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ABSTRACT

Here, several problems due to vessel motions during
load handling on a floating vessel and their consequences
are presented. In particular, off loading using a cable
and winch is considered in detail. The cable is simplified
as a spring with its mass attached to its end. The effect
of this cable on payload motion is investigated and the
need for controlling the payload motion for safe operation
is clearly indicated. It is shown that a control system
using feedback signals from the lower end of the cable can
effectively eliminate undesired motions of the payload
even during reasonably large vessel motions. A typical
system is designed which will provide satisfactory per-
formance and which requires only a nominal amount of winch
power. The major, but solvable, problem is the transmission

of the feedback signals from the end of the cable.
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CHAPTER 1
INTRODUCTION

The problem of ship motions (indicated in Figure 1
and Table 1) [1],* became a topic of special interest in
offshore technology when the o0il industry started drilling
in deep water from floating vessels.

Heave, pitch and roll motions (specially those with
the high amplitudes) produce problems in performing the
following load handling tasks:

1. Loading or unloading from one floating vessel to
another floating vessel.

2. Loading or unloading from a floating vessel to a
fixed platform or vice versa.

3. Raising or lowering massive structures in the water.

4. Supporting structures for a '"fixed" position in the
water for assembling purposes.

Table 2 [ 2] indicates the wave height for safe and
efficient work operations for some ships. In the case of
semisubmersibles, the ''safe'" wave height is greater, but

not tremendously so, from Figure 2 [ 3] as a typical example

*Numbers in brackets designate references in the Bibliography
on page 62.



Figure 1.

Z(t) heave

]

6(t)
) yam

y(t) pitch

v

TABLE 1

—

Y(t) sidle or sway

X(t) surge

¢ (t) roll

OSCILLATION MODES OF A VESSEL

Oscillation Modes of a Floating Vessel

Translatory Oscillation

Rotary Oscillation

Axis
Type Symbol Type Symbol
Longitudinal Surge X Roll )
Transverse Sway Y Pitch ¥
Vertical Heave Z Yam 9




TABLE 2

WAVE HEIGHT FOR SAFE, EFFICIENT
OPERATION FOR SOME SHIPS

Type of Operation

Wave Heights (Meter) For*

Crew boats, 20-30 meters
in length
Loading or unloading

crews at platform

Safe,
Efficient
Operation

Marginal
Operation

Dangerous
and/or
Inefficient
Operation

.9-1.5

>1.5

Supervisor's boats,
fast craft 10-16
meters in length
Loading or unloading

personnel at plat-
form or floating
equipment.

.6-1.2

>1.2

LCT-type vessel and
cargo luggers
Loading or unloading

at platform
Loading or unloading

at floating

equipment

.9-1.2

1.2-1.5

>1.2

>1.5

Buoy laying (using
small derrick
barge)

Platform building
Using ship-mounted
derrick
Using large derrick
barge

0-1.2
0-.9

1.2-1.8
.9-1.5

>1.8
>1.5

*Wave heights used are those of the average maximum waves.
Height limits given are not rigid and will vary to some
extent with locality, local windconditions, experience of

personnel, etc.
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in the North Atlantic, it is clear that the probability of
wave heights exceeding the safe height is high; sea state
5 (Table 3) [ 4] can be considered as a typical sea state
in most cases.

From the above discussion, it can be concluded that
either the operations should be performed when the wave
heights are in the safe range, or the handling equipment
should compensate for the ship motion. Available motion
compensators have been helpful in allowing an increase in
the wave heights during which safe operations can be done,
but because of design deficiencies inherent in the system
and other restrictions, they are not completely successful.
Consequently, éven with the use of actual motion compensators,
it is still generally necessary to wait for a good sea state
condition; obviously, this is not economical.

One of the more successful motion compensators is the
"constant tension' winch [ 5]. In this winch, constant cable
tension is maintained by a closed-loop servo system that

utilizes upper end cable tension as the primary feedback.

As the vessel rises or falls, the tension increases or
decreases respectively. An increase in cable tension will
cause the winch to "pay out" cable, while a decrease in
tension will cause the winch to "haul in" cable. The term
'""constant tension" is really a misnomer, since the system
requires a finite signal (tension change), even though it

1s very small, to operate the winch unit.



TABLE 3

WIND AND SEA SCALE FOR FULLY ARISEN SEA

Sea
Wind Wave Height, feet|Significant
Sea Velocity Range of Average
State Description Knots Average|Significant |Periods, sec Period
Sea like a mirror. 0 0 0
Ripples with the
0 appearance of
scales are formed,
but without foam
crests. 2 .05 .08 Up to 1.2 S
secC
Small wavelets, still
short but more
1 pronounced. 5 .18 29 4-2.8 1.4
Large wavelets, crests 8.5 .6 1.0 .8-5. .4
begin to break 10 .88 1.4 1.0-6.0 .9
2
Small waves, becoming 12 1.4 2.2 1.0-7.0 3.4
larger, fairly 13.5 1.8 2.9 1.4-7.6 3.9
frequent white 14 2.0 3.3 1.5-7.8 4.0
3 horses. 16 2.9 4.6 2.0-8.8 4.6




TABLE 3 (Continued)

Sea
Wind Wave Height, feet|Significant
Sea Velocity Range Average
State Description Knots Average [Significant |[Periods, sec Period

Moderate waves, taking

4 a more pronounced 18 3. 6.1 2.5-10.0 5.
form; white horses 19 4.3 6.9 2.8-10.6 5.4
are formed. 20 5.0 8.0 3.0-11.1 5.7

® Large waves begin to 22 6.4 10 3.4-12.2 6.3
form; the white foam| 24 7.9 12 3.7-13.5 6.8
crests are more 24.5 8.2 13 3.8-13.6 7.0

6 extensive everywhere] 26 9.6 15 4.0-14.5 7.4




One of the deficiencies of the above compensator is,
in the case of long cables, the upper end cable tension does
not clearly indicate the lower end cable (payload) behavior.
Also in the case of motions with long periods, the accelera-
tion—produced-tension changes may be too small to be
detected to actuate the winch. Consequently, for these
conditions, it is not possible to maintain the payload at
a "fixed" position.

The motion compensator which is the topic of this
thesis is basically the same as the above mentioned com-
pensator, but with a different feedback technique. ‘This
thesis examines the system using the lower end cable tension
(payload acceleration), payload velocity and displacement
as the primary feedback. In this case, the cable handling
the system follows the resulting ship motion more closely,
and as a result, the payload suspended from the cable should
remain '"fixed" with reference to an earth datum level and a
smaller transient cable tension should result.

Because of the limitation (particularly stability) on
the overall gain of the control loop, it is not possible to
maintain the payload absolutely stationary and the cable
tension truly constant (the transient component zero). This
thesis defermines the possible 1limit of performance that can

be expected from the proposed feedback system.



CHAPTER 1II

MOTION OF MASSES LOCATED AT
THE END OF A CABLE
The model shown in Figure 3 is used to derive the
equation of motion of the payload in deep water and for
further study in controlling the payload position. The
corresponding block diagram of Figure 3 is shown in

Figure 4.

1. Equations

The cable is assumed to act as a spring with spring
constant K; ité mass (in the water), m, is assumed con-
centrated at a point at the end of the spring; my; is the
virtual mass [ 6,7] [ AJ* of the payload in water (mp mass
of the payload); and C is the average viscous damping co-
efficient of the payload submerged in water.

The following vertical displacements are with respect
to an inertial reference, unless otherwise specified. Z
is the vertical component motion of the pulley axis Q; X
is the displacement of a point at the upper end of the
cable with respect to the pulley axis; Y is the displacement

of the upper end of the cable and P is the displacement of

*Letters in brackets designate Appendix.
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the payload.
The transfer function of the cable, considering Y as

the input and P as the output, can be obtained (Figure 5)

[8]:

F = K(P-Y) 11
M = m+my iY
z 3
M3E“P = _cdP g (p-Y) K
dt2 dt o
2 M I
MLPicdPuxp = gy,

at? dt ,:lj

Figure 5. Cable Model

Taking the Laplace Transform, considering the initial con-
ditions equal to zero and at the time under consideration

that K, C and M do not vary with the time, gives:
P(s) (MS2+CS+K) = KY(s),

so the transfer function relating Y(s) and P(s) becomes

G(s) - P(s) _ K ’
Y(s) MSZ2+CS+K

or

P(s) _ K /M .
Y(s)  S2%+(C/M)S+K/M (1)

G(s)
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The values for K and C are calculated as follows:

K:
For a cable with the length L, cross sectional area A and
modulus of elasticity E the elongation, AL, for the load

W is

=
=

AL = s (2) -

>
tm

and for a spring (cable model) with spring constant K the

length change, AL, under the load W is
AL = _._h . 3
K (3)

Equating equations (2) and (3) gives the spring constant
for a cable. Hence
A.
K= —"7
T (4)

C:
The drag force exerted on the payload during its displacement
in the water is assumed to act as the force applied from a
dashpot with average damping coefficient, C.

The drag force [ 9] for an object with cross sectional

area Ap perpendicular to the direction of motion, moving

with velocity V, in a fluid with density p is
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=1 2
F EpcDAPV , (5)
Cp is the drag coefficient which is a function of object
shape and Reynold's number. In Table 4, Cp is shown for
some objects for Reynold's numbers > 103 [10].

The force applied by the dashpot is
F =CV . (6)

The energy dissipated by the drag force for a certain pay-
load displacement is equal to the energy dissipated by the

equivalent dashpot; therefore,

b b
f FDdy = f de ’ (7)
a a
since
dy = Vdt , (8)

substitute (8) into (7), then,

t2 ) .
[ Fpvdt = [ Fvdt . (9)
t t

Assuming a sinusoidal displacement, y, with amplitude Y and

frequency w gives

"

y Ysinwt ,
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TABLE 4

DRAG COEFFICIENT DATA FOR SELECTED
OBJECTS (Rg21000)

Object Diagram Cp(Rg21000)
Square Cylinder b b/h=w 2.05
h b/h=1 1.05

Pl

Disc /,(j) 1.17

Hemisphere (open (S) 1.42
end facing -
flow) ‘

Hemisphere (open . .38
end facing C)
downstream) s

C-section (open) ZE§§E> 2.30
o

C-section (open) Q::::Z 1.2
. P |
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and the payload velocity is
V = wYcoswt , (10)
substituting (5), (6) and (10) into (9) gives
t2

[ cos3utdt
¢ = LocpApur— : (11)
2

t)

/ cosZytdt

ty

. 2
Let T be the period of payload oscilation (w = ﬁ;) and

t1=0
T
tz——; (12)
4
substituting (12) into (11) gives
4
C = E;DCDAPwY . (13)

2. Calculations

The Bode plot or frequency response curve of the cable
transfer function relates the payload displacement (lower
end of the cable) to motion of the upper end of the cable

at different frequencies.

Transfer functions and the corresponding frequency

response curves (Bode plots) of the cable for different
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cases are shown in Figures 6 - 11.

The following parameters are the same for all cases:

Ap = 20 m?

o = 1,000 Kg/m3

d = 44 mm (diameter of the cable)

A = 8.1 Kg/m (mass of the cable per unit length)
T = 5.7 sec

w = 1.1 rad/sec

m1=2mP

As can be seen from the Bode plots, the motion can be
amplified within the practical frequency range of the ship
oscilation (.3<w<1.5 rad/sec), and in most of the cases,
due to the natural frequency of the system, the highest
amplification occurs in the critical frequency range
(.5<w<1.2 rad/sec). In the case of a short cable (high
spring constant) with a light payload (large safety factor),
the ratio between the ship motion and the payload motion
is approximately one within the practical frequency range
of the ship oscilation; however, at the natural frequency

of the system, this ratio is almost 3.75.
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Figure 11. Frequency Response of the Cable (Bode Plot)
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CHAPTER III

WINCH AND CABLE TRANSFER FUNCTIONS

1. Equations

If the tension in the upper end of the cable is F
(Figure 5) and the effective radius of the winch drum (drum
with cable lays) is r, then the developed torque on the

drum shaft by F is:

or
Tp = K(P-Y)r . ‘ (14)

It will be assumed that the winch shaft is connected to
the drive shaft through a gearbox with the gear ratio n, the
moment of inertia of the drum effective on the drum shaft is
Ips the coefficient of viscous friction between the drum
shaft and a stationary reference (which would develop a
torque proportional to the angular velocity) effective on
the drum shaft is Bp, the moment of inertia of the gearbox
effective on the gearbox input shaft is I and the coefficient
of viscous friction of the gearbox on this shaft is Bg, so

that the equivalent moment of inertia and coefficient of
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viscous friction on the gearbox input shaft is:

1
IT = IG+—£ s
nl
and
B
B.. = Bn+_D |,
T G )

If 6 and el are angular displacements of the gearbox input

shaft and the drum shaft respectively

6, = & (15)
n

substituting (15) into (16) will give
o = Xn . (17)
T

Hence the required torque on the gearbox input shaft can be

determined as:

de . do
T =1 +Brn_-T (18)
G Tdtz Ty DG ,
T
where Tpo = :; is the equivalent of Tp on the input gearbox

shaft.

Substituting (14) and (17) into (18) will give
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ndzx
rdt2

- ndx_.T,p_
T IT +BT KH(P Y) . (19)

rdt

Taking the Laplace Transform of (18) and considering the
initial conditions equal to zero and Iy, By and r to be

time invariant will give

Tg(s) = (ITSZ+BTS)6(s)-K[P(s)—Y(s)]r .

2. Block Diagram

Considering that

Gs) = 282 K (20)
P(s)  MS2+(CS+K
and-
Y(s) = X(S)+Z(Sf s (21)

the corresponding block diagram shown in Figure 12 can be
developed. Additional simplification provides the block
diagram of Figure 13.

It should be noted that TG can be supplied by one of
several types of drive systems, i.e., electrical, mechanical,

hydraulic or various combinations.



T ()

8 (s) -

1

S2+B..S

Tpg (s)

Sl

Z(s)

Figure 12.

Bl

61(s) _ X(s) Y(s) X P(s)
S - 5 >
MS2+CS+K
N
2N
DI F(s) < L

Winch and Cable Block Diagram

£z



Z(s)

T, (s) 181 (s) X (s) Y(s) __* P(s)_
G > >
—9§;> (IpS2+BrS)n A MS2+CS+K

r (MS2+CS
Tpg (5) ( )
n

Figure 13. Simplification of Block Diagram Shown in Figure 12

Ve
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CHAPTER IV

OPEN LOOP SYSTEM PERFORMANCE
(D-C ARMATURE CONTROL MOTOR DRIVING UNIT)

A D-C armature control motor is widely used as a winch
drive and consequently the system in Figure 14 will be con-
sidered. In this system, the motor armature current is
supplied by the voltage E; and the motor is connected to
the input shaft of the gearbox. The motor has an armature
resistance R and an induction L. The armature has a moment
of inertia Iy and a coefficient of viscous friction By. The
armature current is I and the angular displacement of the

shaft is e [11,12].

LOAD

Figure 14. D-C Armature Control Motor
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. d .
The motor counter emf is Ep = ng%, where K is a con-
stant for a specific motor. The torque developed by the
motor is Tp = KTI'where Kp is a constant for each particular

motor.

Summing the torques for equilibrium gives:

2
T, = Id__9.+Bd_6-TDG , (22)
dt? dt
where
I
D
1= L,+1 +— ,
M nz
and
B
_ D
B = BM+BG+—§ .
n

Let L =0 (a reasonable assumption), then

ws]
1

a = RI+Ep . (23)
The back emf is given as

d
X 0

EB‘: ma.

(24)

Taking the Laplace Transform of (22), (23) and (24) and

combining these with (17), (20) and (21) gives
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X(s) = KTE(S)+KrP(s)_KrZ(s) ’
RD(s) nD(s) nD(s)

!

where

K K 2

Kr

%:ISZ+(B+ © T)s+ 7. (25)
R n?

D(s)

The corresponding open loop block diagram for this
system is shown in Figure 15. This can be simplified to
give the diagram in Figure 16.
NOTE: 1If the winch system shown in Figure 13 has the torque
Tg supplied by a D-C armature control drive, the block
diagram shown in Figure 17 results, which after simplification
is exactly the same as the one shown in Figure 16, where Tg,
It, BT in Figure 13 will change to Tp, 1 and B respectively.
From Figure 16, the following open loop transfer
functions result.

When E, =0, then the relation between P and Z is:

K X

2 2 L T
2(s) K 185+ (Br—p—)S] P(s)

of nD(s) (MS2+CS+K) -K2 1]

Let

D“(s) = %[nD(s)(MSZ+CS+K)-K2r] , (26)



Kr
nD(s)

E, (s) Kt tfli X(s) \/L¢ Y(s) K
— ) \_/ N T

RD (s) HW MS2+CS+K

Kr
nD(s) )
Figure 15. Open Loop

Z(s)

P(s)

Block Diagram of the System

8¢
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nD (s) -KR
nD(s)

RD(s)

Figure 16.

Simplification of Block Diagram Shown in Figure 15
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871 (s)

Z(s)

K

X(s) + Y(s) 5
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C
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n

Open Loop Block Diagram of the System
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then, substituting (25) into (26) will give

K K Kr2 K X
D-(s) = “2 | mste[1c+ (B+—2"Tyn3sd + T o (Be—e-Ty k1782
T R n2 R
K Kr. cp2
+ K[B+—@ 1+LT 73 . (27)
R p?
So that,
2 KwKT
. P(s) nKR[IS4+ (B+ R )S]
% (s) = = ) (28)
Z(s) rD”(s)

When Z = 0, then the relation between P and Ea is:

E, (s) KKy P(s)

pe—
-l

D”(s)

So that,

E(s) D~ (s) (29)
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CHAPTER V
CLOSED LOOP SYSTEM PERFORMANCE

From the data shown in Chapter I, the need for motion
compensators is apparent and by considering the cable's role
in payload motion (Chapter II), it can be concluded that for
efficient compensation, feedback signals should be transmitted
from the lower end of the cable.

It is assumed that feedback signals can be obtained from
the lower end of the cable (this is a realistic assumption).
Summing these signals with the control voltage gives the
block diagram shown in Figure 18.

In this figure, H(s) is a general second order polynomial

in S:
H(s) = aSz+als+a2 . (30)

It should be noted that A, a, aj and a, are constants and
can be identified as follows;

A is the voltage-amplifier gain, and a, aj and a, are
the coefficients or transducer 'gains" of the acceleration,
velocity and displacement signals respectively.

For E; = 0, the relationship between P and Z becomes as

shown in Figure 19.



E

G(S)::

Z(s)

KnD (s)

P(s)

nD(s) (MS4+CS+K)-K%r

nD(s)-Kr
nD (s)
Ea(s) K N
RD(s)
H(s) =
Figure 18. Closed Loop Block Diagram of the System

ce
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Z(s) RK[nD(s)-Kr] P(s)

Y
Y

nD’(s)+AKKTnH(s)

Figure 19. Relationship between Ship Motion
and Payload Motion
Figure 19 shows the block diagram of interest. This is the
relationship and transfer function between the lower-cable-
end and the ship motion. This transfer function provides
the response of the lower-cable-end that results from the
ship motion as the driving function.

The relationship between P and Z is

_ P(s) - RK[nD(s)-Kr]

T(s) = (31)
Z(s) nD’(s)+AKKTH(s)R
Substituting (25), (26) and (30) into (31) gives:
X KK X
P (s) w2 G —2Dys
T(s) = =
Z(s)
K K CK KX rKK+Aa
st [ C,B,Tu'Tyg3, [ Kr?,CB “u T K, T HIT7E, o2
M1 RI In? IM IMR M nRIM
KK K 2
[ KB, Ny I;CKI‘ +rKKTAa1] S+ rKKtAa, ] (32)

IM RIM IMn2 nRIM nRIM
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Now the final value theorem for a function and its

lim £(t) lim SF(s)
= [13].

Laplace transform is expressed as:
t > = s >0

Applying this theorem in equation (32), considering Z(t) (ship
motion) as a step change, Z(t) = Z u(t), it can be seen that
P(t) =0

o [12] which means the final displacement of the payload
is zero. While a step change is unrealistic, it does provide
an insight of the behavior of the system for very low fre-
quency changes in amplitude such as tidal changes or long
period swells.

Appropriate values for A, a, aj and a, in equation (32)
are chosen thaf will result in a stable system that will give
a satisfactory outputs (payload motions) for practical in-
puts (ship motions).

An important point to be noted is that the values of A,

a, ay and a, do not need to be held to close tolerance.
This insensitivity greatly reduces the practical difficulties
of transmitting the required feedback signals. Calculations
that indicate these properties are shown in Chapter VIII.

For Z = 0, the transfer function between P and Eg

is:



Ti(s) =
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AKKIi

P(s) _ nRIM

Fels) 4, C,B kr? CB CK, Ky K

+

M I RI INZ IM RIM M

AKKpra KB 2 AKK
. T g2 KKwKT+CKr +AKKTral S+ Trajz

157 [

]
nRIM IM RIM IMn? nRIM nRIM

(33)
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CHAPTER VI
WINCH CONTROL SYSTEM MOTION REQUIREMENTS

Using the relationship expressed in Figure 15 and applying
feedback from P gives the block diagram shown in Figure 20.
In this figure, A and H(s) have the same definitions as in-
dicated in Chapter V. After simplification, the simple
block diagram shown in Figure 21 is obtained (EG = 0).

The transfer function can be written as:

2 AKKrra 2 AKK+ra
S 2, [CKr2+ T %17 ¢,

, : :
T,(s) = %%%% - - In“ nRIM IMn2 pRIM
" Kr? CB CK K. K
g4, [E+E+m] s34 [_I<r_+_+ W T, >
M I RI InZ IM RIM M
AKKpra,
nRIM
AKKrra KB KK, Kp CKr2 AKKpra
+___I__] SZ+[ PN, + T 1] S+.AKKTra2
AR IM RIM IMn? nRIM nRIM
(34)

From. the transfer function, it can be seen that X and Z
have opposite signs. This is as expected since when Pulley Q is
gding up, the winch should pay out the cable and when the

pulley A is coming down, the winch should haul in the cable.
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Figure 20. Closed Loop Block Diagram of the System
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Figure 21. Relationship between Ship Motion and Drum Motion
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CHAPTER VII
SHIP RESPONSE IN HEAVE

To find the ship response in heave and design the com-
ponents of the control system, a fully developed-sea generated
by a 20 knot wind is considered. For this sea state:

Hg

significant wave height = 2.5 m

Tg significant period = 8.1 sec
Using the technique outlined in Appendix B [14] for finding
the wave spectrum, the frequency spectrum shown in Figure 23

results. The corresponding figures are shown in Table 5.

The values used are:

os
I

.625HS = 1.52 m

= ,9T7 = 7,29 sec

|

(H)ZT = 16.93 mé-sec
It should be noted that in this frequency-spectrum, w is in
rad/sec.

The heave response of a medium-sized typical-hulled
vessel used for offshore operations is shown in Figure 22
and Table 5.

The ship response in heave due to the assumed wave

spectrum can be obtained by the following technique [15].
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Figure 22. Heave Response
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Figure 25. Ship Response in Heave
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TABLE 5

w(rad/sec) AR (m/m) Aﬁ(m/m)2 S(w)(mz-sec) RH(mz—sec)
.34 . 985 .97 0 0
.43 1.05 1.1 .006 .0066
.47 1.1 1.21 .125 .15
.52 1.17 1.37 .655 .9
.56 1.20 1.44 1.91 2.75
.60 1.23 1.51 3.34 5.05
.65 1.29 1.66 4.77 7.92
.69 1.29 1.66 5.44 9.05
.73 1.23 1.51 5.74 8.68
.78 1.15 1.32 5.58 7.37
.86 1 1 4.71 4,71
.94 .85 .72 3.61 2.61
1.03 .75 .56 2.69 1.51
1.12 .60 .36 1.98 .713
1.21 .50 .25 1.44 .36
1.29 .40 .16 1.06 .17
1.38 .35 .12 .80 .1
1.46 .32 .10 .6 .06
1.55 .26 .07 .46 .03




44

Let
Ap = Heave amplitude/wave amplitude (m/m)
S(w) = Frequency spectrum (mz—sec)
Ry = Ship response in heave due to the assumed wave
spectrum (m2-sec)
So,

Ry = (AR)?S(w)

Table 5 and Figure 25 show the ship response in heave.
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CHAPTER VIII

CALCULATIONS FOR CHOOSING THE COMPONENTS OF THE
WINCH-SYSTEM AND THE CONTROCL SYSTEM

1. Winch System

a. Winch
Model 1000 American Hoist. Its specifications in
metric unit are shown in Table 6.
b. Drive Unit
Motor Model GE-752 powered by Generator Model GT-606.
The motor has the following specifications (the symbols are

the ones used in Chapter 1IV).

L 20

R = .074 ohm

Ky, = Kp = 5.8 volt/amp (1 volt/amp = 1 nt-m/rad/sec)
Iy = 98 Kg-m2

The speed-torque and speed-horsepower curves for the motor
are shown in Figure 26.
c. Other Specifications of the Winch-System
Based on 1200 RPM motor speed and the maximum re-
quired linear velocity of the winch drum (for the sea-state
under consideration), a gearbox with the gear ratio 37 is

chosen.
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TABLE 6

MODEL 1000 AMERICAN HOIST SPECIFICATIONS

Standard .826 m Dia. x 1.89 m Long

Rope Size mm Layer Layer Pitch Rope on
Dia. m Drum m

1 .87 109

2 .95 228

3 1.02 357

4 1.10 495

5 1.17 642

44 6 1.25 799

7 1.33 966

8 1.40 1142

9 1.48 1328

10 1.56 1523

11 1.63 1728

12 1.71 1942

13 1.78 2166
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I
The moment of inertia of the drum, _2, is almost
n
negligable and Ig = 22 Kg—mz, SO

To find the coefficient of viscous friction, B (assumed
to be constant), it is assumed that 1% of the power of the
drive unit is applied to overcome frictional forces; hence

B can be determined as follows:

HPp = B (48
(dt)

.01x100 = B(1200,2

. PM =
5 ct (9.55 RPM 1 rad/sec)

B = .47 nt-m/rad/sec

2. Control System

In choosing the gains A, a, a and a,, the following
points should be considered:
1. The practical performance of the system should be ful-
filled.
2. The transfer function T(s) = BLEl;(SZ) (payload motion/
ship motion) should have a maééi%ude much less than
one and Ty(s) = %%2%;(34) (drum required motion/ship
motion) should have a magnitude about one where the
wave spectrum has the maximum energy (.5<w<1.2 rad/sec).

3. The time response of the system to a sinusoidal input

(wave approximation) should be fairly fast.
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Considering the above discussion, a suboptimization for
the worst case of the payload mass and cable length (highest
motion amplification), studied in Chapter II will result in

the following values:

A = 200
a = 50
a; = 100
ap = 100

Table 7 shows the ratio between the payload and the ship
motion and the ratio between the drum and the ship motion for
several different frequencies in the practical frequency
range of the ship motion. In addition, the table also in-
dicates the frequencies for which the above ratios have
their maximum values. The corresponding frequency responses
(Bode plots) are shown in Figures 27 and 28.

Applying the data and the technique explained in Chapter
VII, the frequency-spectrum for payload motion resulting from
heave motion before and after compensation is obtained
(Figures 29 and 30and Tables 8 and 9).

Figure 31 shows the compensated payload motion for a
unit sinusoidal input (approximate ship motion) for three
different frequencies.

Figure 32 represents the sensitivity test for 10% in-
crease in the values of a, aj or a,. As it can be seen, the

performance of the system shows little change.
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TABLE 7

FREQUENCY RESPONSE OF PAYLOAD MOTION AND DRUM MOTION
WITH RESPECT TO SHIP MOTION

" 'P(s) ‘X(s)
Z(s) Z(s)
.1 .0026 1
.2 .0053 1
.4 .011 .996
.5 .013 . 995
.6 .015 .994
o7 .018 .994
.8 .020 .996
.9 .023 .997
1 .025 1.006
1.1 .026 1.013
1.2 027 1.026
1.3 .028 1.04
1.5 .029 1.07
2 .029 1.17
5.8 .036 4.12
7.6 .073 1.51
10 .023 .59
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Figure 29. Frequency Spectrum for Payload Due
to Heave Motion Before Compensation
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TABLE 8

FREQUENCY SPECTRUM FOR PAYLOAD DUE TO HEAVE
MOTION BEFORE COMPENSATION

w(rad/sec) 1G(s) |2 (m/m)?2 Ry(m2-sec) Ry.|G(s) ]2
(mz-sec)
.34 1.32 0 0
.43 1.58 .0066 .01
.47 1.75 .15 .263
.52 2.04 .9 1.84
.56 2.32 2.75 6.37
.60 2.82 5.05 14.23
.65 3.55 7.92 28.1
.69 4,36 9.05 39.5
.73 6.31 8.68 54.77
.78 9.55 7.37 70.38
.86 31.62 4.71 148.94
.94 3981 2.61 10390
1.03 22.39 1.51 33.8
1.12 6.16 .713 4.4
1.21 2.34 .36 .84
1.29 1.40 .17 .23
1.38 .79 .1 .074
1.46 .54 .06 .03
1.55 .36 .03 .01
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10

1 RH = Ship response in heave.

.01

RyIT(s)|?

.001 ¢

.0001 L .
.3 .5 w(rad/sec) 1 1.55

Figure 30. Frequency Spectrum for Payload Due
to Heave Motion After Compensation
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TABLE 9

FREQUENCY SPECTRUM FOR PAYLOAD MOTION
AFTER COMPENSATION

w(rad/sec) 10000° |T(s) |2 RH(mz-sec) 1000‘RH[T(S)|2
(m/m) 2 (mz-sec)
.34 1 0 0
.43 1 .0066 0
.47 1.5 .15 0
.52 2 .9 .18
.56 2.2 2.75 .6
.60 2.4 5.05 1
.65 2.9 7.92 2.3
.69 3 9.05 2.9
.73 3.5 8.68 3
.78 4 7.37 3
.86 5 4.71 2.2
.94 5.5 2.61 1.4
1.03 6 1.51 .95
1.12 7 .713 .5
1.21 7.3 .36 .27
1.29 8 .17 .13
1.38 8.3 .1 .08
1.46 8.6 .06 .05
1.55 9 .03 .03
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Figure 33.
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Payload Motion due to a Unit Step
Voltage Change at Winch Control
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Figure 33 shows payload motion due to a unit step

voltage (Eg(s) = 1) change at the input to the winch control.
S
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CHAPTER IX
CONCLUSIONS

Significant improvement in the reduction of the payload
motion due to vessel motion can be obtained by using feed-
back from the cable end. The most significant improvement
is for very low frequency motions such as tidal changes and
long period swells. In particular, a payload could be main-
tained at a relatively fixed position--vertically--with
respect to the seafloor for long periods of time.

In addition, the payload motion is immune to disturbing
forces applied directly to the payload.

A reduction in the peak cable tension is obtained since
the payload motion is limited to very small amplitude; also
large transient stress loads due to unexpected violent vessel
motions of short duration are virtually eliminated.

Using reasonable assumptions with respect to vessel size,
cable lengths and payload masses, a very satisfactory system
can be designed which requires a nominal value of winch power.

The most significant problem in the system design is
the transmission of the feedback signals. However, several
techniques can be used which would provide satisfactory

solutions. A hard wire connection between the payload-end
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of the cable and the vessel could be utilized; this would
add some complexity to the winching system but is not in-
surmountable and in some circumstances would be well worth
the added complexity.

In general, the feedback signal 'gains'" are not critical
for satisfactory system performance. For good low frequency
performance, payload displacement information must be one of

the feedback signals.
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APPENDIX A [6,7]
THE CALCULATION OF THE APPARENT OR VIRTUAL MASS

When a body is set in steady motion with respect to the
infinite medium at rest, the medium surrounding the body will
be set in motion as well. Consequently, the energy required
to bring an immersed body to a constant translatory velocity
is the sum of the kinetic energy of the body plus the kinetic
energy of the fluid particles set in motion. (Energy losses
owing to the viscous effects are not taken into account in
this discussion).

| The apparent mass of a body moving at a velocity V is
then a virtual mass moving at the same velocity. The mass
of the fluid particles set in motion is referred to as
""added mass,'" "increased inertia,'" or "hydrodynamic mass."
The sum of this mass and the body's mass is usually designated
as the virtual mass.

The force F to accelerate a body of mass' m is:
F = (m+my)a
where

acceleration

jeb]
]

my hydrodynamic mass associated with the particular

direction of motion



TABLE A-1

HYDRODYNAMIC MASS FACTOR

Body Shape

Translational
Direction

Hydrodynamic
Mass

Vertical

2h

=
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jav]
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ob]
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|
|

2.32
.86
.62
.47

.29
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In Table A-1, the hydrodynamic mass factor for parallele-
pipeds bodies is shown (p = density of fluid in which the

body is immersed).
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APPENDIX B [14]

DETERMINATION OF THE WAVES SPECTRUM FROM SIGNIFICANT
WAVE HEIGHTS AND WAVE PERIODS
The period spectrum and the frequency spectrum are given

by the following equations:

2 T° e-.675(T/T)4

S(T) = 3.434 (H
(1) ®—

The corresponding frequency spectrum is obtained by use of

the following manipulation:

S(T)AT = -S(f)df
=1
f
at = - _lar
£2
or
df = -1 4T
72

\

With the proper transformation, the frequency spectrum is

given by the following:

S(f) = 3.434 ()T (£T) e 675(ET) %
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TABLE B-1

NON-DIMENSIONAL PERIOD SPECTRUM

t=T/T S(t)
0.1 0.003
0.2 0.025
0.3 0.092
0.4 0.216
0.5 0.412
0.6 0.680
0.7 1.003
0.8 1.335
0.9 1.609
1.0 1.750
1.027 1.754
1.1 1.690
1.2 1.099
1.4 0.707
1.5 0.383
1.6 0.169
1.7 0.061
1.8 0.017
1.9 0.004

S(t) = 3.434t3¢-0.675t4

5(T) LFL%E S (t)

T =Tt

i3

ng(T)dT

- 142 _ 4.
=] = _(H
2 S .

= |
I

)2
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TABLE B-2

NON-DIMENSIONAL FREQUENCY SPECTRUM

S(f) = (M)2Tsw)

H2 = f:S(f)df

v S(v) v S(v)
0.50 0.0022 1.60 0.296
0.55 0.0465 1.70 0.224
0.60 0.243 1.80 0.171
0.65 0.710 1.90 0.132
0.70 1.24 2.00 0.103
0.75 1.77 2.10 0.0812
0.80 2.02 2.20 0.0636
0.85 2.13 2.30 0.0527
0.90 2.07 2.40 0.0422
1.00 1.75 2.50 0.0346
1.10 1.34 2.60 0.0282
1.20 1.00 2.70 0.0238
1.30 0.735 2.80 0.0198
1.40 0.534 2.90 0.0168
1.50 0.393 3.00 0.0140

S(v) = 3.434y"5¢-0.675v"%
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On the above spectrum equations

H = .625Hg m
T = .9Tg sec
f =1/T sec™ 1

The factor .9 in T + .9TS makes the spectrum in agreement
with the international ship structures modification of the
Bretschneider spectrum.

Figure B-1 and Table B-1 represent the non-dimensional
form of the period spectrum. The actual period spectrum
can be obtained according to the instructions given on Table
B-1.

The corresponding non-dimensional frequency spectrum is
given in Figure B-2 and Table B-2. The instructions for
obtaining the true frequency spectrum are given also in
Table B-2. The radial frequency is w = 2nf. Thus if
one multiplies the values of f by 2w and divides S(f) by

2n, then one will obtain S(w) versus w.



