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ABSTRACT. This report contains a comp lete
physical and operational description of a h ydro-
g raphi c winch system developed at NOTS.

0~
Significant desi gn feature s and operational parameters
of the winch are given; the functions of the components
of the Byste m are discussed; and the operation of the
system in each of five available ope rating mode s is

LI~ explained with special emphasis placed on the Constant
• Depth mode which is currently unde rgoing test and

evaluation.
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FOREWORD

The hydrograp hic winch syste m was designed b y the Elec t ronics

Branch of the U. S. Naval Ordnance Test Station.

This project was started in June 1964 and will be completed by
June 1967.
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INTRODUCTION

NOTS has developed a h ydrographic  winch  for  reliable hig h-speed ,
hig h-po-.ve r . load handling f rom shipboard.

The winch  has the following s igni f ~cari t  design fea tu res :

I .  The cable is controlled at all points in the system to avoid
both slacking and over tensioning.

2. The winch is h ydraul ical l y powe red with proportional torque
control throug h variable disp lacement h ydraulic motors operating f rom
a constant -pressure source.

3. The hydrauli c energ y is controlled with hi gh-bandwidth, closed
loop components . Care was taken to keep the system as linear and
controllable as possible .

4 . The winch is designed to compensate for  shi p ’s motion by
paying cable in and out as the ship  falls and r ises .  This maintains the
load at a nearl y constant depth.

5. The system can sto re s ign i f ican t  amounts of energy  at points
where hig h peak power may be demanded. This reduces t rans ient

I powe r loads on the ship ’s electr ical  gene rators , and increases sys tem
response.

6. Ene rgy is dissipated di rectl y b y cooling heated oil at low
pressure .

7. Complete control of the winch  is carr ied out f rom a remote
console .
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G E N E R A L  DESCRIP’rIoN

The NOTS h ydrograp hic w i n c h  s yst e m  (F’ i g. 1) cons ist s  ot f ive
un it s :  the t r a ct i on  uni t , cab le  a c c u m u l a t o r , s to rage  d rum , h y d rau l i c
powe r suppl y ,  a nd the con t ro l  console .

1. The t ra c tion n u i t  ( l ’ i g. .~) b as i cal l y cons i s t s  of a pai l ’ u~ cap~s t ans  g rooved to take :L v e  w raps  ot cab le .  It is d r iven  t h r o u g h a gear
r e d u ct i o n  box b y a 150 l iP  h y d r a u l i c  motor  wi th  p ropor t ional  torque
c o n t r o l .  This  un it  ~s the work ing ’’ un i t  in  the sy s t e m ,  developing  the
torque  requt re .~l to ho ld in . ,  a c c e l e r at e  the  load.

MaxL mum l in e  t en s i o n  is 8 , 000 lbs ; ulaxi mum li t ie ra te  is .~ 5 It ,  sec
(1  5 k n o t s ) ,  ma ~ mu ~i ccc Ic r a t i on  (no load) is 250 it ,  see 2 ; and m in i  mumLoad pos i t ion  In c  i’e t i en t  i l ess  t h a n  I ~ in~ Ii a t  f u l l  load.

~~~. The cable  a c c u m u la t o r  (~ ‘i g .  ) is a pas s ive  cable s to rage
d e v i c e  located b et~i cc i i  t lie t r a c t  ion u~ t it  du d  the st o r a ge  d r u m .

To a c h ie v e  m a x i m u m  luau  ~ont rol  , th e  t r a c t i o n  un i t  shoul d be able
to accele  ra te  as r apidl y as po~. s ib l e . •l’ hc inc rt~a of the rotat i  tig corn-
ponent s  ot the I r ac ta m  u n i t  c a n  ~~ k ep t  l,uv enoug h so t ha t , w i t h  reason —:t b le motor  t o r que , iu ~h .1c t i e  r a t i o n  can  b~ ac hieved .  ‘r he sto rage
d r u m  • howe~~c r , has an  i uhe  i c  f t  l i t’ rh i .i t l eas t  ten t im e s tha t  of theract~ on u n i t .  In o rde r f o r  the u r tu  .i to ;t ., cele r ate  w i t h  the caps t an ,
a p ropor t ion ate l y g re a t er  t o r qu e  u~ ’u l , .i t ie  r equ~rcu.  ‘I’he amount  needed
cannot  r e a so n a b ly  ~e t oy  i tie ci wit  b in the  range of the des ign  pa ra mete r~;
of t h i s  w in c h , conse qu e t it l v  pay~ ng cab l e  in and out would resul t  in
~; l a c k i n g  dud ove r t e i i s i on in g  the cable 5etwee ii  the t r a ct i o n  unit  and thed r um .  It is the re fore  n e c e s s a r y  to e i t he r decrease  the accc ler a t ~onof the t r a c t i o n  u n i t  to ~vh at ev e  r th e  d r um  ~.in manage , or to put a buf fe rbetween the un i t s .  The cab le  . i c c i t mt i l a to i ’  s e r v e s  as the b u f f e r .

The cable  a cc umu l a t o r  is  concept ual l y i . i inple .  It takes in or pa~~sout cable to the t r a c t i o n  u n i t  or the s to rage  d r um  at a nea r l y cons tan tt ef l~ ion ,  The rate and ,~inount  of cable handlc~j rom eithe r side are
con t ro l l ed  i ndepe~ ntl e ’ n~ I v .
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D u r i n g  ope ra t ion .  as the t r a c t i o n  u n i t  at  cele ra tes  to pay out cab l e ,

cable i n t t ~al lv  come s f rom the a c c u m u l a t or .  As the a c c u m u l a to r  is
e mptied , th e s to rage  d r u m  b eg •ns  :ced~iig t a b l e  i i i .  The d r u m  ev en t  -

wi ll y reaches the speed or  p o s i t i on  requi re d to hold the a c c u m u l a t o r
-
~~ ha l f - f u l l .  F’or hau l ing  in cable , the ope rat ion is ana logous .  Thu s .

with  the cable accumula to r  to act as a t i u f f e r , the winch  syste m can
i n c l ude a la r i .~e , heavy d rum load of cab le , while  maint a in in g a hi g h
acce l e ra tion  c a p a b i l it y  at the t r a c t i on  u n i t .  (A more  de t a i l e d  dc s cr i ~ -

tion of the cable accumula to r ~s g i v en  in  Append ix IL

3. The storage d r u m  Fi g. 3 , con s i s t s  of a f langed d r u m  ~~h ic h
can s tore  10 , 000 feet  of 1/2 - in ch  cable and i s  d r iven  th roug h a gear
re duct ion  box by a SO UP hyd r a u l i c  motor with  propor t iona l t o rque
cont ro l .  A Lebus spooling sy i~tc rn and a f l e e t - a n g le compensator  are

F 
used on the sto rage (rum.

4, The hydraulic powe r supp ly is  the source of all  oil  used b y
the tract’on unit and the storage drum. It conta ins  the oil r e s e r v o i r ,

• pumps , and heat  ex c han g e r  r e q u i r e d  f o r  th is  system. (A complete

t l esc r ip t i on  and h ydr a u l~e schcma t~c are  ~:vcn ~n Appendix A).

S . The cont ro l  con sole  (F i g .  4 & ‘~~ provides com plete remote

co ntro l  and monito i -~ ug of the u i~ h sy s t e m .  The opera tor  can select
any of five available methods o! ~vit rol through the m ode se lec to r

k s wi t ch  on the console. In additio:~. t ’ie ~ioi~itor panel gi ves all pressure s,

torques , rates , and line tension . -~~~~ ~tell as load depth and attitude .

O P E R A T I O N A L  DESCRIPTiON

Th e s ys te m is best  desc ribe d b y c o n s i d e r i n g  the ope rat ion in each
of the ope ra t ing  m odes. The START , M A N U A L , H A N D L I N G , RAI SE/
LOWER , and CONSTANT DEPTH modes are available to the operator
t h r o u g h the mode selecto r sw i t c h  on the console .

H 
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S J ’A R I  MOE’~i

lii the STAR I mode , the s y st e m  s he ld  stationa i~~~ 
l’hc D1 ’a kcs  on

the tr ac t ion a n i t  an t i  storage dru~~ are a p p L e d , a r i d  the  c o n t r ol  sy s t t ’:n

o rd e r s  the  un i t S  to hol~ ~.ht i r position . The electr ical and hydraul~t

powe r i r e  t u r n ed  on , an d the system .s ~t om at ic a l l y chc c~~e~i ou t  for

ope ra t iona l  r e a d in e s s . If , dur~ ug a n y  othe r m ode , a system malfua -

lion occurs , or the operator pushes the E M E R G E N C Y  STOP su i t  h ,

contro ~s automat call y sw itc hed ba~ k to the  S l A R T  mode . Whe n

pressures and voltages are correl t , the ope rator m a y  switch to ~he

MANUAL mode.

M A N U A L MODE

In the N I A N U A  L mode , the ope rator can orde  r the  t r a c t i o n  u n i t  or

the storage dr u m , i n d e p c n d e r m t l y • to -ay  a ! iy  uc S~~ red amo u n t  of able

~a or out th rou~ li hand~v i icc I ~nput s  on the  console . This  m ode is gen-
e rally I L S C U  to set the contents of the cable accumulator to half f u l l .

• It ~s the onl y mode :n wt h c h  tile ope rator has d ir e c t  control of the

storage drum. From the M A N U A L  mode , control is s~vit ched to ~hc

• HANDLING mode.

HANDLING MODE

The HANDLING mode ~s used w h e n  t he load ~s to he ha ndl t ’~i ca re
f u ll y, over distances of about 100 feet or less , and at low speed , as

when the load ~s be :ng ijaudled on deck , o r  b e i ng  deployed or retr ieved

nea r the ship . The o:~erator has c o n t r o l  of the t r a c t~ ou u n i t , an d  can
I orde r cabi,! payed in or out, at a mna: ~~muni  rate of about 4 ft sec . I he

storage drum is automaticall y controlled by the cable a c c u m u l a to r ,

and goes to whatever speed and position arc required to keep the cab~c

accumulator half full. The ope rator has no control over the it or l~ c

drum in this or the fo l lowing modes. For  hig h speed , long distance

moving o~ the load , ~ontrol is switched to the RAISE/LOWER i-node .

9
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RAISE/LOWER MODE

The RAISE/LOWER inode is set up fo r  long di s tance , hig h speed
raising amie lower ing  of the load. The storage d rum is s t i l l  uride r con-
trol of the cable accumulator  and requi res  no at tent ion f rom the ope ra-
tor.  The t r ac t ion  unit  control is simila r to that in e a r l i e r  mode s , with
these diffe rences :

(a) The ope rator may change the position orde r rapidl y with a
slew switch , or s lowl y wi th the handwheel as in the M A N U A L
and HANDLING modes.

(b) Whe n the t ract ion unit receives a large position orde r , the
ope rator  can adjust the maximum line rate up to 25 f t / sec .

(c)  The line tension is measured at the t ract ion unit and fed back
th roug h a threshold device to the t r ac t i on  unit  rate control .
If the l ine tension drops below a set level , the t ract ion unit
will  be slowe d , or even reversed , if n ece s sa ry ,  to mainta in
line tension. If , in spite of thi s control , the line tension
drops to zero ~slack line),  the control is automatically
switched back to the START mode . The brake s are set , and
the system is ordered to remain at rest,  Thi s safety fea ture
also means the ope rator cannot switch control to the RAISE/
LOWER mode from the HANDLiNG mode unless the re is

-- t ens ion in the cable .

CONSTANT DEPTH MODE

In the course of taking data f rom ins t rument  packages suspende d
in the ocean , it is ofte n desirable to cancel  out the motion of the shi p
on the surface so that the load remains relatively s t i l l .  A f i f th  ope ra -
tional mode , the CONSTANT DEPTH mode , is cu r ren t l y be ing  designed

• and tested for  the NOTS hydrographic winch to enable it to pe r form
this function.

Control of the winch in thi s mode is different from the previous
control schemes, but is conceptually quite strai ghtforward:  In orde r
to hold the load at a constant depth , the winch must pay Out cable as
the ship rises on a wave , then take cable itt as the ship fal ls , with the
amount and rate of cable motion just compensating for shi p ’s motion.

10
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Ih e  Cons t an t  Dept h opera tion  ( l ’ ig .  6) is as fo l lows  ‘l’he t r a c t i o n
u n it - s u n d e r  out rol of the depth sensor  throug h the cont ro l  console .
The epe ra tor  can make no di r ec t  in p u t s  to the sy s t e m .  The depth sen —

sor ie a t t a c h e d  f i r m l y to the w i n c h  cable at  a depth of approxunate l y
t Ot ) f e e t .  This  depth iS g r e a t  e n o u g h tha t  s u r f a c e  waves  cannot  cause

a si gin I t e a  l i t  e r ro r  in  the  depth sensor  outpu t , yet  shal low enoug h that
the mechanical delay down the w i n c h  cable  will not  disrupt system
stability. The depth transducer is capable o r e s o l v i n g  a change in its
depth to w ith i n less than one inch in  ~00 feet.

As the sh ip  r i ses  on a wave , the depth sensor will be pulled up b y
the cable . This produces  an error si gnal which causes the traction
unit to pay out cab le  in orde r to return the sensor to ~ts nomina l depth.
As the shi p collie s down, the sensor will drop, causing the t r a c t i o n
unit  to take in c alilt ’ .. ~ai it returning the ~e us or to its nominal depth.
Holding the ile pth sensor at a constant dep th  re lative to the mean ocea ii

surface will uiaimtt ai it the load at a i’e lati vt’ly constant depth. The s y s  —

tern is desi gned to ope rate unde r con d i t i o n s up to at least sea state o
(wave heig hts to ~0 t ee t  ) with sensor mnot ion  attenuated from the s hip ’ s
muot ion by a factor ~ re;tte r than 00.

During the CONSTANT DEPTH m ode , the storage driimii is con-
t rolled by the cable a c c umu l a t o r , but  i i i  a diffe rent mnanne r from the
HANDLING and RAISE/LOWER modes. The ~itorage d r um  i S  not orde red
to turn unless the cable accumulator is flea rl y full or mica n y  empty.
‘rhis means that as the traction u n i t  pays cable in and out , compensating
for ship ’s motion , cable is taken from and stored iii the a c c u m u l a t o r
and the d r u m  re mains still.

It is mite resting to note tha t , w i t h  the exception of the depth sensor
and some ex t ra  e l e c t r on i c s  i n  the feedback system . t i c ’ ithe r s p e c i a l
equipment nor niodificattoits to the b a s i c  winch we re requi red for the
Constant  Depth mode of ope ra t ion .

The f l e x i b i l i t y  offe red b y the va r i ous  m odes 01 cont rol enab les  the
operato  to handle  the load Linde r a l l  co n d i t i on s  w i t h  p i ’ec is lOn anti s a f e t y .

I )
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CONCLUSIONS A N D  COMMENTS

Ope rat ion of the  NOTS h ydrographic  w inch  has demonst ra ted that
a gene rall y u se fu l , hi g h-speed , hi g h-power  winch  can be built wh ich  is
capable of:

L hig h l int  rates and accele ra t ion , provided b y the large dr ive
and inhe rent l y low ine rt ia of the t r a c t i o n  un i t ;

2. c o mmi p lete cont ro l  of the cable in the sys tem , provided b y the
cable a c c u m u l a t o r  ac t ing  as a buffe r between the t r a c t i o n  uni t
and s torage d r u m , and cable tension feedb ack  into the control
sys tem f rom the load side ;

3. reduced t r a n s i e n t  powe r loads on the ship ’s electrical system ,
th roug h use of the e n er g y  storage capabi l i ty  of the h ydrau l i c
System.

Iii addition , the w i n c h  can be equipped with cont rols to automaticall y
compensate  for  ship ’ s motion wi th  cable motion , so that the suspended
load wi l l  r emain  near l y s t a t i o n a r y .

It is hoped tha t some of the desi gn f ea tu res  of th is  winch will be of
use to others . Wi th  that in mind , the fol lowing genera l comments arc
inc luded .

1. The hig h powe r , hig h bandwidth , l inear  control  of en er g y
necessary in thi s type of sys tem can be achieved readi ly with comnnie r-
cial hydrauli c components .

2
• The use of v a r i a b le  d isp lacement  hydrau l i c  motors ope rat ing

f r o m  a pressure  source makes ene rgy s torage and d i s s ipa t ion  easy ,
and of fe rs  the most flexible , controllable system for this application .

3. The pos i t ion-o rde r  control sys tem , with maximu m rate con-
trol , gives the ope ra tor  the closes t con t rol of the load under  al l  con-
di t io mi a .

13
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4. For max lmum flex ib i l i ty ,  accuracy ,  and safe ty ,  any winch

which contains both a traction unit and a storage drum should also i n -
chide a cable accumulator  between the two units .
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HYDRA U LI C POWE R SYSTEM

A h yd r a u l i c  sc he m n at i  C 01 the  NOTS hy d r ogra phie W - iw is  tio\\ i i
in l’i g. A . Refe r r i r i g  to the mi u rn b c  red compon ents  i i i  the sche r i tat i  c
i ts  ope ra t ion  is as fo l lows :

H Y D R A U  Lii.: POWER SUPPLY

First , conside r the u n i t s  i n c l u de d :n the h y d r au i ~e pow er su i ’p I~in the c ent e r  of the pi c t u r e :

The constant p r e s s u r e  p u m p ,  1-1 • set to d e l i v e r  ..~ , 100 psi i s
driven by a 150 lIP  ‘ lect  tic m o tor .  Th is  pit nip supp li es the  i m i a  ii
(iriving eri e rgy to the sy s t e m  th r o ut ~h the che~ k — v a l v e , I , w h i c h  p i ’  -

tects the d r i ve  pump f r o m  hi gh p r e s s u re  t r a ns  m C i i t ~~ i i i  the p ~ - -

tern and keeps a c c u m u l a t o r , 9, cha rged  to  peak p r e s s u r e .  -l he p r t ’~ -

sure  re fl i t ’ I valve . 10 , is to l i mi t  ou t p u t  Ii t i e  pre s sure  i i i  ~a se ot
r na 1 fu~ic t on in the d r i ve  pUmp ’ s p re s si t  re rt ’ git Is to  r it  no i ’m t ia l l v
ca r r i es  no ~[ow . The dr ive  pinup vs s~i l e r c l i a r g e d  b s ri f i x eu  i m s
p l a c e m e n t  pump , I 2 , at  a p res  an  r.t ot 9 )  ps - set by the r e l i c t  vs lvi’ ,
ló. The supe rcha rge p u m p  d r aw s  o i l  f r o i m i  the  r e s e r v o ir , i’ . throug h
a f i lte r , 1~i .

• Al l  oil f l ow ing  t h r o u g h p re s su ye 
r e l i e f  v : i  lye s in Li r e  y ste i i i  is

retu ru ed to the  re se i•v o r th r o u g h the w a ter  - coo led he it  c .\ c ha m i g  i. .
11 .  The heat exchan g e  r car t  d i s sip at e  2 ~0 i i i ’  at  120 degrees  o i l  inlet
temperature , with oO degree cooling water . the final un i t  On the
powe r suppl y is the sina 11 f ix e d  d isp lace m n c n t  pump,  1$, wh ich  supp l i e s
o i l  to the servo  valves  at a vvell - r egu la t ed  p r e s su r e  ot 2 , 000 p s i ,  set
by  the re l ief  valve , 19.

The traction unit and drum are thus  supp l ied  w i th  oil (ro u t t h r e e
constant  p ressure  sources:  the main drive supp l y at  2 , 100 ~ s i ;  the
supe rcha rge supp ly at 90 psi ;  and the se rvo va lve  supp l y at 2, 000 ps i .  - ‘

15
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All oil r e tu rned  f r o m  these un i t s  to the r e s e r v o i r  passes th roug h the
heat exchanger  at essent ial l ,- at mosphe ri c p ressure .

TP~-\CTION UNIT

The hydraulic-opera t ion  of the t ract ion unit  can n o w  be descr ibed
in detai l,

The traction wheels are run by the va riable disp lacement h ydrau-
lic motor , 3. The output torqu e of the motor is proportional to the
p roduct of its displacement and the p ressure  drop across the motor.
The flow through the motor is determined b y the product of the motor
aisplacemerit and its shaft speed. The motor displacement is set
throug h the servo valve , 1 , and is determined by the fe edba ck control

1 
system.

A normal operational sequence proceeds as follows : As the load
is lowered , the motor develops torque to match the weight of the load ,
minus its drag. Flow through the motor is from the low side to the
high side (it acts as a pump). The oil is suppl:ed to the motor on the
low side through the check-valve , 8, f r o m  the supercharging pump.
Oil being pumped out of the high side of the motor cann ot flow back -

- - throug h the check-valve , 7, into the supp ly, so flow is initially into
the accumulators , 5. The pressure  on the hig h side will increase  to
3 ,000 psi whe n pressure-relief valve , 6, will open and route the rest
of the pumped oil back through the heat exchanger to the r e se rvo i r .
This is the flow path through which the potential ene rgy of the load is
dissipated as the load is lowerea. When the load reaches the desired
depth , the traction unit stops. The system condition is , then: accu~

.
mulators, 5, charged to 3,000 psi; accumulator, 9, charged to
2 , 100 psi; check-valve , 7 , reverse  biased ( rio f low);  accumulator, 2 ,
charged to 90 psi.

‘T o  lift  the load , flow throug h the motor is iromn the high side to
the low side , with the initial high-pressure oil supp lied from the
accumulators, 5. On the low side , the oil cannot flow back through
the check-valve , 8, so the pressure  r ises to 120 psi when re lief
valve , 4 , opens and returns the oil to the reservoir  throug h the heat
exchanger.

‘7
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In the CONSTANT DEPTH mode,  as the t r a c t i o n  u n i t  pays  shor t
amounts  of cable in amid  out to compensate t o r  sh t p ’ s mo t ion , the
t r ac t ion  un i t  draws v e r y  Lt t i e  en e rg y  f rom the powe r supp l y.  Ene rgy
to haul iii cable is  d ra w n  f r o m  the a c cu m u l a t o r s ,  5 , w . i i c h  L an  s tore
enough eri e rgy to haul  in  200 f ee t  of cable . The en e r g y  r e co ve r e~
f r o m  the system wmlen cable v s pay cu  out .s put back iut o  the ac cu ru iu -
la tors .  Due to real  losses in the ma c h i n e r y  such  as r i c t omi , l e ak s ,

- 

m and d rag ,  the p ressure  in t u e  a c c u m u l a t o r s , 5, will eventuall y tr y to
drop below 2 , 100 ps i .  At tais point , c h e c k - v a l v e , 7 , opens amid a
charge of o l  is sent in to  a c c u m u l a t o r s , 5 , f rom a c c um u l a t o r , 9, arid

• t t~e supp l y pu mp . Except  for  these short  r e ch a r g i n g  t i m e s ,  :tic sup i - l y
pump , 14 , d e l iv e r s  no oil to the system; the re fore , - t  r e q u i r es  v e ry
L i t t l e  powe r

STORAGE DRU M

The hydraulic operation of the s t o r a g e  d r u m  s au t a l ag o u s  to tha t
o~ t he t r a c t i o n  u n i t .  The only d i f f e rence  .s tha t the ace um n u l a t o r , 2 3 ,
is fo r  surge  p ro tec t ion , and is  not la rge  enoug h t o s to re  a s i g n i f .~ a l i t
a rno u :tt  of e n e rg y  s:nce the d r u m  r e q u i r e s  rio l a rg e  peak en e rgy  n p uts .

18
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C AB L I ;  A C C U M U L A T O R

The cable a c c u m n u l a t o r  I I I  th~ NOT S w i n c h  u s  a device  w h i c h  t akes
in or pays out cable , ron i  e u t h e r s ide , at a n e a r l y  cons t an t  t en s i o n .
l’he u n i t  $ a g e r i e r a lu  ; . v t . o n  of the mode l S i iOW I i  in  F i g .  B !.

‘

—

/ , ‘ I

•
-~~~ -

~~~

FIG. 131. Simp le Cable A c c u m u l a t o r  Model .

In thi s m ode 1 , t he two sheaves  at t h e  b o t t o m  ar e  I i  ‘~t’d .in d  t he lop
sheave can mn ove up a nt i  down,  The top sheave • s suppo rted on a -j drault c piston , ~vh i ch  eNt ’ r ts an u p w a r d  for ce , F . If the  we u g ht or th e
top sheave and i t s  suppor t  u s W , t hen the cab l e  t e n s i on  i s

whe n the syste m is at res t,  As the top sheave moves up one foot , it
wi l l  pull in  two feet  o cable , f ro m  e i the r or both s ides . As the shca~~ccome s down one foot , t lets two feet  of cable  r e t u r n .  Thu s , if the

- 
-~
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t en sion  in the cable i n c r e a s e s  above ‘I , cable is take n f rom the accu-
mulator ;  if the tension drops below T , the accumula tor  will  take cable
f l .

The accumulator  ac tual l y used in the winc h (Fi g. 3) is simpl y a
row of 9 of the simple 3-sheave models placed side -by-side.  The
top block of sheave s has a total t rave l of 5 feet , so the dynamic  cable
capaci ty  of the uni t  is 90 feet .

It is important  to note that no accumulator  of thi s t ype can main-
tain a cons tan t  tens ion  in  the cable , due to the mass and the ine r t i a  of
the movable components. If the top sheave and support have mass M
and sheave moment of ine rtia I , and the cable has accele ration A , the n
the dynamic cable tens ion  can be found from the following equations:

( F - W )  - (T
1 + T

2
) =

H or

T = (F_ W)  -

due to the vertical accele ration , and

R ( r  T ) - 2
~~

~ 47r R 2

or

T 1 
- T

2 
21A

4”i R
I,

whe re R is the sheave radius , to accele rate the sheave  in rotation.

- In ope rating units , ope rating at hi gh accele rat ion , these tension
erro r terms can amount to hundreds of pounds. An additional tension
erro r will exist as a ‘unc t io n  of top sheave position , if the pressure in
the hydraulic cy linde r is not kept constant .  In the NOTS unit , this
pressure  is held quite accurate ly b y the scheme shown in Fig . B2.

20 

-- •~~~~



- ,—,-- -~~ - — -~~~- -----, - ---•-----~~~~-~~— •—--—— ~~--- — • - - - - - ---~ ——-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ T~

A i r .- u )j l ,vc cuniulator
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Nit ro~ cn I I

bottle s -

FIG. BZ. P r e s su re  Source fo r  Accumula to r

I
The oil pressure in the c y h r i de r is  b a la nc c~~ b y the m i i t r o g c u ~ p r e s s u r e

in  t he a c c u m u l a t o r  ami d in  the s torage  bot t les .  As the pis ton t r a v e l s
- - f r o m  top to L)ott om ~n the cylinde r, the  amount  of oil (or n i t r o g e n)  dis -

- - p laccu  is small  compa red to the total volume under  p re s su re , hence
the p r e ss u re  change i s  smal l .

These conside ra t ions  a re  i n c l u d e d  to show that a cable a cc u m ula t o r
of thi s sor t  is i n h e r e n t l y  incapab le  of o p er a t in g  a c c u r a t e l y as a constar-i t
te ns ion  device.

l.A -- -
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A ppenu ix  C

W I N C H  CONTROL

f R ~~C 1 I ON  U N I T

1 u t ~ o lo t k c~ ag r a u n  of the  t r a c t . o m u  un i t  c o n t r o l  s y s t em  ~s shown iii
Fi g. C I .  I he c o n t r o l  iS b a s e u  or-i a p o s i t i o n  i n p u t  w i th  rate and pos i t i on
fet ~~L -ac  I .  \V i t h  the j~r~me move r be~ ng a v e r y  lu n e a r  to rque  s o u r c e  a m l i
I n c  l osse s  ~~ t :~e r o t a~ :ng c o m p on e n t s  be in g  t h m a l l , the loop is a secorvu
orde r s yst t mn t h a t  has  ex c e l l e n t  c on i t r o l l ab  l i L y .

r -

-
, 

O v e r al l  Look

in ope r a t i o n , t u ~e a c t u a l  p o s . t L o m i  1 the u u u t  (numbe r of fee t  of c a b l e
p a v c r ~ out ) is s ib t i - a e t e ~ f r o ~n t i -ic ope r a t or ’s p o s it i o n  orde r i n p u t  to give
the pus t o.i e r r o r , ~~~~ Tne p o s u t on e r r o r  s l im it e d  at a va lue  j u s t
la rg ’: enou~~ i to g :vc  uI1 tr i o to r  t o r q u e  a t  zero  speed It i s  th i s  e r r o r
l im i t  wa cn  en a b l e s  the ope r a t o r  to c on t r o l  the m a x i m u m  speec of tne
cab le .  The  l i mit e d  p o s - t i on  e r r o r , p ’, is t hen  summed w i t h  the rate
f e e L b a ck  t e r m  ( c a p s t a n  r p m)  to p rouuce  the a c t u a t i n g  e r r o r  te m n , ~~~ .

• The e r r o r , ~~~, c z t u ~~es  t e  va lve  u r i v e r  a rri p l : f i e  r to  e x cit e  ti le
s e r v o  v a l v e  v.~ i i c h  por t s  o l  mto th e  s t roke  cy l i n d e r , thus  c a u sin g  it to
v a r y  the  m o t o r  s t r o k e  ,n i  the sense  of , and at a ra te  p r o p o r t i o n al  to ,

The p o s i t i o n  f e e d b a c k  f r o m t u e  s t roke  cy l inde r ~s s u b t r a  ~ed f r o m
in the valve dr~v e r  au n p i u t i e  r u n t i l  the  two j u s t  b a l a n c e ;  ti le s e rv o ~~i l ’  e

stops oi l  f low ; arr u the s t roke  y l i n ue r come s to r e s t  at it s  new pos it ~ o m i .
This  m i r r o r loop t h u s  a d j u s t s  the motor  t o r q u e  in p r o p or t i o n  to t h e

~ e tuat~ti g e r r o r , E .  Depending  on tn e  c n a r r u c t e r i s t ~cs of the s e rvo
v a l v e ,  t h is  loop can  be es scnt ~a l l v  second o r i e r .  In o ru e r  to get the
bes t  response f r o m  the e n t i re c on t r o l  ioop, t is a l m o s t  e s s e n t i a l  tha t
t h i s  :ninor  s t roke  loop be v e r y  f a s t  re lat ve to the respon se  r e qu i r e c
of tr i e overa l l  loop.

fl -I
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The motor , now a n ea r l y l i nea r  torque source , t u r n s  t lue c ap s t a n s

throug h the gea rb ox , t hus  moving  the cable .  The ro ta t i on  and the speed
of ro ta t ion  of the capstans  are  sensed b y the sy n c h r os  and t achomete r ,
and a re  fed back to close tne main loop. (To avoid needless  s t a b i l i t y
p rob lems  in t h u s  loop, it u s  we l l  to  keep all m e c h a n i c a l  bn c k la sh  to a
m i n i m u m  )

Rate  Cont ro l

The ma x i m um rate at wh i c h  the t r a c t i o n  u n i t  w i l l  pay  cab le  in  or
out i s  d e t e rm i n ed  b y the p o s i t i o n  e r r o r  1 . m ut  a r id  the rate feedback gain .
A l a rg e  posi t ion orde r inpu t  w i l l  s a t u r a t e  the e r r or  h n n i t , p r o n u c i n g
p ’ volts  W i t h  the capstans not t u r n i n g  (and no cable  t e n s t r r m i  f e e d b a c k )
the act u a t i n g  e r r o r , c , is just equa l to p ’. As the motor  a c c e l e r a t e s
in  r e s p o n s e  to thi s inpu t , the rate feedback t e r m , r ’, inc reases and

- p ’ - r ’. The speed wil l  cont inue  to u m i c r e a s e  u n t i l  decreases  to a
value jus t  large enoug h to sus t a in - i t u e  load v e l o c i t y ,  w i t h  no accele ra-
t i o n ;  the speed  is s t a b l e  at th is  point .

m m  the M A N U A L  ar id  H A N D L I N G  modes ,  the  n n a x i : i i u m n  capstan rate
is  set a t  a b o u t  4 f t / sec and is r iot  v a r i a b l e . In the RAISE1LO WER nm-ice,
howeve r , s w i t c h , S2 . whi c h shor t s  out a t t e n u a t o r  R , is opened ar id  the
operator can set the m a x i m u m  r a t e .  The o p e rat io n  of tI  L o n t r o l  is

~ t r a i g h t f u r w a rd \~ i th  S, o~ elm , t he  varkab le a t t en u a tor •, iake~; r ’ — kr ,
where  k r an ges  fr o m  1 to 1/6 The load speed at w h i c h  goe s to cr 0  •s

t h e n  up to 6 time s the n o m i n a l  va lue , or about 25 ft /sec Thi s  max imum
U speed is , of cou r se , a f u n c t i o n  of the weig ht ar -m ci/o r the u r a g  of the  lo au .

Heavie r loads wi l l  s ink  f a s t e r  and r i se  s lowe r , d r ag g u e’ r loads ~~ ll s ink
and r i se  s lower .

Cable Tension Control

Operat ing a t  hig h speed in  the RAISE/LOW ER mode , it iS  qu i te
possible that  the lin e ‘la y go slack (if , for  examp le , the downward
velocity of the ship , added to the cable pay-out speed, exceeded the
s i n k - r a t e  of the load ). To p reven t  thi s , the cable t en s i on  is  monito re d
and fed into the control  loop throug h S 1. The re u s  no feedback u n t i l  the
tens ion  goes below about 750 lb. The feedback then  inc reases  and is
added into the t e r m  for  ~ in the sense to slow the capstans As the
tension dec reases  fu r the r , the capstans wi l l  r eve r se .  If , in spite  of
th i s ,  the cable should go slack , the sy s t em is r e tu rned  to the START
mode.

24
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STORAGE DRUM

The block ciiag rain of the  s torage  d r u m  control  sys tem is shown in
Fig. CZ. Its ope rat ion i s  v e r y  s imi la r to that  of the t r a c t i o n  un i t .

H, Ove ral l  Loop

In the M A N U A L  mode , i--w i t c h  S 1 is closed, and the loop ope ra tes
unde r positron control exactl y like the traction unit. The re is no pro-

vis ion  for  rate cont rol of the dr u i n  b y the operator . s ince  it is neve r

used in a hi g h-s peed , posi t ion control le d opera tion .

Cable A c c u m u l a t o r  Cont ro l

lit the HAND LING , M A N U A L , and RAISE/LOWER modes , sw u t c h

is open , 
~~ 

is closed , S3 is in po si t ion  A , and the s torage  drum is
comp letel y cont ro l led  by the cable accumulato r. The cable accunnula -

tOr  con ten t s  e r r o r  si g n a l  u s  ze ro  when the accumula tor  u s half  f u l l .
When  the accumula to r  is e i ther  side of half fu l l , the e r r o r  signa l i s
sumcue d in to  the t e r m  for  the a c t u a t i n g  er r o r , ~~~, in the 8ense arid
amp l it ude  to cause  the d r um  to r e tu rn  the ac c u m u l a t or  to hal t  f u l l .

In the CONSTANT DEPTH mode , swi t ch  S3 is in position B , and
the d rum r e c e i v e s  an ac tuat ing  e r r o r s igna l f rom the a c c u m u l a t o r

- 
- onl y when the accumula to r  is n e a r l y f u l l  or n ea r l y e m pt y.

15-
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Appendix I)

NON-LINEARITIES IN THE RESPONSE OF A SERVO
VALVE - C Y L I N D E R  ME CHANISM

In designing a h ydraul ic  sys tem in wh ich  oil unde r p r e s s u r e  r~
directed in a controlled manner, by a servo valve for instance , unto a

h y d rauL c  cy lunde r to move a load, the dynamic  loading e f fec ts  of

acce le ra t ing  the load must  be conside red.

The m e c h a n u i s n n  wh ich  cont rols  the st roke  of the hydraulic moto r’s

on the NOT S winch  is of thi s type . It was desired that thi s stroke con-

trol have maximum frequency response , consistent with good control-

lability. The dynam ic response which may be expected from :u system

of th i s  t ype is g i v e n  below .

PS

Ill

& M 1\ \ \ \ \ \ \ \ \\

The valuc s used in the ca lcu la t ion  of thi s response a r c  de fined  as

fol lows:

supp ly p re s s u r e  
~~L 

flow th roug h cy l inde r

pressure  drop across  the load M effe c t ive mass of load

= flow throug h valve A - piston are a

i
i
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l’ht~ f o L t o ~v i ru g  e qu a t i on s  des c r i  be t iu i  s rm y st e i n :

p ~ 
1,2

1 S  L ]  ( 1 )

giver the valve flow as a nuiz~ t~omu of the load pressure , the supp l y
p r es Su r.t’ P - ,  and the nit loaded va lve  f low , 0~0

~~L~~~~A (2 )

give s t he  load z~ ’~~~~ure as tha t  requi red to a c c e l e r a t e  the load;

OL XA (3)

is the f low into  the C ii  tide m’ , anti  we know tha t

(4)

i f  t he syst em is c losed .

Combin ing  equations  ( 1)  - (4) ami d r e a r r a n g i ng  give s

(s-) 
(~~

) 

z 
~ - 

@-) ~ s °

28

Li - - ~~~~~~~~~~



r

This u s  a ‘ o m n of the R i c a t t i  c~ ua h u m 1 wh-i~ ft ma v be s o lv ed  by
p u t t i n g

K
1 x

u -~ e

w h i c h  gives

ii - K 1K
2

u 0

where

K 
~

- 

2

For the in i t i a l  c o n d it t or i s

x - x = 0 at t - U

we get , fo r

1 ’

x 
(~~

) 
log (cosh ‘~ t )  ( 0)
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1,2

H- x - 

(~~
) 

tanh Wt (7)

fo r  the s tep response of the sys t em.

A p lot of these two f u n c t i o n s  aga ins t  u’ t is given  in Fi g. D 1 . l’his

p lot shows tita t b y the Lime Wt equals  one , the syste m is e ss en t i a l l y at

stead y state .

Work i ng back , the c o e f f i c i en t

1~~
~~~

which  is  the l i m i t i n g  value of p is ton rate , is ju s t  t he r a te  expec t ed fo r
no accele ra t ion  (P 1 - 0).

For the NOTS winch  t ract ion  u n i t ,  the actual  va lue s a r e :

2
2 , 000 psi M ] ,2  ~

-
~~

--
~~~~~~~

A 4 i a

0o 40 gpm

g iv ing

8( 10
2 ) sec 1

Thu. if a “ t im e constant ” ~ie re described for  this  n o n - l i n e a r i t y .
it would be on the orde r of 1O ~ Sec .

30 
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A lthoug h this  u s  sec mu r ig 1-, qu i te  f a s t , t he t r ipo r t a nt  t h h n g  to note
s t h a t  the response  to the i u r p u t  i s  m uo n — Imue t r , and in the marine r Ot

n o n - I i n c a r i t ~es , i t  ge ts  worse  a s t he req~~ rec response (axnp l r t : d e
an d ,-o r  f r e q u e n c y )  i n c r e a s e s .  L imi t s  on th e  l i n e a r ’ o p e r a t in g  range
of th u s sy s t e m  may  be h e u r i s t i c a l l y  ~.ete r u u u i m e d  in the ! ol lOw in g

—
, marin e  r

F r o m  the i n i t i a l  set of equ a t ion s .  th i s e x p r e s si o n  m a y  be de r i v e d

- . 1/2
(o°\ ~~~~~~~~~~~~~~~ 

(8)
X~~~~~~~~~~

7 
~ ~~~ 

/

Now let the inpu t  to the ~ y s t e i n , iman i e l y the un loaded  se rvo  ~ al ve
f low , v ar y  as

0o 0 sin ~~

g i v i m i g a s i n u s o id a l output  desc r ib ed  by

V ~ 5~ fl ~~

x - X w co s W t

— ~~~ -X~~ sin u.~

Now i f  the i np ut  amp l i t u d e  u s  ra ised to , say ,

2Q s u u i t~~

then the peak value s of i and :~ should double . l3ut f r o m  Eq (8) ,  a rt
inc rease  in  ~ decreases  the p r e ss u r e  drop across  the valve , so a l-
thoug h the valve port (— Q 0) is tw i c e  as la rge , t he  f low cannot  be t w ic e  *

- -  ~~~~~~~~ 

-

~~~~~
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~~~~~~~
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as g r ea t ;  hence ~ cflnnot be twice as g reat at a l l  t~ nies.  1’hus the out -
put cannot l in e a r l y t r a c k  the input .  Note t h a t  a change in f r e q u e n c y
has an even more pronounced e f f e c t , b y the  same reasoning .

I t-i cases  whe re

A S

* the non - l inea r i ty  wi l l  be neg li gible fo r  most purposes .  For exa mp le ,
if the maximum loading is kept to

A l O S

- t hen , for  the numbe rs used e a r l i e r  for  the NOTS w i n c h ,

* X~~
2
~~~700

For X - 0.4 inch (10% of ful l  stroke )

and L~, - 
2 l Tf

this gives

f ~ 7 cps

Since the ve loc i ty  and acce le ra t ion  are  not in  phase,  t he i r  peak
value s do not occur at the same ti me and th is  es t imate  mr ia y be ov e r ly ‘ -

-

U ~ restr u ct ive . It doe s serve to in d icate , howeve r , a method which , w i t h
appropriate values , will  indicate the onset of the non- l inear i ty .

I
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For the purposes of d e s i g n i n g  a s y s t e m  of thi s sort f o r  maximum
response , these  sugges t ions  are  p e r tj n ent :

* (a)  The response increases as so hig her  p res su re  does
help, al thoug h s low ly.

(~*) If the servo valve has the capabi l i ty  of de l ive r ing  more flow
at the supp l y p ressur e  than would normall y be required b y the - 

-

syst e~n . the feedback loop can be set up to l inea r ize  the s ys-
tem st i l l  fu r ther , especia l ly if the rate of the piston (~~) can
be used as a feedback t e rm .

I
i


