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ABSTRACT 

Presently  various  underwater  tasks are accom- 
p l i shed  by  means of t e the red   p l a t fo rms   o r  manned 
submersibles. Due to   t he   h igh   cos t s  of men and 
sh ips   t he  Naval  Research  Laboratory (NRL) i s  de- 
veloping  an Unmanned Free Swimming Submersible 
(UFSS) to   demonstrate   that   an autonomous veh ic l e  
may be   used   as   an   a l te rna te  method to   undertake 
these  tasks .   This   paper   discusses   the  design 
f ea tu res   o f   t h i s   veh ic l e   and   t he   r e su l t s   o f   r ecen t  
shallow  water tests in   the  Patuxent   River .   These 
tests proved t h a t  UFSS could maneuver  autonomously 
using i t s  microcomputer. The tests also  proved 
t h a t  under cer ta in   envi ronmenta l   condi t ions   the  
vehic le   could   adapt   to   these   condi t ions  by use  of 
t he  microcomputer  and  associated real-time s o f t -  
ware. 

INTRODUCTION 

The r a p i d   i n c r e a s e   i n   s h i p  and personnel  
c o s t s  which  has  occurred i n  execu t ing   ce r t a in  
Navy functions and missions  has   suggested  that  
cer ta in   innovat ive  approaches may b e   f r u i t f u l  
i n   r educ ing   cos t s  when these  approaches  are com- 
pared  to   convent ional  means of  accomplishing 
these   t asks .  As an  example, t h e  Naval  Research 
Laboratory (NRL) has employed a towed " f i sh"   fo r  
many years   to   obtain  oceanographic   data  and t o  
sea rch   fo r  sunken  submarines  such as t h e  THRESHER. 
Unfortunately  the  cable  drag  only  permits  speeds 
of  approximately 1 h o t .  Accordingly,  under  the 
sponsorship  of NAVSEA, NRL is developing  an 
Unmanned Free Swimming Submersible (UFSS) t o  
demonstrate   the  concept   of   an  a l ternate   capabi l -  
i t y   t o   pe r fo rm  these   t a sks .  

The UFSS veh ic l e  i s  20 f t  long, 4 f t   i n  
diameter  and 125 cubic f t  i n  volume. It employs 
a  low d r a g   h u l l  so t h a t  a substant ia l   endurance 
may be  obtained  with a re la t ive ly   inexpens ive  
energy   source   ( lead   ac id   ba t te r ies ) .  The veh ic l e  
incorpora tes  a pressure   vesse l  (75 cubic f t   i n  
volume)  which remains a t  atmospheric  pressure 
and  houses most o f   t h e   e l e c t r o n i c s  and a ba t t e ry .  
The rest of   the   vehic le  i s  flooded (50 c u b i c   f t ) .  
The maximum intended  operat ing  depth i s  1500 f t .  
Crush  depth  of  the  internal  pressure  vessel  i s  
3000 f t .  The low drag   por t ion  of t h e   h u l l  i s  
made of f i b e r   g l a s s  and  measures  about 70% of   the 
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en t i r e   l eng th .  The a f t e r   p o r t i o n   o f   t h e   h u l l  is 
made of aluminum. Figure 1 i s  a photograph  of 
t he   veh ic l e .  UFSS is an autonomous vehicle   and 
is  be ing   des igned   to   ob ta in  OMEGA f ixes   whi le  
submerged.  Real-time  software, imbedded i n  a 
microcomputer,   provides  the  vehicle  with  an 
autonomous guidance  and  control  capabili ty.  The 
vehic le   incorpora tes  a v a r i a b l e   b a l l a s t   s y s t e m   t o  
va ry   t he   veh ic l e   ba l l a s t  as required by  environ- 
mental  and  operational  conditions. A f l u x   g a t e  
compass toge ther   wi th   o ther   vehic le   sensors  
( inc lud ing   a t t i t ude   s enso r s )  are i n t e g r a t e d   i n t o  
the  system.  Although  the  hull  i s  designed  for 
laminar  flow a t  r e l a t i v e l y  low  speeds (5 kno t s ) ,  
UFSS has  several   advantages  over  high  speed 
laminar   f low  vehicles  namely: 1) Smoothness re- 
quirements are not  demanding  and opera t iona l  
damage may be   eas i ly   repa i red   aboard   sh ip .  2)  A 
l a rge   veh ic l e  i s  f e a s i b l e .  3 )  Energy is  conserved 
thus  permit t ing a high  endurance  operation. An 
acoustic  telemetry  system  employing a microcom- 
puter  has  been  incorporated as a backup  system  to 
give UFSS over-ride commands and a l s o   t o   r e c e i v e  
test da t a  a t  a su r face   ves se l .  

The i n i t i a l   t e s t i n g  was completed i n   t h e  
Patuxent  River a t  Solomons,  Maryland (near 
Chesapeake  Bay).  These  shallow water tests 
v e r i f i e d   t h a t   t h e   v e h i c l e   f u n c t i o n e d  autonomously 
P r i o r   t o  a test an  umbil ical   cable  was employed 
t o   g i v e  UFSS guidance commands.  The umbi l ica l  
cab le  was then  withdrawn  and  an  acoustic  "enable'' 
command was issued  from a s u r f a c e   c r a f t   t o   c a u s e  
UFSS t o  commence i t s  test. It was  proved  that  
the  vehicle   could  dive,   turn,  maneuver  autono- 
mously,   and  under  certain  conditions  adapt  to 
environmental  conditions. The t e s t s  also con- 
f i rmed  tha t  a low-drag body may be  launched, 
re t r ieved,   and towed ef fec t ive ly .   S ince   the  
Patuxent  River was  qui te   shal low  and  the test 
a rea  was r e l a t i v e l y   c o n f i n e d , n e i t h e r   t h e   a c o u s t i c  
te lemet ry   nor   the  OMEGA navigation  systems  could 
be t e s t ed .   L ikewise   t he   hu l l cou ldno t   be   t e s t ed  
for  laminar  flow  because  of water turbulence; 
however, r ecen t  model tests confirm  the  theoret-  
i c a l   c a l c u l a t i o n s   t h a t   t h e   d r a g  is approximately 
one-third  that   of a conventional  hull   over most 
of the  veloci ty   range  considered.  Deep water 
tests a r e  needed to   prove  out   the   acoust ic   te lem- 
t r y ,  OMEGA navigation  system,  and  the low drag 
na tu re  of t h e   h u l l .  
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DESIGN FEATURES 

The var ious  subsystems  that   const i tute   the 
UFSS system are shown i n  Fig. 2. The guidance  and 
con t ro l  (GC) computer i s  in t ima te ly   a s soc ia t ed  
with most  subsystems  and e i t h e r   c o n t r o l s   t h e i r  
operat ions  or   performs many of t he i r   func t ions .  
The topside  subsystem  and  failsafe  subsystem are 
essent ia l ly   independent   of   the  GC computer bu t  
even  here  these  subsystems  interact  with  the com- 
pu te r   fo r   ce r t a in   func t ions .  The following de- 
s c r ibes   t he   des ign   f ea tu re s   o f   s ign i f i can t  sub- 
sys  tems . 

HULL 

The UFSS veh ic l e  w a s  designed a t  NRL using 
hydrodynamic  optimization  techniques  to  minimize 
drag  but  still c o n s i d e r   p r a c t i c a l  matters such 
as  packaging,  launching,  and  handling. The design 
r e s u l t s   i n  a submersible  with a drag  which i s  
approximately  one-third  that   of a conventional 
veh ic l e .  The design  methodology f i r s t  makes use 
of t he  Parsons-Goodson  numerical  routine (1) t o  ob- 
t a i n  anoptimum p r o f i l e  and y e t   s a t i s f y  non-hydro- 
dynamic cons t ra in ts   such  as packaging  consider- 
a t i o n s .  By use   o f   t h i s   rou t ine   w i th  added r e f ine -  
ments a p r o f i l e  was chosen by i t e r a t i v e   t e c h n i q u e s  
which  ensured  the  requirement  that   transit ion  did 
not   precede  laminar   separat ion.  

The h u l l  was designed  for  a volume of  125  f t '  
a t  a speed  of 5 k n o t s   i n  water a t  a temperature 
of 40°F. The design  incorporated a s a f e t y   f a c t o r  
so  t h a t   t h e   h u l l  would  remain i n  a laminar mode a t  
e i t h e r  a somewhat higher  temperature  or  speed. 
NRL experiments  with  an UFSS h u l l  model i n   t h e  
U.S. Naval Academy tow tank  confirm  the  theoret-  
i c a l   c a l c u l a t i o n s   t h a t   t h e   d r a g  is one- th i rd   tha t  
of a convent ional ly   designed  hul l  a t  the  speeds  of 
i n t e r e s t   ( 2 ) .  

The h u l l  was a l so   des igned   to  accommodate 
c e r t a i n   p r a c t i c a l  matters. Eyebolts may be  in-  
s e r t e d  a t  the   s t agna t ion   po in t  on the  nose  and 
a l s o  a t  two p o i n t s   i n   t h e  aluminum t a i l  s e c t i o n  
( a f t   o f   l amina r   s epa ra t ion ) .  When not  being  used 
f o r  towing or   handl ing , the   eyebol t s  are removed 
and the   ho le s  are capped off.   Because  the 
veh ic l e   ope ra t e s  a t  low speeds, the  tolerance  on 
surface  roughness i s  not   very demanding. Thus 
any  dents  from  handling  and  operations  can  be re- 
paired  aboard  ship.  A high  speed  vehicle  must be  
highly  polished  to  operate  under  laminar  condi- 
t ions .   Another   p rac t ica l   cons idera t ion  is the  
f a c t   t h a t  a veh ic l e   shou ld   be   l a rge  enough t o  
ca r ry  a subs tan t ia l   payload   as  w e l l  a s  i t s  own 
electronics,   energy  source  and  mechanical 
accesso r i e s .  A large  vehicle   such as UFSS can  be 
designed when s p e e d s   a r e   r e l a t i v e l y  low. A l a r g e  
high  speed  vehicle,  on the  0th-er  hand, is no t  
phys ica l ly   rea l izable   based   on   op t imiza t ion  
techniques  using  shape  alone. 

MANEUVERING SUBSYSTEM 

The con t ro l   sys t em  fo r  UFSS was developed  by 
using  the  convent ional  set of 6 degree-of-freedom 

equations  of  motion  for  the  submersible  vehicle 
dynamics ( r e f .  3) and  then   decoupl ing   the   l a te ra l  
and long i tud ina l   t r ans fe r   func t ions .   Coe f f i c i en t s  
of   these   t ransfer   func t ions   a re   func t ions   o fhydro-  
dynamic coef f ic ien ts   whichwerees t imated   ( re f .  4 ) .  
By use  of   l inear   control   system  analysis   and 
synthesis  techniques  using  the  S-plane and r o o t  
l ocus   p lo t s   t he   con t ro l   sys t em was designed. The 
c o n t r o l l e r  was then  implemented i n   t h e  GC computer 
using  an  update   ra te   of   once a second. The design 
was r e f ined   w i th   t he   a id   o f  a 6 degree-of-freedom 
d i g i t a l   s i m u l a t i o n  where the  UFSS maneuvering 
c a p a b i l i t y  was t e s t e d   p r i o r   t o   s e a  tests.  The 
upda te   i t e r a t ion  rate of  once a second was q u i t e  
adequate. 

A block  diagram  of  the  depth  control  config- 
u ra t ion   i n   ana log  form is  shown i n  Fig. 3 .  It 
cons is t s   o f   an   ou ter   depth  t n  elevator  feedback 
loop   for   depth   cont ro l  and an   inner   p i tch   p lus  
p i t c h   r a t e   l o o p   f o r   p i t c h   c o q t r o l  and  improved 
s t a b i l i t y .   I n t e g r a l  compensation i s  employed i n  
o r d e r   t o   r e d u c e   d e p t h   e r r o r   t o   z e r o   € o r  a non- 
neutrally  buoyant  vehicle.  The i n t e g r a l  compen- 
sator  automatically  computes  the  required  negative 
p i t c h  trim command f o r   l e v e l   f l i g h t   w i t h  a n e t  
posit ively  buoyant  vehicle.   Logic  has  been  in- 
c luded   to   engage   the   input   to   the   in tegra tor   on ly  
i f   t h e   d e p t h   e r r o r  i s  less than 25 f t   i n   o r d e r  
to  reduce  depth  overshoot.  The heading   cont ro l le r  
is r a the r   s imp le  and includes  an  outer   heading  to  
rudder  feedback  loop  with  an  inner yaw rate feed- 
back  loop  for augmented  damping.  Reference 5 
descr ibes   the  UFSS con t ro l   sys t em  in   de t a i l .  

NAVIGATION 

The UFSS veh ic l e  i s  designed  to   navigate  by 
OMEGA while submerged a t   sha l low  dep ths  and by a 
f l u x   g a t e  compass and  speed  sensor a t  depths 
grea te r   than   50   f t .   In   normal   opera t ion  UFSS 
would obta in   an  OMEGA f i x   a t   s h a l l o w   d e p t h s  and 
then  dive  to  reasonably  deep  depths  where i t  would 
dead  reckon i t s  pos i t ion   wi th   the   a id   o f   the   f lux  
ga te  compass, the  speed  sensor and the GC com- 
pu te r .   Pe r iod ica l ly  UFSS would  ascend t o   o b t a i n  
a new OMEGA f i x .  

OMEGA is a worldwide  navigation  system 
cons i s t ing   o f   e igh t   t r ansmi t t i ng   s t a t ions   pos i -  
tioned  around  the  world.  Position is determined 
by the   so lu t ion   o f   hype rbo l i c   l i nes  of p o s i t i o n  
us ing   th ree  VLF f requencies   t ransmi t ted  by each 
s t a t i o n .  The OMEGA receiver   on UFSS t r a c k s   a l l  
t h ree   f r equenc ie s   f rom  a l l   e igh t  OMEGA s t a t i o n s  
and  chooses  the  best   signal  for  f ixes.   Calcula- 
t i o n s   i n d i c a t e   t h a t   t h e  OMEGA system employed can 
o b t a i n   f i x e s  a t  a depth of 50 f t .  The system 
h a s   t h e   a b i l i t y   t o   r e s y n c h r o n i z e  and o b t a i n   f i x e s  
while submerged a t   s h a l l o w   d e p t h   a f t e r  UFSS dives  
and later ascends  from a deep  depth. 

Since OMEGA operates  on  phase  information, 
ambigui ty   resu l t s  when UFSS t r a n s i t s  from  one 
l ane   t o   t he   nex f .  The unambiguous lane   wid th   for  
a three-frequency OMEGA system is  about 70 miles. 
Since UFSS has a range  capabi l i ty   of  100-125 
mi les   us ing   lead-ac id   ba t te r ies ,  OMEGA operat ion 
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i n  UFSS for   100  miles will prove  that  a submersi- 
b l e  may navigate  from  one unambiguous l a n e   t o   t h e  
next   for   un l imi ted   d i s tances   for   naviga t ion  
purposes. With exot ic   energy  devices   such  as  
l i t h ium  th iony l   ch lo r ide   ba t t e r i e s  UFSS has a 
potential   endurance  of 200 hours  and  can  navigate 
using OMEGA through  severa l   l anes  as UFSS c ru i se s  
a t  deep  depth  and per iodica l ly   ascends   to   ob ta in  
a submerged OMEGA f i x .  

PROPULSION 

This  subsystem  includes a one-half hp 3-phase 
induction  motor,  a motor c o n t r o l l e r  and a propel- 
ler  with a p i tch   o f  22 inches.   Since  the  ac   motor  
i s  f looded   wi th   o i l   and   hence   p ressure  compen- 
s a t e d ,   r e l i a b i l i t y  is much be t te r   than   motors  
t h a t  are not  f looded  and  require dynamic s e a l s .  
Furthermore,  the ac induction  motor  el iminates 
t h e  need for  brushes  and  associated  high  mainte- 
nance  which are requi red  by dc  motors. 

The motor con t ro l l e r   ope ra t e s   o f f   t he  110 V 
dc  bat tery  bank  and  converts   the   dc  to  3-phase 
ac which i s  pulse  width  modulated. The GC com- 
puter   spec i f ies   speed  by  sending  an  appropriate 
s i g n a l   t o   t h e  motor c o n t r o l l e r  which converts 
t h e  dc b a t t e r y   v o l t a g e   t o  a variable  frequency of 
5 Hz t o  51 Hz depending  on  speed  requirements. A 
c o n s t a n t   v o l t s / h e r t z   r a t i o  i s  maintained by 
varying  the  pulse  width  modulation as speed 
changes. The motor con t ro l l e r   a l so   i nco rpora t e s  
c e r t a i n   f a i l s a f e   f u n c t i o n s .  For  example, i f   t h e  
p rope l l e r  is fouled  by a l i n e ,  a tachometer 
s i g n a l  i s  fed   back   to   the   cont ro l le r  and  sensed 
by a locked   ro to r   de t ec to r   c i r cu i t  which  causes 
a reduct ion  of   motor   s l ip   to  a value  which i s  
adequate  to  prevent  overheating. 

T R I M  AND VARIABLE BALLAST 

The vehic le   incorpora tes  a trim and v a r i a b l e  
ba l las t   subsys tem  to   vary   the   vehic le   p i tch   angle  
a s   w e l l  as t h e   n e t  buoyancy.  Changes i n  trim 
a n d   b a l l a s t  may be made by means of i n s t r u c t i o n s  
v ia   the   umbi l ica l   cab le .   Al te rna te ly ,   the   ba l las t  
may be  changed by means of preprogrammed ins t ruc-  
t i o n s  from t h e  GC computer. 

T r i m  i s  changed by  pumping h y d r a u l i c   o i l  
which i n   t u r n   s h i f t s  mercury  between two f o r e  
and a f t   t anks   w i th in   t he   p re s su re   ves se l .  Buoyancy 
is  changed  by pumping h y d r a u l i c   o i l  between a 
f l e x i b l e   r e s e r v o i r   i n s i d e   t h e   p r e s s u r e   v e s s e l  and 
a n o t h e r   f l e x i b l e   r e s e r v o i r   o u t s i d e   t h e   p r e s s u r e  
vesse l .  Buoyancy i s  decreased by  pumping o i l  
i n t o   t h e   r e s e r v o i r   i n s i d e   t h e   p r e s s u r e   v e s s e l .  

COMMAND AND DATA ACQUISITION 

This  subsystem  consists of two modules  which 
are con t ro l l ed  by a common microcomputer. One 
module is a tape   recorder  which permi ts   se lec ted  
funct ionsto  be  recorded.  The o the r  module 
c o n s i s t s  of   an  acoust ic   te lemetry  uni t .  The 
microcomputer   permi ts   exce l len t   f lex ib i l i ty   in  
the  selection  of  parameters  and  sampling rates. 

The acous t ic   t e lemet ry  module cons is t s   o f  a 
d a t a   l i n k  and a command l i n k   u s i n g   d i f f e r e n t i a l  
phase   sh i f t   keying  a t  a car r ie r   f requency  of 40 
kHz. The te lemetry i s  a backup f o r  UFSS which 
would normal ly   opera te   in   an  autonomous  mode. A 
suppor t   vesse l  would  tow a "fish"  with  "topside" 
te lemetry which  would c o m m ~ i c a t e   w i t h  UFSS 
telemetry  over a l a r g e  area shaped  l ike  an  annulus  
i n   t h e   h o r i z o n t a l   p l a n e .  The maximum and minimum 
r a d i i  of  the  annulus  surrounding  the  "fish"  are 
parameters  which  optimize  the  telemetry  for 
mul t ipa th   cons idera t ions .  The maximum d i s t ance  
is t h e   p o i n t  a t  which the   d i f f e rence  between t h e  
d i r e c t   p a t h - a n d   t h e   r e f l e c t e d   p a t h  is  8.5 m s  
(3  m s  f o r a 1 2   b i t  word t r ansmi t t ed   a s  a burst   and 
a 5.5 m s  s a f e t y   i n t e r v a l ) .  The minimum d i s t ance  
i s  the   po in t  where t h e   t h i r d   r e f l e c t e d   p a t h  
(between  bottom  and  surface) is 0.5 seconds. 
This   point  is chosen  since a da ta   burs t  is 
transmit ted  every 0.5 seconds  and  any  ref lect ions 
grea te r   than  3 a re   a t t enua ted  below t h e   s e n s i t i v -  
i t y  o f   t he   r ece ive r .  

The acous t i c  commandlink(down l i n k )  employs 
an   e r ro r   co r rec t ing   code .   I f   an   e r ro r   occu r s  
UFSS c o r r e c t s  i t  and r e t u r n s   t h e   s i g n a l   t o   t h e  
support   ship where t h e   o p e r a t o r   v e r f i e s  it and 
t ransmi ts   an   execute  command a t  which t i m e  
the   over - r ide  command is carr ied  out .   Data  
s i g n a l s  (up l ink)   a re   used   aboard   the   suppor t  
vessel   to  observe  the  performance  of  various 
UFSS parameters. 

FAILSAFE 

This  subsystem i s  des igned   to   opera te   in -  
dependently  from  the GC computer wi th   the  
exception  of a few functions  which may be  pro- 
grammed p r i o r   t o  a test. The fol lowing are some 
o f   t he   func t ions   t ha t  are monitored.  Leaks are 
checked i n   t h e   p r e s s u r e   v e s s e l   t o   c a u s e   e i t h e r  
an alert or  an  abort   depending  on  the amount  of 
water de tec ted .   Per iodic   pu lses  from t h e  GC com- 
puter   are   checked;  l o s s  o f   pu l se s   i nd ica t e s   t ha t  
a f a i l u r e   h a s   o c c u r r e d .   I f   c e r t a i n   t h r e s h o l d s  
a r e   o u t  of t o l e r a n c e   f o r   c r i t i c a l   v o l t a g e s   o r  
tempera tures ,   the   fa i l sa fe   log ic  will cause 
cer ta in   responses   to   occur .   L ikewise ,   i f  a 
specif ied  depth is  exceeded  or  the  mission t i m e  
is exceeded  an  appropriate   act ion will occur. 
The f a i l s a f e   m o n i t o r s   p e r i o d i c   s i g n a l s  from t h e  
Digi ta l   Acoust ic  Command System (DACS) on t h e  
suppor t   sh ip   to   ensure  it has   no t   l o s t   con tac t .  
F ina l ly   an   ex te rna l   abo r t   s igna l  from t h e  DACS 
is monitored. 

Depending  on the   na ture   o f  a f a i l u r e   t h e  
f a i l s a f e  equipment w i l l  c ause   ce r t a in  commands 
to   occur .  It may a l s o   r e c o r d   t h e   f a i l u r e   i n   t h e  
recorder module o r  alert the  topside  equipment 
by telemetry.  An abor t  command causes UFSS t o  
r e l e a s e  150 pounds  of  weights  and t o   s u r f a c e .  
The abor t  may be   genera ted   in te rna l ly ,   o r   ex te r -  
n a l l y  by DACS. The i n i t i a t i o n   o f  an alert  causes 
t h e  GC computer  and  telemetry to   be   s igna led .  A 
su r f ace  cormnand causes LTSS t o   s u r f a c e .  A c i r c l e  
command w i l l  cause UFSS t o   t u r n   i n  a c i r c l e   f o r  a 
p e r i o d   o f   t i m e u n t i l i t   l a t e r  i s  commanded t o  

306 



su r face .   Las t ly ,   t he   ac tua t ion  of a pinger  com- 
mand r equ i r e s  a transponder  on UFSS t o   p i n g  
pe r iod ica l ly  a t  a c e r t a i n  rate t o   f a c i l i t a t e   f i n d -  
i ng  UFSS. 

GUIDANCE AND CONTROL (GC) COMPUTER 

This  computer  employs  an 8080 microprocessor 
and card modules  of t h e   I n t e l   S i n g l e  Board Com- 
puter s e r i e s .  S i x  cards  are employed for   th i s  
microcomputer  which  consists  of 24K of e rasab le  
programmable  read-only memory  (EPROM), 5K of 
r e a d f w r i t e   v o l a t i l e  memory (RAM), a 16  channel 
mul t ip lexed   ana log   to   d ig i ta l   conver te r ,   an  8 
channel   d ig i ta l   to   ana log   conver te r ,  and a c r y s t a l  
cont ro l led  real-time c lock   to   in te r rupt   the   micro-  
processor  every  second. The computer  has 1 2  p o r t s  
each  of  which  has 8 p a r a l l e l   i n p u t / o u t p u t   l i n e s  
t o  communicate with  various  subsystems.  Addition- 
a l l y ,   t h e  computer  has a serial t e l e t y p e   i n t e r f a c e  
and a serial  inputfoutput  channel  with  an RS232 
i n t e r f a c e .  

GC COMPUTER SOFTWARE 

NRL developed  most  of i t s  sof tware by use  of 
PLM, a compiler  language. A few rou t ines  w e r e  
w r i t t e n   i n  assembly  language. The PLM software 
was compiled i n  a PDPlO computer  and v e r i f i e d   i n  
a n   I n t e l  Microcomputer  Development  System ( I n t e l  
MDS-800). This MDS system w a s  used t o   i n t e r f a c e  
with  other  subsystems  to  check  out  software and 
i n t e g r a t e   t h e  UFSS system.  After  software was 
v e r i f i e d  EPROM memory, which  can  be  erased by 
u l t r a v i o l e t   l i g h t ,  w a s  programmed by t h e  MDS 
equipment  and  packaged i n t o   t h e  GC computer. 

The GC computer   opera tes   in   e i ther   the  
monitor mode o r   t h e  real-time mode. When power 
is f i r s t   a p p l i e d   t o   t h e  GC computer , i t  is forced 
in to   the   moni tor  mode a t  which time i t  i s  pro- 
grammed  by  means of a t e l e type  and  an  umbilical 
cable .   After  programming t h e  GC computer,  the 
operator   typical ly   checks  out   the  UFSS system by 
swi t ch ing   t o   t he  real-time mode to  checkout 
var ious  subsystems  and  pr int   out   selected  data .  
He can   a l so   exerc ise   cont ro l   sur faces  by  employ- 
ing  a s t e p  and d e f l e c t   r o u t i n e  whereby the  sur-  
f a c e s   p e r i o d i c a l l y   t r a n s i t  maximum d e f l e c t i o n s   i n  
each  direct ion  in   3-degree  increments .  

When UFSS has  been  checked  out  and  pro- 
grammed, opera t ion  is t r a n s f e r r e d   t o   t h e  real- 
time mode whereby the  execut ive  schedules   tasks  
on a time and p r i o r i t y   b a s i s .  Once a second 
con t ro l  i s  t r ans fe r r ed   f rom  the   cu r ren t   t a sk   t o  
the   execut ive  by the  real-time i n t e r r u p t  and a 
new t a sk  i s  assigned  based on p r i o r i t y  and 
schedule.   Guidance  instructions w i l l  not  be 
i n i t i a t e d   u n t i l   a n   a c o u s t i c   e n a b l e   s i g n a l  i s  
received from a Dig i ta l   Acous t ic  Command System 
(DACS) on the  support   ship.  When t h i s   e n a b l e  
s i g n a l  i s  received,  a f l a g  i s  set  i n  a s p e c i f i c  
memory loca t ion .  When the   execut ive  program 
schedules  the  guidance  subprogram  the  flag i s  
checked. I f   i n   f a c t   t h e   f l a g  i s  set ,guidance 
i n s t r u c t i o n s  w i l l  be   ca r r i ed   ou t .  

TOPSIDE 

Topside  equipment  consists of an  AMF 301 
tracking  system,  an AMF 701 DACS, acous t ic te lem-  
e t r y ,  a t e l e type ,  and an HP 21MX computer  and 
associated  peripheral   equipment.  Only t h e  tele- 
type,   the  tracking  system and the  DACS were used 
during  shallow water t e s t i n g  on the  45 f t   u t i l i t y  
support   boat.  The HP 21MX was used  ashore  to 
analyze data from the  recorder  module. 

New guidance  programs were g iven   to  UFSS by 
means of   the   t e le type   and   umbi l ica l   cab le .   Af te r  
rece iv ing   an   acous t ic   enable  from the  DACS,  UFSS 
proceeded  to   carry  out   guidance  instruct ions 
while   being  t racked.   Pings  sent   out  by DACS 
caused UFSS to  transpond  with a ping which was 
used by the  301f701  system  to  obtain  range and 
bearing. The 701 system  could  send  signals  to 
UFSS t o   a b o r t  a test ,  cause  an emergency sur face ,  
or   cause  the  previous test to   be  rerun  without  
reprogramming. 

TEST  RESULTS 

After   the  system was i n t e g r a t e d ,   t h e   v e h i c l e  
was t e s t e d   i n  a tank a t  NRL. S a l t  w a s  added t o  
the  water i n   t h e   t a n k   t o   m a t c h   t h e   s a l i n i t y  a t  
t h e  mouth of  the  Patuxent  River.  Ballast was 
added t o  UFSS t o  set the  s t a t i c  p i t c h   e q u a l   t o  
zero  degrees   and  the  overal l  buoyancy a t  30 l b s  
pos i t i ve .  

Shallow water tests were completed  between 
July-September  1979  near  the  Chesapeake Bay a t  
the  mouth of  the  Patuxent  River. The Naval 
Surface Weapons Center (NSWC) F a c i l i t y ,  Solomons, 
Maryland was used as a base   fo r   t he   ope ra t ions .  
P r i o r   t o   a r r i v a l  a t  NSWC a de ta i l ed  test  plan  had 
been   deve loped .   In   o rder   to   fac i l i t a te   the  
implementation of t he  tes t  p lan   the  NRL team 
implanted  four  buoys a t  s t a t e g i c   p o i n t s   i n   t h e  
Patuxent  River  to  form a tes t  range. The buoys 
w e r e  used  for  the  three-month test p e r i o d ;   t h e i r  
geodet ic   pos i t ions  were measured  accurately  and 
checked  during  each tes t  by means of s e x t a n t s   t o  
measure  horizontal   angles  of  f ixed  points  ashore 
and a three-arm  pro t rac tor   to   p lo t   the  buoy 
pos i t i ons .  

Tests normal ly   s ta r ted   ear ly   in   the   morning  
and were completed la te  i n   t h e  day. UFSS was 
launched  from  the NSWC craneway  and towed by a 
45 f t   u t i l i t y   b o a t   t o   t h e  tes t  range  where a 
rubber  boat w a s  used  to   service UFSS. A t  t h i s  
po in t   eyebol t s  were removed, ho les  were capped 
off  and  buoyancy was checked. I f  buoyancy was  
ou t  of tolerance,   weight would be  added  or  sub- 
t r a c t e d  by f ixed   weights   a t tached   to   cover   p la tes  
i n   t h e  t a i l .  Addi t iona l ly ,   ba l las t   could   be  
var ied  by e x e r c i s i n g   t h e   v a r i a b l e   b a l l a s t  sub- 
system  using commands f rom  the   t e le type   v ia  
umbil ical   cable  . After   gu idance   ins t ruc t ions  
were i s s u e d   t o  UF'SS, the   umbi l ica l   cab le  was 
removed, the  rubber  boat was r e tu rned   t o   t he  
u t i l i t y   b o a t  and  an  acoustic  enable command was 
issued  from  the DACS.  UFSS then  proceeded  to 
ca r ry   ou t  i t s  orders .  
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A  few  problems  were  encountered  early  in  the 
test  program  such  as  intermittent  operation  from 
a  cold  solder  joint  and  a  connector.  The  soft- 
ware  functioned  exceptionally  well  even in the 
initial  tests;  however,  one  or  two  minor  changes 
were  made  to  improve  the  operation.  After  these 
problems  were  corrected,UFSS  demonstrated  its 
capability  to  operate  autonomously  and  perform 
various  maneuvers  such as multiple  depth  dives, 
open  and  closed  loop  turns,  and  zig-zags.  Near 
the  end  of  the  test  period  as  many  as  four  tests 
per  day  were  completed. 

A few  unexpected  difficulties  occurred  which 
were  readily  solved.  One  of  these  problems  was 
the  fact  that  when  wave  action  occurred  with  a 
wavelength  approximately  equal to the  length  of 
UFSS, the  vehicle  encountered  more  buoyancy  at 
the  surface  than  it  did  while  submerged.  This 
problem  was  compounded  when UFSS experienced 
strong  winds  and  a  state  2  sea.  When  these 
conditions  occurred,it  was  difficult  for  UFSS  to 
dive  with  a  prudent  amount  of  positive  buoyancy. 
The weathercocking  effect  of  strong  winds  was 
solved  by  requiring UFSS to  head  into  the  wind 
while  on  the  surface  and  to  alter  course  after 
it  had  submerged.  The  other  problems  were 
solved  by  making UFSS adaptive. To overcome  the 
surface  buoyancy  effect  the  depthlpitch  control- 
ler  was  required  to  generate  more  gain  at  the 
surface.  Gain  was  relaxed  to  normal  when UFSS 
reached  a  depth  of 10 feet. To overcome  the 
seaway  problem  the  variable  ballast  was  exercised 
operationally to "bootstrap"  a  dive.  Logic in 
the  software  was  changed  with  the  following  sub- 
program  as  a  "bootstrap"  option.  If  a  dive  was 
commanded  and UFSS failed  to  exceed  a  depth  of 
10 ft  in 1 minute,  ballast  would  be  pumped  into 
the  pressure  vessel  until UFSS reached  a  depth 
of 10 ft  or 10 lbs  of  buoyancy  was  pumped.  When 
one  of  these  conditions  was  reached  the GC 
computer  caused  the  variable  ballast  subsystem 
to pump out  the  amount of ballast  which  was 
previously  pumped  into  the  pressure  vessel.  The 
combination  of  these  solutions  proved  very 
effective in overcoming  these  surface  environ- 
mental  problems. 

Figure 4 depicts  a  typical  test  result,  a 
multiple  depth  dive.  UFSS  was  instructed  to  dive 
at  15 ft for  a  period  of  time,  then to 25 ft, 
back  again  to  15  ft  and  finally  to  surface. 
Because  of  shoal  water  constraints,  the  run 
could  continue  for  only 960 seconds. A slight 
amount  of  overshoot  occurred  for  the  reasons 
previously  explained.  Due  to  the  short  run 
times UFSS never  completely  settled  out  at 
each  depth.  Figure  5  shows  the  result  of  a 180° 
change  of  course  at  15  ft.  depth.  Near  the 
surface  UFSS  was  commanded  to  head  into  the 
wind  (approximately 300' magnetic);at 15 ft 
depth  course  was  altered  to 260° magnetic.  After 
a  period  of  time UFSS was  required  to  reverse 
course  to 080° magnetic. 

CONCLUDING REMARKS 

On a  separate  project NRL is  developing 
advanced  control  techniques  for  Naval  vehicles. 
Specific  goals  include  the  innovation  of: 
1) robust  control  systems  that  are  insensitive 
to  changes  in  vehicle  dynamics  and  the  environ- 
ment, 2) adaptive  control  systems  that  can 
identify  changes  in  system  dynamics  and  compensate 
automatically  by  reconfiguration,  and 3) computa- 
tionally  efficient  control  algorithms  which  can 
be  implemented  in  real-time  in  microcomputers. 

The NRL approach  to  this  project  is  to 
complete  it  in  two  phases.  During  the  first 
phase  system  parameters  (including  hydrodynamic 
coefficients)  are  identified  off-line  using an 
extended  Kalman  filter.  Good  progress  is  being 
made on this  phase. UFSS was  used  as  a  test  bed 
for  this  phase  and  certain  information  was 
identified  off-line  using  data  from  the  shallow 
water  tests.  Additionally,  the  technique  was 
tested  by  computer  simulation  using known 
information  and  using  the  extended  Kalman  filter 
to  estimate  parameters  off-line.  During  the 
second  phase  parameters  will  be  identified  on-line 
and  an  optimal  controller  with  adaptation  logic 
will  be  used  to  obtain  optimal  gains.  This 
second  phase  has  commenced  and  a  reduced  state 
adaptive  Kalman  filter  has  been  formulated  with 
a  covariance  factorization  algorithm  that 
optimizes  computational  efficiency. 
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