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Acceleration [%]
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Linear friction coefficient of motor [~Nm.sec]
Linear friction coefficient of propeller [~Nm.sec]
Lift coefficient

Drag coefficient

Armature current [A]
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Back electromotive force constant [T;j;lstec]

N.m

Motor torque constant [ )
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Electric inductance [H]
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Pressure of water [ ]
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Hydrodynamic torque [~m]
Propeller radius [m]

Electric resistance [ohms]

Water density [£2]
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Thrust [~]

Motor torque [~Nm]

Linear wheel velocity of water [%]

Tangential velocity of water [%]

Motor voltage [ V]
Back electromotive force [v]

Hovering AUV weight [~]
X axis distance of center of gravity [m]
y axis distance of center of gravity [m]

z axis distance of center of gravity [m]

Angular acceleration of motor [%d]
Angular velocity of motor [%‘d]
Angular velocity of propeller [%‘d]
Angular acceleration of propeller [%d]

Angular velocity of propeller [%‘d]

Blade angle of attack [rad]
Blade pitch angle [rad]

Rotation angle of motor shaft [rad]
Rotation angle of propeller [rad]
Torque of motor shaft [~m]

Torque due to friction force [nm]
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(Wave Form)e] 445w, ol Table 59 4% stelvlgje] vl the

¥ 2t} Duration Time(AE# o] A, Time Values(AHzhske] W=y

ogh

AXNE usty x= A9 A 7HfswE EA]), Output Values(Time Values

Table 5 223 A4S A% 4™ Ity

Duration .
] Time Values Output Values
Time(sec)

3(fsw=0.5) 0, 0.25/fsw, 0.75/fsw, 1.25/fsw, 1.5/fsw | 0, 1, =1, 1, O

10(fsw=0.1) |0, 0.5/fsw, 1/fsw 0,1, 0

50(fsw=0.02) | 0, 0.25/fsw, 0.75/fsw, 1/fsw 0,1, -1, 0

% fsw(frequency switching)

Duration
Input Type ) Wave Form
Time(sec)

AHzbgk Type 1| 3(fsw=0.5) | |

A2yt Type 2 | 10(fsw=0.1) | |

2H2Eat Type 3 | 50(fsw=0.02) | |

Fig. 34 'Triangular wave type
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Fig. 54 Thrust vs. Time (@ 764RPM)

Table 6 218 AgZ23(@ 1,000RPM ©]&})

324RPM 588RPM 764RPM
2 4(N] 0.144 0.457 0.839

2) AR F/11d o A= 1,000RPM, 2,000RPM, 3,000RPMel A A& &5 t).
(1) Fig. 55~Fig. 572 1,000RPMolA ] A|zke] thstk FReEe] A7]|E
EAST A AA SAHE dgolgo|th olu wlolHE 0.02% vt

AL F2A(FSA)S AFdolHE ol sH T (60 grolth F

Fig. 55 Thrust vs. Time(@ 1,000RPM 1st)



Fig. 56 Thrust vs. Time(@ 1,000RPM 2nd)

Fig. 57 Thrust vs. Time(@ 1,000RPM 3rd)

Table 7 28 A& 4d3(@ 1,000RPM)

A(V) A7A) | #50/s) RPM X1 [N]

12 A9 121 0.924 0.69 1,048 1.706
224 A3 121 0.921 0.69 1,030 1.722
32k A3 121 0.925 0.69 1,045 1.742
Sz iy 1,041 1.723

=3

(2) Fig. 58~Fig. 60> 2,000RPMol| A o] Alzte]l thgt Fxl=e] A7]&
AR A2 Al S48 dHolgelt old dHeolE= 0.02% vt

Jotlal F2AEHSENS AFdelHE ol &8 d (60717 gholth. +
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Fig. 59 Thrust vs. Time(@ 2,000RPM 2nd)

Fig. 60 Thrust vs. Time(@ 2,000RPM 3rd)



Table 8 #3118 ddZd3H(@ 2,000RPM)

V) AFA) | 5 m/s) RPM X1 [N]
12 A3 121 3.62 1.38 2,013 6.153
22 A 121 3.57 1.30 2,040 5.870
3A A9 12.1 3.57 1.33 2,068 5.832
3 5.952

(3) Fig. 61 ~Fig. 632 3,000RPMo| A 2] Azt t3t F=x=Hel AV E
Aad, aRe Ax 249 dolEolth. o ol 0022 nir}

AotAal H2AE2EAA)S A delEE olEH T (6071 gholth F

i) (<

2

Fig. 62 Thrust vs. Time(@ 3,000RPM 2nd)
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Table 9 312 A2 3H(@ 3,000RPM)

AV AFA) | FEm/s) RPM 21 ¥[N]

12 A3 9.1 10.40 1.72 3,061 11.929
22 A9 12.1 10.42 1.69 3,150 12.115
32k A9 12.1 10.43 1.69 3,092 12.149
3t 3,101 12.064

Az A EY ol gho] & AXd= ATFS Bt A g A B o]
A kel F29 vl A= Table 10 9F 2t}

Table 10 FR W (A E vs. Al EHolA)

1,000RPM 2,000RPM 3,000RPM
A #[N] 1.723 5.951 12.064
Al &g o] A [N] 1512 5.998 12.870

) FAM = v 22 23E Ay
Fig. 64~Fig. 662 A2 A S4d dolg et oju volH = 0.02

Z vtk SAsR L F2AGESAD)S AAHIHE o] sH H(607])3
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Table 11 FX8 AdAd(@ *3)

A4V) AF(A) | F5(m/s) RPM 1= [N]

12 A9 12.1 10.42 0.30 3,159 5.81
22} 23 121 10.42 0.30 3,126 5.83
3A A 12.0 10.43 0.30 3,158 5.57
Bt 3,147 5.74

AGAAY ARARE Aeisd A Fak GM AEd
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6ol gk YRS AAE FEHstr] A= A8 1A (Earth
fixed coordinate system)2} & 114 #E A (Body fixed coordinate system)
= Aolstojof I 64 =E UEtllE= WaE Table 129 b &7
Hovering AUV Z7]+= 2 63 ).

Table 12 6A+%= &5HF

s 3, mdE A=A, A= e, A&
surge X X u
sway Y Y v
heave Z 7 w
roll K o} D
pitch M 0 q
yaw N W r

& v AN E 35K y, 28 AdE dRE(yaw)rt

= Aoz shgste] 4] $E YA welsgct

mlu— vr+wg—z, (¢ +1*)+y, (pg— 1)+ 2, (pr+ ¢ = X (43)
mlv — wp+ur—y, (¥ +p*)+ z (g —p) +x,(pg+ 1) = Y (44)
mlw— up+vp—2z,* +¢) + x,(p— @) +y, (rg+p) = Z (45)
L,p +(L.— 1, )gr— mly,(w—ug+wvp)— z,(v—wp+ur) = K (46)



I q+(I

vy T

Z vy

x—fzz)rp— m[zg (u— ur+wq) — T, (iu—uq—%—vp)] =M

[Z%' +(,— 1 )pg— m[a:g(i)—wp—i-ur)— Y, (ﬁ—vr-&—wq)] =N

(A7)

(48)

Hovering AUV e Ao} 9jA]= 2] Zha o]g3te] 4(49~54)9F 2

o] &l
¢ = p+qsing tand +r cos¢ tand

6= q CosS¢p—r sing

= (g sing-+r cos¢)/cosd

z= u cosy) cosh +v(cosy sind sing— siny cosg)

+w(costy sinf sing+ siny sinf)

y= u siny cosd +v(siny sind sing+ cosy) cose)

+w(siney sin cos¢— cosy sing)

z= —u sinf+v cosf sing+w cosh sing

AR, Yo mA®E F=

Aelad Best 2o,

o
off

<Added mass>
X, = Xﬂz‘L+quwq+ quq2+ X vr+ X, r°
Y, =Yoo+t Yor+Y, ur+ Y, wp+Y, pq

Zy= Zl-U{u—I— Zé(j—I—Zuquq—i- Z,opt Z,rp

<Hydrostatic force>
Xys=—(W—B)sin(0)
Yye= (W= B)cos (0)sin(¢)

Zys= (W= B)cos(#)cos(¢)

(49)
(50)
(51)
(52)

(53)

(54)

(55)
(56)

(57)

(58)
(59)
(60)



<Drag force>

D=5pCpA 1%

<Thrust>

T(FX7] 225y A44)

O

A, BlE % gy et 2o

<Added mass>

i

M= M. w+ M g+ M uw+ M vp+ M rp+M u

w q uw vp D uq

N, :sz.;+]\c7'“+]\/;wuv+Npp+]\;qpq+]\/;mur

<Hydrostatic moment>
Kyg=—y, Wcos(@)cos(qﬁ)—zg Weos(6)sin (¢)
Myg= —z, Wsin(0) —x, Weos (6)cos (¢)

Nys= —y, Weos (0)sin(9)— z, Wsin )

q

(61)

(62)
(63)

(64)

(65)
(66)
(67)
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Table 13 PD-gain
T P—gain D—gain
X 5 10
y 5 80
/ 10 5
r 0.1 0.01
7}. Surge (xH+ek)
SEWAY  mu=X=-X,—X,;;— D+ T (68)
= —Xu+(W-DB)sin(0) - D+ T
1 )
9l A(68) Ae s, = (W= B)sin(9)— D+ T (69)
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Fig. 79 Simulink blocks for surge PD control
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Model-Based Accurate Motion Control of A Hovering Autonomous

Underwater Vehicle Using Multiphysics Thruster Model

Yong Seok Ahn

Abstract

In the stage of concept design which underwater vehicles, it is important to esti-
mate the vehicle’s underwater performance. The key design elements for the mo-
tion are propellers, battery power, and underwater resistance of the vehicle.
Usually small thrusters with motor and propeller are used for the UUV(unmanned
underwater vehicles).

In this study, a multiphysics thruster model that combining -electro-mechanical
and hydrodynamics characteristics and propeller geometry were proposed to esti-
mate the thruster performance. To show the applicability of the mathematical
model, an sample thruster was used for the derive the unknown parameters of
thruster. Most parameters were derived from experiment of thruster. Lift force and
drag force coefficients are important for calculate of thrust. For obtains the pro-
peller's 3D data, 3D scanning equipment was used. And that data was con-
versioned to CATIA file. In CFD(ANSYS/CFX)analysis, we obtained the results
that velocity vector, streamline, pressure field of propeller. Finally, propeller's hy-
drodynamic parameters that lift and drag coefficient were calculated by equation
of fluid mechanics. Matlab/simulink program was used for the numerical simu-
lation to predict the thruster performance from the given input data which voltage
and current to the motor. Test were done by 3 mode that are low speed, mid-
dle/high speed, reverse. Also, simulation model's validity was proved by experi-
ment test. The thrust curves of thruster which obtained from this experiment test

were similar to simulation results. So, conformed thruster model is veridity.



For model based accurate motion control of Hovering AUV, equations of motion
were founded in 6 degree of freedom. The equation of motions were simplied and
ignored, if it is not important. This paper studied surge, sway, heavy velocity and
distances(x, y, z). Also studied yawing angle(w)and angular velocity(r)of Hovering
AUV. The thrust simulation results were used in Hovering AUV simulation
program. Finally model based control is completed. Now we can predict basic
performance of Hovering AUV. For example basic performance of Hovering AUV
is cruising velocity, caperbility of battery, distance. And PD control used for
Hovering AUV. Hovering AUV Animation program was made by RecurDyn
program. The model based control or design is important because it is save re-
sources which are time, money, effort and reduce to risk that changed ROC.
Model based control is offer to desiner as powerful design tool, although chang-
ing ROC or changing buyer. Results of this study that model based control meth-

od, can using different field which are car and aircraft industry.
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Motor Specifications

motor type—high efficiency brushless
weight 185g

max power 130W

gear ratio 4.28:1

shaft diameter 5mm

maxmum case temperature 100C
operating voltage 12 to 50 volts
operates in forward and reverse thrust

Connector Specifications

depth rating 300ft
3 wire

Thruster Housing/End Caps

T-6 aluminum

Thruster Seal

motor - flexible, polyurethane encapsulating compound
shaft seal - fluoroloy lip seal followed by encapsulting grease gallery

Thruster Weight

weight in air - 1 pound(0.453kg)
weight in water - 9 ounces(255g)

Thruster Length




6.25"(15.87cm)
Finish

black/red type II hard anodized finish
Propeller

size - 2.36"(60mm) 4 blade

material — solid brass

propeller adapter — machined aluminum/anodizrd type II black
Kort Nozzle Adaptor

material - 0.90 aluminum
offset - 120 degrees
Thrust Rating(130W Max)

12 volts - 8 pounds of thrust max

% Note - never exceed the 130w(voltage x current) or damage to the

motor will occur
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Table 17 ZHEA

RPM E 3744 [Nm/Arms]
500 0.031733
1500 0.032006
B 0.031869
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Table 18 =¥ 9 A3 B Ay~
T A1 3H(m) Y E 2= (mH)
Bue-White 43.4 28.TE-3
Blue-Red 47.3 32.1E-3
White-Red 44.3 30.3E-3
Bt 45.0 30.4E-3




HZ 4 Simulation parameter

Ra=0.045;
La=30.4e-3;
Jm=1le-5;
Jp=15e-5;
Bm=0.003;
Bp=0.0123;
Kbf=0.032;
Ktf=0.032;

Kbr=0.030;
Ktr=0.030;
rho=1029;
A=0.00335;

L=0.05 ;
gamma=1.0;
del_beta=2.0;
K3=rho*A*L*gamma
K4=rho*A*del_beta
R=0.03 ;

p1=0.0615;
CL1=0.199;
CD1=0.282;
CL2=0.199;
CD2=0.282;

N=4.28;

h=0.5%(0.7%R)"3*rho* A*N"-2;

fsw=0.02;

9% motor electrical resistance [ohms]

% inductance [mhenry]

96 motor polar moment of inertia [kgm™2]
% propeller polar moment of inertia [kgm™2]

9% motor shaft friction coefficient

96 propeller shaft friction coefficient
9% forward motor back emf constant[(volts.sec)/rad)]

9% forward motor torque constant [Nm/Amplmotor
back emf constant [(volts.sec)/rad)]

% reverse motor back emf constant [(volts.sec)/rad)]
9% reverse motor torque constant [Nm/Amp]
9% water density [kg/m"3]
% tunnel cross sectional area [m™2]
9% shrouad length [m]
% effective added mass ratio
% momentum coefficients(072.0)
96 hydrodynamic model constant
% hydrodynamic model constant
9% propeller radius [m]
9 propeller pitch [m]
% foward lift coefficients
% foward drag coefficients
% foward lift coefficients
% foward drag coefficients
% reduction gear ratio
9 propeller model constant
% switching frequency(3sec—fswi.5,10sec-fswO.1,50secfswO.02)
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Table 19 Xz o] £ o2 /a2/f%

RPM Lift[N] Drag[N] Velocity[m/s]
1,000 0.25 0.34 2.65
1,500 0.55 0.78 3.93
2,000 0.98 1.39 512
2,500 1.53 2.17 6.56
3,000 2.2 3.13 7.88
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Fig. 96 Lift force vs. RPM
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Fig. 97 Drag force vs. RPM

A4 Table 203 o] AAbg

Aok ALrEA 3 1,500RPM 3}

Aol ArEEH, 1500RPM ks AlEdolde] 2 &

R - 2o = 2~
Table 20 T 23¢9 &= o /st A4
RPM Al H] 31
2« LIFT 2+ 0.25
G= pe Aot ~ 1000 « 0.0003576 + 2.652 o
1,000 2 « DRAG 2+ 0.343
Cp= == . S=0.273
pe A v’ 1000« 0.0003576 « 2.65
2« LIFT 2+ 0.55
= A 1000+ 0.0003576 « 3.08 1% o $
1,500 S e A gelol ol 14
Cp= > = : -=10.282
pe A v’ 1000 « 0.0003576 + 3.93
2« LIFT 2+ 0.98
= pe A« 1000 « 0.0003576 « 5 a2 20
2,000 2 « DRAG 2+ 1.39
cp= == = — -=10.297
pe A v’ 1000 « 0.0003576 « 5.12
2« LIFT 2. 1.53
G= b+ A+’ 1000 » 0.0003576 + 6.562 0198
2,500 2 « DRAG 2« 2.18
Cp= > = : -=0.283
pe A v’ 1000 « 0.0003576 « 6.56
2« LIFT 2422
O A e E 1000 « 0.0003576 « T8 %8
3,000 2« DRAG 2313
Cp= > = ' 5= 0.282
pe A v’ 1000 « 0.0003576 + 7.88
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Table 22 2% Ag¥e AL rme
g V) &= (Ah) 7 & &(wh)
RF 2% 5 0.05 0.25
Al z=El A o] BE 12 1.66 20
g AAMAY 2EL 3.3 0.2 0.66
P 2 AAMAE BE2 3.3 0.2 0.66
MU 5 0.2 1
DVL 24 0.2 4.8
z1 o] Al A 24 0.3 7.2
AR B2 5 0.6 3
FE 74 2 12 2 24
Al 541 61.57
o A HAUVOl 48% el § welele] ke vt 2ok
- A AL 2 (F)e| 28 (2 dY ¢ SLPB216216)
- g5 EYHuEe
Table 23 2 H & HjE g9 ALY
a2 (AR) Min Nominal Max 42 2 (Wh)
Voltage(V) Voltage(V) Voltage(V)
25 24.0 29.6 33.6 740

- HiEE] &% 25Ah

11

BCED Z
| @Y

Fig. 99 Hovering AUV Battery




7 . F9 2 A FA(PROSyS CP41, 9 =)
O Measuring range : 0~40A DC

o

Resoultion : 1mA/10mA

o

Accuracy : *1% of rdg

(6]

Frequency range : DC and 15 - 400Hz
Working voltage : 300v AC and DC

o

Fig. 100 Current clamp meter
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A7 %] (Flowwatch, =9 2~)

Fig. 101 Flowwatch

o 48 98y ¥ 2=

- W74 ®60mm

|
A

|
W

o

|
o

o}

Ani

A% 0 < 03km/h - < 0.1m/s

JU = 1 429

|5 2= 1.2m, Al°lE 2m

Fig. 102 Water impeller and rod
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th 3] A & = A (HIOKI 3403, €)
o W% ELHE FASEA I, uAL Bl
A EE M olgste] HASRE SR

oAb

[
|
I
=5
o
-

- Display : 0~20,000 rpm
- Sampling period : 0.5~2.0(SLOW)/0.1~0.5(FAST)

Detection distance : 50~200mm
- Accuracy : +1 dgt(SLOW)/+20 dgt(FAST)

- Power supply : 6 VDC

Fig. 103 Tachometer

2t 2 =A4(YC33-50K)
o3| =H 2 A2 1 05%
o IFEF k& 115
O ARE &S] -20770 C

o ZAWS : 4033 N
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Fig. 104 Load cell

vl DATA 332 (HBM Inc._Mx840A)
o 8Ald JH A
o A/D converter : 24 Bit delta sigma converter
o Data rate : 0~19200(adjustable for each channel)
O Active low pass filter : 0.01~3200
o Dimension(WxHxD) @ (52.5x200x124)mm
o Weight : 980 g

Fig. 105 DATA gathering equipment
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v}, Motor controller(TEXAS INSTRUMENTS Inc. DRV8301)
o HYAY 60V DC, Hhd7F 60A
o Hall sensor *73+

o Size @ (180x130)mm

TP

T

Fig. 106 Motor controller
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Fig. 107 3D Scanner component

Table 24 3D 2=7jy EAAF

Qo

0.Imm ©]3}

et A%

0.3Mega pixel

29l EEE)

A A E STL, ASC

2= 7R AFo] 2= (mm) k52270 200X200X200
% A% 270 4% o] 3}
FELE AR EEE
=414 Aol # ol §
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5.9 HAUV =47

rho=997;

W=565 ;

B=570 ;

pi=0 ;

theta=0 ;

psi=0

xg=0 ;

yg=0;

zg=0.07;

xb=0 ;

yb=0;

zb=-0.025;
MA_surge=-1.107 ;
MA_sway=-8.397 ;
MA_heave=-5.869 ;
MA_yaw=-2048 ;
MA_pitch=-394 ;
Izz=713 ;
Iyy=7.39 ;
A_surge=0.258 ;
A_sway=0.734 ;
A_heave=0.53 ;
CD_surge=0.318;
CD_sway=1.245;
CD_heave=8.75;

9% water density [kg/m™3]

% AUV weight

% AUV buoyancy

% Rotation about the x-axis
% Rotation about the y-axis
% Rotation about the z-axis
% x——vector to CG

% y-vector to CG

% z-vector to CG

% x-vector to CB

% y-vector to CB

% z-vector to CB

% AUV added mass

% AUV added mass

% AUV added mass

% AUV added mass

% AUV added mass

9% Body product of inertia
% Body product of inertia
% AUV projection area
% AUV projection area

9% AUV projection area

% AUV drag coefficient

9% AUV drag coefficient

9% AUV drag coefficient

- 106 —



B2 10 Hovering AUV 33k 3bed A4

TEAAY FHASF FE =S st FaEd[56]9 Cross flow

2
X,
[
rlo
(@)
>
—
—
>
o
o,
ofo
ol
ol
A
=

B
k]

0
ot
130
2

dragEs AH&3otSlal, F9H A

of ¢l3td CFD 814 &2 ANSYS Fluentg A&
z% WFOF +m= AT FAE 2m/se £EE IE
Table 269 FdWA S CATIA ZZ1#o|A 31ttt 21(78)0 <3k
g A4 AstA = Table 273 2t}

X,

u

1 1 1
lul = §CDpAsurge ’ Yv\v\: ECDpAswagp Zwlw\: ECDpAheavy (78)

Table 25 Cross flow drag

Parameter cross flow draglkg/m]

Xu,\u,\ 31.75

)/v\zf\ 486.3
bo [ 2098.0

Table 26 F W%

& F o A [m?]
Agurge 0.258
Ay 0.734
Ahcary 0.530

Table 27 3H A+

T 3} 2] A 4=
CD surge 0.318
Cb sway 1.245
CD heavy 8.75
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Fig. 108 Drawing_BAR
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Fig. 109 Drawing_ BRACKET
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Fig. 110 Drawing_CENTER LINK
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