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Abstract A coupled MBS-FEM-simulation approach is presented. Tleel pso-

grams are Adams and Abaqus. MpCCI (Multi-Physics Code Gogjphterface)

is used for a copled simulation. As example passing of a radel lhy the left

front wheel is considered. The corresponding tire is medelvith FEM ap-

proach. Position as boundary condition is provided by rhatty model of a car
in MSC.Adams. Both programs simulate parallel and comnataiwith MpCClI

server for exchange of data.
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1 Motivation

Analysis of multibody systems (MBS) and finite element metffeEM) are both well
established practices in computational engineering. Bitiom of multibody systems
is mainly used for analysis of mechanisms consisting ofir@@mponents connected
with joints. Examples of appropriate systems for this apphoare industrial robots or,
as considered in this paper, car chassis. The mathemagisatliption results often in a
system of differential algebraic equations (DAES).

The finite element method allows much more detailed invastg of the system be-
haviour. In this case partial differential equations discthe models of the considered
systems. However FEM also increase the simulation times.

On the one hand, due to different mathematical methods dtieeased problems from
MBS and FEM are well separated. On the other hand, with adwgreomplexity of
developed systems goals of computational engineeringiareasingly shifted to cou-
pled problems. An example for such an application are glastiarge deformations of
automotive components integrated in a complex rigid bodgdehof a car. Main fields
of interest are parts which inherent takes deformation ddarictional purpose, such
as tires.

This article introduce an example of coupled MBS-FEM arialyghe passing of a road
hole by a car is modelled. Due to high loading, the defornmatiaf the tire are consid-
ered with FEM approach. A detailed model, provided by ITWMKaiserslautern, is
simulated with Abaqus. Simultaneously, a MBS calculatibcomplete vehicle is made
by MSC.Adams/Car.
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The coupled simulation (co-simulation) exchanges thetjposiof wheel hub from
MSC.Adams to Abaqus and reaction force due to deformatiotir@ffrom Abaqus
to MSC.Adams. Co-simulation setup is done by MpCCI. Bothesodin in parallel and
communicate over MpCCl server as clients.

2 Used models

2.1 Rigid body model of a car in MSC.Adams

MSC.Adams is developed by MSC software corporation. Appidn field is simula-
tion of multibody systems. This software is well establili@ simulation in research
and development. The extension module Adams/Car providéisefr capabilities for
enhanced analysis of vehicles and is one of the main tooleiat@itomotive industry.

An MBS model of the complete vehicle is simulated by MSC.Ad&Dar. A modified
example of MDLDema Vehicle has been used. Changes include deactivation of left
front tire (see picture 1) and all dependent elements. Adstimme simulation of the
modified model is possible, especially if appropriate feroe constraints are used to
replace the removed wheel.

Figure 1: Modified MSC.Adams/Car model

The deactivated tire is replaced by a force elem&RORCE) acting on wheel hub (see
picture 2). In a coupled simulation its value is provided bgation forces acting on
middle point of the tire in Abaqus.

The modelled car moves straightforward (straight line eireMSC.Adams/Car). After
a short time a road hole is passed by the front left wheel.
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Figure 2: Chassis of the rigid body car model with applied coupled GFORCE element
(red arrow)

2.2 FEM model of tire in Abaqus

Abaqus is a well known application for analysis using finieneent method. This soft-
ware is developed by Dassault Systémes Simulia Corp. aretyscommon in industry
and research.

In the considered example Abaqus simulates the tire. Thidetis provided by ITWM
in Kaiserslautern (see figure 3). First a 2D analysis foreaitiflation is takenDSLOAD
on the inner side simulates the pressure. The tire is pretbadth 0.2 bar.

After the 2D analysis th€ YMMETRIC MODEL GENERATION keyword is used to con-
struct the 3D model of the tire. A revolution about the nodéhimmiddle is taken with
partition size of 10 degrees.

An analytical surface in conjunction with a rigid body masléhe road. Definition of
the surface is taken witliYPE=CYLINDER and used.INE and CIRCL segments. The
reference node of the rigid body is constrained in all degodéreedom. A contact pair
with TYPE=SURFACE TO SURFACE is used for the contact definition between the tire
and the road.

The resulting model contains more than 12000 nodes. Useatkeks are3D8R, C3D6
andsFM3D4R on the surface. The material models usedzareSTIC andHYPERELASTIC
with NEO HOOKE.

With the COUPLING keyword, using th&INEMATIC option, the region of the tire, which
contacts the rim, is connected to the middle point of the Wfsae figure 3). This node
is also used as a coupling region to MSC.Adams/Car. Theiposif wheel hub in
MSC.Adams provides boundary conditions for this point.

The solution process on the FEM side uses Abaqus/Standattd, 8/namic and qua-
sistatic simulations, are considered. The dynamic arsmlyses thélHT-MD (Hilber-
Hughes-Taylor with moderate numerical damping) as timegr#tor. The scheme of
the step size control iSONSERVATIVE, which maximize the solution accuracy. The
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z ODB: Contact_6000_4.0db  Abaqus/Standard 6.11-1 Sun Nov 06 23:08:40 CET 2011

Step: tire_3D
Y X Increment 2136: Step Time = 0.2099

Figure 3: The coupling node in the middle of the tire and kinematic constraints to
the rim contact surface

maximum step size is 1.0e-4. In tISFATIC case theSTABILIZE option is used to
increase the solution accuracy. The maximum step size é08TATIC calculation is
setted to 1.0e-3.

2.3 Coupled simulation setup

The coupled simulation setup is done with the MpCCl - sofevdeveloped by the
Fraunhofer institute SCAI. This program makes usage of comimterfaces of the sim-
ulation software, like user subroutines, to provide datzherge capabilities. MpCClI
uses the client - server architecture (see picture 4), spledyprograms are running
simultaneously and exchanging data with the MpCCI server.

The modification needed for MSC.Adams/Car is the deactiwatif th left front tire
(see section 2.1). In Abaqus the central point of the tiretbd® defined in a node set
containing only one node.

Next, a setup of coupled simulation project in MpCCl is cdesed. First, the user
chooses the simulation programs, MSC.Adams and Abaqus.opppte model files
define the subsystems. For MSC.Adams this are an .acf- andHil®s. In Abaqus
an .inp-file have to be defined. Next, the user selects theledwgements. MpCCI
provides functionality to automatically find possible cbng regions. This is done by
pattern matching applied to model definitions. The user bahbose coupling com-
ponents from a suggested list and select quantities to Heaaged. In the considered
example this is th&FORCE-Element acting on left front wheel in MSC.Adams and
NSET consisting of the central point of the tire in AbaguscEange quantities are
position and torque sent from MSC.Adams to Abaqus and fa®et in the opposite
direction.

An example screen shot of setup configuration is shown iupEd.
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Figure 4: MpCCl architecture: MpCCl uses Perl scripts and shared libraries linked to
a simulation software to provide data exchange. The coupling simulation is configured
as client-server communication with support of codes running parallel.

Those are the main steps to configure a coupled simulatiathétuoption affecting
representation of data and co-simulation methods can behinged.

3 Co-simulation

The exchange of data includes the GFORCE element on MSC.adata andNSET

in the Abaqus model. The modification of models are desciiib@dl and 2.2, respec-
tively.

Both programs are running simultaneously and are conndotéddpCCl server as

clients. On both sides a transient simulation is considefbére are no constraints
on time step, size or synchronization time points. Each kitimn code uses its own
error estimation and time step size control algorithms dued¢al model and the pro-
vided coupling values. In case of MSC.Adams it is the fora partial derivatives (for

more information see section 3.2). Abaqus receives thelpog#ion of the wheel hub

as constraint in the static case and acceleration for thardimsimulation.

MSC.Adams uses the implemented integration control algms to control the step
size. Those are well developed and extensively tested dpeatdical experience of
software vendors. MpCCI provides also a capability of usir@pnstant coupling step
size. Though this is not used because of simulation perfocemeeasons.

During the simulation each client sends exchanged data tG@Aserver. Then, in
general, interpolation in time takes place to provide retge information from co-
simulation partner. The solution process is only contrblig local setup of the sim-
ulation codes such as, e.g., minimal and maximal step sizror tolerance of the
integrator, done by the user.
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Figure 5: MpCCl setup. On the left side GFORCE element in MSC.Adams and POINT1
node set in Abaqus are selected as coupling elements. On the right side the selection
of quantities to be exchanged is presented.

The main effort of the co-simulation is taken by the solutibthe FEM tire. Simulation
of one time step by 24 Intel Xeon cpu X7560 with 2.27 GHz takgsraximately 9
seconds of total cpu time, so a simulation of]ldf physical time takes about 25 hours.
The selection of the communication time step size shows laffgct on the solution
quality, especially for the dynamic solution on the Abagiae sin the considered ex-
ample the FEM simulation, due to main effort of the probleakes greater time step
size to reduce calculation time. Those time steps are akem tfor the data exchange.
This solution has an advantage of more frequent commuaité#bir critical points of
the simulation such as start phase or impact on the edge ob#ttehole. Basically a
communication step size of 1.0e-4 for dynamic and of 1.0er3fatic solution on the
Abaqus side is taken. Smaller step sizes in the dynamic eased by large forces due
to acceleration which are not presented in the static case.

3.1 Support of iterative solution process in MSC.Adams

Data exchange between MSC.Adams and MpCCl server is dorefona single time
point. Main reasons for this approach are interface regtnof the software and per-
formance. Though internal solution algorithms are in gahtgrative. As consequence,
there are variations of local state of both programs at sitigie point. The used semi-
implicit approach introduces time history buffer for exagad quantities to interpolate
received values for internal state changes.

Semi-implicit methods are known, e.g. from numerical mdthior solution of ordinary
differential equations. For the implicit methods a systdman-linear equations arises.
With semi-implicit methods a linearisation of this equaseystem is considered. This
results in a simplified approach with lower computation so#t the case of the co-
simulation the processes also create simplified modelsqgfdintner, based on provided
data.
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Figure 6: Scheme of co-simulation adapter for MSC.Adams illustrating implemen-
tation of partial derivatives and semi-implicit interpolation.

Currently semi-implicit approach is used only for MSC.Adabecause of extended in-
terface capabilities. The MpCCl adapter makes usagBo$UB subroutine, which is
called for different events in the solution process. EsgilBci TERATION_BEGINS event
is used to update reaction force received from Abaqus duetéonial changes in the
state of wheel hub, such as position, velocity and accéderamade for current iter-
ation. Next, the modified values are sent to MSC.Adams. The-saplicit approach
improves the stability of simulation on the MSC.Adams sidg,it provides updated
information on force values in each iteration of the solver.

3.2 Provide of partial derivatives in MSC.Adams

In MSC.Adams a predictor-corrector-approach is impleraénd solve the equation of
motion. Simulation algorithms use partial derivativeshwigéspect to generalized coor-
dinates for solving non linear equations, which arisesruriumerical time integra-

tion. In the considered example of coupled simulation thédudes be also derivatives
of force with respect to displacement.

An option to support partial derivatives is the so call&l.AG. MSC.Adams provides

this flag to the subroutine to inform the user, that it caltedalacobian matrix. For this
calls small disturbances of state variables, used in theositine, are considered. The
user is suggested to provide corresponding output valubts€.Adams can calculate
differential quotient.
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In case of coupled MBS-FEM-simulation this approach meanswaluation of FE-
model for a new state, which is rather expensive. In casezaised example this means
simulation of a tire model with new position constraintsjethis also not supported by
data exchange capabilities of Abaqus.

A different approach is to save sent and received state yaler time history and use
this buffers to calculate derivatives. In this case theuwdatton of partial derivatives is
made local on the MSC.Adams side without starting new catmrn for Abaqus. In
addition to it, special MSC.Adams subrout®¥sSPAR is used. It can provide calculated
partial derivatives direct to the MSC.Adams solver, so ritsad user subroutine with
DFLAG occurs. The picture 6 illustrates the used approach to geqartials derivatives
to MSC.Adams.
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4 Results
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Figure 7: Tested road surface geometry

In this section first results of coupled simulation are pnésé. Local models are con-
sidered in sections 2.1 and 2.2. On the MSC.Adams sidelinélacity for passing the
road hole is prescribed. The road surface passed has arl teegéh of 2 meters. The
geometry of the road hole is presented in picture 7. It is Ilicesters deep and 50
centimeters long. Sides in the driving direction are rouhde

In the figure 8 reaction forces due to tire deformation arsgméed. The coordinate of
suspension in the driving direction in millimetre is to seeabscissa. The x axis of
the coupled model is defined against the driving directidre Torces N] in vertical
direction (dashed blue line) and the driving direction (setld line) are presented on
the ordinate.

In the first section between 0 and 950 millimetre settlingcpss can be seen. The
tire on Abaqus side contacts the road surface and defornestd®ithis reaction forces
are applied to the node in the middle of the tire (see sectjoMBCCI provides this
reaction forces to the MSC.Adams and prescribes the valugBs0&CE-element in the
multibody model. MSC.Adams takes account of the reactiocefdand moments by the
time integration and provides new position and angle to Aisaan the next coupling
time point.

In the second section between 950 and approximately 130idnmiies the tire on the
Abaqus side drives into the road hole. The forces in thecedrtlirection decreases as
it passes the edge of the road hole and reaches zero for #edbthe contact. Simul-
taneously the force in the driving direction acceleratdssTs due to the deformation
of the tire on the edge of the road hole. As contact to the rasapgears this force also
goes to a zero value.

In the third section the tire reaches other edge of the rodel fide reaction forces
in the vertical and the driving direction increases as ibdef. Now the force in the
driving direction breaks the car. Then a settle process eagebn again. In the time
interval without contact vertical position of the car dexges so the reaction forces of
the tire after the road hole are higher due to increased msgpespring loading and
therefore higher deformations.
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Figure8: The forces [N] in vertical direction (dashed blue line) and the driving
direction (red solid line) on the ordinate and coordinate [mm] of suspension in the
driving direction on the abscissa by passing the road hole with a velocity of 10 [m/q].
Quasistatic solution on the Abaqus side.
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z ODB: Contact_6000_1.odb Abaqus/Standard 6.11-1 Sat Nov 05 16:17:37 CET 2011

L Step: tire_3D
Y X' Increment 1464: Step Time = 0.1417

Primary Var: CPRESS
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure 9: Deformation and contact pressure (CPRESS) of the tire in Abaqus for the
time 0.1417 [g] for the quasistatic analysis.

In the figure 9 deformation of the tire due to road contact @sh The picture is taken
for the time 0.14174]. At this time the contact to the rigid surface (see secti@) B
re-establishing. The color scheme represents the contassyre between the tire and
the road surface. The peek value is approximately 5.765¢+rfr].

In the figure 10 the values of the reaction forces and acdalasaof the wheel hub
are presented. Time from 0 to 0.§ [s shown to demonstrate a complete simulation.
Accelerations and forces for the area of the road hole asepted in figures 11 and 12
for 7 [m/s] and 10 n/s] respectively.

Compared to the static solution on the Abaqus side, a grisateff the acceleration on
calculated reaction force can be considered. The suspesystem on the MSC.Adams
side has a stiffness of 128lfmm), which cause very large accelerations for the wheel
hub and therefore large reaction forces calculated by Abdgg. reaction force in the
driving direction by the contact re-establishing is laffpeithe dynamic calculation, be-
cause of acceleration of the wheel hub is also consideredhEalynamic simulation
on the Abaqus side the mass of the system increase to apaiekym 6.39 kg] com-
pared to 1.39Kg] for the static simulation, for which only the mass of the whieub

on the MSC.Adams side is considered. This cause in a largenainof energy is saved
by the complete suspension system and results also in high#lation amplitude.
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Figure 10: Simulation output by passing the road hole with a velocity of 7 [m/g]
with a dynamic solution on the Abaqus side.
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Figure 11: Simulation output by passing the road hole with a velocity of 7 [m/g]
with a dynamic solution on the Abaqus side. Zoom for the road hole area.
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Figure 12: Simulation output by passing the road hole with a velocity of 10 [m/s]
with a dynamic solution on the Abaqus side. Zoom for the road hole area.
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5 Conclusion and outlook

A coupled MBS-FEM-simulation with usage of MpCCl is preshtThe considered
example is the passing of a road hole by a car. Due to largardafmns, the tire

is modelled with FEM approach in Abaqus. The remaining Mehis modelled in

MSC.Adams/Car as a multibody system. With the coupled sitiran, deformation and
forces of the tire can be considered in conjunction with clexplynamic boundary
conditions provided by associated multibody system.

First simulations results are presented. Reaction foroegged by Abaqus and dis-
placement provided by MSC.Adams show both complex and neatibehavior, which
motivates further studies of coupled simulation, espicialcase of MBS-FEM com-
bination.

Next planned steps include quantitative comparison of lszlfp a simulation done
by a single program. So better separation of appropriatécapipn field for coupled

simulation is possible.

In the case of the considered example more simulations anmet to exploit complex
behaviour and important parameters and effects. In additéster local modelling is
aimed. Especially further cooperation with automotive O&&hd Fraunhofer ITWM

are planned. In this context also appropriate verificatiboossimulation results is to
be made.
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