Modelling and Simulation of Rigid and Flexible
Multibody Systems in Modelica

Tutorial at the SIMS2007 , Goteborg (Sar6), October 30th, 2007
Andreas Heckmann, German Aerospace Center (DLR)
Institute of Robotics and Mechatronics
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MOdelica, very brlefly (see Tutorial by Peter Fritzon for more)

7 General goal:

=7 modelling and simulation of complex physical systems,
consisting of components from different engineering domains

7 Focus:
=7 System Dynamics: global behavior of complex systems

= differential, algebraic, discrete equations
(low-order PDE only if at all, i.e. no FEM or CFD)

7 Platform for collaboration between engineering disciplines
7 all-in-one approach (contrary to e.g. co-simulation)
7 specialists contribute libraries (open/commercial) for general use

=7 supplier provides executable specification of components for OEMs
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Mod eIica, very brlefly (see Tutorial by Peter Fritzon for more)

7 Object orientation for complex model structuring
7 component-connections, hierarchies, inheritance
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7 Eachicon represents a physical component e ISRk

(electric capacity, pump, mechanical gear,...) Jxa = flange_a.tau + flangs b tau:
—Z aconnection line represents the actual physical coupling

A component consists of (wire, fluid flow, heat flow,...)

=7 A component consist of connected sub-components (hierarchical structure)
and/or is described by equations
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Mod elica, very brlefly (see Tutorial by Peter Fritzon for more)

7 Deklarative, acausal modelling
7 equations no assignments
= mathematical description no algorithms

wodel CuplfCoffee
import Modelica. 5Tunits.*;

CupOtCoffee.mT
400

impart Modelica. Thermal HeatTransfer. Interfaces. *;

301 prarameter Temperaturse TO=320 "Initial temp. ";

= rarameter Temperature Tamb=300 "imhient temperature";
300+ parameter Density rho=l000 "Coiffee density";
prarameter SpecificHeatCapacity cw=4173 "Coffee specific heat";
250 ! ! ! ! 0 ! ! ! ! prarameter CosfficientlfHeatTransfer h=5L "Conwvection coefficient";
0En aE4 1E3 parameter Tolume F=d4s-4 "Vaolume of coffes";
rarameter Areas A=de-3 "Area of coffee";
CupOfCoffes G
? Temperature Tistart=T0) "Coffee Temperature";
1 HeatPort_a port "interface to external components" o7
£ 0 s
equation
4 0 = rho*W*owr*der (T) + h*A*(T - Tamb) - port.d_flow "First law of thermodynamics";
port. T = T:
-2 T T T T T T T T T end CuplfCoffes;
QEQ SE4 1ES
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400

Mod elica, very brlefly (see Tutorial by Peter Fritzon for more)

7 Deklarative, acausal modelling
7 equations no assignments

= mathematical description no algorithms

CupOtCoffee.mT
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Mod elica, very brlefly (see Tutorial by Peter Fritzon for more)

7 Deklarative, acausal modelling
7 equations no assignments
= mathematical description no algorithms
7 strictly speaking: restricted use of algorithms
7 relies on symbolic maniplations
7 on system level
= determine signal path at compile time
7 results in state space form and explicit ode

x = f(x,t,...)
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Modelica and Simulation Environments

S T e ———— Modelica simulation
e environment
Graphical editor o B (Dymola, MathModelica,
for Modelica models = I Vﬁ% W"%TLEE SimulationX, Mosilab, ....)
iﬂl | * | ‘jl 7
D =l —

wodel circouit

a5z
o e Lica, Blecerical. foalos Bacic.Fasismor sesiseor (2e10) 0 Free Modelica language
T t I d t Modelica.Electrical.inalog.Basic. Inductor inductor{L=0.08) @;
eX u a eS C rl p I O n Modelica Elactrical inalog Basic EMF emf(k=1] 8;
Modelica.Electrical.inalog. Sources.SignalVoltage Vsource a;
M T Modelica. Electrical. Analeg.Basic. Growmd ground @;
On I e equatlons’ Modelica Blocks. Contimious LimPTD controller a; °
Modelica.Mechanics. Rotational. Inertia Ju(J=le-3) a;
n = H . Modelica. Mec Rotational.ldeslGear niratis=l00) o; M [] [] E L I [ A
schematic an|mat|on) oo e o o e -.
1 3
3

i
hat
Modelica.Mechanics. Rotational . Inertia JL{J=5) a;
hi
E

Modelica. Mac] otational. Sensors. Speedfensor sensor o
a_Blocks_ Sources CombiTimeTable reference &

Modelic

Translation of Modelica [FEm———————————— Modelica Simulation-
models in C-Code, g

Simulation, and

o PTossmmsams environment
T (Dymola, MathModelica,
interactive scripting === - —
(plot, freq. resp., ...) R —— :

SimulationX, Mosilab,...)
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=7 Modelica Multibody Basics

7 Exercise 1: Control of an inverse pendulum
-

—
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-

-
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Modelica Multibody Basics: Orientation

7 Coordinate systems and their orientation

import MulciEBody. Frames;
Frames.Orientation R1Z:

Peal hl[3] "h resolwed in frame 1";

@ elx Besal hi[3] "h resolved in frame Z";
T oequation

hZ Frames_ resolwefZ (R1Z, hl); Ffior

hl Frame=s_resolwel (BlZ, h&) ;

7 Orientation object R12
=7 describes orientation of coordinate system 2 wrt.1
7 holds

Peal T[3, 2]
2. anoularVelocity w31
"Ah=olute angular welocity of local frame,

—Z may be computed using rotation angles or quaternions

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

Deutsches Zentrum
fiir Luft- und Raumfahrt eV,
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"Transformation matrix from world frame to local frame";

i DLR

resolved in local frame";

[ Frames

[+ B Qrientation

- @ orientationConstraint
- @ angularyelocity]

- @ angularyelociy

- @ rezolvel

- @ resolvel

- @ resolveR elative

- @ resolvellpade]

- @ resolvellpade?

- @ nullF otation

- @ inverseF atation

- @ relativeR atation

- @ abzaluteFotation

. @ planarR otation

. @ planarA otationdngle
g @ awizF atation

g @ awesHotations

. @ axesHotationsdngles
g @ smallR atation

. @ framm_mwsy
. @ fram_nxz
. @ fram_T

. @ fram_T2
. @ fram_T_iny
. @ fram_0

. @ to T

. @ to T _inw
5 @ to_0

- @ o wector
- @ b ey

- (:D length

- @ normalize
- @ awis
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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 Ro0a

("' L Op0a @

T

cut plane
P world frame

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

glica. SIunits;

SI.Position r_0[3]
resolved in world frame";

"Position wvector fJom world frame to the commector frame origin,

\Cut-force resolved in connector frame" 3;
"Cut-torgue resolved in conhector frame";

flow SI.Force £[3
flow SI.Torcque t©([3]

flow |

end Frame;
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Modelica Multibody Basics: Connectors |l

=7 Connectors: how they work

#m::del Springlass
inner Modelica.Mechanics MultiBody.World world

=
Modelica.Mechanics. MultiBody. Forces. Spring spring(e=100) y word spring body
as lll i —{
c=100

S
=1
Modelica.Mechanics.MultiBody. Parts.Body body(r_0_start={0,.5,0}) X "

8:
equation
cormect (world. frame_b, spring. frame_a) d;
connect (spring. frame b, body. frame a) a;

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
=7 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

fixedTranslation
a b
M
r={.1,3,1.5}

Deutsches Zentrum
fiir Luft- und Raumfahrt eV,
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frame b.r 0 = frame a.r 0 + Frames._ reszolvel(frame a. R, r):

frame b B = frame a. B:

F* Force
zero=s (3]
zeros (3]

atid torogque balawnce *f

frame a.f + frame b.f:
frame a.t + frame b.t + crossir, frame b_ f):

slide 14
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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

A dimport Modelica.Mechanics MultiBody. Frames;
|,-‘,-r transzlational kinematic differential ecquations resolwved in local frame a
v_a = Framesz_ resolveZ(frame a R, der{frame a.r 0));

a a = der(w_a);
FF rotational kinewatic differential equations
w_a = Modelica. Mechanics MultiBody. Frames. anqularVWelocityZ (frame a. R ;

Z a = der(w a);

£ WNewtonsEuler equations with respect Lo center of mass

a CM = a a + crossi{z_a, ¥ CM) + cross{w_a, cross(w_a, ¥ CH));
f CH = m*a CM:
t CH = I*z a + crossiw_a, I*w_a):

frame a. f £ CH;

t CH + cross(xr_ CHM, £ CHM);

frame a. t

[ |state selection
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Modelica Multibody Basics: Elementary Components |

FPackages
n e

EI @ techanic:

- EI[JMuliBody
ﬂLlsers Guide
i wond

|jE:-:amples
| Forces

7 Modelica.Mechanics.MultiBody.World

= defines inertial frame, gravity, animation defaults

world

Ay

X

§E]Frames 7 Modelica.Mechanics.MultiBody.Forces

[ JInterfaces
ﬁJDiﬂtE
[ 5ensors
ﬁ"ﬁaualizerﬂ
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7 different resolution properties
=7 interface to Real input functions and 1D mechanics
= several spring/damper configurations

worldForceAndTorque

springDamperParallel
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Modelica Multibody Basics: Elementary Components Il

7 Modelica.Mechanics.MultiBody.Joints

FPackages
5 (g Mecharics = define specific degree of freedom
| B[] MultiBody 7 capability to set-up initial configuration
|| B Users Guide = interface to/for 1D mechanics and rheonom motion
- [ipwond
|jE:-:amples 7 eg.
il F|:|r|::E::E:
ﬁFrames - /l/
ﬁlnterface& = ’ aII | :Dla ‘ Db
ﬁJDiﬂtE n:{l,O,.O} | n={0,0,1} universal Spherical
] Pats actuatedPrismatic gctuatedRevolute
ﬁSensnrs
L B[ Teees 7 Modelica.Mechanics.MultiBody.Parts
1| B[ Visualizers — Fixed, FixedTranslation and FixedRotation
fred fixedTranslation fixedRotation
a b a \/
r={0,0,0} r={0,0,0} ’
r={0,0,0}
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Modelica Multibody Basics: Elementary Components Il

7 Modelica.Mechanics.MultiBody.Parts

FPackages

) ] Mechanics =7 Rigid bodies with predefined geometric shapes
é@.ﬁ]mu'tiand}' body bodyBox bodyCylinder
ﬂLlsers Guide [‘

éuwmld by r={0.1,0,0} r={0.1,0,0}

L1 B[] Examples m=

- 7 Modelica.Mechanics.Multibody.Sensors

@ [T Frames — for control and validation purposes
gﬁ]lnterfaces . cutForceAndTorque
P E] Jaints relativeSensor

F . o ,  distance

EREt 1
ﬁSensnrs a1 I‘I N
ﬁT_l,lpes %

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

sine ramp gain

feedback
/\/ i f > »_f_b
freqHz=1 duration=2 k=1
# Deutsches Zentrum
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Modelica Multibody Basics: Analysis Methods

7 Model check
=7 Experiment setup, translation and time simulation

InversePendulum - Tutorial.excercises. InversePendulum - [Diagram]

=Eile Edit  Simulation Blob  Animation Commands  Window  Help

=0l ]
=18 x]

QS| K

N
[ Z)%-¢»mSBE [ 1

I~/ OO ARZ SR
x|

Packages

|2

TFT TSI

: (] ThiesSprings
B[] excercizes

LlleweareaPamd il

InversePendulum - Tutorial.excercises.InversePendulum

File Edit Simulaktion Flak  Animation  Commands  Sindow

EEE IR s

EiMessages - Dymola -|O] =

Syntax Errar |

IDiang Errar I Simulation |\-"ersiu:|n I anagement I

Check, of Tutonial excercizes InversePrendulum:
DAE having 1336 scalar unknowng and 1336 scalar equations,
Check, of Tutonial.excercizes. InversePendulum successful,

=10l x|

===l

J» N« w]Timsfd

'Speed:l 1 :”

Experiment Setup

2%

Vanables %

I Walues

[unit D

InverseF’endqum_StateControI 1
[l reversePendulum 2
Fwarld
FbodyBox
FbodyCylinder
FfixedTranslation
FlactuatedRevalute
[ prismatic

4

Illanslatinn |Qutput |erug |§nmpi|er |Eea|time |

Experiment

Mame IInverseF’endqum

Simulation interyal

Start time IEI

Stop time |5

1
¢
c
i
£

£
£

i

I

Output interval

" Interval length IIJ

& Mumber of intervals |5E|E|

Integration
Algorithm I D azsl j
| _pl Tolerance ID.EIEIEH

Advanced

Deutsches Zentrum

Fixed Integratar Step ID
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Modelica Multibody Basics: Analysis Methods

7 Model check
=7 Experiment setup, translation and time simulation

7 Eigenvalue analysis
7 Menu: File—Libraries—LinearSystems

InversePendulum - Tutorial.excercises.InversePendulum - [Diagram] 10| =l
=Eile Edit Simulation Flob Animation Commands  Window  Help _|E’|£|
lzEdA8 RI/FOOFARZL- SR Z-|%-¢»=mSABEE[ 0w -
=
Packages ILI
E--ﬁThreeSprings
8 [Jevcermises
tInversePendulum |
InversePendulum_PDContral
IrwversePendulum_StateContral
= ﬁ Modelica_LinearSpstems
@Users Guide world Pl
= B StateSpace !
- H i
HES
ﬁ Ramples ‘“x prismatic bodyBox
APEtructor
; N r={5,0,0
i Open C| ow
= 26 | * Open Class in Mew Window
Edit v ‘ S todeing | Simulation |
52 Check Vi
Q Search...
Close
Info
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Example 1: Control of an inverse pendulum |

=7 Initial model
7 Box:0.5x0.25x0.25m
7 actuatedRevolute: 90° phi_offset, 5° phi_start
=7 perform time simulation and eigenvalue analysis

- N
, world h=(1.0.0} n=(0,0.1) r={1,0,0}
actuatedRevolute
y
prismatic bodyBox
r={.5,0,0}

#7 Deutsches Zentrum
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Example 1: Control of an inverse pendulum Il

7 PD-Control of angle only
7 use extend to inherit initial model
7 use transient response and pole placement to set-up contoller

gains
derl
add
t1 >— 11200
= feedbackl de r() >:E>7>—
5000
k=0
angleSensor
bodyCylinder
world r={1,0,0
y n={1,0,0} n={0,0,1} {1.00}
— actuatedRevolute
prismatic bOdyBOX worldForce

- const
r={.5,0,0}
#7 k=0
Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV slide 22
in der Helmholtz-Gemeinschaft Multibody Systems in Modelica > 30.10.2007




Example 1: Control of an inverse pendulum Il

7 Improve control
=7 e.g. state control

matrixGain
p K

angleSensor

)

speedSensor

w

(-

absoluteSensor

fixedTranslation bodyCylinder

r={.25,0.125,0}
y n={1,0,0} n={0,0,1}

actuatedRevolute

prismatiC bodyBox worldForce

const
r={.5,0,0}

ﬂ k=0
Deutsches Zentrum
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=7 Modelica Multibody Advanced
7 Exercise 2: Hexapod

-

-

-
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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

7 eg.
b
4
barl c=20 5
| b, A A A
world r={0.3,0,0} sorinal 0.8
pring c=40 = I
; spring2
X 1={0,0,0.3} spring3 bodyl
bar2 c=20

7 here: body coordinates: position, quaternions
and their derivatives are used as states

# Deutsches Zentrum
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Modelica Multibody Advanced: State selection Il

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

frame_a frame_b

final parameter Real e[2)=Modelica Mechanics MultiBody. Frames normalize{n)
"Unit wector in direction of prismatic axis n";
SI.Position s(stateSelect=if enforcesStates then
StateSelect.always else StateSelect.prefer)
"Relative distance between frame a and frame b";
SI.Velocity wistateSelect=if enforce3tates then StateSelect.always else

StatefSelect.prefer) "First derivative of = (relative welocity)";

body1 in Tutorial.examplesl.ThreeSprings 7] x|

General I Initialization | Animation |

enforceStates falze ;I ¥ =tue, if absolute variables of body object shall be uzed as states [StateSelect. always]
uzelluaternions true ;I ¥ =tue, f quaternions shall be used as patenhal states othensize use 3 angles az patential states
gequence_angleStates 11,23} "’I B+ Sequence of rotations to ratate world frame into frame_a around the 3 angles used as potential states

=7 Advanced user may influence state selection directly

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV slide 26

in der Helmholtz-Gemeinschaft Multibody Systems in Modelica > 30.10.2007




Modelica Multibody Advanced: Loops |

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

loops are virtually broken

selected (potential) root

O node
O root

potential root

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

~/ removed breakable branch to get tree

# Deutsches Zentrum
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Modelica Multibody Advanced: Loops |

=7 Standard case

7 no specific action by the user is required
7 every connector is one node in the virtual connection graph
7 roots of the virtual connection graph are found, e.g. world.frame_b
= loops are virtually broken
7 the related constraint equations are provided
= DAE _ _ _ _
0= f(x,x,y,t,...) dim(f) =dim(x) + dim(y)
7 Equations are rearranged to get a sequence for model evaluation
(Block Lower Triangle-partitioning)
21 22 23 24 Z=x5 Z1 22 23 24 Z5
f {0 0 1 1 0) f> {1 0 0 0 0)
fo O 1 0 O O fa 1 1 0 0 O
f310 11 0 1| = f3]|1 01 1 O
fa 1 1 0 0 O fs O 1 1 1 O
f5\10101) f11\00101)

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV, slide 28

in der Helmholtz-Gemeinschaft Multibody Systems in Modelica > 30.10.2007




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,9,t...) dim(f)=dim(z)+ 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)

= 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
1o/

N 4 reVIeW Translatlon Log Syritas Error Translatlan I Drialog E mrar I Sirnulation I ersioh Manager <| 3

Translation of Tutonal E xercizes. Hexapod Trajectory: -

in order to streamline DAE having 6280 scalar urknoams and 6280 scalarequaions. =
simulation performance STATISTS
Wlth m Od e | adJ u Stm e nts DrﬂﬂI;EIETEESmeDnentS: 347

YWariables; 3072
Congtantz: 13 (13 scalars]
Parameters: 980 [2126 scalars)
Unknowns: 2079 (6280 scalars]
Differentiated wariables: 118 scalars
Equations: 1626
Mantrivial : 1060

Tranzlated Model

Conztantz: 4005 scalars

Free parameters: 343 scalars

Farameter depending: 1170 scalars

Inputs: 0

Outputs: 0

Contituouz time states: 18 scalars

Time-varying wariables: 875 scalars

Aliaz variables: 2063 scalars

Azzumed default initial conditions: 12

LogD efaullntialConditionz=true; gives mare information

Mumber of mized real/discrete systems of equations: 0

Sizes of inear systems of equations; {3, 4. 26, 26, 26, 26. 26, 26. 3. 4. 26,

b =] = = == T T B e B O M B B B M B r

Sizes after manipulation of the linear systems: §3. 4, 11,11, 11, 11,11, 11, I
34555656200 000000000013
1265 DWarspstems of equationz 11535

Sizes after manipulation of the nonlinear spstems: 134} |

0

Initialization problem
Sizes of inear systems of equations: {3, 4}
Sizes after manipulation of the linear systems: {3, 4}
Sizes of nonlinear systems of equations: 116, 71, 71.71.71. 71, 71}
Sizes after manipulation of the nonlinear swstems: {4, 10, 10,10, 10, 10, 10}
MHurmber of numerical Jacobians: 0
4| | I»
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Modelica Multibody Advanced: Loops Il

Syntas Error | Trarslation I Dialog Errar | Sirulation | W | 3

7 errorm essag e Tranzlation of Tutorial.E samples. ShderCrank:

constSpeed Errar: The problern iz structurally zingular:

It hasz 2234 zcalar unknowng and 2234 zcalar equations.
The Real part has 2162 unknowns and 2162 equations.
The Integer part haz 72 unknowns and 72 equations.
The Boaolean part has O unknowns and O equations.
The String part has 0 unknownz and 0 equations.

Atternpting to further localize singulanity.

Singularity of Tutonial. Ewamples. SliderCrank iz at the top level.

Error; The model Tutorial. E xamples. SliderCrank is structurally singular.

The problem iz structurally zingular for the element type Real,
h=0.0.1) r={2,0.0} wevolute3 The number of scalar Real unknown elements are 2162,

revolute The rumber of zcalar A eal equation elements are 2162

world The model includes the following hints:

All Forces cannot be uniguely calculated.

The reazon could be that the mecharnism containg

a planar loop or that joints congtrain the

prismatic zame motion. For planar loopsz, uze in one

X n={1.00} slider revolute joint per loop the option

) [j - PlanarCutloint=trug in the Advanced memn.
a 4]

= [ r={0.1,0.01 The problerm iz structurally regular for the element twpe Integer.
The rumber of zcalar Integer elements are 72

The problem haz no elements of type Boolean.

The problem haz no elements of type String.

Tranzlation abarted.
ERROR: 2 ermarz were found

# Deutsch
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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}

r={0,0.2,0}

cylPosition
I a b Il

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

jOintRRP

I 1
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
A
[+ =
—

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

= 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

7 provide ,good* guesses for initial states
= Dbe aware of singular positions, e.g. piston at bottom dead center
7 keep system of equations consistent

Initialization -
initT ype | Madelica Mechanics MuliBoady. Types. it Positiony elocity :| 3 Tupe of inttialization [defines usage of start values below)
phi_start | 5 ¢ deg Iritial value of rotation angle phi [fised or guess value
wi_start | b degfs  Initial value of relative angular velocity w = der(phi
a_start | bodeals2  Initial value of relative angular acceleration a = derfw]

# Deutsches Zentrum
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Exercise 2. Hexapod |

7 The modelling concept

..... ] [staticScenario]
>\ )
N
\ §
[ Hexapod J
[ Platform J——[ Basis ]
|
| Leg |

#7 Deutsches Zentrum
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Exercise 2: Hexapod Il

7 Model Leg
= Diagram layer

|

] D(6 ....... .
frame_a a frame_b

lineForceWithMass

v

H name D

=7 lcon layer
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Exercise 2: Hexapod Il

- Model Platform hodel Piac forn

import B3I = Modelica.  5Iunits;

parameter 5I.Length Lp=1.9 " length of a =side of the platform";

final parameter 25I.Lencgth radiusPlatform=Lpfsgqrt (3);
final parameter 3I.Lencgch delta¥=radiusPlatform/Z;
final parameter 5I.Length delta¥=LpsE;

b
D—Hi a a b
r={deltaX,deltaY,0} r={deltaX-deltaY,0} |:|
corner_b

corner_a

platform

r={0,0,.1}

center

r={-radiusPlatform,0,0}

corner_c

1
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Exercise 2: Hexapod IV

- Model Basis " amons 51

import 5I = Modelica. 3Tunits;

parameter 5I_Length Lb=32_.8 " length of a side of the basis";

final parameter 5I.Length radiusBasis=Lb/=sqrt(3);
final parameter 2I.Length deltak=radiusBasissZ;
final parameter 3I.Lengcth deltaT=Lh/Z;

Cb —= Ca
leg_Ca
h_d
4H|] leg_Cb l]|]_
. r={-radiusBasis,0,0}
fixed

b a
comer_C

r={0,0,0}
corner_B
a

r={deltaX,deltaY,0}

b4 h_4
I:I_[:] leg_Ab leg_Ba l]|]-|:|
Ab
corner_A Ba
a b
h_d r={deltaX-deltaY,0} h_4
I:l_[llj leg_Ac

Bc
# Deutsches Zentrum
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Exercise 2. Hexapod V

7 Hexapod_StaticScenario parcial model Hexapod
import 5 = Modelica.5Tunits;
v 4 aCtuator force In parameter 5I.Length h start=2;

initial position ?

| —

_/A angular and
] translatoric velocity
= 6 outputs
const[6] B |
cons twolnputs  —

k=0 _
velocity_sensor
#7 Deutsches Zentrum Modelica.Blocks.Math. Twolnputs _
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Contents

-
-

-

-

-

—

7 FlexibleBodies Library: Beams
7 Exercise 3: Aircraft Fin

-
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FlexibleBodies Library: Beams versus ModalBody

Common Issues
Floating frame of reference
Equations of motion

, SID-data-structure
[ } Standard-Input-Data: Wallrapp '94

beam modalBody

Disjunctive Issues

—

Analytical beam description FEM-based bcﬁy description
Modelica generated SID External generated SID

Animation uses beam description Animation based on external data
\
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FlexibleBodies Library: Equations of motion
7 Floating frame of reference
r=rp+c+u

7 Modal approach

u(e,t) = B(c)q(t) + 5| o7®y, |q

T
- Equations of motion q' P
m13 sym. ﬂ'R 0 fa
mJCM J C}:R = hy — 0 + fa
Cy Cr M. q Keq+ Dcqg £

2 Bremer/Pfeiffer '92, Schwertassek/Wallrapp '99
DLR

Deutsches Zentrum
fiir Luft- und Raumfahrt eV,
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FlexibleBodies Library: Beam theory

7 2" order displacement field
7 bending in Xy- und xz- plane, torsion and lengthening

| ( —% jm"a‘.,"'z-l—u;:"2 dzx \
w T T
w(z,t)=| v |+| —[[Ow" da:da:—l—fu"v" dz
w DED )
ff Ed:ﬁ—l—fuw dz
0

/

7 Raleigh-Ritz-approach for a straight, homogenous, isotropic beam with
constant cross section

=7 expansion with analytic eigenvalue-solutions of the Euler-Bernoulli

beam T
[ cosh(mz) \* [ c1
B | sinh(mz) C
v(z,t) = Py(z)qu(t) Pi = cos(T;x)

. . sin(m;x ) \ c ) :
Bremer/Pfeiffer '92, Timoshenko ‘55 \ ( v ) 4/
Deutsches Zentrum
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FlexibleBodies Library: Beam menu set-up |

data in FlexibleBodies.Examples.Demo

Parameterz

Component —lzon
F /

I ame Idata /
Commett I / G
b odel Wl
Path FlexibleB odies. Interjfcesz. Beamb ata .
Eigenmodes — F J_beam
Carnrment ; a |
bending_=y genera

BeamData

beam Parameters o~ \\
. = N
crossSection | I _beam = [#=[» Type of crozz secfon beam area
| P m length of beam
g b ey s ey I_beam crossSection ﬂﬂ
E P MN/mT2 Young's modulus
G ¥ M/m®2  Shear modulus L |_beam
wai * specification of il [ escription
Eigenmodes |-profile cross zection
| :
bending_xy I |hpLts
bending_x= I width ¥ outer contour dirmengion in w-direction [along flange)
torsion I t_bar » m thickness of central bar
lengthering | height ¥ m outer contour dimenzion in 2-direction
t_flahge ¥ m thickness of flanges
Ok Info Cloze
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FlexibleBodies Library: Beam menu set-up Il

data in FlexibleBodies.Examples.Demo 2|x|

| Add modfiers |

Component

leon

Mame |data
BeamData

Caommet |

BeamModeData bending_xz llil \

Beamtodel ata |

kMaode Shapes due to Boundary Conditions

e of cross section
Eth of bearn

= density

ng's modulus

ar modulus

cifization of intermediate paints of interest N the bar: 0 < wsii< 1, eq., £261/3}

; : : SPURRU I S ORI SO SRR S
E \ ‘ : . ¥ Bending in xy-plane
Frae : : Clampad : : : : Vi b et
0 — = : . . . . .
. - : > c . . . / b Torsion
|. . o / »  Lengthening

/

Boundary Conditionz — T
atframe_a  Free (* Clamped  Supparted » / ( COSh (sz) \
atframe_b  f* Free { Clamped { Supparted » >_ .

b ode Mumbers SN SI n h (T’I/x) 62

.24} ;I B f rodes o be used [e.0. COS (T’I, x) C3

{0.01,0.03.0.02} «| b  Damping of eigen modes

\ sin(r;x) ) \ c4 )z

= mandatory to define as much damping coefficients as modes Y

# Deutsches Zentrum
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damping |
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FlexibleBodies Library: Boundary Conditions |

7 Mechanical interpretation

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

7 let's say: frame of reference is pinned at frame_a with ¢ =0

— motion of frame_a is completely described by 7 ()
( and related orientation)

> u(c=0,)=0 %Uc=0,t)=0

7 clamped-free: tangent frameécorresponds to cantilever beam boundary
conditions s

y
b
Ll
# Deutsches Zentrum
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FlexibleBodies Library: Boundary Conditions Il

&

=7 supported-supported: chord frame

w(c=0,t)=0 wu(c=(,0,0),t) =0 E/ib“

7 free-free: Buckens frame

7 linear and angular momentum due to body deformation are zero

=7 every combination of tangent, chord and Buckens frames in different
spatial directions is possible

7 General rule

7 align the boundary conditions with the degree of freedom of the
joints to which the beam is attached

7 boundary conditions are related to constraint forces

=7 ajoint cannot transmit a constraint force in the direction of its
motion

=7 BUT: Boundary conditions are validation issues

# Deutsches Zentrum
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FlexibleBodies Library: A classic pitfall |

7 static deflection: thrust force shortens beam and equivalent spring

ramp

[

~

duration=1000
const

beam
fixedTransl... worldForce
ER—) [ f—
1={0,1,0} )
world relativeSen...
a b
L i l spring
X —
fixedTransl... worldForcel
L - — | ————
r={0,-.1,0} n={1,0,0}
actuatedPris...
spring | beam error
1 eigenmode | -10cm |-8.1cm | 19 %
5eigenmodes | -10cm |-9.6cm | 4%
10 eigenmodes | -10cm | -9.8cm | 2 %
15 eigenmodes | -10cm | -9.9cm | 1%

comparison: deflections at the end

# Deutsches Zentrum
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1.02

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

1.00—

0.98

0.96

0.94—

0.92—

0.90—

0.88

o

1.02

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

1 eigenmode

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

1.00—

0.98—

0.96

0.94—

0.92

0.90—

0.88

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

15 eigenmodes

slide 47
Multibody Systems in Modelica > 30.10.2007



FlexibleBodies Library: A classic pitfall Il

7 Mechanical background
7 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

7 analytically: vw=c-x

7 expansion with eigenmodes: U = Sin(i—ff) + Sin(%) + ...

7 Itis proven that Raleigh-Ritz approach converges against true value
7 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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Example 3: AircraftFin

=7 fin

mounted in a frame with 15° inclination
profil: squarepipe 0.4 x 0.05 x 0.01 m
2 m long
2730 kg/m3, 7 - 1019 N/m?2 (aluminium)
1 xz-bending and 1 torsion mode
5 mid-nodes ¢ ={0.2, 0.4, 0.5, 0.6, 0.8}
=7 actuator to turn the fin p
(force as cos-function of t, 1 Hz, 10 N amplitude)
7 4 constant forces, 10 N in world-x-direction,
to represent flow forces :

model AircraftFin

N N4 N NN

\

import Modelica. Constants._pi;

parameter Real a= 0.2Z5fcosi{pisle);

final parameter Peal b=a*sinipislzZi+2.1;
final parameter Peal c=a*sinipisflzZ)+1.05;
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Example 3: AircraftFin

rot1: v tranl tran2 tran3 1,0,0}
{b,0,0} {0,-.25,0} {-.05,0,0} prismatic sphericdl
fin
world aFlow4 Flow 4
y trand % _tran5 {100 ' const
ll l | H] il W H (M }' P 1= {0,—.2,0;
a,0,0 .05,0,0}ev N 4
X { } { revolute universal aFlow3 Flow3
o —M_. —
{0,-.2,0} k=10
expSine
force ualzlo_wzulm’_ constl
{0,-.2,0} B
aFlowl Fow1l _
freqH2=O.25 M_._ =0
{0,-.2,0}
rot3: v tran6 él tran7
.........
{0,008  {c.,0,0} )D {o,.2,.03"}

lineForce
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Contents

\

NN N N NN

7 FlexibleBodies Library: General bodies based on finite element data
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i DLR

FlexibleBodies Library: FEM-preprocessing

=7 Simpack-FEMBS: FEM to multibody system preprocessor
7 Maintained and distributed by INTEC GmbH, Oberpfaffenhofen

< SIMPACK B800: o [m] 3
File PreProcess. Calculation ParWariation Optimizakion PostProcess, Help

2| |d| BB G |hafe | ) o HB B ARG ?

EmC

=7 Supports ABAQUS, ANSYS, MSC.Nastran, NX Nastran, I-DEAS, PERMAS

7 Reduction of the FE-model in 2 steps

7 in FE-tool, e.g. Guyan- or Craig-Bampton-method
= system matrices, nodes to retain, eigenmodes, mesh information
7 in Simpack-FEMBS
= modes selection (and generation), multibody description, animation
data

7 SID- and wavefront-file as results
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FlexibleBodies Library: ModalBody menu set-up |

modalBody in FlexibleBodies.Examples.ModalBodies.Internal.CylinderElasticRodPiston ﬂﬂ

modalBody

I Initialization | Adwanced | Add modifiers

Component —lcon
M ame Imcu:IaIB ody MocalBody
Comment I ﬂ
w
b odel -ll'—

Path FlexibleB odies. bodalB ady
Comment General flexible body model based on a modal description

:| Parameters

SID_fileM ame

WanvefrontFile I FlexibleB odies. Utilities. D ataDirectony + "rody2zmall. obj” ¥ Filz name of wavefront file describing the flexible body animation
Simulation nodes [= subzet of finite element nodez] azsociated with connectors nodez_sphericallaint and nodes_clampled

sphericall ointh odes | 1200071, 20002} b Simulation nodes of nodes_sphencabloint (= do not constrain ratation)

clampedodes I fill[d. @ ¥  Simulation nodes of nodes_clampled [= constrain translation and ratation)
Apimation

| FlesibleBiodies. Utilties. DataDirectory + "rodv2. SID_FEM" ES »  File name of SID file deseribing the flexible body dynamics

Solid animation

Wire frame animation

["»  Exaggeration factor bo visualize deformation I 1 »  Color I 10,0,255} VI B v Specular coefficient I 0.7 "I 3
¥ »  Exaggeration factor bo visualize deformation I 200 »  Calar I VI *  Specular coefficient I "I »
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FlexibleBodies Library: ModalBody menu set-up |l

ShowsSimulationModes - FlexibleBodies.Eramples.ModalBodies. ShowSimulationModes - [Animation] ;|g|5|
* File Edit Simulation Plobk  Animation Commands  Window  Help ;lilﬂ
wEaa R« a8i= B o ale=x| D0H

J_| [ || I M4 I Time:lEI J—Speed:l 0.1 L”

1 x|

Warables |‘u"alues ILInit

mo daIBOdy SthSimulationNodes 1
=15 howSimulationModes 2
world
FImodalB ody

< | »

Adwanced |

3ﬂ Zelected object: world. frame h.r_0O[1]

Simulation Node: ZOOO1
1] |

Hidden. fhowSimalationPoints = true
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DLR fiir Luft- und Raumfahrt eV, slide 54

in der Helmholtz-Gemeinschaft Multibody Systems in Modelica > 30.10.2007

[
Selected object: modalBody.  Animation. Form
-
4

|_[=]Mu:udeling I W Simulation

A




FlexibleBodies Library: ModalBody menu set-up |l

modalBody in Tutorial.Internal.testmodalBody 2 x|

| Add modiers |

General | Initialization |

enforceStates tue LI ¥ = true, if elastic joint coordinates shall be uzed az states
mo dal Body Lzeluaternions b LI ¥ =te, f guatemionz zhall be uzed as potential statesothenvize uze 3 angles az potential states
sequence_angleStates 11.2.3) LI B+ Sequence of ratations to ratate warld frame inta frame_aaround the 3 angles used as patential states
Forminal
q_niominal T »  Mominal values of generalized coordinates [for numerical scaling)
qd_nominal Ted w Mominal values of generalized velocities [for numenical scaling)
] Structural damping
userDamping falze ;I ¥ = true, if structural damping parameters shall be redefined [and taken instead aof values in the SID-file]
dampingCoefficients AlCLOZ, nelasta) Ml v Matural damping cosfficients

Ok Info Cancel
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FlexibleBodies Library: Animation

7 Advantage of the modal approach:
7 only few geometrical information is needed = efficiency !

=7 Disadvantage of the modal approach:

7 only few geometrical information is needed = animation ?
= Simulation points @ versus animation points

7 new animation feature in Dymola for wavefront data*

*www.fileformat.info/format/wavefrontobj/egff.htm

XL AT
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FlexibleBodies Library: 4 Cylinder Engine

7 FEM
=7 Crankshaft 85 342 nodes
7 Piston rod 12531 nodes
=7 Multibody representation
7 <1900 Hz
= Crankshaft
7 2 torsion eigenmodes
=7 273 simulation nodes
=7 Piston rod
=7 4 eigenmodes each

=7 120 simulation nodes
= Time integration with gas force, 38 states, ~6 cpu-s per s
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FlexibleBodies Library: 4 Cylinder Engine Il
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FlexibleBodies Library: Quo vadis?

=7 ModalBody is an issue of ongoing discussion
7 relies on an appopriate FE-preprocessor
7 a 3" third party product

7 in principle agreements were made, but no contracts are yet
signhed

= the 1stimplementation uses additional c-code

7 there is no distribution process to support the application on
real-time platforms today

7 the 2" implemenation is pure Modelica code
—Z might be good enough for moderate large models ?
7 release by the end of this year ?
7 an additional license key called ExtFlexibleBodies
7 graphical nodes-picking requires improvements
7 Besides beams: implementation of other generic structures ,on demand*
7 Dbrake discs: annular Kirchhoff plate
= framework structures
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Thank you very much for your attention
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