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Motion Analysis for Concept Design of the AUV

Ji-Min Hyun

Mechatronics Engineering, The Graduate School.

Pukyong National University

Abstract

AUVs(Autonomous Underwater Vehicles) are used ' for various
scientific researches, commercial and military applications in the recent
years. The structure of the AUVs consists of various parts (such as
main body, thruster, rudder, power pack, camera, sensor, etc.) The
body of the AUV must resist against the underwater hydraulic
pressure. The, thruster at the stern of the AUV must push the main
body at an appropriate-speed. The rudders controls. the direction of the
AUYV. The battery must support a sufficient power for the operation of
the AUV.

In this thesis, the basic concept for the motion performance of
AUVs 1is described for the initial design stage. This thesis also
describes the mathematical model of the dynamic motion of the AUV.
Finally, based on the mathematical model, the AUV’'s dynamic motions

were simulated using Matlab code to verify the initial design concept.

Keywords : AUV(Autonomous Underwater Vehicle), Basic Design, Motion

Performance
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T =7.46 X 27 = 201.42Nmm (9)
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HDS - 2288
Motor type Coreless motor
Type of Gear Metal gear
Operating Voltage 48V~T4V
Neutral pulse 1.5+« (Adj
Travel angle 40~45° at £400-+ (Adjuastable)
Dead Band 1~2 -+ (Adjustable)
(sec/60°at 4.8V) 0.17
Speed (sec/60°at 6.0V) 0.15
(sec/60°at 7.4V) 0.12
(kglcm at 4.8V) 16.0
Torque (kg/cm at 6.0V) 20.0
(kglcm at 7.4V) 26.0
Weight (g) 47
Dimensions (mm) 40x20x34
Ball bearing Basic(2BB)
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g HAAoel Fastth AUV HA Alzwe

By e 2 A8 40342W o]t
o] A% AUV 27 d=Ee 4 (10)% 2o Axd 4 9o

Wh= PXxh=403.42<2=806.84 Wh (10)

Table.2 Power system of AUV

No. A A W)L AgWV) | /A
DC Brushless “Thrusters
1 350 24 14.6
(Model 300)
2 | Servomotor(HDS-2288) x 4 20 5 4
3 | RFE(Probee-ZS10) 1 5 0.2
4 | Wince(IEC667-07B) 12 24 0.5
5 | ATXmega 0.66 3.3 0.2
6 | TMS320F28335 0.66 3.3 0.2
7 | IMU (Mti) 8.4 24 0.35
8 | DVL(NavGuest600M) 4.8 24 0.2
9 | GPS (AseRxl1) 1.2 5 0.24
10 | DepthSensor("] #) 15 5 0.3
11 | A AA (1] 78)x2 3.0 5 0.6
Total 403.42 - -
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a9 EEE
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E o Al

HE&o] Lift force= @ASA H=d o]AS o] &35} Abek 4 Q)
HA Zr 59 A WEElA B FAIA S REMUSY 49
FAAGAT Cpe A&t 2(20) ¢ Zo] AL & 4 Ak

A =0.008615m> X cos60° = 0.00431m> (20)

drag force = 0.5 1025 0.558 < 0.00431 < 2.55° = 8.015N

Lift Force® 371 $18] FAAIAF(CHE Aol o3 3152 A&
o] 7bsstm A (@213 el AT 4 STt
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Lift force
Fig. 18 AUV # 5 A9 Wakelo] A3 = 9 BHlE
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3.1 AUV 6Af% 593 =g

FE 2EAL AN AAE eyl AsA w4 JE #EA
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Fig. 19 Body-fixed coordinate system
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(Fossen, 2002)

Table.3 Twelve state variables of an AUV with 6 degrees of freedom

Linear and Position and
DOF ;
angular velocity | Euler angles
Motion in the x-direction
1 u X
(surge)
Motion 1in.the y-direction
2 \% 4
(sway)
Motion in the z-direction
3 W /
(heave)
Rotate about the x-axis
4 P @
(roll)
Rotate about the y-axis
5 ] q e
(pitch)
Rotate about the z-axis
6 T 4
(yaw)
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L+ (L —1)qr—(r+pg) L, + (0 —p*) ]+ (pr— )1
—l—m[yG(w—i-pv qu)—zG(v—i-ru pw)] K

Lot (L, —Lrp—(p+ )L, + @ — ), + (@7,
—i—m[zG(u—i-wq ur)— wG(w—i-pv ug)] =M

Lr+(I,—1)pg—(g+m)I, + (¢ =p")L,, + (p—p)L,
—i—m[xG(i)—wq—i-ur)—yG(iL vr+wq)] N

4230 We A Joz mhs
Mo+ CRB(v)v g

v = [u,v,w,p,q,7r]"
7FB::[)Q)C22R;A£AHT

TrRB

My © 84 M=

Crp © 222 ol o3l A7l wj =g

m 0 0

0 m 0

mly,., —mS(re) 0 0 m

M= mS(r.) I | 0 —mz. m
G 0 ¢ MYg
mzqg 0 —mzg

—MmYyg Mg 0
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A48k 2.

mzg —MyYyq
—mzg; 0 mxq
myYyq mrg 0
T - IM] - I_LZ
L, I, —1I,.
-1, —L, L

=X

Y

=7
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C (o) = 05,5 —mS(vl)—mS(S(UQ)rG)
R - mS(0,) = mS(S(v,)re) mS(S(w, )rg) —Sw,)

0 0 0 m(y(g+zGr) *m(x(,q*w) —m(I‘GT‘F’U)
0 0 0 —m(y(;p+w) m(zGrJr:EGp) *m(y(fr’*u)
c (v)z 0 0 0 —m(ch*r) —m(z(ngu) m(mcerqu)
e —m(yggt+zagr) mygp+w) mlzgp—r) 0 —IL.q—L.+Lr Lr+Lp—1Ig
m(z(,q*w) —m(z(fnL:r(p) m(z(ngu) IyqurImp*IZr 0 —Imr*[[qurIl,p
m(xGrJrv) m(yGr*u) —m(x(erqu) *Iyzr*prJrIyq [[Zr+[[g/q+llp 0

QA9 Myt Cpp® T3kl 2123)S ks Al71W ohg ) 2o,

ml(u—vr+we) —agld +r*)+yapa—1)+z0r+ Ol =X
ml(v—wp+ur)—ya0*+p*) +2,qr—p +2glgp+1) = Y
ml(w—ug+pv)=z250* + @)+ 26lrp— @) +yolrgtp ) = Z
Lp+ (L= I )gr +mlyg(w+ po—qu) = 2, (v ru—pw) = K

Iﬁ—i— (IL —Iz)rp—I-m[zG(ﬁ—i—wq—vr) —xG(iu-I-pv—uq)] =M

IZH- (Iy —Iz)pq+m[xG(b+ur—pw) —yG(iH- qw—vr)] =N

(25)
H@5)el 59 FES FA A= @ My F, L ZdE oy

My 7+ 3 S vedo
Abcowitz(1969)s #Z <&zl mdeo] ity 1 FolA AUVS 22 A&
S-aA o A &3]0l A 3 47 Cross Flows 133 2de 2
(26)7(BDH Za o] Aol x7]E HAHAY AFES Tabled ¢ Tableb
S e A
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Y X = LUK, 0+ X7+ X o]+ EPIX i X, o+ X, wd]

ur wq

uu VU ww

+ L PIX, 0+ X, + X, 07+ LPCF, ()~ (W= B)sind

P X, ,007 X505 Xy 0]

M v= §l4[1/7;’;’+ ng') Yoo+ Y, pg+ Y, qr]

wp

+ glg[Yi}fb—i- Y, , wp+ Y,ur+ YpupK)|,,||—Z| VUE +w? ]
+ ng [V uv+ Y, v Vv’ +w + (W= B)cosfsing

+ L P0Y, $ Y =)o+ Y, 4 Y,

cross vortex

vp

+ §l3 12, uw+ 7

wiwl

w Vv +w’ + (W= B)eosdcose

058 vortex

+ §l2u2 25, + Zy,, (g=1))os + gﬂu?Z&,&b yy .z

P
M K= 5l5 [Mpp—i— M.r+I, qr+ K, pq|

+§l4[l(;up+K,ur+Kbb+K v+ K, wpt K, wr]

vq wp wr

vw

— (2o W—25B)cossing+ K,

vortex

+ glg (K uw+ K, vw] + (y,W—1yzB)cosfcose
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Y M= FMﬁMm

l4[M w+ M, vr+ M vp +Mug+ M, w v? +w g

vy vp
+ Slg [M2+ M, uw+ M, w Vo +u? ]
— (mGW— 7 5B)cosfcosp — (zGW— zB)sing

ﬁ%M+M

5m@—mwyw43M4%+Af +M

cross vortex

Z N= £l5 [N7fr’+ Nyp+ ]\.qupq-i— Nq,,,qr]

l4 [N v+ N, wp+ N, vg+ Nup+ Nour+ Ny, wV v+’ r]

wp

lg[Nuv—i—Nh)ﬂ)\/v +u?]
(xGW— xpB)coshsing = (yoW—ygB)sind
+ £ Pu (NG, A Ny DIor N, N,

Cross vortex
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Table.4 Non-Linear Maneuvering Coefficients : Forces

Parameter Units Description
Xuu kg/m Cross—flow Drag

Xu kg Added Mass

Xwq kg/rad Added Mass Cross—term
Xqq kgm/rad Added Mass Cross—term
Xvr kg/rad Added Mass Cross—term

Xrr kgm/rad Added Mass Cross—term
Xprop N Propeller Thrust

Yvv kg/m Cross—flow Drag

Yrr kgm/rad? Cross—flow Drag

Yuv kg/m Body Lift Force and Fin Lift
Yo kg Added Mass

Yr kgm/rad Added Mass

Yur kg/rad Added Mass Cross Term and Fin Lift
Ywp kg/rad Added Mass Cross—term
Ypq kg. m/rad Added Mass Cross—term
Yuudr kg/(mrad) Fin Lift Force

ZWW kg/m Cross— flow Drag

Zaq kgm/rad? Cross-flow Drag

Zuw kg/m Body Lift Force and Fin Lift
Zw kg Added Mass

7q kgm/rad Added Mass

Zuq kg/rad Added Mass Cross=term and Fin Lift
Zvp kg/rad Added Mass. Cross—term

Z1p kg/rad Added Mass Cross-term
Zuuds kg/(mrad) Fin Lift Force
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Table.5 Non-Linear Maneuvering Coefficients : Moments

Parameter Units Description

Kpp kgm?/rad? Rollng Resistance

Kp kgm?/rad Added Mass

Kprop Nm Propeller Torque

Mww kg Cross—flow Drag

Maq kgm?/rad? Cross—flow Drag

Muw kg Body and Fin Lift and Munk Moment
Muw kgm Added Mass

Mg kgm?/rad Added Mass

Mug kgm/rad Added Mass Cross Term and Fin Lift
Mvp kgm/rad Added-Mass. Cross Term

Mrp kgm?/rad? Added Mass Cross=term

Muuds kg/rad Fin Lift Moment

Nvv kg Cross—flow Drag

Nrr kgm?/rad?® Cross—flow Drag

Nuv kg Body and Fin Lift and Munk Moment
Nv kgm Added Mass

Nr kgm?/rad Added Mass

Nur kgm/rad Added Mass Cross Term and Fin Lift
Nwp kgm/rad Added Mass Cross Term

Npg kgm?/rad? Added Mass Cross-term

Nuudr kg/rad Fin Lift Moment

Zuq kg/rad Added Mass Cross=term and Fin Lift
Zvp kg/rad Added Mass. Cross-term

Z1p kg/rad Added Mass Cross-term

Zuuds kg/(mrad) Fin Lift Force
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= eERAAe BedE e A

]
= T
Fao Qe Foom gams vdeld A4

At AUV H
=3
mlu—vr+wq+z(pr+q) = ZX (32)
mlv+ur—wp+z,(gr—p)] EY (33)
mlw—ugtvp— 2"+ )N =2 (34)
Lo+ (L, — 1, )or (r+pq) 1. (35)
+ (pr— M/ sz(v—i—ur—wp):EK
Lyat+ (L, — L )pr— (p+qr)1my+(p2—r w (36)
+(qp )I —I—sz(u vr—i—wq)—zM
Lr+(,—1,,)pq <q+rp>L,z+<2—p2>Ly (37)

2327 @BNAA ¢-F9 FES FA AEste FI RUAES E
ek B =RoAs AE By, AF 3, vddg Aok #EE /A
g AleE Este] A(38743)3 o] A wdS AT

YX=Xut X, P+ X, 00+ X, 00+ X, 00+ X, (38)
Y=Y ot Yoot Yp+ Y+ Yo+ Y, ol (39)
Y.Z=Zwt Z.qt Z,uq+ Z,g+ Zw+ Zyy aolwl+ Z s (40)
Y K= Kpt Krt+ Kot K g+ Ko+ K, wr + K, o0+ Kp+ K, (41)
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Y M= Mw+ M.g+ M,ut Mo+ M, uw+ M+ M, wlul (42)
+ ]\Jqq + M, és
Y N=Nu+N.r+N, wp+N,pg+ N, uv+ Nuy+ N, ool (43)

+N,ur+Nr+N,,

ur

Lok FANFAEY A A= 2dy Z2HE o] &3ke] A(44)74(49) L

2 ndEh

¢= p+gsindtnab + rcosgtand (44)

0= qcos— rsined (45)

= (gsing+rcos)/cosd (46)

X= ucostpcosh A+ v(cosysindsing— sinycose) 47)
+w(cosysinfsing + sinysing)

Y= usimbcosf +v(sinysindsing+ costcosd) (48)
+w(sinysinfcosg— cosysing)

Z=—usinf +wvcosBsing+ weosOsing (49)

3.3 AUV X-Y¥® £5337

XYHFHAA AT F-2 o)== AUVY 52 Fig.209 o] X&F wako 29
Translational Motion(Surge), Y= Hhgk o =7 o] Translational
Motion(sway)$} Z5 WaFo & o] Rotational Motion(yaw)#-5%HS 1183}

A Ak
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yaw

v
Bt

—_—
/ sway
X surge
Fig. 20 X-Y Planar motion of-the AUV
GeER 6AHE 2EH wE Ul gHMEE obud
Table.63} o] 6712 &0l 54 Hth
Table.6 Six state variables of an AUV with X-Y plane
Linear and Position and
DOF ;
angular velocity | Euler angles
Motion in the x-direction
1 u X
(surge)
Motion in. the'y-direction
2 \% y
(sway)
Motion in the z-direction
3 W /
(heave)
Rotate about the x-axis
4 P ]
(roll)
Rotate about the y-axis
5 ) q e
(pitch)
Rotate about the z-axis
6 r 4
(yaw)
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Surge, sway, yaw=%% 9lo w2 Ymx Q4 Heave, roll, pitchQ A+
FAIE & Atk & XZ-Planeo] -t ol A7 AUVY FAFA
of lthar 7hgstd 21(50)3 7ol Al 7Fx] def 05 A& ¢ AT

w=p=q=0 (50)
Ly,=1,.=0
Yo =0
A Al 7HA o] Oolm= <k HolAM 3 64+ E AN S HE
st @ 4 gl
bl A Tg B MEYs Myoh CpE-esed gew 2.

m 0 0
My=10 m' mx,

0 mxd W, (51)

0 B LR
Cry(v) = 0 0 mu
m(xsr+v) —mu 0 (52)

o 71 4] Added mass &7} added inertiad , added Coriolis centripetal3t
< Tt e 2ok

~X. 0 0
M,=| 0o —v. -x
0 —Y —Nr; (53)
0 0 Yv+Yr
c,m=l 0 0  -Xu
—Y;v—Y;r X;u OM (54)
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CEE R

of\

et ket

M=My+M, (55)
C()=Cpr(v)+C (v) (56)
m—X, 0 0
M= 0 m—Y. mzg—Y. (57)
0 mzg—Y. L—N
0 0 —(m—=Y,)v—(mzs—Y,)r
Clv) = 0 0 (m—X,)u (58)
(m—}/;)+(m$(;* Yr)r —(m—Xq—l)u 0

Aol AeEs HEH G E YEbE A (G9)F 2ol dE 5 Utk

Muv+ C(v)v+Dv= Bu (59)

B : control matrix describing the thruster configuration

u - control 'vector

3.4 AUV X-Z JR $EH4

XZH WA FAol= AUVY &5 Fig2ldt o] X5 WaFo w9
Translational Motion(Surge), A Hhek o 7 9] Translational
Motion(heave)2} Y= Wako 29| Rotational Motion(pitch)&%5 %S g
stAl # T
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Pitch

-

Heave

X Surge
Fig. 21 X-ZPlanar motion-ef the AUV

GeER 6AHE $Ed wE FusEdlAe Auuss o
Table. 73} 7ol 6702 & &4 Hth
Table.7 Six state variables of an AUV with X-Z plane
Linear and Position and
DOF )
angular velocity | Euler angles
Motion in ‘the x—direction
1 u X
(surge)
Motion in the y-direction
2 v y
(sway)
Motion in the z-direction
3 W /
(heave)
Rotate about the x-axis
4 P ]
(roll)
Rotate about the y-axis
5 ) q e
(pitch)
Rotate about the z-axis
6 r v
(yaw)
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Surge, heave, pitch +&% lorn= yYmx] Q4 sway, roll, yawl 4

= FAE 5 v ® XZ-Planeo] #FH$tiA ol H3F A7 AUVE A
ZA gtz 7FAsE 2160)3 o]l Al 7HA] de] 02 Hed 4 Q)
v=p=r=0 (60)
I.=1,=0

2g=0

Aol Al 7FA] &o] golmg ok Ao I 6AFE LTHAAS U
ksl & ol
ol A 3 BA MEY A Mok Cops rEFstetd voa 2o
m 0 0
Mpz=1{ 0 =M, (61)
0 —mzg Iy
0 0 —m(zeg—w)
Crplv) = 0 0 =T (62)
m(zeg—w) mu 0

o 71 4] Added. mass . &7} added inertia® , added Coriolis centripetal3t
< Tetd o2k

X, 0 0
My=|0 —Z —Z~q (63)
0 0 —Zw—Zq
C,(v)= 0 0 Xu (64)



M=My+M, (65)

Cv) =Cry(M+C () (66)
m—X, 0 0
M= 0 m—2Z. —me—Zd (77)
0 —me—Mw Iy_Mq
0 0 —mlzgg—w)—Zw—Zg
Clv)= 0 0 —ptXu (68)
m(qu—w)-i-Zu»}w-i-Zélq mu— X u 0

Ao HeEs WY = JERRE 2693 2ol AT 5 AUtk

Muv+ C(v)v+ Dv = Bu (69)

B : control matrix describing the thruster configuration

u - control vector
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Way-point 4 AlE# o)X 2 Flow chart: Fig.22, Fig.239} #Zt}.

Uo Vo, WorXo:YorZo:Po Ao 0. Lo @0, Wo
(Input initial conditions)

|

Calculate AUV movement
(Use the AUV Dynamic model)

TimeStep, TotalTime
o ) ) ! > —>{ Plot the result for XY plane
(Definitions of variables for the simulation) :
M+ COw)v+Dv =By
SF SM...

(Loading the nonlinear. data)

Fig.-22 AUV motion simulation block diagram

TimeStep & TotalTime Kpietiekaic/cs o) PD

Control low

(;e;'iﬂRv . el OR yge bt s
AeaS g o oot deltaS,, g ot sempiane
No
Input Waypoints Calculate AUV rudder angle for Track
(Use the AUV Dynamic model)
e — % Yes
“EI ;
S -
1 b X w
taget A
7= ", b
le A+ O+ Dy =B

.'\'U
. Pass the
Yo Waypoint B : control matrix describing the thruster configuration

u : control vector

Py

L'

i

0 ;"

P All waypoints are NLoa‘dmg
f passed by AUV S

ZFOI‘U&ZJ[OW@N!

Fig. 23 Way-point simulation flow chart
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al .
Table.1e] Yo} 9= AUVE AA dolg 9o 41804 AFs A
AAE AUV mde Ao EA5k= ol vAE dolHe 7] 459
REMUS®] H]AE do]E = AlE# o] o] &85t}

AUV 2 932 105, 205, 3052 3to] AlE#HolAS 333 Ax
Fig.24 ¢} 2. Fig24 Al EdolAd Ao Yelypsol dAs e
= uRbEL ] 2ot AdFSNelE g = ol A\ AS 1T

=
L.
5 5
PN
T

k.

Turing Siewatich

Y (m)
&

K{m)
Tuning Simulation

¥ {m)

Fig. 24 X-Y turing simulation results of the X-Y position
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Fig. 25 X-Y turing simulation results of the X-Z position
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Fig. 26 .. 3 -Vmi r(deg/s)

Fig. 27 X-Y tun'g simulation results of the angle psi(deg)
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AUV &5WAAS 7|9to 2 AUVY X-Z 3 %5 A0S
S FAFoEMN dY £HE(2.55m/s)

Zkzol] ols) AUV $5o] ojd
Feoldx FYstA Tablel
<" REMUS<?] A7 dlo]E

Zim)

Fig.28 X-7 depth simulation results of X-Z position
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Fig.31 X-Z dep simulation results of the angle theta(deg)
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4.4 AUV Way-point 3 Al EdF oA

A AUV 53 ARl 9 51 B0 Ae AAE AUV
o £EE AUVS 271408 AHetel AUVS £EE GR1skid 240
stk mreba] el Aolr)e] ARt %) o ;
S s 2ol ARAAA ANF E G

s A4 915 votstn WaE 4w 24 S 59 1144x17;}x1 CR

% AUV} €55 8 = J=E2 5794

3 Way-point -8 Al &l ol A& Fig.23% 22 Flow chartE 3]

a3t AUVJ 37] AAE 7IFo2 AUV W&Ere] 72HeE User’l o
o =

A A 7HA @T‘?:o] wdokel whel @ Alojo]Eo] EAjskal e AlFE
Toll Al Al&3 PD Ao 7] 2] A9 A

S E2do] A5 meE I HAA
w3 Qloh, Z1ofl wet Fig.239] Flow charte} 2

o] “Jﬁoh:/}-‘q ZARSE= AUV94 9] = &3l Axgrs AlAkste] HeE AA
sto] @ xpH ¢ wholl W3k 1 Fste]. e 29 Wl S0l
A 715 FAAATE PDAS 7R} BlE A= (Kp) B v Al (Kd)= Ao

7l
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5}

wdo] Fofx7] Wie] Frs 9 AW, TAAY, HESHEE AE
SAL M Ao Fo SR Holt AF gE FHGE PPE 9

oA A& (0,0), (20,40), (40,40), (40,20), (20,0)¢F Fo] G~ ol 571
o] Way-pointE A Aste] A EHo|AS S8ttt Fig.329 45 vl &4
F(Kp) ¥ nEASFEKDE z2HzF -0.21, -0.21%2 A A1 Fig.339] 4%
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Fig. 33 Way-point Simulation Result 2
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1=}
o=

AUV 254 % 348 Matlab Code

1. Matlab Code for AUV Motion Control

close all;
clear all;
cle;

disp(sprintf("\nT Horizontal test\nStraightly forward & slightly downward’));
disp(’Simulation start...");
tic;

96969626 % % %626 % % % %26 %6 % %626 %6 % % 26 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 % % %6 %6 %6 %6 % %6 %6 %6 % %6 %6 %6 %6 % % %6 %6 % %6 %6 %6 %
96%626%6%%6%6 % %% % % %6 %6 % %% % %6 % %6 %% %6 % %6 %6 %626 %6 % % %6 %6

% Definitions of variables for the simulation

96969626 % % %626 % % %% %6 %6 % %6 %6 %6 % %6 %6 %6 %6 %6 % %6 %6 %6 % %6 %6 %6 % %6 %6 %6 %6 %6 % %6 %6 %6 %6 %6 26 %6 %6 % %6 %6 %6 % % %6 %6 %
96%626%6%%6%6 % %% % % %6 % % %% % %6 %6 %6 %6.%6 %6 % %6 %6 %626 %6 % % %6 %6

D2R = pi/180;

R2D = 180/pi;

Ft2M= 0.3048;

tTimeStep = 0.1; % for 4th order Runge-Kutta
tTotalTime = 500;

t=0;

tHorizon = tTotalTime/tTimeStep;
disp(sprintf('Time step is %f sec.\nSimulation time is %f sec.”, tTimeStep, tTotalTime));

26262626%6%6%6%6%6%6 % %626 26 %6 %626 %6 26 26 26 26 %6 % %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 2626 %626 96 26 96 2696 %6 %6 %6 %6 26 26 %6 %6 %6 %6 %6
2626262696 % % % % %626 %6 %6 % 26 26 %6266 2626 %26 % %6 % % %626 %6 %6 %6 %6 %6
% Track [X Y Z]
262626%6%6%6%6%626%6 2626262626 %626 26 26 262626 % %6 %6 %6 26 %626 %6 % %6 %6 %6 %626 26 %6 26 %6 96 26 96 26 26 %6 %6 26 %6 %6 %6 %6 %6 %6 %6 %6
2626262696 % %6 % % %626 %6 %6 %6 %6 2626 %6 %6 %6 %2626 % %6 %6 %6 %26 %6 %626 %6 %6
nTr= 6;
indexTr = 1;
Tr = [0, 0, 0;
20, 0, 05
40, 20, 0;
40, 40, 0;
20, 40, 0;
0, 0, 0%

96969626 % % %626 % % % %626 %6 % %6 %6 %6 % % %6 %6 %6 %6 % %6 %6 %6 % %6 %6 %6 % %6 %6 %6 %6 %6 %6 %6 %6 %6 % %6 %6 %6 %6 % %6 %6 %6 % % %6 %6 %
96%626%6%%6%6 % %26 % % %6 %6 % %% % % %6 %6 %% % % %6 %6 %626 %6 % % %6 %6

% initial conditions

96969626 % % %626 % % % %26 %6 % %6 %6 %6 % % %6 %6 %6 %6 % %6 %6 %6 % %6 %6 %6 % %6 %6 %6 %6 %6 %6 %6 %6 %6 % %6 %6 %6 %6 % %6 %6 %6 % % %6 %6 %
96%626%6%%6%6 % %% % % %6 %6 % %% % % %6 %6 %626 % % %6 %6 %626 %6 % % %6 %6

% x=[uvwpaqrxy zphitheta psi 1;

x = zeros(12, 1);

x(1) = 2.55; 9% initial forward velocity: 2.55 m/s
x(3) = 0; 9% downward velocity: 0.25 m/s
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x(10) = 0*D2R; % 5 deg ==> rad
x(11) = 0+D2R;

x(12) = 0+D2R;

forces = zeros(6, 1);

deltaR = 5.xD2R; % angle of rudder plane [rad]
deltaS = 0.xD2R; % angle of stern plane [rad]
np= 700; 9% rpm of main propeller [rpm]

Eta_FlightHeading = 1.0; %Control tuning parameter
Phi_FlightHeading = 0.5; %Control tuning parameter
r_com=0;

U = sqrt(x(1)*x(1) + x(2)*x(2) + x(3)*x(3)); % speed [m/s]

96969626 % % %626 % % % %626 %6 % %6 %6 %6 % % %6 %6 %6 %6 % %6 %6 %6 % %6 %6 %6 % %6 %6 %6 %6 %6 %6 %6 %6 %6 % %6 %6 % %6 % %6 %6 %6 % % %6 %6 %
96%626%6%%6%6 % %26 % % %6 %6 % %% % % %6 %6 %% % % %6 %6 %626 %6 % % %6 %

% Variables for numerical integration

96969626 % %2626 % % % %26 %6 % %6 %6 %6 % %6 %6 %6 %6 %6 % %6 %6 %6 % %6 %6 %6 % %6 %6 %6 %6 %6 %6 %6 %6 %6 % %6 %6 % %6 % %6 %6 %6 % %6 %6 %6 %
969626%6%%6%6 % %26 % % %6 %6 % %% % % %6 %6 %626 % %6 %6 % %696 %6 % % %6 %

k1 = zeros(12, 1);
k2 = zeros(12, 1);
k3 = zeros(12, 1);
k4 = zeros(12, 1);

96969626 % %2626 % % % %626 %6 % %6 %6 %6 % %626 %6 %6 % % %6 %6 %6 % %6 %6 %6 %6 %6 %6 26 %6 %6 %6 %6 %6 %6 % %6 %6 %6 26 % %6 %6 %6 % %6 %6 %6 %
96%626%6%%6%6 % %% % %6 %6 % % %% % % %6 % %26 % % %6 %6 %626 %6 %6 % %6 %

% Variables for data output

96962626 % % %696 % % % %6 % %6 % %6 26 %6 % %6 26 %6 %6 %6 % %6 %6 %6 % %6 %6 %6 % %6 %6 %6 %6 % %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 % % %6 %6 %
96%696%6%%6%6 % %6 %6 % % %6 %6 % %% % %26 %6 %626 % % %6 %6 %626 26 % %6 %6 %

out = zeros(tHorizont1, 19);
out2 = zeros(tHorizon+1, 3);
outDot = zeros(tHorizon+1, 12);
out(l, @) = [x’, Uy forces'];

96969626 % % %626 % % %626 %6 %6 % %% 26 % %6 %6 %6 %6 %6 % %6 %6 % % %6 %6 %6 % %6 %6 %6 %6 %6 %626 %6 %6 % %6 %6 %6 %6 % %6 %6 %6 % %6 %6 %6 %
96%626%6%%6%6% %26 % % %6 %6 % %% %2626 %6 %626 % % %6 %6 %626 %6 % % %6 %

% time marching

96969626 % %2626 % % % %26 %6 % % %626 % %626 %6 %6 %6 % %626 %6 %626 %6 %6 % %6 %626 26 %6 % %6 %6 %6 % %6 %6 % %6 % % %6 %6 % % %6 %6 %
96%66%6%%6%6 % %% % % %6 %6 % %% % % %6 % %6% % % %6 %6 %696 % %696 %6 %6

for ii=1:1:tTotal Time/tTimeStep

tt=tt+1;
% angles of control fins to ui
range = sqrt( ( x(7)-Tr(indexTr,1) )"2 + ( x(8)-Tr(indexTr,2) )*2 );
if (range < 1)

indexTr=indexTr+1;

if (indexTr==nTr+1)

break;

end

end

c_psi = atan2( Tr(indexTr,2)-x(8) , Tr(indexTr,1)-x(7) ) - x(12);

while(abs(c_psi) > pi)

c_psi = c_psi - sign(c_psi)*2.0*pi;
end;
while(abs(x(12)) > 2+pi)

x(12) = x(12) - sign(x(12))*2.0%pi,



end;

% LOS PD control
deltaR = - 0.9*c_psi - 0.9%(r_com - x(6)) ;
ui= [0 deltaR npl;

% Integration by Explicit Euler

[k1, U, forces] = REMUS(x, ui);

[k2, U, forces] = REMUS(x + kl*tTimeStep, ui);
x = x + tTimeStep*(kl + k2)/2;

k1l = k2;

out(ii+1, @) = [x', U, forces'];
out2(ii+1, :) = ui;
outDot(ii+1, :) = k1';

end

toc;
disp(sprintf(’Simulation End..\nNow... data plot\n"));

96969626 % % %626 % % % %6 %6 %6 % %6 26 %6 % %6 %6 %6 %6 %6 % %6 %6 %6 % %6 %6 %6 % %6 %6 %6 26 % %6 96 %6 %6 %626 %6 %6 %6 % % %6 %6 % %6 %6 %6 %
96%626%6%%6%6 % %26 % %% %6 % %6 % % %6 %6 %6 %626 %6 % %6 %6 %696 %6 % % %6 %

% data loading

96969626 % % %626 % % % %626 %6 % %6 %6 %6 % %626 %6 %6 % % %6 %6 %6 % %6 %6 %6 %6 %6 %6 26 %6 %6 %6 %6 %6 %6 % %6 %6 %6 26 % %6 %6 %6 % %6 %6 %6 %
96%626%6%%6%6 % %% % %6 %6 % % %6 %6 % % %6 % %26 % % %6 %6 %626 %6 %6 % %6 %

% x =[uv wpqgr xpos ypos zpos phi theta psil’

u = out(, 1) ; % surge speed [m/s]

v = out(;, 2) ; % sway speed [m/s]

w = out(:, 3) ; % heave spped [m/s]

p = out(:, 4)*R2D; % rate of roll [deg/s]
q = out(:, 5)*R2D; % rate of pitch [deg/s]
r = out(:, 6)*R2D; % rate of yaw [deg/s]
x = out(:, 7) ; 9%-x-position in local geographic [m]

y = out(;, 8) ; 9% .y-position in local geographic [ml]

z = out(:, 9) ; % z-position-in local geographic [m]

phi = out(:, 10)*R2D; 9%..angle of roll [deg]
theta = out(:, 11)*R2D; % angle of theta [deg]
psi = out(:, 12)*R2D; 9 angle of psi [deg]

X = out(;, 14); % x-dir. force in b-frame [N]

Y = out(;, 15); % y-dir. force in b-frame [N]

7 = out(:, 16); % z-dir. force in b-frame [N]

K = out(:, 17); % x-dir. moment in b-frame [N*m]
M = out(:, 18); % y-dir. moment in b-frame [N*m]
N = out(;, 19); % z-dir. moment in b-frame [N*m]

tt=0:t TimeStep:size(u)*t TimeStep;

plot(Tr(:,1), Tr(:,2), 'o’, 'color’, 'red’, 'linewidth’,2);
grid on;

hold;

plot(x,y, 'linewidth’,2);

xlabel('X (m)’), ylabel("Y (m)’);
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2. Matlab Code for AUV Model Data

function [xDot, U, forces] = REMUS(x, ui)

[xDot, U, forces] = REMUS(x, ui) returns the time derivative of the state vector:
x=[uvwpaqrxy zphi theta psi ', the speed U in m/s (optionally) and
hydrodynamic forces for an Autnomous Underwater Vehicle (AUV), REMUS at the WHOL

Author: Gyungnam Jo (Ocean Engineering Lab., Seoul National Univ.)
Revised by: Dong C. Seo (Ocean Engineering Lab., Seoul National Univ.)

Ver.: 1.01
Last update: Jan 28, 2009

version history

0.1: Test for T. Prestero’s original code
0.2: changing output format

0.3 changing mass matrix

0.5: Some bugs are fixed.

0.9: Some bugs are fixed.

0.99: Some bugs are fixed. (RTM version)
1.01: Some bugs are fixed.

- Reference -

1. T. Prestero (2001), "Verification of a Six-Degree of Freedom Simulation Model for
the REMUS Autonomous Underwater Vehicle”, Master thesis of MIT

2. T. I. Fossen (2002). Marine Control Systems, Marine cybernetics,
Trondheim, Norway (http://Wwww.marinecybernetics.com)

The length of the AUV is L = 1.33 m and the forward speed is u = 1.54 m/s, while the
state vector is defined as:

Input vectors ‘= state vector, control input
Control input:
ui = [deltaS deltaR]’

Control Fin Angles:
deltaS = angle of stern planes [rad]

deltaR = angle of rudder planes [rad]

State vector:
x =[uv wpaqr xpos ypos zpos phi theta psil’

Body-referenced coordinates:

u = Surge velocity [m/sec]
v = Sway velocity [m/sec]
w = Heave velocity [m/sec]
p = Roll rate [rad/sec]
q = Pitch rate [rad/sec]
r= Yaw rate [rad/sec]

Earth-fixed coordinates (geographic frame, NOT geodetic frame):

RN RSN S = - - = G - = = = P I ™ - ™ - P - S = - G = - S R = = G = > I R NS - = S = -

Xpos = Position in x-direction [m]
ypos = Position in y-direction [m]
Zpos = Position in z-direction [m]

phi = Roll angle [rad]
theta = Pitch angle [rad]
psi = Yaw angle [rad]
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% Output vectors = derivatives of
% [xDot, U, forces]

269626962 %6226 %626 %6 %6 %6 % %6 %6 %6 %6 %6 %6 %6 %6 %626 %6 %6 %6 %6 26 %6 96 %6 %6 %6 %6 26 %696 %696 %696 %696 %6 %6 %6 %696 %696 %6 %6 % %6 %

96%626%6%%6%6 % %% % % %6 %6 % %% % % %6 %6 %626 % % %6 %6 %626 %6 % % %6 %
% Initialize global variables

269626962 6% %6 %6 %6 %6 % %6 % %6 %6 %6 %6 %6 %6 %6 %6 %626 %6 %6 %6 %6 26 %6 96 %6 %6 %6 %6 26 %6 96 %696 %696 %696 %6 %6 %6 %696 %696 %6 %6 % %6 %

2696269626 %6%6%6%696%6 % %6 %6 %6 %66 %6 %6 % %6 %626 %6 %6 %6 %6 %% %6 %6 %6 %6 %

% Standard REMUS Hull Parameters

% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
tho = 1.03E+03; 9% Seawater Density [kg/m"3]

A_f = 2.85E-02; % Hull Frontal Area [m~2]

A_p = 2.26E-01, % Hull Projected Area (XZ-plane) [m~2]

S_w = T7.09E-01; 9% Hull Wetted Surface Area [m~2]

Vol = 3.15E-02; % Estimated Hull Volume [m™3]

W = 2.99E+02; 9% Measured Vehicle Weight [N]

B = 2.99E+02; 9% Measured.Vehicle Weight (horizontal) [N]

% B = 2.968E+02; % Measured Vehicle Weight (Pitch Up).  [N]

% B = 3.0577E+02; 9% Measured Vehicle Weight (Pitch down)-[N]

% B = 3.08E+02; 9% Measured Vehicle Buoyancy [N]

B_est = 3.17E+02; % Estimated Hull Buoyancy [N]

x_ch = 554E-03; 9% Estimated Long. Center of Buoyancy [m]

C_d = 3,00E-01; % REMUS Axial Drag Coeff. [n/al

C_dc = 1.10E+00; % Cylinder Cross—flow Drag Coeff. [n/al

c_yd = '1.20E+00; 9% Hoerner Body Lift Coeff, [n/a]

X_cp =-321E-01; % Center of Pressure [n/al

alpha = 359E-02; % Ellipsoid Added Mass Coeff. [n/al

% Center of Buoyancy w.r.t. Vehicle Nose

% ,,,,,,,,,,,,,,,,,,,,,,,,, N — S . r_
% xB = -6.11E-01; % Center of Buoyancy: X-dir [m]

% yB = 0.00E+00; % Center of Buoyancy: Y-dir [m]

% zB =4 0.00E+00; % Center.of Buoyancy: Z-dir [m]

% Center of Buoyancy w.r.t, Origin(CB)

% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
xB = 0.00E+00; 9% Center.of Buoyancy- X-dir [m]

vB = 0.00E+00; 9%Center of ‘Buoyaney: Y -dir [m]

zB = 0.00E+00; 9% Center-of Buoyancy: Z-dir [m]

% Center of Gravity w.r.t. Origin at CB

% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
xG = 0.00E+00; % Center of Gravity: X-dir [m]

vG = 0.00E+00; % Center of Gravity: Y-dir [m]

2G = 1.96E-02; % Center of Gravity: Z-dir [m]

% Moments of Inertia w.r.t. Origin at CB

% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Ixx = 1.77E-01; % Moment of Inertia [kg'm~2]

Iyy = 3.45E+00; % Moment of Inertia [kg'm~2]

1zz = 3.45E+00; 9% Moment of Inertia [kg-m™2]

% Non-linear Force Coefficients

% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Xuu = -3.90E+00; % Cross—flow Drag [kg/m]

Xudot = -9.30E-01; % Added Mass [kgl

Xwq = -355E+01; 9% Added Mass Cross—term [kg/rad]

Xaq = -1.93E+00; 9% Added Mass Cross-term [kg-m/rad]
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Xvr = 3.55E+01; % Added Mass Cross-term [kg/rad]

Xrr = -1.93E+00; 9% Added Mass Cross—term [kg-m/rad]
Xprop = 9.25E+00; % Propeller Thrust [N]

Yvv = -1.31E+03; % Cross—flow Drag [kg/m]

Yrr = 6.32E-01; % Cross—flow Drag [kg-m/rad™2]
Yuv = -2.86E+01,; % Body Lift Force and Fin Lift [kg/ml]
Yvdot = -355E+01; % Added Mass [kgl

Yrdot = 1.93E+00; % Added Mass [kg-m/rad]
Yur = 5.22E+00; 9% Added Mass Cross Term and Fin Lift [kg/rad]
Ywp = 3.55E+01; % Added Mass Cross-term [kg/rad]
Ypq = 1.93E+00; 9% Added Mass Cross-term [kg-m/rad]
YuudeltaR = 9.64E+00; % Fin Lift Force [kg/(m-rad)]
AR = -1.31E+02; % Cross—flow Drag [kg/m]
Zaq = -6.32E-01; % Cross—flow Drag [kg-m/rad™2]
Zuw = -2.86E+01; % Body Lift Force and Fin Lift [kg/m]
Zwdot = -355E+01; % Added Mass [kegl

Zqdot = -1.93E+00; % Added Mass [kg-m/rad]
Zuq = -5.22E+00; 9% Added Mass Cross-term and Fin Lift [kg/rad]
7vp = -3.55E+01; 9% Added Mass Cross-term [kg/rad]
7rp = 1.93E+00; % Added Mass-Cross-term [kg/rad]
ZuudeltaS = -9.64E+00; % Fin Lift Force [kg/(m-rad)]

% Non-linear Moment Coefficients

% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Kpp = -1.30E-01; 9% _Rolling Resistance [kg-m2/rad2]
Kpdot = -T.04E-02; 9% Added Mass [kg-m2/rad]
Kprop = -5.43E-01, % Propeller Torque [N-m]

Mww = 3.18E+00; % Cross—flow Drag [kgl

Maq = -1.88E+02; % Cross—flow Drag [kg-m~2/rad 2]
Muw = 240E+01; 9% Bodyand Fin Lift and Munk Moment [kgl

Mwdot = -1.93E+00; % Added Mass [kg-m]

Mqgdot = -4.88E+00; % Added Mass [kg-m2/rad]
Muq = -2.00E+00; % Added Mass Cross Term and Fin Lift [kg-m/rad]
Mvp = ~1.93E+00; 9% Added Mass Cross Term [kg-m/rad]
Mrp = 14.86E+00; % Added Mass Cross Term [kg'm’2/rad™2]
MuudeltaS = -6,15E+00; % Fin Lift Moment [kg/rad]

Nvv = -3.18E+00; 9. Cross—flow Drag kgl

Nrr = -9.40E+01; % Cross—flow Drag [kKg-m"2/rad"2]
Nuv = -2.40E+01; % Body and Fin Lift and Munk Moment [kgl

Nvdot = 1.93E+00; % Added Mass [kg:-m]

Nrdot = —4.88E+00; % “Added Mass [kg-m"2/rad]
Nur = -2.00E+00; 9% Added~Mass Cross Term and Fin-Lift [kg-m/rad]
Nwp = -1.93E+00; 9% Added Mass Cross Term [kg-m/rad]
Npq = —4.86E+00; 9% Added Mass Cross Term [kg-m~2/rad™2]
NuudeltaR = -6.15E+00; % Fin Lift Moment [kg/rad]

% Auxiliary variables

% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
delta_max = 1.36E+01; 9% Maximum Fin Angle [deg]

D2R = pi/180; % type conversion: deg to rad

R2D = 180/pi; % type conversion: rad to deg

% Inertia matrix

% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
m = 3.048E+01; % weight/G = 2.99E+2/9.81 [kg]

% mll = m - Xudot;

% ml5 = m#*zG;

% ml6 = —mxyG;

% m22 = m - Yvdot;

% m24 = -m*zG;

% m26 = m#*xG - Yrdot;
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m33 = m - Zwdot;

m34 = mxyG;

m35 = -m*xG - Zqdot;
md2 = -m#*zG;

m43 = mxyG;

m44 = Ixx - Kpdot;
mbl = m*zG;

mb3 = -m*xG - Mwdot;
mb5 = Iyy - Madot;
mb61 = —-mxyG;

m62 = m*xG - Nvdot;
m66 = Izz - Nrdot;

Inertia = zeros(6, 6);

Inertia(1, 1) = mll; Inertia(1, 5) = ml5; Inertia(1, 6) = ml6;
Inertia(2, 2) = m22; Inertia(2, 4) = m24; Inertia(2, 6) = m26;
Inertia(3, 3) = m33; Inertia(3, 4) = m34; Inertia(3, 5) = m35;
Inertia(4, 2) = m42; Inertia(4, 3) = m43; Inertia(4, 4) = m44;
Inertia(5, 1) = mb1; Inertia(5, 3) = mb3; Inertia(5, 5) = mb5;
Inertia(6, 1) = m61; Inertia(6, 2) = m62; Inertia(6, 6)-=.m66;
Minv = inv(Inertia);

XIS

X

¢ Inertia matrix by external code
Minv = zeros(6, 6);

Minv(1, 1) = 3.188077818202990e-02;
Minv(l, 3) = 6.733692984755734e-05;
Minv(1, 5) = -2.302015871161572e-03;
Minv(2, 2) = 1.560299856712500e-02;
Minv(2, 4) = B8.767726826187958¢-02;
Minv(2, 6) = 3.615100508349490e-03;
Minv(3, 1) = 6.733692984755734¢-05;
Minv(3, 3) = | 1.525966866733359¢-02;
Minv(3, 5) = +3.540382730917190e-03;
Minv(4, 2) = 3.767726826187958¢-02;
Minv(4, 4) = 4:133018195140634e+00;
Minv(4, 6) = 8.729547148310637¢-03;
Minv(5, 1) = -2.302015871161572e-03;
Minv(5, 3) = -3.540382730917190e-03;
Minv(5, 5) = 1.210333951222364e=01;
Minv(6, 2) = 3.615100508349490e-03;
Minv(6, 4) = 8.729547148310637e=03;
Minv(6, 6) = 1.208856115223427¢-01;

% Get and check state variables and control inputs
% Get state variables

% ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
u = x(1); v = x(2); w = x(3);
p = x(4); q = x(5); r = x(6);

phi = x(10); theta = x(11); psi = x(12);
U = sqrt(usu + vxv + wxw);

% Get control inputs

deltaS = ui(1); deltaR = ui(2);
% Trigonometric functions:
cPhi = cos(phi);

cThe = cos(theta);

cPsi = cos(psi);
sPhi = sin(phi);
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sThe = sin(theta);
sPsi = sin(psi);
tThe = tan(theta);

% Check control inputs (useful later)

if deltaS > delta_max*D2R
deltaS = sign(deltaS)+*delta_max*D2R;
end

if deltaR > delta_max*D2R
deltaR = sign(deltaR)+*delta_max*D2R;
end

% Hydrostatic forces:

% T. Prestero

Xhs = ~(W-B)*sThe;

Yhs = (W-B)x*sPhixcThe;

Zhs = (W-B)*cPhi*cThe;

Khs = (yGxW-yB*B)*cPhi*cThe. = (zG¥*W-zB*B)*sPhi*cThe; 9 “eorrection by gnjo

Mhs = -(zG*W-zB*B)*sThe - (xG*W-xB*B)*cPhi*cThe;

Nhs = (xG¥*W-xB#B)*sPhi*cThe + (yG¥*W-=yB*B)*sThe; 9% correction-by gnjo

% Khs = -~ (yG¥xW-yB#B)*cPhi*cThe = (zG*W-zB*B)*sPhi*cThe; % in thesis ==> incorrect
% Nhs = -~ (xG¥*W-xB#B)*sPhi*cThe - (yGxW-yB*B)*sThe; 9-in thesis ==> incorrect

% Static propeller Thrust:

9% under 1500 RPM at sea water, the thrust matches the vehicle axial drag ==> 154 m/s

% ,,,,,,,,,,,,,,,,,,,,,,,,, — s 5 T ¥ __
% Xpropl = ~Xuuxukabs(u) = -2.37*Xuuy;

% Static propeller Torque:

9% under 1500 RPM at sea water, the torque matches the static roll moment. (-5.3 deg)

% ,,,,,,,,,,,,,,,,,,,,,,,,, i, . S e = _Jg
% Kprop = 0.995%(yG*W -~ yB*B) —0.093%(zG*W - zB*B);

% Khs = -Kprop;

% Set total forces from equations of motion

X = Xhs + Xuuru*abs(u) ++(Xwq m)iw#q ++(Xqg + m#xGlaa*q. + (Xvrtm)svsr ..
+ (Xrr + m*xG)rrsr - mryGap*q = mEzGrpsr + Xprop;

% corrected by gnjo

Y = Yhs + Yvv#vxabs(v) + Yrrsrxabs(r) + Yuv+u*v + (Ywptrm)*w*p + (Yur-m)*u*r ..
= (m*zGQ)*q*r + (Ypq - m*xG)*p*q + m*yG*(r+r + p*p) + YuudeltaR+u*u*deltaR;

% incorrect in thesis

% Y = Yhs + Yvv#v*abs(v) + Yrrsrxabs(r) + Yuvsuxv + (Ywp+tm)*w*p +...

% (Yur-m)#usr - (m*zG)*q*r + (Ypq - m#*xG)*p*q + YuudeltaR*u*u*deltaR;

% corrected by gnjo

7 = 7Zhs + Zwwxw#*abs(w) + Zqg*q*abs(q)+ Zuwxuxw + (Zugtm)*u*q + (Zvp-m)*v*p + ...
(m*zG)*p*p + (m*zG)*q*q + (Zrp — m*xG)*r+p — mxyGrrxq + ZuudeltaS*uxu*deltaS;

% incorrect in thesis

% 7 = Zhs + Zww*w*abs(w) + Zuw*uxw + (Zug+tm)*uxq + (Zvp—m)*vs*p +..

% (m#*zG)*p*p + (m*zG)*q*q + (Zrp - m*xG)*r+p + ZuudeltaS*uxu*deltaS;

K = Khs + Kpp*p*abs(p) - (Izz-Iyy)*qgsr - (m*zG)*w*p + (m*zG)*uxr ...
+ mxyGxuxq - mxyG*v*p + Kprop;

M = Mhs + Mww*w*abs(w) + Mqgg*qg*abs(q) + (Mrp - (Ixx-Izz))*r*p + (m*zG)*v*r ...
- (m*zGQ)*wrq + Muq - m*xG)*uxq + Muwsusw + (Mvp + m*xG)*v#p ...
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+ MuudeltaS*u*u*deltaS;

% corrected by gnjo
N = Nhs + Nvv#v#abs(v) + Nrrsr#abs(r) + Nuv*su*v + (Npq - (Iyy-Ixx))*p*q ...
+ (Nwp + m#xG)*w#p + (Nur - m#xG)*u*r — m*yG#v#r + mxyG+w*q + NuudeltaR*u*u*deltaR;
% incorrect in thesis
9% N = Nhs + Nvv#vabs(v) + Nrrsr+abs(r) + Nuv+u*v + (Npq - (Iyy-Ixx))*p*q ...
% + (Nwp - m*xG)*w*p + (Nur + m*xG)*u*r + NuudeltaR*u*uxdeltaR;

forces = [X Y Z K M NJ;
xDot = ...
[Minv(1,1)*X + Minv(1,3)*Z + Minv(1,5)*M;
+ Minv(2,2)*Y + Minv(2,4)*K + Minv(2,6)*N;
Minv(3,1)*X + Minv(3,3)*Z + Minv(3,5)*M;
+ Minv(4,2)*Y + Minv(4,4)*K + Minv(4,6)*N;
Minv(5,1)*X + Minv(5,3)*Z + Minv(5,5)*M;
+ Minv(6,2)*Y + Minv(6,4)*K + Minv(6,6)*N;
cPsixcThexu + (cPsi*sThe*sPhi -~ sPsixcPhi)xv + (sPsi*sPhi + cPsi*cPhixsThe)*w;
sPsixcThe*u + (cPhi*cPsi + sPhi*sThe*sPsi)*v + (cPhi*sThe*sPsi - cPsi*sPhi)xw;

—-sThexu + cThe*sPhixv + cPhi*cThe*w;
P + sPhi*tThe*q + cPhi*tThes*r;
cPhixq — sPhix*r;
(sPhi/cThe)*q + (cPhi/cThe)#r];
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