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Abstract

As the use of model-based design i the automtive industry aceelerates, so must the

The rescarch presenied constructs an encryy-based (bond graph) proper veicle

model. This model includes all significant system dynamics generaied from pressing on

the gas pedal 10 the resuling vehicle transltion.

The Model Order Reduction Algorithm provides a mechanism to quanitatively rank.
each clement i the model and determine its contribution. The complete model

containing 65 elements, s reduced 10 22 elements, provides simulation results of

adequte agreement, and sill contains over 98%

of the original system energy. This
proper model reduces the number of caleulations by 86% and the simulation time by

0%,

By using GPS and OBD-I technologies. the model is exe

sed by logging on-road
real-world vehicle data. By comparing the logged data o the predictons of the model, it
is shown that & > 0.9 can be achieved across different vehicles (compact sedan versus

sportuilty vehicle) and geographical routes
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Chapter 1 Introduction
Proper veicle modeling. proper modeling techniques. and model vlidaton are

becoming more important topics of discussion in the automotive industry. Some of the

argest automobile manufacturers are moving towards model-based design as ther t0ol-

of-choice for new development.

For example, Toyota was one of the first manufacturers (0 adopt model-based design

through its ntire development cycle [1]. General Motors used model-based design 1o

develop their Two-Mode Hybrid (combination of intermal combustion engine and dul
clectric motors) powertrain [2]. Ford Motor Company used model-based design for the
development o the control software for the battery management system of the 2010 Ford

Fusion Hybrid 3]

Considering the potential in this field 1o the automotive industry. the rescarch

using novel on-roud tech

1.1 Proper Modeling Process

rate of model-based design, it is critical that

en the aceclrating adopli

uidelnes be put in place o ensure that proper modeling technigues result in accurate
models. A standandized modeling procedure i the basis for quality assurance ina model-

based design envi

ment. The proper modeling process used throughout the research

presented in this thesis s llustrated in Fgure -
11
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Figure 1-1 Steps to Proper Modeling

dentification and mathematical formulation of

Submodel Formulation involves

behavior ofthe given submodel

Submodel Construction involves the graphical layout of the elements of a submodel
that implement the cquations determined during Submodel Formulation. 1n the case of
the rescarch deseribed in this thesis, submodels are constructed using bond. graphs.

ter dingrams, f desived.

Complete Model Construction invalves the interconnection of the  submodels
resulting from Submodel Construction (. the connection ofthe inpui(s) and outpui(s) of

neighboring submodels).




Model Reduction involves the systematic removal of elements from the model

resuling from the Complee Model Construction in order 0 optimize the efficincy of the

model. A proper mode i achieved i it has minimal complexi

. physically meaningful

parameters, and accurately predicts dynamic system responses [4]. In the case of the

thesis,the

for the mode reduction proces.

Reduction Validation involves the validation of the precision of the reduced model
obtined during Model Reduction (ic. that the reduced model provides the same

simulation results as the complete model). Var

s statistical techniques and/or tools

may be used for this validation process.
Madel Validation involves the validation of the aceuracy of the reduced model

obtained during Model Reduction (i that th reduced model provides simulation resuls

that match actual the system being modeled).

techniques and/ortools may be used for ths validation process.

1.2 Modeling Technique - Bond Graphs
Using the proper modelin process descibed i the previous section, bond graphs

in this thesis, A

and their usage s given i the ollowing sect



1.2.1 Overview of Bond Graphs
In bond graphs (5], generalized inertias / and capacitances C store energy as a

function
The time dervativs of gencrlized momentum > and displacement g are genralized
fort e and flow 1. the productof wich s poer. Generalized resistors K emove cnergy
from the system, and have @ constutive law relatng generalized ffot 10 generlized
flow.Sources of ffort and flow (Se and ) represent ports through whih te sysem

interacts with its environment.

®

conserving “junction structure” elements.  Such elements include power-continuous

fors (GY) that algebraicaly relte elements of the

sencrlized ransformers (7F) and gy
effort and flow vectors ntoand out o the clement, The onstitative aws of “modulated”
ransformers and. gyraors (MTF and MGY) are funtions of excrmal variabes, for
example coondnse transformatons that are functions of generalizd coondinte.

rving 1+ and Ounciions,

Kirchofl's Toop and node laws are modeled by power-c
Jements bonded 1o a 1-junction have common flow, and their efforts

nd

respectivly

iction have common effort,

algebraically sum 10 zero. Elements bonded (0 4 04
their flows algebraically sum t0 zero.

The power bonds contain a half-arow that indicates the direction of algebraically
positive power flow, and & causal stroke normal to the bond that indicates whether the

effort or flow variable is the input or output from the constitutive law of the connected

14



clement.  Full arrows are reserved for modulating signals that represent powerless

Itis important o note tha tis thsis also contains pseudo-bond graphs, indicated by
dashed bonds. A pcudo-bond graph typicaly has one or bt of it effort-flow pairs that

are a variant of the standard quantiy. wherchy the product is not power. This i not

10 deal with the gas flow in terms of mass flow (kg/s)instead of the standard volumetric
flow rate (m). Re-introduction into sandard bond graphs i accomplished by means of

atransformer, with the gas density as the modolus.

Appendix. A defines the symbols and consiitutive laws for energy storage and
dissipative clements (“energetic” elements), sources, and power-conserving clements

The constitutive Jaws are written inan input-output form consisent with the lacement of
the causal strokes. The reader i referred 0 7] for a more thorough development of bond
eraphs.

1.2.2 Why Bond Graphs?

method of I dingram

of an engine model (implemented in Simafink). shown in Figure 1-2.  However, the

rescarch presented in this thesis uses bond graphs insicad of block diagrams, for the

reasons discussed n the following sections



Figure 1.2 Engine Model Block Diagram

1.2.2.1 Analogous Structures.
Al bond graph elemens (energy dissiption, storage, transformation, etc) have the

same structure, regardless of the energy domain they are representing. Consider the 1-
junction bond graph shown in Figure 1-3 that connects a resistive and inertial clement.
As illustrated. this bond graph could represent an electrical R-1 branch (like & motor

winding), a hydraulic pipe segment, or  mass-amper sysiem.

R<—1—I

Pipe Resistance, R omnc]
R SH
W =

Pipe Inertia, | Damper, R




1.2.2.2 Interconnectivity
Because bond graphs share a common structure and st of elements,

is casily seen

n "

in the real physical world). Furthermore, when analyzing a bond graph model, one can

casily idenify the transition(s) between domains by locating the energy transformation
clements (.. ransformers and/or eyrators). This transiton may be “lost i the math” for
raditional block diagrams or numerical models.
1.2.2.3 Physical Connections

The bonds physically both effort and

flow information) rather than simply flow of data between unts of computation 8. as is

the case with trditional block diagrams. This results in @ model which is more easily

interpreted,as well as the benefits deseribed in the previous and following sections.

1.2.2.4 Efficient Model Reduction
L

ause the bond from cach clement conains power information, reduction

algorithms such as the Model Order Reduction Algorithm (MORA)(4] can be utilized to

effc

analyze the conribution of each element. This allows elements 1o be

quantiatvely climinated, thereby removing the guesswork.  Model reduction using

MORA is discussed in further detai in Chapter 2 and Chapter 3.

1.3 Literature Review
When considering the application of the proper modeling process discussed in this

chapter 1o an automotive application. one must consider the prior contributions and

17



into one of

1. Partial Vehicle Models
2. Complete Vehicke Models

3. Automtive Model Validation Technigues

“The lterature pertaining to each of the above categories s discussed in the following.

sections.

1.3.1 Partial Vehicle Models
1t is ot unrcasonable 1o expect that much of the existng literature will be focused
around partial vehicle models, wherein the rescarch of the author(s)is based primarily on

asingle subsystem of a vehicle

On the input side of  vehicle model i the fuel delivery system. In (9], W et al

construet a numeri njectors, pressure regulaor,

1 model of o fuel rail system (fuel
pressure damper, fuel pump, and fuel supply/return lines), based on Figure 1-4, Their
rescarch was based on the investigation of pressure fluctuations and it relation 10 fuel

railsystem geometry

In {10}, construct imilar to ¥ wu




P messaent port.

On the output side o a vehicle model i the suspension system. In [11}, Adibi-asl and

Rideout build a hybrid bond graph and block diagram model of a vehicle suspension
system with seven degrees-of-frecdom. Their research was conducted to investigate the

benefis ofacti

e suspension in conirast 1o passive suspension systems.

In [12], Ozkan e al construct a bond graph suspension model, based on Figure 15,

d also a block diags i for Their esearch

s focused on the use o the controler output observer as & means ofestimating vehicle

tire forces



.
Figure 1-5 Ozkan ef al Vehicle Suspension Model

Mean Value Engine Models (MVEMS) have been of partcular ntrest 1o engine
designers and mision testers a5 way t apply a generic mathemarical umbrel 0 he
variety of engine permutations in the industy. In [13], Hendricks ct a consirct an
MVEM using block diagrams, which s expanded upon in [14]. Their rscarch was

intended 10 establish, and expand upon, the concept of MVEMs.

In [15), Karmiggelt buikds o numerical MVEM, based on Figure 1-6, with the

inention of connecting the model outputs 10 a continuously variable ransmission (CVT)

model fo the purpose of analyzing



Figure 16 Karmiggelt MVEM Schematic

1.3.2 Complete Vehicle Models
‘Complete vehicle models, such as the one presented in this thesis, aim 1o model the

complete set of interactions between vehicle subsystems and, potentially, between the

Vehicle und the extemal environment,

In [16], Hedrick e af build a three-state and four-state numer

al model of a complete

with focus on the engine, transmission, and driveline. Their rescarch was simed

e vehicle model 1o be used in controlle design for autonomous

at producing an acc

vehicles, following cither  spacing or headway control lgorith



In [17). Filippa er al consiruct a complete vehicle and test cell model, shown in

Figure 17, Using a simplified powertrain model, their research was focused on the

development of a test cell o be used for the load tesing of Hybrid Flectric Vehicle

(HEV) powertrains.

POWERTRAIN | ‘TEST CELL MODEL.

CCoan Lhean

T R e
[ e

! 01

! R i

d !

I MSe—sdr—MGYOYI

£
1 k
'

Figure 17 Filippa ef al Test Cell Model

1.3.3 Automotive Model Validation Techniques
When considering the proper modeling process, equal importance must be given o

the model validation steps. Without ensuring the aceuracy and integrity of @ model, no

With regards o most partal vehicle models, it s oflen the case that  test bench may
be constructed to validate the model. Such s the case with [9] and [10] whereby the

Jicated test bench setup ofa fuel ai sy pressure

responses o simulated inputs.
2



When validating an MVEM or complete vehicle model, more ofien than not, a

dynamometer (dyno) is used, a is the case with [13]. A dyno i a piece of specialized

equipment used for torque-specd characterization. Depending on the application and

A more novel vehicle model validaton technique i described in Chapte 4, s part of

the research presented i tis thesis.

1.4 Co-Authorship Statements

“The sections below each

of the co-authors

other than the thesis author, with the intenton that the unmentioned contributions were

completed by the thesis author in whole.

1.4.1 Co-Author Contributions - Chapter 2

Chapter 2 presents "An Energy-Based Proper Model of an Automotive Fuel Delivery.

Systen, & conference paper published by SAE International. The initial design and
model construction was composed by the thesis author as the project requirement for a

e by Dr. Rideou

Following the completion of the course, both Dr. Rideout and Dr. Krouglicof were

involved in discussions regarding how to improve the model. ~Furhermore, Dr.

Krouglicof contributed significantly 10 the Submodel Formulation and Submodel

Construction steps and Dr. Rideout 1o the Complete Model Consiruction and Model




Reduction steps (sec Figure 1-1). The majority of the paper was writien by the thesis

author, with cont

utions and review from both Dr. Krouglicaf and Dr. Rideout

1.4.2 Co-Author Contributions — Chapter 3
Chapter 3 presents "Pedal to Pavement: An Enersy-Based Proper Vehicle Model’,a

conference paper in print (at the time of thesis submission) by the IEEE. Design

decisions were discussed between the thesis author and Dr. Krouglicof. Dr. Krouglicof

contributed significantly to the Submodel Formulation and Submodel Consiruction seps.

(sce Figure 1-1). The majorit of the paper was writin by the thess author, with advice

and review from Dr. Krouglicof

1.4.3 Co-Author Contributions - Chapter 4
Chapter 4 presents "A Proper Vehicle Model Road Test: Real-World Model

Validation”, a (potential) journal artcle under review at th time of thsis submission)
Design decisions were discussed between the thesis author and Dr. Krouglicof.
Hardware and software were mosly designed by the thesis author, with advice and

review from Dr. Krouglicof, Dr. Krouglicof contributed (0 the data analysis in the Model

Validation stp (see Figure 1-1). The majority of the paper was writien by the thesis

author, with advice and review from Dr. Krouglicof.



Chapter2 An Energy-Based Proper Model of an
Automotive Fuel Delivery System

21 Introduction

Any design expert in the automative industry will most ikely use some form of

shematical modeling when analyzing a product o procedure.  An accurate
mathematical model s essential in determining the response of a system and reviewing

its charateristics.

Bond graphs are an eflicient way of describing muliport systems, in that the

connections (bonds) between system clements have both an effort and a flow whose.

product is the power of the bond [7]. Morcover, bond graphs allow for the seamless

interconnection of sysiems across energy domains (hydraulis, rotational mechanics,

translational mechanics, electrodynamics, etc). Therefore, bond graphs are used as the

preferred means of modeling presented n this chapter.

The main subsystems of an automtive fuel delivery system are shown as a block

diagram in Figure 2-1.



Figure 2.1 Fuel Delivery System Block Diagram

2.2 Model Construction
“To beter understand the characterstcs of the fuel delivery system, the subsystems

Fuel Tonk
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“The variables illustrated i Figure 2-2 are used in the equations and derivations to

follow,

Each subsystem can then be modeled individually based on the schemaic. These.

Subsystems are described i the following sections.

For quick refe be found in Appendis A. For

amore detailed description of bond graph formalism,the readeris refered 10 [7),

2.2.1 Fuel Tank
“The simple function of the el tank is 0 storethe fue to be used by the system. Fuel

is stored under slightly pressurized conditions, Py, unti it is drawn by the fuel pump.

Unsed fsel i returmed o the tank via the retum pipe.
“The bond graph model for th fueltank i shown in Figure 2-3.
1 o T ) A 25

? T o 7

Se T prsne 1
Figure 2.3 Fuel Tank Submodel

The g-sensor is used to calculate the curent tank volume by subtracing the amount

of fuel used by the pump and re-sccumulating the returmed fuel o the inital volume,

¥,(0). This relationship i shown in (2-1).



V=t 0+ [@ - ermae @y

2.2.2 Fuel Pump

The fuel pump (cither in-ank o

ine) draws fuel from the fuel tank o be deivered
o the system via the fuel pipe. Classicaly, a pump is modeled as an ideal flow source,
Q. with some internal leakage proportional o the pressure across the pump, Py (18]

“Thisrelationship i shown in (2-2).

Q= Qrr =GP @2)
Where, 0y is the actual fuel flow delivered by the pump and C; is the inherent

This relationship i represenied in bond graph form as lustrated n Figure 24

fton o R @

S T O et
o o 0T

Figure 2-4 Fuel Pump Submodel

2.2.3 Fuel Pipe
“The fuel pie delvers fuel from the ful pump ta the fuel i, As fuel enters he fuel
pipe,there will be an apparent lossin luid flow due toits compressibliy (bulk modulus.

). whichis given by (2-3)[18].

op,
B=-OG @3

24



Where, Ve i the volume of fue n the fuel pipe.

“The resultng fuel low undergoes  pressure drop associated with the inertia, 1, and
resistance, R, of the fuel pipe, before being delivered o the fuel rail. The pressure drop
due o pipe ner

s given by (24)

@4
Where, i the density of gasoline, / and ) are the length and diameter of the fucl
pipe. respectively.

The pressure drop due to the resistance of  pipe is non-linea, gven by (2-5)
4P =RQ* @3)

Furthermore, the resistance of apipe varies based on the nature of the fluid flow that

passes through it (determined by

Reynolds Number, Re). This picce-wise relationship

siven by (2:6)

2
B pgne
o0 (03164 ) Re e,
& lm*(—k,;zs R_zL)(ﬂeyqu)] o <Re<he @6
osen g
(Geom) 5 Rezrer

‘Where, v i the viscosity of gasolin, 4 s the eross-sectional area of the fuel pipe, Re.
is the maimum Reynolds number for laminar fluid flow, and Rer is the minimum

Reynokds number for turbulent flow. The firs part of the expression is the relationship



for pipe flow with laminar o the last part is for urbulent flow (18], and the middle

part s alincar interpolation function [19]
The Reynolds Number is calculaed using (2-).

re=2 @n

A
By combining (2-3) o (2-7),  relationship can be derived for output pressure, P,

) W,
o] 0de- 2z~ ke )

This relationship i represented in bond graph form as llustrated in Fgure 2-5

ety € [
P 0 ——A 1 Fwion

R
oo s
Figure 2.5 Fuel Pipe Submodel

2.2.4 Pulsation Damper
“The pulsation damper acts as an accumulator 1o smooth out the small drops in

pressure created by the injectors during their firing sequence (20 However, not all
vehicles uilize a pulsation damper and instead rely on the fuel pressure regulator fo

account for any fluctuations in pressure as best it can.



A bolt i atached to a diaphragm that moves with change

in fuel pressure, P

“This reationship s shown as (2

Prin= Qut @9

S KPa), Ay s the siiffness of the

n
Whete, Pas is atmospheric. pressure (101

boludiaphr l (the inverse of the compliance, €. A, is the cross-sectional
areaof 4 Q4isthe fuel flow i
Figure 246,
] i -
Se  TF mewm
A rim '[
c
S e, 4
Figure 2.6 Pulsation Damper Submodel
2.25 Fuel Rail

The fuel rail is a pipe that delivrs fuel 10 cach of the fuel injectors (Qu through

Oup. Unused el is retumed 10 the fue tank via the eturn pie.



in the Fuel Pipe in flui y

anda pipe

The bond graph for the fuel ai is given in Figure 27,

o T s
| P sty | o st | o

EERE
LT LT

- .

At Aot s
Figure 2.7 Fuel Rail Submodel

2.2.6 Fuel Injectors.
The fuel injectors take fuel from the fuelril, atomize it and spray it dirctly ito the
intake manifold of ther respectve eylinder.
A fuel infector consists of a solenoid-actuated pintle or needle valve [10] tht is
controled by the vehicle ECU (Electranic Control Unit). The injected fuel flow, Ou.

from the injctor is given by (2-10).

2
Qg = |Gt [5 e

(@10)




Where, C s the interal discharge cocflicient of the injector valve, 4, is the cross-

i Pais the ral pressure at 4 Prns

the manifold pressure (MAP).

The ON condition in (2-10) deals with the two main factors that control the focl

injection ~ timing and quantity

Somme vehices wtize simultancous fuel inecton” wherchy. at & given serics of
crank angles, al fuel iectors fir t the same time and for the same durtion. This s &
les neresting njction patten and. hence, ill not be discussd.

The most common type of electronie fue inection (EFT) s "scquentl fue inecton”
(SF). Thisis a more robust scheme, lusrated by example in Figure 2, wherehy at
four dierent crank angls  single. injector firs. This allows the system o make

adjustments 10 el metering more quickly [20]

aswene oo on

R
Cramt Ang
Figure 2-8 Sequential Fuel Injection (SFI) Pattern [20]

The assumpion is tha cach injector has a bascband crank angle, 0 at which, forall

multiples of this angle, the given inector will fire. For simulaion, these are assumed to




be 180° for injector 1, 720° for injector 2, 360° for injector 3, and 540° for injector 4

(based loosely on Figure 2-8).

It also assumed tha, at cach partcular triggering crank angl, th fuel injected will

the pulsed fuel wil poi

“The crank angle, -, in degrecs, can easily be derived from the engine RPM, as given

e,
360 [ 2m
oc= e [ (S momac = [ momae @an
The quaniy of injced is .

given injector i t fie. For a given load and negligible fel rm, 15, can be determined

wing 212,
)
EL 0D 1
08 = Ry RPN i
Where, MAF i he ; .
R the ittt and i the maximum fel mass low rte ofte e nector

)

However, the injection patem s time-independent; therefore, it s more appropriate

10 express the fuel injection in terms of crank position. Therefore, the number of degrees

jector should fire per piston stroke, Aoy, can be calculated using (2-13) (by

2112, by the enginespeed i deg).
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360(MAF)
= ey
For vehicks that do not have direet access to MAF (i. no MAF sensor i presen). it

o @13)

s caleulated by the ECU using (2-14) 21].

_ (MAPYRPM) (Vong
mnm(—) @14
Where, Ry, is the specific gas consant for dy air, T is the intake air temperature,

ad Vg s the engine displacement (halved due 10 half the volume being swept during

each revolution).

1) and (2-13). (2-10) can be re-writen as 2-15).

Considering (2

A
ut [ e=r), [

0. otherwise

< (8 mod 900) ~ 6, (@15)

Qy

A e infectoris represenied in bond graph form as llustrated in Figure 2-9,

T

use MR
PN

Figure 2:9 Fuel Injector Submodel




2.2.7 Fuel Pressure Regulator

The fuel pressure regulator s a diaphragm-operated pressure. relief valve that
maintains o constant pressure diffeential across the fuel inectors [10]. This is
accomplished by means of a ball valve, which is held in place by a preloaded spring

against a diaphragm [20]. The regulated fuelrail pressure, P s given by (2-16).

@16

regulator,xy is the displacement of the spring (the solution to the ODE given by (2-18)).
and Ciyis the discharge coeflicient ofthe ball valve.

Qoue = 0n = At @17)

Where, O s the fuel flow into the pressure regulator and s is the effective area of

the pressure regulator that can be filed with fuel.

ke + Besn + Ma = Auo(Poin = Pan) = Fo @18)
Where, ky is the presure regulator spring stffness, By is the viscous dampi

resuling el present n the regulator, Vfy the regultor,
Ay is the effective area upon which pressure is exerted. and £y is the preload on the

sprng.
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Figure 2-10 Fuel Pressure Regulator Submodel

2.2.8 Return Pipe.
The retum pipe delivers the fuel from the pressure regulator back (o the el tank to

be recirulated by the system. The retum pipe has the same submodel as previously
discussed in the Fuel Pipe section.

2.2.9 Submodel Interconnection

D to the nature of bond graphs, the submodels can be casly inerconnected 10 form

the complete model previously outlined in the fuel delivery system schemaic (Figure

This complete model is shown in Figure 2:11




Figure 2-11 Fuel Delivery System Complete Model

2.3 Model Simulation

package 20-Sim

AN system parameters used for simulation are given in Appendix B.

The required i in onder 10 produce

are manifold i pressure (MAP), engine RPM, and mass air flow (MAF). As previously

discussed, MAF is i or w

conjunction with intake ar temperature (IAT).



I order (0 achieve the most accurate results, data was logged direely from a vehicle
(2004 Chevrolet Opira) using a previously developed OBD-I hardvware and software

interface [22)

et

Sensor Inputs




Logsed sensor inputs were emulated as shown in Figure 2+12. In his case, the Optra

il s

T ——]
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umulator i in response to

Auctuations in il pressure, P

The resuling flow responses of inerest are shown in Figure 2-14.




One can sce the pressure regulator displacement, s, acting (o maintain a constant

differential between rail and manifold pressure (shown in Figure 2-13). Als, it i shown

& 4, f
of30L.
The initial transients are present for approximately the first second of simulation, and

are better illustated in Figure 2-15 (transient pressure responses) and Figure 2-16

(ransient low responses).

Figure 2-15 Transient Pressure Responses
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‘Any model used to describe a similar el injection system should aim o accurately

Therefore, any ck that do not

be removed without adversely changing the behavior of the system.

oo = o T

Figure 2-16 Transient Flow Responses
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2.4 Model Reduction

By uilizing a method that quantizes the contrbution of each element. one can make.

an informed decision regarding which elemens to retain and which to eliminate from a
proper model. A proper model has minimal complexity, physically meaningful

nd y predicts dyns

“The Model Order Reduction Algorithm (MORA) uses activiy. A, o quantize the
conirbution of a given element. Activity s "absolute energy” and. for a given element i,

is caleulated by (2-19) 4}

>

firona @

Where, 7, s the instantaneous power of element .

Each clement s assigned a non-dimensional actiity index. A1, which is it fraction
of the tota system actvity. For a given clement i of & elements, its actvity index is

calculated using (2-20)[4]

A __fipwla
A= v~ TEPOIE) &2,

Activity indices are then sorted and clements eliminated from the lower end until the
minimum number of clements required to satisfactorily reproduce the responses of the

‘complete model s achieved.




2.4.1 Element Elimination
Element a

vities and activity indices resuling from the simulations are given in
Appendix C.

2.4.1.199% Model
By

10 achieve a 99% model (a model that

ill retains
at least 99% of the activity of the complete model), the following elements were

climi

ed:

Needle Valves for Inectors | through 4
Fuel ipe Resistance

P gt Pl Dl
Return Pi
el Pie FclIcompessi
Fucl Pipe Inertia

Fuel Rail Resistance 1 and 3

However, by strctly following the algorithm, one can see in the transient plot,
Figure 2-17 and Figure 2-18 that the system responses acquire a high frequency infection

and become less damped than the complete model.




e

TN |

e

99% Model Transient Pressure Responses

Figure 217

High frequency  infection is particularly noticeable in the pressure differental

mainained by the pressure regulator (Figure

218,

2:17) as well s the fuel back to tank (Figure

is prevalent
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Figure 2-18 9% Model Transient Flow Responses

However,if the fuel damping in the pressure regulator, By, is reinstated, the system
responses can be retumed to an adequate representation of the respanses of the complete

model.




This decision also has a physically intuitive basis — there must be some damping

from

present in the mass-spring subsystem of the pressure regulator 1o prevent
continuing 1o oscillate beyond a reasonable time constant
2.4.1.2 98% Model

While maintaining By, the model can be further reduced o 98% by removing the
following clements:

* Fuel Rail Resistance 2
« Pressure Regulator Mass, My

The transient responses o this shown in Figure 219 and Figure




i
Figure 2-19 98% Model Transient Pressure Responses.
By comparing the transient pressure responses of the 98% model (Figure 2-19) 0 that

Of the complete model (Figure 2-15) one can see that the il pressure, Py, and the

pulsation damper displacement x,, are certainly replicated. The differential between Py

and MAP s fi i the initial 47 ing from

the 98% model. itabliy of this mdel
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Figure 2:20 98% Model Transi

 Flow Responses.

By comparing the transient flow responses of the 98% model (Figure 2-20) to that of

the complete model (Figure 2-16) one can again see that the 98% model is sill a

relativly Vet i

have 1o be determined by the given application.




2.4.1.397% Model
“To further reduce the model to 97% of the original system acivity would require the

climination of the following element

 Pressure Regulator Spring Stffness, ks
Eliminating ky effectively adds infinite stffness 10 an already massless diaphragm
assembly in the pressure regulator. When considering the rail pressure differenial

apable of eflectively responding with the proper

transient, the system s now i

overshoor, as shown in Figure 2-21 (compared 1o Figure 2:19)

o

Figure 2:2197% Model Rail Pressure Differential Transient Response

Furthermore, the ouput el flow from the pressure regulator, given by (2:17), was.

originally constrained by (2-18). For the 97% model, (2-18) becomes(

Batn = Axp(Pain = Pran) = Fo @21
This implies that any fuctuation in rail pressure, /s, will cause an instantancous




o = oot Tk )

Figure 222 97% Model Regulator Output Fuel Flow Transient Response

2.5 Model Selection
In many cases the 98% model will be a good choice for modeling  typical fuel

injection system. The pressure and flow transients (Figure 2-19 and Figure 2-20) match

reasonably wellthose of the complete model (Figure 2-15 and Figure 2-16).

The benefis to using the 98% model over the complete mode include:

o Less complexity (ess elements)
* nproved computtionl ey
19.4% less computations required for simulation
© 46.6%less computation/simulation time

The 98% model is shown in Figure 2-23.

Figure 2.23 98% Model
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2.6 Conclusion

The reduced model presented in this chapier was intended o provide an accurate

representation of the complete system in tems of both transient and steady state

responses
However,the best the intended app
for which it s 1o be applied. For example, if the intention is 10 study. in det, the

ransient response, perhaps the complete model would be necessary in order to maintain
the nital 4.7 Kz harmonic that was lost in the reduction process.  Aliematively, if the

study is focused on the sieady state response of the system, the model could most likely

Beyond the consi

ration of model activiy, other elements may be reained if they

are ofp For example, the fuelin

the el injection patern was part of the intended study.

Regandless, this chapter outines the means by which one can reduce the complexity

of & fuel delivery model, while stll reaining the desired characteristics. Beyond

reducing the computational complexit, the submodels of the system could also be.
imploded into conic sections for caser analysi, a ilustrated in Appendix D. A model

With the proper degree of absiraction c

e extremely useful as a design tool since it
allows the engineer 10 focus on the clements of the system that have the greatest

influence on performance.




Chapter3 Pedal to Pavement: An Energy-Based
Proper Vehicle Model

3.1 Introduction
Partial and complte vehicle models are an essental clement of the design process.

within the automotive indusry. Due 10 the prevalence of model-based design in this

"

of.atleast, one
Stage of the design cyele

Bond graphs are an efficient way of describing muliport systems in that the
connections (bonds) between system clements have both an effort and a flow whose

product is the power of the bond (7], Morcover, bond graphs allow for the scamless

interconnection of sysiems across energy domains (hydraulics, rotational mechani

ranslational mechanies, electrodynamics, etc). Therefore, bond graphs arc used as the
preferred means of modeling presened n this chapter. For more details on bond graphs

referto 7],

In order for a complete vehicle model to suitably deseribe all sgnificant system
dynamics generated from pressing on the gas pedal 1o the resulting vehicl translation, it

should suitably describe each of the major vehicl systems:

1. Fuel Delivery System

2. Air Induction System




3. Powertrain
4. Suspension

These systems are illustrated in the vehicle sysiem cuta ure 31, and are

ay in ¥

described n detal in the following sections.

Figure 3-1 Vehicle Cutaway (courtesy of CanadianDriver Communications Inc.)

3.2 Model Construction

3.2.1 Fuel Delivery System

The fuel delivery sysiem pumps fuel from the fuel tank 10 the engine bay where it i

atomized and sprayed by the fuel injectors. The model constructon, reduction, and

simulation ofthe fuel delivery sys

m were detailed by the authors i [23].

3.2.2 Air Induction System

The air induction system measures and controls the air low from the aimosphere to

engine cylinders




3.2.2.1 Throttle Body
The throttle body allows ai to pass from the atmosphere into the intake manifold. Its

The

mass airflow through the throtte bod. s, can be expressed as choked flow through

‘converging nozzle as given by (3-1) 24

Coltrafy Poany? [ 20 [} _ Py 7] Pran

e -G e
Colmsfy 31 2
At (L) cterice

Where, € is the discharge coefTcient of the throtle valve, Ary is the effective area
through which air may flow, 7, and T, are the ambient pressure and temperature

respectively, Ry and y are the gas constant and adigbatic index specific (0 dry air

respectively. P is the manifold pressure, and P is the eritcal pressure, above which

the flow s choked.

The effective area, A7z, can be approximated as the area of two cirle segments
created by the projecton of the throttle valve onto the ross-section of the throttle body.

“This area s given by (3-2).

B fteten oo [ pmeey) oy

Where, D y
opened, and a, is the throtle angle when it is fully closed. These parameters are

illustrated in Figure 3-2.



-
Figure 3.3 Thrattle Body Submodel

3,222 Intake Manifold
The intake manifold distributes the de

4 air through its runners to the engine
eylinders. The manifold pressure, which dircetly affeets most subsystems in the fuel

delivery and ai inductions system,isgiven by the ideal gas law, (3-3)

P

(- T e o9

4



Where, m, is the air ing cylinder . Toun a0 Vs ¢ the nd

Volume of the manifold respectively.

“This relationship, for a -cylinder engine, is given in bond graph form in Figure 3-4

1

Figure 3-4 Intake Manifold Submodel

2.2.3 Cylinders

During the intake sroke, the inake valve is open and the cylinder in question s filled

with the air-fuel mixture provided by the intake manifold runner and fuel injector. The

o given cylinder, i iven by (34,

‘ = ) ) )

Where, s the total engine displacement, , is the number of ¢y

ers, and o s

the angular specd of the crankshafl

Furthermore, during the power stroke, the air-ful mixture undergoes combustion,

whereby its mass s convered into energy, £, as given by (3-).

Ee= () @5




Where, H, s the heating value of the fuel and , i the indicated effiiency, given by

the experimental equation, (3-6) [14],

= 0558(1 - 2092,%) - 0015 @6)
These dynamics are represented as bond graphs n Figure 3-5.

3.2.3 Powertrain

The powertrain consists of the system companents that convert the energy from

combustion

o Kinetic energy (. movemen)
3231 Crankshatt

“The crankshal i driven by cach piston during the power stroke, which effecively
converts the combustion cnergy o a orque, 7. The crankshafl speed. o, dirctly
afectsthe fol delivery and s inducion systms, whi the effctive torgque provided by
the crankshaf, £, affcs the rest of the powertran, Thse quaniis are relied via
o)

1
Torr

@ f (t=1r- @7
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Where, I s the effecive inertia as scen by the crankshaf and ;s the loss due o

riction, which encompasses pumping losses during intake and exhaust strokes, rubbing

riction nd

engine accessories. Furthermore, /g s given by (3-8), s calculaed using the fiction

comelation, (3-9), adapted from [24],and "

the max indicated (0FqUe, s, 0 passes through the max indicated POWEr, P, at the

indicated crankshaftspecds (0 and ), as shown in (3-10).

Tar =T la+ (4my + m:z : my)(u/Reo) @9
1= J 0456w + 143240, +97 X 10%) @39
Tout @10)

Whete, 1. 1, and I are the engine, ransmission, and driveshaflinerias respectively.
M and m are the wheel, vehicl, and passenger(s) masses respectively, , s the
wheel radius, R and R are the final drive and (active) gear ratios respectively

(described in the following sections).

The crankshat dynamics ar given in bond graph form in Figure 3-6.
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Figure 3 Crankshaft Submodel

3.2.3.2 Gearbox
“The output

rque from the crankshaft is applied o the input shaft of the gearbor. It
contains a planctary gear / sun gear assembly which provide multiple discrete (for

s fo raios, R, ratio. Low gears are

used o generate the higher orque required for geting the vehicle up 10 speed [25] while

high (and overdrive) gears are used to improve effiieney a high speeds.

Gear selection is executed via a signal from the vehicle's Powertrsin Control Module
(PCM) or standslone Transmission Conirol Unit (TCU). ‘The PCMITCU uses dota from
the vehicle speed sensor and throte positon sensor as indices in a 20 lookup table or

shiftschedale, 1o determine in which gear the gearbox should be.

Furthermore, the input and output shafs of the gearbox have an associated stiffness

‘and damping which affecs their otation.

“The gearbo submodel i llustrated in bond graph form in Figure 3.7,




O Complinc Ot umpig . Compms o Damping
Figure 3.7 Gearbox Submodel

3.2.3.3 Differential
“The differntia takes the transverse rolation of the gearbox output shaft and converts

it 0 longitudinal rotation, n order o drive the wheels.

Another torque multiplication s applid via the final drive raio, Ry before beir

applicd (in equal amounts) to the driven wheels. Moreovr, the wheels are permitied to

rotae ot diferent specds o failtate mancuvering

26)

“The differntial submodel is shown in bond graph form in Figure 3-8,

O Wz
Figure 3.8 Differential Submodel



3.2.3.4 Wheels
by the differential force,

Fr. which causes the vehicle o move. This elationship i given by (3-11)

@)

Where, F, isthe lossdue to rollng resistance. For the non-driven wheels, 7, =0.

The wheel submodel is shown in bond graph form in Figure 3.9
R =1
ey
Ton g
fasa |TF it R

01

se c
T

Figure 3.9 Wheel Submodel

“The resulting speed of the vehicle, v,, can be determined by accumulating the forces

2).

acting upon the vehicl, and applying Newto' 2 law, as given by (3

ri=Fo=Fa
L 1 Y G12)

Where, i s the aerodynamiec drag given by (3-13) [27] and Fi i the loading due to

the road profile, given by (3-14).

Fo = 3Capairtrvi (3413)
10



Fo = (my +m,)gsinby @14)
Where, C,s drag cocfiient . s the density of s, 1 s the vehice fronal ara,

i he aceeleration due to gravity, and s i the ngle of inclination of te road.

3.2.4 Suspension
“The function of a vehick’s suspen

s to cither provide sutable rde quality (e.¢.
by smoothing out bumps in the road), improved handling (e.g. tight comering),or some

compromise between the two.

3.2.4.1 Struts

Typically, struts consists of a coil spring to support the vehicle's weight, a strut

housing to provide rigid sructural support for the assembly, and a damping unit within

Th b g st s v i 10
T —
"t
1/

Faein
Figure 3-10 Strut Submodel

Furthermore, ifthe vehicl utlizes shock absorbersinsicad of truts, on two or four of

the comers of the vehicl, the bond graph mode i the same, but the clement values are

different



3.2.4.2Tires
“The tires also act a5 a stfFspring 0 supportthe weight o the vehicle.

“The bond graph representation of each fire was given previously with the wheel

submodel in Figure 39,

3.2.5 Submodel Interconnection
bond graphs. ly 1o form

the complete vehicle model.

3.3 Model Reduction
By uilizing & method that quantizes the contrbution of each element, one can make.

inate from &

an informed decision regarding which elements to retain and which to li
proper model. A proper model has minimal complexity, physically meaningful

e l predicis dynami

The Model Order Reduction Algorithm (MORA) uses activity, 4, to quantize the
contibution of a given element. Activity is "absolute energy” and. fo a given element i,

i caleulated by (3-15) [4].

= finta @15)

Where, P, the instanianeous power ofelement .

index. AL, W

s ts fraction

Each element i assigned a non-imensional actv

of the total system activity. For a given clement / of k elements, its actviy index is

caleulated using (3-16) [4]




A __frold
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Actiiy indces ae thn soied and clemens eliminated from the ower end unl the

a

minimum number of elements required to satisfactorly reproduce the responses of the
complete model is achieved.
3.3.1 Element Elimination
In order to properly exercise the model, three 30-second simulation profles were.
executed to acquire activity data:
1. Full throte, flat road
2. 50% throte, 15° inclined road

3. Variable throtte. 1 inclined road

able throtle) will be used for ilustrat

In the following discussion, Profle 3 (v
and it activit analysis is given in Appendix E

By following the MORA, the following 43 of 65 submadel elements can be

the complete

produce
model
3.3.1.1 Fuel Delivery System

« Pressure Regulatorsubmodel

 Retum and Fuel Pipe submodels

« Resisances, netas, and compresibilis (Fuel Rl submodel)

 Leakage cocficient (Fuel Pump submodel)
313



3.3.1.2 Powertrain
« Damping and compliances (Gearbox submodel)

* Driveshatt inertas,.

3.3.1.3 Suspension
« Damping and compliances (Wheel and Strut submodels)

If the MORA were 1o be strietly followed, the following would also have been

climinated:

 Needle valves (Injector submodels)

Spring compliance (Pulsation Damper submodel)
© Manifold iling (Intake Manifold submodel)
 Cylinder filling (Cylinder submodels)

However, these submodel clements were retained because of their physical

fulness. While enis may ot Fiheir power or energy.,

The injectar needle valves provide the discretized fuel packets which provide the

energy for the powertain (via combustion).
The pulsation damper spring compliance (or stiffness) determines.the fuel rail

pressure used for fue ijection.



“The manifold and cylinder flling determines (in conjunction with the throtte body

Submodel) the manifold pressure used throughout the fuel delivery and air induction

3.3.2 Reduced Model Validation

Model outputs for the applicaton presenied in this chapter are manifold pressure,
P crank speed. o, and vehicle speed, v, The simulation results for these quantities

forthe complete and reduced models are compared in Figure 3-1 10 Figure 3-13.

One can sec that the simulation results from reduced model follow the complete
model relatively well. Based on the given applcation, the agreement is considered

‘adequate.

“The complexity of the complete model. shown in Appendix F. and reduced model,

shown in Appendix G, can also be easily compared by observing the model structure.




e

Figure 3-12 Crank Speed Curves for Complete and Reduced Models

e

Figure 3-13 Vehicle Speed Curves for Complete and Reduced Models

3.4 Conclusion

The reduced model presented in this chapter consists of the

most active of 65

clements, yet sl provides simulation resuls of adequate agreement 10 the complete

model. By 3 duced "

3041 653 10 437 960 (about 86%) for 30 seconds of simulation. Furthermore.

time was reduced from an average of 142 seconds to 12 seconds (about 92%). It s also.
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important to note that the reduced model sill retained over 98% of the original system

acivity

Moreover, any further atiempt to climinate system elements resuled in large
simulation deviations from those of the complete model. These deviations were most
prominent when they caused the automalic transmission to change gears at a time other

than tha of the complete model.

The definition of "adequate agreement” obviously depends on the application. The

application presenied in this chapter considers throtle angle and road profie 1o be the

crank speed. However,

if one y road profile mig
the inputs. but the most imporiant output may be sirut displacement, for example
Therefore, more elements may need 1o be retained (the reduced model presented

climinated the enire suspension system) or different clements may be able 1o be

The implication of the material presented in this chapier is reflected in improving the

efficiency of model-based design by reducing simul i and model complexity
Furthermore, such models as the one presented can be used to predict vehicle

times).

Beyond reducing the computational complexiy, the submodels of the system could

ustrated dix .




validation, this method would not sufice for validation of complete vehicle models, due

Chassis dynamometers would be more typical for validaion of complete vehicle

models. iy i

However, this method sill does not include extemal factors such as the road profie o
acrodynamie dra.
4.1.2 Real-World Model Validation

“This chapter discusses a method of real-world vehicle model validation that logs

oads

icle and engine data as
OBD-II (On-Board Diagnostis, version 11) and GPS (Global Positioning System)
technologics.
The model used for validation, using the methodology o be discussed, i described in
the following sections
4.2 Proper Vehicle Model

A complete vehicle model was presented in [29] using bond graphs — a graphical

that is

method of modeling. similar in siructure o @ chemical bond, with a constru

domain. For more detil [l

) reduces the complete model, using MORA. (Model Order

Furthermore, |

Reduction Algorithm), 10 & proper model. A proper model is onc that has minimal



complexiy, physically meaningfal parameters, and accurately predicts dynamie system
responses [4]
“This proper model i validated using the methods discussed in his chapter.  For

4.2.1 Fuel Delivery System
fuel delivery Afer

the model reduction in [29]. the pulsation damper and fuel injector subsystems were
retained. These subsysiems are described in the sections below and are llustrated in
Appendix 1
4.2.1.1 Pulsation Damper

“The dynamics of the pulsation damper (ic. aceumulator) boltdiaphragm assembly

are given by (4-1).

@1

Where, Py and 7, e the fuel rail and ambient pressures, respectively, k, is the

stifness of the bolt-diaphragm assembly (the inverse of the compliance, €. A s the
cross.sectional area of the pulsaion damper, and O s the fuel flow into the pulsation

dampe.
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Figure 4-1 Pulsation Damper Submodel
4.2.1.2 Fuel Injectors
The mass low rate of fuel injected by the fuel injector needle valves, iy is given by

).

g {mv 20/ Boan). N «

o OFF
Where,

s the intemal discharge cocfi

of the injector valve, 4, s the eross-

scctional area of the injector valve,  is the density of fuel, and Py i the manifold
pressure

At injector i represented in bond graph form as llustrated in Fgure 4-2.



Figure 42 Fuel Injector Submodel

4.2.2 Air Induction System
The complete ir induction system was retained after the model reduction described

in [29). including

e throtle body. intake manifold, and cylinder subsystems. These

subsystems are described i the sections below.

4.2.2.1 Throttle Body.

st y by (43 24,
ColtraPl (P )r' o _
[t R <%

“3)
therwise

)

v 1
Where, C i the discharge coeffcient of the throttle valve, A1 is the effecive area

through which air may flow, 7, i the ambient emperature, Ry and y

the gas constant
and adiabatic indesx specific 1o dry air respectively, and 7, s th critcal pressure, above

which the flow is choked.

Furthermore the efectiv area. A7s is given by (4-4)

4
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the throttle is

. s the variabl angle by whi

Where, s the throtle body diamete

opened. and a. is the throtle angle when it is fully closed. These parameters are

illustrated in Figure 4-

Hlenmar
e Cloanar
=
Tvotte
Vawe

rottle Body Side View (based on image courfesy of Toyota Motor

Sales)

“The bond graph form of the throtle body submodel s ilustrated i Figure 4-4.

vt e Acton
MSTH-~> sen oe.

Figure 4-4 Throttle Body Submodel



gas law, (45).

4.2.2.2 Intake Manifold
The intake manifold pressure formulated using the ideal
5}

Ra

[ L

P
Where, m, i the i mass entering cylinder i, Taun and s are the temperaturc and

i Tman

eure 45

volume of the manifold respectively
given in bond graph form

This relationship, fo a 4-cylinder engi

Figure 45 Intake Manifold Submodel

4.2.2.3 Cylinders
The mass airflow into @ given cylinder, i, is given by (4-6).
@6)

@6

™ RateTan
Where, 1 s the total engine displacement, , is the number of cylinders, and o, is

enby (47)

ol speed of the crankshaft.
1 the mass is converted into energy. £ s g

he
@n

47
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; Where, H, s the heating value of the fucl and , i the indicated efficiency, given by

the experimental equation, (4-8) [14].

= 0.558(1 — 20920,70%) = 0015 )
These dynamics re represenid ss bond graphsin Figure 46,

¥
MR Wou

Figure 4-6 Cylinder Submodel

4.2.3 Powertrain

The reduced subsystems of the powertain (crankshafl, gearbov, diffrential, and
Wheels) are described in th sections below:
4.2.3.1 Crankshaft

“The torque, 7. resuling from combustion is converted t0 the crankshafl speed, as

deseribed by (49).

1
(i =17 = ou)
,,,j( = Tour) dt “9)

Whete, I s the effective inertia as seen by the crankshafl and 1 the Joss due to.




Furthermore, [ is given by (&-10), 1 is calculated using the friction corelation
(@11, adapied from [24], and ru s approximated as a parabola with a pesk at the max
indicated 1rque, s, and passes through the masx indicated power, P at the indicsted

crankshafl speeds (rand o), as shown in (4-12).

te = e ome ) (T @10)
= 2 a6 + 145200, +97 % 10) @)
P (0 =)

o = e = (e = ) (251) @12)

Where, /,is the transmissio

ria, m, and m, are the vehicle, and passenger(s)
masses respectively, . is the whel radius: Ry and Rg are the final drive and (active)

ear ratios,
“The crankshaft dynamics are given i bond graph form in Figure 4-7.
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PMiamR NS
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|
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Figure 4.7 Crankshaft Submodel

4



4.2.3.2 Gearbox
“The reduced submodel of the gearbor contains only @ modulated transformer whicl

converts the torque from the crankshal o the diffrential based on the gear atio of the
selected gear.
4.2.3.3 Differential

The differential ntroduces another torque transformation based on the final drive
ratio and distribute the resultng torgue to the whels.
4.2.3.4 Wheels

The torque applied 1o cach wheel by the differential, 7., is converted 10 a tractive:

force, i, as given by (4-13),

B 13)

iven wheels, 1, = 0.

Where, £, s the loss due 10 olling resistance. For the non-
The wheel submode i shown in bond graph form in Figure 48

[

b ivem by (4-14),

&0
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Where, £y is the acrodynamic drag given by (4-15) [27] and Fi s the loading due to

the road profle, given by (4-16).

Fo = CaparArvi (*-15)
Fo = (o my)gsinOy +16)
Where, . i isthe density ofair, 4 £

s the aceeleration duc 0 gravity, and 0 i the angle of inclination of the road.

4.2.4 Suspension
The suspension submodels were completely climinated by the model reduction of

129

4.3 Model Additions

Because the model described in the previous sections was ntended 10 describe a

vehicle under throtle and cruising (as would be validaed using @ dynamometer), some

4.3.1 dling

The above model used a constanly open or modulaed throtle 1o llustrate ts eff

However, when a driver does not have the gas pedal depressed, the throte (buterfly)

valve that »

1 the only source of s is shut off, the engine will not be able 1o perform proper
combustion and will stall. Thercfore, consideration must be given 1o the "dle bypass

an



cireuit” which allows air to flow when the throtte is closed (the amount of which is

determined by the idle speed adjustment serew). This was shown in Figure 4-3.

. ot account, for mass airflow
pastthe throttle valve, oz, given by (4-3), would now be expressed as 7. given by
@,
il = thrg + g @1
4.3.2 Braking
“The original i -

decelerating solely based on system losses and external forces

However, under normal driving conditons, it is impractica 1o expeet a driver to coast

1o every siop. Therefo

and brake pedal displacemen) esulting in a braking force, F, given by (4-18).

e win

Where, s s the radius o th rotor.

Taking this braking force into account, the original expression for ractve force, Fr.

given by (4-13), would now be expressed as ' given by (4-19).

(+19)




The additions outined above are reflected in the updated model illusrated in

Appendix .

4.4 Model Inputs

The main arisbe inputs of imeest 1o this model ar the road profke, throtle
position, and braking ptem. Furthermore,thre are a number o parameters (values that
imay vary benween veicles or beween dtasts, bt remain consant for  given dataset)
hat contibue 1o the performance of the model. These inputs are described in the

Scetions below

4.4.1 Published Parameters

‘The parameters given in Table 4-1, use

as model input, are quantized by published

or publicly available data such as marketing brochures, datasheets, o mechanic manuals,



‘Table 4-1 Published Parameters
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4.4.2 Measured Parameters
The parameters given in Table 42, used as model inputs, are quantized through

Table 42 Measured Parameters
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4.4.3 Estimated Parameters
The parameters given in Table 4-3, used as model inputs, are quantized based on




‘Table 43 Estimated Parameters
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4.4.4 Logged Parameters
Table 4-4,

chapter

‘Table 4-4 Logged Parameters.
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4.45 Logged Variable Inputs.
The variables given in Table 4-5, used as model inpus, are quantized dynamically
through data obtained in real-time via GPS and OBD-I1, These methods of dsta logeing

are described later in

s chapter.

‘Table 4-5 Logged Variable Inputs




4.5 Model Outputs

“The outputs o inerest for this model are the inake manifold pressure, the crankshaft

speed, »
4.5.1.1 Intake Manifold Pressure

“The intake manifold pressure (in kPa) can be determined by requesting data from the
intake manifold pressure sensor. This sensor is available typically in vehicles that meter
T using the speed-density technique.
4.5.1.2 Crankshaft Speed

The crankshafl speed (in RPM) can be determined by requesting data from the
crankshalt position sensor.

4.5.1.3 Vehicle Spoed
Vehicle speed can be determined either by requesting data from the vehicle specd

The f forthis project

4.6 Model Validation Test Setup

Muliple routes and different vehicles were used o ger

e variety of seenarios in

which 10 exereise the model and verify s versatilty.

An example ofa route used fo one of the dataset i shown in Figure 4-10,




Figure 410 Example Route

Data was collected using two distinct vehicles — a 2004 Chevrolet Opira (3 1250kg.

20L compact sedan) and a 2003 Honda CR-V (a 1525ks.

AL sport ility vehicle).

The plots shown throughout this chapier llustrate the fist 60 scconds of data for the

given datase to maintain igure clariy

4.7 Data Logging Technology and Methodology
Two distnct data logging technologies are required 1o capture the  eal-time

information necessary 1o properly exercise the model. The global positioning and

X

4.7.1 Use of Global Position Data

The ability 1o generate a road profie i not possble solely using data availabl from

OBD-II. Therefore, GPS was used to scqui



Alitude is available directly via GPS by decoding the GGA. (Global Positioning
System Fix Data) sentence (10th word. in m). However, according to [32], this alitude
can have an eror up o0 +4001 (122m) for many consumer GPS, duc to arrangement of

satellite configurations during fi determinations.

However, the SRTM (Shutle Radar Topography Mission), which was launched by
NASA (National Acronautics and Space Administration) on February 11 2000, obtained

clevation data on approximately 80% of Earth landmass with up 10 4 sets of redundant

mappings, according to [3]. Furthermore, [34] shows that the error in the alitude data

collected by the SRTM s less than Sm fo terain profiles under 10°.

Therefore, using a web utiity provided by GPS Visualizer, one can query the SRTM
database for altitude dota using 8 lainde-longitude pair decoded from an RMC

(Recommended Mini INMEA

sentence.

4.7.2 Global Position Data Logging and Analysis
ace g USB GPS Receiver

(based on the SkyTrag Venus 6 chipset).

TeraTerm was used to log and timestamp the GPS NMEA stream received via USB.

s shown in Figure 4-11. GPS data was updated every | second.



Figure 4-11 GPS Data Logged Using TeraTerm

A Perl sript was witten 0 extract the lattude and longitude data from the RMC
NMEA sentences (s discussed abave) contained n the log and parse them nto a format
o be used by GPS Visualizer. As an example, one of the alitude data ses returned by

the SRTM database s shown in Figure 4-12.

s 3 3§ 1 8§ § 8§ 118
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Figure 412 CR-V Alttude Data

The resulling alttudes in conjunction with timestamps and vehicle speeds (also
parsed by the Perl seript) were used to caleulate the road profle (i. elvation). 0, using

(4-20), which was used as a model input.



o=t (3).00 € (-] 20

@
Where, Al i the diference in the curre

and previous alitudes (in m) and d, is the

vt @21)
Where, v, i time since the last sampl

(ins).

Furthermore, the computed road profles were smoothed using a moving average

fiter.

2 degree polynomial model while assigning lower weight to outies in the regression.

s described by [35],

“The road profles used as inpuis in the datasets described i this chaper are shown in

Figure 4-13 and Figure 4-14.

—
Figure 4-13 Optra Road Profile Input

a0
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Figure 4-14 CR-V Road Profile Input

4.7.3 Use of Diagnostic Data

OBD-I i available on all North American cars and light trucks manufactured since

1996, and provides various metris fo deseribe the current state ofa vehicle.

As per [36]. Service 01 of the OBD-11 J1979 standard provides *Current Powertrain
Disgnostic Data” which allows access to cument emission-related data values.  This
provides a means by which to colleet most o the necessary data for model inputs and

validation of model outputs.

4.7.4 Diagnostic Data Logging and Analysis
OBD-II has nine variations of communication protocols (under 1O 157654, IS0

91412, 1SO 14230-4, and SAE J1850). Therefore, a beta version of OSAPI™ (One
Simple Application Programming Interface) shown in Figure 4-15, developed by Lemur

Vehicle Monitors (a division of Root Four Imagination Inc), was used to handle OBD-II

421



bus arbitraion and interpretaion. and the resultng vehicle data was re-transmitted via

UART

Figure 4-15 OSAPIT™ by Lemur Vehicle Monitors

A custom extermal UART 1o USB module was developed to allow the UART data

provided by OSAPI™ o be logged by a PC. TeraTerm was used as a terminal emulator

from the USB sires igure 4-16.

Figure 4-16 Diagnostic Data Logged Using TeraTerm

Due to timing limitations of the OBD-I protocols used in the test vehicles, and the
number of variables being logged, each dataset was_ updated approximaicly cvery 1

second.

A Perl seript was writen to extract the data from the diagnostic

log and parse into

format 10 be used by the model software




“The throtle positions used as inpus n the datasets described in this chapter are

shown in Figure 4-17 and Figure 418,

:J/\\r\
N T

Figure 4-17 Opira Throtdle Position Input

Figure 4-18 CR-V Throtle Po

“The three model outputs of interest (manifold pressure, rankshaf speed. and vehicle

» logged.

values predicted by the model, as shown in Figure 4-19 1o Figure 4-24

42



5 \

Figure 4-19 Optra Manifold Pressure Output

o
Figure 420 CR-V Manifold Pressure Output

-

i

"\

Figure 421 Opira Crankshaft Speed Output
=
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Figure 4:23 Opira Vehicle Specd Output

-

Figure 424 CR-V Vehicle Speed Output




4.8 Statistical Analysis

The pl appear at first glance 0 be bl

the actual (OBD) data collected. I order 10 provide a means 1o quanify the fit o the

odel, multipl

) resulting

in Table 4-6.

‘Table 46 Coeflicients of Determination (R°)

It s unsurprising that the value of &” in cach datast increases in each row of Table
46 due to the fact that the sensiivty of cach output decreases.  An output that has a
higher sensitvity may have more unpredictable behavior when comparing a modeled

versus real-world esponse.

Manifold pressure will react quickly o any change in throtle posiion or fucl

metering as it is directy proportional to the s mass entering the intake manifold and

exiting into the ¢ylinders.

Crankshaf speed i the resul ofthe inegration of the combuston resultng from the
ir-fuel misture injected into the cylinders. This integration wil act s a low-pass fllr
and willtheefore be less sensitive to minor disturbances.

42



Similarly, vehi is "
Comparatvely, more inerta will be prevalent in vehicle specd than crankshaft speed.

making it even lss sensitive o minor disturbances.

While &' not,

and of tslf, enough t prove thata model s an accurate preditor,

When considered in conjunction with the

& facto i indcatng "goodness of i
icts that significantly different vehicles (. significanty diffeent model parameters)
were used on diffrent routes i diffrent vriale inpus)beween daases, one could
make a fir conclusion tht the mode preseniedis an accurse prdictor of he dynamics

of avehicle.

4.9 Conclusion

There are two points of significance raised in the preceding discussions of this

chapter.

Firsly, it was shown that a complete vehicle model can be constructed and

sysematicall reduced (via an algorithm such as MORA), while till provi

predictions consistent with real-workd data,  Furthermore, as discussed in [30}, the

educed proper model tll contained over 98% of the energy of the complete model, et
reduced madel complexity by about 86% and simulation time by about 92%. Such &
model can allow a designer to accurately predict vehicle performance in terms of fucl

economy and emissions, as well as 0-60 and quarter il times.

e




Secondly, it was shown that feasible methods are available t0 validate a vehicle

model using real-time and real-world data, using a combination of GPS and OBD-II

technologies. This illustraes that vehicle model validation need not be constriced to

it would typically be on actual driven roads.

‘ Automotive engincers and designers using 4 model-based design approach should
ive careful consideration 1o the modeling and model validation techniques which they

\ adopt

Proper modeling can grealy reduce model complexity and simulation time, while

ing imporant system dynamics. In terms of model validation, there is no

sufficient substiute for actual road-driven real-world data with which to compare and

alyze model predictons.




Chapter 5 Summary, Conclusions, and
Recommendations
Chapte 2 through Chapte 4 descrbe in detail the process of proper modeling using

bond graphs for, i this case, & road-ready vehicle model. From this, one can see that

1. Complete vehicle model construci
2. Mode reduction to achieve a proper vehicle model

3. Vehicle model validtion and validation techniques

These contributions and their potental implications are discussed in the following

5.1 Complete Vehicle Model Construction
Chapter 2 and Chapter 3 detaild the constn

of a complete vehicle model - one

that contains the complete set of sy

em dynamics and energy. Despite having elements

rotational mechs

construction, using bond graphs, allowed for the it

inercomnection of the system

Submodels.

modeling techniques wil be of significant inerest 1o design

incers. A complete

vehicle model allows an automtive engincer 1o study all dynamic system responses in

reat detail without the loss of resolution from improper model reduction. Furthermare,

51



ssid engineer could also use a complete vehicle model as the reference point for a
different proper model, depending on the response(s) of iterest. For example, if the
suspension dynamics were 1o be studid in detal, a different set of elements would

potentially be liminated, contrary 1o the elimination process discussed in Chapter 3.

5.2 Model Reduction to Achieve a Proper Vehicle Model
(Chapter 2 wentinto extensive detal regarding the model reduction process, using the

Model Order Red ing. This

process, in and of self, gives a model-based designer an aulomotive reference point (0

use a5 ool in creating efficient automarive models.

T

er 3 implemented an extension of the model reduction process of Chapier 2 1o
develop o proper vehicle model — one. that has minimal complexity, physically
meaningful parameters, and aceuraely predicts dynamic system responses (4. The

significant implication of proper modeling o the model-based designer s in the abilty to

quantitaively eliminate elements that are not of interest 1 the specifc application and

by reduce

e model complexity and simulation time.

Addiionaly, Chapte 4 exiendd the propr vebic mde deloped in Chapie 3 to
account fo *roadradines”, allowing 3 model-based desgner 1o excrese sysiem
responsesas wouldbe xpected by  vehile atually drven o the oad. This empovers
he designer with the abily to brcak away from the standard dyno-based vlidtion

methods. resultng in improved accuracy.



5.3 Vehicle Model Validation and Validation Techniques

‘As mentioned in the previous section, dyno-based model alidation for automotive

1o purchase, maintain, and operte. Furthermore, they cannot necessarily accoun for
cetain exemal retardingexpediting fctors, such a road profl and acrdynanic dag,
hich e reuired o property validatea odeady ehicle model

Chupter 4 prsenicd 8 method of omroad vehicle model valdaion wsing an
inexpensive combinstion of GPS and OBD-I technologie. Because data s lgged whie
st vehicle i sctually being drven,allextena fctos presen n a esl-world scenario

are applid for comparison against the model predictions.

Moreover,

model alidton technique was appicd o the roadtcdy proper
vehicle model described in Chapte 4 (adapied from Chapser 3. The model was shown
1o be accurte for two disint vehicles (compact sedan and spot iy vehicle) on
iffrent opraphicl otesand thercby added redibity o the model, and he research

a5 whole, presented in this thesis.

5.4 Future Work and Potential Us

inherent discussed

in the previous sections.  Furthermore, future work could be performed 1o expand on

these uses - examples of potent

I usesare discussed in the following sections.



5.4.1 Complete/Proper Vehicle Model Simulink Blockset
There would be value in gencrating a custom automotive blockset for the more

commonly used Simulink modeling software package. Because of the versatilty of the

Vehicle model presented. a unified generic "complete vehicle™ block could be built that
accepts all the parameters outlned in Chapter 4 and allows the selection of desied

ouputs)

M

intemal structure of the unified generic block based on the selected application (e

Toading/mtion,suspension dynamics, system losses, ec).

Alteratively, cach submodel discussed in Chapter 2 and Chaper 3 could be
converted o a Simulink block. This would allow the designer (o construct different
vehicle configurations such as direct injection, inline fuel pumps, nonreturn fuel

systems, rear-wheel drive, etc.

Fach of the above blockset options (complete model and submodels) are natively
supported by 20-Sim for exportto Simufink. The exportation as a modeling technique is

discussed in [37)

5.4.2 Model Deployment to an Embedded Target
Deployment of the vehicle model to an embedded target, such as a Freescale MP

555

(common to the auto

ve industry) orsimilar processor, could allow for such a sysiem

o be used as a design tool or vehicle emulator for industrial development and testing or

academic training
4




The Mathworks Real-Time Workshop Embedded Coder faciltates the generation of

ANSIISO C/C++ code f

20-Sim, as discussed in

as discussed in [38]. By exporting the bond graph model fron

5.4.3 The Vehicle Model as an ECU Control Algorithm

outputs, based on the

parameters and inpus described in Chapter 4, it could casily be converted into a control

algorithm 10 drive these outputs. This lends the model 10 an ECU (Flcctronic Control
Unit) design application

AUTOSAR (AUTomotive Open Sysiem ARchitecture) s the standard architecture
for ECU networks [39] that was developed primarily by ts ore members: BMW, Bosch,
Continental, Daimiler, Ford, GM, PeugeotCitroén, Toyot, and VW. The AUTOSAR

architecture s llustrated in Figure 5-1

Figure 5-1 AUTOSAR Architecture [39]



Similar 1o the previous section, the Mathworks Real-Time Workshop Embedded
Coder can generate AUTOSAR-compliant code [39] that would correspond to.the

*Software Compor

5.4.4 Integrated GPS/OBD Model Validation Tool
Expanding on the model validation techniques presented in Chapter 4, one could

OBD logging. and data formating. such that the final output log i ready for import into

the model software as wellas sttistical analysis.

“This would further faciltate the migration from dyno-based vehicle model validation

that s (much) mor costly and inaccurate

5.4.5 Self-Validating Real-Time Model Platform
Expanding even further on the integrated validation soluion proposed in the previous
section, ane can envision a fully-automated platform tha is sel-validating in resl-time

(s the data s logged).

Given a GPS module of sufficent sl accuray (or other ransducer for
messuring alitudeclevation o inclination).th variable inputs described in Chapier 4
could be logeed,parsed, and i directly ntothe model sftware packag. The resuling
outputs from the model sotware could then be compared using statisicl ool against
the outputs logged from the OBD-based validation platform. No iiermediste manual

post-processing steps would be required.  Furthermore, this would allow for reshtime

56



tuning of the model parameters for applications that wish to ft the theorctical model to

thereal-world data.

5.5 Summary

One can certainly see the potential for such tools and technigues, esultng from the
proper modeling process outined in this thesis. s more automobile and OEM
manufacturers move toward model-based design, a greatr need o standardize such

process will rise.

The proper modeling process, proper vehicle model, andior model validation

techniques presented in this thesis may, by no means, be th solution 0 the arising need,

but the illustration of the process as a whole shows the fundamental approach necessary

for the automative industry
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5.7 Appendices.

Appendix A Bond Graph Elements[6]
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Appendix B Fuel Delivery System Parameters

Parameter

Submodel [Name [ Value [ Units
760 MPa | ‘
13k’ |

Globl 64107 [mhs |

Fuel Tank :

Fuel Pump. i

FuclRetun 0 o |*

Pipe 7 m_ |}

Pulsation [ A 0001357 [m’__|*

Damper [k 1563 [WNm_|*

N D__[10 o |*

Fuel Rail 4 -—

Foel J

Injectors

Pressure Gy 06 g

Regulator [+ ] |

"alue typical to the industry

“Value determined through calculation



Appendix C Fuel Delivery System Element Activities
Activity
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Appendix D Fuel Delivery System
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Iconic Bond Graph Model
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Appendix E Vehicle Model Activity Analysis for Variable Throttle, 1°

Inclined Road

Submodel | Element

Tankshail | Velicle Mass
ranksha | Loading

oad Load

ling
T

[ #7.50880% |
e [ 1055531%
['33.27000% |

Lo s1iomel 920335 |

Manifold___| Manifold Fill 99933035
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Appendix F Complete Vehicle Model
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Appendix H lconic Vehicle Model
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Appendix | Road-Ready Iconic Vehicle Model
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Appendix J Road-Ready Proper Vehicle Model
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