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spring suspension pa e main objective is to

build a simulation mo leaf spring parameters

Y
The verified model was. the g
Aot <L

parameters on ride comfort of a light tnfc ; 2—degree-of-freedom

quarter—car model. nulation, sol leaf spring, including

the effect from shackle was applied, e relationsga between ride comfort

-—

peﬁomance (IS 631—1)‘and variations_in“léaf s g]:esi n parameters were

rin
obtained upon d”l.l u\ﬂ/;lm Eﬂltmcﬁow EJQU m ofiles at constant

velocity. The overall results show thét ride comfortuis better on smeoth road with
aracuel Bhales 1 ety b 1 ¥ Irodd and bucber iikease for “very
poor” roac?. The values obtained from the proposed leaf spring model are different

from those of the linear leaf spring model's. Hence, it can be concluded that the

proposed leaf spring model has significant effects on vehicle ride comfort.
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ald o 1

cgmponents, -:p_ej§r§engers, and cargo, but does not

i_nct_ude the rp%é'lof the components suspended below

S

the suspension components such as wheels, axles and

brakes. Nt

m,,/Unsprung Mass =
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CHAPTER |

INTRODUCTION

1.1. Research Background

Leaf spring is one of the classical components of suspension systems that still
exist in present use, especially in heavyleaded vehicles such as trucks. In Thailand, the
design process of leaf spring is not directly related to the consideration of ride comfort.
Most manufacturers mass produced the_)produot, by using detail drawings created by
their customers. Nowadays; general light trucks available in commercial are used as
multi-purposed transports” assthey ae sometimes treated as normal passenger cars
whose ride comfort of4passengers are a!sg concerned. In this research, the relation

between ride comfort/discomfort level-andssome parameters of suspension parts; i.e.,

leaf spring is examined and investigatéd e&perimentally in order to propose methods or

guidelines of leaf spring /design for manufacturers related to ride comfort in light

sl J -
commercial vehicles.

,u
General manufacturmg of Ieaf sprmg a, conservative vehicle suspension part

that has been used widely untll present usually begins W|th the design process which

performed using sp_emﬂcahons relating to their usage); Few main leaf spring
parameters, using in deeign are mentioned in‘the “Spring)Design Manual” the handbook
that was published and appreved by SAE International [1]. The manual provides useful
background as well.as desigh guidelines fordesigning leaf spring to meet the essential
requirements. However, the conventional method usually emplays some prototype
testing fwhich mighti takes time before. the' final design jis|satisfied.” Nowadays, the
modern computational methods are used widely and have been adapted as tools to
facilitate the tasks. Due to the fact that leaf spring is a complicated-to-analyze element
in a vehicle suspension as it combines some nonlinearities, arising from its mechanism
and from other relevant components in the installation. It also has significant effect on
vehicle performance and ride quality. For such the reasons, the very precise model is

necessary to be carefully made as it can reflect very close-to-nature characteristic which



is meaningful in the analysis and interpretation when investigation is performed within

the computational environment.

1.2. Research Obijective

The purpose of this research is to develop a method for ride comfort prediction
of a light commercial vehicle, related to the design parameters of leaf spring. The

experimental verified leaf spring model was used to investigate such a relationship so
E‘W a new method of leaf spring design,
&Wort level is evaluated by the leaf

ives can be stated clearly as

that the study can be develop
in such a manner that the
spring parameters in a

follows,

1. To build a leaf spri del-that ) teresis leaf spring parameters
2. To investigat the leaf spring test rig
3. To investigate ring model on ride comfort of a

light truck

1.3. Scope of the R

1. In this studymll invest orme@)ased on the assumptions or

conditions applied to thedight commercial vehicles (i.e., passenger cars and small pick-

wro A UL IVENTINEINT

2. The suspension components, involving j&this study are gne semi-elliptic leaf

wro RN A TR U NT1INET1R Y

3 Ride comfort evaluation is based on ISO 2631 standard

1.4. Obtained Results

1. Relationship between ride characteristic of vehicle and design parameters of

suspension system is achieved.



2. New verified criteria of automotive suspension components design, based on
predicted value of ride comfort is proposed.
3. Approved simple method of automotive ride comfort investigation in the field

experiment.

1.5. Research Operating Structure

Phase 1

1. Study of past r
applications

2. Revision of .

3. Study of da
Phase 2

data logger
$r2
2. Perform the prelimi ryﬁgw»‘u-n :
et :
3. Practice Ride evaluation i ollected data, based on ISO Standard
Phase 3

2. Build up quaar car mc em, re@senting suspension

properties of leaf spring. @ =, o/
5. ive{floir bib Wb g k] 8 comon fom
simulating model. ¢

JRIAINTUUNIINYIA

1.6. Outline of the Thesis

This thesis contains seven chapters. Chapter 1 is a comprehensive introduction
of the thesis. Chapter 2 focuses on literature review to describe past studies on related
topics. In this chapter, the principal concepts such as ride comfort and fundamental
theories are also introduced. Chapter 3 will summarize the methodology of the whole

thesis including the research construction and relevant analyzing tools. Chapter 4



consists of the content of the preliminary study on field testing. Some results will also be
presented in this chapter. Chapter 5 reviews the leaf spring modeling description and
its verification process. Chapter 6 is a major part of the thesis. It provides details on
parametric study of suspension model's parameter and the effects on ride comfort.
Chapter 7 reviews the summary, final conclusion and further recommendation of this

research.

AULINENINYINT
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CHAPTER I

LITERATURE REVIEW

In this chapter, the literature review is presented to describe past studies on

related topics. The principal concepts such as ride comfort and fundamental theories

which the suspension system and the leaf spring model are based on are also

introduced.

Concepts and Relevant Theory

The concepts of fide comfort, the|basic tool for ride evaluation and the “three link
equivalent” model are piesented ‘below. The nonlinear effects and hysteresis

phenomena are also discusseddinthe.following topics.

2.1. Ride Comfort *‘ “

Ride comfort is sensation of human 'Fe’le,\_/ant to vibration, noises and motions of a
traveling vehicle, experienced by the driverj.f_ﬁéljj'i[he passengers. In this research, ride
comfort is used as the technical-evaluation df'dyh‘amic quantities which are the motions
of the vehicle. This evaluation-method-is-based-on-human reactions to these dynamic
quantities. There ha\}e been many studies concerning about the evaluation methods;
e.g., various kinds of vvéighting curves, evaluation formulas and statistical approach.
From the past, ridecomfart has been taken into account as anesof the important factors
in cruising envitonment. It is mainly related to the amount of vibration exposure
perceived Dy driver.and-passengérs during thejourney:

Vibration as an input from natural sources, initially produced from road
irregularities can transmit to human body through the interfacing points such as floor
and seat, subjected to body postures. This contributes the feeling of discomfort and
also the effect on health and motion sickness. There have been many researches and
studies involving the methods of ride comfort evaluation and their applications. Ride

comfort can be assessed and evaluated in many ways. A general approach is to

correlate dynamic parameters (i.e., accelerations and velocity), measured from traveling



vehicles (objective testing) and the level of comfort/discomfort, based on passengers’

judgment (subjective testing).

2.1.1. Definitions

The Society of Automotive Engineers stated the ride comfort description as “ride
is a subjective perception, normally associated with the level of comfort experienced

when traveling in a vehicle”. Howev rithe
made and the methods of measurel

, /Jb'eotive. Typically, ride comfort can
be evaluated by subjective comiie é’gsengers’ perceptions which are
| — -

different for each indivigl ense so many factors in the

efinition for the term cannot be specifically

environment. In addition, | enses that vary from time to
time can lead to thele : ¢ .7_ \ the passengers sometimes
cannot notice the diffg for 1 ' difficult to control the test

conditions and keep thesdri nﬁé h e from run to run when field

Ride: “meas » “moti sluding  vibration  shocks,

translational and r as experienced by people in

mﬁmﬂ:ﬂ ST
AT A e

Comfort. “subjective state of well-being or absence of mechanical disturbance in

relation to the induced environment (concerning mechanical vibration or

repetitive shocks)”



2.1.2. Ride Characteristic of Vehicles

Random vibrations in form of broadband spectrum usually occur when the
vehicles are traveling on the road at high speed. The spectrum may be divided into two
different categories, lying in two frequencies ranges. The natural vibrations in vehicles
generally contain both ride and noise, so it is not easy to consider them separately. The
“ride” vibrations are defined in the range of 0-25 Hz while “noise” is in the range of 25-
20,000 Hz. Vehicle is a dynamic system that gives response in the form of vibrations to
the excitation inputs and these vibrations cansbe perceived by the operator as well as
the passengers exposed {0 them. As a kind-ef*dynamic response (subjected to the
characteristics of vehiclewstruciures and the excitation inputs), vibration is a very
important indicators or*€ritesia (o determLine comfort or quality of the vehicle which is
based on judgment orperception/of .i,ndivfid,uals. Vehicle ride quality is concerned with
feelings and senses of driver and passen(;ers experienced while traveling on a vehicle.
Within the ride, the amalint of Mibration |§ related 1o the movement and dynamic of
vehicle’s body as well as its components /)

Vehicle systems give response to thelr e>gC|tat|on inputs. Some of them respond

in a linear manner to the mcreasmg exc1tat|ow Hovvever with the nonlinear property of

- o S -

some components sueh as suspensmn components i.e., leaf springs, this sometimes

leads to the appear’aﬁce of the nonlinear behaviors. PéSt research has shown that

heavy vehicle ride is most sensitive t0 excitations of thelow frequency modes in the
range of 1-8 Hz. In general, the cars are designed to reduce the road inputs
transmission at the.moast sensitive [frequency (about '4-8 Hz) which are known as the
resonant frequency range with human abdomen By this requirement, the car body
generally producessa resonantfrequeney at'about 1-2 Hz and the wheel hop resonance
usually occurs at about 10-15 Hz. From Fig.2-1, vehicle systems can be considered as
mechanical filters. The road roughness in the form of acceleration spectrum passes
through the suspension system which behaves as a filter and results in the acceleration
spectrum of a car's body. This transmission gain is the frequency response of the

vehicle.
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Fig.2-1 The vibrationsiselation property of vehicle suspension [3]

:

2.1.3. Application of RidesComifort in Automotive Field

— il

Nowadays, ride gomfort evéluation‘ﬁpecomes a very useful tool for application in
many purposes. At some stage, \}vith acceﬁ‘fétife assumptions, it is used as a guideline
J
for automotive parts design. In the field of automotwe the ride comfort measurement

systems were designed and carried out upen wvarious kind of vehicles, ranged from

1-‘-'

motor scooter [4], wheel chair [5], passenger cars, public fransport; i.e., trains and city

buses to off-road vet‘ﬂ;c_les and heavy trucks. Numbers of}esearchers carried out their
works towards the goal {o reduce the amount of vibration.occurring during the ride. The
human-interfaced components such as vehicles seats where the whole-body vibration
transmits to the drivers’ _body through the contact [points/area were closely examined.
For example, Johan Lindén [6] has conductedgthe test methadsfor Ride Comfort
Evaluation ofi TruckySeats” to improve squality and design. In his,'study, different seat
prototypes, both suspended and non-suspended types were used to give different seat
dynamic characteristics. The methods for ride comfort evaluation, based on his literature
survey were revised and finally found two suitable approaches applicable with obtained
data, based on acceleration and pressure distribution measurement. The evaluated
objective results correlated well with subjective opinions. Seat vibrations have been

conducted into a number of researches. Fig.2-2(a), (b) illustrates the human tolerance



limits to vertical and horizontal acceleration, respectively based on different method of
evaluation and studies. However, vibrations are generated and transmitted from part to
part all over the vehicle during the ride. Whole-body vibration takes place when human
body is supported or in contact with any vibrating surface such as seat back. Vibrations
appearing at the other parts such as floor and steering wheel are also found to have
significant effect on ride perception of passengers. The discomfort boundary contour,

based on experimental study and investigation of the floor vibration is shown in Fig.2-
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Figs.2-2(a) - (b) Recommended vibration tolerance limits of a seated person based on
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Fig.2-2(c) The discomfort boundany contoqr based on vertical floor accelerations [7]

4

2.1.4. Ride Comfort Measureraent =

Typically, ride comfort of a i/ehicle;;‘ijé__ q-uantified by the amount of acceleration
measured at the seat or other bg)dy-interface«pé_)_i_hts during the operation of the vehicle.

Among the existing approach to measure rt@:g‘omfor’[ of vehicles, on purposes of the

improvement in driving quality or even the minimization of_h':u_man health risks caused by

vibration hazard, thelo‘bjective information is generally obtaified either by the field test in
real driving situation or'the proper use of ride comfort evaluation standard such as ISO
2631. In real~situation,; the pvehicles, smust sexperiences~random input from road
irregularities which fis'very unpredictable and complex. The'drivers are also subjected
to the aother. elements such.as light, sound,.and.any.other factors farfrom concern such
as age, gender, physical ‘abilities’of‘the“operators,-etc. " For such'a reason mentioned
above, the good use of computational simulation has been introduced and used to
eliminate all difficulties and allows users to closely examine the specific factors of their
interests. In simulation environment, the virtual models that represents the dynamic
characteristics of particular system (vehicles suspensions, tire, seats etc.) are exposed
to the road profile input (pulse, step, ramp, pure sinusoidal at single frequency, white

noise) that can be created from simulation program such as Simulink. However,



different methods have both advantage and disadvantage points. Real experiment

might lack of repeatability of data, due to the effects from uncontrollable factors while

the precise models that can represent most of system characteristics might encounter

some limitations and needed to be taken into account. Therefore, Trade-off and

comparison of the results obtained from both methods should be worth wide in term of

verification.
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Fig.2-3 Ride comfort model
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2.1.4.1. Objective Measurement

Traditional method to run an objective test in the field experiment, the vehicle is
driven on long-distance test tracks or real existing road sections. As mentioned before,
the drivers are subjected to many factors including the unpredictable sources of
discomfort within real driving situation. These uncontrollable factors sometimes cannot
be identified and hence result in large variation of data, due to the lack of data
repeatability. For the research being carried in this thesis, the field experiment is not the
main task of primary concern and the main®objective investigations are based on
simulation through Simulink'models.  After the-felation between characteristic of vehicle
and design parameters-offleaf_spring is found, the resuit can be developed to a new
verified criteria of automotive suspensior‘& components design and the simplification of

the test procedure in field expegment,

e L

2.1.4.2. Subjective Measurement

Subjective measurement is, a‘meth'é'gi-jo observe the information in the form of
opinion and judgment. This method has beén used in evaluation process of ride
comfort traditionally. In the past, #his technlq-ue was used to compare ride quality
among different vehlches—'FheANeH-eteS@reel—teenﬂg—seheme and suitable amount of test
subjects (jury) should be planned. In the procedure, the trained jury, in a traveling
vehicle was asked to rate the ride comfort level, subjected to various conditions of road
surfaces. The example of rating panel is/'shown in Fig.2-4(a) * (e). With determination of
correlation betwgen subjective ratings and measured quantities obtained in the field
experiment; the yidey quality, and<comfort/discomfort leyeltof differentivehicles can be

compared.
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Fig.2-4(a) SAE recommended practice for subjective rating scale for evaluation of noise

and ride comfort Characterisﬂcs relatea-to motor vehicle tires [8]
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2.1.5. Ride Comfort Standards

Various standards to evaluate ride comfort level, based on field study and
statistic approach were proposed. Current standards that provide the measuring
methods and evaluation for ride comfort from Whole body vibration are ISO 2631 and BS
6841. 1SO 2631 was first published in 1974 with the purpose of giving “numerical values
for limits of exposure for vibrations transmitted from solid surfaces to the human body in
the frequency range 1 to 80 Hz” [9] and had been revised and republished in a few
editions before the present version (1997). BS#3841 was published in 1987 against the
failure of ISO 2631 in Britain: " 1SO-2631 standard proposed the whole vibration exposure
limits for human and thesmethod. to calculate the eemfort contours while BS 6841
provides procedure in“evaldation method and measurement, based on frequency

I
4

weighting technique and the'vibration dose value, (VDV)." However, the application of

ISO standard has begh revised! by= nUF_n‘ber of researchers. The validation of the
evaluation methods basgd on diffé}ent ex:f)“e‘rﬂimental schemes were established. From
the revision of Griffin [10],#0n the Compa_'r'j::é"ori: of Standard Methods for Predicting the
Hazards of Whole-body Vibrat}ion""_,”he maé*ed ;q.ﬂcomment that the standard were not

clear in several points in evaluation method Ech as the determination of body postures

d -

and axes to be assessed or which kind of vibrations, the worst axis or overall vibrations

in all directions the evéluation in multi-axis shourld be béséd on. Therefore, the use of
evaluation method is based on the user’s determination.

The well known andswidely used are/SO 2631-1, 1997 “Mechanical Vibration
and Shock-the evaluation of 'human| exposure [to. Whole-Bady vibration”[11] and
BS6841,1987 “Measurement and Evaluation ofsHuman Exposure to Whole-Body
Mechanical Vibration and Repeated Shock’[12]. These 'standards’provide methods to
process the measured quantities (normally captured in signal forms) and transform them
into a single number which represents the level of ride comfort/discomfort in order to be
compared with standard criteria in which the acceptable values or limits are indicated
as a boundary. In the standard there were also different limits depending on the role of
the passenger. The fatigue decreased proficiency boundary applies to workers, the

exposure limit ensures that people are not physically harmed and the reduced comfort
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boundary pertains to passengers and tasks such as reading. The examples are fatigue-
decreased proficiency limits, based on vibration exposure time (Fig.2-5) and an
approximate comfort/discomfort scale, based on magnitude of overall vibration ( Table

2-1). In this research, the quarter car model with sub-system, representing the
characteristics of nonlinear suspension of a light commercial vehicle was used to
investigate the effect of parameters settings for leaf spring on ride comfort. The

evaluation method provided by ISO 2631 was applied with these objective results.
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Fig.2-5 Standard CritenJIimits as a function of frequency ahd exposure time for vibration

AU IYETINEINg
Less%an 0.315 m/s™ not uncomfegtable
QWARERT 11T B0
0 5m/s” to 1 m/s™ fairy uncomfortable
0.8 m/s” to 1.6 m/s™: uncomfortable
1.25 m/s” to 2.5 m/s™: very uncomfortable
Greater than 2 m/s’: extremely uncomfortable

Table 2-1 ISO 2631 approximate comfort/discomfort scale based on magnitude of

overall vibration [11]
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2.1.5.1. 150 2631-1 General Requirements

In this research, general experimental setup and evaluation methods are based
on this part of ISO 2631. Methods for the measurement of periodic, random and
transient whole-body vibration is well defined as well as the principal factors that
combine to determine the degree to which a vibration exposure will be acceptable.
According to the guideline appearing in this section, the frequency range considered is
0.5 Hz to 80 Hz for health, comfort. and perception and 0.1 Hz to 0.5 Hz for motion
sickness. This part of ISO 2631 is applicable t6_motion transmitted to the human body
as a whole-body vibration through the sprorting surfaces or interface points such as
the feet of a standing person, the buttocks, back and feet of a seated person or the
supporting area of a re€umbent person.‘,I The other parts in ISO 2631 series are ISO
2631-2 Whole Body Vibration in Bui‘lding;‘s,rlSO 2631-3 Motion Sickness, ISO 2631-4

Whole Body Vibration indlransport, and-1S0©2631-5 Response to Multiple Shocks.
4 1:‘ #*

id

2.1.5.2. Basic Ride Comfort Evaluation Meth‘§d§5

dda
Basic method to evaluate-comfort |sgééd on Power spectral density analysis,
root mean square value (RMS); and frequency weightings. The introduction of each term

is given as follows. —_—

2.1.5.2.1. Power Spectra‘l Density (PSD) Analysis

Power spectral density is a basic analyzing imethod to describe the events lying
in frequency contents. It shows the amount ofspower containeds in each spectral
component of a isighaly! PSD s the frequency response of a random signal such as
white noise. In general, random signals such as road irregularities have power
distribution in all frequency components so that the white noise signal tends to give a flat
PSD spectrum. The general units are acceleration (G*/Hz) versus frequency (Hz) and
the acceleration can also be represented by metric units such as (m/secz)2 / Hz.

PSD of a random signal in time domain x(t) can be expressed in the following forms,
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1. The average of the Fourier transform magnitude squared in long time

interval.
Se(f) = limgoo E{=| [ x(t)e-ﬂ”ffdt|2 2-1
xS T=e = ot |V-T
2. The Fourier transform of the auto-correlation function

Se(f) = [1p Re(m)e /2Tt dt 22

Where (t+1)} 2-3

W

and the power of a random ver a iveéz}/ band can be calculated as the

following,
2-4

2-5

Conceptually,"a P erivative of the mean square of

the signal with respegfic )

y 9

* Gyy (Ddf= 02 + u2 2-6

ﬂﬂﬂ?ﬂﬂﬂﬁﬂﬂ?ﬂi

Where Gyy is th SD of a variable Xxf is cwcularf&guency, o2 is tbvarlance of X, and
o s QYRR T QRN Y80 b s
variables'of interest are either zero by definition, or they are set to zero as a part of
routine data processing. With u, identically zero, the mean square value is equal to the

variance, and the root-mean-square (RMS) value is equal to the standard deviation.
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2.1.5.2.2. RMS Accelerations

Root-mean-square acceleration in each direction shall be used to determine the
frequency weighted value, according to the evaluation method described by ISO 2631-
1. The weighted RMS acceleration in three principal directions can be combined
together to give the total value as well as the addition of the rotational vibrations. The

root mean square value is determined as follows,

RMS = /%Zﬁzl a2 27

Where a,, is the sampled-aceeleration data

2.1.5.2.3. Frequency-Based Weighting Te"chnique of Acceleration Spectra

Most ride comfort criteria Standards, including 1SO 2631 proposed the human
sensitivity to vibration i tefm fof freque"‘_n‘cy function. Different kinds of frequency

weighting functions were defined to apply with the measured vibration spectra. The
i ,-' f“

general ride weighted index can be defiﬁé‘d’;a‘s the frequency weighted root mean

square value. The acceleration v()as frequem;FWéighted using the frequency weightings

Il

defined in ISO 2631-1{11].

aw = JIWPP(AL. 20

Where a,, is denoted as the weighted acceleration signal.
w(f) is the weighting function.
R(f) s the lautoispectral density.of the ride acceleration signal.

fm is the highest frequency of interest.

According to ISO 2631-1 standard, the acceleration signal may be analyzed and
reported as constant bandwidth or proportional bandwidth (e.g. one-third octave band)
spectra of unweighted acceleration. The frequency-weighted RMS acceleration shall be
determined by weighting and appropriate addition of narrow band of one-third octave

band data. The weighted factors tabulated in table A-1(given in appendix A) shall be
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used and the overall weighted acceleration can be calculated from the following

equation,

a, = [Suw; a)?]z 2.9

Where a,, is the frequency weighted acceleration.

w; is the weighted function in each direction, i.e., vertical(z) and lateral(x, y)

A | ,
according to the definiti “ €q axes of the human body shown in
\_\\ ’

Fig.2-6. For seated persons, W, is appliceto vibration at supporting surface
_‘

%
on.while wiis app ied to vibration in vertical(z) direction

a; is the RMS accegleral . for \ \“‘n\n‘, band.

in lateral (x, y) dire

Vibrations in more than oné d q* 5 total value of weighted RMS
acceleration. The amoun

obtained from the equatio

2-10

Where a,, is the total value.o

.7
Awxr Ay, Ay i re the weighted RMS SN he orthogonal axes X, v,

z, respectively. m _m

k,, ky,k are muIH.pAng factors. Fora’ated persons, k, = k =k,

ﬂUEJ’JVlEJVIﬁWEJ’Iﬂ’i
’QW']@\‘iﬂ‘iﬂJ UA1AINYA Y
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Spring is a ’@:imponent offﬁe r‘rfaé e th @s an absorbing element to

support vibrations & : . _—'"“_ """ lexibility for spring when the
external force is app@i estc 1 ial s@e when the force is released.
Leaf spring is a special ki@q__gf spring used iwehiole to carry loads and support chassis

fame a ﬂ SR QB ISAT BB AT Goec 1 re supension

system of a ca n order to reduce‘and control body roll and to‘ueep the wheels in
cnae QTG P B UGV G oo o
so that the body is partially isolated from the axle. There are two basic types of springs
which are constant rate (linear) type and progressive rate (nonlinear) type. The constant
rate spring is predictable in its rating. In other words, it requires a constant amount of
weight to compress it a constant number of inches. With the progressive rate or
nonlinear spring, the more it is compressed, the stiffer it gets. Leaf springs are generally
nonlinear or progressive rate in nature. But they can be operated in a linear (constant

rate) range under the condition to compress to a certain amount and then are only used
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in a certain range of deflection, for example, 272 or 3 inches of travel. This range of travel
and compression can be rated and the spring’s reaction can then be predictable. But if
that spring is overloaded, its rating will go up drastically and change the predictability of

handling. Theoretically, leaf spring has better stress distribution than any other types of

spring.

Center bolt~. (Main) 1 leaf Rebound clip Spring eye
N\

i
#

Fig.2.#Ceaf spring co;nponents and construction

4 * i
¢ v
- -

— p—

Leaf spring is compésed of four méj'n components as shown in Fig.2-7 which are

& i

F
briefly described as follows &

FRdd g4
# 4

1. Spring leaves: §pring Iegygs arefﬂg-t_sheets which are made from cold drawn
o= ==
steel. They are simply held togethér as a stack by a center bolt and fastened by two

rebound clips. The spring leaves are made-from tempered steel with one of the

J
w i

following width: 3546;-45-5@-55-6@-65-1@-7-5-8@-9&%1@0 110, 120, and 140 mm,
and one of the following'thickness: 3, 3.5, 4, 4.5, 5, 5.5, 6; 67; 7,8,9,10, 11,12, 14, 16,
and 20 mm. In a set ofﬂépring leaves, they are different i.ﬁ'_length and the longest one is
called the main-leaf. The measurement of distancelbetweéeniléaves should be made at
the point locatedlat 10 mm. away from the leaf edge. The leaf end may be produced in
different'shapesyas shawniin Eigs:2-11(a) €(d).

2. Spring eyes: Spring eyes are the loops formed at both ends of the main leaf.
They are used to mount the leaf spring with the vehicle frame. There are different
design of spring eyes, according to the guidance available in the Spring Design Manual
[1]. Some examples of them are given in Figs.2-8(a) - (d). Some springs have the ends
of the second leaf rolled around the eyes of the main leaf, as reinforcement. This leaf is

called the wrap leaf (Figs.2-8(c),(d)).
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(a) Berlin Eye (c) Reinforced Eye

Q

o —

(b) Upturned Eye \\ ,// (d) Military wrapper
N
% > /

w“ng eyes [1]
2w _pin that pa through a hole in the center
L3 »

3. Center bolt:

of each leaf. It is also u

)
A IEk) ‘Vl'fé%ﬂ%%%ﬂﬂi
A TTVETIS B TV T oo =

intervals faround the leaves. They prevent excessive flexing of the main leaf during

rebound, and also keep the leaves in alignment.
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There have be
Figs.2-12(a) - (f). The fi

is used in commerci

quarter-elliptic spring is used ole] :J where a compact short spring is

ndent suspensions. The

cantilever-mounted seljgelliptic spri en used in&)me cars such as the Jaguar

for the rear suspension.“The. central pivot @fthis spring extends the effective spring

fengih. The spﬂgu&@m&u@e‘m &) LYo trt 2 compact and

effective suspension is achieved. Leaf springs are also availabler as single rate or

PR AAN 1S DULIBA VLD @R o vt

rate spring both in unloaded and loaded configurations.
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(a) End square as sheared (c) End tapered
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(&) Transverse-mounted semi-elliptic  (f) Cantilever-mounted semi-elliptic

Fig.2-12(a) - (f) Leaf spring configurations [13]
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af spring [13]

Leaf spring is an Wt . "; Nk used es a structural component in
vehicle suspension, providi ads. In term of spring functions, it
absorbs and stores energy, baer ; num allowable stress which more or less
is related to materialprop ‘

Yoe

spring is that it has /s

e 7S, One advantage of leaf
U|re high technology for
manufacturing and nomoo—comp ated allation. Hcmever, Leaf spring possesses
some properties which make. it become ven.complicated to analyze. For example, it

contains botr E}%EJ re ] 1YL WBholdd Jrmis can resut in ress

amount of energy to be stored within' when the argas of inactive parts are considered.
MoreoQ, w%é&ﬂe‘ima&%’;}%wﬂr&] iah%i]wstallation such
as bushings and shackle and the Interleaf friction of the leaf spring itself leads to
nonlinear relationship between applied load and leaf spring deflection about which shall

be mentioned in the next section.
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2.2.2. Interleaf Friction and Stick-slip Phenomena

The interleaf friction is the dry friction generated within the area between
adjacent leaves of multi-leaf spring when moving in contact with each other. It produces
friction force which dissipates energy and provides damping effect to vehicle
suspension. This kind of nonlinear relationship can be described in a form of “hysteresis
loop”. From the characteristic curve shown in Fig.2-14, as the leaf spring undergoes the

increasing compressive load from its initial position, the deflection remains constant until

rcome the friction force at contact
d load by increasing towards the
compression path. In the i Y, th “ M ops sharply at the beginning
and follows the releas | oli yad s ¢ easing. The direction of loads
experienced by leaf v -durin ac . e anc is directly subjected to the
shackle angle due to ) . i i ed in more details in section

2.2.3.

i «a

qua’ﬁwmm
QRIS UPRINYIN

A URBIINEIN Y

Deflection (mm)

Fig.2-14 Load-deflection diagram of tested leaf spring [1]

The Stick-slip Phenomenon is usually caused by the dry friction between two

surfaces when moving in contact, sticking with each other and sliding over each other,
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alternatively. In case of multi-leaf spring, stack of leaves contains numbers of flat bars
which are held together with clamps and a centre bolt. When leaf spring is subjected to
applied load, the relative movement between adjacent surfaces of leaves contributes to
the friction force. Typically, the “stick” motion occurs when static friction coefficient
between two surfaces is larger than the kinetic friction coefficient. The two adjacent leaves
can start to “slip” or “slide” over each other at the point where the applied load is larger than

static friction force. As a consequence, the objects are moving with corresponding kinetic

friction which may result in the rapid | ocities of the movement.

2.2.3. Shackle Effects .,.

As mentioned ' jous ' shackle angle selected for initial

installation is one impo fa or'y cannot glected. For a leaf spring installed

as one end fixed and thesothg (b)) the function of shackle

is to allow the leaf spring f¢

Figs.2-15(a) - (b) the Leaf spring configuration at installation


http://en.wikipedia.org/wiki/Static_friction
http://en.wikipedia.org/wiki/Kinetic_friction
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As a leaf spring deflects, its shape and curve starts to change and the shackle
swings, making angle with the datum line. The shackle force exerted on leaf spring can
either be compression or tension, depending on direction in which the shackle swings.
If the shackle swings towards the fixed end of the leaf spring, it results in compressive
load while it tends to produce tensile load as the shackle swings in the opposite
direction. The maximum distance between two spring eyes is reached when the shackle

alignment is perpendicular to the datum line, representing the flat spring with its full

span of the entire length. The di / ackle swing also changes as well as

le S.péss through this position. The other

when it wndicular to the datum line, the

ongitud inal axis which can be either

R
W

direction of loading every ti
effect from the shackle a
shackle load possesses i
compression or tension, f the swinging motion as stated
before. Under shackle ‘while it is decreased when

subjected to shackle

L
v,

ﬂi
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CHAPTER I

RESEARCH METHODOLOGY

3.1. Description of Research Procedure

The assessment of ride comfort measurement and evaluation can be obtained

by objective and subjective methods. The schematic diagram describing the overview
of the whole working process and

hown in Fig.3-1.

e ‘
A
1 |
Field Test ‘ : ' tion
; o
- JIA7

paamm—g %
quiiboninens 1

VDR R ReRTRT:

Ride

Fig.3-1 Schematic diagram of working procedure
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From Fig.3-1, the objective experiments can be made by two measuring
schemes, either simulation or field experiment. However, the relationship between ride
comfort and suspension parameters was investigated by the first method for this
research. The preliminary study was made once by field testing in order to study and
practice ride comfort measurement. In the analyzing process, the application of ISO
2631-1 was also implemented as a tool for ride comfort evaluation. The results and
detail, including discussion are given and reported in Chapter 4.

Another objective measuring scheme which is not a primary concern of this
research is the real field experiment. In the" test, the trained experts and the test
subjects will rate ride comfort level fof each test'run. Different roads with various
surface roughness and series oldeaf springs with corresponding dampers will be used.
However, this method wasinot conducted"Lfor this study. The early phase of the research
was concerned with the investigation“throdg’h computational simulation. With the help of
MATLAB/SimMechanics program, & quartt%r car model was built with the main focus on
its suspension properties and the _‘in\_/estiga’:t]gnli_nto the effect of suspension parameters
on ride comfort level were observed_éimilarl'}'};tg \-Nhat happened to the field experiment.

The description of a ‘fest schemﬂ’sj‘ given in Fig.3-1. In real situation,
accelerations during the ride -and otherff'—r;eiévant data will be collected by the
accelerometers moufpted-at-human-inierfacing-points.—i.e., floor and seat. The raw data
will be analyzed by Uéing the evaluation method suggested by ISO 2631-1 such as RMS
accelerations and Weigﬁiing function. The ride index can be established from mean ride
comfort level, rated! byitest'subjects and parameétefs of leaf'spring. In similar way, the
process of simulation starts from road input which was generated by a simple road
model ~Thesacecelerationsresponse 10f; vehigle=can, bejobtained-from jthe quarter-car

model, corresponding to the applied road input and then ride comfort value for each

ride was achieved by mean of frequency weighting of ISO 2631-1 standard.

3.2. Research Tools

The study required research tools for both simulation and field experiment so

that they can be categorized into two categories as follows,
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3.2.1. Field Experiment Tools

For real field test of the preliminary study, the accelerometers were used to
collect raw data which are accelerations in different directions, both translational and
rotational. One-axis accelerometers are used to measure acceleration in vertical
direction. A three-axis typed accelerometer is used to measure accelerations in three
orthogonal axes and a six-axis accelerometer is used to measure accelerations in three
orthogonal axes with three rotational velocities (pitch, roll and yaw). These quantities
were used to analyze the characteristic of thestest vehicle and to evaluate ride comfort
by mean of ISO standard. Apartfrom this, ride-vision may also be captured by a video

camera.

3.2.2. Simulation Tools

3

=t

The main investigation/of this feseémlrch is based on simulation. The vehicle and
suspension model were gonstructed ari:(_fj‘d_llirpplemented on a computer program.
MATLAB Simulink is very useful toolfor \}éﬂjg_le modeling. For the simulation of leaf
spring model, the results were'also showni?é:ﬁimation mode so that the leaf spring

configuration and behavior coultbe observed under.consideration.

3.3. Methodology

The research methodology includes gesearch approaches, data collecting, and

definition of measured guantities are summarized inthe fallowing topics,

3.3.1. Data Collecting

In field testing, the accelerometers were attached to the proper positions of a

test vehicle. Preparation was taken into account of the following consideration,
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3.3.1.1. Measured guantities

When the vehicle is traveling along the road surfaces, vibrations are generated

in all directions. The following quantities, related to the amount of vibrations are

measured in the investigation. The illustration of measured quantities and directions of

measure is shown in Fig.3-2.

. longitudinal accelerations, A,

S T

lateral accelerations, Ay
vertical accelerations,
roll velocity, Ry
yaw velocity, R,

pitch velocity, R,

qmmnmu ey DA

Fig.3-2 Basicentric axes of a seated person, adapted from ISO 2631-1 [11]

3.3.1.2. Sensor Positioning

According to the suggestion of ISO 2631 about transducer mounting,

transducers should be attached at the contact area where vibration transmits to human
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body. It also suggested that vibrations are measured orthogonally at that point as
illustrated in Fig.3-2. In the measurements performed within this research, the selected
locations are the points on seat-back area and floorboard and the attachment positions
and method in mounting were also subjected to the architectural structure inside the test

vehicle.

3.3.2. Data Analysis

The analysis performed within this researeh were based on two categories, the
time domain analysis and the freguency,analysis:=The following description of the two

methods are briefly explained,

3.3.2.1. Time Domain Analysis

3

=t

The time domain analysis .'mcilude'g, data processing of raw acceleration data
recorded by data logger and: numerical ”:jéglyi:ng of simulating models by computer
program. For computer simulation, the reggfone of a dynamic system is predictable,
using differential and algebraic eguations thai;&éécribe dynamic equilibrium state of the
system. The equations of motion were sonli?:e‘d-.ito predict how the system variables
change with time as;respoense-to-inpuis—Siftiated-resutts were interpreted in the same

manner as experlmentally measured responses.

3.3.2.2. Frequency'Domain‘Analysis

Direct interpretation of vibrations from thesacceleration timé histories in time
domain“is sametimes ‘rather difficult ;and lacks of essential information. Normally,
vibrations are random in nature, so that the signal was generated from number of
frequencies. Transformation of time domain data into frequency domain can give more
information into the analysis as the frequency content can also be reviewed. The
method of Fourier transform is widely used for this transformation process. For ride

comfort evaluation, Power spectral density (PSD) method is used to describe the value
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in term of RMS acceleration over a frequency range, according to the definition given in

Eq. 2-8 and 2-10.

3.4. Summary of Research Approach

The study and investigation into the effect of suspension parameters on ride
comfort of light commercial vehicles in this research is mainly based on computer
simulation. However, the preliminary field test was performed by few test runs on road
sections with different scenarios. During the' rides, the acceleration signals were
collected by a set of accelerometers gnd dala-logger. The data was analytically
determined and processed Wwithin. both time domain and frequency domain. The
application of ride evaluating.meihod sug|gested by 1ISO 2631-1 was then applied to the

|

test data by the following steps, 4

1. RMS acceleration in each.‘directi-b;n defined in section 3.3.1.1 and Fig.3-2 were
calculated by PSD method according 1o E(j?lgl—éﬁ_and 2:10:

2. The total values of Wei‘glhted aéj.zxglieration obtained from calculation were
compared with the values suggested by Isgéém-a approximate comfort/discomfort
scale based on magnitude of everall.vibratio"r']"—iﬁ'.Table 2-1.

3. The vibratiens_obtained from_simulating._model were determined only in

vertical direction so thatthe values of Ay and Ay in Eq.2—’1(0 were set to zero.

After the preliminaryatest was completed, the next phase of the research was
focused on the investigationghrough the simulating imodels. The leaf spring model was
constructed, regarding the effect offnonlinearities=and friction. Fem this purpose, the
three link equivalent moadel! proposed by the Society of Automotive, Engineering was
developed and the effect of friction was also included with the additional part of the
modified Dahl's model. The details on how the leaf spring was designed and
constructed is given in Chapter 5. The leaf spring model includes the geometrical
parameters and Dahl’'s model parameters which were adjusted by comparing the results
obtained from real system measurement and the simulated results. A leaf spring test rig

that can measure vertical static deflection of leaf spring under static loading condition
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was designed and used for this purpose. Finally, the proposed model was verified with
the adjusted parameters to satisfy the concordance of both results.

The next phase of the research was the parametric study of the suspension
model and its effects on ride comfort. In the study, the quarter-car model was combined
with the previous verified leaf spring model to represent whole suspension system of a
vehicle that contains nonlinearities. Simple road model was also established to

generate synthetic road input to the vehicle model, based on road classification of ISO
y the study was the shackle angle at
ere established to represent the
hamnd ride number both for non-
eal e component of Dahl's model

8608 [14]. The interest param
installation. From the stud
relationship between diff
linear and linear suspensi

was excluded).

The content of ea Ye stuely will b ed in the next three chapters.
Chapter 4 provides detail ultslob from the preliminary study. Chapter 5

erification process. Chapter 6

presents the leaf sprin des g 2
\‘. odel’'s parameters and their effects

contains details on para i v Of suspension

on ride comfort.

5
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CHAPTER IV

PRELIMINARY TEST

The preliminary test was carried out in real driving environments. Few simple
test runs were performed at Somboon Group’s factory. Somboon Group is a
manufacturer of vehicle parts, including leaf springs. Six rides were performed on roads
within the factory and some section of Bangna-Trad road. Data was collected by the
accelerometers mounted at various positions of a test vehicle and the visual ride events
were also recorded by a video camera attachedsat the rear glass behind passenger
seat. The measured data were processe‘rd bothin“time domain and frequency domain.
The application of ride comfort.evaluation suggested by 1SO 2631 was applied and
finally found that the cal€ulated resulté agree with the data collected from each

. a8

transducer. - ¥
v
4.1. Objective )
' £
1. To study and practi€e the'fide comfort measurement, preparation and settings
of the test instruments. ="

2. To collectsthe -accelération data.“yai'ﬁa"rélevant jnformation and bring to an

analysis. The resultsifr‘om the application of ride comfort év’@luation standard, ISO 2631
was examined and dichssed.
3. To gain knowledge from real experiments and test environments in order to

improve and adjust the test structure-for further investigation.

4.2. Test Instrumenis

1. One six-axis accelerometer (Crossbow Technology MNAYV Series)

2. Accelerometers (KYOWA Electronic Instruments Co., Ltd.), one of three-axis
typed (20 G) and four single axis typed (10 G)

3. Adata logger (KYOWA Electronics Instruments Co., Ltd.)

4. A video camera and a set of the vacuum suction holder arm



4.3. Tested Vehicle
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The test vehicle for the investigation was TOYOTA CAMRY 2002 whose details are

given in table 4-1

4;3
Model.« AMRY 2.4Q
= j i e
Gear system ~ Automatic
gine & 4 v 400
gHEanenineans
,Elg e ! | | Cylln[jelrsd)OHC 16 valves
Steering ¢ &% rack and pihion PAS
Wﬁ_ﬂﬁ_ﬁ\lﬂlnﬂﬂﬂnﬂlﬂﬁbl
WLE bleN ¥l | dVIC) leY L)
) Width (mm) 1,810
Length (mm) 4,825
Height (mm) 1,500
Weight (Kg) 1,460

Table 4-1 Technical information of the tested vehicle
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4.4. Sensors positioning

1. The six-axis (Cross bow) accelerometer was attached to the floor and the
three-axis typed (Kyowa) was secured on the top of it. The position was at the back of
the driver's seat (Fig.4-2(a)).

2. Four remaining accelerators which are single axis typed were mounted at four
locations outside cabin to measure acceleration in vertical direction. The positions are at
the top of shock-absorber (Fig.4-2(b e‘ijRT the right front of the car (Fig.4-2(b)

e

right top/FRB), the right corner on th the rear trunk(Fig.4-2(b) left bottom/

e whéegﬁtz(b) fight bottom/RRB).

RRT), and the rear right |ocat|en.ugar th.)

K yo\;va
; grossbom\ﬁ Axisths

7

Fig«4-2(a )Pos‘t'on of sens S h‘talled.__wit in a cabin
~.'.‘.].'« — |

Fig.4-2(b) Positions of sensors installed outside a cabin
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3. A set of video camera and holder arm was attached to the rear glass within
the cabin to record visual ride events that were experienced by a driver and

passengers.

4.5. Testing Locations

The locations of testm_g-;gf@t;t{he fp !
th

ions within Somboon Group’s factory
and Bangna-Trad R ation of the test tracks are

given in topic 4.7.

i

o C°?|ﬁEJ'WIEm‘§W£J’1ﬂ‘§

The drivin g situations are v§rled from stralght track, curve to road bumps,
R RIRENTHAR ENEIA

4.7. Procedure

The investigations were performed by one driver and three passengers traveling
in a car with a set of transducers. Six rides with multiple measurements were made.
The floor accelerations in three orthogonal axes were collected by Kyowa (three-axis)

and X-BOW (six-axis) accelerometers, the later one also measured the other rotational
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velocities, i.e., roll, pitch, and yaw. Four single-axis accelerometers were measuring the
vertical accelerations at the different positions of a traveling vehicle. During the rides,
the driving environment was captured by a video camera from the rear glass position.
The data collected by crossbow sensor was saved in a notebook and the other ones
need to send signals into a data logger. The data collection for all sensors was started
to record at the same time. The six-axis accelerometer was measuring with the sampling

frequency of 50 Hz while the three-axis accelerometer was measuring with the sampling

frequency of 200 Hz. Six test ri rm ed on six road section with different

scenario. The description a re given below,

Case 1: Direct track drivi . - 20 Km/hr within the factory’s
area \\ |
Case 2: One round ¢ peed 30 Km/hr

over lids of water draining

pipes

Case 5 : Driving on Bangna-Tr_ on between the petrol station at speed 50
o f—

Km/hr, tumning back ¢

Case 6: Driving over io rface the.factory’s area at speed 20

Km/hr

ﬂUEJ’JWEJVl‘ﬁWEJ’m‘E
ama\‘mimumwmaﬂ
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Fig.4-3 Different driving situation of test tracks



42

4.8. Data Analysis

The analysis of the data includes time domain and frequency domain analysis,

which were performed on MATLAB program.

4.8.1. Time Domain Analysis

In this category, the raw data imported were displayed by a plot over time. This
method allows the interpreter to notice the amplitude and direction of the acceleration
over time. The method of interval root mean square was also employed by taking the
group of data of the interested interval. It provides better information with ease of
comparison. However, this:approximation method ean lead to error if the resolution of
the data interval is not small enough. ﬁor the analysis of the reported results of this
study, the raw data was_ divided into 100 intervals for the interval root mean square

method. (%,

4.8.2. Frequency Domain Analysis )

e ud hd

Data analysis in frequeﬁcyldomainn,;Ta's performed by mean of PSD method

4

which is based on Fast Fourief Transform (FFT) operation. This analysis allows the

interpreter to see thé components containedr in a rhéasured signal at different
frequencies. For this study, the Periodogram technique was employed to estimate the
average PSD of signals bysBiscrete FourieriTransform (DFT), using number of DFT at

1,024 and 256 paints.

4.9. Results

For all sensors, acceleration data in time domain agree well with the ride event
and the floor acceleration measured from different sensors were the same in all cases.
In term of ride comfort evaluation, the frequency weighting technique and method to
calculate the average ride comfort were applied to measured data. The results of the
weighted RMS acceleration in each directions obtained from a six-axis accelerometer,
both translational (A

A, A,,), rotational (R, R, R,,), and the total combination of

WX WX !
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multi axial (A,) are shown in table 4-2. The approximated level of ride comfort/ discomfort
are represented by the letters a, b, c, d, and e which represents the level of comfort as
“not uncomfortable”, “a little uncomfortable”, “fairy uncomfortable”, “uncomfortable”, and
“very uncomfortable”, respectively. The results show that the amount of overall
vibrations calculated from ISO evaluation method agree with the ride events and

conditions of road surface in different cases.

4.9.1. Results of Time domain Analysis

From the comparison of the average root-mean square values of the acceleration
signals obtained from thesX=BOW (six-axis) and Kyowa (three-axis) sensors, in case of
direct track driving over agroad bump‘lat speed 20 Km/hr within the factory’s area
(case1) and case6 whieh was driving over.rough surface read track outside the factory’s
area at speed 20 Km/hg' it is found that tr;le RMS accelerations of casel in fore-and-aft,
lateral, and vertical diregtions frorh-‘ both s:fgr{éors tend to agree with each other. The
graphs shown in Fig.4-4(a) are the plots of"'.r"av\'r' data against time and the plots of 100-

interval RMS acceleration over t|me of case1 whjle Fig.4-4(b) are those of case 6. The

results from both sensors show good agreement in the same manner, i.e., they possess

Il

the highest peaks at the same pomt of time. For example |n casel, the highest peaks

for all three dlrectlons_appeared at the 14" , 3 and 43 se_cond which were at the time
of driving over a road bump. In case 6, itis found that the:maximum swing appeared at
the time interval from the firstssecond to the 80" second which was at the time of driving
over rough surface read. | Atithe 36" and 447, the carwas turning left, so that the graph
posses the high amplitude in positiveslateral direction as shown in Fig#4-4(b).

When considering rotational: accelerations;i.e., roll; pitch'and yaw, obtained
from X-BOW(six-axis) sensors for case1 and case2 as shown in Fig.4-5, it is found that
the graphs of roll for both cases possess the highest swing, the lower are in pitch and
the lowest are in yaw directions. In case 2, the graphs swing with larger amplitude than
those of case 1. From the graph of yaw in case 2, the amplitude tends to increase

towards positive direction at the time when the car was turning left ( the 37" second). At
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the 53m, 74th, 86th,and 118th, the graph exhibits in similar manner but in opposite
direction as the car was turning right.

The comparison was also made between the acceleration signals obtained from
the other four single-axis accelerometers which were attached at four different positions
outside a cabin and the signals obtained from X-BOW and Kyowa sensors which were
attached at the positions within a cabin. All measured signals result in the same

consequences, i.e., they possess the highest peak at the same point of time when the

car was moving over a road b

‘*-..\_‘.

in Fig.4-6. The acceleration signal

obtained from the sensor att ck (RRB) of the test vehicle seems

to exhibit the highest ? ?

other positions

4.9.2. Results of Frequen

different. PSD results of the

accelerometers for k("3e 1 WhICh |s a sm' it the highest peak at the

frequency around 1 ~which is

wheel or unsprung mass,
especially when road i@uts are simi ite noise. It @n be obviously seen from the

signals measured at the FRB:and RRB positidns (see Fig.4-7).

AUETNETINEANS
awnmmmum*‘iwmé‘a
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Ewvent 1: SB fore-and-aft Acc
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Fig.4-4(a) Acceleration results of driving situation case1 captured by two different

sensors installed within a cabin
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Fig.4-4(b) Acceleration results of driving situation case6 captured by two different

sensors installed within a cabin
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Case 1 Case 2

Event 1: X BOW Roll Event 2: X BOW Roll
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Fig.4-5 Rotational acceleration results of driving situation case 1 and case 2 captured by

X-BOW (six-axis) sensor
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X-BOW (single-axis) Kyowa (single-axis)
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Fig.4-6 Vertical acceleration results of driving situation case 1 captured by two different

sensors installed outside a cabin



Case 1

Event 1 : fore-and-aft Acc Power Spectral Density Estimate via Periodogram

Case 6

Event 6 : fore-and-aft Acc Power Spectral Density Estimate via Periodogram
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captured by two different sensors installed within a cabin

4.9.3. Results of Frequency Weighting Analysis

In the frequency weighting analysis, data of interests from six ride for both
translational and rotational cases were randomly selected. All criteria can be divided in

to new seven sub-cases as the following,
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1. Driving over the smooth track within the factory.

2. Driving over the track with some obstacles, including
2.1. Road bumps
2.2. Lids of water drain pipes

3. Driving over rough surface track

4. Driving over real road sections out3|de the factory with various speed of

4.1. speed 50 Km/hr
4.2. speed 80 Km/hr

4.3. speed 100 K’—-..
The calculated/

Table 4-2 and Fig.4-

cases above are reported in
;) are considered, the highest

one is found to be in c ata obtained from the case of

case 2.1 with the same leve
standard. In case 1, vmvse data obta om the casemf driving over a smooth track
within the faota the toélﬂelghted value fis/close to that of the case 4.1 which is a

14 &la a4, EJ&L@ A8 alebdectbo kv vt the same

comfort level (a I|ttle uncomfortable).
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smooth drive o
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Vibration total value

(mZ/SeC) (m’/sec)
case a,, a,, a,, a, a, a,
(lateral) (fore-and-aft) (vertical) \\ (linear) (rotational) (total)
1. 0.1411 0.3217 0.2394 = ﬂ\ﬁi\\a\ 0.0243 0.4251 0.1174 0.4410 (b)
2.1 0.3027 0.7291 1.5813 \\ 0.0471 1.7674 0.1837 1.7770 (e)
2.2 0.3779 0.1954 0.6580 0.0563 0.7836 0.3032 0.8402 (d)
3. 0.9457 0.3569 0.8107 0.0747 1.2957 0.9782 1.6235 (e)
4.1 0.2488 0.3198 0.1913 070431 0.4480 0.0570 0.4517 (b)
4
4.2 0.1970 0.1792 0.6009 fll 0.136 m.0263 0.6572 0.2229 0.6940 (c)
‘a v
4.3 0.1691 0.3132 O.ﬂéiu ‘ Q2¥I ﬂ(ﬁ4w ﬂ ’] ﬂ2§ 0.5233 0.1626 0.5480 (c)
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4.10. Conclusions and Further Recommendations

The results show good agreements between acceleration data and ride
events/road conditions. However, there were few mistakes occurring during the
investigation such as mispositioning of the accelerometers attached to the floorboard,
due to difficulty in mounting process. The comparable data from different sensors
should be collected at the same sampling frequencies and should be at least 160 Hz to
give PSD spectra in the frequency ' w Hz which is the important range for ride
comfort analysis, ed - % From the analysis in frequency

domain, the PSD results

as may be because of the road
tracks surfaces were n obtained from the frequency
weighting analysis shows eration signals and real driving
events so that the applicati evaluation is found to be effective
and reasonable. How. ed re \- a ased on one evaluation method
only. The application V s such as VDV (Vibration Dose

Value) should be applied and g each other.
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CHAPTER V

LEAF SPRING MODELING AND VERIFICATION

The leaf spring model was created to represent its characteristics and
properties. A good precise model must be able to exhibit overall phenomena obtained
from real experiment. This research aims to investigate the relationship between spring
parameters towards vehicle ride comfort when design parameters are selected. The
objective is to build a leaf spring model that'istgeneral and reliable enough to predict
ride value. The parameters-of the modeljelated to physical properties of the leaf spring
model can be used for designspurpose.

In the investigatien, the Charaoterilstics were observed mainly on simulation. For
this study, a leaf springamodel was propoL‘se’q, regarding the effect of nonlinearities both

from contact friction and from /the “ojher*_assembled component at installation. The

modified Dahl's model and thé three link efqu‘i;valent model were combined to represent
a nonlinear leaf spring system.: The:model was'then verified by a leaf spring test rig that
' oy
was designed and constructed to perform deflection measurement under static loading
424204

condition. The parameters of fhe leaf spring model were adjusted by successive

comparison of the results.to the real :measureb'dafé.

5.1. Leaf Spring Modelih_q

There are varioustypessandsshapes-of leaf springs.available in market although
the term of leaf, 'spring=usually’ referred to a circular shape of flat metal. The basic
common design.and the one that.used for studying*and modeling.in this research is a
symmetrical semi-elliptic with equaleyes at both endsas shown in Fig-5-1. This type of
leaf spring is generally used with the Hotchkiss suspensions which are commonly used

with general commercial trucks.
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r

point deflection method which a a--:;;l--

in details for this paper. Both modern

i TR r""“.’ﬂi
=t e < -
computer programs "’c_!yd classical geon{etrical ?have both advantages and

disadvantages, so t ‘ Imitations and assumptions

when each method is dajlied. E

Cﬂ%{jfﬁm UNINYNS
BN W) iR b

is to consider the leaf spring as a cantilever beam with variable cross-sectional area.

The Society of Automotive Engineers adopted the beam theory to calculate the
equivalent stiffness of the leaf spring. Design formulae and correction factors to account
for different leaf spring designs and geometries are available. A comprehensive

presentation of different configurations of the leaf spring and the equations used to
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calculate the stress induced in the leaf spring can be found in the Spring Design Manual

[1].
5.1.1.2. Finite-Element Method

The finite-element method provides a practical approach to analyze frictional
contact problems. In this approach, the Lagrange multiplier method or penalty method
can be used to treat the geometrical contact. The elastoplastic constitutive laws are

adopted in order to overcome the non-differentiability of the friction law.

5.1.1.3. Multibody Kinematic

The method is"Usedfto.model S}iﬁ‘ leaf springs that experience small elastic
deformation is based on thedinite elementfloating frame of reference formulation. Using
the assumption that there isfnosrelative riqfd ‘l_aody displacement between the leaves of
the spring, the leaf spring can be MOdeIeciﬁé one flexible body in the floating frame of
reference formulation. The Ieaves"a:fe disc;rfeft;iz‘éd using the finite-element method. The
gross motion of the leaves'is _I(.:ieﬂs',_(d:ribed t;y_‘IpJe displacement of the spring (body)
coordinate system. The deforrr_w-at_ion of the@i};a_s with respect to the body coordinate

f . ..

system is described using the finite-element nodal coordinates. The leaves of the spring

at some sections can_ experience intermittent contacts aﬁd'friction due to the relative

displacements. 2 i

5.1.1.4. The Three Link Equivalent Model

This 'method, was propesediin 1944 by‘Maurice (Olley and‘ether member of SAE
Spring CGommittee [15]. The model represents the leaf spring as three bar linkages,
connected to one another with torsion springs so that each member can move in angle
and in plane, relative to each other. This method has been used to model and to study
the characteristic of leaf spring in suspension system such as the work of Ekici [16].

In simulation, the shackle linkage is also attached to the original model to allow
more degree of freedom for leaf spring displacement when subjected to the external

applied force.
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5.1.2. Friction Model and Hysteresis Effects

The hysteresis effect is the very important characteristic of leaf springs which
arises from interleaf friction and stick-slip phenomena. In the proposed model, the
modified first-order differential equation Dahl model is used to describe hysteresis
relationship between applied force and spring deflections. This modified version (also
known as “the Restoring force model”) was proposed by Al Majid [17]. The details and
its formulation can be found in Ref.[15]. For this presented work, the generalized
mathematical equations of the modified model.which was used to describe the stick-slip

phenomena in mechanical system (for example; see Ref.[18]) are presented below,

dF da du

ey h=Fson——)" 5-1

gi 77 o sy
T du

h="4J(h==h)son~—+(h.—h 5-2
2[@ T.) .9 e (hy —hy)]

Where h /()= é}u'+ b 5-3

hy (u)'=du 4 e 5-4

A ‘-:.J':';

T ik
In Eq.(5-1), time derivative of force is related to velocity of displacement u and

o

the other remaining “term Whi-c_ﬁn-de:pends'c‘)ri ?he- boundary of hysteresis curve and

direction of velocity.-;f[fhe terms N, and h, represents the-f;ulpper and lower boundaries
of the curve, respectively. Parameters p, 6, a, b, d, and e are related to the shape
and characteristic of the enyeloped curve sa.that these parameters can be adjusted to

give desirable shaperof hysteresis Ioop, compared with the expefimental results.

5.1.3. Description of the.l eaf Spring Model

A model was constructed with the three link equivalent model. For the case of
leaf spring studied here, a shackle linkage is also attached to allow leaf spring motion

when subjected to external load.
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L
¥
G
(x2,y2) ©
w& leaf spring model

In simulation, th

program. The geometri ism, AE, AB, BC, CD, DE, Y,

and shackle angle ( om the tested leaf spring

at initial static equilibri ive motion between linkages

according to the deflection tqr"_ ecommended by the Spring Design
Manual [1] and CD is se -

G

[ —
ANINITNYN .

‘ e

i ) PEIN |
Fig.5-3 Equivalent linkage of the upturned eye cantilever spring [1]

The length of AE, DE, and Y, were measured from a real leaf spring at installation

which are 119, 10 and 15 cm, respectively.
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From Fig.5-2, the motion of each link is related to the other adjacent member.
If a point on one link is considered, it moves in X-Y plane both in vertical and horizontal
direction. The two adjacent links are moving in angle with each other to produce
angular displacement 6. The coordinates (x0, y0), (x1, y1), (x2, y2), (x3, y3), and (x4,

y4) represent the position of the joints, referred to the reference frame. The initial

parameters 6, 6, and 6, are set to be 340, 180, and 70 degree, respectively.

‘ ’” 5-6(a)
= AB& 5-6(0)
| _ |

ey
o

N 5-6(d)
= \b\\ e
’ ‘ I‘\ \ ) CD] 5-6(f)

\Q\\ \ 5-6(9)

N \
tan7] )/(xz—x1>] 5-6(n)

5.1.4. The Full Leaf Spring.|
A4

=
A

As iI>trated in Fig.5-2. Hysteresis

Full leaf sp YJ ' ombination of a five link

|
|

mechanism model and“Dahl’'s hysteresis model.
effect was ad ﬂﬁiﬂﬁﬁ&%’wgtﬁjf{ jﬁe completed model is
shown in Fig.:%n u t f Dahl's mo t two'joints is shown in Fig.5-5
QRIAINTUNRINIA Y
q
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Fig.5-4 Full leaf spring model, regarding hysteresis effects
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5.2. Verification of the Leaf Spring Model

In order to verify the leaf spring model, some experiments were carried out to
compare the results with those of the simulation’s. In this work, a leaf spring test rig was

designed and constructed by a group of senior students at Chulalongkorn University.

5.2.1. Design and Construction of the Leaf Spring Test Rig

The leaf spring test rig is C‘oﬁq&c!i?/f;hree main components which are the

frame, the load generation an&m‘gagu"'reme : d the deflection measurement unit.
_——

Details for each compon@'r fun ‘tiOI’ISJ.S,gI-\i/e\ =1 individually as follows,
iy

A 5
A \
: "
y e
h
- - X
!

Fig.5-6 Final design of the test rig frame

This main structure can fit with various sizes of leaf springs and provides
suitable space for additional attachments. In the test, leaf spring was installed
downturned with one end fixed and the other end shackled so that the applied load from

an actuator is in -Y direction.
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The test rig frame was

designed to withstand Load cell

the maximum applied load

1

I

I

I —
1

| Guide rail
I

- —— -

at least 1,000 kg force.

[ Y ————

A hydraulic

force-actuator

—— - ———

generates

Fig.5-8 The guide base for load cell and force-actuator attachment
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5.2.1.3. Deflection Measuring Unit

In the experiment, only leaf spring displacement in vertical direction was
considered, hence an LVDT sensor was attached perpendicular to leaf spring with one
side of LVDT connected to leaf spring’s lock and the other side attached to the base of
the test rig frame. For this design, the housing of LVDT can be fitted with different

lengths of leaf spring and various types of sensor.

5.2.2. Verification Testig

Fig.5—1ﬂ%§ﬁe’c§/8f‘vﬂ %ﬁ%ﬁ%ﬂ ﬂ%} ﬁ%sed leaf spring model

which are the three link equwalent‘model that desorlbes the meohamsm in term of

R TRET I B TN E A Y

When external force is applied in vertical direction, leaf spring starts to move

from its original position. Each linkage moves in angle/© (rad) with each other at the
revolute joint so that the angular displacement is produced. At each joint, the input
angular displacement generated the output restoring torque by hysteresis relationship
as introduced in Egs.(5-1) - (5-4). This restoring torque represents the resistance in
spring which resists movement from the initial state. The vertical displacements of leaf

spring at CG point in Y-axis at steady state position were recorded for every increasing
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step of force. The relationship between the applied force (kg) and the corresponding

displacement (cm) could be found.

Dahl Model
Ouput Hysteresis nput
Felationship
Restring ) . Angular
Three link equivalent model i
Torque Dhsplace ment

>

ring model

For solving the e u| s and the leaf spring movement,

r. differer
INTLAD),
f_@g&g chanics, MATLAB software. The Force-

1

the model was implemented in
Fi

displacement relation can be sithelated and: ation can be displayed graphically as

shown in Fig.5-11. As the fo .:,,.:.-i:f___ ) orresponding deflections started to
form the hysteresis I90p,-according.to different directions.of leading.

.., 505

=

v

o
T

Dizsplace Y-Ais |
(o8]

=
.

DBp b U S S S S "

0 02 0.4 0.6 0.s 1 12
Displacement in ¥-Axis (cm)

Fig.5-11 The animated results of simulated model
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The experiment was carried out to measure the leaf spring vertical deflections
when series of loads were applied. The spring was loaded with the load interval of 20
kg from zero to the prescribed maximum deflection and back to zero. The amount of
force was initially generated from a hydraulic pump which was controlled via human-
interfaced control panel by LabVIEW software. All values of the applied force were
received via a load cell while the deflections of leaf spring were captured by an LVDT

sensor. The results show a non-linear relationship between the applied loads and the

W in form of a hysteresis loop shown in

leaf spring deflection for both dir:

Fig.5-12.
/ .‘ —
Lost ////‘\\\\\\ tecton (om)
_ V%
29.9 »- = 9\ 0.0034
63.47 VN & 0.5855
- 86.7014 1.3098
S
- 117.6670 21493
149.9230 32116
186.69507 ~ 4,8539
ylu J\“
.II 410 m4 7701
; ﬂuﬂﬁwswﬁwa1ﬁi
3
[
D

qmai@?hm umwiﬁ“ﬁaa

-1.5429

Table 5-1 Experimental result of leaf spring deflection subjected to vertical applied load.
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Load-deflection Curve Result obtained from Test rig
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Fig.5-13 The load-deflection curve of torque and angular displacement
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5.2.3. Parameters Identification

Parameters identification was made by comparison of the simulation and
experimental result. The average regression line or nominal stiffness could be examined
from the load-deflection curve obtained from the experiment. (a linear solid line in Fig.5-
13). The slope of the line should reflect the average stiffness or value of a and d in
Egs.(5-3) and (5-4) which are the slope of the two linear curves, i.e., the upper boundary

and the lower boundary, respectively.

A linear leaf spring /hysteresis component was use to

calibrate a slope of a nom : 'nﬂéline in Fig.5-13) which is located
—

other two curves. The ' - 5 N eresis/Dahl’'s model. In this
case, a and b are as ng unknown parameters are
B, u, b, and e. These e best fit between the loop

shapes was satisfied.

250

AU ININTN

WIANNTITY

50

150

. __-p_jorce (kg)
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=
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Fig.5-14 Load-deflection curve result of linear leaf spring model
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The final values obtained are below.

a=23.3354x10" N/m, b =4.9907 x 10° N,
d =23.3354 x 10" N/m, e = -2.0653 x 10° N,
6 =100, and p =1

The shapes of curves are not exactly the same, but the model can establish

most of the characteristics in steady st jor difference appears at both ends of the

a
ansient state transition, however the
experiment and the simulating

of leaf spring. Further analysis

loops as the model does not

result shows some agree eep t
model which is able to
should be carefully m ca wever, the recent work was lack of

sufficient data in the tr.

still exist to limit the pe offthes S j such as misalignment between the
hydraulic actuator and th SOF1 st be eliminated in order to provide better
y parameters that can be used in
leaf spring design and to find re : ~"= veen those parameters and vehicle ride
comfort. - |

¥

y §
AU INENTNEINS
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CHAPTER VI

SIMULATION OF SUSPENSION MODEL AND
PARAMETRIC STUDY INTO THE EFFECTS ON RIDE COMFORT

In field test, operators are subjected to many influences in their environment.
Therefore, with the help of modern computer tools/simulation to determine the influence
of some suspension parameters on ride comfort of a light commercial vehicle, a
simulation model was designed and used (o nvestigate these parameters. In this
thesis, the quarter-car model, with sub-systeme«which. represents the characteristics of
suspension system was used.io study tJhe response of the vehicle to the road profile
excitation, based on roadsstriace roughness classification approved by 1SO 8608 [14].

\

|
Power spectral density of the response to different road profiles with corresponding

values of leaf spring pam@meters is éna|yéé'a and the average ride comfort/discomfort
level (ride indices) as the evaluation 01:"; ride \comfort in quantitative numbers are
calculated through methods suggested by ISO 2631-1. The results obtained from
preliminary study were developed with the s'j“ifﬁu_lating tools where interesting parameters

g
e it Sd

were examined and properly adjusied. =

6.1. Quarter-Car Modet—

The quarter car model is a well-known model that has been widely used in
vehicle simulatien ito jstudy.thesvehiclesresponse itoyexeitatiensnputs which can reflect
characteristics” of vehiCle structures®and” performance. ‘In this”thesis, the quarter-car
model with _sub-system, representing, the .characteristics ,of. suspension of a light
commercial vehicleis used to investigate'the effect 'of parameters ‘settings for leaf spring
and damper on ride comfort. The concept of model construction is to build up a simple
model that represents suspension system with components. The parameters of leaf
spring and damper are put into the investigation of this study. Fig.6-1 illustrates the

conceptual design of the quarter-car model that was used in the simulation.
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X
Eody —T b

contact

As shown in t i S \ ween sprung mass (vehicle

mper component, a spring,

road elevation that the vehicle Wr' od. he relative movement at the contact
.n" H.’ “l Ay
point between the twmhln strips also co y friction force that lead to the

611@@@ﬁﬂﬁ%WEW§WHqﬂi

The model was Gonstructed based on followmg assumphons

meaa&dﬂﬁm UAIINYIRY

2 The roll and pitch motions of the vehicle were small and neglected.

3. The tires were assumed to behave as a linear spring without damping.
4. The tires were not allowed to leave the road surface.

5. A nonlinear leaf spring model was developed used.

6. A suspension damper is linear function related to velocity.
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6.1.2. Mathematical Equations of the Model

For the previous mentioned quarter-car model, the equations of motion can be
obtained by summing the vertical forces acting on each of the two bodies in the system,
and applying Newton’s second law of motion, F=ma. The resulting two equations are
second-order nonlinear, ordinary differential equations. The mathematical derivation,

regarding the effect of nonlinearity property in leaf spring can be written as:

& S Edmex, 6-1

kW(xg - xw) -+ Cw(x.g - xw) = —fa = mwk'w 6-2
J

where f; = nonlinear spring force«(IN)
fa = dampingforce«N) \

my, = mass ofthe car body (ko) &

m,,= mass X, 0f the whegl/tire (kgj &
k.,= wheeltire stiffness (IN/m) i

¢y = lire damping coefficient (N—s/m}“_ -
Xp = vertical displacement-of the car'_-bj_d@"y (m)

Xy, = Vvertical d/s,o/acem_e__nr of the Wh§¢.//_lj£@ (m)

Xg = vertical, rgad elevation (m)

Xg — Xw représents suspension displacement (my.

g

6.2. Road Input.Profile

In real situation, vehicle system may be excited from multiple excitation sources
such as the engine;.rotatingielements, etc.t However, the road rodghness is the primary
concerned excitation source for simulation test performed in this thesis. In simulation
test, the synthetic road profile was generated by the computational program and fed into
a vehicle model as an input. The random road profile was constructed in MATLAB
program according to the road surface roughness classification proposed by ISO 8608.
The quality of road is classified based on the amplitudes of power spectral density as
shown in Fig.6-2. The road type A is the classification of the “very good” quality road,

type B for the “good” road, type C for the “average” road, type D for the “poor” road,
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and type E for the “very poor” road. The result of simulated road inputs compared with

the classification standard is shown in Fig.6-3 and the simple road model used for this

research is shown in Fig.6-4.

ROAD SURFACE ROUGHNESS CLASSIFICATION BY ISO
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Fig.6-3 The result of simulated road inputs compared with the classification standard
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Band-Limited Transfer Fon Ta Workspace

White Moise

Fig.6-4 A simple road model used to simulate road inputs

6.3. Completed Vehicle Suspension Model

Full vehicle suspension je , d by including the leaf spring model
described in the previous@o a.guarte-g-e'!!ﬂfbdel. This model represents a 1/4
vehicle system with a ingtype su,smoontains nonlinearities which

were related to the pare

acceleration for each t -l ) d W ; omerent values of shackle angle
at initial installation of leaf spring.
o Q/ |
ﬂ“glfﬂf ININEINNS
4 arameters ‘ yrEanoIs Values Units

sqlaghisleodvy | o 4y Ay 8753 o 1
jﬂqﬁs\!&%&ii NI ‘?n:ﬂ - 3&%

Damping coefficient of vehicle body c, 2369.3 | N-s/m

Wheel/tire stiffness K, 118440 | N/m

Table 6-1 Parameters of the simulated quarter-car model
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Parameters used for simulating the quarter-car model is tabulated in Table 6-1.
The damping coefficient of vehicle body was calculated based on value of damping

ratio at 0.3 by equation 6-3.

p
=5 6-3(a)
n Zklmb
Cp = 277klmb 6-3(b)
where n = \ J 7
k; = | be equal to the value of nominal
stiffness obtained from.leaf spring experimental esting.

my, = mass of vehiele body N

The wheel/tire > assumption that it's natural

frequency is approxi v the following equation,

6-4(a)
hence 6-4(b)
where f, =
m,, =
k,, = wheel/ ‘* st/ffness

ﬂUEl’J‘VlEJWﬁWEﬂﬂ?
QWWNﬂ‘iﬁUNMTAﬂHW@H
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6.5. Ride Comfort Results from Simulating Model Subjected to Random White-Noise
Input

The completed vehicle suspension model was used for parametric study. For
simulation subjected to different types of roads, the shackle angles were varied from 60
degree to 120 degree measured counterclockwise from the horizontal plane. The
relationship between torque and angular displacement was also monitored and

displayed as shown below, 1

Fig.6-7 The relationship between torque and angular displacement obtained from linear-

leaf spring suspension model
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For simulation by linear leaf spring suspension model, the hysteresis component
was excluded so that the relation between load and displacement was simple as linear
function to each other as shown in Fig.6-7. The weighted RMS accelerations,
representing the level of ride comfort/discomfort subjected to different classes of roads

were tabulated in Table 6-1.

Very good | Good | Average | Poor Very Poor

60 degree 0.2211 06399 | 1.1315 | 2.6125 | 5.6427

70 degree 0.8870 | 0.6112°0.8851 | 2.1261 | 4.9186

80 degree 0.306.4 1.5364 1.8286 | 5.0628 | 7.7244

90 degree 073109 #1/0.9185 | .73V | 3.7572 12.0981

110 degree [ #0.487 7 O.8é39 0.9617 | 3.2023 | 7.0052

120 degree | #0.4950 1079‘7 1.9207 | 2.8572 | 8.4904

\ ¥
i o

Table 6-2 The weighted RMS éccelé}gtiqns, representing the level of ride

comfort/discomfort subjected to di-fferen‘ﬁ:dlagses of roads (non-linear suspension)

e F
L, ride iz dd

From simulate_q results'"a‘r']d’fbalcula‘%f‘éiﬁ“ffdm the flgequency-weighting method,
the highest value Wa's'figund—at—%o—ofshadde—angle—by-shné-létion of the “very poor” road
while the lowest value-Wés found at 60° of shackle angle b;I'/--simuIation of the “very good”
road. The vertical aco&ération of the suspension, vehiclejbody, and wheel/tire are also
represented byithe RMS. of the 130 data/intervaliplots as shown in Figs 6-8(a), (b) and
6-9(a), (b). As seen from the graph, the magnitude of the RMS acceleration is highest at
the tirel Jower at the.suspension and lowest at the Vehicle’'s'body foriboth cases. This is
reasonable as the suspension perceived the vibration transmitted from vehicle tire and
tried to absorb and to dissipate the energy so that the amount of vibration transferred to

the vehicle’s body was deteriorated.
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Fig. 6- b) The plots of RMS vertical acceleration of vehicle body (cross line) and tire

(circle line) at 60° of shackle angle
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RMS acceleration in vertical direction with shackle angle at 90°
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0
Fig.6-9(a) The plots of ‘ : ‘vehicle suspension at 90° of shackle
1ackle angle at 90°
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10 e —
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Fig.6-9(b) The plots of RMS vertical acceleration of vehicle body (cross line) and tire

(circle line) at 90° of shackle angle
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The results of weighted RMS acceleration obtained from nonlinear and linear
model are also compared to each other as shown in Figs 6-10 — 6-15. The RMS
acceleration values were plotted against different types of roads.

When the initial installation shackle angle is at 60 degree, the shape of curves
are similar to each other which tends to increase when the road is rougher but when the
road changes from “poor” to “very poor” the value obtained from nonlinear model seems

to increase rapidly.

Shackle Angle at 60 degree
6 L T L

—S— nonlinear
linear

w BN a1
I I I

Weighted RMS Acceleraion (m 2/sec)
N
I}

0
very good good average poor Very poor
Road,Class

Fig.6-10 Ride comfort results of fionlinear and'linéar model at shackle angle 60°

At shackle angle of 70 degree, there’s the significant differencebetween results
of nonlinear and linear models as the values obtained from linear model changes faster
than the nonlinear’s, resulting in higher values of RMS weighted acceleration for almost
every type of roads. When the shackle angle increased up to 80 degree, the results
from both models are closer although the linear model seems to produce higher
accelerations. At 90 degree, the curves are almost the same except for the very poor

road as the value obtained from nonlinear model is higher.
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Fig.6-12 Ride comfort results of nonlinear and linear model at shackle angle 80°



Shackle Angle at 90 degree
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Fig.6-13 Ride comfort res " nanling odel at shackle angle 90°
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Fig.6-14 Ride comfort results of nonlinear and linear model at shackle angle 110°
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Shackle Angle at 120 degree

g o L L L

gl —<%— nonlinear ]
linear

7L .

6 -

5 -

1

Weighted RMS Acceleraion (mzlsec)

0 : - : -
very good - , very poor

Fig.6-15 Ride comfort o r line: 4 linear model at shackle angle 120°

The shapes of two curv _differentsagain at 110° with the higher rate of

change from the Iin@'(a}}model S results ahd sven ah increasing to be at 120°. It

can be said that for.the &\--- tter on smooth road with

gradual changes fromm/ery good

poor” road. fi n corsiderin for thé results of nonlinear model, the RMS
acceleration val uﬁlp’g\ ﬂﬂniw EJ ’]fnﬁry type of road. It can
be seen from the graph that for the "good”, “average”, and “peor”’ road, the RMS

ccosafoi kb St Abile 1 il it o v ey

good road” appears at shackle angle of 60°. However, the obtained value of 70 ° is just

road and'ﬂldden increase for the “very

slightly different from that of 60° and can be acceptable as it falls in to a “fairy
uncomfortable” criteria. It is also found that at 80°, the weighted RMS acceleration value
is highest for the "good” and “poor” road while the highest values for the “very good”,
“average”, and “very poor” road are found at shackle angle of 110°/120°, 120°, and 90°,

respectively.
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Fig.6-16(a) Ride comfort results of nonlinear leaf spring model at different shackle angles
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Ride Comfort Results of Nonlinear Leaf Spring Model
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Fig.6-17 Ride comfort results of nonlinear leaf spring model at different classes of roads
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6.6. Discussion of Results and Conclusion

From the results presented in the previous section, the overall results show that
ride comfort is better on smooth road with gradual changes from “very good” to “poor”
road and sudden increase for the “very poor” road. The values obtained from the

nonlinear leaf spring suspension model mostly agrees with the suggested ride

“

comfort/discomfort level proposed by [ISO. The ride values lie within “not

uncomfortable” and “a little uncomfortable’ categories for simulation of “very good” road
while those of the “good” road lie within' ‘@ dittle uncomfortable” to “uncomfortable”
zone. For the “average” road, the valuesjlie within-two separate zones. The lower zone
includes the results obtained from simulation of shaekle angles at 60°, 70°, and 110°

which lie within the “faiffy umcomiortable™ and “uncomfertable” categories while the
|

higher zone includes the results obtainedj,frgm simulation of shackle angles at 80°, 90°,

and 120° which lie mostly infthe #very unkoomfortable” zone. For the “poor” road, the

values lie in the “very uhcomfartable” ar;!d ‘mostly. in the “extremely uncomfortable”
zones. The worst case of fide comfort is in‘the “extremely uncomfortable” area for all

, A .
values of shackle angles whigh is Highest at Ef);t_)_'p-a!nd lowest at 70". From the comparison

4
e it Sd

of the linear and nonlinear resuu‘lts, the linegfmodel tends to produce higher value in

degree of discomfortyy This is because of the nonlinear lgaf spring suspension model

contains hysteresis :.a;nd friction components that resisi ll(.eaf spring movement and
behave as a natural da[ﬁper, resulting inless displacements. It is noticeable that at the
position 90° of shackle angle at initial installation, the nonlinear leaf spring behaves
similarly to the lineareaf spring. This may be explained by the knowledge of leaf spring
installation effect from section 2.1.2.3;

When a leaf' spring is.not' perpendicular to the datum line, the shackle load
possesses its component in longitudinal axis (force P shown in Fig.6-19) which can be
either compression or tension, depending on the direction of the swinging motion. If the
shackle swings towards the fixed end of the leaf spring, it results in compressive load
while it tends to produce tensile load as the shackle swings in the opposite direction.

Under shackle tension, spring rate is increased while it is decreased when subjected to
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shackle compression. At 90°, there’s no effect from the longitudinal load so that the leaf

spring’s behavior of linear and nonlinear models are almost the same.

ackle [15]
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CHAPTER VII

DISCUSSION OF RESULTS AND CONCLUSION

7.1. Summary of the Research

In this thesis, a simulation-based leaf spring model was created to study the
effect of leaf spring suspension parameters on vehicle ride comfort. The main objective
is to build a simulation model for ride comfort prediction from leaf spring parameters
which can be used in design process, in an.atiempt to save time, cost, and eliminate
uncertainties that may exist in field experiments.” The basic idea for the model was using
five massless links connected.with' rotational stiffnesses with the axle mounted at the
center of the middle link. 4For-a leaf si?ring modeling, a massless approximation is
reasonable since the masses involved in rigid axles, wheels and the body of the vehicle
are considerably higherthan the mass ofI‘ﬁe‘_leaf spring.. The model was then verified
by using a leaf spring test rig that‘can mé%a_sijre vertical static deflection of leaf spring
under static loading condition. -‘So:'me exéérifﬁents were carried out to compare the
results with those of the simulatio‘r.\_’ds and fln;llm obtained the values of the unknown
parameters. The quarter-car _‘mpdel, V\_ﬁ:'_syb—system which represents the

wd

characteristics of suspension system was used to study.the response of the vehicle to

the road profile excit‘a;io_n, based on road surface roughness classification approved by
ISO 8608 and the completed vehicle suspension model-was constructed by including
the leaf spring model.into, a quarter-car.modef. . The synthetic road profile, representing
road irregularities forifivesroad classes were 'generated by the simple road model as the
input of the system at constant velocity of 60 km/hr=For simulation subjected to different
types of foads, the'shackle angles were varied from:60 degree to 120 degree measured
counterclockwise from the horizontal plane. The vertical acceleration of the suspension
was captured and used to calculate ride comfort value in the form of weighted RMS
acceleration by using the frequency weighting technique recommended by ISO 2631-1.

The overall results show that ride comfort is better on smooth road with gradual
changes from “very good” to “poor” road and sudden increase for the “very poor” road.

The values obtained from the non-linear and linear leaf spring suspension model are
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slightly different from each other. The worst case of ride comfort is in the “extremely
uncomfortable” area for all values of shackle angles which is highest at 90° and lowest at
70° while the best one was found at 60° of shackle angle by simulation of the “very
good” road. the linear model tends to produce higher value in degree of discomfort. At
the position 90° of shackle angle at initial installation, the nonlinear leaf spring behaves
similarly to the linear leaf spring because there’ no effect from the longitudinal load when

a leaf spring is perpendicular to the datum line.

7.2. Conclusion

The non-linear leafsspring-has significant effeeis on the leaf spring’s kinematics
as the results show that*ridescomfort values depend on suspension' s characteristics.
The results obtained fram both non—linear{ar}xd linear leaf'spring suspension are different
and the linear model tends to produée higl:aér degree of discomfort. This is reasonable
as in nature, friction always resis;ts mo;%fs%ent in mechanical system so that the
proposed leaf spring model is reliable. For:.'s'ta‘hdard tool used in the research, the use
of 1ISO 2631-1 for ride comfort evatdation réépt'!_ﬁ:shin the acceptable values compared to

the level of the suggested comfbr‘[/discoquﬁ_lndices of comfort are calculated taking

into account the human sensifi’\./ity. The eia'rﬁroles showy that the proposed comfort

indices depend on leaf spring suspension’s parameters and, hence, are useful design

tools.

7.3. Further Recommendations

Firstly, the recommendations shall_be commented on.the process of the leaf
spring modeling. “in' the ! reséareh;” the' completed leaf-springmodel includes the
geometrical property and hysteresis/friction effects which cannot be neglected. The
verification of the leaf spring was made by identifying the leaf spring’s parameters
based on the comparison of the experimental results with those of the simulation’s which
is just the trial and error approximation. The recent work was lack of sufficient data in the
transition state which might be due to the limitation and ability of the leaf spring test rig

that can allow for static testing only so that the model does not capture well in the
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transient state transition. In the identifying procedure of model's parameters, the
method of optimization and numerical calculations can be employed to provide better
results and more accurate values Apart from this, some obstacles still exist to limit the
performance of the test rig such as misalignment between the hydraulic actuator and
the force sensor must be eliminated in order to provide better accuracy. For comfort
study, the focused parameter taken into consideration was only the shackle angle which
is just one example of many factors that can contribute to nonlinearities of the system.
The other component such as bushing which has not yet been included into the present
proposed model can be added to represent-mere.about the leaf spring’s characteristics
such as the work of Hoyle [17]. For the‘ﬁysteresis modeling, there are different models
of friction available at preséntyapart from Dahl’'s model which can be used and
compared among one apother o provél the reliability of the proposed model. The
detailed description and cémpéarison can be found in ref. [18].

In the ride simulation, road inpa;t profiles were generated randomly by a
stochastic process which was illustrated E:)__‘){‘a‘_povver spectral density (PSD) function.
The other road model in time doma}iﬁ such?éé,qv\;hite noise filtration method proposed by
Zhang Yonglin et al. [19] can be.applied wit@é’fbroposed leaf spring model in order to
see different results.‘ Furthermore,-the vé@éﬁ@n of the leaf spring model by field

experiment has not -yét been_performed. The realroad 'er,egularities can be collected

and used with the model in order to compare the results '\/\7i-tlh those obtained from real
situation. The various standard methods for ride comfort evaluation [8] can be
employed withithe experiment and simulation:datal to provethefreliabilities of the results.
Finally, the fulfillment of the research can be made through the other ride comfort
measuringrseheme=that is-the=subjective rmeasurement in orderto grelate the design

parameters of vehicle with the human sensitivity on ride comfort.



REFERENCES

[1] Society of Automotive Engineers. Spring Design Manual. SAE J1123. Warrendale:
Society of Automotive Engineers, 1985.

[2] International Organization for Standardization. Mechanical Vibration and Shock

Human Exposure —Vocabulary. 1SO 5805. Geneva: International

Organization for Standardization, 1997.

[3] Wong, J.Y. Theory of Ground Vehicles. 3 ed. Wiley-Interscience, 2001.

[4] Frendo, F., Sgueglia, M., Vitale, E., and Hippelit, R. Analysis of Motorscooter Ride

Comfort. SAE-Number: 2002-01-2144Warrendale: Society of
Automotive Engineers, 2002.
[5] David, P., et al. Analysis of vibrationeliinduced during wheelchair propulsion.

Journal of Rehabilitation°Research and Development 38, 4 (July/August

— il

2001): 409-421, p .

) A
[6] Johan Lindén. Test methods for rigle Comfort evaluation of truck seats. Master's

Thesis, Department of Srgnais Sensors & Systems Automatic

Control, Royal Inetrtute of Teohr_r_o_l@gy, Stockholm, 2003.

[7] Gillespie, Thomas D. Fundamenials of /ehicle Dynamics. Warrendale: Society of

Autor_rroltive Engineers, 1992.

[8] Society of Automoﬁ"\u/e Engineers. Subjective Rating Soa"'ré' for Evaluation of Noise

and Ride Comfort Characteristics Relatedto Motor Vehicle Tires. SAE

41060; Issued. 193-41. Warrendale»Sogciety-0f Automotive Engineers,
1973.
[9] Griffin, M.J. _Handbook.of Human Vibration._lL ondon; Academic Press, 1990.

[10] Griffin; M.J. ! Alcomparisofi of'standardized methods forpredicting-the harzards of

whole-body vibration and repeated shocks. Journal of Sound and

Vibration 215, 4 (27 August 1998): 883-914.

[11] International Organization for Standardization. Mechanical Vibration and Shock-

Evaluation of Human Exposure to Whole-Body-Vibration - Part 1: General

Requirements. 2" ed. 1SO 2631-1. Geneva: International Organization
for Standardization, 1997.


http://www.sae.org/servlets/product?PROD_TYP=PAPER&ACN=79395284130&AUTHOR_NAME=Francesco+Frendo&PLA_SW=YES
http://www.sae.org/servlets/product?PROD_TYP=PAPER&ACN=79395284130&AUTHOR_NAME=Francesco+Frendo&PLA_SW=YES
http://www.sciencedirect.com/science/journal/0022460X
http://www.sciencedirect.com/science/journal/0022460X
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%236923%231998%23997849995%23301150%23FLT%23&_cdi=6923&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=400904247221ec27628c3f593956eee8

95

[12] British Standards Institution. Measurement and Evaluation of Human Exposure to

Whole-Body Mechanical Vibration and Repeated Shock. BS 6841.

London: British Standards Institution, 1987.

[13] Heisler, H. Vehicle and Engine Technology. 2" ed. Warrendale: Society of

Automotive Engineers, 1985.

[14] International Organization for Standardization. Mechanical vibration — Road surface

profiles — Reporting of measured data. 1SO 8608. International

Organization for Standardization; 1995.

[15] Milliken, W.F. and Milliken; D.L. Cha__§sis Desion Principles and Analysis. 1° ed.

WarrendalerSociety.of Automotive Engineers, 1988.

[16] Ekici, B. Multi-response obtimigationiin a three=link leaf-spring model. International

)

Journalof Vehicle DeSlGﬂ 38 4 (2005): 326-346.

[17] Al Majid, A. and DufourR. Formu4at1on of a hysteresis restoring force model:

li >

application to VIbrann“lsolaf[lon. Journal of Nonlinear Dynamics 27

(2002): 69-86. "--“1:=' #

#

[18] Chatelet, E., Michon, G., Man|n L and Jacquet G. Stick/slip phenomena in

dynamics: ch0|ce of Contact model numerical predictions and

+f — -

expenments I\/Iechamsm and I\/Iachme Theorv 43 (2008): 1211-1224.

[19] Hoyle, J.B. Modelllng the static stiffness and dynamlo frequency response

characteristics of a leaf spring truck suspension. Proceedings of the

Institution of Mechanical.Engineers, Part.D. Journal of Automobile

engineering. “ISSN 0954:4070. LLonden: Professional Engineering, 1989

[20] Claudio Garcia. Comparison of friction models-applied to a control valve. Control

Engineering Practice 6,40 (Qctober 2008):.1231-1243.

[21] Zhang Yonglin and Zhang Jiafan. Numerical simulation of stochastic road process

using white noise filtration. Mechanical Systems and Signal Processing

20, 2 (February 2006): 363-372.


http://www.google.co.th/search?hl=th&ei=8idaSvTxIMaNkQXouvXTBQ&sa=X&oi=spell&resnum=0&ct=result&cd=1&q=W.F.Milliken+and+D.L.+Milliken.+Chassis+Design+Principles+and+Analysis.+SAE+Inc.1988.&spell=1
http://www.google.co.th/search?hl=th&ei=8idaSvTxIMaNkQXouvXTBQ&sa=X&oi=spell&resnum=0&ct=result&cd=1&q=W.F.Milliken+and+D.L.+Milliken.+Chassis+Design+Principles+and+Analysis.+SAE+Inc.1988.&spell=1
http://www.sciencedirect.com/science/journal/09670661
http://www.sciencedirect.com/science/journal/09670661
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%235703%232008%23999839989%23693696%23FLA%23&_cdi=5703&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=f5c804ced7497ec49f9b92d1c144372b
http://www.sciencedirect.com/science/journal/08883270
http://www.sciencedirect.com/science?_ob=PublicationURL&_tockey=%23TOC%236949%232006%23999799997%23610476%23FLA%23&_cdi=6949&_pubType=J&view=c&_auth=y&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=b008b3b9976ed7219ba24bcab0b3dcd2

AULINENINYINT
ARIAATAUNINGIA Y



AULINENINYINT
ARIAATAUNINGIA Y



PRINCIPAL FREQUENCY WEIGHTINGS IN ONE-THIRD OCTAVES

98

Frequency | Frequency
band Wi Wy Wi
f
number factor factor factor
X Hz X 1000 dB X 1000 dB X 1000 dB
17 0.02 24.2 -32.33
-16 -28.48
-15 -24.47
-14 -20.25
-13 -16.10
-12 -11.49
-11 -6.73
-10 -3.16
-9 -0.96
-8 0.05
-7 -0.07
-6 -1.37
-5 417
-4 -8.31
-3 -13.00
-2 -18.69
-1 -25.51
0 E -32.57
1’;] W’]ﬁ -40.02
2 1 . 48.47
3 : -56.19
4 2.5 631 -4.01 776 -2.20 0.64 -63.93
5 3.15 804 -1.90 | 642 -3.85 0.25 -71.96
6 4 967 -0.29 | 512 0.097 | -80.26




99

Frequency | Frequency
band Wi Wy
.
number factor factor factor
X Rz X1000 | dB | X1000 | dB | X1000 | dB
7 5 1039 0.33 | 409 776
8 63 | 1054 046 | 323 -9.81
9 8 11.93
10 10 -13.91
11 125 15.87
12 16 -18.03
13 20 -19.99
14 25 21.94
15 315 -23.98
16 40 -26.13
17 50 -28.22
18 63 -30.60
19 80 -33.53
20 100 - £5
21 125 U580 V.28
22 160 | 285 |-3001 4.55 | -46.84
23 200 |¢ 52 |-36.38 o 243 | -52.30
. | AUGTRBRINGIAS
25 315 3.98 | 48.00 0.64 | -63.92
2 TR N RN 99| 5% o
\ |

Table A-1 Principal frequency weightings in one-third octaves [11]
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DEFINITION OF VEHICLE'S COORDINATE SYSTEM

-8x = turn left

V\

Ax = turn right

Fig.B-1 Definition of vehicle coordinate system
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MATLAB M-FILE CODE

C1 Leaf Spring Suspension Property

1 s=-0.15 %$%camber height
2 H=2*s
3 AE=1.19;AB=0.37125;
4 CD=0.37125;
5 DE=0.1;
6 r=pi/180;
7 z10=340*r;
8 z40=110*r; %$%Shackle ang
9 z50=180%*r; \
10 y1=AB*sin (z10) ; ;
11 X3=AE- DE*cos(z40_ 0=asin ((y3-y2)/CD);
12 x2=x3-CD*cos (z30) ;"
13 z20=atan2 ((y2-y
14 BC=(x2-x1) /cos _
15 a=1511;b=111. ; ¢ .0535;beta=100;nu=1; %%Dahl
parameters 1 \::\:f\\g -
16 m b=1870/4;m 440 ; 2369035 %% Quarter Car
parameters : B \\\::::\
C2 Ride Comfort Calcul Lo,
1 Fs=200;
2 ax=0;ay=0;az=xs
3 h = spectrum. perlod Yo ")
4 hopts3 = psdopts (h)
5 set (hopts3, 'NFFE 2 >8 7 LES B mTy-e','onesided');
6 hpsdz = psd :
A 4
7 fb=[0.5;0. .—:h 76.3;8;10;12.5;16;
20;25,31.5,4“‘50;5- J
. !
8 Wk=[-7.57;-6.77; -6.33;-6.29;-6.12;-5.49;-4.01;-1.90;

R

12 r i=1:24;
13 fmin (i) =fb (i) /sgqrt (2~ (1/3));
14 end

15 for i=1:23;
16 fmax (1) =(27(1/3))*fmin (i) ;

17 end

18 fmax (24)= 100;

19 for i=1:24;

20 pwrz (i) =avgpower (hpsdz, [fmin (i) fmax(i)]);
21 Pz (i)= pwrz (i) *wk(i);

22 end

23 Pl=sum(Pz) ;
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24
25
26
217

awz=sqrt (P1) ;

awx=0;

awy=0;

ride=sqrt ((awz”"2)+ (awx"2) + (awy”"2))

C3 RMS Acceleration

O ~J oy bW

for i=0:88;
n(i+l)= norm(xs dd((i*130)+1:(i*130)+130));
r(i+l)=n(i+1) /sqrt (150);

end
plot((0:5/88:5),r',"
for 1=0:88;
n(i+l)= norm(xw_ +130)) ;
r(i+l)=n(i+1l)/ -
end
figure,plot ((0:5
hold on;
for i=0:88;
n(i+l)= norm(x
r(i+l)=n(i+
end ; J
plot ((0:5/88:8), ",

St ;
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