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Abstract ly aware of the market requirements to achieve best
in class levels of vehicle performance and drivabil-

This paper highlights the use of multi-domain physfy. For example, customers may report drivability
cal models for simulation of vehicle drivability aprelated issues such as shift busyness resulting from
plications. The models are implemented using tA8 increased number of vehicle shifts to optimize
Vehicle Dynamics Library and Engine Dynamicf€l economy for transmissions with more gears.
Library from Modelon. The application example$hift performance and feel are also common custom-
include vehicle launch, vehicle start-stop, and trary- complaints.  With increasing use of start-stop
mission shift events. The examples are structured@ghnology (see Figure 1), customers experience
illustrate how increasingly sophisticated models prglany more starting events, and their expectations

vide additional model fidelity or increase the drivdegarding these events differ in driving mode as
bility phenomena observed. compared with a single start in park in a garage or

Kewords vehicle dvnamics: drivability: vehicle parking lot. Vehicle launch with both conventional
moe}évc\ellin . owertrain'yen ine transmissi o):m" launch: @nd especially with start-stop technology can be es-
NVH g P > Engine, ’ " pecially problematic from both a performance and

drivability standpoint. With multiple power paths in
both conventional and hybrid vehicles, interactions
between subsystems can lead to vehicle vibrations
typically felt at the seat track by the customer. With

. . . the accelerated adoption of dual clutch transmis-
To meet increasingly stringent fuel economy ary

. tandard i i iqinal . ns, driveline vibrations induced by clutch dynam-
€missions standards, automotive original equipm{gl 5 o becoming a drivability concern. Variations in
manufacturers (OEMs) and suppliers have sou |

| technologies t " " q q tch friction material, alignment, etc. can affect
novel technologies 1o meet customer demand Ceiy omijng performance and drivability, and data

strained_by.the regulatory environmgnt. As_ SYSIQ characterize the key components is often not
complexny Increases, the need for increasingly “ailable or considered proprietary by the suppliers.
phisticated analytic tools to perform concept evalua- 1,q paper describes several different vehicle

tion, capture ml_JIti-domain system i'nteractions, a ivability applications. These models are imple-
dgvelop and validate control strategies grows. Mo g using components from the Modelon Vehicle
elica ha§ been used_ extenswgly n _the aUtom.Otﬁﬁnamics Library (VDL) [1] and Engine Dynamics
community for mode_llng‘and S|m_ulat|on c_)f vehicl ibrary (EDL) [8]. These examples highlight the
dynamics and handling [1], transient engine mod wlti-domain approach needed to simulate vehicle

ing and Tpirformanceé_t[_‘::] .[‘3]’ verzlcle trgermald marHrivability issues. The examples are also structured
agement [4], air con ioning systems [51. and ve b illustrate how increasingly sophisticated models
cle fuel economy and emissions [€].

While customers demand continued reﬁnementprowde additional model fidelity or increase the

: . [5'?1 sical phenomena observed. The sample applica-
vehicle performance attributes, they also demand bt i this paper include vehicle launch, vehicle

compromises in vehicle comfort and vehicle driv fart-stop, and transmission shift events. The applica-

bility. Furthermore, many system design or contrins also include different modeling approaches for

actions improve one attribute potentia_lly at th_e e engine with both a conventional automatic and
pense of another or several others, typically dnvab&aal clutch transmission

ity or comfort. Automotive manufacturers are acute-

1 Introduction
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Modeling Vehicle Drivability with Modelica and the Vehicle Dynamics Library

Micro-hybrid vehicles to grow VDL makes use of these Rotational3D conn_ectors
st ot ke 31 expec e 5 neve a0 sl cston of e <ttt gy by to represent the interface cuts between the different
ieciic vehiclee called micro-hybrids-before 2018 as fuek-eficent cars gain popularily. components in the powertrain, from the engine to the
o Micro-hybrid vehicle salos £3 a percentage of al wohidle aales Il North America Waslemn Europe . .

wheels. Therefore, the architecture has inherent sup-
” port for plug-and-play compatible exchange between
= 1D and 3D components. For example, it is straight-
forward to combine a 1D driveline in a 3D chassis or
o a detailed engine model on a lumped chassis.
» The component-based interfaces also make it
straightforward to switch context, as illustrated for
" < the engine and transmission in Figure 2. In the top
Ve e B S mp(del, the engine and transmission are used in a full
reviers  vehicle template, connected via the driveline to the
wheels and the chassis. The other model contains
only the engine and the transmission connected to a
load, which then can be very simplified, e.g. just a
1D mass, or also a full chassis with driveline.

F gU're 1. Projections of micro-hybrid vehiclesin
North America and Europe (reprinted in '7])

2 VehicleModding

This section outlines the key multi-domain compo-
nent and subsystem models that support the subse-
guent vehicle drivability applications. The main
model components are detailed as are the different
modeling approaches that can be used to support ve-
hicle drivability applications.

2.1 VehicleModel Architecture

The ability to create configurable model architec-
tures in Modelica is one of the key enablers for ar-
chitecture-driven development in model-based sys-
tems engineering [6]. With core language support
for model management and configuration and formal
interface definitions, Modelica provides an excellent
foundation for distributed, collaborative systems [}
modeling. )

The Vehicle Dynamics Library takes an architecfigure2. Architecturesillustrating the same engine
ture-driven approach to model development and cand transmission modelsin different contexts as shown
figuration. One of the fundamental guiding princiby the modelsin afull vehiclerepresentation (top) and
ples of VDL is the ability to mix behavioral andt0gether with aload representing the vehicle (bottom)
physical models to conveniently change between
different configurations and also between differeft

levels of detail. From a powertrain perspective, th . . . .
use of the Rotational3D library [9] is key as it prd\ﬁodellca has been used extensively for simulating

vides a fully-defined representation in 3D that czﬂ?ta”ed engine transient response including gombus-
easily be reduced to a 1D representation or vice vipn .[2] (31 Prop_er representation of the_ engine dy-
sa. Within the same architecture, the VDL can Sfmw response is critical for vehicle drivability ef-

Engine

port 1D modeling typically used for conceptual re orts. Bothtthe meandantg fluctua'qng compt()jnent glf
resentations early in the product development p e_elngl(;u_a (IJ_rque produc |o$hcan n uceduln es_lra}[he
cess to represent the main degrees of freedom to QW.C € driveline response. € various delays in the

early understanding and understand system-legSgne due to controls scheduling constraints, actua-

interactions. Furthermore, full 3D representatior.tlgr response, air path dynamlcs,_ anq fue_llng dynam-
5 can also be important. Engine inertial response

can be supported which require more extensive " K/slider inerti Kshaft inerti
rameterization but with a level of detail that provid piston mass, cranxisiider inertia, crankshatt iner '6.1)
can also be an important consideration in dynamic

virtual testing capabilities.
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simulation, especially for cranking, launch, and star

stop events.
Typical engine modeling approaches for drivabil:

ity applications include the following:

* Mean value modeling based on maps and actu
tor inputs

* Mean value modeling including air path (intake
and exhaust) dynamics

* Mean value modeling with superimposed torqu

fluctuations at the crankshaft 7! I |j_PLj_PLj_| 1 "
« High frequency modeling with multiple cylin- 1l —@—"—E—"—@—Jﬂ%—‘r “‘_@
» High frequency engine modeling with multiple

cylinders and physics-based combustion mode
ing
These approaches cover a range of predictive caj O:
bility, computational effort, and input/calibration "
data requirements. Furthermore, the level of exper-
tise required to implement and validate the vario -
models varies greatly. DT ?
The engine components in the Vehicle Dynami JE
Library support multiple approaches for modelin 134
the engine and crankshaft. These approaches re ka

1 N
from a pure map-based mean value approach t F = ﬂgﬂ- E:%"- %{-—‘%ﬂ

ders based on input cylinder pressure D——I "”LJ“"“-““

high frequency approach based on cylinder pre
sures. Figure 3 shows an 14 engine with a cylindt
based pressure calculation and a distributed mode
the engine bottom. An analytic representation cang}]
used for the pressure calculation to allow fastgy,,,
simulation with a standard table for torque as a func-
tion of throttle and engine speed required for p~ .
rameterization. This model calculates a presst
trace profile using spark timing with adjustabl
shape parameters and induces the appropri
amount of crankshaft torque fluctuation. A samp ]
cylinder force and engine animation for the 14 engiiz =+
is shown in Figure 4. A full tabular representatic .|
for the cylinder pressure as a function of crankang
throttle, engine control settings, and engine spe
can also be used.

To support additional modeling options for th *=+~——— = ©*————— T —
engine, engine models from the Engine Dynamics
Library [8] can be integrated into the VDL vehicle
architecture. The Engine Dynamics Library current-
ly provides mean value engine modeling capability
including the air path dynamic effects, exhaust mod-
eling, and thermal effects. The focus of the library is
real-time like simulation of gas exchange and mean
value torque production to support engine optimiza-
tion and evaluation of engine control strategies. A
turbocharged, spark-ignited engine model using EDL
is detailed in Section 3 and integrated within the
VDL architecture for use in a start-stop application.

re3 |4 engine with cylinder pressure calculation
dynamic bottom (top) and detail for engine block
wing piston and crankshaft models (bottom)

BE4 -

SE4

1E4+

OED

Figure4. Cylinder force (top) and engine animation
(bottom) for 14 engine
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2.3 Transmission and Driveline The Vehicle Dynamics Library provides both
components and assembled subsystems to model
Several transmission implementations are availab@rious driveline implementations (front, rear, all-
in the Vehicle Dynamics Library, including reprewheel drive). Components are available for gears,
sentations of automatic, manual, and CVT transmgear pairs, clutches, shafts, differentials, etc. The
sions. Within the architecture of Vehicle Dynamicshaft models are implemented such that geometric
Library, it is certainly possible to implement custoreffects such as joint effects and bend angles can be
transmission models including both 1D and 3D efaodeled if needed. Pure 1D rotational components
fects, backlash, friction, etc. can be used as well with the 1D/3D structure provid-
Dual clutch transmissions (DCT) are becomirggl by the library architecture. Figure 6 shows a rear
increasingly popular due to the projected fuel ecowheel drive driveline model with a transmission
omy benefits resulting from the removal of thehaft, rear differential, and geometric half shafts; this
torque converter, dry clutch technology, etc. Hownodel is used in the vehicle model examples shown
ever, many of these changes also can pose new freGection 3.
formance (no torque multiplication from torque con-
verter), drivability (ho damping from torque convert

er due to fluid coupling), and control (managin . = T
clutch to clutch transitions for gear changes) chi |
lenges. Thus, dual clutch transmissions are oft LE
mated with a dual mass flywheel to provide the r | "Ir o2}
guired damping but with increased inertia. 1 e R

To illustrate some of these challenges in the fi TL_’EF]
lowing drivability applications, the simple dua zﬂ
clutch gearbox model shown in Figure 5 was impl
mented and integrated into a transmission mod o _é

Since this model is primarily for demonstration pu.
poses, the control interfaces are simplified. This
model implementation should also be considereda%ai Chassis
functional as no detailed parameterization ddta

(clutch, gearing, etc._) was avall_able to support.ﬁle Vehicle Dynamics Library includes a wide
more detailed model implementation for the purpos: . S
nge of suspension models with fidelity levels that

es of this paper. For a full treatment of a dual cluteh

transmission and associated control, the interes g frqm planar models to fl_J”y geometric, elasto-
reader is referred ta [10]. inematic models. Lower fidelity suspension models

are more desirable in drivability simulations for
many reasons. First, the engineers performing driv-
ability simulations are mainly interested in straight-
v line behavior and longitudinal dynamics. For these
types of simulations, unlike in handling simulations,

it is not important to accurately represent how the
wheel moves with respect to the chassis for a given
wheel travel and load condition. A key benefit of
using lower fidelity suspension models is that infor-
mation required to represent them is significantly
lower than a more complex physical model.
veto o E Historically, lower fidelity models have included
< riiO the following representations:

* Planar suspension

* Equivalent roll stiffness

e Lumped mass

e Swing arm
LA Each of these suspension models are available to be
] ‘ used within VDL. The lower fidelity suspension
models have the same interface as the more complex

. _ o o physical suspension models. This modular approach
Figure5. Dual clutch transmission gearbox

Figure 6. Rear wheel drivedriveline

pUBLILIGST s
PpUBLIIOD ZLAIN

flange_a
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ensures that either representation can used in the

chassis at any time.

The range of chassis implementations are de
scribed in more detail below and shown in Figure 7
via animations from VDL. The example applications
in Section 3 include simulations within this range of
chassis models.

Pitch model: The suspension is modeled as a rigid
axle that can only translate vertically with respect to
the chassis body. Ride stiffness is modeled using

vertical springs and dampers. This model allows the
chassis to heave and pitch.

Equivalent roll stiffness model: The suspension is
modeled as a rigid axle that rotates about a singl¢
axis. Roll stiffness is modeled using a torsional
spring and damper. This model allows the chassi
to roll.

Lumped mass model: The suspension is modeled to
allow each wheel to translate vertically with respect
to the chassis body. Ride and roll stiffness is mod:

1%

U7

(b) Lumped mass model

eled using vertical springs and dampers. This mode]
allows the chassis to heave, pitch and roll.

Swing Arm model: The suspension is modeled to al-
low each wheel to swing on a control arm about &
single axis. Ride and roll stiffness is modeled using
vertical springs and dampers. This model allows the
chassis to heave, pitch and roll.

Tabular model: The suspension is modeled using
tables that define the kinematic and compliant mode
of the wheel with respect to the chassis body. The
model allows the chassis to heave, pitch and roll.

.0

In order to use these models to represent ssisha
for drivability work, it is only necessary to provide

the chassis mass, track width, wheelbase and approx-

imate spring rates. Since many engineers who wor
on powertrain response and drivability applications
do not have ready access to the geometry require
for more detailed chassis models, a small set of pa
rameterization data can result in significant reduc-
tions in model development time.

o

While lower fidelity dynamic models typically are
sufficient for vehicle drivability work, there are some
applications which might require more detailed chas-
sis representations. For example, some launch ma
neuvers might require more detailed models to ob
serve anti-squat or differential/axle windup effects.
With the architecture and associated component
from the Vehicle Dynamics Library, the various
chassis representations are plug-in compatible suc
that full multibody representation can be seamlessly
integrated.

12

>

(e) Multibody (elasto-kinematic) mode

Figure 7. Range of chassisimplementationsfrom VDL

DOl Proceedings of the 9" International Modelica Conference 603
10.3384/ecp12076599 September 3-5, 2012, Munich, Germany



Modeling Vehicle Drivability with Modelica and the Vehicle Dynamics Library

25 Powertrain Mounts se sorts of disturbances can be mitigated by appro-
priate torque control and shift coordination between
Powertrain mounts are another critical element fthte engine and transmission. The development and
modeling of vehicle drivability events. The movesptimization of such coordinated control is readily
ment of the powertrain on the mounts affects tlehieved using model-based systems engineering
torque transfer in the driveline as well as providingapproaches with VDL.
transfer path for vibrations to the vehicle seat trac
Mount design affects vehicle performance and col
fort and requires a simulation environment capat

of transient simulations over critical maneuvers « ...
interest (idle, launch, tip in- tip out, etc.).
The VDL architecture includes a configurabl ™

component for modeling the powertrain mount
The inherent 3D support makes addition of reacti |
forces and torques straightforward to capture the ti, ... _
dynamics of the system. The component can be c \[g
figured for the number of mounts, mount Iocationiz. ) . . .

o . Figure9. Vehiclelaunch model with automatic trans-
and also the characteristics of the mount behavior. mission
For example, Figure 8 shows bushing compression
(gray areas) due to rotation of the differential hous-
ing when the torque is transmitted from the longiti .,
dinal to lateral direction. These effects require a :
representation of the driveline and differential whic 2o
are readily implemented using components from t
Vehicle Dynamics Library. 10

0 —— — T
10 20
\ m Enging spaed [RPM]

“ehicle longitudinal speed [m/s]

1 4000

3000

20004

1000

T T T T
10 20

Figure 8. Differential housing wind-up

Vehicle longitudinal acceleration [m/s2]

3 Application Examples

Using the component models outlined in the pre\
ous section, this section provides several exam o
models illustrating the impact of modeling approac
es on vehicle drivability response. i ' A

Time [s]

31 VehicleLaunch Figure 10. Vehiclelaunch from idle and shift results
with automatic transmission

Figure 9 shows a model configured for wide open
throttle (WOT) vehicle launch from idle with an au-

. S . . Figure 11 shows comparisons between the chassis
tomatic transmission. This implementation includ

_— d . Fi 10 sh ch and roll angle for the various chassis model
a simple mapped engine. Figure SNOWS SOifhlementations.  For the chassis pitch angle, the

sample results from the launch and subsequent s ith, lumped mass, and swing arm models provide

events with the tabular chassis model. Note the gfejq results as do the tabular and multibody mod-

celeration disturbances around each shift event. The-
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els. For the chassis roll angle, the pitch model sho
essentially no roll while the results from the lumpe d
mass and swing arm models are grouped togethe
are the results from the tabular and multibody mo
els.

Figure 12. Vehiclelaunch model with dual clutch
g o transmission

“Wehicle longitudinal speed [m/s]

(a) Chassis pitch angle

ssis Rol Ang

—— Shaft 1 [RPM] —— Shaft 2 [RPM]

Qutput shaft (pre FO) [RPM]

=

“ehicle longitudinal acceleration [m/s2]

(b) Chassis roll angle 6

Figure11. Chassispitch (a) and roll angle (b) for the ]
various chassis model implementations 47

Figure 12 shows a model configured for wic
open throttle vehicle launch with a dual clutc o
transmission. Note that the only changes from Fi T : ' '
ure 9 are the transmission swap and associa
transmission control specification (open loop in th||§i
example). Figure 13 shows some sample result
from the initial launch and first 1-2 shift event. Note
the driveline disturbances shown during the shift dueThe vehicle launch models illustrate the bower of
to a poorly executed clutch to clutch transition. With P

a dual clutch transmission, the key to shift feel aﬁ)dmodeling architecture and supporting component

performance is managing this transition thus higW—OdelS such that the focus of the model can easily be

lighting the importance of clutch modeling (friction h'fetgd ;;O(T):#"&?'Cﬁrﬁhﬂo"gﬁg:g V;Ir:g Cg:{%ﬁgte
characteristics, actuation, dynamic response, e de roachpallov)\;s model detail to be im Iemenf—
and controls for this type of transmission. Given t bp b

complex dynamic response, a model-based SySteS?Sm the areas where it is critical for observing the

Time [s]

gure 13. Initial launch and 1-2 shift resultsfor dual
clutch transmission

engineering approach is required for multi-attribu namic _phe_nomfena of interest Wh'l.e allowing mod-
balancing of performance and drivabilit el simplifications in other areas. This approach ena-
Y bles a balance between model complexity, computa-
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tional effort, and also parameterization effort givetompared to a detailed engine cycle simulation, does
that more detailed models typically require more deet require detailed engine characterization for mod-

tailed data for parameterization. el development (i.e. intake and exhaust system flow
characteristics, valve profiles and discharge coeffi-
3.2 Start-Stop cients, combustion characteristics, etc.) and can pro-

vide the appropriate amount of crankshaft torque

Start-stop technology on mild/micro-hybrid vehicleuctuation in a computationally efficient manner. It
offers compelling fuel economy benefits with elimishould be noted that appropriate care must be taken
nation of idle fuel consumption. While the fuelvhen calculating the mean torque to account for the
economy benefits are clear, the drivability impagtrious delays in the engine response which are not
can be significant if the restarts are not managglysically modeled (i.e. throttle and airflow re-
well.  Customers experience many more startisggonse, fueling response, manifold filling and empty-
events, and their expectations regarding these evends etc.).
differ when driving as compared with a single start Within the architecture provided by VDL, a plug-
in park in a garage or parking lot. The engine mussmpatible 14 engine model with fluctuating torque
be quickly cranked from rest and able to meet drivier chosen for the replaceable engine subsystem
demand for the subsequent launch event. The engiheéwn in Figure 9. Results from start-stop simula-
cranking, fueling, airflow, and transmission engaggens with this engine with an automatic transmission
ment events must be managed to provide quick e shown in Figure 14. These results show the im-
start performance while minimizing driver disturbpact of the starter on initial launch behavior. When
ances felt at the seat track. the starter disengages early, the engine speed drops

As with all drivability applications, the appropriafter the initial crank until the runup phase begins
ate choice of model for the engine, transmissiafue to the initial firing events. With normal starter
driveline, and chassis depends on the overall goakd@engagement, the engine speed smoothly increases
the simulation and frequency range of interest. Rfuring crank followed by the initial combustion

tential applications include the following: events. If the starter torque is also increased, the
« Starter motor, battery, and electrical systeaxpected increase in engine speed is observed. Note
sizing the similar trends in the vehicle speed response.

* Model-based controls development

» Design of driveline isolation component: %
(damper, dual mass flywheel, etc.)

* Powertrain mount design 20007

* Launch performance and sensitivity to phy:=

ical and controls parameters =

« Driveline response over the range of engir

speeds and torques seen during crank, init g

combustion, and run-up phases

For start-stop applications, one of the key modelii ] Eary sterter disengage

choices involves the engine dynamic response & ) ormal stater sengage win ncressed stater toraus

resulting torque signature. While mean value mod: ; ‘ ; ' ] ' 7 ' X

ing approaches may be sufficient for some applic

tions, others may require that the torque pulses at

crankshaft are represented as they may be key for ; |

drivability phenomena of interest. The start-stcs

examples that follow cover a range of engine modwi:i

ing approaches from the Vehicle Dynamics and Es

gine Dynamics Libraries.

As described in Section 2.2, VDL includes engir;

FP

1500

1000~

“ehicle Longt
[t
1

models capable of producing fluctuating torque D: i
the crankshaft. Using the model showr in Figure Normal starter disengage with increased starter torque
with a separate cylinder head and distributed eng 0 j 2 3 s
bottom, a map-based mean torque can be analytic metsl _

b 9 Y “f'—liygure 14. Start-stop response with automatic trans-

transformed into a pressure calculation including the 2. . :
. eed (t d vehicle speed (bott
influence of control parameters on the pressurpelzss'on [engine speed (top) and vehicle speed (bottom)]

shape. This representation, while approximate when
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To support additional modeling options for thels
engine, engine models from the Engine Dynamiosa

shown in Figure 3 by replacing the tabular torque
p from VDL with the dynamic EDL model. With

Library [8] can be integrated into the VDL vehicl¢his approach, the engine model remains physics-
architecture. The Engine Dynamics Library currenttased but can also provide fluctuating crankshaft
ly provides mean value engine modeling capabilitgrque for drivability applications without significant
including the air path dynamic effects, exhaust moddditional computational expense.

eling, and thermal effects. With the physical model-
ing approach in the EDL, the engine model respor
naturally to changes in actuation and control cor
mands based on the individual component characi
istics. Appropriate delays in engine response ¢
also simulated via the physical characteristics of t
components. The component-based approach
EDL also allows advanced concept evaluation, col
ponent sizing and optimization studies, and mod

b — =T
irintake...  ai

cuv!l.

based controls development.

Figure 15 shows a turbocharged, spark-igniti
engine model using EDL. The model include.
lumped representations of the intake air path (lig

blue connections), exhaust air path with EGR loc i T

(orange connections), simplified cooling path (blt
connections), key heat transfer effects in the chau
air cooler, cylinder, and exhaust manifold, and a tt
bocharger with wastegate. The model is rougfr
parameterized for a 2L engine. For the purposes
this paper, a battery and electric motor are addec .o
the turbo system to provide “eboost” capability.
This engine model is then integrated into the VDL
architecture with the dual clutch transmission shown
in Figure 12.

Figure 16 shows results from the start-stop laur _
with the EDL engine model, dual clutch transmi<g
sion, and tabular chassis model. The results are §
an aggressive launch with varying levels of eboc'
motor assist applied in the first second of the laun &
event. The simulations show the initial crankin
event, engine run-up due to combustion, and 1

Iv

flang

@

summary

parameters

initializati..

ure 15. Turbocharged, spark-ignited engine model
using the Engine DynamicsLibrary

6000

4000+

2000

Low moter assist
Medium motor assist (2 x low)
—— High motor assist (3 x low)

T T T T T T
2

shift with the dual clutch transmission which occu
around 1.5s. With increasing motor assist, the tur

speed increases much more rapidly than would g
possible with the compressor driven by the turbiig
alone, especially since the early combustion eve%
do not provide significant exhaust enthalpy to dri\
the turbine (i.e. lower mass flow rates and lower €

haust temperatures). The increased turbo speed

sults in additional boost and thus additional engil_
torque as shown in Figure 17 and higher engi%
speeds. With a dual clutch transmission, the ccz
pling between engine and transmission can be m§
aged to optimize the overall launch event by contrcz
ling the timing of wheel torque subject to drivability
constraints. £

While the EDL currently provides a mean valu

BE4

6E4

4E4 ]

ZE4

0.6

=

4

T T T T T T
1 2

Time [g]

0

modeling approach for the engine, it is also possibiggure 16. Start-stop response with Engine Dynamics

to generate a fluctuating torque using the same mod-

ibrary engine model and dual clutch transmission
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250

[4]

200
150

100+

Engine Torque [M.m]

[5]

Low motor assist
Medium motor assist (2 x low)
—— High motor assis (3 x low)
] T T T T T T T T T T
0 1 2

50—

Time [g] [6]

Figure 17. Enginetorquefor start-stop launch

4 Conclusions

Several application examples focused on vehiclem
drivability have been detailed. These application
examples include vehicle launch, start-stop, and
transmission shift performance. These examples
highlight the use of sophisticated model libraries
with different levels of fidelity for key components
such as the chassis along with different modeling{s]
approaches for the engine and both automatic and
dual clutch transmissions. The model libraries illus-
trate the multi-domain approach required to simulate
vehicle drivability. Using the flexible model archi-
tecture from the Vehicle Dynamics Library, the vari- [°]
ous examples are seamlessly configured using plug-
compatible variants. The examples are structured to
illustrate how increasingly sophisticated models pro-
vide additional model fidelity or increase the driva-
bility phenomena observed. An engine model creatf10]
ed using the Engine Dynamics Library is coupled
with the models and architecture from the Vehicle
Dynamics Library to illustrate a range of engine
modeling approaches to support vehicle drivability
applications.
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