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ABSTRACT 

This paper i s  a summary of a r ea l  
time  simulation of a remotely-manned 
underwater vehicle  control  system i n  t he  
Man-Machine System Laboratory a t  MIT. A 
non-linear model which is  ab le   t o  
simulate  the  t ight maneuvering of the 
vehicle i s  presented. This paper a l so  
categorizes  various  automatlc  control 
tasks of the vehicle . 

INTRODUCTION 

Because of the  ocean's  natural 
resources,  recently much engineering 
attention  has been focused on underwater 
technology. This has  included  the 
design and development  of a ser ies   of  
remotely-manned underwater vehicles  for 
depths  too  deep  for human divers,  These 
vehicles have been  used for   the 
inspection and repair  of underwater 
s t ructures  and the  exploration of the 
ocean  environment. 

1) Dynamic behavior of underwater 
vehicles. 
2 )  Analysis and design  of some basic  
servo  controllers  for  underwater 
vehicles. 
3 )  Use of  servo  controllers i n  some 
complicated tasks  like  following  the 
cotour  of  the ocean  bottom. 

This  report emphasizes : 

MODELLING 

O u r  model uses two orthogonal 
coordinate  systems. One remaines fixed 
a t   t h e  water  surface  while  the  other 
travels  with  the submarine t o   a c t   a s  a 
local  reference system. 

The posit ion of the  vehicle  can  be 
specif ied by reference  to   the a x i s  OXYZ 
(on the  surface of the  water),  and t o  
use  the  rectangular  coordinates 
Xc,Yc,Zc. the  usual approach for  
orientation  of  the  vehicle i s  t o   s t a r t  
with cxyz p a r a l l e l   t o  OXY2 and bring  the 
vehicle from this   reference  or ientat ion 
t o  i t s  actual one  by: 
1) a " swing " around z axis ,  $ , 
2 )  a " tilt " around yaxis,  8 I 

3 )  a " heel " around x axis ,  , $ . 
Therefore,  the  vehicle may be  located i n  
space by: 
A )  Three position  coordinates Xc,Yc,  Zc. 
B) Three angular  coordinates $ and 

$ -  
From Newton's law, 

TX-DRX-~*SIN ( e ) =N*[ u+q*w-r*v- 
Xg*(q**2+r**2)+~g*(p*q-r)+~g*(p*r+q)] 

Ty-DRy-B*COS(e)*SIN($)=M+[v+r*u-p*w- 
Yg*(r**2+~**2)+Zg*(q*r-p)+Xg*(p*q+r)] 

Zg*(p**2+q**2)+Xg*(r*p-q)+Yg*(q*r+p)] 
Tz-DRz-B*COS( e)*COS($ )=M*[w+p*v-u*q- 

Mx-DRxx=Ix*p+(Iz-Iy)*q*r+rw~*[Yg*(~+p*v-u*q) 
-Zg* (u+u*r-w*p) 3 

Mz-DRzz=Iz*r+(I -Ix)*p*q+M*[Xg*(v+r*u-p*w) 
-Yg*(u+q*w-r*v)Q 

whera 
uf+vj+wk = velocity of the  vehicle  with 
r?sp?ct-to  the  attached frame. 
pi+qj+rk = angular  velocity of the 
vehicle  with  respect  to  the  attached - 
fr-e. 
DFxi+DRy?+DRz% = drag  force  acting on 
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A SERVO CONTROLLERS 

We w i s h  t o  design  three  basic  servo 
controllers  for  the  vehicle:  1) an 
or ientat ion  control ler ,  2 )  a posit ion 
control ler ,  and 3 )  a speed controller.  
With the  help of the above control lers  
the  operator can reposit ion  the  vehicle 
t o  some arb i t ra ry   po in t   in  3-dimensional 
space w i t h  any orientation  or  follow a 
t ra jectory.  

The functions of the   o r ien ta t ion  
controller  are:  
1) TO overcome the  rotat ional  
disturbances imposed  on the body Of t he  
vehicle. 
2 )  TO bring  the  vehicle t o  the  desired 
or ientat ion  as   fas t   as   possible .  (The 
power of   the  thrusters  and the i r  time 
constants pose some l imitat ion on this) .  

The "Estimator and Control Law" 
method  was used t o  design  the 
or ientat ion  control ler .  The estimator 
receives  three  different  angles from 
three different  inclinometers and 
produces a l l   s t a t e s  of the model such a s  
angular  velocities. The estimator i s  
corrected  every sampling  time by 
comparing i t s  output  with  the  actual 
measured angles. 

with the  help  of  the  "Control law" 
method, which uses   the  s ta te   var iables  
generated by the  estimator,   the 
orientation  controller  loop  can  be 
closed. 

+ A  
R,=XcI+YcJ+ZcK " " \  
U=ui+v j+wk 

A h h  

w=pi+qj+rk 
A "  

P=Txi+Ty j+Tzk 
h h h  

M=Mxi+My j+Plek 
A h / \  

'2 

Fig.  1 Coordinate  systems 

the  Rody. 
DRxxi+DRyyj+DRzzk= drag 
around t h e  body. 
M,Ix,Iy,Iz = mass and pr 
of i ne r t i a  around C. 

A 

moment acting 

incipal moment 

B=* bpyapy  force .  
Txi+Tyj+Tzk= thrust   force  acting on the 
bo$y 0: th?  vehicle. 
Mxi+Myj+Mzk= thrus t  moment produced by 
tha t h p s t e r s .  
Xgi+Ygj+Zgc= vector  distance of the 
center of the  gravity from c. 

The s ta te   var iab les  of the model 
can  be calculated  with  respect t o  the  
i n e r t i a  frame by the  matrix 
transformations: 

where A is 

Fig.:! Estimator  mechanization 

The  same idea i s  used for   the  
veloci ty   control ler  and the  posit ion 
control ler .  The velocity  estimator 
receives   three  different   t ranslat ional  
veloci t ies ,  and produces a l l   t h e  
variables needed for   the feedback  loop. 
The inputs  to  the  posit ion  estimator  are 
collected from several  sonar systems on 
board and on the  vehicle. The posit ion 
controller  observer  also produces a l l  
s ta te   var iab les  needed for  the feedback 
1 oop . 

XcI+YcJ+ZcK = velocity  of the  vehicle 
w i t h  respect to  the   iner t ia  frame. 

A A A  
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BOTTOM FOLLOWING 

Path  following is an algorithm  that 
enables  the  vehicle  to  follow a path 
under the  water a t  small and constant 
distance from the ocean  bottom  contour. 
The operator  takes  the  vehicle  to a 
certain  depth,  then t u r n s  the  vehicle i n  
the  horizontal   surface  to  a desired 
orientation.  (In  other words, t he  
operator  assigns some  yaw angle  to  the 
vehicle ) .  After  the  operator  starts 
the  path  following program, the  vehicle 
i s  able  to  follow  the  contour  of  the 
bottom at   the   ass igned  dis tance,   a t   the  
specified yaw angle. 

This algorithm  enables  the  vehicle 
to  follow any path  without  colliding 
with  the  ocean  floor and maintain 
constant  orientation. The algorithm 
uses   the  posi t ion  control ler   to  keep the 
distance between the  vehicle and the 
bottom i n  the assigned  distance: it 
also  uses   the  veloci ty   control ler   to  
achieve  the  desired speed along  the 
path. 

The vehicle is equipped  with  four 
sonar  sensors, A ,  B, C and D i n  f igure 3.  

I I 

.IC' 
I 

Fig.4 Three categories  of environment 
contours. 

F ig .  3 

A and B measure the forward and rearward 
distances,  while C and D measure the  
distances between the  vehicle and the 
ocean  bottom. 

The  more knowledge about the 
environment i s  col lected  for   the 
algorithm,  the  better  the  vehicle can 
follow  the  path. To insure   that   the  

vehicle  recognizes  the environment a l l  
paths  can  be  divided t o   t h r e e  
cateqories: 

F ig .5  Vehicle moving i n  environment 
type 1 

of 

I n  any path of type 1 there  is  
always some danger that   the   vehicle  w i l l  
c o l l i d e   a t  i t s  bow. If  the measured 
distance from sonar B i s  smaller  than 
t h a t  of  the  other  sonar  sensors,  then 
the  vehicle i s  i n  an environment  of type 
3 and point B i s  the   c loses t   par t  of the 
vehicle  to i t s  environment. 

1) Paths  with  slopes between 4; and 90" 
2) Paths  with  slopes between -45' and 450 

3 )  paths  with  slopes between -90"and -450 )r kc-> 
Dividing the bottom  Contour in to  

three  categories is essent ia l   for   the  L- 
vehicle   to  make automatic  control 
decisions.  If  the measured distance 
from sonar A i s  smaller  than  the  other 
sonars,  then  the  vehicle i s  i n  an 

Fig.6 vehicle moving i n  environment of 

environment of type 1 and the closest 
type 3 . 

par t  of the  vehicle   to  i t s  environment 
i s  point A. 
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The following shows the  
rea l ize   the  environment. 

1 AA' < BB' 

AA' t DD' 

CC' c A A '  
CC' < BB' 

C C '  c AA' 
CC' < BE' 

BB' c AA' 

If AA' < CC' -type 1 

i If 01 -type 2 

BB' < CC' - type 3 
BB' c DD' 

log ic   to  

If the vehicle is i n  an environment 
of  type 1, the  algorithm  realizes  that  
the  measured distance from sonar A i s  
the smallest measurement. Then the  
vehicle  uses i t s  horizontal  thrusters t o  
keep AA' in  the  assigned  distance. The 
horizontal   thrusters   are   run by the 
posi t ion  control ler .  

Fig.  7 I n  path of type 1 , AA' is kept 
in  the  assigned  distance. 

If the  vehicle g e t s  closer or  
far ther  from the bottom  because  of any 
disturbance ( f o r  example ocean 
currents),   then  the  posit ion  controller 
will overcome the disturbance and w i l l  
b r i n g  the vehic le   to   the  desired 
distance. 

One m u s t  u s e  the   ver t ical  t h r u s t s  
t o  vary  the speed along a type 1 path 
such a s   t h a t  shown in   f i gu re  7 . The 
control  algorithm uses the  speed 
control ler  t o  run  the  ver t ical  
thrusters. Vertical  movement of the 
vehicle by  means of the ver t ica l  
thrusters and speed controller  causes 
the forward d i s t ance   t o  change,  which i n  
t u r n  can a c t   l i k e  a disturbance  for  the 
position  controller.  This  disturbance 
must  be overcome by posi t ion  control ler .  

I n  other words, there  can  be some mutual 
forcing  or  cross-coupling by the  control 
systems. 

If the  vehicle  is i n  an environment 
of type 2 , the   ver t ica l   th rus te rs   a re  
run by pos i t ion   cont ro l le rs   to  keep CC' 
or  DD' i n  the  desired  range. The 
horizontal   thrusters   are  r u n  by speed 
control ler  . Any horizontal movement 
causes some change in   t he   ve r t i ca l  
distance CC' or  DD' , which can  be 
overcome by the  posi t ion  control ler .   In  
an environment of type3 , the  algorithm 
works the same as  i t  does i n  type 1. 

The e n t i r e  underwater vehicle 
control  system i s  being modelled i n  t he  
Man-Machine System Laboratory a t  MIT on 
an  11/34  computer. F igure  8 shows this 
simulation  configuration . An e l e c t r i c  
wheeled vehicle equipped  with a camera 
i s  able   to   s imulate   the motion of the 
underwater vehicle i n  the  laboratory. 
Alternatively,  a Megatek stroke  writ ing 
display  can be  used t o  show a 
continuously moving three-dimensional 
graphical  simulation of the  underwater 
vehicle. 

T camera 

I L  
analog c&rnands 

(operator) 

W 
Vector display terminal 
Mggatek 

Fig. 8 Underwater simulation  in  the 
1 aboratory . 
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