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ABSTRACT

The goal of this research is to study the system design issues of an underwater vehicle
for the inspection of underwater structure. The technical requirements for the design and the
operational procedure of this underwater vehicle are investigated. The underwater vehicle
system that has the following functions: 1.Dynamic positioning in water currents; 2.
Navigation and control of its own position and posture; 3. Imaging of underwater structure
using on board sensors; 4. Flexibility in choosing payload equipment; 5. Ability to work
over a long-range and for an extended-period of time; 6. Friendly interface to the operator.

The report presents work done in year 4. A method for parameter identification was
developed for the vehicle. The vehicle has four thrusters. With proper thrust distribution
algorithms, the vehicle is able to move in surge, sway, heave, and yaw directions. The
vehicle has different dynamic responses in each of its degrees-of-freedom due to the
open-frame design. Mathematical models are established for each degree-of-freedom. Least
squares method is used to find the values of model parameters. A navigation /control
algorithm using feedback from distance measurement sonar is used to navigate the vehicle
along the profile of an underwater structure. A robust controller was designed for the
vehicle. Stability and performance of the control system was discussed. Furthermore, a
Kalman filter estimator is used to combine image shifts with vehicle motion data to estimate
the absolute position of the vehicle. In addition, crossover points between the current and
former images are monitored. A smoothing process based on the Kalman filter technique
along the reverse surveying path is employed to globally minimize the alignment errors in
the image chains. The guidance, control performance of tracking an underwater structure
profile, as well as the process of making an image mosaic presented here was then verified
by experimental results.
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220 %R MG

Voltage | Surge(~) | Sway (~) | Heave (v) | Yaw (~-m)
0.7 1.56 0.39 1.35 0.29
0.8 2.35 0.58 2.03 0.43
0.9 3.13 0.78 2.71 0.58

1 3.92 0.98 3.39 0.72
1.5 9.81 2.45 8.49 1.81
3 68.67 17.16 59.46 12.70
%3 i‘-f'— F¥cim RlEE
Surge Sway Heave Yaw

MR (+) | 4.26 5.95 10.55 1.76

Z X FER(+) | 46.07 | 514.57 63.49 6.51

MEFEL(-) | 9.55 3.59 10.70 0.76

MR (-) | 62.26 | 327.89 219.71 11.15
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Vehicle Description

UUV Architecture

Land Unmanned Underwater Wehicle
ACtoDC
P ower Module - DC o DC P ower Module
i H E
¥ :
Propellars 3
: 1
C omputing Sensars Y
& [Doppler Yelocty Logger]
Confroller C om puter [Sidescan Sonar ]
& [Altimetsr ]
User Interface [Camera 1
[ ...... ]

F
¥ ¢

:

sl :l C ommunication Module
Module |
Power:  ssssas - Singal W
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UUV User Interface
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Model Reduction

= According parameter identification results , the
linear damping coefficient is far smaller than
quadratic damping.

= Linearized motion equation about Yaw direction.
mr+br+ crrz =
mr+2cr=f
1

F ;r b -
37,:S+2i:5“+a or F=—ar+Df
m?‘
‘ Control Architecture
Mission
spec

v ¥

Reference Path
generation

» Guidance }—» Autopilot —» Navigation

4 *
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Gudance Design
¥

= Assume the curved path is described by a
series of circular paths with constant radius
of curvature R.

= The line of sight angle ¢ _Y-Rsinf
" x-Rcosf

a2 &
p=tan ()=

¥+ )" —R[ycos(d/R)—xsin(d/R)]|

= Combining  ng =
T x(x* +y°)"? - R[xcos(d /R)+ ysin(d/ R)|

= Forlarge R, it can be reduced to straight-
line path

Guidance Design

= The guidance law is based on the deviation rate
from the commanded path.

P =0 —@
= The inertial position rate

X=uSIN@— vCcos ¢

V= uSin @+ vCcos ¢
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Controller Design

= linear heading feedback control law based on
ufJ’_U = kp(gpr _@)"‘kd(_?‘)

= The system characteristic equation
8%+ (a+ bk, )S + bk, =0

= The desired characteristic equation
§'+2lm S+ =0

= The controller gain o
e, =~ =anm,
k= 25@; i 2(&m, +c¢,)
Controller Design

= The control law is written as
Jo =k (@ - +k,(-nN+k

= At steady state the vehicle assumes a turning rate ,

1 .
= —e %= Reos(r), y, = Rsin(rg)

= Substitutinginto  ~_ y(*+5*)" Ry cos(@ /R)~ xsin(d /R)]
LT S R[xcos(d /R)+ ysin(d / R)]

sin(d / R) )+ir

Gets sl SRR
= @); Ceos@® R
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Controller Design

= Steady-state control effort is determined by yaw model

dn@/®) ) kb, _al

k. tan™ =
8 (1—cos(dm) R " bR

= Feed forward term kn can be evaluated,
and &,, k, from straight-line derivate .

Stability Analysis

= When moving along the circular path with
the vehicle at steady state, the equations

of motion
p=r
F=—ar+bf . fo=k(c—@)—k,r
P=uUsin @+ vcosy
==
i sin(d / R) " Rsin(d/R)

U gt py s WILY= ;
1-cos(d/R) R+ 3y —Rcos(d/R)
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Stability Analysis

» Linearization of the heading control system in the vicinity
p=0,r=0.y=0 produces the linear system

Stability Analysis

= The characteristic equation of A
bljay 0

d
2Rtan(—
(2}2)

X+ (a+ bl ) A + bl A+
= Applying Routh’s criterion

bk,
(a+ bk, )bk, — —— g 0
2R tan(—)
2R

— 2R tan” (L)
4w R

e

dR

CFEE

s Ford> d;fﬁ all roots have negative real parts which
means that the combined guidance and control law is
asymptotically stability.
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| Crtical Waypoint Distance

The critical preview distance o, = 2Ru, tan™ (22 Cm)< H

Uy

2¢w,

Preview distance for a straight lineis 4., =
(large R)
A stable guidance and control law for straight line

segment will guarantee stability along curved path as
well.

= Preview distance for a circular path is shorter than
the preview distance for a straight line path.

=

| Critical Waypoint Distance

= For different natural frequencies at constant
speed, the critical Wa¥p0|nt distances are:

Olmk E=01m
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Sensor placement

= Length between sonar and center of the
vehicle is the the preview distance.

Preview distance

‘ Reference Path Generation Algorithm

= The new samples may be located after or before
the last sample acquired, because it depends on
vehicle’s attitude and position.

= A grid map is generated after collecting many
profile data.

= The reference path fed into the controller should
be smooth.

= The critical distance is important in preview
range.




HEstimate wall profile

= Estimate wall profile ;

[ %@ [x+dcosg+ Rangesing =
i ¥, @) | y+dsing—Rangecos g , i

= Offset wall profile i T
: -, ()
= % ., sl I
p,=p,+snt) , nlit) \/xw'(t)2 5 ywl(f)2 { v (t)}

Smoothing by B-splines

= B-spline curve is a function defined by
polynomials

i il /s
x(1)=2C, B, , () 1
k=0

y(f) = ZC_}?,ICBF:,D(I)
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‘ Reference Path Generation Process

1

f
1

Vehicle

_| Estimate

‘Wall Profile

¥

iy

Offset &
Smooth Path

o~

Construct Map B T

.

Preview Range M

{ 0

‘ Reference Path Generation Process

I

1y

f

‘ Vehicle

Estimate

" wall Profile

¥

iy

Offset &

3=}

Constnuct Map - T

Smooth Path

g

Preview Range M

{ 0
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Step Response - Yaw

Matwrnal Fre que ney (0.3) Damping Fatio (0.8)
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| Crtical Waypoint Distance

Parameter Ivlean Wariance d..
@ =03 01876 0.0005
Case [
& =08 0.5427 0001
a, =03 0301 00021
Case II 02204
=08 0.591 00021
@, =07 0.442 0.0043
Case III 02466
£=08 04582 0.0062
@, =09 069 0009
Clase IT1T 01631
=08 0444 0004

Waypoint Tracking

= Waypoint Distance =1 m

Worpom - | @ Worpom. - | @
E 120
43 16
4 140
i3
120 e
3 i
Pt & oo A
¥ as S e g memET
I om e
*
E
i J
15
| Ao
0s N
[} [ !
3 % 1 u [ ] ] u 1o ) o 40 S0
M) Time 2
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Waypoint Tracking

= Waypoint Distance = 0.3 m

Werpom - 03 m

[]
i)

)
Tim= fa)

‘ Wall-Following Experiments

BHEAR T

9-16




Movie

Movie
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Wall Following

= Waypoint Distance = 0.7m
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Wall Following

= Waypoint Distance = 0.5m
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Wall Following

= Waypoint Distance = 0.3m

WakFokming
s tinatu Wl Fr il 215 —— Fuading
* e tinstu Wiypeint H
b ——%Ghich Fath EET)
BT e s I
Iow
m z
1 . \ \ \ . , \
- 0 40 0 & 1m 120 40 1@ &0
B s Tima i
=
BT T T T T T T
W 3. —— agibrwlboity
e
R S G S S e
3 &
ERE
L L L L L L H 1 L L L L L L L n L
13 10 3 [] 3 1 15 0 40 6 s 1m 10 40 1@ 180
Himy Tma )
H —
—t £
E= |
Eo é ]
g by
bl 4
Z 50
i
] 1 I I 1 I I I 1 = I 1 I 1 L I I I I
0 40 @ & L 10 L Lo 180 0 40 @ s 1o 120 L0 1o 180
Tima (3] Tima (¢ )
o
15 i
= ]
5 z
5! 50
3 2
0 h 3 . i . . \ . i . .
0 40 @0 & L 10 L 1o 18 0 4 @ & L 120 L0 1o 180
Tima ) Tima )

9-20




Wall Following

= Path of wall-following plus depth control
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Conclusions

= There exists a critical distance between the waypoints
for the stability of guidance and control.

= An algorithm was proposed to generate a smooth
reference path from measurements of an underwater
structure surface distance.

= The surge velocity and preview range affect also the
vehicle’s tracking performance.

= Experiment result shows that the proposed wall-following
technique successfully navigate the UUV with precise
control near a harbor wall.

Thanks for your attention
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UUV System

Mission
Specification

Reference Path
Generation
—p Guidance » Controller uuv —
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Guidance & Path Generation for
Profile Tracking

Reference Trajectory
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Image Mosaic of a Pipeline
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Log-energy
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=

Conclusions

An algorithm was proposed to generate a smooth
reference path to track for an UUV from measurements
of an underwater structure profile.

A mosaicking technique was developed to reduce
inconsistency in image mosaics and to provide humans
with a view to the underwater scene.

A detection method was proposed for an UUV to use
sidescan sonar scalines for detecting target in real time
and improve UUV navigation capability.

Thanks for your attention
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