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* In this lecture, we shall continue with the bond graph

3D Mechanics 11

description of 3D mechanics.

« We shall complete the description of the joints.
 We shall then describe the problem of closed kinematic

loops.

« We present a complete example of a model from 3D

mechanics: a bicycle.

* Finally, we shall discuss the efficiency of the generated
simulation code both In terms of choices that the user can
make (Cardan angles vs. guaternions), and in comparing
the efficiency of the multi-bond graph solution to the direct

multi-body system solution.
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The Translational Transformers

 Also for 3D mechanics, we need special translational

transformers that describe the effects of transforming a
motion along a rigid rod.

« A rotation around one end of the rod leads to a velocity at
the other.

« Mathematically, this transformation can be described as:
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The Translational Transformers 11|

e The multi-bond graph library offers four different special 3d
mechanics transformers:

tramslaticnal TF 1

—_—
translatocral

Mame:
Location:

Parameters:

Eqguations:

translational TF
MMultiBondLib. Mechanics3AD». A dditional hMBG
translation vector r.

fz = f] = r
e = 1 = &2

a

transl_mTF1

mTF

transiaionzal

Mame:
Location:

Parameters:
Modulating sicnal:

Equations:

translational_mTF

MultiBondLib. Mechanics32 D Additional MBG
translation vector r.

amplification factor .

Iz =1 = {cr-1)
e = (-1 = e

L
transl mTF2

mTF

]
translational

MName:
Location:

Modulating signal:

Eqgquations:

translational_mTF2
MMultiBondLib. Mechanics3AD» A dditional MBG
translation vector r.

fg fj =
2 = T = 2

mTF1 MWame: mTF
m I F L.ocation: MultiBondLib. Mechanics3 D A dditional M BGG
Modulating signals: transformation ml_’—:trix ™.
boolean control signal &
I:"L c'l‘n.-'l ]'-"L c -3 o
lquations:
f-2=M-1 o e = Wl - ey
e =M e or =M -f
"-\-._.,v_.-v"
B=trwe b= alse
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The Fixed Translation
A rod is modeled by the following multi-bond graph:

FixedTranslation - MultiBondLib.Mechanics3D.Parts.FixedT y‘%‘":__{-_* N

= File Edit Simulation) Plot  animation Commands  indow  Help
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i+ MBG_defaults
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The Fixed Translation 11|

A rotation around frame_a leads to a translation at frame_b:

FixedTranslation - MultiBondLib.Mechanics3D Parts.FisedTr
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The Fixed Translation 111

FixedTranslation - MultiBondLib.Mechanics3D Parts.FisedTr
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of positional information. It
affects only the translation,
as the rotation remains the
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all.

« Arevolute joint can represent a hinge or a drive, depending

The Revolute Joint

« A revolute joint doesn’t affect the translational motion at

on how it IS being connected.

« |f the joint represents a hinge, the external torque at the

joint is zero.

* The joint computes the relative angle between frame_a and
frame_b, and from it, computes the orientation matrix that
IS needed to determine the coordinate transformation from

frame_a to frame D.
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The Revolute Joint |1

SlRevolute - MultiBondLib.Mechanics3D.Joints.Revolute - [D
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The Revolute Joint

Revolute - MultiBondLib.Mechanics3D.Joints.Revolute
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The Revolute Joint 1V
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The Revolute Joint VV
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The Spherical Joint

A spherical joint Is similar to a revolute joint in that it only
rotates.

Yet, a spherical joint has three degrees of freedom, rather
than only one. Any rotation is possible.

Hence we cannot compute easily a plane perpendicular to
the rotation, and therefore, the planar rotation method Is
not suitable.

We can use either Cardan angles or quaternions. Each
method requires to represent the correct vector of angles in
a different way.

Hence the bond graph only determines the angular
velocities, using a Df element. The Cardan angles or the
quaternion vector respectively are integrated from the
velocities using special elements.
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The Spherlcal Joint |1

.Flle Edit  Simulstion EBlot  Animation  Cormrmands  Stindow Help

o =1
_1&

I EHQ@ W~/ OO AML- -1, [ Z-|f-¢ > nEHE =00 -

2
=l MBG_def

FPackages

I 5ources
[ 5witches

G

[C] Planartechanics T,
= [ Mechanics3D

- il wordan

e [T Interfaces

b [ AdditionaltB G | M3

Computation of
orientation matrix from T e U T

either Cardan angles or A .
1 \ 1 root? | ’FI

quaternion vector - _

—
Fotation

o mTF1

frame_b

=1 malme_ & el={0}

Components

= : T | Se -—=- 1

E[MuliB ondLib. Mechanics 30, .. + T e

M frame_a
M frame_b

L MBG_defaults
bechZMEGT
MBG 2kdech
G1J1_1

Sel

Dl

E1J0_1

mTF1

FALItE ondl
1 b IR A2

cardan
R otation

ﬁ

November 15, 2012

i fl* ''''' | ‘ Computation of

LT ITED G ! FUstsiT... angular velocities
Cardan angles or DS o -1 &

quaternion vector

| Modeling I W2 Sirnulation I y

© Prof. Dr. Francois E. Cellier Start Presentation (L)




ETH Mathematical IMobdeling of Phydical ©pdtems

Eiigendssische Technische Hocheshuble Zdrich
Swrivs Federal Initiute o Technplogy Turich

The Spherical Joint I
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The Selection of State VVariables

When dealing with multi-body systems, it matters greatly,
which variables are being selected as state variables, as this
will Influence strongly the efficiency of the generated
simulation code.

If we choose our state variables wisely, the number of
simulation equations of a tree-structured multi-body

system grows linearly In the number of degrees of
freedom.

If we make a poor choice of our state variables, the number
of run-time equations grows with the fourth power of the
number of degrees of freedom.

To this end, we should use the relative positions and
velocities of joints as our preferred state variables.

November 15, 2012

Start Presentation

© Prof. Dr. Francois E. Cellier

<>




ETH Mathematical Modeling of PhyJical ©p3tems

Eiigendssische Technische Hocheshuble Zdrich

Sweivs Federal Inctftule of Technplogy Turich

Closed Kinematic Loops

 The tools that we have learnt to use so far suffice for
modeling tree-structured multi-body systems.

* Yet, many practical systems contain closed kinematic

loops.

« Kinematic loops offer an improved mechanical stability to
a system, and are therefore used frequently.

« As an example, consider a half-timber house. The wooden
frames are over-determined and provide the necessary

stability that prevents the house from collapsing.

e A typical example may be the pentagraph mounting of
office lamp that can be moved around to provide light

where 1t IS most needed.

LK

'\\ Kinematically closed loops

of an
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Closed Kinematic Loops I

» Unfortunately, closed kinematic loops lead to redundant

system descriptions.

e The reason Is that a closed connection exists from one root

to another.

* Hence the positions and velocities along this closed path
can be computed in two ways, starting with either of the

two roots.

e There exist a number of different algorithms that can be

used to get around this problem.
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Closed Kinematic Loops I

To avoid the redundancies associated with these closed
connections, It Is possible to declare one joint of each
kinematically closed loop as cut joint.

XK X
X ‘\\ Cut joints

Cut joints do not define any Integrators, thereby
eliminating the introduction of redundant equations.

Dymola used to support this idea by offering a number of
cut joints.

The approach was given up, because It required a manual
analysis of the system topology by the user.
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Closed Kinematic Loops IV

o A different solution Is to cut the closed kinematic

oo
Wit

DS somewhere at a connection, rather than

nin a joint.

e The disadvantage of this method is that we allow

the

use of surplus integrators that wouldn’t be

truly necessary.

 This reduces the efficiency of the resulting
simulation code a little, but the approach i1s much
more convenient, as It can be automated.
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Planar Kinematic Loop — An Example

o Let us start with an example of a planar kinematic loop:

=lol x|

Ene Edit §imu\atin ey G . _ v 13 x| ) E aCh Of the reVOIute jOintS defi nes
e EAS R[N/ OTARL-B- 1R, |Z-|B-¢»=EABE S - -
= S one mechanical degree of freedom.
E S e The prismatic joint takes two of
= these degrees of freedom away.
j « A closed kinematic loop iIs being
formed by three of the revolute
| joints, two fixed translations, and
T the prismatic joint.
 We need to break that loop
yplanarWorId SO m eWh e re .
1
| B modeing [ muiation | P

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




ETH

Eiigendssische Technische Hocheshuble Zdrich
Swits Federal Inititute of Technplogy Turid

Mathematical IMobdeling of Phydical ©pdtems

Planar Kinematic Loop — An Example I

« We can introduce a loop-breaker model anywhere along the loop:

Damping’ wemes | ¢ The loop-breaker model avoids
| . 20
oy “ connecting the velocities on both
N l l l sides
€s.
Fixed o " |+ This returns enough freedom to the
r system to eliminate the redundancy
=i 5peg Prismetic? 1 i among the equations.
3.1 o QDL
&I._;_.I I;Ig ng
5] & 5| 5 s |3
= Revolute3 . 1 _Revolme«ﬂr"_-l-é'
_n1_ Cl_ﬂ—ll [:\CIos._.},u_
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The CIosedLoop Model
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l_i__llj.]uints =&

; ecuation
' ¥ Prizrnatic frame_a P_.x = frame h_P_x;
E--EHJHEVDMI:E frame a.P.y = frame b.P.¥y:
I frame a. . P.phi = frame b._FP._.phi:
E"T@FTEEED':'-'P'MDVEFH--- frame a.fx = frame b_fx;
é--@F’DtEhtialFBM frame a.fv = frame b. fvy:
frame a.t = frame b_t;
HEI:IDSELDDp |
[+ ﬂparts ernnd CloselLoop;
E E|lel»|® | i

model Closeloop "selement to close kinematilk loops marnuaslsy"

| ]

|Line: 1

Modeling

"y Sirnulation I 4
£

* By eliminating the velocity equations on the connection, we allow the
velocities to be computed separately by differentiation on both sides,

although we are in fact computing the same quantity twice.
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Planar Kinematic Loop — An Example Il

e Let us simulate the model to see what it is doing:

Damping | Workd
T planar\Worl
i &
Spring 1 l i i
T, ! -
i c=a0 X
Fixed1
n={1,0}
_—
- Un_
Prismatic1
o 515 W
S = = D
o[l 022 S
= a
il i1z -
T,
_c;::-_:,__hm
T: T: : T
il 8 A 3 s | =
S p o 0 =
<Lz < gt
7 Revolute3 p— Revolute4
_— . g .Y —_—
Ha = ,}H[Cles-#’ =] = b
I |
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Planar Kinematic Loop — An Example 1V

o With a little bit of help, Dymola is capable of inserting the
loop-breaker model on its own.

e To this end, the user needs to declare components that can
form a closed kinematic loop by use of the defineBranch()

function:

ecuaation

definebBranch({frame a.P, frame h_P);

o This IS necessary anyway for the rooted() function to work

properly.

e On its own, Dymola will cut the loop open as far away
from the root as It can.

* [In this way, the two paths are made equally long.
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Planar Kinematic Loop — An Example IV

e In fact, Dymola doesn’t actually insert the ClosedLoop model.

* It solves the problem in a different way:

SiPotentials - MultiBondLib.Pl nics. Interfac - (ol x|
B Filz Edit Simulation ot Animation Commands  Window  Help -1 8] %

|EEQG(W|/ mey sARL-2-HN Z-[h-¢)uSABFE[
F

record Potentials

Packages I;I "redundant part of the connector for the planar objects"
T extends Modelica. Icons. Becord;
[]ﬁSwitches import 5T = Modelica. 5Tunits;
[—]@PlanarMechanics %I.Position x "Position";
--MPIanarWorld S8I.Position ¥ "Position";

SI_ingle phi;
E ] Interfaces

L DFrame a 8I.Velocity wx "Welocity":
- SI.Velocity vy "WVelocity":
|:| Frame_b . .
- Sl AincularVelocity w;
- [l Frame
[—]%Potentials encapsulated function equalityConstraint \
: i "RBeturns the constraint residues to express that two frames have the same orientation"
i equalitCo..
--AMEG2MECh import Modelica;
import MultiBondLib. PlanarMechanics. Interfaces;

" FoMeCthEG extends Modelica. Teons. Function;

M @Addi[ignaMBG input Interfaces.Potentials PL;
input Interfaces.Potentials PE;
EJEF eeeee output Real residus[3];
H @Joints algorithm
[]@Parts residue := {Pl.xz-PZ.x, Pl.vy-FZ.v,Pl.phi-PZ. phi};
o]
=)

[]@Examples b end equalityConstraint; J
[ ] Types

51 F T b arharins j =

E. zEzl ‘ | * | K | end Potentials;

Line: 3‘ B Modslng | “® Simulation I

v

At the place, where Dymola
decides to break the loop, it uses
an alternate set of equations, as
formulated in the encapsulated
equalityConstraint() function.

A residue vector Is being
Introduced  that  effectively
provides the additional degrees
of freedom needed to get around
the redundancy problem.
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Planar Loops in 3D Mechanics

« The automated loop-breaking algorithm doesn’t always work. The
following example demonstrates the problem:

-0/ x]

s e e e e S -2l o et us look first at the simulation

-
n={00,1}
- [ ' -~ results to better understand what this
. I &
+M=1Prismat tic: i .
i . et = .
e iTs iT2 system is doin
é-l{-lSuh | g: t-_; % -
i #4FresTranslational = |- =13
T =] &
- {EaFrecBodyMaven... i H
g.'@PutentialFBM '-I = I - --I = I "
E-@C\USELUDD 5: E ;: =
[=} D [=] o D =]
[l (] Cubloints _ EI IE Spring1 '“:I I E
E--I:EIF‘\anarF!a\u'nlute ] TET = =
[ [ Pans Fixedl o =160
B (] RolingObjects ”_={D '1& Prisma tic]
[#l (] Mech3ensors E= R | i L[
B[] Types Revolute3 0.0}
r={0,00} evolute. ; EPampmg1
[+ [ Utiities 5
1= (] Examples 'é “I f}ﬂ—lw—ﬂ—‘I—ﬂ—“I—Eﬂ: I o
= p - —
] FouBarLoop = =1 = d=16 1= =

_ - -
- (] Fialingh arble = [od = o
) = =
- (] GyrascopicE ffect ) j j
- (] SpheiicalSpring -2 - F
i 5 T S
I I
[[Bieycle = ; =
i i
5 E}
@ 2
T o

. ﬁ Bicpcled
- ([JPlanarLoap k={010,0}%

] Mewtansi Cradlsh wiarld30 - —
¥

] ThreeBodySystem l\i l l "_ [

[ [ Mechanics3Dwithimp..

{o'o'e bk
{0'0'e 1k

[l

AR IR Y >

| Mudahng | “y® Simnulation I

4

] . = i
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Planar Loops in 3D Mechanics Il

e The problem is the following: There are two planar closed
kKinematic loops each defined by three revolute joints and a

prismatic joint.

« Two revolute joints with the same rotation axis suffice to
restrict the freedom of motion to a single axis. The constraint
of the third revolute joint is therefore superfluous, which leads
to an additional redundancy that doesn’t get removed by the
automated loop-breaker algorithm.

e For this reason, a special revolute cut joint was introduced In
the 3D mechanics library that can be used to break planar
closed kinematic loops in 3D mechanics.
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A Bicycle — Another Example

e Let us now model a bicycle using the built-in wrapped multi-body
component models of the 3D mechanics sub-library of the multi-bond
graph library:

SBicycle - MultiBondLib.Meche
Eile Edit  Simulation, Plak  An

mands Window Help
[ZEQA8 R/ OOC AL d-Fn, Z-|[%- ¢ » = BHAE & w: -]
_ x|

R

Packages
T
warld3D
3 K 3
i 0
= =i
E = 3 E
[ » i3
L
Ts ET =
% ~ % )
=] @ =1
- E t |3
& [ Parts = & X
[ n=(0.258,0... e el
& (T Relingbjects meFrarrl;e — - HearFrambe
E £
B JMechSensars e = — ;
r={013,048 ... | m | r={1.02,-0.4.
@ Types Steerin g
] [T Uilties
=l [ Examples
FouBarLoop & Y
G =l 210
[T RolingMarble o = E 2
) o 0 & 2 RS
[T Gureseoy picEffect ‘{C.’I I % % I I;
- [(] SphericalS pring = L =
Eose ]
- [ Bicyels2
Fihesl Rihesl
- [ PlanarLoop
- [ CentrifugalForce Q"_ Q"_
- [T MewtonsCradigw!...
ﬁ r=0.35 r=03
- [ ThreeBodySystem
= [T Mechanics2Dwithlmp.

= Z e[|

| Mndehng | \® Simulation I

7 |
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 The use of the multi-bond graph library for modeling systems from 3D

quite simple. Here is the corresponding multi-bond graph
model without wrapping:

mechanics IS

8 g
f l
IF =1 -2 ] == [) == TR = | 1 = |F
]
|‘ Ser= 1 = | Il |+ IJ Ser= 1 = | "
fl = It F4 l
1 -=5TF -=SaTF.====== I se=1 =Dgf |8 0 -e==anTF = TF = | &
Jx ! I f = = F1 1 I S,
— ¥ — =
fl —1 ] | s ] -2 y—— 1l I
— ! L] " i
| =1 -&=-5ge Doee=- 1 -&=-5e
Y ” “ aleﬁ-l HJ[I:I “ “ [[Z'.-IF py g =
L f
Mg | e TTF = TF = [ ce=- TF .e=-ms=e emse .= TF .= [ -—=diTF =M TF e | -—=-Sp
- P
=-H
 No comments are necessary!
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Accuracy of Simulation Results

o Let us simulate yet another model.

effects.

world3o

il

Fixed!

H

FixedTransk...

It shows beautifully the gyroscopic

FivedTranzk...
8 i

I

=001}

FixedTranzl...
8 h

I

Body|
- r={0-1.0

D |] na bﬂ
g g =200}
=00} Sphericalf

FixedTranzk...
i b

I

r=00,1}

FivgdTranzh...
8 h

—
1]
P
(==
=
=
=
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Accuracy of Simulation Results |1

« The model was simulated three times, while changing the parameter

settings:
good cardan angle seq. quaternions bad cardan angle seq.
tolerance error steps error steps error steps
1.0-107* [ 49-107"  29-10° [50-10° 2.6-10*" ] 1.8-10" 54.10%
1.0-107°]9.7-107° 6.2-10° 3.1-10°* 4.8.10*2.9.10* 9.5.10°
1.0-107% | 1.2-1077  1.4-10* | 1.1-10™ 8.4.10* | 3.5-10  2.0-10°
1.0-1071 | 1.2-1077 2.3-10% [.1-10° 1.4-10° | 3.0-10° 4.4.10°

 Making the correct choice of which method to use for computing the
orientation matrix of the spherical joint had a huge influence both on the
execution speed (number of integration steps) and on the accuracy of the
simulation.

o It is sometimes worthwhile experimenting with these model parameters to
get the most out of the simulation.
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Efficiency of Simulation Run

e The following table compares the efficiency of the simulation code obtained
using the multi-body library contained as part of the standard Modelica
library with that obtained using the 3D mechanics sub-library of the multi-
bond graph library.

MultiBody Mechanics3D
experiment | linear equ. non-lin. equ. steps | linear equ. non-lin. equ. steps
Pendulum 0 0 207 0 0 207
Double pendulum 2 0 549 2 0 549
Crane crab. 2 0 205 + 0 205
Gyroscopic exp. 2,2 0 294 3,2 0 294
with Cardans
Gyroscopic exp. 4.3 4 24438 4,2 4 25574
with Quaternions
Planar Loop 3,2 2 372 6,2,2 2 372
Centrifugal exp. 10,2,2 2.2 70 16,2,2 2,2 70
Four bar loop* 10,5,2 5 446 9,5,2 5 625
Bicycle* 5.5.3,2 1 97 15.3 I 84
November 15, 2012 © Prof. Dr. Francois E. Cellier Start Presentation <:||:>




ETH Mathematical IMobdeling of Phydical ©pdtems

Eiigendssische Technische Hocheshuble Zdrich
| [ b mn w i ]

References |

« ZImmer, D. (2006), A Modelica Library for
MultiBond Graphs and its Application in 3D-

Mechanics, MS Thesis, Dept. of Computer
Science, ETH Zurich.

e ZImmer, D. and F.E. Cellier (2006), “The
Modelica Multi-bond Graph Library,” Proc. 5%

Intl. Modelica Conference, Vienna, Austria, VVol.2,
pp. 559-568.

November 15, 2012 Start Presentation

© Prof. Dr. Francois E. Cellier

<>




ETH Mathematical IMobdeling of Phydical ©pdtems

Eiigendssische Technische Hocheshuble Zdrich
| [ b mn w i ]

References |1

o Cellier, F.E. and D. Zimmer (2006), “Wrapping
Multi-bond Graphs: A Structured Approach to
Modeling Complex Multi-body Dynamics,”
Proc. 201" European Conference on Modeling
and Simulation, Bonn, Germany, pp. 7-13.

 Andres, M. (2009), Object-Oriented Modeling of
Wheels and Tires In Dymola/Modelica, MS
Thesis, Mechatronics Program, Vorarlberg
University of Science and Technology, Dornbirn,
Austria.

November 15, 2012 Start Presentation

© Prof. Dr. Francois E. Cellier

<>




ETH

Eiigendssische Technische Hocheshuble Zdrich

Mathematical IMobdeling of Phydical ©pdtems

Swrivs Federal Initiute o Technplogy Turich

References 111

Andres, M., D. Zimmer, and F.E. Cellier (2009), “Object-
Oriented Decomposition of Tire Characteristics Based on
Semi-empirical Models,” Proc. 7" International
Modelica Conference, Como, Italy, pp. 9-18.

Schmitt, T. (2009), Modeling of a Motorcycle In
Dymola/Modelica, Mechatronics Program, Vorarlberg
University of Science and Technology, Dornbirn,
Austria.

Schmitt, T., D. Zimmer, and F.E. Cellier (2009), “A
Virtual Motorcycle Rider Based on Automatic Controller
Design,” Proc. 7™ International Modelica Conference,
Como, ltaly, pp. 19-28.

November 15, 2012

Start Presentation

© Prof. Dr. Francois E. Cellier

<>




