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DEFINITIONS AND TERMINOLOGY
Coordinate system which moves with the constant
average velocity of the two ships.

Coordinate axes fixed in ship 1,
Coordinate axes fixed in ship 2.

Velocities along x and y, respectively.

Angle of yaw measured between coordinate axes
ox and ox.

Mass of the body (ship).

Moment of inertia of the ship about coordinate
axis oez.

Force acting on the ship along coordinate axes
ox and oy.

Moment acting on ship about coordinate axis oz.
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INTRODUCTION

The operational procedure of replenishing ships at sea by
steaming on parallel courses in close proximityl'2 cama into
general use during World War II. Tris procedure is still v '=d
extensively by the Navy, although collisions have occurred during
replenishment operationg which have resulted in damage.

Analysis of the replenishment operations may prcvide a means
of reducing the collision hazard by improved methods of ship
maneuvering and ship control.

The dynamic interaction of twoc ships in close proximity
maneuvering on parallel courseslr? involves the hydredynamic
interaction petween the ships, the skills of the helmsmen, and
the conning officer of bcth ships. This complex dynamic
interaction is not completely understood and requires further
analytical and experimental gftudy.

This labcratory is currently engaged in an applied researcn
program tc define the parameters affecting ship control during
underway replenishment (UNREP). Monitoring of these control
parameters aboard ship may provide information for the conning
officer and/or helmsmen which will reduce the collision hazard
and also improve the efficiency of the UNREP operation.

This first phase report from the UNREP research program
describes the background of the problem, derives the linearized
equations of motion for two ships on essentially parallel courses,
and discusses the computer simulation to be developed at NSRDC
from these equations as the basis of the mathematical model.

Future work in the UNREP program will concentrate on the
development of the computer gimulation using the linear equations
of motion, analysis of the computer simulation results, and
refinement of the mathematical model to include nonlinear terms.
It may be necessary to go directly to the nonlinear maneuvering
equations if preliminary investigations indicate the presence of’
instabilities in the solutions of the linear equations.

Superscripts ~fer to similarly numbered entries in the Technical
References at che end of the text,

Keport 27-267 1
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GENERAL DISCUSSION OF UNDERWAY REPLENISHMENT

Replenishment operationsl'2 are conducted at sea for the _

purpose of transferring stores between ships to extend the period i 1

of time that the ships can be operational at sea. Since the ‘

cargo must be guided and cnntrolled during the transfer operation,

a suitable physical connection must be maintained at all times

between the ships moving essentially parallel to each other and
; at nearly identical speeds. This physical connection requires
that the ships be clcse together; thus, there is the danger of T
) collision. The tracking ship is usually assigned the task of :
avoiding collision and maintaining station relative to the leading
ship. The leading ship must maintain a steady course and must P
keep oscillations about this course to a minimum. Ce s

During UNREP operations both relative speed and separatlon
distance nf ships are monitored by the conning officer? on the
b tracking ship, A line with markers is used to measure the
distance between the ships. One end of the line is secured to \
the leading ship; the other end is tec..ded by men on the tracking
ship who take up and pay out the line to keep it taut. The
conning officer orders small course and small speed changes to
maintain position. Figurc 1 shows a control block diagram of the
r UNREP.operation with the tracking ship on the starboard beam of
the leading ship. This diagram is discussed in appendix A,

Desired
covurse

——— Rudder Gyro ;
. . LEADING + ;
) -ﬁ HLU\SM _?_._d P
{ T~ (deo)
{3, = Deviation (deq)
{3, = Deviation (deg)
N Des:ned !
HELMMAN Rudder TRACKING Gyro separation l {
(=) 2] SriP n;gance‘xo
M (449)

CONNING
orrican

& = Course cnange (deg)

From Thal-T.arsen .2

Figure 1 - Replenishmeut-iL Sea Operation
with Tracking Ship on Starkoard Beam
of Leading Ship T

{
(
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The constant tensioned wire highlines installed in the
Navy's newly constructed UNREP ships and in UNREP ship conversions
introduce another parameter to he considered. This parameter is
a steady lateral pull Jdue to constant teunsioned wire highlines
between the two ships which may affect the steering of both the
leading ship (delivery ship) _and tracking ship (receiving ship).
However, in UNREP operations® the constant tensioned wire hLigh-
lines did not introduce a significant problem. This area is
discusgsed in appendix B.

REPLENISHMENT SIMULATION TO BE DEVELOPED

Pertinent literature relating to UNREP ope: .'ions was
reviewed to evaluate the feasibility of computer simulation of
underway replenishment. The selected papers and reports from
this literature search were studied from two aspects: their
applicability to a good mathematical model of UNREP operation
(e.g., assumptions made, the reasons for these assumptions, and
the purpose of the papers and reports); and their applicabilizy
from the standpoint of simulating ship replenishment by computer
(e.g., selection of the computer, the reasons rfor its selection,
its capabilities and deficiencies, and its availability).

ANALYSIS OF PAST WORK

In the field of UNREP, the literature is scarce, Newton,4
Silverstein,® and Taylor6 report experimental and theoretical
investigations of interaction forces between two ships maneuvering
on parallel courses, The control problem involving the conning
cfficer and helmsmen during an UMREP operation is not considered
in these investigations.

Metnods presented in these references muy be helpful in
determining the forces between the two ships during the UNREP
comr;uter simulation in this program.

Tne University of californials? reported significant UNREP
work done 10 years ago by a research group spcnsored by NAVSHIPS.
Thic group recorded incomplete statistical data during full-scale
ship UNRLP operations. The sea trials consisted of refueling a
destroyer, USS HALSEY-POWELL (DD 686), by the USS ASHTABULA
(AD S1) at 17 knots, and replenishing USS UHLMANN (DD 687) by the
USS TICONDEROGA (CVA 14) at 25 knors. The project was terminated
by the Navy, however, before all data for a complete statiatical
analysis could be obtained. Details of these sea trtals and
exanples of these data appear in appendix C.

Report 27-267 3




Figure 1 shows the control block diagram that was designed
for the partially compl:ated UNREP analcg computer simulation at
the University of California, This block diagram represents the
UNREP opouration with the tracking ship on the starboavd beam of
the leading ship. The incomplete sea trial UNREF data mentioned
above were used to determine the transfer functions incorporated
in tho block diagram. A brief discussion of the determination of
the transfer functione appcars in appendix A,

This University oi California work provides important back-
ground information useful i{in urderstanding the relationship
bocween ship control and ship interaction during UNREP oparations.
However,. the method of UNREP compu4ter simulation considered by the
University of Califorunia was not suitable for use in this Program
fcr thoe following reasone:

® Fands in excess of the amount presently allocated
vwould bte rugquired tc obtain complete otutistical data for this
simulation from externsive UNREP opeitions,

e If models tests are used to obtain UNREP data, tho
gcaling problomsg involved with human operators in the control
loups for theso tosts are cxtremely difficult to handle.

e This analog computor simulacion using linear transefer
funvtions im extrameiy hard to generalize to the nonlincar case.

"autling and ond7, present the linear equations of motion
for two ships maneuvering on essentially paralloel courses. 1t
was declded to une thesa egquations as a basis for the mathematical
model in the UNREP computer simulation to be doveloped for tho
followling roeanonsi

e Costly hydrodynamic work can he eliminated becaume
most of tho hydrodynamic coefficients in the oquations of motion
can bo estinmatod from theoretical considcerations.

® Nonlinear terms can be addud to the equations of
mction in a lator phase of the work if it is found necessacy to
consider vonlinear aspectas of UNREP oporations,
LINEAR EQUATIONSE OF MOTION

The following agsumptions are made in developing the linear
equations’ of motion.

Raport 27-267 4
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e The ships operate on nowinal parallel coursses; thus,
the time aversge resultant velocity vectors are parallel.

® The average speed of both ships is constant and equal.

® The short-time deviat.ons from the above conditions.
are small. Thus, the linear disnlacement from the average
position of the ship is small coupared to the ship dimensions;
angular deviations are small; velocity disturbances are small
compared tn the average velocity; and accelerations corresponding
to there disturbences result in moments and forces which are
small compared to those already acting on the ship,

In order to describe the motion of tha twc ships it io

necassary to use two set3d of coordinate ay:teml,7 shown in figure 2,

From Fauling anrd Wood ,

Figure 2
Cuordinate Systems

Wl

T TUA Rt TR R WRYRTIES

A s W

4 TGRS gt e o - o
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One coordinate system (0, X, y, z) moves with the constant average
velocity of the two ships. 0z is <iirected vertically downward;
the X¥ 1'lane coincides with the surface of the water; and Ox is
parallel with the average velocity of the two ships, The second
set of coordinates (©3,%3,¥;,2z]) and (oz,xz,y2,zz) is fixed in

the two ships with o fixed at the ship's centes of gravaty, ox
directed forward, oy to starboard, and oz downward. The plane

oxz is the ship's plane of longitudinal symmetry. The plLane oxy
is parallel to the water surface when the ship floats 4t rest.

It i assumead that the principal axes of inertia are ox, oy, and
oz, This assumption is exactly correct for oy and nearly correct
for ox and vz where ships of normal proportions and mass distri-
butions are ccnsiderad. The motion of the ship is restricted to
the Xy plane; and thus, pitch, heave, and roll motions are neglected.
The motion {8 described by velocities u;, up., vy, v2, aAcceler-
ations 4y, Uy,,V1, ¢, parellel to,the x and y axes, and angular,
displacoments Yy, Y2, volocities Y), Y2, and accelerations Y3, Y3
about the 2z axis.

In the two coordinatae nystemlvfixed, vespectivoly, in the
two ships, the equations of motion are described as follows (the
subgpcripts 1 and 2 rofer to ships one and two, respoctively):

nl(al - vlvl) = xl + 'rl + le

Ml(vl * Vlul) ~ Yl + YRl

Ity nby + Ny

Mylly = Ypva) = X & Ty + Xpo

Mz(v2 + Vzuz) - Y2 + Ynz

1 Y. =N +N / (1)

Report 27-267 6




where

M

]

mags of the ship

I = moment of inertia

T = thrust of propellers

xR,YR = rudder forces applied to the ship

N = rudder moment

X,Y = motion-dependent external hydrodynamic forces
applied to the ship

N = motion-dependent. external hydrodynamic moment
applied to the wship.

It is assumed that the hydrodynamic variables’ (x
Yo, Nl' Nz) depend on the following:

ll le Yll

¢ Velocities u,. u.. v,, v,, ¥y Y for each ship.

® Accelerations &1, &2, 01, 02, Vl’ ?2 for cach ship.

e Relative positions for each ship ;2 - §1 and §2 - ;1.

Thus, the variuble X) may be expresued as_X; =_Xj(uy, u,, vi, va,
ll azl oll vzl vll WZI WII ‘l’zc x o xll yz b yl) w th a'milar
expressiovns for X,, Y, Yo Nl, N . Other external forces not

menticoned might result from wind, "waves, etc, All of these forces
and moments are dependent on the geometry of the ehip.

It is assumed here that the motiocn of each ship consists of
small perturbations superimposed on ar initial state of motion,’

Thus,the perturbation of the u velocity, for example, is
represented by

u(t) = uo(t) + su(t) (2)

Report 27-267 7
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where du is a small gquantity. Assuming the X; is an analytic
function of the independent variaples, X; is expanded in a .
Taylor's series about its value at the initial siate of motion: ‘

Xy = X050 Uggr eee v (Y =¥yl
2%, 2X, X )
* o 6“1 + ™ 6\12 tooo ¥ —m—— 6(y2- yl) (3) o
! 2 8(¥y= ¥y) |
2 -
a x O
PP SN T L AP
372 1
)} u1

Substituting equation (2), plus other equations reprssenting {

the perturbations of its motion, and equation (3) into the first
of equation (1) and retaining terms to the first power of §u, etc 1
results in the equation for the initial state of motion,’ !
1

Myuio™ YioVio! = Xy (aygr Ypgreer (Y= ¥) )+ Tiot %oy

1

(4) |

plus the equation for perturbed motion s é
My (0uy *+ ¥pbvy - 8N
2%, 2%, o o :
"au, fMitag, Suat e oo Gygm ) AT Ry
1 2 2{y,~ v,) v
2 1 ! {
(5) y
where theo nonlinear terms are dropved); B
L 2%y 2
(example 5 5 (5ul) ) .
3 uy

These nonlinear terms will be considered in future work,.
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It shoild be noted that the partial derivatives 3X;/9u; etc
are cvaluated7 at the initial state of motion (uy = ujg, up; = Usg:
yz— ¥y = (y2 Yl)o- The changes in thrust and rudder force, 6T
and 6Xpn; are considered to depend on the moticn or to be independ-
eni. variable quantities. However, it is required ti.at they be
emall quantaities,

1t is alio necessary to introduce the assumption of constant
average veloc:ty, u,, of both ships parallel to ox. The resultant

velocities irn the ¢Xx and_oy directions are givon in terms of7tne
velocities parallel to ox and oy for either ship as follows:

U=ucos ¥+ 0V sin ¥
v ~-u 8in ¥ + v cos ¥ , (6)

where the subscripts denoting either ship have been dropped.

By substitutir- the equations

Y Y + 8y {(7)
into equation (6), the following two equation97 are obtained:

u, + 6u = (uo+ §u) cos (Wo+ §¥) + 6v 8in (Yo+ dy¥)

u-- q) v v .
v0 + 8v (u°+ du) sBin (.°+ 8Y) + 4v cos (Wo+ §Y) (8)

Report 27-267 9
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It is assumed here that the average yaw (y) angle of the ship
is small’ mo that the following approximations may be made

cos Vos 1l

sin Voz Yo . {9)

Then substituting these *. proximations (equation (9)) into
equation (8) results in the equations,

u, + 6u = u°+ (6u + WOGV)

v 4+ 8vm _yu ~a 8Y + &v . (10)
(] [o 2o} o

Thus, to thn firet order approximution7

v = -Yag (11)

where Uy, is the constant average velocity of both ships and ¥ g
the appropilate average angle uf yaw for the aship in gquestion,
8ince Y, has been assumed to be small, terms of tne form Ygéu,
et¢, can be neglected.

The equations of perturbed motion’ about an initial steady-
stato motion for the two ships are (ﬁo = constant, Vo " constant) s

Raport 27-267 10
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ax ax X, L
Too Uy togg bu, b L — 6(y,~ y )+ 6T

1 2 3 (§2_ yl) 1

2Y) L
+ o + ;(Tr-_:—)— 6(y2- yl) + GYRl
LYy = gu 8up + e ¥ ==y, )
1 3(y2- yl)

2 2 - -
M,u, = oo du. o du, b —/—— 6 (y,- y,)
2 a(yz- yl)
+ 6T2 + 6xR2
. Y 3y2
Myvy # ¥aug) = 55= bu) + —= du,
1 2
8Y2 - _
+ . — — - 6(y2- yl) <+ 6YR2
3(y2-y1)
27-267 11
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. N, oN,
Lty mgr Suy + oo v ————8(,-v)) . (12)
1 3(y2- yl)

The retention of only tne first order hydrodynamic force
terms of equation (12)7 implies that these forces can bhe expressed
by terms propcrticnal to the first powers of perturbation
displacemente, velocities, and accelerations. However, Wehausen8
and cummins? shcwed that the hydrodynamic forces on a body moving
at a free surface can be expressed by the firat order perturbation
tecms only in special cases. One such ca.el0 is that of small
amplitude periodic motion, for example, that of ship motion in
regular waves where the amplitudes of the motion are small. The
present problem will not necessarily be confined to the case of
periodic motion. Thus, it is uncertain that the retention of

only linear terms sufficiently describes the hydrodynamic forces
involwved.

Accordingly the computer simulation using the linear
maneuvering equations may exhibit unstable solutions thus making

it necessary to go directly to the nonlinear maneuvering equations.

The nonlinear equations will be obtained by adding the perturbcd
higher order force terms to the linear equations.

COMPUTER FACILITY

The computer simulation for the UNREP project must allow
for a man-in-the-loop. To obtain this man-machine interface the
simulation must operate in real time, thus implying that the
gsimulation be done on an analog computer. This laboratory
preaently has an analog computing capability which should be
sufficient for the simulation. This capability includes the
interface to a mock-up of a surface ship bridge, This facility
is being enlarged to include a complete hybrid computing
capability which will allow the simulation to run in real-time
while providing the programing flexibility of a digital computer.

DISCUSSION

There is very little quantitative data on the two=-ship hydro=~
dynamic coecfficients available; therefore, it will be necessary
to estimate these hydrodynamic coefficients for a general ship
situation in the maneuvering equations. The use of estimated
coefficlents is justified to some extent because the study is not
directed toward specific ships but toward general results
applicable to a variety of ship types. These coefficients will

Report 27-267 12
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be estimated for the most part from unpublished work from the
hydrodynamics facility of NSRDC. Every effort will be made te¢o
use hydrodynamic coefficients which specifically refer to the
two-ship situation. When these coefficients are not available,
the single-slip nydrodynamic coefficients will be used.

The first studies made by exercising the UNREP simulation
will attempt to determine the minimum number of maneuvering
parameters necessary for use by the conning officers and/or
helmsmen for station keeping during steady-~state UNREP operations.
The maneuvering parameters for steady-state operation may not be
sufficient for accurate station keeping during non-steady-state
operations.

These firast studies will also include determining the display
characteristics of the maneuvering parameters and investigating
the accuraries needed for the sensors measuring these pavameters
aboard ship.

After implementing the UNREP computer program or the hybrid
computer cthe results will be compared with the limited availeble
unpublished and published UNREP data from sea trials and model
tests. This validatinn procedure will also include parametric
studies of the general hydrodynamic sensitivities. As a result
of these sensitivity studies, it may bz found necessary tc
deterrine some hydrodynamic coefficients more accurately by model
teets at NSRDC,

Other areas of future investigation include:

# The adaption of the UNREP compu:.r simulation to the
shin approach situation at the beginning of the UNREP maneuv~cs.

e Modification of the UNREP computer simulation t¢c
ir ‘de sea state, roll, pitch, etc.

= Collision course avoidance and the display of
manasuvering pa.cmeters to warn the conning officer and/or halmsmen
of the collision situatioa and provide informatior to reduce the
hazard.

CONCLUSIONS

From the limited referencesl=7 available on underway
replenishment, it was det2rmined that the best bagis for a mathe-
matical model for the simulation of underway replenishment was

the line equations developed by Pauling and Wood which can be
general. *ed to the nonlinear case,

Report 27-267 13




Some of the general ship hydrodynamic coefficients in the
equations of motion may nave to be determined by model tests,

Tne method to simulate underway replenishment using classical
control theory as partially developed by the University of
California is not suited to this work because of the expense in
| obtaining statistical data used in the simulation and because the
nonlinear aspects of the control preoblem are extremely difficult
L to include.

The computer program to be developed will provide important :
cont~ol parameters for display aboard ship. These displays will R
aid the conning vfficer and/or helmsmen in ship control and should

recuce the risk of collisions during underway replenishment
operations,
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APPENDIX A
STATLISTICAL ANAJYS ~ OF SHIP REPLENISHMENT DATA

REFEREWCES

(a) Tichvinsky, L. M., and H. Thal-Larsen, "Replenishment at
Sea, Experiments and Comments," lst tech rept issued under
the project "Replenishment at Sea," Univ. of Calirornia,
Berkeley, Inst. of Fngr. Research (now Office of Research
Services), Rept 154, Issue 1 (1 June 1960)

(b) Tnal-Larsen, H., "Manual Steering of Two Ships in Close
Proximity During Replenishment-at~Sea Exercises," contributed
by the Automatic Control Div., of ASME for presentaion at
ASME winter annual meeting, Los Angeles, Cal. (1€-20 Nov 19469)

This appendix presents a review of the analysis .f the ship
replenishment data, references (a) and (b), summarized in appendix
C and carried out by the Jniversity of California.

The block diagram ‘figure 1 oY the text) shows the six
variables tha: are of most interest. These variables on the
leading ship are defined as ¢ = rudder angle and B) = deviation
of gyro angle from the desired course. On the tracking ship, 6 =
rudder angle, B, = deviation of gyro angle from the desired value,
x = deviation from the desired separation distance of the two
ohips, and ~ = the ordered change in course of the tracking ship.
In addition to these variables, also recorded during the full-
scale ship trials were the helm angles on both the leading and
tracking ships.

The following sign conventions were established for the
variables (figure 1-A).

vilLOCIly v
-
counit A,

1

LEADING
P

c

)
fouowmo Ty
$HIP 8,00 . - .....__..._.]~
] . ,‘3
/ :

From Tichvinsky and Thal-larsen (reference (a)).

Figure 1-A - Two Ships Abeam
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Since compass readings increase in magnitude when a ship turns to
the right, the gyro-angle variables B; and B, are considered co
be positive for a ship turning to the right. The rudder-angle
variables ¢ aud 6 are assigned positive values for the right-
rudder deflections, An increase in separation between the two
ships, X, is taken as being in the positive direction. The

conning officer and helmsmen produce negative feedback corrections.

Thus, o will be negative when x is positive,

Analysi: of the data (appendix C, figures 1-C and 2-C was
carried out to determine the linear transfer functions (figure 1
of the text).

The 17-knot data (appendix C, figure 1-C) were analyzed
first. Figure 1-C shows the approximate phage relationship
between the rudder and gyro oscillations for the oiler (AQ),

USS ASHTABULA, the leading ship. The gyro was approximately 160
degrees out of phase with the rudder. It was determined that +he
transfer function ie nearly equal to

4
2
D°(0.5D + 1)

*
{(gyro degree/minz)/rudder degree, (A-1)

where D = d/dt is the differential operator.

Square-vave-rudder tests, at different frequencies, applied
to the ship operating alone, confirmed - ‘e K1/02 form of equation
(A-1). The additional time constant in equation (A-1) is possibly
caused by the destroyer on the starboard beam (references (¢) and
(b)) .

fFor the helmsman on the oiler (AO) it is necessary t. find
a transfer function relating the A0 gyro curve as input to the A0
rudder curve as output. The inverse of che previously determined
transfer function, equation (A-1), would g ..te accurately satisfy
the mathematical relationship; .ne resulting third order

cderivative, howevuer, would not be physically descriptive cf the
helmsman.

*Abbreviations used in this text are from the GPC Style Manual,
1967, unless otherwise noted.

Report 27-267 /7

A_.“*‘




A statistical description of the helmsman is provided by the 1
j correlation functions in figure 2-A.

¥Yrom Thal-Larsen ‘toforence (b)).

Figure 2=-A
Statistical Input-Output Relationship
) for the Helmsman plus Rudder Servo

on the Leading Ship (A0 51) at 17 Knote

: The omoothing action of the statisticdl procecs involved in ; ]
i calculating thiese curves produced simple curves, The meth¢d by ’
which these crrves waza computed and their interpretat.cn ap
, equi‘ralent input-output functions is discussod in roference (h). . .
( It 10 sufficient to state here that the solid curves in figure 1
2-A can he considornd as the input an le to the halmsman anu the
dashed curve thc hel:nsman's responsae,

l From figure 2~A, it i8 noted that when the ship swings froco
maximunm velocity from one #ide to the other, tho holmaman applles

l maximum rudder corrxrtion to stop that swing. This typa of
response 18 termed v /rivative response., Actually the helmsman is

! about 10 saconds lats, which isé about tha time ‘t takes h-m by

B, . x

watching the gyro repeater to estimate whor ma<imum volocity has
been reached., Thud, the proponsed transfor function model for tha
helmeman and rudder servo combination bLecomes

P ruader deyreas/gyro degrar (A-2)

A e ™

-bie
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where

k2 = 1 minute

L, = 1/6 minute or 10 seconds.

1

The minue sign accounts for the rudder action heing applied to
oppose the swing of the ship,

The statistical curves in figure I=A may be regarded as
input and output curves for the conning officer on the tracking
ship’..

I'rom Thal=Larsen (reforancy (b)),

Figure J3~A

Btatistical Input~Output Relatdonahip
for the Conning Offjver on the
Tracking hip (DD 686) at 17 .nots

1t wam dotermined that his transfoer function is approximately

~L,D

-K,a "2 dogrooe course change/feet soparation distance change

3
(A-13)
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where

K, = 0.04 degree/feet

3

Lz m 1/12 minute or 5 seconds.

K, was estimatod by taking the raticv of the two central peaks of
tge curvaes in figure 3-A.

Unfortunately, incomplete data allowed only rough estimates
to ba madu of the trancfer functions for the conning officer and
the helmsman of tho tracking ship. For simplicity it was assumed
that the halmsman on the LD, togather with the rudder sorvo, wore
repressnted by

&, rudder degreo/gyro degroo (A-4)

whure K, equale approximately two in the frequency range of
interost displayed in figure 1-C of appendix C. Evidence from
rofaren.;a (a) and from laboratory tests (raferaence (b)) indicated
a tranafur function for the tracking ship (DD) of the form:

Kse-LJD

RCTRIN) (yyro degree/min) /rudder degree (A=5)
whare

T w 1/12 minute or 5 secunds

Lsg 1/15 minute or 4 seconds

Kee 6 minutes .

The 25-knot data in figure 2-C were analyred, 1t is evident
that the helmsman operates the rudder at a more rapid rate
compared to the 17-knot case., Theso statistical curves are usad
for determining the characteristic properties of the dynamic
systom,
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Figure 4-A shows the statistical input~-output curves for the
leading ship, an aircraft carrier (CVA).

From Thal-Laroeuw (reference (b)),

Fiqure 4-A
statistical Input-Output Relationship
tor the Leading Bhip (CVA 14)
at 25 Knots

The two curves ave approximately 180 deyrees out of phase. It o
was assumod that a linealr transfer function is c

K

-%' gyro degrea/rudder degree (A~6) {
D = &
‘\
where K. is approximatoly 0.14 (gyro deqree/minutez)/tudder deyree. 2 é
The helmeman does not have much time to estimate angular %f :
valocitias of the gyro at the higher speed, It was asgumod that =41
the transfor function of the helmsrman together with thoe rudder . :
sorvo to be approiimately i
—K7 rudder degrea/gyi'o degreo {A=7) '
Raoport 27-267% Al ¥ :
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where kg varies between 1.4 and 7. Thus, it is poasible for the
helmsman tc compensate for the sensitivity of the ship. This 1
sersitivity decreases with the square of the fraquency.

Figure 5-A snL.8 the self spectral density curves for the
tudder and the j3yro on the leading ship (CVA 14) at 25 knots.

¢
.,, wia (dograa) 044
§ o p o lbopen}
W rad min” peey
4.
X _J 016
o 01
. {
0 Yy 1
o0t FrYy ;;
b il S B : J
T e nennw & ‘eraen o Z

Frcm Thal-Larsen (.eference (b)).

e v o

+ bl e

Figure 5-A
Belf-Spectral Density Curves for the Rudder
and the Gyro on the Leading Ship (CVA 14)
at 25 Knots

Thiw fiqure shows that the aircraft carrier is insensitive to :
roelativoly nigh~£frequency rudder perturbations. While the {
upactral density curve for the rudder shows a number of peaks

at fraquencies above w = 1 radian/min, no such peaks are seen in
the spectral density curve for the gyruv in figure 5-A.

The source of the strong spectral density peaks of the CVA
rudder at circular frequencies of about 10 and 15 radians/min

|
[
rodpoctively) 4i& not cloar. These frequencies <re evident in the 1

verorrasponding to periods of approximately 40 and 26 soconds,
801id curve in figure 4-A, Also the rudder spe- il density |
curve has sm=)1 peaks corresponding to frequencies uf 15 and 13 L

soconds, csespsctively, The 40- and 26-sacond periodo are possibly
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induced by the action of the sea and the wind. The 15- and 13-
second periods are possibly due to the rapid and continucus
swinging back and forth of the rudder which gives the helmsman a
"feel" for the ship. '

The characteristics of the helmsman on the CVA are provided
by figure €-Aa,

\_* _
1 s
0 .0 L] ”© « 0
‘\.‘ “04 <".' .....
TP
v B E
B "','
1} % Ty
R

From Thal'-Larsen (reference (b)).

Figure 6-A
Statiogtical Inpat-Output Relationship for the
Helmsman plus Rudder Servo on the Leading
Ship (CvA 14) at 25 Knots

The solid curve, representing the gyro, dces not extend enough to
display the 6-minute period of continuous oscillation, If the
solid curve is reaarded as input to the helineman, the helmsman's
response has a yain factor of two. This is more than the 1.4
from ecuation (A-7) and represents a deviation in the correct
dires " .¢n because of the higher frequency involved in figure 6-A.
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It wao assumed that the trunrfer function of the tracking

j ship (DD) would probably be in tihe form ;

. K 8

I — gyro degree/rudder degree (A-8) : H
D

where Ke is probably less than 200 (see figure 7-A).

| |
+ , nooA N /\ra L 8\
: \/\ iy \f

Tl

From Thal-Larsen (reference (b)),

Figure 7-A <
l Statistical Curve for the Rudd: - of the
Tracking EShip (DD 687) at 25 - iots

|
l Lack of ship trial test data prevented a more accurate
estimate of equation (A-8) as it does for equation (A-9) for the '
l helmsman on the tracking ship.
) !
I K, rudder degree/gyro degrea, (A-9) : i
‘ {
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It was Jdeternined from figure 8-A that the transfer function :
for the conning officer is essentially Eg 1

-K e-Ldb

10 degree course change/feet separation distance

(A-10)
which {8 the same form as equation (A-3) for the l7-knot test.

: Kjp was found to be approximately 0.0l degree/feet and L nearly :
f oqual to 1/12 minutae, o

1 tl/
Yl V
X ,'

\ 3

From Thal-lLarsen (reference (b)).

Figure 8-
Statistical Input-Output Relationshiy for the 1E 4
Conning Officer on the Tracking Ship (DD 687) -
at 25 Knots :

As a result of this project beiny discortinued by the Navy, O
only incomplete sea trial data were availabln for this analysis. ad
Nevertheless, the statistically reduced date obtained may bhe of
use L0 investigators in future work.

- . R
[ [
- e W . h‘k‘ L
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APPENDIX B

MODERN UNDERWAY REPLENISHMENT OPERATIONS

This appendix gives a summary of the study made by Captain
Lienhard (UEN), Comrmanding Officer of the USS SYLVANIA (AFS 2)*
on the effects of constant tensioned wire highlines used during
medern underway replenishment operations.

When transferring operations are conaucted by conventional
wire highline, housefall, or Burtoners, there is a transient
effect on steering as the load passes between the two ships.
Normally loads transferred by this method do not exceed 3,500
pounds. The maximum line pull will not greatly exceed this amount
if a proper catenary is maintained. However, in constant
tensioned transfer, the ram tensioner may be set to apply the
maximum line pull of 12,500 pounds in the stores ship (AFS),
14,000 pounds in the oiler (AO), or 18,000 pounds in the ammu-
nition ship (AE), for cargo, fueling, or missile transfer station
rigs respectively.

The Commanding Officer of the USS SYLVANIA (AFS 2) conducted
a survey of the effects of constant tensioned lines on steering
over an l8-month period on a variety of different types of
customer ships. The Commarding Officer of each customer ship was
then asked the effects on his ship's steering. The recults are
summarized as follows:

e Use of constant-tensioned wire highline produces no
greater problem to safe ship handling than conventional wire
kighline, housefall, or Burtoning.

e Possiply, the hazard may be less for the constant-
tensioned wire highline because the tensioned pull is a constant
parameter.

In the opinion of the author the principle elements of tais
new parameter which may cause a steering problem for the leading
(delivering) and tracking (receiving) ship are:

*Lienhard, B. A. (Capt, USN). "Shiphandling in Modern Underway
Replenishment," NAVSHIPS Tech News, Vol., 21, No. 4
NAVSHIPS 023C0 000 2085 (Apr 1972)
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e Amount of pulled tension.

® Location of the attachment points of the rigs in
reiation to the location of the ship's pivotal points.

e Draft and trim of the shins.

There were also important safety considerations which were
mencioned by Captain Lienhard:

e The tracking ship's conning officer ca: hasten the
initial hookup and improve maneuvering safety by coming alongside
of the leading ship at no greater than normal replenishment ship
separation distance when the lines and rige are being passed
between the ships. Then the conning Jfficer should move the
tracking ship out to a greate: separation as the tension is
aprlied in the correct amount. The tracking ship can adjust the
lateral separation to suit the present situation of gpeed, wind,
and sea, and amount of rudder being carried.

® Once tenaion is applied on the lires, the conning
officers of both ships should be alert to advise each other imme-
diately of a developing situation which might require an emergency
l.reakway. For personnel safety and eclimination of potential ship
equipment damage, the lcading ship should detension the rig before
t.e tracking ship attempts to release the pelican heok or unshackle
and cast off the rig.

a7
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APPENDIX C
FULL-SCALE UNDERWAY REPLENISHMENT SEA TRIALS

REFERENCES

(a) Tichvinsky, L. M., and H, Thal-Larsen, "Replenishment at Sea,
Experiments and Comments,” 1lst tech rept issued under the
project "Replenishment at Sea," Univ. of California, Berkeley,
Inst. of Engrg. Research (now Office of Research Services),
Rept 154, Issue 1 (1 June 1960)

(b) Thal-Larsen, H., "Manual Steering of two 8hips in Close
Proximity During Replanish ent-at-Sea Exercises," contributed
by the Automatic Control Div, of ASME for presentation at

ASME winter annual meeting, Los Angeles, Cal. (16-20) Nov
1969)

The University of California (reference (a) and (b)) carried
out full-scale sea trials on undesway replenishment. These
studies were not complete bacause the contract was turininated
before complete statistical data could be taken. The sea trials
consgisted of refueling a deatroyer USS HALSEY-POWELL (DD 686) by
the USS ASHTABULA (AO S1) at 17 knots and replenishing USS UHLMANN
(DD 687) by the¢ USS TICONDERGA (CVA 14) at 25 knots. This
appendix summarizes the methods used for studying the replenish-
ment operations and gives examples of data from these trials.

During the trials helm angle, rudder angle, and gyro compass
heading for both ships were recorded as a function of the time
for the exercise while the two ships were abeam. Course commands
by the conning officer of the tracking ship and the separation
distance of the ships luring tho exercises were also recorded
(See figures 1-C and 2-C.) These eight variables were used for
auto- and cross~correlation,

Statistical analysigs of the data yielded information on the
dynamic responsg lags at different speeds and of factors affecting
human behavior. 1In addition to the variables mentioned ahove,
the following were found to be significant:

& Automatic pilot data,
e Propeller rpm of both ships.
e Pitch and xoll angles of both ships.

e kEnvironmental conditicnst weather, sea state,
wind, etc,
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After analysis of the above mentioned data from the replen-
ishment sea triala, the follcwing summarized conclusions were
made:

]
o i B
i ]l
P——

@ The problem of primary importance is station keeping
with cargo transfer of secondary iwnportance. Improvements in the
station-keeping and cargn handling technique are needed.

e The dynamic interaction between the conning officer
and the helmsman is the primary rearon for variations in separation
distance between the two ships.

b gyt 1 0t

!
| IS 2T

g

® The dynamic interaction between thz helmsman and the
ship and the hydvodynamic interaction between the two ships must :
both receive consideration.

Sl o

—

'
[

all i)

® The increase of sensitivity with spe~d in the man-
ship feedback loop results in the rapid increase in perturbation
frequency and the corresponding decrease in amplitude with
increased speads,

® The mean rudder angles required by each ship results
from the hydrodynamic interaction between the two ships.

® The hydrodynamic interaction between two ships abeam
produces an additional irg in the response of the ship to the :
rudder which makes steering more difficult, '

e The lack of knowledge by the helmsman of the hydro- 2y 4
dynamic interaction netween the ships result in large separatlon :
distances at nigher replenishment speeds.

e A mathematical desecrintion on a statisti:cal basis of
the dynamics of two ships and the helmsmen of the tvo ships and
the conning officer of the tracking ship involved in ship replen- -t
ishment can be derived. :

L T T e A

The following recommendations were oifered: 1

@ A means should be developed for instantaneous
indication of the relative positions of the two chips at close +
proximity. This would enable the conning officer to sec at once I
it the two ships are on convergent or divergent courses.

oo T L e

® Further study of the station-keeping problem, :é

® Experimental and throretical determination of the
hydrodynamic interaction between two ships.

.
i _ oemow B . e

P
P

Report 27-267 C-2 27




$u2fs CVA 1UODER

e o
]

1=1

Jos

109} CVA GYRO
2 310 W\
g m 00 GY80
on‘

309

08 \/

A DO tUDDER

B
w \ﬁ-’
& % H
- _0
QS
3;%1

$ 0D MELM

‘:‘
PR
- 0 !
3! Py
g8

“a
o 12 00 COURSE COMMANDS
3 X —r—
r 'Y SQPARATION DISTANCE
& 1o

L LJ T
ta2j] ' CVA HELM

-
=
-
-
—
-

L1 | 1 1 I N N T | 1

L.l 1

)1 [ 1 1
O 1 2 ) 4 5 & 7 8 9 10 01 12 13 14 18 16 17 18 19 20 21 27 23 24
TIME, MINUTES

From Thal-Larsen (reference (b)).

Figure 2-C
25-Knot Test Data Abeam
(Leading Ship: USS TICONDEROGA (CVA 14);
Tracking Ship: USS UHLMANN (DD 687))
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® Study of the control characteristics at high speeds
of two ships during replenishment.

® Investigate the use of ztrip-chart recorders for
helping the helmsman during station keeping.
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Figure 1~C
17-Knot Test Data Abeam
(Leading Snip: USS ASHTABULA (AQ 51);
Tracking Ship: USS HALSEY-POWELL (DD 686))
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