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Abstract range of applications, and supports integration of
physical and control systems.

This paper highlights the use of a coordinatedesuit Traditional vehicle models for fuel consumption
of Modelica libraries for vehicle thermal managdave often ignored thermal effects as the inclusfon
ment applications. The models are implemented tkermal effects increases the model development and
ing the Vehicle Dynamics Library, Liquid CoolingP@rameterization effort and can affect computationa
Library, and Heat Exchanger Library from Modelorgfficiency for models which are run on drive cycles
An integrated vehicle thermal management modelW§ich can be thousands of seconds in duration.
implemented, including the key physical and cohlowever, in the search for fuel efficiency gaind; a
trols models. The model is used to highlight cor¥@nced technology is rapidly advancing from re-
plex, multi-domain interactions between the phyisicgéarch and development to production, including the
and control systems over drive cycles for combin@gsociated controls development. Due to the com-
thermal and fuel efficiency studies. The model plex interactions between vehicle subsystems, vehi-
also used to support controller development and & thermal management (VTM) requires a holistic
timization as an FMU integrated into Simulink. ThaPproach to minimize energy consumption without
flexibility of FMI-based workflows is also illustted Violating thermal limits for the various systemse

via batch and Monte Carlo simulations in Excel. ous work in Modelica has highlighted this need fo
heat exchanger application coupling inputs frofi€rmal management of electrified vehicles [1].

CFD illustrates the use of higher fidelity models A real world example of a vehicle level technolo-
from Heat Exchanger Library for calculation of pey that has the potential for fuel economy gaing, b
formance degradation due to non-uniformity. with a direct impact on thermal management is grill

Keywords. vehicle thermal management; thermal shutters. Grill shutters can be used to restria:tom-
systems; fluid systems; vehicle modeling; power- plit_(lely r(]:.Iosedalrﬂ_ow to t'hﬁ front of tr|1e \vehicle.
train; engine; transmission; controls;, Smulink; FMI While this reduction In airflow positively impacts
fuel efficiency by reduction in aerodynamic drag,
reduced airflow through the front end of the vehicl
degrades cooling capacity through the heat exchang-
er stack which contains the radiator, condenseat, an
tentially additional coolers such as oil and gear
coolers. Grill shutters can be mechanical @r p

1 Introduction

| technologies 1o | tuel effici @i lancing at the vehicle level is required to manag
?hove eclnqtoglefs oh!nlcreas? ue ethlmencyé.f V fuel consumption gains and the cooling requirements
€ compiexily or venicie systems, the need 101 IR5. 1he various fluid systems over a range of digvi

creasingly sophisticated analytic tools to perforEl)nditions and ambient environments. Active grill

concept evaluation, capture multi-domain SYSteljl jtters can be found in production on a range of

interactions, and develop and validate Contron‘mravehicles from various manufacturers, including the

g_ies grows. A Modelica_-bgsed platfqrm for SimUquord Focus, Chevrolet Cruze, Cadillac ATS, Dodge
tion of vehicle systems is ideal for this type adriw Dart. and Rém 1500 [1] ’ ’

as it natur_a!l_y captures muIti—domain interactions, To illustrate the complex interactions between
allows flexibility in model complexity to support /ehicle subsystems, vehicle controls, and thermal
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controls, an integrated vehicle thermal managememiin model components and subsystems are de-
model is implemented with grill shutters. The modailed. The model shown is representative of syste
els are implemented using a coordinated suite lefel models for use in thermal system design and
Modelica libraries from Modelon. The models arperformance characterization with parameterization
implemented using the Vehicle Dynamics Librargs a demonstrator model and thus does not include
(VDL) [3], Liquid Cooling Library (LCL) [4], and any customer-proprietary data (future publications
Heat Exchanger Library (HXL) [5]. The model capwill highlight industrial models and applications
tures vehicle dynamics on drive cycles including keoending publication approval). The vehicle parame-
thermal dynamics. The model also includes criticirization data was taken from a sedan implemented
vehicle controls and thermal controls for the griih VDL. The majority of the thermal parameters
shutters and fan. This paper provides an overviewveere estimated from authors’ experience with simila
the model, key subsystem implementations, and lystems in industrial applications.
features of the various libraries to support thjset
of modeling. 21 System Model

The integrated vehicle thermal management mod-
el is used as a demonstrator for Modelica-baseigure 1 shows the integrated VTM model. This
workflows for illustrative controls development an¢hodel is structured in a thermal-centric way such
robustness applications. The controls developménat the key thermal subsystems are visible atdhe
application illustrates the implementation and -opievel of the model and in parallel with the vehicle
mization of an active grill shutter strategy. Theiodel. At this level, the model contains the falo
Modelica VTM model is exported as an FMU vighg subcomponents with key systems to be described
Functional Mock-up Interface [6] for integration irin more detail in subsequent sections:

Simulink with the grill shutter and fan controlaté- * Lumped 1D conventional vehicle model
gration in Simulink is via FMI Toolbox for with automatic transmission

MATLAB [7] from Modelon. DOE techniques are < Lumped thermal models for engine and
used to optimize the combined grill shutter and fan transmission

settings for minimum fuel consumption. A sample « Simple underhood models for engine and
optimized controller is implemented to show thel fue transmission heat transfer

economy impact on several different drive cycles. « Controllers for fan and grill shutters
Sample robustness studies are also performed with Coolant and transmission oil fluid circuits
the VTM FMU in Excel via FMI Add-in for Excel . Heat exchanger stack with radiator, conden-
[8] from Modelon. These applications include batch ser, transmission oil cooler, and charge air
simulations and Monte Carlo simulations and also cooler
illustrate some of the scripting capabilities in FM
Add-in for Excel. Workflows that involve coupling
higher fidelity models from Heat Exchanger Library
with CFD input data for heat exchanger performance
are shown.
This paper describes a coordinated suite of libri |
ies for vehicle thermal management, an integrat
model including grill shutters, and applications ¢ ¢
this model for controls development and robustne
using FMI. These examples illustrate the mult
domain approach needed for vehicle thermal me
agement applications. Given the importance
model deployment outside of traditional CAE env
ronments to support model-based systems engin¢ -
ing, workflow aspects via FMI are highlighted. I

e Minimal HVAC and charge air circuits
» Electric fan with simplified vehicle electrical
system

2 Integrated VTM Mode

This section outlines the key multi-domain compc E“;J a2 T e
ﬁ

nent and subsystem models in the integrated V1'- :
Figurel. Integrated VTM model

model that support the subsequent applications. The

lpressures
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Session 3A: Automotive Applications: FMI & HIL

2.2 VehicleModé€ 2.3  Fluid Circuits

The vehicle model is implemented using the vehidiuid circuit modeling is a key part of the VTM
model architecture and components from Vehiaeodel. An efficient thermo-fluid implementation is
Dynamics Library[3]. This architecture supportscritical as it is common for a VTM model to include
the full range of vehicle models from lumped 1D teeveral different fluid circuits which interact withe
geometry-based full 3D representations suitable tbermal system and heat exchanger stack. Liquid
vehicle dynamics and handling applications. Preooling Library [4] is ideal for modeling incom-
ous work [9] has illustrated drivability applicati® pressible fluid circuits due to its efficient forfau
using Vehicle Dynamics Library with simplifiedtions which can support models with minimal num-
chassis representations. A similar approach igl uger of pressure states, potentially even a singis-p

to create a computationally-efficient lumped 1D vesure state per circuit, while maintaining thermal
hicle model suitable for drive cycle simulationsstates as required throughout the system. This ap-
This model focuses on core loads and losses to pfeach eliminates the stiffness and resulting compu
sure that the engine operates at the appropriae ofational impact of modeling incompressible flow-cir
ating conditions for accurate fuel consumption amtiits as minimally compressible.

heat generation. Both the mapped engine and transFigure 4 shows a simple coolant circuit imple-
mission generate heat input to the thermal sysiam mented to support the demonstrator VTM model.
thermal connectors added to the vehicle architectuFhis model includes the following components from
The simplified chassis model with rigid axle, nipsl Liquid Cooling Library:

tires, and a single lumped mass is showfrigure » Coolant pump driven by crankshaft

3. Parameterization for the vehicle model is taken * Coolant path through engine head and block

from a sedan model in VDL. e Thermostat to control flow to radiator and
via bypass

_© o * Expansion volume

tpnia A similar model is implemented for the transmission
TIK : ? oil circuit.
“ O T OO
sz e ?E ettt
K

Figure 2. Vehicle model augmented with thermal be-
havior

duwe duns
sogersousaLy

Figure4. Simple coolant circuit

24 Heat Exchanger Stack

The heat exchanger stack is a key coupling point be
tween the fluid circuits. Both Liquid Cooling Li-
brary and Heat Exchanger Library include models of
heat exchanger stacks. These models differ insterm
of model detail. Heat Exchanger Library allows de-
tailed, geometry-based models which can be stacked
using a streamtube approach for the airflow that pr
serves non-uniform conditions for each heat ex-
changer throughout the stack. The heat exchanger
models in Heat Exchanger Library can be discretized

Figure 3. Simplified 1D chassis model
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and can accept both uniform and non-uniform air-
flow inputs. The approach and a sample model ar
shown in Figure 5. This formulation is efficient

enough to support drive cycle work assuming a real
sonable number of stream tubes. The stack mode
in Liquid Cooling Library require only the basic

stack geometry and can use mapped heat exchange
with imposed airflow based on external inputs from
CFD, etc. The air temperatures through the stac
are calculated based on the stack geometry with
single calculated input temperature for each heat e

changer based on preceding heat exchanger outlf -

temperatures. LCL includes assembled stack mode
ranging from 2-8 heat exchangers.

Figure 6 shows the heat exchanger stack used
the VTM model. The stack consists of a radiator,
condenser, transmission oil cooler, and charge ai
cooler. Figure 6 shows the visualization of theckt
geometry which also provides dynamic visualization
of the temperatures during the run. The dynamig
summary visualization for the temperatures,
flowrates, and heat transfer in each heat exchdager
also shown. Each heat exchanger is implemented &
a mapped effectiveness as a table of the fluidaénd
mass flow rates. Though simplified, effectiveness
data is often available early in vehicle programd a
thus can support upfront cooling pack concept as
sessment and early thermal system design and pe
formance.

zpos._a

L

Figure6. Heat exchanger stack
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Figure 7. Stack geometry and summary visualization

Figure 5. Streamtube approach and sample stack For demonstration purposes, simple controllers in

from Heat Exchanger Library

Modelica are implemented for the fan and grill shut
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Session 3A: Automotive Applications: FMI & HIL

ters. The fan controller is shown in Figure 8.eTh

grill shutter implementation mimics a passive grill CI
shutter system where grill shutters are closed @laov
parameterized vehicle speed as shown in Figure 9.
More detailed controller implementations in Sim-
ulink are discussed in Section 3.2 when the VTM
model is exported as an FMU and combined with the
control system in Simulink.

ere... onOffController

VDL, érig_codl temp | e b . nor4 mutiLogic Sock
L §lo. b—l- o
ac_ter
ere.

onOffControlier2

muttisum

Ideal 1D

WDL_trm_oil_temp

-

VDL_CAC_temp

Figure 10. Assembled vehicle with driver, drive cycle,
and ambient models

VDL_eng_cool_thermostat_pos.

therm_pos_re... enOffControlers
WDL_trm_oil_thermostat_pos mirTh Wlror mutiLogic2 an

WDL_veh_vel_x
veh_spd_refe... onOffControllers

M%

Figure 8. Simple fan controller
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Figure 11. Drivecycle model with standard and user-
Figure 9. Passive grill shutter control defined cycleimplementations

closeThreshold

2.6 Driver and Drive Cycles
3 Application Examples

To support drive cycle simulations, the vehicle mod
el shown in Figure 2 is augmented with a drivétsing the component and subsystem models outlined
model as shown in Figure 10. The driver model prio+ the previous section, this section details saver
vides closed loop trace following based on the velipplications and workflows using the integrated
cle longitudinal velocity. The driver model als&/ TM model.
handles the gear shifting for the automatic trassmi
sion based on a shift map. The driver model 3sL  Drive Cycle Smulation
adapted from the closed loop driver in VDL. Ambi-
ent and road conditions are also specified in thée first application simply illustrates drive cgcl
augmented driver. simulations in Dymola [10] with the models de-

Drive cycle selection is also implemented in coscribed in Section 2. The integrated VTM model is
junction with the vehicle model. Figure 11 showgimulated on the US06 drive cycle. Selected results
the interface for drive cycle selection. Commod affom that simulation are shown in Figure 12. These
publicly available drive cycles are selectable framresults illustrate both the typical drive cycle ale
drop down list. Custom drive cycles are supporté@n results along with results of a thermal system
via the “User Defined” option where the cycle dista such as coolant and oil temperatures. Even with pa
implemented directly in the model or via the “Filerameterization for a demonstrator model, the result
option where the drive cycle data is read fromea fi are certainly reasonable and suitable to illustaate

ditional workflows with the VTM model.
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natively FMI-compliant, Modelon provides the FMI

: Toolbox for MATLAB [7] that enables both import

of FMUs into Simulink and export of FMUs from
Simulink. This bi-directional coupling is extremel
powerful and useful in that it allows both controls
engineers and physical system modelers to leverage
best-of-breed tools to support their work with a ro
bust and straight-forward workflow for integratiom
either simulation environment.

For integration with controls in Simulink, tlre
tegrated VTM model in Figure 1 is simply modified
to accept external inputs for the fan and grill eom
mands as shown in Figure 13 to provide a portioning
between the physical and control systems. A model
exchange FMU is created in Dymola from this mod-
el. This FMU for the VTM model is then imported
| into Simulink using FMI Toolbox for MATLAB and
1 integrated with the fan and grill controllers imple
- , mented natively in Simulink. The resulting integra
v ed model in Simulink is shown in Figure 14.

Coolant

400
——Trans Oil A/

grilcommand

Temperature [K

300

=
i

=

generation

=3
e

=1
.

Coolant Thermostat Opening [-]
o =]
=] o

T T T T T T T
a 200 400 600 800 1000 1200 1400

Time [s]

Figure 12. Simulation results on US06 drive cycle

3.2 Controls Development and Optimization

While Modelica can handle both controls and phys ,
cal models, a common workflow is to combine Moc. ~ Grill controller
elica-based tools for physical modeling with Sim- (Simulink) ME FMU of VTM model w/o
ulink for controls development. This coupling be- controllers (Modelica)
tween Simulink and Modelica-based tools likéigurel4. Integrated model in Simulink via FMU im-
Dymola is especially streamlined with Functional port with FMI Toolbox for MATLAB
Mock-up Interface (FMI) [6]. While Simulink is not
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An active shutter control strategy was developdichal grill and fan settings when operating in ¢ogl
in Simulink to explore opportunities for improvedanode.

vehicle fuel consumption. To help determine optim ‘
settings for grill command and fan command, tt A :

DOE capabilities of FMI Toolbox for MATLAB to A
execute the runs and post-process results were L == i

to run a full factorial sweep for grill and fan cem
mand at different vehicle speeds. Sample resuits
a vehicle speed of 120kph are shown in Figure
These DOE results can be used to identify optin
grill and fan commands that maintain desired cdole

temperatures at minimum fuel consumption.

FOI = 0.44406
200 T T T

150}
L

o :
L3 ————
l | S B ame aun mun e BRI

50 L L 1 L 1 L L 1

0 0.1 02 03 04 05 0B 07 08B 09 1
grill_input
FOI=0.15277

200

grill pattially closed
sl - +  grill partially open ||

grill wide open
i

1] 0.1 02 03 04 05 0B 07 08 08 1
fan_input

(a) Engine coolant temperature

+

WA &
e il
b 4 &
L
e axd
ahe s
e o

* »
*
:..-:o
 JEL BT A G B

- *
L] v v

w107 FOI = 0.90589
1.4 T T T T
121 —HH++_H
1 +  grill partially closed
+  grill partially open
+  grill wide open
DB 1 1 1 1 1 1 T T T
0 0.1 0.2 03 04 0s 06 07 g 09 1
grill_input

100 FOI = 0.08402

DB 1 1 1 1 1 1 1 1 1
0 0.1 0.2 03 0.4 05 0B 0.7 0.8 09 1

fan_input

(b) Fuel flow rate

Figure 15. Resultsfrom DOE for grill and fan com-
mands at 120kph vehicle speed

Using the DOE results, an active control strate
is implemented in Simulink. The implementation i
shown in Figure 16. This strategy attempts to ke
the grill closed as much as possible to reduce-ae
dynamic drag while maintaining target coolant ar
oil temperatures. The controller attempts to use ¢ .

»u

gril

Diadel Saturation

e e =

Dhide?  satiration]

double
(s1)

= Deta Type Comersion

Operator

co—HF

trm_temp b

Figure 16. Activegrill shutter controller

The active and passive strategies were run on a
number of common drive cycles. Figure 17 shows
the vehicle speed for the FTP MOD drive cycle.
Figure 18 shows comparisons between the active and
passive grill shutters for the FTP MOD drive cycle.
For this drive cycle, the vehicle speeds are lkaa t
15 m/s for the majority of the cycle. The coolant
temperatures between the mechanical and active
shutter controllers are compared in Figure 18. The
active shutter controller can be observed to speed
warm up of the coolant temperatures by at least 2
minutes in addition to maintaining the coolant tem-
peratures close to the desired operating poin0&E9
throughout the entire drive cycle. The grill and fa
commands in the mechanical shutter controller
switch between off and completely on whereas the
active shutter controller makes optimal use of the
cooling mechanism to both speed up the warming
process and at the same time maintaining tempera-
tures close to the desired operating point. When
compared at equivalent coolant temperatures, the
optimal controller is expected to have slightlytbet
fuel consumption (typical benefits of grill shuger
are in the range of 0.5-2% depending on the vehicle
and cycle). Of course, these results are highly de
pendent on the power consumption of the fan and the
tradeoff between fan power and recovered aero drag
and highlight the need for an analytic model to €eom
prehend these complex tradeoffs.

Figure 17. Vehicle speed for the FTP MOD drive cycle
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Figure 18. Comparisons between active and passive

grill shutterson FTP MOD cycle

3.3 Batch Simulationsand Robustness

The integrated VTM model can be simulated from

simulations and robustness applications. To suppor
this workflow, a co-simulation FMU is created and
then imported into FMI Add-in for Excel. Experi-
ment sheets allow users to change parameters, pro-
vide external inputs, apply boundary conditions,
simulate the model, and post-process the results.
The simulations are automatically run in paralist d
tributed across the local CPU cores. The use df FM
for model deployment outside of the model devel-
opment environment is providing additional value
from a standards-based workflow.

A sample experiment sheet for the VTM model is
shown in Figure 19 to run the model over various
drive cycles. Coolant temperature results from a
batch simulation at a range of vehicle speeds are
shown in Figure 20. Using the scripting API provid
ed with FMI Add-in for Excel, Monte Carlo simula-
tions for robustness applications are enabledurEig
21 shows the Monte Carlo experiment sheet created
by the script and results from simulations oveisa d
tribution of heat exchanger effectiveness multiglie
and airflow distribution multipliers.

Model

Sheet version

Model name
Generation tool
FMU kind

Number of processes

Settings Default (Casel Case2 (Case3 (Cased (Case5 (Case6 Case7
Start time o I [ I

Stop time 1090 1000| 260] 1sso| 1000 1370 600 1440
MU e M.fmu

Log level Info__| | [ |

Enable TRUE_| | [ [

Output points 100|000 a000] 2000 z000] 2000 2000 2000
Indata

Name Variability Type  Unit
driverVehicie ground.k_x parameter Real [

driverVehicle vehicle driveline. rear_ratio parameter Real 4
driverVehicle vehicle.h_cg parameter Real m 03|

driverVehicle vehicle body_mass parameter Real kg 1600

driverVehicle vehicie.RO_front parameter Real m 03|

driverVenicle vehicle RO_rear parameter Real m 03

driverVehicle vehiclewheel_i_xx front  parameter Real kg.m2 1

driverVehicle.vehicle whey Crear  parameter Real kgm2 1

driverVehicle vehicle.c_w_front parameter Real 038

driverVehicle.vehicle.a_front parameter Real m2 27|

driverVehicle driveCycieScale parameter Real 1

Tamb parameter Real Kk 3

fanController.loSpeedThresh parameter Real K | 360|

fanController.medSpeedThresh parameter Real K 380

fanController.hiSpeedThresh parameter Real K 00|

fancontroller maxspeedThresh parameter Real K 30|

grillController.closeThreshold parameter Real m/s 18

grillController.openThreshold parameter Real  m/s 15

simplelnietConditions.airFlowGain parameter Real 1 i
driveCycieNamelndex parameter Integer 2 23 1 9 16 19 18 15

Figure 19. Experiment sheet in Excel to run model
over different drive cycles
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340 +
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time

Figure 20. Batch simulation showing coolant
temperature over arange of vehicle speeds

Excel using FMI Add-in for Excel to support batch
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model was then run over the published distributions
in [11] for a range of heat capacity ratios witte th
external air as the minimum heat capacity fluid and
non-uniformity results compared with published val-
ues. Figure 23 shows a sample distribution. The
comparisons between the HXL simulation and the
published results are shown in Table 1. Notetthat

S P oS FAIG B Gyt OS] P ontSpd M) bxp ContaniSpes Fiaven(s) e

=3}

] »F,v‘

" Figure 21. Monte Carlo smulations for heat results from the paper were extracted from graphs i
exchanger effectiveness and stack airflow [11]. The simulations in [11] were also run over a

large range of NTU values (0-100) and it was diffi-

3.4 Heat Exchanger Non-Unifor mity cult to extract values at the NTU for this cooler

(roughly 1-2). Thus, the values for NTU=5 and

Heat exchanger performance is a critical fastorNTU approaching zero were extracted for compari-
VTM applications. While convenient to simulateson with the model and shown in the table. The
with uniform velocity and temperature inputs, attuanodel accurately captures both the trend and magni-
conditions typically include non-uniformity. Thustude of the non-uniformity.
assessing heat exchanger performance under non-
uniform conditions is critical. Heat Exchanger Li
brary [5] provides both uniform and non-uniforn
input sources. Figure 22 shows a test model gmat « v
be configured for either uniform or non-uniform in - =
puts. Non-uniform inputs would typically be provid 20

Velocity [m/s]

8
ed from a CFD tool and thus represent a 1D-3D cc 17
pling between CFD and the discretized 1D approa 15
in the models in Heat Exchanger Library. Simile =
coupling with the Air Conditioning Library [12] for &
evaluating idle air recirculation has been publishi o
[13]. 58
enable_CS5V switches between inputs ;::
0 12
e o
flowSo...
—
HX . . . . . .
&) i Figure 23. Velocity distributionsfrom patternsin [11]
Pressur... E flowSo...
| Table 1. Non-uniformity comparison between model
|_° | ._| and published results[11]
— HXL Simulation Ranganayakulu Paper
massFl PrESSUT. Distribution Cmin/Cmax| Non-Uniformity NTU=0 NTU=5
. . . . Interpolated Non-Uniformity  Non-Uniformity
Figure22. Heat exchanger _test w_|th option for uni- 20 o 0.820 0818 0,806
form or non-uniform inputs Al 0.2 0.859 0.856 0.874
A2 0.2 0.959 0.950 0.958
. . . . . A3 0.2 0.998 0.991 0.993
To verify the model, published distributions [11] a0 04 0.815 0.769 0.850
were simulated and compared with analytic results A 0.4 0.860 0.831 0.900
f th b I . t f h t h L A2 0.4 0.961 0.948 0.956
rom the publication for heat exchanger nom- 04 0.998 0993 0.995
uniformity, defined as the ratio of heat transfer f| 4o 0.6 0.814 0.750 0.821
non-uniform inputs to heat transfer with averaged *! 06 0.862 0810 0.862
. . . . . . A2 0.6 0.962 0.946 0.949
uniform inputs from the non-uniform distribution: A3 06 05 D& Qe
Q A0 0.8 0.815 0.811 0.809
3 3 non—uniform Al 0.8 0.864 0.844 0.840
NonUniformityFactor = ~non—uniform (2) A2 058 0.963 0.946 0.938
uniform avg A3 0.8 0.998 0.989 0.989
A0 1 0.816 0.810 0.808
Al 1 0.866 0.845 0.842
. A2 1 0.964 0.971 0.945
The study was performed with a model from Heat ,; 1 0,998 0.999 0,998
Exchanger Library calibrated to bench data. The
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4 Conclusions [6]
A coordinated suite of Modelica libraries for vdhic
thermal management applications have been used [id]
the implementation of an integrated VTM model
with combined vehicle fuel and thermal effects, in-
cluding the key physical and control models. The
demonstrator VTM model is implemented using the[8]
Vehicle Dynamics Library, Liquid Cooling Library,
and Heat Exchanger Library from Modelon. Several
application examples focused on vehicle thermal
management have been detailed. These applicatictg]
examples include drive cycle simulations, controlle
development and optimization, batch simulations and
robustness applications, and 1D-3D coupling fott hea
exchanger performance. These application examples
demonstrate the use of sophisticated model litgarie
to enable the multi-domain approach needed for vell
hicle thermal management applications. The appli-
cation examples also illustrate the use of FMI to[11]
couple the VTM model with controls in Simulink

and for use in robustness application in Excel e@Giv

the importance of model deployment outside of tra-
ditional CAE environments to support model-based
systems engineering, workflow aspects via FMI are
highlighted.

[12]
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