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The Design ef a Servo-Controlled Winch,
for R.R.S. DISCOVERY, with Gempensation
fer Ship Mction.

(Interim Report)

Sunmary

This report includes some preliminary considerations in the design
of a servo control system for an electrical hydrographic winch which
compensates fer ship motion in the following manner: a heave velocity
signal, obtained from a gyro-stabilised vertical accelerometer and
integrator, is used to control the wire velocity relative to the ship,
thereby cancelling the effect of the ship's heave on the motion of the
wire relative to the Earth and consequently removing the fluctuations
in cable tension which would normally result frem the ship's motion.

Recordings of ship motion were made on R.R.S. DISCOVERY for the
purpose eof specifying the winch moter ratings and the analysis of these
recordings 1s presented, together with a discussion of the servo system
in general and predictions of performance of the proposed system.
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The Design of a Servo-Controlled Winch
with Compensation for Ship Motion.

(Interim Report)

o te Introduction

The measurement of vertical profiles of such features as temperature

. and salinity may be hindered by the vertical motion (heave) of the ship,

which will cause fluctuatiens in the depth of the measuring instruments
(e.g. Temperature-Salinity-Depth recorder or water bottles) below the mean
water surface level. Thus, the detection and, in particular, the
measurement of any fine detail in the vertical profiles, with a scale of
less than the peak to peak vertical displacement of the ship, may be
rendered impossible: +this will also depend upon the spatial and temporal
resolution of the sensors, of course.

In order to prevent this undesirable transmission of the ship's motion
to the instruments, one must isolate the instruments and eable from the
ship motion. This requirement is facilitated, to some extent, by the mass
inertias of the instruments and cable and by hydrodynanic drag forces,
However, it is impracticable to obtain sufficient compliance in a spring
accunulator to provide adequate decoupling because of the large static
extension which would result., TFor example, to reduce the effect of a 7+5

-second period, 0-2g peak sinusoidal heave by 96% the compliance of a linear

spring accumulator would need to be such that the static extension was L41Lf%
(126m§. ~8ince the static tension in the wire at the sea surface may vary
from about 1001b to more than 18001b according to the length of wire out, a
simple linear spring is impracticable. The type of non-linear spring
characteristic required is shown in figure 1. A more practical altermative
is to'use an active device with servo control.

Since a new electric winch was being designed for R.R.S. Discovery, the
author was asked to explore the possibility of controlling this to provide the
necessary stabilisation of the sensors. In the proposed system the ship's
heave is measured, as near as possible to the final sheave, with a gyro-
stabilised vertical accelerometer whose output is integrated to give a heave
velocity signal.  Small corrections for the roll and pitch can be added, if
required, to allow for the separation of the accelerometer from the final
sheave. The velocity signal is used to control the wire velocity so as to
cancel the effect of the ship's heave. The motor control system includes
a wire velocity feedback loop. In actual practice, it will usually be
required that the cable should have a constant mean vertical velocity, in
which case an appropriate constant control signal is added to the integrated
accelerometer output signal. The cable tension will, ideally, not fluctuate,
since the cable and instruments ideally move with constant, or zero, vertical

velocity relative to the Barth.

After consideration of simplicity, cost and speed of response, thyristor
control of a d.c. motor was decided upon, with the capacity for regenerating
into the supply so as to allow rapid reversing of the motor. The mean cable
tension is balanced by some mean armature current through the motor and,
because of the considerable rotational inertia of the system, the motor has
to provide accelerative torque at both crests and troughs of the ship's motion.
Ideally, if the motor system has sufficient torque and speed ranges and a
sufficiently rapid response, a high degree of compensation can be achieved.

The cable velocity signal, which is fed back in the servo system, is
obtained from a d.c. permanent magnet tachogenerator which is driven by a
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sheave near the motor - thus, any movement of any mechanical accumulator
included between the winch and the final sheave is not sensed by the tacho:
this was thought desirable in view of the possibility of instability occurring
if the accumulator, with its associated transient response, were included in
the servo loop. It should have little effect on the stabilisation because

of the near-constant tension in the wire. TFor small variations in the anmount
of cable payed out, the cable speed is linearly related to the motor speed,
although the ratio (cable speed/motor speed) will vary appreciably, in small
steps, according to the number of layers of cable on the spool. In the worst
case, this step variation will be /% when nearly 6000m of 4/4" armoured cable
are payed out. The layout of the winch is shown in the appended drawing. (fig. 2).
The drive is connected to either spool by the dog clutches on the worm shafts.
Helical 1:1 gears are used to transmit the motor output to each clutch with
minimum noise. Each spocl holds approximately the same number of turns per

layer.

When the change from one layer to the next occurs, the motor speed will
‘have to change, at the most, by about L% over the course of about one turn of
the speol, in order to maintain constant cable velocity. This requirement
does not, however, result in very high accelerations. Even for the high
spool speed of 160rpm, the angular acceleratlon need only be «036rad/sec®
for 4% speed change over one revolution. This is very small in comparison
with the accelerations needed to compensate for the ship's motion.

Although velocity centrol, as opposed to displacement or acceleration
control, has this advantage that the motor speed may be directly controlled,
there are disadvantages when the mean velocity is required to be zero,i.e.
when the wineh is to be used te maintain apparatus at a constant depthe
Imperfectiors in the system will result in a slow creep which will be below
the threshold of the velocity correcting system. This creep may result
from inching of the winch drive and from any non-linearity of the control
system. The result is that a limit is put upon the maximum duration of
observations at a particular depth, unless the winch operator is prepared
to perform manual corrections from time to time. Displacement control
would, however, introduce difficulties in the servo system and it was felt
that velocity control was likely to prove to be the most satisfactory system.

Other possible sources of error, not peculiar to veloéity control, are:

a) Saturation at the limits of the drive motor performance

b) cross over effects at reversals of cable velocity due to static frictiom
and to the dead zone of the motor-centrol system

g operation of any mechanical accumulators
limitations in spsed of response, due to mechanical inertia and
electrical drive circuitry, resulting in amplitude and phase errors
of the cable velocity tfelative to the ship :

e) transient effects due to power supply disturbances, etc.

c
d

In order to be able to specify the motor ratings required, it was
necessary to carry out a series of recordings of the heave motion of Re.R.S
Discovery, using a sensor situated as near as possible to the proposed
location of the sheave. The ship's pitch and roll were also recorded, in
case it was found necessary to make corrections for the disparity in the
motions at the sensor and at the proposed sheave location. = It was then
possible, using these recordings together with estimated wvalues of the
motor inortia and other parameters, to investigate the result of varying the
overall mechanical gearing ratio upon the requirements of motor torque and
speed. Because of limitations on price, space and generating capacity, it
was necessary to keep the motor as small as possible. Indeed, as the motor
size increases, the winch performance may not improve pro rata, owing to the
increase in motor inertia. Because of this, it was found to be preferable
to impose transient overloads upon a small motor, rather than to use a larger

A/1O
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motor, since the r. m.s.‘torque requirement (prdportional to the heat
dissipated in the motor armature windings) is considerably less than the

 peak torque requirement.

2. Ship Motion Recordings

A number of half hour records were made of vertical acceleration,
vertical velocity, roll and pitch angles and shipborne wave recorder out-
put, on R,R.S. Discovery's Cruise 22 in June 1968. Both analogue
recordings (ultra-violet and pen recorder) and digitised recordings
(0+5 second cycle on data logger) were made. The sea conditions were
various, with winds between force 4 and 7 in the neighbourhood of the
St. Kilda group of islands and the ship was either hove to or lying to.
The sensor unit was an N.I,0. heave, pitch and roll buoy gyro unit,
which was situated in one of the forward protected corners of the boat
deck, — The heave velocity signal was obtained by integrating the heave
accelerometer output with an operational amplifier integrator having
s time constant or 9 seconds.

Apart from trouble with the data legger, the recordlngs were routine;
each dlgltlsed record consisted of 3000-3600 samples per chamnel (25 to 30
minute duration). The apparatus had been calibrated with the ship
berthed at Aberdeen. . The accelerometer was calibrated statlcally and
dynamically. The static calibration (tilting through £36°50' in N-S/E-W
planes, giving -0+2g change in acceleration) did not give consistent
results. The dynamic calabration (swinging arm of 18" radius and 12
second period, giving a 0-01238g sinusoid) was therefore, accepted. The
velocity channel was calibrated by the same method (0+785ft/sec sinusoid).
The shipborne wave recorder was calibrated by the normal procedure, The
roll and pitch channels were calibrated statically, using the engraved
markings.

3, Analysis of the recordings

The wave recordings were analysed by the standard technique (M.J.
Tucker, 1963. Proc. Inst. Civ. Engrs. 26, pp. 305-316) and the results
are given in Table 1 below.

Table 4 - Wave Data for Recordings. Serial no: 22/01-22/08
(22/06 scrapped because of D/L fault) ‘

ia\mn;gefﬁiﬁ%gi 22/01 22/02 22/03 | 22/0) 22/05 22/07 |{22/08

¥

Approx. wind
Speed (Knts) 17 17 27 27 33 32 25
True Wind - - o o o ) )
Direction 190 195 265 200 200
Ship State [ Hove to Lying to Hove to|Lying td Hove toj Hove toj Lying t9
Estimated 1 1 B 1
Wind Force b b 5z 2 7 6z 5,_
TZ sec 812 783 5e6l | 5488 672 7°59 837
T, sec ‘ 700 6+43 515 [ 4-97 548l 6ol 6e 34
SIBI‘W‘QRO & i
Correction 127 130 19€ 177 151 133 1e2
factor
H1 feet 8s0 i8e3 7ok 72 7 151 125
H, feet - 745 7.8 6elp | 649 142 149 11+8
H  feet - 159 63 80 73 1246 1.9 90
€ ;0‘51  0+57 . O-41 {0-53 0+49 0+59 0+ 65
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Note on Table 1. SeBWeRs Correction factor was calculated for depth of
pressure transducers on this cruise (8«4 ft., KD = 21 ft.)
and for periods T . From the values of T ande , it
appears that 22/0%, 22/02, 22/07 and 22/08%had dominant
swell, with rather more high frequency components in the
latter two records. The records 22/03, 22/04 and 22/05
seem to represent a sea in the course of generation,
with a fairly narrow range of short periods (or a fully
arisen sea from which the long neriod waves have
dispersed). These surmises are generally in agreement
with the visual observations made at the time of the
recordings. T

The acceleration, velocity, roll and pitch records were analysed in
several ways. The roll and pitch rates were found to be so small under
these condition (less than 0+03rad/sec and 0O-1rad/sec respectively) that
they were of little importance in view of the close proximity of the gyro
unit and the proposed sheave location. Two factors of great importance in
the specification of the motor are the maximum torque which it will have to
produce and the maximum speed at which it will have to run. The nmaximum
torque is related to the cable tension and to the maximum downwards
acceleration of the ship (this being the worse case for the motor, with the
ship at a crest and a transition from paying out the cable to hauling it in).
The instantaneous torque, T, is given in terms of the ship's acceleraticn
upwards, 2, by ‘

T = W.rspoolv - J¥ /rspool (1)
T nech o
where W is the cable tension, r is the radius of the eutermost layer

of ¢able on the spool, J is theS%8%%1 effective rotational inertia referred
to the spool, and17m n’ R are, respectively, the overall mechanical
efficiency -and the s%gp down ratio of the gearing between motor and spool.

J may be separated into three basic components, these being (g) the inertia
of the spool and its worp wheel (estimated te be 32 slug feet” for the larger
spool and 31+k4 slug feet” for the smaller spool, (b) the effective inertia

of the mgtor and worm shaft assembly, referred to the spool (estimated to

be 8+R°/32:2 slug feel” for the motor frame size and mechanical components
envisaged) and (o) the inertia of the cable on the spcol, which will vary:

see Tables II, IV and Appendices A and C.

The motor speed N rep.m., is simply given by

N = (¥ - z R :r.p.m. A (2)

Zwrspool x 60

where ¥ is the mean hauling velocity
and z is the ship's velocity upwards.

The greatest value of -2 was found to be 584 ft/sac2 in force 7 conditions
and L4.16 £t/sec” in foroe 55. The investigation was largely concentrated on
these two conditicns as it was thought that force 7 represents the worst
conditions in which one would use the winch and that one might pay out up to
2000m of cable under such conditions, Force 5% represents the worst conditions
under which one might may out up to L00Om cable. Graphs were drawn showing
"~ the probability of exceeding a given peak acceleration, for all the records,
and, by fitting normal distributions to these curves, it was possible to
estimate the peak acceleration likely over a given length of time, for given
. wind force. It should be pointed out, at this stage, that the records may
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not be truly representative and that the ship's response to waves will,

in any case, vary quite appreciably according to her loading. Therefore,
the analyses of the records, although carried eut accurately, can only
serve as a guide to the likely requirements. In any case, the very
important parameternmec can not be estimated with very much certainty; 7
also, the cable tension is affected by drag on the instruments which may
vary widely on different cccasions and with wire angle.. For the purpose
of the calculations, the load on the lower end of the cable was taken to
be 1501lbs, this being the sum of the weight of instruments in water and of
any hydrodynamic drag force on then, :

The @redioted peak acceleratlons, for 8 hour and 4 hour.periods, were
7+5ft/sec and 7+2ft/sec” for force 7 conditions: 5e7ft/sec” and 5¢5ft/sec
for force 5% conditions. . These periods correspond approximately to the
durations of stations with casts to LOOOm and 2000m respectively. In view
of the st%tements made above, the worst,accelerations to be expecfed are
5¢7ft/sec” with 4000m out and 7° 2ft/sec with 2000m out.

. Similarly, the maximum peak velocities recorded were 16s 8ft/sec in
force 7 and 5¢3ft/sec in force 5%; from the graphs of probability of
exceeding a given peak veloeity, the greatest velocities to be expected
during a station are 6+1ft/sec with 4000m out and 18e5ft/sec With 2000m eut.

Harmonlc analysis of the acceleration and velocity records for record
22/05 (flg. 5), showed that the dominant period of the ship's motion was :;
7+2 seconds and that there was very little motion with periods greater than
10 seconds or less than ) seconds. Since the spectrum is so narrow, ong
‘can approximate the heave velocity by a sinusoid slowly modulated in
amplitude, such that the velocity and acceleration are 1n quadrature and a
single cycle can be approximated by the expression z = v sin w-t. Therefore
the instantaneous motor. power for 1007 nompensatlon can be estimated. - The
motor speed, N, is given by equation (2) where % = ¥ sin wt, with t = 0 at
a trough of the Shlp s motion. The motor torque, T, 1s given by equation
(1) where 2 = ®¥v cos wt. The instantaneous horse power, P, is then given

by

P = 2¢ TN N (3)
550

IfF ¢ >>7 and J wv < W r2 » the maximum instantaneous power

ocours at a phase angle given, apBroxlmateLy, by

-T2
wt = cos | =W rspool
| Ly Jud

( W r 1 )2 + 8(Jw§)2 | ()

Spoo

L. Selection of Gear ratie, R

The selection of the most suitable gear ratio is complicated considerably
by the variations which will ocour in the values of r ) J and W, according
to the amount of cable payed out and on the spool. £R° %%e calculatlons, the
length of cable between the winch and the final (outboard) sheave was
assumed to be small and no allowance was made for friction at the various
sheaves in the cable run. The figures for the overall efficiency of the
gearing,n » are possibly underestimates and were based on discussions with
Glarke Chapmans, F. Pierce and R. Dobson,. The moment of inertia of the cable
J was calculated by the method given in Appendix A, both for ideal and

A/40
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imperfect spooling. Only the cases of the 1/L" armoured British Ropes
cable and of 4um wire rope were considered. The use of émm wire rope

on the longer spool will result in rather better performance than with

the 1/4" armoured cable, assuming that 6000m lengths are used in both
cases. If the spool is used with its full complement of 8000m of 6mm

wire rope, the performance will be poor with more than 2km of rope out
. and temporary overloading of the motor will be necessary to recover the
rope if it is all payed out. :

Table IT ~ Spool data for 1/," armoured cable

Length of Cable § 0 1000 | 2200 | 3000 | 4000 |s000 6000
on spool n “ii »

w |TSpool £t | 5404 | 6727 {+7991 [+9358 (-9976 [1:106 |1+196
’§;§1€ Jcslug ftz 0 347 93 ,‘é 1840 249 360l [5207
O~ F
H 2T g0l 930 1039 | 1011 923 706 LT |17%

1b £ | | |
. Tspool £t | 5104 | <6979 |-8437 1.9687 | 1.094 |1.177 |1.281
(§.§L\ Jcslug ft2 0 3-8 9°9 18l 31«8 | 42+5 [58.0
o Q ) :
82 hool | 930 | 1078 | 1067 | 955 775 | 505  [192
g o ib £t S

—— g —
Length of cable - , p
Length oft eable | gooo 5000 | 4000 | 3000 | 2000 1000 | O

The motor under considersgtion had a rated full load torque of 90 £+ 1b
and could be overloadad to a maximum torque of 135 £t 1lb,. The performance
available, using this maximum torque and for a maximum motor. speed of 2500
r.p.i., is shown below for various values of R, both for ideal (a) and
imperfect (b) spooling, for the worst case for acceleration (ship at orest).
(See Table III overleaf). ‘

The performance with Lmm wire rope on the smaller spool is given in Tables
IV and V.

The acceleration figures given in Table III are satisfactory at 2000m
out but fall short of the required 5+7ft/sec” at 4L000m,_oute. The minimum
value of R (assuming n = 0+75) to give 5+7ft/sec” with 4L000m out is
171, which would resul€®in a rather inadequate velocity performance with
2000m out (15°3ft/sec). ~Now, the mass inertia of the cable and instruments
assists the motor when it cannot provide sufficient acceleration due to torque
limitations, - This ocan be seen as follows:-

(a) with the ship at a crest (motor required to accelerate cable upwards
relative to shi{D,insufficient moter acceleration results in the cable
accelerating downwards relative to the sea: conséquently, the cable
tension drops and the motor has a greater torque surplus for providing
acceleration. :

(v) with the ship at a trough (motor required to accelerate cable downwards
relative to ship), insufficient motor acceleration results in upwards
acceleration of the cable relative to the sea: consequently, the
cable tension rises and the total accelerative torque on the spool
increases.

(continued on page 9)

A/40
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Table IIT  Available performance with 1/L4" cable

(8) R=1he5, om0 = 0077, J= 759 + 7 (slug £t°)

" Length on spool m 0 1000 2000 3000 ' 4000 : 5000 | 6000

(a) & makfft/ség?v 3:86 | 3:96 4265 | 54821 74701 10e2 | 12.4

(b) & mex ft/sec 9+21 1 12-1 el | 1649 | 18:0.1 20:0 | 2146
(b) % max ft/sec” 3486 | 376 Lo 32 i 567! Te43 9961 12+6

(b) 2 max ft/sec . | 9°21 1246 1502 1 A7°5 [ 19°7 1 212 | 231

() R=155, n_ .= 0:76, J=8154+J (slug £t°)

(2) % max £t/sec” | 4e13 | 4235 | 5410 | 6:26| 8¢261 10e5 } 12.5

(a) % max ft/sec | 8+62 (114 13¢5 | 1548 | 1648 | 18+7 ; 20+2

(b) % max ft/sec?“ “«4-13w§ he18 1 4e83 1 60161 7-85! 1043 | 128

(b) % max ft/sec. . | 8+62 i11+8 | 1he2 | 162k | 1825 | 19:9 | 21.6

(c) =R = 165, M nech = 0754 J = 87.4:+ Jo (slug: ftz)

({:L) % max fft/secz<if ) be32 : '14-,'@673 ; 1:5-11-5 6o6l;.v§: 8256 1047 | 12:7
e (a) z max ‘ft/sec w8440 I10°7 wafo 20 o Alpe8en 1508 175 190

(b) # max,ft/§ed%;;;;M44§§ZW§W4;54; 5024 | 6e55].8020: 1046 | 1340

(b) % max f£t/sec 8¢10 [11¢1 130l 15¢L | 17k 187 | 203
gLength overboard m | 6000 jsooo 1000 i 3000 | 2000 { 1000 | ©

; | . : § é

L eest
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Table IV  Spool data for 4mm wire rope

Length on spool  m | O [1000 |2000 {3000 |4000 | 5000 | 6000
%o Topool gt * 5066 ~608§ P71 {7907 ”.37;)2 | 938k g1-oo7
’/d\g 219, slug ft 0 Yol 33 508 | 8+8 .| 12eh 1646
~ O O b ; . . R s ‘
Mo | Mopool 1b £t | 416 | 432 | 425 38U | 325 | 246 | 151

Tspool £t | “5066 |+6247 |+7297 |-B3T | 9134 | +992@ |1-058

ey
(o2 11}
D P ‘
3"5% J, slug ft 0 1ol 345 36-1 95 | 13k 18:0
E& |Tapool Iv £t | 416 | uay | 436 406 32 | 260 | 159
Length overboard ~ m | 6000 | 5000 | aooof 3000 | 2000 | 1000 | ©

[ ! H i

Table V Available performa.nce with L;.mm vure rope J = 5 -7t+ Jd o ? R = 105
T n = 0 8

mech

Length on spool @ | O 1000 | 2000 3000 E"L,oo;o | 5000|6000

(a) & max £t/sec® | 6:39° T3 8e35 944 10-7 1260 11305

(a) & max ft/see 11246 1502 47T 519 7 Uo7 | 23 2504 |
(b) & max ft/secz ool 6039 Fe36 ] 840 { 9e 61 10 9" 11243 138

(b) % max ft/sec 12¢6 11546 | 18 2 fzo 8 s 8 | 247 2601

. . 5 , . -, e - X & i ey

Length overboard = m" | 6000 |5000° ;-4000 173000 | 2000 | 1000

(Cont:hmeé ff&m "pagxe 7) |

However, neither inertia nor hydrodynamic drag forces can assist the motor very
much when it reaches its speed limits (* 2500 r.p.m.) Any change in load tending
to increase the cable speed from the limiting values set within the servo system
will result in changes in the motor torque (within the limits of the motor torque
range) to effset these load changes, since the servo system is a cable velocity
control system. For this reason, it was thought preferable that any inadequacies
of the motor should result in insufficient torque rather than in insufficient
speed. Therefore a 15¢5:1 overall gear ratio was adopted: this being the
maximum ratio which should cope with most velocity peaks, whilst retaining a
nearly adequate acceleration performance,

Another important reason for having a high velocity capability is to
reduce the time spent when it is required to retrieve the cable rapidly for
any reason. This situation, the fast hauling mode, will be discussed
further below.

A/
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Apart from the peak torque and speed requirements, the r.m.s.
torque and horsepower ratings are obviously of great importance in
the design of the motor and of its control gear.  In fact, the mean
horsepower in the automatic mode is quite low by comparison with that
resulting under fast hauling conditions, although the instantaneous
horsepower may reach very high values.

The r.ieSe aoceleratlons were calculatgd from the reoordlngs and .
were 1¢32ft/sec” in force 55 and 2+09ft/sec” in force 7. From these .
figures, it was possible to calculate the r.m.s. aoceleratlve torques
and hence the overall r.m.s. torques. For the force 55 case, with

= 15¢5 and in the neighbourhood of 4000m of 1/4L" cable out, the

overall r.i.s8. motor torque is between 87 and 91 £t lbs, dependlng upen
the spooling. The corresponding figures for force 7, with about 2000m -
of 1/#" cable out, are 63 to 68 £+ lbs,. The r.m.s. speeds were also
calculated and were 299 to 285 r.p.m. (force 5%, 4000m out) and 539 to
491 r.p.m. (force 7, 2000m out). The resulting horsepowers are 5¢0 and -
6l H.P. for the two cases, whilst the maximum 1nstantaneous horsepowers
may be as much as 5 or 6 tlmes these flgures. :

5. Fast hauling and paying

When the cable is payed out, the maximum cable velocity relative to the
sea will normally be limited by hydronamic drag, since the axial drag on the
cable attains the value of the (cable Welght + 150 1bs load) at a cable
speed which is always lower than the maximum winch veloecity capablllty, for
all the cables.

From Kullenberg's figures (ref: 2 ), we have
Drag = «0037 (i>090005 st'd dev'n) ¢ v2
in Kg/metre length > : : (5) -

where ¢ = cable diameter 1n mm.

cable velocity in m/seo. »

v
This expression gives the following 1ong1tud1nal drags for the 1/h7,
émm and 4mm cables, with v in f£t/sec.

1/4", Drag = 481 (£ 0:65) v> 1b/Kn length
6un,  Drag = 455 (£ 0-61) v "
5 Drag = 303 (z 0.41) v2 "

The range of ®elocity over which thesé figures will apply is not
stated, but Kullenberg's experiment was carried out for v = 59 ft/sec.}
It Wlll be assumed that they are applicable at up to 15ft/sec, this

being the maximum hauling speed with any of the cables since it was

decided, for safety, to limit the motor speed to.1400 r.p.m. when fast
haullng. Bquating these expressions for the drag to the cable weights
in water, 274, 225 and 112 lbs/km length, respectively, gives limiting
pay out velocities of 7¢55, 7+54 and 6°33 ft/sec, which correspond to
motor speeds of (at the most) 2190, 2189 and 1253 rep.m.

In addition to the hauling speed limit of 1400 r.p.m., which will be
set automatically when the winch operator changeé from the automatic to
the fast handling mode, a red warning light will be used to indicate to
the winch operator when the motor torque execeeds 90 £t 1b and he should
attempt to keep within this limit at all times. The third limit
applying to fast handling conditions is the safe working load of the cable.
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The cable tension will be presented to the operator in the normal way.  The
safe working loads used in the theoretical evaluation of the fast hauling
performance were 2040 1b for the 1/4" armoured cable, 1800 1b for émm wire rope
and 900 1b for 4mm wire rope; these all represent safety factors of about 2.

On the basis of these limits, graphs were drawn showing the varlatlons
in the maximum safe hauling speeds against the length of cable out. The hauling
times were estimated from these graphs, for the case of ideal spooling, and are
tabulated below. = The figures for 6000m of 6mm wire rope should be similar to
those for the 1/L" amoured cable.

Table VI ' Fast ha.ullng times, speeds and ’lbads.

(&) 6000m of 1/4" cable on longer spool, normal limits. ‘

Depth ' Hauling tine | Cable o Motor speed Motor torque' Motor
(m) to surface = velocity (repems) | % of FLT i Horsepower
(mins) ~ ft/sec

6000 107 2.92 847 98e2. 13
5000 78 1553 357 100 58
4000 45 2404 38 | 100 1 65
3000 2, | 33, 528 100, 9e1
2000 1z 6216 91l 100 157
1000 5 | 10°46 14,00 99¢2 . - 238
500 % 2 10-97 1,00 6340 | 151

0. 0 1139 14,00 : 16-9 | e

(B) 6000m of 1/4" cable on longer spool, 110% torque limit

{

6000 7 2.92 8,7 | 982 143
5000 = . 5l 1. 2498 ‘ - 656 110 124
4000 36 3¢33 - : 617 110 © 1146
3000 21  Le36 689 - 110 130
2000 11% 7-00 ‘ 1039 110 19+6
1000 5 1046 1400 99-2 238
500 2 10+97 1400 630 1501

0 0 11431 14,00 169 lrad

(c) 4000m of 1/4" cable on longer spool, normal limits.

4000 29 L83 ‘ 14,00 ‘ 81+6 196
3000 20% 6+36 1,00 | 987 23.7
2000 124 7256 1,00 9o ‘ 2246
1000 6. 8+85 14,00  70.7 17-0
500 3 1927 ‘ 1400 457 110

o 0 9elly 1,00 e 3ol

A/1,0
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Table VI (continued)

(p) 6OOQm of 4ymm wire rope on shorter spools, normel limits
Depth (m) | Hauling tims?ﬁable Motor - Motor Motor
e to surface T Velocity Speed  |. torque Horsepower
(mins) ft/sec (repemsa) | % of FLT
6000 | 59 2:07 110 619 | e
5000 39 3050 583 The3 7ol
1000 25% 4299 704 86+9 10+5
3000 - 16k 675 856 96¢6 1he 2
2000 9 883 1017 . 100 174
1000 4 13.09 1400 1995 23+9
500 2 13467 1400 692 16+6
0 0 | 14.+05 14,00 20+5 49

Because the hauling time for 6000m of 1/4" cable was rather excessive,
the figures for a 110% torque limit are also given., The result is a
reduction by 35 minutes, but it would be wise to allow this overloading
only in calm conditions. :

Graphs were also plotted to show the variation in torque and
output power with time and approximate values of r.m.s. torque and
mean horsepower over the total hauling periods were obtained graphically.
It will be seen that the r.m.s. torgues are quite low excepting the ocases
for 6000m of 1/4" cable, but.that the mean horsepower is quite high in
the case of 4000m of 1/4" cable.

Téble Vil ' R.M,Se Torqﬁe, Mean H;P. ahd quk done

A/L0

Case iv R;M;S. torque|Mean Totai‘wbrky‘Work dbne Work done
| % FLT Horsepower | doneg against against
! 4 x 107f% 1b grav%ty drag6
i ‘ x 10°f+ 1b | x 107ft 1b
A 976 8¢9 PYRY'S 19-1 1243
B 1045 - 139 33-0 1941 1349
C 808 194 186 9e2 9ely
D 790 10-8 21+0 9.5 115

Tt is interesting to note that, in the cases of the 4km length of
1/4" cable and of the 6min cable, more than half of the work done is
dissipated in the form of drag.

The above figures were all calculated for the case of zero heave

motion of the ship.

Now, in the presence of heave, but with the heave

compensating input discomnected the motor will attempt to maintain the
cable speed set by the operator and, since the mean torque is held to
100% fuelet. or less by the operator, there should be a torque surplus

‘of about 45 ft 1b available at the motor to balance any changes in cable

tension due to acceleration of the cable and instruments or due to

extra drag on the cable and instruments.

The safety factor in the
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eable loading will of course vary and it is up to the winech operator to reduce
speed of hauling if the ninimum safety factor becomes to0o small.

For example, with 6km of 1/L4" cable out and a mean hauling rate of 2+92
ft/sec (see Table VI A), the maximum vgrtical acceleration of the ship upwards
without torque limiting is 1642 ft/sec”: the maximum vertical veloeity of the
ship upwards without torque limiting, due to increased drag, is 3-85 ft/sec.
These limitations are summarised in Tables VIII A to D for the mean hauling
rates given in Tables VI A to D. The weight of the instruments in air is
taken to be 200 lbs.

Table VIII (A) 6000n of 1/4", mean hauling velocities as in Table VI A.
| . - T Hlaximum | Maximum ship| Maximum
: 1 M
! Deﬁ th gi?e:y ;:::?Zﬁazgiﬁ cable velocity instantaneous
fé, otor upward velocity | upwards horsepower
! st 1509 £t/s60 though ft/sec -
’ P.lot water
i e ft/sec
|
6000 - 1061 15+8 677 385 - 218
5000 2412 136 | 592 139 ; 8.7
4000 252 140 6+ 21 S hef7 9¢7
3000 , 2:95 152 7+10 376 . 136
2000 poe3e15 19:8 9¢66 350 23+5
1000 .  3eL9 29+5 11452 L+06 36+0
500 366 69:9 ~ 121.23 10426 360

(B)  6000m of 1/4", mean hauling velocities as in VI B.

6000 | 1461 1548 677 3.85  21.8
5000 2:12 1346 - 5.92 2+9), 169
4000 | 2452 0.0 | 6e21 2.88  15.8
3000 2:95 1502 7410 27l 17:7
2000 3415 198 9+ 66 2:66 267
1000 3049 29+5 14052 L4+ 06 3640
500 | 366 699 2123 1026 3640
(8) vL;.OOOm' of 1/4", mean iaab.iing velocities as in VE C. o

1000 1461 299 | 9.86 5.03 | 3640
3000 2012 2107 9.82 3006 3640
2000 2052 27¢6 1&-58. ’ ;,4502 ;; 360
1000 - 295 - 5he3 16428 743 | 3640
500 509 99+2 {2357 | 4430 | 360
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Table VIII (D) ” 6000m of 2:71;&1. ; mean *ha'uling» velocities as in VI D

Depth Cable Maximum ship, Maximum Maximum ship Maximum
mn safety acceleration| cable velocity instant-
factor upwards - velocity | upwards aneous
at 150% 2 through ft/sec horse-
ft/sec .
fle.te water power
ft/seq
6000 1.03 Lol 8+65 . 658 10+5
5000 1423 3245 85l 5400 - 1540
4000 Aelh 307 888 3-89 181
3000 1460 28e) 10-02 Ze27 220
2000 | 176 308 12416 | 3433 | 262
1000 190 39-7 i 1738 429 3640
500 2411 7045 | 237 10+07 36:0

These figures show that the increased drag due o ship motion upwards
will be the limiting factor and that the motor torque will limit quite

~frequently unless the mean hauling velocity is reduced quite appreciably.

The me chanical eaonurmlator will, of course, operate whew the’'oeble tension
varies and will, to some extent, reduce the severity of this effect,

Table VIII D shows how small the safety factor for the wire rope can become
unless the winch operator reduces speed.

Summary of winch motor performance

The motor size and gearing have been selected to provide adequate
torque and speed performance to deal with up to 4000m of 1/4" British
Ropes cable out, with 150 1b load (in water) ineluding drag on load,
in force 5 - 6 conditions with a hauling rate of 1 f+/sec. In force
7 conditions, the performance should be adequate with up to 2000m of
this cable out, However, a number of assumptions had to be made
regarding mechanical efficiencies and, since the performance is
ecritically dependent on these efficiencies, the actual performance may
differ considerably from that estimated gbove. Also, the ship motion
may vary considerably for given wind conditions, so that it was not
thought worth while to-make any more detailed analyses than those given
above. Since the estimates of efficiences are rather conservative, the
actual performance may be superior to that caleculated above.

The Performance of the Servo System

The requirements of the system were that it should compensate for the
ship's motion to such an extent that any residual vertical motions of the
submerged instruments relative to their desired position(s), whether
stationary or moving with constant velocity, should not exceed 3 feet
peak-to~peak amplitude, in conditions up to forece 7. This implies a
system accuracy of about 90%. A simplified diagram of the control
system is shown in figure 9. The principal "built-in" time constants of
the system result from the inertias of the motor and of the spools, but the
armaturs circuit of the motor is also of importance. It will be showm
that, owing to variation in the inertia of the cable on the spool, Jc’ and
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in the effective radius of the spooled cable, » the transient response
of the system will vary in accordance with the igng%hs of cable payed out and
on the spool. : ' '

The servo system consists essentially of the motor package, which uses
both tachogenerator and IR feedback to obtain good performance over wide
torque and speed ranges, and a cable velocity feedback loop with inputs for
nean velocity v and for the compensating ship velocity v_. The motor speed
feedback and the cable velooity feedback are, in a sense, at odds with each
other, since the ratio of cable velocity/motor speed varies. = One might guestion
the necessity for having motor speed feedback at all but, in fact, its presence
is quite convenient from the point of view of the system as a whole and it
safeguards the motor to some extent.

Motor control loops

The IR compensating loop improves the speed regulation, with varying load
torque, whilst the tacho feedback improves both regulation and the accuracy
of the output speed. The use of IR compensation allows a. lower tacho loop
gain and this may be desirable for stability reasons. IR compensation by
itself can only have a limited effectiveness as it relies on the constancy ef
the total flux per pole ¢ and of the brush voltage drop V. .+ Due to armature -
reaction, the leading pole tips may become saturated at high armature currents
thereby reducing ¢ and, consequently, reducing the generated back e.m.f. BEe
Slmllarly V d:l.splays~ a non~linear relation with armature current I,

The effect of this ean be seen as follows (see figure 10), in the steady
state case.)

Armature circuit voltage V = E + I(r +7) + V R , (6)

where B = k¢ N and k is a motor constant, r_ is the armature re51stance,
r is the compensating resistance and N, is the mo%or speed.

Now V = kg (V + Ird) (7)

whers Vl is the input voltage and is prbportlonal to the desired speed N
(tacho loops open) .

- - 111 s ’ ’
icee V; = AR N, | (8)
From equations 6, 7 and 8, we have
= { 1 . - y - ’ .
N, = A'kk N I[ra r(k A ,1)] + (9)
ko k¢ ‘ '
and, since k"¢ I = T, + 20 d - (10)
60

- " b ! A, - - - { A
N, = k'¢ Ak X' N TL[ r, r(kA z)] k"¢ V, (11)
l(:k“qSZ

Clearly, theispeed regulation can be improved by making: r. - r(k A - 1)->O,
but the accuracy of the NE/N. ratio (approximately equal to A'kak'/k¢) will

vary because of the dependen%e of ¢ upon I at high values of I.

A/40
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Example : For the motor to be used,
ko = 0:180 volt/reDem.
r, = 0240 (including compole resistance)
k"¢ = 1«27 £t 1b/amp
and d = +07 £t 1b sec.

Without IR compensation, the speed would drop 93¢7 r.p.m. when
full load torque (90 £t 1b) was applied. If the power dissipated
in r on full load (I = 71 amps) were limited to 10 watts, the gain
k A required for a no load - full load speed drop of 5 r.p.m. (for
e%ample) would be 114+3. Note that, if (k A — 1)r> r_, instability
could result. ' ¢ a

When used in conjunction with tachogenerator feedback of the
motor speed, the sontribution of IR feedback becomes less important
as the speed rises.

When the motor speed tacho loop in figure 10 is closed, in the
steady state we have ?f(s:O) = 1), putting r, - r(de - 1) = r'(= 12¢71n0),

Tt 4t t - £ n ‘
Nc k ¢A.kck Ni ) ?Lr k ¢V£ o (12>
kK"oA'k k' + kk"¢2 + 1 «dr!
¢ k)

A practical. value for k' (motor speed tacho constant) is 0-002:
this gives a 5 volt output at maximum motor speed, which is compatible
with the solid state amplifiers to be usede Therefore, if we put k. = 1143
and A = 1, such that the IR compensating voltage is summed directly °
with Vi, the steady state accuracy is given approximately by .

A'  x 100%
AY & 0786

« A d.cs gain of A' = 10 should be adequate. This further impoves the
speed regulation by a factor of about 12¢7 and gives a steady state accuracy
of 92-9% for Nb/Ni.

When the wire speed tacho loop in figure 10 is also closed, in the
steady state we have (g(s=0) ='1)

Atk Kt - Y
- 2.1-@[1: DA kck Pktvi TLr k g)Vb]

° T&R + Pk, ) EGAE KT + GORKK'G° + 2rdr'R

v

(13)

For the values of k"¢, k¢ , kc’ etc: given above, the steady state
acouracy vo/vi is given, approximately, by ‘

v _ 182 r Pk
o) = 8D 1

Vs 182 Pkt + 188R
i sp

Por the worst case, R = 15¢5 and ro, = 0¢510)., and the steady state
aceuracy 1is p

9:30 Pk

9-30 Pkt + 2914

A/1,0
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so that, for 95% accuracy, Pk, must be 595@. Since kt is, for practical
reasons, limited to 0+2 volt Sec/ft (5 volt output from wire speed tacho at
25 ft/sec wire velocity), P must be 29,750 r.p.m./volt and the amplifier
gain, Pk', between the two summ:Lng junctions is 59.5, which is a reasonable
figure.

The complete expression for v , as a function of v, T, and Vy is

Dv, = Hovy -H T - H.bV (14.)

D = 26R(sJ + d)(r' + sL) + 60RK"$k A'k'f + 60RKK"p>
: i ' ' ' ' 111
+ Zwrsp k'qbkcA k'Pk, g

(15)

t
H = 27;rspk"¢>kcA’k"Pkt ' (16)
H = 277rsp (r' + sL) - (17)
H, = ‘27irsp k"¢ ' ‘ I | « (18)

There are two poles in the response which are given by the roots of the
denominator expression D. The positions of these poles, and hence the nature
of the response, are dependent upon R, J and r_ -, which vary according to the
amount and type of wire on the spool in use. Sfne pole locaticns are also
dependent upon d, which may vary considerably with gearbox oil temperature etc,
apart from the other parameters which may vary to a lesser extent.

The parameter values used in the stead;y state calcula‘tlons above result
in the f‘ollowlng expression for D. The value of L was taken to be 6+8mH:
this comprises the total motor armature circuit inductance (6e 6mH) plus
estimated Bus bar inductance (0e2mH)

D = <0427 JR s% + (+00299R + +0799JR)s + (1744t + 13+7)R + 108,500 r'spg

Putting f(s) = g(s) = 1 for the moment, this expression has roots which,
for the longer spool, are at -1-.-014 * jhll (spool emp+y) and at -0+983 £ j522
(6000m of 1/4" cable on spool). For the shorter spool, the root locations
vary between -0:991 £ j4L47 and -0.978 £ j547, These figures represent a
very lightly damped response in all cases. Additional damping can be
introduced conveniently by making f(s) a function of the fomrm

£(s) =1 +qs

Alternatlvely or addrb:.onally , one could make g a function of s,
Cefe g(s) = AB Se

Ideally, the system should be in a nearly critically damped state under
all conditions. This state of affairs could be achieved by making « a
function of the amount of wire_on the spool, such that the equali
(+00299R + *0799JR + 17kl c(R)2 4 x +0427JR(188+1R + 108,500 r tg was
maintained as J and r__ varied. If anything, the system design 5Bhould err
on the side of underdaBplng as it is usually found that viscous damping is
in excess of the expected figure. Also, when one is interested in speed of .
response t0 a step function, an underdamped system can reach and remain within
a given tolerance band about the steady state value faster than a critiocally
damped systen. Similarly, the phase lag in response to sinusoidal excitation
is, for an underdamped or critically damped response, given by

1 [ZW/(V2+52 -wa)],where -y * j& are the roots of the denoninator, so
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that underdamping is beneficial, especially if vy is not very much greater
than ¢. The response to a sinusoid of frequency tr, normalised relative

to the d.c. response, is given by

[ v vZ 4+ 8%

! ;—9 (Jw) ; -
| J{y? +82 g%+ by ® o®

which, for the case of critical dampihg (8 =0), simplifies to
¥?/(y? +w?). Thus for 95% response at the dominant ship motion period

’ of 7'2 seoonds, Y must be 3-8 radlans/sec.

Now if a is adjusted to give orltlcal damping for all conditions, y:
varies between -LiJ and -547 radians/sec, so that the response at a

- period of 7+2 seconds is almost equal to the steady state accuracy.

The values of o requlred to glve orlt-cal damplng are shown in

 Table IX.

Table IX  Variation in time oonstant ¢ with depth

(A)'_ 1/4" cable, R = 155

o s ao e 5 . o - "
for critieal @amplng* O 0969 | <1268 . | -+1529 1876
‘ : (sec) - o7 18
(B) lumm wire rope R = 105
& for oritical damping . ;jf’ N R A . By ‘
; (sec) B 0 ?389 2 “M1686 | 1901 | 2216

These time constants could be reduced to a more desirable order by
using g(s) = 1 +g s compensation, instead of’ £(s) = 1 + ¢s compensation.
This has a further advantage that the required values of 8 do not vary
as much.

Table X Variation in time constant B with depth

(&)  1/4" cable, R'= 155

Length of cable out {m) | . 6000 | 4000 - | 2000 0
B for critical d?zgzﬁg - | °OO%73l - 00395 f +00%82 - 00391

(B) L4mm wire rope R = 10-5

f for oritical d?zgﬁg 00463 | 00400 .00369 | +00371

Y

- © Whilst it would be possible to monitor‘r _ and to provide exact
ad justment of ¢ or f automatically, using sui Bble low potentiometers, |,
the additional complexity and reduced reliability which would result
are not desirable. However, examination of Table X shows that, for most
purposes, near ideal damping could be achieved using fixed time constants
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of, say, f = 39mS and B = 3+8mS for the cases of 1/ cable and ham wire
rope, respectively. The roots of D then lie at ~366¢6 *j250+9 and -367¢2
+j254+6 for the worst cases with 6000, of 1/4" cable and Lmm wire rope out
respectively. This is not an excessive amount of underdamping, bearing in
mind that the winch would only be used in fairly calm conditions with more
than 4000m of cable out. ;

In the absence of more detailed and accurate information regarding
viscous damping coefficients etcetera, it is proposed to make initial adjustments

on the basis of the above time constants.

It has already been mentioned that the ship motion correction signal
spectrun is quite sharply peaked so that it should be possible to reduce errors
due to the time lag of the servo system by providing a phase advance circuit
in the v_ input. Of course, the servo system phase lag is a function of the
amount of cable on the spool but, once again, near ideal correction can be
achieved (partieularly in the range 0 - 4000m out} by the use of fixed time
constants of 3°9mS and 3+8mS respectively. These could be realised, in
theory, by means of the imperfect heave integrator response if operation
were limited to a single frequency but, since the integrator imperfections
produce dispersion of opposite sense to that required, it would be preferable
to use a high pass filter network after the integrator. ' The iaperfect
integrator, having transfer function 1 s gives an output 1

ws *a‘ e e e ‘@\{1,*,(%‘)2

sin (wt + tan-1(%)) for an imput of cos wt. For 95% output atw = 2u/72,

'a' must be +287 rad/sec, resulting iii a phase advance of »318 radian at

this frequency. This is about two orders of magnitude greater than the

phase lag of the servo system at this frequency. . The largest practical

value of ‘'a' is about 0¢01 which would result in a phase advance of <0115
radians which is still in excess of thegyequiredfphasefadvance;w‘~Furtherpore
the phase advance is proportional t» w , approxinately, and not prOportlonai
to @ as desired. This means that the nett phase error would increase rapidly

with frequency away from w = 2/7+2. Some form of compensating network h(s)
is required to reduce the integrator phase lead to a suitable value. Such a

network could be of the form shown in figure 11. The transfer function for

. this network is given by : B -

1

DT Nt P
h(s) = - : “_1 )'Whedrejb": —Efl?._
St e (/W) )T 3

For N = 9, o . s
h(s) =1 ¢ O-9bs_1A- O-O9b237%j for b << 17
and the phasé lag is giQen)by

tan™! [R5 j

| (00R;)? + 1

Thus, if the integratof*tiﬁétconsfant is 10 seconds, the required value of
CR3’ for 2w x 36 m rad nett phase advance,'is-Cij& 9+« 345 seconds. The
nett phase advance over the range w = 2%/9 to 2wy5 rad/sec then varies from
2v x 749 to 2w x 2+4 m rad. . These deviations from the ideal figure of

9 5

36 nm rad are not important./'!

A/40
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The analysis of the servo system given above has, for reasons of
brevity, used a number of simplifications which have not always been
pointed out. For example, the possibility of saturation of the loop
amplifiers and other components has not been considered., Nor have
other non-linear effects such as back-~lash and the dead zone of the
moton/controller. In an ideal system, saturation would not occur
but in practice the system may saturate if the input signal can not be
followed. The ship motion study and the resulting specification of the
motor/controller unit capabilities should ensure that saturation of this
unit only occurs at infrequent intervals. It is, therefore, important
to ensure that the rest of the servo system does not unnecessarily restrict
the overall performances, Of course, if a step input is applied to the
system, saturation of some of the components is inevitable.,  However,
under steady state conditions of fast hauiing (with the v input switched
out) or with a given sinusoidal v_ input and slow hauling rate, none of
the components should saturate. ®Since the latter case is the more severe,
it will be examined more fully. ' ' :

From the preliminary motor data given by Clarke Chapmans:V4

Maximum supply voltage = L60 V
Full lead current = 71 A
Ko = o180 V/r.p.m.; k' = 427 £t 1b/A
r,+ T (hot) = * 253

« At 150% full load current, max r.p.m. is 2395 r.p.n. (assuming 1 volt
drop at each brush) ,

At 25?0 LeDells, Max current is 33-6 A (assumlng 0-75 volt drop ot each
brush 4

At 2500 r.p.m., max torque is 42¢6 £t 1b.

The m~ ton/controller unit is therefore, capable of meetlng the peak.
instantaneous speed and torque requlrements. .

Con31der now the performance with a velocity input v, = ¥ + Vg sin ot
and assume that T. is constant and that Vb san be negleetad.

L
i.ee D v, = Hv v; < Ht TL from equation 14
with v, (s) = ¥ +v_, w
+ 5 & 2 2
87 4w

Also, let £(s) = 1 and g(s) = 1 + +0036s and let ky, P, k', A', kc,’rl
k"0, k¢ and d take the values assumed above.

Then, for LOOO of 1/4" cable out (R = 155, J = 90+8 and rsp = +7991),

we have 5
D = 032913 (8° + 1029«4s + 272,287)
H = 86,732 /
H, = 0638 (1 + *535s)

It is clear that the effect of load torque is very small (about 10 ~h
ft/sec error at 150% f.l.t.) so that, for an approximate treatment, this may

be neglected.

The inputs to the summing Junctlon precealng P are, therefore,

k, vi(s) = «2( 2 S+ S 2 )

8/%0
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+2(1 + +0039s) H vi(s)

ana Xy 5(s) v, (5)

D
S N(s) '
1 = -zg 52 4+ 2:012s + 8,858 g v, (s)
P ( s° + 1029:4s + 272,287 )

The steady state terms in Ni(t)/P have the f‘bllowing magnitudes

d.Ce 0.00651 ¥ .
at w=2mr ;- 0+00651 v,
. 7'2' o

If ¥ =1 ft/sec and v_ = 6+1 ft/sec., it follows that the inputs to the
summing junction do not ins%antaneously exceed 1+42 and that the output from
the junstion does not exceed 46¢2 millivolts. The k'N, input to. the next

junction does not exceed 2750 volts. The k'f No input™is given by

1 — H
k'f Nb(s) = k'f 60R H vi(s)
D rsp D

(neglecting Ty, and V. as befors)

For vi(t) = 1 + 691 sin(2w4/7+2), this input has a maximum value of 2+546 volts.
Now the phase shift betwsen N and N. at the v_ frequency is 000023 radian, so that
the input to amplifier A' doef not exceed 0+20f volt. V. does not, therefore,
exceed 2¢0L volts and, since rAl can not exceed 0212 volts at 150% full load
current, the input to the controller k will be well below the 4°02 volt limit
to its linear range. ¢

From the above step by step examination of the voltages along:the top
line in figure 10, it is clear that saturation will not occur at any point
under these conditions of R, J, r_ , ¥, and v_. Similar analyses for 2000m
of 1/4" cable out and v, =15 £t78ec give :

k'Ni < L+99) volts

k'f‘No < L4625 volts

v, < 3+69 volts
For 4000m of hmm wire rope out, v, = 6o

k'Ni < 2109

k'EN_ < 1:953 volts )

v, < 1+56 volts
and for 2006m of imm wire rope out, vy = 15

k'Ni < 3901

k'fNo < %e613%

V. < 2.88

i

A/%0
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These figures are all satisfactory. Furthermore it can be
inferred that the system will not overload under fast hauling
conditions since the velocities will be less than those glven in
the above examples.

Effects due to mechanical backlash will not be considered
here. Mechanical backlash in the gear train will only-occur -in
force 7 conditions when the pull on the cable is insufficient to
provide reversing torque with the ship at a trough. The motor then
has to provide some reversing torque and so both sides of the gear
teeth will be loaded alternately. Considerable assumptions were
made in deriving a figure for the viscous damping factor.™® Static
friction can be included in T., with the reservations that stiction
may be important and that the static frlctlon always 0ppases any
motion (similarly \ opposes current).

An important feature of the system which has been reduced to
"plack box" status for the purposes of the above analysis isthe

-controller, Obviocusly dynamie control by means of SCRs with a 3-phase

supply results in step variation of the voltage supplied to the motor
because this voltage can only be varied at intervals of, on the average
6+67n3(for a 3~-phase supply) or 3«3%S (for a 6-phase supply). Then,

the average delay inherent in the controller will be one half of these
periods i.e. 3*33mS (3-phase) or 1+67mS (6-phase). The controller
constant k 1s, therefore, a very complicated function and, since the
delay time®involved should be small compared with the armature circuit
time constant, it was, for the purpose of this investigation, neglected.
The effect of a delay r is te make kc of" the form

k(s) = Mme3eTC

which, for small Ts, can be approximated to

kc(s) = 11423(2 = st )/s + s7 )"

Examination of the expression for D (equation 15) shows that the delay
in k could result in instability of the system. This could be corrected
by approprlate adjustment of B s Or, preferably, by inserting a phase
advance network in series with the controller. However, since the exact
performance of the controller is not known at present, this feature of the
system can not be profitably investigated at this ‘stage. Further details
will be included in a later report.

The mechanical design of ths winch has not been discussed in this
report; +the preliminary design was done by R. Dobson of N.,I.0., From
the servo system point of view, it is obviously important to keep the
inertias of the moving parts low. The quality of the gearing and of the
lubrication are also important, in view of the continual reversing that
will occur in the automatic mode. The spooling gear will be an important
factor in determining the cable inertia. The nature of the safety
protection devices is also of great importance because of the remoteness
of the control points from the winch unit.

* However, when f is suitably adjusted for critical damping, the
viscous damping terms are made completely insignificant.
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9, Conclusions

From measurements of the heave motion of R.R.S. Discovery
it has been possible to specify the peak torque and speed requirements
for an electric drive to provide acceptable compensation for this
motion. The fast hauling performance which should result has been
calculated and found to be acceptable.  Analysis: of the serve systen
showed that stable operation and accuracy can be achieved by the
- incorporation of two phase compensating networks into the system.
The accuracy of compensation of ship motion should be approximately
95% under linear operating conditions. When working at the limits
of the spcified conditions (2000m of cable out in Force 7, or 4000m
out. in Force 5%), occasional saturation of the system will ocour and
the mechanical accumulator will operate. The errors.resulting from
such saturation will normally be small and it would not be economical
to increase the motor ratings to reduce the probability of their
occurring. For this preliminary study, several: simplifications and
assumptions have been made and are pointed out in the text. - It is
-hoped to publish a more complete report when the system has been
tested in practice, as opposed to in theory.
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APPENDIX A
Estimation of inertias of the Winch'sPools, etc.
Estimated moment of inertia of the motor = 7*5 1D ft2
Estimated moment of inertia of the worm shaft, >
helical gears, brake drum, ete = 1¢2 1b ft
Estimated moment of inertia of the winch spool assy : 5
(long) ‘= 4e2 1b £t
2
(short) = 9.0 1b £t

These figures are all referred to the motor shaft.

The inertias of the cable or wire rope on the spools were estimated
as follows,

(a) Ideal spooling

Ideal spooling is defined to be that in which the cross sectional
packing density is greatest (figure A(a)). For 1/4" cable, there is
& maximum of 95 turns/layer -~ for 4mm rope, there is a maximum of

9 tumms/layer.

| The length of a turn in the Nth layer is
(1/4" cable) 0:97751 + (N=1) x 0-034553 metre
(ymm wire rope) 097013 + (N ~1) x 0:021766 netre

The inertia was calculated as if the spooled cable was a homogeneous solid
of density s 0-126) times the mean cable density - except for the innermost

N
and outermost layers, which have a packing density of(g + 0063) e  The mean
o V

(1/4") cable density was taken to be 30+36 1b/100 yds: this is the British Ropes'
figure - a sample of cable was weighed and gave the result 29¢8 * 0.2 1b/100 yds
as a check. Mean 4mm rope density teken to be 11+10 1b/100 yds. '

For a given length of cable.on the spool (e.g.3000m of 1/4") the number of layers
(234200) and hence the moment of inertia (5804 1b ft°) were calculated. The results
are tabulated in Tables II and IV,

(b) Imperfect spooling

In the casg of "imperfect" spooling, the cable was assumed to be
spooled in a 98  cross sectional matrix (fig. A(b), instead of the 60
matrix assumed for ideal spooling.
Ix this case, the length of a turn in the Nth layer is given by
(1/4" cable) 0:97751 + (N = 1) x 00039898 metre
(4mm wire rope 0:97013 + (N = 1) x 0:025133 netre
The moments of inertia in this case are simply calculated using a packing

density of w .
N
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APPENDIX B

Preliminary Motor Design Figures

Compole inductance 0-188
" leakage inductance 12
" resistance 0«04
Armature inductance Le33
i slot leakage inductance Qe L7
" end turn leakage inductance Qelyly
" resistance 016
020
Total flux density/pole 1425
Full load current 71
" " torque ’90
Maximum speed 2500
Friction and Windage 220
I2R loss at full load 1210
Inertia of armature ass’ 75

. o« Back e.,m.f.

W

mH
nH

mH
mH
mH
Q cold

- . hot

M lines /i_i"

amps }( 150% of these
ftvlb. allowed)

FePelle
W at 1400 re.p.me.

1 £4°

torgue constant

constant 01173 x 60
k¢ .= 04180 V/r.p.m.
Maximum supply voltage = 460 V.
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APPENDIX C

Wire data _
1/4" diemeter British Ropes Limited Armoured single

insulated conductor cable

Weight in air 332 1bs/km length
Weight in sea water (5.G. 1:03) 274 1bs/km length
Breaking strain 2 tons

bum diameter Wire rope

Weight in air 259 1bs/km length
Weight in sea water 225 Zbs/km length
Breaking strain 2 tons

Lmm diameter Wire rope

Weight in air 121+ 1bs/km length
Weight in sea water 112 1bs/km length
Breaking strain 1 ton

Load on wire taken 4o be 150 1lb in sea water
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Figure 3. Fercentage of acceleration
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Figure 6, Maximum hauling rate against wire out.
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Figure 11. Phase advance network h(s).
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Figures A(a) and (b). Part sections through spooled wire.







