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ABSTRACT

The primary objective of this research is to depelan integrated system
engineering methodology for the conceptual desigmwebicle handling dynamics early
on in the product development process. A systemginearing-based simulation
framework is developed that connects subjectivestatner-relevant handling
expectations and manufacturers’ brand attributeshitgher-level objective vehicle
engineering targets and consequently breaks trergets down into subsystem-level
requirements and component-level design specifioati Such an integrated systems
engineering approach will guide the engineeringetitgyment process and provide insight
into the compromises involved in the vehicle-hamgiliayout, ultimately saving product
development time and costs and helping to achieti@laer level of product maturity

early on in the design phase.

The proposed simulation-based design methodologyhf conceptual design of
vehicle handling characteristics is implementechgsiecomposition-based Analytical
Target Cascading (ATC) techniques and evolutionanylti-objective optimization
algorithms coupled within the systems engineerraghework. The framework is utilized
in a two-layer optimization schedule. The firstdays used to derive subsystem-level
requirements from overall vehicle-level targetse3én subsystem-level requirements are
passed on as targets to the second layer of opiiioiy, and the second layer derives
component-level specifications from the subsystewell requirements obtained from the

first step. The second layer optimization utilizzenponent-level design variables and



analysis models to minimize the difference betwé®n targets transferred from the
vehicle level and responses generated from the cpemg-level analysis. An iterative
loop is set up with an objective to minimize theg&d/response consistency constraints
(i.e., the targets at the vehicle level are corigtaebalanced to achieve a consistent and

feasible solution). Genetic Algorithms (GAs) aredisit each layer of the framework.

This work has contributed towards development ohigue approach to integrate
market research into the vehicle handling desigitgss. The framework developed for
this dissertation uses Original Equipment Manufests (OEM’'s) brand essence
information derived from market research for theivdgion and balancing of vehicle-
level targets, and guides the chassis design gireaising relative brand attribute

weights.

Other contributions from this research include dewament of empirical
relationships between key customer-relevant vehiaedling attributes selected from
market survey and the various scenarios and obgectietrics of vehicle handling,
development of a goal programming based approactinéoselection of the best solution
from a set of Pareto-optimal solutions obtainedanfigenetic algorithms and development

of Vehicle Handling Bandwidth Diagrams.
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CHAPTER ONE

INTRODUCTION

The lifecycle of a typical vehicle development aij can be described by four
key phases—namelystrategy DeterminatigrVehicle Definition Concept Development
and Series Developmentas shown in Figure 1. The strategy phase is ctaraed by
market analyses, determination of opportunitiesgdpct-planning resulting into decisions
on which vehicles to bring into the market within 587 year time frame with
predetermined unique selling propositions. Thesgleos in the strategy phase are driven
by both internal brand specific considerations axternal factors such as market
developments, economic situations and mega, mesanacro trends. In the definition
phase, the project’s target vision and businessctibgs are aligned and finalized, the
technical and the economic feasibility of the pcojas evaluated, higher-level,
architecture-based decisions are made, and taagetdefined. These targets are defined

considering theoice of the customergoice of the compamgndvoice of the legislators

The definition phase is followed by the conceptalegment phase (involving on
average 50-200 engineers), where engineers angnaesiwork together to formulate
concepts that can meet the higher-level targetsnsbe definition phase. An important
milestone target agreementmarks the end of the concept development phasee @ll
the targets are finalized and agreed upon betwkendifferent teams (i.e., chassis,
powertrain, packaging, etc.), the series developmamase begins. In the series

development phase, elaborate design, build angtesedures are applied (involving on



average 500-1,000 engineers) per vehicle projectalize and manufacture the finalized
concept. A typical vehicle development project eydffrom strategy to start-of-

production) takes around 60 months.

Start of Production (SoP) ¢
l |

Strategy ., Definition == Concept Development , =~ Series Development

- . I "
Biikifiass ¢Defme Targets I Formulate Concepts L Implement Solution )I

jecti |
OhjacHives . | Design Freeze @ | — 3% ” |
Project Specification & Target Agreement # RRp o 1
Vehicle Profile | | i
Target Catalog ]
: A Y . .
| Typically 24 Months )
=5 years

Figure 1. Typical Lifecycle for a Vehicle Developmédrocess [1].

The concept development phase is often regardeébeamost creative and the
most challenging part of the vehicle developmerticess. Design freedom is at its
maximum at the beginning of the concept phase, hvwbiees the engineers and designers
the opportunity to develop the most innovative @&pts. The concepts, ideas, and
changes implemented during this phase can be mamageh more economically with
fewer resources than changes implemented latengltine series development program
where the design degree of freedom is limited andyrct changes are costly. Therefor it
is desirable to increase product maturity earlyirothe concept development phase for
cost and project timing reasons. Furthermore, aatme manufacturers aim to reduce

the overall duration of the concept (and seriesketigment phase to keep up with the



ever-changing market and customer needs and expesta Figure 2 shows the

interrelationships between design freedom, desigtunty, and development cost during

the concept design phase.

Some of the key challenges faced by the automatigeufacturers during the

concept development phase are:

Several vehicle functions (such as fuel econonag, handling, acoustics, safety,
etc.) are competing with each other in terms ofcfiemal performance, cost,
weight, and design space. Balancing the tradeioffslignment with the brand
identity and customer expectations needs to beéedaaut systematically during
the entire concept development phase up untilaiget agreement milestone.

In general, the automotive industry lacks systetnedinceptual design tools and
methods that can assist the development and guativh of vehicle-level targets
and support the process of decision-making anetodidmanagement.
Traditionally, these phases often rely on “triabasrror” or “test-and-tune”
methods and may use extensive physical testingesigd prototypes, which is
time consuming and expensive.

The factors described above may cause low initraldpct maturity in the
conceptual design phase and may result in expecbiaeges implemented later
in the series product development phase if notratle-offs were understood or

resolved.



100%

70%

- = - Design Freedom

— . — Cost Commitment

A
k.
W

Conceptual Design Phase Detailed Design Phase

s Desired Design Maturity e DE51gN Maturity

Figure 2. Traditional Vehicle Design Process Clmajes [2].

The overall focus of this thesis is to develop psses, methodologies, and tools
that can support conceptual engineering duringetrgy vehicle development phase with

objectives to:

e Reduce concept development time,
e Increase early design maturity,
¢ Resolve trade-offs and balance solutions in a satie manner, and

e Save time, money, and personnel resources.

In the early stage of the definition phase, higlelevehicle attributes can be

depicted by means of a so-called vehicle speciNABpider/radar diagram, as shown in



Figure 3. It allows for a visual representationimportant vehicle attributes and also
show the relative importance of the attributes t{ergimportance is outwards on the
spider diagram). In this thesis, vehicle handlinge of the key aspect of the overall

vehicle DNA is researched in its totality.

Vehicle “DNA”

Styling

Quality Ride & Acoustics

Cost of _ -
Ownership yHandling
kel Performance
Space
Fuel
Economy Safety

Figure 3. Spider Diagram of typical Customer Retgwehicle Attributes.



1.1 Motivation

The handling characteristics of road vehicles are of the important attributes
that define a major part of the vehicle’s uniquiirssee propositions (USPs). For vehicle
manufacturers with a specific focus on driving dwies offering an exceptional or
enjoyable driving experience, on-road vehicle hexgdls an important attribute of the
strategic brand “DNA”. Vehicle handling can be hibadefined as the interaction
between driver, vehicle, and environment, whictetaglace during the transportation of
peoples and goods [3]. It is an indicator of thivetts ease of controlling a vehicle’s

chassis motions.

The domain of vehicle handling engineering focusasthe development and
application of methods to qualify and quantify tilieectional behavior of the chassis
during different driving maneuvers. The study ofndleng dynamics involves
understanding the controllability and stabilitytbé vehicle and is closely associated with
the driver's subjective perception of the interact with the vehicle. The engineering
process of tuning the vehicle’s handling dynamigsai challenging task due to the
multitude of competing design requirements andrpatars. Some of the key challenges

involved in the process are:

e It is difficult to capture and understand the voafethe customer (i.e., interpret
the driver's expectations/perception of the velsclbandling behavior) and
translate these expectations into meaningful oleanetrics to be used in the

vehicle product development process.



It is challenging to find a unified chassis setbpttmeets the expectations of
various segments of drivers interested in the saeinécle. Drivers of different
age group, such as young enthusiast and agingrslriveight have different
expectations regarding handling behavior for ond-te-same vehicles.

Different aspects of vehicle handling—such as stesdte handling, transient
handling, straight-line stability, parking, and egency handling—are often in
conflict with one another.

The vehicle’s handling properties by themselvespasg of the overall band
essence (Figure 3), are often in conflict with cetimgy properties, such as ride
comfort, acoustic comfort, or passive safety.

Trial-and-error approaches to find the best comjgencan lead to suboptimal
solutions, resulting in increased product cost wegyht and the prolongation of

product development time.

To address the challenges above, it is importargstablish a transparent and

systematic approach towards handling dynamics desiguring that the final product

meets customer expectations and cost, weight asgjrdespace targets. Most vehicle

manufacturers follow their own set of unique, prefary methods to design the vehicle’s

handling characteristics. Current best practicegdemethods are characterized by:

Benchmarking competitor vehicles to develop vehielel targets and
component design specifications. Competitive beracking can lead to products

with performance levels that exceed customer eafiecs and may lead to



unnecessary engineering effort, higher product scoshd/or weight, and

potentially product performance that might not kercpived by the end-user
(strategic overkill).

Relying heavily on the application of physical @types during the initial

development phase. Early-stage vehicle prototypes v@ry expensive, not
infinitely tunable (such as the setup of static ayghamic body-in-white

stiffness), and frequently of insufficient build ajity to address competing
vehicle properties such as acoustics.

Focusing on physical testing of prototypes. Repetiphysical testing can be
time-consuming and costly.

Practicing “trial-and-error” and “test-and-tune”ilgsophies, which can be time-
consuming if not supported by sufficient system awedr knowledge. This

approach can also lead to an oversight of conilictiesign objectives, resulting
in a sub-optimal final setup.

Implementation of expensive design changes latendhe vehicle development
process, especially if the interaction with andetegency of the handling on other

vehicle properties and design parameters is nqegplpunderstood.



1.2 Research Questions and Hypotheses

The following research questions and hypothesep@sed based the challenges
associated with the conceptual design of vehicladlvag early on in the product

development process:

Q1: What is the best strategy to effectively addresthe challenges associated with
the systematic design of vehicle handling charactistics connecting/balancing end-
user expectation with component-level design speici&tions during the concept

development phase?

H1: A systems engineering approach implementedlgusisimulation-based framework
can be used to address the challenges associatfedheiconceptual design of vehicle
handling characteristics. A systems engineeringaggi will provide a comprehensive,
multi-level, step-by-step, and top-down methodoldwgt will link customer expectations
to the final chassis components’ specifications tiiedvalidation of recommended design

configurations.

Q2: What is the best strategy to ensure that the nmufacturers’ brand attributes are
considered and are used as differentiating factorduring the concept development

phase?

H2: A systems engineering based framework which aacept inputs from market
research at the beginning of the product developrpercess can be a very effective

strategy. Market research specifically aimed towardderstanding end-user preferences



and expectations can give valuable insights reggrananufacturer's brand essence.
Such market research can help understand custoperception of a particular brand in
comparison to the other brands and can provideuenigays to emphasize certain
attributes or support trading off between differeonflicting attributes. An intelligent

systems engineering based framework should be addept inputs from such market
research and use this information for creationeifiele-level targets, and as a trade-off

strategy during the decision-making process.

Q3: What is the best strategy to accelerate the vatte handling dynamics design

process during the concept development phase?

H3: A simulation-based framework based on a hylsetl of lower-order parametric
models (i.e., physics-based, knowledge-based, roogate) can be used to accelerate the
vehicle handling dynamics design process. Compuraliy efficient models with
appropriate levels of accuracy can be used to tafedg connect, evaluate and optimize
vehicle, sub-system, and component-level targetsltipfe design iterations of the

vehicle concepts can be efficiently evaluated usisgnulation-based approach.

Q4: What is the best strategy to efficiently resok trade-offs and balance competing

vehicle handling requirements?

H4: The interaction between various conflictinglueements and scenarios of vehicle
handling can be best balanced using a simulatisecdaptimization framework with

easy-to-characterize, computationally inexpensavel transparent vehicle handling and
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chassis design models. These models should betaldapture the various aspects of
vehicle handling with reasonable accuracy and aflmwnteraction and integration with

common parameters in a common development envirohrdoe the most common

driving scenarios. These models can then be linke@ach other through a multi-
objective and multi-scenario optimization schemae Tuse of stochastic optimization
algorithms coupled with design-of-experiments arehsgivity analyses can help
engineers better understand the trade-offs and mges involved in the chassis

design process and will help in the final desigeden procedure.

Q5: What is the best strategy to implement the sysms engineering approach
during the concept development phase to ensure arstent and concurrent chassis

design solution?

H5: A system engineering approach for the con@ptliesign of vehicle handling
characteristics can be best implemented using abication of a simulation-based,
multi-objective optimization framework and decomitios-based, Analytical Target
Cascading (ATC) techniques [4]. ATC is an effectiwerarchical, multi-level, and
optimization-based design technique. It applieseothposition approach in which the
overall system is split into several subsystemsclwhare then solved independently and

coordinated via target and response consistencstreonts [5].
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1.3 Research Objective

The primary objective of this research is to depelan integrated system
engineering methodology for the conceptual desiguebicle handling dynamics early
on in the product development process. A systemginearing-based simulation
framework is developed that connects subjectivestarner-relevant handling
expectations and manufacturers’ brand attributeshitgher-level objective vehicle
engineering targets and consequently breaks thaget$ down into subsystem-level
requirements and component-level design specifinati Such an integrated systems
engineering approach will guide the engineeringettgyment process and provide insight
into the compromises involved in the vehicle-hamglliayout, ultimately saving product
development time and costs and helping to achieliglaer level of product maturity

early on in the design phase.

The proposed simulation-based design methodologytHe conceptual
design of vehicle handling characteristics is depet using decomposition-based
Analytical Target Cascading (ATC) [4, 5] techniquesd evolutionary, multi-objective

optimization algorithms [6] coupled within the sgsts engineering framework.
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1.4 Organization of the Thesis

A brief overview of the subsequent chapters of thissis is provided in this

section.

In Chapter Two, a general overview of the existitegature in the area of vehicle
handling design is presented. The literature revawers two fundamental aspects
related to the development of a systematic handlegign methodology. The first aspect
deals with derivation of vehicle handling targessng drivers’ expectations, preferences,
and requirements, and the second aspect dealsheithethods that derive vehicles’ sub-
system-level requirements and component-level despgcifications to meet desired
vehicle handling targets. The literature revieviolkowed by a research gap analysis to

identify the opportunities/gaps in the area of ekhhandling design.

In Chapter Three, the fundamental principles oftesyws engineering are
discussed and the theoretical framework of the gge@ handling design methodology is
presented. A systematic five step systems engmepdrased methodology for design of

vehicle handling characteristics is described itaitke

Chapter Four presents the implementation detailsthef proposed vehicle
handling design methodology. This chapter desctibedkey building blocks required for
successful implementation. The building blocks une description of a method to
integrate market research into the vehicle handtlegign process, development of

empirical relationships between customer relevaatdhng attributes and handling
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objective metrics, description of the vehicle hamglimodels, and development of the

ATC based optimization framework.

Chapter Five describes six different case studeesahstrating the applications of
the proposed handling design methodology for systeally designing the vehicle
handling characteristics. Finally, Chapter Six siwarimes the conclusions and

contributions from this research, and discussesdutesearch topics and directions.
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CHAPTER TWO

BACKGROUND

In this chapter, a general overview of the existiteyature in the area of vehicle
handling design is presented. The literature reveefellowed by a research gap analysis

to identify the opportunities/gaps in the areadficle handling design.

2.1 Literature Review

The roots of vehicle handling design theory canraeed to the mid-1950s, when
the first comprehensive understanding of both i@ty and practice of the automobile’s
linear handling response was introduced [3]. Sthe¢ time, the field of vehicle handling
dynamics design has greatly developed, with a ptatbf research activities in almost all
areas of vehicle handling, including: the explamatiof non-linear limit handling
behavior, use of computer simulations, complex rindtly models, specialized handling
measurement devices, vehicle characterization rtgst application of active control
systems, etc. It should be noted that even witketsgnificant advances in the field of
vehicle handling and the objectification of handlinoharacteristics, subjective vehicle

testing by trained test drivers still dominatesfihal chassis setup and sign-off process.

It is important to have a well-defined systematiethhomdology regarding the
design of vehicle handling characteristics. The fuedamental aspects for developing

this systematic methodology are:
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1. Methods that derive vehicle handling targets usmbhgvers’ expectations,

preferences, and requirements (i.e., understartdengoice of the customer) and

2. Methods that derive vehicles’ sub-system-level neguoents and component-

level design specifications to meet desired veltieledling targets.

Methods to derive vehicle handling targets based adriver’'s expectations,

preferences, and requirements.

One of the most important challenges in the prodegelopment associated with
vehicle handling is the derivation of quantifiabehicle handling targets using drivers’
preferences of vehicle handling. There are two &umehtally different directions that

current vehicle manufacturers follow in this redpec

1. Testing of physical vehicles using highly trainedf@ssional test engineers to
derive targets This approach requires the development of oljechiandling
metrics and conducting correlation analyses betwsdnective evaluation and

objective measurement of vehicle handling attribute

2. Simulation based analyses to derive targéisis approach relies on simulation-
based methods and requires synthesized vehiclerdgmand driver models to
predict and evaluate the model-based driver's jpticre of vehicle handling

quality.

The first approach relies heavily on the physiestihg of vehicles using highly

trained test engineers. The subjective test dsveedback is used as the principal source
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to assess vehicle-handling quality and fine-tureedihassis setup. Vehicle testing can be
conducted either in an open-loop or closed-loop meanOpen-loop testing aims at
accurately quantifying the vehicle’s response thhotepeatability (such as a step-steer
test maneuver, or J-turn, at a given speed of trané with a fixed or predetermined
steering wheel input). The subjective assessmenhefvehicle’s behavior by the test
driver is then correlated to the vehicle’s measuresponses, using data acquisition
systems. Bergman [7, 8] used subjective ratingsviuate vehicle response during a
step-steer maneuver. He found that subjectivegsitituring a step-steer maneuver could
be correlated to a vehicle’s yaw velocity gain dftvalue (where TB value is defined as
the product of yaw rate peak response time andgtstate side-slip angle). He identified
a relationship between subjective rating and vehresponse through the following

equation:

Y =5.056 - 3.28%(X1) + 94.35(X2) - 2B(X2Y "
1

where: X1 = TB value, X2 = Yaw velocity gain, Y zljective rating.

Studies of a similar nature exist in the literat(éeir and DiMarco [9], Mimuro
[10], King and Crolla [11], Xia [12], Chen [13]).hEse studies focus on the development
of relationships between vehicle response metros fopen-loop test maneuvers and

subjective assessments by expert test drivers.
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An alternative method of assessing the vehiclespoase is by testing it during
closed-loop handling maneuvers. Closed-loop mansuvalso referred to as task
performance tests, are used to quantify driverealehinteraction during task specific
maneuvers that require the driver to follow a peéireed driving course, such as double-
lane change or slalom. The performance metric isetlee speed at which the driver can
negotiate the course without any tracking errorsese tests can quantify a driver's
response performing the task and thus give a gouwtkratanding of driver-vehicle
interaction. The biggest challenge with closed-leegting is that the driver cannot be
directly separated from the vehicle in terms offgm@nance assessment. Hence, it
becomes difficult to quantify the vehicle’s perfante independently of the driver. An
alternative approach in this area is to identife tielationships between closed-loop
performances, drivers’ subjective assessment, ahitle response characteristics from
open-loop maneuvers. Lincke, et al. [14] correlatkd subjective ranking of eight
unskilled drivers during a severe double-lane ckanganeuver (at 100 km/h) with
several open-loop handling performance metrics.,(§awv rate natural frequency, and
damping ratio) from step-steer maneuver at 0.4 @& km/h). They found that, vehicles
with higher yaw rate natural frequency were ratettds during the double-lane change
maneuver. Lincke et al. also found that for velscleth the same yaw rate natural
frequencies, the one with an apparently lower dampatio (and shorter response times)
was more preferable for drivers. The authors cateduthat vehicle response rate (e.g.,
yaw rate natural frequency, and response times} hagreater influence on assessment

by the drivers than vehicle damping. Good [15vites a comprehensive summary of
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studies that aimed to find relationships betweeosead-loop performance, driver’s

subjective opinions, and vehicle response chaiatitey from open-loop maneuvers.

The most important limitation to this approach &ing physical testing with
professional test engineers lies in its assumphanthe expectations of non-expert target
customers can be sufficiently described by protesdi test drivers. Setting of vehicle
targets purely based on this approach can potenigald to over-engineering the vehicle
thereby achieving performance levels that go beyhwedscope of the normal driver’s
needs/desires and/or perception range. Addition#iig approach does not provide a
strategy for including manufacturer’s brand essenfa@gmation during the target setting

process.

The second exploratory approach in the area ofestibsg driver preference of
vehicle handling quality relies heavily on vehitlandling simulations. This approach is
based on a simulated driver model in conjunctiothva simulated vehicle dynamics
model. The adaptive parameters of the driver madelused as an indicator for the
handling quality of the vehicle. McRuer [16], Venens and Hazare [17], Horiuchi [18]
and Abe [19] have presented initial work in thisaarAccording to McRuer et al. [16],
drivers adapt their driving control in such a wdanatt they maintain nearly constant
closed-loop driver-vehicle system performance. Mgpecifically, drivers adjust their
dynamic control performance to achieve an invarianth of driver-vehicle forward loop
transfer function, such that it resembles a game delay, and integrator in the region of

the crossover frequency. Drivers adjust their gaind apply a lead-lag equalization
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strategy to maintain an invariant form of open-ldaggnsfer function which satisfies the
criteria for a stable control system. The gains laad time-constants are indicators of the
driver’'s perception of handling quality. A rangelevel of gains exists that are perceived
as “enjoyable” by the driver. Driver gains that &we high or too low lead to degraded
perceptions of handling quality. Similarly, the geation of “excessive” lead will

degrade the perception of good handling. Venhowks Hazare [17] elaborate on the
hypothesis that, if ideal gains and lead time-camist can be quantified for a particular
customer and vehicle segment, vehicle dynamicsvi@haan be tuned accordingly to

meet customer expectations.

Although this method seems very attractive, devalemt of simulation models,
which can realistically capture human driver bebawuring all the complex driving
scenarios, and can adapt themselves to represedifterent customer segments is very
challenging by itself. These models need to beainginly validated before they can be
used for the target setting and product developrpesttess. The uncertainty associated

with the human driver simulation model has somewssifricted this approach.
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Methods to systematically derive vehicle subsystefavel requirements and

component-level design specifications to achievehiele-level handling targets.

A key area of research in vehicle handling engingers the development of
methods that systematically derive vehicle subsydeel requirements and component-
level design specifications to achieve desired alehhandling targets satisfying the
drivers’ expectations regarding vehicle handlingeTuse of mathematical optimization
strategies is probably one of the most promisingr@gches to analytically solving this

problem.

Several researchers have used optimization stegtégiderive vehicle subsystem-
level specifications from desired vehicle-levelgets. For example, Hagaic et al. [20]
uses Genetic Algorithms (GA) to solve vehicle hamglidesign problem and compares
the results obtained from using Genetic Algorithagginst other optimization methods
such as Monte-Carlo [21, 22] and Simulated Anngd#8]. In these studies [20, 21, 23]
the authors have used an eight-DOF vehicle dynamiedel with 24 subcomponent-
level design variables simulated for three différeansient handling maneuvers—step
steer, single sinusoidal steer and double lane gehanvhile evaluating 22 different
performance metrics. Similar work from Miano et 4] presents a multi-objective,
GA-based approach for the selection of front arat m®rnering tire stiffness during a

step-steer maneuver using both linear and non+liealytical vehicle handling models.

Schuller et al., [25] uses a GA based approachledupith utility functions [26]

to optimize vehicle handling performance. Utilitunttions serve as a method for
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selection a preferred design solution from a seRareto-optimal [6] solutions resultant
from GA-based optimization schemes. Benedettil.e[2&] applies concepts of fuzzy
optimality as aposteriori selection rule for selection of the best solutimm a set of
non-dominated Pareto-optimal solutions while depimth multi-objective optimization

of a racing car’s tire-suspension system.

Most of the genetic algorithm based optimizatiosesrch described above is
restricted towards analysis of transient handliefpavior of the vehicle. It does not
consider trade-offs and conflicts among the varibasdling performance requirements
of a driver, for example, sportiness vs. safetyagility vs. comfort. None of the work
described above has developed a systematic stradegglude customers’ preference by
using strategic set brand attributes during thealfiselection of chassis design

configuration.

Gobbi et al. [29] uses @lobal Approximatiorapproach for optimization of the
vehicle’s dynamic behavior. In this approach, agptel model is used to establish the
relationship (i.e., global approximation) betweessign parameters and performance
indices, for a number of feasible combinations had tlesign parameters. The original,
physical vehicle model is then substituted by ajyumathematical model, which is used
in the iterative optimization procedure. In the@search, the authors used Atrtificial
Neural Networks (ANN) to develop an approximatiorodal. Genetic algorithms
perform the computation of the Pareto-optimal sotutset. Gobbi et al. uses ANN to

optimize 12 design variables—mostly suspension y@ibsn parameters—during 41
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different driving scenarios. Guarneri et al. [33es a similar global approximation
approach with Recurrent Neural Networks (RNN) fo bptimization of tire-suspension

dynamic systems.

Global approximation methods such as ANN, RNN, Redponse Surfaces (RS)
tend to reduce numerical simulation time dramadicalbnd enable efficient
implementation of optimization methods. The maiavdvack of this approach is that the
use of global approximations often result in bl&édk models that do not provide any
insight into the physical behavior of systems aadde makes the chassis design process

in-transparent.

Other research in this area focuses on the devivatf vehicle component-level
specifications using non-linear, multi-body simidas and optimization methods. Choi
et al. [31] uses an automated routine coupling Asl@ar [32] and PIANO [33] for the
optimization of suspension tuning parameters (bashing stiffness curves, suspension
hard points, springs, and dampers) in order tosadhe suspension system’s kinematic
and compliance characteristics and tune the hangienformance of the vehicle. Choi et
al. uses a global approximation method called thegfessive Quadratic Response

Surface Modeling (PQRSM) built into built into thatomated optimization tool PIAnO.

Li, L., et al. [34] use a detailed multi-body veleiadynamics model with non-
linear suspension bushings and lower control-amxilfility for the optimization of
suspension elastomeric bushing compliance in aa@émprove vehicle ride, handling,

and durability performance. Li, L., et al. uses th@ams software model for vehicle
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dynamics analysis coupled with another automated F&MFAT for durability and
fatigue life analysis. The optimization is perfoingsing another commercially available
software: iISIGHT.A combination of Simulated Annealing and Programgnipuadratic

Line Search methods is used for optimization is thork.

Similar work in this area using multi-body simutatisoftware was conducted by
Li, M., et al. [35] and Mehdi et al. [36]. Li, Met al. [35] uses a multi-body dynamics
vehicle model (e.g., in Adams/Car) in conjunctionthwa commercially available
optimization tool, Adams/Insight, for the optimizat of vehicle handling performance
during step-steer, double lane change, steady @tate, and on-center handling tests. In
this research, the authors use a sensitivity aisalis identify the most relevant
suspension-kinematic parameters and then use thiethd optimization process. Mehdi
et al. [36] uses a multi-body simulation model (eig Adams/Car) to optimize steering
system geometry by using a GA-based approach ieram@ improve the vehicle’s
handling performance during step steer and constasié test maneuvers. Mehdi et al.

[36] also uses a sensitivity analysis to eliminaggnificant design parameters.

As described above, most of the previous reseanctieoiving component-level
specifications has resorted in the use of commigraaailable multi-body simulation
software tools coupled with automated optimizatioutines. These multi-body
simulations tools often require detailed paramedfeecifications before they can be
reliably used for any analyses and optimizationesehdetailed parameter specifications

are not available in concept development phasehande, this method not suitable for
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preliminary concept design. The use of multi-boayftvgare packages coupled with
automated optimization tools can be regarded asna 6f All-in-One (AiO) optimization

where the component-level specifications are linketh vehicle-level targets without
adequate consideration of the subsystem requiremé&n® optimization methods for

vehicle handling design are often computationatiyensive.

Fujita et al. [37] discusses the design optimizatd a multi-link suspension for
desired handling, straight-line stability and rictemfort using a generic algorithm with
link geometry, spring-damper coefficients, and $itadyi stiffness as the design variables.
This research proposes an Interpretive Structuradéing (ISM)-based, systematic
structurization procedure for the hierarchical agement of the handling design
problem, which is particularly useful in formulaginthe optimization problem in a
mathematically appropriate form. Although, thise@sh describes the importance of a
well-defined structural approach, it still use amdtnation of vehicle-level and
subsystem-level targets as their objective funstitm optimize for component-level
specifications. It does not discuss implementatéra truly structured system where
vehicle-, subsystem- and component-level targets @ascaded and derived in a

systematic manner.

Another interesting optimization technique, whiciincpotentially be used for
systematically achieving and balancing vehicle fiagdoroperties, is Analytical Target
Cascading (ATC). ATC applies a decomposition apgnraa which the overall system is

split into subsystems, which are solved indepergeand coordinated via target-
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response consistency constraints [4]. Kim at ahalestrates the use of this technique for
the optimization of ride—natural frequencies of pdwp, wheel hop, and body pitch—
and handling—understeer gradient—targets usingnlsstic, half-car ride and single-
track handling models. Separate suspension anddéseggn models are used at the
subsystem level. The suspension system model @@sncoil spring geometry while
achieving suspension stiffness targets, and teemiodel optimizes tire pressures while
achieving the tire’s vertical and cornering stifsdargets. Guarneri et al. [38] compares
the traditional All-in-One (AiO) optimization prodin formulation with concepts of
Analytical Target Cascading (ATC) while using a gea algorithm to optimize ride

comfort and road holding and designing the geonmadttize spring and damper unit.

Most of the literature on ATC comes from the fietladvanced optimization
research and is focused towards techniques fociafiti implementation of the ATC
approach. The case studies described in the literatre mostly based on simple
theoretical problems demonstrating the applicabbrATC methodology. None of the
research in the past has attempted to comprehénsmlge the handling design problem

using the ATC framework.
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2.2 Research Opportunities (Gaps) from Literature Rview

While reviewing the current state-of-the-art litewa in the area of vehicle

handling dynamics design, four key challenges/gapsbe identified:

¢ A Need for an Integrated, Systematic Approach thite Handling Design.

The literature review showed that researchers liaed optimization techniques
for vehicle handling design. The work to date laaksapproach which links the Original
Equipment Manufacturer's (OEM’s) brand DNA charactéics and customer
expectations to the vehicle’s objective handlinggéés and subsequent subsystem
requirements and component-level specificationsneNof the research to date uses and

distinguishes between the target vehicle’s brasdrases.

The most significant contribution in the area ofsida of vehicle handling
characteristics have been made by Haque [20, 22%2239] and Gobbi [26, 27, 28, 29,
30, 40]. Most of their work has been focused omidination of chassis subsystem-level
design requirements for handling design and expltihe most effective optimization
technique for solving the handling design probldime development of component-level
specifications via the use of subsystem-level meguents was not addressed. None of
the work to date applies a systematic, top-dowrtegysengineering approach towards

vehicle handling dynamics design.
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e A Need for Comprehensive Strategy that can Accéamirade-Offs in Vehicle
Handling Design and can assist in the DecisionsivpRrocess while Section of

the Final Chassis Configuration.

Vehicle handling in a broader sense comprises wéraé domains, for example,
steady-state handling, transient handling, on-cemhi@ndling, emergency handling,
disturbance sensitivity, straight-line stabilitynda others. The different domains are
related to vehicle handling performance requireseot a driver during different
scenarios of vehicle operation. Each of these iddal handling domains must be
described by multiple objective functions in order understand vehicle handling
dynamics. Several of these domains and performesmpgrements are often in conflict
with each other which makes vehicle handling desigmulti-objective, multi-scenario

optimization problem.

Researchers in the past have used multi-objectpienzation techniques (for
example, genetic algorithms) for solving the hamglloptimization problem. The key
challenge that still remains is to identify a st that can enable efficient selection of
the best design choice from a set of Pareto-optichaksis design solutions resulting

from genetic algorithms.

An effective vehicle handling design strategy netmsvork systematically by
first resolving trade-offs, finding compromises artntifying sensitivities involved
between all the different aspects of vehicle hamgdiand then use this information to

guide the chassis engineer during the selectiaimebest design solution. The strategy
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must provide ways to include customer expectatiand brand essence information

during the final design selection process.

e A Need for Less Complex and Detailed Vehicle HargliModels to be used in

the Optimization Framework for Conceptual Design.

Research conducted so far has focused on a varetghicle handling models
(i.,e., analytical, differential equations-based, Itandy dynamics, global
approximations, neural network, etc.) to study ekhihandling dynamics behavior.
Often, these models are too complex to be usednglutihe early stage concept
development, as they require highly detailed matteral relationships and component
specifications as part of the simulation modelse@these detailed model information is

not available in the early stage conceptual phase.

Often models available as a part of commerciallgilable software packages are
used in the design process. These commerciallylad@i packages often operate as
complex,black-boxmodels and do not provide any insight into thecdpsve language
of the model make-up. This can make the designgstess transparent for the chassis
engineer. Therefore, there is a need for simplifiest-order physics based vehicle-
handling models that can capture the most mainctéspe vehicle handling. These
models require working with reasonable accuracy ahowing for interaction and
integration via the use of common design parameier&s common mathematical

environment.
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e A Need for a Comprehensive Optimization Framewark ¥ehicle Handling

Design Characteristics.

Vehicle handling design is a multi-objective, mgtienario optimization
problem. The optimization strategy to solve thisxdieng design problem must be
implemented in a systematic, multi-level framewdhat can account for realistic

constraints associated with subsystem and compdesezitdesign.

The analytical formulations required to accurateigscribe vehicle handling
behavior are often non-linear, discontinuous, andtirmodal; hence, they require the
use of stochastic search algorithms for optimizatithe challenge comprises of setting
up an optimization framework that can account fibrtldese complex requirements,
achieve maximum computational efficiency, and Heative for application during the

concept development phase.

Researchers in the past have often highlighted cthrputational and time
expenses associated with optimization processegrdestudies from the literature have
used elaborate time-domain simulations to evaltreéandling design objective, which
adds to the complexity of the problem with regaodthe required resources (time,
money). In order for the optimization process torbadily available for the chassis
development engineer during the conceptual dedigisgy the process should be focused
around first-order vehicle handling objectives antimited amount of concept critical
design variables. There is a need to develop ackeliandling design optimization

framework based on first-order approximation phgisltased and surrogate models that
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is accurate enough to capture the higher-order riyidg physics to a reasonable

accuracy.

Past research in this domain often applies an rADhe (AiO) approach for
optimization. In an AiO approach, top-level destgngets (i.e., customer relevant full-
vehicle-level targets) are linked directly to thewest level (i.e., component-level
specifications) via the use of extremely detailediti-body simulation models. Hence,
the traditional AiO optimization approach increasemputational complexity and makes
the chassis design process less transparent. oheréfis approach is not usable during

the conceptual vehicle design phase.
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CHAPTER THREE

PROPOSED RESEARCH

In this chapter, the fundamental principles of egs engineering are discussed
and some of the challenges associated with theessftd implementation of a systems
engineering process are described. The theordtmalework of the proposed handling
design methodology is presented with a systemate dtep systems engineering based
methodology for design of vehicle handling charastes.

3.1 Systems Engineering Approach

Definition Phase + Concept Development Series Development

Project Target Vision
Business Objectives

Full

b Quantitative Target Validation W, y !
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Figure 4. Systems Engineering Process “V” Diagram [

A systems engineering process evolves around arebrapsive, sequential, top-
down approach for the successful realization of glem systems. According to the

International Council of Systems Engineering (INE&)Ssystems engineering seeks to
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focus on the definition of customer needs and requents early in the development
process and subsequently proceed with design siatlamd systems validation. The
systems engineering process inputs focus primarily the stakeholder’'s (i.e., the
customer, legislator, manufacturer) needs, objestiexpectations, requirements, project
target visions, and business objectives. Theseepsomputs are used to derive system-
level, functional, and performance targets, whicé then realized by the systematic
development of subsystem-level requirements andpooent-level specifications. The
systems engineering approach is often describddavivy” diagram, shown in Figure 4.
The left-hand side of the “V” diagram deals withcdmposition and definition of
requirements, the bottom with product design ushey defined requirements, and the

right with the integration and verification of thequirements through testing [41].

Successful implementation of a systems engineenathodology for the design
and development of complexly engineered systermsitself challenging. It is often not
straightforward to systematically decompose andindefthe requirements and
specifications for the different design and develept levels due to “build-in” system
trade-offs and competing properties. Furthermdre implementation methodology must
be concurrent and consistent (concurrent here @aphat the individual tasks at different
levels are carried out separately in parallel, awhsistent implies that the key
interactions among different design tasks are itledt observed, and enforced until the

concurrent design process results in a final progi
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An approach to assuring concurrency and consisteiscythe use of a
decomposition-based target cascading methodologyn4 decomposition-based target
cascading methodology, the entire complex problemairtitioned or decomposed into
smaller and simpler problems. A decomposition-basggbroach helps to better
understand and explore the compromises and trddarsfolved between the different
subsystems and hence provides valuable insightshirsystem engineer. Once the
system is decomposed, thargets or specifications for top levels, are identifibt.
Thesetargetsare propagated, or cascaded, systematically toefteof the system (i.e.,
the subsystems and smaller components. The aasajrdtasks are executed locally at
subsystem and component level, and interaction thighrest of the system is revisited
only when a target cannot be met. This often leadsan iterative target cascading
process. When the design decisions can be modelagtiaally, the process can be
formalized as a multi-level optimization problemfereed to as Analytical Target

Cascading (ATC) [4, 5].

In this research, a simulation based design metbggdor the conceptual design
of vehicle handling characteristics is developethgisa decomposition-based target

cascading process and systems engineering priaciple
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3.2 Systems Engineering Methodoloqgy for Conceptuilesign of Vehicle Handling
Dynamics

A systems engineering approach applied as paheoptoduct conception always
begin with understanding the customer’s expectatifon a particular product so that the
final product is designed to meet the end-userfseetations as best as possible. Equally
important for the product developer is to undemdtile company’s brand essence and
realize how the product under development shoulddsegned to align with the brand
essence of the company to ensure consistency imé#ssage and product experience.
Translating these general ideas to vehicle handiegign requires a target-setting
process in alignment with the essence of the wekiclorand and a target
realization/tracking process that assures thatdnigvel customer expectations are met

during the various stages of the vehicle developgmeotess.

As part of the process, customer requirements aseacled step-by-step from
high-level vehicle targets to subsystem-level regjuents and component-level
specifications. The targets, requirements, andifsgeoons must be validated at each
step during the product engineering and build plaseart of the multiple design review
processes. Various steps for the specific apptinatf conceptual design of vehicle

handling characteristics are described below.

e Step 1. Define driving maneuvers and qualitative metricsvehicle handling
based on correlative analyses between customensilihg expectations, brand
DNA targets, and objective metrics.

e Step 2:Quantify handling metrics.
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e Step 3:Develop a set of knowledge-based, lower-order nsdelthe basis for
engineering design optimization.

e Step 4: Develop and apply a multi-objective, multi-scenarigtimization
framework to drive product design.

e Step 5: Validate and verify recommended design configuregido ensure

customer satisfaction.

Step 1: Define driving maneuvers and qualitative meics of vehicle handling based
on correlative analyses between customers’ handlingxpectations, brand DNA

targets, and objective metrics.

The first step is to understand the customer’s vegle vehicle handling
expectations. The average consumer often deschidedling highly subjectively with

attributes such as “fun to drive,” “sporty,” or fea Translation of these subjective
attributes into the engineering domain is a bigllehge in itself. Customers with

different lifestyles and backgrounds (i.e., ageugs) income levels, and hobbies) might
have very different expectations with respect tbicle handling behavior, which makes

the qualification and quantification of customev&hicle handling requirements even

more difficult.

A possible approach to understanding customer’sllivepexpectations is based
on the use of marketing research and clinics taebetinderstand the product
characteristics and features desirable for custem@inics, driving events, and

marketing surveys aimed at understanding end-useflenences and expectations of
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vehicle handling can be used as the first stephe vehicle dynamics development

program.

Customer handling expectations should be definedgarantified with respect to
the various scenarios of vehicle handling. Thisp stequires the development of
statistically relevant correlations between custoexpectations and qualitative objective
metrics, which can then be used by chassis engirffeerthe development of vehicle
handling targets used in the product design phizede 1 shows the qualitative overview
of vehicle-handling domains associated with différeveryday driving tasks. As part of
the systems engineering process, each scenariddsbeuquantified with objective

metrics that captures the driver’'s assessmentlothehandling behavior.
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Table 1. Vehicle Handling Domains and Objective fidst

Handling Domains

Description of Handling Domains

Handling
Objective Metrics

Scenarios of constant speed; constant g

Understeer gradient, yaw

Steady State . : : . O
, angles with vehicle turning along a rate gain, roll gain, side-
Handling . : ;
constant radius of curvature slip angle gain
Sgenano; of changing yaw velolc:lty, sid¢ Yaw rate time constant,
slip velocity, and path curvature; ;
: o . lateral acceleration phase
Transient represents vehicle’s response during :
. N : lag, yaw rate damping
Handling dynamic situations (i.e., turn-entry and .
oy ; L ... | ratio, roll angle overshoot
turn-exit); evaluated with metrics: agility :
: . roll angle response time
responsiveness and damping
Steering Steering system response, described in (Stgere[]lggv;or;q#el;e(te(ljr e
Feedback terms of steering-wheel torque feedback q -ange, torg

(Off-Center)

of vehicle during normal driving scenarig

vs. lateral acceleration
gradient)

Steering torque time lag

On-Center Steering system response during straigl (vs. steering angle) at low
Steering line driving at highway speeds lateral accelerations and
low steering frequencies
Emergency Vehicle’s response during critical

(Limit) Handling

maneuvers such as obstacle avoidance

Yaw stability, roll stability

Ease of vehicle maneuverability during

Static parking torque, turn

Parking X circle diameter, lock-to-
low-speed, high-steer angle maneuvers .
lock steering turns
Vehicle’s directional stability in scenario
Coupled where cornering is coupled with other .
: . . . Yaw rate increment
Dynamics dynamic motions such as braking or
acceleration
Handling behavior of vehicle on differen
Road_ . road surfaces (i.e., rough roads, bumps| Yaw rate increment
Adaptability ’ '

low friction surfaces).

Straight-Line
Stability

Pull and drift behavior of vehicle (i.e.,
tendency of vehicle to deviate from
intended path during straight-line cruisin
acceleration, and braking scenarios);
vehicle’s response during acceleration &
braking on split-mu surfaces.

Pitch gradient, straight-
line stability index

Disturbance
Sensitivity

Vehicle’s straight-line performance in
presence of external environmental
disturbances such as winds, road crown

and road roughness.

Yaw moment sensitivity
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In this research, all handling scenarios describ€ehble 1 contribute to the total
objective vehicle handling DNA of a vehicle (segufe 5). It is important to note that
there are dependencies and trade-offs among tferetit aspects of vehicle handling.
For example, designing a vehicle for stability dgremergency handling usually results
in an understeered vehicle that customers may peres less agile and sporty during
normal driving scenarios. Making a vehicle mordgg@nd thus oversteered, can result in
a vehicle setup that is more nervous with regardttaight-line stability. Making a
vehicle easier to turn using a low steering ratiads to high steering effort and torque

during parking.

Vehicle Handling Dynamics

HDNAH
Steady State
Disturbance i i -
G —_ Transient
Sensitivity i wm——
Straight Line / N _On-Center
Drift/Pull "\ " Steering
Road h Off-Center
Adaptability o 7 - Steering

3!

Coupled .

Parkin
Dynamics

Emergency

Figure 5. Typical Vehicle Handling DNA.
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Step 2: Quantify handling metrics.

Once the various vehicle-handling scenarios andabibe metrics associated with
different everyday driving tasks are identifiede thext step is to quantify objective
metrics with realistic numbers. These metrics ¢han be used in the product

development process.

There are three traditionally different approacHes quantifying objective

handling related metrics:

1. Physical testing of vehicles using highly traingdfpssional test engineer$he
subjective feedback of trained test engineers ugjoglitative engineering
descriptions such as “progressive handling,” “pectable behavior,” “cornering
traction,” “overall grip,” “direct steering respams etc. correlates with objective
responses measured by sensors installed on thelaiehhis approach assumes
that the non-expert target customer’s expectatiansbe sufficiently described by
expert test engineers’ subjective judgments. Th@ach, although most widely
used within the industry, can lead to over-engieéguroducts tuned for expert
professional test engineers/drivers instead offfradt end-users.

2. Simulation-based strategie§his approach relies on simulation methods and
requires synthesized vehicle dynamics and drivedetsoto predict and assess the
driver's perception of vehicle handling dynamics.sénulated driver model is
used in conjunction with a vehicle dynamics model] the adaptive parameters

of the driver model are used as indicators of teaiale’s handling quality.
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According to McRuer et al. [16], drivers adapt thahiiving control in such a way
that they maintain near-constant closed-loop dvinedricle system performance.
The gains and lead time-constants are indicatorth@fdriver’'s perception of
handling quality. A range of gains exists that peeceived as enjoyable by the
driver. Gains that are too high (perceived as ‘gt by customers) or too low
(“sluggish”) lead to degraded perception of harglliguality. Although this
method seems very attractive, uncertainty assatiatgh the human driver
simulation model has restricted this approach.

3. Clinics and analytic researciThis approach isolates the driver’'s preferencek a
perceptions of particular vehicles and brands hydaction-driven events with
non-expert target consumers to help manufacturarderstand customer
expectations and preferences. Drivers’ preferermes then correlated with
objective metrics using statistical tools (i.e.,gmnession and correlation
techniques). These objective metrics can be deriveth vehicle responses
measured during physical testing of the vehiclesbprthe use of simulated

vehicle dynamics models.

The quantification of vehicle handling objectiveghnrealistic targets requires
understanding both the brand essence and brandviadights. The brand essence closely
relates to the customer’s perception of a particbland in comparison to the other
brands; for example, the customer might perceiger&in brand to be “sportier” or more

“comfortable” than another brand. Brand DNA weigpt®vide a way to realistically
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account for trade-offs between different confligtiattributes (i.e., sportiness vs. comfort)

relevant to the customer while emphasizing cer#imbute more than others.

Step 3: Develop a Set of Knowledge-Based Lower-Ond&lodels as the Basis for

Engineering Design Optimization.

The next step is to develop suitable vehicle hagdinodels (physics-based,
knowledge-based), which can capture and connect different vehicle handling
scenarios and metrics (described in Step 1). THegerid” lower-order models with
appropriate amount of complexity must be able nousate vehicle behavior at each level
(vehicle, sub-system and component). Since thesgelmavill be used in an iterative
optimization framework (Step 4) it is important @asure that the models are easy to
characterize, computationally in-expensive, trarnsmpaand insightful for the chassis

designers.

Note that there are several highly complex vehiigleamics models available (as
part of commercially available software packageBhese commercially available
handling packages/models are often not suitablagltine vehicle concept development
phase. Firstly, the detailed vehicle handling safewpackages (such as multi-body
dynamics simulation tools) requires building elatermodels with detailed component
specifications that are generally not availableirduthe initial stages of the conceptual
vehicle design, secondly, having highly non-lineaxd complex models make the
simulation (and numerical optimization) processyveomputationally expensive, and

thirdly, some commercially available simulation l®are of a black-box nature which
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means that the chassis engineer has no clear inistghthe descriptive language of the
model make-up and models of such nature often dlallaw access to model parameters

by 3rd party optimization routines.

Step 4: Develop and Apply a Multi-Objective, Multi-Scenario Optimization

Framework to Drive Product Design.

Systematically following Steps 1 and 2 will leadvayds the development of
guantifiable engineering metrics that correlate ¢astomers’ vehicle handling
expectations. As described in Step 1, to comprevelgsdescribe customers’ vehicle
handling requirements, a variety of scenarios amuesponding objective metrics are
needed. These objective handling metrics can bétaradly computed using vehicle

handling models developed in Step 3.

Step 4 requires the availability of a multi-sceaamulti-objective optimization
framework to balance competing customer relevahicle handling requirements; that
will drive the product design development and opation. This optimization
framework will account for the interaction betweearious aspects of vehicle handling
and supports developing chassis subsystem- andaw@nplevel design specifications
with respect to realistic design constraints. Titaenework is applied in two consecutive
steps: in the first step, objective vehicle-levahdling targets derived from customer
handling expectations are translated into subsysgel engineering requirements and
balanced against various competing design objectigeng an optimization method. In

the second step, the subsystem-level requiremeatséranslated into component-level
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design specifications where an optimization aldgponitsearches for the best set of design

parameters.

In this research, Genetic Algorithms (GAs) [6],ypd of stochastic optimization
method is used at each level. As the vehicle hagdiiesign process is complex and
possibly multi-modal in nature, the use of stodicagptimization approaches will ensure
that the final optimal solution is not restricteml & local minimum as with traditional
gradient-based optimization methods. The optimiratiframework has been
implemented using a decomposition-based Analytidarget Cascading (ATC)
methodology [4, 5]. ATC is an effective hierarchicaulti-level optimization-based
design methodology; it applies a decomposition eagn wherein the overall system is
split into subsystems, which are then solved inddpetly and coordinated via target-

response consistency constraints [4, 5].

The chassis design problem can be decomposed imteaaingful subsystem-
level - such as suspension, steering and tiresl camponent-level - such as kinematics
and bushing compliances - design problem. The eldskehicle-level targets are cascaded
systematically to lower levels (i.e., subsystenms) eomponents are rebalanced upwards
based on lower-level designs. Analytical models gabsystems and components are
identified and tied together in the optimizatiomrfrework. An iterative optimization
scheme has been established, which aims at redtlvengiscrepancy between targets
(from higher levels) and responses (from lower l€van order to achieve a consistent,

optimized chassis design solution with respect eastraints at the subsystem and
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component levels. Figure 6 shows the overall tacgetading flow diagram proposed in

this research.

Customer Expectations
+
Desired Brand DNA

. 4

Handling Domains
(Steady State, Transient, On-Center,
Emergency, Parking, Sensitivity...)

+

Vehicle Level Targets Objective Metrics
— | (Yaw Rate Gain, Phase Lag, Steering Torque | —
Gradient, Turn Radius...)

First Luyer__. ' ' L.
Optimization — —_

Sub-System Level Requirements
“Cascade” Down S,t cerng. SUSPRISION, ?’fres “Rebalance” Up
e (Kinematics and Compliance) -
Second Layer = ' ' ——
a " ;o — e
Optimization Component Level Specifications
(Bushing Stiffness, Suspension Geometry,
e Steering Geometry ...) o

Figure 6. Target Cascading Flow Diagram.
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Step 5: Validate and Verify Recommended Design Coigurations to ensure

Customer Satisfaction

In a typical system engineering process, the ddrigebsystem-level and
component-level specifications are validated byspdally building and testing systems
at each level. (Refer to the right-hand side of*Mediagram shown in Figure 4). The
upward process ensures that the final product naketesired vehicle level targets and

end-user expectations.

For the conceptual design of vehicle handling dyicardescribed in this research,
it is recommended that the validation process bépred virtually - potentially with
higher-order, higher-quality simulation models. Tee@mponent design specifications
derived using the optimization framework (Step 4ncbe used to characterize
commercially available higher-order simulation ®gakhich usually have a higher degree
of correlation with real vehicle behavior. For exde) the suspension pick-up points
generated from the optimization algorithm can beduso characterize a multi-body
simulation model, which can then be used to sinsuthe kinematics and compliance
behavior validate suspension subsystem targeth, asithe compliance steer of an entire
axle. The simulation models can also be used talate different vehicle handling
scenarios to ensure that vehicle-level targetsvddrduring Step 2 are achieved. Real

world testing with physical prototypes can be usedomplete the validation process.
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CHAPTER FOUR

IMPLEMENTATION OF THE PROPOSED RESEARCH METHODOLOGY

In this chapter, the key building blocks required $uccessful implementation of
the proposed systems engineering methodology tuchkehandling design are described
in details. The building blocks include descriptioha method to integrate aggregated
market research data into the vehicle handlinggtegrocess, development of empirical
relationships between customer relevant handlirigbates and handling objective
metrics, description of the vehicle handling modalsd development of the ATC based
optimization framework. These building blocks dre basis of all the simulation results

described within the case studies in Chapter Five.

4.1 Integrating Market Research in the Vehicle Hanting Design Process.

A systems engineering approach applied as paheotonceptual product design
phase always begins with understanding the custsenesipectations for a particular
product to support the product development to rtfeeend-user’s expectations as best as
possible. Equally important for the product develos to understand the company’s
brand essence and realize how the product undezlagguent should be designed to
align with the attributes of the brand essencensuee consistency in the message and
product experience. Translating these general ittegshicle handling design requires a
target-setting process in alignment with the essasicthe vehicle’s brand and a target
realization/tracking process that assures thatdnigvel customer expectations are met

during the various stages of the vehicle develogmsotess.
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One of the key outcomes of this research is a syte method to include
customer expectations and manufacturer brand esseharmation into the product
development process. In this thesis, market reBefaorn AutoPacific [42] is used to
create an understanding of the customers’ vehiatesfaction with regard to various
product attributes. The AutoPacific 2013 New VehiSlatisfactory Survey used consists
of around 56,000 responses from consumers who asecha new vehicle within six
months of filling out the survey (questionnaire)hel survey captures new vehicle
owners’ satisfaction with their purchases with exdpto different vehicle attributes.
Around 50 % of the participants were “Baby Boomdegje 50-64), 19 % were from the
“Silent” Generation (age 69-94), 18 % were from &ation ‘X’ (age 37-48), 11% were

from Generation ‘Y’ (age 36-24) and 1 % was froom@&ation “Z” (age 23-16).

Figure 7 shows sample results from the survey it brands—Volvo, BMW,
Toyota, Lexus, and MINI. The results in Figure @ Based on the AutoPacific survey in
which the customers’ were asked to rate their Jelsiemage with respect to pre-defined
product attributes on the scale of 1 to 5. An altsotating of 1 meant that the attribute
did not applyto their vehicle, a rating of 3 implied that thiriaute wassomewhat
applicableto their vehicle, and a rating of 5 implied thhe tattribute wasompletely
applicable to their vehicle. The data with absolute ratingaswnormalized with the
average of all vehicles in the 2013 AutoPacific dbaise (56,000 samples). The
normalized data is presented in Figure 7, whereéne value indicates the average, and

a positive (or negative) value indicates percentdge/e (or below) average.
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==\/0lvo ==MIN| =-Lexus --Toyota ==BMW

Sporty
Safe and Secure 40% Youthful
Mature 30% 4 Fun to Drive

Comforting Family-Oriented
Conservative Distinctive
Bold Luxurious
Powerful Trusted Brand
Good value Eco-Friendly
Affordable Economical

' Upscale
Basic . Expensive
Exclusive

Simple

Figure 7. Customer Derived Brand Image Percepfomirce: AutoPacific 2013 New

Vehicle Satisfactory Survey.

Results from the survey are very intuitive to uisteemd, for example, customers
perceive MINI to beSporty, Youthful, Fun-to-Drive, Distinctivand Bold. Both BMW
and Lexus are perceived to bpscale, Expensive, Exclusive, and Luxuriotse survey
indicates that BMW is ahead of its competitors wikpect tdSportyandFun-to-Drive
attributes whereas Lexus leads the market witheegpComfort Volvo is considered to
be a leader irbafety (Safe and Secur@)yota is perceived to be a relatively balanced

brand and is regarded &snple, Affordable, Basic, and Good Value
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The next step in this research was to create aarstathding how the customers’
satisfaction is related to vehicle handling attrédsu From the survey, four key attributes
related to vehicle handling behavioBporty, Fun-to-Drive, Safetgand Comfort—were
selected to develop a mathematical relationshipvden customer’s satisfaction and

objective metrics of vehicle handling.

Figure 8 shows a comparison of vehicle handlingibaites among five
manufactures—Volvo, Toyota, BMW, Lexus, and MINtoR Figure 8, it can be seen
that the customers perceive MINI high with resge@portyandFun-to-Driveattributes,
Volvo is considered as the high in termsS#fety,and Lexus is considered high with
respect taComfort BMW is among the leaders with respecSmorty Fun-to-Drive, and
Safetybut is slightly comprised with respect @mfort. Toyota, on the other hand, is a
balanced mainstream brand; it does not excel insgegific attribute and is generally

regarded aSafeandComfortable
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Secure
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Sporty
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Drive
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Figure 8. Comparison of Vehicle Handling Attribufes Five different Manufacturers

Source: AutoPacific 2013 New Vehicle Satisfactomy@y (Rating Scale: 1 = Does not

Note that the AutoPacific survey database relaiesustomers’ satisfaction with
the vehicle features and perception of the vehldcletand attributes. With some
limitations this information can be used to repregbe vehicle manufacturer’s strategic

direction of the brand (which is normally not puited). If the perceived brand image

Apply, 3 = Applies Somewhat, 5 = Applies Complejely
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and intended strategic brand identity do not aliing approach cannot be used to

“reverse engineer” the essence of the brand.

Another important piece of information that can bgnthesized from the
AutoPacific market data is the relative importarafethe individual brand attributes
(comparable to genetic instructions of living origams), which form the makeup of the
brand (comparable to the DNA information of liviegganisms). The so-calld8rand
DNA weightsprovide a way to represent the relative importantalifferent (often
conflicting) brand attributes relevant to the cansu (i.e., sportiness vs. comfort). For
example, from the survey it can be derived thatctiiomers’ perceive the BMW brand
to be 10.3% mor&porty 8.9% moreFun to Drive 0.7% moreComfortable,and 9.2%
more Safe than a reference brand (like e.g. Mazda). Thetivelamportance of the
attributes can be normalized for each brand torawte thebrand DNA weightsFor
example, the BMWbrand DNA weightare 25.3 % foSporty 27.2 % forFun-to-Drive
21.5 % forComfortand 26% forSafety Note that the sum of tHaand DNA weightss
equal to 100%. The quantification of vehicle hamglliobjectives with realistic targets

requires the understanding of both brand essergtbrand DNA weights

Table 2 shows the absolute ratings and variousdba#tnbute for Volvo, Toyota,
BMW, Lexus, and MINI from the AutoPacific 2013 Nevehicle Satisfactory Survey.
Table 3 shows thbrand DNA weightglerived from market data and gives insight into
the relative importance for the different brandiltites. For the data shown in Tables 2

and 3, Mazda is considered as the Reference Brand.
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Table 2. Perceived Brand Attribute Rating ResutisnfMarket Data (Rating Scale: 1 =

Does not Apply, 3 = Applies Somewhat, 5 = Applies@letely).

Absolute Rating % Difference from Reference Brand
Fun to .| Safe and Fun to . | Safe and
Brands Sporty Drive Comforting Secure Sporty Drive Comforting Secure
BMW 4.31 4.63 3.65 4.42 10.3 8.9 0.7 9.2
MINI 4.63 4.78 3.16 3.93 18.4 12.4 -12.9 -2.8
Toyota 3.29 3.96 3.83 4.23 -15.8 -6.9 5.8 4.6
Volvo 3.64 4.07 3.80 4.71 -6.9 -4.3 4.7 16.6
Reference| 3.91 4.25 3.62 4.04 0.00 0.00 0.00 0.00

Table 3. Brand Attribute Weights (derived) from Metr Data.

Brand Attribute Weights — Relative Importance
f
Brands |Sporty |Fun to Drive| Comforting Safe and Sum
Secure

BMW 0.253 0.272 0.215 0.260 1.000
MINI 0.280 0.290 0.191 0.239 1.000
Toyota | 0.215 0.259 0.250 0.276 1.000
Volvo 0.224 0.251 0.234 0.291 1.000
Reference | 0.247 0.269 0.229 0.255 1.000

The results shown in Tables 2 and 3 are used ax&dynsn the optimization
procedure developed for this thesis. Specificallgble 2 is used for incorporating the
balance of different vehicle brand attributes ia trehicle handling optimization process
and Table 3 is used for guiding the design directibthe chassis based on relative brand

attributes weights.
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4.2 Description of Vehicle Handling Domains and Meics.

Vehicle handling behavior can be comprehensivelscdieed by the different
domains of vehicle handling. These domains are dtatad considering the vehicle
handling performance requirements of a driver dyrihfferent scenarios of vehicle
operation: steady-state handling, transient haggdlsteering system feedback (which
includes on-center and off-center steering perfoiceg emergency or limit handling,
parking, coupled dynamic cornering describing sgesasuch as acceleration/braking
while cornering, handling adaptability on differengiad surfaces, straight-line stability,
drift/pull behavior during constant speed coastengyl disturbance sensitivity describing
vehicles response to external agents such as smtswoad roughness and road crown.
The different domains of vehicle handling were diéscl earlier in this thesis in Table 1.

Table 4 shows an overview of objective metrics ridi for each domain. The different

domains of vehicle handling are described in metaitlin Appendix A.

Table 4. Overview of Vehicle Handling Objective ¥es.

Handling Domaing Handling Objective Metrics Description of Metrics Units
Understeer Expr(_essed as the gradient
Gradient steering _vvheel angle and late| deg/G
acceleration response.
vaw Rate Exprgssed as the sensitivity
Steady-State Gain headln'g ang.le response chan 1/sec
Handling per unit steering wheel an_g_le_.
Side-Slip Angle E_xpres_sed as the sensitivity
Gain side-slip gngle response to late] deg/G
acceleration.
Roll Angle Expressed as the sensitivity of r
Gain angle response to laten deg/G

acceleration.
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Expressed as the inverse of t

Yaw Rate frequency at which the phase ms
Time Constant the yaw rate transfer functior
equals -45 degrees.
Expressed as the ratio of stea
Yaw Rate state value and peak value of y i
Damping Ratio rate from the yaw rate transf
Transient function.
Handling Expressed as the phase lag
Lateral Acceleration lateral acceleration from later
) . deg
Phase Lag acceleration vs. steering whg
angle transfer functions at 1 Hz.
Expressed as the ratio of t
difference between the peak a
Roll Angle
steady-state values and stea %
Overshoot
state value of the roll ang
response.
: Expressed as the gradient
Steering Torque : )
: . steering torque and steering wh¢ Nm/deg
Steering Gain .
angle input.
Feedback .
. Expressed as the gradient
Steering Torque ;
Feel steering  torque and later; Nm/G
acceleration response.
Expressed as the phase lag
On-Center Steering Torque steering torque from steerir ms
Time Lag torque vs. steering wheel ang
transfer function at 0.2 Hz.
Expressed as the maximu
Lock-to-Lock number of steering wheg i
Steering Rotations rotations required for 360 degre
of steering wheel motion.
Expressed as the diameter (whe
Parking Turning Circle to-wheel) of the smallest circulg m
Diameter turn that the vehicle is capable
making.
Parking Static Exp_ressed_ as the magnltude_
static steering wheel torque duri Nm
Torque .
low speed maneuvering.
Disturbance yaw Moment Expressed as deg.ree of yaw an Deg/KN-
g o response per unit yaw mome m-sec
Sensitivity Sensitivity ; :
disturbance input.
Coupled vaw Rate Expressed_ as the percenta
. increase in yaw rate whil %
Dynamics Increment .
accelerating out of a corner.
Road vawRate | OERE T et
Adaptability Increment y 0

cornering on single bump.




Straight-Line
Stability

Straight-Line
Stability Index

Expressed as the measure
vehicle’s tendency to develop
destabilizing yaw moment whil
reacting to un-balance
longitudinal and lateral forc
inputs. Lower value of thi
indicates  higher  straight-lin
stability.

Nm/N

Pitch Gradient

Expressed as the sensitivity
pitching motion per unit latera
acceleration.

Deg/G

Emergency
Handling
(Roll Stability)

Static Stability
Factor

Expressed as the ratio of ha
track width to center of gravit

height.
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4.3 Establishing Empirical Relationships between Qbctive Handling Attributes

and Perceived Brand Qualities.

In this section, the four key customer-relevantdattributes—Sporty, Fun-to-Drive,

SafetyandComfort—will be associated to the various objective harglinetrics.

Table 5 shows the relationships proposed to adsodieand attributes with
objective handling metrics. These relationshipsend®veloped through empirical studies
that correlate objective handling metrics with lsramage ratings from market surveys
using four passenger cars—the MINI, Ford Focus,ddaRX8, and Mazda Miata—and

two pickup trucks—the Ford F-150 and Toyota Turaba&ase studies.

From Table 5, it is can be seen that 8portinesof a vehicle is associated with
four fundamental aspects: 1) a neutral steer respaturing steady-state cornering
scenarios, 2) agile vehicle behavior during trams@ornering situations, 3) good road
feel via steering torque feedback through the stgesystem, and 4) reaction to driver
inputs during coupled dynamics cornering scendiie@s, high yaw rate changes while

accelerating out of a corner).

While analyzing the handling behavior of the 6 csisgly vehicles, it was found
that theFun-to-Drive attribute is a subset @portinesshowever with metrics that are
most obvious for a casual driver.FAin-to-Drivevehicle would be the one, which is most

intuitive and enjoyable for a casual driver durimaminal day-to-day driving.
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Table 5. Brand Attributes and Objective Handlingtivbs.

Brand Objective Handling
Attributes Metrics
Higher Yaw Rate Gain,
Higher Steering Torque Gain,
Higher Steering Torque Feel,
Higher Damping Ratio,
Sporty Higher Yaw Rate Increment (Acceleration-in-Turn).
5 Metrics to be Maximize( Lower Understeer Gradient,
and Lower Side-Slip Gain,

8 Metrics to be Minimizeq

Lower Roll Gain,

Lower Pitch Gradient,

Lower On-Center Lag,

Lower Yaw Rate Time Constant,
Lower Lateral Acceleration Phase Lag,
Lower Roll Angle Overshoot.

Fun-to-Drive

Higher Yaw Rate Damping Ratio,
Higher Steering Torque Feel.

2 Metrics to be Maximize(
and
6 Metrics to be Minimized

Low Side-Slip Gain,

Lower Roll Gain,

Lower Pitch Gradient,

Lower On-Center Lag,

Lower Time Constant,

Lower Lateral Acceleration Phase Lag.

Safety
2 Metrics to be Maximize(
and

High Understeer Gradient (Yaw Stability),
Higher Static Stability Factor (Roll Stability)
Higher Straight-Line Stability

(Lower Straight-Line Stability Index).

4 Metrics to be Minimizeg

Lower Yaw Rate Increment (Accelerating in Turn)
Lower Yaw Rate Increment (Rough Road Cornerif
Lower Roll Angle Overshoot.

19),

Comfort
2 Metrics to be Maximize(

Higher Side Wind Stability

(Lower Yaw Moment Disturbance),
Higher Yaw Rate Time Constant,
Higher On-Center Delay.

and
6 Metrics to be Minimized

Lower Steering Torque Gain,
Lower Steering Torque Feel,

Lower Parking Torque,

Lower Lock-to-Lock Steering Turns,

Lower Turn Circle Diameter.
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Vehicle Safetyis related to the yaw, roll and straight-line diabof the vehicle.
Safetyis also associated with the vehicle’'s directiopaiformance during coupled
dynamics cornering and rough road corneringS#evehicle will have a tendency to
minimize any changes in yaw rate while negotiaognarios such as accelerating out of
a turn or cornering on curbs and rough roadsarthme inferred tha&portinessandSafety

are often in conflict with each other.

Vehicle Comfortis associated with factors such as low steeringu workload,
ease of maneuverability during low speed scenagasd, low sensitivity to side-wind
disturbances. Apart from these factors, it was ouhat vehicleComfort is also
associated with responsiveness of the vehicle. iffgaly, vehicles that are not very
agile were found to be the ones, which were mostfodable for the customers. As in

the case o$afety Comfortalso seems to have several trade-offs ®pbrtiness.

Using the empirically derived associations desdilreTable 5, a mathematical
associating scheme has been developed for furgeinuhis research. The mathematical
relationships are described here using an exanfpé sporty rear wheel drive coupe.
Table 6 illustrates the objective handling chanasties of this example vehicle, and
Figure 9 shows a relative performance spider dragidapicting brand-related handling

attributes for the example vehicle.
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Table 6. Handling Performance Metrics for an Examthicle.

Example
Handling Objective Handling Metrics Unit Vehicle
Domains (RWD)
Understeer Gradient deg/G 1.197
St::ggl-iﬁéate _Yaw Rate Gain _ 1/sec 0.307
(v=80 km/h) Side-Slip Angle Qaln deg/G -1.34
Roll Angle Gain deg/G 3.57
Yaw Rate Time Constant ms 105
Transient Handling Yaw Rate Damping Ratio - 0.918
(v=80 km/h) Lateral Acceleration Phase Lag deg -43.4
Roll Angle Overshoot % 8.0
Steering Feedback Steeging 'I_'orque Gain (pelr Steering Alngle Nm/deg 0.308
(v=80 km/h) teering Torque F(_ee (per Latera NM/G o5 4
Acceleration)
(\(/):rg(g:(ljm/ehr) Steering Torque Time Lag (@ 0.2 Hz) ms 63
Lock-to-Lock Steering Rotations - 3.2
Parking Turning Circle Diameter m 10.47
Parking Static Torque Nm 10.3
Disturbance deg/KN
Sensitivity Yaw Moment Sensitivity mosec 2.301
(v=80 km/h)

Coupled Dynamics| Yaw Rate Increment (Acceleration out of % 354
(v=80 km/h) Turn) '
Road Adaptability | Yaw Rate Increment (Cornering on Roug % 195
(v=80 km/h) Roads) )

Straight-Line Straight-Line Stability Index Nm/N 1.518

Stability Pitch Gradient deg/G 1.79

Emergency Handling Static Stability Factor - 1.499
(Roll Stability) NHTSA Stars - S
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Figure 9 is based on empirical associations shawhable 5. These correlations
have been developed such that a higher value @tacon the spider diagram represents
an improvement of the attribute. The first step@veloping the mathematical association
is to calculate the normalized values of the vehichndling objective metrics. The
normalized values are calculated by dividing edgjeaiive handling metric by values for
a reference vehicle. The next step involves eitaddition or subtraction of the
normalized metrics, depending upon whether theyl neébe maximized or minimized
(to achieve an improvement of the metric), to calimithe relevant handling attribute

based on associations shown in Table 5.

Handling Attribute=
Sum[ ( Normalized Metrigs ... - ( Normalized MeES, \unmzeo ] (2)

Total Number of Metrics

Assuming that the reference vehicle used for thhenabzation step is the same as
the example vehicle shown in Table 6, all of thiuea of normalized metrics in this case

will be one. Therefore, for this example vehicle,
Sporty= (+5 — 8)/13 = -0.231
Fun to Drive= (+2 — 6)/8 = -0.500
Safety= (+2 — 4)/6 = -0.334

Comfort (+2 — 6)/8=-0.500
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Fun-to-Drive
- 0.1

-+ -0.38

0.1
Comfort |

0.1 —
Safety

Figure 9. Handling Attribute Spider Diagram for xale Vehicle. A higher

value (outwards on the diagram) indicates an imgmuant.
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4.4 Vehicle Handling Models.

The vehicle handling models developed for this aed®e need to be relevant for
the conceptual phase of the product developmerdepses and computational efficient
when used in an iterative optimization framewotks limportant to define model that do
not require detailed engineering drawing and corepbnspecification since such
parameters are not yet available in a conceptusigdephase. Therefore the model
complexity needs to reflect™lorder effects of the vehicle handling phenomen&éo
investigated and relevant to the conceptual phasleeovehicle definition. The models
need to be parametric (describing physical subsysted component properties) such

that design relevant parameters can be tuned.

The vehicle-handling model used in this thesisased on a three Degrees of
Freedom (DOF) model with roll, yaw, and lateral mo$ as the three degrees of
freedom. This is coupled with a steering system ehodhich adds another DOF and

accounts for steering system compliance betweerodewheel and steering wheel.

The tire force model is based on Pacejka’s Magierietae [43] and includes a
simple transient tire side force model extensiosedeaon a first-order lag using the tire’s
relaxation length as the time constant. The infbeenf steering system compliance,
suspension kinematics and compliance, weight tesirtiie to the height of the center of
gravity, roll stiffness, and centrifugal forces aneluded in the tire force calculations
using effective axle cornering characteristics [43]e effective cornering characteristics

include tire properties based on Pacejka’s Magiomiatae and incorporate tire force
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dependency on slip angle and vertical load to p®vmechanisms for combined
cornering and braking with tire force saturatiomeTelasto-kinematic characteristics of
the suspension are modeled by using the suspegsimpliance matrix formulations

described by Knapczyk [44].

A detailed description of vehicle dynamics modedgediin this research can be

found in Appendix B.

Model Validation

The comprehensive vehicle handling model used is thsearch has been
validated using physical test data from variousialel. Figure 10, Figure 11 and Figure
12 show the validation results for a constant spep steer maneuver performed with a
sporty, RWD coupe (1991 Mazda Miata). Additionaldabvalidation results for a FWD

sporty hatchback and a pick-up truck are shownppehdix C.
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Model Validation: Mazda Miata (Step Steer, LateralAcceleration = 0.4 G’s, Speed =

80.5 km/h)
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Figure 10. Steering Wheel Angle and Vehicle Spegdt for Model Validation.
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Yaw Rate, Deg/sec

Lateral Acceleration, g

Figure 11. Comparison of Yaw Rate and Lateral Aeegtion for Model Validation.

Roll Angle,deg

Lateral Acceleration, g

Figure 12. Comparison of Roll Angle and Lateral dlecation for Model Validation.

15 T

—_
=]

5 : : : : :
i : i simulation
ol i i i Experimental
0 05 15 2 25 35 4 45 5
Time, sec
06 : : :

Simulation
Experimental

Time, sec

3.5 4 4.6 &

i Simulation
P i i i i Experimental
0 0.5 15 2 2.5 3.5 4 4.5 5
Time, sec
0.6
04
0.2
0 =
; . ; ; Simulation
02 | | | | Experimental
0 0.5 15 2 2.5 3.5 4 4.5 &
Time, sec

66



4.5 Optimization Framework.

A multi-scenario, multi-objective optimization frawork has been developed in
this research for optimization and balancing of thistomer relevant vehicle handling

metrics.

The implementation of a true system engineeringedaptimization framework
necessitates that the targets, requirements amifispgons for the different design and
development levels are systematically decomposefihetl and coordinated with each
other during the optimization process. It is equathportant to ensure transparency,
accuracy, and computational efficiency in the cowtion process. As described earlier
on this thesis, one of the most important challengé a systems engineering
methodology is the development of such a framewwHi¢ch can assure concurrency and
consistency during its implementatioim. this research, the optimization framework is
developed using a decomposition-based, Analyticalgdt Cascading (ATC) [4, 5]
methodology. ATC is an effective hierarchical midtvel optimization-based design
methodology. It applies a decomposition approachrain the overall system is split into
subsystems; these subsystems are then solved mubagl and coordinated via target-

response consistency constraints [4, 5].

The ATC optimization framework developed for thesearch works in a two-
layer optimization schedule. Genetic Algorithms (GPs], a type of evolutionary

optimization algorithms, are used at each layghefframework.
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Vehicle Level Metrics —
Steady State, Transient, Steering Feedback, On-center, Emergency, Parking, ...
(Yaw rate gain, Yaw rate damping...)

g

:

¢

Sub-System Level

Sub-System Level

Sub-System Level

Kingpin Inclination, Caster,

Metrics Metrics Metrics
Tires Suspension Steering
Target from Layer 1to 2 Target from Layer 1 to 2
Roll Camber, Roll Steer, Response Lateral Force Compliance
Roll Center ‘t from ‘t Steer, Aligning Torque
Layer2to1

Scrub Radius, Anti Dive

Sub-System Level Metrics-
Suspension Kinematics

$

Component Level Metrics—
Suspension Geometry

Figure 13. Analytical Target Cascading Flow Diagrf@mVehicle Handling

The first layer is used to derive subsystem-levaquirements from overall

=

Dynamics.
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Sub-System Level Metrics-
Suspension Compliance

¢

Component Level Metrics—
Suspension Geometry +
Bushing Stiffness

vehicle-level targets. These subsystem-level requants are passed on as targets to the
second layer of optimization, and the second lategmpts to derive component-level
specifications from the subsystem-level requiremeetived in the first step. The second
layer optimization utilizes component-level desigariables and analysis models and
attempts to minimize the difference between theetsrtransferred from the vehicle level

and responses generated from the component-leaglsesy An iterative loop is set up

Compliance Steer, Lateral
Force Camber Compliance



with an objective to minimize the target/respongesistency constraints (i.e., the targets
at the vehicle level are constantly rebalanced dbiexe a consistent and feasible

solution). Figure 13 shows the ATC flow diagramdise

Ten different scenarios of vehicle handling dynarace considered (see Table
1). The vehicle handling objective metrics from leacenario are grouped under four
customer-specific brand attributes as describédlyle 5. The fithess function at the first
layer (vehicle-level) of the optimization framewadsbased on customer-relevant brand
attributes and from market data. The design vagghlsed in the first layer of the
optimization framework can be grouped into threg@asate sub-systems — tires,

suspension, and steering.

In the second layer of the optimization framewdhe suspension sub-systems
are analyzed using separate kinematics and congplianodules. The suspension
kinematic characteristics are represented by algistgn variables namely, suspension
roll camber, roll steer, roll center height, medbah trail, scrub radius, king pin
inclination, caster angle, and anti-dive geometijhhe suspension compliance
characteristics are represented with three desagiahles: namely, suspension lateral
force compliance steer, lateral force camber campk and aligning moment
compliance steer. The suspension kinematic charstate are a function of suspension
geometry, and the suspension compliance charaatsrase a function of the suspension

geometry and bushing stiffness.
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In the proposed ATC optimization framework, a susi@ geometry model and
a suspension compliance model work separately hieae the desired kinematics and
compliance targets set at the first layer of thénaogation framework. Note that both
suspension kinematics and compliance models usgessi®n pickup points—three-
dimensional spatial coordinates—as common desigablas and hence are represented

as linking variables in the ATC framework.

In the most general form, ATC problem can be regmés] as [notations and

formulations adapted from Li et al., [5] and Tosses et al., 46]

_min ZN:ZE/(;U)"_iZ”(tU_rU) (3)

X11 eeerX bed £ eed 4
1 XM o =g i=2 j=¢;

For Augumented Lagrangian ATC Formulati

w(ty 1) = 2] (t; -1 )+ || wy (6 -1,) |

st.g; (xi)<0

hy(xi)=0 (4)
ti-r; = 0

where xjj = [x,-,-,t(,.ﬂ)ka eC;]

r,=a;(xi)Vjeg, i=1,..,N

Here, the system is decomposed imMolevels with M elements each. The
subscriptij represents thigh element of the system in thigh level. The variablef,-j

represents the scalar objective function, Qpﬂo , h,-j =0 are the inequality and equality

constraints respectively. Local variables of eletjeare denoted by, . The variabler;,
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is the response of elemejtcalculated by analysis modé);. &; is the set of elements at

level i, and C,.j is the set of children of elemgntt; represents target variable created

for each shared variablél denotes the consistency constraint relaxationtiomcin the

case of the Augmented Lagrangian (AL) method, applio ATC formulation, the

consistency constraint functiofd,, is formulated as a combination of the quadratic

penalty function [/w, e(t;-r,)[;, w =[w,,Vij] and the Lagrangian function

ﬂ?jr(tu -r;'j)'/lz[i/j/vbj] .

Genetic Algorithms

Genetic Algorithms (GAs) are used as the princggdimization technique in this
research. GA is a stochastic, evolutionary, nomeinistic search method that can help
attain a global optimum solution. Every iteratidrtlte optimization schedule in the ATC
framework described above requires coordinatiomwéenh three separate GA functions.
The first GA works to optimize the vehicle-leverdats, and the other two GA’s work
towards optimization of suspension kinematics amdmiances subsystem-requirements.
A Matlab based GA function was applied in this egsh. The outline of the algorithm is
described below [45]:

e The algorithm begins by generating a random ing@ulation.
e The algorithm then creates a sequence of new pignsa by using the
individuals in the current generation to create kgt population. To create the

new population, the algorithm performs the follog/steps:
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a. It scores each member of the current populatioodmgputing its fitness
value.

b. It scales the raw fitness scores to convert themammore usable range of
values.

c. It selects members, called parents, based onfitmess.

d. Some of the individuals in the current populatibatthave lower fithess
are chosen adite. These elite individuals are passed to the next
population.

e. It produces children from the parents. Children@oeluced either by
making random changes to a single paremts#ation—or by combining
the vector entries of a pair of parentsressover

f. It replaces the current population with the chifdte form the next
generation.

e The algorithm stops when one of the stopping catsrmet.

At each layer of the optimization framewofiinction tolerancecan be used as
the principal stopping criterion for the genetigaithm. Usingfunction tolerances the
stopping criterion means that the genetic algorithith run until the average relative
change in the fitness function value owall generationsis less than the specified
function tolerance The function tolerancevalue was set to le-3 amthll generations

were set to 50 at each layer of the GA-based framrlew
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From the initial trials with the optimization framverk, it was found that using
function tolerance as the sole stopping criterion &As at each layer, coupled with
multiple iterations of the ATC framework, was cortgdionally expensive for the vehicle
handling design problem under consideration. Thideécause every iteration of the
optimization schedule in the ATC framework requiresordination between three

separate GA functions.

On careful analysis of the optimization problemwds observed that the fithess
value of the optimization function showed maximdlacges during the first few
generations of each GA evaluation. In an efforinbprove the convergence times, the
maximum number of generations for each GA funcéealuation was used as a stopping
criterion, in addition to théunction tolerancecriterion described above. The solutions
obtained after this modification were found to bdremely ‘close’ to the solutions
obtained from usindunction toleranceas the only stopping criterion, while having

considerably improved overall convergence time.
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CHAPTER FIVE

APPLICATIONS OF THE PROPOSED RESEARCH METHODOLOGY

In this chapter, six different case studies aredooted to demonstrate the
applications of the proposed systems engineerangdwork for systematic design of the

desired vehicle handling characteristics:

1. Conceptual Development of a RWD Coupe incorporarand Attributes.

2. Conceptual Development of a RWD Coupe for Maximuerfétmance.

3. Determination of Vehicle Handling Bandwidth to Soppthe Target Setting
Process.

4. Replicating the Vehicle Characteristics of a ContpeWehicle.

5. Selection of the best solution from a set of Paogtttmal solutions obtained from
Genetic Algorithms (GA) using Market Research DataSubsystem-Level
Optimization.

6. Handling sensitivity studies using Design-of-Expegnts (DOE).
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5.1 Case Study One

Conceptual Development of a RWD Coupe incorporatinddrand Attributes.

Objectives and Scope of the Case Study

The overall objective of this case study is to gpfhle systems engineering
framework to develop and tune the front suspensfaa sporty rear wheel drive (RWD)
coupe. Assume a case study where it is desire@welab different “flavors” of chassis
setups incorporating the essence of various vehicénds using one-and-the-same
vehicle architecture. The case study explores athgbical scenario of developing a
sporty RWD coupe for the BMW, MINI, Lexus, Toyotd Volvo brand. To limit the
scope of this case study, it is assumed that eaaim tof engineers belonging to a
particular vehicle brand can only redesign therstigesystem, front and rear tires, and

front-axle suspension characteristics starting feooommon baseline chassis setup.

Quantification of Vehicle Handling Characteristics

The handling characteristics are grouped and cageEgbwith respect to various
scenarios of vehicle handling (see Table 1 and €Td)l These include: steady-state
handling, transient handling, on-center handlingeency handling, parking, steering
feedback, handling on different road surfaces, @lplynamic cornering, disturbance

sensitivity, and straight-line stability.
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The geometric and inertial parameters for the gg@WD coupe platform used as
the starting (or reference) vehicle for this caselyg are shown in Table 7. The objective

handling characteristics of this reference vehéckeillustrated in Table 8.

Table 7. Geometric and Inertial Parameters of Refmx Vehicle.

- : Reference
Description Units Vehicle
Vehicle (total) Mass kg 1378
Front Un-sprung Mass kg 97
Rear Un-sprung Mass kg 94
Sprung Mass kg 1187
Yaw Inertia (Whole Vehicle) kg M 1936
Roll Inertia (Whole Vehicle) kg M 392
Pitch Inertia (Whole Vehicle) kg™ 1946
Wheelbase, m m 2.706
Track Width, m m 1.499
Vehicle Width, m m 1.684
Vehicle Height, m m 1.407
Longitudinal Distance from Total CG to Front Wheels m 1.261
Longitudinal Distance from Total CG to Rear Wheels m 1.445
Longitudinal Distance from CG of Sprung Mass torfro m 1250
Wheels
Longitudinal Distance from CG of Sprung Mass to IRed m 1456
Wheels

Height of Vehicle (total) CG Above Ground 0.500

Height of Front Un-sprung Mass CG Above Ground 316.

=

m

Height of Sprung Mass CG Above Ground, m m 0.550
N
n

Height of Rear Un-sprung Mass CG Above Ground 1 1®.3
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Table 8. Handling Performance Metrics for Refereviehicle.

Reference
Handling Objective Handling Metrics Unit Vehicle
Domains (RWD)
Understeer Gradient deg/G 1.197
St::ggl-iﬁéate _Yaw Rate Gain _ 1/sec 0.307
(v=80 km/h) Side-Slip Angle Gain deg/G -1.34
Roll Angle Gain deg/G 3.57
Yaw Rate Time Constant ms 105
Transient Handling Yaw Rate Damping Ratio - 0.918
(v=80 km/h) Lateral Acceleration Phase Lag deg -43.4
Roll Angle Overshoot % 8.0
Steering Feedback Steeging 'I_'orque Gain (pelr Steering Alngle Nm/deg 0.308
(v=80 km/h) teering Torque F(_ee (per Latera NM/G o5 4
Acceleration)
(\(/):rg(g:(ljm/ehr) Steering Torque Time Lag (@ 0.2 Hz) ms 63
Lock-to-Lock Steering Rotations - 3.2
Parking Turning Circle Diameter m 10.47
Parking Static Torque Nm 10.3
Disturbance deg/KN
Sensitivity Yaw Moment Sensitivity mosec 2.301
(v=80 km/h)

Coupled Dynamics| Yaw Rate Increment (Acceleration out of % 354
(v=80 km/h) Turn) '
Road Adaptability | Yaw Rate Increment (Cornering on Roug % 195
(v=80 km/h) Roads) )

Straight-Line Straight-Line Stability Index Nm/N 1.518

Stability Pitch Gradient deg/G 1.79

Emergency Handling Static Stability Factor - 1.499
(Roll Stability) NHTSA Stars - S
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Optimization Framework

The optimization framework used for this case stigdpased on the Analytical
Target Cascading (ATC) methodology described irailé the previous section. The
framework works in a two-layer optimization schedurlhe first layer is used to derive
subsystem-level requirements from overall vehielel targets, and the second layer is
used to derive component-level specifications feuhsystem-level requirements derived

in the first step. Genetic Algorithms (GAs) aredis¢ each layer of the framework.

The objective function used in the first layer gtimization is based on customer
relevant vehicle handling attributes and consideesrelative brand attribute weights (see
Table 2 and Table 3). Table 2 shows the custontgrgsaand brand attributes for five
different brands: Volvo, Toyota, BMW, Lexus, and MIfrom the AutoPacific 2013
New Vehicle Satisfactory Survey. Table 3 shows fdlative brand attribute ranking

derived from the market data and gives insight thostrategic focus for each brands.

The first step in the creation of the objectivedtion for the optimization process
requires calculation of handling attribute valuesf objective metrics for the reference

vehicle using empirical relationships shown in Eabl

Step One: Calculate attribute values from objeatnetrics for a reference vehicle.

Attributes (From
objective metrics)
Reference Vehiclg -0.231 -0.500 -0.500 -0.334

Sporty |Fun to Drive | Comforting | Safe and Secursg

1”4
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The second step requires determination of the ptage difference in absolute
ratings between the reference brand and the otla@db considered in this case study

(shown in Table 2).

Step Two: Determine percentage difference in albswshtings between the reference

brand and other brands.

Brand Attribute Rating % Difference from Reference Brand
(From Market Survey)
Fun to Safe Fun to Safe
Brands | Sporty | .. "“|Comforting| and |Sporty : Comforting| and
Drive Drive
Secure Secure
BMW 431 | 4.63 3.65 4.42 | 10.3 8.9 0.7 9.2
MINI 463 | 4.78 3.16 3.93 | 184 12.4 -12.9 -2.8
Toyota 3.29 | 3.96 3.83 423 | -15.8| -6.9 5.8 4.6
\Volvo 3.64 | 4.07 3.80 471 | -6.9 -4.3 4.7 16.6
Reference 3.91 | 4.25 3.62 4.04 0.0 0.0 0.0 0.0

The third step requires calculation of “desiredtiatte values for each brand by
considering the attribute values for reference dréstep one) and the percentage

difference from reference brand (step two).

Step Three: Calculate desired attribute valuesr(opation targets) for other brands
using steps one and two.

Desired Attribute Values based on % Difference from
Reference Brand
Fun to . Safe and
Brands | Sporty Drive Comforting Secure
BMW | -0.207 -0.456 -0.497 -0.303
MINI -0.188 -0.438 -0.565 -0.343
Toyota | -0.267 -0.534 -0.471 -0.318
\Volvo | -0.247 -0.521 -0.476 -0.278
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Once new “desired” attribute values for the différdorands are created, the
relative brand attribute weights (shown in TableaB) used to create the final objective

function.

Step Four: Use brand attribute weights as weighaatprs in the optimization.

Brand Attribute Weights: Weighting Factors

Fun to : Safe and
Brands |Sporty Drive Comforting Secure Sum
BMW 0.253 0.272 0.215 0.260 1.000
MINI 0.280 0.290 0.191 0.239 1.000
Toyota | 0.215 0.259 0.250 0.276 1.000
Volvo 0.224 0.251 0.234 0.291 1.000

Results from the Optimization Schedule

The objective of this case study was to derive iplelichassis configurations for
a common RWD sporty coupe architecture by incofpugathe essence of different
vehicle brands. Figure 14 and Figure 15 shows peance spider diagram comparing
the handling performance attributes, expressedemmng of customers’ subjective
expectations for five different brands—Volvo, TogoBMW, Lexus, and MINI. The
handling spider diagram is based on relationshgzetibed in Table 5 and uses a ranking
scheme where a higher value on the spider diagepresents improvement in the

handling attribute.

From Figure 14 it is observed that the MINI conasptlearly the best in terms of

SportyandFun-to-Driveattributes, the Lexus concept is best in termSarhfort,andthe
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Volvo concept is best in terms 8afety Among the five vehicle concepts, MINI is the

leastSafeandComfortable and Toyota is the leaSportyandFun-to-Drive

Fun—-to=Drive

- =0.16

Toyota (RWD Coupe) +  -0.27
m— BMW (RWD Coupe)
— \folvo (RWD Coupe)
Lexus (RWD Coupe)

= Mini (RWD Coupe) -+ =0.38

-0.16 =0.27 =-0.38

Comfort | } }

-0.4

-0.16
Safety

Figure 14. Vehicle Handling DNA Performance SpiDeagram & Performance
Comparison, Higher Value on Handling Spider DiagiamBetter (indicates

improvement).
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Vehicle Handling Performance

Sporty Fun to Drive Comforting Safety

0
0.1 EBMW
0.2 = MINI
0.3 0154 W Lexus
e ‘0.252‘0.249 0 306_ _281'0-270
-0.4 e ® Toyota
-0.5 H Volvo
06 -0.504 530 ~
0.7

Figure 15. Vehicle Handling Attribute Chart. High{eegative) Values Indicate Better
Performance.

Table 9 compare the vehicle handling performandaegafor the five different
configurations as an outcome of the optimizatioacpdure. Among the five concepts
derived from this case study, the MINI concept theslowest understeer gradient and the
highest yaw rate gain. The MINdoncept also shows highest levels of steering ®rqu
gradients (wrt to lateral acceleration and steeangle), largest static parking torque
value and requires least number of turns for laeletk rotations. The MINI concept has
the highest roll angle overshoot which is most pl the effect of side-slip angle and
roll angle natural frequencies being very closedoh other. This explains why the MINI
concept is mor&portyandFun-to-Drivethan the other concepts but at the same time is

leastComfortableandSafe

82



Table 9. Comparison of Handling Performance MetiacsMINI, Lexus, BMW, Toyota

and Volvo Concepts.

Obijective

Handling Handlin Units MINI Lexus | BMW | Toyota | Volvo
Domains Metricsg Concept| Concept| Concept| Concept| Concept
Ug?;(;fetﬁter Deg/G | 1.219 | 1.871 | 1.290 | 1.373 | 1.942
Steady-State -
Handling Yaw Rate Gain 1l/sec | 0.304 0.237 0.296 0.292 0.270
(v=80 km/h) Side-Slip Angle Gain | Deg/G | -1.04 -1.82 -0.93 -1.34 -1.68
Roll Angle Gain Deg/G| 4.30 1.74 3.16 4.82 2.17
vaw Rate Time ms 95 110 91 105 | 108
Transient Yaw Rgtaeﬂgamp'”g 0.943 | 0.918 | 0.968 | 0.924 | 0.903
Handling -
(v=80 km/h) Late';‘r'\::g‘i'géa“on Deg | -36.7 | -432 | -33.7 | -43.7 | -42.1
%‘\)/'(LrAST]%'gt % 8.6 2.8 5.4 7.9 3.7
Steering S(teef”sntg;?r:q‘fﬁg')” gg" 0.365 | 0.197 | 0.242 | 0.277 | 0.258
Feedback Sr'zeerin Torg ue Ig:eel .
(v=80 km/h) g 'orq Nm/G | 304 | 211 | 207 | 240 | 241
(per Lateral Acc.)
Steering Torque
On-Center Time Lag ms | 47 73 42 61 65
(v=80 km/h) (@ 0.2 Ho)
Lock-to-Lock
) Steering Rotations 31 3.7 33 33 31
Parking Turn Circle Diameter | m 105 | 105 | 105 | 105 | 105
Parking Static Torque | Nm 10.4 8.7 9.8 9.9 10.5
Disturbance yaw Moment Deg/
Sensitivity Sensitvit KN | 2101 | 2436 | 2.02 2.26 2.34
(v=80 km/h) y m-sec
Yaw Rate
Coupled
Dynamics ( anorement % | 376 | 444 | 372 | 385 | 486
(v=80 km/h) out of Turn)
Road Yaw Rate
Adaptability ('gf)rrirgﬁ:é % 196 | -338 | -247 | -1.96 | -2.89
(v=80 km/h) on Rough Roads)
Straight-Line
Straight-Line Stab"?ty ndex Nm/N | 1.497 | 1.474 | 1503 | 1.469 | 1.501
Stability Pitch Gradient | Deg/G | 1.94 | 145 | 277 | 159 | 2.30
Emergency Static Stability - 1.499 | 1.499 | 1.499 | 1.499 | 1.499
Handling Factor
(Roll
Stability) NHTSA Stars - 5 5 5 5 5
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The BMW concept has the lowest magnitude of sige-ahgle gain and is the
most responsive among the other derived concdgtaslithe least yaw rate time constant,
lowest lateral acceleration phase lag and the leastenter time lag. It has the highest
yaw rate damping ratio and least yaw moment seitgitiThe understeer gradient for the
BMW concept is slightly higher than that of MINI tblower than any other concept,
similarly, the yaw rate gain for the BMW conceptasver than that of a MINI but higher
than any other concept. The BMW concept has thesdoyaw rate increment during
while accelerating out of a turn, lower roll angieershoot and a lower yaw moment
sensitivity than a MINI. Hence, the BMW concept negents a good balance between

Sporty Fun-to-DriveandSafetyattributes.

Although, the Lexus concept is found to be the res¢rms ofComfort and the
Volvo concept is found to be the best in term$Safety it is worth pointing out that the
Volvo, Lexus and Toyota concepts were found to éxy ¢lose to each other with respect

to the different objective handling values.

The Lexus concept, as expected, has the least ptaking torque value and the
least steering torque gradient which minimizes $heering workload for the driver.
However, this results in a vehicle that has theelstwyaw rate gain, highest side-slip
angle gain, and a low yaw rate damping ratio. lalso the least responsive of all the
concepts i.e., highest yaw rate time constant andemter delay, which also means that
the vehicle is easy to drive, and forgiving in maturhe Lexus concept has the least roll

and pitch angle gradient, and has the least rglleaovershoot. It is safe during split-mu

84



braking scenarios but is most sensitive to sidedwdisturbances as indicated by high
yaw moment sensitivity, and has a very high yaw mtrement during accelerating out
of a turn scenario. This explains why the Lexusceph is the mos€omfortablebut not
the mostSafest The Volvo concept has the largest understeerigmachdicating better
yaw stability than any other concept derived fréms tase study. This is one of the most
important factors explaining why the Volvo concéptthe Safestamong the others. It
shows low values of rough road cornering indexdating better cornering stability over
rough roads, low levels of roll angle overshootigating good roll stability, and low yaw
moment sensitivity indicating better straight-lingerformance during side-wind
disturbances. The Toyota concept on the other remvs a very balanced set of
attributes i.e., values of most of the objectivetriog are found to be somewhere in

between the best and worst of the five concepts.

One of the key strengths of the proposed methogalghat, for every vehicle
concept derived through the optimization framewdhe supporting subsystem- and
component-level design variables are simultaneouséfermined, optimized and
evaluated. The subsystem- and component-level mepayameters are optimized
considering realistic design and packaging conggaln this case study, design variables
for the three key chassis subsystems i.e., suspensieering and tires, are derived for
each of the five vehicle concepts —Volvo, ToyotM\B, Lexus, and MINI. Detailed
suspension component-level design specificatiorplired to attain the suspension

subsystem-level requirements are also derived.
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Table 10. Comparison of Vehicle Subsystem-Leveli@e¥ariables.

Vehicle Design Variables

Suspension Parameters

. . Reference BMW
Variables Units Vehicle Concept % Change
Roll Stiffness (Total) Nm/deg 1,641 1,831 11.6
Roll Stiffness Distribution (Front) % 65.3 50.8 22
Roll Stiffness (Front) Nm/deg 1,072 931 -13.2
Roll Stiffness (Rear) Nm/deg 569 901 58.3
Front Wheel Rate (Suspension Stiffness, Fromt) N/min  26.60 16.59 -37.6
Rear Wheel Rate (Suspension Stiffness, Regr) N/mm  8.401 12.45 -32.3
Roll Stiffness (sway bar, Front) Nm/deg 573 606 5.7
Roll Stiffness (sway bar, Rear) Nm/deg 129 656 408.
Shock Damping (Front) N-sec/mm 2,420 2,723 12.5
Shock Damping (Rear) N-sec/min 1,746 1,922 10.1
Lateral Force Compliance Steer (Front) deg/N -1-:04E|[ -7.80E-05 -22.4
Lateral Force Compliance Steer (Rear) deg/Nl 5.99E{0 5.90E-06 0.0
Lateral Force Camber Compliance (Front) deg/N 1-08E| 1.36E-04 15.4
Lateral Force Camber Compliance (Rear) deg/Nl 6@5EF 6.35E-05 0.0
Roll Camber (Front) deg/deg -0.620 -0.474 -23.5
Roll Camber (Rear) deg/deg -0.637 -0.637 0.0
Roll Steer (Front) deg/deg 0.035 0.016 -54.4
Roll Steer (Rear) deg/deg -0.044 -0.044 0.0
Roll Center Height (Front) mm 57.00 61.80 8.4
Roll Center Height (Rear) mm 99.7 99.7 0.0
Anti-Dive Angle (Front) deg 2.00 1.83 -8.4
Anti-Dive Angle (Rear) deg 14 14 0.0
Steering Parameters
Steering Ratio - 16.4 17.3 5.5
Mechanical Tralil mm 30.00 24.72 -17.6
King Pin Inclination Angle deg 12.39 9.98 -19.4
Caster Angle deg 7.50 9.37 24.9
Scrub Radius mm 34.00 28.43 -16.4
Aligning Torque Compliance Steer (Front) deg/Nm  3E4 2.53E-04 -10.6
Aligning Torque Compliance Steer (Rear) deg/Nm B-84 3.34E-04 0.0
Tire Parameters
Cornering Stiffness (Front, per tire) N/deg 1,279 431 11.9
Cornering Stiffness (Rear, per tire) N/deg 1,145 297, 13.4
Cornering Stiffness Load Dependence Coefficient a3 2,203 2,051 -6.9
BCD= a3 *sin (2 * atan ( Fz ./ a4)) ad 11.21 8.80 -21.6
Camber Stiffness (Front, per tire) N/deg 191.9 214, 11.9
Camber Stiffness (Rear, per tire) N/deg 171.0 1946 134
Relaxation Length mm 422.50 163.08 -61.4
Pneumatic Trail mm 27.70 24.87 -10.2
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Suspension Compliance (Front) - Expressed as % Change From
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Table 10 compares the subsystem-level design \Vesialior the vehicle
configuration (BMW concept) and the reference viehafter applying the optimization.
Figure 16, Figure 17, and Figure 18 show bar chastaparing the differences in the
steering and suspension subsystem-level desigablkesi derived from the optimization
procedure for Lexus, MINI, Toyota, and Volvo conteNote that only front suspension

design variables were independent for this casystu

Figure 19 shows the comparison of tire cornerinifnsiss characteristics for the
five different concepts obtained from the optimizahedule. Note that both front and

rear tires are assumed to have identical charatitarin this case study.

2500 = : | |
== New Volvo Concept Tire : :

==f== New Toyota Concept Tire :

¥~ New Lexus Concept Tire f =
2000| === New MINI Concept Tire :
=—@=— New BMW Concept Tire
= = = QOriginal Reference Tire

00

1000

Cornering Stiffness, N/deg

500

| | 1 | | | | |
1000 2000 3000 4000 5000 6000 7000 8000 9000

Normal Load, N

Figure 19. Tire Cornering Stiffness (N/deg) vs. ial Load (N).
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The suspension component-level specifications ddrifrom the optimization
schedule are shown next. The component-level spatdns required to achieve the
optimized subsystem-level kinematic and compliagoefficients are represented in

terms of suspension spatial orientation (pick-um{s) and suspension bushing stiffness.

Figure 20, Figure 22, and Figure 24 shows the apéchsuspension geometry
configuration (i.e., the re-designed suspensiok-pf points). In this case study, only
wheel-side points of suspension assembly were w#tni.e., only the front wheel
knuckle was redesigned. Figure 21, Figure 23 arglirEi 25 shows the suspension
kinematic curves for the optimized suspension gumétions. Table 11, and Figure 26

show the optimized bushing stiffness values obthinem the optimization schedule.

Conclusion

The case study described above demonstrates aeumigthod to integrate market
research (and brand attribute weights) into theickethandling design process. The
proposed method uses brand attribute informatioiveld from market research for the
development of vehicle-level targets, and guidesdisign direction of the chassis by the
relative brand attributes weights. By using the kaaresearch inputs early on in the
product development process, it was demonstratgdgipossible to derive five different
chassis setup configurations from one-and-the-seemécle architecture. The systems
engineering framework assured that vehicle-, subsys and component level
specifications were systematically derived ensuriagconsistent design solution

accounting for realistic packaging constraints.
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Table 11. Optimized Front Suspension Bushing Stfftnfor Reference and BMW

Concept.
Bushing Radial Stiffness (N/mm)
Referencg Optimized- | ,
Vehicle | BMW Concept % Change
Link 1 (Lower A Arm (F)) 3,305 2,770 -16.2
Link 2 (Lower A Arm (R)) 1,885 10,000 430.4
Link 3 (Upper A Arm (F)) 7,831 3,983 -49.1
Link 4 (Upper A Arm (R)) 3,531 1,310 -62.9
Link 5 (Tie Rod) 1.0E+09 1.0E+09 0

Suspension Bushing Radial Stiffness (Front) - Expressed as %
Change Reference Vehicle
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Figure 26. Front Suspension Bushing Stiffness.
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5.2 Case Study Two

Conceptual Development of a RWD Coupe for Maximum Erformance.

Objectives and Scope of the Case Study

The objective of this case study is apply the systengineering chassis design
framework to the conceptual design of a sporty R\W&dupe to achieve maximum
performance with respect to one of the four custamlevant vehicle attributesSporty,
Fun-to-Drive, Safetyand Comfort. To limit the scope of this case study, it is assdime
that the vehicle manufacturer can only redesignsteering system, front and rear tires,

and front-axle suspension characteristics staftmmg a baseline chassis setup.

Optimization Framework

The objective fitness function used in the optimia schedule is setup for
outright performance or maximum achievement of tmendling attribute without
considering the penalties suffered by the othetbates. The brand attribute weights

used for this case study are shown below in Table 1

Table 12. Brand DNA Weights used for deriving Maxim Performance Concepts.

Brand Weights — Trade-off Strategy

Brands Sporty |Fun-to-Drive |Comforting|Safe and Secure| SUM
Sporty 0.7 0.1 0.1 0.1 1.0
Fun-to-Drive | 0.1 0.7 0.1 0.1 1.0
Safety 0.1 0.1 0.1 0.7 1.0
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Figure 27. Vehicle Handling Attribute Diagram, Heglivalue Indicates Improvement.

Results from the Optimization Scheme

Figure 27 shows a performance spider diagram cangp#re handling attributes,
expressed in terms of customers’ subjective categjofor the four different concepts
each representing maximum performance for —Spofyn-to-Drive, Safety, and
Comfort. The spider diagram is based on correlatidescribed in Table 5 and uses a
ranking scheme where a higher value on the spidgram represents improvement in
the handling attribute. From Figure 27 it is obgerthat each of the four concepts
derived from the optimization schedule is maximumtdrms of its respective handling

attribute.
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Table 13. Comparison of Handling Metrics for Maxim&erformance Concepts.

Handling gglr?(;:l?r:/e Units Sporty Fun-to-Drive | Comfort Safe
Domains Metricsg Concept Concept Concept| Concept
Understeer deg/G 1.260 1.536 1.011 | 2.185
Gradient
Steady-State Yaw Rate Gain 1/sec 0.368 0.350 0.276 0.310
Handling Side-Slip Angle
(v=80 km/h) Gain deg/G -0.30 0.11 -4.45 -0.47
Roll Angle deg/G 1.55 154 1.55 1.63
Gain
Yaw Rate Time ms 75 66 176 80
Constant
Transient | 2 Rale bamping 0.990 1.000 0.947 | 0.962
Handling .
(v=80 km/h) Lateﬁ\gggf_':éa“"” deg 213 115.9 763 | -23.2
Roll Angle o
Overshoot Yo 0.9 8.0 1.0 14
Steering Stee”sng Torque Gla'“ Nm/deg | 0.606 0.564 0.182 | 0.467
Feedback (per _teerlng Angle)
(v=80 km/hy | Steering Torque Feell o | 4q 7 40.8 16,7 | 382
(per Lateral Acc.)
i Steering Torque
On-Center Time Lag ms 14 2 217 16
(v=80 km/h) (@ 0.2 H2)
Lock-to-Lock
Steering Rotations 2.4 2.4 3.9 2.4
Parking Turn Circle Diameter m 10.5 10.5 10.5 10.5
Parking Static Nm 13.8 13.7 8.3 13.7
Torque
%ZE”&?SESG Yaw Moment Deg/kN | 67 1.35 446 | 1.65
(v=80 km/h) Sensitivity m-sec
Yaw Rate
Coupled
Dynamics Increment % 2.87 2.82 757 | 285
(v=80 km/h) (Acceleration
out of Turn)
Road Yaw Rate
Adaptability (Iggrr?\?ﬁ:é % -1.01 -1.89 000 | 001
(v=80 km/h) on Rough Roads)
Straight-Line Straight-Line Nm/N | 1.482 1.504 1433 | 1.496
Stabilit Stability Index
y Pitch Gradient Deg/G 1.21 1.21 1.40 2.30
Emergency Static Stability ) 1.499 1.499 1.499 1.499
Handling Factor ' ' ' '
(Roll
Stability) NHTSA Stars - 5 5 5 5
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Table 13 compares the vehicle handling performameteics for the four different
configurations derived from the optimization progesl From Table 13 it is observed
that theFun-to-Driveconcept has the lowest magnitude of side-slipeaggin, in fact the
Fun-to-Driveconcept shows a positive value of side-slip agglie whereas all the other
derived concepts show negative values of sideasigle gain. Consequently tken-to-
Drive concept is the most responsive vehicle of alak the least yaw rate time constant,
lowest lateral acceleration phase lag and the leastenter time lag. It also has the
highest yaw rate damping ratio and least yaw moreensitivity. However th&un-to-
Drive concept has the highest roll angle overshoot wisichost probably the effect of an
overlap of side-slip angle and roll angle naturabjiencies. Th&portyconcept, on the
other hand, has the highest yaw rate gain andlysr@axt toFun-to Drive concept with
respect to side-slip angle gain, yaw rate time t@orisyaw rate damping ratio, and other
transient handling metrics. THe&porty concept also has the highest steering torque

gradients (wrt to lateral acceleration and steeaingje).

The Comfortconcept, as expected, has the least static pat&igge value and
the least steering torque gradient (wrt to latexrateleration and steering angle), to
minimize driver physical steering workload. Butshesults in a vehicle that has the least
yaw rate gain, highest magnitude of side-slip anggén, and the lowest yaw rate
damping ratio. It is also the least responsive lbttee other concepts i.e., it has the
highest yaw rate time constant and on-center ddlag. Comfortconcept has the lowest
straight-line stability margin indicating good sgfai-line stability during split-mu

scenarios but shows highest yaw moment sensitanty high yaw rate increment during
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acceleration out of a turn. Th®afe concept as expected has the highest understeer
gradient indicating high yaw stability and has letveough road cornering index again
indicating better cornering stability over rougtads. TheSafeconcept also shows very
low levels of roll angle overshoot representatifegood roll stability, and low yaw

moment sensitivity implying better straight-linalsility during side-wind disturbances.

As described earlier in this thesis, one the mogirtant advantages of using an
ATC based optimization framework for the vehiclentlieng design process is that, it
always results in a consistent optimized configamat meaning that the framework
provides all the necessary subsystem and compdesaitdesign specifications required
for realization of the optimized vehicle concepheTresulting subsystem and component-
level specifications for the four concepts reprédsgnmaximum performance for —

Sporty, Fun-to-Drive, Safetand Comfort—are described next.

Table 14 compares the subsystem-level design Vasidbr the optimized vehicle
configuration (Sporty concept) and the referenchicke. Figure 28, Figure 29, and
Figure 30 show bar charts comparing the differenceshe subsystem-level design
variables derived from the optimization procedwrethe four optimized concepts. Note
that only front suspension design variables wedependent for this case study (i.e., only

the front suspension was redesigned).
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Table 14. Comparison of Vehicle Subsystem-Leveli@e¥ariables.

Vehicle Design Variables
Suspension Parameters
. . Reference Sport %
Variables Units Vehicle Copnce);/)t Change
Roll Stiffness (Total) Nm/deg 1,641 3,561 1170
Roll Stiffness Distribution (Front) % 65.3 32.1 -80
Roll Stiffness (Front) Nm/deg 1,072 1,143 6.6
Roll Stiffness (Rear) Nm/deg 569 2419 3251
Front Wheel Rate (Suspension Stiffness, Fro N/mm 26.60 39.87 49.9
Rear Wheel Rate (Suspension Stiffness, Rear) N/mim 8.401 27.54 49.7
Roll Stiffness (sway bar, Front) Nm/de 573 361 .936
Roll Stiffness (sway bar, Rear) Nm/dep 129 1,879 5613
Shock Damping (Front) N-sec/mm 2,420 2,168 -10.4
Shock Damping (Rear) N-sec/mm 1,746 2,095 20.0
Lateral Force Compliance Steer (Front) deg/IN -1-04F -5.10E-05( -49.2
Lateral Force Compliance Steer (Rear) deg/N 5.99H-®.90E-06 0.0
Lateral Force Camber Compliance (Front) deg/N 1-085 9.33E-05| -20.9
Lateral Force Camber Compliance (Rear) deg/N 6 @5HE- 6.35E-05 0.0
Roll Camber (Front) deg/deg -0.62¢ -0.338 -45.5
Roll Camber (Rear) deg/deg -0.637 -0.63|7 0.0
Roll Steer (Front) deg/deg 0.035 0.03] -12.3
Roll Steer (Rear) deg/deg -0.044 -0.044 0.0
Roll Center Height (Front) mm 57.00 80.57 414
Roll Center Height (Rear) mm 99.7 99.7 0.(
Anti-Dive Angle (Front) deg 2.00 1.59 -20.6
Anti-Dive Angle (Rear) deg 14 14 0.0
Steering Parameters
Steering Ratio - 16.4 12.3 -25.0
Mechanical Trall mm 30.00 37.93 26.4
King Pin Inclination Angle deg 12.39 10.28 -17.0
Caster Angle deg 7.50 9.96 32.8
Scrub Radius mm 34.00 -14.91 -143.8
Aligning Torque Compliance Steer (Front) deg/Nm 3E®4| 1.35E-04] -52.4
Aligning Torque Compliance Steer (Rear) deg/Nm B:-B4 | 3.34E-04 0.0
Tire Parameters
Cornering Stiffness (Front, per tire) N/deg 1,279 52D 18.8
Cornering Stiffness (Rear, per tire) N/deg 1,14 349, 17.9
Cornering Stlffnesfs_Load Dependence a3 2,203 3.071 394
Coefficient
BCD= a3 * sin (2 * atan ( Fz ./ a4)) ad 11.21 10.5p -5.6
Camber Stiffness (Front, per tire) N/ded 191.9 Q27| 18.8
Camber Stiffness (Rear, per tire) N/deg 1717 20214 17.9
Relaxation Length mm 422.50 104.02 -75/4
Pneumatic Trail mm 27.70 33.20 19.8
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Steering Kinematics and Compliance- Expressed as % Change From
Reference Vehicle
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Figure 28. Comparison of Steering K&C Parameters.
Suspension Kinematics (Front) - Expressed as % Change From
Reference Vehicle
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Figure 29. Comparison of Front Suspension Kinersatic
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Suspension Compliance (Front) - Expressed as % Change From
Reference Vehicle
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Figure 30. Comparison of Front Suspension Compéianc
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Figure 31 shows the comparison of tire cornerinifnsiss characteristics for the
five different concepts obtained from the optimizahedule. Note that both front and

rear tires are assumed to have identical charatitarin this case study.

3500 r T ! !
Concept Safe

* Concept Comfort
3000 | ww=== Concept Sporty

Concept Fun—to—-Drive
= = = OE Reference Tire

2500

20001 - s S L g R il WS L o

1500

Cornering Stiffness, N/deg

500

. | |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Normal Load, N

Figure 31. Tire Cornering Stiffness (N/deg) vs. iaf Load (N).

103



Figure 32 shows the optimized suspension geometnfiguration (i.e., the re-
designed suspension pick-up points). In this casdys only wheel-side points of
suspension assembly were optimized i.e., only tbet fwheel knuckle was redesigned.
Figure 33 shows the suspension kinematic curves tii@ optimized suspension
configurations. Table 15, and Figure 34 shows thtmozed bushing stiffness obtained

from the optimization schedule.
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Figure 32. Optimized Suspension Geometry Configumat
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Figure 33. Optimized Suspension Kinematic Charéesttes.

Table 15. Optimized Front Suspension Bushing Sifffnfor Reference and Sporty

Concept.
Bushing Radial Stiffness (N/mm)
Refer_ence Optimized- % Change
Vehicle Sporty Concept
Link 1 (Lower A Arm (F)) 3,305 4,140 25
Link 2 (Lower A Arm (R)) 1,885 559 -70
Link 3 (Upper AArm (F)) 7,831 9,857 26
Link 4 (Upper AArm (R)) 3,531 9,828 178
Link 5 (Tie Rod) 1.0E+09 1.0E+09 0
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Suspension Bushing Radial Stiffness (Front) - Expressed as % Change
From Reference Vehicle
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Figure 34. Front Suspension Bushing Stiffness.
Conclusion

In this case study, four concepts were derived ftoensame vehicle architecture
representing maximum performance with respect t® aointhe four customer relevant
vehicle attributes-Sporty, Fun-to-Drive, Safetyand Comfort. This case study
demonstrates the application of the proposed systengineering framework for
aftermarket chassis suppliers; who are primaritgrigsted in outright maximization of a
specific customer relevant handling attribute withamuch consideration of the
performance degradation of other attributes. Thasecstudy also demonstrates the
usefulness of the proposed framework for explonatd the available design space
during conceptual design. Knowledge of the maximiumits of achievable handling
performance attributes can be very insightful foe thassis engineers and can greatly

help in the handling design process.
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5.3 Case Study Three

Determination of Vehicle Handling Bandwidth to Supprt the Target Setting

Process.

As described in the earlier sections of this dissien, the overall objective of
this thesis is to develop a systematic processésappropriate mathematical tools that
can support vehicle definition during the concepvaelopment phase with the aim to
reduce development time, increase early designrhatresolve trade-offs, and balance

solutions.

An important aspect of achieving these goals, isgsure that the higher-level
targets set during th@efinition Phasgsee Figure 1) of the vehicle development process
are realistic and achievable within the framewdrrkirnitations of fundamental physics,
available technology, time, and cost. Tradition@stbpractice methods are heavily
relying on benchmarking of competitor vehicles tevelop vehicle-level targets.
Competitive benchmarking may lead to products vpénformance levels that exceed
customers’ expectations and may lead to unnecessaineering effort, higher product
costs and weight, and can result in product perdmee that may not be perceived by the

end-user.

Using the methodology described in this thedishicle Handling Bandwidth

Diagrams are developed to help with the target-setting pec¥ehicle Handling
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Bandwidth Diagramsre indicators of the minimum and maximum limitgperformance

attributes achievable within realistic design coaists for a given chassis architecture.

A key consideration while creating the bandwidtagiams is the way in which
the trade-offs between the different customer @éhandling attributes are addressed. It
is important to note that an Original Equipment Mi@cturer (OEM) bandwidth diagram
will be different from that of an aftermarket haindl bandwidth diagram. In the case of
OEM bandwidth diagrams, the balance among thebatgs is more constrained than
with an aftermarket setup since OEMs have to tdheir products to a large audience
and cannot move the trade-offs to extreme levelgmphasizing one attribute (e.g.
“sporty”) at the cost of another one (e.g. “comfprMost aftermarket chassis systems
will emphasize certain performance attributes & ¢lost of others because it is the

consumer’s intention to change the setup towaymstcular direction.

In this research, two such handling bandwidth diagr for a passenger car with
sporty rear wheel drive (RWD) coupe architectuee(3able 7), are developed. Figure
35 shows the OEM handling bandwidth diagram, argiiféi 36 shows the aftermarket

handling bandwidth diagram.

The OEM handling bandwidth diagram shown in Fig®d® is created by
considering the relative brand attribute rankingl &mand essence information derived
from the market data (see Table 2 and Table 3) @andhe using same procedure

described in Case Study 1. The OEM handling bantwdéhgram shown in Figure 35 is
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developed considering the relative brand attrilnateking of five different OEM’s—

Volvo, BMW, Toyota, Lexus, and MINI.

Fun-to—Drive
T =0.16

Toyota (RWD Coupe)
m— BMW (RWD Coupe)
Volvo (RWD Coupe)
+  -0.27 i * Lexus (RWD Coupe)
Mini (RWD Coupe)

T -0.38

=-0.16 =0.27 =0.38
Comfort! i f

-0.16
Safety

Figure 35. OEM Vehicle Handling Bandwidth DiagraBased on Brand

Attribute Ranking of five OEM’s—Volvo, BMW, Toyotd,exus, and MINI).
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The aftermarket handling bandwidth diagram showikrigure 36 is created for
maximum performance/achievement of the handlingbate without considering the
penalties suffered by the other attributes. Therafarket diagram shown in Figure 36 is
created by using the brand attribute weights shawable 12 and the procedure
described in Case Study 2.

Fun-to—-Drive

Sporty (RWD Coupe) 0.22
=== Fun-to-Drive (RWD Coupe)
Comfortable (RWD Coupe)
Safe (RWD Coupe)

0.22 -0.16
Comfort|

0.22
Safety

Figure 36. Aftermarket Vehicle Handling BandwidtiaBram.
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5.4 Case Study Four.

Replicating the Vehicle Characteristics of a Compér Vehicle.

Objectives and Scope of the Case Study

This case study comprises of two competitor vekickehicle A (compact FWD
hatchback) and vehicle B (sporty RWD coupe). Assuhsa irrespective of having
completely different vehicle architectures, thes® wehicles are competitors of each
other in the market. The overall objective of thase study is to explore if the framework
developed for this research can be applied to sushenario and if two vehicle with
completely different architectures can be retunedntatch each other's handling

performance.

It is assumed that the manufacturer (or the chamssgineer) would like to
redesign the chassis setup for vehicle B suchtiieamew concept (say, optimized-vehicle
B), handles similar to its competitor (or benchmarghicle A. It is also assumed that the
vehicle manufacturer can only redesign the steeystem, front and rear tires, and front
and rear-axle suspension characteristics of veHlicla addition, the entire optimization
schedule will be performed with realistic desigmstaints; for example, packaging
constraints, which restricts drastic changes impansion redesign. Specifically, only
wheel-side points of suspension assembly were gomi.e., only the wheel knuckle

was redesigned.
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Quantification of Vehicle Handling Characteristics

The handling requirements are grouped and categbnzith respect to the
various scenarios of vehicle handling. These inelusteady-state handling, transient
handling, on-center handling, emergency handlirggkipg, steering feedback, handling
on different road surfaces, coupled dynamic conggridisturbance sensitivity, and
straight-line stability. Table 16 illustrates th&efences in the handling characteristics of
vehicle A (compact Front Wheel Drive (FWD) hatchbjaand vehicle B (sporty Rear
Wheel Drive (RWD) coupe), described with respecttite ten domains of vehicle

handling.

As observed in Table 16, vehicle A “corners betterSteady-state conditions i.e.,
vehicle A has a lower overall understeer gradieawer side-slip gain and higher yaw
rate (and lateral acceleration) gain compared facle B. Also, vehicle A rolls less
during steady-state cornering conditions compavegthicle B i.e., vehicle A has a lower
roll angle gain. In terms of transient handling débr, vehicle B is slightly more
responsive (or agile) compared to vehicle A i.ehigle B has a lower yaw rate time
constant and lower lateral acceleration phase laty . Although, vehicle B is more
agile, its response is less damped (as seen froner lpaw rate damping ratio and higher
roll angle overshoot). Lower damping is associatdtth poor controllability and poor

course convergence capabilities.
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Table 16. Handling Performance Metrics for Vehisland B.

Handling L : . .. | Vehicle A| Vehicle B
Domains Objective Handling Metrics Unit (FWD) (RWD)
Steadv-State Understeer Gradient deg/G 0.727 1.197
Hané’"n Yaw Rate Gain l/sec| 0.491 0.307
(/=50 k m?h) Side-Slip Angle Gain deg/G| -1.29 134
Roll Angle Gain deg/G 2.39 3.57
Transient Yaw Rate Time Constant ms 113 105
Handlin Yaw Rate Damping Ratio - 0.994 0.918
(v=80 km?h) Lateral Acceleration Phase Lag deg -44.1 -43.4
Roll Angle Overshoot % 1.9 8.0
Steering Steering T_orque Gain (per | Nm/d 0.391 0.308
Steering Angle) eg
Feedback Steering Torque Feel (per Later
(v=80 km/h) g ‘orque reel (p Nm/G| 20.1 25.4
Acceleration)
On-Center | Steering Torque Time Lag (@ O
(v=80 km/h) Hz) ms 86 63
Lock-to-Lock Steering Rotationy - 2.3 3.2
Parking Turn Circle Diameter m 10.52 10.47
Parking Static Torque Nm 13.2 10.3
Disturbance deg/K
Sensitivity Yaw Moment Sensitivity N 3.327 2.301
(v=80 km/h) m-sec
Coupled
oamcs | YR neEnen |0 | g | e
(v=80 km/h)
Road :
Adaptability | 2% R?Leégzreﬁgggg%’me”“g % -0.85 -1.95
(v=80 km/h) 9
Straight-Line Straight-Line Stability Index Nm/N 1.197 1.518
Stability Pitch Gradient deg/G| 1.9 1.79
Emergency Static Stability Factor - 1.416 1.499
Handling NHTSA Stars 4 5

(Roll Stability)
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With respect to steering feedback, vehicle A hagyher steering torque gradient
(steering wheel torque per unit steering wheel @ngut a lower steering torque “feel”
(steering wheel torque per unit lateral accelertcmompared to vehicle B. The higher
steering torque gradient is indicative of “heavistéering (increased steering torque
workload) for vehicle A. The higher steering tordteel” for vehicle B is representative
of a more predictable and accurate off-center stgdeedback. The on-center steering
performance (particularly important at highway sfeend low lateral acceleration
scenarios) is represented in this study with aimefrsteering torque time lag at steering
frequency of 0.2 Hz. Vehicle B has a lower steetmgjue time lag indicative of better

on-center steering.

In terms of parking characteristics, vehicle A hagher static parking torque and
a larger turn circle diameter (compared to vehBJebut requires less steering wheel

rotations (expressed in terms of Lock-to-Lock stepwheel rotations).

Coupled dynamic cornering, refers to vehicle hamgdlhbehavior during coupled
dynamic motions i.e., acceleration in a turn. Cedpllynamic cornering is expressed in
terms of yaw-rate increment after the accelerafayrbraking situation) while cornering.
In Table 17, coupled dynamic cornering during a&@lon-in-a-turn scenario for vehicle
A and vehicle B is shown. Vehicle A has a negatra® rate increment (after-before)
indicating that the yaw rate decreases as the rdraceelerates out of a corner,
representative of an understeer response. Vehide Be other hand has a positive yaw

rate increment (after-before) indicating that thehicle yaw rate increases during
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acceleration-in-a-turn scenario, representativeaof oversteer response. This is a
common difference between FWD (vehicle A) and RWi/@h{cle B) vehicles. Road
adaptability represents the cornering performanicehe vehicle over different road
surfaces. In this study, cornering over bumps ¢@ugh road) is used as performance
scenario. Rough road cornering is quantified witatnm of yaw rate increment after
transitioning to a rough road (from a smooth ro&mkh vehicles show a decrease in yaw
rate values after entering rough roads, indicativless of cornering power on undulating
surfaces. Vehicle B has lower (negative) yaw raterament i.e., a larger loss of
cornering power than vehicle A. Sudden loss of eong power on entering rough roads

can be related to loss of control issues duringrgamey handling situations.

Vehicle A is more sensitive to external side-windtarbances than vehicle B,
expressed in terms of heading angle sensitivityichvidescribes the heading angle
change of the vehicle per unit external yaw monughisturbance. Vehicle A is more
stable in a straight-line (indicated by lower gihdtline stability factor) i.e., less prone to
pull/drift and loss of control due to split mu alszation/braking. Vehicle A pitches
(squats/dives) more as indicated by the higherhpgcadient of the vehicle during
straight-line acceleration/braking scenario. Emecge handling refers to vehicle
handling performance during emergency or safetgtedl scenarios such as obstacle
avoidance maneuvers incorporating sudden severe ¢langes. In this study, the
primary focus is on evaluating the roll stability the vehicle. Vehicle A has a lower
static stability factor (SSF) than vehicle B, a &®wSSF is indicative of higher roll

instability. Vehicle B is rated 5 stars, and Ve&iél is rated 4 stars, according to NHTSA
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(National Highway Transportation Safety Adminisima) 5 star ratings to represent roll

over propensity. A higher star rating representgebeoll stability.

Optimization Framework

A multi-scenario, multi-objective optimization frawork was applied in this case
study. The ATC optimization framework developedtfus research works in a two-layer
optimization schedule. Genetic Algorithms (GAs), [8ltype of evolutionary optimization
algorithm, is used at each layer of the framewdte objective fithess function used in
the first layer of the optimization schedule isupeto minimize any differences in
objective handling metrics of vehicle A and vehi8Bgso that vehicle B can attain the
exact handling characteristics of vehicle A. Thstflayer then derives subsystem-level
requirements from overall vehicle level targetse3d subsystem-level requirements are
passed on asrgetsto the second layer of optimization and the sedayeér attempts to
derive component-level specifications from subsyskevel requirements derived in the
first step. The second layer optimization utiliz=snponent level design variables and
analysis models and attempts to minimize the diffee between thergetstransferred
from the vehicle level andesponsegenerated from the component level analysis. An
iterative loop is set up with an objective to mimm the target/responseconsistency
constraints i.e., the targets at the vehicle larel constantly rebalanced to achieve a

consistent and feasible solution.
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Results from the Optimization Process

The objective of the optimization process was taivde a new chassis
configuration for vehicle B (called “optimized-vele B”) such that it has handling
characteristics similar to those of vehicle A. Bbeering system, front and rear tires, and
front and rear axle suspension characteristics veate as design variables in the

optimization process.

Table 17 shows the final vehicle handling perforoeametrics for the optimized
configuration obtained from this case study. Fréva Table 17, it is observed that the
optimized-vehicle B has a lower understeer gradieigther yaw rate gain, higher side-
slip angle gain and lower roll angle gain compatiedehicle B. Hence, the optimized-

vehicle B moves closer to Vehicle A in terms ofshg-state cornering behavior.

The optimized-vehicle B shows higher steering terguadient (wrt to steering
angle) and lower steering torque gradient (wrt ateral acceleration), and therefore
moves closer to Vehicle A in terms of off-centeeestng feedback, as desired by the

optimization schedule.

The optimized-vehicle B also shows increased leeélstatic parking torque,
reduced number of rotations for steering full loamikd increased steering turn circle
diameter. This indicates that the optimized-vehBlevill show parking characteristics

similar to vehicle A.
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Table 17. Handling Performance Metrics for VehisleB and Optimized-Vehicle B.

Handling Objective Handling Units Vehicle | Vehicle | Optimized -
Domains Metrics A B Vehicle B
Steadv-State Understeer Gradient| deg/G | 0.727 1.197 0.990
Han():I/Iing Yaw Rate Gain 1/sec 0.491 0.307 0.405
(v=80 km/h) Side-Slip Angle Gain | deg/G -1.29 -1.34 -0.99
Roll Angle Gain deg/G 2.39 3.57 2.60
Yaw Rate Time ms 113 105 89
Constant
Tran5|_ent Yaw Rate _Damplng 0.994 0.918 0.985
Handling Ratio
(v=80 km/h) Lateral Acceleration deg 441 434 338
Phase Lag
Roll Angle Overshoot % 1.9 8.0 1.5
Steering Steering Torque Gain o0l 0391 | 0.308 | 0.316
(per Steering Angle)
Feedback Steering Torque Feel
(v=80 km/h) g forq Nm/G | 201 | 254 19.8
(per Lateral Acc.)
Steering Torque Time
(\(/):rggﬁrr#ﬁ:) Lag ms 86 63 46
(@ 0.2 Hz)
Lock-to-Loc_k Steering 53 39 26
Parking Rotations
Turn Circle Diameter m 10.52 10.47 10.5
Parking Static Torque| Nm 13.2 10.3 12.6
Disturbance
Sensitivity Yg‘(’e"n'\s"ii’i\rﬂtem Drff’é ECN 3327 | 2301 | 2115
(v=80 km/h) y
Coupled Yaw Rate Increment
Dynamics (Acceleration out of % -1.47 3.54 2.90
(v=80 km/h) Turn)
Road Yaw Rate Increment
Adaptability (Cornering on Rough % -0.85 -1.95 -0.97
(v=80 km/h) Roads)
Straight-Line S"a'ghtl'nLér(‘; Stability | NN | 1107 | 1518 | 1472
Stability Pitch Gradient | Deg/G | 1.99 | 1.79 2.00
Emergency Static Stability Factor - 1.416 1.499 1.499
Handling NHTSA Stars - 4 5 5

(Roll Stability)
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The optimized-vehicle B improves its straight-liséability by lowering the
straight-line stability index, reduces oversteespamnse (i.e., yaw-rate increase) during
couple dynamics cornering and minimizes yaw-rateiatians during rough road
cornering. All these trends are in alignment wite goals set for the optimization i.e., to

give vehicle B handling characteristics of vehigle

The transient handling response, on-center ste¢onugie response lag, and yaw
moment sensitivity are the three areas in whichojpEmization procedure fails to push
the optimized-vehicle B in the desired directioheToptimized-vehicle B turns out to be
much more responsive and agile than both vehicknd vehicle B. The yaw rate time
constant, lateral acceleration phase lag, and otecsteering torque time lag, decrease
in magnitude and are lower than that of vehicl&Bnilarly, the yaw moment sensitivity
decreases lower than that of vehicle B and is notine with the goal set in the

optimization procedure.

The results of the case study indicates that thenged-vehicle B can only
partially attain the handling characteristics ohiege A. There are three key reasons
explaining this effect, firstly, the entire optimatzon schedule is performed with realistic
design constraints; for example, packaging comgsawhich restricts drastic changes in
suspension redesign. Specifically, only wheel-pdets of suspension assembly were
optimized i.e., only the wheel knuckle was redes@yrSecondly, it is important to note
that not all targets can be simultaneously achievemstause of the inherent

interdependence between conflicting handling regnéents and objective metrics. For
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example, in this case study, the optimized—velclgecomes less understeer in steady-
state response and simultaneously becomes morensage in transient scenarios. It was
not possible to simultaneously make the vehicles lesdersteer and less responsive,
while imposing the constraint of using the samestion front and rear axle. Lastly, it
should be noted that the two vehicles used fordase study belong to different vehicle
platforms and have completely different architeesuiThey have different geometric and
inertial properties which has some fundamentauegrice on the handling characteristics.
Also, the fact that vehicle A is FWD and vehicldasBRWD is another major constraint

which cannot be entirely compensated using thesthagtimization process.

As described in the previous case studies, the ggexp system engineering
framework ensures that the proposed vehicle-levkition can always be realized with
feasible subsystem and component-level specificatioTable 18 compares the
subsystem-level design variables for the optimizediicle configuration (optimized-

vehicle B) and the original vehicle (vehicle B).
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Table 18. Optimized Vehicle Design Variables (Suspen, Steering and Tires).

Vehicle Design Variables
Suspension Parameters
, . , Optimized %
Variables Units Vehicle B -vghicle B | Change
Roll Stiffness (Total) Nm/deg 1,641 2,393 45.8
Roll Stiffness Distribution (Front) % 65.3 79.6 1.
Roll Stiffness (Front) Nm/deg 1,072 1,904 77.6
Roll Stiffness (Rear) Nm/deg 569 489 -14.1
Front Wheel Rate (Suspension Stiffness, Front) N/mm 26.60 33.16 24.7
Rear Wheel Rate (Suspension Stiffness, Redr) N/mim 8.401 19.17 4.2
Roll Stiffness (sway bar, Front) Nm/de 573 1,254 18.9
Roll Stiffness (sway bar, Rear) Nm/dep 129 113 412.
Shock Damping (Front) Nsec/min 2,420 2,058 -15.0
Shock Damping (Rear) Nsec/mm 1,744 1,511 -13.5
Lateral Force Compliance Steer (Front) deg/IN -1-:048 -3.75E-05 -62.7
Lateral Force Compliance Steer (Rear) deg/N 8.00H-0-8.70E-07 | -110.9
Lateral Force Camber Compliance (Front) deg/N 1-08H 8.74E-05 -25.9
Lateral Force Camber Compliance (Rear) deg/N 2@DH- 2.76E-05 -1.2
Roll Camber (Front) deg/ded -0.620 -0.987 593
Roll Camber (Rear) deg/deg -0.637 -0.824 294
Roll Steer (Front) deg/deg 0.035 0.050 4414
Roll Steer (Rear) deg/ded -0.044 -0.009 -79.9
Roll Center Height (Front) mm 57.00 29.10 -48)9
Roll Center Height (Rear) mm 99.70 49.46 -50[4
Anti-Dive Angle (Front) deg 2.00 2.35 17.5
Anti-Dive Angle (Rear) deg 1.50 1.29 -14.0
Steering Parameters
Steering Ratio - 16.4 13.5 -17.8
Mechanical Trail mm 30.00 14.73 -50.9
King Pin Inclination Angle deg 12.39 17.81 43.8
Caster Angle deg 7.50 5.67 -24.4
Scrub Radius mm 34.00 -47.14 -238.6
Aligning Torgue Compliance Steer (Front) deg/Nm 3E&4 | 1.65E-04 -41.5
Aligning Torque Compliance Steer (Rear) deg/Nm E08 | 9.91E-05 -6.5
Tire Parameters
Cornering Stiffness (Front, per tire) N/deg 1,279 ,519 18.7
Cornering Stiffness (Rear, per tire) N/deg 1,14p 358, 18.6
Cornering Stiffnes:s_Load Dependence a3 2,203 2,644 20.0
Coefficient
BCD= a3 * sin (2 * atan ( Fz ./ a4)) ad 11.21 11.34 1.3
Camber Stiffness (Front, per tire) N/deg 191.9 227.| 18.7
Camber Stiffness (Rear, per tire) N/deg 1717 203.)f 18.6
Relaxation Length mm 422.50 107.15 -7416
Pneumatic Trail mm 27.70 22.17 -20.0
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Figure 37 shows the tire cornering stiffness cheratics obtained from the
optimized schedule. Note that both front and réastare assumed to have identical

characteristics in this case study.
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Figure 37. Tire Cornering Stiffness (N/deg) vs. ial Load (N).

Figure 38 and Figure 40 show the optimized frortt egar suspension geometry
configurations (i.e., the re-designed suspensick-pp points). In this case study, only
wheel-side points of suspension assembly were dgeohi.e., only the wheel knuckle
was redesigned. Figure 39 and Figure 41 show tire ind rear suspension kinematic
curves for the optimized suspension configuratiofable 19 and Table 20 show the

optimized bushing stiffness obtained from the opation schedule.
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Figure 38. Optimized Front Suspension (Double Wast#) Geometry Configuration for
Vehicle B and Optimized-Vehicle B.
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Figure 39. Optimized Front Suspension Kinematicr@tiaristics (Bump Steer, Bump
Camber).
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Figure 40. Optimized Rear Suspension (Five-Linkdi@etry Configuration for Vehicle
B and Optimized-Vehicle B.

Original Vehicle B
.| === Optimized Vehicle B

Wheel Camber (deg)
o

_2 I I I 1 I 1 I 1 I
-40 -30 -20 =10 0 10 20 30 40 50 60
Wheel Center Vertical Position (mm)

1 ! J ! L ! 2 5
L N e -
. : B g N
F 0 : . ;
§_0.5_. i
= i . i i

i i i i 1 i
-40 -30 -20 -10 0 10 20 30 40 50 60
Wheel Center Vertical Position (mm)

Figure 41. Optimized Rear Suspension Kinematic &ttaristics (Bump Steer, Bump
Camber).
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Table 19. Optimized Front Suspension Bushing St

Front Suspension-Bushing Radial Stiffness (N/mm)

. Optimized- %
Vehicle B VZhicIe B | Change
Link 1 (Lower AArm (F)) 3,305 5,126 55.1
Link 2 (Lower AArm (R)) 1,885 2,935 55.7
Link 3 (Upper AArm (F)) 7,831 1,801 -77.0
Link 4 (Upper AArm (R)) 3,531 9,741 175.8
Link 5 (Tie Rod) 1.0E+09 1.0E+09 0

Table 20. Optimized Rear Suspension Bushing Stffne

Rear Suspension-Bushing Radial Stiffness (N/mm)
. Optimized-
Vehicle B VF()ehicIe B % Change
Link 1 10,000 5,397 -46.0
Link 2 10,000 10,000 0.0
Link 3 10,000 15,000 50.0
Link 4 10,000 15,000 50.0
Link 5 5,000 15,000 200.00
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Conclusion

This case study demonstrates the application @fptioposed handling design
framework to scnerios where the intention of thassis engineer is to exactly replicate
the handling characterstics of a competetor vehltlis assusmed that the two vehicles
under consideration have completely different ggomend inertial properties, and are

based on different suspension and drivetrain achites.

From the results, it is concluded that using theppsed optimization framework
does not guarantee that all the optimization goats be simulatenouly be achieved in
every scenerio. The inherent inter-dependence leetwéhe different handling
requirements, and objective metrics can sometiresglt in a compromised vehicle
design solution. Therefore users of this optimaatiframework must carefully
understand the constraints imposed on the probkford expecting perfect results from

the optimization program.
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5.5 Case Study Five.

Selection of the Best Solution from a Set of ParetOptimal Solutions obtained from

Genetic Algorithms.

Genetic Algorithm (GA) is used as the principal ioptation technique in this
dissertation. GA is a stochastic, evolutionary, -deterministic search method, which
can help attain globally optimum solution. There several advantages of using Genetic

Algorithms against traditional optimization methduscause GAs:

Work with coding of the parameter set and searainfa population of points, not

a single point;

e Use objective function information, not derivatiyes
e Use probabilistic transition rules, not determiisines;
e Work with a mix of continuous and discrete variable

e Do not get trapped in local extremas.

The application of GAs to a multi-objective probleesults in a set of Pareto-
optimal solutions. Every Pareto-optimal solutiorosld be equally acceptable [24].
Hence, the decision-maker has to make the choitkeofinal design solution from the
Pareto-optimal set. The final selection must beedam information not contained in the

objective function [26].

Goal Programmings one of the most commonly used methods for éhection

of final design solutions from the Pareto-optimei. $n goal programming, the decision-
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maker specifies an optimistic target, gwal, for the objective function to be attained.
Any deviation from the target is then minimized ][28 weighted sum approach, wherein
the weighted sum of deviational variables is miail, can be used at this stage.
Although the weighted sum goal programming approecleasy to understand, the

specifications of weighting coefficients and gaals challenging task [26].

In this thesis, the use of brand essence informaterxived from a market survey
data is recommended for specifications of weigiitd goals in the vehicle handling

optimization process using goal programming basad.G

To illustrate this process, a multi-objective GAskd vehicle handling
optimization was setup. A sporty RWD coupe was wusedhe example vehicle for this
case study. The geometric and inertial parameteti® example vehicle are shown in
Table 21. To limit the scope of this case studysudsystem-level vehicle handing
optimization was performed with 20 different vebidével handling objectives and 21
subsystem-level design variables. The subsystepi-lparameters used for this case
study are shown in Table 22. Note that in this casely, only front suspension
kinematics and compliance parameters were setagrdeariables along with other tire
and steering system parameters. All the simulatweie performed at a constant speed

of 80 km/h using the vehicle dynamics models descdrin Appendix B.
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Table 23 shows the list of vehicle handling objezsi used for this case study and
also specifies if the objective was minimized orximazed. The notations K1, K2 ...

K20 in Table 23 represent the normalized valugb@objective metrics.

Table 21. Geometric and Inertial Parameters of Eptandehicle.

L . Example
Description Units Vehicle
Vehicle (total) Mass kg 1378
Front Un-sprung Mass kg 97
Rear Un-sprung Mass kg 94
Sprung Mass kg 1187
Yaw Inertia (Whole Vehicle) kg M 1936
Roll Inertia (Whole Vehicle) kg M 392
Pitch Inertia (Whole Vehicle) kg™ 1946
Wheelbase, m m 2.706
Track Width, m m 1.499
Vehicle Width, m m 1.684
Vehicle Height, m m 1.407
Longitudinal Distance from Total CG to Front Wheels m 1.261
Longitudinal Distance from Total CG to Rear Wheels m 1.445
Longitudinal Distance from CG of Sprung Mass torfro m 1250
Wheels
Longitudinal Distance from CG of Sprung Mass to IRed m 1456
Wheels

Height of Vehicle (total) CG Above Ground 0.500

Height of Front Un-sprung Mass CG Above Ground 316.

=

m

Height of Sprung Mass CG Above Ground, m m 0.550
N
n

Height of Rear Un-sprung Mass CG Above Ground N 18.3
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Table 22. Sub-System Level Design Variable use®&tdrsystem-Level Optimization.

Vehicle Design Variables
Suspension Parameters
. . Lower Nominal Upper
Variables Units Bound Value Bound
Roll Stiffness (Total) Nm/deg 1,934 1,934 1,934
Roll Stiffness Distribution (Front) % 0.30 0.65 0.8
Front Wheel Rate (Suspension Stiffness, Front) N/mm 13.3 26.6 39.9
Rear Wheel Rate (Suspension Stiffness, Rgar) N/mm .2 9 18.4 27.6
Shock Damping (Front) Nsec/min 1,936 2,420 2,904
Shock Damping (Rear) Nsec/mm 1,397 1,74p 2,095
Lateral Force Compliance Steer (Front) deg/IN -1:64F -1.01E-04( -5.03E-05
Lateral Force Compliance Steer (Rear) deg/N 5.99E-%.90E-06 5.90E-06
Lateral Force Camber Compliance (Front deg/N 9-@88 1.18E-04| 1.42E-04
Lateral Force Camber Compliance (Rear) deg/N 6 @5E-6.35E-05| 6.35E-09
Roll Camber (Front) deg/deg -0.92¢ -0.67 -0.310
Roll Camber (Rear) deg/deg -0.637 -0.63[7 -0.637
Roll Steer (Front) deg/ded 0.017 0.03f 0.05p
Roll Steer (Rear) deg/deg -0.044 -0.04/4 -0.044
Roll Center Height (Front) mm 39.9 57 79.8
Roll Center Height (Rear) mm 99.7 99.7 99.7
Anti-Dive Angle (Front) deg 0 2 3
Anti-Dive Angle (Rear) deg 14 14 14
Steering Parameters
Steering Ratio - 12.3 16.4 20.5
Mechanical Trail mm 24 30 36
King Pin Inclination Angle deg 5.3 12.39 15.9
Caster Angle deg 3.75 7.5 11.25
Scrub Radius mm -15.3 34 40.8
Aligning Torque Compliance Steer (Front) deg/Nm 2ED4| 2.83E-04] 4.25E-04
Aligning Torque Compliance Steer (Rear) deg/Nm B84 | 3.34E-04| 3.34E-04
Tire Parameters
Cornering Stiffness Load Coefficient a3 1,432 2,208 3,085
BCD= a3 * sin (2 * atan ( Fz ./ a4)) a4 8 11.21 17
Relaxation Length mm 100 222.5 300
Pneumatic Trail mm 22.16 27.7 33.24
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Table 23. List of Vehicle Handling Objectives.

Handling Domains Objective Handling Metrics Objective
Steadv-Stat Understeer Gradient K1 Minimize
I—?:néllin ate Yaw Rate Gain K2 Maximize
g Side-Slip Angle Gain K3 Minimize
Roll Angle Gain K4 Minimize
Yaw Rate Time Constant K5 Minimize
Transient Handling Yaw Rate Damping Ratio K6 Minimize
Lateral Acceleration Phase Lag| K7 Minimize
Roll Angle Overshoot K8 Minimize
Steering Torque Gain (per Steerif L
Steering Feedback Angle) K9 Minimize
Steering Torque F(_ael (per Laters K10 Minimize
Acceleration)
On-Center Steering Torqlljez)Tlme Lag (@ 0. K11 Minimize
Lock-to-Lock Steering Rotations| K12 Minimize
Parking Turn Circle Diameter K13 Minimize
Parking Static Torque K14 Minimize
Disturbance
Sensitivity Yaw Moment Sensitivity K15 Minimize
Coupled Dynamics| Yaw Rate Increment (Acceleratio K16 Minimize
out of Turn)
Road Adaptability | Yaw Rate Increment (Cornering @ K17 Minimize
Rough Roads)
Straight-Line Straight-Line Stability Index K18 Minimize
Stability Pitch Gradient K19 Minimize
Emergency Handling : - .
(Roll Stability) Static Stability Factor K20 Maximize

As mentioned previously, a GA-based optimizatiosules in a set of Pareto-
optimal solutions. The solutions can be visualiagglotting any two objective functions
against each other. Figure 42 shows one such nekeltein the objective metric of yaw

rate gain is plotted against yaw rate time constant
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Normalized Yaw Rate Gain
(Higher Value is Better)

Figure 42. Pareto-optimal Solution set of NormaliXaw Rate Gain vs.

Normalized Yaw Rate Time Constant.

Using solutions from the Pareto-optimal solutiort, sthe relevant vehicle
handling attributes (i.e., Sporty, Fun to Drivefédp and Comfort) are calculated based
on empirical correlations (shown in Table 5). Facle Pareto-optimal solution, the four
customer relevant handling attributes can be cafledl using notations shown in

Table 23.

SPORTY =(-K1+K2-K3-K4+K9+K10-K11+K16+K6-K5-K7-K8-K1)/13

FUN-TO-DRIVE= (-K5-K4-K4-K19-K3-K11+K6+K10)/8
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COMFORT= (-K9-K10-K14-K12-K15-K13+K11+K5)/8
SAFETY= (K20+K1-K16-abs (K17)-K18-K8)/6

This results in a cloud of Pareto-optimal pointpressed in terms of customer
relevant vehicle handling attributes. The selectérihe best solution is performed by
using a weighted sum goal programming approach [2b¢re the goals and weights are

derived from market analysis.

The weighted sum goal programming is shown in Hqodi.

minEwi ‘f(xl,)-yi‘

w, = Brand Attribute Weights,

(5)
y, = Handling Attribute Targets or Goals (Desired);

f (xi) = Handling Attributes Calculated (Achieved)

In this case, the goals are derived using the bemsénce information shown in
Table 2 and brand attribute weights shown in T&bl€able 2 shows the absolute ratings
and brand essence comparison results for VolvopfBo\BMW, Lexus, and MINI from
the AutoPacific 2013 New Vehicle Satisfactory SyrvEable 3 shows the brand attribute
weights derived from the marketing data and gimsgyht into the strategic directions for

different brands.
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The results of the goal programming approach wéldy help the decision-
maker with the selection of the best solution fritma Pareto-front. As an example, five
different solutions were selected to represent ¥plwyota, BMW, Lexus, and MINI.
The selected solutions are highlighted on FigureH@ure 44, Figure 45 and Figure 46.
Among the five brand specific solutions derivedthis case study, the MINI solution
clearly represents the best performance in termSpoity and Fun-to-Drive attributes.
The Volvo and the Lexus solutions leads the othandbs in terms obafetyandComfort
attributes respectively. Among the five vehicleusians, MINI is the leasSafe and

Comfortableand Toyota is the leaBun-to-Drive

2 I I ! ! ! I I
: : : : ' Pareto-optimal
= : : : : : Volvo
= 18 : : : : : z Mini
g Lexus
= ; : ; ; :
O 16f-mmnn-- AR boeoaat SRR e . ' Toyota
@ : : : : : _BMW
£ : : : : : : :
- IR 53 A L A TRyl S P S SR |
o BRI S A
m
. ! ; : : ; : !
2 12F------ RN A PR FEog - R e TEME foobone e NS L -
© ; : : : : : ;
} 1 ¥
° = 1
.E 1—--------r--- ----:r----- --:r' F o T Ty R T T T T T T T TS =
m
£ . . @ o . . .
o 08 _________E_________r_______..:p__ STt ', 3 ""‘:""""% _______ —
Z 1 1 I 1 1
| | | i | | |
0.7 0.8 0.9 1 114 12 13 14

Normalized Yaw Rate Gain

Figure 43. Pareto-optimal Solution Set for Yaw Raten and Yaw Rate Time Constant.
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Figure 45. Pareto-optimal Solution Set for Fun-tivB vs. Safety & Comfort.
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5.6 Case Study Six

Vehicle Handling Sensitivity Study Using Design oExperiments.

A Design of Experiments (DOE) coupled with globahsitivity analysis was
conducted to better understand the sensitivitiepeddencies, and trade-offs involved in
vehicle handling design. The Sobol method [24] wsed to create a quasi-random, low

discrepancy design sequence for the DOE.

Global sensitivity analyses capture the effectarbmeter variation on the system
behavior when design variables are varied withipadrranges against the commonly
used local sensitivity analysis [26]. The local sewity analysis based on a calculation
of derivatives of the objective functions with respto system parameters only describes
the effect of small variation of the design parametnd provides a very limited insight
into the design problem [26]. Also, note that abgllosensitivity analysis will capture the
effect of the simultaneous variation of severaliglegparameters and hence is able to
capture the inter-dependencies between the desiggmeters and objective functions

more comprehensively.

The global sensitivity study performed in this @eh was used to explore the
relationships between different handling objectivetrics and is referred to as tharget
vs. Targetsensitivity study. All the simulations were perfaed for a sporty RWD coupe
platform at a constant speed of 80 km/h using #f@cke dynamics models described in

Appendix B. The geometrical and inertial parametershe sporty RWD coupe platform
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used for this case study are shown in Table 24.sTihsystem-level parameters used for

the DOE are shown in Table 25.

The Spearman Rank Correlation Coefficienty [26] were calculated between
different objective functions or targets. The Spgam Rank Correlation Coefficient is
calculated based on ranks of the individual comptsmstead of their actual values and
hence provides a robust estimation of global sertgit The rank correlation technique
used in this research can cope with non-lineatiogiships and reports any correlations

that exist between individual components [26].

Figure 47 and Figure 48 show the Spearman Rankefation Coefficient
calculated between different handling objectiveriost Positive values of the correlation
coefficient indicate direct correlations and negatvalues of the coefficient indicate
inverse correlations. Values of correlation coédint close to 1 (or -1) indicate strong
direct (or inverse) correlations. All coefficiendébove value of 0.6 are highlighted in
Figure 47 and Figure 48. Figure 47 shows the mmopbrtant correlation results derived

from this study.

From Figure 47, it is observed that the vehicledeslip angle gain (SSG) is one
of the most important and influential objective diamg metric. At vehicle speed of 80
km/h the nominal value of side-slip angle gaindarfd to be a negative number. Higher
negative values (lower magnitudes) of side-sliplargain (SSG) result in a vehicle
which is more intuitive andrun-to-Drive for the driver. Both vehicle’s yaw rate time

constant (YRTC) and lateral acceleration phasgllad’L) are strongly correlated with
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side-slip angle gain (SSG). Note that LAPL is espesl as a negative value, indicating a
lag, so higher values of LAPL indicate more respambandling. Lower values of YRTC
and higher values of LAPL are strong indicatorsvehicle responsiveness or agility
during transient handling scenarios and are caelaith higher values of SSG. The
SSG, YRTC and LAPL are intern found to be correlatgth steering torque time lag at
0.2 Hz, indicating that a responsive and agile elehwill also have a fast responding

steering torque response.

SSG is directly correlated with yaw rate dampingordYRDR) and inversely
correlated with yaw moment sensitivity (YMS). Tihieans that having a high (negative)
side-slip angle gain is correlated with high yaterdamping and low sensitivity to side-
wind disturbances i.e., lower YMS. The SSG is diyecorrelated with roll angle
overshoot (RAO) and inversely correlated with yaaterincrement during coupled
dynamic scenarios (YRI-CD). The understeer grad{€l8G) is found to be inversely

correlated with the vehicle’s yaw rate dampingadfRDR).

The yaw rate gain at the steering wheel (YRG) seenise directly correlated
with static parking torque (SPT) and steering terguadient with respect to steering
wheel angle (STG-SWA). The kinematic steering regeems to be dominant factor

affecting these correlations.

More detailed results from the DOE based corratatitudy can be observed in
Figure 48. The correlations provide a higher-lewetlerstanding of the trade-offs and

sensitivities involved in vehicle handling design.
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Figure 47. Results of Spearman-Rank Correlatiorfficants for Different Objective

Functions.
Vehicle Handling Metric (Target) Units
SSG Beta Gain-Side-slip Angle Gain Deg/G
USG Understeer Gradient Deg/G
YRG Yaw Rate Gain Deg/sec/Deg
YMS Yaw Moment Sensitivity Deg/KN m-sec
YRI-CD Yaw Rate Increment - Acceleration out of iur %
YRI-RRC Yaw Rate Increment - Rough Roads %
PG Pitch Gradient Deg/G
YRTC Yaw Rate Time Constant Sec
YRDR Yaw Rate Damping Ratio -
RAO Roll Angle Overshoot %
LAPL-1 Lateral Acceleration Phase Lag Deg
TCD Turning Circle Diameter m
L2L Lock-to Lock Steering Rotations -
SPT Static Parking Torque Nm
STG-LA Steering Torque Gradient per Lateral Accaien Nm/G
STG-SWA Steering Torque Gradient per Steering Angle  Nm/Deg
STTD-0.2 Steering Torque Time Delay @0.2 Hz Sec
SLSM Straight Line Stability Index Nm/N
RAG Roll Angle Gain Deg/G
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SSG USG  YRG  YMS VYRICD YRIRRC
SSG 1.000
USG  -0.126 1.000
YRG 0074 -0.164 1.000
YMS 0031 -0.058 1.000
YRI-CD 0297 -0.062 [[EEEEN 1.000
YR-RRC 0004 -0.011 0.009 -0.001 -0.100 1.000
PG -0.002 0.008 -0.001 0.002 0.020 0.063
YRTC 0132 -0.074 -0.015
YRDR -0.010 0.010
RAQ 0.178 0.035 0444 0025
LAPL-1 -0.080 0.084 0.011
TCD 0001 0031 -0.131 -0006 0022 0075
12L -0.030 -0.072 -0.060 0.037 0025 -0.070
seT  -0.002 0291 [EEBEN 0028 0053 o022
STG-LA -0.094 0321 0302 0062 0011 0085
steswa -0.046 0.191 [JEEEEJ 0.026 0016 0065
stro-0.2 [ 0027 -0.0s7 o.97s [JEEEEN -0.015
SISM 0087 0.015 -0.134 -0.090 -0.040 0.079
RAG  -0.021 0.091 -0.035 0.013 -0.007 -0.020
BG  USG  YRG YMS YRI-CD YRI-RAC

PG YRTC YRDR RAOQ LAPL-1 TCD L2L SPT  STG-LA STG-SWA STTD-0.2 SLSM RAG
1.000

-0.025 1.000

0.074 1.000

-0.103 0.378 1.000

0.019 1.000

-0.021 -0.002 0.007 -0.018 0.002 1.000

0.000 0.028 0.030 -0.065 -0.033 -0.496 1.000

-0.005 0.003 -0.306 0.174 0.035 -0.001 -0.150 1.000

-0.016 0.092 -0.386 0.089 -0.053 0.386 -0.298 1.000

-0.017 0.045 -0.315 0.111 -0.009 0.256 -0.260 1.000

-0.001 -0.157 0.119 -0.066 -0.046 -0.064 1.000

-0.022 -0.087 0.069 0.047 0.088 -0.522 -0.010 0.343 0.220 -0.231  1.000
-0.012 0.041 -0.150 0.336 -0.05% -0.047 -0.027 -0.010 -0.033 -0.047 0.027 -0.043 1.000
PG YRTC YRDR RAO LAPL-1 TCD L2L SPT  STG-LA STG-SWA STTD-0.2  SLSM  RAG

Figure 48. Results of Spearman-Rank Correlatiorfficants for Different Objective

Functions.
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Table 24. Geometric and Inertial Parameters of Eptandehicle.

o . Reference
Description Units Vehicle
Vehicle (total) Mass kg 1378
Front Un-sprung Mass kg 97
Rear Un-sprung Mass kg 94
Sprung Mass kg 1187
Yaw Inertia (Whole Vehicle) kgm 1936
Roll Inertia (Whole Vehicle) kgm 392
Pitch Inertia (Whole Vehicle) kg 1946
Wheelbase, m m 2.706
Track Width, m m 1.499
Vehicle Width, m m 1.684
Vehicle Height, m m 1.407
Longitudinal Distance from Total CG to Front Wheels m 1.261
Longitudinal Distance from Total CG to Rear Wheels m 1.445
Longitudinal Distance from CG of Sprung Mass torfird/heels| m 1.250
Longitudinal Distance from CG of Sprung Mass to R&teels m 1.456
Height of Vehicle (total) CG Above Ground m 0.500
Height of Sprung Mass CG Above Ground, m m 0.550
Height of Front Un-sprung Mass CG Above Ground m  318.
Height of Rear Un-sprung Mass CG Above Ground m 18.3
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Table 25. Sub-System Level Design Variable usedfoE.

Vehicle Design Variables
Suspension Parameters
. . Lower Nominal Upper
Variables Units Bound Value Bc?lﬁ)nd
Roll Stiffness (Total) Nm/deg 1,708 2,135 2,562
Roll Stiffness Distribution (Front) % 0.30 0.65 0.8
Front Wheel Rate (Suspension Stiffness, Front) N/mm 13.3 26.6 39.9
Rear Wheel Rate (Suspension Stiffness, Rear) N/mm .2 9 18.4 27.6
Shock Damping (Front) N-sec/mm 1,210 2,420 3,630
Shock Damping (Rear) N-sec/mm 873 1,746 2,619
Lateral Force Compliance Steer (Front) deg/| -1:64HF -1.01E-04| -5.03E-05
Lateral Force Compliance Steer (Rear) deg/IN 2.9%5H-®.90E-06| 8.85E-06
Lateral Force Camber Compliance (Front) deg/IN 5:06H 1.18E-04| 1.77E-04
Lateral Force Camber Compliance (Rear) deg/N 305H- 6.35E-05| 9.52E-04
Roll Camber (Front) deg/deg -0.929 -0.62 -0.31j0
Roll Camber (Rear) deg/ded -0.954 -0.63J7 -0.318
Roll Steer (Front) deg/deg 0.017 0.034 0.05p
Roll Steer (Rear) deg/ded -0.066 -0.044 -0.022
Roll Center Height (Front) mm 28.5 57 85.5
Roll Center Height (Rear) mm 49.85 99.7 149.595
Anti-Dive Angle (Front) deg 0 2 3
Anti-Dive Angle (Rear) deg 0 14 21
Steering Parameters
Steering Ratio - 12.3 16.4 20.5
Mechanical Trail mm 15 30 45
King Pin Inclination Angle deg 5.3 12.39 15.9
Caster Angle deg 3.75 7.5 11.25
Scrub Radius mm -51 34 51
Aligning Torque Compliance Steer (Front) deg/Nin ~ 2ED4 | 2.83E-04] 4.25E-04
Aligning Torque Compliance Steer (Rear) deg/Nm  E84 | 3.34E-04] 5.01E-04
Tire Parameters
Cornering Stiffness Load Dependence Coefficient a3l 1,102 2,203 2,644
BCD= a3 *sin (2 * atan ( Fz ./ a4)) a4 4 11.2] 13
Relaxation Length mm 100 222.5 300
Pneumatic Trall mm 22.16 27.7 33.24
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CHAPTER SIX

CONCLUSION AND SUMMARY

6.1 Summary of Dissertation

The overall focus of this research was to develmegsses, methodologies, and
tools that can support vehicle design during theceptual development phase with the
objective to reduce concept development time anckase early design maturity. In this
thesis, vehicle handling—one of the key aspectssefall vehicle DNA—was researched

in its totality.

A systems engineering methodology has been impledemsing a simulation-
based framework to address the challenges assibordth the conceptual design of
vehicle handling characteristics. The proposedhoulogy provides a comprehensive,
multi-level, step-by-step, and top-down approadt tinks customer expectations to the
final chassis component specifications and thedatibn of recommended design

configurations.

The proposed simulation-based systems engineamngefvork integrates market
research into the vehicle handling design procésatket research aimed towards
understanding end-user preferences and expectati@ss used to develop insights
regarding manufacturer’s brand essence and relatip®rtance of the various brand
attributes. The framework was designed to accqmitsnfrom market research, convert
the market results to useful information to be uk®dcreation of vehicle-level targets,

and to guide the chassis design direction duriegittision-making process.
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To accelerate the vehicle handling design procebghaid set of lower-order
parametric models were developed and used in thailaiion-based framework.
Computationally efficient models with appropriatecaracy levels were developed and
used to effectively connect, evaluate and optimieicle-, subsystem-, and component-
level targets. To account for the interactions leetmv various conflicting requirements
and scenarios of vehicle handling, these easy-doacterize, computationally
inexpensive, and transparent, vehicle handlingdrassis design models were linked to
each other through a multi-objective and multi-scenoptimization scheme. Stochastic
optimization algorithms coupled with design-of-exp®ents and sensitivity analyses
were used to better understand the trade-offs antpmmises involved in the chassis

design process.

Lastly, the proposed systems engineering framewa@& implemented using a
decomposition-based, Analytical Target Cascading@Atechniques [4]. ATC is an
effective hierarchical, multi-level, and optimizattbased design technique. It applies a
decomposition approach in which the overall sysiesplit into several subsystems that,
are then solved independently and coordinated afget and response consistency
constraints [5]. The framework works in a two-lag@timization schedule: the first layer
is used to derive subsystem-level requirements fvoearall vehicle-level targets, and the
second layer is used to derive component-level ikpattons from subsystem-level
requirements derived in the first step. Geneticofilthms (GA) are used at each layer of
the framework. ATC assures a concurrent and camighplementation of the proposed

systems engineering approach.
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Six case studies based on the proposed systemseengg methodology for the
top-down design of vehicle handling characteristiese conducted in this dissertation.
The first case study discusses the developmenivefdifferent chassis configuration
concepts relevant to five different OEM’s basedlogir brand essence information. This
case study demonstrates a unique method to ingegratket research into the vehicle
handling design process. The second case studyillEs@ method to develop chassis
configurations for aftermarket-modified vehicleshel aftermarket vehicles are often
focused on outright performance with respect to gpecific customer relevant attribute
rather than well-balanced solution. The resultstied two case studies led to the
development o¥ehicle Handling Bandwidth Diagram$hese diagrams are indicators of
the minimum and maximum limits of performance atites achievable within realistic
design constraints for a given chassis architectliteese bandwidth diagrams were
developed to be used in the initial vehicle taggdting process and are described in the
third case study. These diagrams will serve asidetine for the chassis engineers, and
will ensure that targets set during the early phadethevehicle development program
are realistic and achievable. The fourth case stebcribes the implementation of the
proposed methodology in which the objective wagyitce a RWD sporty coupe the
vehicle handling characteristics of a FWD hatchbddke results from this case study
indicated that not all the optimization goals cdways be achieved simultaneously. It
showed that at times the inter-dependence andicisnbietween the different handling
attributes can lead to a compromised design solsitidhis case study also indicated the

need for proper consideration while imposing caists in the optimization problem.
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The fifth case study describes a formal methodHerselection of the best solution from
a set of Pareto-optimal solutions obtained fromegieralgorithms (GA). A weighted goal

programing based approach, which uses manufactbrarsl essence information and
relative brand attribute weights, is describedhis ttase study. This proposed method
will help the chassis engineers during selectiotheffinal chassis setup solution. Finally,
the sixth case study describes the results of lBagkensitivity analyses performed using
design of experiments (DOE). The global sensitigitydy was used to develop insights
on the sensitivities, dependencies, and tradeJodfisveen different vehicle handling

objective metrics.
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6.2 Research Contributions

The fundamental research contributions of thisadtasion are as follows:

A simulation-based systems engineering framewook, cdonceptual design of
vehicle handling dynamics that links customer eiguemns to the final chassis
components specifications, was proposed and deselophe comprehensive
systems engineering chassis design framework wademented using the
Analytical Target Cascading (ATC) technique.

Computationally efficient models with appropriatevels of accuracy were
developed to effectively connect, evaluate andnoge vehicle, sub-system, and
component-level targets and accelerate the handésgyn process.

The proposed framework provides a unique methadtegrate market research
into the vehicle handling design process. The fraonk uses brand essence
information derived from market research for theedepment of vehicle-level
targets, and guides the chassis design directiorg uglative brand attributes
weights.

From the market survey, four key attributes relatied vehicle handling
behavior—Sporty, Fun-to-Drive, Safetand Comfort—were selected to associate
the customer’s perception of these attributes tooua scenarios and objective
metrics of vehicle handling. Empirical relationshiywere developed to associate
these four key customer-relevant vehicle handlitgpates with various handling
objective metrics. These empirical relationshipgevesed as the basis of the

optimization framework.
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Based on the brand attribute information derivednfithe market research, a goal
programming based approach for the selection ob#s solution from a set of
Pareto-optimal solutions obtained from genetic algms (GA) was proposed.
The proposed weighted goal programing-based methibderve as a decision-
making tool for the chassis engineers and will helping the selection of the
final chassis setup solution.

A concept ofVehicle Handling Bandwidth Diagramsas developed from the
application of the proposed methodology. The badtwdiagrams are indicators
of the minimum and maximum limits of performancgibtites achievable within
realistic design constraints for a given chassthitacture. These diagranase
developed to ensure that higher-level targets wengl theDefinition Phaseof the
vehicle development process are realistic and aahle. Once the handling
bandwidth diagrams are generated for a given chasshitecture they will serve
as a guideline (and indicate boundaries) for thassis engineers during the
concept development phase. Information regardiegntlaximum and minimum
limits of performance will enable the chassis ergis to explore the design
space more effectively and efficiently, and willjnéowards reduction of concept

development time.
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6.3 Future Work

Several aspects of the research conducted candbesadd in future research:

The Analytical Target Cascading (ATC) framework dise this research was
implemented using the Augmented Lagrangian (AL) hoét It would be
interesting to investigate if by using other tecjuss from literature the
computation cost associated with ATC implementatian be further reduced.
The simulation framework can be further extendedeweral ways. For example,
detailed component-level models representing othespension and steering
system architectures (i.e., MacPherson strutsd solies, electric power steering
etc.,) can be integrated into the simulation framwMore detailed tire models
relevant for conceptual tire design can be adddlddgsimulation framework.
Metrics of cost and weight relevant to differentasbis architectures and
platforms can be included in the simulations tatHer help with the concept
evaluation and decision-making process.

The simulation framework can be extended to inclingeeffects of active chassis
control systems, for example, Electronic Stabiigntrol (ESC).

The simulation framework can be extended to integedfects of other vehicle

attributes (functions) such as, ride comfort, N\fidckaging, durability, etc.
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Appendix A.

Detailed Description of Vehicle Handling Domains.

Vehicle handling design engineering focuses ondéeelopment of tools and
methods to quantify and qualify the directional &abr of a vehicle. The knowledge
developed by studying vehicle handling design theoelps control and predict the

response of a vehicle to different driver inputsiniy different driving scenarios.

Vehicle handling behavior can be comprehensivelscdieed by the different
domains of vehicle handling: steady-state handlransient handling, steering system
feedback (which includes on-center and off-centeering performance), emergency or
limit handling, parking, coupled dynamic cornerirtgscribing scenarios such as
acceleration/braking while cornering, handling adhpity on different road surfaces,
straight-line stability, drift/pull behavior duringpnstant speed coasting, and disturbance
sensitivity describing vehicles response to exieagents such as side-winds, road
roughness and road crown. These domains of vehieedling are formulated
considering the vehicle handling performance resuents of a driver during different
scenarios of vehicle operation. The different dosa&f vehicle handling are described

in detail in this section.
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Steady-State Handling

Steady-state handling refers to the handling perémice of a vehicle during
steady-state cornering scenarios (i.e., corneriitg vonstant speed and constant steer
angle). During these scenarios, the vehicle traveés steady-state circular motion along
a fixed radius of curvature with a constant yawoe#y (heading angle velocity) and
side-slip angle. The yaw velocity in these scemarsosimply the ratio of the vehicle’s

longitudinal velocity and radius of curvature oétturn.

Steady-state handling can be evaluated using ttept®cedures specified in
International Organization for Standardization ()38 [47]. ISO 4138 specifies open-
loop test methods to determine the steady-stateilair driving behavior of passenger
cars [47]. The fundamental idea behind this testhote is to bring the vehicle to a
steady-state equilibrium with respect to speectrstg-wheel angle, and turn radius by
driving the vehicle around a circular path and thetding one variable (i.e., speed,
steering-wheel angle or turn radius) constant,iagrthe second and measuring the third.

ISO 4138 specifies three methods for evaluatingdstestate handling [47]:

-Method 1: Constant-radius test methodHere the vehicle is driven around a
constant radius circle, vehicle speed is varied, steering-wheel angle is measured. The
recommended radius of the circular path is 100 th) 40 m as the recommend lower

value [47].
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-Method 2:Constant-steering wheel angle test methiddre the driver steering
wheel angle input is kept constant, speed is vaarairadius is calculated from vehicle
motion variables. The recommended value of steenhgel angle corresponds to the

steering angle required to negotiate a circle dius30 m at low speeds.

-Method 3: Constant-speed test methddere the vehicle speed is maintained
constant, path radius is varied, and steering-whegle is measured (or, the steering
wheel angle is varied and the radius is calculdteth motion variables). ISO 4138
recommends a standard test speed of 100 km/h andspécifies that if other, multiple

speeds are selected, they should be in incremégtslan/h [47].

Theoretically, all test methods should produce esjant steady-state results, but,
in practice, the results obtained from the testsdooted with different combinations of
speed, steer angle, and radius might differ dueaw-linearities associated with the

different vehicle subsystems (steering, suspensi@s, etc.).

Note that to ensure repeatability of test resulis always important to follow a
strict set of standards with respect to test tre@kditions, wind velocity, test vehicle
preparation guidelines, etc. ISO 1503-1 [48] spesithese general conditions for vehicle

dynamics test measurements.

In this thesis, the following metrics will be uséal represent the steady-state
handling behavior of the vehicle: Understeer GnalieYaw Rate Gain, Lateral

Acceleration Gain, Yaw Rate Linearity, Roll GaingaSide-slip Angle Gain.
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Understeer Gradient:

Understeer gradient is one of the most importartrioseto quantify the steady-
state cornering performance of a vehicle. It isregped as the change in steering-wheel
angle required to maintain a constant radius tuhilenincreasing vehicle speed. It is
calculated from the gradient of the steering wreeeile and lateral acceleration curve
obtained during a steady-state circular driving enever described in ISO 4138 [47]. It is
expressed in units of degrees per meter per sesgpumared or degrees per G of lateral

acceleration.

Vehicle behavior in a steady-state cornering s¢enar a function of vehicle
speed, steering-wheel angle, wheelbase, weighildison, kinematics, and compliance
characteristics of the steering, suspension, aad.tAt low speeds (i.e., near-zero lateral
accelerations), the path curvature of the vehilgaverned by the wheelbase and front-
wheel steer angles. As vehicle speed increasesjysttate turning results in centrifugal
forces, which further results in kinematic and ctemre induced steer and camber
angles. This effect can be lumped together andesspd in terms of effective cornering
compliances (expressed in degrees per meter pendaguared of lateral acceleration).
Cornering compliances result in steer and slipesgi the front and rear of the vehicle,

which eventually modify the low-speed path raddig]]

When the cornering compliances at the front axéegreater than at the rear, the
radius of the path negotiated by the vehicle irmeedrom the Ackermann condition and

produces understeer. On the other hand, when timerog compliances at the rear axle
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are greater than at the front, the vehicle pathusadeduces and eventually results in
oversteer. The difference between the total fromd @aear cornering compliances is

referred to as the understeer gradient [47].

Understeer gradient is also closely associated thighdirectional stability of the
vehicle. Vehicles with a negative understeer gradi®r oversteered vehicles, are
directionally unstable beyond a particular critispeed. For this reason, passenger cars
are usually designed to have neutral or understemacteristics. Understeer gradient is a
clear indicator of the amount of steering-wheellangput required by the driver while
cornering. For understeer vehicles, the steerirgeaimput increases with vehicle speed
(or lateral acceleration) during steady-state cwomgesituations. The nominal range of
understeer gradient is between -1 to 5 deg/G. Bypiglues of understeer gradient for a

pick-up truck would be around 2-3 deg/G and, feparty hatchback, around 1-2 deg/G.

Yaw Rate Gain:

Yaw rate gain describes the sensitivity of a velsclyaw rate response to a
driver’s steering-wheel angle inputs and is exméda units of degrees per second per
degree. Yaw rate gain is an indicator of the chaimgheading angle response of the
vehicle per unit steering wheel angle input by dnieer; it is subjectively described as
“heading easiness” [10]. Mimuro [10] suggests thdtigher value of yaw rate gain is
always subjectively preferable for the driver. Hdghvalues of yaw rate gain are
associated with lower understeer character (i.earermeutral steer character) in the

vehicle. It is important to note that extremelyhigplues of yaw rate gain can lead to the
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vehicle becoming oversteered, which might not lefgored by the drivers. Drivers often
describe such vehicle with terms like “nervousdil‘happy,” or “loose rear end”. Crolla
[11] indicates that the values of the steady-state rate gain metric should be within the
range 0.12 — 0.2 (deg/sec)/deg to attain the ldgective ratings at 100 km/h. Weir and
Dimarco [9] indicates an acceptable range of yate gain for “expert” drivers to be
between 0.2-0.4 (deg/sec)/deg and between 0.14.36 (@eg/sec)/deg for “typical”

drivers at 80 km/h.

Lateral Acceleration Gain:

Lateral acceleration gain describes the sensitiofy the vehicle's lateral
acceleration response to the driver's steering-Wimgaits and is expressed as meter per
second squared per degree. This metric is closdted to the vehicle’'s understeer
gradient, as a higher value of lateral acceleragam indicates lower understeer
characteristics. In general, higher numerical vabfe lateral acceleration gain is

subjectively more preferable.

Yaw Rate Linearity:

Yaw rate linearity describes the linearity of védicesponse during steady-state
cornering maneuvers. This metric is often subjetyiveferred to aResponse Linearity
It is defined as the ratio of yaw rate gain atetéit levels of lateral acceleration (i.e., 4
m/s and 6 m/9. As the vehicle’s speed (and lateral accelerjtinoreases during a

steady-state cornering scenario, centrifugal foecisg on the vehicle increase, which in
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turn alter the understeer characteristics of theclke; this is due to the non-linear effects
of weight transfer, kinematics, and compliance abgaristics. This in turn affects
vehicle response and path curvature during scenafiancreasing lateral accelerations.
Drivers generally prefer a linear response from \hhicle, which means that drivers
prefer a linear increase in yaw rate gain with eéasing lateral acceleration during

steady-state cornering scenarios.

Roll Gain:

Roll gain describes the sensitivity of the vehgl®ll angle response to lateral
acceleration and is expressed as degrees per peeteecond squared (or degrees per G).
Roll gain for passenger cars is usually in the eanigl-5 deg/G. In general, lower values

are preferable as the vehicle rolls less per atatral acceleration during cornering.

Sideslip Angle Gain

Sideslip angle gain describes the sensitivity of trehicle's sideslip angle
response to lateral acceleration and is expressddgrees per meter per second squared
(or degrees per G). Lower values of sideslip amglen are subjectively preferred by
drivers. “Typically, ‘normal’ drivers prefer sid@éslangle gain less than 6 deg/G as long

as the variation of sideslip gain with lateral decation is linear” [49].
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Transient Handling

Transient handling refers to a vehicle’s cornempegformance during dynamic
scenarios involving rapid transitions and changegaw velocity, sideslip velocity and

path curvature (e.g., transience during turn-eatny turn-exit situations).

Transient handling can be evaluated using thepestedures specified in 1ISO
7401 [50]. ISO 7401 specifies open-loop test meshta determining the transient
response behavior of road vehicles. ISO 7401 recamas) analyses in both time and
frequency domains for the sufficient character@atof a vehicle’s transient handling
behavior. ISO 7401 describes the following test hods for evaluating transient

handling:

Time Domain Step input, Sinusoidal input

Frequency Domain Random input, Pulse input, Continuous sinusoidaliin

ISO 7401 recommends that at least one test froim teae and frequency domain
be performed for the characterization of a vehgclednsient handling behavior. In this
thesis, the step input—from the time domain—andinaous sinusoidal input—from the

frequency domain—are used to evaluate vehicleigahkandling performance.

It is important to note that the characteristicuesl and metrics derived from the
different test methods may not always be comparakeleause of non-linear vehicle

behavior and differences in response to periodtt raon-periodic input conditions [50].
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ISO 7401 specifies that the transient handling pestedure shall be carried out in at
least two loading configurations: minimum load diions and maximum load
condition. Minimum loading conditions consist ofiee curb mass (ISO 1176 [51]),
added to the masses of the driver and instrumentatVlaximum loading condition
corresponds to the maximum authorized mass of #td@cke. More details on the
distribution of mass in the vehicle can be foundl®®© 2958 [52]. ISO 7401 [50]
recommends a standard test speed of 100 km/héddrahsient handling test maneuvers.

ISO 1503 [48] specifies these general conditionyédicle dynamics test measurements.

Step Steer Test:

In this test a vehicle is driven at a constantgeBned test speed, followed by the
rapid application of a step steering input to aselected value; the input is then
maintained at that value until the vehicle reacheteady state. Steering wheel amplitude
is selected in order to obtain a steady-statedh#aceleration at the end of the maneuver

around 4 mfs(i.e., around the linear range of vehicle handling

ISO 7401 specifies the following performance msttic be used in the analysis

of step steer response of the vehicle:

Response timeThe time required by the vehicle’s response (yate, lateral
acceleration, roll, etc.) to first reach 90% of #teady-state value, measured from a
reference time. Reference time is the time at wilitckhe steering-wheel angle change

reaches 50% of its final value.
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Peak response tim&he time required by the vehicle’s response &ahdts peak

value, measured from the reference time.

Overshoat The level of damping in the system, calculatedthes ratio of the
difference between the peak and steady-state vadnes steady-state value of the

response variable.

Continuous Sinusoidal Steer Test:

In this test the vehicle is driven at a constarg;gefined test speed, followed by
application of a sinusoidal steering-wheel inputhwa pre-determined frequency and
amplitude. Steering frequency is increased in stepsring a minimum frequency range
of 0.2-2 Hz. Steering wheel amplitude is selectadhsthat the steady-state lateral
acceleration of 4 mfds achieved while driving at the defined test sp&EaDd km/h)
around a constant radius circle. Lateral accelmmatpproximately up to 4 nf/ds
regarded as the linear range of vehicle handling particularly important to maintain
the vehicle within the linear range of handlingidgrthe continuous sinusoidal steer test
as the method of data analysis in the frequencyaitorwhich is used for this test

procedure—assumes the system’s linear behavior.

ISO 7401 recommends the use of frequency respams#idns (e.g., gain and
phase-angle functions) between the input—the stgevheel angle—and the output

variable—the yaw rate and lateral acceleration—gfia analysis and presentation.
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In this thesis, the following objective metrics Mile used to quantify vehicles’

transient handling behavior:

Time Domain Metrics from Step Steer T&&w Rate Response Time, Yaw Rate,
Overshoot, TB Factor or Vehicle Characteristicsll Rate Response Time, Roll Angle

Overshoot.

Frequency Domain Metrics from Continuous Sinusoi&a¢er Test:Lateral

Acceleration Phase Lag at 1 Hz

Yaw Rate Response Time:

Yaw rate response time is defined as the time reduy the vehicle’s yaw rate
response to first reach 90% of its steady-stataeyaineasured from a reference time.
Reference time is the time at which the steeringeltangle change reaches 50% of its
final value during a step steer maneuver. It isresged in seconds. Yaw rate response
time relates to the agility or responsiveness @& wehicle: the lower the yaw rate

response time, the more agile and responsive thielge

Yaw rate response time is regarded as a key faotaletermining a driver’s
subjective perception of vehicle handling qualityeir [9] suggests an upper bound (or a
maximum value) for equivalent yaw rate time constanbe 0.3 seconds (and 0.27 sec)
for expert (and typical) drivers at 80 km/h to @&st@ optimum vehicle characteristics of
directional control. In this study, Weir [9] defmequivalent yaw rate time-constant as

the inverse of the frequency at which the phasthefyaw rate transfer functions equals
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45 degrees. It is important to understand thateextty low values of yaw rate response
time might lead to the vehicle becoming overly mwsve, which might not be
subjectively preferred by the driver. Quantifyingwier bounds for this metric needs

further detailed investigation.

Yaw Rate Overshoot:

Yaw rate overshoot is defined as the ratio of déifee in the peak value and
steady-state value of yaw rate divided by the stestate value of yaw rate during a step
steer maneuver. It is described as a percentageloarr values of yaw rate overshoot

indicate high yaw rate damping, which is subjedyiyeeferable for drivers.

1B Factor:

TB factor, also referred to as “vehicle charact@$s [Xia [12], Lincke [14], is
defined as the product of steady-state side-slgleaand yaw rate peak response time
during a step steer maneuver. It is expressediis ahdegree-second. Lower values of
TB factor indicate faster responses of the vehigldrivers’ steering input. Lincke [14]
found that lower values of TB factor correlate whigher subjective ratings by test

drivers.

Lateral Acceleration Phase Lag at 1 Hz:

Lateral acceleration phase lag at 1 Hz is a keycatdr of transient handling
guality and represents the phase lag in the geaeraft lateral acceleration response.

Mimuru [10] describes this criterion as “followingpntrollability” and suggests that

164



lower values of this metric are subjectively preddrby drivers. Lower values of this
metric also indicate higher vehicle responsiven€sslla [11] suggests that drivers’
subjectively prefer vehicles with a lateral accafen phase lag (at 1Hz) lower than or
equal to 50 deg. and subjectively dislike vehicléh a lateral acceleration phase lag (at
1Hz) greater than 75 deg. Crolla’s [11] resultsk@ased on frequency response functions
derived from impulse inputs (described by ISO 74BQ]) at 100 km/h for lateral

acceleration levels up to 2 fi/s

Roll Rate Response Time

Roll rate response time is defined as the timeireduby the vehicle’s roll rate
response to first reach 90% of its steady-stateeyaineasured from a reference time.
Reference time is the time at which the steeringeltangle change reaches 50% of its
final value during a step steer maneuver. It isresged in seconds. Roll rate response
time relates to théurn-in responseof the vehicle; in general, lower values of rdate
response time are preferred by drivers. Crolla Higgests an optimum range between
approximately 0.3 and 0.45 seconds for a ZBt&p steer maneuver at 100 km/h. Crolla
[11] further indicates that lower subjective rasrgye achieved for values lower than 0.3

seconds and higher than 0.5 seconds.

Roll Overshoot:

Roll overshoot is defined as the ratio of differenoetween peak value and

steady-state value of roll angle and the steadg-stalue of roll angle during a step steer
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maneuver. It is described as a percentage, and hoaees of roll overshoot (i.e., high

roll damping) are subjectively preferred by drivers
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Steering Feedback

Steering feedback, or off-center steerfegl in this thesis refers to the steering
torque response experienced by the driver whilenaerang during nominal driving
scenarios—more specifically, sub-limit handlinguations. Since the steering system
happens to be the primary directional interfacetfa driver while controlling vehicle
motion, the steering torque feedback through teerstg system and its relationship with
the driver's steering input and the vehicle’s remm (i.e., yaw rate or lateral
acceleration) are key factors governing drivergjsctive perception of steeririgel and

overall handling quality.

Several different objective test maneuvers can ded uo quantify a vehicle’'s
steering system behavior. In this thesis, steef@mgiback will be quantified using a
steady-state circle test (ISO 4138 [47]). ISO 4%B8cifies open-loop test methods for
determining the steady-state circular driving bébtrawf passenger cars. ISO 4138
describes the constant-speed test method, whereirvahicle is driven at a constant
speed, steering wheel angle is varied, and radiaalculated from motion variables. The
standard test speed is 100 km/h. The steeringedepdback is measured along with the

steering wheel angle input at different lateraledeation levels.

The following objective metrics will be used to qtiy steering feedback:

Steering Torque Gradient, Steering Torque Lineaatyl Steering Torque Feel.
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Steering Torque Gradient

Steering torque gradient is defined as the slope¢hef steering wheel torque
against steering wheel angle data obtained froteadg-state circle test. It is a measure
of the stiffness felt by the driver during corngriand is often referred to @seering
stiffness It is expressed in units of Newton-meters perrelegHigh steering torque
gradient indicates more feedback through the stgesystem but also implies an
increased steering workload for the driver durimgnering. Steering torque gradient
describes the steerirfgel around the steering wheel center position. A gpwalue of
steering torque gradient for a pickup truck witlweo assistance at 80 km/h at around 5
m/s’ g's of lateral acceleration is approximately ON¥h/deg. Steering torque gradient
for a compact hatchback with power assist at 80hkmi around 4 mfsg's is

approximately 0.1 Nm/deg.

Steering Torque Linearity

Steering torque linearity is defined as the rafisteering wheel torque gradient at
different levels of lateral acceleration (4 fmésmd 6 m/9. This is a measure of linearity

in steering torque response.
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Steering Torque Feel

Steering torque feel is defined as the slope @frstg wheel torque against lateral
acceleration obtained during a steady-state ciede It is expressed in units of Newton-
meter per meter per second squared. Norman [S8fmeends an optimum value of 2.2
Nm/(m/<), and Mitschke [54] mentions an optimum value & Rm/(m/$) for vehicles
without power assistance. Jacksh [55] recommentdange of 1.5 to 3.6 Nm/ (nfls
Bartenheier [56] reports steering torque gradi@ht®2 vehicles with power assistance,
indicating a range of 0.9 to 2.9 Nm/ (M/sThis generally indicates that the steering
torque gradients of vehicles in the market today @wnsiderably different from one
another. This is related to the brand DNA of thenafacturers and individual preferences
of the development engineers [57]. Typical valuesteering torque gradient measured at
100 km/h around lateral acceleration of around € fof a pick-up truck and compact

hatchback are between 0.8 to 0.9 Nm/ gnAsth power assistance.
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On-Center Handling

On-center handling refers to the steering perfomeanthefeelandprecision—of
the vehicle during nominal straight-line motion Ardwhile negotiation of large-radius,
low-lateral acceleration turns at high speeds 84, It quantifies the steering response
of the vehicle on and about the straight-aheadrmdyiposition and is an important aspect
influencing the driver's subjective perception betvehicle’s overall handling quality,

particularly during highway driving situations.

On-center handling analysis requires the evaluatiosteering system response
during low lateral accelerations maneuvers (arolirtd 2 m/é). On-center handling
performance is affected by the parameters of #erisig system, vehicle, and tires. In the
low lateral acceleration environment of on-cent@ndiing, the steering system may well
exhibit significant levels of non-linearity due watic friction, steering system lash,

power boost, etc.

In general, the on-center handling quality is acfiom of three characteristics:
steering activity, steering feel, and vehicle res®[60, 53]. According to Farrer [60],
“Excessive hand wheel activity, uninformative stegrfeel and imprecise vehicle

response are all contributory factors to poor om&ehandling”.

ISO 13741 [58, 59] describes two methods to quantifi-center handling

behavior, the Weave Test and Transition Test.
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Weave Test:

This open-loop test procedure involves a sinusastiadring input of 0.2 Hz (
10%) at a constant vehicle speed of 100 km/h. Thaeriag amplitude is adjusted to
generate a zero-to-peak lateral acceleration of/€ (@ 10 %) [58]. This on-center

handling test or weave test was originally describg Norman [53] and Farrer [60].
Transition Test:

This open-loop test procedure involves a steerihgel ramp input (i.e., an
increase in amplitude with a nominally constantudagvelocity). The steering input is
applied with an angular velocity that increases @ty from zero up to the nominally
constant value (less than or equal to 5 degreesid@cThe steering input is applied for a
minimum duration of three seconds, until the ldtaczeleration achieved by the vehicle

reaches a minimum of 1.5 rf§9].

In this thesis, the weave test described by ISG113¥ill be used to quantify on-
center handling performance. The following objegtimetrics can be used to quantify on-
center handling performance: Steering Torque Deaatib&teering Torque Friction,
Steering Torque Stiffness, Steering Torque Feeder8tg Torque Linearity, Steering
Sensitivity, Yaw Rate Time Lag, Yaw Rate Deadbdrateral Acceleration Deadband,

Steering Work Load, and Steering Work Sensitivity.
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Steering Torque Deadband

Steering torque deadband is the horizontal widtthefhysteresis loop on the plot
of steering-wheel torque (SWT) and steering-whegle (SWA), expressed in degrees.
It is measured at zero SWT and is a measure ofdtipie deadband in the steering;
furthermore, it quantifies the range of steeringealhangle displacement about center
steering during which the driver does not feel éogue feedback from the steering

system. Lower values of torque deadband are pesfday the driver.

Steering Torque Friction

Steering torque friction is the vertical width diet hysteresis loop on the plot of
steering-wheel torque (SWT) and steering-wheel @f§WA), expressed in Newton-
meters. It is measured at zero SWA and is propmatito the level of friction in the
steering system. SWT at a lateral acceleration of/§ is also a measure of coulomb

friction in the steering system. Lower values aiefgrable.

Steering Torque Stiffness

Steering torque stiffness is the steering torquedignt at zero steering-wheel
angle (SWA), expressed in Newton-meter per dedreg.a measure of the stiffness felt
by the driver when steering to the left or right]6This gradient can be understood as a
measure of centering as well. According to Salhi 62], “the better the centering, the

better the driver can feel where the steering eépsition is”.
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Steering Torque Feel

Steering torque feel is the steering torque grddatrzero lateral acceleration,
expressed in Newton-meter per meter per secondesjudhis metric is related toad
feel and directional sensg61]. Steering torque gradient at 1 fis a measure abad

feeljust off of straight ahead [61].

Steering Torque Linearity

Steering torque linearity is the ratio of steenmigeel torque gradient at 0 and 1

m/< of lateral acceleration.

Steering Sensitivity

Steering sensitivity is defined as the gradienthaf lateral acceleration against
steering-wheel angle curve obtained from the wdase It is expressed in units of meter
per second squared per deg. A high value repreaerdhicle subjectively rated to have a
crisp feel [61]. A value of 7 m?d 100 deg is subjectively rated as desirable amn@f

[61].

Yaw Rate Time Lag

Yaw rate time lag is the delay in seconds betwéeeerieig input torque and yaw
rate at 0.2 Hz of steering input during a weavé. {Esis measure is related to steering
system damping and friction. A wide hysteresis eus/the result of a long time delay

[61]. Lower values are preferred.
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Yaw Rate Deadband

Yaw rate deadband is the horizontal width of thetésesis loop on the plot of
yaw rate and hand wheel angle, expressed in dedtegsneasured at zero yaw rate and
is a measure of yaw rate response deadband. Withideadband zone, the vehicle does
not respond to drivers’ steering-wheel inputs aedde a lower value of deadband is

subjectively preferable for drivers.

Lateral Acceleration Deadband

Lateral acceleration deadband is the horizontathwad the hysteresis loop on the
plot of lateral acceleration and hand-wheel angleeeo lateral acceleration, expressed in
units of degrees. It is a measure of lateral acatten response deadband. Within the
deadband zone, the vehicle does not respond terdtisteering-wheel inputs and hence

a lower value is preferred.

Steering Work Load

Steering work load is defined the area within tiistéresis loop of steering-wheel
torque (SWT) and steering-wheel angle (SWA). Icadculated as the integral of the
steering-wheel torque and steering-wheel anglenduai complete cycle of the weave
test. It is expressed in units of Newton-meter-degrLower steering workload is

preferable.

Work =] Tds; Where: T = SWT, Nm, andl= SWA, deg.
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Steering Work Sensitivity

Workload sensitivity is the slope of the plot of nkodifference and lateral
acceleration at the steering wheel’s center (ftergd acceleration within the plus and
minus 0.05 g range). Work difference is calculaedn integral of the absolute value of
steering-wheel torque (SWT) with respect to stepvimeel angle (SWA). It is expressed
in units of Newton-meter-degree per meter per sgécequared. Lower values are

preferred.
Worky =J| T |cb;

Work Sensitivity =0 (Worky) / 0 (ay) for | ay ¥ 0.05 g.
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Emergency Handling

Emergency handling refers to vehicle handling pentince during emergency- or
safety-related scenarios and obstacle avoidanceeumars such as severe high-speed
lane changes. The primary focus here is on evalgdhie yaw and roll stability of the

vehicle.

Emergency handling behavior of the vehicle can dmmntjfied based on objective

handling test procedures governed by federal réguks namely:

e Federal Motor Vehicle Safety Standard (FMVSS) 1@6yaw stability.
e National Highway Transportation Safety AdministoatiNHTSA) Fishhook for

roll stability.

Yaw Stability

Yaw stability is governed by the Federal Motor \@@iSafety Standard (FMVSS)
126 [63, 64]. FMVSS 126 requires all vehicles swldhe United States with a Gross
Vehicle Weight Rating (GVWR) of less than 10,006 I@,536 kg) and made after
September 1, 2011 to include an Electronic Stgb@iontrol (ESC) system as standard
equipment [63]. FMVSS 126 ensures, in part, thpadicular vehicle with ESC meets
the lateral responsiveness and lateral stabilitgrea that have been deemed as minimum
standards for active prevention in various evaswaneuvers. These include single
vehicle loss-of-control and run-off-the-road crashef which a significant portion result

in rollover crashes. The dynamic performance reguoénts of FMVSS 126 require the
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vehicle to be tested with a sequence of sine withlidnaneuvers using increasing steer
amplitudes. Figure 49 and Figure 50 show the reptesive sine with dwell steering test
input and a typical yaw rate response output duaikdMVSS 126 maneuver. The metrics
for vehicle performance are based on yaw rate deal specific events during the

maneuver, which are used as indicators of yawIgiabnd, at higher steer input values,
lateral displacements of the Center of Gravity (GfS)indicators of overall handling

responsiveness. The procedure requires that &edriver has taken the vehicle to 82
km/h, the accelerator pedal is released, and arsge®bot initiates the steer inputs at 80
km/h. A flowchart for simulating the sine with dilveest series is shown—courtesy of

Mechanical Simulation Incorporated—in Figure 51][65

Time

Handwheel Angle

oS00 ms !

Figure 49. Sine with Dwell steering profile (p. 28m TP-126-02 NHTSA FMVSS 126

[63]).
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Roll Stability

Roll stability is evaluated using the NHTSA fivesstatings. The five-star ratings
are based on the Static Stability Factor (SSF) aeddefined as the ratio of half-track
width, T/2, to center of gravity height, H, or SSF2H. These ratings are based on a
NHTSA'’s statistical model for the prediction of lmter rate per single-vehicle crash
using both the vehicle’s SSF measurement and iferpgance in the NHTSA fishhook
maneuver with five-occupant loading [66]. TheseStar” ratings are interpreted as “one
star for a rollover rate greater than 40 percemt; stars, greater than 30 percent; three
stars, greater than 20 percent; four stars, grélaser 10 percent; five stars, less than or
equal to 10 percent” [66]. Table 26 summarizes Wt€¢TSA rollover ratings. The
NHTSA also recommends the fishhook test as to dfyattie rollover behavior of

vehicles.

Table 26. NHTSA Rollover Ratings [66].

Risk of Rollover /
NHTSA 5 Star SSF

Ratings (=Track/2 CG Height

Rollover Rate
per single-vehicle crash

Rk 1.45 or more <=10%
kK 1.25t01.44 >10 %
ok 1.13t0 1.24 > 20 %

ok 1.04t0 1.12 > 30 %
* 1.03 or less > 40 %
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Figure 52 describes the steering-wheel angle prédil the NHTSA fishhook test.
The vehicle is driven at a constant target speeitevexecuting a steering maneuver as
depicted in Figure 52. The steering wheel anglesl dsr the test are based on the hand
wheel angle required to attain 0.3 g’'s of lateederation, resulting in different steering
inputs for different chassis configurations. Theneuical qualifier of this test equates the
maximum speed at which the vehicle can succesgeltiorm the maneuver (i.e. without

simultaneously lifting two wheels or rolling over).

Steering Wheel Angle, Deg

400
AT A=6.5*Handwheel Position at 0.3 g’s
- T=0.1 sec; T,=3 sec; T;=2sec
- Initial steer and counter steer @720deg/sec
150 : !
%% i, T3
0% t“—»
LE |
0% Tg !
-ie0} «—>
-150% :
200% |
-260% :
2003 !
-A -ﬁ?—_ SeraRe : = ~ Time, Sec
To T e s e 8 8 0

Figure 52. Steering Wheel Angle Profile for Fishkdest.
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Parking

This aspect of vehicle handling refers to the eafs@ehicle maneuverability
during low-speed, high-steer angle maneuvers typicparking scenarios. The principal
subjective criterion here is the ease of vehicleenaerability at parking speeds and can

be characterized by the objective metric of parkirgkload.

Parking workload is defined as the integral of steptorque and steering angle
during a typical parking scenario. Parking workloadstrongly affected by steering
wheel rotations and steering torque during low-dpéeh-steer angled situations, which
in turn depends on factors such as steering gegnstéering ratio, power steering boost

characteristics, wheelbase, turn radius and others.

A typical method for designing parking charactécsbegins with understanding
customer-relevant targets for vehicle turning radind maximum steering wheel lock-to-
lock turns or rotations. These targets are ususdtyat the beginning of the design cycle
and are typically dependent on the vehicle’s fuomal requirements (i.e., an urban
mobility vehicle or long-distance cruiser). Givertaaget for the vehicle’s turning radius
and its wheelbase, it is possible to make a pralnyi calculation, using the Ackerman
steering principle, of the maximum hand wheel staggle required for the vehicle to

perform a typical low-speed turning maneuvers asvshin Figure 53.

Another important aspect here is the Ackermannrisigegeometry, which

ensures that during low-speed, large-radius tulinsteered wheels are aligned to be in
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pure rolling conditions, without any slip angles toe scrub, because the wheels are
steered to track a common turn center. This isibleswith a steering geometry where
the left and right hand wheels are set up to ghaotetically perfect steering at low
speeds; this occurs when the tangents to the ctitceircles about the turning center

intersect on a line through the rear axle, as shioviaigure 54 [67].

With perfect Ackerman steering, the inner front elngteers more than the outer
front wheel. The chassis engineer can design #exiag system to have the theoretical
perfect, parallel, or reverse Ackermann, as shawhigure 55. A perfect Ackermann is
associated with advantages of minimum tire screftebtire-wear life, and low steering
effort [49, 68]; however, in some racing applicasaeverse Ackermann is used because
of its cornering performance advantages. For exeymhlring high lateral acceleration
scenarios—because of the load transfer effects—ther wheel is lightly loaded
compared to the outer wheel. With a perfect Ackemmateering, the inner wheel is
forced to a higher slip angle, which can resultimgire force saturation that drags the
inside tire and eventually raises its temperattims; all can results in a loss of cornering

performance.

The value of mean wheel steer angles calculatedn fithe Ackermann
formulations becomes a target for the packaginghtearing wheel envelope design.
Also important is the selection of kinematic stegrgear ratio which affects the number
of steering wheel rotations (lock-to-lock), the meigde of steering torque feedback and

other aspects of vehicle handling (i.e., yaw rati@)y

183



The static parking torque feedback to the drivervehicles without power
steering primarily depends on the steering ratiagdlon front wheels, front tire pressure,
tire torsional stiffness, friction between tire amohd surface, friction in the steering
system, and steering geometry (wheel offset, cakbegpin inclination) [68, 69]. For
vehicles with power steering, the steering torgeedback is dominated by power

steering boost characteristics.

In this thesis, the trade-offs involved with select of steering ratio, power
steering boost, and steering geometry, while baignequirements of parking and other
handling aspects, will be studied in sufficientaileto ensure that the 1st-order behavior
is included. Sharp [69] and Dixon [70] recommend thllowing empirical model for

estimation of static steering torques at parkinggsis:

u * Fv1.5
3% POx Kst

SST =
(A.1)

SST = Static Steering Torque, Nm
F, = Wheel Vertical Force, N

P. = Inflation Pressure, Pa

u = Coefficient of Limiting Friction

K; = Kinematic Steering Ratio
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Figure 55. Ackermann Steering Geometry: Perfeatallhand Reverse Ackermann [67].
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Road Adaptability

In this thesis, road adaptability refers to theisiets directional stability while
cornering on different road surfaces such as unewads, curbs or bumps, and low

friction surfaces.

Road irregularities result in dynamic wheel loadriatéon at the tire-road
interface. This wheel load variation results irossl of the tire’s cornering potential. The
loss of cornering power can be divided into twatgiastatic loss and dynamic loss. Static
loss can be attributed to the cornering stiffnespetiddence on normal loads, and the
dynamic loss is attributed to the rate of changeelaixation on the wheel load [43]. This
loss of cornering potential results in a reductidhateral tire forces generated at the tire-
road interface that affects the directional respooisthe vehicle. Low friction surfaces
(i.e., wet road conditions) have a similar effeetjucing the overall lateral grip of the
tire. Hence it is important to carefully evaluatee tcornering behavior of the vehicle

during these scenarios of changing road conditions.

The test procedure to measure and quantify vebialeugh road cornering
behavior involves bringing the vehicle into a skeathte cornering condition and then
driving the vehicle over rough roads, or bumps,levhornering. Both steering wheel and
throttle should be fixedefore and after entering the rough surface. It is particularly
important to maintain fixed inputs of steering whaegle and throttle while performing

this test procedure to ensure that the effect afl misturbances is differentiated against
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other variables, such as, throttle lift-off undeestoversteer and reduction of vehicle

speed.

No ISO or SAE standards were found that descristaadard test procedure to
test rough road cornering performance of vehiclé® fundamental challenge in having
a standard test procedure to characterize roughao@ering performance lies in the fact
that vehicle directional response is influencedobth wheel hop resonance and vehicle
speed. If tests are done at an arbitrary fixed&pebeel hop resonance bias might exist,
and speed itself may become a bias if the testnslacted at different speeds. Bergman
[71] highlights the complexity of formulating a cstent and practical test procedure to
guantify rough road cornering performance. Bergiitdj presents detailed results from
tests performed on real rough roads as well asrtegts with equally spaced bumps,
unequally spaced bumps, and a single bump. Hepalsds out that the effect of a single
bump on a vehicle’s directional stability is veryngar to that of randomly spaced
bumps, making the single bump test relevant to weald conditions. Bergman’s [71]
results indicate a good correlation between subgatvaluation of vehicles on real
rough roads with measurements during single bursfs.tén this work, single bumps
were made of rubber strips with trapezoidal crasgien as shown in Figure 56. These

tests were done at a speed of 48 km/h (30 mphXaj ateral acceleration.
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Figure 56. Cross-section of single bump used fogharoad cornering [71].

As a vehicle corners over rough roads or bumpgjirectional response can be
studied for three different conditions: first, whigxe front wheels enter the bump and the
rear wheels are still on the smooth surface;, s&cahen both front and rear wheels are
on bumps; third, when the front wheels are leatfmeggbump, and the rear wheels are still
on the bump. Past studies have suggested thatrgl@ve particularly sensitive to the

third phase of the maneuver (i.e., scenarios veittuction in rear grip).

Objective metrics that quantify a vehicle’s corngrbehavior over different road
surfaces capture the changes in its yaw behavidrteansitions between different road

surfaces.

Bergman [71] suggested this non-dimensional mdwicquantify a vehicle’s
behavior while cornering over rough roads; it ilezththe Rough Road Cornering Index
and is described in Equation A2. The Rough Roadn€@mg Index describes the
difference in a vehicle’s maximum and minimum yaater values while cornering on
rough roads or bumps normalized with the steadystaw rate value prior to entering

the bumps. A lower value on the Rough Road Corgdndex is preferable.
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RRC: i("pr;ax - "pr.nin J
Yo

RRC = Rough Road Cornering Index (A.2)

Y, = Steady state yaw rate at time prior to entering bump area, deg/sec
Y. .. = Max yaw rate at exit of bumps, deg/sec

Y. = Min yaw rate on the bumps, deg/sec
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Coupled Dynamic Cornering

Coupled dynamic cornering in this thesis referstiie vehicle’s directional
behavior in scenarios where cornering is coupletth wither dynamic motions such as
braking or acceleration. Braking or acceleratiohilev cornering usually results in
undesired yaw responses and changes in the vehadaise. This vehicle response is not
expected by the driver and clashes with the drévertent to either increase or decrease
vehicle speed without changing its heading directichis unexpected vehicle behavior is
a result of several factors: cornering capabitiscreases because of the traction or
braking forces acting on the tires, a fore andvedight transfer due to longitudinal
acceleration affects the lateral force distributianound the vehicle, an unequal
distribution of lateral forces and longitudinal des around the vehicle causes
destabilizing yaw moments, and the vehicle’s unéerscharacteristics change because
of the reduction of vehicle speed [71]. Extremekbmg or acceleration during these
maneuvers might lead to loss of steering controbrtfiwheel lockup or saturation—or

spin out—rear wheel lockup or saturation.

The test procedure to measure and quantify thigcaspf vehicle handling
involves cornering at a constant speed in a stetatg- condition followed by the
application or release of the brakes or throttlthaut applying corrective steering. 1ISO
7975 [72] specifies an open-loop test method f@lwating vehicle performance during
braking-in-a-turn maneuvers. It specifies how theady-state circular response of the

vehicle is altered by a braking action alone. Haeevehicle is driven around a constant
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radius circle (in a steady-state condition) follawWsy a sudden application of the brakes.
The initial conditions are defined by constant likundjnal velocity and a circle of given
radius. The steering wheel angle is held constaughout the test. The recommended
standard test speed is 81 km/h and on a circladdfis 100 m. The objective is to reach a
steady-state lateral acceleration of 5 sfore application of the brakes. The steady-
state lateral acceleration of 5 fésin also be achieved by using other combinations of
test speeds (44 -114 km/h) and constant radiukesi(80 -200 m). Several test runs can
be performed with increasing levels of longitudiaateleration until the wheels start to
lock up. The minimum braking action should corregpao a mean longitudinal
acceleration of 2 m?snd should be increased by increments not moretharg. 1SO
7975 specifies strict procedures for brake conalitig before starting the actual test. ISO
7975 recommends around 12 performance metrics €sguleas ratios of the yaw rate,
lateral acceleration, sideslip angle, and pathature before and after the braking action.
A similar test procedure to determine the effectaoSudden initiation of power-off
condition (by release of the accelerator pedalaaehicle in a turn is described by ISO

9816 [73].

The objective metric to quantify a vehicle’s diteaal behavior during these
scenarios of coupled motions can be describedrinst®f change in the vehicle’'s yaw
behavior due to brake or throttle application dgriteady-state cornering and is referred

to as theundersteer angle increment
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Bergman [71] presents this effective test criteti@muantify a vehicle’s behavior
during these scenarios called tiveersteer angle increme(s,). This metric quantifies
vehicle yaw rate response before and after brakidarottle application. Bergman [71]
also presents results of subjective-objective tatice by using the metric understeer
angle increment and suggests that the lower theevall normalized understeer gradient,

the higher the subjective rating of the vehicledst drivers.
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(A.3)

A6, = Understeer Angle Increment, deg/qg

Y, = Steady state yaw rate prior to brake/acceleration application, deg/sec

V, = Steady state vehicle speed prior to brake/acceleration application, m/sec

Y = Steady state yaw rate after brake/acceleration application, deg/sec

V = Steady state vehicle speed after brake/acceleration application, m/sec

x = Longitudinal deceleration/acceleration, g
L = Wheelbase, m
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Straight-Line Stability

Straight-line stability, in this thesis, refersthe tendency of a vehicle to maintain
stability and follow its intended path of travelrohg scenarios of straight-line braking,
acceleration, and coasting. Straight-line stabibtclosely associated with both vehicle

safety and driver comfort.

Vehicle stability during straight-line braking ardceleration on road surfaces
with split-mu coefficients of friction is a key asgt of vehicle safety evaluated under the
domain of straight-line stability. During a splitunbraking or acceleration scenario, the
unequal forces acting on the vehicle result instat@lizing moment around the vehicle’s
center of gravity and can result in a loss of $itgbiThis tendency of the vehicle to lose
control during these split-mu braking and accelenascenarios is quantified using the

metric of straight-line stability margin.

Driver comfort is related to theull anddrift behavior of a vehicle during vehicle
straight-line motionPull is defined as the steering wheel torque requiceleep the
vehicle travelling on a straight-line path (i.exefd control mode) whereakift is defined
as the deviation of the vehicle from the straigh¢lpath when the steering wheel is
released (i.e., free control mode). Drift and paghavior is most concerning to drivers
while coasting on highways—a constant speed stirdiigh driving scenario. Driver
comfort is also related to pitch characteristics€ksas squat and dive—of the vehicle of

the vehicle during straight-line braking and accien scenarios.
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Vehicle straight-line stability is influenced byesting, suspension, and tire
characteristics. Steering geometry (i.e., castgtea kingpin inclination, scrub radius),
suspension kinematics (i.e., bump steer, statgnalent), suspension compliance (i.e.,
longitudinal force wheel center compliance), anegk tcharacteristics (i.e., conicity,

plysteer) all influence straight-line stability chateristics of the vehicle.

Note that vehicle straight-line pull and drift caeteristics are also affected by
external environmental disturbances such as siddsyiroad unevenness, and road
crown. In this thesis, vehicle straight-line beloavdue to external environmental
disturbances will be considered as a separate doohaehicle handling and is described

in the next section (see Disturbance Sensitivity).

Stability during Split-Mu Braking

ISO 14512 [74] describes an open-loop test metlwyddetermining vehicle
reactions during a straight-line braking maneuverlaurface with a split coefficient of
friction (e.g., a surface with a low coefficient @iction on one side). The initial
condition for the test is driving in a straightdirat constant speed. The position of the
steering wheel and accelerator are held as steagpssible in the initial state. As the
vehicle enters the split-friction surface, the kbngkmaneuver is initiated while the
steering wheel is held fixed at its position. Dgrithe test, operating functions and

vehicle responses are measured and recorded.

194



The recommended speed for straight-line drivingoteefinitiating the braking
maneuver is 80 km/h. The yaw velocity at differer@an longitudinal deceleration levels
resultant from the braking action is used as tharagteristic metric for this test. ISO
14512 mentions that that the maximum yaw accetaratit different longitudinal

deceleration levels can also be used as a metrihifotest.

In this thesis, the metric -straight-line stability margin— is used as a
representative for straight-line stability duringlismu braking. Straight-line stability
marginis a measure of vehicle’s tendency to develop &ab#zing yaw moment while
reacting to un-balanced longitudinal and lateraicdéoinputs. Lower value of this
indicates higher straight-line stability. Figure &i@d Equations A.4 and A.5 are used to

derive the mathematical formulation for straigimelistability margin.

Figure 57. Longitudinal and Lateral Force Un-Bakaacting on the Vehicle.
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For Stability: »° M=0

A ( )+AFYF ( )+AF><R ( )+AFYR(_) 0

(A.4)
L
AF¢ .[(5 )+C,z LFCS -(5 )] +AFxR.[(—2 J*Con LFCS, (5 )] =0
SSM = Straight Line Stability Margin
Moment(Nm)
ForceUnbaIance Front Axle(N)
(A.5)

_ M wf
" {E (P_)+(_) (C,. .LFCS +C, .LFCS H))}

Assumption:
W, (axle) = P, *W, W (axle) = (1;P )*V

Front Axle Longitudinal Force Unbalance4F =F -F ,

Rear Axle Longitudinal Force Unbalance4¥,.=F -F ,

Front Axle Lateral Force Unbalance AFYF—FYl-FYZ—CaF.LFCSF AF .

Rear Axle Lateral Force Unbahce =4F, =F,;F ,#C -.LFCS; 4F ,

C, . C, = Front and Rear Cornering Stiffness per Tii&leg)

LFCS. , LFCS = Front and Rear Longitudingbrce Complaince Steer(C
LFCS = +ve Number = Toe Out iBraking

W, , Wr (axle), = Weight on the Front and Rear Aile,

P, =Percent Weight on the Front Axle

W = Vehicle Weight, = Ratio of Weight on the Rrarle
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Pull and Drift

Different OEMs and tire suppliers have specific wag access pull and drift
behavior of a vehicle during coasting scenarios. ddecific ISO/SAE standards were
found related to test that quantify vehicular daftd pull behavior. However, Lee [75]
and Oh [76] both indicate very similar methodstisting vehicular drift characteristics.
Both papers suggest driving the vehicle at a consjgeed of 80 km/h or 100 km/h in a
straight line for some distance (control zone = 1)) followed by the release of the
steering wheel by the driver in the test zone (6 &f). The amount of lateral movement
of the vehicle in the test zone is used as a witeilo quantify vehicle drift behavior. In
this same setup, if the driver applies a correcsiteering to maintain the straight-line
motion of the vehicle in the control zone, the desi steering torque applied by the

driver can be used as a measurement of vehicldpb#vior [76].

The following objective metrics can be defined:

e Pull. The steering torque required by the driver to kifepvehicle on a straight-
line path.

e Drift. The deviation of the vehicle from its intendedsght-line path.

As described above, the pull and drift of the vihis mainly affected by two
factors: tire properties and suspension alignmenwVith respect to tire properties, a
vehicle’s pull and drift issues result from thetféwat the tire’s lateral force and aligning
moment are not centered at a zero slip angle the.tire produces a non-zero lateral

force and aligning moment, even when the slip arsgiro).

197



Several researchers—Pottinger [77], Matlya [78¢ bae [75]—have contributed
immensely in this area. Pottinger [77] and Matyj&][found that vehicle pull occurs if
aligning torque is non-zero at the slip angle whieteral force becomes zero or vice
versa. The aligning torque at the slip angi&) (where lateral force is zero is defined as
the Residual Aligning Torque (RAT), and the latefiaice at the slip anglen®) where
aligning torque becomes zero is called as the Rakidateral Force (RLF). Pottinger

[77] calls the angle differenceX-a2) an Aligning Torque Static Phase (ATSP).

RAT, RLF, and ATSP in tires result from two mairt@as: conicity andplysteer
Conicity is defined as the component of lateral force pceduby a tire rolling at a zero
slip angle. It does not change directions whenrdt&ional direction is changed but will
change direction when the tire is reversed onithe@onicity in a radial tire is a result of
the off-centering of top belts and is related tanafacturing tolerances [75Plysteer on
the other hand, is defined as the component afdiaferce produced by a tire rolling at a
zero slip angle, which changes directions whenrthational direction is changed but
does not change directions when the tire is redeosethe rim. Plysteer is the result of
pantographing of belts in a tire, comes from thedmental physics of tire construction,
and is designed very consistently into the tiretypical value of plysteer force for a

passenger car tire is around 300 N [79].
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Disturbance Sensitivity

Disturbance sensitivity, in this thesis, refersatgehicle’s response sensitivity to
external environmental force or displacement disinces acting upon it. Typical
examples of such disturbances include lateral widels, road crown, road roughness,

and road irregularities.

A vehicle’s response to road crown, or banking, lsarevaluated by analyzing its
response to a lateral force input acting at the (§é& Figure 58). The application of
lateral forces can be studied with two cases:rdaterce acting as an idealized step input
or lateral force acting as an impulse input. Onséu@e lines, a vehicle’s reaction to side-
wind disturbances can be evaluated with two walyst, foy assuming a constant speed
lateral wind disturbance acting as a step inputhatAerodynamic Center (AC) of the
vehicle; and second, by assuming a sudden latenal gust, or impulse input, acting at
the Aerodynamic Center (AC) of the vehicle. In thieesis, a vehicle’s disturbance
sensitivity will be evaluated using an idealizeépsinput acting at the CG of the vehicle
to study its response to road crown, or bankingl lay using an idealized step input

acting at the AC of the vehicle to study respownsiateral wind gusts.

A straight-line response to road roughness is anattea that should be evaluated

in order to analyze the vehicle’s sensitivity taegral disturbance.
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ISO 12021 [80] specifies an open-loop test metlwodralyze the sensitivity of
vehicles to lateral wind disturbances by using adwgenerator. In this method, the
vehicle is driven along a straight path, and isponse to the crosswind input of a wind
generator is measured while keeping the steeringelvim a fixed position. ISO 12021
specifies a standard test speed of 100 km/h. ISA2ILZroposes two methods for

measuring lateral deviation of the vehicle.

e adirect method by means of direct measuremetteob¢hicle trail

e an indirect method by means of computation fromsuezd vehicle motions

ISO 12021 gives well-defined guidelines for teatk specifications and ambient
weather conditions (e.g., wind velocity should kssl or equal to 3 m/s). ISO 12021
specifies that this test procedure shall be careed in at least two loading
configurations: minimum load conditions and maximuoad condition. Minimum
loading conditions consist of vehicle curb masq fxded to the masses of the driver and
instrumentation. Maximum loading condition corresg®e to the maximum authorized
mass of the vehicle. More details on the distrinuof mass in the vehicle can be found
in 1ISO 2958 [52]. ISO 12021 [80] also specifiestttiee lateral wind generated by the
wind generators should have an average velociB0ah/s = 3 m/s (for an ambient wind
condition of <1 m/s). The average wind velocit#&dculated over the length of the wind
zone and over the height of the test vehicle. Torinal length of the wind zone shall
not be less than 15 m and should preferably be rii@e 25 m. More details on the

specifications of this test can be found in ISO2R(BO].

200



In addition to the lateral deviation metric, ISO022 also suggests an optional
metric, defined as the pulse value of yaw veloaityl lateral acceleration. ISO 12021
defines the pulse value as the average signal \dueg the time the signal exceeds

50% of peak value.

The objective metric to quantify a vehicle’s sengiy to road crown and side

wind disturbances that will be used in this thési®eferred to asndersteer rate

Understeer rate[81] is defined as the ratio of a vehicle’s resntt |lateral
acceleration due to external disturbance forc&s@to the input lateral acceleration (or,

external disturbance force divided by vehicle mass)

—/
—/

1

—/
—/

Figure 58. Disturbance Force at Vehicle CG duedadkCrown or Banking [83].

A simplistic 2 DOF (yaw velocity and lateral veltgimodel can be used for the
analyses of vehicle sensitivity to road crown. Houes determining vehicular motion
with steer angle set to zero and lateral forcengcéit the center of gravity for a 2 DOF

model are shown below.
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mv 9 4 2(C,r +Cr)p + {Mv + g(aCaF - bCaR)} r=Yy
dt v (A.6)

dr N Z(aZCaF +b2QzR)r -0
dt v o (A7)

2(aGy. HGg)f+1

By using the Laplace transformations, one can &shathe transfer functions of
sideslip angle and yaw rate with respect to therdtdisturbance input (Y). The steady-
state values of sideslip angle and yaw rate inaesp to a step lateral force disturbance

(Y=Y ) at the CG is given by:

(a°C, +b*Cr) Y

4 sizc, ¢, | 1-M(8Ce BGe) V
oF ~oR 2L2 Ca,: CaR (A8)
r= '(aCaF _szR) vy
) M (aC, -bGCy) V2
2 oF R
212C,- Cp [ -0 cc. ] (A.9)

Analysis using the above equations suggests thatvarsteered vehicle is more
sensitive to environmental disturbances as vehsgleed increases. Analyses of the
vehicle’s transient response in the presence @frdhtwind disturbance can also be
studied using Equations A6 and A7. Bergman [81fcdksd the metric understeer rate

U ; and defined it as
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Yo
Y = Resultant Lateral Acceleration at GiBe to Input (A.10)
Disturbance Force,Y

Y, = Input Lateral Acceleration

-M(aC; -bGg) V

2°C,Cr Yo
M (3G -DGg) V| M A11)
21°C,- G
v = % (A.12)
]
— N —
| _._AC j¢G |
T i
I
[ -Y“E

o
!
et

Figure 59. Lateral Force Disturbances by Side W[B88%.

A similar analysis technique can be used to asgelile directional stability
during side wind disturbances. Because the lateirad disturbance does not usually act
at the CG of the vehicle, the acting point of latdorce (Xy) is called the Aerodynamic

Center (AC), as shown in Figure 59. Along with tatdorce input, the influence of yaw
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moment input (M, = Iw X Yw) also needs to be analyzed. The equations of matie

shown below.

MV% + Z(CaF +C{7.R)ﬂ + {MV + é(aCaF - bCaR)} r=7yY, (A.13)

2(£C._+1KC
SEVNE S LALL

r=-1.Y,, (A.14)

An alternative performance metric commonly usesttwly a vehicle’s directional
stability in presence of side wind disturbancesaitéed thesensitivity coefficien{Sy) and
is defined as the steady-state lateral accelergemerated by the vehicle per unit lateral

wind force. The equation for tlsensitivity coefficienis below.

VR ORI o VAR ot eh

== : N

Yo 2IZCaFcaR(1 M _bC“R)VZ] (CtC) (A15)
2L CaFCaR
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Appendix B.

Vehicle and Sub-System Level Models

In this thesis a simplified lower-order vehicle dymcs model which captures the
behavior of the real-world naturalistic driving tg0.3 -0.4 g's of lateral acceleration is

used for the simulations.

The vehicle handling model used in this researdbased on a three Degree-of-
Freedom (DOF) vehicle model with roll, yaw, ancetal motion as the three degrees of
freedom. This is coupled with a steering system ehodhich adds another DOF and

accounts for steering system compliance betweerodeewheel and steering wheel.

The tire force model is based on Pacejka’s Magierietae [43] and includes a
simple transient tire side force model extensiosedeaon a first-order lag using the tire’s
relaxation length as the time constant. The infbeenf steering system compliance,
suspension kinematics and compliance, weight teandfie to height of the center of
gravity, roll stiffness, and centrifugal forces aneluded in the tire force calculations
using effective axle cornering characteristics [43puch effective cornering
characteristics include tire properties based otejRa’s Magic Formulae, incorporate
tire force dependency on slip angle and verticaldJoand provide mechanisms for

combined cornering and braking with tire force sation.

The suspension elasto-kinematic characteristicsnadeled using the suspension

compliance matrix formulations described by Knapczd].
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Steady-State Vehicle Handling Model

Figure 60 and Figure 61 show the free body diagi@@D) of the sprung and un-
sprung mass of a vehicle during a steady-stateedoin scenario. The equations of

motion describing vehicle’s behavior during steathte cornering are described in this

section.

> W (V2/Rg)
i Rear
¥
[ S
7t Fap ﬁdﬁ -
b TR e
— _—-!-___ -
Front View _-:t ! h
(Along Roll Axis) e | - i
i Side View \Grcund
bSI Sprung Mass CG
] = HWS {VZ/Rg]

FYF

Top View

Figure 60. Vehicle Free Body Diagram of Vehicle 8y Mass during Steady-State

Handling Scenario.
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Figure 61. Vehicle Free Body Diagram of Vehicle Sprung Mass during

Steady-State Handling Scenatrio.

Equations B.1, B.3, and B.4 describe the roll maméateral force and yaw
moment equilibrium during steady-state corneringudion B.7 describes the moment
equilibrium for un-sprung masses and further helpsve the formulations for vertical
loads experienced by the four tires during a stesdie cornering scenario (see Equation

B.8, B.9, B.10 and B.11).

Roll Moment Equation:

2
D My=- W, Hsimb + M, +M,, :WSY?Q Hcogp (B.1)

For small®

2
(Kq>l=+ Kor- WSH)@:Ws\é_ H (B-2)
g
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Lateral Force Equation:

V?
§ F=F,.+F =W —
Y YF YR ng

Yaw Moment Equation:

ZMZ = FYR bs'FYFas:O

b,

FYF = gs FYR;
2
5, 1} Fomw,
ag Rg
2 b 2

I:YR_EWSV_;FYF__S sV_;

L Rg L Rg

b a

Fpr = WSTS: Flr = WSTS;

The normal load at each tire can be found by caling the summation

of moments about the outside tire (see Figure 61),

T T V2
ZM:V\(JFE'NFT"'EF_Z - Rer - M :\MEQJ}!
1 W, V2 b. h H K
NIFZE W SLbS "Ra W, —=—FF W, — oF UF&
9 L T T lg»F +K13R 'V\é H T
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W. 2 b. h K
N0F=E(WUF+ Sbs}v—{ws W W &} ®9)

W. 2 h K
N = Wy ns % | Y gy, B Teer,y H - . (B.10)
2 L Rg L T T Ke tKr -W H T
W. 2 h
NOR:E WUR+ Sas +V_ WSiSiR+W Sﬂ KFR +W URE (Bll)
2 L Rg L T T K. +K; -W H T

Nomenclature:

F. ,R: = Lateral Forces Front (inside and outside), N
N ,N,- =Vertical Forces Front (inside and outside), N
K, - Kz = Roll Stiffness (Front and Rear), Nm/ deg
M, .M, = Roll Moment (Front and Rear), Nm

W; = Sprung Weight, N
W, W, = Front and Rear Un - Sprung Weight, N

L=Wheelbase,m

T =Trackwidth, m

ag = Distance of Front axle from CG, m

b = Distance of Rear axle fromCG,m

N, -k = Height of Front andRear Un - Sprung Mass CG
hecr  Nrcr = Height of Front and Rear Roll Center, m
hy.c = Height of Sprung Mass CG, m

H = Height of Sprung Mass CG above Roll Axis,m
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Understeer Gradient (Kus)

KUS: KTires+K LLT+K RoIICambe-li-K RoIISteg—rK LFCéI-K ATCS-‘I-:K ATLP1 (812)

« oW W

Tires ™ - (Bl?’)
G Conar

K s= Total Understeer Gradient, Deg/g
Ce;; .-=Front Effective Cornering Stiffness, N/deg
C. .x=Rear Effective Cornering Stiffness, N/deg

K= Understeer Gradient due to Tires (Static CorneriStifness), Deg/g
K, .= Understeer Gradient due to Weight Transfer, [eg/

K roicamne= Understeer Gradient due to Suspension Roll Canibeg/g
Kraisee= Understeer Gradient due to Suspension Roll $teeg/g

K res= Understeer Gradient due to Lateral Force Comptia Steer, Deg/g
K ,rese= Understeer Gradient due to Aligningpiique Compliance Steer, De¢
K ,rpr= Understeer Gradient due to Pneumatic Trail, Deg/

W W
K™ C

L (B.14)
CaF aR

W =Weight on Front Axle, Per Wheel, N
W, =Weight on Front Axle, Per Wheel, N
C_-= Per Tire Cornering Stiffness at FroAkle, N/dec
C= Per Tire Cornering Stiffness at Reaxle, N/deg

« W (G AFL) We(C,aF
LLT
C.. C Cal C

aF aF aR aR

(B.15)

C,= Cornering Stiffness vs. Normal Load&ficient
AF,.= Weight Transfer, N
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C..K C..K
KRoIICamberz-( ( gz:a': a )_( gCR:aR QRJ )Kf

K, = Roll Gain, deg/g

C,r= Per Tire Camber Stiffness at FrontléxN/dec
C,r= Per Tire Camber Stiffness at FrontléxN/deg
K== Roll Camber at Front Axle, deg/deg

K== Roll Camber at Rear Axle, deg/deg

Krolsteer™ (e F_eR) K,

e- = Roll Steer at Front Axle, deg/d
e, = Roll Steer at Rear Axle, deg/d¢

Kires=2.(Wg Ag-W A

A= Lateral Force Compliance Steer at FioAxle, deg/M
A.= Lateral Force Compliance Steer at Ré&le, deg/N

KATCSF=2'WF 'KSCF'(L PT+L MT)_Z'W R'K SCR’(L PT:

Ksc= Aligning Torque Compliance Steer atdat Axle, deg/Nr
Kscx= Aligning Torque Compliance Steer ag¢&t Axle, deg/Nmr
L..= Pneumatic Trail, m

L,,= Mechanical Trail, m

K - (W I'PT j [CaF +CaRj
ATLPT '
2' L CaF 'Q-lR

L= Wheelbase, |

Yaw Rate Gain (YRG)
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\Y
YRG A

18
1+KUS'( ( 97/1-) )
L.g

YRG = YawRateGain, 1/sec

K= Overall Understeer Gradient, Deg/
V = Vehicle Speed, m/sec

L = Wheelbase, m

g = Acceleration due to gravity, G

Side-Slip Gradient (SS-GR)

m a .,

2L bC
SS-GR Er. % b
m a'CEff, aF — bCEff aR Vz L

2L2 CEff, aFCEff, aR

SS-GR=Side-Slip Gradiewrt Roal Wheel Angle, Radéd
Cey; .==Front Effective Cornering Stiffness, N/rad

C; .s~Rear Effectve Corneing StiffnessN/rad

Roll Gain (RG)

RGq e
K e HK g Wi H

RG = Roll Gain, Deg/G
Kz =Front Roll Stiffness, Nm/De
K rz=Rear Roll Stiffness, Nm/De
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Transient Vehicle Handling Model

The three degree-of-freedom vehicle handling matksicribed in the previous
section is used for analyzing transient handlingnacios. Detailed derivations and
discussions of the model are given in [82]. Equei®.24, B.25 and B.26 show the
lateral force, yaw moment and roll moment equilibri equations during a transient

cornering scenario.

Linearized Equations of Motion:

Lateral Force Equation:
MV B —m*HE g + MV A= F o+ F (B.24)
Yaw Moment Equation:
L*r +1 % p = aF, —b*F., (B.25)

Roll Moment Equation:

(|+m*H2)*;1;+|*r-+k*(p+b*('p:m*H*V*,é+m*g*H* + m *H*V *r (826)
X s xz 0 » s X s ® s X

Nomenclature:
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| ,= Yaw Moment of Inertia of Total Vehicle, K§m
| .= Yaw Moment of Inertia of Sprung Mass,Kgm
| .= Roll Moment of Inertia of Total Vehicle, Kgm
| .,= Yaw-Roll Product of Inertia, Kgm
|,= Pitch Moment ofinertia of Total Vehicle, Kgm
V, = Longitudinal Velocity, m/s
V, = Lateral Velocity, m/s
S = Side-Slip Angle, deg
¢ = Roll Angle, deg
r =Yaw Rate, deg/sec

ms = Sprung Mass, Kg

M., Mg = Front and Rear Un-8png Mass, Kg

H = Height of Sprung Mass CG above Ragtis, m
k,= Total Roll Stiffness, Nm/deg

k.- .k, = Roll Stiffness (Front and Rear), Nm/deg
b, = Total Roll Damping, Nm-sec/deg

b, ., = Roll Stiffnes (Front and Rear), Nm-sec/d
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Steering System Model

Figure 62 shows the steering system model useHlisnrésearch. In this model
[83, 84, 85], a rotating body equivalent to stegmvheel is connected to another rotating
body equivalent to the front wheels. The momenneftia of the steering wheel and the
front wheel (assembly) are represented hyahd k respectively. The two bodies are
connected via a rotating steering shaft equivaletie steering wheel shaft and gearbox
with spring constant K The damping friction at the steering wheel shaafd kingpin is
represented by damping coefficient @nd G respectively. The rotational angle of the
steering wheel converted around the kingpin (represl bya) and actual front wheel
steer angle (represented B), form the 2 DOF of the torsional vibrational steg
system model. Note thatdnd G are representative of both front (left and righkleels.

Ty represents the hand wheel torque agpdépresents the moment around the kingpin.

Figure 62. Free Body Diagram of the Steering Macseld for predicting Steering

Torque Feedback [adapted from Abe [83]].
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My = -(Fiet Faer)d sin(gy)sin@ ) + (R - Rer )d sing . )cosg ) +.
o (Rt RO (tan(ge ) + (Fue- Fyer)d + (M g+ M p)c0s(y (4 E +¢ é) )

Ty =Ks()

Nomenclature:

T, = Steering Wheel Torque
M, =Aligning Moment at SteerAxis

K¢= Steering Stiffness Stiffness
05 = a = Steering Wheel Angle
0 = Road Wheel Angle

T

e Foer = Front Tire Vertical Force Left and Right
- » Fer = Front Tire Lateral Force Left and Right

- » Fyer = Front Tire Longitudinal Force Léfand Right
sk » Mr = Front Tire Aligning Moment Leftral Right
« » Mg = Moment about Kingpin Axis Left afight

LA

X

= Z

L, = Pneumatic Trail

L, = Mechanical Trall

¢. = Caster Angle

¢ = Kingpin Inclination

d = Scrub Radius

K= Steering Ratio

I, = Steering Wheel Moment of Inert

216

(B.27)

(B.28)

(B.29)

(B.30)



Tire Model

The tire force model used in this research is baseBacejka’s Magic Formulae
[43] and includes a simple transient tire side éomodel extension based on a first-order
lag using the tire’s relaxation length as the tiommstant. Equation B.31 shows the
Pacejka Magic Formula expressing the relationskeigvben the lateral force, slip angle
and normal load on the tire and Equations B.32 Br88 show the influence of tire
relaxation length in the tire model. Figure 63 dfigure 64 show the lateral force
(against slip angle at different normal loads) aathering stiffness (against normal load)

curves generated using the Pacejka Magic Formul@ #05/50 R 15 tire at 2.1 bars.

R, =D*sin ( C*atan( B*phi) ) +S\ (B.31)

phi=(1-E)*(delta+SH)+E/B. *atanR. * (delta+ SH))

D =Peak Factor=(al*Z+a2)*Z

BCD = Cornering Stiffness = (a3 *sin(2*arcigZ/a4)))*(1—-a5*
|gammal)

B = Stiffness Factor=BCD/(C*D)

C = Shape Factor = a0

E = Curvature Factor=a6 * Z + a7

SH = Horizontal Shift = a8 * gamma + a9 * Z + al0

SV = Vertical Shift=(all2*Z +alll)*Z*gama +al2 *Z + al3,

Fy = Lateral Force, Z = Normal Load, Delta = Slip Algg Gamma = Camber

Angle
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a0...a13 are parameters that characterize the intteeaf normal load and slip

angle on generation of Lateral Forces.

Equations B. 32 and B. 33 describe the influenceetd#xation lengths as first

order time lag on the lateral force generated bytitie.

Transient Tire Model — Relaxation Length Effect

) (B.32)

Fe =((-1R) Re)* ((C/R) %) —((CaF/R,) *(vyN)) { (CeR) f rav))

Fro = (-1R)) Fye +( G IR) *(*r IV, ) - (G IR) *(V, 1V) (B.33)
-R

R %/ (B.34)

RL = Relaxation Lengt
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Lateral Force vs. Slip Angle at Differnt Vertical Loads

BOGD T ] L) T T L) T .u_lu - L] 1-1 kN
— = et 31 e
y — 3N
s £ kN
4 - = 6.1 kN
— 1 kN
/ P —— - —— el R
1110 1| IROB A N /I8 e e L0, ok b b g g b b b g b o o b g b — 01 kN
= -3 —— {1.1kN
8 v’/ — 12.1kN
= v/ — 14.1KN
8 = = =151KN

oo} ¥ oo
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Slip Angle, deg

Figure 63. Lateral Force vs. Slip Angle at diffedrBlormal Load for 205/45 R17

P =2.1 bar.
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Cornering Stiffness "BCD from Pacejka"
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Figure 64. Cornering Stiffness vs. Normal LoadZ0656/45 R17 P = 2.1 bar.

In this thesis, the effect of traction/braking fer@n overall lateral force capability
of the tire is simulated using the Equation B.3&rfrPacejka [43]. The main effect of
introduction of longitudinal force is the reductiohthe maximum side force that can be
generated from the tire. This phenomenon is ofigatagned using the concept of traction

ellipse [43] for a tire.

C., WF,.F,)=9¢,(C.(F)-05uF,)+05(uF,-F,)
(B.35

n)in
Pra= {1-[ﬂ; ] } ; N=2-8, more or less curved C vs, Eharacterstics ;
z
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Equation B.35 describes the effect of longitudiface (FX) on the cornering
stiffness of tire and assumes that the frictionfflament () is the same for longitudinal
and lateral direction. The parameter ‘n’ in Equati®.35, describes the interaction of
longitudinal and lateral forces for different tirdsigure 65 and Figure 66 depict the

influence of the parameter ‘n’ on lateral cornerstiffness of a representative tire.
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Figure 65. Effect of Tractive Forces on Corneriniffigess.
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Cornering Stiffness, N/Deg
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Figure 66. Effect of Tractive Forces on Cornerirnidfigess.
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Suspension Model
In this research, a quasi-static model of an inddpet suspension system,
described by Kanspsky [44], is used for the el&kstematic analysis. The independent
five links suspension system shown in Figure 6nAsis of the following elements: rigid
wheel carrier, suspension spring, tire spring, likégematic joints, and compliant joints
(bushings). The wheel carrier with six degrees reedom (DOF) is supported with
respect to the base on seven compliant links,the.five suspension links {KKs), the

main spring (K), and the tire (K).

Figure 67. Free Body Diagram of a Five Link Indegemt Suspenion.
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Each suspension link is modelled as a two force beemwith spherical
connection joints at each end which constrain tldion of the wheel carrier relative to
car body. The suspension links are represented doyvaent longitudinal stiffness

resulting from radial stiffness of the elastomdriushing in the suspension.

Below are some of the assumptions relevant tontloidel,
e The motion of the suspension links is assumed wuiasi-planar.
e The suspension motion is represented by small atisphents of the
suspension links.
e The suspension links are in tension or compresstate only i.e., the
model cannot represent suspension types whereirtke &re loaded in
bending/shear/torsion.

e No interaction between left and right side of the axle.

If an arbitrary force system is applied to the whearrier, it must be in
equilibrium with the link’'s tensile forces. The tibution of forces within the links
depends on the orientation of the links in spackthas can be represented using Plucker

coordinates. Figure 68 shows the plucker coordirgfigesentation of a line in space.
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o A

3 Line in Space

Plucker Line Coordinate{:

||
N——~

Unit Vector: S =| m|

S = RpxS

Figure 68. Plucker Coordinates of a Line in Space.

S represents the unit vector along timlin space represented by it
directional cosines |, m, and n,

S represents the moment of the unit vector S aheudrigin,

l, m, n, p, q, and r, represent the plucker co-onateés of a line irspace
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For an external force system (wrench) applied at wheel center, following static

equilibrium hold true:

Ii
m
n
W =F ?' (B.36)

G
I

W, represents the external forces and moments actirtgeowheel carrier,;Fepresents
the linear (tensile/compressive) forces actinghm suspension links, andin, n, @, g,

and 1, represent the plucker coordinates of the linkgpgrcs.

Wext=( Px, Py, Pz, Mx, My, I\ﬂz

) (B.37)
F=(F,F, F, F, F, F, F))
I _E_ [ Px |
m ... m F2 Py
n .. ° P
b F| = |vZ|x (B.38)
:’1 (;,} . v
e . "
LB Jer F, L4 Jexa
L d7x1

Px, Py, Pz, Mx, My and Mzepresents the external forces and moments inaqdyz
directions. I, F...Fs represents the forces in the five suspension lifEsepresents the
force acting on the main suspension spring andepresents the force acting along the

tire spring.

226



[F1=- [J] Twexi]

ol ]

My e (B.39)
g= |t Suspension Jacobian Mati

P, B

G - G

RFEREU I

Consider an arbitrary twisT] is applied at the wheel carrier,

T = [gx’ 8y’ 82; 5ox ’5oy ’5 oz]
&, €y, €, = ROtation

)

ox !

y’

Oy 10, = Translation

oy ?
To accommodate the twist (T) acting on the whegi@a the suspension links deflect in

space, and this results in a small change in leofgtihe suspension linkal,

AL [lmnpog g
AL | 5
Al | | 5
AL, =l ... o (B.40)
Al | oo, x
&
7] I I Y
AL ) Ly pog o
=071 S B.41)

Assuming linear stiffness of the suspension limkain suspension spring and tire spring,
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F=K..4l

[K,000000]
0K, 00000
00K, 0000 (B.42)
K=|[000K 000
0000K 00
00000K O
00000 OK|

K1, Ko, K3, Ka, Ks represent the radial stiffness of the suspensids,|Ks represents the

main suspension spring stiffness andr&presents the tire radial stiffness.

[%]:[J T T 44 (B.43)
[Wext] = - [J] [F] (B.44)
[Wext] = - [J] [K] [ 4L]
UICENE o
[Kwheel] = [J] [K] [ T ]= Suspension Stiffness Mat
90 (B.46)

[Wext] = - [Kwheel][ 22]
&
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[ 299=-inv[Kwheel][ West (B.47)
&

Equation B.47 represents the elasto-kinematic tatem of the wheel resulting from an

external wrench (force-moment system) acting attheel center.
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Appendix C.

Vehicle Model Validation

In this dissertation, a simplified lower-order vaki dynamics model which
captures the behavior of the real-world naturalistiving up to 0.3 -0.4 g’s of lateral
acceleration is used for the simulations. The deldgnamics model was validated with
data from real world physical testing of vehicles @roving grounds. Validation results
for a 1991 Mazda Miata, 2010 Ford Focus and arrméieket modified six-inch lifted
2010 F-150 are shown in this section. All the vigdscwere tested for a step steer
maneuver at around 80 km/h. The steering wheeleamglut was adjusted for each
vehicle to achieve around 0.4 g's of lateral agegien (the linear range of vehicle

handling).
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Figure 69 shows the steering wheel angle and webkjmted input used for Mazda
Miata. Figure 70 and Figure 71 show the validatiesults in terms of yaw rate, lateral

acceleration and roll angle for the Mazda Miata.

Vehicle Level Model Validation — Miata (V=80.5 km/h
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Figure 69. Steering Wheel Angle and Vehicle Spegdt for Model Validation.
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Figure 72 shows the steering wheel angle and \elsijgked input used for Ford
Focus. Figure 73 show the validation results imteof yaw rate, and lateral acceleration

for the Ford Focus.

Vehicle Level Model Validation — Focus v= 81.5 km/h
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Figure 72. Steering Wheel Angle and Vehicle Spegdt for Model Validation.
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Figure 74 shows the steering wheel angle and \welspeed input used for
modified F-150. Figure 75 and Figure 76 show thedation results in terms of yaw rate,

lateral acceleration and roll angle for the aftetteamodified F-150.

Vehicle Level Model Validation — Modified F-150 (v84 km/h)
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Figure 74. Steering Wheel Angle and Vehicle Spegdt for Model Validation.
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