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SUMMARY

This thesis describes mathematical modeling, system design, and

experimental test for Manta-type Unmanned Underwater Vehicle.
Mathematical modeling of vehicle has been made of 6-DOF equations of
motion and hydrodynamic coefficients that calculated by PMM test. Dynamic
performance test was comparing simulation result with free-running test.
Simulation program was made by Matlab of Simulink. The vehicle type is
special appearance such as Manta-type and its dimensions are 1.5m(L) X
0.55m(B) x 0.28m(H). The vehicle has equipped one 350 watt thruster for
longitudinal propulsion, one rudder for heading angle control and four
elevators for depth control. The sensor for measuring location and position
information are DVL, Pressure sensor, GPS, Gyrocompass. All sensors are
controlled by on-board computer. Free-running test was performed at yacht
harbor in Korea Maritime University. Aim of this test is to compare the
simulation result and dynamic performance of Manta-type UUV.
Experimental test was performed such as surge, sway, and heave motions
of Manta-type UUV by PID controller and finally, autonomous navigation

control was performed.
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Table 1. Notations

.. I . . . . Force &
Classification AXis Motion Displacement Velocity
Moment
. z—axis Surge x u X
Translational -
: y—axis Sway Yy v Y
motion -
z—axis Heave z w VA
) r—axis Roll ) D K
Rotational - -
) y—axis Pitch 0 q M
motion -
z—axis Yaw P r N

FfoEFHO 6ArE SSYIEAEZ AbkowitzJt &IHst JIZ2AES AIEoHACH

X

Surge:  mlu—vr+wg—z (¢ +17) + 245 (pr+q)
Sway:  mlv—wpturt+zglpgtr)+zolg—pl=Y
Heave: mlw—ug+wp+z,(pr—q)—z2,0* =) =2
Roll: I+ (L.~ I )qr—mlz(0—wp+ur) + 2526 (r+ pg)l = K

Pitch: I g+ (I,

—Izz)pr—l—m[za(it—vr—i—wq) —xG(iu— uq—i—vp) +z, ZG(p2 —7”2)] =M

Yaw: IZZH- (Iyy . )pq—i—m[xc(i)— wp—+ur) +szG(qr—j))] =N

AAMA Xg, Yo Zo= B4E| Z2 ZM0 NEOIW 1,1, L= 2% 24
DUIE, = O2ES LEHHCH LIEFHCH €8 Al 1014 SBS 2+ watol 8

|
Ju
el
Ju
T
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HIVEi)
é
J
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=}
10
é
Iy
o
o
e
o
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Surge Equation

mlu— vr+ wqg— z5(¢ + 1)+ z5(pr+ q)] =

+ §L4(qu'q2 + X,/ 7+ X, pr)

T

+ SL(X, u+ X, vr+ X,/ wq)

[\)

+ §L2(XU'UU+ X, w?)

+ gL 2{ X{Sr (57', U2 57,.2 + X(Ss (55, U2 (58 + 550 )2 + Xr]s ns, U2 7752}

— (W= B)sinf + X,

(2)
Sway Equation
m[i)— wp+ ur+ zG(qr— p)+ xG(pq+ 7")] =
+ §L4(1¢’7‘~+ Y, b+ Y, plpl+ Y, pa)
+ gL?’(Yb'z-mL pr'wp+ Y, ur + Yp'up)
p v’
+ §L2(Y,U'UU+ Yuw’7+ Y, u’or)
+ (W— B)cos §sin ¢
(3)
Heave Equation
mlw—ug+ vp— 2o+ &)+ 25 (pr— q)] =
+ 5Lz at 2,0+ Z,,/pr)
+ ng(ZA},Q-U‘F Z,, vp+ Z/uq)
p w’
+ 5L2 Z' v+ Z,) uww+ Z,, w+ Z7 + Z;, u* (65 +4,,)
+ (W— B)cos fcos ¢
(4)
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Roll Equation

I.’L’.’L’b+ (Izz_I )qr—m[zc(v_wln+UT)"‘xGZG(TﬂLPQ)] -

Yy

+ L5(K[»)'j9+ K'r+ K, qr + K, plpl)

VIS

+ S LYK, up+ K/ ur+ K/v+ K, wp+ K, /vg+ K, wr)

SIS

3
+ Lr? (K, vU+ K,,, % + K, Jow+ K(;,.'UQ or+ K g "u? ns)

VIR

— (2 W— zpB)cosfsing (5)

Pitch Equation

IJ £]+ (I,,;,,; — Izz)pr+ m[zg(d— vr+ wq)— xG(zb— uq+ vp) + szG(p2— 7"2)]

+ L5(M(»1'c']+ M, pr+ M, 'r*+ M, v+ M, qlql)

(SIS

+ S LY (M w+ M/ ug+ M, vr+ M, vp)

(STRS

3
+ g L} {(M*' ulul+ M, wvw+ M, w'+ M, % + M, u® (6s + 550)}

— (xg W—23B)cos f cos ¢ (6)

Yaw Equation

Izz7-n<F (Iyy_ I.’L’.’l:)pq+ m[xG(v_ U)p+ ur)-i— ZGmG(qT_ p)] -

+ S L7(N.r+ Nb';b+ N,/ pq+ N, qr+ N, rlrl)

(STRS

L*(N,v+ N,/ur+ N/up+ N,,'wp+ N, /vg)

T

+

(IR

3 ’ ’ ’ Ug ’ uv3 r 2
L°(N/vU+ N,/ uv+ N,,, — + N,,,... — + N;, v’ 6r)
U U?

wv

+

(STRS

+(xW—25B)cosfsing (7)
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Table 2. Actual dimension of Manta-type UUV

Dimension

L

12.0m

B=4.4m

H

1.2m
31.88m?°

v:

[tem
Length
Breadth
Height

Disp. vol.
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ool X0 =&= Dot 10m=Z &H oAt E£& 2l 2ESE=
1.56m/s2 &3 StR2H 350 Wattel =&DJ| & HE AMEoHCH L£8h et
A

o= MOIGH)| 6t AMEZ2H 2IHE OISotALH AlIAEES 2E0ot)|

Table 3. Principal dimensions of Manta-type UUV

Parameter Specification

I g=s Manta Type

N 1.5m(L)x0.55m(B)*0.28m(H)

= 40kgf
& A 20m(max)
ESpnE=g= 1.5m/s

F=&D| 350watt x 14
HMAHEE AEE 2sHH
Mol c On-board PC

NI USB-6009

DVL(Doppler Velocity Log)
Magnetic compass

Shofl &l A
Pressure Sensor
GPS
HHE1 2| 25.7V-6.6AH 2l&Z2c2lH x 5EA
=R RS-232, WiFi

= HF0A HHet BHEfE ReIE O MAE 252 Figs. 21-232 £ L.
QE2 Ctet 2 0l JE CHEtel 1/8A0E 2 =4 250I0H 20l Wl
= SAE AL AMOIER} 22U =0l 1/823H22 =01 20 1.580 =l

M& ZIR”UACH Ol= DVLEIAE EMolII?loiA #E ot &0 =20 =8|
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Fig. 21. Overview of Manta—-type UUV

Fig. 22. Side view of Manta-type UUV

22

“)Collection @ jeju



Fig. 23. Back view of Manta-type UUV
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Gyrocompass
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2ol HEHOl ME2 AN A2 (Cylinder type), S&&(Hydro dynamic
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Fig. 27. Servo pressure housing

|= Table 5% 20| PHHA2 24~150V0IH Z2HECOIHE =E= 12Ve
HA0l AT, £5V OtE2] MOEEez M-8 FH5 sttt FAD|
N =]

°f 2= =I0f 350wattOlH M& =5 8.2kgf =& F

SeaCon MCBH-5M
or FAWL-5P-BC-RA

21.68in.
) ©4.38in.
J (11.1cm)
1.4in.—» 4.6m_4>L 2.3in. l«— 0.6in. :
(3.5cm) (11.7cm) (5.8cm) (1.5cm) SCALE 1:4
<«—— 8.9in. >
(22.6cm)

Fig. 28. Floor plan of Tecnadyne thruster Model 300
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Fig. 29. Thruster mounting

Table 5. Specification of Tecadyne thruster model 300

Parameter Specification
Forward 8.2 kgf

Reverse 3.6 kgf
24~150V DC

Power Ground

Output Thrust

Input +12V Instrument Power
+12V Instrument Ground
-5 ~ +5 V Command

) 1.0 kg in air
Weight .
0.7 kg in water
Depth Rating 850 m

w
N
o

=X et +=EE

=XE2 =8E2 230l= ROBOTISAL2l Dynamixel EX-106+ MEEZ2EHIL
ArZEIACH Fig. 30 MEZ2ES 2A&0I0H Table 6= ME2E2 MAOICH =
A Mo=22 0.06°, =ltH &E3= 107kgf-cmO0ld 12~18.5Ve MYL2 2=
Ct. BHEtSl Et= SO HloHA OH 2 AOIZO0IH Ol SHAIZII AAdHA

100kgf-cmOl &t ME2E2EHE HAEoIUL MEZ2HS #=S ?IotH AZ6HSE
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= Ch 0l 201 SAI0 4002 EtE ot

Dl 220| EfBIS OISR Pitch2t0l ZII5IEAN SAYs02 HAH

H =0 PitchZ10l -20°01&01 &I&® KOOt b & =50l =828

30l E0Xle sygd=s &8s

S ol M

2 otRULL Fig. 32= =2t =72 ZHOIH HAEZH= & I

TSotH =L

Fig. 30. Digital servo EX-106+

Table 6. Specification of digital servo EX-106+

Parameter Specification
Weight 1549
Dimension 40.1mm x 65.3mm x 50.1mm
Resolution 0.06°
Gear Reduction Ratio 184:1
Stall Torque 107kgf.cm(at 18.5V 7A)

No load speed

91rpm (at 18.5V)

Running Degree

0° ~ 251° Endless Turn

Voltage 12 ~ 18.5V
Protocol Type RS485 (8bit,1stop, No Parity)
Communication Speed 7343bps ~ 1 Mbps
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Fig. 31. Servo motor and horizontal control Fin

Fig. 32 Servo motor and vertical control Fin
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£ HAGH)| 215t DVL(Doppler Velocity Log)2t GyrocompassélAlJb AFE &
UL LSEE A= Green Sensor A2l A1022Z 0~10m =&Z 4~20mAZ2
MF UCZ EEEH. AD EE2= dFU0 MEHS HB6HH 1~5ve &g
2 FogEEE 2=0h Gyrocompasss TCM3MAME AESHRSMH Roll,
Pitch, Yaw2E& =322 RHM3&tCt. DVLE LinkQuest At2l NavQuest 600

Micro DVLEE = AMEoIU2H &A= FU=== 600kHzO0I0{ Surge, Sway,

Fig. 332 CHEte R0EF = AMAHSSS =SU0IA#2=Z LIEFHT
=]

MM CIOIEHE A

oA DVL, TCM3, GPS dA CIOIEHE H=otH MEZ2HE =&t

=
00

Figs. 342 35= PC% DAQ BoardO|H Tables 71t 82 PC2 DAQ Board<l

Pressure Sensor
AJO

Convert

(-5~+5v)
Analog Control
Signal

F&II
HARS DVL GPS Model 300

Fig. 33. Block diagram of system for Manta-type UUV
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Fig. 34. On-board PC(Zotec Geforce 9400-ITX)

Table 7. Specification of on—board PC

Parameter Specification
Dimension 150mm x 150mm x 50mm
Clock Frequency 2.8GHz
Thermal design power 60 Watt
Storage 64GB SSD

BHREIHALIHTIIGADRTITHS

SanfIadsenaBTR

Fig. 35. NI USB-6009(DAQ Board)
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Table 8. Specification of NI USB-6009(DAQ Board)

Parameter Specification
Dimension 85.1Tmm x 81.8mm x 23.1mm
4 channel(14 bits resolution,
Analog Input
-10~10V)
Analog Output 2 channel(12 bits resolution, 0~5V)
Digital Output 12 channel(0~5)

HOAHAIAES Z=2 )22 National InstrumentAt2l Labview 8.62 Aot
T2 SIUCH 8H AAE 2l Sampling rate= wile loop0ll 200ms2| delay

E =0 bHz £E£2 HdAN HIOIEE HFoIEES HAFGIQLCH Ol &8 Al =04
0.7m/sE=E=2 FaE M =0 &3 BFE0l 4mO0l12 5Hz2l Sampling rateZ Ol
SHEZS E24ot=0 S22 482 SoiM 015t 8 6T

A Ml A 9 A2 0ld=2] HIOIE0IH DAQ HIOIEH= Moving average

=
filterE 0lZ0otd ZHE otULt. HWEEL Z=_0=82 Labview2 SubVidIs=2

F

OlZctH 2=3t ot H MM 2212 Figs. 36-381t & L}.

Make By HYUB 2011 @IEIU National Univ.

MANTA-TYPE UUV

Rudder Angle 2
path {o

Page 1 |Pagez| Page 3 | ¥ =|
ormaM R
Roll pitch Heading Depth Data |0 o woitsge ER® | tieading angle Angle(degree) ER%G |
o [o o
X v z
lo o o

Rudder Angle Elevator Angle 2
jo o

180
100
o
-100-]
-180-3 ]

00000000

D
00:02:48.80)

GPS

Ruder Control Elevator

time Z37| on/Off  Model 300
e e o Lo _ sop < _ sto =
i PID gains p[D gains 2
e proporticnal gain (Ke) W proportional gain (Kc) W
06f integral time (Ti, min) “jc—ﬁa—' integral time (i, min) W
o4 |derivative time (7d, min) £]0.000 |derivative time (Td, min) 5]0.000 |
02 SEE -
0-§ e Angle of atteck(Degree) Rudder Angle Desired Depth(m)  Elevator Angle
028 [ o dooo | [o
-0 Knob
oog I T : S
-0.8-3 T T T 10 .10
. 15+ J 15
-1 -075 05 025 0 025 05 075 1 20 “20

Fig. 36. Control program(Labview print panel)
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Fig. 37. Vertical motion control program
= = Rudder Angle
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3.4.1 DVL(Doppler Velocity Log)

2=2FUAN HE=EO =T E AHF6s dAA = 6tUOILH 359 =& gis &2
2 S0 2lolA =IO 20HzS &= HSo0H HSE 42 T2 J3H= 0|20l
o HEZ2otd x, y HRAE FotH =L Fig. 39= CHEIE Fo&EHN M
OVLO| Table 9= =2 AFZO0ICH.

Fig. 39. NavQuest600 Micro DVL
Table 9. Specification of DVL
Parameter Specification
. 2.9kg(In Air)
Weight
1.2kg(In Water)
Dimension 126(Z)mm x 170mm
Frequency 600kHz
Accuracy 1%, £1mm/s
. 110m(Max)
Altitude )
0.3m(Min)
Maximum Velocity + 20knots
Standard Depth 800m
Maximum Sampling Rate 20Hz
80watts(Maximum Transmit)
Power 1.2watts(Receiver)
2 ~bwatts(Average Power Consumption)
Voltage 24 2V
Transducer 4 Beam Convex
Transducer Beam Angle 22°
Housing Anodized Aluminum and plastics
Protocol Type RS232 or RS485 (8bit,1stop, No Parity)
34
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3.4.2 0|2 HIA(Gyrocompass)
AolZ2 ZIA= PNIAKS TCM3(Tilt Compensated 3—axis compass module)

HME AtEotALH FIAS 3% AEgts 0/E0tH HeadingM Ol 2t & X DE %t

e
0

HAC AEES XNF2LEXEAZ HEGt=0Ol Ol=otH =Lt 2HEtE R0E

Ol AtIEE X0l2 FBUA= Fig. 402 €20 Table 10= ME= UEHHTH

Fig. 40. TCM3(Tilt compensated 3—axis compass module)

Table 10. Specifications of TCM3(Tilt compensated 3—-axis compass module)

Parameter Specification
Weight 129
Dimension 35mm x 43mm x 13mm

0.5° @ < 70° of tilt

0.8 @ > 70° of tilt
0.2¢ for pitch < 652

Heading accuracy

Roll accuracy 0.5 for pitch < 802
1.02 for pitch < 862
Pitch accuracy 0.2°
Sampling rate 20Hz (max)
Output formats Binary High Performance Protocol
Power 3.6 to 5V
Protocol Type RS232 or RS485 (8bit,1stop, No Parity)
Communication Rate 300 to 115200 baud
3.4.3 &M AN
0N Z0IE JE &S HEE = U= L2 LSHHUNHE 0|28 =419
HZS0ICH 8 0AdeE LEHAANE Sol &= g2 HZotd HSE 2 08
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s#tS HEE = UA2H 0l A Al HE=Y

Table 11. Specifications of pressure sensor
Parameter Specification
Pressure ranges 1bar
Over pressure safety 2bar
Power 8~30V
Signal output 4~20mA
Accuracy < +0.3%
Operating temperature 0~80°C

Fig. 41. Pressure sensor

) | power supply

@ | load (e.g. display)

Fig. 42. Pin connection of pressure sensor
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3.4.4 GPS(Global Positioning System)

GPSE JIE X2 HIS2=Z 44, S4 L FTUAM AXNE HSET & U=

SIAOICH S8t DVLOILE IMUMIAZ0I HE2XE 82z 22f dAS 22Xt
8 22 A DEEHON H HelE Fdote RUEFHUAN E+ = dA

249 =Dt & OBt ROoIE=F

ANe Fig. 432 Table 122 201 FGPMMOPA1 GPS Module2 AIEoIHSH 4

MAOUIA =HE 262 5HzS Sampling rateE HISotUCH CHEIE ROoIE4HO| x|
S

1.5m/sO0I0 A& Alll= 23 0.7m/s0Icte] £E2 &S GHA

Fig. 43. FGPMMOPA1 GPS module

Table 12. Specifications of GPS

Parameter Specification

Chip set MediaTek Single Chip Architecture

Dimension 25mm x 25mm x 4mm
Power 62mA @ acquisition

45mA @ tracking

Position Accuracy

< 3m CEP (50%) without SA (horizontal)

Communication

TTL and RS-232

Max Update Rate

5Hz(Default : 1Hz)

Collection @ jeju
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Fig. 45. Power converting circuit
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Appendix

Hydrodynamic derivatives (model size)

Der. Value Der Value
m 0.07129 K/ 0.00166
L, 0.00081 Ky 0.00000
1) 0.00352 K, -0.00166
L 0.00407 K, -0.00183
To -0.01386 K, 0.00117
Zg 0.01717 K, -0.00117
xg -0.01386 K,/ -0.03056
25 0.00051 K/ -0.00619
X' -0.00535 K,/ 0.00007
X,, -0.09533 K, -0.000002
X,/ 0.06476 K/ -0.00002
X, -0.00503 K’ 0.00309
X, -0.00619 K, 0.02354
X, -0.00166 M/ -0.00113
X, -0.01025 M.’ -0.00503
X 0.05610 M, 0.00166
Ko -0.01326 M, -0.00619
Xsoos -0.03633 M, 0.00000
X -0.03633 M,/ 0.00000
v/ ~0.06476 My | ~0.00740
v 0.00166 M, -0.00057
Y. 0.00619 M/ 0.00499
Y 0.00000 M,/ 0.06413
Y, 0.09533 M, -0.04080
Y,/ 0.00503 M, 0.22741
Y, 0.00000 M,/ -0.00454
Y,/ 0.03717 M,/ 0.02102
Y, -0.14624 N/ -0.00296
Y, 0.00390 N 0.00000
Y;, -0.02785 N/ 0.00619
Z., -0.09533 N, -0.00503
z -0.00503 N, 0.00000
Z, -0.06476 N -0.00149
z, 0.00166 N,/ 0.00085
z, 0.00619 N/ 0.00166
z/ 0.02642 N,/ -0.00166
z, -0.69427 N/ 0.01388
Zw, -0.53911 N,/ -0.01582
Zrpre -1.82877 N, -0.00623
z, -0.01568 Ny -0.01153
Zs 0.09222 N/ -0.01078
K -0.00198 N, 0.00834
K’ 0.00000
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