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Abstract dimensional (3D) mechanical effects in the past. Their
neglect allowed to define the considered powertrain in
It is described how to extend one-dimensionally modimply one dimension with high efficiency.

elled rotational mechanical systems such that thewith the growing level of detail in the vehicle dy-
can be mounted on three-dimensional multi-body syfamics area, there is an upcoming interest on the in-
tem models without neglecting any dynamic effectBuence introduced by the powertrain dynamics. For
This is performed by adding support torques to egxample, the vehicle dynamics is influenced by the
isting drive train elements and by introducing newupport torqueswhich act on the vehicle body over
components that take care of the gyroscopic torqufg mounting of the gearbox. Alsryroscopic torques
and the transformation of one-dimensional into thregould be important during gear shifts of a yawing ve-
dimensional support torques. It is demonstrated thagle.

this approach is convenient for the user and leads Orne objective of the work described in this paper
efficient simulation code. is to merge together the advantages of both 1D and 3D
modelling of powertrains by using appropriate compo-
nents, which provide the resulting torques of the pow-
ertrain to the 3D vehicle dynamics model without ne-

. . » rg';lecting any dynamic effects.
Dependent on the point of view, there are tradition- Do . . .
. . . The basic idea is as follows: The bearings of a 1D
ally two ways of modelling and simulating power-

. : ) : .powertrain modelled with the 1D Rotational library
trains. It is possible to obtain the complete dynami . . :
. . . . . odelica.Mechanics.Rotational) and/or the 1D Pow-
of a powertrain using multi-body systems simulatio

. . . £ErTrain library [1] are fixed rigidly on &arrier body
One drawback is the high effort needed in Olescrl\Ev'hich moves in 3D space and which is modelled as 3D

ing the powertrain in its complete geometry. Anotherrrwlti-body system with the new Modelica MultiBody
disadvantage is the comparative low efficiency of thli% .

. : . - ibrary [2]. The 3D movement of the whole system is
method concerning simulation of friction elements a

. ) scribed correctly and without any neglections in the
used in clutches and gearboxes. Since the latter are ﬁie . ) y yneg
following way:

essential part of powertrains with a major impact on
the dynamics, multi-body systems simulation seems to
be not the appropriate method for realtime simulation.®
For realtime simulation of powertrains, hybrid dis-
gger;?r']%?\ntm#ﬁzi r:”ooc\lsllglg dt;ﬁgglqnucisoa T;/:agr;/e d?fwte. The carrier body on which the powertrain is fixed
o . L i has to be defined in such a way that it has the
ferential equations, but by additional boolean equa- common mass. the common cezter-of-mass and
tions. This combination is very useful for modelling the common in,ertia tensor of the body together
of variable structure systems, especially of friction el- with the bowertrain under the assum ti)(gn tﬁat the
ements. As friction elements are considered only one- P b

1 Introduction

It is assumed that all rotating bodies in the pow-
ertrain have rotational symmetry.

dimensional (1D), it was acceptable to neglect three- rotating bodies in the powertrain are fixed relative
' P 9 to the carrier body. It does not matter at which an-

gle the rotating parts are fixed, since it is assumed
that the bodies have rotational symmetry.

*Christian.Schweiger@dir.de
tMartin.Otter@dIr.de
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This approach is also convenient for the user: It suf . _
fices to measure the mass, the center of mass and th m 'deal.Gear_1
inertia tensor of, say, a complete automatic gearbox or — —
get this data from a CAD system. Additionally, only - | - | |
the inertias of the rotating shafts around their axis of ~ m==_ == S | I
rotation are needed, as required for 1D modelling of | Ln
powertrains. This approach is simpler and more pract [dealGear=1 m
tical as requiring to get mass, center of mass and co - , - ,

(a) Without bearing (b) With bearing

plete inertia tensor of every single piece of a power-
train.

In the next section it is described how to extend the
existing 1D components such that support torques are
computed. Section 3 introduces hybrid 1D/3D comsennectors from the Rotational library are recalled.
ponents. Section 4 discusses the implementation of a

gearbox modelled solely with multi-body Componentfisting 1: Flange connectors from Rotational library

in order to be able to compare the different modelling , , ,
hin  Modelica.Mechanics.Rotational.Interfaces;

philosophies. An extract of the tests performed on th@nector  Flange
components are presented in Sec. 5. The paper clos@&wort Sl = Modelica.Slunits;

. . . . I.Angle phi "absolute flange angle";
with an application example in Sec. 6 and subsequer&_m?que fau "cut-torque ingﬂangeg.-.

Figure 1: Ideal gearbox

conclusions. end Flange;
connector  Flange_a = Flange;
connector Flange_b = Flange;

2 Support Torque in 1D

As discussed in the previous section, the 3D me-The previous implementation of tHdealGear
chanical effects of a powertrain comprise the supponbdel is shown in Lstg. 2.
torques for components which interact with the pow-

ertrain housing, e.g., gears and brakes. In the past, Listing 2: Previous gearbox implementation
these support torques have not been considered nef=—
ther in theModelica.Mechanics.Rotational import  Modelica.Mechanics.Rotational;
nor in thePowerTrain library. This was disadvanta- _
. . Rotational.Interfaces.Flange_a flange_a;
geous even for simple 1D powertrains: It was, €.9., NORotational.Interfaces.Flange_b flange_b;
possible to model the dynamics of a gearbox housing, _
. . parameter Real ratio=1,;

mounted on the ground via spring-damper-systems g asion

In order to overcome this deficiency, it is necessaryflange_a.phi = ratio*flange_b.phi;
to introduce an additional 1D connector representigg |oacen: o~ fangebas
the bearing flange. This bearing connector can be used
to fix components on the ground or on other rotating
elements or to combine it with force elements. As aSince this change has to be carried out for a lot of
side effect, the support torque is computed explicitlynodels, it is advisable to create a superclass including

For backward compatibility and convenience re@ommon components and equations, cf. Lstg. 3.
sons, it is desired not to be forced to connect thisCommon equations are the torque balance and the
connector in every case. With the Modelica operatoomputation of the relative angles with respect to the
cardinality it is possible to inquire the number obearing flange.
connections to a connector. This information is used tolf the bearing flange is not connected, i.e.
provide different equations in case the connector is roatrdinality (bearing) == , the Modelica
connected. Otherwise, the duplication of many modelefault connection rule definégaring.tau = 0
would have been necessary. and the additional equation supplied in the correspond-

In the following, it is shown for the modeling if-section sets the bearing angle to zero, i.e., the
Modelica.Mechanics.Rotational.ldeal- bearing does not move.
Gear, Fig. 1(a), how the respective components of Otherwise, the support torque is identical to the
the rotational library are adapted. In Lstg. 1 the flanggrque of the bearing flange and the bearing angle
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Listing 3: Superclass including bearing torque rier body, some components are needed with both 1D
. . (flanges) and 3D (frames) connectors. They are de-
partial model TwoFlangesAndBearing . . . .
import  Modelica.Mechanics.Rotational; scribed in this section.

Rotational.Interfaces.Flange_a flange_a; u ,
Rotational.Interfaces.Flange_b flange_b; 3.1 3D Connector “Frame
Rotational.Interfaces.Flange_a bearing;

The definition of the needed 3D connector of the
MultiBody library is shortly sketched. For more de-

Modelica.Slunits.Torque tau_support;
Modelica.Slunits.Angle  phi_a;

Modelica.Slunits.Angle  phi_b; tails, see [2]. The variables of the Frame connector are
equation ; ; ;
0 = flange_a.tau + flange_b.tau + tau_support; dlsplayed in Fig. 2.
phi_a = flange_a.phi - bearing.phi; cut frame
phi_b = flange_b.phi - bearing.phi; '/-f 7Y
s o Roa
if cardinality (bearing) == 0 then
bearing.phi = 0; /
else [ ( y >
bearing.tau = tau_support; f ag Op0a
end if ;
end TwoFlangesAndBearing; 1"
cut plane A
p world frame
bearing.phi is defined from the component con-  Figure 2: Variables of 3D connectbrame

nected to the bearing.
Using this superclass and inheriting from it, it is

a straightforward procedure to adapt the componentsA coordinate system frame s rigidly fixed at an
The expressiofilange_a.phi has to be Ch(,jmgedattachment point of a 3D mechanical part. This frame

simply to phi_a andflange_b.phi to phi_b , is described with respect to the world frame (i.e. an

which leads to the implementation given in Lstg. Anertlal coordinate system) by the
The icon shown in Fig. 1(b) indicates the function of 4 ngsition vectoPr® that is directed from the ori-

the bearing flange. gin of the world frame to the origin of frama

and is resolved in the world frame and by the
Listing 4: New gearbox implementation

o orientation objecR% describing the relative ori-
model IdealGear

extends  TwoFlangesAndBearing; entation between the world frame and frame
parameter  Real ratio=1; To ease usage, the MultiBody library is de-
eq‘;";‘fi"’:: ratio*phi_b signed such that knowledge about the actual de-
0 = ratio*flange_a.tau + flange_b.tau; scription form of orientation is not necessary.
end IdealGear; This is achieved by providing a pre-defined type
MultiBody.Frames.Orientation and utility

For components which had up to now only Onfémctions inMultiBody.Frames operating on in_—_
flange (Torque, Move etc.), the procedure is similar.Stances of this type. In the sequel, only the utility
The described changes have been performed fHPCt'On Frames.Angularvelocity2 is needed
rectly to the components of the Modelica Standard LtP compute the angular velocity of the frame, resolved

brary and the PowerTrain Library, since these chand@ he local coordinate system attached to the part.

are backward compatible, i.e., existing user models arét is assumed that a cut is performed between me-
not affected by this addition. chanical parts that shall be connected together at frame

a. In the cut plane a resultant cut forégeand a resul-
tant cut torqué*r act on framea. Both vectors are
3 Hybrid 1D/3D Components resolved in this frame.
The four previously defined variables are used in
The 3D mechanical effects induced by a powertratonnectoiFrame, see Lstg. 5. The additional connec-
on its carrier body are in fact additional torques, searsFrame_a andFrame_b have the identical defi-
Sec. 1. In order to produce these torques on the aation as connector Frame. The only difference is that

The Modelica Association Modelica 2003, November 3-4, 2003
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Listing 5: MultiBody connector Frame Listing 6: Implementation of Mounting1D
connector  Frame model MountinglD
import Sl = Modelica.Slunits; import  Modelica.Mechanics.Rotational;
Sl.Position[3] r_o; /I =0r0a Rotational.Interfaces.Flange_b flange_b;
MultiBody.Frames.Orientation R; I =
flow Sl.Force [3] f; I =3 parameter  Modelica.Slunits.Angle phi0 = 0;
flow Sl.Torque[3] t; /I =2r parameter Real[3] n={1,0,0};
end Frame; equation
flange_b.phi = phio0;
connector Frame_a = Frame; frame_a.f = zeros (3);
connector Frame_b = Frame; frame_a.t = -n*flange_b.tau;

end MountinglD;

Frame_a andFrame_b have different icons in or- _ _

der to be able to distinguisframe connectors more otation of flange_a  and flange_b  are differ-
easily in a composition diagram. The cut force arfdt cannot be described properly by connecting to the
cut torque are flow variables in order that the fordd0uUntinglD component. It is discussed later, how
and torque balance at a point where several comff{reat this case.

nents are connected together is fulfilled. Note, that two

connected framesi(andb) coincide, sinca.r 0 = 3.3 New Component “RotorlD”
b.r 0 anda.R = b.R due to the connection rules . ) It hei )
of Modelica. Powertrain parts rotating relative to their carrier body

exert gyroscopic torques on this body, if the carrier is
rotating. This effect can be mathematically described
with a so-called gyrostat as illustrated in Fig. 4. It con-

In order to acquire support torques from the pOWéLsts of a carrier and a body with rotational symmetry,
train and to propagate them to the carrier body, a n&@/ledrotor, that is mounted on the carrier by rigid

component calledounting1D is used, see Fig. 3. ItP€arings.

has the equations of tHeotational.Fixed com-
ponent and in addition a 3D frame connector for th
mounting on a multi-body component, as wellas a
rameter vecton that defines the direction of the axi
of rotation of the 1D flange connector. At the san
time, n defines the direction of the support torque.

3.2 New Component “Mounting1D”

= A" 2y

Mounting1D

Figure 4: Gyrostat consisting of carrier and symmetric

rotor
Figure 3: ComponentlountinglD for propagating

support torques to carrier body

Two coordinate systems are present. The carrier
frame is fixed in the carrier at the common center of
This component transforms the 1D bearing torqueassCM of the total system. The rotor frame is also
into 3D space, see Lstg. 6, and enables 3D movemfigdd in the carrier but at the center of m&d" of the
of all 1D elements connected to it. rotor. The rotor frame is parallel to the carrier frame.
All components of a powertrain that are connected According to, e.g., [3, 4], the equations of motion of
to a commonMountinglD element need to havethis combined system are described by
the same axis of rotation along parameter vector
This means that, e.g., bevel gears where the axis of Jw+) wetwx (Qw+I wre) =T 1)
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with the absol_ute angular Ve|OCIt>/ of the carrte_r,the Listing 7: Implementation of Rotor1D
angular velocity of the rotor relative to the carrieke, odel RotorlD
the inertia tensor of the total system with respect to itSmport ~ Modelica.Mechanics.Rotational;
common center of masxsM, J, the inertia tensor of _
th t ith tto th t f fth t Rotational.Interfaces.Flange_a flange_a;
€ rotor with respect to the center O mass o ero orRotational.Interfaces.FIange_b flange_b;
CM', J', and the external torque with respectQdl,  MultiBody.Interfaces.Frame_a  frame_a;
7. All vectors and tensors are resolved in the CAITer , ameter  Modelica.Slunits.Inertia J = 1

frame. Reordering of terms yields parameter  Real n[3] = {1,0,0%
parameter Boolean NeglectCoupling = false;

v+ +J" el + r =
Jw (f,x‘]w J wreltw X J wrey =7 (2) Modelica.Slunits.Angle phi;

Thody Tgyro Modelica.Slunits.AngularVelocity w_a[3];
Modelica.Slunits.AngularAcceleration z_a[3];

By comparison with the equations of motion for a rigid Modelica.Slunits.Angularvelocity =~ w;
. Modelica.Slunits.AngularAcceleration a;
body, it can be seen, that the tett,qy represents the equation
contribution of the total system with the rotor fixed on I:ange_z-pgi
the carrier and-gro represents the additional contribu- " > — """
tion caused by the rotation of the rotor relatively to the w = der (phi);
. ] . . a = der (w);

carrier. Slncg the properties of the total system with,, * flange atau + flange_b.tau -
the non-moving rotor are modelled completely by the (if NeglectCoupling  then 0 else J¥n*z_a));
carrier body, see Sec. *gyro has to be considered in w.a = MultiBody. Frames.angularVelocity2
the Rotor component for gyroscopic torques. (frame_a.R, der (frame_a.R));

The property of the rotor axis of rotation coincid- z_a = der (w_a);
ing with one of its principal axis of inertia yields the f,me at = zeros (3):

simplification frame_a.t = n*(J*a) + cross (W_a, n*(J*w));
end RotorlD;

phi;
phi;

n-.]r wre| +w X nJr Wrel = Tgyro (3)

with n being a unit vector in direction of the axis o{ghicle powertrains). The essential advantage is that
rotation of the rotor,J" the moment of inertia aroundan algebraic loop is removed since then there is only

n andwrel the absolute value of the relative angulaj, 4ction on acceleration level from the powertrain to
velocity of the rotor with respect to the carrier. the base body but not vice versa.

Whereas (3) considers solely the rotational degrees
gf _freedom of the total system, the rotor has an 4 New Component “BevelGear1D”
itional degree of freedom of its own, as an external
torqueT'(t) is exerted on it. In [3, 4], the respective\ new component is needed for 1D modelling of gear-
equation of motion is derived as boxes with non-parallel axes, see Fig. 5. In general,
the axes of rotation oflange_a andflange_b

Trqr - r: — T -
N (Fw+Swe)=n 7. (4} and the direction of the support torque vector are dif-
In a similar way as above, this equation can be simpflﬁrent in this case. Therefore, it is necessary to attach
fied to the 3D connector directly to this component.
Ine+J e =7 (1) . ) . Ig Eccordance to Fig. 6, the bevel gear is character-
ized by
The new componentRotorlD is constructed j= “in __Tout 6)
by using the Modelica.Mechanics.Rota- Wout Tin
tional.Inertia model as a basis, attaching a 3Rith the gear speed ratio shaft angular velocities

Frame connector and adding the equations from (3hd shaft torques [5]. As illustrated in Fig. 6, the
and (5). The Modelica implementation is shown iindices refer to the input and output shaft respectively.
Lstg. 7. With ni, Nout Vectors in direction of the input and

The parameteNeglectCoupling was intro- output shaft, respectively, a 3D torque balance results
duced in order to optionally neglect the ternn

J*(n*z_a) , which corresponds t¥ nw in (5). This 0=7n
term is usually negligible if the powertrain accelerates
much faster as the base body (this is, e.g., the casé@le implementation is shown in Lstg. 8.

Nin

Nout
—+Tout—— +7T . 7
‘nln‘ out ’nOUt‘ Support ( )
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Listing 8: Implementation of BevelGearlD

model BevelGearlD
import  Modelica.Mechanics.Rotational;

parameter Real ratio=1;
parameter Real n_a[3]={1,0,0};
parameter Real n_b[3]={1,0,0};
protected
parameter Real e_a[3]=n_a/sqrt(n_a*n_a);
parameter Real e_b[3]=n_b/sqrt(n_b*n_b);
public
Rotational.Interfaces.Flange_a flange_a;
Rotational.Interfaces.Flange_b flange_b;
MultiBody.Interfaces.Frame_a frame;
equation
) ) flange_a.phi = ratio*flange_b.phi;
Figure 5: Gearbox with non-parallal axes 0 = ratio*flange_a.tau + flange_b.tau;

frame.f =  zeros (3);
frame.t = -flange_a.tau*e_a - flange_b.tau*e_b;
end BevelGearlD;

given as Modelica text taking into account

n; n

out Tin = Tin — ,  Tout= Tout& (8)

INin| INout]

nsupport . X i

with the corresponding frame cut torqueand axis
support of rotationn as shown in Fig. 6. The constraints (6)
implicitly define the torques to be applied at the two

Figure 6: Quantities of a bevel gear revolute joints.
3.5 Animation
torque_a torque_b

Most components of the PowerTrain library are a
imated. All these components have been equipp
with a 3D Frame connector to provide the informatig
needed for deducing the 3D position and orientation
the animation shapes. The possibility to switch off a
imation and to completely remove the correspondi
code was conserved.

AR

tau

frame_a

D—”

actuatedRevolute_a actuatedRevolute_b

— 3 =~ = =

I

n=axis_a n=axis_b
frame_b

4 New Component “GearCon-
straint”

bearing

In order to be able to model gearboxes completely
3D, a component to provide the gear constraint (6) fer
multi-body systems was introduced. By default, th&gyre 7: 3D gear constraint without 1D rotational
component allows to model gearboxes with no”par%mponents
lel shafts as well.

In a first step, see Fig. 7, the 3D gear constraint
was implemented without using 1D rotational compo- Since equivalent equations are provided\igde-
nents in order to be not forced to take care for suppbda.Mechanics.Rotational.ldealGear :
torques. Therefore, the constraint equations have beem second step the 3D gear constraint was imple-
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=

mented as shown in Fig. 8. No additional equatio
are necessary.

Figure 9: Modelica model of rotating body and non-

- D rotating body with rotor

n=axis_b
frame_b

frame_a

n=axis_a
actuatedRevolute_a actuatedRevolute_b

gravitation. The rotors are not actuated and have an
initial angular velocityw = 10 rad's. All relevant sig-
nals, especially the mounting forces (Fig. 11) and the
body orientations, are identical.

bearing

Figure 8: 3D gear constraint using model IdealGear

5 \Validation Examples

The following examples illustrate the usage of the in-
troduced components and are used in order to validatgigure 10: Animation of the two gyrostat systems
the design by comparison of 1D with 3D realizations. '

5.1 Gyrostat

As mentioned above, a so-called gyrostat consistslef Body-mounted Actuator

a carrier body and a rotor, which is mounted on e, ,iher example is shown in Fig. 12. It consists of a
carrier body. There are two possibilities of modelling,, ¢ arm that is connected with a revolute joint to the
such a system, especially the rotor. One possibilfye ( o world frame). On the (moving) robot arm a
is the usage of a rotating 3D body. Alternatively, th&arox and a motor is present that drive the revolute

rotor could be modelled by a non-rotating 3D bodi:  one wheel of the gearbox is rigidly attached to
in combination with the Rotor component descrlbqqe axis of rotation of the revolute joint.

in Sec. 3.3. It was intended to show the equivalenceAgain, two different Modelica models of this sys-

of both possibilities. Several simulations have be?&n are compared. One model was implemented using
carried out with different joint combinations, axis diéolely3D components, cf. Fig. 13(a). The other model

rections and driven or free rotor. In the following, ?eplaces some 3D components by 1D equivalences, cf.
selected setup is presented. Fig. 13(b)

In the example shown in _F'g' 9, the two rotors t‘? Both implementations yield identical results.
be compared are mounted in both cases on a carrier
cylinder of their own which is able to move in three ro-
tational degrees of freedom, since the latter is mounigd Application: Automatic Gearbox
to the ground by a spherical joint.
At the start of the simulation, the carrier cylindershe basic intention of modelling 3D mechanical ef-
are in an elevated position and start moving due fexts of 1D powertrains was to be able to examine the
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15 _FOMETramE_BAT] Fiedt frame_BAT]

Al

gear3D
rotor3D = xedTranslation3D

y
L] l 4
ML 0
| | r={0.25,0,0
e

(a) Solely using 3D MultiBody components

fregHz={0.1}

r={0.1,0,0¢

y

bodyBox3D

r={0.1,0,04

Figure 11: Mounting forces of the two gyrostat sys

tems in x-, y-, z- direction in the world frame

interaction of vehicle and powertrain dynamics. The
example discussed in this section sketches the ide%é)

Figure 12: Sketch of body-mounted actuator

merging both modelling areas.
A six-speed automatic gearbox based on a Lepel-
letier wheelset [6], Fig. 14, is considered. A corre-
sponding model is available in the PowerTrain library.
This model was changed such, that the previous 1D
rotational mechanical components have been replaced
by these introduced above, cf. Fig. 15. As a conse-
guence, the Lepelletier wheelset model was equipped
with a MultiBody frame connector.

The obtained component is then used in the setl

shown in Fig. 16. A carrier body is connected mm fi ﬁ|
g - - y . - I
the ground by a revolute joint and moved similar tc
) . ) e I _
a yawing vehicle. The yaw rate was increased up| _I I|
I
S |
-

2rad/s and then held constant. The automatic ge
box is mounted on the carrier body and connected
two rotor components at the input and output sha

geand D=-10
rotor1D ==

fregHz={0.1} mounting1Da=0 mounting1Db=0
e

_NTR.
O g
torque1D — .:_DE—X&E
J=4 7i66e-8

bodyCylinder

r={0.1,0.0}

n=(100)

revolute <

bodyBox1D

ficedTranslation1D

r={0.1,0,0}

(b) Using both 3D and 1D components

Figure 13: Modelica models of body-mounted actua-
tor

tors at the input and output shaft. At a simulation time
of 4 s, a gear shift is initiated from the third to the
fourth gear, reducing the system'’s ability to acceler-
ate. The influence exerted on the carrier body can be
seen in Fig. 17(b).

In Fig. 18, an animation screenshot illustrates the
fembly of the gearbox.

Ravigneaux wheelset

respectively. The drivetrain is accelerated by a torque
of 10 Nm.
Figure 17(a) shows the angular velocities of the ro-

Figure 14: Schematic of Lepelletier wheelset
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et W ez

58.IN558.4LoIN0

-
R

C ] I =
s 1 —
fhedi=0 i =
0=-13189 - ol frarme_B(1] ord ame B3]
o=
flange_a = I flange_b
1504

]

frame_a

(b) Support torques of carrier body in x- and z-direction of world
frame

Figure 15: Modelica model of I‘eloe”et'er\'\/hee'SQtFigure 17. Simulation results for automatic gearbox

on yawing carrier

integerstep clutchControl
—
i
j :
startTime={4}
Ramp X :
torque Inertia1 Inertia2
L L
f HAD b—a= =
— —
tau J3 J=l10
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Figure 16: Test setup similar to yawing vehicle
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2001.
e The powertrain can be modelled and tested firﬁ
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ceedings of the 3rd International Modelica Conference
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moving system just requires to connect the three-

dimensional Frame connectors of the power-

train components to appropriate mounting objects

(Mounting1D) that are fixed on the multi-body

parts.

e A hybrid 1D/3D model does not have problems
with possible overconstraining that is a major
problem for a 3D model of a powertrain.

Future work will include integration of powertrains
into vehicle dynamics models [7] and examination of
the interaction between vehicle and powertrain dy-
namics.
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