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3D Mechanics

« We shall now look at a second application of

multi-bond graphs: 3D mechanics.

3D mechanical models look superficially just like
planar mechanical models. There are additional
types of joints, but other than that, there seem to
be few surprises.

Yet, the seemingly similar appearance Is
deceiving. There are a substantial number of
complications that the modeler has to cope with
when dealing with 3D mechanics. These are the
subject of this lecture.
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Degrees of Freedom

* 1D mechanical systems exhibit exactly one degree
of freedom (either translational or rotational).

« 2D mechanical systems have three degrees of
freedom. They can translate along two axes, and
they can rotate around an axis that is perpendicular
to the plane spanned by the two translational axes.

« 3D mechanical systems allow six degrees of
freedom. They can translate along three spatial
axes, and they can rotate around each of those
three axes as well.
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3D Mechanical Multi-bonds

o Consequently,

the 3D mechanical

multi-bonds are

expected to contain six parallel regular bonds, one for each
degree of freedom:
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Composition of a
multi-bond for 3D
mechanics

November 15, 2012

© Prof. Dr. Francois E. Cellier

Start Presentation

<>




ETH

Eiigendssische Technische Hocheshuble Zdrich
Sweivs Federal Inctftule of Technplogy Turich

Mathematical Modeling of Phy3ical ©pstems

3D Mechanical Connectors

 The 3D mechanical multi-bond connectors [
should carry 13 variables, an effort vector, e, of | =
length 6, a flow vector, f, also of length 6, plus |2
the directional variable, 4. - |

 The 3D mechanical multi-body connectors =
would need to carry 18 variables, namely 12 |-/
potential variables describing the 6 generalized | = -
positions and the 6 generalized velocities, and |~
6 flow variables describing the generalized | —
forces.

* In reality, they carry 24 variables, as shown on
the next slide.

November 15, 2012 © Prof. Dr. Francois E. Cellier Start Presentation <]|:>




Eiigendssische Technische Hocheshuble Zdrich
Swrivs Federal Initiute o Technplogy Turich

Mathematical IMobdeling of Phydical ©pdtems

3D Mechanical Connectors 1|

|m"'“_._."'r'::' i = z z T
- - ji Frame - MultiBondLib.Mechanics3| =101 =1
:.“q.q,a.'.,;2_.,_._":4'3'?. L% B Eil= Edit Simulation Blob  Animation  Commands  Window  Help -8l x| '
2
lzdQa [ mey ANL & -HM,| =]
B¢ m@AEZ0 : .
1' connector Frame "connector for the mechanical components"
Packages I;I import 81 = Modelica.SIunits; Y
E EI -ﬁlnte”aces Z
DFrame_a X
flow EI_Force ;
Frame_b — flow SI.Torcue £[3] "Cut-torgque’; z
(i — z
-
T Debman bi=ln
FEE:- oga * | * | [ 4 I end Frame; & Potentials - MultiBondLib.Mechanics3D.Interfaces.Potentia
oo
1B oy [y S B Fi= Edit Simulation Plot  Arimation Commands  WWindow  Help
MultiBondLib. Mechanics30. InterFaces. Frame HD HQ S [ k’)“l/\/ mev il l, é,“ﬁ:"l.. I g,“'% 2{
X | racord Potentials "redundant part of the "
Packages - extends Modelica. Icons.
. import 8T = Modelics STumits;

The orientation matrix R rotates
the axes of the world model into
the axes accompanying the body.

Opoay =R+ 0

Orientation of the
axes in the body
coordinate system.

Orientation of the
axes in the world
coordinate system.

= =

[ Switches
[ Planartdecharics
Ié ﬂ Mechapigasd

[1]]werld3D
E| [T Interfaces
D Frame_a

Frame_b
Frame

:
@ equalityConstr...
i | MBG2Mech

" MechZMEG

H ﬂﬁddiliona\MBG

+ [T Forces

+ [T Joints

+ [ Parts

H ﬁ] Roling0bjscts

+ [T Mechensors

+ [ Tupes

H [ Utilties |

| |j Examples =

€[ K]

[ = - W = = T = = - |

SI.Position x[3]
Real R[3, 3]

"Position';

"Orientation;

- - T
3I.AngularWelocity wl3] “angular Velocity":

encapsulated function equalicyConstraint

import Modelica;
import MultiBondLib Mechanics3D. Inter faces;
extends Modelica Teons. Function;
input Interfaces. Potentials P1;
input Interfaces.Potentials PZ2;
output Deal residus[£];
algorithm

P1.R[Z, :]}*PZ.R[1, :],Pl.R[2, :]*PZ.R[1,

I residue(l:3] = Pl.x-PZ.x;
I residue (4]
fi residue([5]
fi residue (6]

PL.R[Z, :]*PE.RIL, :1;
=
=
end equalityConstraint;
=

=
end Potentials;

cross(PL.R[1, :], PL.R[Z,
cross{PL.R[1, :], P1.R[Z,

"Beturn the constraint residues to express that two frames have the same orientation"

residue := {Pl.x[11-PZ.x[11,Pl.x[2]-P2.x(Z],PL.x[3]-P2Z.x[3],cross (PL.R[L, :], PL.R[Z, :11¥P2.R[Z, :]1,-cross(PL.R[L, :1,

:1:
t1:

Line: & | Modeling | 2 Simulation
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The Body-fixed Coordinate System

In 3D mechanics, the inertial tensor depends on the
orientation of the body relative to its coordinate system.

Hence, If the world coordinate system 1S being used for
formulating the d’Alembert principle for rotational motion,
the Inertial tensor must be constantly updated.

Alternatively, we can formulate the d’Alembert principle
In a body-fixed coordinate system. In this way, the inertial
tensor remains constant.

However, we now must calculate the relative coordinate
transformations across joints.

We must also take into account the gyroscopic torques that
result from formulating the d’Alembert principle In an
accelerated frame.

November 15, 2012

Start Presentation

© Prof. Dr. Francois E. Cellier

<>




ETH

Eiigendssische Technische Hochschube Zdi

Sweivs Federal Inctftule of Technplogy Turich

ih

PMathematical IMobeling of Lhy3ical ©pdtems

The Body-fixed Coordinate System |1

* In planar mechanics, this wasn’t a problem yet.
There 1s a single axis of rotation that I1s always
perpendicular to the plane of translation.

e Consequently, the inertia remains constant, and we
can (and have been) calculating all motions in the
world coordinate system.

 This fact makes planar mechanics considerably
simpler and more easy to understand than 3D

mechanics.
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The Orientation Matrix

« The orientation matrix, R, IS a unitary matrix.

e Hence:

IR]l; =1

R1=RT

* Each row vector and each column vector of R is of length
1, hence there are 6 constraint equations connecting the 9
matrix elements.

 As expected, there are only 3 degrees of freedom,
describing the relative rotation of one coordinate system to

another.
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Coordinate Transformations

e Coordinate transformations can be interpreted as an act of
transformation in a bond graph sense:

mTF name
A D
0, =R- o

miTF - MultiBondLib.Mec
B Fle Edt Smulation Plat

afion  Commands Window  Help

=0l x|
=81

BRS¢ ey ANL &-HHN,

[%-¢»=QBAEE[0 ]

B

B Z|el?]|K]

November 15, 2012

wodel nTF
Packages I:l "modulated transformer that transforms either flow or effort"
g import MultiBondLib;
ﬂ Flanarechanics -ext.ends MultiBondLib. Inter faces. TwoPort;
= (] Mechanics30 =
- [ wordao o
[]ﬂmlerfaces if transfornFlow then
£z = M*fl;
I [ AdditianaMBG o o e
LOMGY else
fl = transpose (M) F£2;
g mF e = Ntel;
{fE. franslational TF end if;
. =]
o rarslational_mTF ¥ | | =
end nTF;
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Coordinate Transformations |1

* We must separately also transform the angular positions:

W

—- Rotation k—

Rotation - MultiBondLibMechanics3D.\lties Rotz

LI

E File Edit  Sirmulation Elot Animation Commands Window Help

=10/ ]
=18 X

@S R/ mey AN.L &[N,
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Packages ﬂ

R,=R,, - R,

E

=
[T Forces

(] aints

(] Pats

(JReligDtiects
[[JMechSensors J
Types

& s

:: GravityPoal

¢[» %

nodel Botation "rotates Bl by Brel o BE or the other way round"

equation

if dirForward then

alze

end

i

BZ = Bral*Rl;

Bl = transposelBrel)*Re;
if;

end Botation;

2]
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Efficient Simulation Equations

”.W“M_ S ax| © Dymola doesn’.t understa.nd the

R concept of a unitary matrix.

R r— e Hence, if the computational

o fee causality requires an inversion of

7T Jel{jjfj:::emm the R matrix, that Is what

“E““; T Dymola will provide ... in
siele £, —e=r = symbolic form.

 This leads to highly inefficient
‘R, equations at run time.

o Thus, It Is better to help Dymola
= |R,=R_’- R,=R.- R, by specifying the dire_ct_ion of
computational flow explicitly.

] . = i
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Computation of Orientation Matrix

« One way to compute the orientation matrix, R, in a non-redundant
fashion is by means of Cardan angles. These are the angles of
rotation around the Carthesian coordinates: ¢, ¢,, and ¢_ .

] 0 0
R.=[ 0 cos(po,) sin(poy)
0 —sin(e,) cos(yy)

cos(py) 0 —sin(p,)
R=[ 0o 1 0

sin(ipy) 0 cos(p,)

cos(yp;)  sin(pz) 0
R: = _S'fﬂ{"'r?:) 'TDS{"“:?:) 0
0 0 ]

= |R=R,-R, R,

Whereas R can always be computed
out of ¢ , ¢, and ¢, In a unique
fashion, the opposite is unfortunately
not true.

If ¢, = 90°, the other two axes are
aligned, and ¢_and ¢_ cannot be
determined in a unique fashion.

Hence Cardan angles are not always
a good choice.
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Computation of Orientation Matrix ||

=k

: s lsx = cardanRotation - MultiBondLib.Mechanics3D anR - O] x
FRAE W /Y OCCARS-2-1h B- B-++aSAE SN0 - = o _I_I_I

Eﬂﬂ E File  Edit  Simulation Elot &nimation: Commands  Windows Help _|5’|5|
5 [ Aokl — — -
{=h = E Q%[WHJN- oy AR L-®-HN, 2~ |Rw-¢rmgHBEZ|0: -

model cardanBotation -

Ca rdal I FPackages I:I "defines relation between the rotational matrix and the cardan angles"

_ ; [CJRalingObjects =
4 [JMechSensors
Rotation Types parameter Integer[3] sequence anglesimin={l,1,1}, max={3,3,.3}) = {1,2,3}:

=1 [ Utilities S ——
- [+ .' GravityPool Deal B1[3,3]:
RBeal RE[Z,3]:
e palt Deal DZ[2,3];:

S [ ]
: equaation
|EcardanHDlath A4 Bx o= [1,0,0;:;0,cosiphil[l]l), siniphi[l]):;0,-siniphil[l]), cosiphilll)]:
- =} planarR otation A By = [cos{phil2]),0,-siniphil2]};0,1,0;siniphil2]},0,cos(phi[2]}]; =

F Bz = [cosiphil[3]),sin(phi[3]) ,0;-siniphi[3]),cosiphi[3],0;0,0,1];

- 4=} quatemionF otation
ff Brel = Be*By*Rx;

- Qﬂutatiun

- _}toCardandngles if sequence angles[l] == 1 then
Bl = [1,0,0;0,cosiphi[l]). . sini{phi[l]});0,-sini{phi[l]) . cosi{phil[ll)]:
- _}HoGustemions end ii;
"QTIEHSEHDH if sequence_angles[Z] == 1 then
Rz = [1,0,0;0,cosiphi[Z]), siniphi[Z]);0,-siniphil[z]) . cosiphi[Z])];
=[] Examples end if;
ﬁFDurBarLDDp if sequence_angles[3] == 1 then

J B3 = [1,0,0;0,cosiphil[3]),sini{phil[3]);0,-siniphil[3]),cosi{phil3]1)];
[ B €| > w] = &l

Line: 1 MDdE"ng T Simulation

] . = i
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Computation of Orientation Matrix I

Any 3D rotation can be expressed as a planar rotation, ¢,
perpendicular to a translational plane, ».

Given the rotation angle, ¢, and the translational plane, =,
the orientation matrix can be computed as follows:

R=nnt+ (I- n°nT)C0S(¢) _NSln(gﬂ)

‘T
-s
@

N=| n; 0 -n (axb=A-b)
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Computatlon of Orlentatlon Matrix 1V

IE“""“""'E___.._ .........

B e e e [ e = planarRotation - MultlBundLlh_. 3D.UL =|O] |
: |

X m— B Fle Edit Simulation Plot &nimation _mmands Wmdnw Help -8 %

o [zHAG M|/ mey ARL-&-HN =Z-|%-¢98DAEE00x ]
E'”"Elj planar 1 %] mdlplanaRtat on | | | "
Ly TEREATy Packages |;| "defines relation between the rotational matrix and a planar rotation angle
et et | <] 2 =l (] Uit -
= . ' [ & GravityPaol =
ROtatIon -1 f ) dwesFotll parameter Real n[3] = {0,0,1} &;
T MUl quation
e --E}»cardanHota.tion e - [nl*transpose{[nl} + {identity(3) - [nl*transpose{[n]}]*cosiphi) - skewin)*siniphi};
..|?DlanarHlnlaflnn . ‘j el planerBararion;
[k Zleld|R|
line: 1| (B Modeling "y Simulation 4

R=nn"+-nn')cos(p)

— Nsin(p)

Unfortunately, also the planar rotation method is not always invertible

In a unique fashion. A null rotation does not have a well defined axis

of rotation. Hence, this me
rotation is always known, as I

thod should only be used if the axis of
n a revolute joint.
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Quaternions

* A redundant way of describing orientation that works in all situations
IS by means of quaternions.

« Quaternions are a four-dimensional extension to complex numbers:

O=ctuitvi+twk=c+u

« Quaternions are characterized by the three imaginary components, i, ,
and £ that satisfy the following computational rules:

=k ji=-k 2=-1
jk=i; kj=-i; j=-1
ki=j ik=-; Kk =-I
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Quaternions I

» The product of two quaternions can be written as:

Q0’=(c+u)(c’+u’) = (cc’—uw’)+ (uxu)+cu +cu

« The complement of a quaternion is being defined as:

O=c+u =c—u

« The norm of a quaternion is the product of the quaternion with its

complement:

00=|0|=c+ |uf

e A unit quaternion is a quaternion with norm 1.

| Q| =c”+ |ul”=1
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Quaternions |11

e In accordance with trigonometry:

cos(p/2)? + sin(p/2)? = 1

It is always possible to find an angle ¢ such that:

« This enables us to encode the orientation of a coordinate system as a
quaternion, whereby the axis of rotation is encoded as u, where
[u,v,w/T is being interpreted as a vector pointing in the direction of the
axis of rotation. The fourth quantity, ¢, of the quaternion encodes the

c =cos(p/2); |u| =sin(p/2)

angle of rotation, ¢.

e Then:

R =2uul +2cU+2cI - I
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Computation of Orientation Matrix V

m.._..;;t Luktes.

.Jﬂl_l

=l quaternionRotation - MultiBondLi b_

* The multi-bond graph library uses all three representations.

53 =10j x|
WEQQ'F.‘"’ O(?AI Er -4+ aSHB ]
T = &L B Fil= Edit Simulation Plok  Animation Cnmmands shird o Help ==l =]
Pachage I:“
oo eS| " mey AR L-&-H", |[=Z-|th-¢«»mBHEE= -
';!._Aﬂuw_w_ l _| model cuuaternionBotation
jfoesson [ . Packages - "defines elaction between the otational matrix and cuaternions"
Ocatwirges ]
_s== 2 quaternion =
B E %% | & ]
= N =1 [ Htilities
Coprnants: 4 . | . I .
e | = B &8 GravityPool protected
Lmm . L AwesFotd Peal ul[3] = Q[1:31;
Beal o = Q[4];
Rotation (10 M
- =} cardanFatation CETIEE
Brel = 2*{ ([u]l*cranspose([uall) - oc¥skewiu) + (cFocFidencity(3))] - identity(3);
- f—} planarF otation
el |°E|>quatem|onHotat|on Silidentity i3l - [nl*transpose{[nll Siphi) - skewin)*sin(phi);
8 ooy )
"‘Ii_"lﬂ':'tat'c'ri I _II end guaternionBotation;
“« | » | ®

Line: 1| B Modeling I “y# Simulation I y
%

R =2uu’+ 2cU0 +2I - 1

It uses the

planar rotation method iInside revolute joints, and either Cardan

angles or quaternions (user’s choice) within more general joints, such
as the spherical joints.
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The Wrapper Models

* In the multi-bond graph library, the equations of motion are formulated
In the world coordinate system for translational motions, and in a
body-fixed coordinate system for rotational motions.

e For this reason, the bond graphs for translational and rotational
motions are kept separate from each other, and the 3D mechanics
multi-bonds have therefore still a cardinality of 3.

I i S0
fra

— T mn.slatwnal —
multi-bond graph

Translational positions ———

|,

Rotational positions ———

— Rotational multi- —
bond graph
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Equations of Motion In Body System

o Let us formulate the equations of motion In a body-fixed coordinate

system.

d
Ty = E (RTJbodywbody)

— pT . > T
Ty = R'J 00, Opoay T R0y @poay

T — pT TO
R Thody R'J bodylbody T R ‘Qbodbiodywbody

g 4 4 U

Thody = SboayZvody T Pboay * boay®@boay

\m

Gyroscopic torque
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a so-called Eulerian Junction Structure (EJS):.

The Eulerian Junction Structure

e The gyroscopic torque can be formulated, in terms of bond graphs, as

MGY1

mGY

EJS
I=identity(3)

Name: MGY

Location: MultiBondLib.Mechanics3D. Additional MBG
Parameters: Inertia tensor J.

Equations:

External description

MGY - MultiBondibMechanics3D.AdditionalMBG.M

E File Edit Simulation Flot Animation  Commands Window  Help

il
=181%

FEEEIIEN Py

W 2% ¢ eBAEET I

k]

Packages

==

¢ MBGZMech

B

d squation
MechaBG = e = cross(f,I%6);
: ﬂAdditiona\MBG

nodel MGT
"maltiport ator according to the Eulerian junction structure (models gyroscopic effact)"
tiBondLib. Interfaces. FassivelnePort (final n=3);

3] I=identity(3) "Inductive Field";

extends

Pr—

MEY

TF .
AR IENN Y

end MGY;

( | &

Line: 1‘ Modeling | " Simuation I o
)

Multi-bond graph implementation

MGY - MultiBondLib.Mechanics3D.Additional

B Gil= Edt Simulation Plot Animation Commands ‘Window  Help

ErEC YRS PAT A L Ry -1 A

=10l =]
=17 %]

|

Packages I;l
[+ [C]) Compositions

][] Passive

fl [C]) Sensors

+] [C] Planart echarics

=l [T Mechanics3D

& warldap

B [T]Interfaces

3 |:| Frame_a

3 D Frame_b

- Ml Frame

[+l EH Potentials

B MBGZ2Mech

4 MechzMBG

E [ AdditionalMBG
e

o mTF

- {}E. translational TR

£
[
[
[+ [T]) Switches
[*
=

- [,,:. translational_mTF

b tr—‘ translational_mTF2

& [JForces

| = M TJoints

=l
E Zlel»|w]|

W3] I/t[ﬂ]

1

mGY mGY

Eulerian Junction Structure

N\ may

| Modeling |

“y® Simulation I

Z1

Bond graph description
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library:

The Model of a Body

* We are now ready to model a general body using the multi-bond graph

Name:
L.ocation:
Parameters:

Body

E-::-di1

Mass

MultiBondLib.Mechanics3D . Parts

m.

Inertia tensor elements: Iy, f13, f1a, f2, Ba ha

m=1
MSG_def. .

‘ﬂ @ Svta = mMatyq - mgwlD
oSO e R
I={m}
H—— I—W0r|d3D—@Se j
: Translation
frame_3 a S Rotation
—h- 1 -Z\-mGY
I=lnzrt
H Toay = JbayZbay
PotentialFB... + w X J w
—[I—TE_T\IT Fe—3 bdy bdy*™ bdy
fige \ )

The translational equations of
motion are formulated in world
coordinates.

The rotational equations of
motion are formulated in body-
fixed coordinates.

The gravitational pool s
computed by the world model
of wrapped 3D mechanics.
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e Model of a Body I

I ElBody - MultiBondLib.Mechanics3D.Parts.Body - [Modé
E File Edit Simulation: Elot Animation: Commands. Window  Help

Biinp
=181X

@SR/ mey ANL - [HN Z-

[%-¢»mBAEET

ﬂ wodel Body "complete body model"

Packages l;' —
[ Interfaces L

H ﬂAdditionalMBE

[ ﬂ Forces

Modelica. 3Tunits;
Modelica. STunits. Conversions;
Modelica. Mechanics. MultiBody;

import 31 =
import Cw =
import ME =

RearMass in MultiBondLib.Mechar

General I.&nimation | Advanced | Add modifiers

EiE3 [ aints

Comment simple body element

Corpanent lzaon
MHame IFlearMass .
SimpleBo. ..
Comment |
Maodel =
Path MultiB ondLib.Mechanics3D. Farts SimpleBody

parameter Boolean animationstrue "= true,

parameter 5I.Mass mw = 1 "mass of body";

= ﬂ Parts

| »

if mation shall he enahled";

General parameters

I

B 5 _LI=TUHL
"|Inertia tensor (resolwved in center o

wass, parallel to frame a)| (f,1) element of inertia tensor"

L

parameter 5I.Inercia I_ZZ=0.001
"|Inertia tensar i(resaolwed in
g;

parameter 51 Inertia I_33=0.001

: uJ SimpleBody
: BHFired

=

center o

é-(]FixedHolahon

5-‘|—|FixedTlanslat...

Parameffrs LJ[:HHU"iﬂQDbiECIS "|Inertia tensor (resolved in center of
arimafion false vl 3 = true, if animation shall be enabled []ﬂMBChSenSUrS =
0 parameter EI.Inertia I Z1=0
o —85’ 9. mase of bach § : e : : : : I:IET_I,IDES ﬂ "|Inertia tensor (resolved in center of
GPlngex » Index of element in gravity pool iz zero if element iz not in gravity pool] i -
R Ele|9 R i ,
Inertia tensor [rezolved in center of mass, parallel to frame 3l parameter 31 Inertia I_31=0
X i : :
I_11 9.2 »Yegm2 [1.1) element of inertia tensor b |Inertia tensor (resolved in center of
I_2 28k ame [£2] element of inerha tensor Eompunenls j a: ]
1_33 11 » fkgm2 [3.3] element of inertia tenzor EMuliBondLib Mechanics. . pEerJ;EtEr SI'Inertl? I_Si-ﬂd .
: "|Inertia tensor (resolwved in center o
- 24 » kgm2 [21) element of inertia tensor Iframe_a =
I_# 0w fgm2 [3.1] element of inertia tenzor i-MBG_defaults T
M FOMAGT final parameter 5I.
i i | MecH
I_32 0w Jam2 [3.2] element of inertia tensor i - 141 T T 'inercia tensor' a;
i
Ok Info Cancel

| Final parameters are computed

mass, parallel to Erame_alll 12,E) element of inertia tensor"

Parameters
i1 par??boﬁﬁEéﬂ(?ﬁilﬁent of inertia tensor"
ol SEPALALE JISLON suevvso v
main parameter

s, parallel to frame a)| 13,1} element of inertia tensor"

window

mass, parallel to frame a)| (3,Z) element of inertia tensor”

hertia Inerc(3, 3]=[I 11, I 21, I 31; 121, 1.1, I 3%;

Line: 1‘ Mudeling | P sinulation I

are not listed.
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The Model of a Body Il

SiRes Mass in MultiBondL 1.Mechanic:

Gerlial IAr\imation | Aclinced | Addmedfiers

2

o

y A
Mamn IReavMasy
Comment
Modsl

Path MultiBondLib. janics 30 Parts SimpleB ody
Camment simple body lermet
P

SimpleBo...

arirnation
m
GPIndex

E File Edit Simulation Plot gnimation Commands Window - Help

Body - MultiBondLib.Mechanics3D.Parts.Bod

=10l
=18l

A5 W

sphereliameter

» m Diameter

sphereColor

=IES»

Calor of =g

1 %

Packages I;l

# ﬁ Interfaces
a ﬂ.ﬁ.dditinnalMEG

H ﬁ Forces
H ﬁdnints
- ﬁ Parts

-miT Body

iy SimpleBody

- SHFied
é--ﬂFixedHutatinn
E--I—lFi:-cecIThamslat...

¥l [ RolingObjects

il [T MechSensors

H [ Types j

e Ele|d]|w

£
£
£
C

[/mey ANL o [HF, - -« s =mBAEE[>

parameter ME. Types.Init.Tewp initType=ME.Types.Init.Free
"|Initialization|| Type of initialization (defines usage of start walues below)";

parameter 5T Position x_start[3] = {0,0,0}
"|Initiglization| |initial position;

parameter 5I.Velocity w_start[3] = {0,0,0}
"|Initislization| |initial welocity";

parameter 5I.Acceleration a start[3] = {0,0,0}
"lInitialization| |initial acceleration";

parameter Cw.NonSlunits.Angle deg phi start[3] = {0,0,0}
"|Initialization| |initial cardan angles in degree";

parameter Types.ingularVelocity deg w_start[3] = {0,0,0}
"|Initialization]| |initial angular velocity in degfs";

parameter Types_ Angulardcceleration deg z_start([3] = {0,0,0}
"|Initialization]| |initial aneular acceleration in deg/sz";

parameter Eoolean enforceftates = false

"|Advanced| |enforce Quaternions or cardangaﬁmerﬁegrouped

parameter Boolean use(uaternions = true

"|Advanced| [use Quaternions instead of caim@glsgparate Sub—

parameter Types. Botationiedquence seq‘uence_angle.s = {1

3t
"|hdvanced| |sequence of the cardan angleszndows Ofthe
sy eperal perameter

Ok

I Info

4

Components = T o
- . - - "linimation|if animation = true| Djancfer of .sphere" d;
EI|Mu|t|EIDndL||:u.Mechanlcs... e T Remrpem (ehoflior o o d3w1#d@@9310r
.f[ame—a "linimation|if animation = true| Cold® of sphere" 8;
i-MBO_defaults
HMerh?MRR1T j
1 4
lne: 1 [ Modeling 7@ Simulation I

A
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Name:

Location:
Parameters:

Body
MultiBondLib.Mechanics3D . Parts
Mass m.

Inertia tensor elements: Iy, 13, 13, [z, ba. s,

mass

;m O B

frame_a

PotentialFE...
P
)

—U—'~ 1’,-'.'-'

N ¥

frea

LWUFMSD—«& msSe

Hal)

I={m}
gravity F\

Gyroscopic

T\ 1 emGY

1= |'1E'I't

=

epaul

dl

warld 30

Hi

Every 3D mechanical wrapped
multi-bond graph model must
invoke the world3D model that
must be declared in each
wrapped  multi-bond  graph
component model as an outer
model.

ics3D.P =10
E File  Edit  Simulation Plat fArimation Commands  Window  Help =8 %
leEdQAE (W mey ARL & Hh, =Z-
|- ¢ »m@AEE I
- 2
F'au::kages ﬂ =
IﬁJmnts SI.Force gFl[3];
Elﬁlpartﬁ ~ protected 1
: l.n Biody -cnuter WorldsD worlddD:
I-ﬂ':wnnlpﬁnrlu j = i
BT | .rl
Line: 1 Ml:u:leling " Simlation v
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The shapes and sizes of bodies can
be declared for the purpose of
animation.

This feature is borrowed from the
multi-body systems sub-library of
the standard Modelica mechanics
library.

You find documentation there for
predefined shapes under the sub-
heading Visualizers, and more
generally under the sub-sub-entry of
Advanced — Shape.

E Fle Edt Smulation Plot Animation Commands Window Help

The Model of a Body V

Body - MultiBondLib.Mechanics3

=[0ix]
-|8lX

oV AN M 2 B¢y BRAEE[T

[GEQE W |/m
A

4
B ﬂ paraueter Integer ndip=if world3D.enableAnipation and animation then 1 else 0;
: :gl_ll ME.Vizualizers. Advanced. Shape spherendin] |
ﬂJoints each shapelype="sphera",
gach color=sphereColor,
Eﬂpa'ts each length=sphereDizmeter,
ﬂ Body each width=sphereDianeter,
e each height=sphereliameter,
ﬂ Simplelony each lengthDirection={1,0,0},
E--§4Fiﬂﬁd each widthDirection={0,1,0},
. . each r_shape=-{1,0,0}*sphereliameter/z,
- PCFediotion each r=Mech?MECL.x,
E--HFiHedTranslat... each R=ME. Frames. Orientation(T=MechZMBel. R w=zeros{3}}};
ﬂHnllingDhiects o=
R = ¥
oog
R Zl |8 | ,H
lre: 1| [ Modelng "\ Similation /
f
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The Model of a Body VI

Name: Body
Location: MultiBondLib.Mechanics3D.Parts
Parameters: Mass m.

[nertia tensor elements: [}y, Iy, fj3, Dy, I ha.

- world3D —
frame_a Gyroscapic
T\ 1 mAmGY
IFinert
PotentizIFB H/
A, I==3
RO) 2m:
free

= Body - MultanndLlh'M hanics3L -|0] x|
B Fle Edit Smulstion Elat F'.nlrnatmn Commands - Window - Help =18 x
le@Q&8 N |/ mey ARL & -Hh =Z-
% ¢»mEBABET
=l |
s =
Package3 I_l e
if GPIndex > 0 then
.@Jmnts world3D. gravityPool.pos[GPIndex,:] = frame a. P.x;
EI@F‘arts world3D. gravityPool mass [GPIndex] = m;
e
i _| gF = worldiD.gravicyPool. gravicyForce (GPIndex) ;
I:ﬂ SimpleBody wliel.s = w*world3D. gravitylicceleration(MechZMBGL. x)+gF;
- aFised o
DDS]FmedHnlallnn J end Body: )
uun * | » | ‘ | 1| I }l
Line: 1 Modefing | "# Simulation A

 The center of the gravitational pool is specified in
the equation window. The corresponding graphical
element is only a drawing. The user is reminded of
this fact, by not connecting the “connections” all the
way to the connectors.
“something is fishy.”

The user then knows that
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