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Introduction

What is AUV Modelling?

 Mathematical Equation of Motion computing the robot position, velocity and
acceleration given a control input (thruster velocity f.i.)
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What is it needed for?

e Simulation: It allows to e Control: It allows to use control
simulate the behaviour of methods that account for the
the robot in a computer robot dynamics
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Fig. 8.22. Block scheme of joint space inverse dynamics control
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Reference frames

>N

Fig. 1.2. Reference frames: NED (N —frame) and body-fixed (B—f rame))
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AUV Kinematics of Position

e 71 =[xy 2|7 € R3: vehicle position in the N-frame.

e 1y = [¢ 0 ¢]T € R3: vehicle RPY attitude.

o n=[ni 1" =[xy 2z ¢0Y]T: vehicle pose in N-frame.
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AUV Kinematics: 6DOF Pose

) N
T(n) _Rufi)  Ry(6 Kp(n)
r "\ r L) 1 [ | .
1 0 0 = Cypy  —Sy 0 0 Cg 0 83 0 0 0 CopCo Cop 8 89 — Cp S Sp Sop T CoCyp Sg &
NKgm)y=[ 0 1 0 y |l 56 cu 00 0 o *Sﬁb 0 CoSy CyCy + 845y 80 CpSySp—CySy Y
0 0 1 0 0 1 0 —.99 0 c.g O 0 5@ 0 —sp Co g Co Ca z
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How to represent the AUV pose?

Homogeneous Matrix

Vicat = [ TG A

Pose Vector

n=[xyzeob ¢’
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AUV Kinematics of Velocity

\ . _N .
/éé =" e v L = Ju(n)v
74 - Jug Y
I 72 (m2) - v2 |
AV

?) Where
N
J (77) L RB (772) 03)(3
,U —
O3x3  Juy(12)
{N} - >
X

e v; = [uv w]" € R3: linear velocity in the B-frame.

o v, = [p g 7]t € R3: angular velocity in the B-frame.

o v=[vi vl =[uvwpqr]’: velocitiy in B-frame.

e =" 1o 1T =iy 2 ¢ 6 |T: vehicle pose derivative in N-frame.
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AUV Kinematics of Velocity

t2 = Ju,(n2) - v2
How can we compute .J,, (13)?

y
X ; X B ¢ 2 0 1r 0
g vo=| 0 |+RT | 0 | +(RoyRsx)T | O | =
y {1} \i/x Yaw-Rot(z, ) 0 BR' , 0 B}:{ 1 I ) ]
é - : ¢ - SG/QL ) 1 0 — S0 i qb i
| . PItCh-ROt(y;e) C¢Q '_|_ qucgw. — 0 CG S¢CQ 9 —
7 qg —540 + cpcot) 0 —s¢ cpco KN
Roll-Rot(x, D) = Ju, (7']2 ) —1 772
y
B} 2 1 singtanf cos¢tant
Ju,(m2) =10 COS ¢ —sin ¢
O S.IIIQS M
cos 6 cos 6
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AUV Kinematics Summary

NR
G| VEp(n) = [ OB(UQ) "
R 1x3
@)
a- NRB (772) =R,y Ryo- Rz
4:? 77 — J’U (U)V
(@
0o NRp(n2)  03x3 ]
> () [ O3%3 Juy (12)

e n=[nl" """ =[xy z¢ 0" vehicle pose in N-frame.

e v=[v{ vI]" =[uvwpqr]’: velocitiy in B-frame.

o =i T = [z 4 2 ¢ 0 )T vehicle pose derivative in N-frame.
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Rigid Body Dynamics

B = pgu

B ‘_‘\

e 1o Gravity center

e rp Buoyancy center

X o W Weighty

e B Buoyancy

T Propeller Thrust

Q Propeller Torque

Damping (Skin Friction)

Newton Euler

Z n

"+ Propulsion .

*  Control Surfaces Z fi =mp
* Restoring Forces (Gravity & Buoyancy) 1

Forces 4 + Hydrodynamic Forces " '

* Added Mass Z T = lw

* Friction 1
. * Environmental (Currents)
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Rigid Body Dynamics

Equations of Motion
Lineal motion [Newton 2nd’s Law]:

T =M agc, =M (VNB, X UNB, +UNB, +VNB, X (VNB, XTC)+UNB, X TC)

Angular motion [Euler Rotation Equation]:
TB, =M T¢ X (UNB, T VNB, X UNB,) + " I - UNB, +UNB, X " I - UNB,
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Rigid Body Dynamics

Equations of Motion
Lineal motion [Newton 2nd’s Law]:

T =m-agg, =m(VNB, XUNB, +UNB, + = O3x3 )+ 03x3

Angular motion [Euler Rotation Equation]:

Ny _ = N
TBy = O3y 3 +"Ip -UNB, + VNB, X " IB - UNB,

Chosing {B} in the gravity center r=0
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. .
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Rigid Body Dynamics

Equations of Motion .
Lineal motion [Newton 2nd’s Law]:
n=m-agc, =M (UNBQ XVUNB, TVUNB, | _ Newton-Euler Equations of Motion

Angular motion [Euler Rotation Equation]: With rc=0

_ N . N
™8, =" Ip-UNB, +UNB, X IB-UNB,
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Rigid Body Dynamics

Equations of Motion
Lineal motion [Newton 2nd’s Law]:

T =M-Ggc, =M (VUNB, X UNB, +UNB, |
\_'_I
Linear
Acceleration

— .
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Rigid Body Dynamics

Equations of Motion

Lineal motion [Newton 2nd’s Law]: .
T =M GEC, =M (VNB, X UNB, +UNB, |
i

Coriolis
Acceleration

Alinein{l} - A Curve in {E
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Rigid Body Dynamics

Equations of Motion .
Lineal motion [Newton 2nd’s Law]:
n=m-agc, =M (VNBQ XVUNB, TVUNB, | _ Newton-Euler Equations of Motion

Angular motion [Euler Rotation Equation]: With rc=0

N7 - N
TBy ="Ig -UnB, +UNB, X IB -UNB,
J \ J

Angular
Acceleration

p—— .
TAL miversity of Universitat TECNICO
Zagreb - de Girona LISBOA
[——

garum i TECH

Marine Systems & Robotics — Unit 02: AUV Modelling



Rigid Body Dynamics

Equations of Motion .
Lineal motion [Newton 2nd’s Law]:
n=m-agc, =M (VNBQ XVUNB, TVUNB, | _ Newton-Euler Equations of Motion
With r=0

Angular motion [Euler Rotation Equation]:
—_— N . N
TBy — IB *UNBy, T UNB, X IB "UNB,
\ J

Gyroscopic
Precession
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Rigid Body Dynamics

Equations of Motion
Linear motion [Newton 2nd’s Law]; .
Ty =M QEC, = M\VNBy X VUNB, T UNB, |

Angulaerqotion [Euler Rotatjer Equation]:
7B, - UNB, + VNB, ><' VUNB,

Matrix Equations of Motion

{ T1 ] _ [ ml3zxz 03x3 ] [ UNB, } N [ O3x3 —m[ynB,]x ] [ UNB, ]
To O3x3 NIp UNB, O3x3 —[NIgunB,]x VNB,

Can be expressed as: Tpp = MgV + Cre(V)v

where  Mgp = [ My M } — [ mlsxs  —milrclx
My, My, mlre]x NIg

r=zy2” 0 —z —bz + yc
=rxv=I[rxv= z 0 = za — xc
v=1[abc”
-y —ya + xb
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Inertia

T-ensQtial tensor describes the mass distribution of the body

Rigid Body Dynamics

o]
Ip=— | ml5 -p-dv=— z 0 —xf -p-dv
"o = ln J |

o o

0
y2_|_2,2 _Iy —xz
—] —yr 2?4z —yz | -p-dv
v —zr —2y x? + y2
AP D — e —[meged
= _\[’Uy:‘n‘p'dv fv(x2+22).p-dv _f’UyZ.p.dU
| —fozepedv = [ayepedo [ (@ +y?)p-du
-Ixx Ixy Ixz-l
= (Lyw Iyy I:UZJ
_[z:(; Izy Izz
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Rigid Body Dynamics

Inertia

Tensotial products involving an axis
orthogonal to a symmetry plane are 0

>
I TxT I Ty I Tz X
I= Iy 1y, Iy
_I Zx I 2y I zZZ |
v
Z
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Rigid Body Dynamics

Inertia

Tensotial products involving an axis
orthogonal to a symmetry plane are 0
* XZSymmetry S yIX2= I =1,=1,=1,=0
* XY Symmetry = zIlXY = |, —I —/ Iy 0
* YZSymmetry = x1lYZ= |, =I =Il,=1,=0

B -] | B - Y .
Lo Bg Ing
I= | 1, g
e Le
Y
* 2 planes of symmetry means I is diagonal:
v
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Hydrodynamic Forces

Added Mass Forces

Pressure-induced forces required to accelerate a certain amount of surrounding
water moving with the vehicle. Opposes to the vehicle motion. They depend on the
vehicle shape.

X
- TAL Universitat @ TECNICO
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Hydrodynamic Forces

Added Mass Forces

Pressure-induced forces required to accelerate a certain amount of surrounding
water moving with the vehicle. Opposes to the vehicle motion. They depend on the
vehicle shape.

Xo Xo X Xp Xy Xp U 0 0 0 0 —az3 as U
Xiv Y’v Y:u'j Yp Yq }/r U 0 0 0 as 0 —a v
o= Xw Yw Zw Zf} Z@ Z;.n w i 0 0 0 ) al 0 w
@ ij Yp sz I(p Kq K,‘» p 0 —das a9 0 —bg b2 P
Xq'. qu Zq K@ ]\/fq ﬂ/[?'« q as 0 —a] b3 0 —b1 q
i X-f- Y,'n ZT KT ﬂj,« N?« 1L 7 | | a2 a7 0 *bg bl 0 1L T ~
a1 = Xgu + Xpv + Xyw + Xpp + Xgq + Xir
ax = Xpu+ Yyv +Yyw + Ypp + Yeq + Yer
Where: ag = X,d,u -+ Y@’U -+ Zﬁ,w -+ Z}')p —+ Zq:.q -} Z,,:?" MA _ |: A]_l A12 :|
by = Xpu+ Ypu + Zpw + Kpyp + Kgq + Kir A2 Az

by = X@U -+ Yq',’U + Zq’w -+ K[jp -+ qu + Mpr
bs = Xpu+ Yo+ Zow+ Kip+ Mg + Npr

p—— .
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Hydrodynamic Forces

Added Mass Forces

Pressure-induced forces required to accelerate a certain amount of surrounding
water moving with the vehicle. Opposes to the vehicle motion. They depend on the
vehicle shape.

Can be written using a matrix equation:

TA = MAI)—I—CA(V)V

Where:
My — Apn Ap ] Oy = O3x3 —[An11 + Ajarg]x
A1 A |7 —[Anv + Aowa|x  —[Anivn + Asava|x
A common simplification is to consider M, Diagonal
MA — D’L(Lg{Xu YQ‘, Zw Kp Mq Nf,«}
varum Do TEEH meer e QTS
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Hydrodynamic Forces

Added Mass Forces
My = Diag{X, Yy Zy Ky My Ny}

Cxq)

X, =— m.
| 2 — oy
B )
2 — g
ZH'J =0
1 bﬁ — LY zZ
I{-.i} —_ _A/_’[q —— _F - ( : ) ( 0 /3“) "
52(b7 —a?) + (b* + a®) (o — o)
4 .
m = 371'0,[)2
)
) h 2
C}u - ] N (_)
a
2(1 C“)) 1/ 1 | ¢
(vg = ——— { =In
’ ¢? 2 1—-c¢
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Hydrodynamic Forces

Restoring Forces

Forces acting on the submerged body trying to bring it to an equilibrium point:

Gravity
Fordér,, =m-g
B N
g R(n)n -rc x N1y,
Buoyancy Force
N
To, — —9gpu
B N
=| g b
RN -re x V1,
varum D {BEH R | R
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Hydrodynamic Forces

Damping Forces

Skin Friction: Linear Friction due to the laminar boundary layer.
Form Drag: Quadratic non-linear friction due to the turbulent boundary layer.

Shape and flow | Form | Skin

Drag | friction Can be written using a matrix equation:
————— |0% |100% T T T | |
— ‘TD — TDV 1 74 TDuIvl vV-\V
—— | ~10% | ~90%
B Where:
S [ ~890% | ~10%
:f?x" cf':ff.
:h:i\\ ___-.:_%5:_;:' TDV — d@@g{XU YfU Zw Kp Mq Nfr}
f;:_?ffd L .
— | D11 = diag{ Xuju| Yolo| Zuwjw| Kplp| Mylq| Nrjr|}
/ | 100% | 0%
—re
—\3)
T iversi TECNICO
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Propulsion

Thruster Forces

When the propeller rotates at n [rev/s] it exerts a thrust T and a torque Q.

ulm/s  Surge speed
nl[rev/s Propeller angular speed

TIN Thrust
Q[Nm| Torqu
Ty Efficiency

Va|m/s| Advance Speed (fluid velocity at
the propeller when it is at rest)

J = —— Advance Ratio. Distance travelled
in one propeller revolution

—— .
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Propulsion

Thruster Forces

When the propeller rotates at n [rev/s] it exerts a thrust T and a torque Q.

T = pD*Kr(J)n|n ‘_ o s .L
* K;is = linearin n /—\\ -
b K =a1J+ ao o7 //
08 / \ 05
* So T becomes . /
V 04 1'-""*- - / o
4 "
T = pD*(a —ng + ao)n|n| — P
~I &g
4 H—.“"h a0z
= pD*agnln| + pDounlVy = AT
* Obtaining a bilinear model 0 Ll
. .2 04 06 :5‘/0 1 12 14 16
T = Topmn|n| = Tinpv, 7| Va -2
4
Tn|n| — pD 2
3
CZ_'|'n,|VaL = pD 83|
e fver TECNICO
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Propulsion

Thruster Forces

When the propeller rotates at n [rev/s] it exerts a thrust T and a torque Q.

Q= pD°K o(J)n|n| : o s
’ j(Q is = linear in /77?/_\\ )
Kq = p1d + 52 . 4 \
* Obtaining a bilinear model / \
Q = Quinimlnl = Qi nlVe =1/
1 d e Ko
Qnin| = pD~ B2 4 ~ 2 .
Qpniv, = pD°B m R s
[n|Va 1 0 | | \\\::L
j=x
varum D {BEH Sisgors ‘é‘fgﬁ,ﬁ? Q) T
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Propulsion

Thruster Forces

When the propeller rotates at n [rev/s] it exerts a thrust T and a torque Q.

: : T
* Resultant Force Unitary vector in the T1 //,J\ 2

Thrust direction

m m ) 4 ‘\
T = E Tmiy, = Y 0T )
1 1
m m
Ty = Ti ¥ Tm;, +Tm,, = E r; X JTiT?: ""SQ,;Qz‘
1 'y 1
Force application
point _
™| _ or, ér, ...  Ir, Osx1 Osx1 ... O3x1 | | T
p) r X 5T1 9 X 6{1‘!2 vee Typ X 5Tm 5Q1 5Q2 Ce 5Qm Ql
L ] Q2
' .
Thruster Configuration Matrix
- Q :
Fitversityof niversitat TECNICO
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Environmental Forces

Ocean currents

* A common approach considers only irrotational currents constant in the N-Frame:

Nve = M, Mo, Mw, 00 0]F

* They can be referenced to the B-Frame:

N
ve = J(n)" ve.
* Now we can define the fluid relative velocity:
Vtr — V - Vc.

pdrum ‘:,Hmwmmx }%é%i*l
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The Model

Hydrodynamic Model

The complete model includes the rigid body dynamics as well as the hydrodynamics

T = Mpgi + Crp(v)v + Mav + Ca(v)v + Dyv + D,y (v)v + G(n)

¢ J J \ ] \ j

Y Y Y Y
Force Rigid Body Dynamics Hydrodynamics Restoring
Torqu Forces
e

N - TECNICO
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The Model

Hydrodynamic Model

The complete model includes the rigid body dynamics as well as the hydrodynamics

T = Mpgi + Crp(v)v + Mav + Ca(v)v + Dyv + D,y (v)v + G(n)
:IMRQMA C ;CRB ‘|‘6A DgDu {Dv|v|

A~

MV + C(V)V + D(V)V + G(’I]) = Tthr T Tfins + Text

* Taking into account the currents

My, + C(V"')VT T D(V‘r) = Tthr T Tfins T Text
parum J it ;‘E\EH A A eom Q) T
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The Model

e The B-Frame is located at the gravity center (r¢ = 0).

Common e The products of inertia are negligible so I = diag{l;s, 1y, 1..}. This
. . e . happens when the vehicle has 3 planes of symmetry.
Simplifications
e The added mass matrix and the damping matrices can be considered di-
L agonal.
X m 0 O 0 0 0] X, 0 0 0 0 0 it
Y 0 m O 0 0 ( 0 Y, 0 0 0 0 1
A 0 0 m 0 0 0 0 0 %, 0 0 0 !
K 0 0 0 I 0 0 | 0o o 0 K, 0 0 P
W 0 0 6 0 1, O O 0 0 0 M 0 g
N 0 a0 6 0 0 I, 4] ( 0 0 0 N 7
[0 o 0 0 i —ma 0 0 0 0 —Zaw Yeu N [ ou ]
0o o 0 — 0 U 0 (} 0 L 0 —X,u U
0 o 0 T — 1 0 0 ( 0 Y. Xpu 0 u
+ 0 mwe —ma 0 I.r  —Lg 0 —Zpw Yew 0 —Ner Myg il
0o 0 0 —I..r 0 Fexp Zp (} —Xau  Npr 0 —Kyp i
i 0 ¢ 0 Tyyg  —Ioop 0 Y Xau 0 —Myg  Kpp 0 ] s
(X, ¢ 0 0 0 0 " [ X gl ) 0 0 0 0 IN T ]
0 Y., 0 0 0 0 0 Vi ult] 0 0 0 0 v
n ( 0 Z, 0 0 ( i 0] 0 Z‘,u_.|.,,'.‘11‘.“ ( 0 0 u
0 0 0 K 0 0 0 0 ] K |piple 0 0 P
0 0 0] 0 M, 0 0 0 0 (1 ﬂ-if‘q|q|q\ 0 17}
0 0 0 0 0 A 0 D 0 0 0 Nlrl [/ ] 7]
i (W — B)sin{d) i
—(W — Bleos{f)sin{¢)
—(W — Bloos(8)cos( o)
+ Biypcos(Beos(dy  Bzpeos(B)sin(ao)
—DBapsin(0) — Brycos(B)eos(d)
Bypsin{#) + Bryeos(B)sin(o)

(1)

p—— .
S TAL University of Univgrsitat TECNICO
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Model Identification

* How do we estimate the 27 parameters of the model?

T X ] 00 0 0 0] ’ 0 T\ T i
Y m O 0 0 0 ‘ 0 1
Z 0 0 wm 0 0 ’ 0 !
K|l 7] o o o @ 0 |- (1 ‘ 0 B
M 0 0 0 5 0 b i ]
| v 00 00 @ 0 _ P
( [0 0 0 0 Th —ma | 0 0 0 — L Yo
0 0 0 —rnaw 0 T 0 0 0 Z 0 X, u
0 0 0 L — 1T 0 0 0 0 Y. Xu 0
+ 0 wmw —mu 0 I —1I,q 0 —Zyqw Y 0 —Npr Mg
0 0 0 —I.r 0 Lowp AT (] —Xsn  Npr 0 —Kyp
K 0 0 0 Iy —Loap 0 —Y v Xan 0 —Mya  Kyp 0 ]

( in(6)
— (W= B)cos(f)sin{d)
— (W — B)cos{@os(@)

(¢)
T , s(R)cos(d) '& )E )sin(@)

=DBz,sin(f) — dPps(0)cos(d)
Bypsin(t) + 0s(#)sin(p)
TAL vers
I L niversity of Univgrsitat
rum Vit TECH i de Giroms
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Model Identification

* Let us consider the surge equation of motion:

X + x - (Xu+Xu|u||u‘)u+Tp = (m—Xﬁ)?l+ x
[ | Y J \ Y J
Thruster Buoyancy Skin Friction Perturbation
Florces & gravity )

Resultant Force in x
e If Neutrally Buoyant = W=B

* |f the robot performs and a single DOF uncoupled motion = B=W & w=g=v=r=0

X — (Xu + Xu|u[ \u\)u + 7 = (m — Xu)u

, X X, Xoful ] Ty
u = — U— ——u+ ——.
m — X?'J, m — Xfl'L m — X?'l, m — X?'J,
L J L J L J L J
v || || ||
611 Oy Bu Yu
* In general, this holds for any DOF i:
U = i + Bivilvi| + v + 0
parum J i, ;EEH R £ ) o e
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Model Identification - URIS UUV

* Anuncoupled experiment is run exciting a single DOF j, so the equation of motion is:
U = v + Bivilvi| + 7T + 0
* The force position and velocity times series are measured, being used in the following
equation which is linear in the set of model parameters

i'./3'1 Vi, V'illy’il‘ Tiy T o €4
Vi, Vi ViolVis| Ty M2 |, | o
: : : : Vi
i./'iN Vin  Viy |ViN‘ Tin 1IN 0; Cin
L T '] | | T J 1 ¥ '} L J
vV - H OLS .|. é

* The parameters are estimated through Least-Squares algorithm
OLs = (HTH)"'HTy
Prs = (HTH)™!

.ﬁ\ =
IAL University of Universitat TECNICO
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Model Identification - URIS UUV

Measured speed vs Simulated integral
T

0.3 T

speed vs Simulated direct speed [m/s]

— Measured speed
==+« Simulated with integral method
0.2 Simulated with direct method

Table 1: Identification results for the surge experiment
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Measured position vs Simulated position (Integral model) vs Simulated position (Direct model)[m]
25

T T T T T
—— Measured position | !
2F| seeer Simulated with integral method 1
is Simulated with direct method
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parum

Experiment, o ¥i &, J;
1 6, 0.4147  0.0236 —0.0010 1.8432 —4
oy 0.0025  0.0001  0.0002
2 0> 04790 0.0321 —0.0000 2.5973¢ — 4
oy 0.0022  0.0001  0.0002
3 @y 05153 0.0295  0.0014 24150 — 4
oz 0.0021  0.0001  0.0002
Mean 6, 04697 00284 —0.0028 2.28517¢ — 4
o, 0.00227  0.0001  0.0002
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Model Identification - URIS UUV

Measured speed vs Simulated integral speed vs Simulated direct speed [rad/s]

051

—— Measured speed
-+==+ Simulated with integral model

Simulated with direct model

-0.5

2 4 6 8 10 12 14 16 18
Time (s)

Measured position vs Simulated position (Integral model) vs Simulated position (Direct model) [rad)
6 T T

4k

2f-

parum

T T T T T
—— Measured position ! ! | H
----- Simulated with integral model | !

Simulated with direct model
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Table 1: Identification results for the yaw experiment

Experiment oy Vi d; Ji
1 0, 1.3755 0.7564 —0.0064 9.7534e — 4
a1 0.0052  0.0026  0.0010
2 6, 1.1785 0.4549 —0.1069 0.0033
gy 0.0082  0.0021  0.0035
3 65 1.1279 0.4936  0.2892 0.0032
oy 0.0109  0.0036  0.0041
4 O, 17541 05038 —0.9643 0.0082
oy 0.0216  0.0058  0.0084
Mean 8, 13590 0.5522 —0.2946 0.0039
o, 0.0114 0.0035  0.0043
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Model Identification - URIS UUV

, : , ! .' ! : ! T Table 1: Identification results for the pitch experiment
el L L L L L P L s Experiment o Vi Ji
' ! / i ] s 3 e 1 01 05783 1.2121 0.3260e — 4
O mmommam et NN 2Ny ' oy 0.0027  0.0017
oS Vemrmrs ‘eed PERT e ; | : 2 6, 0.6122 1.0417 6.7892e — 4
] e Simulated w?th integral model | ; ‘ : oo 0.0039 0.0024
Simulated with direct model N | N . | i o
= - - - - 3 03 0.7092 1.4555 9.0143¢ — 4
N . _ Time(s) . - oz 0.0037  0.0026
M19asured Posutlon :IS Slmul}ated Wlﬂ;‘l |ntegrapl model I\.rs Slmullated wrtt\ direct rlnodel [rad] Mean 9“ 0.6332 1.2364 8.3765¢ — 4
; ; i ; ; : | | g o, 0.0034  0.0022
L I R M N R B PN pone 7N
0————/L T ””” ””” N
-05H — Mt;asured pc;siﬁnn .
----- Simulated with integral model '
Simulated with direct model : ; : | i ;
"o 2 2 6 8 10 12 14 16 18 20

Time (s)
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Model Identification - URIS UUV

Table 1: -URIS UUV hydrodynamical model coefficients

Buovancy & Weight Thruster

W 294.1995 [NV] Tn‘n‘,‘_f 0.0000143 | [N/rpm?|
B 5 [N] T, | 0-0000148 [N /rpn?]
Zh 0.0 [mn)] Tafnl», | 00000129 (N /rpm?]
i 0.0 [mn] Tafal,, | 0.0000125 N /rpm?]
Zh -0.03 [mn]

Mass & Inertia Added Mass & Inertia
m 30 [kg] X, 5.2112 kgl

Y == X, (kg
Z = X, kyg]

I,. 0.3468 [kgm?] K, ~ M, (kgm?]
I, 0.3468 [kgm?] M, 0.46200 kgm?)
I.. 0).3468 [kgm?] N 1.46414 [kym?]

Lineal Damping Quadratic Damping
X, | 165387 | 2] | X, 0 (X
Y| omXe | ] Yo 0 ]
Z ~ X, (23] Zg 0 (&)
K, | 051213 | 2] | Ky 0 (]
M, = N, H\T] Mg U [f:n\;}
N, | 246106 | [ N, 0 124

Control Actuators
Thruster Position Thruster Direction
r | [0 =X 0T | [n] Sy 1oy’ *
= [0 X U][ [m} JTR [1 0 D]I *
re | (X007 [m)] ér, |00 —1]" *
mo| X 00T m] 5, 0o —1% *
- TECNI
rum \7 ncoss ;EEH e %Iélggggt W LiSB08
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