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Sommario

L’industria dell’automobile deve sempre pit confrontarsi con la pressante richiesta di
ridurre il peso delle vetture, perché questo consente di diminuire i consumi, aumentando
I'efficienza, ed inoltre abbattere le emissioni di inquinanti. La riduzione di peso puo
essere ottenuta riducendo le sezioni, e quindi rimuovendo materiale, oppure adottando
materiali innovativi. In entrambi i casi, ad una riduzione di peso é spesso associata an-
che una riduzione della rigidezza del telaio (body), che puo causare un peggioramento
delle performances. Dal punto di vista della dinamica del veicolo, diviene sempre piu
importante conoscere gli effetti della rigidezza del telaio sulle prestazioni di handling e
comfort gia nelle fasi iniziali del progetto. Diversi studi [5, 6, 11, 14] sono stati svolti per
determinare 'influenza della rigidezza del telaio sulle prestazioni del veicolo e, nonos-
tante sia difficile osservare effetti nelle variabili cinematiche (accelerazione laterale,
velocita di imbardata), variazioni significative sono state misurate nelle forze scambi-
ate tra il body e la sospensione. In particolare LMS International ha sviluppato una
tecnologia per identificare tali forze ed in precedenti studi ha misurato variazioni con-
sistenti di alcune di queste forze tra veicolo Base e Modificato [6] (il veicolo Modificato
ha delle barre aggiuntive che irrigidiscono la struttura). Nell’ambito delle simulazioni
multi-body sembra non sia semplice riprodurre le medesime variazioni di forze osservate
nei test agendo solo sulla rigidezza del body [7].

Nel presente lavoro di tesi si affronta il problema dell’influenza della rigidezza del
body sulle prestazioni di handling con simulazioni CAE. L’analisi inizia con un modello
mono-traccia, che viene utilizzato per analizzare un set di dati sperimentali, disponibili
da un database di LMS, relativi a prove di step-steer. Il veicolo Base é confrontato
con quello Modificato (telaio rinforzato) in una serie di prove ed i risultati mostrano
che le classiche variabili cinematiche non presentano grandi variazioni, con ’eccezione
dell’angolo di assetto, che costituisce quindi un parametro interessante da considerare.
Le rigidezze di deriva diminuiscono nel veicolo Modificato, soprattutto al posteriore,
indicando quindi che il sistema equivalente pneumatico-sospensione non ¢é lineare. La
variazione delle rigidezze di deriva ed i precedenti studi sperimentali condotti da LMS
hanno condotto alla seconda parte del lavoro, in cui si analizza la distribuzione dei
carichi all’interno della sospensione. In generale 'irrigidimento della struttura del ve-
icolo viene soggettivamente percepito dal pilota come un fattore positivo. Associando
questo risultato con le variazioni di forze misurate, si ipotizza che il pilota sia sensibile
alla distribuzione dei carichi agenti sulla cassa (in particolare in transitorio). Lo stu-
dio consiste nell’analisi delle variazioni di carico (Base/Modificato) per diversi modi di
modellare la flessibilita del body in Nastran. Dato che il solo effetto del body non ha por-
tato a variazioni di carico paragonabili a quelle osservate nei test, nell’ultimo capitolo si
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ricerca la possibile causa di questa discrepanza nel comportamento non-lineare di alcuni
componenti della sospensione (bushings, giunti sferici, etc) ed inoltre si valuta I'impatto
dei diversi parametri mediante un’analisi di sensitivita. I parametri piu influenti sulle
variazioni Base/Modificato vengono evidenziati, dando quindi indicazioni su quali com-
ponenti strumentare per le prossime misure operazionali sul veicolo. L’obiettivo futuro
della ricerca in cui si colloca questo studio é determinare una correlazione diretta tra
la rigidezza del telaio e le prestazioni di handling, mediante opportuni parametri (vari-
azione di forze, angolo di assetto, etc), in modo da poter prevedere 'impatto di diverse
soluzioni a partire dalle fasi iniziali del progetto.

Parole chiave: Dinamica del veicolo, simulazioni CAE, flessibilita del telaio, han-
dling, carichi sospensione, non-linearita, analisi di sensitivita.



Abstract

Nowadays the car industry is under pressure to reduce the car body weight and this
can have the unwanted effect to reduce the body stiffness. From the vehicle dynamics
point of view it is becoming more and more important to understand the impact of the
body flexibility on the overall car behaviour, even in the initial phase of the project.
In previous works LMS performed operational measurements on Base and Modified
vehicles, whereas the overall body stiffness is increased by adding cross-members to the
frame structure. Several studies proved that the body stiffness is a relevant factor on
the vehicle dynamic performances [5, 6, 11, 14]. Although this is difficult to observe
objectively in classic vehicle dynamics parameters as the lateral acceleration and yaw
rate, it can be quantified when looking at the level of the suspension to body loads
[6]. It seems however, that it is difficult to reproduce the same level of load variation
using MBS simulation with a flexible car body [7], even for large changes in the body
stiffness characteristics.

In this work, firstly an examination of an example database from open-loop ma-
noeuvres is done with a vehicle in Base and Modified condition, where the Modified
condition has a reinforced body structure. The applied modification is highly effecting,
resulting in a relevant change of a classic handling parameter, which is normally not
the case. This allows to gain more insight in the impact of the applied modification
on the vehicle performance. Next to that, it will be clarified why the LMS approach
focuses on the identification of the suspension to body loads. Secondly, the focus of
the investigation is shifted to the load distribution, changed as a result of the body
modification. A rear multi-link suspension from a mid-segment car is modelled and
analysed in CAE, while a static roll case is applied. In this evaluation different body
modelling variants are investigated. Finally, a detailed study into sensitivities of po-
tential suspension non-linearities towards the body load distribution is performed, with
the purpose to identify which components might be instrumented in the next studies.

Key words: Vehicle dynamics, CAE simulations, car body flexibility, handling, cor-
nering stiffness, roll stiffness, body-suspension coupling, suspension loads, suspension
non-linearities, sensitivity analysis.
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Chapter 1

Problem statement

1.1 Context

The car industry today is reinventing the automobile with a broad range of new tech-
nology solutions. A general call for downsized, lighter and more efficient vehicles is
driving towards the electrification of the propulsion system and an increasing number
of car-makers is launching on the market hybrid and full-electric vehicles. Vehicles pow-
ered from cleaner and renewable energy sources are also encouraged by the governments
with incentives [50]. Conventional powertrains are being downsized by “supercharging”
smaller engines and developing advanced fuel economy programs, in order to reduce
power consumption and CO9 emissions.

A key-factor to achieve efficiency is to reduce the car body weight [47]. For instance,
the range per charge of an electric vehicle increases of about 3 km for each kg saved
[48]. Lighter materials as aluminium and magnesium alloys can be valid substitutes for
the mild steel in some frame components [43, 44]. High-strength steels enable weight
reduction and strength enhancement [42]. Novel composite materials allow weight sav-
ing with also benefits for safety [46]. Optimization techniques are used in body design
to minimize the overall weight by changing the size and thickness distribution of the
structure [45].

On the other hand, the effort to reduce the car body weight, adopting thinner sec-
tions and minimized quantity of material, can result in a decrease of the body stiffness.
Handling, ride comfort and NVH performances are generally improved by a stiffer body
[8]. Therefore the challenge for future developments is to understand where the body
needs to be stiff and where it is possible to reduce the local stiffness and save weight
[5, 49].

The car body is considered in a first approximation as an infinitely rigid body, es-
pecially in the vehicle concept phase. A considerable amount of research is focusing on
the influence of the body stiffness on the overall ride and handling performances, with
both operational measurements and simulations. Advanced CAE software combine a
finite-elements model (FEM) into a multi-body system (MBS) to study on this topic
[10]. The final goal is to be able to predict the influence of the body properties on the
overall performances even in the initial phase of the project.
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1.2 Scope of the thesis

The purpose of this thesis is to investigate how a modification of the body stiffness can
influence the behaviour of a car, with particular interest in the handling performance.
The main reason which led to this study is a potential gap between experimental results
[6] and CAE simulations results [7].

Several studies show that a modification of the body stiffness can be subjectively
felt by the driver, resulting in a different subjective evaluation of specific car perfor-
mances [11, 14]. Objective measurements in open-loop driving manoeuvres, in which
handling parameters as lateral acceleration, yaw rate, slip angle and roll angle are ac-
quired, typically don’t show a relevant difference between Base and Modified vehicles.
LMS International developed a technology (see [5]) that uses strain gauge instrumen-
tation to identify the body-to-suspension loads, a testing technique coming from the
world of durability and transfer path analysis. This force-based approach seems to be
a new promising way to analyse the body-effect on vehicle performances. The load
re-distribution resulting from a change in the body stiffness characteristic can be used
to identify the impact of the body modification on the vehicle behaviour. Load changes
of 10%, or even higher, are found as a direct effect of the body stiffness change [6].

In CAE simulations it proves to be difficult to reproduce these results, especially
when the load variation as an effect of a body modification is studied. Different studies,
see for example [7], show relatively small body load variations, up to 1% for an applied
body modification.

In this thesis a study is done on why there is such a difference between test and
CAE results. An evaluation will be done whether this mismatch could be related to
either the CAE body modelling or the MBS suspension modelling.

1.3 Outline of the thesis

e Chapter 1 introduces the topic and the research context within which this study
is collocated.

e Chapter 2 provides the theory fundamentals of steering and handling. The lat-
eral/yaw dynamics are analysed by means of a single-track model in steady-state
conditions, and the concepts of cornering stiffness, understeer gradient and lat-
eral load transfer are introduced. An overview on handling objective/subjective
evaluation and the typical test driving manoeuvres is also presented.

e Chapter 3 provides a theoretical background on body flexibility and an overview
of the recent studies on the topic. It starts with an introduction with defini-
tions, stiffness schemes and methods to take into account the body stiffness into
calculations. Then a state-of-art overview on the body flexibility impact on the
overall vehicle performances is presented, underlining how different achievements
are found in test-based and simulation studies.

e In Chapter 4 a database of operational measurements is analysed and the influence
of body flexibility on handling performance is discussed looking at the classic
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handling parameters. The evaluation is done also looking at the difference in
path between Base and Modified vehicles, with LMS software AMESim®.

e In Chapter 5 a new force-based approach to the problem is employed. Instead of
looking at the motion variables, the focus is on the force distribution among the
suspension components. A rear multi-link suspension is studied in detail, with
a particular attention to the body-to-suspension loads. The Base/Modified load
variations resulting from different body modelling are shown.

e In Chapter 6 the suspension non-linear behaviour is investigated with an in-depth
sensitivity analysis over many suspension parameters. The stiffnesses of many
suspension components are varied in a wide range, allowing to identify the most
sensitive components and suggesting possible sources of non-linearity that could
be modelled more accurately in future CAE simulations.



10

1.3. OUTLINE OF THE THESIS




Chapter 2

Fundamentals of cornering and handling

The purpose of this chapter is to provide the theory of vehicle dynamics that is of
interest to support the following chapters. The focus of this thesis is on the handling
performance, which involves the cornering behaviour and therefore the lateral and
yaw dynamics. The roll behaviour is also important because in high-speed turns the
vehicle rolls outwards and this has an influence on the lateral/yaw dynamics [1, 8, 28].
Handling evaluation is important to determine the agility and safety of a car [3]. It
can be evaluated subjectively and objectively, as will be discussed in the second part
of this chapter.

Several theory books introduce the cornering behaviour of a car within the steady-state
condition. This is an ideal case, which can be reproduced in standardized manoeuvres,
like the skid-pad circular test [3], unlikely to present itself in normal driving. However,
this approach is useful to characterize the car tendency to under/oversteer and define
the most important handling metrics.

2.1 Steady-state cornering

A system is in steady-state conditions when all the variables that describe it are un-
changing in time: in other words, all inputs and outputs are constant for an indefinite
time. In reality a turning car will not be in this ideal condition. If the driver’s two
inputs, forward velocity and steering angle, are kept constant for a sufficient time, a
quasi-steady state condition is reached. The parameter that characterize the open-loop
response of a car is the understeer gradient, which will be defined in Par. 2.1.4. A
general description of the behaviour of a car in steady-state cornering is necessary to
get to Eq. 2.15. The definition of the understeer gradient is then extended to any
driving conditions and is used to characterize the steering behaviour and handling of a
car.

2.1.1 Turning geometry

A turning vehicle develops lateral forces. At low speed, for instance in parking lot
manoeuvres, these forces are negligible and no slip effects occur. The rear wheels
remain perpendicular to their axle while the front wheels steer of slightly different
angles, as shown in Fig. 2.1.

11
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ld—— t-—-l»l Center

Figure 2.1: Low speed turning.

Under the hypothesis of small steer angle, inside and outside steer angles can be
approximated as follows:

S0 = 7krs
R =7
i = R—t)2

The average angle of front wheels can be approximated with the following expression
and it is known as the Ackerman angle [1]:

54= (2.2)

L
R

Eq. 2.2 gives the relation between the tire steer angle and the radius of turn.
Depending on the class of the car and the type of steering system, there will be a
certain steering ratio, p, defined as the steering wheel angle necessary to rotate the
tires of a unitary angle:

P==5 (2.3)

where (dgy) is the steering wheel angle (driver side) and ¢ is the tires steer angle.
The higher is p, the lower is the hand torque required to steer the vehicle, resulting in
a better comfort for the driver. On the other hand, if p is too high the driver has to
rotate the wheel at large angles resulting in a discomfort and loss of control and safety.
Normally p ranges from 15 to 20 for cars and 20 to 36 for trucks [3]. A lower p is used
especially in sports car, where a tight and quick steering is preferred [3].
In Fig. 2.2 it is shown how to obtain the Ackerman geometry with a simple tie-rod
trapezoidal system.
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Figure 2.2: Example of trapezoidal system to achieve Ackerman geometry.

If the outside and inside wheels would steer at exactly the same angle, the outside
tires would be forced to slip. With Ackerman geometry, instead, the outside wheels are
less steered than the inside wheels, so hypothetically no wheels have to slip to follow
the turning path and the tires wear is minimized [1]. Another advantage of a correct
Ackerman geometry is that the hand steering torque tends to increase significantly with
the steer angle, providing the driver of a natural feedback and enhanced control [1].
Modern cars do not adopt a pure Ackerman geometry, because at high speed cornering
slip effects occur, thus modifying the turning geometry, as will be explained in the
following paragraph.

2.1.2 Cornering stiffness

The inertial (or centripetal) force acting at the centre of gravity of a car is balanced
by the reaction forces at the wheels. At high speed the lateral forces are not negligible
and so each tire will experience a certain slip. The slip angle is defined as the angle
between the direction of heading and the direction of travel of the tire [1].

slip angle
path y
Figure 2.3: Slip angle («) definition, image from [15].
The force indicated with F, is called the cornering force [1]. At a given tire load,

the cornering force increases with the slip angle and the proportionality constant, c,,
is known as the cornering stiffness:

Fy=cy-a (2.4)
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The relationship described in Eq. 2.4 is linear for small slip angles and then de-
creases, as shown in Fig. 2.4, where the cornering stiffness represents the slope of the
lateral force curve. The value that is usually indicated in technical documentation is
the slope of the curve in the origin [2].

800

600}
400}

B l C
200 o

Slip Angle, o. (deg)

Lateral Force, Fy (Ib)

Figure 2.4: Cornering stiffness definition: the slope of the lateral force vs. slip angle curve

).

The cornering stiffness depends on the tire properties (size, type, cord angles, wheel
width, tread) and also on the vertical load and the inflation pressure of the tire [1]. The
linear range can be 0+ 7 deg, like in Fig. 2.4, or it can be a really narrow range of slip
angles, like 1 + 2 deg [2]. The cornering stiffness increases with the inflation pressure
of the tire and it is higher for radial tires than for bias-ply tires. Today the bias-ply
tires, which were designed especially for smooth ride on uneven surfaces, have almost
disappeared while the radial tires are the most utilized [2]. The cornering stiffness
dependency on the inflation pressure is shown in the plots of Fig. 2.5.
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Figure 2.5: Cornering stiffness vs. inflation pressure, for two different types of tires [1].

An important factor to determine the cornering stiffness of a tire is the vertical
load. Since the load distribution among the four wheels depends on the vehicle motion,
the cornering stiffness is a property that may change during operation. When a vehicle
is accelerated or braked, there is a load transfer between front and rear axle and a
consequent change of the stiffness properties of the tires. When the vehicle turns, there
is a lateral load transfer from the inside to the outside tires and, again, a consequent
change of the stiffness properties of the tires. In Fig. 2.6 it is shown an example of the
cornering stiffness dependency on the vertical load, for different aspect ratios and rim
sizes [1].
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Figure 2.6: Cornering stiffness vs. vertical load, for different aspect ratios and rim sizes [1].

The relation described in Fig. 2.6 is non-linear: in a first region the cornering
stiffness increases with the load, then it reaches a maximum and tends to decrease.
Recalling Eq. 2.4, if ¢, decreases (for instance, because of an overload on the outside
wheel) the tires must develop a higher slip angle («) to maintain the same lateral force
and keep in the curve. In general, when a lateral load transfer occurs, the total lateral
force on the axle decreases [1] resulting in more slip at both tires, as will be seen in
Par. 2.1.5.

2.1.3 Cornering equations

The cornering equations can be easily written considering the single-track model in
steady-state conditions. The wheelbase is L and the distances between the front/rear
axles and the centre of gravity are indicated with b and c¢. The vehicle is represented by
a front steering wheel and a rear wheel, connected by a rigid bar. This approximation
is possible because at high speed:

L/R << 1 (2.5)

and thus the difference between internal and external steer angles, §; and J, of Eq.
2.1, is negligible. The front wheel steer angle is indicated with §:

0; =0, =0 (2.6)
The application of Newton’s Second Law along the lateral direction gives:

VQ
Fyp+Fp=M- = (2.7)

where F'y; and F'y, are the front and rear lateral forces, M is the total mass of the
vehicle, V is the forward velocity and R is the radius of turn.
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Figure 2.7: Single-track model at high speed, with front/rear tires slip angles.

The equilibrium of moments gives:

Fyp-b—Fy-c=0 (2.8)

Solving the system of Eq. 2.7 and 2.8 bring to the expression of the lateral forces:

F=Mog
(2.9)
FyT:M'% VTE

The static vertical loads applied at front and rear axle can be considered as inversely
proportional to the distance from one axle to the centre of gravity [1]:

Wi=M-g-%
(2.10)
Wr =M - g- %
Thus Eq. 2.9 can be rewritten, with the substitution of Eq. 2.10:
Fyp =Wy (2)
(2.11)

Fyr = Wr : (a?y)
where a, is the lateral acceleration, expressed in m/ s2.

2.1.4 Understeer gradient

Rewriting Eq. 2.4 for the front and rear wheels gives the relation between lateral forces

and tires slip angles:
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Fup = oy -0y (2.12)
Fyr = Car * Qp

Substituting Eq. 2.12 in 2.11 and expliciting the formula for the front/rear slip
angles bring to the following expressions:

V2

ap =Wy - ZroR

(2.13)

— V2
ar =Wr - ——5

Looking at Fig. 2.7, we note that the angle between the front velocity vector and
the rear velocity vector is equal to the central angle. Under the hypothesis of Eq. 2.5,

the central angle can be approximated to L/R. A simple study of the front geometry
brings to the equation:

180 L 180 L Wy W\ V?
S=(—=>=.2) —q, —(=.= L _ ). 2.14
(W R> e (W R>+<Caf Car) g-R (2.14)

that can be also rewritten as:

§=64+K - <“y) (2.15)
g

where ¢ 4 is the Ackerman steer angle, expressed in deg. The quantity K, dependent

on front /rear weights and front/rear cornering stiffness is known as understeer gradient

[1]:

0—9 —
070 _ T (2.16)
ay/g ay/g
The fundamental Eq. 2.15 shows that at high speed, because of the slip phenomena,
Eq. 2.2 is no more true. Eq. 2.15 can be used to characterize the under/oversteer

behaviour of a car. Depending on the sign of K, there are three possibilities:

e Neutral steer: K=0
The perfect balance between front and rear W/c, causes identical slip angles at
front and rear wheels. In this case the steer angle required to follow a turning
path with a certain radius R is independent from the forward velocity.

e Understeer: K>0
The lateral force applied at the centre of gravity causes the front tires to slip
more than the rear tires. At a given radius of turn R, the required steer angle
will have to increase of K times the lateral acceleration.

e Oversteer: K<(
The lateral force at the centre of gravity causes the front tires to slip less than
the rear tires. At a given radius of turn R, the required steer angle will have to
decrease of K times the lateral acceleration. If this does not happen, the rear
wheels drift out causing the front ones to steer more and thus diminishing the
radius of turn. This causes an increase of lateral acceleration and the process
continues until the steer angle is reduced, or the vehicle enters in top-spin [1].
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Figure 2.8: Different front/rear slip angles amplitudes for neutral/under/oversteer condition
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Figure 2.9: Steer angle dependency on forward velocity for neutral /under/oversteer condition

1.

As it is shown in Fig. 2.8, an understeered vehicle experiences more slip at the
front tires while an oversteered vehicle slips more at the rear axle. The curves plotted
in Fig. 2.9 show the steer angle dependency on the forward velocity, in order to follow
a constant radius path. Depending on the under/oversteer balance, the steer angle
necessary to turn will increase or decrease with the square velocity.

For an understeered vehicle, the characteristic speed is defined as the velocity at which
the steer angle is twice the Ackerman angle [1]. It is given by:

180 L-g
Vi, =1/ [ — - =2 2.17
h <7r K) (2.17)

The characteristic speed is also the velocity at which the vehicle is most responsive
in yaw [1].
An oversteered vehicle has a maximum speed, known as critical speed, that delimits the
vehicle stability region [1]. The critical speed is given by:
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Ver = \/<—1i0 - LK9> (2.18)

where K is negative (oversteered vehicle) and therefore the expression under the
square root is positive.
In conclusion we can find another expression for the front/rear slip angles, that will be
useful in the following. The velocity vectors of the front and rear wheels are given by
the kinematic Transport Theorem:

{ o= teoavans 210)
U = UcoG + @ X d

where Ucoa is the velocity vector at the vehicle centre of gravity, & is the gener-
alized angular rate vector (including roll, pitch and yaw rates components), d_} and d;
are the oriented vectors from the centre of gravity to the front/rear wheels centres.
Considering a 2D single-track model, we don’t have all vertical components of velocity
and displacements and also the roll and pitch motions. Within this approximation,
@] = 4, \d_}\ = b and |d,| = ¢. If the lateral component of oo is vy, the front and
rear lateral velocities can be expressed as:

vyp = vy + b4 (2.20)
Vyp =Vy —C+ 1

where the sign conventions are: v, positive in left direction and @ZJ positive anti-
clockwise. The longitudinal velocity is equal, for both front/rear wheels, to the forward
velocity at the vehicle centre of gravity, that we call generically V:

Vaf = Vgr =V (2.21)

Looking back at Fig. 2.7, using simple trigonometry, we can write:

5+ ay = atan () ~ 24
(2.22)

o = atan (U‘y[) =~ U‘Z}T

where § is measured from the vehicle axis to the front wheel heading and its sign is
taken positive anticlockwise. The arctangent approximation is possible because at high
speed the lateral velocity component is very small compared to the forward velocity.
The slip angles at the wheels are always measured from the direction of heading to the
direction of the velocity vector and they are positive anticlockwise. Substituting Eq.
2.20 into 2.22 gives:
af = —0 + %
(2.23)
a, = w
The sideslip angle (8) is the angle formed by the lateral and longitudinal velocities
in the vehicle coordinate system [2]. It is measured from the vehicle axis to the direction
of the velocity vector and its sign is positive anticlockwise.
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B = atan <Uy> A va (2.24)

(%

where we use again the arctangent approximation. The final expression of the
front /rear slip angles is obtained by substituting Eq. 2.24 into 2.23:

ap=—0+ 0+ %
(2.25)

The equations 2.25 can be substituted into 2.16 to find another expression for the
understeer gradient:

_ 54 Y
K=Y T _ 0t hy (2.26)
ay/g ay/g

where L is the wheelbase of the vehicle. Note that the sideslip angle cancels out
from Eq. 2.25 to 2.26: this observation is useful to understand the relations between the
variables and will be recalled at the end of Chapter 4, where operational measurements
results are discussed.

2.1.5 Lateral load transfer

When a car turns at a high speed, the body rolls towards the outer part of the curve.
This is an effect generated by the centrifugal force, F'y, which produces a roll moment:

Tyurn = M - Ay - hy (227)

where M is the mass of the vehicle and hy is the vertical distance between the
vehicle centre of gravity and the roll axis. In Fig. 2.10 the force scheme is displayed.
The reaction forces at the tires must balance the lateral force and the roll moment
introduced by F,. The lateral components, F'y; and F, (inside/outside wheels) have
to guarantee the forces equilibrium, while the vertical components, F,, and F,; must
provide the equilibrium about the roll axis. The resulting balance equations are:

Fy=Fy+ Fy
(2.28)
(on_in)'%:Fy'hr“‘kd;'(b

where h, is the height of the roll axis with respect to the ground in correspondence
with the axle, ¢ is the roll angle and kg is the roll stiffness of the suspension system.
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Figure 2.10: Roll moment and reaction forces.

The load AF', that is transferred from the inside to the outside wheel is half of the
difference between F',, and F,;:

on_in :Fy'hr+k¢'¢

AF, = (2.29)

This effect is known as lateral load transfer, because the vertical load is transferred
in y direction. The lateral load transfer arises each time the vehicle rolls (in cornering,
when the road has a banking angle, etc). When the body rolls, the gravity force
generates a roll moment T'eiqn¢ that is given by:

Tweight =M - g- hy - SZ’I?,(QZ)) (230)

The roll moment associated to the car weight adds to the roll moment produced
by the lateral force. More accurately, we should also consider that the roll axis has
a certain inclination (e¢) with respect to the horizontal plane. The roll axis height is
lower at the front and higher at the rear axle, as shown in Fig. 2.11. This inclination
is generally a desirable characteristic, because it improves handling stability [3].
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Figure 2.11: Vehicle scheme, roll axis inclination and roll moments contributions.

Thus considering the inclination of the roll axis, Eq. 2.27 and 2.30 can be rewritten
correcting the torque by a factor cos(e). The total roll moment in a turn, resulting
from the sum of the lateral force contribution and the car weight contribution, is given

by:

Tstor = Tiurn + Tweight = M - hy - [g - sin(¢) + ay - cos(¢)] - cos(e) (2.31)

The roll moment is then distributed between the front/rear axles, in proportion to
the correspondent front/rear suspension roll stiffnesses. As a general rule, a higher roll
moment at the front axle contributes to understeer while a higher roll moment at the
rear axle produces oversteer [1]. Stabilizers bar are used to enhance the suspension
performance mainly through this mechanism: in many cases the front stabilizers are
stiffer, in order to ensure an understeer behaviour and increased stability [2]. The
front /rear roll stiffnesses should match one another in order to obtain a harmonious
handling behaviour [3]. A parameter that is often used to evaluate the suspension asset
is the front/rear roll stiffness ratio.

2.2 Handling evaluation

The behaviour of a vehicle driving straight is described by the ride performance, while
the behaviour in cornering and swerving is described by the handling performance.
There are many definitions of handling, that with different words describe to those
qualities of a car which include agility, steering precision and safety in unexpected con-
ditions. Gillespie [1] defines it as “the characteristic that describes the responsiveness
of a vehicle to the driver’s steering input, or the ease of control”. Heifing and Ersoy
[3] say it’s the property that describes “the vehicle’s reaction, defined by its motion, to
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both the driver’s action and disturbances which act on the vehicle during vehicle move-
ment”. A vehicle with good handling is capable to exactly maintain a course dictated
by the driver [3].

Vehicle and driver can be considered as a closed-loop system: the driver observes the
vehicle position and direction, and corrects his/her input to achieve the desired mo-
tion. In Fig. 2.12 a block diagram of the whole system is displayed: the car can be
seen as a system whose inputs are the variables controlled by the driver (steer angle,
throttle/brake pedals) and the disturbances coming from the surrounding environment
(wind disturbances, road roughness). The outputs of the car system (velocity, direc-
tion of heading, accelerations, steering wheel torque, yaw and lateral displacement, etc)
become feedback inputs for the driver. He/she controls the system by taking decisions
that depend on both the car feedbacks and the driving task.

i by @ ==p | SYSEEM | 5| outputvalue
firaiiancss g (vehicle) ® vehicle motion
E gl| &
g - 8 2
> Q= g =
i 388 af
E—’ == °E
g 8 | 8
S controller | <!t ‘
(driving task)

Figure 2.12: Vehicle system and driver block diagram [3].

Handling evaluation can be subjective or objective. The former is based on test
driver’s feelings and nowadays it is still essential for both development and final approval
of a vehicle’s chassis [3]. The latter is gaining increasing attention and has received a
boost after the introduction of the autonomous driving systems. It has the advantage to
be more repeatable, because it’s based on measurements instead of subjective ratings.
On the other hand, it is difficult to identify the correct metrics to evaluate in order
to represent the driver’s sensations in an objective way. Finding a correlation between
subjective and objective evaluations is still a challenging subject [31, 32].

2.2.1 Handling manoeuvres

Handling is evaluated with specific driving tests, which aim to reproduce real driving
conditions in both ordinary and extreme situations. Testing should cover all possible
range of operation, especially to be aware of the vehicle behaviour in unexpected ma-
noeuvres (e.g. avoid an obstacle). Moreover different road conditions (dry/wet/icy),
loading scenarios (only driver/full load), tires variations (inflation pressure, tire wear)
and cross-wind conditions must be tested [3]. Driving manoeuvres can be divided, in
general, into the following categories, which are basically characterized by the shape of
the steering input § [3]:

e free driving (test tracks, handling courses, city /mountain public roads, low-friction
roadways, etc);

e straight-line driving (flat/uneven roadways, accelerating/braking, cross-wind tracks,
etc);

e circular driving (steady-state skid-pad, acceleration/braking from steady-state,
etc);
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e sinusoidal steering input (slalom, slalom with steering amplitude/frequency in-
creased, etc);

e alternating steering inputs (single/double lane change, fish-hook, etc);
e step steering input (single/repeated);

e steering impulse (square/triangular, etc).

Each manoeuvre is designed to test a specific aspect of vehicle dynamics, which can
be related to the accelerating/braking behaviour (longitudinal and pitch dynamics),
cornering behaviour (lateral, yaw and roll dynamics) and overall noise and vibration
behaviour. Free driving is the final test to approve the vehicle handling performance.
Handling manoeuvres are designed to test the cornering behaviour, generally at mid-
dle/high speed, or the vehicle stability when a sudden event occurs. Some of them
can be performed with a robot-driver, which allows to test the physical characteris-
tics of the vehicle itself (open-loop behaviour). Examples of manoeuvres in this group
are the step-steer, the steady-state skid-pad and the weave manoeuvre with increased
amplitude or frequency of steering. Most of the driving manoeuvres are still done
with a human driver (closed-loop), because handling is a characteristic that involve
the driver’s sensations [3]. The open-loop response gives information on the vehicle
behaviour in specific circumstances while the closed-loop response is more useful to
evaluate the overall performances. Standardized procedures generally require to adopt
an open-loop approach, in order to avoid the driver’s influence on results [51]. Be-
sides the classification in open/closed-loop, it is possible to make a distinction between
steady-state and transient response manoeuvres.

In this report we briefly present four very common manoeuvres in handling test proce-
dures: constant-radius test, step-steer test, double-lane change and weave test.

e constant-radius cornering: this is an important test which can have many pur-
poses, for instance to determine the maximum the lateral acceleration that the ve-
hicle can develop before drifting out of track. The car velocity is slowly increased
on a constant-radius track, and the steering wheel angle and other variables are
recorded, making it possible a steady-state objective evaluation of handling. This
test is carried out on a flat circular track, known as skid-pad. The reference nor-
mative for this test is the ISO 4138:2012 “Passenger cars, steady-state circular
driving behaviour, open-loop test methods”.

e step-steer manoeuvre: this test consists in driving at sustained speed, steer at a
constant angle, and than straighten back the steering wheel. It can be done with
autonomous driver or human driver: in both cases the car should be instrumented
to record the motion variables and evaluate objectively the handling performance.
This test is included in the ISO 7401:2011 “Lateral transient response test meth-
ods, open-loop methods”. Despite the classification as a transient manoeuvre, if
the step steering angle is held constant for a sufficient time, a “quasi steady-state”
condition is reached, as it is discussed with detailed information in Chap. 4.

e double-lane change: this is a closed-loop transient manoeuvre which can be used
for both subjective and objective handling evaluation. It simulates the sudden
avoidance of an obstacle [3]. The driver enters at a certain input velocity and then
releases the accelerator and follows the course with four movements of the wheel
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Figure 2.13: Double-lane change manoeuvre.
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Figure 2.14: Maximum driving speed in double-lane change, during the past 4 decades [22].

[32]. The normative ISO 3888-1:1999, “Road vehicles, test procedures for a severe
lane-change manoeuvre”, gives precise guidelines (velocities, steering inputs, tire
and road conditions, etc), including detailed information about the geometry that
characterize the path [51]. Fig. 2.13 show the scheme of a double-lane change
manoeuvre. The input velocity may be different, depending on the type of vehicle
tested. Fig. 2.14 shows the maximum driving speeds in ISO double-lane change
tests during the past forty years: the upper curve refers to sports cars while
the lower curve to off-road vehicles [22]. Nowadays, with the help of new safety
systems like the electronic stability program (ESP), it is possible to carry out
these tests at extremely high speed.

e weave test: this test consists in doing a slalom into a series of cones with a
sinusoidal steering input, as shown in Fig. 2.15. It belongs to the transient ma-
noeuvres, because a steady-state is not reached. These tests can be closed-loop or
open-loop: in the first case a subjective evaluation of handling characteristics is
done; in the second case a driving-robot can be used to impose the steering input
with a specific amplitude and frequency and the motion variables are recorded,
thus allowing an objective evaluation of handling. The reference normative for
this test is the ISO 13674-1:2010, “Road vehicles, test method for the quantifica-
tion of on-centre handling”. The on-centre feeling can be evaluated with a weave
manoeuvre with small steering amplitude [3].

2.2.2 Subjective evaluation

For subjective evaluation of handling there are no standardized procedures or scales [3].
The questionnaire method is used to evaluate qualities such as the steering precision and
the responsiveness [11], and the final rate for a specific performance is the average over
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Figure 2.15: Weave test manoeuvre.

a number of skilled drivers’ ratings [31]. Some steering and cornering characteristics
which are commonly evaluated are listed here below [3]:

e self-steer behaviour: a typical criterion is whether the vehicle tends to understeer
or oversteer at different velocities and accelerations;

e steering response: the vehicle capability to follow quickly and precisely the course
dictated by the driver, with proportionality to the steering inputs, minimal phase-
lags and overshooting, and no hysteresis effects. It can be related to the yaw-
response [3];

e steering return overshoot: it evaluates the straightening behaviour after a turn,
which should be done without excessive overshoot and sufficient damping;

e groove effect [3]: it’s related to the steering torque feedback at high speeds, which
should increase consistently in order to ensure safety and confidence to the driver;

e on-centre feeling: it is the quality that describes the ease with which a vehicle is
controlled at high-speed with small corrections about a straight line [30];

e road surface contact: the driver should have feedback about the level of road
contact and how far he/she is from the cornering limit;

e agility: it is defined as the overall steering feel with minimal effort [3].

2.2.3 Objective evaluation

The purpose of an objective evaluation of handling is to avoid the driver’s influence
on results. Testing with instrumented cars are carried out, so that the vehicle motion
variables (yaw rate, lateral acceleration, forward velocity, etc) are recorded and anal-
ysed. Driving robots are gaining more and more attention for this type of tests: the
steering robot is basically an electronically controlled engine mounted on the steering
axis, while the accelerator robot is a machine which controls the accelerator and brake
pedals by means of articulated systems [3]. In Fig. 2.16 it is shown a typical equipment
for autonomous driving. With such an equipment, the two input parameters (forward
velocity and steering angle) are kept under control. The response of a vehicle to specific
steering inputs is commonly known as directional response [1].
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Figure 2.16: Example of driving robot equipment.

The yaw rate can be measured with a rate gyroscope and the lateral acceleration
with an accelerometer. These sensors can be integrated in a whole package, known
as Inertial Measurement Unit (IMU), which includes three accelerometers and three
gyroscopes mounted in orthogonal directions [24]: they record the body triaxial accel-
erations and rotations (roll, pitch and yaw). The IMU must be mounted at the centre
of gravity of the car, otherwise the accelerometers measure some contributions given by
the rotations and the gyroscopes don’t measure the correct rotations [24]. The forward
velocity is usually measured with one or more GPS antennas attached to the car roof
[23]. The GPS receiver acquires the real-time kinematics (vehicle position and velocity)
using telemetry [25]. The car instant velocity is given, in the earth coordinate system,
by differentiating two consecutive position updates [23]. An alternative way to measure
the vehicle velocity (instead of the GPS) is the use of optical sensors: despite the better
time resolution and accuracy, this solution is more expensive. From the knowledge of
the forward and lateral velocities it is possible to estimate the sideslip angle, 3, that is
used in many control systems of modern cars, such as the ABS [23]. The sideslip angle
can be used also to evaluate the front and rear tires slip angles, using the formulas
that we have seen in Eq. 2.25. From the tires slip angles it is possible to estimate the
front /rear cornering stiffness and thus the understeer gradient, which is considered an
important parameter to evaluate the overall vehicle tendency to under/oversteer.

This is a typical instrumentation setup for car operational measurements. For the
purpose to investigate the effect of body flexibility on the overall vehicle performances,
LMS International introduced additional instrumentation, consisting of several strain
gauges attached to the body in order to measure the body deformations and, from
those, the time-dependent forces exchanged between the body and the suspension sys-
tem [5, 6]. More details about this new methodology will be provided in Chap. 3.

In conclusion of this section, it is important to underline that objective measure-
ments have been greatly improved in recent years and enable to acquire a great quantity
of data, but still the broad spectrum of human driving sensations is a long way to be
completely objectified.
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Chapter 3

Background on body flexibility

The study of body flexibility is gaining more and more attention in automotive research,
for multiple reasons that are mentioned in Par. 1.1. The scope of this chapter is to
provide some introductory concepts about the car modelling and the stiffness properties,
which include the suspension and the body stiffnesses as distinct contributions. An
overview of the recent studies on body flexibility is provided in the second part of the
chapter, with particular attention to the different approaches adopted to study the
problem, their achievements and the open subjects.

3.1 Introduction to body flexibility

3.1.1 Terminology

Automotive literature is quite wide and sometimes the meaning of terms like body,
chassis and suspension may be not clear. In order to avoid any confusion, some defini-
tions are provided hereafter.

A complete car can be divided into three groups, as shown in Fig. 3.1: powertrain,
chassis system, body. Following “The Chassis Handbook” [3], the chassis comprehends
all components that constitute the under part of the vehicle. It includes frames and
sub-frames, springs and dampers, steering column and wheel, axles, tires and wheels
and all other components, as shown in Fig. 3.2.
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Figure 3.1: Vehicle components and systems.
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Figure 3.2: Components of a modern chassis.

The body structure is also called body-work (or also coachwork) and is built over the
chassis to complete the vehicle. Modern cars integrate body and chassis into a unique
structure, known as unibody or monocoque. Pick-ups and some sport utility vehicles
are still built using a body-on-frame construction, which allows an independent rolling
of the chassis with respect to the body [3]. In contradiction with the above definition,
a part of literature calls “chassis” the backbone structure of the vehicle (comprising
frames and mounts, and constituting the survival cell for the driver): in this work that
structure is referred to as the body-in-white.

In this thesis:

the body is defined as in Fig. 3.1, considering it as a whole component separated
by the chassis and the powertrain;

the body modification is a strategic modification of the body structure by adding
bar reinforcements in convenient locations;

the body-work is defined as the body without interiors, electronic instrumentations
and other accessories;

the body-in-white is the body-work without trim, seats, glass and moving parts
(doors, hoods, truck lid): it is the backbone structure of the vehicle;

the chassis is defined as the under-part of the vehicle, as seen in Fig. 3.2;

the body stiffness is generically the resistance to deformation of the body itself:
as it will be explained in Par. 3.1.3, it can be defined for each of the body modes
of deformation (torsional, bending, etc);

the terms chassis stiffness, suspension stiffness and roll stiffness are considered
equivalent: of course they are not in general, but in the cases that will be presented
(body roll) there’s basically a distinction between the body stiffness and the
chassis/suspension contribution (which includes all chassis components: tires,
suspension, stabilizers bars, etc);

the terms Base and Modified refer to the two versions of the vehicle, the former
unchanged and the latter with body reinforcements.
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3.1.2 Stiffness properties of a car

The car system is subjected to external loads, which are originated by the road contact,
the inertia and the aerodynamics, and internal loads, which are basically produced by
the all moving parts (engine, transmission, suspensions, steering system, etc) and can
be considered as internal sources of noise and vibrations. Considering to transfer both
the resultant of the inertia forces and the aerodynamic loads at the centre of gravity,
the set of external loads acting on the vehicle can be reduced to six components applied
at the centre of gravity and six reaction forces/moments at each one of the tires, as
shown in Fig. 3.3.

Figure 3.3: Car general scheme: applied loads (red) and reactions (yellow).

The car body can be considered as a whole part separated by the underpart (the
chassis) by means of elastic and damping elements (springs, dampers, bushings), which
have the function to isolate the occupants from shocks and vibrations. The vehicle is
thus divided into the so called sprung mass, that is the body with all the interiors and
the passengers, and the unsprung mass, which is constituted by the chassis and the
powertrain system. Considering the car body as a system subjected to static loads, the
deformations resulting by the actions of the loads depend only on the stiffness proper-
ties of the body. In particular, neglecting the inertia and aerodynamic forces, the loads
acting on the body are those exchanged at the interface with the chassis/suspension
system. In the attachment points of the body to the suspension system some elas-
tic elements (bushings) are present, so the loads acting on the body are actually those
transmitted by the bushings components. A car in steady-state conditions, for instance
cornering at constant velocity in a wide turn, is basically subjected to static loads and,
therefore, the body can be studied by means of the static stiffness properties in such
cases.

In a first approximation, the stiffness properties of a car are those of the suspension
system, which is designed specifically to provide adequate compliance to the system and
isolate the occupants from the road disturbances. Nevertheless there are many other
components which have their own stiffness properties and, in a detailed analysis, their
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contributions can’t be neglected. In particular the body has its own stiffness, which is,
by definition, the resistance offered by the body to certain deformation modes (more
details are provided in Par. 3.1.3). The whole system, body and suspension, has an
equivalent stiffness which is a combination of the individual contributions. In general
we can say that, compared to the case of an infinitely rigid body, the introduction of
the body stiffness in the model has the effect to reduce the overall stiffness.

The stiffness properties of a system can be represented by a matrix which expresses
the relation between loads and displacements, whose dimensions depend on the number
of degrees of freedom considered in the problem. For a simple problem (1 d.o.f.), the
stiffness matrix reduces to a scalar and the stiffness value is given by the scalar form
of the Hooke’s Law, which describes to every linear elastic system. This is the case,
for instance of a car that is loaded with a static roll moment, applied to the car body:
the body torsional stiffness and the suspension roll stiffness can be represented by two
torsional elements in series, as shown in Fig. 3.4, in which they are represented as
“springs”, but they actually represent angular displacement-torque linear relations.

RIX kbndy ksusp

Figure 3.4: Roll stiffness scheme: body and suspension in series.

The scheme in Fig. 3.4 is an extreme simplification of reality, but it gives a first
idea of the influence that the body stiffness can have on the overall system. In that
scheme many contributions are not considered (tires stiffness, bushings stiffness, etc)
and there is no distinction between the contributions of front and rear suspensions.
The equivalent roll stiffness is given by the formula:

keg = (3.1)

1 1
kbody ksusp

A more detailed representation considers the front and rear suspensions as distinct
components. Front and rear suspension can be modelled as couples of springs, as in
Fig. 3.5. Each couple of springs can be reduced to one single torsional spring, as it is
shown in [16]. Front/rear stiffnesses are in parallel, and their resultant is in series with
the body torsional stiffness, as it is shown in the scheme of Fig. 3.6.

Figure 3.5: Vehicle representation with front/rear suspension and body torsional stiffness.
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kfront

k

Tear

Figure 3.6: Torsional stiffness scheme: front and rear suspension are in parallel and in series
with the body.

In this case the equivalent roll stiffness is given by:

1

1 1
kbody + kfront‘f”%"ear

keq = (3.2)

To sum up, this short paragraph introduces the problem of body flexibility with
these simple concepts:

e the car system i constituted by a sprung mass (the body) and an unsprung mass
(driveline, chassis);

e the suspension gives the main stiffness contribution, because it’s designed to be
a compliant system;

e the body, which is a rigid component of the car, has anyway a certain flexibility
that has generally the effect to decrease the overall stiffness of the system.

The above simple models use lumped parameters, meaning that the overall stiffness
properties are concentrated and represent the system behaviour in specific conditions.
In order to represent more accurately the car behaviour, models with finite-elements
are used, which have distributed properties in the material volume. Manufacturers
FE models can easily go over several thousands of elements for a full vehicle [18].
However, independently from the complexity of the models, the introduction of the
body flexibility induces a decrease of the stiffness properties, and the amount of this
decrease depends on the ratio between the body stiffness and the suspension stiffness,
as it is clear from Eq. 3.1. The more the body stiffness is close to the suspension
stiffness, the more the equivalent stiffness will be different from the contribution of the
suspension itself.

3.1.3 Body stiffness properties

The stiffness properties of the body can be evaluated by means of static or dynamic
measurements: the body-in-white of the car is mounted on a platform, clamped in
some points (for instance, the front/rear domes attachments), and a set of loads is
applied. For static measurements, usually hydraulic actuators are used to apply loads
and the resulting deformations are measured by displacement sensors. For dynamic
measurements a possibility is to use hammers to introduce impulsive loads (which cover
a wide frequency range, ideally the whole frequency range with unitary amplitude) and
strain gauges to measure the dynamic strain response. The body deformations can be
seen as the superimposition of global and local deformation modes [9]. According to
Samp6 [9], the most important global deformations modes are:
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e longitudinal torsion: it occurs in cornering and, more in general, each time left
and right tires experience different vertical forces;

e vertical bending: always present due to the body weight, is also given by vertical
accelerations and pitch that may occur in accelerating/braking manoeuvres, and
also when driving on inclined surfaces;

e lateral bending: it is caused by lateral loads, which are present in cornering, or for
particular aerodynamic conditions, or even when the road has a banking angle;

e horizontal lozenging: this consists of a deformation of the body into a parallelo-
gram shape; it occurs when forward and backward forces are applied to opposite
wheels. This situation may happen on uneven surfaces.

When a car is in steady-state cornering, the body deformations modes to consider
are longitudinal torsion and lateral bending: in fact, the body is subjected to a lateral
force (centrifugal) and to a roll moment. In some handling tests the steady-state (or
“quasi steady-state”) conditions are reproduced and therefore the body torsional and
bending stiffness are important parameters to consider. As it is noted by Sampé [8], it
is difficult to think about a body with very high torsional stiffness and very low bending
stiffness. For this reason, we will focus mainly on the torsional stiffness in our analysis.

3.1.4 Methods to determine the body torsional stiffness

In this section we present two different CAE methods to calculate the body stiffness
working on the finite-elements model. In both cases we use LMS Virtual. Lab®, an inte-
grated software suite to simulate and optimize the performance of mechanical systems.
The two methods have different purposes:

1. static solution: this method has the objective of estimating the global stiffness
property of the body (lumped parameters modelling);

2. dynamic solution: in this method the driving point FRF are used, so it’s more
indicate for the objective of computing the local stiffness properties of the body,
for instance in the attachment points of the body to the suspension (“Rigid LF”
body modelling, more details will be provided in Chap. 5, Par. 5.2.3).

Following the first approach, the purpose is to characterize the body with a pa-
rameter that represents the body flexibility under a torsional load, which is typical of
high-speed cornering, when the outer wheels are loaded with an additional vertical force
while the inner wheels are unloaded. The torsional stiffness is defined as the torque
necessary to twist the body of a unitary angle and it’s usually expressed in Nm/deg or
Nm/rad.

T
kr = — 3.3
" (3.3)

Front and rear sections are normally considered separately: first is applying a
torsional load at the front with the rear clamped and in a second time it’s applied
a torsional load at the rear with the front clamped. The locations in which the
loads/constrains are applied are the four body mounts in which the front/rear domes
are attached. Under the hypothesis of small displacements, which is acceptable in many
real situations, it’s possible to write for the rear section:
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rear

Figure 3.7: Calculation of the body rear torsional stiffness with the static method.

AZrear
7frear/Q

where Az, eqr is the enforced displacement at the front mounts, t,eq. is the transver-
sal distance between those points and ¢,q, is the twist angle. The applied torque at
the rear section is:

(3.4)

Prear = tan((prear) =

t
Trear = Frear ' r;ar (35)

where F..q is the force resulting from the imposition of the vertical displacement.
The body rear torsional stiffness, krear, is thus given by Eq. 3.3 applied at the rear
section. In Fig. 3.7 a scheme of the problem is provided.

An analogue procedure can be done to obtain the body front torsional stiffness,
k tront. In this case the body is clamped at the rear and the displacements are imposed
at the front mounting locations. Normally the rear section of the car is stiffer than
the front. If the purpose is to characterize the body a unique parameter of torsional
stiffness (kr), we can take the average of front/rear:

o kfront + krear
B 2

A passenger car has normally a body torsional stiffness, k7, in the range of 5000 =
20000 Nm/deg [8].
The second method is used to calculate the local stiffness values applied into the “Rigid
LF” model that will be presented in Par. 5.2.3. Basically what is done is computing a
modal solution (SOL103) on the FE model of the body and taking the static values (at
0 Hz) of the transfer functions between force (input) and the displacement (output) in
specific locations. In the dynamic analysis no constraints are applied to the body, so
the output is the free-free frequency response: if the body would be clamped in some
ways to the ground (as in the static solution), the modes shapes and the eigenvalues
would be wrongly modified. Within the module “System Identification” in Virtual.Lab,
we choose “driving point FRF” | which basically excites the system with a unitary force
input over the whole range of frequencies and computes the output in terms of displace-
ment in the same point and direction. We define the local body stiffness in a certain
location (body mounts, subframe attachment points, etc) the static value of the force-
displacement FRF (module at 0 Hz). In this way, we have three stiffness values for
each locations (k;, ky, k), which are listed in the body stiffness table in the appendices
(Tab. A.2).

kr (3.6)
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It is never to forget that finite-elements models are approximated simulations of
reality, so it is always recommendable to validate CAE solution with an experimental
proof. However virtual simulations have done giant steps in recent years, especially in
the automotive field [18].

3.2 Body flexibility influence on vehicle performances

The impact of the flexibility of the car body on the overall performances is gaining
a considerable attention by the research groups of several industries, research centres
and universities. A main reason for this interest is the persistent request to the vehicle
designers to reduce the car body weight. As already mentioned in Chap. 1, the light-
weighting effort has the main goal to reduce the fuel consumption and the COs emis-
sions. Both the optimization of existing bodies and the development of new solutions
involve the use of alternative materials and /or new shapes and manufacturing processes.
An example of ground-breaking solution in this field is the Audi Space Frame (ASF)
concept, which was introduced in '94 in the Audi A8 and allowed to save up to 40% of
the body weight with respect to the steel-made body [4]. The ASF employs an entirely
aluminium-made body shell constituted by extrusions and castings components conve-
niently welded together [4]. This is just an example of the continuous light-weighting
effort of the car industry: other manufacturers adopt different solutions to obtain the
same objective. High-strength steel, composite materials and novel optimization tech-
niques are expected to be introduced for the new body concepts [42, 43, 44, 45, 46].
An ideal body would be infinitely stiff, so that the vehicle behaviour could be designed
without taking in consideration the complex body flexibility. Unfortunately this is not
true, so the structural compliances of the body can introduce unwanted deflections of
the suspension attachment points, which affect the vehicle handling and comfort, and
can also trigger unexpected dynamic effects [8]. Before reporting a brief summary of
the recent research studies on the topic, it’s better to introduce some notes about the
typical steps that follow one another in the development of a new vehicle.

In the vehicle concept phase, the body is designed to respond to hundreds of re-
quirements, which involve aesthetic characteristics, spatial relationships, occupants pro-
tection, collision behaviour, aerodynamics, etc [4]. A number of virtual simulations,
which include strength analysis and stiffness analysis are performed on the body FE
model. At this stage the mesh is designed for static analysis [18], so the stiffness
analysis focuses on the elasto-kinematics (load-deformation curves) that is due to the
structural compliances [3]. The dynamic stiffness can also be computed, but all noise
and vibrations phenomena cannot be identified with precision with this “static mesh”.
Once the geometry and materials of the body assembly are established, a new mesh
is created for dynamic analysis, which includes the computation of the modes shapes,
the resonant frequencies and the dynamic response under realistic operating loads and
boundary conditions. The operating loads to apply to the FE model can be exported
by the multi-body model of the full-vehicle [18], which include sub-systems (suspen-
sions, steering system, driveline, etc). When the body FE model is final and matches
all static and dynamic requirements, it can be integrated into the MBS model and the
overall vehicle behaviour is evaluated (ride comfort, handling performance, etc).

At the present time, it is well known that a stiffer body is better for handling per-
formance, but it is not predictable how much improvement in handling derives from a
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Figure 3.8: Example of body modification: diagonal bar to increase the body torsional stiff-
ness.

specific stiffness increase of the body. A goal for future vehicle development would be
to know more about the relationship between the body stiffness characteristics and spe-
cific performances, in order to be able to design the body with a performance-oriented
attitude even in the concept phase.

Different approaches can be used to study the subject, which we can divide in three
groups: test-based studies, FEM simulations and analytical models. An overview of
the current research on the topic is presented, with specific interest in the handling
performance.

3.2.1 Test-based studies

In order to identify the body flexibility influence on the overall vehicle performances,
a common approach is to make the comparison between two vehicles, which differ only
for the body stiffness characteristics. In general we refer to a Base vehicle, that is a
generic car under test, and a Modified vehicle, which is a version of the same car with
a strategic modification of the body stiffness. An effective method to modify the body
stiffness consists in adding cross-members to the body, which make the structure more
rigid. There are many possible modifications with different number and locations of
these steel bars. Diagonal bars added at the rear section, as it is shown in Fig. 3.8,
bring to an increase of the torsional stiffness [6]. A rigid cross added at the front section
of the body, in a horizontal plane, gets in an increase of the lateral bending stiffness
[11]. Passenger cars have usually a more compliant structure and therefore the effect
of a modification can be relevant because, in general, the influence of the body stiffness
is higher when it is closer to the suspension stiffness [8]. On the other hand, the great
importance of handling for race cars justifies the interest of the research studies also
for this class of stiffer vehicles.

Several test-based studies prove that the difference between Base and Modified ve-
hicles can be subjectively felt [11, 14, 6]. For instance, Nagahisa et al. [14] report that
the removal of body stiffeners was perceived by drivers as “lags in the initial response”,
“delayed yawing response” and “larger overshoot” in a lane-change manoeuvre, and
in “difficulties in tracking precisely” in constant-radius tests. Stickel et al. [11] show
that especially expert drivers can finely detect the better performances resulting from
a stiffer body, while normal drivers cannot always say whether the change is better or
not for handling.

In the study of Nagahisa, Kusaka et al. [14], two cross-bars are added at the front
section and the result of this modification is an understeer effect. A constant-radius
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driving test is carried out and the maximum change Base/Modified in the lateral accel-
eration gain is limited to -1.5% when the front lateral bending stiffness is increased of
+72%. Similarly to what is seen before, relevant body modifications do not show a clear
effect in the steady-state values of the motion variables (yaw rate, lateral acceleration).
Looking at the yaw-rate frequency response, the Modified vehicle show a +1% shift of
the resonant frequency, a phase-lag at 1 Hz decrease of -2.3% and a yaw-rate damping
increase of +2.5% [14]. These trends show that a stiffer body results generally in a
more responsive and stable vehicle. However, the changes are very slight if compared
to the relevancy of the modifications.

Given that a body modification can be felt by the driver, but cannot be clearly identi-
fied in the steady-state values of typical handling variables (with a possible exception of
the sideslip angle, as it emerges from the analysis of Chap. 4), a challenging subject is
to find new metrics which can be better correlated to the subjective evaluations. LMS
International developed a technology (see e.g. [5, 6]) to identify the body to suspension
loads: a re-distribution of these forces, which evolve dynamically during transient ma-
noeuvres, could possibly have an impact on the vehicle responsiveness and the driver’s
sensations of guide. In addition to the common car instrumentation (driving/steering
robots, IMU, GPS), several strain gauges are applied in significant locations, such as
the attachment points of the subframes and the domes, and connected to a Scadas ac-
quisition system [5]. The operational forces are estimated by combining the operational
strain data with the strain-to-force calibration matrix, which is identified using dynamic
testing techniques on the trimmed body [5]. The strain measurements present good
repeatability and clear Base/Modified differences in the locations close to the body
reinforcements. This strain-based technology is validated by comparing the estimated
accelerations from the body forces and the IMU measurements [6]. A weave-test shows
that the strain-response of the Modified vehicle has a lower amplitude and shorter time-
delays compared to the Base vehicle [5]. As for the forces, the loads exchanged at the
suspension to body interface points are re-distributed, especially among those connec-
tion points which are closer to the reinforcements. Significant force amplitude changes
are evaluated in several manoeuvres (weave-test, step steer, ISO lane change) [6]. For
instance, a reported weave-manoeuvre presents a maximum load variation up to —10%
in lateral direction, which is relevant if we consider that in the same manoeuvre the
yaw-rate and lateral acceleration change less than 1% [6]. Similar load changes have
been found in other force responses (steady-state step-steer, ISO lane change [6]). A
possible explanation for the relevant changes of the body forces and at the same time
small changes of the motion variables of the vehicle centre of gravity (a,, 1/}, etc) is that,
since each “body-force” gives a certain contribution to the motion of the body, but not
all the forces show Base/Modified changes (e.g. only 4-6 forces over a total of about
50 forces show > 10% variation), the overall effect is limited to few percentage points
of variation, despite the relevance of some particular force change. Another interesting
aspect is that the time-delays in forces are different for Base/Modified (differences up to
27 ms), while the handling parameters do not present visible differences in time-delays
[6]. This observations suggest that the effect of the body flexibility can be better iden-
tified looking at the body deformations and body loads, which are evaluated separately
in different locations, instead of the typical handling variables, which combine all the
contributions together and therefore lose resolution on local effects.
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3.2.2 Analytical models

The analytical models use a lumped-parameters approach to represent the vehicle sys-
tem within some particular hypothesis and approximations. These models can give a
straightforward idea of the solution of the problem without the huge modelling effort
which is typical of FEM models. For example, Samp6 [8] presented a two-mass model
including the body stiffness, which is represented by a torsional spring between the two
axles. The body torsional stiffness has an influence on the front/rear roll stiffnesses,
which are directly affecting the amplitude of the front/rear lateral load transfer. The
axles cornering stiffness can be written as a function of the transferred load, with a lin-
earised formula [8], and it is clear that the cornering stiffness decreases when for more
transferred load. The dependency of the cornering stiffness from the body stiffness is
then established: a more flexible body allows more roll and lateral load transfer, which
cause a decrease of cornering stiffness and a consequent increase of the tires slip angles.
However, the analytical results show that the body stiffness has an impact only when
it is close to the roll stiffness, within body to suspension stiffness ratio in the range
1+5[8]. A passenger car normally has a stiffness ratio of 4 + 10, while sports car be in
the range of 3 =+ 8 [8], because the comfort-handling compromise leads to a much stiffer
suspension in that case.

The model developed in [8] has four degrees of freedom (lateral displacement, yaw an-
gle, front/rear roll angles) and it is described by four equation of dynamic equilibrium.
The forward velocity is considered constant and the only input of the system is the
steering angle. The influence of the body stiffness is evaluated in terms of yaw-rate
response, which proves to be highly influenced by the body stiffness [8]. A high body
torsional stiffness extends the yaw-rate bandwidth and increases the amplitude in the
area of the resonance; these dynamic effects are important also for stiffness ratios higher
than 5 [8]. The body stiffness is affecting the yaw response through the mechanism of
the lateral load transfer, which is directly related to handling. Looking at the steady-
state behaviour, this analytical model confirms what is seen in tests [11] and in FEM
simulations [10], that is a lack of body stiffness produces a more marked understeer
behaviour for an understeer vehicle.

3.2.3 FEM and MBS simulations

The body flexibility can be studied in FE models with various prototyping techniques,
that include both virtual K&C tests and driving manoeuvres simulations [10]. The for-
mer are typically done in a FEM environment, in which static loads are applied to the
trimmed body and the load-deformation curves are extracted. The driving simulations
can be done in a MBS environment, whereas the FE assembly of the body is imported
in the full-vehicle multi-body model [10]. As for the body modification, in some cases
rigid bars can be added to the body FE assembly to represent what is done in reality
[12], or in some other cases the properties of the finite-elements, such as the Young
Modulus, are artificially varied [7]. Despite the high level of fidelity that MBS models
have reached in the automotive field, the correct representation of some components
(such as rubber bushings, real joints, etc) is still a subject of concern, because they
have a non-linear behaviour which depends on several conditions [18]. Possible incon-
sistency of the simulation results can be related to both the body FE modelling and
the suspension multi-body modelling.

Thompson et al. [12] studied the body flexibility of a race car with FEM techniques
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and found that the minimum body torsional stiffness to prevent a deterioration of the
suspension behaviour, in their case, was above 30000 Nm/deg, which is a relatively
high value. Considering that the body torsional stiffness for race cars is commonly in
the range 15000 + 30000 Nm/deg [8], we would expect it to significantly affect the roll
stiffness. In the reported case [12], an increase of the body torsional stiffness of +130%,
over a baseline value of 13500 Nm/deg, resulted in a suspension roll stiffness change of
+7% [12].

As already discussed, the roll stiffness affects the lateral load transfer [8] and through
this mechanism it influences the response of the vehicle in driving manoeuvres. Typical
evaluated handling metrics are the yaw-rate response and the lateral acceleration gain,
which don’t show much variation in several reported studies [10, 7]. The Base/Modified
changes reported in [10] are in line with what is observed in test, even if with a lower
amplitude: for instance, the yaw-rate steady-state response of a step steer manoeuvre
show a change of only +1.1%. The other motion variables (roll angle, lateral accelera-
tion, etc) yield to the same very small variations, even when consistent body stiffness
modifications are applied [7]. For this reason the conventional motion variables don’t
prove to be the ideal metrics to evaluate the impact of the body modifications with
these techniques.

In [7] the attention is shifted from the handling variables to the body deformations
and the body to suspension loads. Step steer manoeuvres are simulated with a multi-
body code in which it is imported the FE flexible body. A reduction of the body stiffness
of 20% (acting on the Young Modulus) yields to an increase in vertical displacement
of about 20% in a location close to the front dome attachment point [7]. Since the
body deformations are difficult to interpret in body design, the bushings loads are
evaluated, because they can be related more easily to the handling performances [7].
In contrast with what is observed in tests (e.g. in [6]), the loads differences obtained
with this CAE method are very small. This might be an indication that CAE modelling
techniques can’t reproduce the subtle changes in the vehicle dynamic performance that
are observed in test results and, for this reason, a careful review of the flexible body
modelling and MBS suspension modelling is required.



Chapter 4

Body flexibility influence on handling with a typical
approach

4.1 Test data analysis

In this section we present the analysis of the experimental results from a open-loop
step-steer manoeuvre that was carried out with a mid-segment car. This is a sample
measurement, already available in LMS database before this work, which was made
in the context of the body flexibility and handling research. The vehicle is equipped
with typical instrumentation, as described in Chap 2, constituted by IMU, GPS unit
and autonomous driving system. Throughout all this chapter, the Base and Modified
versions of the same vehicle will be compared. The Modified vehicle is reinforced with
cross bars at the rear end.

4.1.1 Database description
A step-steer manoeuvre consists of five phases:

1. straight driving at constant velocity V;

2. transient phase consequent to the application of a certain steering wheel angle
(6 #0);

3. steady-state phase with constant steering angle;

4. transient phase consequent to the steering release (6 = 0);

5. steady-state straight driving (ay, = 0, ¢:0).

In Tab. 4.1 the measured variables are listed, with a specification of the sensor
device in the right column. Note that not all variables are directly measured, but some
of them are computed from the others. For instance, the GPS actually measures the
instant positions of the vehicle, so the velocities are obtained by differentiation. The
gyroscopes measure the angular rates, so the angles are obtained by integration. The
sideslip angle, 3, is not directly measured but it is computed from the longitudinal and
lateral velocities, as it is shown in Eq. 2.24. The velocities can be obtained either by
differentiation of the GPS data or by integration of the IMU accelerometers data. In
some cases the sideslip angle is estimated by a Kalman filter which makes use of both
the GPS and IMU data [23]. In particular the sample frequency of the GPS is much
lower than the one of the IMU, so it is possible to use the GPS data to correct the
initial conditions of the numerical integrator at each sample, thus obtaining a more
robust estimation of 5 [23].

41
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4.1.

steering wheel angle Osw [deg] | angular position sensor
car position z, Yy [m] GPS

forward and lateral velocities Vg, Uy [m/s]

forward, lateral and vertical | ag, ay, a, [m/s]

accelerations

roll, pitch, yaw rates b, 0, P [deg/s] MU

roll, pitch, yaw angles o, 0, [deg]

sideslip angle 64 [deg]

TEST DATA ANALYSIS

Table 4.1: Acquired variables in step steer manoeuvres.

Each time series can be divided into these intervals:

. region before steering (region A);
. transient steering zone;

1

2

3. steady-state steering zone;
4. transient after steering zone;
5

. region after steering (region B).

Fig. 4.1 to 4.5 show samples of the acquired variables, relative to a step steer
manoeuvre on the left side, with the Base vehicle, at forward velocity V = 27.7 m/s
and steering wheel angle § = 30 deg. While the input variable, §, is nearly an ideal
step, because it is imposed by the control system, the output variables are affected by
dynamic effects: overshoots, oscillations and delays. In addition measured data are
affected by:

e random noise (road vibrations mainly);

o off-sets (body roll [23], bias of non-white noise, etc);

e integration errors (drift).

Acquired data need to be processed in order to remove these noise, off-sets and

drifts contributions. The data processing, which allows to extract the step value from
each one of those time-dependent data series, will be presented in the next paragraph.
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Figure 4.2: Forward velocity (V). Base

Figure 4.1: Steer angle (4). Base vehicle, vehicle, left turn, 6=30 deg, V=27.7 m/s.

left turn, 6=30 deg, V=27.7 m/s.
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Figure 4.5: Sideslip angle (3). Base vehicle, left turn, =30 deg, V'=27.7 m/s.

4.1.2 Data processing

The outputs of the acquisition system are noisy, biased and, in some cases, affected by
numerical integration errors (drift). First of all a low-pass filtering is applied to the
acquired data to clean the high-frequency noise that may be present in the signal. A
first-order filter with cutoff frequency of 1 Hz is applied to remove the oscillations of
data, which are sampled at 100 Hz: the cutoff frequency is very low because we are
interested in the the steady-state value of 3, a, and 1, which are ideally square waves.
The next step is the compensation of the drift error that is present in some series. The
drift effect appears when biased data are integrated: the integration of a constant off-
set produces an error that is linear with time. For instance, the presence of a bias in the
acceleration data produces a drift in the velocity data, while a bias in the angular rate
sensors produces a drift in the angular position data (roll, pitch, yaw angles). Since
those variables are used to estimate the sideslip angle, it is affected by drift as well, as
it is clearly visible in Fig. 4.5. A possible source of bias for the acceleration data is
the body roll [23]: when the car reaches the steady-state condition, the body rolls at
a static angle, resulting in a constant off-set in the acceleration data. As it is demon-
strated in [23], it is possible to find a direct correlation between the amount of static roll
and the accelerometer bias. The body roll is just an example of several causes which
may be responsible of the presence of off-sets in the accelerometers and gyroscopes data.
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The drift removal consists in subtracting from the sideslip data an error, ABg.;s:,
which is linear with time. If we call 84 and Sp the average values in regions A and B
(steady-state before/after steering), t4 and tp the correspondent instants of time, the
linear integration error (drift error) on [ is given by the slope of the line from A to B
times the time interval from A to the current time:

Bfungut) = A (= 1) (@1

The drift error is subtracted from $(t) to obtain B4+ (only in the region of interest,
between A and B):

Barift(t) = B(t) — ABarift(t) ta<t<tp (4.2)

Once the drift error has been compensated, the values of 34,7 in A and B should
be identical, because they are forced to be the same. In a step steer manoeuvre [ starts
and ends in zero, as well as 1/1 and a,. If they are not zero, a residual off-set (AByf fset)
is present and it must be removed. The final expression for f is:

Bfinal(t) = Bmeas(t) - A/Bdrift(t> - ABoffset (4'3)

where [peqs is the time-dependent data series of the sideslip angle (output of the
acquisition system) and Bfinq is the cleaned data-series. In Fig. 4.6 an example of
data before and after the errors compensation is reported. It is inherent to a step
steer manoeuvre on the left side, with dgyr = 50deg. Looking at the upper part of the
figure, the black spots identify the steady-state regions before/after steering and two
red-circles identify the points A and B (average coordinates in the correspondent ar-
eas). The ordinates of A and B represent, respectively, 54 and g of Eq. 4.1. Looking
at the lower part of Fig. 4.6, the blue curve represents the original data series (5(t)),
the green curve results after the drift removal (84,if:(t)) and the red one is the final
curve (Bfina(t)), which is basically the green curve translated in vertical direction by
the off-set error. The points marked with an ‘X’ are used to check that the final curve
is effectively starting and ending in zero (within an acceptable tolerance).

Once the data series have been processed, the step value of each variable need to
be identified, because the purpose of the analysis is to obtain the steady-state handling
variables. To do this, an automatic procedure is used, because any subjectivity must
be avoided in data processing.



CHAPTER 4. BODY FLEXIBILITY INFLUENCE ON HANDLING WITH A TYPICAL APPROACH 45

1 T T T T T
L ] :':ea‘.‘.;:' at 50% ||1
05 #* data range point A ll -
P, i, s data range te
ST © Mo dein puint Al || A
w6 0+ I | Y -
- |
< .05) | i
| [
Ak | -
|.T|'
-1.5 . 1 1 f |
0 5 10 15 20 25 30 35
time [s]
1 T T T
——— onginal _iql
05 - | arft rem { |
- N +0irset rem g
hﬁ"""'""m_ T T 1 \-\ s:,m;-ur.: points =% J‘;. [ g R
_ O Mg AR S AR
= '
= -05F —
o [Narran
-1+ AT A
15k -
-2 I 1 i i
0 ) 10 15 20 25 30 35
time [s]

Figure 4.6: Example of drift and off-set removal, sideslip angle, § = 50 deg, left manoeuvre.
Upper plot: steady-state regions before (A) and after (B) steering are marked with black
asterisks, points A and B (used to calculate the slope) are marked with red circles, the point
that delimits the end of region A is marked with a fuchsia circle. Lower plot: sideslip angle
series before and after the error compensation (blue curve: original data, green curve: after
drift removal, red curve: after off-set removal).

Inasmuch 3, a, and w show dynamic effects (time delays, overshoots, oscillations,
etc), the steady state-region will not be the whole interval in which § # 0, but it will be
a narrower region excluding the transient phases which occur when the steering angle
is applied /removed. Taking the steer angle data as a reference, the starting point must
be shifted forward by a certain time interval, while the ending point of the steady-state
region can be taken as coincident with the end of the steer window, because the vari-
ables are always in delay with respect to the steer input.

After this processing we are able to characterize each manoeuvre with the typical
handling variables (3, a,, w), which represent the step values of the time-series. The
final values are the average values of more runs of the same manoeuvre. From the
averaged step values of 3, a, and zﬁ, it is possible to calculate other variables, such as
the front/rear slip angles. Knowing the semi-wheelbases of the vehicle (b and ¢) we
can apply Eq. 2.25, that we recall here:

Ckf:—(S—l—/B-i-%
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4.1.3 Results

The comparison between Base and Modified experimental data is discussed in this
section. In the presented study two step steer manoeuvres (6 = 30 deg and § = 40
deg) are analysed. The forward velocity is constant and equal to 27.70 m/s (about
100 km/h). A summary of all properties is displayed in Tab. 4.2, including the inertia
properties for Base/Modified cars, the geometric properties (semi-wheelbases) and the
manoeuvres data. Note that the inertia of the Modified vehicle is a bit higher because
of the steel bars which are added to reinforce the body structure.

Inertia properties Manoeuvres data Geometry
M ke] [ J. (kg m®] | V[m/s] ddeg] |b[m] c[m]
Base 2211 5200
Modified | 2245 5576 2770 30 and 40 | 1.531 1.405

Table 4.2: Summary of data: Base and Modified inertia properties, manoeuvres data and car
geometric parameters (b and ¢ are the distances from the front/rear axles to the COG).

The step steer results for 3, 1/}, ay, oy and ;- are shown in figures from 4.7 to 4.11.
The blue colour always refers to the Base vehicle, while the red colour to the Modified
vehicle.
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Figure 4.7: Sideslip angle, left manoeuvres, base (blue) and modified (red) test data.
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There are some differences between Base and Modified vehicles in the sideslip angle
and in the front/rear tires slip angles, while the lateral acceleration and the yaw rate
don’t show big variations in these manoeuvres. The sign convention for angles is pos-
itive anticlockwise; since 3, ay and oy are all oriented clockwise (left turn), they are
all negative. The magnitude of the front slip angle is more than double the magnitude
of the rear slip angle: this is due to the fact that the steered wheels generally exhibit
more slip [2]. This is an important observation, because the tires slip angles are used to
calculate the cornering stiffness, as we will see in the following. The lateral acceleration
is in the range 0.3 <+ 0.5 g, which is a range of interest for both race and passenger cars.

Data presented in figures 4.7 to 4.11 represent the average values over a certain num-
ber of acquisitions of the same manoeuvre. For instance, in the § = 40deg manoeuvre
the average over three samples have been taken. The dispersion of data around the
average is displayed in Fig. 4.12: the quantity shown is the normalized value over the
average, for three tests carried out in identical conditions. The maximum percentage
error toward the average for 3, a, and ¢ is within —3% =+ +3% range.
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100 ™ mtest 2
9 u test 3
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0,98
0,97
BASE 40 ‘ MACD 40 | BASE 40 ‘ MACD 40 | BASE 40 ‘ MWD 40
lateral acceleration sideslip angle yawy velocity

Figure 4.12: Dispersion of acquired variables around the average (1), three samples per
manoeuvre, 6 = 40deg.

Another measure of the percentage error of data is given by the normalized stan-
dard deviation (Fig. 4.13), which is the standard deviation (square root of variance)
normalized to the average value:
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where m is the average of the generic variable x and n is the number of samples (in
our case n=3).
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Figure 4.13: Normalized standard deviation of the acquired variables, Base (blue) and Mod-
ified (red), 6 = 40deg.

The percentage Base/Modified variations of the handling variables are shown in
Fig. 4.14 and 4.15. They are always calculated with respect to the Base value, that is,
taking for example a generic variable z:

Ay, = <xm"d - x”““) 100 (4.5)

Lhase

where Axg, is positive when the absolute value of z increases going from Base to
Modified (this is true independently from the sign of z).
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Figure 4.14: Experimental data: han-
dling variables percentage variation Base
vs. Modified, § = 30 deg step steer.

Figure 4.15: Experimental data: han-
dling variables percentage variation Base
vs. Modified, § = 40 deg step steer.

The sideslip angle variation is higher than 10% for both manoeuvres: this is an
interesting result, because in most reported cases the sideslip angle doesn’t change con-
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siderably for a body modification. For instance, in a Ford report [10] they estimate a
B variation within 3 + 4%. This suggests that the applied body modification is very
effective. Next to 3, also the front/rear tires slip angles show some variations, even if
they are always under 10%. The Modified vehicle slips more, both at the front and at
the rear tires. The slip angle percentage variation is higher at the rear wheels.

Now we can introduce the calculation of the cornering stiffness and the understeer
gradient, which are typical parameters used to characterize the handling behaviour of
a car. It’s important to specify that what we call “cornering stiffness” is not a tire
property, but it’s a parameter that actually describes the full vehicle behaviour in this
simplified single-track model. We can calculate the front/rear cornering stiffnesses by
inverting Eq. 2.12, and substituting in it the expressions of Fy; and Fy, from Eq. 2.11:

_ Py _ c M-ay
Caf = o _<m ’ ay

_ Fyr _ b M-ay
CO[’]" - (o723 - m ) (o723
The understeer gradient can be calculated directly from the final expression of Eq.
2.16, that we recall here:

(4.6)

K:af—ozr
ay/g

The resulting front /rear cornering stiffnesses and understeer gradient for Base/Modified
vehicles are shown in Fig. 4.16 to 4.18.
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Figure 4.18: Understeer gradient, left manoeuvres, Base (blue) and Modified (red) step-steer
data.
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The understeer gradient is nearly unchanged from Base to Modified, while the
cornering stiffnesses show a small decrease, more at the rear than at the front. As
already mentioned in Chap. 2, a decrease of the cornering stiffness at the front causes an
understeer effect, while a decrease of the rear cornering stiffness produces the opposite
effect. The combination of the two effects gives about a null effect in the overall
behaviour and that’s why the understeer gradient is almost unchanged. The cornering
stiffness magnitude is higher at the rear than the front: this is due to the tires slip angles
extent, which is lower at the rear and therefore yield to a higher cornering stiffness at
the rear. The results obtained are in reasonable ranges from automotive literature
[2]. Another remark about Fig. 4.16 and 4.17 is that the magnitude of the cornering
stiffness is decreasing from d = 30 deg to § = 40 deg. The cornering stiffness changes
are not due to the tire non-linearities (which we assume to be in the linear region), but
mostly to suspension non-linearities. The “cornering stiffness” in this model is defined
as the slope of the curve that describes the relation between the total lateral force
acting on an axle and the tires slip angle. This relation may be non-linear for multiple
reasons (not just the tires load-displacements curve), but it depends on all suspension
components and, probably, on the suspension-body coupling. The hypothesis of the
tires being already in the non-linear region is not excluded beforehand (as explained
by Milliken [2], the non-linear range of the tires may start at « = 10 deg as well as
a =1+ 2 deg, depending on several conditions). However the purpose of this thesis is
not to investigate the tires non-linearities, we have quite small slip angles extent (< 3
deg, see Fig. 4.10 and 4.11), so we assume that the tires are in the linear region. In Fig.
4.19 and 4.20 the percentage variations of cornering stiffness and understeer gradient
are displayed.

The most important conclusion that we can draw from these experimental data is
that the modification of the vehicle affects the cornering stiffness, causing a certain
decrease (especially at the rear), but it’s not clear whether this change produces an
understeer or oversteer effect on the vehicle behaviour. In fact the understeer gradient
is nearly unchanged and doesn’t have the same trend in the two manoeuvres. The
front /rear cornering stiffnesses basically follow the front/rear slip angles variations.
For a rear slip angle increase of 6 + 9% (see figures 4.14 and 4.15) we have a rear
cornering stiffness decrease of 5 + 6%. The situation is analogue for the front tires,
but with lower extents: the maximum front cornering stiffness variation is under 2.5%.
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The sideslip angle 8 shows the most relevant Base/Modified variations (+11 + 15%,
see Fig. 4.14 and 4.15), suggesting that the modification is affecting the car behaviour;
this supposition is also confirmed by the subjective evaluation of the driver and the
technical personnel on board, which noticed differences between Base and Modified
vehicles. The fact that the sideslip angle cancels out from the calculation of K (as
shown in Eq. 2.26), suggests that K is not the ideal parameter to evaluate to capture
the Base/Modified changes in this type of handling test, for this specific modification
that is applied to the test vehicle. Assuming that the tires behaviour is linear, the
cornering stiffness Base/Modified changes could be explained by a non-linear behaviour
of the suspension, which will be investigated in detail in Chap. 6.

4.2 AMESim simulations

In this section the step steer manoeuvres described in Par. 4.1 are reproduced with
virtual simulations, using the software AMESim®. Furthermore the different trajecto-
ries traced by the Base/Modified vehicles are displayed, with a particular focus on the
influence of the cornering stiffnesses on the under/oversteer behaviour.

AMESim is a multi-physics software developed by Imagine S.A., a company which
was acquired by LMS International. The system is represented by block diagrams,
which allow to link different physical domains (mechanical, electrical, thermal, hy-
draulic, pneumatic) into a whole representation. Each block contains the non-linear
equations which describe the physics of that particular component and it is connected
to the others by means of input and output ports. The typical workflow to build a
physical system in AMESim consists of these phases:

1. sketch creation: all components, signal sources, mathematical blocks, input/output
features are inserted and connected together;

2. blocks and sub-systems set-up: input of all necessary parameters;

3. simulation set-up: input of all the run parameters, like the solution method, the
starting/ending times, the sample rate, etc;

4. display and export results.

AMESim works with lumped-parameters models, so that the amount of information
required to get a solution is minimal. This type of analysis is immediate and very useful
to have an idea of the problem before the creation of more accurate models, such as
the MBS models.

4.2.1 Single-track model

In this analysis the single-track model displayed in Fig. 4.21 is employed. It is one
of the templates available in the Vehicle Dynamics section of the AMESim help. The
block parameters are:

e mass, M;

e yaw inertia, J,;
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e distances between front and rear axle from the centre of gravity, b and c;

e steer ratio, p;

e front and rear tires cornering stiffness, ¢,y and cqr.

Figure 4.21:

AMESim single-track model: input and output variables.

The cornering stiffnesses are required as input parameters for the system. In order to
compare the results with the experimental data of Par. 4.1, we insert the same cornering
stiffnesses identified from the experimental data. Those values are different for Base
and Modified vehicles and, furthermore, they are different for the two manoeuvres, as
it was shown in Fig. 4.16 and 4.17. The cornering stifness values are listed in Tab. 4.2.

Cornering stiffness [N/deg]

Front Rear
30 deg 40 deg | 30 deg 40 deg
Base 921 862 2251 2166
Modified 905 852 2143 2034

Table 4.3: Front/rear cornering stiffness [N/deg] for all manoeuvres, base and modified vehi-
cles, experimental data.

All the other vehicle parameters (inertia and geometric properties), and also the
inputs of the system (forward velocity, steer angles) are taken directly from Tab. 4.2.
The forward velocity is a constant signal, while the steer angle is a step signal. The
software requires the tire steer angle in input, that is the steering wheel angle divided
by the steering ratio:

The output variables are:

e yaw rate, vj);

e sideslip angle, f3;

e lateral acceleration, ay;

5:557""
P

(4.7)
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e front slip angle, ay;

e rear slip angle, a..

The equations governing the system in Fig. 4.21 are explained in this section. First
of all a kinematic analysis is done, and then the three dynamic equilibrium equations
can be written to determine the solving system of differential equations, which are in-
tegrated with numerical methods.

The single-track model of the car is a rigid bar moving in the z-y plane. It has three
degrees of freedom (longitudinal and lateral motions, yaw rotation) and we choose
the velocities, instead of the displacements, as free coordinates, because it is more
convenient. We can define a local and a global coordinate system, identified respectively
by the variables v, v, and ¥ (local) and X, Y, ¢ (global), see Fig. 4.22. All those
velocities are referred to the centre of gravity of the car.

0 X

Figure 4.22: Global and local coordinate systems for a single-track model with three degrees
of freedom.

The transformation of coordinates from global to local reference system is given by:
vy = Xcos(y) + Ysin(i)) (4.8)
vy = —Xsin(y) + Yeos(¥)) '

From the velocity of the centre of gravity, it is possible to calculate the front and
rear wheel velocity vectors, 'y and ¥, with the relations:

{ Uy =it (0 +b-9) (49)
Up =01+ (vy—c-)-j

where b and ¢ are the front/rear semi-wheelbases and (7, j) are the unitary vectors
which define the local (z-y) system. Let’s introduce now another coordinate system
(z’-y’) with origin in the centre of the front wheel and oriented like the front tire (z’
coincides with the direction of heading of the tire), see Fig. 4.23. It is possible to
decompose the front wheel velocity vector in this new coordinate system:

{ fo/ = foCOS((S) + ’UfySZ.TL(é) (410)

Vfy = —Upz5in(0) + vycos(9)

We can write the expression of the front and rear slip angles, that are, by definition

[15]:
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Q

)

Figure 4.23: Global and local coordinate systems for a single-track model with three degrees
of freedom.

ayf = atan (—M)

Vot
(4.11)
a, = atan (—%)
Substituting Eq. 4.9 and 4.10 into Eq. 4.11 gives:
_ _ —(v +b-1))cos(8)+vz sin(5)
ar = atan ( vzczlos(é)+(vy+c-¢})sin(6) )
(4.12)

o, = atan (—wi)ijmp)

As we already mentioned, the cornering stiffness are input parameters for the sys-
tem, so from the slip angles it is possible to compute the lateral contact forces acting
on the front and rear tires:

{ Fup =g Cog (4.13)

Fyr:ar‘car

The longitudinal forces acting on the tires are given by the friction coefficient times
the vertical load:

waz%f(ﬁcc).M.g

(4.14)
For = plar - (&) -M - g

where M is the mass of the vehicle and p,; and i, are the longitudinal friction
coefficients (they are estimated using a Paceijka formula [17]). The three dynamic
equilibrium equations are:

M -ay + Fpr + Fypcos(6) — Fygsin(d) =0
M -ay + Fy, + Fyrsin(0) + Fyrcos(0) =0 (4.15)
J-th+c-Fy —b- Fypsin(6) —b- Fypcos(6) =0

where we are neglecting the self aligning moments contributions. Eq. 4.15 can be
rewritten using the global coordinates:
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M - (Xcos( ) + Ysin(y)) = Fypr + Fy_pcos(8) — Fypsin(9)
M - (=X sin(1p) + Ycos(¥)) = Fyr + Fy_psin(6) + Fyrcos(0) (4.16)
J )= —c-Fy +b-Fyysin(8) +b- Fpcos(d)

So, the integration of the system of equations 4.16 gives the global motion variables
(X, Y, ¢). The lateral forces, F,; and Fy, depend on the slip angles, as seen in Eq.
4.13, and the slip angles themselves depend on the local motion variables (see Eq.
4.12), which are linked to the global motion variables by the transformations 4.8. The
system of differential equation requires a step by step integration method to be solved,
for instance we chose the “ODE 45” method to calculate the solution.
A final note is about the calculation of 5, which can be computed directly from the
local motion variables (v, and vy), as seen in Eq. 2.24, that we recall here.

8 = atan (Uy>
Vg

The sideslip angle can be calculated in this way at each step and is one of the
time-dependent outputs of the system in Fig. 4.21.

4.2.2 Simulation results

The simulation results from the analysis of the single-track model are shown in Fig.
4.24 to 4.28. As we could expect, there is a good match between the experimental data
(blue and red) and the simulation data (grey).

— 10 0,5

% 8 j i : :

= 6 = = 03 - —

g 4 - % 02 —

0 - - 0 - —

steer angle [deg] 30 steerangle [deg] 20
Figure 4.24: Yaw rate, Simulation re- Figure 4.25: Lateral acceleration, Simu-
sults (grey) vs. Test results, Base (blue) lation results (grey) vs. Test results, Base
and Modified (red), for dgyw = 30 deg and (blue) and Modified (red), for § = 30 deg
dsw = 40 deg. and § = 40 deg.

steer angle [deg]

Sy

-0,75
-1

beta[deg]

Figure 4.26: Sideslip angle, Simulation results (grey) vs. Test results, Base (blue) and Modi-
fied (red), for 6 = 30 deg and § = 40 deg.
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steerangle [deg] 20 40 steer angle [deg] 30 40

— 0 — 0
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Figure 4.27: Front slip angle, Simulation Figure 4.28: Rear slip angle, Simulation
results (grey) vs. Test results, Base (blue) results (grey) vs. Test results, Base (blue)
and Modified (red), for § = 30 deg and and Modified (red), for § = 30 deg and
0 = 40 deg. 0 =40 deg.

4.2.3 Difference in path

The single-track model described above is used also to display the difference in tra-
jectory (or path) between Base and Modified vehicles. The purpose of looking at the
difference in path is that, since

The advantage of using the simulation to compare the paths (instead of the experi-
mental data) is that no effort is required to synchronize different records: in simulations
the Base/Modified cars start turning exactly at the same instant of time and at the
same x-y position. We introduce a quantity, Ap (“delta-path”), as a metric to compare
the different trajectories of the two vehicles:

Ap==£+v/(zp —28)2 + (ym — yB)? (4.17)

where (xp,yp) and (zar,yar) are the coordinates of the base and modified vehicles,
respectively, in a ground reference system. The sign of Ap is positive whether the
modified vehicle tracks outboard, and positive otherwise. The mathematical check to
determine which vehicle is tracking outboard is given by the calculation of the distance
of the vehicles from the centre of turn, that we call rp (Base) and rj; (Modified). If
xg and yg are the coordinates of the centre of turn in the ground coordinate system,
the radial distances are given by:

(4.18)

rav =/ (@ — 20)? + (yar — yo)?

{ rg = /(B —20)? + (yB — Y0)?

If rpr > rp, then Ap is positive, otherwise (ra; < rg) Ap is negative.
The resulting “delta paths” for the 6 = 30deg and § = 40deg manoeuvres are shown in
Fig. 4.29 and 4.30. On the horizontal axis we have the time, ranging between 0 and 10
seconds. The simulation is a step steer manoeuvre with the following time intervals:

1. (0-2 8): 6 =0 deg;
2. (2-8 s): § =30 (or 40) deg;
3. (8-10s): § =0 deg.



CHAPTER 4. BODY FLEXIBILITY INFLUENCE ON HANDLING WITH A TYPICAL APPROACH 57

0.4 T T
delta-path [m] .
03F R
025} B
02tk B : i
01} : : : : J
0 ; i i i ;
0 a0 100 180 200 250 300

turning path [m]

Figure 4.29: Base vs. Modified path difference, simulation data, § = 30 deg step steer.
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Figure 4.30: Base vs. Modified path difference, simulation data, § = 40 deg step steer.

As it is possible to see from Fig. 4.29 and 4.30, Ap is positive, meaning that
rap > rp and so the Modified vehicle is tracking outboard (more understeered) in both
manoeuvres. The magnitude of Ap at the end of the manoeuvre (t=10s) is about 0.4 m
for the first manoeuvre and about 0.9 m for the second one. The total turning distance
of a manoeuvre can be easily calculated, because the forward velocity is constant:

L=V-At (4.19)

where At is the steering time interval of the manoeuvre. So, for V' = 27.7m/s and
At = 8s (between t=2 s and t=10 s), the resulting turning distance is L = 221.6m.
So, the maximum Ap is about 0.36% of the final radius and about 0.41% of the total
turning distance.
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Figure 4.31: Base vs. Modified trajectories, simulation data, § = 40 deg step steer.

The conclusion is that the body modification applied in this case doesn’t produce
a clear under/oversteer effect: this is observable both in Ap and in the understeer
gradient, which is nearly unchanging. Nevertheless, the sideslip angle is changing and
also the cornering stiffnesses show some changes (more at the rear). This suggests that
the modification might have an influence on handling (subjectively noticeable) which is
not observable in the understeer behaviour of the car. An hypothesis is that the change
of cornering stiffness could bring to a re-distribution of the dynamic loads acting on
the body, which could be the cause of a different handling behaviour. This will be
discussed in Chap. 5 and 6.

4.3 Conclusions
The main conclusions of this chapter can be summarized as follows:

e the modification of the body has a certain influence on the handling variables;
the slip angles increase and the cornering stiffnesses decrease, especially at the
rear tires (o, +6% + +9% and cqr —5% + —6%);

e the effect of the body modification on handling, which is subjectively noticeable,
is not clearly identified by the understeer gradient, which is nearly unchanging;

e the Modified vehicle has a slightly more understeered behaviour. The difference
in path show a maximum Ap about 0.9 m over a total turning path of 221.6 m;

e the sideslip angle change exhibits the largest percentage variation (6 +11% =+
+15%), so it could be an interesting metric to evaluate for future studies;

e the change in the rear slip angle and cornering stiffness indicates a different load
build-up at the rear, meaning that the loads acting on the body may be changed
as an effect of the body modification. This is the most important conclusion of
this analysis, which lead us to study more in detail the load distribution in the
rear suspension.



Chapter 5

Body flexibility influence on the body-suspension loads

5.1 A different approach to the problem

As we have seen in the overview of Par. 3.2, several studies have been conducted with
the purpose to determine how the flexibility of the body affects the overall perfor-
mances of a car, in particular the handling performances. Both driving tests [11, 14]
and virtual simulations [7, 13, 14] show that the car motion variables (centre of gravity
velocities/accelerations) exhibit only small Base/Modified variations. The sideslip an-
gle constitutes an exception to this statement and might be a new metric to consider in
handling evaluations, as it’s mentioned in the conclusions of Chap. 4. The subjective
evaluations [14, 11, 6] show that a stiffer body results in clearly better handling rat-
ings, especially in the transient response, but this can’t find a direct correlation with
the objective measurements.

Recent test-based studies [5, 6] show that a strategic modification of the body stiffness
can bring to a re-distribution of the loads acting on the body through the mounts.
These loads are internal reactions of the system, so their distribution is not influenc-
ing the general motion of the car (centre of gravity accelerations/velocities). However,
joining the force variations with the subjective evaluations, it is possible to think that
the driver can perceive the body-forces variations. Actually the body-forces are the
loads exchanged between the body and the chassis/suspension system; when a load
(e.g. a yawing moment) is applied to the body, the reactions that are generated at the
body-suspension interfaces must balance that input, and each force gives a certain con-
tribution to balance the yawing moment. If we consider a transient manoeuvre (tight
cornering, lane change, etc), the exchanged loads evolve dynamically and their distri-
bution can play a role on handling. The time-responses of the loads at the body mounts
locations (outputs) with respect to the steering angle (input) in a dynamic manoeuvre
are characterized by certain dynamic parameters, such as time-delays, overshoots and
damping coefficients. If the amplitude of the loads is re-distributed (because of differ-
ent body stiffness characteristics), the cabin will be subjected to a different set of loads
in the transient phase, so the vehicle transient response will be changed and also the
driver’s sensations will be affected by that. Relevant force changes have been found
both in transient and in steady-state manoeuvres [6], but the link between these force
variations and the driver’s perceptions is still under study.

In an open-loop manoeuvre the effect could be marginal (because the steering input is
pre-defined), while in a closed-loop manoeuvre the driver’s decisions are really influ-
enced by his/her sensations. The re-distribution of the body loads can be a potential
new key to understanding why Base and Modified vehicles exhibit different subjective

59
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handling evaluations. This new approach to the problem is still unexplored and fu-
ture studies will be certainly needed to provide more insight. In particular it should
be investigated to which force contributions the driver is more sensitive and the link
between those forces and the stiffness of the body.

In this chapter we will focus the static loads distribution that results from different
body stiffnesses: even if the body effect in steady-state has proved to be quite small
on the motion variables, which sum up the contribution of all the forces, the single
forces have shown changes up to 10% [6]. The model that we use to estimate the
body-suspension loads is five-links suspension from a real car, which is built in a 3D
environment and will be described in Par. 5.2.1.

5.1.1 Scope and outline

In CAE simulations it proves to be difficult to reproduce the same body load variations
as an effect of a body modification, as they are observed in tests [6]. For instance in a
study [7], in which a MBS of a full-car model is employed to assess the Base/Modified
differences by varying the Young Modulus of the material, the results show consistent
differences in the body deformations (this is in agreement with the experimental ob-
servations [6]), but unfortunately very small differences are seen in the body bushing
forces, up to 1% for relevant modifications [7] (this is in contrast with [6]). So the
questions are:

e why is there such a difference between test and CAE results?

e is this mismatch related to either the CAE body modelling or the MBS suspension
modelling?

A possible issue may be the body modelling, which can be considered either as a
rigid component or a flexible component, as we will see in Par. 5.2.3. Another issue
may be the modelling of the rubber components (bushings) that are present in the
suspension links connections, which have a complex non-linear behaviour that depends
on many conditions [18]. They are generally modelled as joints which allow a relative
motion between the two connected parts and characterized by 6 stiffness values (3
translations, 3 rotations); the translational stiffnesses are relatively high, while the
rotational stiffnesses should allow a certain relative rotation.

The scope of this chapter is to represent the loads distribution in a car suspension
system when the body rolls during cornering, so the load case is a roll moment applied
at the body. Several analysis are carried out on a five-links rear suspension model, and
the impact of different body modelling is shown.

5.1.2 Why Nastran?

MSC Nastran® is a powerful tool for many types of analysis, among which the static so-
lution (SOL 101) was useful to calculate the body and suspension loads. Some potential
advantages of using Nastran are:

e focus on the displacements/loads in the suspension (not on the motion of the
car);

e better control on the results: building models with increasing level of complexity
(from very simplified to very detailed) allows to identify potential problems;
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e flexibility in changing the model parameters: the stiffness properties, for instance,
can be read from spreadsheets and modified at each run (we developed a method-
ology to automatize the process and work with a parametric model; more details
about the code are provided in App. B.1).

5.2 Rear multi-link suspension model

5.2.1 Model description

In this section the model of a rear multi-link suspension of a sedan car is studied. The
suspension system is constituted by the following components:

e subframe

e upper arms

e lower arms

e trailing arms

e leading arms

e control arms

e knuckles

e tires

e rubber bushings (subframe to lateral links)
e rubber bushings (subframe to body)

e rubber bushings (subframe to stabilizer bar)
e ball joints (lateral links to knuckle)

e ball joints (drop links to knuckles and stabilizer bar)
e stabilizer bar

e stabilizer links

e springs

e dampers

This rear suspension features five two-end links, which connect the subframe to
the wheel carrier. This type of independent suspension presents many advantages.
Using five links allows to fix five of the six degrees of freedom of the wheel, leaving
unconstrained only the vertical motion. More specifically, it is possible to design the
suspension to define the exact orientation of the steering axis in the three dimensions
space [3]. The lower arms have a supporting function, when the main springs are
mounted on them, while the other arms are mostly used to control the orientation of
the wheel (caster, camber, toe angle). An advantage of the five-arms suspension is
that the links that are used to control the orientation of the wheel are not loaded with
bending moments [3]. The leading and trailing arms are inclined in the z-y plane, so
they take lateral and longitudinal loads. In Fig. 5.1 a generic scheme of a five-links
suspension is shown.
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Trailing arm

Lower arm

Upper arm

Control arm

Leading arm

Top view

Figure 5.1: Rear five-links suspension scheme: lower arm, upper arm, trailing arm, control
arm and leading arm connect the subframe with the knuckle.

The suspension arms are connected with ball joints at the outboard end (wheel
carrier) and rubber bushings at the inboard termination (subframe). The ball joints
should ideally allow free rotations about the three axis and be very stiff in all transla-
tional directions. In Fig. 5.2 a scheme of a ball joint is presented: the link ends with a
ball stud, which can rotate inside a housing that is fixed to the knuckle.

ball stud housing

sealing boot

n®

>

ball race

Figure 5.2: Ball joint scheme: the ball stud is free to rotate about all three axis while the ball
follows the motion of the wheel carrier.

The rubber bushings connect the inboard termination of the links with the subframe.
They should allow large rotations without compromising a high stiffness in the direction
of the link. There are many types of bushings: a general distinction can be done
between soft bushings, mostly used as damping elements to increase comfort, and hard
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bushings, which are used as connecting elements which can transfer high loads. In Fig.
5.3 some different types of bushings are shown. Design A is the simplest one and it is
installed with retaining rings [3], Design B allows a more accurate tuning of axial and
radial stiffness [3], design C features an additional bump stop which prevents too large
deformations [3] and Design D has some shaped cut-outs in the rubber, which permit
to have different stiffness properties in different directions [3].

PSWS

Figure 5.3: Elastomeric bushings: from simple designs (A and B) to more complex with
bump-stop (C) and shaped cut-outs (D).

The radial type of bushing is the simplest one and is constituted by two metal tubes
with a rubber thickness in between. These bushings feature a high radial stiffness and
a low torsional stiffness. These are desired characteristics for the lateral links bushings,
because allow a more precise wheel control [3]. In Fig. 5.4 a scheme of a radial bushing
(Design A and B) is shown, with the correspondent radial and torsional stiffness curves.
From the curves in Fig. 5.4 we also note that the bushings are non linear components,
because the stiffness (that is the slope of the curves) tends to increase at high displace-
ments. More details about the bushing non linearities are provided in App. C.

force [kN]
torque [Nm]

| radialstiffness
-

< torsional stiffness
“

" sinmm
anglein®

Figure 5.4: Two radial bushing designs, with high radial stiffness (approx. 18kN/mm in the
linear range) and low torsional stiffness (approx. 0.8 Nm/deg)

The bushings that connect the subframe to the body are different from the previous
ones. They are generally bigger components, they transfer the suspension loads to the
car body and also have the function to dampen the vibrations. For a rear wheel driven
vehicle, they are soft in vertical direction to isolate the cabin from the vibrations coming
from the differential and the road disturbances, they are soft in longitudinal direction
to isolate the cabin from the driveline vibrations and relatively stiff in lateral direction
to improve safety and handling.

The subframe transfers the lateral forces to the lateral links, which unload on the
knuckles and then on the ground through the tires. When the wheels move vertically
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in opposite phase, for instance in a tight cornering or when the road is banked, the
vertical drop links move in opposite phase and so the stabilizer bar is loaded with a
torsional moment; the effect of the stabilizer bar is to produce an anti-roll moment
which adds to the contribution of the springs and tends to bring back the two wheels
at the same height. The stabilizer bar is connected to the subframe by means of radial
bushings, like those shown in Fig. 5.5.

Figure 5.5: Radial bushings that are used to connect the stabilizer bar to the subframe.

The vertical springs give the main anti-roll contribution and also bear the static
vertical load of the cabin with occupants. They are connected between the lower arms
and the body mounts. The dampers (which are not present in the first analysis) are
connected between the body and the lower arms as well. They will be considered only at
the end of Chap. 6, where they will be considered as a possible source on non-linearity,
because of the stick-slip effect [35].

5.2.2 Nastran implementation

Nastran is a multi-physics solver that can be used to run several types of analysis,
mainly on finite-elements models, which are usually built with specific programs with
graphic interfaces. The input file is a ASCII file which can be the output of a pre-
processor program or can be written and edited with any text editor program. Starting
from the finite-elements model of a sedan car, we extracted the basic geometric and
mass information of the suspension components and we built a “light model” of the sus-
pension, in which there are no flexible components but only rigid bodies with lumped
inertia properties. This reduced greatly the computational time and allowed us to run
several simulations in a short time. Only in a second time we added the body as a
flexible component (constituted by thousands of finite-elements), such thing having a
heavy impact on the running time. All different body modelling will be described in
Par. 5.2.3.

In Nastran each node has six degrees of freedom, which can be free or constrained;
among the free d.o.f., there is a distinction between independent (“master”) or depen-
dent (“slave”) degrees of freedom. A rigid body can have a maximum of six d.o.f.: an
easy way to create a rigid body in Nastran is to use a “spider element” (RBE2), which
define a relation of dependency between a certain number of master d.o.f. and another
number of slave d.o.f. A node (the centre of gravity) is usually given all six master
d.o.f. and the other nodes of the same component have only slave degrees of freedom.
In this way the suspension arms, the subframe and the knuckles are modelled as rigid
bodies and are characterized by few points (centre of gravity, connection points with
the other components). For instance, the lateral links are modelled with only three
nodes (two end-points and the centre of gravity). The subframe is a rigid body with
ten connection points to the lateral links and four connection points to the body. The
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stabilizer bar is modelled with two rigid bodies (two halves of the bar) with a torsional
spring in between. The drop links are vertical arms connecting the knuckles to the
stabilizer bar end-points.

The bushings and the ball joints are modelled with concentrated springs, that is six
stiffness values per connection. They are represented by means of CELAS2 elements,
which are the Nastran entries to define a scalar relation between the relative motion of
two nodes, which responds to the Hooke’s Law by a stiffness rate k. When defining a
CELAS?2, it is recommended that the two points are coincident [19]. In every connec-
tion we defined six CELAS2 elements. In some cases it was convenient to define the
stiffness properties in the global coordinate system (for instance, for the bushings be-
tween subframe and body) while in other cases it was better to define the local stiffness
properties (for instance, for the rubber bushings between the links and the subframe).
More details about the stiffness values can be found in the “Stiffness Tables” in App.
B.

Very simplified ody-5u Spring .
ki Y Body-LowArm Aft bushing

Body-Sub

Rear suspension:
Detailed model

Figure 5.6: Wireframe of the car. The front suspension is simplified while the rear suspension
is modelled in detail.

The body is mounted on top of the suspension, to which it is attached in a certain
number of points. There are four bushings between the body and the subframe. The
bushings towards the front of the car are called fore bushings while the others towards
the rear are called aft bushings. The wireframe is added just for a visualization pur-
pose, so all the points of the wireframe are rigidly connected to the centre of gravity
of the body. Fig. 5.6 shows an image of the body wireframe how it is displayed in the
post-processor (Virtual.Lab). While the rear suspension is modelled in detail, the front
suspension is represented with only a couple of springs (six d.o.f.) at the front domes.

We performed a linear static analysis (SOL101 entry in the Executive Control Sec-
tion), with the scope of calculating the loads distribution in the suspension system
resulting from the application of a certain load set to the body (roll moment). More
details about the load cases will be provided in Par. 5.2.6. With the FORCE command
in the Case Control Section it is possible to include in the output file the scalar forces
associated to the CELAS2 elements.

5.2.3 Different body modelling

We use three different methods to model the body:
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e Rigid: the body is modelled as a rigid “spider” element connected to the suspen-
sion. The stiffness at the attachment points is the bushings stiffness, not changed
by the body, which is considered infinitely rigid (see Eq. 3.1);

e Rigid with Local Flexibility (Rigid LF): the body is modelled as a rigid “spider”
element connected to the suspension, but in this case the local body stiffness
is not infinite, so the equivalent stiffness on each component is the combined
rate of two springs in series. The local body stiffness in each direction (x, y, z)
and for each attachment point (subframe bushings, rear springs, front domes) is
calculated with the second technique described in Par. 3.1.4 (taking the static
value of the driving point FRF);

e Flexible: the car body is no more a rigid element but it is substituted by the
flexible finite-elements model of the body-in-white, which is mounted on top of
the suspension, at the same attachment points as in the previous cases. In this
case no local body compliance is considered at the bushings connections, because
all flexibility effects are already taken into account.

The body connection points are listed in Tab. 5.1 and displayed in Fig. 5.7.

Front suspension  front domes (2 points)
Rear suspension rear springs (2 points), rear subframe (4 points)

Table 5.1: Attachment points of the body to the suspension system.

REAR FRONT

8 points 2 points
{4 subframe bushings, {front domes)
2 springs attachments)

Figure 5.7: Body attachment points: 6 to the rear suspension, 2 to the simplified front
suspension.

Considering the full models (rear suspension, front suspension and body), we can
name the different models after the type of body modelling: Rigid, Rigid LF and Flexi-
ble. Actually the Rigid and the Rigid LF models are nearly identical: the only changes
are the stiffness rates at the connection points. The final model (Flexible), differs from
the others because the finite-element model of the body is included. The body model
is constituted by a mesh of thousands of elements (SHELL, TRIA, QUAD, etc) and
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therefore the running time of the simulation increases consistently. The results for the
three body modelling are presented in Par. 5.2.7, 5.2.8 and 5.2.9.

5.2.4 Body modification

The concept of body modification in these three cases presented above can be represented
with different methods. The Rigid model doesn’t include the body flexibility, so there
is no body modification to define. In the Rigid LF model, the body stiffness is included
in a CELAS2 entry which is in series with the bushing stiffness. The resultant stiffness
in each direction is given by the series of body and suspension stiffness, as seen in
Eq. 3.1. Another difference between Base and Modified models is the centre of gravity
position: when adding cross bars (masses) at the rear section, the centre of gravity is
slightly moving up and rearward, so the coordinates of that node change for the two
models. The Flexible modelling features directly the body-in-white FE model, so in
this case it’s not necessary to define a node as the centre of gravity (the mass properties
are distributed); in this case we have two different body-in white models, the former is
Base, the latter is Modified by adding cross-bars reinforcements at the rear section. To
have an idea of the effect of the body modification considered, we can apply the first
method described in Par. 3.1.4 (static application of a couple of forces), and estimate
the Base/Modified body torsional stiffnesses as follows:
kbodnyASE = 15017Nm/deg (5 1)
Kbody—nop = 25658 Nm /deg '

The Modified body stiffness is increased by a factor +71% with respect to the Base
body. A similar increase can be seen by comparing one on one the local body stiffness
values that we use in the Rigid LF model, whose values are listed in Tab. A.2. For
instance, at the rear spring mounting location, on the left side, the Base/Modified
increase is exactly +71%. In other locations it may be different, for example at the
aft bushing on the left side we have +61% in vertical direction. Considering the other
directions, the increase is more limited (the modification is effective mostly on the
vertical stiffnesses, which are correlated to the torsional stiffness): in the same location
we have +18% in longitudinal direction and only +5% in lateral direction.

5.2.5 Loads distribution under a static vertical force

The rear suspension model is mainly characterized by the geometry and the stiffness
properties, since the inertia properties are not important for a static analysis. The
geometry is taken directly from the available full-car model (as explained, with a trans-
formation of the deformable links of the suspension, the subframe and the stabilizer bar
into rigid components, connected by flexible joints and bushings). The stiffness prop-
erties are taken in part from the original model, in part from other sources available
in literature. The choice of the stiffness properties (especially the rotational stiffnesses
of some components) is a delicate phase of the project, because from those values will
depend the distribution of loads that we want to analyse. Most of the bushings stiffness
properties are taken from the full-car model, but other properties are not available: for
instance, the tires translational /rotational stiffnesses are taken from reasonable val-
ues available in literature, as well as the equivalent front suspension stiffness (which is
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concentrated at the front domes) is estimated in order to be in a reasonable range. Nev-
ertheless this stiffness tuning needs a verification on the overall suspension behaviour,
to be sure that the chosen values are in a reasonable range.

We decide to apply a very simple load case, that is a vertical force at the centre of
gravity of the car body. We choose for simplicity the “Rigid” to perform this verification
of the suspension behaviour (actually there is not such a big difference between the three
models described in the previous paragraph). Based on experience and theoretical
considerations, we expect for a correct behaviour of the suspension that the following
checks are verified:

e the lower arm should bear the biggest part of the vertical load (the vertical spring
is mounted on it);

e the model should be (almost) symmetrical left-right (some bushings stiffnesses
are not exactly identical left-right, but nevertheless the model should be almost
symmetrical);

e lower/upper arms lateral forces should be in counter-phase: this is not a general
rule for each type of suspension, but in our model upper and lower arm are about
directed in the same direction and they should act to produce a reacting moment
to the external one introduced by the vertical load;

As it is possible to see from Fig. 5.8, all the criteria that we listed before are
respected. The lower arm is actually the biggest of the links and it’s designed also to
have a supporting function, in both vertical and lateral direction. In this case the upper
arm is also loaded in vertical direction, while the other links (control, leading, trailing
arms) bear less loads. Trailing and leading arms can take big when the suspension is
loaded in longitudinal direction. The model is symmetrical, as it possible to see the
left (blue) and right (red) bars have the same phase for the vertical loads, while they
are in counter-phase for the lateral loads: the reason for this is that the forces sign
is expressed in the vehicle reference system, which has the y-axis directed in lateral
direction with positive sign towards the right side of the vehicle.

The stiffness values adopted for the suspension model are listed in Tab. A.l, in-
cluding the ball-joints, the bushings, the stabilizer bar, the rear springs and tires, the
front equivalent suspension reduced at the front domes.

5.2.6 Roll case

This study is about the influence of the body torsional stiffness on the vehicle behaviour.
When the vehicle rolls (e.g. during high-speed cornering), the body torsional stiffness
is important, and it can be modelled as a spring in series with the suspension roll
stiffness, as described in Par. 3.1.2. The mechanism that generate the roll moment
when a vehicle turns has been explained in Par. 2.1.5 (basically it’s an effect of the
lateral force) and the extent of the roll moment is expressed by Eq. 2.31. In order to
reproduce a roll case in Nastran, there are at least three methods:

1. impose a rotational displacement to the body about the x axis (command SPCD,
that stands for “single-point constraint displacement” [19])

2. apply a moment at the body about the roll axis;

3. apply a couple of vertical forces in opposition of phases at the lateral beams.
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Figure 5.8: Loads distribution in the suspension links under a static vertical force acting at
the body COG. The model is (almost) symmetrical, the lower arm takes the most vertical load
and the lower-upper arm lateral forces are in counter-phase.

The application of Method 1 and 2 would require to know exactly the position of
the roll axis, which is not easy to determine, and moreover in Method 1 it would be
necessary in Nastran to define constraints on the other d.o.f. of the node where it’s
imposed the rotational displacement (which is not easy, because for instance we don’t
know exactly the amount of lateral displacement associated to a certain roll angle). For
these reasons in all the following analysis we adopt Method 3, in particular we apply a
couple of forces at the longitudinal beams of the car body, which are stiff areas of the
frame structure: in this way there’re not excessive local deformations which might lead
to computational problems. In all cases (Rigid, Rigid LF and Flexible), the applied
load is 1500 N in vertical direction, with negative phase at the left side (versus down)
and positive phase at the right side (versus up). The resulting roll moment is:

Towt = Foear -t = (1500N) - (1.35m) = 2025Nm (5.2)

where ¢t is the distance between the application points of the two forces.

5.2.7 Rigid body modelling results

The scope of the analysis is to evaluate the influence of the body stiffness on the loads
distribution. In particular the comparison between Base and Modified vehicles will be
done by calculating the percentage difference in the forces with respect to the Base
condition.

The Rigid model is the first one we consider. The loads distribution in the sus-
pension is displayed in Fig. 5.9; in this case we don’t speak of Base or Modified loads
because this model doesn’t include the body flexibility. The loads distribution gives an
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idea of how the forces are distributed in the suspension when a roll moment is applied
to the body. The green colour indicates the vertical loads, the red indicates the lateral
loads and the blue the longitudinal loads. As one can see, the longitudinal loads are
quite limited and moreover not really interesting for this analysis, so we will not display
the loads variations in longitudinal direction.

The resultant of the applied loads is zero along the z, y, z, ry and rz directions: this
means that the forces acting on the left side of the vehicle (visualized in Fig. 5.9) are
balanced by mirrored loads on the right side of the vehicle. For brevity we will display
always only the left side of the suspension system, because the model is symmetrical
about the z axis.
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Figure 5.9: Rear suspension loads distribution for the Rigid model. Roll case, with a couple
of forces applied at the longitudinal beams (F' = 1500N). Longitudinal (blue), lateral (red)
and vertical (green) forces.

The front vertical loads are higher than the rear loads: this is due to the fact that
our simplified front suspension is modelled with an equivalent spring at the front domes,
whose lateral distance is less than the rear tires track distance. A calculation of the
front roll moment and the rear roll moment gives:

(5.3)

Tfront == szrontdomes : ZL/fromfdomes = (9O4N) . (114771) = 1030Nm
Trear = Fareartires * treartires = (638N) : (156m) = 995Nm

The natural tendency would be to have a higher roll moment at the rear because,
as seen in Fig. 2.11, the roll axis is inclined, and so the rear y forces have a bigger
arm and produce a higher roll moment. However this is undesirable, because a roll
moment distribution biased towards the rear generates an oversteer effect and the
vehicle stability is reduced (see Par. 2.1.4). For this reason, designers strive for a
high roll stiffness at the front axle and not at the rear [1]. This explains also why the
stabilizer bars at the front are often bigger than at the rear chassis. For this reason,
the front stiffnesses (which represent the whole suspension) are chosen to have a roll
moment distribution a bit biased towards the front.
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Continuing the analysis of the vertical forces in Fig. 5.9, we can calculate the
roll contribution given by the stabilizer bar and by the springs, by multiplying the
correspondent vertical force times the y offset:

Tsprings = Fasprings - tsprings = (162N) - (1.10m) = 178 Nm (5.4)

Tstabi = Fzst.link “Tst.link = (496N) : (131m) = 649Nm (55)

Note that the sum of the springs contribution and the stabilizer bar contribution is
827 Nm, that corresponds to 83% of the total rear roll moment. The remaining anti-roll
contribution is given by the subframe reaction, that transfers the loads to the ground
through the lateral arms. Looking now at the red bars in Fig. 5.9, we note that the
highest lateral loads are taken by the lower and upper arms of the suspension. Moreover,
the forces of these components are in counter-phase. This can be explained by taking a
look at Fig. 5.10: the forces in counter-phase produce an anti-roll contribution which
sums up to the anti-roll reaction given by the vertical forces.

Figure 5.10: The lateral forces of upper and lower arm are in counter-phase and produce an
anti-roll moment.

Finally, looking at the bushings between the body and the subframe, the aft bush-
ings result more loaded than the fore bushings. This is due to two reasons:

e the subframe is wider in the fore part, therefore the vertical forces have a higher
arm in the fore part;

e the aft bushing is stiffer than the fore bushing (see stiffness table in App. A).

5.2.8 Rigid LF body modelling results

The second type of body modelling considers the local body compliance (see Tab. A.2)
at the connections points, so basically the model is the same as the previous case but
the stiffness values between body and suspension are a bit decreased. For this reason
we expect a very similar loads distribution, which is displayed in Fig. 5.11.
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Figure 5.11: Rear suspension loads distribution for the Rigid LF model. Roll case, with a
couple of forces applied at the longitudinal beams (F = 1500N). Longitudinal (blue), lateral
(red) and vertical (green) forces, Base vehicle.

In order to assess the effect of the introduction of the local body compliance, we can
calculate the difference between the loads of Fig. 5.11 and those of Fig. 5.9. The result
of this operation is displayed in Fig. 5.12, in terms of percentage variations, where the
“Rigid LF” model used for the comparison refers to the Base vehicle.
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Figure 5.12: Rigid LF vs. Rigid loads percentage changes, Base vehicle. The force variation
is directly related to the introduction of the local body flexibility in the model.

If we look at the components that transfer the vertical loads to the ground (front
domes and rear tires) there’re very slight differences (about 1%), meaning that the
introduction of the body compliance has a similar effect at front and rear, so the roll
stiffness ratio is not changed. In lateral direction we have a change of 5%, but over
a force amplitude of nearly 20 N: in a pure roll case the most important loads are in
vertical direction, and moreover to evaluate a percentage variation of the lateral loads
it would be more proper to consider also a lateral force applied to the body (centrifu-
gal force). The most sensitive locations are the body-subframe bushings, which show
about —6% load variation (aft) and about +14% (fore) in vertical direction. Despite
the biggest percentage variation is at the fore bushing, it is to consider that the biggest
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absolute variation is at the aft location (AFyp = 40N, AFfo. = 33N). The aft bush-
ing is stiffer than the fore bushing and, moreover, the local body flexibility at the aft
location is lower than the body flexibility at the fore location. Since the aft bushing is
stiffer, it bears a vertical load that is more than twice the fore bushing (Fo ¢ = 691N,
Fore = 230N, from Fig. 5.9) and for this reason the percentage variations of the fore
bushing result higher.

Considering now the Base/Modified percentage loads variations for the Rigid LF
model, they are indicated with AFy and presented in Fig. 5.13. Everywhere the
comparison between Base/Modified is done taking the Base value as reference: so, the
results show what happens when the body becomes stiffer with respect to an initial set
of values. This is opposite to what was shown in Fig. 5.12, where the reference is the
infinitely rigid body, so the variations show what happens introducing compliance.
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Figure 5.13: Base vs. Modified loads variations, Rigid LF model, all locations.

The Base/Modified changes in Fig. 5.13 have a similar distribution to those of Fig.
5.12, with a lower amplitude and opposite phase. The Rigid model is nothing else than
an ideal Modified vehicle with an infinite body stiffness. The maximum load changes
in Fig. 5.13 in vertical directions are +2.4% for the aft bushing and —4.0% for the fore
bushing, which are rather small variations.

5.2.9 Flexible body modelling results

The Flexible model includes the deformable FE body mounted on top of the suspension,
as described in Par. 5.2.3. Fig. 5.14 shows the resulting force distribution for the Base
vehicle, consequent to the application of two forces in opposite phase, as explained in
Par. 5.2.6. The Base/Modified force variations, AF, are shown in Fig. 5.15.
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Figure 5.14: Rear suspension loads distribution for the Flexible model. Roll case, with a
couple of forces applied at the longitudinal beams (F = 1500N). Longitudinal (blue), lateral
(red) and vertical (green) forces, Base vehicle.
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Figure 5.15: Base vs. Modified force variation, Flexible model, all locations, no suspension
modifications.

The maximum load changes in this case are more limited than in the previous case
(“Rigid LF”), and are equal to +1.1% (aft bushing) and —0.6% (fore bushing). In this
case the aft bushing is the most sensitive location for both the absolute and percent-
age variations, even with limited extent. In lateral direction the percentage changes
are bigger (almost 7%), but we should consider that the acting load is quite limited
compared to the vertical loads, because this is a pure roll case; if a lateral force (cen-
tripetal) would be acting, probably these percentage variations would be much smaller.
The conclusion is that, even with a more detailed body modelling, the Base/Modified
loads variations achievable with this method are very small.
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5.3 Conclusions
The conclusions of this chapter are the following:

e the presented models show a very small influence of a body stiffness modification
on the Base/Modified suspension loads;

e both the model with the body local stiffness properties (Rigid LF') and the model
with the distributed stiffness properties (Flezible) lead to similar results;

e the most sensitive locations to Base/Modified load changes, for the considered
vehicle, suspension and body modification, are the body-subframe bushings.

These results are in line with the very small variations shown in [7], but in contrast
with the load changes that are observed in experiments, which are much bigger (up
to 10% [5, 6]). Unfortunately it seems that the virtual models lack of something to
reproduce the real behaviour. An hypothesis is that the stiffness of the suspension might
increase for the non-linear behaviour of some components. If the suspension stiffness
gets closer to the body stiffness, the body effect is expected to become more important.
Next chapter is dedicated to a sensitivity analysis over many possible suspension non-
linearities, which could be the reason for the gap between test and simulations results.
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Chapter 6

Suspension sensitivity analysis

The conclusion of Chap. 5 is that the Base/Modified loads variations in a five-links
suspension are very small, in contrast with the experimental observations [5, 6]. A
possible reason for this mismatch may be the non-linearity of some suspension compo-
nents, which in special conditions may cause a change in the stiffness characteristics
of the suspension itself. If the suspension stiffness changes (for instance, it increases)
it might be possible that the body modification becomes relevant: the purpose of this
chapter is to investigate about this possibility. Further studies will be needed to find a
correlation between real operating conditions of a car and correspondent non-linearities
in the suspension components. Such investigations will need the vehicle suspension to
be instrumented, and the purpose of the presented study is to identify which compo-
nents are expected to show the biggest variations. Some parameters (e.g. rotational
stiffnesses) are quite difficult to estimate and therefore they are unknown in most cases.
Moreover, not much literature has been found on their possible non-linear ranges. For
these reasons, some parameters are varied by big factors (10, 50, even 100) in order to
investigate about their impact in the widest ranges possible, but these variations are
obviously not related to non-linearities.

A roll moment (as it’s described in the previous chapter) is applied to the Base/Modified
“Flexible” models, while some suspension parameters are modified, basically the stiff-
ness properties of several components. The sensitivity analysis of this chapter is carried
out with the purpose to:

e identify the most influencing suspension components on the Base/Modified loads
changes;

e quantify the maximum percentage Base/Modified load variation achievable in
specific conditions;

e suggest which components might be instrumented in future research on body
modification and handling.

We have seen in the conclusions of Chap. 4 that the body modification can lead to
a decrease of the cornering stiffness, especially at the rear axle. This could be a hint
for the presence of some non-linearities in the suspension system. The suspension can
be non-linear for many reasons, that will be explained in the following paragraphs.

[
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6.1 Non-linear components

A non-linear force-displacement relation is typical of some materials, such as rubber,
that are typically used in the bushing components of suspension. A non-linear material
exhibits a stiffness property that is not constant, but changes in special conditions, for
instance it increases at high deformations. We will modify the stiffness properties of
the following components, with respect to the “nominal” model presented in Chap. 5:
rubber bushings, ball joints, stabilizer bar, springs and dampers (stick-slip effect).

6.1.1 Rubber bushings

Bushing elements are largely used in road vehicles, because they can have many func-
tions:

e absorb the vibrations caused by the road irregularities;
e allow small misalignments of the axes of the connected components;
e reduce noise;

e decrease wear of the mechanical joints.

Bushings are made of a special rubber that is appropriate for energy dissipation,
and present a non-linear visco-elastic relationship between the forces/moments and
their corresponding displacements/rotations [39]. A drawback of their applications is
that they may cause an unwanted decrease of responsiveness of the vehicle [39]. Rubber
materials tend to become stiffer at high deformations [37, 41], as it is shown in Fig. 6.1,

which is an example of analytical load-displacement curve for a control arm bushing
[41].
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Figure 6.1: Radial force vs. displacement curve for a rubber bushing of a suspension control

arm, analytical model [41].

The typical experimental tests to estimate the radial stiffness of bushings consist in
fixing the inner sleeve with a supported shaft and move the outer sleeve with respect
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to the inner sleeve (see the left part of Fig. 6.2): a load cell is used to measure the
radial load and the radial stiffness can be then calculated [37].

¢ ~

_»

Figure 6.2: Bushing measurements scheme [37]. a) radial stiffness; b) torsional stiffness.

The torsional tests are conducted by holding the outer sleeve and rotating the
inner shaft by a certain angular displacement: a torque sensor can be used to measure
the moment and then calculate the torsional stiffness [37]. Bushings are modelled in
multi-body codes as non-linear restraints that relate the relative displacements between
the connected bodies with the joint reaction forces, whose constitutive relations are
represented by matrices [39]. Several analytical models have been studied to predict
the bushings behaviour [37] and also to show the coupling effects that they present
[38]. For instance, some bushings exhibit a radial-torsional coupling effect, with the
radial stiffness that is affected by a torsional pre-set. In particular, the radial stiffness
decreases at small rotations (the shear strain causes a softening effect), while it increases
at high rotations (hardening effect) [37].

6.1.2 Ball joints

Ball joints are ideally extremely stiff in all translational degrees of freedom and almost
free to rotate in all directions. In reality there are physical limits to the rotations of
the ball in the socket, and moreover the friction between those elements can make the
rotational stiffnesses to be not zero. The rotational stiffnesses of the ball joints are not
easy to estimate and there’s not much literature about their possible non-linearities.

6.1.3 Dampers

Dampers are designed to act as visco-elastic elements, so they ideally aren’t working
under static conditions. However when a car travels on a extremely flat road, with no
irregularities, the dampers show a “stick” behaviour [35], meaning that the friction with
the cylindrical sleeve gives a static stiffness contribution, that in the axial direction of
the damper and adds to the springs contribution. In reality what may happen is that
the dampers are neither in perfect stick nor in ideal slip, but in a “stick-slip” condition,
meaning that there’s a certain stiffness contribution (given by friction), but it’s not as
rigid as it would be under a purely stick condition. This effect will be considered only
at the end of the chapter, when a “limit case” scenario will be considered (Par. 6.2.3).



80

6.2. SUSPENSION MODIFICATIONS

6.2 Suspension modifications

Suspension modification

Component and factor of multiplication

NOM

SUB BUSH FORE X2
SUB BUSH FORE Y2
SUB BUSH FORE Z2
SUB BUSH FORE RX50
SUB BUSH FORE RY50
SUB BUSH FORE RZ50
SUB BUSH AFT X2
SUB BUSH AFT Y2
SUB BUSH AFT Z2
SUB BUSH AFT RX50
SUB BUSH AFT RY50
SUB BUSH AFT RZ50
SPRING Z2

STABI RY05

STABI RY2

STABI RY5

BJ ROT10

BJ ROT30

BJ ROT50

BJ UPPER ROT10

BJ LOWER ROT10

BJ LEADING ROT10
BJ TRAILING ROT10
BJ CONTROL ROT10
LL BUSHES Y10

LL BUSHES RX10
LOWER BUSH Y10
LOWER BUSH RXRZ10
LOWER BUSH RY10
UPPER BUSH Y10
UPPER BUSH RXRZ10
UPPER BUSH RY10
STABI BUSH Y100
STABI BUSH RY100
STABI LINK ROT100

fore bushing x-stiffness

fore bushing y-stiffness

fore bushing z-stiffness

fore bushing rx-stiffness

fore bushing ry-stiffness

fore bushing rz-stiffness

aft bushing x-stiffness

aft bushing y-stiffness

aft bushing z-stiffness

aft bushing rx-stiffness

aft bushing ry-stiffness

aft bushing rz-stiffness

rear spring z-stiffness

stabi bar ry-stiffness

stabi bar ry-stiffness

stabi bar ry-stiffness

ball joints (arms) rx,ry,rz stiffness

ball joints (arms) rx,ry,rz stiffness

ball joints (arms) rx,ry,rz stiffness
upper arm (ball joint) rx,ry,rz-stiffness
lower arm (ball joint) rx,ry,rz-stiffness
leading arm (ball joint) rx,ry,rz-stiffness
trailing arm (ball joint) rx,ry,rz-stiffness
control arm (ball joint) rx,ry,rz-stiffness
bushings (arms) y-stiffness

bushings (arms) rx-stiffness

lower arm (bushing) y-stiffness

lower arm (bushing) rx,rz-stiffness
lower arm (bushing) ry-stiffness

upper arm (bushing) y-stiffness

upper arm (bushing) rx,rz-stiffness
upper arm (bushing) y-stiffness

stabi bar (bushing) y-stiffness

stabi bar (bushing) ry-stiffness

stabi link (ball joints) rx,ry,rz-stiffness

N DN DN

50
50
50
2

2

2
50
50
50
2
0.5
2

)
10
30
50
10
10
10
10
10
10
10
10
10
10
10
10
10
100
100
100

Table 6.1: List of “single-parameter” suspension modifications: name, component, direction
and factor of multiplication. For the bushings radial stiffness a factor 2 of variation has been
found in literature [39]. Some parameters are unknown and therefore the factor of variation
(10, 50, 100) doesn’t represent a non-linear behaviour, but it’s an investigation on their possible

impact in a wide range.

Assuming that the bushing components have a load-displacement curve that is similar
to that one shown in Fig. 6.1 in all directions, we consider the “nominal” suspension
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as the reference case in which all components work in the linear region, that is within a
small deformation range (e.g. 2+ 3mm traction/compression range). For instance, the
vertical displacements at the body-subframe bushings (relative displacements), for the
“Flexible” Base model are: Az,p = 1.77mm Azgore = 1.38mm. This means that the
“nominal” suspension works with the subframe bushings in the linear range. We make
now the hypothesis that all the other components (ball joints, other bushings, etc) are
working in the linear range when the suspension is “nominal”. The values listed in
Tab. A.1 are actually the stiffness values in the linear range.

What is done in this section is to apply some modifications of parameters to the
suspension model described in the previous chapter. In a first time “single-parameter”
modifications are applied, in order to assess the impact of each parameter indepen-
dently from the others. In a second time the most influencing parameters are com-
bined together in “multiple-parameters” modifications. In Tab. 6.1 a list of all single-
parameter suspension modifications is presented, with the name of the modification
(left column), the parameter and factor of multiplication (right column). Some vari-
ations (e.g. subframe-body bushings translational stiffnesses) represent effectively a
possible non-linear behaviour [39], while some others are applied to investigate over the
impact of certain parameters on the Base/Modified changes in a wide range (sensitivity
analysis). Note from Tab. 6.1 that several parameters are varied, including all trans-
lation /rotational components of the subframe-body bushings, the rotational stiffnesses
of the ball joints of the lateral links, the lateral links bushings stiffness, the stiffnesses if
the bushings between stabilizer bar and subframe and those of the ball joints between
stabilizer link and stabilizer bar.

Other parameters, such as the rotational stiffnesses, are varied by big factors (10, 50,
100), for two main reasons: the former is that also the nominal value has been estimated,
because sometimes it’s not easy to measure, especially the rotational stiffnesses. The
latter is that, as it will be seen in the results, the effect of modifying the rotational
stiffnesses is quite limited on the Base/Modified changes, so varying those parameters
by big factors helps to highlight the effects: the scope is to investigate into the wider
ranges possible, because the literature on this topic is quite poor.

6.2.1 Single-parameter modifications

The single-parameter modifications are basically suspension configurations in which
one parameter is multiplied by a certain factor, as specified in Tab. 6.1. The model is
symmetric, so each modification is intended to be applied at both left and right side.
In order to carry out several simulations, we developed scripts to automatically write
Nastran input files, extract the results from the output file and visualize them in a
spreadsheet pivot table (for details, see App. B.1).

From Chap. 5 we know that the aft body-subframe bushing is the most sensitive
component of our model for Base/Modified loads variations: we use that location to
assess the impact of different suspension modifications. When the suspension is “nom-
inal” (no parameters modifications), the loads variations are those displayed in the
previous chapter in Fig. 5.15. An objective is to determine, among all possible single-
parameter modifications, which ones are the most influencing in terms of load change to
the nominal condition. In other words, what is interesting to determine is the difference
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between the force variations, AF, associated to a certain suspension modification, and
the “nominal” force variations, AFyou: we define the result of this operation ¢:

§ = AF — AFyoum (6.1)

In Fig. 6.3 the results for § for several single-parameter modifications are shown,
and the most influencing suspension modifications are marked with red circles. The
most influencing components on the Base/Modified loads variations are:

stabilizer bar (ry stiffness);

e springs (z stiffness);

fore/aft bushings (z and rz stiffnesses);

lateral links ball joints (rotational stiffnesses).

In order to interpret correctly the results of Fig. 6.3, it’s necessary a consideration.
With no doubts the stabilizer bar and the vertical springs have the most important
impact on the Base/Modified loads variations: they alter the front/rear roll stiffness
ratio and this causes a re-distribution of roll moments between front and rear axles. If
the rear suspension becomes stiffer, the roll moment at the rear increases and so all the
loads in the rear suspension will increase, with the consequence that the Base/Modified
loads changes will be amplified. Such change is not interesting for this analysis, which
aims to investigate on a possible loads re-distribution at a constant roll moment acting
on the rear suspension. Since front/rear suspensions are in parallel (see Fig. 3.5 and
3.6), the roll moment acting at front/rear is proportional to the correspondent roll
stiffness. The front /rear roll stiffness ratio resulting for some modifications is displayed
in Fig. 6.4: the results are normalized to the nominal stiffness ratio. From Fig. 6.4 it
is clear that the modifications which involve both the stabilizer bar and the springs are
highly altering the front/rear roll stiffness ratio: this means that those modifications are
not interesting for this analysis, because the Base/Modified load changes are mainly
related to this effect. The modifications which involve the bushings (“SUB BUSH
FORE Z2” and “SUB BUSH FORE Z2”), instead, don’t have a big impact on the
stiffness ratio (so, rear roll moment almost constant) and nevertheless show interesting
values for §. For instance, taking the case of the aft bushing vertical stiffness (“SUB
BUSH AFT Z2”), we have 6 = 7.6N which, compared to the nominal force variation
AFnoym = 149N, corresponds to an increase of 51.0% of the Base/Modified load
change with respect to the nominal condition. For the same modification we have a
front /rear roll stiffness ratio that is almost constant (actually it decreases of about
3% with respect to the nominal condition): the conclusion is that the Base/Modified
change due to the bushings stiffness modifications is mostly related to an internal re-
distribution within the rear suspension, and not to a change of the front/rear roll
moments.



CHAPTER 6. SUSPENSION SENSITIVITY ANALYSIS 83

& [N] mF Z-dir
mFY-dir

20

Figure 6.3: Base vs. Modified §, or variation with respect to the nominal condition. Flexible
model, body aft bushing, single-parameters modifications. The most influencing suspension
modifications are marked with red circles.

kfront ! krear

16
14
12
1 4
0,8
06
04
02+
a -

Figure 6.4: Front/rear roll stiffness ratio for some single-parameters modifications, normalized
to the nominal condition (nom: no suspension parameters modifications).

So, excluding the modifications which involve the stabilizer bar and the vertical
springs from the analysis, the most influencing components on the Base/Modified
changes to the nominal condition that emerge from Fig. 6.3 are:

e fore/aft bushings (z and rz stiffnesses);

e lateral links ball joints (rotational stiffnesses).

It’s true the the ball joints rotational stiffnesses are varied by a big factor (10)
but it is also important to note that the same variation on other parameters doesn’t
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produce any effect. For example, the stiffnesses (both translational and rotational)
of the bushings between the lateral links and the subframe are varied by factor 10
and don’t produce relevant . Apparently also the stiffness of the bushings between
stabilizer bar and subframe (y and ry components) don’t have any effect, even if they
are varied by a factor 100 and also the rotational stiffnesses of the ball joints of the
drop links (connecting the stabilizer bar with the knuckles) have the same sort.

In Fig. 6.5 the effect of the ball joints rotational stiffnesses is investigated: we note
that increasing the stiffnesses of all ball joints produces the effect of increasing the
Base/Modified load changes, and that effect is amplified for higher factors (30, 50).
Decreasing the stiffness by factor 10 (that is a 0.1 multiplication factor) doesn’t produce
any relevant effect.
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Figure 6.5: Effect of the ball joints rotational stiffnesses on 6 (Base/Modified load change
with respect to the nominal condition).

Moreover from Fig. 6.5 we note that the effect is not due to a specific ball joint, but
to the combination of all components together. As explained in Tab. 6.1, “ROT10”
means that all rotational stiffnesses of all ball joints between lateral links and knuckles
are increased by factor 10.

Until now we have considered §, that is useful to understand which suspension param-
eters influence the Base/Modified loads changes with respect to the nominal condition.
The actual AF (Base/Modified loads differences) for the subset of modifications which
have the most relevant impact are displayed in Fig. 6.6, always referring to the forces
acting at the aft bushing location. The loads percentage variations (computed with
respect to the acting load in the same location) are displayed in Fig. 6.7.

The Base/Modified changes are more important in lateral direction, percentage-wise.
In all cases the vertical load increases while the lateral load decreases: the maximum
loads percentage changes for the single-parameter modifications are about 2% in ver-
tical direction and about —12% in lateral direction. These percentage changes are the
result of a pure roll case, while in cornering, in general, also a high lateral force is
acting, so we might expect to have less percentage variations in lateral directions in a
case that considers the lateral load combined with the pure roll.



CHAPTER 6. SUSPENSION SENSITIVITY ANALYSIS 85

AF [N]
20

15

WFZ-dir
mFY-dr

Figure 6.6: Base vs. Modified force variation. Flezxible model, body aft bushing, most
influencing single-parameters modifications and nominal case (nom: no suspension parameters
modifications).
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Figure 6.7: Base vs. Modified percentage force variation. Flexible model, body aft bush-
ing, most influencing single-parameters modifications and nominal case (nom: no suspension
parameters modifications).

So, the results found are not directly comparable with the changes observed experi-
mentally in [6], because they represent a real case with also the centrifugal force acting,.
However, even considering only the pure roll, the load percentage variations are still
far from the experimental changes.

6.2.2 Multiple-parameters modifications

In this section we consider “multiple-parameters” modifications, which are suspension
modifications that involve more than one parameter. As it will be shown, the effect
of varying two or more parameters together is not the sum of the single effects. The
objective is to estimate the maximum loads changes in vertical and lateral direction, in
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the chosen location (aft bushing), consequent to a combination of stiffness variations.
The single-parameters modifications which we combine together are:

e increase of aft/fore bushings z-stiffness (factors 2 and 5);

e increase of aft/fore bushings rx-stiffness (factor 50);

e increase of ball joints rotational stiffnesses (factors 10, 30 and 50).

Suspension modification Components and variation factors

COMB AFT 72 aft bushing z-stiffness 2
BJ ROT10 ball joints (arms) rx,ry,rz stiffness 10
COMB AFT/FORE Z2 aft and fore bushings z-stiffness 2
BJ ROT10 ball joints (arms) rx,ry,rz stiffness 10
COMB AFT/FORE Z2 aft and fore bushings z-stiffness 2
RX50 rx-stiffness 50
BJ ROT10 ball joints (arms) rx,ry,rz stiffness 10
SUB BUSH AFT 75 aft bushing z-stiffness 5
COMB AFT 75 aft bushing z-stiffness 5
BJ ROT10 ball joints (arms) rx,ry,rz stiffness 10
COMB AFT/FORE Z5 aft and fore bushings z-stiffness 5
BJ ROT10 ball joints (arms) rx,ry,rz stiffness 10
COMB AFT/FORE Z5 aft and fore bushings z-stiffness 5
RX50 aft and fore bushings rx-stiffness 50
BJ ROT10 ball joints (arms) rx,ry,rz stiffness 10
COMB AFT/FORE Z5 aft and fore bushings z-stiffness 5
RX50 aft and fore bushings rx-stiffness 50
BJ ROT30 ball joints (arms) rx,ry,rz stiffness 30
COMB AFT/FORE Z5 aft and fore bushings z-stiffness 5
RX50 aft and fore bushings rx-stiffness 50
BJ ROT50 ball joints (arms) rx,ry,rz stiffness 50

Table 6.2: List of “multiple-parameters” suspension modifications: name, components, direc-
tions and multiplicative factors of variation. These are combinations of the most influencing
“single-parameters” modifications of Tab. 6.1.

Note that some variations are plausible non-linear effects (translational stiffness
of the bushings) while some others are applied to study the impact of a particular
parameter on the Base/Modified changes. It’s not reasonable to think that the rota-
tional stiffness can increase by a factor 50, but looking at the results we can determine
whether that parameter has an influence on the Base/Modified loads distribution. In
Tab. 6.2 a list of all “multi-parameters” modifications is presented. Firstly two modi-
fications which proved to be influencing are combined together (aft bushings z-stiffness
and ball joints rotational stiffnesses). Then it’s added the modification of the fore
bushing z-stiffness and, next to that, it’s added also the modification of rx-stiffness
of the fore/aft bushings (for the single impact of the modifications see Fig. 6.6 and
6.7). After that the factor of variation of the aft bushing is increased to 5: this is a
limit case to investigate what happens in a suspension with extremely stiff bushings.
The pattern is the same: so, first we add the ball joints modification, then the fore
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bushing modification, and finally the aft/fore rx-stiffnesses modification. In conclusion
the ball joint rotational stiffnesses are increased by higher factors (30, 50) to provide
more insight on the dependency over these parameters. The results (Base/Modified
loads variations) consequent to these suspension modifications are displayed in Fig. 6.8
and 6.9: the former shows AF while the latter shows the percentage variations with
respect to the acting loads in the same locations. Looking at the vertical forces in Fig.
6.8 (green bars) we note that from AF = 7 N of the nominal case it is possible to
achieve AF' = 18 N when the aft bushing z-stiffness is increased (factor 2) in combi-
nation with the rotational ball joints stiffnesses (factor 10). In lateral direction (red
bars), the changes go from AF = —6N (nominal) to AF = —11 N for the mentioned
modification. When the fore bushing modification is added (z-stiffness by factor 2), no
relevant effects occur: the vertical changes are almost the same as the previous case
and the lateral changes are even diminishing. When the rx-stiffness modification of the
aft /fore bushings is added (factor 50), the vertical changes are increasing (AF = 22N).
Considering now the modifications with higher factor of variation of the aft bushing
z-stiffness (factor 5), both the vertical and the lateral changes increase. The vertical
change correspondent to the modification of fore/aft z, rx stiffnesses (factors 5 and 50)
and ball joints rotational stiffnesses (factor 10) is AF = 37 N. The maximum lateral
change is about AF = —15 N and it’s achieved with the modification of aft z-stiffness
(factor 5) and ball joints (factor 10). When the factor of variation of the ball joints
is increased (30, 50), the maximum vertical changes are achieved: AF = 46 N and
AF = 53 N. Looking at the percentage variations in Fig. 6.9, as it was noted for the
single-parameters modifications, the major changes are in lateral direction, with a peak
of about —21%. The maximum percentage change in vertical direction is about 8%,
which is a clear increase with respect to the initially observed increase (1%), due to the
applied body modification.
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Figure 6.8: Base vs. Modified force variation. Flexible model, body aft bushing, multiple-
parameters modifications (combined effects) and nominal case (nom: no suspension parameters
modifications).
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Figure 6.9: Base vs. Modified percentage force variation. Flexible model, body aft bushing,
multiple parameters (combined) modifications and nominal case (nom: no suspension parame-
ters modifications).

This load variation is not yet as large as has been observed in test, but a one on
one comparison with test is not directly possible since the front suspension model is
not included and the applied load case is a simplified one with respect to a full oper-
ational load case. This result can therefore be indicative for the potential suspension
non-linearities that might play a role in determining the effect of an applied body
modification to the body forces and therefore the vehicle performances.

6.2.3 Dampers in stick-slip

As a final case, we consider another non-linear effect that may occur in a suspension:
the dampers stick-slip behaviour. This effect, which is described in Par. 6.1.3, causes
the dampers to act like springs components, with a certain stiffness rate. A damper in
stick is basically a rigid bar connected between the lower arm and the body at the rear
domes locations. We don’t assume that the damper is completely blocked, but that
exhibits a stick-slip behaviour, with an average stiffness contribution unequal to zero.
Among three different estimated stiffness rates (1E4, 1E5, 1E6 N/m), we choose the
middle value (1E5), because with the lower value (1E4) the dampers didn’t bear any
load and with the higher value (1E6) they bore the whole roll moment, so they didn’t
represent interesting cases.
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Figure 6.10: Model with damper vs. Model without damper, force variation. Flexible model
with damper in stick-slip (stiffness 1E5 N/m) with the suspension in nominal condition (no

parameters modifications).
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Figure 6.11: Base vs. Modified force
variation.  Flexible model with damper
in stick-slip (stiffness 1E5 N/m), body
aft bushing, multi-parameters (combined)
modifications and nominal case (nom: no
suspension parameters modifications).
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Figure 6.12: Base vs. Modified percent-
age force variation. Flexible model with
damper in stick (stiffness 1E5 N/m), body
aft bushing, multi-parameters (combined)
modifications and nominal case (nom: no
suspension parameters modifications).

We consider the “multi-parameters” modifications with the damper in stick as the
limit case, meaning that all possible suspension non-linearities are taken into account
together. This is to quantify which extent the Base/Modified load changes can reach
with the presented methods. The force distribution in the Base model with damper in
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stick-slip are displayed in Fig. 6.10, by means of a comparison with the model without
damper in stick-slip. The dampers force (not displayed in the figure) is 255 N, while the
springs force is 126 N, so the dampers are bearing a relevant part of the roll moment
in this case.

The results for AF and the percentage variations are presented in Fig. 6.11 and 6.12.
The maximum force variations, which are associated to the limit case, are about AF =
59 N in vertical direction and AF = —14 N in lateral direction. The correspondent
percentage variations are 59% (vertical) and —14% (lateral).

In the limit case scenario the following suspension non-linearities are considered:

e increase of aft/fore bushings z-stiffness (factor 5);
e increase of aft/fore bushings rx-stiffness (factor 50);
e increase of ball joints rotational stiffnesses (factor 50);

e dampers in stick-slip (stiffness: 1E5 N/m).

Further studies are necessary to find a correlation between the suspension non-
linearities and real conditions which can occur during the vehicle operation. The con-
clusion of this study is that, if the suspension becomes stiffer (non-linear behaviour),
the effect of the modification of the body (loads re-distribution) is amplified.



Conclusions and suggestions for future studies

The body stiffness influence on the overall performances has been studied with two
different approaches: looking at the typical handling variables and considering the
loads re-distribution that occurs within the suspension. The former has already been
investigated by several studies, but it proves to be not the best method, because the
Base/Modified variations in the motion variables are quite small, especially compared to
the relevance of the modifications. The latter method is quite new and promising, even if
it’s difficult to match the experimental results with the CAE simulations and, moreover,
a direct interpretation of the loads re-distribution in terms of handling performances is
still a challenging subject. The main conclusions of the presented thesis are:

e the analysis of the typical handling variables (yaw rate, sideslip angle, lateral ac-
celeration) may not be sufficient to characterize the effect of a body modification
in terms of under/oversteer behaviour. The tire slip angles and the cornering stiff-
nesses show a certain Base/Modified change, especially at the rear: in an example
database of a steady-state step steer manoeuvre, the rear slip angle increases of
+9% and the rear cornering stiffness decreases of —6%. The understeer gradient
has not a clear trend, suggesting that it’s not the ideal parameter to consider
when evaluating the body influence on handling for the considered modification.
The sideslip angle shows an increase of +15%, which is quite uncommon to find
in this types of tests and this means that the applied modification is very effective
and the sideslip angle is a potential parameter to consider in future studies. The
maximum difference in path is 0.9 m over a total turning distance of 221.6 m: at
present time there’s not a direct correlation between this difference in path and
the subjective feelings of the driver, so further studies will be needed to estab-
lish the relevancy of this change and the correlation with the subjective handling
evaluation;

e the change in cornering stiffness (especially at the rear) suggested to analyse the
loads re-distribution in the suspension, which is a potential new method to study
the body influence on the vehicle performances. The hypothesis that lead to
study the body-suspension loads is that their distribution may be relevant on
handling, and this is supported by the subjective evaluations of the drivers. The
results under a static roll case show that, even for different body modelling, the
Base/Modified loads variations are very limited (few percentage points). The
sensitivity analysis over some possible suspension non-linearities and parameters
variations shows that higher load changes can be achieved, especially when mul-
tiple stiffness parameters are increased together: the “limit case” (that considers
the stick-slip behaviour of the dampers) reaches about +10% of load variations in
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Conclusions and suggestions for future studies

vertical direction. The most sensitive locations for the Base/Modified changes are
the body-subframe bushings. The most influencing suspension parameters found
are the stiffness of the body-subframe bushings and the rotational stiffnesses of
the ball joints. Apparently the bushings between the lateral links and the sub-
frame don’t have much influence, as well as the bushings of the stabilizer bar and
the ball joints of the stabilizer drop links. This analysis provides some suggestions
about which suspension components might be instrumented for next operational
measurements. Future studies with such instrumentation will help to establish
a correlation between the suspension non-linearities and the actual vehicle oper-
ation, in order to identify more accurate ranges of variations of the non-linear
parameters. The final goal is to have improved simulation models which allow to
determine the influence of the body stiffness on specific performances even in the
earlier stages of the project.



Appendices A

Stiffness tables

Translational Rotational
[N/m)] [Nm/rad]

X y z rx Ty rZ
Upper arm ball joint 4.88E7 8.63E8 8.63E8 | 6.91E1 3.29E2 3.29E2
Leading arm ball joint 4.88E7 8.63E8 8.63E8 | 6.91E1 3.29E2 3.29E2
Trailing arm ball joint 2.50E7 2.75E9 2.75E9 | 5.37TE1 3.29E2 3.29E2
Lower arm ball joint 3.51E7 1.69E9 1.69E9 | 5.37TE1 3.29E2 3.29E2
Control arm ball joint 2.50E7 2.75E9 2.75E9 | 5.37TE1 3.29E2 3.29E2
Upper arm bushing 4.88E5 8.63E6 8.63E6 | 6.91E1 3.79E2 3.7T9E2
Leading arm bushing 4.88E5 8.63E6 8.63E6 | 6.91E1 2.91E2 2.91E2
Trailing arm bushing 2.50E5 2.75E7 2.75E7 | 5.37TE1  291E2 2.91E2
Lower arm bushing 3.51E5 1.69E7 1.69E7 | 1.31E2 1.65E3 1.65E3
Control arm bushing 2.50E5 2.75E7 2.75E7 | 5.37TE1  291E2 2.91E2
Stabilizer bar bushing 2.00E7 1.00E7 4.00E7 | 5.00E1 5.00E0 5.00E1
Stabilizer bar elasticity - - - - 3.00E3 -
Rear spring - - 6.77E4 - - -
Damper (in stick) - - 1.00E5 - - -
Front suspension 5.00E4 5.00E5 2.00E5 | 1.00E2 1.00E2 1.00E2
Rear tires 1.00E5 2.00E5 3.50E5 | 1.00E2 1.00E2 1.00E2
Body aft bushing (left) | 4.92E5 3.41E6 1.19E6 - - -
Body fore bushing (left) | 4.11E5 2.61E6 3.26E5 - - -

Table A.1: Rear multi-link suspension stiffness properties.
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Base Vehicle Modified Vehicle
[N/m] [N/m]
X y z X y z
Left Side
Body (front domes) | 7.85E6 4.83E6 3.52E6 | 8.50E6 5.21E6 4.77E6
Body (fore bush) 1.82E7 1.46E7 4.42E6 | 1.90E7 1.69E7 7.10E6
Body (aft bush) 9.93E6 1.12E7 3.64E6 | 1.17TE7 1.18E7 5.86E6
Body (rear spring) - - 3.54E6 - - 6.06E6
Right Side
Body (front domes) | 7.61E6 4.54E6 3.57E6 | 8.56E6 5.35E6 4.73E6
Body (fore bush) 1.87E7 1.39E7 5.18E6 | 2.34E7 1.79E7 8.05E6
Body (aft bush) 1.02E7 1.15E7 4.32E6 | 1.24E7 1.08E7 7.11E6
Body (rear spring) - - 4.37E6 - - 6.76E6

Table A.2: Body local stiffness properties (driving point FRF amplitude at 0 Hz, from FE
models).
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Matlab codes

Matlab® is a powerful tool that can be used to accomplish to many programming tasks.
There’re two main reasons why to automate a process:

1. avoid subjectivity in data processing;

2. do repetitive operations with the computer and saving time.

The decision whether to automate a process in a project depends on a cost-benefit
evaluation (especially in terms of time). In this project at least two tasks needed to be
automated, the former for the reason 1, the latter for the reason 2.

B.1 Writing/Reading Nastran files with Matlab

The sensitivity analysis of Chap. 6 required a lot of calculations to be carried out: the
task was basically to modify certain parameters in a text file (the stiffness properties
of the CELAS2 elements) and run the simulation. Basically the steps to carry out for
one simulation are:

e the user selects a case in Matlab (this step can be automated either);

e Matlab writes in the Excel stiffness table appropriate variation factors (body
and/or suspension);

e Matlab reads from specific cells the updated stiffness values;

e Matlab opens a new ASCII text file (.dat) and writes the model (structured file
with all Nastran entries);

e the user runs the Nastran *.dat files (this step can be automated using, for ex-
ample an *.bat file in Windows®);

e Nastran computes the solution and creates an output file (*.f06), which is a ASCII
text file;

e Matlab reads the results (suspension loads) from the *.f06 file and writes them
into an Excel spreadsheet;

e the user can visualize the results in Excel (in pivot tables), which is ideal to
report.
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B.1. WRITING/READING NASTRAN FILES WITH MATLAB

B.1.1 Excel tables

The parameters of the model (stiffness properties) are contained in Excel tables, like
the one shown in Fig. B.1.

x ¥ z [Mfrn] ™ L br-d [Mr/frad]
MOMIMAL WALLIE 3,00E+03
stabilizer zcaling coefficient 100%,
EOUIYALEMT STIFFNESS 1,00E+09 LO0E+D9 1LO0E+D9 5,00E+04 3,00E+03 5,00E+04

X ¥ z [Mrm] ™ v =z [Mrm/rad]
SELECTED YALUE 4,68E+05 8,52E+06 8,82E+06: T,93E+01 3,79E+02 3,79E+02

X I z [M/rm] ™ w z [Mr/rad]
SELECTED YALUE 4,68E+05 8,52E+06 8,82E+06: T,93E+01 3,79E+02 3,79E+02

X I z [M,r] w w z [Mr rad]
SELECTED YWALUE 2,50E+05 2,75E+07 2,75E+07 5,37E+01 3,7T9E+02 3,79E+02

X ¥ I [M,r] w w = [Mr rad]
SELECTED ¥YALUE 3,51E+05 LGIE+DT L69E+DT LF1E+02 L65E+03 LE5E+03

x ¥ z [Mfri] w n ir-d [Mra/frad]
SELECTED YALUE 2,50E+05 2,75E+07 2,75E+07 5,37E+01 3,79E+02 3,79E+02

SUBFRAME-BODY AFT {BUSHING)

x ¥ z [Mfrn] ™ L br-d [Mr/frad]
NOMINAL ¥ALUE 5, 17E+05 4 43E+06 1,17E+06
bushi g saaling coeffisient 100,00% 100,00% 100,00
MOMIMAL BODY LOC AL STIFFMESS 9,93E+06 1,12E+07 3,64E+06
body scaling coefficient 100 100°%, 100°%: 100%: 100%; 100%:
EOUIYALEMT STIFFNESS 4,91E+05 3,16E+06 B,66E+05 T,52E+02 1,35E+02 2,63E+02

SUBFRAME-BODY FORE (BUSHING)

x ¥ z [M,frn] ™ L br-d [Mr/frad]
MOMINAL WALUE 4,34E+05 2 79E+06 3,06E+05
bushi g saaling coeffisient 100,00% 100,00% 100,00
MOMIMAL BODY LOC AL STIFFMESS 1,82E+07 1,46E+07 4 42E+06
body scaling coefficient 100 100°%, 100°%: 100%: 100%; 100%:
EOUIYALEMT STIFFNESS 4, 23E+05 2, FIE+06 2,67E+D5 b,67E+D2 1L,39E+02 2,09E+02

Figure B.1: Screenshot of an Excel stiffness table, which is used to read/write parameters.
The scaling coefficients for the bodt (violet) and for the suspension components (gree) are
written with Matlab.

Body Bushing

l SUBFRAME-BODY AFT (BUSHING)
x

¥ 2 [N/m] > ry rz [Nmyrad]
@ 443E406  1.17E+06
100, : Combined

100% 100% 100%
7.52E+02 1.35E+02 2.64E+02

NOMINAL VALUE
bushing scaling coefficient

body scaling coefficient
EQUIVALENT STIFFNESS T18
SUBFRAME-BODY FORE (BUSHING)

5 y z [N/m] x ry rz [Nm/rad]
NOMINAL VALUE 4.34E405  2.79EH06 3.06E+05
bushing scaling coefficient 100.00%  100.00% 200.00%
NOMINAL BODY LOCAL STIFFNESS 1.82E+07 1.46E+H07 4.42E+06
body scaling coefficient 100% 100% 100% 100% 100% 100%
EQUIVALENT STIFFNESS 4.24E405  2.34E+06 5.38E405 6.67E+02 1.34E402 2.09E+02

Figure B.2: Combined body-bushing calculation in Excel, with the variation factors written
by Matlab.

The stiffness properties are modified at each run by means of specific coefficients
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(variation factors) which multiply the nominal stiffness values. Matlab basically writes
in the cells which contain these coefficient (if the parameter is unchanged, it will contain
100%). By using this method, it’s possible to modify, for instance, the local stiffness
of the body in the “Rigid LF” models, so that the combined body-bushing stiffness
will be updated through the mechanism that is shown in Fig. B.2. All the suspension
modifications of Chap. 6 are done basically by varying those variation coefficients in
Excel.

B.1.2 Nastran input file

Nastran® works with ASCII input files, which are structured text files in short or large
format (8 or 16 characters per column). Each Nastran entry is characterized by a
certain number of fields, has described in the manual [19]. For example, in Fig. B.3 the
GRID entry is shown, which defines a geometrical node, and in Fig. B.4 the CELAS2
entry, which defines a scalar spring element.

Format:

1 2 3 4 5 6 7 8 9 10
‘GRID ‘ ID ‘ CP ‘ X1 ‘ X2 ‘ X3 ’ CD ‘ PS ’ SEID ‘ ‘
Example:

’GRID ‘ 2 ‘ 3 ’ 1.0 ‘ 2.0 ’ 30 ’ ’ 316 ’ ’ ‘
Figure B.3: Example of Nastran entry: GRID element definition.
Format:

1 2 3 4 5 6 7 8 9 10
‘CELASZ ‘ EID | K ‘ cl ‘ cl1 ‘ G2 | c2 ‘ GE ‘ S | |
Example:

‘CELASZ ‘ 28 ‘ 6.2+3 ‘ 32 ‘ ‘ 19 ‘ 4 ‘ ‘ ‘ ‘

Figure B.4: Example of Nastran entry: CELAS2 element definition.

A Nastran input file can be divided into five sections [19]:
1. File Management Statements: in which, for example, the included files are spec-
ified;

2. Executive Control Statements: in which the type of solution is specified (SOL
entry);

3. Case Control Commands: in which, for each case (SUBCASE entry), the load/constrains

are selected by means of “Set IDs” and also the outputs are specified (for instance:

FORCE, STRESS, STRAIN, etc);
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4. Bulk Data Entries: this is the main part in which all geometric properties (nodes,
elements), material properties, loads, constrains, elastic elements (CELAS2), etc,
are specified;

5. Parameters: all the PARAM entries permit to set several options regarding the
computation of the solution: some of them are numeric entries (for instance, the
maximum “diagonal ratio” that is acceptable for the stiffness matrix) while some
others are basically “what-if” choices.

In our case the structure of the input file is always identical, except for the CELAS2
entries, in which the stiffness rate is updated at each run. So we have a main file
including three files:

1. a pre-defined file for the beginning part (ASCII containing the FMS, ECS, CCC);
2. a Matlab-written file (ASCII containing all the “CELAS2” entries);
3. a pre-defined ending file (ASCII containing all the others bulk entries and the

parameters).

Basically the main file can be written with just few lines of Matlab, as shown in
Fig. B.5.

fid = fopeni([filepath mainfile.dat],'w']);
frrintf (fid, 'V%-3', ['include ' 'heginning-file.bdf''']):

fprintf (fid, 'Y%-=',['include '''celasi-file.bdf''']):
fprintf (fid, 'V%-3',['include '''ending-file.hbdf''']);
folose (£id)

Figure B.5: Example of Matlab code to write the main file (input for Nastran).

Where the “celas2-file.bdf” is an ASCII file which has to be written separately. For
instance, it can be created with the commands shown shown in Fig. B.6.

[coeff]=[cl cZ c3 c4 o5 cn]:;
excel range={'Hz1',6'J22','K23','Lz4', 'M25', N99'};
for j=l:numel (coeff)
xlswrite([excel stiffness table.xlsx],coeff(j), 'sheetl',excel range(j)):
[celasZ] =xlsread([excel stiffness table.xlsx],'shesti'):
fidl = fopen([filepath celasi file.bdf],'w'):
for i=l:numelicelasi)
fprintf(£fidl, 'Y %-8s43-834%-8.3e43-824%-855-835-83\n', 'CELAZZ "' ,numZstricelas2 (1i,1)),...
celase (1,2) ,numZstr (celasi (1,3)) ,nunZstr (celasz (1,4) ) ,numZscr (celas2 (1,510, ...
nunZatr (celasi (i, 6)) ,numZatr (celas2 (1,7))1) 2
end
folose(f£idl) ;
end

Figure B.6: Example of Matlab code to write the celas2-file (included in the main file).
Basically what is done is to write the coefficients in Excel, which updates the stiffness
table in a separate sheet, which is read by Matlab in the following lines and written
into the ASCII celas2-file.
B.1.3 Nastran output file

The output file which is created by Nastran has the *.f06 extension and contains all the
results which are required by the user in the Case Control Statements section. For our
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EEEEEEESEEEESEESEEE55E5555%%%
% Load the FO& data %
EEEEEEESEEEESEESEEE55E5555%%%
if (~stremp(£06_File,'')):
[file message] =fopen(f06_File, 'rt');
if (file==-1)
disp(mwessage); disp(['Error opening file: ' FilelMName]):
return
end

fseek(file,0,1); size_file = ftell(file); fseek(file,0,-1);

end

data = []:; twmp_data = []:

string force = 'F O R C E 3 In 3 CAL LE S PRINGZ?IZ:;
Stop_string = 'F © R C E 3 In QUTADEREILLLTETERULL ELEMNENTS':
estim Start_point=70000000; fseekifile,estim start_point, 'hof');

while

field
if ~isempty(strfind(field,string force)

frell(file)

disp (' forces found'):

field=fgetl(file); field=fgetl(file); field=strZnum(fgetl(file)):
while ~isempty(field)

end

{~feof (filej],

= fgetlifile):

for n = 1:2:numel (field
twp data = [twp_data ; fieldin] fieldin+lj];
end
[data] =[data; tmp_data]; tmp data=[]; field=strinumifgetlifile));

elzeif ~isemptyistrfindifield,stop_string)

end

end

hreak

Figure B.8: Matlab script to read Nastran results (*.f06 file).

case it was interesting to know the forces associated to the CELAS2 elements, which
can be printed with the command FORCE. The output is structured like it’s shown in

Fig. B.7.

ELEMENT
ID.
S000
S004
S008
S012
S016
S0Z0
S0z4
S0Z5
s032
5036
5040
5044

Figure B.7:

In order to

FORCES IN SCALAR SPRINGS [CELALSZ
FORCE ELEMENT FORCE ELEMENT FORCE
ID. ID.

7. 394683E+01 S001 5. 240897E+02 sooz 5. 620948E+00
5. 396 708E+02 5005 -1.51220BE+02 S005 1. 628306E4+02
§. 4450 56E+00 s009 7. 3EEEE0EH0Z S010 9. 339550E+02
1. 0792T76E+0E 5013 1.768040E+02 S014 S.Z51E3T7E40L
T.957569E+0Z S017 -3.917561E+02 5018 —-&.054397E+02
1.615771E+0Z S0Z1 Z.89Z2503E+02 S0Z2 -1.63871ZE+03
3.0709ZZE+01 5025 1. 509718E+02 S0Z6 6. 148306E+00
6. L64111E+0Z S0z9 -3, 3879Z1E+02 5030 -1.5151Z2E+00
5. 292736EH0Z 5033 §.368Z08E+02 5034 2.382516E402
3. 1680L3E+00 S037 §.304850E+00 5038 3. Z658Z8E402
4. 6E2928E4+02 5041 -4.407717E+02 S04z -4, 743901E+00
2. 1361 25E+02 5045 4. 752173E+02 5046 9. 302542E4+02

ELEMENT
ID.
Soo3
s007
S011
5015
5019
S0Z3
S0z7
5031
5035
5039
5043
5047

[ I S

wWw ;oW

w

FORCE

L 3122B6E+02
L BI10BZE+02
. 500847E+02
L 5618Z3E+02
. TI3E56E+02
. TS5EE6E+02
L A3TE6EE+0Z

073055E+00
331808E+02
17I89ZE+HDZ

. SEETEZE+00
L TT3E2ZZE+02

Screenshot of the Nastran results (*.f06 file), which are read with Matlab.

import those results in Matlab it’s necessary to write a routine which

reads the *.f06 file, searches for the line at which the results are located and saves the

numeric values

In conclusion the forces/moments (contained in the array [data] in Fig. B.8) are

into an array. A screenshot of our script to do this is shown in Fig. B.8.

written in Excel and analysed by means of pivot tables, which are useful tools to
elaborate and report data.
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B.2 Automatic folder structure

The procedure described above allows to run and display the results of one simulation
without any manual editing or repetitive action of the user. When multiple runs are
carried out, it’s necessary to create a structure of folders which allows to store data
and find data with easiness. We created such a structure with a Matlab script, which
does these steps:

e cases selection: the “suspension modifications” names (written in an Excel file)
are read and stored in a Matlab array;

e creation of folders: Matlab creates as many subfolders in the work directory as
are the selected cases, with name of the suspension modification;

e creation of main files: in each subfolder Matlab creates a “main file” such as that
described in B.1.2;

e creation of included files: as described in B.1.2, some files are invariant (beginning
and ending files) while some others need to be created for each run (CELAS?2 files,
ete);

In this way it is possible to handle a complex folder structure of hundreds of simu-
lation cases, each one identified by a reference name which is written in an Excel sheet.
This procedure allows a great time-saving, more effectiveness in retrieving data and
avoidance of errors related to the manual editing. The drawback is that it requires a
certain time to be set-up, which is justified only for a big number of simulation runs.
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