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INTRODUCTION

The Technical Committee on Steering and Maneuvering for the 18th
American Towing Tank Conference (ATTC) was established by the Executive
Committee following the 17th ATTC.

Committee membership is:

H. Eda (Davidson Laboratory)

P. Leone (Institute De Pesquisas Technologicas)

M. Parsons (University of Michigan)

W. Smith, Chairman (David W. Taylor Naval Ship R&D Center)
W. Webster (University of California)

During the intervening period since the last ATTC there has been
a remarkable increase in the number and types of closed loop control
systems developed for marine vehicles. Such systems are required for
a variety of marine craft; e.g., submarines, surface ships, hydrofoils,
and air cushion vehicles. In each of the control systems developed
so far, the following problems have limited their effective and
efficient design.

(a) The availability of a sufficiently accurate mathematical model

of the craft.

(b) The use of an efficient simulation of the craft along with

modern control theory in the development of control algorithms.

(c) The use of simulation and operational requirements to

develop craft performance criteria.

(d) The use of free running models (FRM) to evaluate the control

performance of a particular craft design.

In view of the above, as various control systems are implemented
and evaluated, the items listed below are becoming obvious:

(a) The controller design is often deficient which is directly

traceable to shortcomings in the mathematical model of the
craft and its environment.

(b) Improvements in control system performance are almost completely

dependent upon the availability of an improved mathematical
model of the craft and environment.
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(c) Obtaining a satisfactory model of the craft and its
associated hydrodynamic parameters is by far the most
difficult aspect of the control system design and, accordingly,
are obtained with the least accuracy.

(d) Deficiencies in the craft model and their effect on control
system design are greatly magnified as craft speeds increase.

The difficulties encountered with craft modeling are, of course,
only a restatement of the basic problems which members of the Tow Tank
Community are continually addressing. However, there is a significant
increase in importance of control system design due to the greater
stringencies imposed by higher speeds and the related increase in
importance of unsteady effects at high speeds. Therefore, a description
of the marine vehicle modeling process and its implications for the
Towing Tank Community was established as the principle theme for this
committee's effort.

MARINE VEHICLE MODELING TECHNOLOGY

Mathematical modeling technology of marine vehicles is directed
toward the determination of a set of differential equations whose solutions,
for varous initial conditions and and control inputs, closely represent
the behavior of the vehicle. The complexity of the dynamic and hydrodynamic
interactions which characterize non-steady-state vehicle motion requires
advanced testing and analysis to develop such equations of motion. The
conventional craft of thirty years ago were subject to speed limitations
imposed by low output power plants. The resulting low hydrodynamic
forces led to comparatively simple dynamic behavior having time constants
slow enough to be anticipated by helmsmen. Today's high speed vehicles,
on the other hand, can perform complex maneuvers at high speeds. The
resulting hydrodynamic forces interact with the vehicle motion in complex
fashions which must be well understood if the full capability of today's
vehicles is to be realized and if improved marine vehicles are to be
designed in the future.
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This review first details the two main uses of vehicle dynamic
models: simulation and design analysis. Secondly, the review summarizes
the three main approaches to the determination of the models: theoretical
analysis, tank testing, and free running vehicle (full or reduced scale)
maneuvering tests.

THE REQUIREMENT FOR VEHICLE DYNAMIC MODELS
The dynamic model of a marine vehicle is a model which predicts

the vehicles complete transient motion time history response to arbitrary
control inputs and initial conditions. Such a model is useful because

of its motion prediction capability and because it provides insight
which may be useful in hull or control system design. For example,
many design decisions regarding a submarine hull can be made rationally
only with a thorough understanding of the hydrodynamic effects on the
sutmarine's dynamic behavior. Such decisions include:

(1) the placement and size of rudder fins, and other control
surfaces, and

(2) the utility of innovative configurations; e.g., multiple
rudders, roll stabilization, etc.

Clearly, if the handling characteristics resulting from both conventional
and unconventional configurations can be modeled, then the relative
advantages and disadvantages of the new design can be isolated and
quantified. An accurate model of vehicle handling qualities, for
example, is required for the design and evaluation of high performance
closed-loop autopilots. Low bandwidth autopilots have slow response

times. Their performance is not greatly sensitive to the accuracy of
the dynamic behavior of the vessel used in control design. The use
of an inaccurate model for the design of a high bandwidth controller,
however, may lead to degraded and possibly unstable behavior in the
actual implementation.
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The relative utility of empirical versus phenomenological hydrodynamic
models should also be mentioned. A purely empirical model of the
hydrodynamic forces and moments acting on the submarine results from
simple curve fitting of experimental data. The curve types themselves
(e.g., polynomial, exponential, integral functions of the states, etc.)
can be chosen using statistical data analysis techniques. The purely
empirical approach, then, makes little use of knowledge of the underlying
hydrodynamic processes involved in the submarine motion.

Contrast the empirical model with the purely phenomenological model.
The purely phenomenological model is derived entirely from theoretical
considerations (e.g., potential flow theory, viscid flow theory, etc.).
Phenomenological models are highly complex, and their accuracy is highly
dependent on assumptions which are difficult to evaluate from experimental
data. Clearly, a model development program requires a compromise
between the two extremes. The overall approach which will be taken in
this report will use the results of hydrodynamic analysis to provide
the comprehensive form of the hydrodynamic model. Statistical data analysis
techniques will isolate groups of terms from the complete model which
are significant during a specific maneuver. Finally, parameter
estimation methods will determine the numerical values of the unknown
parameters.

The empirical approach will often lead to a good fit of experimental

data; however, the resulting model may not acceptably predict the
behavior of the vehicle during maneuvers which differ significantly
from those in the experimental data. Also, the empirical model may

give 1ittle insight into the behavior of radically new, untested, hull
configurations. The phenomenological/empirical modeling technique
outlined in this report is designed to utilize the advantages and to
minimize the disadvantages of both of these models.

N e A W i

DETERMINATION OF MODELS

This section will outline the three basic approaches (mathematical
analysis, towing tank tests, and free running vehicle tests) to the
determination of vehicle dynamic models and will use the submarine as
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an example. The purpose here is to summarize the contributions of

each method. The section on free running vehicle tests will pay special
attention to the complex data processing algorithms which are required
in order to develop a generalized model from the specific measurement
time history data which results from such tests.

Theoretical Analysis

For theoretical analysis of vehicle dynamics, the vehicle is modeled u
as a rigid body moving through a viscous fluid. This analysis can be
broken down into several components. Some of these components are well
understood; others are not.

The kinematics and dynamics of a rigid body acted upon by arbitrary
forces and moments has been well understood since Euler. The problem
then is the calcuulation of the forces and moments due to the fluid.

The hydrostatic forces are again well understood. The hydrodynamic
effects can be split into two classes: (a) those that would be present
in an inviscid fluid, and (b) those that are due to the viscosity in

the fluid. Inviscid fluid effects may be complex for a body of arbitrary
shape, but can be calculated using a modern digital computer of moderate
capacity. Added hydrodynamic mass is an important inviscid effect.
Methods for calculating added mass effects for bodies of revolution
having fin-1ike appendages have been demonstrated.

Viscous fluid dynamics effects are difficult at present to predict
accurately and consistently. For example, several efforts have been
directed specifically at submarines. Reference 5 analytically determines
the forces and moments on a submarine hull using slender body theory
for unseparated flow. Experimental data on the location of the flow
separation point for an inclined body is used with the theory to predict
forces and moments for angles-of-attack of up to 20 degrees. Comparisons
with experimental data for a specific submarine configuration indicates
that the theory predicts well the onset and the qualitative nature of
nonlinear effects. But quantitative agreement is only fair. Reference
6 extends this work by developing methods for theoretically predicting

the forces and moments on the hull and stern control surfaces by the
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vortex wake shed from the fairwater and fairwater planes at varous angles
of attack, sideslip, and fairwater plane deflection. The vortex effects
are found to be appreciable for normal force pitching moment, and rolling
moment at high angles of sideslip and for all forces and moments at
combined angles of attack and sideslip. Reference 7 studies similiar
vortex effects which are present during steady pitching and steady yawing
motion. A particular value of these theoretical studies is the development
of a nonlinear hydrodynamic force model structure. The accurate

estimation of the parameter values in the model requires expermental

data.

Tank Tests (Submarines)

The tests of scale model vehicles can be used to provide some of
the data required for the estimation of the parameters required by an
accurate submarine dynamic model. This section outlines the capabilities
and drawbacks of the commonly used tank testing techniques.

1. Oblique Towing

Oblique towing tests are carried out in order to determine the
longitudinal and transverse forces and the yaw moment on the submarine
as a function of the speed, angle-of-attack, sideslip angle, control

i

surface angie, and propellier rpm.
Two kinds of tests are performed:

a. static control surface tests, during which forces and moments
are measured for zero degree drift angle and several
combinations of speed, rpm, and control surface deflection;
and

b. static drift angle tests, during which forces and moment are
measured for several combinations of speed, angle-of-attack,
and sideslip angle, while the control surfaces are kept at
0 degrees and the rpm corresponds to the self-propulsion point
of the model.

During these tests the torque of the propeller is measured as well.
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2. Rotating Arm

The rotating arm technique is used specifically to detemrine the
hydrodynamic derivatives of yawing, but may also be used for the same
purpose as the oblique towing tests.

In the rotating arm tests, the model is towed along circular paths
at a constant linear speed. The angular velocity is changed by varying
the radius of the circle. A dynamometer measures the transverse force
and the angular moment acting on the model.

The main drawback of the rotating arm technique is that it cannot
be used to detemrine the angular acceleration derivatives. Also, there
are some problems associated with its operation, namely:

a. the model must be accelerated and all the measurements taken
in one revolution in order to avoid the interference of the
model's wake; and

b. in order to perform the tests at a small value of the angular
velocity, it is necessary to use a high ratio of the radius
of the turn to the model length which frequently requires
the use of smaller models which leads to scale effects.

3.  Planar Motion

The planar motion mechanism (PMM) tests are carried out with the
primary purpose of detemrining the acceleration derivatives (added mass
and added moment of inertia coefficients) and some of the cross coupling
derivatives, such as the ones involving drift and yaw.

The PMM can be mounted on the carriage of a towing tank. It imparts
oscillatory motions to the bow and stern of the model while it is being
towed at constant speed. By carefully selecting the phase angle between
the bow and stern oscillations, it is possible to establish a motion
that is pure yaw, pure sway, or any combination of the two.
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During the PMM tests, the rudder angle is set at zero degrees and the
propeller rpm is adjusted in accordance with the self propulsion point
of the model. The test data, being cyclic are affected by:

a. tank resonance - a function of tank dimensions and test
frequency,

b. free surface waves generated by a model near the surface -
a function of the speed and test frequency, and

c. unsteady lift or memory-effects.

4. Horizontal Oscillation Techniques

The oscillation technique differs from the PPM in that only one
oscillator is used to oscillate the model in yaw about any selected
origin while that origin is towed in a straight line along the towing
tank.

The motions of the model during the tests are always a combination
of rotation and translation. Hence, the forces and moments measured
during the oscillations are a mixture of static, rotary and acceleration
components. In order to determine the rotary and acceleration derivatives,
it is necessary to know before hand the static force and moment
derivatives. The forces and moments are measured for the model oscillated
about two different locations of the origin, and the unknown hydrodynamic
derivatives are then determined by the solution of a system of
simultaneous equations.

The biggest drawback of the oscillator techniques is the possiblity
of introducing considerable errors in the solution of the simultaneous
equations because of the wide difference in magnitude between the
individual derivatives. Therefore, the results of the oscillator type
of tests are not usually considered as accurate as those obtained from
the PPM.
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Table 1 summarizes the use of the above test methods. A1l of the
tank test methods described in Table 1 contain several disadvantages.
The primary problems are scale effects. In general, the parameters
in the hydrodynamic force and moment relations vary as a function of
the relevant dimensionless parameters such as Reynolds, Froude, or
Strouhal. At present, it is impossible to determine these functions
exactly. Also, the towing tank walls and bottom modify the flowfield
around the ship model. The rotating arm technique suffers additionally
by requiring a very large facility.

Tank testing methods have another drawback unrelated to scale
factor or wall effect. Namely, the tests do not provide information
for model structure determination. A1l of these tests also depend
upon inducing special motions while restricting others in order to
isolate the effects of various stability derivatives or possible
nonlinear terms. The experimenter can only estimate the values of
parameters relating to hydrodynamic effects whose existence is suspected
a priori. For definitive hydrodynamic force model structure determination,
another technique, such as free running scale model experiments or
full scale trials, is essential.

Free Running Model Tests

The effects of tank walls and of a priori model structure misconseptions
can be eliminated by using data from free running vehicle tests. Scale
effects can only be eliminated by using the actual vehicle in full
scale trials. However, full scale trials presents its own set of
difficulties. First, the environment in which the vehicle operates is
not precisely controlled as in the case with tank tests. Random process
disturbances such as waves and water currents can effect the results
in ways which are difficult to isolate and quantify. These factors
effect repeatability and in addition, full scale trials rarely repeat
test maneuvers.

The free running model, however, can eliminate the problems encountered
in full scale trials and provide repeatable results. Experiments can
be conducted in a completely controlled environment, such as DTNSRDC's
maneuvering basin, free from the effects of random disturbances. Test
maneuvers can be repeated as many times as necessary to determine the
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variance of the results. Therefore, the free running model can be
successfully used to eliminate the effects of tank walls and of a priori
model structure misconseptions while also eliminating the problems
associated with full scale trials.

The only significant problems with obtaining useful information
from free running vehicle tests is that the data processing following
the experiment is anything but straightforward. In general, the data
recorded by each of the instruments in the experiment will be a function
of all of the parameters of interest. The isolation of the effects
of individual parameters, the goal of tank test techniques such as oblique
towing, is usually not possible.

REVIEW OF METHODS OF SUBMARINE TEST DATA ANALYSIS

One advanced method that has been developed and successfully applied
to real data is an implementation of the maximum likelihood criterion.

This numerical algorithm is discussed in Reference 10. It is a
combination of three steps: (1) extended Kalman filter to estimate
the states and generate a residual sequence, (2) modified Newton-Raphson
algorithm for the parameter estimates, and (3) an alogorithm to estimate
the noise statistics (means and variances of the measurement and process
noise).

Reference 11 developes a method for estimating the parameters
in a nonlinear submarine dynamics model which is very similar to
NSRDC Report 2510. The authors use a least squares equation error
approach. A significant problem with the equation error method is that
the algorithm requires measurements or estimates of all of the submarine
dynamic states and state time derivatives. Reference 11 assumes that
measurements of all of these quantities will be available. The problem
of estimating missing states or state time derivatives form incomplete
(in the sense that not all states are measured) and noisy data is not
treated. Also, no method of model structure determination using the
experimental data is considered.
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Reference 10 developes a "force and moment identification technique".
This technique computes force and moment time histories which cause
agreement between a simulated submarine maneuver and a set of data from
an actual maneuver. The difficulty here is that producing such agreement
by itself has little predictive capability. The nature of the results
precludes their use for predicting the behavior of the submarine in
a maneuver which differs even slightly from the one originally analyzed.
The step which should follow the force and moment identification is
the determination of a structure for representing the "add-on" forces
and moments as a function of the submarine states. Then the
simulation should be modified and used to predict a number of trajectories
over the range of variables for which the over-all process applies.
Reference 13 demonstrates the use of extended Kalman filter methods
to identify nonlinear lateral ship dynamics models using simulated data.
This report considers the effect of various input time histories on
the identifiability of the linear and nonlinear parameters. Small
amplitude inputs are found to be better for estimating linear parameters
while large amplitude inputs are better for nonlinear parameters.
References 14 and 15 develop two system identification methods
and apply them to undersea vehicle system identification. The first
method is a generalized least squares technique for parameter estimation
in a linear constant-coefficient discrete-time system. The second method
is a nonlinear system identification method which blends the equation
error and output error formulation in order to obtain the unbiased
estimation characteristics of the latter formulation without directly
requiring a priori parameter estimates. The algorithms are used on
data from experments with the Deep Submergence Rescue Vehicle and from
a towed sonar vehicle.
System identification techniques have been applied in the past
to the problem of determining dynamic models of both surface ships and
submarine vehicles. Best known is the application of maximum likelihood
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methads by reference 16 to determine models of the lateral dynamics

of surface ships. The models used are second and third order linear
dynamic systems which relate rudder angle to heading angle. The models
include both random measurement and process noise sources. The data

are from experiments carried out aboard a 15,000 ton freighter and a
255,000 ton tanker. The authors use an F-test described by reference

17 to determine the best model order. At this time the important
validation step of comparing models obtained form one set of experiments
against data from another experiment has not been done.

THE ROLE OF SYSTEM IDENTIFICATION

The role of system identification in vehicle dynamic modeling must
be defined in the light of the purpose of such modeling and the
available techniques for gathering data and postulating model structure.
The unique potential contributions of system identification to submarine
modeling can be summarized as follows:

(1) Vvalidation. Vehicle hydrodynamic models can be determined
using tank testing and theoretical analysis. However, complete
confidence in the results of these methods is not passible
until the resulting models can predict the behavior of full
scale, free running vehicles. It is doubtful that the
theoretical or empirical models will yield perfect agreement
initially with full scale trial results. The development
of models from full scale test data using system identification
can isolate and quantify the deficiencies of the a priori
models.

(2) Estimation of Unsteady Hydrodynamic Effects. The hydrodynamic
forces and moments acting on the vehicle depend on unsteady

hydrodynamic effects. These effects are difficult to treat
analytically. It is also difficult to measure these effects
using tank testing methods due to nonlinearity and tank
resonance effects. The detailed quantitative analysis of

full scale data may be essential to an understanding of unsteady
hydrodynamic effects.
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(3)

Isolation of Cross Coupling Effects. The lateral and

longitudinal motions of a vehicle are coupled hydrodynamically
in complex ways. A complete study of all of the possible
cross coupling mechanisms using tank testing suffers from

the "curse of dimensionality". Even the determination of
quasi-static hydrodynamic effects requires tank testing of

a large number of combinations of various attitudes and angular
rates. A relatively small number of free running maneuvers
may be able to excite most of the noniinear cross coupling
efrects. System identification techniques could determine

a model for the cross coupling effects by processing data

from these tests.

Determination of Model Structure. Perhaps the strongest
argument for free running model tests, and the subsequent

processing of data using system identification, is that
it can give the analyst or experimenter information on
phenomena whose presence is not known, or at least only
suspected. The significance of previously neglected
phenomena should be revealed by the inability of system
identification techniques to match free running test data
using a priori model structures. The determination of a
satisfactory model structure with accurate parameter
estimates will also require insight into a large range of
hydrodynamic phenomena together with data processing techniques
capable of efficiently extracting the maximum information
from the available data.

CONCLUSIONS AND RECOMMENDATIONS

Tank tests and theoretical analysis can determine some parameters

and a candidate structure for a submarine hydrodynamics model. The

roll of system identification is to process the data from free running

full scale and model tests to validate parameter estimates and to assess

the adequacy of the model structure.
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RECOMMENDATIONS

The system identification techniques, while not a panacea that
will solve all modeling problems, does show sufficient promise to
warrent further investigation. Further, its use in a coordinated
manner along with the more conventional towing tank techniques offers
the possibility for significant improvements in marine vehicle modeling.

Accordingly it is recommended that a captive model - free running
model - system identification based research program be vigorously
pursued.
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SHIP MANEUVERING CHARACTERISTICS IN DEEP AND SHALLOW WATER
(Applications of Captive Model Test Results)

by

HARUZO EDA
Davidson Laboratory
Stevens Institute of Technology

INTRODUCT I ON

During the past few years, analytical
and experimental studies on shallow water
maneuvering characteristics have been con=-
tiniad with a major emphasis placed on
dynamic behavior of ships (in particular

VLCCs) in waterways and harbors. <

.This report will review recent model
test data in deep and shallow water, which
have been obtained at Davidson Laboratory,
and will also present the application of
the model test data to ship motion simula=
tions. . 3

The fo;lowing ship models have recently

been tested under the rotating-arm facility

in deep and shallow water:

1. A 763-ft-long 80,000 pWT tanker, which
is a representative medium size tanker.

2. A 1085-ft-long 250,000 DWT tanker,which
is a representative VLCC.

3. A 1066-ft-long 280,000 DWT tanker,which
was recently tested under the shallow=
water, full-scale trial program in the
Gulf of Mexico.

L, An 880-ft=long high-speed container
ship (i.e., the SeaLand 7-type design).

The above-mentioned shallow=water,

full-scale trials were carried out from
July 25 through August 4, 1977, under the
sponsorship of the U.S. Coast Guard, MARAD,
and AIMS. The trial results provide an
opportunity to correlate ship motion pre=
dictions based on the model test data with
trial results in shallow water as well as

in deep water.

ROTATING=ARM TEST RESULTS
Figure 1 shows an 80,000 DWT tanker=-

model (1/150 scale) set up in shallow
water (Dyw/H=1.2) in the rotating-arm
facility. Tests were made with freedom in
heave and trim, but restrained in yaw, roll,
sway, and surge. Balances mounted above
the model were used to measure longitudinal
and side forces, and yaw moment. Signals
from transducers were transmitted by over=
head cables to the calibrated standard re=
cording equipment on shore. The 64-ft-long
rotating arm is located in a 75-ft=long by
75=-ft=wide by S5-ft-deep tank.

The major parameter changes during a

series of tests were, for example, as

follows:

(1) loading full=load and ballast con=
condition ditions

(2) water Dy/H =@, 1.5, 1.2, 1.1
depth
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(3) model Fn = 0.04, 0.08, 0.16, 0.30
speed

(4) turning r' = -0.80 to +0.80
rate

(5) drift B = <25 deg to +25 deg
angle

(6) rudder 8 = =40 deg to +40 deg
angle

(7) propeller various propeller loading
revolution conditions, including model
and ship self=propulsion
points
In order to obtain hydrodynamic data
which represent realistic dynamic response
characteristics of a given ship, effects
of the above parameters on hydrodynamic
forces should be determined through a
series of tests. A total number of test
runs for one ship model is usually up to

the order of several hundreds.

Figures 2 and 3, for example, show
hydrodynamic yaw moment data points which
are computer-plotted on the basis of drift
angle together with least-square fitted
curves in deep and shallow waters (depth to
draft ratio, D,/H = 17.0 and 1.2), respec-
tively. A significant difference in hydro-

dynamic yaw moment is clearly shown between

deep and shallow water in these two figures.

Hydrodynamic sway force indicated a similar

difference in a more exaggerated manner.

Figure 4 shows changes in hydrodynamic
force and moment derivatives (Y& and N&)
with o(=H/D,), which indicate a much
larger change in Y& with o than in Nc.
Various hydrodynamic force and moment de=
rivatives change substantially with o in a
fairly similar manner but to a different
degree. As a result, the dynamic course
stability and turning characteristics of
the ship change to a great extent with

changes in water depth. When water depth

is reduced from deep to very shallow water
(e.g., D,/H =17 to 1.2), the following
changes in stability and maneuvering
characteristics were indicated in the test
results:

(1) Dynamic course stability is increased

with reduction in water depth.

(2) Turning performance is decreased with

reduction in water depth.

It should be noted that maneuvering
requirements are more severe in restricted
shallow water rather than in open deep
water. Accordingly, the above changes in
maneuvering characteristics with a reduc=-
tion in water depth are very important,
in particular, from the viewpoint of

navigational safety.

DYNAMIC BEHAVIOR OF TANKERS DURING TRANSIT

OF HARBOR WATERWAYS

Recently, a study was undertaken at
Davidson Laboratory to examine the dynamic
behavior of tankers proceeding through
harbor waterways from open sea. The con-
trollability of typical 250,000 DWT and
80,000 DWT tankers was to be evaluated
under the conditions of expected tide,
currents and wind,and with the specific
configuration of that channel and the
surrounding water and land. The system
performance was to be expressed in terms
of the ship trajectory deviation relative
to the ideal track and the amount of rud-

der activity.

A mathematical model was formulated
with inclusion of the following data:
(a) Hydrodynamic force coefficients on

the basis of hydrodynamic data ob=-

tained in the rotating=arm facility

in deep and shallow water.
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(b) Aerodynamic force coefficients on the
basis of wind tunnel data.

(c) Actual current pattern in waterways.

(d) CGS chart data on the waterway con-

figurations and water depths.

The mathematical model to represent
the tankers dynamic response was previously
verified with full=scale ship trial results

in the case of deep water.7

As the ship proceeds along the chan=-
nel, changes in water depth were reflected
in the values of hydrodynamic coefficients,
thereby effecting the ship maneuvering

characteristics.

Pilot feedback control was represented
in the following rudder activity, which is

based on deviations in ship heading and

distance of the ship from the desired track.

8y = alkg = ¥ ) + blyg + 'L

where
6d = rudder command
¥g = ship heading angle
wc = channel direction
4! = distance between the ship and
P the desired track in terms of
ship length

a,b',c'= gain constants

Anticipatory control in negotiating turns
in the waterway was included in the mathe=
matical model. When the ship approached
the bend, rudder action started prior to

reaching the actual location.

Results of computer=simulation under
various wind and current conditions were
obtained on computer=plotted charts, each
of which gives the computed ship trajectory
relative to the desired track. Figures 5
to 8 show typical examples of computation
results for the 250,000 DWT tanker and the

80,000 DWT tanker under the influence of
wind and current.

Figure 9 shows recently measured tra=-
jectory of the 80,000 DWT tanker entering
the Upper New York Bay under the Verra=
zano Narrows Bridge. Recorded data in=
cluded rudder and bow-thruster activity,
and propeller revolutions. It is planned
to correlate such a full=-scale trajectory
with computer simulations using model test

results in shallow water.

APPLICATION:OF HYDRODYNAMIC DATA TO
SHIPHANDLIN@LSIMULATORS

significaﬁtnprogress has been made in
the area of shiphandling simulators during
the past several years. Two advanced sim-
ulators have recently been completed and
are presently in operation. These are
the MARAD CAORF simulator at Kings Point
and the Marine Safety International simu=
lator at LaGuardia Airport (see Figures 10
and 11). Recent experiments and training
programs on these simulators include,

1. the 80,000 DWT tanker entering New
York Harbor,

2. the 165,000 DWT tanker leaving Port
Valdez, Alaska,

3. the 250,000 DWT tanker entering Mil=-
ford Heaven, U.K.,

where hydrodynamic data,determined from

captive model tests and hydrodynamic

theories, play an important role in these

simulator operations to generate realistic

dynamic response of these ships in deep

and shallow water.

CONCLUDING REMARKS

Recent captive model test data in deep
and shallow water have been reviewed in

this report with inclusion of their actual

-
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application to ship motion simulators.
Results clearly indicate significant
changes in course stability and maneuver=-
ing characteristics with reduction in water
depth. The changes due to shallow water
depth are particularly important because
maneuvering requirements are generally more
severe in shallow waterways rather than in
open deep water. Under the current re-
search programs, Davidson Laboratory is
presently scheduled to continue its efforts
in the following areas:
1. Extend the captive model tests for

several additional designs (e.g., one
of the largest ULCCs).

2. Analyze the test data to be used in
ship motion predictions, and develop
maneuvering criteria in deep and
shallow water.

3. (orrelate ship trajectories between
full-scale trials and predictions in
deep and shallow water.

The correlation between ship trial data
and predictions will include the case of
the 280,000 DWT tanker in deep and shallow
water and also the case of smaller size
ships entering actual harbors (e.g., New
York Harbor), with inclusion of varying

water depth and current.
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FIGURE 1. THE 80,000 DWT TANKER MODEL BEING TESTED IN
SHALLOW WATER IN THE ROTATING=ARM FACILITY.
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FIGURE 5.

250,000 DWT TANKER
Full Load, Inbound
Flood Current: 2.7 kt
Wind: SW 60 kt
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THE APPLICATION OF ROTATING ARM DATA
TO THE PREDICTION OF ADVANCED SHIP
MANEUVERING CHARACTERISTICS

Steering and Maneuvering

James A. Fein
David W. Taylor Naval Ship
Research and Development Center

18th American Towing Tank Conference

U. S. Naval Academy
Arinapolis, Maryland

August 1977

Advanced ship types such as Air Cushion Vehicles (ACV's) and Small Waterplane Area
Twin Hulls (SWATH's) can present difficult maneuvering problems to the designer. These
ships differ greatly from traditional ships in degree of stability and in tha nature of
the steering control strategies. The forces and moments involved in turning are highly
dependent on speed since these ship types operate at Froude numbers in the neighborhood
of the wave drag hump. The rotating arm at the David W. Taylor Naval Ship Research and
Development Center (DTNSRDC) has been utilized to obtain nonlinear side force, yaw
moment and roll moment data for use in a simulation of the JEFF(A) and (B) designs for
an air-cushion-supported Amphibious Assault Landing Craft (AALC). This simulation
also incorporated straight-line and Planar Motion Mechanism (PMM) information. The
forces and moments required by the simulation model are obtained by a table look-up and
interpolation technique in place of the traditional technique of using a matrix of
coefficient values. Utilizing what was learned from the ACV experiments, a technique
that depends totally on the rotating arm for the turning force and moment data was em-
ployed in studies of two SWATH designs. This paper discusses the SWATH experiments
from which it is established that the rotating arm data is consistent and in agreement
with straight-line data from earlier experiments. Simulation results are given and
compared with full scale trials results for one SWATH design.

Background

The current approach to determining the maneuvering characteristics of ship de-
signs is to obtain coefficients by PMM or rotating arm experiments and incorporate
these coefficients in a simulation program such as that in Reference 1. The PMM
approach leads to the acceleration terms but is limited in that the form of the coef-
ficients is dictated by the experimental procedure. Nonlinearities in yaw rate terms

are ignored and couplings between yaw rate and roll angle or rudder angle are




restricted to those obtained by oscillating with a fixed angular deflection. Frequency
dependence of the forces is assumed to be small or nonexistent. Also, the effects of
asymmetrical propulsion cannot be considered.

The rotating arm technique requires that the acceleration terms be known from
other sources. The approach can also be limited by the speed or yaw rate capability of
the facility. The DTNSRDC rotating arm has a maximum test radius of 114 feet and a
maximum speed at the outer end of over 50 knots which allows for a wide range of test
conditions. Also a straight-line tank experiment has been required to obtain the sway-
velocity derivatives, increasing the accompanying cost.

More recently, techniques have been proposed that depend on complex data analysis.
The approach of Reference 2, which describes a force pulse captive model technique,
holds promise for quick determination of the acceleration derivatives but does not
address the nonlinear derivatives found in most maneuvering work.

ACV_Experiments

The ACV experiments are described in detail in References 3 and 4. Traditional
techniques were employed to obtain the information needed to simulate the maneuvering
of these high speed aerodynamically-propelled craft. Horizontal PMM experiments and
straight-line experiments with variation of speed, roll, drift, and trim were conducted.
Also, an extensive rotating arm experimental program was conducted.

The experiments led to an extensive data base over a wide range of operating
conditions. The forces showed a high degree of Froude number dependence. Also, vari-
ation of force with drift angle over a range of zero to 45 degrees was so nonlinear
that even a 5th order polynomial did not provide reasonable representation. The high
degree of nonlinearity made it very difficult to represent the data by generally
accepted Taylor series coefficients. Consequently, rather than develop a whole series
of high order coefficients, it was decided that a data table would be established which
would have four dimensions and would contain the forces and moments as functions of
speed, yaw rate, sway velocity and roll angle. The data base was sufficiently dense to
allow linear interpolation between the points. This data base allowed for the develop-
ment of an efficient, flexible simulation for each of the AALC designs.

The use of the PMM allowed for comparison of the yaw rate derivatives N, and Y,
between the exact values obtained on the rotating arm and the PMM values extrapolation
to zero frequency. Figure 1 shows the result of the comparison of Nn. The agreement
between the two techniques is consistent and adequate over the speed range.
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SWATH 6A Experiments

The objective of the SWATH 6A experimental program on the rotating arm was to
obtain information on a series of different rudder configurations. The SWATH is
inherently very directionally stable so rudder size and turning performance are impor-
tant considerations for the overall design. In the previous simulation studies of ACV,
the major portion of the data came from the rotating arm, but straight-line and PMM
results were still required since the craft was highly nonlinear and accurate estimates
of the acceleration derivatives were not available. However, since funds were limited
on the SWATH 6A project, it was decided to gather as much information as could possibly
be obtained from the rotating arm and to use theoretical predictions for the accelera-
tion derivatives. In order to accomplish this, it was necessary to improve the effi-
ciency of the technique and to establish that the extrapolation to zero yaw rate would
not introduce errors.

A schematic of the model tow rig used on the rotating arm for the SWATH 6A experi-
mental program is illustrated in Figure 2. The roll gage is isolated by a universal
to prevent a drag component from being resolved but well positioned for measuring the
large expected roll forces. The experiments were conducted at the ship self-propulsion
point although various over and under propulsion points were also obtained to assess
the effect of propulsion on the forces. These experiments are described in detail in
Reference 5. Figure 2 shows the two surface-piercing rudder types, each of which was
evaluated for two drafts. Each case was tested for a matrix of speeds, yaw rates
(radii), drift angles, rudder angles, and roll angles.

The greatest gain in efficiency was obtained by modernizing the data acquisition
system on the rotating arm. By employing a computer and an automated system, numerous
data points at different speeds or drift angles could be obtained during a single pass.
The data had to be obtained on a single pass around the arm in order to avoid running
into the model's wake. The enhanced data acquisition systems allowed the measurement
of about 1100 data points during less than two weeks of 16 hour a day testing which
included frequent model changes. The computer removed the tares and nondimensionalized
the data between runs.

It was necessary to establish that the data was linear near zero yaw rate so that
extrapolations of the roll, drift and rudder angle derivatives could be made with
confidence. In the table look-up technique, if the values around zero are known and
linearity is assumed, linear interpolations across zero will be accurate. Plots of the
data versus yaw rate show a high degree of linearity in the vicinity of zero turn rate.
Consequently, linear extrapolation to zero yaw rate was judged sufficiently accurate.
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Since the data were fairly linear, it proved convenient to calculate linear deriv-
atives for comparing the various rudder configurations. Figure 3 shows the speed
dependence of the yaw rate damping derivative, Ny. The other derivatives also showed
a speed effect as can be seen in Figure 4 which shows the rudder effectiveness term,
Nér' It is apparent from this figure that the spade rudder at the deep draft was the
most effective rudder configuration. This conclusion was borne out by the simulation
results.

SSP SWATH Experiments

In order to simulate a design for which full scale trials results were available
for validation, a completely different SWATH design, the Stable Semi-Submerged Platform
(SSP), was the subject of a rotating arm experiment. A 190-ton work boat which is
currently in service at the Naval Undersea Center in Hawaii had been the subject of
trials in 1975. The SSP rotating arm experiment was similar Lo the SWATH 6A rudder
study in scope and test equipment. The model utilized had been run in the DTNSRDC
straight-line tank in 1971. The straight-line data could be directly compared for this
model to verify the linear interpolation procedure. A similar check on the MARINER in
Reference 6 showed good agreement. Negative yaw rates (port turns) were investigated
as well in order to verify the extrapolation to zero yaw rate. The small asymmetries
encountered between port and starboard are attributable to the fact that both props
turned in the same direction on both the model and the full scale.

The straight-Tine and rotating arm results showed good agreement and linear
behavior for side force and yaw rate as can be seen in Figure 5 and for yaw moment and
rudder angles as shown in Figure 6. This agreement gives confidence that the SWATH 6A
results for the rotating arm can be validly extrapolated to the straight-line case.

Predictions for SWATH

The SWATH 6A and the SSP are treated in the same simulation program. Hydrodynamic
data is contained in a separate data base for each rudder configuration or different
design. The side force, roll moment, yaw moment, and axial force are compiled for the
variables speed, sway velocity, roll angle and yaw rate. The required forces and
moments for any combination of these variables is obtained by a four-dimensional inter-
polation scheme. Rudder deflection angle and associated coupling dependencies are
contained in a separate math model. Intermediate drafts are handled by interpolating
between the two experimental drafts. The propulsion, including controllable-pitch
propellers, is modeled separately based on experimental data. The acceleration deriv-
atives are computed from strip theory by an established and validated program (Refer-
ence 7). The SWATH maneuvering simulation was first used to design rudders for SWATH
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6A. Figure 7 shows the effect of the various rudders on a typical high speed maneuver.
The rudder size and performance can be traded off by the designer against increased
drag, weight of the actuator, and turning requirements. The simulation can also be
used for studying deceleration, acceleration, and directional stability. This program
is fully documented in Reference 8.

The SSP simulation was used to generate a trajectory that could be compared to the
full scale trials results contained in Reference 9. An example of the correlation is
given in Figure 8. The results agree within 10%, which is reasonable considering that
the trials were conducted in 2-3 foot waves while the simulation is for calm water only.
It is hoped that there will be further trials to expand the validation effort.

Conclusions

The rotating arm has been shown to be a useful tool in developing the data base
for maneuvering simulations. In some cases, where derivatives for each speed are
linear, the arm can be the sole supplier of hydrodynamic data to the simulation. The
arm results for the SSP show no yaw rate dependence on rudder effectiveness or sway
velocity terms. The arm results for the ACV's give yaw rate damping derivatives that
agree with PMM results. The nonlinear nature of the ACV data and the variation of the
SWATH derivatives with speed led to the development of linear interpolation table look-
up simulations. The agreement with full scale results establishes this approach to
simulation as an accurate predictor of advanced ship maneuverability characteristics.
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Report of the System and Techniques Committee

The Systems and Techniques Committee consisted of Mr. P. W. Brown, Chairman;
Mr. W. Barkley; Mr. G. G. Dobay; Dr. D. Gospodnetic; and Professor B. Johnson.

The past three years since the 17th American Towing Tank Conference has been a
period of consolidation, during which time the systems and techniques reported to
previous conferences have been developed and refined. Progress in some areas has been
slower than anticipated including for example the development of laser anemometry.

The developments that have taken place have been specific rather than general, the
most notable of these being the completion of the new facilities of the Hydromechanics
Laboratory at the U. S. Naval Academy in Annapolis, Maryland. Consequently this
Committee considered it would be more informative to invite contributions dealing with
these specific developments rather than to offer a series of surveys which would be
largely repetitious at this time.

There are six contributed papers, four of which deal with the new systems at the

Hydromechanics Laboratory including as topics: Data acquisition, control and analysis
: system; Optical data transmission system; Computer controlled wave generation system
| and Dual flap wave maker design. In addition there are reports on: Digital control of
: D.C. tank drives and Prediction of breaking waves in a towing tank. A movie on
; Experimental techniques for studying aircraft trailing vortex systems was shown during
the conference session and an oral presentation on the new model basin equipment at
Webb Institute of Naval Architecture was given.

In the area of instrumentation the Committee noted the need for the development of

a non-contacting wave gage. The obvious advantages of such a gage are that the water
surface is not disturbed by the gage and at high speed the problems of gage deflection,
speed dependent calibrations and flow separation association with surface piercing
gages are avoided. The applications for such a gage are not limited to conventional
wave height measurement. There is also the need to determine the water elevation in the
air cushion under surface effect ships and air cushion vehicles. Current versions of
the non-contacting sonic wave probe have a limited application due to the fact that they
are sensitive to wave slope as well as wave height, leading to distortion and loss of

1 signal.
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AN OPTICAL DATA TRANSMISSION SYSTEM FOR
TELEMETRY AND CONTROL APPLICATION

by

B. Grabois
ITT Gilfillan

ABSTRACT

The Optical Data Transmission System for the U.S. Naval Academy Towing Tank facility provides
real time, wideband duplex data transmission between the moving carriages and fixed shore locations.
Data transmitted comprise both multichannel instrumentation telemetry and high resolution TV video.
The data modules are designed to interface with instrumentation typically used in hydrodynamic testing.
Modular design permits flexibility with respect to the number and bandwidth of data channels.

Two Argon spectral lines generated by a single laser are used; one for digital, the other for video
transmission. The two lines are combined, after modulation, in a single output beam. The power density
is at an eye safe level as defined by applicable government' regulations. Spectral filters separate the
received signals which are processed individually to realize useful data outputs.

The use of optical links eliminates trailing cables and electrical interference problems associated
with RF transmission. Although designed for a towing tank, the equipment may be utilized in a variety of

instrumentation applications.
Introduction

Optical data link systems have been developed by ITT Gilfillan specifically for application in towing
tank test facilities and been supplied to both the modern one-kilometer Naval Ship Research and Develop-
ment Center (NSRDC) at Carderock, Maryland, and the newly constructed U.S. Naval Academy (USNA)
Facility at Annapolis, Maryland. In both applications, the ITT data links provide wideband duplex data
transmission between the moving carriages and fixed shore locations. The data transmitted comprise both
multichannel instrumentation telemetry and high resolution TV video to and from the carriages. The
modular equipment design permits user selection of the number and bandwidth of data channels required
for particular needs, and system expansion using standard circuit boards and assemblies. The data modules
are designed to interface with the instrumentation typically used in hydrodynamic testing.

The principal advantages of an optical data link, in tow tank and similar applications. include:

0 Real time off-carriage data processing

o Elimination of RF interference with other instrumentation

o EMI immunity

o Freedom from trailing cable limitations

o High channel capacity and wide bandwidth

o High reliability
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o Simple installation and ease of maintenance

0 Data flexibility and growth potential.

This paper describes the Optical Data Transmission System (ODTS) supplied by ITT Gilfillan for
the USNA towing tank test facility.

Functional Description

The ODTS provides a transparent data link comprising both analog and digital channels on a com-
mon optical beam. The self-contained equipment transmits multiplexed telemetry data at sampling rates
of 3.35 Mb/sec, 209 kb/sec, and 20.9 kb/sec. The telemetry analog inputs are converted to digital signals
with a resolution of 12 bits, for accurate and large dynamic range transmission, and then back to analog
outputs in the receiver unit at the levels and impedances of the original input signals. The digital trans-
mission link bit error rates are well below one part in 108, In addition to the multiplexed digital data
transmission, the ODTS simultaneously provides a 12 MHz baseband analog channel. This wideband video
channel permits transmission of high resolution television information with a signal-to-noise ratio of 40 dB
for the full bandwidth (110 dB in a 1 Hertz bandwidth). The total harmonic distortion of this channel is less
than 5 percent for all harmonic components within the passband, from input to output, inclusive of compen-
sation networks for long line drivers and data filters.

The equipment supplied for the USNA towing tank provides four communication links as depicted
in Figure 1; four receivers and three transmitters are used. The output of one of the three transmitters is
routed to two receivers — one located on the low-speed, the other on the high-speed carriage — providing

control capability to either platform from a single unit.

=
RECEIVER 4
o=

SHORE STATION

7108-1

Figure 1. Optical Data Transmission System as Deployed at the
U.S. Naval Academy Towing Tank Facility
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The hardware elements of the ODTS, their physical size, and power requirements are included in
Table 1. Except for the optical units, all system components are designed for mounting in standard
19-inch instrument racks. The external reflectors, indicated in Table [, are available should it be necessary
to mount a transmitter optical unit in a location where line-of-sight to the receiver is not convenient or
achievable. The beam divider is a power-splitting device that allows a single transmitter unit to supply
data simultaneously to two receivers. The data channels utilized at the separate receivers are selectable,
and the same or different information may be used by each even though supplied by a common trans-

mitter unit.
TABLE I. ODTS PHYSICAL CHARACTERISTICS AND POWER REQUIREMENTS

Quantity Link
Size (Inches) Unit Input
One | Supplied Weight Power***
Unit Name Link USNA | Width | Height | Depth |(Pounds) | (Watts)
Transmitter

Transmitter Optical Unit (TOU) 1 3 12.5 6.8 30.75 58
Modulator Driver 2 6 19.0 15.75 | 24.25* 60 1,000
Laser Power Supply 1 3 19.0 7.3 24.25* 33
Transmitter Control Panel (TCP) 1 3 19.0 10.5 18.7 33 100
External Beam Splitter e 1 4.5 5.25 3.5 2 0
External Reflector g 5 45 5.256 3.5 2 0
Receiver Optical Unit (ROU) 1 4 10.0 7.5 18.0 35 50
Receiver Control Panel (RCP) 1 4 19.0 10.5 18.7 35 115

*Shelf Depth
**As Required
***Input at 115V, 60 Hz, 1¢ input.

The ODTS normally operates from an external synchronization signal in order to achieve compati-
bility with the data processing equipment used as an integral part of the facility. An internal reference is
also available, selectable from the transmitter control panel, permitting operation without an external
timing signal. This feature results in the ability to test and align the ODTS without activating ancillary
equipment.

The ODTS can be operated either from the control and connector panel or from a remote location.
A single ON/OFF switch operates all elements of the system associated with that particular transmitter or
receiver connector panel. The transmitter laser warmup time is fifteen minutes and the receiver unit
requires no warmup.

The ODTS is essentially a transparent link providing output signals identical (in level, impedance, etc.)
to the inputs. The connectors on the transmitter and receiver panels are arranged and labeled identically so
that the user can patch data into and out of the link using any of the available ports without reference to
instruction manuals. The receiver panel contains meters that continuously monitor the link signal strength as an
indication of the operational status of the system. In addition, a visual indicator displays the readiness of the

digital data link.
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Digital Data Processing

The digital data link utilizes time division multiplexing (TDM) to take advantage of the high information
carrying potential of laser beams and, thereby, provides the communication capability required for the USNA
towing tank facility in a single link. The TDM carrier in the digital link is multiplexed in three stages. The first
stage operates at a clock rate of 10.06 MHz and develops two data char nels, each with a 3.355 Mb/sec capacity.
and a third for further multiplexing. The third channel undergoes a second stage of multiplexing creating sixteen
medium speed channels, each with a sampling rate of 209 kb/sec. One of these 209 kb/sec channels is further
divided to provide ten low-speed channels, cach with a sampling rate of 20.9 kb/sec. One of the low-speed chan-
nels is dedicated to transmitting a digitized audio signal which is recovered at the output by means of digital-to-
analog conversion. The audio 1s recovered with low distortion at the receiver and provides capability for voice
conmunication between stations.

Plug-in circuit cards for digitizing analog signals were supplied as part of the USNA ODTS. These cards
can be added to any link as needed, subject to available channel capacity for special instrumentation requirements.
The plug-in circuit cards permit transmission of: 40 kHz baseband, or two separate 20 kHz, signals; and eight
I kHz bandwidth signal channels. The 40 kHz signals are sampled at the rate of 5.175 samples per cycle of signal
and the 1 kHz signals at 8.738 samples. Both the 40 kHz and the 1 kHz channels have a 12 bit resolution resulting
in excellent fidelity of the received signals.

The available data transmission capability of the ODTS and channel requirements for the analog data are
summarized in Table I1. Although the transmission capacity delineated in the table is available to the user. not
all are utilized in the ODTS supplied to the USNA.

TABLE 1I. CHARACTERISTICS OF OPTICAL DATA LINK

VIDEO CHANNEL
Quantity: 1
Bandwidth: 12 MHz
S/N Ratio: 110 dB/Hz
Linearity: 5%

DIGITAL CHANNELS

J Sampling Error
Function Quantity Rate Rate
High Speed 2 3.35 Mb/sec <1 part 108
Medium Speed 14 209 kb/sec < 1 part 108
Low Speed 10* 20.9 kb/sec < 1 part 108

*One channel dedicated for voice communications.

ANALOG INPUT CHANNELS

Band- Quantization Digital Channels
Function Quantity width Levels Required
Voice 1 3 kHz 210 1-20.9 kb/sec
Wide Band A 1 40 kHz 212 12 - 209 kb/sec
Wide Band B8 2 20 kHz 212 12 - 209 kb/sec
Narrow Band 8 1 kHz 212 4 - 209 kb/sec
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Optical Units

Since both wideband video and high bit rate digital data are transmitted, two transmitters and
receivers are required for each link. The Argon ion laser generates several spaetral lines, but the major por-
tion of the energy is concentrated in two optical frequencies. This characteristic of the Argon laser was
utilized in the ODTS to combine the two communication links — video and digital — in one optically-
multiplexed transmitter and receiver. As a result of deriving the two optical,;;ii'riers from a single source,
complexity is decreased, reliability improved, and spare part requirements reduced.

The transmitter and receiver optical unit block diagrams are shown in Figure 2. The lrunsmil}'_cr unit
consists of the Argon ion laser, two acousto-optical modulators, and various beam folding mirrors anid

¢

dichroic filters.
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Figure 2. Transmitter and Receiver Optical Unit Block Diagrams
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The Argon laser provides cw output power at both 0.488u (blue) and 0.5145u (green) simultancously.
Ihe output of the ODTS laser is adjustable at the lase, power supply front pancl: maximum optical powers
of 10 milliwatts at 0.488u and 5 milliwatts at 0.5145u are available. The laser output beam is spectrally
divided by a dichroic beam splitter; the 0.488 » beam is modulated by the v<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>