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Marine craft modeling




e Thor Fossen’s books

— Handbook of Marine Craft Hydrodynamics and Motion
Control

— Guidance and Control of Ocean Vehicles
e J. N. Newman, Marine Hydrodynamics

e S.F. Hoerner : Fluid Dynamic Drag (1965), Fluid
Dynamic Lift (1992)

e Courses

— MIT OCW 2.154/13.49 - Maneuvering and control of
surface and underwater vehicles

e Some useful Matlab Toolboxes
— Marine Systems Simulator (MSS) (www.marinecontrol.org)
— Robotics and Machine Vision Toolboxes (www.petercorke.com)
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Marine craft

e Ships, floating rigs, submarines, ROVS,

AUVS, etc

e Hydrodynamics determined by Froude Fn -— L
number V&L
— Hydrostatic pressure (buoyancy)
— Hydrodynamic pressure (drag, lift) U- vehicle speed

g- gravity acceleration

L- vehicle lenght
e At constant speed U ©

— Displacement vessels (Fn<0.4)
— Semi-displacement vessel (0.4 < Fn <1.0)
— Planning vessel (Fn>1.0)

[1] Faltinsen, O.M., “Hydrodynamic of High-Speed Marine Vehicles” Cambridge University Press, 2005
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Naval architecture classical

models

e Maneuvering theory
— Constant speed in calm water

— Hydrodynamic coefficients frequency
iIndependent (no wave excitation)

— Hydrodynamic forces usually represented by
Taylor expansion (hydrodynamic coefficients)

o Seakeeping theory

— Hydrodynamic coefficients, wave forces
computed as function of wave excitation
frequency (using hull geometry and mass
distribution)
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Model usage

e Simulation
— Accurate description
— Usually full 6DOF
— For simulation and control validation

o Control design
— Simplified models (linearized, etc)
— Decoupled motion models
— Possibly fewer DOFs

e Observer design
— Modeling sensor and navigation dynamics

— Disturbance modeling and estimation (wave, wind, currents often modeled
as colored noise)
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DOFs

e 1DOF
— Design of forward speed controllers, heading controllers or roll damping controllers

e 3DOF
— Horizontal plane models (surge, sway and yaw) for positioning and path following
— Longitudinal models (surge, heave and pitch) for vertical motion control
— Lateral models (sway, roll and yaw) for turning and heading control (mainly for ships)

e 4DOF

— (surge, sway, roll and yaw) added roll to
horizontal model for roll stabilization
maneuvers

« 6DOF iy

— Full 6 DOF motion used for simulation and
advanced control actuated in all degrees

7 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Earth centered reference frames

o ECI — Earth centered inertial
— Inertial frame non accelerating
— Newton laws apply
— Does not rotate with Earth

e ECEF — Earth centered Earth fixed

— Origin fixed in Earth center

— Axes rotating with Earth rotation (relatively to
ECI (at rate 7.2921x10-5 rad/s)

8 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Geographic reference frames

e NED — North-East-Down
— Relative to Earth reference ellipsoid (WGS-84)

— Defined as tangent plane o surface moving with vehicle - for local
navigation (approx. constant lat. lon.) can be considered fixed
on surface

9 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Reference frames

Zi, Ze Yb
Xb Body ;
7
Y 4
P 4
7/

o ECI{i}—-Earth Centered
Inertial (fixed in space)

o ECEF {e} — Earth Centered
Earth Fixed —(rotating with ang.
vel we)

e NED {n}- North-East-Down
(local)

e ENU — East-North-Up (local)

o BODY {b} - Body fixed

10 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Maneuvering reference frames

o Considering motion of marine vehicles, 2 reference frames are
usually used for 6DOF maneuvering models:

— {n} Local inertial NED frame — navigation or world frame, for local
motion can be considered as fixed at the surface (flat earth
navigation) and inertial (neglecting earth accel.), defines a tangent
plane to surface with axes pointing North, East and Down

— {b} Body frame — fixed with the vehicle and aligned with the vehicle
principal symmetry axis, (body velocities usually expressed in this
frame)

11 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Reference frames

l Body Fixed
& S ht
o v lb -

v (sway) |
Earth fixed
North
'.\‘ﬂ
Down " Z,
Notation from SNAME [1] Fprces and Bovdy-f‘l.xed Inertial POlSItl()ll
Moments Velocities  and Euler Angles
motions in the x-direction (surge) X u X
motions in the y-direction (sway) Y v y
motions in the z-direction (heave) y/ W z
rotation about the x-axis (roll) K p 0]
rotation about the y-axis (pitch) M q 0
rotation about the z-axis (yaw) N r %

[1] “Nomenclature for Treating the Motion of a Submerged Body Through a Fluid” The Society of Naval Architects and Marine Engineers,
Technical and Research Bulletin No.1--5, April 1950, pp.1--15
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Course and sideslip

e Horizontal motion, course and sideslip angles

b
- n X
Heading: X
North A hé
Course angle: X /// Ar \\Ur i Vehicle velocity

relative to water

Sideslip angle: 3, = al"CSin(E—’")

Water current velocity

Crab angle: ,8

Vehicle velocity:  [] = /42 + v2

Vehicle velocity (in {n})

Vehicle relative 5 5 >
velocity (to the water): U, = v/ uz + vz y"
East

Water current velocity: [/,

Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Angle of attack

o Vertical motion, angle of attack

Pitch angle: @ X

Flight path angle: A\

Veh@cle velocity
Angle of attack: oy = a,rctan( %) U reiative to water

T UC Water current velocity

> U venicle velocity (in {n})

, , >
Vehicle velocity:  [J = /2 + w? !
North

Vehicle relative

velocity (to the water): Uy = 4/ u,% + w%

Water current velocity: [/,

2"V

Down

Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Notation

o Position and orientation expressed in {n}
e Velocities and generalized forces (forces and moments) expressed in {b}

[ L] F; o~ Tn B ] T
m=1r ¥y = } ; m=|¢ 0 U }
_ T _ T
?_-Tl — 1 i U w j| . ?_12 — i p q r ]
_ T T
4 * - T
n=[XY Z]|; n=[K M N]
™ V1 T
T) T I/ — T =
Up | 2) T2
n earth fixed position and attitude vector (position and orientation of the vehicle with

respect to the {n} frame)
body fixed linear and angular velocity (velocities of the vehicle with respect to the {b} frame)

T forces and moments acting on the vehicle with respect to the {b} frame

16 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Transformation between {n} and {b}

o Translation of {b} in relation to {n}
T
m=|xz y z|

o {b} can have an arbitrary 3D rotation in relation to {n}

— rotation between two 3D reference frames can be expressed by a rotation
matrix R

— Multiple parameterizations possible to represent the rotation (Euler angles,
guaternions)

17 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Rotation mairices

Orthogonal matrices of order 3

03):={RIReR”, RR"=R'R=1I}
Special orthogonal group of order 3

SO3)={R|R € R”*, Risorthogonal and det R =1}

Rotation matrix

RR ' =R'R=1. det R = 1
Inverse rotation
R '=R'
notation
vio — RtO Vf'rom

from

18 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Euler’s rotation theorem

o Every change in relative orientation between two reference frames {A}

and {B} can be produced by a simple rotation of {B} in {A} (a rotation
about an axis)

e Any two independent orthonormal coordinate frames can be related by a

sequence of rotations (not more than three) about coordinate axes,
where no two successive rotation may be about the same axis [1]

[1] J.B. Kuipers, “Quaternions and rotation sequences: A primer with applications to orbits, aerospace and virtual reality”.
Princeton University Press, 1999

Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Rotation mairices

Rotation matrix R has one real eigenvalue \ = 1 and a complex pair A = cos#+ i sin ¢

Rv = \v
V is the eigenvector corresponding to A

A=1 Rv=w

so v is unchanged by the rotation thus v is vector about which the rotation of £ occurs

The rotation matrix R can be obtained from an angle and vector using the Rodrigues
formula

R = I3x3 + sindS(v) + (1 — cosf)(vvl —I3y3)

with S() is the skew-symmetric matrix

Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016



S(v) =-ST(v) =

Cross product can be defined as matrix-vector multiplication

v x a:=8(v)a

e with §() the skew-symmetric matrix defined as (for dimension 3):

0
A3

o

matrix S is anti-symmetric or skew-symmetric if S = —S”

Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Simple rotation about an axis

o Considering v© a vector fixed in {b} the Euler rotation theorem implies that there exists

one axis and an angle such that a simple rotation would rotate it to NED {n}, thus

vt =Ryv Ry =Ry

e Considering aunitvector A = [A1,42,43]7, [A| =1 defining the axis of rotation,

the rotation matrix describing a rotation of 3 about this axis is given by

Ry g =1I543+ sinB8S(\) + (1 — cosf3) (AT — I3y3)

e expanding g, =1 —cos(f)]i2 + cos(B)

)
Ry = [1 — cos(B)] A3 + cos(B)
Rs3 = [1 — cos(B)] A + cos(B) {n} {b}
Ry = [1 —cos(B)] A1hy — Az sin(B
Ry = [l —cos(B)] hahy + Az sin(B
Ryz = |1 — cos(B)] kahs — Ay sin(B
Rz = [1 —cos(B)] A3k, + Ay sin(B
R3 = [1 —cos(B)] Azh; — Ay sin(B
Ry = |1 —cos(B)] A3 + Asxsin(p

v

Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Sequence of rotations

e The rotation about an axis can be composed by a sequence of rotations about
the coordinate axes

o Rotation matrices about each coordinate axis (principal rotations) can be
obtained by setting:

A=100,1]" p =y
A=10.10]" p=40
A=[1.0,0]" =20
substituting:
| costp —sin 0 | i cos 0 sinf | 10 0
R.y=| sin cosyp 0 R,s= 0 1 0 R.s=1|0 cos¢p —sing
0 0 1 —sinfl 0 cosf 0 sing coso

23 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Sequence of rotations

e The rotation matrix from {n} to {b} can be given by a sequence of principal rotations
using zyx convention

R) (6,0,v) = Ry (6,0,¢)"

= Rg’vb

Rotation from {b} to {n}

Ry (¢,0,v) =Ry (n2) := R, y Ry oR4s ¢

RY(4,0,v) = Ry (4,0,¢) ' = RL ,RT,RT

The order of rotations it is not arbitrary!

There are 12 possible sequences of rotations (XyX, Xzx, yXy, Yzy, zZXz, zyz, Xyz, Xzy, YzX, yxz, zxy and zyx)
[ Y )\ . )

Eulerian rot.(one axis repeating) Cardanian rot.

24 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Euler angle rotation sequence

X3 A X,

Rotation from {n} to {b}

1 - Rotation over yaw angle y about z,
2 - Rotation over pitch angle 6 about y,
3 - Rotation over roll angle ¢ about X,

Pictures from [1]

Zy=Z, Z

[1] Thor Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley, 2011

25 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016



-
I ‘ Instituto Superior de °J
Engenharia do Porto igehr s

Linear velocity transformation

Expanding Ry (0,0,v) =R, 4Ry oR: 4

costhcosfl —sintcos@ + costsinfsing  sin @ sin + cos v cos ¢ sin f
Ry = | sinycosf) costicosd+sintdsinfsing — cost)sing + sint cos @ sinf
— sin f/ cos f sin @ cosflcos @

with T [
I 1L
pﬂ, =M = Uy Vb =1 = '}
b

Vehicle position in the {n} frame =~ Vehicle linear velocity in {b} frame )

b

the body fixed velocity vector Vv~ = 11 can be expressed in {n}

lf)n = R?Vb or 7.71 = Rg’l/l

26 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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e Recalling é p
. e b _
N — T 2= | # W =Va=| g
T2 = [Q’ﬁ, 69 w] 2
'I'I.-r - - . .r
Euler angle rate of change Euler angles (roll, pitch and yaw) L v 1 Vehicle angular velocity in {b} frame L -

Clearly 7)2 # Vs since inertial angular rates are defined in terms of components about
the global axes

o Euler rate and body fixed angular velocities can be related by a transformation:
12 = T, (n2)12

e Angular velocity can be related to the instantaneous rate of change of angular orientation
only after considerations of the intermediate transformations used

e The transformation matrix can be given by:

P
o= | 0 | + jod, 0 | + RgéRg‘:@ 0| = T;l(ng)?}g
0 'L

Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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6DOF Kinematics

Expanding
1 singtanf cos¢gtand 1 singptanf cos¢tanf
T ()= | 0 cos f —sin ¢ T,(2) =10 cos 0 —sino
0 sin¢/cosf coso/cost 0 sin¢/cosf coso/cosH

Considering linear and angular velocities the 6 DOF kinematics is

R} (172)  03x3
O3x3  Tu(n2)

29 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Rigid Body Dynamics

e Vehicle is rigid
e Frame NED is inertial
e Vehicle mass constant

Xn O — origin of {b}
yn CG — center of gravity

30 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Rigid Body Dynamics

o Differentiation of a vector ¥ in a rotating

frame [1.2]

Time derivative in local  Angular vel. of the rotating

rotating frame {b} frame {b} about {n}
Time derivative inan ¢ F=7 L WX T
earth fixed frame {n} , dt*~ —

{}/v dt T \ \,

Rate of growth  Rate of transport
Xn O — origin of {b}
: oL Yn CG — center of gravity

o Differentiation of CG vector (rc) Zn

d .

Velocity of CO in {b}

e Acceleration given by u,v,w

Radial acceleration

component
d2 . . A/
ZTe = V+WXTeg+WXWXTe +wWXV
dt P g g

Coriolis acceleration Angular velocity fo

W {b} relative to {n}
fiven by p,q,r

Tangential acceleration \

Centripetal acceleration
component

[1] Goldstein, Classical Mechanics, 3ed, Addison Wesley, 2000
[2] A. Healey, “Dynamics and Control of Mobile Robotic Vehicles”, NPS, 1995
Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Translation motion

e Newton’s second law

_ . d’r,
F=m 73

The translation motion equations relative to the origin of {b}

Force applied to the
F o body decomposed
in the {b} frame

Fo=m(V+wXr;+wXwXr,;+wXV)

32 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Inertia Matrix

e Sum of applied moments about the rigid body center of mass is equal to the rate of change of angular
momentum of the body about CG

e Itis convenient to consider the point O as origin and evaluate the mass moments of inertia about {b}
(typically {b} is chosen along the vehicle principal axes of symmetry)

o Defining the inertia matrix I, about O

Body mass
I _Imy — 1. - density
I, := —Iyx Iy — 1y In=1; >0 V' Body volume
—1zz _Iz:y I,
Moments of inertia about the {b} axes Products of inertia
1, = fv(yz + 22) PmdV Iny = [y 2y pmdi; = Jyyx pmdii = Iyz
I, = fv(xz + 22) PmdV Ipz = [y zz Pde: = Jy zz Pmd": = Iz
L = [y (2% + y?) pypdV Iy: = Jyy yz ppdV = [y 2y prpdV = Izy

e Lo in vectorial form

Iow = [, r X (w X 1)p,dV

33 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Inertia Matrix

o The inertia matrix T, about CG can be transformed to the {b} frame with
the parallel axis theorem (Steiner theorem)

IO — IC _ mSQ(rg) b IC — m(rgrg — rgrgI3x3)

Example: cylinder radius R and height H
dV = dxdydz = (rdrdf)dz

Polar coordinates
r =rcostl, y=rsind

Moment of inertia about CG

H or /R .
5 T
Lo = ]; (22+y?)dedydz = f_ 2 L L rdrdy = ZR*H

Moment of inertia about O

Lo =Ica + m(z2 +y2)

34 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Rotational motion
e Angular moment about O

H, =Iow = [, r X vp,dV

o Differentiating with respect to time

Ho = [, t X VpdV + [, I X vp,dV
\ J

Mo

MO = fV r X medv Moment about O
e Fromthefigure v=rg+1r — Top=V—Vp

e In the time derivative of angular momentum ( v X v = Q) comes

HO = MO — Vo X fV medV

HO = Mop — vp X fV(VO + 1) pndV = Mo — vpo X fV rp,dV. (1)

35 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Rotational motion

e Noting that the distance from O to CG (rg) is given by
_ 1
ry = — [, rp,dV

o Differentiating to time

Since | One can write
r, —w Xr
| . g g . .
rg _ E fV rpmdv rg does not have rate of fV rpmdv - m(w X rg) (2)
change
e  Substituting (2) in (1)
HO = Mp —mvp X (w X I'g) (3)

e The absolute angular momentum can be written as

H, = [, r X vpndV = [, r X vopndV + [, r X (W X T)pn
\ J

|
e then = (fv rp,dV) X vo =mry, X vo

Ho = Iow +mry; X vo

36 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Rotational motion

Differentiating Ho, and noting as seen earlier %f" —r+wxr

%Ho =ITow 4+ w X (Iow) + m(w X ry) X vo +mry X (Vo +w X vp) 4)

Using (w xry) x vo = —vo X (w X rg) and eliminating the angular moment derivative
from (3) and (4)

Mo =Iow +w x (Ipw) +mr,) x (Vo +w X vp)

37 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Rotational motion

e Angular momentum of the body

HO = Iow

e From Newton’s second law
__ dHp d?r,.
MO = ~dt —I—I‘g X (m—)
Moment of the inertial reaction of sum of
external forces acting on the vehicle

e Since Ho is given in {b} components, and the body is rotating with velocity o, the rate of
growth and rate of transport of the time derivative of the angular momentum must be

computed
dH .
—dto = Iow + w X (Ho)

e The rotational equation of motion comes

Mo =Iow +w x (Ipw) + mfry X vo + 1y X w X vo)]

Mo = Ipw +w x (Ipw) +mry X (Vo +w X vp)

38 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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The 3 translation and 3 rotation equations of equations of

Fo=m(V+wXr;+wXwXr,;+wXV)

Mo =Iow +w x (Ipw) + mry X (Vo +w x vo)

v = =[uwvw’
W = lVy = [P«an']T
Fo=mn :[-1[{~Y-'-Z’]T
Mo = 7 =[K, M, N|T
rg = [ﬂf‘ﬂ:yﬂ:zﬂ]T

Technical and Research Bulletin No.1--5, April 1950, pp.1--15

ISEp S [P =
6DOF Rigid-body Equations of motion

motion

Velocity in {b} frame
Angular velocity of {b}
relative to {n}frame

Applied total force
decomposed in {b}

Applied total moment
decomposed in {b}

Position of CG in {b}

[1] “Nomenclature for Treating the Motion of a Submerged Body Through a Fluid” The Society of Naval Architects and Marine Engineers,

Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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6DOF Rigid-body Equations of motion

e In component form

m [.f,'t —vr + wqg — x, {c}z + 1) + Vol pg — i) + Z,(pr + »f?): =X
V—wp+ur—y (r + p° ) + Zglqr — p) + x,.(gp + j'): =

Translational
motion

~

m

[ ) — uqg + vp — Qg(p + q“) + xo(rp — q) + yo(rg + j;r): = /
Lp+ (I = L)gr — (7 + pq)Le + (7 = ¢*) 1y + (pr — @)1y,
+m [_vg(tll —ug +vp) — Z,(v — wp + ur)] = K
I}'q + (L, —I)rp—(p+ qr)!_r}' + {Pz — "2}1:«:,1: + (gp — ".'}I_vz
] ) Rotational
+m [zg(u —vr 4+ wq) — x(w —uqg + Up)] = M [ motion
+m [.:rg(i} —wp +ur) — yo(u —vr + u:rq)] =N _

[1] “Nomenclature for Treating the Motion of a Submerged Body Through a Fluid” The Society of Naval Architects and Marine Engineers,
Technical and Research Bulletin No.1--5, April 1950, pp.1--15

40 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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e Vectorial representation [t

Mpgpgpr + CRB(U)U = TRB

[1] Thor Fossen, “Guidance and Control of Ocean Vehicles”, Wiley, 1994

Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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6DOF Rigid-body Equations of motion

Generalized velocity vector expressed in {b}

v =|u,v,w, p,q, Jr’]T

Generalized vector of external forces and moments

Tprp = [X Y, Z, Kt_ M, N]T
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Inertia matrix Mg,

o Constant and positive definite

MHB:MEB}O NIRBIU

with
R —mS(r,)
Mpp = g !
mS(rg) Io
Com 0 0 0 mzg  —my, |
0 m 0 —Mmzg 0 Mg
- 0 0 m my, —mzg 0
B 0 —mzg My, I —T oy  —Iz:
mzg 0 —mxy —Iys Iy —1Iy-
| —my, mig 0 —1I. —1 .y I, |

[1] Thor Fossen, “Guidance and Control of Ocean Vehicles”, Wiley, 1994

42 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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43

Coriolis-Centripetal Matrix Cg;

e The Cgg matrix can be represented in a skew-symmetrical form [1]
_ T 6

With a M inertia matrix as

M = ML =

Mi; My
>0
M1 Moo

C can be parameterized such that is skew-symmetrical [1]

C(U) _ O3><3 _S(R'Illyl + 1\/1121"2)
—S(Myv1 + Myppry) —S(Mpvq + Moory)

vy = [u,v, w]T

vo= [p, g, 7]"

[1] S. Sagatun and T. Fossen, “Lagrangian formulation od underwater vehicles dynamics”, Proc. IEEE Int. Conf. Systems, Man and
Cybernetics, Charlosttesville, USA, 1991
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Coriolis-Centripetal Matrix

« For the rigid body coriolis and centripetal matrix Crp(v) = —Chg(v) vy e RS
033 —mS(v{) — mS(S(vy)r,)
C — 1 2) g
rB(V) ~—mS(v1) — mS(S(vy)r,) mS(S(vy)r;) — S(Lvo)

iIn component form

i 0 0 0 m(y,q +2,r) —m(x,q — w) —m(x,r +v)
0 0 0 —m(y,p+ w) m(z,r + Xgp) —m(y,r —u)
Crnlv) = 0 0 0 —m(Z,p —v) —m(Z,q + u) m(x,p =+ v,q)
—M(Yoq +2,0)  m(y,p+w) m(z,p —v) 0 —lyq—1 p+1r ILyr+1yp—1gq
mx,qg —w)  —m(Zr +xgp)  m(Z,q+u) Lg+1.p—1.r 0 —lr—1ng+1.p
m(x,r +v) m(y r —u) —m(x,p+v,q) —1y,r—1,p+ lLg ler+1ly,g—1.p 0 i

Skew-symmetry of CRB is useful since it implies vT Crg(v)v = 0. This can be used in nonlinear
control design using Lyapunov functions with energy based designs.

[1] Thor Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley, 2011
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Coriolis-Centripetal Matrix

o Alinear velocity independent parametrization can be obtained

Crplv)= mS(vs) —mS(vy)S(rq) ]

mS(rq)S(vsy) —-S(I,v,)

This is useful since independence of linear velocity ( /1 = [u v w]T) can be exploited in
the case of the vehicle being under irrotational ocean currents. In this case [2;

M gpv + Crp(v)v = Mppv, + Crp(v,)v,

V, = V — V. Relative velocity

ve := [u,, ve, we, 0,0,0]"

[1] T. Fossen, and O. Fjellstad ,“Nonlinear modelling of Marine Vehicles in 6 Degrees of Freedom”, Journal of Mathematical Modelling
of Systems, voll, n1, 1995

[2] Thor Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley, 2011
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Example
e Calculation with MSS toolbox 1! function m2c.m
% rigid-body system inertia matrix
MRB = [1000*eye(3) zeros (3, 3)
zeros (3,3) 10000*eye (3)1];
% rigid-body Coriolis and centripetal matrix
nu = [10 1 1 1 2 3]°
CRB = m2c (MRB, nu)
0 0 0 0 1000 —1000 7]
0 0 0 — 1000 0 10000
C 0 0 0 1000 — 10000 0
o 1000 —1000 0 30000 —20000
— 1000 0 10000 —30000 0 10000
- 1000 —10000 0 20000  —10000 0

In T. Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley, 2011
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6DOF Equations of Motion

e Recalling, the vehicle kinematics
n=J(nv

e And as seen earlier the 6DOF rigid body equations of motion are in vectorial form
Mgpgpr + CRB(L’)U = TRB

Where the external generalized forces and moments vector TRB accounts for all the external
forces/moments applied to the body.

This vector includes hydrostatic effects (buoyancy and weight) , propulsion, all the hydrodynamic
forces and environment disturbances (such as wind, waves etc)

TRB = Trest T Thydro T Twind T Twave T T

e This global model can be shown [1] to be in the form

n=Jnv
Mv + C(v)v + D((v)r 4+ g(n) = 7 + Twind + Twave

(*)

[1] Thor Fossen, “Guidance and Control of Ocean Vehicles”, Wiley, 1994
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Hydrostatics and hydrodynamics

Buoyancy: A force on a submerged body acting at its volumetric
center equal to the weight of displaced fluid, B = pgV

Drag: Force caused by viscous and fluid separation effects
F=0.5p C,A;u/u,]

Lift: Force caused by fluid circulation over surfaces
F=0.5pC Aiuul; C = dCr, oY
do

Inertia: Force caused by inertial reaction between body and fluid
resulting from relative acceleration and representing the
effects of stored energy in the surrounding fluid
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Hydrostatics

o Gravitational and buoyancy forces are called
restoring forces in hydrostatics

e Restoring forces depend on the volume of
displaced water, location of center of buoyancy,
gravity and mass

Xn

e Two classes of vehicles Yn
— Underwater vehicles
— Surface vessels
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e Weight and buoyancy force are given by:

W = meg V Displaced volume
£ Water density
B — pgv 8 Acceleration of gravity
Xn

yn Zn

The gravity and buoyancy forces are applied in the z axis (vertical) of the inertial frame {n} (z
positive downwards, so buoyancy negative and gravity positive), so in this frame:

0 0
nefo| nee|s
W B

The forces can be expressed in {b} using the rotation matrix Rg(ng) = R? (7]2)_1
fg — Rf?},(ﬁQ)fg Weight force
fg = R'Er)z (nQ)fg Buoyancy force
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e Inthe body fixed frame the restoring forces and moments £ ZI
b

are

£ + £
b b b b
r, X fg +rp X fb

Trest —

o Considering the general vectorial expression

i =Jmnv
My + C(v)v+ D(v)v + g(n) = T + Twind + Twave

e The restoring force/moment term g(n) comes: 8(7) = —Trest

[ (W — B) sin(8) ]

— (W — B) cos(f)sin(¢)

— (W — B) cos(f)cos(¢)

— (W —=y,B) cos(@)cos(¢) + (z,W —z,B) cos(t)sin(¢)
(z, W — 2, B) sin(6) + (x,W —x;,B) cos(6) cos(¢)

— (x,W —x;,B) cos()sin(¢) — (ng — v, B) sin(6)

gl =

[1] Thor Fossen, “Guidance and Control of Ocean Vehicles”, Wiley, 1994
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Example

e Using MSS toolbox gvect to compute g(n)

rg = [0, 0, 0] % location of CG with respect to CO
rb = [0, 0, -10] % location of CB with respect to CO
m = 1000 % mass

g = 9.81 % acceleration of gravity

W = m*g; % weight

B = W; % buoyancy

% pitch and roll angles
theta = 10*(180/pi); phi = 30* (pi/180)

% g-vector
g = gvect (W, B, theta,phi,r_g,r_b)

g =10*.0,0,0, 1.8324,9.0997, 0]"

In T. Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley, 2011

52 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016



L]
I ‘ Instituto Superior de oJ INESC
Engenharia do Porto giaeE e

Hydrostatics — Surface vehicles

o Static stability due to restoring forces is denominated as metacentric stability in
hydrostatics for surface vessels

e A vessel is metacentric stable if can resist disturbances in heave, roll and pitch from its
equilibrium point

e Restoring forces in this case depend on metacentric height, location of CB, CG and
shape and size of water plane

Awp Water plane area
G M 7 Transverse metacentric height

GML Longitudinal metacentric height

Metacenter — point where am imaginary vertical line trough CB intersects another imaginary
vertical line trough a new CB when the vessel is displaced or tilted in the water
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Hydrostatics — Surface vehicles

e Transverse metacentric stability

4 / )
o/l :

Equilibrium
»

>

- ——— v e - ——— -

Jih

B, new center of buoyancy ¢
\ Rotation in roll

Figure from T. Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley, 2011
Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016



55

-
I ‘ Instituto Superior de °J
Engenharia do Porto

Hydrostatics — Surface vehicles

e In unperturbed equilibrium

mg = pgV /G_an(d))
~N lg
e Forceinheave Z is given by B
"""""""" .
Z=mg— pg|V +8V(2)]
>
= —pgdV(z)
with
5V(z) = / Awp(_f)d_f Z displacement in heave
0 =0 equilibrium position for the

nominal displacement volume {/

5V (z2) dlsplacemen.t volume due to
perturbation in heave

A (C) water plane area as function
wPL>7 of heave position

Figure from T. Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley, 2011
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Hydrostatics — Surface vehicles

e For conventional ships it can be assumed small variations
of water plane area for small perturbations in z

M;
Awp(é-) ~ Awp(o) L - &
p GMisin(@)
then the restoring force is linear in z R |£
Z~ —pgA,p0) z I ]
I
e The restoring force 5ﬂest expressed in {b} is then
J
__ pb
5fgest _ Rnéf;’lest
i 0
_ b
_ Rn 0 Z displacement in heave
L — P8 fnk Ayp(£)dg —0 equilibrium position for the
(0 z = nominal displacement volume {/
— SIn
©) < 8V (z2) displacement volume due to
= —pg | cos(f)sin(¢p) Ayp(2)dC ~7 perturbation in heave
AN e 0 :
| cos(f)) cos(¢) Aup(0) water plane area as function

of heave position

Figure from T. Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley, 2011
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Hydrostatics — Surface vehicles

e The restoring moments in roll and pith are related with
the momentarm G M, sin(#)and G My sin(¢p) (see
figure in red)

e The momentis created by a force pair in the z direction

with W=B
Then —G M sin(0)
I‘?est = | GMysin(g)
0
0 — sin(6)
5¢est = Rﬁ 0 = —pgV | cos(6)sin(¢)
—pgV cos(6) cos(¢)

e The restoring moment is thus (neglecting the moment due r?est x 6f° , = 0 to perturbationin z )

TES
b

rest — r'rest X fbest

m

G M7 sin(¢p) cos(6) cos(¢)
= —pegV G M sin(@) cos() cos(g)
(—G M cos(8)+GMy)sin(¢) sin(6)
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Hydrostatics —Surface vehicles

e Then the restoring forces and moments are

of°

_ rest
Trest — [ b ]
mrest

so the term &(77) in expression (*) is

g(n) = - [ m;” ]

mvr’est

In component form

—pg [ Aup(©)d sin(6)
pg f; Ayp(2)dE cos(f) sin(g)
P2 [y Aup(§)dE cos(6) cos(¢)
pgV G M7 sin(¢) cos(8) cos(¢p)
pgV'G M sin(6) cos(@) cos(¢)
L peV(—G M cosf + GMry)sin(¢)sin(6) |

g(y) =
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Hydrodynamics

e The hydrodynamic forces acting on a body moving in a fluid require the knowledge of the velocity and
pressure of the fluid at each location

e Given a fluid velocity vector v(x, 1) = [vi(x. 1), valx, 1), v3(x, 1)]
e Considering an incompressible fluid the continuity equation

. 3L’| n ng n 313_1.
C ox ady a7

diviv) =V -v

e And the forces can be obtained from solving the conservation of moment in the flow given by the
Navier-Stokes equations subject to the continuity equation and boundary conditions

3 7
p(a—f+u-?v> =pF —-—Vp+uV-u

e This forms a system of non-linear partial differential equations that can only be solved numerically. In
general the hydrodynamics modelling is obtained with approximations and simplifying assumptions.

See [1] for a detailed introduction to marine hydrodynamics or other classic fluid mechanics references

[1] J. Newman, “Marine Hydrodynamics”, MIT Press, 1977
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Hydrodynamics

e The maneuvering theory assumes that hydrodynamic forces and moments
can be linearly superposed and are independent of frequency (without wave
excitation)

See [1] and [2] for a seakeeping theory treatment of vehicle motion in the presence of waves

e Hydrodynamic forces can be grouped in

— Radiation induced forces — body forced to oscillate with wave excitation frequency and no
incident waves

— Diffraction forces — body is retrained to oscillate with incident waves

e Hydrodynamic forces T7hydro  group a set of effects, namely added mass
effects, hydrodynamic damping (usually designated as drag due to multiple
causes) and lifting forces.

[1] T. Perez, “ Ship Motion Control”, Springer 2005
[2] T. Fossen, “Hanbook of Marine craft hydrodynamics and motion control”, Wiley,. 2011
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Hydrodynamics

e Hydrodynamic forces and moments Thydro are constituted ! by
— Added mass effects
— Potential damping
— Skin friction damping
— Wave drift damping
— Vortex shedding damping

Thydro = — M — Cx(V)v— Dp(v)v — Dg(v)v —Dyw (v)v— Dy, (v)v
\ I N ) I )

| | | | |
Added mass Potential Skin friction Wave drift Vortex
damping damping shedding

total hydrodynamic damping matrix D(v)

D(v) := Dp(v) + Dg(v) + Dw(v) + Dps(v)

[1] Thor Fossen, “Guidance and Control of Ocean Vehicles”, Wiley, 1994

61 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016



‘ Instituto Super B} INESC
‘ Engenharia do Porto e

Hydrodynamics

e Recalling the rigid body 6DOF model

Mggpr + CRB(L’)IJ = TREB

TRB = Trest T Thydro + Twind + Twave + T

e Resulting model

My + C(v)v + D(v)v + g(n) = 7 4 Twind + Twave

with
M =Mgp+ My

C(v) = Cgrp(r) + Ca(v)
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Hydrodynamics — currents

e General model

My + C(v)v+ D)y +g(n) = T + Twind + Twave

with irrotational ocean currents, the relative velocity is defined

Ur — 'ﬂ - UI‘:
ve = [te, Ve, we, 0,0,0]7

then the model becomes

MRBI./_FCRB(V)V"FMAV.I'+CA(Vr)Vr+D(Vr)Vr+g(T’) = T+ Twind T Twave

e If currents are constant and irrotational in {n}

MV.I- + C(Vr)l/r + D(Vr)Vr + g(n) = T + Twind T Twave
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Added Mass

o Inertia effects caused by the motion of fluid surrounding the vehicle

e Usually considered as an extra mass of water to be added to the original
mass (with effect in the acceleration components).

o The assumption of a finite extra mass of water is not entirely correct since
the vehicle motion will force all the fluid to oscillate with different amplitudes

o Added mass depend only on the body geometry 11 under the assumptions of
— Ideal irrotational fluid neglecting viscous forces
— Body rigid and constant volume
— Fluid unbounded and infinite

[1] J. Newman, “Marine Hydrodynamics”, MIT Press, 1977
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Added Mass

e The motion of the vehicle through the fluid causes the existence of a kinetic energy

in the fluid given by [ )
Ty = EVTNIAL’

with M 4 a 6x6 added mass inertia matrix

Xy Xy Xy Xy X; X;
Y, Yy Yy Yy Y, Y

NIA _ [All A]_Q] _ ZU Z’t') Zw Zp Zq Z',q
As1 Ax Ky Ky Ky Ky Ky Ky

My My My My My M,
| Nu Ny Ny Np N; N

where the hydrodynamic coefficients represent the added mass force/moment due to
acceleration in the corresponding directions

Y = Y, u 9y
S Yu =5y
. ¥~ Added mass
Added mass force Y (along yb axis) - R :
due to 71 (acceleration in xb axis) coefficient Added mass derivative (SNAME notation [1])

[1] “Nomenclature for Treating the Motion of a Submerged Body Through a Fluid” The Society of Naval Architects and Marine Engineers,
Technical and Research Bulletin No.1--5, April 1950, pp.1--15
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Inertial force for a cylinder model

Stationary Fluid: X =—Cup(nc?)i,

Accelerating Fluid - 5 .

No Body Acceleration: pre(1+ Co)Uy

Fluid Acceleration X; = [p(nc®) + Coup(mc®)|U; — Cop(mc? )i

plus Body Acceleration:

Us,Us

v

Relative velocity:

ur =u— Uy

v

u, U

S —_—
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MA >0
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Added Mass

For bodies at rest the added mass matrix is positive definite

My =M%, >0

In many practical cases the off
diagonal elements of M, can
be neglected when comparing
with the diagonal ones

Added mass forces and moments can be derived from the Kirchoff's equations [

orT

d (0T
dt (du ) (yz)é?ul
a (;)T) + S(-'-"z)—T + S(-'—"'l)
2!

[1] Thor Fossen, “Guidance and Control of Ocean Vehicles”, Wiley, 1994
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Added Mass

Added mass terms in component form [

Xa = Xpu+ Xp(w4ug)+ X4+ Zwg + Zéqz longitudinal elements (line 1)
+X5v + Xpp + Xir — Yur — Yarp — Y;r2 lateral elements (line 2)
—Xur — Y,wr mixed u or w (line 3)

+Yuvg + Zzpg — (Y5 — Z;)gr mixed terms (usually neglected), (line 4)
= X;i+ Yy + Yig
LY, + Yip 4 Yir + Xpvr — Youp + Xor? + (X — Zi)rp — Zpp?
—Xy(up — wr) + Xyur — Zywp

—ZqPg + Xgqr
; Xu(t — wq) + Zuw + Z;q — Xyug — éqz
Including Yib 4 Zop 4 Zot 4 Yivn 4 Yorn 4 Yip?
added mass inertia +Yuv + Zpp + Ziv + Ysup + Yirp + Yip

and MK& up + Yywp
coriolis and centripetal —Xsvg — (X3 — Yg)pg — Xigr
components Ka = Xpu+ Zpw+ Kig — Xswu 4+ Xpug — Yow? — (Y; — Z:)wg + Miq?
+Y:0 + Kpp + Kir + You? — (Yy — Zi)or + Zgop — Myr® — Kyrp
+Xwuwv — (Ve — Zu)vw — (Ve + Zy)wr — Yowp — Xgur
+(Y: + Z;)vg + Kipg — (Mz — Ni)gr
Xy(t + wq) + Z;(w — ug) + Myq — Xo(u? —w?) — (Zs — Xo)wu
+Y0 4 Kgp + M + Yyor — Yevp — Ki(p? — %) + (K — Ni)rp
—Youv + Xyvw — (X; + Zp)(up — wr) + (X — Z:)(wp + ur)
—M;pq + K4qr

Na = Xpl+ Zib + Mg+ Xou? + Yowu — (X — Yy ug — Zywg — Kyq”

+Y;0 4 Kip 4+ Noit — X302 — Xpor — (X — Y;)up + Merp + K;p?

— (X — Yo)uv — Xgpvw + (X4 + Yp)up + Yiur + Zywp

—(Xg + Yp)vg — (K — Mg)pg — Kegr
[1] F. Imlay, “The complete expressions for added mass of a rigid body moving in an ideal fluid”, Tech report DTMB 1528, David Taylor

Model Basin, USA, 1961
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Added Mass

e Added mass coriolis and centripetal matrix can be writtenl!! as

Cu(v) = —CL(v)

0 —S(Aq11v1 + Apv A1 A
Calv) - 3%3 (A11v1 + Ap 2)] NIA_[ 11 12]

—S(Aq1v1 + Apro)  —S(Aosvy + Axrs Ay Ap

in component form

[0 0 0 0 —a3 a I a1 = Xpu—+ Xpv+ X,w—+ Xﬁp -+ Xq'.q + X;r
0 0 0 a3 0 -a ap = Xpu+Yyv+ Yyw+ Yp + Yeq + Yir
C |l o 0o 0 —a a O a3 = Xgpu—+ Yy + Zyw + Zpp + Zgq + Zir
Alv) = 0 —az ax 0 —b3 b b1 = Xpu+ Ypv + Zpyw + Kpp + Kiq + Kir
az 0 —a; 03 0 =D by = Xsu-+Ysv+ Zyw + Kygp + Myqg + Mr
| a2 ap 0 —0> by O by = Xju+ Yo+ Zyw+ K;p+ Mg+ N;r

[1] T. Fossen, “Nonlinear modeling and control of underwater vehicles”, PhD. Thesis, NTNU 1991
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e Lyapunov analysis exploiting model properties 1

Model )
N = Jr(n)v
Mv+ Clviv+ Dviv+g(p) =t
Lyapunov function candidate (based on kinetic and potential energy) constant gain matrix
| | K,=K' >0
V:EVTMV—I- EﬂTKpH P p>

Since MZMT‘;-O,M:O_then '
V=v' Mv+n'K,j

=v' Mv+ nTKka(n)v

=v' [Mv+ J. () K ,n]

[1] ex.7.8 from Thor Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley
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Substituting the model velocity eq. gives

V=v'[t—Cwv—Dwvw—gn+J nK,q]
v — VTC(V)V — I/TD(V)V + I/Tg(n)JE(n)Kpn

since v Cviv=0, v Dy >0

A PD control law can be chosen

t=gm) —Kyv—J nK,n

that renders the derivative of V semi-negative, with K; > 0

V=—v'[K;+ D]y
<0
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Added Mass — Example surface vehicles

e For surface vehicles with xz symmetry, the surge can be decoupled from steering

v, = [u;, v, r]"

o The added mass derivatives for surge, sway and yaw motions , neglecting heave,
pith and roll modes, for high speed (U>>0) w4 (v)# M%(U)

0 0 Yy 3(YitNy)r
X X; 0 0 ][ v |[u
Y | = 0 Y, Y. v+ 0 0 X, u v
N 0 Ny N || 7 Yav+3 (Y +Ny)r —Xgu 0 r

Y’.
o Forlowspeed M, =M} = v; =N,
Xﬂ- D D 0 0 };1'. v + Yl-r.f'
My=M'=—|0 v, v Calv,) =—Clv,) = 0 0 —X,u,
Yj- Nj- —Y'L.U,- — Y;—F Xﬂur 0
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Munk moment

e Added mass forces and moments for surge, sway and yaw surface vessel at low speed

X X; 0 0 al 0 0 Yo +Yr][uw

Y| =10 v, vil|l|o 0 0 —Xuu, v

N 0 N’U Nf' 7 —Y'L.U,- — Y;»f' Xﬂh‘.r 0 r
\—%l \ Y )

Yyvr + Yir?
— X, r
(X, — You,v, —Yiu,r

C,q[l’)v =

Munk moment

e Munk moment is a destabilizing moment arising from the asymmetric location of stagnation points,
pressure highest on the front and lowest on the back [,

e It acts to turn the vehicle perpendicular to the flow
Mmunk U

Mpyrunk = (X'tl - Y?'))UT‘U"" ,8 sideslip angle

MMunk — _%(Y{, — Xu) sin 2,8 U Speed

[1] M. Triantafyllou, F. Hover, “Maneuvering and control of marine vehicles”, Lecture notes Course 13.49, MIT, 2002
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Added Mass — Example underwater vehicles

e For underwater symmetrical vehicles (a mild assumption since in general there can be some
asymmetry in the xy and or yz planes) at low speed (such as ROVs) M, can be considered diagonal

MA — _dlag{Xuz Y’U Zw Kp* ﬂfq* jvf‘}

0 0 0 0 —me Y{,?)
0 0 0 ZopW 0 — X u
o 0 0 0 —Y{J“U X.&_u- 0
Calv) = 0 —Zyw Yy 0 —Nyr Mg
i —Y{)“U X.&,u 0 —ﬂ-qu Kpp 0 ]

e The diagonal approximation of M 4 is useful since generally the off diagonal elements are small in
comparison and their determination is also more difficult.
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Damping

D(v)
A

( |

Thydro = — M U — C4(v)v — Dp(v)v — Dg(v)v —Dyw (v)v— D (v)v
| )\ )\ ) | )\ J

| Y [ | Y
Added mass Potential Skin friction Wave drift Vortex
damping damping shedding

o Potential damping usually negligible comparable with the other terms

e Linear skin friction due the laminar boundary layer, and an additional quadratic term at
high speed

o Wave drift damping resistance for surface vehicles advancing in waves (significant in
surge for high sea states)

e Vortex shedding caused by vortexes at the edges of the vehicle
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Drag
e In aviscous fluid the vortex shedding drag

Fluid density

Reynolds number

1 P
Fd'rag(U) — _E;O (jD(Rn) A‘U|U R

D fficient
with the Reynolds number given by C(Rn) Drag coeficien

Projected cross-
section area

_ Vehicle speed
UD
Rn =

/ 74

Ratio of dynamic forces to the friction forces

A

U

D Characteristic length
of the body

L/

Kinematic viscosity
coefficient (1.56 x 10"-6
for salt water at 5°C with
3.5% salinity)

e In general the above force drag expression can be used to determine the quadratic
drag with the appropriate Cd and representative area.

e As a consequence the effective drag force is dependent on the angle of
attack/sideslip, Reynolds number and general body shape

[1] M. Triantafyllou, F. Hover, “Maneuvering and control of marine vehicles”, Lecture notes Course 13.49, MIT, 2002
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e Quadratic drag in 6DOF
Dn(v)r =

v|TDp1v
| TD,or
| TD,3v
‘V‘TDnﬁI-V
v|TD, 50
lv|TD,,gv

Drag
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With Di being in general 6x6 matrices depending on density, Cd and A (both Cd and area will

be different for different elements)

Example of Cd curves for rough cylinder under steady flow with surface average roughness k

and diameter D, from [

77

= 'k/D =900 E-5: : S A
T \\ \ S KD =450 E5. . R
0.8 -t AT SRR OO U0 e AT S SOOI AT
- . :'III:.:\:: . . A . . L
O AV 2T
kD=110 E-5: :
)7 | EUUUUUUUUE VRS U ST 0 0t SO SORUU SO T DI PPN 2 i
| B R N R B L .
10° 10° 10

Rn

[1] O. Faltinsen, “Sea loads on ships and offshore structures”, Cambridge University Press, 1990“Fluid-Dynamic Drag”, 1995
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The type of flow has strong impact in the actual drag force (see
figure for 2D drag coef. at different conditions)

For a first approximation of drag forces calculation there are a
number of empirical data tables and formulas, considering
different shapes and regimes. See [1] for a comprehensive
treatment and data.

— Example of a particular model (Jorgenson): for streamlined bodies
the axial skin friction drag can be obtained by [2]

F, = £S5uetCp(Rn)[1 4 60(D/L)* + 0.0025(L/D)]|u|u

L Length

Swet Wet area (total) (E) CYLINDER ABOVE CRITICAL REYNOLDS NUMBER WITH Cp = 0.3.

D Diameter s e
Flgure from [l] (P) STREAMLINE SECTION WITH CD‘ IN THE ORDER OF 0.06.

[1] S. F. Hoerner, “Fluid-Dynamic Drag”, 1995
[2] K. Watkinson, N. Smith, D. Henn, “Users manual for TRJUUV: A six degrees of freedom simulation program for unmanned underwater
vehicles” ARAP report n. 635, Applied Physics Tenchnology In, 1989 1995
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Drag

e In general is difficult so separate the different contributions from the multiple
causes to the drag

e Itis convenient to write the total hydrodynamic damping as the sum of a linear
part with a quadratic one

D(L/) — D L Dn(y) D Linear drag

Dy (v) Non Linear drag

e Inideal fluid the damping matrix is non-symmetrical and positive

D(v) >0

79 Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016



L}
I ‘ Instituto Superior de
Engenharia do Porto

1[} T T T T T T T T T
e Linear drag model for low _ o
gl linear + guadratic damping _—— i
speed
— ROVs B linear damping: 0.5 u .
— In hovering or station- J " -7
keeping conditions -7

e Quadratic drag at “high” / - AN
speed iy \

:

==]

— i i _2 B - N
Ships, AUVs at cruise speed - quadratic damping: 0.05 [uld
_4 L - -~ - -
station-keeping

6 F ul =2 mis ]
8 .

_1[} 1 1 1 1 1 1 1 1 1

-10 -8 -6 -4 -2 0 2 4 4] 8 10
u (mfs)

Figure from T. Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley, 2011
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Normalization

It is common to use the prime system of SNAME [ to normalize the hydrodynamic coefficients.
In this system uses velocity U, length L, L/U as time unit and gLS or §L2T as mass unit

[ )
[ )
e The non dimensional states are obtained as:
v L , 1 , L , L
U= U?P vo= U roo= U?j ro= E’r
e And the constant terms as:
- V.
L ¢~ L \_ % L, U yro_ Yo
- . N-
Y, Y, ’ Y, . Y N, = —
y 1 }'I — }'J_ = — }’ = p— T 1 4
Y 1pUL? i SpL* 3pUL3 SpU2L? sPL
Ny ; N N
N, = —_ Nz N = 1 N' = 1=
1 %erLi :"ll'T-. = _]HDL__:; EPLITLt %PL' 2 Lﬂ

[1] “Nomenclature for Treating the Motion of a Submerged Body Through a Fluid” The Society of Naval Architects and Marine Engineers, Technical

and Research Bulletin No.1--5, April 1950, pp.1--15
Unmanned Autonomous Vehicles in Air, Land and Sea | Polit. Milano 2016
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Thruster model

e Thruster force depends on propeller speed J
(n), and advance speed factor (Jo) and 10 e e 0.10
propeller diameter (D) ' | | | mn, '
K 08 N 0.08
. T (.6 psszoii A 0.06 KQ
_ - n T KL U
FIF?THSI _— ,I{}D .EE.L.T (u’rﬂ )F}|Fll‘ 0 04 _____ | 3 i KEQ 3 004
| | ot E . P . . VAR
FY 02 § a ; ; 0.02
0.0 ‘ ‘ : : ‘ 0.00
n|n| 00 02 04 06 08 10

J

e Advance speed factor expresses the
relative water flow in the propeller factoring
the vehicle velocity

V4

J =
° nD

Figure from M. Tryantafillou, “Maneuvering and control of marine vehicles”, MIT, 2002
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Thruster model

e i St S S 0.10
e Hydrodynamic load torque is given by 0.8 b Jo o 0.08
K i i : 1 | '
T (.6 psszojo A 0.06 K,
n 0 i | l l i
0.4 i K g 0.04
O=pD°>K,(J )nln <
2=/ '?( "J | | 02t e R Gk Wi 0.02
| - Kpo | '
0.0 ' ' | | ' 0.00
00 02 04 06 08 1.0
o with open propeller efficiency given by !
—_ J(U)Kr
Mo =
2??[‘1@

e Multiple thruster models have been
presented in the literature. One
relevant property is the consideration
of non symmetric thrusters.
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e Full 6DOF model

n=Jnw
Mpv + C(V)V + D(V)V + g(’ﬂ) = T + Twind T Twave
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Parameter determination

e Vehicle properties determination
— Classical ship maneuvers

e Vehicle model parameters
— Empiric calculations / tables
— CFD - Computer fluid dynamics, panel methods
— Towing tank tests
— Open water tests
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Standard ship maneuvers

o Standard open loop maneuvers for determining ship
maneuverability characteristics
— Straight line stability
— Stability on course
— Positional stability

o ITTC (International Towing Tank Conference)

e Standard maneuvers
— Turning circle
— Kempf's ZigZag maneuver
— Pull-out
— Dieudonné’s Spiral
— Stopping trials
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Turning circle

o Simple maneuver for standard ships with rudder
o Standard measures of maneuverability in course

changing
H H . Maximum advance N
- Steady tu mi ng rad IuS }&dvancc (at 90 deg change of hcadingz "
— Advan Ce ‘ . Rudclier execute A . g
. . o=x — — A A
— Tactical diameter - Transfer
-2000 ' ' (a1 90 deg change
— Transfer Lot beaing)
aoot | (R
%-600 .....
?: Tactical diameter

(at 180 deg change

o]
[=]
2

of heading)
-1000}
Maximum
transfer ) g
-1200} v
. 4 L 1 L I . __-'; L L
0 200 400 600 800 1000 1200 1400 1600

x-position

in Thor Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley
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ZigZag Maneuver

. Port :
e The maneuver determines several e //»‘&.\ L] } ;
. . E,IC 3 | é/ aqurs ragle
characteristics of the yaw response: £z T/ < | |
— Response time to reach a given ::’_‘_é& 1T 2).{ ih \\.\5 [T_ T ll
heading T_ZT_ST DA sdconas £ | | i
) o] ol L~Ro| lao| YYeo| |so| tpo ! 120N w0 | 1e0f  ise | 2po ! zko LAz

— Yaw overshoot (amount exceeding [z s X \ 7 ’ [

i ) AL I Y A\ 8t |
the settln_g 20° on rudde_r rgversal) 0 it T TN o
— Total period for 20° oscillations sLE \ g} % |
LE'J,lo:c 3 y ' !
Starboard J ) /| | |

Original figure in [1]

1. With zero rudder achieve steady speed for 1 min
2. Set the rudder to 20° e keep it ther until the ship turns 20°
3. Set the rudder to -20° and hold it until the vessel turns -20° with respect to the initial heading

4. Repeat

[1] G. Kempf, “Measurements of the Propulsive and Structural Characteristics of Ships”, SNAME Transactions, Vol 40. , 1932
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Dieudonné Spiral

o Open water maneuver for ships

1. Achieve steady speed and direction for 1 min (no changes in setting speed after)

2. Turn rudder quickly by 15° and keep | there until steady yaw rate is maintained for 1 min
3. Reduce rudder by 52 and keep it there until steady yaw rate is maintained for one minute
4. Repeat in decrements ot -5° to -15°

5. Return back up to 15°

o This open water maneuver puts the vessel in a growing spiral and then in a
contracting spiral.

e The test reveals if the vessel has a hysteresis in the yaw rate r.

—  Ex: if for the first 15° deflection the ship turns right and that the yaw rate at zero rudder on the way back is
still to the right, the ship is gotten stuck and requires negative rudder action to end the turn. The vessel is

unstable.
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Guidance
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Control Problems

o Point stabilization/ regulation
— Stabilize the vehicle

— EX: hovering, zeroing the error to a given position and orientation

— Non-holonomic constraints — there is no continuous smooth feedback
law

o Path following

— The vehicle should follow a path in space without temporal constraints

— Velocity control an independent problem (usually to a fixed value or
profile)

— Practical problem in many circumstances

e Trajectory tracking
— Tracking of a time parameterized sequence
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Guidance

obstacles obstacles

Actuator control /

pathltrajectory torque/ forces

Vel. Refs/ joint set refs

Velocity/
—> Control  ——p N =1516]0]t >
M;?lzn (Joint)

Localization
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Guidance

e What should be my path?
o Definition of the path (waypoints, parameterized path, trajectory)

o Path following (or trajectory tracking control

Waves,
Currents, Wind

N Trajectory : Control ; Navigation
Mission Autopilot Allocation vehiclo Sensors

Estimated
Positions and
Guidance Control velocities Navigation
System System System
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Target Tracking

o Line-of-Sight (LOS) guidance
e Pure Pursuit (PP) guidance
o Constant Bearing (CB) guidance

Reference
, »

Interceptor &/

LOS

vector Interceptor

Interceptor

r
#
#
i,
#
#
s
E i .

Target

s &
s f-' 1 /-"'
Pure . yh
1 rd
pursuit (PP) 3 o A
= - Constant

bearng (CB)

Target

y o
v Target \ v} .
II e

in Thor Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley
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Li f Sight

o A rreference point and the target are used to define a LOS vector

— In the case of waypoint following the reference point corresponds to the
previous waypoint

e The vehicle points to the LOS vector, leading to a motion towards the
reference-target line of sight

Reference
’.l

LOS

vector Interceptor

n

Target
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Pure Pursuit

e The vehicle points directly to the target (aligns the velocity
with the vector between itself and the target

o Greedy approach

Interceptor

Pure
pursuit (PP)

&
&
#
i
K
#
&

Target
vy
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of the LOS vector
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Constant

Venhicle aligns its velocity along the LOS vector to the target reducing the LOS

o
rotation rate as to perceived it as constant bearing

o Navigation in order to put the vehicle in a collision course (also used for
obstacle avoidance)

[

Common method is to make rotation rate of vehicle proportional to rotation rate

Inter-;:eph:// p

&
& rd
. v
ra

- . d
’
&

i als

. /’/ Constant
bearing (CB)

Target \v}
f
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Path generation

o Path generation can be made from a set of
waypoints

e Common to have marine robot missions
defined taking into account a waypoint
database

o Waypoint set
— Mission objectives
— Environment conditions(winds, waves, currents)
— Geographical information and morphology
— Obstacles
— Feasiblility (limited by vehicle dynamics)
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Waypoint Path generation

o Waypoint list is given by an ordered set of waypoints

WPlist = (3307 Yo, ZU)) (331) Y1, Zl)---(ajna Yn, Zn)

e More information can be incorporated in the waypoints such as speed or
orientation

e Typical approach is to use straight lines and circular arcs
(5¥5) (Xg¥3)

in Thor Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley L (xgYy)
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Waypoint path generation

e Common to represent desired path with straight lines and
circle arcs

e The resulting trajectory is the one giving minimum path,
however there are jumps in rotation velocity (r) when
passing (curvature not continuous)

L (X
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Waypoint path generation

e Turning point on the tangent point
e Radius R, a parameter

tan(a.) = RufR]
a? = b+ ¢ = 2bccos(2a,)

in Thor Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley
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Kinematic control

o Results developed for other types of robots can be applied

e EX
— differential drive land robots vs marine vehicles in horizontal plane

Controls: (v, v,) = (v,w) Controls: (ny,n2) = (v,w)
7

With no slideslip , one can assume
nl,n2 common mode generating X, and
differential mode acting on N
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Kinematic control — example

e Kinematic model (inertial frame)
YN
I,
X cos6@ 0
. v
v |=|sm8@ 0{ }
. w
0 0 1

Coordinate transformation, polar coordinates with origin

[ ]
in the final pn<itinn Y
p = .\,f&szrA}-'z
o = —8 +atan2(Ay, Ax)
B=-0-0
e System description in the new frame (polar coordinates)
5 _—c.c:-sot 0 . 5 CU.'S‘.(; 0 . Vo= —y
&l = s 1 V al = _Slﬂ 1 V
) P ® e l ] P 0] oe l
I sSin o B sin ot
—— ) T T — 0
L P Iy = (—j- ﬂ . P I, = (-m-m/2]U(n/2, T]

[1] A. Astolfi, “Exponential Stabilization of a Mobile Robot”, in Proc. 3rd European Control Conference, Rome, 1995
[2] S. Lee et al., “A Stabile Target-Tracking Control for Unicycle Mobile Robots”, IEEE IROS,, 2000
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Kinematic control - example

e Coordinate transform not defined for Xx=y=0. In this point the
transformation matrix Jacobian is not defined

e For o<1, robot points to the final point,
for ael, it'sthe opposite direction

o Defining the robot front in the initial position it is always possible to have
for t=0. However there is no guarantee that a stays in I. for all t.
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Kinematic control -example

e It is demonstrable that the for the linear control law

v = k,p

Linear velocity proportional to distance error

Angular velocity proportional to orientation errors
O = kyo + kg

e the closed loop system
—kppcosot

P
o = |k,sino—kyo— :’-:BB

—kpsina
e leadstherobotto (p,o,PB) = (0,0,0)

e in the cartesian referential the control law originates non defined
euations for x=y=0,

e angles a and 3 always between (-7,m)

e Control signal V has always constant signal
— Motion direction positive or negative during the movement
— Approach is performed in a “natural way” without direction reversal
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Kinematic control — example

e Simulations for initial positions in the unitary circle

k = (ky ko k) = (3.8,-1.5)

Rohot trajetoey Rzbot trajectocy
i T T T &0 T
a0 i - 10
L
3 | 0
FTe o | - - 0 !
W0 - 10
£ o —_— . 5 - - E_a “ede |
- =,
1 =
| 20
30
4 40
1 1 1 -SD 1 1 1
20 a0 237 (4] 20 L] &0 60 -G -2C H:'nml 20 10 BO
% fmmi]
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Kinematic control - example

The closed loop system is locally exponentially stable if

ky>0: —kg>0: ky—k,>0

P
Proof:

— for small values of X (linearization around equilibrium point),

N R R ky 00
'[lI - ﬂ —( kﬂ_kp] _I{IZT, o A4 = 0 _{.k{x_kp} _k[j
' 0 -k, 0 0~k 0

— the system is locally exponentially stable if the eigenvalues of A have
negative real part*

(h+ k) (W2 + h(ky, — k) — K, k)

— characteristic polynomial of A has all the roots with with negative real part for
the stability condition

* Lyapunov linearization method, see nonlinear control references such as: “Applied nonlinear control”, Slotine and Li,
Prentice-Hall
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Kinematic control - example

o Condition that guarantees that the robot does not change
direction

: - . 2
Ap:vﬂﬁ Aﬂ-::Oﬁ k, +3,{B—R,{p:>0

e Angle a(t) belongs always to I1 or 12 for all t, if a(0) belongs to
that intervals.
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Path following

e Surface vehicle path following (Charlie USV) [
— Kinematic model

x = Ucosy,,

v = Usin,,

v, =r ﬁ + “—r(ifc cosyr +yesiny) | = rp(t)
¢ U2 U2 T Figure from [1]

<e> Ye

with

U = /x2 + _i.-2’ Vehicle velocity vector Serret-Frenet frame {f}

\'_r
yﬂre — arctan 'I— Vehicle course
X

[1] M. Bibuli, “Path-Following Algorithms and Experiments for an Unmanned Surface Vehicle”, Journal of field Robotics, 2009
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Path following

o Serret- Frenet frame {f} moves along the path to be
followed — defines a virtual target

p = [.X‘p Vp D] r Position of arbritary point p on
’ the path

X = [,J;,‘ vy O]T Vehicle position on {e}

_ [_5‘1 }_‘] O]T Vehicle position on {f} .

Figure from [1]

f Rotation matrix from {e} to {f}
RB (we) (tangent at the path) <e> Ve
¢ COSs 1,!)" f sin I]f/ f 0 Serret-Frenet frame {f}
R/ (Ye) = | —sinyy cosyry O
0 0 1

[1] M. Bibuli, “Path-Following Algorithms and Experiments for an Unmanned Surface Vehicle”, Journal of field Robotics, 2009
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Path following

e Defining
ry : y{; 7 Rotation rate of {f}
) Path variable (signed)
o the path curvature cc(s) and derivative
re=v,=cd/s)s
Ce(s) = ge(s)$
e Vvelocities of P and vehicle in {f} and {e}

<e> Ye

s
(%) — |:[)i| Serret-Frenet frame {f}
e/, 1o
dx dp 4 (dd
=) = =£ R —
(dr)e (dr)eJr (dr)j.

+R7Y0 0 rl" xad)
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Path following

Solving for the serret-frenet velocities

§1 = [cosyry  sinys] B] —5(1 — o),

vi = [—sin{s cosys] [ﬂ — C.551.

and substituting the kinematic model in these, one gets th
kinematic model in the (s,y) coordinates (with B=v.— Yy
the difference between course angle and tangential angle of {f}

§1 = —s(1 —c.yy) + U cos B,

<e> Ve

V1 = —cs51 + U sin B,

.IB — 'rE" - C('Sl‘v
with

Fe :yﬂre — f'??(”
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Path following

o Path following controller decoupled from dynamics controller

— Lower level “standard” controllers allow for yaw rate and surge speed
control

— Path follower provides references for yaw rate and surge

USV Control & Navigation System

p(s) : ™ PI gain scheduling
. P“:;::g::"s P yawrate and surge [ S >
" u* controllers
| dc e
EKF-based

Navigation System

Figure from [1]

[1] M. Bibuli, “Path-Following Algorithms and Experiments for an Unmanned Surface Vehicle”, Journal of field Robotics, 2009
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Path following

o Kinematic controller design

— In general tracking controllers!l{2l act on minimizing the distance d and
error angle b, the approach taken in [3] is to choose P as moving
along the path with a control law given an extra control design degree
of freedom

— Defines approach angle @ as function of tangent line (y1) to P given
in frame {f}

— @(y1) must satisfy the requirement that once vehicle reaches path it
stays there

loGll < /2 neb) <0 ¢0) =0

— With kg =0 ’0-:: v, < m/2

p(y1) = =, tanh(k, y1)

<e> Ve

[1] Thor Fossen, “Handbook of Marine Craft Hydrodynamics and Motion Control”, Wiley, 2011
[2] T. Fossen, M. Breivik, R. Skjetne “Line of sight path following of underactuated marine craft”, 2003

[3] M. Bibuli, “Path-Following Algorithms and Experiments for an Unmanned Surface Vehicle”, Journal of field Robotics, 2009
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Path following

Approach angle B is imposed to track ¢

Taking the CLF
V=3B-97 = V=B-9B—9 =) —cs—pl(B—¢)

The derivative of V is negative semi-definite by choosing the control law

1
r* = —1Jp —ki(B — @)+ c.(s)5] ky =0
n(t)

(V is lower bounded and positive)
The motion on the path (for y/ : () ) can be analyzed considering the CLF
Vi =1 (s2+?) —_— Ve = (U cos B —§)s; 4+ Uy sinp

As referred, the motion of the virtual target on the path can be chosen, by setting s, the control

law .
s =Ucos B + kysq

Guarantees the derivative of VE as semi-negativelll.
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Underwater vehicles

e Underwater vehicle motion in 3D for most applications allows for simplifying motion
assumptions
— Bathymetry and mapping missions performed in the horizontal plane
—  Terrain following missions
— Oceanographic vertical profiling (or seesaw maneuvers) in the vertical plane (as for ex: for underwater gliders)
— Or low speed motion as in inspection tasks with ROV or intervention type AUVs (IAUV)

e Decoupled motion control in surge, steering and dive modes
— Seminal work of Healey demonstrated this approach to a highly actuated AUV

Ref: u
Forward thrust (n(t) or X(t) )

Surge motion
controller

Steering control (rudder >
planes, sway force and yaw
Steering motion moment N(t))

controller

Refs:w, v, r
B

. Thrust Allocation

Refs:z, w, 6, q

Diving motion
_

controller

Diving control (stern planes,
heave force Z(t) and pitch
moment M(t))

[1] A. Healey, D. Lienard, “Multivariable Sliding Mode Control for Autonomous Diving and Steering of Unmanned Underwater
Vehicles”, IEEE Journal of Oceanic Engineering, 1993
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