of collisions, cost 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 that the monetary cost of ship
repairs and the operational time lost by ships during repair warranted
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 affecting 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 developing
and exercising a hybrid computer simulation. Two identical Mariner class
merchant ships were used in the study because of insufficient hydrodyna-
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-III of the simulation study included the beginning devel-
opment of a hybrid computer underway replenishment maneuvering simulation
for two Mariner type ships. Simulation of UNREP in calm and regular seas
where both rudder and propeller revolutions were "manually" contrcolled on

! each ship was performed in Phases I and II. In Phase III, an automatic
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 determined to be heading
angle, heading angle rate, longitudinal and lateral separation distance,
lateral separation rate, propeller shaft revolutions, and rudder angle.
The relatively high-frequency linear, first-order sway foice (and yaw
moment) were determined not to be a control problem under the conditions
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: & 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
i judgments in designing a sensor system for maneuvering control during
UNREP.

RECOMMENDATIONS FOR FUTURE WORK

It is recommended that this investigation be continued to simulate
Naval ships during UNREP. At the Massachusetts Institute of Technology,
computerized analytical techniques for determining the interaction forces
i and moments for surface ships due to close proximity maneuvers such as
: UNREP have been developed and will be incorporated into this work. Hydro-
dynamic maneuvering coefficients for Navy ships (i.e., the DD 963
Destroyer and AO 177 Class Auxiliary Oiler) have been determined by model
i testing experiments by the Ship Performance Department.

¢ Underway replenishment simulation with Naval ships should be per-

| formed with "Quickened Manual Control'" and "Automatic Control." Compari-
; 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
i Naval ships. From these studies, a prototype sensing system for UNREP
should be recommended for Naval Ships.
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NOMENCLATURE

Longitudinal separation distance measured between centers
of mass of the two ships

Lateral separation distance between the two ships (side-to-
side distance)

Gain constant in integral feedback loop

Term n in functional series

Gravitational constant

First-order (linear) transfer function
Second-order transfer function

Wave height (crest to trough) for regular wave
nth-order impulse response function

Imaginary part

Moment of inertia about z axis

Kernal of integral equation

Feedback gain vector for leading ship

Feedback gain vector for tracking ship

Ship length between perpendiculars (LBP)

Mass of ship

Initial propeller r/min (ahead straight-line motion)

n - n, (n - propeller r/min)

1
Yawing moment about z axis

Angular velocity of yaw (r = ¢)

Real part

Cross-covariance function for processes X and Y

Physically realizable cross-bi-spectral density function

Pierson-Moskowitz Spectrum
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NOMENCLATURE (Continued)

Time and time interval, respectively
Velocity components of the origin of the body axes, (longi-
tudinal and transverse components, respectively, correspond-

ing to surge and sway velocity components)

Initial equilibrium velocity component (ahead straight-~line
motion at constant speed with rudder at amidships

u—ul

Acceleration components of the origin of the body axes,
(longitudinal and transverse components, respectively

Velocity vector of the origin of the body axes
Coordinate axes fixed in ship. Origin of axes system need

not be at the center of gravity of the ship (positive direc-
tion forward, starboard, and downward, respectively)

Coordinate system fixed with respect to the surface of the
earth

Coordinates of the center of mass of the ship relative to the
coordinate system fixed with respect to the surface of the
earth

Free-surface elevation

Hydrodynamic force components on ship body (longitudinal and
lateral components, respectively)

Wave amplitude for regular wave
Angular displacement of the rudder
Random phase angle

Wave length of regular wave

Water mass density

Phase of first~order system

Phase of second~order system
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NOMENCLATURE (Continued)

Angle of yaw
Ship-to-wave heading angle

radian frequency
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INTRODUCTION
GENERAL DISCUSSION OF UNDERWAY REPLENISHMENT

Replenishment operations are conducted at sea by the Navy to transfer
cargo or fuel between ships. This extends the operational time of ships
at sea. During replenishment, a suitable physical connection must 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 ccnnection, there is danger of collision. The tracking
ship usually has the task of avoiding collision while maintaining station
relative to the leadinz ship which attempts to maintain steady course and
speed.

During Underway Replenishment (UNREP) operations, the conning officer
on the tracking ship monitors both relative speed and separation distance
between the ships. A marked distance line is used to measure the distance
between the two ships. One end of this line is attached to the leading
ship, while 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.l—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 data were analyzed to determine the principal causes of the collisions,
dollar cost 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 officer and/or helmsmen.

In addition, 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 officer needs to
know hull~to-hull distance between ships, whether the ships are opening or
closing, the ordered course and rpm, and the rudder angle the helmsman is
carrying to maintain course. The conning officer gets this information
from the seaman's eye, the distance line, and the rudder-angle 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




P

Cunt s o

e Ty

P R CIE

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
control 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
reduce the collision hazard, increase the efficiency, and extend the range
of operating conditions under which UNREP can be performed.

Phases I through IITI 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
where both the rudder angle and propeller shaft revolutions were '"manually"
controiled on each ship.6-8 Finally, an automatic controller on each
ship was incorporated into the simulation.?

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 propeller shaft
revolutions and changes in rudder angle will differ somewhat from 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 "operators' 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 indication of the performance of the controller on each ship when
subjected to nonlinear sea state excitations. The irregular sea state is
defined 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




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 UNREP simulation because
they have insignificant effects on lateral separation distance 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.!©' 11 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
s 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 work®+° they
were determined not to be a control problem for either '"manual' or automatic |
control under the conditions of the simulation. However, in future work,
these terms can easily be incorporated into the UNREP 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. !l Thus, the approximate nonlinear transfer function associated with
the slowly varying, second-order sway force (or yaw moment) was obtained
by plotting 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 obtained from model testing at the Stevens
| Institute of Technology by Chey on a restrained Series 60 model in
oblique regular waves.

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 demonstrated good performance
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 highly
‘ 3 accurate, but only as an engineering approximation to give an in'ica_icw
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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, funding limitations
and time did not allow a detailed analysis to be performed to determine
which nonlinear hydrodynamic maneuvering coefficients are of importance
under the simulation conditions presented here. In future UNREP simula-
tion studies using Navy ships, however, it is plam(les to incorporate
important nonlinear hydrodynamic 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, slowly 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.

Despite the obvious limitations of the mathematical model in the
UNREP simulation, the results presented here should be useful for engi-
neering judgments in designing a prototype sensor system for maneuvering
control during UNREP.
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UNREP SIMULATION IN IRREGULAR SEAS

The fourth phase of the 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 UNREP simulation is capable of
controlling either the leading or tracking ship's rudder and propeller
shaft 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 interaction forces
and moments and the nonlinear effects of the oblique irregular unidirectional
sea (4 on Beaufort scale) are added to the model as additional forces and
moments. The nonlinear equations for the leading ship are presented below
( ' represents the non-dimensional value):
Surge Equation

(X'e = m') 0" + X' Au' = -X' An' (1.1)

Sway Equation

(Y'e =m") v' +Y'v' + (Y'; - w'x'p) ' (1.2)
+ (X' -m'u'y) ' = -Y'8 - Y' A - Y'(A, B) - Y'g(X)

Yaw Equation

(N“., - mlx|G) ",V + vav' + (N'i- = I;) i.' (1.3)
+ (V' - m'x'gu') r' o= -N',6 - N! an' - N'(A, B) - N'g(x)
where:

Y'(A, B) = nondimensional hydrodynamic interaction force caused by
tracking ship on the leading ship

N'(A, B) = nondimensional hydrodynamic interaction mcment carse. by
tracking ship on the leading ship
77-0003 -
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LEADING SHIP

SHIP L

- e, M

TRACKING SHIP

SHIPT

Yoy

e il i S SN

x
® (xq, yo) REPRESENTS SPACE AXIS *
® (x, y) REPRESENTS MOVING AXIS FIXED IN SHIP N
: ® MOMENTS AND ANGULAR DISPLACEMENTS ARE T
3 POSITIVE IN THE CLOCKWISE DIRECTION
® FORCES, DISPLACEMENTS, AND VELOCITY

COMPONENTS ARE POSITIVE ALONG THE

FORWARD DIRECTIONS OF THE ARROWS

ALONG THE AXIS (x, y) FIXED IN SHIP

cah x

L

7 NOTE: The tracking ship is nearly abeam of the leading ship,
i and both ship’s speeds are approximately 15 knots.

-

Figure 1
1 Orientation of the Leading and Tracking Ships During UNREP
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Y'S(x) = nondimensional slowly varying, second-order sway force
due to sea state (ship-to-wave angle x = 150° (2.618 rad),
(see figure 2)

N'g(x) = nondimensional slowly varying, second-order yaw moment
due to sea state (ship-to-wave angle y = 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 between two ships centers of mass. Since the study ships are iden-
tical, the interaction force Y'(A, B), and moment N'(A, B) are changed to
-Y'(-A,B) and =N'(-A, B) when applied to the tracking ship's maneuvering
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 control 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 UNREP simulations in oblique irregular
waves, the ship-~to-wave angle for both ships changes insignificantly. If
higher 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.

® Yg(x) and Ng(x) are assumed independent of v, vV, 4, | and U since
these variables are kept small by the automatic controller under the con-
ditions of the simulation.

® The effects of oblique irregular sea on the propeller (propeller
loading) and power plant, which affect the ship's longitudinal control
during maneuvering, are small. The reliability of X, Y, and N, obtained
from calculations by Calvano!3 in open seas are uncertain under the con-
ditions of the simulation. X 6 was determined by using the effective horse-
power versus propeller revolutions per minute data for a Mariner at speeds
of approximately 15 knots. Y, 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 Y5 and assuming the force exerted by
the propeller can be expected to vary as the propeller speed squared Yn
was calculated. The value of N, was similarly obtained.

One should bear in mind, however, that the propeller performance in

a calm-water condition and in a sea-state can be considerably iiferen
Since there is no information available to the authors to julc tioe <o i~
tivity of these terms with respect to the UNREP simulatica, ci elacdv

importance of these terms to the other coefficients in the equation o
motion cannot be determined.
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| X,
DIRECTION OF
IRREGULAR
i _ WAVE
! Yo (4 BEAUFORT)
f SCALE
) u=15 KNOTS
:‘ Y(x =150°) ) N(x = 150°)
* l
‘ ‘_’/ L 1500
i
{ Vov Yy
i
3 NOTE: x = Ship-to-Wave-Heading Angle
;
§
t
i
i
Figure 2

Orientation of Mariner Study Ship and Irregular Sea
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e 1t 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 about the same size and the gaps between
the two hulls are not so large compared to the average wave length.

® [t is assumed 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
traveling on a straight line course. However, for the UNREP maneuvering
operation where there are two interacting ships, the assumption of no
automatic control may not be entirely realistic. This assumption may be
justified to some extent because in the Phase 118 and 1119 work, it was
shown that the first-order sway force (and yaw moment) did not cause a
control problem for either "manual" or automatic control. Also, the primary
objective of the work presented here was to study the nonlinear sea
excitations on the ship's hull on the automatic controller on each ship
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.

After adding the hydrodynamic interaction forces and interaction
moments Y (A, B) and N(A, B) to the linear maneuvering equations for each
ship, 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 additive in the nonlinear equations of motion, their responses are
approximately 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
probably 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'" effects (levlv|v|)
cannot be completely dropped from the maneuvering equations for each ship.
When this simulation technique is used to simulate 'real' Navy ships, 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 the
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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 UNREP. 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 hydrodynamic
coefficients in equation (1) are also presented in Appendix A. Most of these
coefficients (except for X , Y_, and N, from Calvano's workl!3) 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.l% The basic
Mariner study ship's characteristics are presented in Table 1. A detailed
description of the mathematical model ard ccmputer simulation of two Mariner
ships maneuvering during underway replenishment in calm seas, which forms a
basis for the current 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 separation distance, respectively. 1In each of these figures, the
curves for B = 50 ft (15.24 m) and B = 100 ft (30.48 m) were determined
from model testing by Calvanol!23, and the curves B = 110 ft (33.53 m) through
B = 150 ft (45.72 m) were determined by extrapolation by the authors. The
effects of the yawing of either ship on the interaction forces and moments
are neglected in the simulation because the interaction curves are measured
for parallel paths for the two ships. Since transients are relatively small
in this UNREP simulation, the steady state and transient interaction forces
and moments are assumed to be approximately equal.

TABLE 1
CHARACTERISTICS OF MARINER-TYPE
STUDY SHIP

Length 527 .8 7 v - 160.9 m

Beam 76 .0 £t 232, m

Draft 29705 £t 9.07 m

Displacement 16,800 tons 16.9 X 106 kg

Block Coefficient, Cj 06 0.6 i

The ship's coordinates are assumed to be at the ship's
center of gravity (i.e., xg, yg ~ 0).

77-0003 10




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 § the actual rudder angle. The rate of change of the rudder angle was
assumed to be directly proportional to the negative of the error signal
{(§ = -KSe). The rate constant K was set equal to 0.50 (ggg) and the minimum
error signal was 7 degrees (.122 rads). Figure 4 shows the response of
the rudder to step inputs of the helm angle. A dead-band (#0.5 degrees)
was not 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 (x,, ¥o),
(see equation (2) and figure 1). This mathematical transformation was
performed since the information of primary interest in an UNREP simulation
is related to the space coordinates (i.e., longitudinal and lateral separa-
tion distances and yaw angle). In the work presented here, the space coor-
dinate system is given an initial velocity of 15 knots, equal to the
| equilibrium velocity. Therefore, changes in the transverse and/or longitudinal
* position coordinates with respect to the space coordinates system (x,, ¥,)
are due to perturbations above or below the ship equilibrium velocity.

The mathematical transformation from ship to space coordinates is
representated by

ucos ) - v sin ¥ (2)

77-0003 11
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RUDDER ANGLE COMMAND (6*)
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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 series were used
for generating the sway force and yaw moment time series acting on the ship
hull in irregular waves, and have their engineering origins in the field of
electrical engineering communication theory. The fundamental ideas used
here were first expressed by Wiener!S over thirty years ago. This work was
applied much later to ship hydrodynamics by such authors as Vassilopulosl6,
Tickl!7, and Hasselmann.

The subsequent discussion of the theory of the Volterra series!“to
second order follows a brief presentation by Neall© The Volterra series
represents 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 varying, 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 application involves the hypothesis that the sway force
and yaw moment acting on a ship hull in oblique irregular 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) = Z F(M (¢, x) (3)
=)

where:

p(0) (t, x) = hy (a constant)

and FM) (¢, x) = /°'° / Bey (51s *0%5 Tg) Blt=%y) **°

X(t=t,) dry o= dTn’ n> o
hn (Tl, -'°,Tn) = kernel function (for analytic purposes, symmetric
kernels may be assumed without loss of generality).
X(t) = excitation which may be deterministic or stochastic.
In application to physical problems the series is truncated after n

terms to yield a functional polynominial. The response, Y(t) for a finite
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 series
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 limit our analysis of the sway force and yaw
moment to include excitation effects only through second order (n = 2) where
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 amplitude squared

d (system is assumed time invariant).

‘e

v(r) = YO (e) + YW (e) + Y@ (p) (4)

ho +/ by (€ = £3) X(ty) deg + *=»

+ f / hy (t - t1, t = ty) X(t1) X(tp) dty dty

E | hy + / hy (1) X(t-1) dt

J/- J/~ hy (t1, 72) X(t-71) X(t-15) dty d1y

I

+

{ Tick! 7 has called equation (4) a time-invariant quadratic system, since it
inciudes both a first-order and second-order term.

For the sway force and yaw moment, h, in the truncated series (equation

4 (4)) was set equal to zero. The first-order term Y(l)(t), is the familiar
convolution integral for linear, time-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
ship hull generally contain many high-frequency as well as low-frequency
components, and are zero-mean process. These terms were not considered in

: this work because they were studied earlier 8+9 and determined not to cause
a significant control problem under the conditions of the simulation. The
primary objective of this phase of the work was to study the effects of the
i slowly varying, nonlinear sea-state excitations acting on the ship's huil

on the automatic controller performance of each ship. In Phase II '"manual
control" in different first-order regular seas8 was considered, and in Pha-e
[119 preliminary work using automatic control with first-order, linear irregular
sea effects (sway force and yaw moment) were considered. In either case
under the conditions of the simulation, the first-order sea state effect

P
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did not produce a significant control problem. The statement does not
apply to low-frequency, high-amplitude 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(z)(t) with the second-order impulse response,
h, (t;, 1,), is the basic mathematical term that will be used to study the
second-order 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 varying, second-order component. The rapidly varying 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 (D. C. offset) non-zero mean, which cause the ship's large
surface excursions, that must be controlled by the rudder.

SLOWLY VARYING, SECOND-ORDER WAVE EXCITATIONS

The Gaussian stochastic integral representationlo will be used to
represent the irregular sea.

w0

X(t) = / cos (wt - e(w) V ZSx(w)dm (5)
o

= limz:cos [wnt - e(mn)] [ZSx(mn) 6w]1/2

w

Sw * o

L
where the radial [ZSx(m) 6w] * represents the amplitude of each harmonic
wave in the sum.

Where:

w radian frequency

one-sided wave energy spectrum for irregular sea state
(Pierson-Moskowitz wave energy spectrum)

S (w)
X

€ (w) = uniformly distributed random phase angles from 0 to 2w,

Substituting X(t), equation (5), into the second-order term Y(z)(t)
(equation (4)), results in the following expression:
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(2)

X (t) = RAPIDLY VARYING, SECOND-ORDER TERM
i
SLOWLY VARYING, SECOND-ORDER TERM (6)
Y(Z)(t) = cos [(w; + w,)t =(e(w;) + e(w,)) + ¢(w,,w,)
1 2 1 R 122
(o] 0

2
X IH(wl, mz)l Sx(w])Sx(wz)dwl dw,

/ f cos [(wl - wz)t - (e(wl) - c(wz)) + ¢(wl, - wz)]
oo 3

X lH(wl, - m2)| Sx(wl) Sx(mz) dwl dw

+

2

where H(wl, wz) is called the second-order transfer function and is defined

as
o = [0 R T ]
H(w) s w,) -/ / h(ty, Ty)e [1 2 | P €))

I

The transfer function can be written in terms of the amplitude and phase
components as
ig(wys wy)

H(w,w,) = |H(wl, wy)| e (8)

For details of the derivation, see Neal 10.

The first term in equation (6) can be used to represent the contri-
bution 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 investigations,
we shall call the first term the rapidly varying, second-order term and
the second term the slowly varying, second-order term.

In summary, the slowly varying, second-order term in equation (6) will
be used to generate both the slowly varying, second-order sway force and the
slowly varying, second-order yaw moment for the UNREP simulation. The input

required for producing the slowly varying excitations on the ship hull is as
follows:

e The sea state wave energy spectrum Sx(m), (Pierson-Moskowitz).

® The transfer functions associated with the slowly varying, second-
order sway force (and yaw moment).
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Since the information for the transfer function is generally not
available, the estimation of the transfer functions will be considered
next.,

ESTIMATION OF THE TRANSFER FUNCTIONS

Little knowledge of the '"second-order transfer function" is available
for hydrodynamic systems in waves. 1In 1970, Lee?3 calculated the second-
order transfer function for forced oscillations of two-dimensional cylin-
ders floating on the free surface. A general practical 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(ml, wz) for ship problems
has been discussed by Tick!” and Hasselmannl!®., Tick's expression for the
transfer function is obtained in terms of physically realizable spectra as
(see NeallO for a detailed discussion of the derivation):

Sxxx(ul’ w2)

H(w,, w,) = ; 9
1 2 ZSx(wl)Sx(mz)

where:

physically realizable cross~bi-spectral density function

Sxxy(wl’ wz)

1]

and Sx(w) one-sided spectral density function v
The transfer function must be symmetric and thus satisfy the relationship:

H(wl, wz) = H(wz, wl). (10)

Therefore, the cross~bi-spectrum analytic technique cannot be used directly
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
Ryxy(T15 Tp) must be determined!®, and complex mathematical manipulation
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 synthesis, however, deals with the slowly varying nature of the
important nonlinear forces (or moments) which can be estimated by an
approximate method developed by Newmanll. This method disregards the
rapidly varying, second-order forces (and moments) which are not considered
to be important in the maneuvering UNREP problem being studied here.

18
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Newman11 approximates the slowly varying transfer function H(wIl -wep),

(which is real for symmetric transfer functions) by approximating the’

function in the bi-frequency plane by its diagonal value H(w, -wp). These
2 diagonal values must be obtained by model testing involving monochromatic
(regular) waves or theoretical calculations involving complex hydrodynamic
potential calculations. Since these data are sometimes found in the litera-
4 ture, model experiments can sometimes be avoided. In general, however, the
error resulting from this approximation cannot rigorously be determined.
Therefore, for practical engineering purposes, as in the work here, this
approximation offers the only possibility for analysis of the slowly varying
forces (or moments). For a detailed discussion of this approximation, the }
reader should consult Newman's paper where he considers the discrete analog
of equation (6).

VA - gl

In the work performed here, the transfer functions associated with the
slowly varying sway force and the slowly varying yaw moment were esti-
mated by Newman's approximation. Thus, a 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 frequency were used for the estimated sway (or yaw)
transfer function. These curves were determined from model test data taken
by Cheyl2 at the Stevens Institute of Technology for a Series 60 (Cb = 0.60)
restrained ship model proceeding at 15 knots into oblique regular waves
(ship-to-wave angle x = 150° (2.168 rad), see figure 2) at different regular
! wave encounter frequencies w,. The Series 60 model is very similar to the
Mariner Study Ship used in the UNREP simulation. See Appendix B for model
particulars, model test information, curves, and detailed discussion of the

limitations of the data for this work.

S

The experimental results from a restrained ship model were used
because it was the only experimental data available to the authors at the
time of the work. Lalangas®* reports that for a ship in beam seas at zero
speed, the drift force on a model which is free to move is different from
| the drift force on a restrained hull. Discussions of the drift force and
e moment on a ship in waves can be found in other references.25,26 Thus, it
i appears that it would be more realistic for this work to have data from
partially restrained model testing. There is a definite need for more
5 realistic sway and yaw data so that better transfer functions can be esti-
mated for simulation purposes. With more realistic transfer functions, the ﬂ
validity of the Newman approximation could be determined with greater
accuracy. Chey's data were also rather limited as to the number of avail-
able experimental points for plotting the estimated transfer functions.

RIS

e

TR Bt

The limitations in the transfer functions used in this work, however,
¢ probably do not have a large effect on the performance of the automatic
controller during the simulation which is of primary concern in this work.
Simulation results discussed later show that the controller is relative!l
insensitive (number of orders of magnitude) to large changes in the slowi
varying sway force (and yaw moment) excitations. This point will be dis-
cussed in some detail later in the report.

———
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SWAY FORCE AND YAW MOMENT TIME SERTIES

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-oraer sway force and the
slowly varying, second-order yaw moment acting on the Mariner Study Ship
proceeding at 15 knots into oblique irregular waves (y = 150° (2.618 rad))

Y§2)(t) i[ f cos [(lul = wz)t - (E(ml) - t;(u)z))'{- ¢(w1, - wz)]
(0] (o}

where H (w,, - w,) is assumed to approximately equal H(wl, - w,) which is
Newman's approximation. In the computer calculation Wy and w, are the
encounter frequencies.

The computer input required to generate the time series consists of a
wave energy spectrum S_(w), and the approximation to the transfer function
associated with 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 (approximately 4-feet signifi-
cant wave height). The wave height time series that corresponds to the
Pierson-Moskowitz wave energy spectrum?7,28 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 force and yaw moment
excitation are reported.

The digital computer generated slowly varying, hydrodynamic sway force
versus time, and the slowly varying hydrodynamic yaw moment versus time
acting on the Mariner Study Ship at 15 knots in a 30° (.524 rad) bow
irregular sea (approximate significant wave height of 4 feet) are presented
in figures 6 and 7, respectivelv. Both time series were recorded on com-
puter cards at a sampling rate of 0.5 sec for UNREP hybrid computer simu-
lations.

The objective here was to use Newman's approximation to estimate the
slowly varying, second-order sway force (or moment excitations) for any
given time history of the wave elevation. The conditional results show
that the simulated sway force and yaw moment time series (fisures 6 and 7)
appear ¢enerally to have the correct statistics. Both have a D.C. offsct
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and the frequency is lower than the frequency of the wave height time
series (figure 5). There are no experimental data available, or known to
the authors, with which to compare these results. However, the provisional
simulated results seem to indicate that there is some validity in Newman's
approximation for estimating the transfer functions.
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THE AUTOMATIC CONTROLLER

The automatic feedback control algorithms required for this phase of
the project were primarily developed in the Phase III work (see Alvestadg).
During UNREP maneuvers at sea, the leading ship is charged with maintaining
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):

s - _SET RANDOM MEASUREMENT
o~ POINT SEA ERROR
| e
0" RUDDER 5 SHIP z
DYNAMICS [ | DYNAMICS —»| SENSORS

ar (ﬂBdt

DIGITAL CONTROLLER :
8 =Kz 2 =z + ERROR

=)

Figure 8
Automatic Control Configuration
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The main control law for the digital automatic controller is as

follows:
§* =8 + AS
. (12)
AS = K Ay + Koy + K3AB + KB + a, / ABdt
where:
60 = nominal rudder angle
AS = rudder perturbations about 60 (output from digital
controller)
Ki = feedback gain constants ( i = 1, 2, 3, 4)
aT = gain constant in integral feedback loop
Ay = = wo
Ap = b - wo =y, since wo =0
AB = B-B
)
| AB = B - B, since B = o0
[} o o
The subscript O represents the nominal value of the variable.
Integral control was added to the tracking ship to improve the
i control characteristics, but was not needed for the leading ship. The
i gains K; and K, are as follows:
i - s
i
' Ky = 20.0 40.0 0.0 0.0] ; ap = 0.0
== . (13)
; L = L0080 35600 056 3.0] 3 a, = 0.03
£ and 2 - Ay
: ¥
5 AB
: B

where L and T represent leading and tracking ship, respectively. It must
be kept in mind that all motion variables are actually perturbation vari-
ables about the nominal condition. Thus, AB represents the actual dis-
tance minus the desired distance.

e— P
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For passing maneuvers, the tracking ship feedback vector was changed
to

B s [zo.o 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 IIT UNREP report”.
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SIMULATION RESULTS

The simulation results for the irregular sea condition are shown
in figures 9 through 16 where both ships' speeds are approximately 15
knots. The interaction data limits the range in side-to-side separation
distance from 50 (15.24 m) to 150 (45.72 m) feet. Allowable rudder com-
mands are limited to 20 degrees. Each of the two ships has a separate
automatic controller. On the leading ship, the controller maintains a
constant heading, while on the tracking ship the controller's function is
to maintain the lateral separation distance at the desired value (100 feet).
The controllers are not directly coupled. The maneuvers simulated include
station keeping, lateral station changing, and the approach and breakaway
of the tracking ship. In all subsequent figures, the subscripts L and T
denote the leading and tracking ships, respectively.

Figures 9 through 11 show station keeping at a longitudinal separa-
tion distance A of A = 0, +550 (+167.64 m) and -550 (-167.64 m) feet,
respectively. The slowly varying sway force Yg (x) and slowly varying
yaw moment Ng (%) induced by the irregular sea on the ship huli are
stored on the digital portion of the hybrid simulation as 20-minute time
series which are inputed to the ships' dynamic model as forcing functions
at half-second intervals. These components are shown on channels 7 and 8
of the figures. The nonlinear interaction forces are also inputed to the
ships' dynamic model, but are not shown on the graph recordings. Figures
9 through 11 show that the automatic controller on each ship performs well
in the station keeping mode under the conditions of the simulation (approx-
imately 4 on Beaufort scale).

Controller performance for station changing commands is shown in
figures 12 and 13. Commands were made to change separation distance B
from 100 feet (30.48 m) to 125 feet (38.10 m). In figure 12 the command
is a ten-second ramp while in figure 13 the command is a step input. The
controller increases the separation distance to the desired value in both
cases. However, the step command (figure 13) creates undesirable rudder

transients and should therefore be avoided.

The time series components Y_ (x) and NS (x) acting on the ship hull
are caused by a fully developed, wind-driven (approximately 11-16 knots)
sea state with a significant wave height of approximately 4 feet (4 on Beau-
fort scale). To simulate a more severe sea condition, the component force
and moment magnitudes were increased by a factor of 3. The resulting simu-
lated maneuver is shown in figure 14. Adequate control is maintained, al-
though perturbations on several variables are noticeable.

Figure 15 shows a complete passing maneuver where the longitudinal
separation A changes from -550 feet (-167.64 m) to +550 feet (+167.64 m) in
approximately 9 minutes. A maximum change of about 6 feet (1.83 m) in the
77-0003 -8

L e IR S A bagnd Y e




i
i
i
:

3994 (=V 3jo uorjeaedag yeurpnit3uo] yars 3urdedy uoriElg

6 2an3T1g
wZO.CSwZ N PeaEe [T EEE ; 4 diys m:_xoo.:u.._. ‘diys Buipesj-
W-NOLM3N pOLX6'8= 0 ,0LX6'8+ W W ﬁ avy avy avd
ol .

g EE= 0 g0RXuEs TGL+GOE+L'Sh+ 6'Z8L— 0 6Z8L+ 92— O 92+ 92— 0 9T+ GE— O

Pt B a1 14 14 CE T 93a 930
OLXG'Z— 0 0LXGZ+ ,

9 9 pOLXZ—0 (OLXZ+ 0G+ 00L+ 0SL+ 009~ O 009+ SL— 0 Gi+ SL= 0 G+ 0Z— 0
(0°N (0°A 8 v | kg 7 i
4 § 1 v R s i X A 53 Vs T FI57 5043 4 5575 A 3 RT3 184 42 17 | PR " " A il
0=3- NH Lol m i
i =nzeshless o 3
. H 5 iz w
W : Wi {
W, & |
e |
. B m\w.. !
> P 1
v" 4
4 e ,_
| ‘ = |
JLONIN L | & | 3 |
i e =1

- .lw.’, )
JNIL EEE i
S

:53duosgns 80N

avy

AR

s e R A

HEE I o B SRS SR

ot
S

pinon

i ——
UOISIAIQ SwaisdS Juswn

e

T

77-0003

- ‘MM T e




1994 06G4+=V 30 uorileaedag TeurpniT3uo] y3irm 3urds9d)y uUOTIEIS

0T 2an3tg
et i : o
SNOLM3N ”
W-NOLM3IN 0LX6'8— 0,0L x68+ W W avy avy avy
gOLXv'e= 0 gOLXp'E+ ZGL+G0E+ LGP+ 6281~ 0 6Z8L+ 92— O 9Z+ 9Z— O 9T+ S€— 0
L i T a1 14 14 93a 930 93a
OLXGZ™ 0 o085 xz— 0 ,0Lxz+ 06+ 0OL+ 0SL+ 00— O 009+ SL— O S+ Gi— 0 GL+ 0= 0
0 °N () °A 8 v L4 1 L
E | e = |
| &= i _
- P |
> = 3
£ & w
INIW b2 — { i
< = m
- - - !
: = |
.w\..; ot {
; 15 |
& £ *
JWIL M..u. = ey !
i Fee Ea 1

gg'+ |6~

0z—

,4 diys Bunjoesd n h.d_:u Buipes) = n.uun_._oan:m aloN
avyd

0

930

0

wa

joy SSEE s S




31994 (06G-=V 3o uorjeaedag Teurpnit3uo] yirm 3urdedy uoriely

11 2an31y
| " [ ,_ diys Bupjoen = k..n_:m Buipes) = 7 :s1duosqns 810N
_ W-NOLM3N
wo_.xv.ml 0 wo—xv.m+ SNOLM3N W W avyd avyd avy avd
,, . 0LX6'8— 0,0L%6'8 2'GL+G0E+L'GY+ 628L—0 628L+ 92— 0 92+9Z— 0 gZ’+8E— 0 SE+|AE— O SE*
1481 v v
OLXG'Z— 0 OLXG'Z+ a L 14 93a 93a 930 93a
9 9 eopxu..o vcrx~+ 0G+ 00L+ 0SL+/009— 0 009+ GL— O GL+ | Sl— O Sl+|02— O 0c+ 02— © 0Z+
aﬂvmz A/vm> g | v .—.QJ 1—) ‘_.C J.,
, 0= EErETREETTT f,.!M\ - _' ! i ETEE T * . | d
; s | i
M! % . _ — ~
£ £ h, | | _
= b | | M m
R i _ | { |
E .an.W e { ! “
1LNN 3 w
e 8 | ;
£ = | | |
.r.\, W 3 ..«
s 3 = | | |
IWIL = & | v

77-0003




(duey °*o9s Q) @oue3isIq uorieaedag ur a3ueyy Yyirm (0 = V) Zutrdesy uoriels

7T @2an314g
Ww—.|ur_\mt Mu Smo;m ,ﬂﬁ.‘_m‘_ﬂo.« .‘eww‘m _ﬁ o ‘ y SN ‘W B diys mr_xun.« = h«&ﬁ Buipeaj - __mantuﬁ:a ajop 1
W ﬁ W W W . 23S/N 4 avy avy , avy avy
6°'LZL— 0 6'LZL+ e~ 0 N.Mh+,~.m_.+m.om+ L'Gy+ 8L°0— O w_..oto_‘.l 0 Or+|5— 0 m°.+,mn.| GE'+ GE— 0 GE+
14 14 d 14 . o34 93 93a 93a oaa |
00— 0 O0Ov+ O0bZ— O ObZ+ 0S+ O0L+ OGL+ 90— O 90+ 9~ 0 9+ ek D= 0 0c+|0c— 0 0Z+ |
, 104 104 , T | ,
0 $ §; :
> ,, ! | { :
b ¢ i {
w w ¥ i
JLOANIN f t
1 £y
& ,. ; SRR /.,, by : !
| s | ! { :
} M : i , i
; | M
_A. | seeean]
t | P ¢
WL i | Shas E l
1 i , 4 '
- - Filidel Ao e o
ANVWWOD dWVH 23S 0L ‘SZL=8 O1 00L=8 WOYH4 DONIONVHI NOILVLS n_u
.ﬂ”
¢
- e - —— - - - E e « ERReE VN g -




o

L]

(3ndur de3g) aoueisiq uorjeaedsg ur aueyn yirm (0 = v) Surdeay uorzeig

t1 2an3yyg
_\w wmra_w‘cn..;omam mf_.‘c:.a: o«f._m*c»m ﬂl ..... i, LK _ _ diys Bunjoeny = ._. ‘diys Buipes| -  :s3dudsqns sjopy
| W W _, W E avy _ avy | avy avy
{ | | |
T.—N—l 0 6'L2L+Z€L— 0 TEL+T'GL+S 08+ L'Sy+8L°0— 0 8L0+0L'— 0 OL'+S0— 0 SO+|SE'— 0 GE+|GE— 0 SE'+
h 14 | 14 14 . 03s/14 93a | 93a 930 93q
00— 0 00%+ Oovz— O 0vZ+| 09+ 00L+ 0SL+ 90— O w.oi 9= o | = € 02— 0 0Z+ 0Z- O Oz+
, 104 L | 104 E 8 oWy - i %
! Eppa | g deen : : 2 =
0=13— i F ? *__ w +
] )
!
P 1 i fy { ¥
f t i M i i i
f | i i i ,
i
i ” L M ~ ¥
[ i i i
m i i - I ” .W
| i ! A |
f % : {
| Spw 3 ; w
i 3 Fig
A i 2% Faril |
INIL EhamEs .

B2 SR TR ] S ae L O L

8 NO ONVIWWOD d31S HOd4 IDONVHOI NOILYLS

77-0003




INLL

S AR e T R

)

W-NOLM3N
QOLZ0L= U gOLXZ'0L+ SNOLMIN

yOLxL'92— 0,

13-97

o o

OLXG'L— 0 40LXS"L+

v

al

0LXL'92+

pog ae[n391a] 19YyS81H ur (Q=y) Surdeay uorielg
%1 2an3T4

)] J3S/W avyd avy

v LZ+S0E+GEE+H LE— O L£+ 60— O S0+ S0— O

13 J3s/14 53a 93a

0LX9— 0 ,0LX9+ 06+ 0OL+ OLL+ Z'L— 0 2L+ € 0 B | &= ©
Xg

X)°A

T e oy

a g ) 14

5 M

PSS
.‘.
~
“r

18
=

s S Y - - e ———— -

S0+ GE'—

E+

0c—

avd

0
930
n

-

SE'+|8E-

0z+ | 02—

. diys wr_v_ou: =1 _.n_:n Bupes| = 7§ ”.3&.03..: sioN

avyd
0 S€+

194

AR
VORIAID SweIeks

77-0003




33 0SS+ 03 3J (66— woajy saduey) y 213YyM Iaanauey Jursseq

GT 2an81y
L aanbiy 01 Jajay | ainby 01 18jay . diys Bunyoesy = | .d_ﬁ Buipea| = | :siduosqns ajopn
W ] W W avyd avy avy avy
6°LZL— 0 6°LCL+CEL— O T'EL+T'SL+G0E+ LS+ 628L— 0 628L+0L'— O OL+0L'— O OL'+ G&E— O GE€+ G- 0 GE+
14 14 W dd D30 934 934 934
00— 0 O00v+O0¥Z— 0 OvZ+ 0S+ 00L+ OGL+ 009— 0O 009+ 9— 0 9+ | 9~ 0 9+ 02— O 0Z+ 02— O 0c+
104 104 4 v 1a | F 1 1
S Bl S ! i P I
i s
o
JLINANIW L t \ § b i m
‘ w ¢

N

¥
b e e SR
fisih

yev—— e e -

Fied _

{
L € ov o0z] =Ly »

77-0003




SdTYSPTW 3® PIOH B Y3ITM 3J OGS+ 03I 3J 0GG- WOoiJ so8UBY) y 9I9YyM I9Anauey Juissey

9T Pan3ry

J ainByy 01 ..w\%ct X E‘:,m._“—' 0m 1348y _ e T : ‘ﬁ B
| W W | |

6°1ZL— 0 6'LZL+Z'EL— 0 T'EL+
, 14 w 14
00v— 0 00%+ OvZ— O

104 m Wz | |

C'SL+ G0E+ LS+ 628L— 0 6728 FL oL—
(

0bZ+ 06+ 00L+ 0L+ 009— 0
a | v

g e T ) e | ! - |
0 =3 —4f k= bt e {
M 22 SEapgusEn , |
," ,/
T ] i B Ui S
\ = \ 5
I § = | \... } /_“
i i -4
i } [
| ] w
ILNNIA L / _ ,r.
E L sty L - i ,/ﬂ.
] i ¢ 8
i L 2.

| mu e ”:%,W. ______ |

| e e e e
| : £Eun it L[] .;._#.
w == isagi e chauses dany ,M..gﬁﬂi%; [
__ (vt € ov oz] =1

W { W avy
0
14 14 . oaa |
009+ 9— 0 94 1 9= (]

14 A

|

P S

e

oL+ 0L— 0

M diys m:_v_\o.:u w... vn_:m Buipes) = 7 ”.nua:own:m ajoN |
| f

| avyd | avy avy

| OL'+|SE— 0 S+ 66~ 0 &g+
93a | 93a 930Q

9 0c— O 0c+ 0c- 0 oOc+

” T4 : P& 44
; i 13 |

{

s
wawnasuy g pnan

oisiarg swaisks

77-0003




lateral separation distance is experienced during the maneuver. Sideslip
(lateral drift) reaches approximately 90 feet (27.43 m) during the 20-
minute run. Since UNREP is generally performed in open water, lateral
drift 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 that the automatic control device per-
formances are not adversely affected by the slowly varying force and
slowly varying moment resulting from the nonlinear frequency interactions
of the waves. Accordingly, an increase of three times the slowly varying
sway force and slowly varying 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 UNREP operation.
However, 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 UNREP 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 are needed to estimate the transfer
functions associated with the nonlinear sway force and yaw moment so that
these hydrodynamic coefficients can be evaluated accurately. It should
also be remembered at this point, that the UNREP mathematical model repre-
sents the nonlinear response of the system to nonlinear sea state exci-
tations.
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SENSITIVITY ANALYSIS

A preliminary analysis of controller sensitivity to errors in mea-=
surement of the feedback variables was performed in the Phase III work.
However, in the current work, the controller design has been modified P’
with the addition of integral 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 |
loop is approximately 1 Hz, only low-frequency drift and D.C. errors are |
important.

e 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 specified in ab-
solute units.

Since the controller contains an integral feedback loop (see figure

9) errors in the separation distance 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 separation dis-
tance. The absolute initial controller error due to step errors in the
feedback variables s presented in Table 2. In each case, the variable
error is approximately 5% of the expected maximum value. The expected
maximum values are as follows:

° wmax = 15 deg (.262 rad)
° b, = 2 deg/sec (.035 rad/sec)
max
° B 150 feet (45.72 m)
max =
. B = 10 feet/sec (1.82 m/sec)
max
77-0003 38
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TABLE 2
CONTROL- VARIABLE ERRORS

ERROR ABSOLUTE VARIABLE LATERAL SEPARATION

VARTABLE ERROR (5%) DISTANCE ERROR
Uy .75 deg (.013 rad) 10.0 ft (3.05 m)
@T .10 deg/sec  (.002 rad/sec) 3.5 ft  (1.07 m)
B 7.50 feet (2.29 m) 7.5 ft  (2.29 m)
B .50 feet/sec (.51 m/sec) 1.0 ft  ( .30 m)
vy .75 deg (.013 rad) 10.0 ft (3.05 m)
@L .10 deg/sec (.002 rad/sec) Jisift 1007 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 (V) and heading rate (¥) by current
techniques seldom leads to step errors, the error in separation distance
caused by errors in these variables will be less than that shown in Table
2. However, depending on the measurement device, electronic sensor or man-
ual, errors in B and B may be discrete. The recommended maximum error
criterion for measurement of the feedback variables under the conditions of
the simulation is as follows:

U = .5 deg ( .009 rad)

JT = .1 deg/sec ( .002 rad/sec)
B = 4.0 feet (1.220 m)

é = .5 feet/sec ( .150 m/sec)
wL = .5 deg ( .009 rad)

¢L = .1 deg/sec ( .002 rad/sec)
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It should be realized that these results are for moderate seas (4 on
Beaufort 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 UNREP simulation are demonstrated since, the con-
trollers do not appear to be sensitive to errors in sensor measurement.

40
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DISCUSSION AND CONCLUSIONS

Phases I through III included the beginning development of a hybrid
computer underway replenishment maneuvering simulation for two Mariner
ships. Simulation of UNREP for two ships in calm and regular seas using
both "manual" and automatic control were performed in the three phases.
This work revealed that the control variables required for display include
heading angle, heading angle rate, longitudinal separation distance, lat-
eral separation distance, lateral separation distance rate, propeller
shaft revolutions, and rudder angle. The relatively high-frequency, first-
order, sway force (and yaw moment) were determined not to be a control
problem under the conditions of the simulation.

In the Phase IV work presented here, the emphasis was placed on per-
forming a sensitivity analysis of the maneuvering control variables during
UNREP simulations. Some approximate nonlinear sea-state excitations act-
ing on the ships' hulls due to a specific irregular sea were added to the
simulation model. Nonlinear sea state excitations were only considered in
this work. The Volterra Series formulation was used as the basis for the
mathematical model to generate the slowly varying, second-order sway force
(and moment). The forces and moments were represented during UNREP simu-
lations by time series. Newman's approximation was used to estimate the
transfer functions associated with the slowly varying sway force and slowly
varying moment. The first-order sway force (and yaw) could be incorporated
in the UNREP mathematical model in future work.

The approximate nonlinear sea-state excitations acting on the ships'
hulls together with an automatic controller on each ship were incorporated

into the UNREP simulation and used for control variable sensitivity studies.

The automatic controllers were developed in earlier work. The sensitivity
analysis indicated that sensor noise and measurement errors of 37 to 5%9
in the control variables should be acceptable for a ship separation moni-
toring system under the conditions of the simulation (4 and 5 on the Beau-
fort Scale, moderate sea states). The good ship control performance of
automatic control during UNREP simulations were demonstrated. Thus, auto-
matic control should be considered for collision avoidance during UNREP.

These results may be provisional, however, since there are some lim-
itations in the UNREP simulation mathematical model. First, nonlinear
terms containing the nonlinear maneuvering coefficients were not used in
the maneuvering equations that form the basis for the mathematical model
in the UNREP simulation. Second, the data used for estimating the trans-
fer functions associated with the slowly varying sway force (and yaw mo-
ment) were limited in scope and accuracy. Also, the validity of Newman's
approximation must be determined. Third, it is assumed that the automatic
controller is generally not required to compensate for the first-order ir-
regular wave forces (and moments). This assumption, which is generally
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valid for a single ship 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 presented here can easily be adapted
to conventional naval surface ships provided the appropriate hydrodynamic
characteristics are available.
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RECOMMENDATIONS FOR FUTURE WORK

The UNREP maneuvering simulation work conducted to date has been
limited to the study of Mariner Class ships because sufficient hydro-
dynamic interaction data together with hydrodynamic maneuvering coefficients
for Naval Ships have generally not been available. Similar 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
different.

Therefore, it is recommended that a final study be conducted to simu-
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 proximity maneuvers such as UNRE
have been developed and may be incorporated into this work. Hydrodynamic
maneuvering coefficients for Navy ships are being determined by model test-
ing experiments by the Ship Performance Department (i.e., the DD 963 Destroy-
er and AO 177 Class Auxiliary Oiler3o). Nonlinear maneuvering coefficients
will be incorporated into the UNREP mathematical model.

pa°®

Underway replenishment simulations with Naval ships should be per-
formed in irregular seas using ''Quickened Manual Control'" and "Automatic
Control." Comparisons of these different control methods for UNREP maneu-
vering should be made. Studies of different types of sensor systems, and
displays of measured control variables aboard Naval ships should be made.
It is anticipated that some of these sensing systems will be available on
the latest Naval ships. From these studies, a prototype sensing system for
UNREP will be recommended for Naval ships. Sea trials data involving ma-
neuvering during UNREP using the prototype sensing system should be com-
pared with recordings from the UNREP simulation to validate the UNREP com-
puter simulation.
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APPENDIX A

SHIP HYDRODYNAMIC INTERACTION CURVES AND
MANEUVERING HYDRODYNAMIC COEFFICIENTS
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Appendix A presents the hydrodynamic interaction data and maneuvering
coefficients incorporated in the UNREP maneuvering equations (equations (1)
in text of report).

INTERACTION CURVES

The steady-state interaction curves (reference (a)) used in this
study are for two Mariner ships traveiing at 15 knots at different paral-
lel positions (see figures 1-A and 2~A). The forces acting on the leading
ship (ship L)* due to the interaction effects of the tracking ship (ship
T)** are separated into a lateral force component Y(A,B) acting 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 applying these curves to the tracking ship, the interaction force
Y(A,B) and moment N(A,B) must be changed t0 -Y(~A,B) and -N(-A,B), re-
spectively. 1In each figure, the curves for B = 50 feet and B = 100 feet
are determined from experimental data, and the curves between B = 50 feet
and B = 100 feet are determined by interpolation (reference (a)). These
data were also extrapolated to B = 150 feet (reference (c)). The inter-
action data are represented by nonlinear functions which are made piece-~
wise linear and stored on the digital computer. These data representations
consist of a first-order approximation at intervals of 50 feet in the

*L
*KT

)

Leading ship
Tracking ship
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DIMENSIONLESS HYDRODYNAMIC LATERAL FORCE
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longitudinal direction and 10 feet in the lateral direction. A and B are
continually read by the digital computer 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 COEFFICIENTS

The UNREP maneuvering simulation requires realistic values for the L
open water hydrodynamic coefficients for the Mariner study ships (see Table
1-A). Most of these coefficients (except for X, Y 0’ and N, from Calvano's
work (reference (a)) are derived from the averages of hydrodynamlc coef-
ficients measured at 14 to 15 knots where the derivatives were determined
from "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 HYDRODYNAMIC COEFFICIENT NUMERICAL
VALUES SUBSTITUTED IN EQUATION (1), (TEXT OF REPORT)

Nondimensional Nondimensional
Coefficient Form Value x 105
(X, - m)/% oL3 -850300

s . xd
Xulq pL7U, ~120.00
Y /15 oL
v/ﬁ pL7U, ~1243.00
e

gt m)/% oL ~1500.00
Q. m) /% pL3u1 ~510.00
(Yf - mX G)/’»z pL4 ~27.00
YS/% oL u12 270.00
N /% oL uy ~351.00

4
N./% oL -20.00

(N_-mx )/ pL4u; -227.00
N, - IZ)/% pLs -68.00
Né/% oL ul2 -126.00
Xn/% oL Ul 4.62
Yn/% pL uy =052
Nn/% oL 'uy 0.26
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TABLE 2-A
NONDIMENSIONAL VARIABLES USED IN
EQUATION (1), (TEXT OF REPORT)
Nondimensional
Symbol Form Definition
uy u'. =1 Initial velocity of origin of
body axes relative to fluid.
WHE W ;
v v -+ Transverse velocity component
11 of origin of ship axes rela-
tive to fluid.
v CURMES & - T 1 i
e ransverse acceleration com-
uy ponent of ship axes relative
to fluid.
X
X X' 9 Hydrodynamic longitudinal
s Son uy force (positive direction
forward).
Y
Y Y 7 Hydrodynamic lateral force
0 L uy (positive direction to star-
board) .
n n' n Shaft revolutions per minute
n
1 of propeller.
r r' E—E Yawing angular velocity
s component.
i L2
r = > Yawing angular acceleration
uy component.
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APPENDIX B

APPROXTMATE TRANSFER FUNCTIONS
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Price, published for the Institution of Mechanical Engineers by
Mechanical Engineering Publications Limited, London, April 1974.

In this appendix, Chey's data which was used for the transfer functions
associated with the slowly varying, second-order sway force and slowly
varying, second-order yaw moment are plotted. Curves of the mean sway
force divided by % ngh2 and mean yaw moment divided by % ogL2h2 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 transfer function associated with the nonlinear sway
force is obtained by plotting the mean sway force for a ship model at a
particular speed in a specified oblique 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 particular 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
(C, = 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 force, yaw moment, heave force,
and pitch moment were measured for different combinations of speed, wave-
length, and ship-to-wave heading. The Froude numbers had a range from
0.1 to 0.3, and wavelengths ranged from one-half to two model lengths.
Wave height 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 152 m

Beam 0.667 £t .20 m

Draft (even keel) 0.267 ft .08 m

Fresh-water displacement 33.270 1b 147.99 Newton
3 Block coefficient 0.600 0.60 |

|
N
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The mean sway force and yaw moment in bow and beam regular waves were
presented as functions of Froude number in figures 16 and 19 of Chey's
report. 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 = 1509 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 (w_, = .573, .685, .889, 1.417) corresponding to wave-
length to ship length ratio of (A/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
frequency, and both curves were terminated at encounter frequency of @, =
1.417.

Salvesen has calculated the drift force for a Mariner hull at 15 knots
with a ship-to-wave angle of 150 degrees. Salvensen's calculation uses
complex 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 A/L = 1.0. Chey's data does not show this trend.
The difference, however, may be related to the fact that Chey's model test
data is for a restrained model and the data is limited (4 points). The
data used for estimating the transfer function should have been partially
restrained model test data. These data, to the knowledge of the authors,
were not available. Also at this time, it is believed that no general
conclusions can be made to the accuracy of Salvesen's theory or the experi-
mental data used here.

Thus the preliminary work on the estimated transfer function should be
considered 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

u=15.4 KNOTS

vY() NODE LINE WAVE TROUGH NODE LINE  WAVE CREST NODE LINE
NOTE: 150 deg = 2.618 rad, 15.464 kt = 26.01 ft/sec = 7.93 m/sec

Figure 3-B
Orientation of Space Axis (xo,y ) and Moving Axis in Ship (x,y) for Series 60
Model in Oglique regular Waves
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