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ABSTRACT

The goal of this project 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 equipments; 5. Ability to work at a
long-range for a long-time; 6. Friendly interface to the operator. The approach and research
topics corresponding to the above objectives are as follows: 1.Design issues for the underwater
vehicle system; 2. Design issues for the control system; 3. Design issues for the man-made
machine interfaces; 4. Design issues for the navigation system; 5. System integration and
evaluation. The analysis and design methodology developed for this project will lead to deeper
understanding of robotic systems that are efficient for harbor structure inspection. The
advantages expected are that, in addition to being safer and less expensive than divers, this
vehicle can be more effective than divers for the harbor inspection tasks.

The report presents what has done in the 3" year. 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 degree-of-freedom due to the
open-frame design. Mathematical models are established for each degree-of-freedom. The
least squares method is used to find the values of model parameters. Preview control using
distance measurement sonar is used to navigate the vehicle along the profile of an
underwater structure. A robust controller is designed for the vehicle. Stability and
performance of the control system is discussed. Computer simulations then verify the
approach presented here.
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Items Specifications
Dimensions 1.0m(L)*0.8m(W)x0.5m(H)
Weight 80kg in air
Tether length 130m
Speed 0.8 m/s
Payload 3 kg (adjustable)
Thrusters lhpx4
Sensors video camera; side scan sonar
Navigation Doppler log
Power 110VAC, 50/60 Hz, 10 Amps -
220VAC, 50/60 Hz, 20 Amps
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Frequency 1200KHz

Altitude 1-200m

Precision (Bottom) 0.3cm/s (V=1.0 m/s)
Accuracy (Bottom) +0.4%

Weight (in air ) 9.7kg

423 B NEue AR BIGR AR S ERATRE

Signal Type Range Accuracy

Heading Flux-gate 360 deg +5 deg Tilt<20 deg
Roll/Pitch  |Electrolytic +15 deg +2 deg Maximum=35 deg
Pressure Piezoresistive |300 psi +0.5%
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f, =-K,p,—K,p, (3-13)
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k, k
V(e)=Ve'Pe, P:LL p}
P

K, (3-20)
Pi- 2L Qlres i W T2 RGBT

(e le <V <ele » ¢,c, >0

Q)V(e)<2afV(e)-V'] > V(e)>V" (3-21)

k,=2ad1

k, =21

k, =41 (3-22)
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V(e)=e'Pé
=-2aV(e)+E

v =EL, (3-24)

k, =M;K, (3-25)
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Voltage Surge (N) Sway (N) | Heave (N) | Yaw (N -m)
0.7 (volts) 1.56 0.39 1.35 0.29
0.8 (volts) 2.35 0.58 2.03 0.43
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0.9 (volts) 3.13 0.78 2.71 0.58

1 (volt) 3.92 0.98 3.39 0.72
1.5 (volts) 9.81 2.45 8.49 1.81
3 (volts) 68.67 17.16 59.46 12.70

%32 {8 FEGRES

Parameter Estimated value

bt (N2) 4.26
m

b (N5) 46.07
m

b~ (N%) 9.547092
2

b (N=5) 62.26
m

b* (N2) 5.95
m
2

by (N=5) 514.57
m

b~ (N2) 3.59
m

by (N=) 327.89
m

b (NZ) 10.55
m
2

63.49

by (N-)
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b- (N2) 10.70
m

WW(Nz) 219.71

b* (Nms) 1.76

b (Nms?) 6.51

b~ (Nms) 0.76

by (Nms*) 11.15
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planned path 4

. ROV path
———  obstacle 7
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torque(Nm)

force(N)
o

o

1
o
N
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Introduction

Identification Procedure

- Vehicle model |

"’ sttucture

actnator J >

dynamics. <

identification
procedure

Experimental
tests

Noise

L’ available sensors |—

Experimental results

Remotely Operated Vehicle
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ROV Specifications

Parameter Specifications
Dimensions 1000mm(L)
700mm(W)
550mm(H)
Weight 80kg (in air)
Cable length 130 m
Max speed Max 0.8 m/s
Propellers 4x1 hp
Navigation Doppler Sonar(1200kHz)
Power 220VAC, 50/60 Hz, 10 Amps

Arrangement of the ROV

Vehicle
Frame

k }v

Thrusters x 4

i

Navigation

Sensor

P
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Hardware Arrangement
Human Interface—_ | ; ) )

Power and other T

& AT

= I}IIII I
I I

FPower Supply

220w 10 A

iy

cable

Doppler Sonar ,Doppler
Sonar \

()
thruster D:)

i underwatar
i
o4

T Elechamcs b mxtainer

= S
Motor model

. k
Q= k, |V, -2

¢

kﬁ 3 foD is the shaft torque coefficient

@) is propeller shaft acceleration
Q is propeller shaft velocity
V. is input voltage

sgn(€2) |-

kji Q2




TRUAT REOTATION AND VOLTAGE RELATION
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= S

I = 2pA,(ku + k,DQ)ku + k,DQ—-u)
= 2pAp('k;zf + k;uDQ+ k: DFQ%)

,I\'I 3 k 3 k I are constant
15 the propeller thrust
—‘lp is the propeller disk area
(2 is the vehicle velocity

D is the propeller disk diameter
Q) is propeller shaft velocity

11

" S
Propeller thrust curve:
Simulation and Experiment
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" JE
The distribution of thrust in every motional

direction
meotional | thrust F, F, F, F,
direction | setup
surge F =& 0 0
) =1 —-L4 -4
¥ T F
=F=0 L3+ 14 L3+14 7
sway F =0 a 0
x = M, -0.5 0.5
=F=0 _ —
cos(e) cos(e)
yaw M= 0 0 1 1
{vx:f-" Jlff .'.'11-12
=F=0 Il |15
heave F.=a S 0 0
f =().5 -05
b — —F g
M sin(e) | sin(e) ¢
13
" JEE
Coordinate systems
Roll ¢
Surge H
Eikeh B ROV head
Z
14
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Vehicle modeling

“|+Fn +n,

=-bE-cE

o \‘('T\\ &

mn.

Mgt ==byu—c,u |u|+ F,n, + n,
myv==byv=c v+ F, +n,
Li==br—cyrlr|+Mn, +n,

m,w= —bwn‘—fwww|1|‘|+ En, +n,

15
" J
|dentification of the drag
Under steady-state conditions
0=-bc—Chels
when the applied force and torque is constant
16

8-8




$=[F s Fy B | g RS . [ — o W
5 &l&l
£, & 6]
& |y AP
H= : : , ) n‘+3f_1n(m,2 ﬁz[b 3 ]T 0 R
éi'#-M gﬂ(ﬂ) |§”(F)||F-1 HeR ¢ ekl ? =

| . & & | ene

_é;;(ﬁ) |,;;-M 'fn(,u) |§ﬂ(ﬂ)||ﬁ-M

17

|dentification of the inertia coefficients

i e
Y — — i
MgS /"L“:O

Ko, :b§ +2€; .

£
o

I.=m./k;
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Optimal input design

. doE BEBE O
S=——"=—= +—=—=JS+G
dr 08 o008 o086
O& (i OF . O&
S(1)= 5 )\ J=— and G=—-
08 ¢ O& C

M=2SGYRTSG)  C(@)=tr(M™)
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Surge forward model identification
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Optimum Inputs for the second trial
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Results of surge forward motion
system identification
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Surge backward model identification

I ] 1 1.5 I s o ST
Inputs(vaiis) i(' ) bu( 2y CMMLkg =)
Forces{t ) [ 24 nd Lo 24211 09087 92311

Surige backward
.35
o3
g .25
g
8
4
@ b2
g
.15
E o SID IIDD IISD- 2]30 230
time (sec) 23

Optimum Inputs for the second trial

0T 1.5 1.5
|npu15( volis )
Forces(% ) |04 Lo L
Surge Bacloarard
012 T
— measured
ot | e=— Tegression
0B
00g
3 004
é oz
3
i
.02
.04
-ﬂ'UﬁU 3 o IIS 0 25
tithe (sec) 24

8-12




" I
Results of surge backward motion
system identification
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Optimum Inputs for the second trial

1o 1.5 1.5
Inputs( veits )
Fgrces(kg ) ol .25 | 025
Sy Left
nn4
messimed
a3k oo T ETecs O
nnzr
Nﬁ ool g
3
g 0
Q.01
.02
-0'030 IS llﬂ IIS EID 25
titme (5ec) 27
" JE
(ke %) EIL'[ kg :T} CvM (% ;—) 1, (k) us
105 03664 33.4245 -0.0013 04726
Sway Left Sy Lot
0l o3
008 f| ———- simabti O3] ———- sinubtin St 1
o b b T oo
oo P 15 ms i
g 0.0 1 % oo - 2
g oot .‘_f g E nresf =
E s ) é #
g 0 5 ooz 4
= r
oo noLs 7
- £
ne ool f/
0ol oo
4
ke i o I 20 3] " z 4 [3 5 10 s 1
time (sec ) time (sec) 28

8-14




Sway right model identification
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Optimum Inputs for the second trial
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" I
Results of sway right motion system
identification
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Optimum Inputs for the second trial
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Yaw right model identification
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" I
Results of yaw right motion system
identification
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Optimum Inputs for the second trial
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Heave up model identification
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Results of heave up motion system

identification
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Range Sensor

l "1WHé.féﬁe.rzics~J

‘ | Catmenet Masactumts U5 M
[0 SO8 S %11

46

8-23




'—
Side Scan Sonar
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Summary

1. Successful implementation of a least
squares technique on a remotely operated
vehicle confirms the applicability of the system
identification process.

2. The identified values of thruster deduction
coefficients, linear drag coefficient, quadratic
drag coefficient, inertia parameters and
disturbance coefficient are in their reasonable
ranges. This indicates that the surge, sway,
yaw and heave model accurately reflects the
dynamics of a remotely operated vehicle.
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Reference Trajectory
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