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‘Vectorial Representation for Ships

From robotics to ship modeling (Fossen 1991) It is here assumed that the

: : : _ hydrodynamic coefficients are
Consider the classical robot manipulator model: frequency independent.

This will be relaxed later!

. . - g is a vector of joint angles
M(q)q+C(q,q)q =t - T is a vector of torque
- M and C are the system inertia and Coriolis matrices

This model structure can be used as foundation to write the 6 DOF marine
vessel equations of motion in a compact vectorial setting (Fossen 1994, 2002):

i = J(m)v
Mv+CW)v+DW)v+g(n) =1

- body velocities: v = [u,v,w,p,q,r]T

- position and Euler anglen = [x,y,z,4,0,y]"

- M, C and D denote the system inertia,
Coriolis and damping matrices

- g is a vector of gravitational and buoyancy
forces and moments
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http://www.itk.ntnu.no/ansatte/Fossen_Thor/book/book.html
http://www.marinecybernetics.com/books.htm

‘ Rigid-Body Equations 01_‘ Motion

Newtonian Formulation (Body Frame)

MprgV + Cra(V)V = Trs Mg -

where

Mgg rigid-body system inertia matrix
Cgg rigid-body Coriolis/centripetal matrix

See Fossen (1994, 2002) for parameterizations of Cgg
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The generalized forces on a floating vessel are superpositioned:

TRB = TH + Twave T Twind + Tcurrent + Tcontrol

\ Hydrodynamic radiation-induced forces + viscous damping
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Radiation-Induced Hydrodyn. Forces

Forces on the body when the body is forced to oscillate with the
wave excitation frequency and there are no incident waves
(Faltinsen 1990):

1) Added mass due to the inertia of the surrounding fluid

2 Radiation-induced (linear) potential damping due to the energy
carried away by generated surface waves

3) Restoring forces due to Archimedes (weight and buoyancy)

TR = —Mav — Ca(V)v —Dp(V)v - gm)
\ v ‘added mass ~ “———potential damping v ’ restoring forces

“hydrodynamic mass-damper-spring”

Faltinsen (1990). Sea Loads on Ships and Offshore Structures, Cambridge.
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‘ Added Mass and Inertia

= Fluid Kinetic Energy Xao Xv Xw Xp Xgq X

= The concept of fluid kinetic energy: Yoo Yoo Yw Yp Yq Y
Zo Zy Zw Zp Zg Zi

1 Ma = -
TA: ?VTMAV Ko Ki Ky Kp Kg Ki
Mg My My Mp Mg M
= can be used to derive the added No Ny Ny Np Ng N

mass terms.

= Any motion of the vessel will induce
a motion in the otherwise stationary
fluid. In order to allow the vessel to
pass through the fluid, it must move i
aside and then close behind the B i oo e
vessel. '

= Consequently, the fluid motion : =
possesses kinetic energy that it .
would lack otherwise (Lamb 1932).  FSlEEEE VAR TR EGs VAR

TRB=1/2-.VTM

RBv
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Xa = XaU + Xi(W+ ug) + Xq@ + Zwwg + Z49?
+ Xy + Xpp + Xif = Yovr = Yprp — Yer?
— Xyur — Yywr
+Yavd + Zppq — (Yq — Zi)gr

Ya = Xol + YaW + Yq4q
+ YoV 4+ YpP + Yil + Xyvr — Yyvp + Xir? + Xp — Zi)rp — prz
— X (up —wr) + Xgur — Ziywp
= ZqPq + Xqar

Za = Xw(U —wq) + ZuW + ZgQ — Xaug — X¢0?
+ YwV + Zpp + Zet + YoVp + Yerp + Ypp?
+ Xyup + Yywp
— Xovq — (Xp — Yg)Pq — X¢qr

Ka = Xpl + ZpW + Kq§ — Xowu + Xrug — YauW? — (Yq — Zi)wg + M¢q?
+ YV + Kpp + Ket + Ywv2 — (Yq = Ze)vr + Zpvp — Mer2 — Kqrp
+ Xwuv — (Yv — Zw)vw — (Y + Zg)wr — Ypwp — Xqur
+ (Yi + Zg)vq + Kipg — (Mg — Ni)gr

Ma = Xg(0+wq) + Zg(W—uqg) + Mg — Xw(u2 = w?) — (Zy — Xg)Wu
+YgV + Kgp + Mt + Ypvr — Yivp — Ki(p? — r2) + (Kp — Ni)rp
= Ywuv + Xgvw — (Xi + Zp)(Up — Wr) + (Xp — Z;)(Wp + ur)
— Mipg + Kqar

Na = Xill + ZeW + Mg + Xou? + Yywu — (Xp — Yg)uq — Zswg — Kgq?
+ iV + Ke + Nit = Xgv2 = Xpvr — (Xp — Yg)vp + Mirp + Kgp?
— (Xa = Yyuv — XuvW + (Xgq + Yp)up + Yiur + Zgwp
— (Xq +Yp)vg — (Kp — Mq)pq — Krqr

6 DOF Body-Fixed Representation for Added Mass
(Includes Coriolis/Centripetal Terms due to Added Mass)

Kirchhoff's Equations (1869)

kinetic energy due
to the fluid

d(.ar orT _
m<&m)+8@96w-—n

T = 3v Mav

d dTa ola ~dla
dat ou | |"av Taw [
d _ OTa 0T
dt ov | [Pow "o [ A
d oTa oTa oTa

dtow |9 Pav
% 8;; g %1\_/3 _WG(;;]A i 6;;A - a;_pA M

Ma Ca(v)
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Viscous Hydrodynamic Damping

In addition to potential damping we have to include other
dissipative viscous terms like skin friction, wave drift damping etc:

0 = — Ds(v)v — Dw(v)v — Dm(v)v

/" skin ’wave drift / damping due to

friction damping vortex shedding

Total hydrodynamic damping matrix:
D(v) = Dp(v) + Ds(v) + Dw(v) + Dm(v)

The hydrodynamic forces and moments T can be now be
written as the sum of T and o -

TH = -Mav — Ca(v)v - D(v)v — g(n)
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Equations of Motion

The resulting model is (frequency-independent coefficients):

@ + C(v)v+D(v)v+gM) = Twave + Twind + Tcurrent + Tcontrol

___________________________________________________________________________________ m—Xuy Xy —Xw Xp  mzg-Xg -MygXp
: Xy m-=Yy Yw  —mzg-Yp -Yq mxg-Yi
a Seakeeping Model (FTF)
S : M =X\ Yw  mM-Zy myg—Zp -mxg-Zg ~Zi
Wave Wave excitation E =
spectrum » FIF " spectrum > 2 Xp MegYp  myg-Zp IxKp —Ixy—Kg —oxKp
; : mzg-Xg Yo -MXgZg  yKqg  ly-Mg  ly-Mp
i -mygXr  mxg-Yr Zt dxKi -hpMr 1Np
Reference frame ; L -
transformation . . L. .
g ) i System inertia matrix including added mass
Control forces ___ X Linear mass-damper-spring | *°tion
and moments 5 (frequency-independent) || : M = Mg + Mu
. ~ i C(v) = Cra(v) + Ca(v)
Nonlinear terms 5

(viscous damping, [+
Coriolis etc.)

il
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Manoeuvring Hydrodynamics

In classical manoeuvring theory, the forces are modelled at a
general non-linear function:

Mv =f(v,v,n) + 71

A particular affine parameterization is then used, and the
coefficients are estimated linear regression from the data.

The disadvantage of this model representation to a energy-based
(Lagrangian) approach is that model reduction,
symmetry/skew-symmetry properties, positive matrices, etc.
are difficult to exploit in simulation and control design.

This model can, however, be related to the Lagrangian model: as
shown by Ross et al. 2007:

Mv+C(V)v+D(v)v+g(n) =7
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Parameterisations

Two types of parameterisations for the hydrodynamic forces are
generally used in classical manoeuvring theory:

Truncated Taylor-series expansions:
o Davison and Shiff (1946): 1st-order (linear) terms.
Abkowitz (1964): odd terms up to 3@ order.

2"d -order modulus
o Fedyaevsky and Sobolev (1963)

Norrbin (1970)
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Parameterisations

s 2" -order modulus
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Parameterisations

As commented by Clarke (2003),

Taylor expansions give rise to a smooth
representation of the forces, but have no
physical meaning.

2"d-order modulus expansions represent well the
hydrodynamic forces at angles of incidence:
cross-flow drag.
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Taylor-Series Expansions

O,
Tiya =iy . X) + o

(x X)° +...

x=[v v 1

Where the partial derivatives are taken at an
equilibrium:

x=[0 v of v=U 0 0 0 0 0Of

I - a————— F N\ LS
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Model of Abkowitz (1964)

X=X+ Vot + Xudu + Xew Ar® + Xowuo Au® + Xonv® + Xppr®
+X558% + Xpprv + Xpsrd + Xys06 + Xoyuv® At + Xopyr” Au o
FXss5u8°Au + XyourvAu + XYosur + 8Au + Xosuvdu The coefficients are .
YT+ X cal[ed hydrodynamlc
derivatives.
Y = Yo+ Vuldu + Yuudu? + Yo + Yo + Yot + Yoi + Ve
R ) , , , , Many terms are set to
FVorrr” 4 Vowot” + Vess0™ + Verst 8 + Vosr 80 + Vrpor“v 2ero by exploiting
+Vourv’r + Yosu v + Viwsv 6 + Vourbor + YowrAu + Vrurdu physically properties.
+Voua A% + Vyewur Au® + Vi 6AU + Vsuu8AU + Ve If not, there will
thousands of
N = No + Nulhu 4 N Ad® + Nor + Now + Ni# + Not + Ny coefficients.
F Nt Novot® + Nisss 8 4+ Nypsr?6 + Nisr 877 + Nppor’o
FNoortr 4+ Niso 870 + Nywsv® 8 + Nsyrbor + NywvAu + NywrAu
F N vAY 4 Ny 7 Au® 4+ N5y 6 Au 4 Ny 646" + Negs
I (- a——C F\ Y H\| G



Model of Norrbin (1970)

Speed equation:

1 1 .
[1—_‘5:’)1{—5_[. X u ——Ji'_’f_2 —IxT +g{1—t]T’F—L1—X;’rJvr

1l E LU TLLL

1 1 » 1 :
X"Vt + L7 XY ulu|v® + ;—ri'_’f_l_"(drJ i c|c5§

Liz"
+ k$9+2 5

Steering equations:
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‘an-Order Modulus

From Blanke and Christiansen (1986):

Sway terms

Tonya = Yo© + Yir + Ypp
+Vupo [Ul 0+ Yo Ur 4+ Yyppofo] + Yoo ] + Your o] (4.46)
+Y—¢5|HU|O ‘DTQ"" + }/¢5|m'| O ‘LT-I‘ + }/c;'mu(? [J'TQ,

Roll terms

Ti)hyd = Ko+ Kyp T
Ky (U 0+ Ko Ur + Koo [o] 4 Koo |r] + Koy o
+K 1o O U] + K 0 1UT] + Kpuu U + Ky (U] p
+ K0 0| + Kpp + K500 — pgVGZ(0).

(4.47)

Yaw terms

Tghyd - iF\(Tzi,‘ -i_r ‘|‘ iF\(:rf- ?:.
—|—1N'T|u|,v Ulv + 1'T\'T|u|.,. Ulr+ A\TFMI ‘?”| + ;‘T\'T,,.M'?” "IT‘
-|—¢\T¢|HU|O ‘l}r'l?‘ e ¢\-T¢)u|F|O U ‘.?‘ + J.'\'Tpp -+ ;\T|p|p‘p‘p -+ ¢\T|u|p‘l;‘p

‘|‘1N'T¢5u|u|§,-"‘) Uluy.
(4.48)
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Measurement of Hydrodynamic Derivatives

Experiments with model tests.

Full scale sea trials and system identification.
Theoretical prediction methods.

Regression analysis results from similar designs.

Model tests that can be performed

Straight line in a towing tank,
Rotating arm,

Planar motion mechanism PMM,
Oscillator tests,

: : Oo — H -
Free running (radio controlled). S24 §% X
"yl

. 1
s P e | ||

H B B B N
J

._ f&*’?s

| P -~ /77]'

= e <]

3
1
Yo

TTTTTTTTTTTTTTT E|\-|I|\-|II

03/09/2007 @ NEWCASTLE  One-day Tutorial, CAMS'07, Bol, Croatia Det skapende universite! 17



¥

.

&

v 4 b 2 3 *
7 7
-

Model testing in Peerlesspool in London

03/09/2007

€

THE UNIVERSITY OF

NEWCASTLE

AUSTRALIA

One-day Tutorial, CAMS'07, Bol, Croatia

@ NTNU

Det skapende universitet

18



Measurement of Hydrodynamic Derivatives

Rotating arm

o CQOVBEFE i i cavsor s e D IV LINU
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‘Typical Tests

pure Sway; 75}@;;
AN

y

Pure yaw:

y

Drift and yaw:

Different tests are used to
fit different parts of the

model.
TTTTTTTTTTTTTTT ® NTNU .
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Measurement of Hydrodynamic Derivatives

Warmant M acting inwaw made on Cygership 2Zforr=0
T T T

03
During the model tests, the sl T .
. ]
model is forces to move N =30680 /
I\J-.fnpzlil.1535?

and forces velocities and o
accelerations are recorded. 1 /___-

i Measured points
— Fitted curve: by + S|y
= = Fitted curve for DF: My

Total momernt B [Mm)

Then the hydrodynamic
derivatives are estimated
from regression analysis. s}

RV

N

B 1 1 1 1 1 1
04 03 -0.1 01 0 0.1 02 03
Sway speed [mis]
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A Novel 4 DOF Manoeuvring Model

Ross et. al. (2007) has reassessed the manoeuvring models in the
literature, and formulated a novel 4 DOF (surge, sway, roll, yaw)
Lagrangian model using first principles and superposition of:

Potential (added mass)

Circulation effects: lift and drag =~ MP+N(@)v+g(n)
Effect of roll on circulation effects n = Jnv
Cross-flow drag.

I
~]

The advantage of the Lagrangian model is its vector representation
which is tailor made for energy-based control design (Lyapunov).
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‘Added Mass and Coriollis

The 4 DOF solution of Kirchhoff’'s equations can be
expressed as (Fossen, 2002)

T .
[XA YA KA NA] = —MAI/—CA (l/)l/

S

Added mass Added mass Coriollis and
Centripetal terms

0 0 0 Yo+ Yp+ Yir
0 0 0 ~ X,
Calv) = 0 0 0 0 '
| —Yov — Ypp — Yir Xqu O 0 |
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Model of Ross et al. (2007)

Circulation effects (lift and drag), effect of roll on circulation effects and cross-
flow drag (modulus representation) are derived in Ross et al. (2007):

N@w)vr & (C)+D(v))v
=[xy v Ex N

where the components are:

Xy = X fu — Xf,w-u — XL 22— X‘r" 2 — XL rv — X fm
—XE rou— X5 wr? — )if,m wvd” + Yaur + Yepr + Yz 2
Yy = —YL.'ULL YLur — Yuﬁ’”-uzr — Ylﬁu- v — EL{’R- " er,?,r' — YL
V) v =Y wwg® — Vi [v]v = Vi 7|0 = Y [0 7 — Vi 7| 7 — Xgur
Ky = —Kpp—Kppp® — KEuv — KEwr — KE u?r — KE, u?o — KE 0° — KE »® — KE r
~ KL v?r— I&uwuuv(DQ — Ko |v|v = Ky || v — Ky [v] 7 — Ky || 7
Ny = —NEww— NEwr— NE _u*r— NE u*v— NE o® — NE % — NE 20 — NE o*r — N'tfu(u wvd®

— Nyl lv|v — ]\'r|,r|v lr| v — Nyy|r || r — Nirir 7| r — Yopu — Yiru + (Xy — Yy ) wo.
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Manoeuvring Model

Combining all the terms in a matrix for, we obtain
the manoeuvring equations in Lagrangian form
(Fossen 1994, 2002).

Mor+N(w)v+g(n) = T,
n = Jnv

I - a———— ) N\
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Model Validation with PMM Data

To validate the model, Ross et al. (2007) used
data of several PMM tests, and perform a
regression based on the model structure
derived.

Then compared the fit with that of a model fitted
by a tank testing facility to the same dataset.

I - a———— I N\
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Fitting Using PMM Data @ 30kt

Pure Yaw Motion at 30 k
onl = T o R i —-—._-——W-QW—"-\:__-

===Lagrangian Model I
Bl e —PMM Test data i
] 10 20 20 40 50

Surge Force (N)
L
[==]
I

Sway Force (N)

100

Yaw Moment (N.m)
(=]

Roll Moment (N.m)
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Validation in Full Scale (Perez et al.,2007)

Perez et al. (2007) fitted a simplified model to data
recorded on full scale manoeuvres of Austal’'s
Trimaran Hull 260.

The parameters were fitted with data of a 20-20 zig-
zag test, and then the model validated with data of a
10-10 zig-zag test.

TTTTTTTTTTTTTTT E|\-|I|\-|II
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Simplified Model

The model was simplified according to the that of Blanke (1981).
This was done because the excitation signal was not rich
enough to estimate all the parameters—the zig-zag test is not
designed for system identification!

N=J() v
Mv+C(v) v+D(V) v+G(n) =1

D(v)=D;,(v) + Dy (v)

0 Xrvvy - -

0 0
X, 0 0 0
) 0 Yuwu O Yuru 0 Y, [v|+T.|r] 0 Y lv4Y. s
DLD L\’) = DN’L (\') _ v rlv 7 |7l
0 Kuvu 0 Kuru : 0 0 K,, rl+Y, 0
0 Nuvu O Kuru |V N VI, Ir 0 Ny [V +N |7
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u [m/s]

p [deg/s]

300 350
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‘Model Validation (10-10 zZ
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Effects of Currents

In some applications, where positioning is important,
the effects of current must be considered:

n=Jm)v
(Mg + M)V +Cprg (V) + Co(v, )V, + Dy (v, )V, +G(m) =7
V.=V-V,

The current has to effects, which are represented with the
velocity of the vessel relative to the current velocity:

Potential: The Munk moment is incorporated in the added
mass Coriollis-Centripetal terms.

Viscous: eddy making and skin friction. These are
Incorporated in the cross-flow drag.
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