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ABSTRACT

This paper presents a flexible, modular model architecture in Modelica for system modeling and
simulation of military ground vehicles. The model platform and implemented interfaces are flexible enough to
support virtual prototyping of conventional and hybrid vehicles with various physical architectures such as
series, parallel, hydraulic, and plug-in implementations. Several sample model implementations of conventional
and concept hybrid military ground vehicles are presented to illustrate the usage and flexibility of the model
architecture to support systems engineering activities by maximizing model re-use throughout the product
devel opment process from concept assessment and design through testing and verification.

INTRODUCTION

Model-based systems development for commercial and
military vehicles has proven effective in reducing
development time and increasing product quality and
reliability. ADVISOR [1] was one of the first witleused
tools to support system-level analysis of vehideertrains.
More recently tools such as PSAT [2], developed by
Argonne National Laboratory for commercial vehiclaad

VPSET [3], developed by TARDEC and Southwest
Research Institute for military vehicles, provide
configurable platforms  with associated model

implementations for fuel economy and performance
simulations with conventional and hybrid propulsion
systems. ADVISOR and PSAT have been implemented in
MATLAB/Simulink platform. These tools offer either

forward looking (VPSET, PSAT) or backward facing

capability (ADVISOR).

This paper presents a flexible, modular model &echire
in Modelica [4] for system modeling and simulatiof
military ground vehicles. The model platform and
implemented interfaces are flexible enough to supgdual
prototyping of conventional and hybrid vehicleshwitarious
physical architectures such as series, parallelaufic, and
plug-in implementations. The architecture suppantdels
of varying levels of details at multiple levels tine model
hierarchy so that the same model architecture mapat
engineering activities over the entire systems rezgging V.
By using a common framework and promoting substanti
model reuse with localized model refinement,
implementations derived from this single model #ettiure
can support a range of model-based engineeringteffo
including high level concept assessment, requirésaen
driven component and system design, control systesign,
and associated verification and validation (V&VYieities.
Plug-n-play capability enabled by formal Modelieaguage

constructs at the system, subsystem, and compdeesit
allows rapid model configuration of different veleic
implementations. The architecture includes reprasions
for the driver, environment, control system, anchigie
physical system. Expandable elements within

architecture can support multi-voltage electricalsés,
electricification in all major subsystems, disttigd
controller implementations, and thermal modeling
throughout the vehicle system including the cabin.

the

Several sample model implementations of conventiona
and concept hybrid military ground vehicles arespreed to
illustrate the usage and flexibility of the modethitecture
and compatible multi-domain component model lieario
support systems engineering activities throughobe t
product development process. Sample analysesdiedlel
economy assessments over mission profiles, veaitibute
evaluation to targets, and detailed energy accogritased
directly on the physical model implementation. dndions
of the implementations to support vehicle drivapjliNVH,
and energy/thermal management are also discussed.

MODELICA

Before discussing the details of the model archites a
short introduction to the Modelica modeling langeiaig
provided. Modelica [4] is a non-proprietary, olijeciented,
high-level modeling language that supports contirsuand
discrete differential algebraic equations (DAE). odélica
supports both causal and acausal modeling ancdeciedly
suited for multi-domain physical modeling due tc it
connector-based formulation. With a familiar plogdi
representation of physical system components, Mcaléd a
key enabler for efficient, first principles modejinand
model-based systems development (MBSD). A few
important features of the language are as follows:
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* Non-proprietary nature of the language support$ too
neutrality and competition while avoiding vendor
lock-in

* Natural physical modeling via connectors with binlt
support for algebraic/kinematic constraints (DAES)

» Causal and acausal representations support a cdnge
controls and physical modeling formalisms

» Equation-oriented  modeling allows
processing and optimization for
generation

e Configuration management natively provided in the
language

* Model reuse via inheritance

e Standard library provides interfaces and basic
components in multiple physical domains

» Active development community with a growing list of
free and commercial application libraries

symbolic
efficient code

Though the focus of this work is on the model awatture
and not the modeling language, key enabling featafehe
Modelica language will be briefly highlighted inetltontext
of the model architecture and its capabilities.

VEHICLE MODEL ARCHITECTURE

Vehicle models can be used throughout the systems
engineering V to support a range of model-based
engineering efforts from concept assessment andyrdes
through testing and verification. Architecture-bdise
modeling is a key element of rapid virtual protabyp of
vehicles to support model-based systems developmént
formal model architecture provides consistent fats and
system decomposition to promote distributed model
development and plug-n-play interoperability betwee
models and application libraries.

Figure 1 shows the top-level view of the vehicledelo
architecture in Modelica.  This architecture haserbe
developed to support flexible, configurable modglai both
conventional and hybrid vehicles. The architeciarbased
on the original Vehicle Model Architecture (VMA) J&nd

the subsequent improvements implemented in the
Vehiclelnterfaces library [6].  The architectunecludes
elements for the external environment, driver, punt

system, and all main subsystems of the vehicle.chEa
element contains some subset of controller andittiathain
physical connectors which are connected appropyiatehe
architecture. Note that the architecture simply irdef
interfaces between components, not the implementati
details. The architecture is designed to supploig-p-play
modeling of conventional and hybrid ground vehicd¢she
system, subsystem, and even the component leWlsile
the architecture as shown is very modular and flexand

can comprise a wide variety of vehicles and modesied
engineering applications, it is trivial to extendrh it to add
additional top-level systems or even reconfigumeviehicles
with different topologies such as multi-axle vebglwhile
maximizing model reuse. Each top-level subsystélinbe
discussed in detail to provide context for the gypémodels
and implementations that are possible within théicle
model architecture to support a range of modeldase
engineering activities.

| “
)

Figure 1. Vehicle model architecture

The vehicle model architecture shown in Figuredudes
both multi-domain physical and control system catioas
between component connectors. Mechanical conmectio
between component connectors are shown in gregtrieks
connections in blue, thermal connections in redd an
controller connections in yellow. Note that theamanical
connections between components can be either 3@i-mul
body connections or simple 1D rotational connection
depending on the component implementation. While
Modelica has been used extensively for detailedicleh
dynamics modeling [7]-[8], this paper focuses omwerdrain
torsional dynamics with 1D rotational connections.

The architecture utilizes expandable connectors if4]
Modelica to provide additional flexibility. Expaalble
connectors can be used to construct buses of signaven
other connectors, including physical connectors.nlikg
regular Modelica connectors whose contents areneef
priori, expandable connectors are constructed dynamically
based on the union of all the connections suppiethe
various components. Expandable connectors areingeé
vehicle model architecture to create the followetgments:

* Flexible, hierarchical control bus

« Multi-voltage electrical bus for electrical intetens

*  Multi-node thermal bus for thermal interactions
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Driver * Brakes controller

The driver model interfaces with the control sysieamd «  Battery controller
provides a range of typical driver inputs to theteyn such e Climate controller
as key on, accelerator demand, braking demand, gear
selection (for manual transmissions), steering carnretc. Interfaces are also included for the following coheérs
corresponding to a particular mission profile. \das driver which are added to the controller network as needed
implementations are available to provide differemtys of «  Electric motor controller
driving the vehicle model. A direct driver model

) . _ ; »  Electric generator controller
implementation actuates the model in a forwardrAfgavay

based on accelerator and brake inputs with regultéhicle
speed response. This driver implementation is used
performance simulations such as accel tests. Dmadels
have also been implemented to allow the vehicli®ltow a
prescribed drive cycle. By taking advantage of dbausal
nature of the Modelica formulation for the undentyi
models, it is possible to run both backward and forward
models by simply changing the driver model under the
assumption that the underlying physical model ieitible.
The driver implementations contain a list of avaléadrive
cycles based on available literature which are ssmuvia a
drop-down list from the model architecture. Adulital
drive cycles are easily added either from a filetaming the
speed trace or by entering the data directly inéorhodel.

The controller implementations are based on indiaid
control features such as drive-by-wire vehicle eystontrol
for power/energy/thermal management, transmissioift s
strategy, battery state of charge and temperatcaibjn
temperature controktc. The interfaces are flexible enough
to support controller implementations of varyingyde of
detail as required by the simulation. These céntrodels
can be implemented natively in Modelica or integdainto
the Modelica tool from external sources such aso@ec
Another very common scenario is for the contrafferdel to
interface with Simulink to support closed loop aoht
between Simulink models of the controller and Mauel
models of the vehicle [10].

In addition to the commands to drive the vehidbe, driver
model can also be used to command other elemerttseof
mission profile such as auxiliary loads, climatentcol :
functions, and other mechanical or electrical posdemands
modeled via its interface to the control systeram§le duty
cycles for military mission profiles can be foumd[9].

sngjo.uod

Environment

The external environmental conditions are represktbly

the road and atmosphere components. The road model
provides dynamic information regarding grade, safa
conditions, etc.  The atmosphere component provides
dynamic conditions such as ambient temperature and
pressure, humiditygtc.

[

hassisFrame

Controller Network n "
The control system is modeled as a distributedrotet o .
network. The controller element interfaces wite tiriver Figure2: Distributed controller network
and with the rest of the system via an expandable, _
hierarchical control bus. The controller network i Accessories _ .
configurable and allows for additional controllets be The accessories component includes a mechanical
added along with additional elements to the physigstem. connection to the powerplant and interacts withetleetrical

The following interfaces are included as part of thase system and. thermal system via expandable connectors
architecture as shown in Figure 2: Implementations for this component range from senpl

. Vehicle system controller prescribed loads on the crankshaft to detailed isodé

«  Enaine controller mechanical and electrical system loads includingjiliany

. Trzgnsmission controller components critical to the mission profile suchhesclimate
Drivel I control systems, weapon and targeting systems, and

*  Driveline controller auxiliary power units. Figure 3 shows a sample seuees
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implementation with an electric AC system. Note thulti-
domain nature of this component with the electrioton
connected to the electrical bus, the AC model cotatkto
the thermal bus, and the fixed power accessoriagemied
to the powerplant flange via the rotational conaect

atmosphere

controlBus

—]
b » &> | engineFlange
7 |cop

cOPbasedAC
ORY

engineMount

Figure 3: Accessory implementation with electric air
conditioning system

Powerplant

The powerplant subsystem interfaces with the contro
system, electrical and thermal systems, and inslude
mechanical flange connections to the accessoryystdra
and transmission subsystem. Powerplant implementat
range from conventional engine models of varyingleof
detail to pure electric models. The architectuma support
both cycle-resolved mapped engine models for ldnge t
scale simulations as shown in Figure 4 and detadezhk-
angle resolved models including component-basedetaod
of the intake, exhaust, cylinder, and combustionaayics.

While mapped engine implementations are typically
appropriate for drive cycle simulations, detailedgiee
model implementations may be required to suppoginen
start-stop simulations and driveline NVH applicasovhere
simulation of the detailed thernodynamics and fears
engine dynamics are required. Modelica has beed us
extensively for detailed engine modeling [11]-[14].

acesteratorPe.

controlBus

accessof

=

Figure 4. Powerplant implementation for a mapped engine

engineMount

Transmission

The transmission subsystem includes connectionthdo
control system, electrical system, and mechanical
connections to the powerplant and the drivelinesgstems.
The transmission subsystem implementation can bd tes
represent a wide range of conventional and hybrid
architectures. Transmission models of varyingelleof
detail are supported within the architecture. Bhaplest
implementation is a standard transmission with gibked
engagements at fixed gear ratios. More detailed
conventional models include  continuously-variable
transmissions (CVTs), dynamic engagements withchksg,
synchronizers, hydraulic actuation, dampers, andtipie
shaft configurations.

Hybrid propulsion and transmission systems can hkso
implemented within the transmission interface. dehe
implementations can include multiple motors andegators,
associated gearing, hydraulic systems, clutchesjsmtation
elements. The use of various hybrid implementatiol
be illustrated in subsequent sections.

Driveline

The driveline subsystem includes connections to the
control system, electrical system, and mechanical
connections to the transmission subsystem and viizeseld
connections to the chassis. Various driveline
implementations are possible within the interfaceluding
front wheel drive, rear wheel drive, and all-wheklve.
Figure 5 shows a simple, rigid AWD implementatioithwa
transfer case model. As with the other subsystemrying
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levels of detail are supported within the interfacé-or
example, distributed inertias and driveline comptia can
be used to support driveline NVH analyses.
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Figure5: Driveline implementation for an AWD system

Chassis

The chassis subsystem includes connections toatheot
system, electrical system, and wheel-based meddanic
connections to the driveline and brakes subsystems.
simple chassis implementation is shown in FigureThis
implementation includes a no-slip tire model, lumpe
vehicle inertia, and configurable models for aerwyic
and rolling resistance loads. Since this modelsdpet
consider each tire individually, it is not apprate for
drivability simulations. Available chassis implem&tions
with additional detail include individual tires wwitslip,

distributed vehicle inertias, and dynamic suspensio
components.

EHH}E ”"ffvo atmosphere

? nnnnnnnnnn >

, Y 1ﬁ o
7%
D road
Il [ =

Figure6: Simple chassis implementation with vehicle loads

Brakes

The brakes subsystem interfaces with the contrstesy,
electrical system, thermal system, and the chassieheel-
based mechanical connectors. Available implemiemtsit
for the brakes subsystem range from simple presdrib
torque brakes to detailed models of the ABS system
including pump and hydraulic actuation dynamics.

Powertrain Mounts

The impact of the various driveline systems on the
powertrain mounts is often easily overlooked. Thtie
subsystem interface for the powertrain mountsdtuohed in
the model architecture to encourage consideratiothe
impact of the drivetrain on the mounting system aad
support driveline NVH analyses. The implemented
mechanical subsystems include connections to thenta@s
shown in Figure 1. In the simplest implementatitime
mounts can be considered a rigid grounded elembfdre
detailed mount implementations can include detaib
multibody dynamics including hydraulics considesas.

Electrical Power Network

The electrical power network subsystem interfacéth w
the control system, electrical system, and theitmal Via
the expandable electrical bus, the electrical pomawork
can support multi-voltage electrical buses. Impdatations
of varying levels of details ranging from simplexdd
voltages to detailed models of batteries and power
converters are easily accommodated. Figure 7 shows
simple dual voltage system with fixed capacity &ats with
thermal effects.

controlBus

.

ground

Figure7: Simple, fixed capacity dual voltage electrical
power network implementation
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Thermal Network

The thermal network subsystem models the various
thermal pathways between the thermal nodes in the
expandable thermal bus. The inclusion of this comemnt
enables additional modularity and flexibility inettmodeling
of the vehicle thermal system. Furthermore, tbisiponent
can be used to isolate subsystems from changésilevel
of detail in the thermal architecture from neighbgr
subsystems. For example, the thermal network ésl ue
route cooling from the air-conditioning system taltiple
cabin zones without requiring a change to the luinaie-
conditioning model used for a single zone cabirtiesys

Cabin

The cabin subsystem is included to support thermal
modeling of the vehicle cabin. Cabin implementagicof
varying level of detail, including multiple zonesre
available to support climate control system de$if)] and
control and occupant thermal comfort analyses.

SAMPLE VEHICLE IMPLEMENTATIONS

To illustrate the usage of the vehicle model aeddtitre
described in the previous section, sample impleatmts
for a military ground vehicle are provided. In a@tempt to
highlight the modularity and flexibility of the aritecture, a
baseline conventional vehicle model is created Hreh
configured in several different hybrid implemertas while
reusing elements from the baseline implementati®ample
results from different types of engineering simiolas for
the various vehicles are shown in the followingtisec

The base vehicle chosen solely by Emmeskay for the
modeling study is the M1117 Armored Security Vedicl
(ASV) from Textron Marine and Land Systems. Ndtatt
this study is entirely based on vehicle data alsédlan the
open literature for the ASV and thus may not be
representative of the actual vehicle performance tduthe
large amount of vehicle parameterization which weas
available publicly. Furthermore, the hybrid implemations
are purely illustrative for the purposes of thisp@a and
should not to be construed as potential vehicldiegtons.

Conventional ASV
The baseline conventional ASV vehicle model
implementation is shown in Figure 8. This implemtagion
is based on the ASV data sheet [15] and includes
representations for the following components to psup
drive cycle and performance analyses:
* Mapped engine for Cummins 6CTA8.3 260hp diesel
engine as shown in Figure 4
» Allison MD3560, 6 speed transmission model with
prescribed engagements

e Simple chassis with conventional loads at 13,408 kg
(29,560 Ib) with rigid 14.00 R20XZL tires as shoimn
Figure 6

» Simplified driveline with all-time four wheel drive
based on model shown in Figure 5

» Prescribed torque brakes

» Electrical power network with fixed voltage battery

* Rigid, grounded powertrain mounts

e Controller network with simple transmission
controller with speed-based gear shift strategy

e Null implementations for thermal network and cabin

() e .I
diver N contoletework
| S—
e | | 1‘
b»—‘—«lf— J l
§ow @
= [ gprafe |
sssss s
i
| Sy
| 1
i
road _atmosphere
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Figure 8: Conventional vehicle implementation

Series Hybrid ASV
Based on the conventional vehicle model, the sample
series hybrid model shown in Figure 9 was implemeity
reusing the base model with the following changes:
e Dual voltage electrical power network with 85A.h
lead-acid battery
e Series hybrid transmission with generator and sing|
motor
e Controller network with series hybrid vehicle syste
control based on simple battery state-of-chargeQ)5O
control including regenerative braking
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Figure9: Series hybrid vehicle implementation

The vehicle model architecture relies on the formal
configuration management features of the Modelica
language to create model variants. Using inheréait is
possible to extend from an existing model to maxami
model re-use and apply compatible changes baséarimal
interface requirements. Figure 10 shows the gcabhi
configuration of the series hybrid model by selegtthe
series transmission model from the tool-created &
compatible models. This sort of configurationvaitable at
the top-level of the architecture for all subsysteand also
at the component and primitive level in the varigystems.
Thus, new vehicle implementations can be createdplug-
n-play fashion with substantial model re-use at gstem,
subsystem, and component levels.

Figure 10: Model configuration for series hybrid vehicle

Series Hybrid ASV with Wheel Motors

A variant of the series hybrid ASV shown in Fig@ean
be created with wheel motors. The wheel motor avri
shown in Figure 11 extends from the series hybrid
implementation with the following changes to thevedrain
model:

» Series hybrid

generator only

transmission implementation with

e Driveline implementation with motors at each wheel
as shown in Figure 12

) ’ﬁ atmosphere

Figure 11: Series hybrid vehicle with wheel motors
implementation
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Figure 12: Driveline implementation with wheel motors
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Parallel Hybrid ASV with PowerSplit
The vehicle model architecture accommodates péralle
hybrid implementations as well. The parallel hgbvariant
of the ASV with a PowerSplit configuration shownHigure
13 is created from the baseline conventional vehmbdel
with the following changes:
 Reuse of the dual voltage electrical power network
model from the series hybrid model
e« PowerSplit hybrid transmission
motor/generators

with two
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e Controller network with PowerSplit hybrid vehicle Parallel Hybrid ASV with E4AWD
system control based on simple battery SOC control The parallel hybrid variant with E4AWD shown in Figul5
including regenerative braking is created based on the conventional vehicle with t

following changes:
* Re-use of the dual voltage electrical power network

; - ] "1 model from the series hybrid model
0 i ||| e j » E4WD hybrid driveline with single motor driving one
= of the axles and the other driven conventionally vi
the engine-transmission as shown in Figure 16

I »  Controller network with E4AWD hybrid vehicle system
. F( 1 control based on simple battery SOC control incigdi

oy

regenerative braking

- - - o
Figure 13: Parallel hybrid PowerSplit implementation Z . ; -
: F](W
#,

The PowerSplit hybrid vehicle system controllerwhan
Figure 14 highlights another key feature of the etod
architecture in Modelica, namely the ability to usedel
inversion to avoid the need to develop controltegi@s.
Since the PowerSplit configuration introduces aditihal i

degree of freedom for the engine, the engine sjpaedbe Dl e | B F‘“” /7 ’LL
controlled independent of the vehicle. Rather than X =
implement a speed control strategy for the engmedel Figure 15: Parallel hybrid vehicle with E4WD
inversion is used in Figure 14 to directly calcalahe implementation

generator torque required such that the resultingine
speed is equal to the desired engine speed. Tihty ab

perform model inversion is a direct result of theawsal Eg—
formulation in Modelica.
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Figure 14: PowerSplit hybrid vehicle control features with Figure 16: E4WD driveline implementation
perfect control for generator
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SAMPLE RESULTS

This section includes sample results from simutetiof
selected implementations discussed in the prevéegsion.
Note that there is neither complete vehicle parangstion
nor validation data associated with any of these
implementations so the results should be vieweguasly
illustrative.

Figure 17 shows a performance run for the conveatio
ASV model from Figure 8. The driver model in this
simulation simply commands max torque from the Begi
The vehicle performance as measured by the tim®-{82
km/hr is quoted as less than 7 sec [15]. Given the
uncertainty in the vehicle parameterization andr gaaft
strategy, the model yields quite reasonable peidoa
predictions.
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Figure 17: Performance run, conventional ASV

Figure 18 shows some sample results from simulation
the conventional ASV model over a drive cycle. Thive
cycle simulated is the West Virginia University Swian
(WVUSUB) drive cycle [16]. The vehicle speed trase
shown in the top figure, followed by the enginegtee, and

A Modular Model Architecture in Modelica for Rapifirtual Prototyping of Conventional and Hybrid...

the fuel consumption. The backward model was sitedl
thus requiring that the vehicle meet the commarsjezbd
trace without regard for max torque constraintgolation of
the max torque constraints can be an indicatiohtbigadrive
cycle is too aggressive for the vehicle being medelr that
the modeled control strategy needs additional egfient.

a0

“Yehicle Speed [km/hr]
P e er)
= S S S
] 1 ]

0 400 200 1200 1600

1200

Engine Torque [.m]
L

1
0 400 a00 1200 1800

Fuel Consumption [gal]

T T
0 400 200 1200 1600
Time [2]

Figure 18: Conventional ASV, WVUSUB drive cycle

By simply selecting the forward driver, the exaeme
physical model can be run in forward-facing modégure
19 shows the normalized power demand for the cdroread
ASV over the same WVUSUB drive cycle from the
backward and forward model. Though there are géght
deviations, the backward and forward models yiedarly
identical power demand traces and drive cycle fuel
consumption (1.24043 and 1.24086 gallons for thekard
and forward models, respectively). While there dan
advantages to running either a backward or forwaodlel,
the acausal nature of the underlying Modelica model
formulation of the vehicle architecture allows thaique
ability to run in either mode with only trivial chges to the
driver model (assuming the physical model is intés].

, iBzh, et al.
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forward model

backward model
02
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Figure 19: Normalized power demand comparison between
backward and forward model, conventional ASV

Figure 20 shows the results of running the seri&/A
model implementation shown in Figure 9 over the
WVUSUB drive cycle. The engine and motor speeds ar
shown in the top plot, followed by plots of the tetaf
charge (SOC) in the high voltage battery and thel fu
consumption. The battery charging characterissosh as
the min and max SOC limits and the charging rate, a
controlled by the implementation of the battery tcolter.
The engine operation during charging is controléal the
vehicle system controller implementation. Notettiha
attempt was made to balance the battery SOC ataneand
end of the simulation though they are reasonabdgeclin
this particular simulation. Thus, care should bereised
when comparing fuel consumption results betweericleh
implementations.

As expected in series hybrid operation, the motovipes
the tractive power for the vehicle, and the engiperates as
needed to charge the battery. For the WVUSUB cycle
simulated, there are roughly two complete charge an
discharge cycles. Regenerative braking during olehi
deceleration provides additional battery charghmgughout
the cycle. The cycle fuel consumption stays flaewthere
is no charging since the engine is shut down.
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Figure20: Series ASV, WVUSUB drive cycle
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As is well understood, fuel efficiency improvemerits
hybrid vehicles are a result of both the hybridhéecture
and physical system components and the vehicleraont
strategy which manages the vehicle power demaiithsis,
in addition to good representations of the effickerand
losses in the physical system, it is just as ingrdrto model
a sufficiently detailed control strategy that captu the
intrinsic capabilities in the modeled hybrid implemtation.
For this reason, the controller network in the e&himodel
architecture supports distributed control strategi¢ user-
specified level of detail. Figure 21 shows the @ctpof the
vehicle charging strategy on the resulting fuelstonption
on the WVUSUB drive cycle. The top plot shows #fiect
of increasing the regenerative braking capabilify tioe
vehicle. As more braking energy is captured, #wulting
fuel consumption decreases as expected. The bgitom
shows the effect of the commanded charging raténerfuel
consumption.
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Figure21: Impact of charging strategy on series ASV fuel
consumption, WVUSUB drive cycle

Figure 22 shows the results of running the parallel
PowerSplit ASV model shown in Figure 13 on the
WVUSUB drive cycle. The simulation results arenfra
backward model. The top plot shows the speedshef t
engine, motor, and generator followed by plotshaf high
voltage battery SOC and the fuel consumption. Agaote
that no attempt was made to balance the battery &Qke
start and end of the simulation. For this sirtialg the
ending SOC exceeds that at the beginning of thalation.

As in the series hybrid vehicle, there are roughip
charge and discharge cycles during the WVUSUB drive
cycle. The resulting device speeds and the battieayging
are controlled via the battery charging feature dahd
vehicle system controller which manages power deinan
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Figure 22: Parallel PowerSplit ASV, WVUSUB drive cycle

EXTENDED ANALYSES

The results shown in the previous section focusad o
performance and fuel economy simulations over wario
drive cycles. In these sorts of simulations, itafien
appropriate to implement simplified models with idig
shafts, simplified tire dynamicstc. However, the model
architecture can support subsystem models of wvaryin
fidelity and thus enables a range of analyses fudehibased
systems development throughout the product devedopm
process, including controls development.  Furtheemo
component, and subsystem model libraries can beedha
across applications to support reuse of validatextials.
Some sample analyses are discussed in this section.

Drivability

Drivability is another key vehicle performance asafety
metric for military ground vehicles. Within the hiele
model architecture, selective refinement of thegmission,
driveline, and chassis models enables a whole otdss
drivability analyses. For example, Figure 23 shoas
slightly more dynamic gearbox model which includes
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clutches and hydraulic interfaces to support datail
transmission shift dynamics including hydraulic eets.
Some sample supported applications include theviatig:

* Transmission shift dynamics
actuation dynamics

* Vehicle performance with detailed road-tire
interactions over varying surfaces and real-world
military duty cycles

e Traction control and ABS system impacts on vehicle
performance over military duty cycles
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Figure23: Four speed gearbox with clutches and hydraulic
interfaces
NVH
Noise, vibration, and harshness (NVH) is a key

consideration in the design and optimization of pdvains
in military ground vehicles. In particular, NVHsiges can
be particularly challenging in hybrid vehicles withultiple
sources of tractive power and resulting power p#thsugh
the drivetrain. The vehicle model architecture sapport
upfront analysis of vehicle level NVH issues witkextive
refinement of key powertrain components. By intrcidg
compliant shafts into the system and a tire slipiehoa wide
variety of NVH simulations are possible within thehicle
model architecture [17]. Sample analyses include:

e Transmission damper design, optimization, and
performance with detailed engine excitation

» Engine start-stop NVH

» Dynamic driving and braking simulations that excite
unusual driveline NVH modes

A sample simulation result from a braking eventaim
electric vehicle modeled within the vehicle model
architecture is shown in Figure 24.
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Figure 24: Dynamic braking simulation in an electric
vehicle with associated NVH response
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Energy/Thermal Management

Energy and thermal management analyses are su@porte
within the model architecture. The expandablentarbus
allows thermal modeling of varying levels of detailall the
vehicle subsystems. The model architecture capastithe
thermofluid modeling of coolant and refrigerant pgowith
component-based dynamic heat rejection models,atdim
control system models of varying levels of dethittery
and electrical system cooling requirements, andnihk
comfort predictions over real world military dutyates.
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Another advantage of the connector-based Modelica
formulation is the ability to perform detailed eger
accounting and model conservation checking ateakls of
the model hierarchy [18]. Using the multi-domaiodel
physical connectors, it is possible to perform ggpdralance
checks directly from the Modelica source code tsuea that
the model is conservative. Furthermore, it is fidesto
perform detailed energy accounting at all levelthef model
hierarchy to better understand efficiency lossesutphout
the system. Figure 25 shows an example of hovetluisses
can be effectively visualized by losses among rsipli
subsystems or as a function of time. Furthermdrés
possible to select subsets of such data sets tpzanasses,
e.g. in a particular vehicle speed range, transmisggar, or
during regenerative braking.

Dissipation
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Figure 25: Energy accounting based on Modelica models
(from presentation of [18])

Model-Embedded Control
The vehicle model architecture can also suppottibliged
controller development at both the vehicle systemd a

component controller levels. An advanced usage of
Modelica physical models is to directly synthesiae
controller based on control objectives and the tptandel
[19]. The vehicle model architecture can suppoddet
embedded control approaches utilizing either iristaaous
optimization or dynamic programming strategies.

CONCLUSIONS

Model-based systems development for military gcbu
vehicles is a key enabler for rapid prototyping alesign
optimization. This paper describes a flexible, niad
vehicle model architecture in Modelica to supporaage of
systems engineering analyses of conventional aratichy
vehicle architectures throughout the product degwmlent
process. The architecture supports models of ngrigvels
of details at multiple levels in the model hierar&o that the
same model architecture may support engineeringitées
over the entire systems engineering V with subithmtodel
reuse and selective, localized model refinemehig-R-play
capability enabled by formal Modelica language tamss
at the system, subsystem, and component level slfapid
model configuration of different vehicle implemetitas.

Sample implementations illustrate the usage ofvidtacle
model architecture and compatible multi-domain congnt
model libraries to create model implementations aof
military vehicle in both conventional and hybrid
architectures. The models and sample simulaticulte
highlight the flexibility of the model architecturend the
wide range of engineering analyses that can beostezh
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