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ABSTRACT course; b) wooden scale models of the hull, anchor and chain

links, which are expensive, time consuming and, more impor-
To develop the geometric design of a ship’s hull that guaant, they do not offer the required precision. Up to the argh

antees a correct anchor maneuver is not an easy task. The émgiwledge it does not exist neither a software nor a complete
neer responsible for the design has to make sure that th@ansimulation of the anchor lifting maneuver of a ship. For thes
does not jam up during the lifting process, and that the j@ositreasons, having a multibody code to simulate the systemdwvoul
adopted by the anchor on the hull is acceptable when confipletse very helpful and valuable for the designers.
lifted. Nowadays, the design proce'ss.is baseq on woodea spal The dynamics of the system is governed by the large
models of the hull, anchor and chain links, which are expens, ., nt of contacts that take place between its bodies. Becau
and time consuming, and do not of_‘fer the requw_ed precwﬁt_)n. of this reason, the contact models and contact detectian alg
these reasons, having a computational tool to simulate thi-m rithms play a key role in this application. Two aspects mast b

body system would be very helpful for the designers. 501 into consideration to successfully simulate the Giehaf
In this work the anchor lifting maneuver of a ship is simtipody systems with contacting bodies. First, an adegjua
ulated, taking into account the behavior of the anchor aed thnact model must be chosen for the application: it has to be
chain. To consider the contact forces between them and the Qe jrate, stable and robust enough for the applicatiorsckbet
of the ship, a general contact algorithm for rigid bodies andsecong, the geometrical detection of the contact eventsds n
particular contact algorithm for the chain links is desedb essary to feed the contact model, independently of the conta
model chosen. The treatment of contact is still a challempgin
1 INTRODUCTION topic in multibody dynamics.
In a broad sense there are two families of methods to solve
To design the part of the hull of the ship in which the anchgiie normal contact problem in multibody systems composed of
will be placed when completely lifted, is a geometrical probigid bodies, seell1, 6]: the discontinuous and the continuous
lem. The correct geometrical design has to guarantee teatdpproaches. The discontinuous approaches are impulsile an
anchor does not jam up during the lifting process and the- pdsr this reason suited to impact forces, while the contirsuayp-
tion adopted by the anchor on the hull is acceptable when cqmmeaches are better suited to applications in which it isesqxl
pletely lifted, independently of initial position and velty of to occur permanent contacts or at least contacts of a signific
the anchor when the lifting maneuver begins. Another caodit duration; the normal force model described in this work is-co
to ensure is that the anchor does not keep hitting the hull ofihuous and based on regularized forces. Moreover, it ighwor
slips if the sea conditions are not good. to mention that friction is a complex nonlinear phenomendp.
Nowadays, to check all this design conditions the only todisthese days, there is not a universally accepted modeldo-ca
at the designers disposal, are: a) the engineer’s expeti@fc late the friction force between bodies that accurately ipteall



the experimentally observed behaviors. under dry conwititn 3.1 Normal force model
this work, a tangential friction model developed by the auth

in a previous work is describe8]f the model includes dry fric- res model 7]. The model is very similar to the Hunt-Crossley

tion, stiction at low velocities and a viscous component. d . . . : ) oo
ind dently of th del ch p. : model described ing] with a little difference in the dissipation
ndependently of the contact model chosen, It Is NECESSAYy therefore the detailed description given there igl\adre

to detect the contacts to feed the contact model, which #0s, i, jite changes. The expression for the normal forcethas
be a geometrical problem. In many cases it is possible to m owing form

some assumptions, for example when the exact geometry of the

bodies are known, it is possible to simplify the task of detec 8(1—¢) §

the contacts between bodies by using the analytical equeatib F, =k,0" (1 + 5.) n Q)

the geometry12, 1], or by replacing the actual one by surround- € o

ing primitives like spheres or boxes. Nevertheless, wherett wherek,, is the equivalent stiffness of the contact and depends
act geometries of the bodies are not known (because theygiehe shape and material properties of the colliding bodies
read from CAD models) or when the geometries are very cothe Hertz's exponens, = Raph — |Peenter — Peontact| 1S the
plex, more general strategies have to be developed in oodejyfentation,é its temporal derivatives, is the relative normal
detect the contacts and carry out all the calculations S@cg0 ye|ocity between the colliding bodies when the contact is de
feed the contact mode2[10]. The algorithms described in thisiected ¢ is the coefficient of restitution, andis the direction of
work fall within both categories: the first algorithm deser, is {he force. The subscript comes from hormal”.

a general algorithm developed to detect contacts betwe#iB®0  The value ofk,, depends on the shape and materials of the
with complex 3D geometries given by CAD models in triangys|jiding bodies.

lar mesh format; the second algorithm, is a specific algoriti

detect contact between chain links and complex 3D geonstet%'e2 Tangential force model

given by CAD models in triangular mesh format. )

Between the large number of formulations of the equations The tangential force model for the friction force was devel-
of motion existent (see e.gd]], the penalty and augmented Laoped in detail in ] and it is based on Coulomb’s law including
grangian formulations,3] [4], are characterized by transformstiction plus a viscous friction term. The general form dkth
ing the constraints into forces proportional to the coristsavi- force is the following,
olation. This technique, used along this work, is similad an
compatible to that of the continuous force models for normal Fi = 6Fgtick + (1 — K) Fatide — isc Vi )
contact,which relate the force and deformation of the boie
contact to avoid the penetration between them.

The normal force model chosen for this work was the Flo-

In the previous expression, the first two terms constitute
the dry friction, while the third term accounts for the visso
friction. For the smooth transition between sticking anpshg
the dry friction force is divided in two components coupled b
2 MULTIBODY FORMULATION a smooth function, following the ideas proposed ifi]. [ The

subscript t” comes from tangential”.

The multibody formulation chosen for this work is an I (2), fvise is the viscous damping coefficie®, ;. and
index-3 Augmented Lagrangian in mixed coordinates (natug, ,,. are the components of the stiction and slipping foreés,

plus relative), with projections of velocities and accat&ms a smooth function of the tangential velocity, which is defined
onto the constraints manifolds. The integration schemet@do in terms of the central point of the contact regi@,mzac:, and

was the the implicit single-step trapezoidal rule. The riegn@d the normal vector at the contagt, as follows.
formulation was described ir3].

Vi = pcontact - (nT pcontact) n (3)

3 DESCRIPTION OF THE CONTACT MODEL T_he mentioned functions, was taken fromg] and has the
following form.

. — o (Vive) /vl
The contact forces approach proposed for this work com- p=c ) § (4)

prises two different models: the normal force model and the Equation @) showed that the total force is composed of
tangential force model. The two sub-models are presenfest Sghree contributions: the sliding dry friction force at higéloc-
rately in subsequent sections. A more detailed descriptitine jties, the stiction force at low velocities and the viscoristion
contact model is given irg|. force. The sliding force is given by the classical Coulomb ex
For simplicity reasons, the contact model is going to Ipeession, while the stiction force is considered by meangssf
explained for the collision of a spherical and a flat body big i coelastic elements acting between the colliding bodiessem
easily generalized to bodies with arbitrary shapes. the detailed expressions of the sliding and stiction foseesp].



It will be necessary, for some of the algorithms of this sec-
tion, to express the vertexes of a body in the local framelodot
body. Thus, the vertexes of bodin the local frame of body.

Srid _ (Aj)71 st = (Aj)fl Alsti = Abigr (8)

v

where,

(A7) " = [ (R)" —(R))" s } ©

AV — [ (Rj)OT R (R/)" (1535?5) ] (10)

Replacing equatiornl(Q) in equation 8).

Figure 1. Body mesh.

si = (R)" (sh—s) + (R))"RS] (11)

4 CONTACT DETECTION ALGORITHMS I: 41 CAD model ocq
GENERAL DETECTION ALGORITHM ’ MOCEIS PrEpTocesing

. i o . This task is performed only once at the beginning of the
~ The algorithms described in this section perform the detegsjation and carries out the preprocessing of the CAD risode
tion of the contacts existing between pairs of bodies with-ar\yhich includes basically the calculation of the neighbdsazh

trary shapes. Moreover, for each one of the contacts folRyl, tt5ce and the creation of the data structures to calculatpains
perform the calculation of the necessary data to feed thtact)nof triangles in collision. As was mentioned before, the getgn
model described in sectid® The colliding bodies consideredy oach body, is given by a mesh of triangles.

in this section have complex 3D geometries given by CAD mod-
els in triangular mesh format and their geometries are nemd f ) o ]
CAD files. Since the geometry is not known in advance, tde2 Calculation of the collision pairs
detection algorithm has to be completely general. All this-ex

tent CAD packages have translators from the native formatégllision Detection) was partially used. The tree str

triangular mesh formats likebj or . order and subdivide the faces were taken from Opcode, but the

The mathematical representation of the triangular mesh Y orithms to detect if two triangles collide were complete-

the bodyi, with n,, vertexes andh; triangular faces, expressetgro rammed. since the original algorithms of Opcode offer i
in the local framework of the body, is the following (see Figu g ' g g P

For this task the open source library OPCODE (Optimized

accurate (and sometimes completely incorrect) results/aiil

1. , ) for multibody dynamics. The algorithms described in this-se
Sy; 1 < v < ny; ny > 3 (list of vertexes) () tion, return a list ofn,, disordered colliding triangle pairs be-
i tween bodies andj (see Figure?) and a list ofn,, disordered
; fJZfl . ) intersection segments between the pairs, expressed indhk |
i = [ ;ég ] i 1< f <ny; ny > 1 (list of triangles)  (6) frame of bodyj.
f3

Thus, the three vertexes that compose the faafehe body
are obtained by replacing each one of the indexes f@rim(5):
st ,s., andsi, .

fi" " F e fis o
The vertexes list of the mesh in global coordinates is obisects”” = {ik711k72} ; 0 <k < n,y (listof segments) (13)
tained by means of the body transformation mati% using

pairs’ = { i f,g} .0 <k <n, (istof pairs)  (12)

homogeneous coordinates. In equations 12) and (L3) the super inde¥ , indicates col-
lision between bodieisandj, while in equation13) the over line
. o st R’ s} st along with the superindex indicates local coordinates of body
sit=A's = 1“ =l 0 1 1” (7 i



AA |13
KA |14
pairs?/= I =
R
fpffp 12

Body j

q2 the vertexes of trianglg’. Using equation1), it is possible
to express all the vertexes in the local frame of bpdy
—i, . o T . . r T iz
Po = ngl = (R/) (86 - sf)) + (RY) R's):

1
p=s = ()" (si =) + () RS, )
po =57 = (R))" (sh—sh) + (&) R's),

J

qo = §7,;
ql

q =¥, (15)
q2

qz = s’ j

q3

The equations of trianglg’.

B2
. lh lo
q2=§/{,; Iy =Pot+putpuz§ >0
“q
o P p2 20 (16)
Qo=57 275 P1— Po P2 — Po
. ! U= =i Uy =
; j triangle p’ 1 2
Body (Boiy = Ipi — ol 2 = p2 = pol
y i W
p=5! The equations of edgg/, f7,.
1 L.
! P =5, re=qo+nv; 0<n<d a7
" 2 q1 — qo 17
4G=5, V=" d=la - qf
. . . ) ) Makingr; = r..
Figure 3. Triangle-triangle intersection
Po + piur + gz = qo + NV =
; n
4.2.1 Box-Box overlap algorithm
ap a9 [~vuiue] | | = [a0—po] = (18)
The original Opcode algorithm to test AABB (Axis 2
Ax=Db

Aligned Bounding Box) with AABB collisions offered incorce
results for local aligned or almost local aligned boxes. e

algorithm checks this alignment.

4.2.2 Triangle-Triangle overlap algorithm

There are 3 possible situations.

1. rank(A) = 3 = rank([A|b]). The edge intersects the
plane which contains the triangle. In caé%é + % <1
with, p1, e > 0and0 < n < dthe interséctionQIays into

The original Opcode algorithm was based on projections the triangle, otherwise the edge is discarded. In case of
while the new programmed algorithm is based on the direct so- intersection, the intersection point can be easily catedla

lution of edge-triangle intersections which is much morsusd.
Moreover the new algorithm was programmed in double preci-
sion. The intersection of the triangles is typically a ghdiline
segment, the new algorithm includes also the calculatichef

extreme points of the segment.

In Figure3 the triangles’ (from bodyi) and¢’ (from body

replacingn in (17).

2. rank(A) = 2 = rank([A|b]). The edge is contained in
the plane. The triangles might be coplanar or adjacent. The
edge is discarded.

3. rank(A) = 2 # rank([A|b]) = 3. The edge is parallel

j), are intersecting. The triangles are composed of thex@ste  to the plane which contains the triangle. The edge is dis-
f, andf; respectively. To check the intersection between them, carded.

it is enough to check each edge of triangfeagainstg’ and
vice versa. If the triangles overlap, two edge-trianglelisec-
tions exist. To illustrate the edge-triangle test, thersgetion
between edgg?, f7, and trianglep’ is calculated here.

Let’s call pg, p1, p2 the vertexes of trianglg’ andqg, q1,

The three edges of triangl¢’ are successively checked
against triangle® and after, the three edgesyéfagainst triangle
¢’. In case two intersections are obtained, the triangledaver
and the intersectiori; i», is given by the segment composed of
the intersection points.



n is necessary to impose fche conditi@ = 1 to obtain an incom-
patible system of equations that can be solved by leastsguar

nAv,

AR — Writing the least squares system frogg).
(ATA)x=0 (21)
Factoring the matri AT A) and imposing the value (for
example equal to 1) of the componentxoforresponding to the
minimum pivot of the factorization, the equations of the con
) ) tact plane are obtained. Finalkyhas to be scaled to fulfill the
Figure 4. Contact plane calculation condition || = 1, obtaining the final equations of the contact
plane.
4.3 Contact regions contour closure algorithm n'r+d=0 (22)
From the disordered colliding triangles ligt?) of section Wheren is the unit normal vector to the plane adds the

4.2, this algorithm performs the closure of the contours of thiistance from the plane to the origin measured along the alorm
different contact regions, grouping together the collspairs vector.

by regions and ordering the collision pairs of each regiow(a  All the calculations described in this section were per-
its contour segments) in a way that permits to follow the cofyrmed with the contour of equation) expressed in the local
tours from a segment to the adjacent one. The algorithm ug&frence frame of body The normal vector transformed to

the topological information about the neighbors, cal@dain the global reference frame is obtained by means of the ontati
section4.1, to find out which collision pairs belong to the samgatrix of bodlyj.

region and to order the segments inside each region. n—R'n 23)
Once the segments are grouped by regions and the seg-

ments of each region are ordered, the algorithm merges the ad

jacent segments removing the coincident vertexesl8), by 4.5 Contact region centroid algorithm

means of a simple numerical procedure. Finally, the algorit

returns a list with the existent, 3D contours given by their or-

dered vertexes.

For each one of the contact regions identified in secti@n
the algorithm described in this section, calculates théroehof
the projection of the contact region into the contact plane.
Eij’j = [ rei TYe2 - TYeng, ] ; (19) The centroid of a general 2D polygon Wfvertexes, con-

0 < ¢ < n, (list of contours) tained in theX-Y plane has the following expression.

In (19), n,. is the number of vertexes of the contayiithe ;N (i + xit1) (TiYit1 — Tiv1Yi)
super index/, indicates collision between bodieandj, andthe 7% = o Z (yi + vir1) (Tivic1 — Tit19i)
=0

over line along with the superindexindicates local coordinates i 0 (24)
of bodyj. N—1
1
. . A= 5 (TiYi+1 — Tit1Yi)
4.4 Contact plane calculation algorithm i=0

For each one of the contact regions identified in secti@n Nevertheless the contow, of equation 19) does not con-
the algorithm calculates the equations of the contact pllaae g4jiyte 4 2D polygon since its vertexes do not belong, in gene

better fits the 3D contourlf), of the region (see Figu. to the same plane. To assimilate the contour to a 2D polygon,
Replacing the vertexes of the contour given &9)(in the e yertexes can be projected into the contact plane c#dclita

equations of the contact plane. section4.4. Moreover, the resulting 2D polygon has to be con-

tained in theX-Y plane, what can be achieved by means of the

T
i%l 1 & 8 transformation matri®I,, which transforms th&-Y plane into
e2 { d } = =Ax=0 (20) the contact plane of equatiofd).
U 0 The mentioned transformation matrix has the following ex-
©Mhie pression.
Wheren is a vector normal to the contact plane ahd —
r 0 beingr, a point that belongs to the contact plane. M, = { M, 1o }
In general the system of equatior®)) has the only solu- ' 0 1 (25)
tion = 0;d = 0, which obviously is not the desired solution. It M, = [ Vo mAVy, 1 ]



Wherer, andv, are a point and a vector contained in the

contact plane, respectively, that can be chosen like fallow ¥
[ —d/n, ]| [ —n, ]
Ty = 0 : Vo = Ny i Ny = max(ng, Ny, n,)
0 0
) 0 1 i Ty | -
To=| —d/ny |;Vo=| —ns |; ny=max(ng,ny,n.)
0 0
PR -]
Tg = 0 i Vo = 0 i Ny = max(ng, ny,n,)
| —d/n. | = A cylinders

(26)
Beingn, n,, n. the components af. Expressing the con- Figure5. Chain link: approximative geometries.
tour in the local frame of the plane.
e =M (€97 — [Ty To ... To ) (27) calculation of the necessary data to feed the contact madel d
scribed in sectio®. Here the geometry of the link is known and
Replacing thecandy components of47) in (24), the cen- the geometry of the arbitrary body is given in triangular mes
troid ¥4, in local coordinates of the plane, is obtained. format and read from a CAD file like in sectidn
F.inally, the cgntroid expressed in global coordinatesh@st  The geometry of each link is composed of primitives: two
following expression. finite cylinders (quadric surfaces limited by two planes) amo
semi-toroids (superquadric surfaces limited by one plaas)
shown in Figurés. The algorithms take advantage of the analyt-
ical expressions to make the detection faster and moreggreci
4.6 Maximum indentation calculation algorithm The bodies with arbitrary geometries are preprocessed like
. . L .in section4.1 and the calculation of the collision pairs is quite
For each one of the contact regions identified in secti [Milar to4.2with the different that the triangle-triangle overlap

4.3 the a}lgorlthm _calcuIaFes the maximum mdentat'lo.n (Orr_mtealgorithm of4.2.2has to be replaced by a link-triangle overlap
penetration)y. This algorithm travels along the colliding trlan-algorithm that will be described next. As before, to avoiderr

gles (equation¥2)) and their neighbors looking for the max"essary calculations, each link and each primitive insi@ditik

mum indentation. In order to distinguish the faces of the ﬁrﬁave a box surrounding them.
body that are inter-penetrating the second, it is necedsary
check, for each neighbor not belonging to the collidingtgies ] ] . ) )
list, two conditions: 1) the distance of each vertex of tiengle -1 Llnk-_TrlangIe overlap and maximum indentation
to the contact plane, calculated in sectid, is negative and algorithms

2) the projection each one of the vertex of the triangle ihi t
contact plane lies inside the projected contact regionororuf
section4.3 (see Figured). Between the lists of colliding and

internal triangles of each body, the algorithm looks for rifneex-

rid =s) + R’ (Fp + M,T2) (28)

C

As indicated in Figur®, the geometry of the link is divided
into four primitives: two cylinders (primitives 1 and 2) atwo
torus (primitives 3 and 4) limited by planes. The stud in the
center of the link, if exists, it is not considered for overlzal-

imum indentation. culations. The algorithm calculates if the triangle ovesl@ach

The checking of the condition 1) is straightforward whilg§e of the primitives, therefore is divided in two differever-
the condition 2) is checked by means of a ray casting algurith,; (egts: cylinder-triangle overlap algorithm and totiangle
the number of intersections of a ray departing from a poianis overlap algorithm.

even number if the point is outside the polygon, and itis ddd i g way to calculate if a triangle intersects a primitive is

the point is inside the polygon. done calculating the minimum distance between them. If the
distance is negative, the triangle intersects the primitwth an
5 CONTACT DETECTION ALGORITHMS Il: indentation equaltothe minimum distance.
CHAIN-HULL DETECTION ALGORITHM

5.1.1 Cylinder-Triangle overlap algorithm
The algorithms described in this section perform the detec- y g a &g
tion of the contacts existing between pairs of bodies when on  Let’s suppose the overlap test for the triangiegiven by
of them is a chain link and the other one has an arbitrary shagguations16) and one of the cylinders (primitives 1 and 2). The

Moreover, for each one of the contacts found, they perforen ttoordinates of the triangle are transformed to the locah&af



the cylinder using14). Where.
The minimum distance between the triangle and the cylin-

2 2
der is given by the following constrained optimization pesh G = [ ) 2(up +uy) 2 (;‘f”;ﬂ T “2?!”?/) } (44)
with inequality constraints. (uzve + uyvy) (07 +vy)
: 2
min. r% = pi + (py FR) (29) d— [ 2P0z Uy + 2 (poy FR) Uy } (45)
St. 2pogVe + 2 (pOy + R) Uy
o= 1-2-2>0 (30)
1 lo 1 1
¢2: h_pz >0 (31) —_ —— —1
l1 lo I
¢ = h+p. >0 (32) S ~h + pos
b1 = >0 (33) A=l w o [PRE] R (40)
é5 = o> 0 (34) oo 0
From (16)
. T+t (35) Note thatA andb are the complete sets of constraints,
Pz = Poz T faliz T H2¥s while A* andb* are only the active sets. It was said before
Py = Poy + Pty + p2¥y (36) that after solving each problem with the current active #et,
Dz = Poz + H1U, + p2v; (37) is necessary to check the validity of the set, adding or remov

Equation R9) is the distance between a point of the pIaH'@g constr?ints dif necefssary. Forlé?is purpose active-sthous
and the cylinder generatrix, ir29) the "—" sign is for the prim- wereTe;]mp o?/e_ (see,hor exa;)Tp .D' h hich d
itive 1 and the %" sign for the primitive2; equations31) and . € so “_t'or? tqt € problem IS the vectpr_ which | eter-
(32) are the boundaries of the cylinder whik0f (33) and @4) mines _the point |n§|de the.tnangle at thg minimum distarace t
are the boundaries of the triangle. Note that the unknowtissof the cylinder. The distance is calculated like follows.

_ | M d
problem argu = { s } §=rp— = (47)

The Lagrangian of this problem is like follows.

L(p,A) =12=Md1—Aada—A3ds—Aads—Asps = ro—¢p' X 5.1.2 Toroid-Triangle overlap algorithm
(38)

The Karush-Kuhn-Tucker conditions provide the necessaly.

conditions for the optimum.

Let’s suppose the overlap test for the same triapéjef
on5.1.1, and one of the semi-toroids (primitives 3 and 4) of
Figure5. The minimum distance between the triangle and the

VuL(p,A)=0 (39) semi-toroid is given by the following constrained optintina
VAL (1, A) >0 (40) problem with inequality constraints.
X >0, i=1,..,5 (41) - 2
Ny =0; i=1,..5 (42) min.  rf = p; + (\/pi +@:Fh) - R) (48)
The previous conditions are not easy to manage directly st.

but they allow to transform the problem to several problems 4, — 1 K2 >0 (49)
with equality constraints, instead of the inequality onEgua- h L2
tions @2) say that the slack constraints have null multipliersand =~ ¢2 = +(p.Fh) >0 (50)
therefore they may be removed, solving only for the active co P4 = w1 >0 (51)
straints. After solving is necessary to check the condsti@g) _ fs >0 (52)
and @1) to discover if it is necessary to activate or deactivate -
new constraints. Equation 48) is the distance between a point of the triangle

Since @9) is a quadratic function of the variables and thand the toroid generatrix, equatiodlf is the boundary of the
constraints are linear, the problem can be stated as a dicadsgmi-toroid while 80) (33) and B4) are the boundaries of the

programming problem. triangle. The unknowns of the problem are agaia- H
2
min. 1;LTGM +pTd In equations48) and 60), when+ or F appear, the upper sign
2 = is for th i-toroid (primitiva) and the | ign f
- A*p=b* is for the upper semi-toroid (primitivé) and the lower sign for

o7 the lower semi-toroid (primitive).
{ G* —A } { ©n } _ [ —d ] (43) The problem here is very similar to the cylinder overlap,
A 0 with the difference that the objective function is not queidr



anymore. The technique is the same, to transform the inequal |
ity constraints to equality constraints and to use the actist
method (seel3]).

VL (A) =V, (17) —¢x=0 (53)
¢ =0 (54)

The problem can be solved using the Augmented La-
grangian technique.

Figure 6. Anchor with chain

Vu(rl) — oL (A—ap)=0 (55)
T
SinceV, (r2) is non-linear, equationsg) can be solved o*ry _
by means of the Newton-Raphson iteration. 19) Y15
Ug
(Vi (7)) + ¢,TLa¢>,Jj Apjr=—[Vu(r2) =L (A — a¢>)]j R (Puty t (p- F h)v. .
(56) 2 k3 Py T 1y (62)
The system has to be solved iteratively keeping constant R (Puy + (p. F h)v. )+
the values of\; until convergence. Once the convergence is k3 (p= F ) + kv
attained, the outer iteration for the multipliers is penfied.
— 2
Ais1 = A — g (57) k2 =/p; + (p- F h) (63)
-1 -1
Taking derivatives to the equations of the objective fucti i o
and constraints. ! 2
b= | us v (64)
T 1 0
or? op 0 1
Vo (ry) = ajp@f =
b ol Note thatp ande,, are the complete sets of constraints and

v ww 20, op " 67,12) T jacobian matri?<, whilep™ and¢y, are only the active_ sets.
{ U‘ vy UZ ] 2k1py =95 9o (58) . The solu'tlor? tq the proplem is the vectpr' which Qeter-
A 2k (p. — h) N mines the point inside the triangle at the minimum distamce t
the semi-toroid. The distance is calculated usig.(

R
=1t (59)
! 2+ (0= F ) 6 NUMERICAL SIMULATION: ANCHOR MA-
NEUVER OF A WARSHIP

The system is shown in Figuéeit is composed of the chain
_ and the anchor. The chain has a large number of links of differ
ent types, parametrized in terms of the diamétehe anchor is
composed of two bodies linked with a revolute joint. The con-
1 (60) tacts between the different links of the chain is considdngd
means of universal joints with friction. The hull of the whirs
is static. The system is subjected to the tension force on the
chain, the gravity forces, the constraint forces and theaamin
92r2 T forces with the hull of the warship. The contacts between an-
P = chor and hull use the general algorithms described in sedtio

02 op 03 0
opou op — Op Jp?

\ (rﬁ) =

8pT 527.12? T apT 327% T

Op Opdp1  Op Opdus

opon while the contacts between links and hull use the specific-alg
Uz rithms of sectiorb, except by some kind of special links with
R ( Pty + (p: F h)us k shapes that cannot be approximated by cylindrical anddaloi
2 5 Py Rty 61 :
ks (61) surfaces and use the general algorithm also.
R (Pyuy + (sz + h)“2> (p- Fh) + kiu. -A graphical user interface was designe_d to control_ t_he sim-
ks ulation. The user can select parameters like: total sinmuat



[4]

[5]

[6]

Figure 7. Simulation of the maneuver of a ship.

time, CAD models for hull and anchor, number and type of ljnks

maximum tension force in the chain, etc.

[7]

The results of the simulations are shown in Figdre

7 Conclusions

(8]

All the algorithms necessary to simulate the anchor maneu-

ver of a ship were developed. The description of the algarith
includes: a contact force model composed of normal and tange
tial forces; a general contact detection algorithm for bedvith
complex non-conforming 3D geometries given by CAD model&]
in triangular mesh format and a specific contact algorithons f
the chain links. Furthermore, the performance of the dieedri
algorithms was tested with that realistic simulation.

[10]
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