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Modelica Multibody Basics: Orientation

= Coordinate systems and their orientation

Iimpnrt MultiBody. Frames;
Frame=s_0Orientation B1Z;
Peal hl[3]
Peal hZ[3]

T oequation

hE Frames=_resolweZ (BlZ, hl);

"h resolved in frame 1":

"h resolved in frame Z";

ffox

hl Frames.resolwel (Bl12, hZ):
7 Orientation object R12
7 describes orientation of coordinate system 2 wrt.1
7 holds
Beal T[22, 23] "Transformation matrix from world frame to local frame";

SI.AncalarWelocity w[3]
"Ahsolute atwmalar welocity of local frame,

7 may be computed using rotation angles or quaternions

7 Multibody Lib. contains over 30 functions to operate on
orientation objects

Deutsches Zentrum
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resolwved in local frame";

i DLR

ﬁ Frames

[+ B Orientation

g @ arientatiohConstraint
. @ angularyelocityl

. @ angularyelacity2

- @ resolvel
- @ resolve?

g @ resolveR elative

. @ rezalvelyadel

. @ rezolvelyade?

- @ nullF otation

- @ inverseF atation

- @ relativeR atation

- @ abzaluteFotation

- @ planarRotation

- @ planarRotationdngle
- @ axizFotation

- @ aresFotations

- @ awezFotationzdngles
- @ smallR atation

- @ from_nsy
- @ from_nxz
- @ fram_T

- @ from_T2
- @ from_T_ire:
- @ from_Q

- @ o T

. @ to T _inw
5 @ to_0

- @ o wector
- @ b ey

. @ lenath

g @ normalize
g @ aRis
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Modelica Multibody Basics: Connectors |

=7 Connectors: the interface to connect components
=7 Position is resolved in world frame
7 Forces and torques are resolved in local frame

frame a
af @ v Roa

L’ - OpOa @

aT

cut plane
P world frame

conmector Frame
"Coordinate system fixed to the component with one cut-force and cut-tordque (no icon)"

non-flow .,

SI.Position r_0[3]
"Position wector fJom world frame to the cormector frame origin,

glica. SIunits;

resolved in world frame®;

Frames. 0rientatiap”?
object to rotate the world frame into the connector frame";

\Cut-force resolved in connector frame" 3;

flow SI.Force £[3
"Cut-torgque resolved in connector frame”;

flow SI.Torqgue £[3]

flow !

end Frames;
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Modelica Multibody Basics: Connectors |l

7 Connectors: how they work

h{:del Springllass
inner Modelica.Mechanics.MultiBody.World world

drs
Modelica.Mechanics.MultiBody. Forces. Spring spring(c=100) y world spring bady
l l l I —]
a b
c=100

a7z
m=1

dz;
Modelica.Mechanics.MultiBody. Parts. Body body(r_0_starc={0,.5,0}) X

g;
equation
connect {(world. frame b, spring.frame a) o9;
cormect (spring. frame_b, body. frame_a) d;

end SpringMass;

=7 Modelica's general connections rules
7 non-flow variables are set to be equal, i.e. frames coincide

=7 since they represent ,some kind of potential*

=7 flow variables sum to zero (Kirchhoff‘s current law)
=7 since they represent time derivatives of preserved quantities
—Z are consequently set to zero if connector is not connected to anything

=7 see Modelica.UsersGuide.Connectors for a comparison of connectors in various

domains
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Modelica Multibody Basics: Components |

7 Kinematics:

7 Component equations provide relations between connector variables on
position level

7 MultiBody.Parts.FixedTranslation
l.e. fixed translation of frame_b with respect to frame_a

=7 Tool (e.g. Dymola) differentiates these equations twice for dynamics

frame b.r 0 = frame a.r 0 + Frames resolvel(frame a P, r);
fixedTranslation frame_b.R = frame_a.B;
a b
[— f* Force and toreque balance */
r={.1,3,l.5} zeros (3] frame a.f + frame b._£:

Zeros (3] frame a.t + frame b.t + cross(r, frame b.f);
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Modelica Multibody Basics: Components Il

7 Dynamics body
7 Newton-Euler equations

7 MultiBody.Parts.Body

frame_a

center of mass

£ import Modelica. Mechawnics MultiBody . Frames;
|,-’,-r translational kinematic differential ecquations resolwed in local frame a
v_a = Framesz. reszolveZ(frame a B, der(frame a.r 0));

a a = der(wv_al;
Ff rocational kinematic differential equations
w_a = HModelica. Mechanics MultiBody. Frames_ anqularWelocityZ(frame a. R);

z_a = der(w_al;

A NewtonsEuler equations with respect Lo center of mass

a CM = a a+ cross(z_a, ¥ CH) + cross(w_a, cross(w_a, r CHi);
f CH = m*a CM:
t CH = I*z a + crossiw_a, I*w _a):

frame a.f £ CH;

t CHM + cros=s{r CM, £ CM):

frame a.t

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV slide 7

in der Helmholtz-Gemeinschaft Multibody Systems in Modelica > 20.03.2011




Modelica Multibody Basics: Elementary Components |

7 Modelica.Mechanics.MultiBody.World

Packages
a@mecham 7 defines inertial frame, gravity, animation defaults
Elﬁ]h*lulhﬂudy , world
;.ﬂUsersGuu:le li l
e
§|jE:-:ampIea X
@[ Frames — Modelica.Mechanics.MultiBody.Forces
| D eaces 7 different resolution properties
L[] Joints _ _ _ .
g 7 interface to Real input functions and 1D mechanics
éﬁsenmm 7 several spring/damper configurations
BT
Jisuszers /‘\ V lineForceWithMass cd=c0
B | c b
}ﬁﬂ n'/ \‘n ------ o )]
° torque °
worldForceAndTorque

springDamperParallel
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Modelica Multibody Basics: Elementary Components Il

7 Modelica.Mechanics.MultiBody.Joints

FPackages
' EEMEchHH,m 7 define specific degree of freedom
; ElﬁhflultlEndy 7 capability to set-up initial configuration
'ﬂ-“i;;z:“"je =7 interface to/for 1D mechanics and rheonom motion
§|jE:-:amplea 7 e.g.
o
|jFrE|IT|E!S 51_50
Interfaces _
gmimg pnrl_s{inoag}c pe:\{/g’lg’tle} universal spherical
|jPart3
ﬁSensnrs
B[] Tyees 7 Modelica.Mechanics.MultiBody.Parts
| B[] Visualizers 7 Fixed, FixedTranslation and FixedRotation

e fixedTranslation fixedRota'iir;'

| KR, B Wy
oo r={0,0,0} =000} b
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Modelica Multibody Basics: Elementary Components il

= Modelica.Mechanics.MultiBody.Parts

Packages

a@mecham 7 Rigid bodies with predefined geometric shapes
Em&‘“'augﬁ’ y body bodyBox bodyCylinder
sers uide
1 r={0.1,0,0} r={0.1,0,0}
|jE:-:ampIea m
BEE 7 Modelica.Mechanics.Multibody.Sensors
@[ Frames =7 for control and validation purposes
§|jlnterfan::es latives cutForceAndTorque

P |j-.||:|int3 relativesensor

,  distance
|jPart3 j N
éﬁSensnrs MR
|jT_'.-'|:IE-'$ 47

| B[] Visualiers 7 Modelica.Blocks.Sources + Modelica.Blocks.Math

sine ramp gain

feedback

/\/ i f > »f_b
freqHz=1 duration=2 k=1
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Modelica Multibody Basics: Analysis Methods

7 Model check
7 EXxperiment setup, translation and time simulation

= InversePendulum - Tutorial.excercises.InversePendulum - [Diagram] 10| =|

& Filz Edit Simulation Plat Animation Commands  Window  Help ===
JJErEQ%[N”“JNDOWAIJ S - l_’_JJEE"' » =S HE E[x -

x| ol x
Packages I;I - : . .
T 1§ T e Syntax Error | I Dialog Error | Simulation | Yergion Management |
) ﬁ ThiseSprings Check of Tutorial excercizes lhversePendulum:
@ SRCEICiEES DAE having 1836 scalar unknowns and 1836 scalar equations.
0 Ereh | Check of Tutonial excercizes IhversePendulum successiul.

InversePendulum - Tutorial.excercises.InversePendulum 10l =l
File Edit Simulation Plok  Animation  Cormands  Windos
==Sk==nlEE

QSN €« &[0 ||
[> 0« D[ Timefo Foped] 1 =
| m 21|

fw‘ariables - I‘Jalues IUnit |DE al; ITransIatlon I Output I Debug I Campiler I Realtime I
[#HIrversePendulum_StateControl 1 E
=l nversePendulum 2 Experiment

WD[H Marme IInverseF’endqum

HbodyBox

bUd.'r":.'r'"ﬂdBf Sirnulation interval

HfixedT ranslation )

actuatedﬂevnlute E Eatie ID

[+ prismatic i Staop time |5

Output inkerval

" Interval length |I:|

% Number of intervals |5E|E|

Integration
Algorithm I D azsl j
< |_;| Tolerance ID.DDD1
Advanced |E Fired Integrator Step ID
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7 Model check

Modelica Multibody Basics: Analysis Methods

7 Experiment setup, translation and time simulation

7 Eigenvalue analysis
7 Menu: File—Libraries—LinearSystems

i DLR
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InversePendulum - Tutorial.excercises.InversePendulum - [Diagram]

S Fle Edit Simulation Plot Animation Commands Window  Help

=101 %]
=gl x|

[2EA&[R(NOOC AL & [ =%+ =E8HE =0 -
|

]

FPackages
e

ﬁ ThreeSprings
E ﬁ BNCECIES

ElnversePendulum

IrverzePendulum_PDContol
. InverzePendulum_StateContral

= ﬁ kodelica_LinearSypstems
GUsers Guide
E ==] StateSpace

ﬁ Examples

‘* eehstuctor
. o
N

Open C|

= m ] e

Edit

52 Check

Q Search...

Close

[l

Zipen Class in Mew Window

3

Info

F

s n={1 0,0}

Wi

| . .
- prizmatic

| Modeling | W Simulation I Y
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Example 1: Control of an inverse pendulum |

7 Initial model
=7 Box:0.5x0.25x0.25m
7 actuatedRevolute: phi.start =95°, fixed=true
7 perform time simulation and eigenvalue analysis

world . . |
y prismatic Qg?é?ﬁt}e r={1,0.0} ™
i
. n={1,0,0} bodyBox
r={.5,0,0}
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Exercise 1: Control of an inverse Pendulum Il

7 state space control

reference_angle matrixGain
feedback
k=Wuodelica.Constants.pii2 ang'eSensor
reference_others phi i E
speedSensor
w fixedTranslation | hodyCylin...

ElmatrixGain in INES.Multibody.InversePendulum_StateContr e | world . . r={25.0.125.04 —d 01 r={1,0,0}
y prismatic =001}
Genersl | add modifers — Revolute
Component —Icon H = —bD_"
Mame | rnatrixGain hatri=Cain n={1,0,0}
X bOdyBOX wiorldForce
Comment I > .
MModel : const

absolutePosition r={.5,0,0}
Path Modelica, Blocks, Math. Matrixizain

Comment Qutput the product of a gain matrix with the input signal vector

k=0

Parameters

resolve

K I [5000, 1200, -100, -250] k Gain makrix which is rmultiplied with the input :
absoluteVelocity

(a4 I Info Cancel
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Modelica Multibody Advanced: State selection |

=7 Joints AND bodies have potential states
7 number of joints is independent from number of bodies

7 an assignment of joints to bodies is not mandatory
= force elements may be connected to each other
7 eqg..
barl ; . c=20 !
nl o 1 /\/\ !
world =0300) "
y springl =40 m=0.8
1 —v- el
; ing2
X 1={0,0,0.3} Spring3 Spring bodyl
e ——} \/\/\—nb—
bar2 c=20

7 here: body coordinates: position, quaternions
and their derivatives are used as states
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Modelica Multibody Advanced: State selection Il

7 relative joint coordinates are used as states if possible
7 default: stateSelect = StateSelect.prefer
7 e.g. Multibody.Joints.Prismatic D

frame_a

final parameter Real e[3]=H.n:n:iellca.Hechm’:ics.ﬂulti&n&ﬁr.Frames.nnrmallée(n)

frame_b

Y

"Unit wector in direction of prismatic axis n";
SI.Position s(stateSelect=if enforceStates then
StateSelect.always elze StateSelect.prefer)
"RBelative distance between frame a and frame b";
SI.Velocity wistateSelect=if enforceStates then StateSelect.always else
StateSelect._prefer) "First derivative of = (relative welocity)";

body1 in Tutorial. examples1.Threesprings 21 x|

enforceStates falze ;I P =tmue, f absolute vanables of body object shall be uzed as states [StateSelect. ahways]
uzelluaternions true j b =true, if quaternions shall be uzed as potential states othensvize uze 3 angles as potential states
sequence_angleStates 11.2.3} 'I B v Sequence of rotations to ratate warld frame into frame_a around the 3 angles used as patential states

7 Advanced user may influence state selection directly
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Modelica Multibody Advanced: Loops |

7 Standard case
7 no specific action by the user is required
every connector is one node in the virtual connection graph
roots of the virtual connection graph are found, e.g. world.frame_b
loops are virtually broken

N NN

selected (potential) root

O node
O root

potential root

—— nonbreakable branch (Connections.branch)
------ breakable branch (connect)

~/ removed breakable branch to get tree
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i DLR

Modell

ca Multibody Advanced: Loops |

=7 Standard case

\

NN NN

\

J1
J2
/3
Ja
/5

Deutsches Zentrum

no specific action by the user is required

every connector is one node in the virtual connection graph

roots of the virtual connection graph are found, e.g. world.frame_b
loops are virtually broken

the related constraint equations are provided

= DAE
0= f(&,z,9,t...) dim(f)=dim(z)+ dim(y)

Equations are rearranged to get a sequence for model evaluation
(Block Lower Triangle-partitioning)

Z1 %9 23 Z4 <5 Z1 29 23 Z4 Z5
([0 0 1 1 0) f2 {1 0 0 0 0)
0O 1. 0 0 O fal1 1.0 0 O
O 11 0 1| = f|1 01 1 O
1 1 0 0 O fs |0 1.1 1 0
\1 0 1 0 1) fi\0O 0 1 0 1)
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Modelica Multibody Advanced: Loops |

=7 Standard case

no specific action by the user is required

every connector is one node in the virtual connection graph

roots of the virtual connection graph are found, e.g. world.frame_b
loops are virtually broken

the related constraint equations are provided

= DAE _ _ _ _
0= f(z,x,y,t,...) dim(f) =dim(x) + dim(y)
Equations are rearranged to get a sequence for model evaluation

(Block Lower Triangle-partitioning)

7 Equations to be differentiated are determined (Pantelides
algorithm)

7 superflous potential states are deselected dynamically (dummy
derivative method) = ODE:

x = f(x,t,...)

\

NN NN

\
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Modelica Multibody Advanced: Loops Il
-lolx

-7 reVIeW Translatlon Log Suntax Errar Translallo I Dialog Error | Simulation I Werzion Manager 1| »

Tranzlation of Tutorial Exercises Hexapod Trajectary: -

i n O rd er to Stream I | n e DAE having 6280 zcalar unknowns and 6280 zcalar equations. [
simulation performance STATITICS
Wlth m Od e | adj u Stm e nts Drillﬂlrr;zler:doafdcellampanents: 347

Wariables: 3072
Constants: 13 (13 scalars)
Parameters: 980 [2126 scalars)
Unknownz: 2079 6280 zcalars)
Differentiated wariables: 118 scalars
Equations: 1626
Montrivial : 1060

Tranzlated bodel
Congtantz: 4005 scalars
Free parameters: 343 zcalars
Parameter depending: 1170 scalars
Inputs: 0
Outputs: 0
Contiuous time states: 18 scalars
Time-vanying vanables; 875 scalars
Aliaz varables: 2063 scalars
Aszsumed default initial conditions: 12
LogD efaultinitialConditione=tue; gives more information
Mumber of miked real/dizcrete spstems of equations: 0
Sizes of linear systerns of equations: {3, 4, 26, 26, 26, 26, 26, 26. 3. 4. 26,
el ol i S I B B B B B B By By B B I )
Sizes after manipulation of the linear systems: 13, 4,11, 11, 11,11, 11,11, I
34555555 2000000000000 713
Izes DWms of equations: 11E3f
Sizes after manipulation of the nanlinear systems: {34} |
TMDET O ndmieTical J aoooans, o

Initialization problem
Sizes of linear systerns of equations: {3, 4}
Sizes after manipulation of the linear systems: {3, 4}
Sizes of nonlinear systerns of equations: {16, 71, 71, 71,71, 71, 71}
Sizes after manipulation of the nonlinear systerns: §4, 10,10, 10, 10,10, 10}
T\Ilumber of rurnerical Jacobians: 0 |
A4 4
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Modelica Multibody Advanced: Loops Il
I
-7 Planar |OOpS Syntax Eror | Tranzlation IDiaIDg Ermor | Simulation I"u"ersion I anagement I

Singularity of FlexibleBodies. Examples.Beams.SliderCrank iz at the top lewvel. :I
Error: The model FlewibleBodies. Examples. Bearns, SliderCrank, iz structurally zsingular.
7 e rror m essag e The problem iz structurally singular for the element type Real.
The number of zcalar Real unknown elements are 5420,
The nurnber of scalar Real equation elements are 5420,
The model includes the following hints:
All Forces cannot be uniquely caloulated,
The reazon could be that the mechanism containg
a planar loop or that joints constrain the
zame motion. For planar laops, use for one
resvolute joint per loop the joint
Jointz. FevolutePlanarLoopConstraint instead of
Joints. R evalute.

constSpeed

The problem iz structurally regular for the element bppe Integer.

The nurnber of scalar Integer elementz are 108,
=100 —12.0.0 The problem iz structurally regular for the element tppe Boolean.
n={00,1} r={6.0.0} revolute2 r={2.0.0} adevolute3 The number of scalar Boolean elements are 4,
The problem haz no elements of tppe String.
world revolute1

Tranzlation aborted.
ERROR: 2 erors were found -

| 4| | b

prismatic
y n={1,0,0} slider
o | ]
= r={0.1,0,0}
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Modelica Multibody Advanced: Loops IV

7 Use of aggregrated joint objects

7 to profit from analytical loop handling according to the
,characteristic pair of joints“ method by the group of Prof. Hiller

r={0,-0.1,0}

) Piston

r={0,0.2,0}

cylPosition
L a b I

u u
r={0.15,0.55,0 b
t ) n_a={1,0,0}

jointRRP

| |
r={0.05,0,0}
x Crank3

r={0.1,0,0}

world Bearin
n={1.0, Crankl .
r={0.1,0,0} Crank2 Crank4
x Inertia
L
[+ =

J=0.1
Deutsches Zentrum
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Modelica Multibody Advanced: Initialisation

=7 Initialisation default:

7 every state is assumed to be arbitrary unless otherwise provided

7 Newton solver starts with guess value zero in order to find
consistent initial states unless otherwise provided

=7 If initialisation fails

=7 determine, i.e. fix, characteristic variables/states in order to
influence the system of equations to solve

provide ,good“ guesses for initial states

\

7 Dbe aware of singular positions, e.g. piston at bottom dead center
7 Kkeep initialisation system consistent
Initializaticn
phi.ztart B b deg Relative rotation angle from frame_a to frame_b
. stark B » rad’s  First derivative of angle phi [relative angular velocity)
a.gtart

derivative of angle phi [relative angular acceleration)
True: stark-value is used to initialize

False: skark-value is only a guess-value

IT Inherited: (False: stark-value is only a guess-walue) 1] | [nfo | Cancel
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Exercise 2: The Flying Gull

Aufgabe nach Weidemann/Pfeiffer TM 94

Aufgabe 10

Ein beliebtes Kinderspielzeug ist die 'Fliegende Mowe’. Sie besteht aus zwei identischen
Fiigeln (schlanke, homogene Balken, jeweils Lange [ und Masse mp), welche um die
Langsachse der Mowe drehbar am Zentralkérper (Masse myg, Schwerpunkt Sk) auf-
gehangt sind. Die Breite b des Zentralkorpers sei vernachlassigbar klein. Die Mowe ist
an zwei masselosen, sehr langen Faden jeweils im Abstand a vom Zentralkorper so auf-

gehangt, daB die Aufhangepunkte immer auf der z—Achse des raumfesten z—, y—, z— a) Wie lautet die kinematische Abhangigkeit zwischen @ und zx ?
Koordinatensystems (Ursprung O) liegen. Zur Beschreibung des Systems dient neben b) Wie groB ist die kinetische Energie des Gesamtsystems ?

der Auslenkung zx des Zentralkorpers auch der Winkel ¢ der Fliigel gegeniiber einer c) Wie groB ist die potentielle Energie des Gesamtsystems ?
Waagerechten. d) Wie lautet die Bewegungsgleichung fiir die Koordinate  ?

7 Look for the equilibrium position !

Deutsches Zentrum
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Exercise 2: The Flying Gull |

fixedTranslation1  sphericalSpherical

a : pedTransiationd PlanarRotationSequence
e f(0—0)}————i——]  1.00°,0,90°)
r={0.3,1.5,-1/3 - 0.04} a A/“‘Wﬂ(
15
fixedRotatio&Sv revolute_bo. .. width=0.12 m

I E = height=0.005 m
r={0.3.0,- 04 =010 wing_1 p=1000 kg/m3

- gull_body 1={0.0-1)
Hl | -+ - @=0.08m, p=200 kg/m3

n={0,1,0} r={0.6,0,0} wing_2

" prismatic
fixedROtaﬁKﬂg revolute_bo... % width=0.12 m
— = \ height=0.005 m
r=(.3,0,.04) p:].OOO kg/m3

fixedTranslation  sphericaisphericalt . _ =~

a b C : . [TPlanarRotationSequence
0=OD]_M_ o o
= b r:{O‘OI‘_’I/S} {90 ,0,90 }

r={0.3,1.5,1/3 + .04} 15
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The name of the game : 2 types of modelling elements

beam What do they have in common ? modalBody
, ‘ 7 Floating frame of reference approach R
: 7 Structure of equations of motion Pt N
[ annularPlate ¢ / W
7 Data structure, so called SID Jif - »hi (]
1Ml temociasticPite (Standard-Input-Data: Wallrapp '94) q’\\ﬂ/
: (TN

In what do they differ ?

=7 Semi-analytical description 7 FEM-based body description (Abaqus-SID-
implemented in Modelica interface, SIMPACK-FEMBYS)

7 Modelica generates SID =7 Modelica reads externally generated SID file
Animation uses analytical description Modelica reads externally generated ani-

\RL‘ T mation data (wavefront) file
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Theory: the equations of motion

7 principle of virtual power
[ov (f—a)dm =0

7 equations of motion: here

w.:=wp, W =wkX
ml3 sym. \ [ ap 2&Clq + o&d 0 Ja
md J ap |+| Grgw+@Jw |+ 0 = | fa
C; C, M. g Geqw + O 82 Keq + Deq fq

the generalized Newton-Euler-equations of motion of an unconstrained
deformable body

7 SID structure: definition of file format to file volume integrals
C'r*, Ct, J, Me, Ke, De, G'r*
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Theory: 2nd order beam theory

7 Bending in Xy- und xz-plane, torsion and lengthening

X
( —%I‘UQ—I—w‘Qdm )
u 3 0
Tz B x
w(zt)=| v |+| = [[0w” d5dZ + [/ d7
00 0
w

T _ €T
[[ov" dzdz + [ W' dF
\ 00 0 )

7 e.g. for bending in xy-plane:  v(x,t) = @y (x)qy(t)
=7 analytical solutions ot the eigenvalue proble the Eule

rnoulli-beam

[ cosh(riz) \ ' [ e1
| sinh(mz) co
®i = cos(r;z) c3
\ sin(mz) ) \ea); wlet)=a(c)at) +1| o7, |a
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FlexibleBodies Library: Beam Menu |

Parameters 7| x|
crozssectian i - 3
o g
Component / tho —lzon
[’E I ame Idata / E 2=
BeamData
Comment I / E]
' wsi
tdodel
beam Fath FlexibleBodies Inteffaces BeamData | Eigenmodes—| 5 T_
Comrmet bending sy | generdl
I
Parameters / ~ \\
N
croszSection | 9C |_beam = g 3 Type of crozs gfction beam area \
| | P m length of beam a
rho b kg/m3  mass density I_beam crossSection llil
E P MN/mT2 Young's modul
. aC |_beam
: G b Mim™2  Shear modulus
Hai b specification of |~ Description
|-profile cross section
Eigenmodes
- bending_xy I Inputs
bending_xz I width » m outer contour dimenzsion in y-direction [along flange)
. t_bar ¥ m thickness of central bar
tarzion I
. hieight ¥ m outer contour dimension in 2-direction
lengthening I i
t_flange ¥ m thicknesz of flanges
(] 8 Info Cloze
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FlexibleBodies Library: Beam Menu Il

: data in FIethIeBodles Examples.Demo z1x|
| Add modtirs |
Component lcon
Mame Idata
BeatmDats
Comment I
re )

=] BeamMudeData bending_x=z ilil \

Beamtdodel ata |

Mode Shapes due to Boundary Conditions & of cross section B
hth of beam

= density
ng's modulus

ar modulug

cification of intermediate points of interest Wgthe bar; 0 < x=ii< 1, e.g. {25 1/3}

¥ Bending in =y-plane

/ > Bending in xz-plane

Torsion

[/ E=»
/ »  Lengthening

frame ; h frame
Boundary Conditionz — T
atframe_a (" Free ¢ Clamped  Supported » / ( COsS h (sz) \ ( c]_ \
atframe b f* Free  Clamped  Supparted » - .
~. sinh (7‘ Zac) C?
n modes o be used [e.q. COS (7—?’ x)

Diamping of eigen modes . C3
\ sin(7;x) ) \04)2

important: provide 1 and only 1damping coefficient for each mode

l,DLR fiir Luft- und Raumfahrt eV slide 32
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kMode Humbers

Ordinal nurmberz ol

.24 x| E2
{0.01.0.03.002} »| E5 »

eigentodes |

damping |




Boundary Conditions |

r(c,t) =rp() +c+ulet)

u(c=0,t)=0 ZU(c=0,t)=0

7 2nd Option: chord frame: supported-supported b.c.

u(c1) =0 wu(ep)-c1co =0

=7 3rd Option: Buckens frame: free-free b'C'OC .
r =

C,=1lde-=0

mls3 sym. ap 0 Ja
mde  J ap | =h, - 0 + | fa
C: Cr M q Keq+ Deq Je

=7 Linearisation: choose reference frame in such a way that is as small as possible

u 1 refer Buckenssystem
‘#7 Deutsches 2 < - P Y see Schwertassek/Wallrapp/Shabana99
eutsches Zentrum
DLR
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Boundary Conditions Il

7 Helikopter-Rotor (see Examples/Beam)

7 choose the boundary conditions according to the attachment joint

=7 Heckmann2010: On the Choice of Boundary Conditions for Mode Shapes, Mulibody
System Dynamics (23)

: =
# Deutsches Zentrum RN -
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Exercise 3: The Flying Gull I

fixedTranslation1

a

e

n={01,0}
prismatic

a

BT A g

r={0.3,1.5-1/3 - 0.04}

sphericalSpherical

15
fixedRotation3

revolute_bochy

r={0.3,0- 04} n={0,1,0} g
gull_body P
r={06,00}
fixedRotation2
wing2

K/ revolute_body2

fixedTranslation

 — {{e—oy

r={0.3.0,.04} n={0,1,0}

sphericalSphericall

r={0.3,1.5,1/3 + .04}

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV
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rectangle crosssection
width=0.12 height=0.005

|I=1m
p=1000 kg/m3
E=1e9 N/m2
Pxsi={1/3}
bending_xz
supported/free, {1}, {0.02}

all other BeamModeData
fill(0,0), fill(0,0)
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Exercise 4: a classic Pitfall |

7 Model the following system
7 (quasi-) static deformation:a thrust-force shortens the beam

beam

fixedTranslation - worldForce
i W [ g
r={0,.1,0} \|
1F. ramp
world ‘\
I aonnsce (Faxp.y, werldFeraa. forealll) I
l duratigr=1000
const
length=1m ) ——
E=1e10 N/m”2

k=0

rectangular cross section 0.01 x 0.01 m
1st eigenmode for lengthening deformation
all other deformations are disregarded

switch off exaggerated animation Simulate 1000s with Radaus !

Plot beam.frame_b.r O[1]!
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Exercise 4: a classic Pitfall Il

=7 the system is now extended by an equivalent spring !

beam
fixedTransl... worldForce
[ h ' [ ———————
1={0,.1,0}

ramp

spring

duration=1000
const

worldForcel \r

world relativeSen...

it —§ i =
/0"'1‘0} n={1,0,0}
actuatedPris...
c=0.01m*0.01m*1el0 N/m”"2 / (1 m) compare the deformations
unstretched length = 1m by measurements !

Plot the relativeSensor.r_rel[1] !
Gradually increase the number of modes !
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Exercise 4: a classic Pitfall Il

=7 static deflection: thrust force shortens beam and equivalent spring

beam.frame_b.r_0[1] actuatedPrismatic.frame_b.r_0[1]

T T T T T T T T
200 400 600 800 1000

1 eigenmode

beam.frame_b.r_0[1] actuatedPrismatic.frame_b.r_0[1]

beam
fixedTransl... worldForce
ER— [ — e
"r:{O,.l,O} i 1.00-]
ramp
world relativeSen... =
a b ‘\ ) 0.96
. m
spring 0.94]
l i l duration=1000 .
const '

X — 0.90-|
fixedTransl... worldForcel T o
Y — — i ——— k=0
r={0,-.1,0} n={1,0,0}

actuatedPris...
spring | beam | error
1 eigenmode | -10cm |[-8.1cm | 19 %
5eigenmodes | -10cm |-9.6cm | 4% ][”0'94:
10 eigenmodes | -10cm | -9.8cm | 2 % 052
15 eigenmodes | -10cm [-9.9cm | 1%

comparison: deflections at the end

Deutsches Zentrum
fiir Luft- und Raumfahrt eV,
in der Helmholtz-Gemeinschaft

i DLR

T T T T T T T T
200 400 600 800 1000

15 eigenmodes
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Exercise 4: a classic Pitfall IV

=7 Mechanical background

= static deflections rely on elastic properties only

7 eigenmodes consider elastic and interia properties

7 that's why they are well suited for dynamic problems

=7 Geometrical background

= analytically: uw=c-x

~ expansion with eigenmodes:  u = sin(2%) +sin(£%) + ...
7 lItis proven that Raleigh-Ritz approach converges against true value

= but how fast ?

7 this is an extreme example, e.g. bending is less sensitive

7 Check whether a higher number of modes changes results !
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Erxercise 5: unbalanced Shaft

= Instability at which rotational velocity ?

=7 Take care to initialize in stationary state !

const

speed (qdd(fixed=true),qd(fixed=true)
— F"—M’ prismatic
k=700 : Z " 0 h[:} k
n={1,00}
world shaft
I |
a - I b b . a
. r;_\igluﬁut}e / universal spherical a
fixedFrame ' .
n_a:{O, 1 ,O} Y ﬂ?echOtT\lg disc 1
n_b={0,0,1} REP ———
=-0.01,30) r={.02,0,0}
circle @ 0.05m
|I=1 m
1 xy- + 1xz- Bending mode
supported-supported 15° around y-axis @ 0.3m
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Recall Theory: the equations of motion

7 principle of virtual power
[ov (f—a)dm =0

7 equations of motion: here

w.:=wp, W =wkX
ml3 sym. \ [ ap 2&Clq + o&d 0 Ja
md J ap |+| Grgw+@Jw |+ 0 = | fa
C; C, M. g Geqw + O 82 Keq + Deq fq

the generalized Newton-Euler-equations of motion of an unconstrained
deformable body

7 SID structure: definition of file format to file volume integrals
C'r*, Ct, J, Me, Ke, De, G'r*
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i DLR

SID-Data from FE: Where do they come from ?

\

\

\

Deutsches Zentrum

Consider the linear FE-equation
Mru'fe + Kufe — ffe
the related eigenvalue problem
[Mw? + Klv; =0
a set of eigenvectors V1, V9, ...
a selection of nodes C1,C2; ...
for each node mode shapes are collected from set of eigenvectors
@(Cl), @(02),
the related rotational terms (non-volume-elements only)
!P(cl), SP(CQ),
the volume integrals are reassembled from (substructure) element inertia
and stiffness data

Cfr, Ct, J, Me, K@, De, Gr

fiir Luft- und Raumfahrt eV, slide 43
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FlexibleBodies Library: ModalBody Menu |

wingl in Tutorial.FlexibleBodies.FlyingGull.Step3 1[ ﬂ

General | Marefnimation Advanced Madeling Sensars Add modifiers

Cormponent —Icon

Marne | wingl MocdaBody

Comment I 5

Model
m Od al B Od y Path FlexibleBodies. MadalBody

Comment General Flexible body model based on a modal description (inchuding geometric skiffening)

Pararneters
SID_FileMame | "Extras/Datafwing?.SID_FEM" E 3 File name aof SID file describing the flexible body dynamics
WawefrontFile I "Extras/Datajwing.obi" E * File name of wavefront file describing the Flexible body animation

Simulation nodes (= subset of finite elemeant nodes to be associated with connectar array nodes)

Modes | {69,76,80,91,102F ES » FE node numbers to be associated to conneckor array nodes

Animation

Solid animation Vo Fackor ko exaggerate deFDrmationI 1+ Colnrl {0,0,255}; LI ES Specular coeFFicientI 0.7 VI 4
‘Wire Frame animation W » Fackaor ko exaggerake deformationl 25 Colu:url {155,155,155} ;I ES Specular coefﬁcientl i} vl 4

ok I Info | Zancel |

Deutsches Zentrum
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Exercise 6: The Flying Gull Il

=7 1st step:
7 introduce world and ModalBody- model
7 assign SID-file .../Extras/Data/wing7.SID_FEM
7 assign OBJ-file .../Extras/Data/wing.obj

Step3 - Tutorial.FlexibleBodies FlyingGull.Step3 - [Animation] Ol x|
EFile Edit  Simulation  Plot  &nimation  Commands  Window  Help _|ﬁ||5|

EHQS N B - Bevol @ FERELE &
i b L[4 4L PP [Tine: 0 b speea 1 -
ax S T
o v p 7—-.______ . # Iy L o . o

world

KN |

Adwanced

| Text style: Prefarmatted = | b =it = M e=
g

TIlo]. 2 ITafel Ty TIIer S 1] . FOLI
— - Al

ody. Animation. flexiblefhapelymola. Form

Selected object:
i 1on Node:
Selected object:
Selected object: wingl nBody.
Simulation Node: 20

1

wingl

Frame cl[E].z_label.cylinders[3].Form

imation. flexibleShapelymola. Form
-
| B

wingl. £i

mmands

# Deutsches Zentrum
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Exercise 6: The Flying Gull Il

connect(sphericalSpherical.frame_b, wingl.nodes[3])

fixedTranslation1 sphericalSpherical

o [— a[|C0=O,|—b

r={0.3,1.5,-1/3 - 0.04}
15

fixgdRotation3

- "\/

I I1

— ]
b

F={0.3,0,-.04}

reviolute_bocy'1

n={0,1,0}

wing1

=
g
a

MExtras/Data/wing7.SID_FEM
o gul_pody Extras/Data/wing.obj
i i i o - yNodes={69,76,80,91,102}

n={0,1,0%
prismatic
X wing2
fixedRDtati:\”?/v revoiute_body?2 .
r={.3,0,.04}
n={0,1,0%
fixedTranslation sphericalSpherical1

a b
— C—or
r={0.3,1.5,1/3 + .04} a h
15
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ModalBody example: 4-Cylinder-Engine

7 FEM-models
=7 Crankshaft : 106.789 nodes
7 Rod: 22777 nodes
7 Multibody representation
=7 <1900 Hz
=7 Crankshaft:
= 2 torsional eigenmodes
=7 305 simulation nodes
7 Rod
7 4 eigenmodes each

=7 148 simulaltion nodes
each

7 Time-integration with gas forces
38 states,~6 cpu-sfor1s

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV
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RealTime Modal Body

no external C-Code
mOdaIBOdy 7 2. implementation( = parameter native=true)
7 con'‘s: not suitable for large models

7 no file access
7 SlID-data filed as Modelica-record
— dsmodel.c contains all code and all data
7 no animation

ModalBody in Tutorial.FlexibleBodies.RealTime.Step2 2 x|
General | Advanced I Madeling I Sensars I #Add modifiers I
Cornponent —Icon
Marme IModaIBOdy Mocis|Body
Comment I Q_@
Model

Path FlexibleBodies. RealTime . ModalBody

Comment General flexible body model For real time applications

Draka Struckure

modal_mo I willi, o dal 3 handowver of the modal data structure For realtime application

Simulation nodes (= subset of finite elemeant nodes to be associated with connectar array nodes_clamped)

Nodes I {1,2,12,26,78,84,107,143,149} 3 FE node numbers to be associated ko connector array nodes_clamped

# Deutsches Zentrum
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FE-preprocessing: in summary

FE-modelling
generate wavefront—file (export mesh-information)
prepare and select nodes to retain
solve FE-eigenvalue problem

7 care for boundary conditions and frequency range
5. generate FE- substructure
6. generate SID-file FE-from substructure

w0 N E

7. Introduce SID- and wavefront-file in Modelica
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FE-preprocessing Step 2: wavefront-file

= the animation file in wavefront format *.obj

7 an open (very) low level geometry format
freely available tools exist
represents geometrical shape of the boby

interpolation for animation is completely independent from MBS-
simulation

due to limited animation performance,
7 the ,outside” geometry is sufficient, e.g. the mesh of the surface

NN N

\
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FE-preprocessing Step 3: retained nodes

7 retained nodes

7 prepare the body-model for interconnections of the MBS

7 select nodes where MBS-elements are supposed to be attached
to

7 define of such nodes and associated MPCs
7 consider rotational degrees of freedom if needed

7 select an additional set of nodes necessary to support a ,nice
animation®

=7 roughly equally distributed over surface of the body
iIn most cases all together 200, 250 retained nodes
you may use the specific Abaqus comand line

*Nset SID_SELECTED_ NODES

\

\

# Deutsches Zentrum
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12 AttachmentPoints at radius 460 y 750 equally distributed at the
circumference of each wheel (to introduce wheel/rail forces and torques )

3 AttachmentPoints # 90000, 90003, 90006 on the axis line of the wheelset
(to attach suspension and measurements devices)

Deutsches Zentrum
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FE-preprocessing Step 5: substructuring

7 standard FE-capability
7 Gyuan-, Craig-Bampton-.....method
7 Abaqus comand line
*SUBSTRUCTURE GENERATE, FLEXIBLE BODY=S

-slength
ID assumes
| units ] -SMmass
-stime

alternative: i
number of { -min
modes -fmax

-tol
-help

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV

in der Helmholtz-Gemeinschaft

. scaling factor for the length unit (default: 1.0)

. scaling factor for the mass unit (default: 1.0)

. scaling factor for the time unit (default: 1.0)

. lower boundary of the frequency range (default: 0.001Hz)
. higher boundary of the frequency range (default: 1.E16HZz)

. zero cutoff tolerance (default - 1E-12)

. this usage info
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FE-preprocessing Step 6: SID-file-generation

= abqtoSid

7 additionally provided with Abaqgus executable control of SID-
generation by “substructureName.inp”

=7 ASClII-file with keywords e.g.
*NSET

*GENERATE

*BOUNDARY

*SELECT EIGENMODES

Set DEFINITION=MODE NUMBERS / FREQUENCY RANGE

*DAMPING CONTROLS , VISCOUS=FACTOR
_—" |*DAMPING, ALPHA=0.0, BETA=0.02

Rayleigh-Damping:
D =aM + K

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt e
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Alternative: natural damping: D,;; = 26;v/ K;; - M;; = 20;w;

ModalBody in FlexibleBodies.Examples.ModalBodies.Sin

General I Marednimation Advanced Modeling

Skructural damping

userDamping ¥ = krue, if struckural damping parameters shall be redefined {and taken instead af »

dampingCaoefficients * Matural damping coefficients




Contents

Modelica Multibody Basics

Exercise 1. Control of an inverse pendulum
Modelica Multibody Advanced

Exercise 2: The Flying Gull |

FlexibleBodies Library: Beams

Exercise 3: The Flying Gull I

Exercise 4. A classic Pitfall

Exercise 5: Unbalanced Shaft

FlexibleBodies Library: General bodies based on finite element data
Exercise 6: The Flying Gull Il

FE-Preprocessing

FlexibleBodies Library extensions at this conference

Nl N NN NN NN

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV, slide 56

in der Helmholtz-Gemeinschaft Multibody Systems in Modelica > 20.03.2011




FlexibleBodies Library extensions at this conference

S. Hartweg, Monday HS3 12:00:

7 An Annular Plate Model in Arbitrary Lagrangian-Eulerian Description for the
DLR FlexibleBodies Library

L . Reyes Perez, Monday HS2 15:35

7 A thermoelastic annular plate
model for the modeling of
brake systems

Temperature[C]

348
I 282
217

151
I 85.6
20
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Thank you very much for your attention !
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