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OPTIMIZATION OF VIBRATION COMFORT OF HEAVY DUTY TRU CKS

ABSTRACT

In this thesis, a model based approach have begie@pn order to provide a
better and compact design for heavy duty truckbircguspensions. A 7 DOF half
truck model was built in Matlab/Simulink and a multOF model was built in
Solidworks and Matlab/Simmechanics. For the timel &equency domain the
results are evaluated accoring to ISO 2631-1 stdndden the design options have
been plotted in graphics in order to provide a cachhoice of solution for cabin
suspension design. The differences in the resiltstwo simulations have been
observed and the reasons are discussed. A usadlfriguide user interface has been
developed in order to obtain quick results and gamameter selection. After the
simulations a significant performance improvemeantthe ride comfort has been

obtained.

Keywords: Vibration analysis, vehicle dynamics, frequencylgsia, model based

simulation.



AGIR TICARI ARACLARDA T ITRESIM KONFORU OPTiMiZASYONU

Oz

Bu tezde, gir ticari araclarin kabin stuspansiyonlari icin dayiave kompakt bir
tasarim sglanabilmesi icin  model tabanh bir yaklen uygulanmgtir.
Matlab/Simulink ortaminda 7 serbestlik dereceli Iborodel ve Solidworks ve
Matlab/Simmechanics ortaminda cok serbestlik dérenedeller irsa edilmitir.
Zaman ve frekans domeninde elde edilen sonuclaslarlaras! standart olan ISO
2631-1 ‘e gore deerlendirilmistir. Daha sonra tasarim secenekleri daha kompakt bi
kabin sUspansiyonu tasarimi i¢i ¢c6zum segepéde edebilmek icin grafik olarak
cizdirilmistir. Iki simulasyon arasindaki farklar incelegmie aradaki farkliliklarin
nedenleri argirilmistir. Kullanici dostu bir kullanici ara yiizi tasaras ve bu
sayede cabuk ve hizli bigekilde sonuclarin elde edilebilmesi gnmstir.
Similasyonlarin sonunda secilen yeni parametrelsilds konforunda onemli

derecede agisgzlanmstir.

Anahtar Sozcukler: Titresim analizi, tait dinamgi, frekans analizi, model

tabanli benzetim.
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CHAPTER ONE
INTRODUCTION

1.1 Overview of Automotive Industry and It's Needs

In today’s world, reducing the manufacturing aegdign costs has become one of
the major challenges in almost every branch of strigu Good engineering design
leads to lowering the manufacturing costs and pkaysimportant role to obtain
quality in products. As a leading industry for teclogy development, automotive
engineering studies has been increasing rapidgediast 40 years because of the
increasing demand on motor vehicles. This incrgasiemand brought out an
enormous market which has full of competition inAtoduction and research times
had been shortened in order compete in the mdtkpecially in automotive industry
a short development time for the introduction ofpioved or new vehicle types
decides about market share and economic succegadi&Pl6chel, 2004). Thence,
placing reliable model and simulation based develaqt instead of experimental
development saves a great amount of time and mond#yis aspect. To obtain a
reliable design, an intense care should be takenhefprocess of model and
simulation based development.

Simulation
Results

Problem
Formulatio

Physical Modelling Simulation

Physical

Mathematical
Modelling Software

Figure 1.1 General scheme for solving a phsicablera by
simulation.



One big challenge of automotive engineering is oaprg ride quality of motor
vehicles where a great amount of worktime is spéhis thesis is primarily based
on improving ride qulity of heavy duty trucks, ofhigh ride quality is critical

because of the long drive time on the road.

1.2 Definition of the Problem

With the increasing competition, the CAE tools édecome more important in
automotive industry. Thus, avoiding discomfort diee vibrations in both light
commercial vehicles and heavy commercial vehicteesn important engineering
problem today. Although semi-active and active saspn systems are performing
better results in comparison with passive systeimsy are still expensive. Well
optimized passive suspension systems can provedengortable ride for long hours.
Making modifications on suspension systems neddsase care. Because suspension
systems have many critical tasks which might betlisly proportional to each other.
Making an improvment in one, might cause a decr@adlee other. Thus the tuning
the suspension system in heavy duty trucks withoateasing the costs is an
important job. This thesis focuses on making modifons on cabin suspension
system with realistic components and without avgdthe suspension system to

fully fulfill other tasks.

1.3 Goal

Analyses of vibrating systems gets more diffictithe complexity of the system
increases. The modelling phase depends on rigitebaghich interact each other
with springs&dampers. Tuncel, Ozkan&others devetoge model in order to
minimize the vibration transmitted cabin in 200heTmore DOF system has, the
more difficult is the analytical solution is. So investigation of the dynamic
behaviour of the vehicle, some assumptions and Igiogions must be done in
order to simplfy solution. By making the appropeisssumptions, approximately
accurate results can be achieved.



In havy duty trucks and other ground vehicle,rtig@n reason of discomfort is the
vertical excitation generated from the irregulastof the road surface. Scope of this
work is decreasing the magnitude of vertical vitores between 4-8 Hz, in which
human body is most sensitive to vertical vibratiovisle seated. In order to keep
road handling capabilities and keeping the costeiaimum, making modifications
in cabin suspension system is good choice. By tigating the time and frequency
response of the vehicle for the best parameterctsmhe of force elements

(springs&dampers) in the system, a significant iovpment can be achieved



CHAPTER TWO
THEORETICAL BACKGROUND

2.1 Suspension Systems

Vehicles travel at high speeds which leads to whdeadband spectrum of
vibrations. These are transmitted to passengetfsereby tactile, visual, or aural
paths (Gillespie, 1992). The sources of vibrationehicles depends on:

* Road irregularites,

» Tire/lwheel assembly vibrations,

* Driveline vibrations,

* Engine vibrations.

The way humans percieve vibrations is describdegare 2.1.

RIDE

PERCEPTION
EXCITATION
e | [ | e
Tire/whzel o DYNAMIC o VIBRATIONS
S RESPONSE
Driveline
Engine

Figure 2.1Vehicle Dynamic System (Gillespie,1992).

The major source of discomfort is the excitatiome dol road irregularities in most
cases. Suspensions systems play a critical roigolation of these vibrations from
the body of the vehicle and the passengers. Tlyaidrecy range which is considered
to effect the human health, comfort and perceptometween 0.5 Hz to 80 Hz
according to the International Standart (ISO 2631t297). 25 Hz and above



vibrations are considered as the source of noise.fdll definiton of the tasks of the
suspension system is made by Rajamani in 2006:

+ To isolate vehicle body from road disturbancesriteo to provide good ride

quality: Ride quality in general can be quantified by tleetical acceleration
of the passenger locations. The presence of a deslgned suspension
provides isolation by reducing the vibratory for¢emsmitted from the axle
to the vehicle body. This in turns reduces vehiddy acceleration.

* To keep good road holdin@he road holding performance of a vehicle can

be characterized in terms of its cornering, brakamgl traction abilities.
Improved cornering, braking and traction are olgdinf the variations in
normal tire loads are minimized. This is becausel#iteral and longitudinal
forces generated by a tire depend directly on tivenal tire load. Since a tire
roughly behaves like a spring in response to \artiorces, variations in
normal tire load can be directly related to vettitee deflection. The road
holding performance of a suspension can thereferguantified in terms of
the tire deflection performance.

» To provide good handlingThe roll and pitch accelerations of a vehicle

during cornering, braking and traction are measofegood handling. Half-
car and full-car models can be used to study ttod @ind roll performance of
a vehicle. A good suspension system should enbkatadll and pitch motion
are minimized.

» To support vehicle static weighThis task is performed well if the rattle

space requirements in the vehicle are kept snmathd case of the quarter car
model, it can be quantifiedin terms of the maximsuspension deflection
undergone by the suspension.

In passenger cars, making modifications in suspansystem might be difficult
because of the reversely proportional tasks. Bineigwvy duty trucks, there are extra
moving bodies on the frame such as the cabin amdeht. This makes the system
more complex but on the other hand, gives the dppity to improve ride quality

without effecting road handling and road holdingatailities. In modern heavy duty



trucks, the cabin suspension system consists girdhg&damper couples, which
isolate the cabin from exciting vibrations from sisa

Figure 2.2Front cabin suspension (Mercedes-Benz, n.d.)

In order to keep the roll stability of the cabinaasion bar is used in heavy duty
trucks. The mechanism of cabin suspension may framp truck to truck, but the

main task is not changed: To provide a comfortable inside the cabin.

2.2 Vehicle Models

Vehicles are complex mechanical structures whickehmany DOFs. Thus, some
simplifcations and assumptions are made while fmachic behaviour of the vehicle
is investigated. Thinking vehicle as sprung andownsg rigid bodies over springs and

damper is the main idea while modelling.
2.2.1 Quarter Vehicle Model

Quarter vehicle model is based on dividing the elehin four parts which leads
two a 4 DOF in trucks. In some models the motoals® considered an oscillating

body. In 1990, Guney&Ereke defined a quarter tmnddel with 5 DOF.

As seen below in Figure 2.3, the seat, the bodyc#hsis, the motor and the axle

are considered as translational rigid bodies edsbhach has 1 DOF. Each of them



are connected to each other via spring&dampers. thadaxle is interacted to the
road suface with a tyre, which acts like spring&gam couple. The differential

equations which represent the motion are givernviaelo

] M3 SEAT

1 c3

Zk T_ MHITI CABIN MT:H _T Zm
1
|_|_|

e M2 CHASIS

AXLE M1 2

ml} 1 ¢
o~ g

Figure 2.3 Quarter truck model (Gliney&Ereke, 1990)

m, [2; +c,[{2,-2,) +k;[{z,-2) =0

m Z +¢ Uz -2) +k Uz - 2,) +¢ Uz - 2,)-c,[{z,-2,) -k;H{z,-7) =0

My (B + G, 02, ~ ) +k, ({2, = 2,) =0 "
m, 2, +c,Uz,-2)+c,lz,~2z)+c [z -2)-k Uz -z)-c Uz -2)~

¢, U2, ~2) -k, {z,~2) =0

m [ +c, [ +k [, -c,lz,-2) -k [{z 2_Z):Cm+k th

The system analyse can be made from the solutiothese five equations.
Although exactly correct results can not be actddvem quarter vehicle model, it is
used in many applications such as semi-active atileasuspension design. The
model only takes the vertical vibrations into aawowhich results a loss of data for

pitch and roll motions. But it gives acceptableufessfor bounce motions.



2.2.2 Half Vehicle Models

Half vehicle model is good for inspecting both ieat translational and pitch
motions. It cosists of five rigid bodies and 7 DO of them are translational and 2
of them are rotational. Because of the rotatingidsmdmotion equations become
nonlinear and in order to solve them, some assomptinust be made.

e eewd

Jx2

1oy

Figure 2.47 DOF half truck model. 5 translational and 2 riota&l degree of freedom.

As seen in Figure 2.4 the representation of motwih have 7 differential
equations. And the springs are assumed that theg halinear behaviour which
means they have a constant stiffness. Damperdsreassumed linear. The amount
of the rotational motion of cabin and the chase assumed very small in order to
make linearization with the sine and cosine fumdioThe motion equations are

described below.
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Seven differential equations can represent thecattranslational motion and the

pitch motion of both the cabin and the chasis. Tharacteristic equation of the

given system is stated below by the Equaiton 3.sBlation of the characteristic

equation we can achive the eigenvalues of the mysthich leads us to natural

frequencies of the system.
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Where [m] is the mass matrix, [c] is the dampingtnraand [K] is the stiffness

matrix. Rearranging the equations we can obtaimtags matrix as;

m 0O 0 0 0 0 O0|%
Om 0O O 0O 0 O0f%
0 0m 0O O 0 Of%
0O 0 O I, 0 0 0|24 (4)
0 0 0 O0m 0O OZy%,
O 0 0 O O I, O0|2§
0 0 0 0 0 0 mll%

By the same way, making the appropriate arrangesmgnthe equations, the

damping matrix can be obtained as;

G 0 G <L 0 0 0]
0 (Q+C4) _C4 C4L3 0 0 0
cL—lL+ Co
0 X
< G (e, He+c) L;-(Li oL j Q) [GL Gl h
<l ol {%.Li—c4.L3+ } {calimﬁ; } ‘|:(%,(|_1+L?)+:| c3(|_1+|_2)1_2} . 5
" letrat)] et ob 1) let ) | e, 2
L+ %, (5)
0 o0 +) {(:«,-(LrLa) } gtete)  [ebel] =, Q
GLHLL, - %
o 0 L+gl?] 0
kLl mtl—ud ehcl]  [ali+ely]

As seen above, the matrix with Equation numbes Sjmetric along it's diagonal
which is the proof of calculations in first sighthe stiffness matrix can be formed
again by making the appropriate arrangement inntle¢ion equations. It is also

simetric along it's diogonal. The stiffness maig)given below.
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+
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(6)

By taking the determinant of the charateristic polyial, we can achive the

damped natural frequencies. Here is the exampldablaiode to do this job. The

stiffness, damping and mass matrices which aretapthe code are not given here.

clc
cl ear

% Masses and nonent of inertias %

ml=450/ 2; | 3=2993/ 2;
=450/ 2; | 4=386/ 2;
n8=2089/ 2;

mi=1000/ 2;

nb=125

% Spring and danper constants
k1=900000; ¢1=2000;
k2=900000; c2=2000;
k3=250000; c3=7500;
k4=250000; c4=7500;
k5=180000; ¢5=6000;
k6=60000; ¢6=2000;
k7=10000; ¢7=100;

% Geonetri cal
L1=2. 323;
L2=1. 160;
L3=1. 875;
L4=0. 402;

Synms s;

kpol =MF s~ 2+C* s+K;

di nensi ons %

kpol det =det (kpol ) ;
p=sol ve(kpol det)/ (2*pi)
vpa(p, 12)

%
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With the parameters given above the natural freqpenh the seat mass is found
around 1.25 Hz. The effect of parameters on dampédtral frequency can be shown
clearly with the aid of this code. The effect oftural frequency on frequency

response will be mentioned in chapter 4.

2.2.3. Full Vehicle Model

Full vehicle model consists of many joints and lesdiFull vehicle models are
usually used for cars. In trucks the number of #qna and system complexity
increase grealty and system becomes very difftoutblve analytically. In this thesis
a full truck model devoloped in Matlab/Simmechamglt be investigated in chapter

seven.

Figure 2.5A 7 DOF full car model (Emekli, 2008).

In Figure 2.5, a full car model is shown. It haso&tional and 4 translational
degrees of freedom. The model is devolep for bugda semi-active suspension
control system for a light transport vehicle. Witie aid of this model, roll and pitch
motions of the car body can be monitored and ctatto
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B achine for model: full_truck_assy BEx)|
View Simulation Model Help -
H 992000l »0+& n = FFEY

(1] L

F e [ Bow [ Bue [ @ | Mo [ @ rae [ Bimu | e [ man [ Zese | B [ Wi } ) e

Figure 2.6 A full truck model developed in Solidwsrand Matlab/SimMechanics.

In Figure 2.6, a full truck model which consistsrodny DOFs. It's designed in
Solidworks and translated to Matlab environmenoaigh CAD Translator software.
With the aid of this model, complete vibration nooi$ of the vehicle can be observe,
if desired a control system can be implementedntaolgtion.

2.3 Road Modelling

Defining the road is a very difficult concept sirtbe real road profiles itself have
a stochastic structure. Road profile consists oéllarregularites, potholes, bumps
and roughness on the road surface. Therefore #@spr modelling of the road is
imposible. Besides single obstacles or track gredke irregularities of a road are of
stochastic nature. A vehicle driving over a randoad prodile mainly performs hub,
pitch and roll motions. The local inclination ofethroad profile also induces
longitudinal and lateral motions as well as yaw ioreg. On normal roads the latter
motions have less influence on ride comfort and gdfety. To limit the effort of the
stochastic description usually simpler road modeks used (Rill, 2005). We can
form the road models in two ways: Deterministic asadom profiles.
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2.3.1 Deterministic Profiles

Deterministic profiles are usuallay based on maldsgmations, assumptions and

simplifications on road profiles.

Figure 2.7 Parallel track road model (Ri00B).

For example in Figure 2.7 shown above, the twdkgaf the car are assumed to
be identical to each other, naturally the inputiegraded to one. And also the local
inclinations are not taken into account if not etiatThese simplification has to be
done in order to form an input output relation kedw the road surface and the

vehicle.

When the potholes and bumps are considered whieh hearly arbitrary shape,
they are single obstacle on the road surface. Ayredth simple rectangular cleats
the dynamic reaction of a vehicle or a single tioea sudden impact can be
investigated. If the shape of the obstacle is apprated by a smooth function, like a

cosine wave, then, discontinuities will be avoidedl, 2005).

Figure 2.8 Cleat and cosine shaped bump (Rill, 2005
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Above in Figure 2.8, the representation of a céeat a cosine shaped bump can
be seen. Given the dimensions in the Figure, madtieah functions can be obtained.

The function of a cleat can be written as;

H if O<x<L and —1[B<y<EEIB
Z(x,y)= 2 2

0 ese 0

The representation of a bump on the other handtaireed by a similar way. It
asumes the bump as it is cosine shaped. The maibahfanction of the bump can
be written as;

1 X . 1 1
—HO1- 21— f O<x<L d -=-B =B
2%, y)=12 [ﬁ C°{ LD | ” TR (®)
dse
0
where H, B and L denote height, width and lengthhef obstacle. Potholes are the
opposite of bump and cleats. The negative valudiseofieight (H) is used.

For hormonic motion representation, sine wavesag@opriate to use. A general

representation for sinewave can be expressed as;
z(s) = Asin(Qs) (9)

where s is the path variable, A represents the patplitude and is the wave

number. If there is a phase difference, the equngd8p becomes;
z(s) = Asin(Qs-W) (10)

where V¥ is the phase lag. The harmonic excitation is neéegleen the frequency
behaviour of the vehicle is to be inspected. Bygsthe deterministic road models,
the time and the frequency behaviours of vehicle loa investigated and different

design secenarios can be compared to each other.
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2.3.2 Random Profiles

Random profiles are generated by statistical aghes Rill (2005) stated that the
road profiles fit the category of stationary Gaaasrandom processes. Hence the

irregularties of a road can be described eitheplfile itself zz =z (s).

$ze

0.15 . ; : : | |
0.10 Realization

Gaussian
density
function

Histogram

-0.05
0.10

0.15 1 1 1 I
200 150  -100 50 0 50 100 [ 150 200

Figure 2.9 Road profile and statistical proper(ie#, 2005).

In this thesis deterministic profiles will be usedinvestigate the frequency and

time response of the vehicle.

2.4 Time and Frequency Response Analyses

Investigation of vehicle dynamics mainly dependstwa analyses. One of them
is time domain analysis which represents the velsicesponse to specific input with
specific configuration in a limited time intervdlhis type of analyses are very useful
to observe the response of the dynamic systemdsjpeaific input and to compare
various vehicle suspension configurations. In Fegrl0, a typical time response of
truck for a step input is shown. The settling tirntiee overshoot can be observed

clearly on time response.
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Figure 2.10Time response of truck-seat for a step input afitfaxle and rear axle respectively.

The input to the front axle creates displacemenchvis much bigger than the
displacement that is created by the rear axle inplg detailed investigation of the

time response of a truck will be investigated iater four.

The investigation of vehicle dyamics for harmomguts which mainly consists
of vibration in real life; depends on frequencyp@sse analyze tecniques. Frequency
domain is independent from time, calculates thgparse of dynamic system to
harmonic inputs. There are analytical ways of daloug frequency response of a
linear system such as Bode plots and Nyquist dmagrd&ut the nature of dynamic
systems are highly non-linear. Therfore numeriggbraaces are usually a more
widespread technique for calculating frequency@asp. Modelling of the dynamic
system with a high complexity are now simpler trean& CAE tools developed

today. In Figure 2.11, there is a typical frequeresponse of a truck shown.
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Frequency (Hz)

Figure 2.11Typical frequency response of a truck for an exicitaspectrum of 0-15 Hz.

The horizontal axis shows the frequency excitasoale and the vertical axis
shows the gain of the response for the input. Tineedfeels the vibrations higher
when the response gain is over 1. And the amplgtudevibrations are decreased in
the value of gains lower than 1. This represemai® also known as transfer

function.



CHAPTER THREE
MODELLING OF A HEAVY DUTY TRUCK

3.1 Concept of Modelling

In cahpter 2, the motion equations of a half trme&del were stated. The
modelling study in this thesis will be carried aater these half truck equations.
Matlab/Simulink is a powerful tool for modelling dgmic systems. It can be used
for solving differential equations which are highlyeeded for modelling of
dynamical systems. In Figure 3.1, a spring maséasystem is shown.

Tl

K |—] ©

—AAAN

[ i e

Figure 3.1Spring-mass-damper system

The differential equation of the system is showiowan Equation (11).
mX+cx+kx = f(t) (12)

where m is the mass, c is the damping coefficiet lais the spring stiffness. The

system can be modelled in Simulink easily.

19
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Figure 3.2The simulink block diagram of mass-sprin-dampeteys

In Figure 3.2, the block diagram of the mass-spdagper system can be
observed. The modelling in simulink mainly depemdsntegration of acceleration
variable through velocity and postion. Then velpaind position are fedback to
summation point after they are multiplyed by thergpand damper coefficients. The
variable which is to be observed can be viewedgthra scope and transfered to the

Matlab workspace for data processing.
3.2 Building a 7 DOF Model in Matlab/Simulink Environment
3.2.1 General Overview of the Model

The 7 DOF model cosists of seven motion equatiohgtwwas mentioned in
cahpter two. The schematic and motion equationg wkyarly stated. According to
the schematic and motion equations the constructidhe model are shown below
in Figures.

Building the model in simulink is based on bloclagtiams which performs the
necessary mathematical functions and operations. rire system gets complex,
the more system gets harder to model it in Simulilmk this aspect creating
subsytems is very useful. Below in Figure 3.3, tiwel developed in Simulink has

two inputs consists of 7 subsystems giving out fpats.
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Figure 3.3The 7 DOF model constructed in Simulink.

The outputs are displacements of the translatioredses which are; seat, body,

chasis and axles. And the others are rotationkebbdy and the chassis. Velocity

and acceleration informations can be obtained yeasilusing derivation operators.

User defined functions or builtin Matlab functioren be used as inputs.

ot

ot

e

ot el
Gall i

ot

Motia_Eq_T

Figure 3.4Seven motion equations in seven subsystem blodies.stibsystems are connected to each

other. Each subsytem has inputs and outputs.
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Figure 3.8 Motion equation for chasis in tim@aal mode modelled in simulink.
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As seen in the figures above, the models are impat-output relation to each
other. Solving 7 equations together provides thepuws that give valuable

information of the vibration and the ride charaistizs of the vehicle.

3.2.2 Necessary Assumptions and Realizations to Build the Model

The vehicle itself is comlex dynamic system whi@we nonlinear differential
equations that are difficult to solve. In ordestive the differential equations, some
linearizations are made. The rotation motion arotih&center of gravity chasis are

assumed to be small.

|Im
CG. [
| @ ———— . |
— ——— |
Figure 3.12The rotation of rigid body around the center ofvifsa
It is assumed small enough to ensure the equation;
sind 0@ (12)

In the motion equations of rotation of cabin ahdsis, this assumption had been

made to solve the equations.

Another assumption is the to limit the vehicle’stran in vertical mode. The
bodies in this model are assumed to be rigid angdenmmoonly vertical direction.



CHAPTER FOUR
DESIGN SCENARIOS AND SIMULATION

4.1 Parameter Selection for Design Scenarios

Driving comfortably in heavy trucks is very impantadue to the long drive times.
A comfortable ride quality makes the truck more remical becasuse the driver
could use the truck longer which obtains quickemsportation time. Therefore
decreasing the acceleration on truck cabin and seahighly important for

commercial heavy trucks.

The tires are the interaction point between thel raad the vehicle. So making
modifications in suspension system for improvingericomfor may cause road
holding problems. Therefore making modificationstlo& cabin suspension system is

the way to improve comfort without decreasing th&d holding capabilities.

The cabin suspension system consists of 4 springs4adampers in modern
heavy commercial vehicles. The selection of théngpstiffness and damper ratings
effects to natural frequency of cabin directly. Tdn here is to reduce accelerations

on the cabin with the correct combination of spfidgmper combinations.
4.2 Realization of Parameters

Selection of the softest spring might provide thestbride but constructional
constraints are a huge barrier in front of thise Tisplacement of the rigid bodies

have to be limited in order to avoid collusions.Tlable 4.1 the cabin suspension

stiffnesses of some commercial vehicles are seen.

28
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Table 4.1 Cabin suspension stiffnesses of someyteaamercial vehicles.

. Front Cabin Suspension| Rear Cabin Suspension
Vehicle Model _ _
Stiffness(N/m) Stiffness(N/m)
Type-1 180000 60000
Type-2 42000 40000
Type-3 22000 23000

Generally implementing softer springs improves tlke quality, but too soft
spring may cause motion sickness in some casesmaght cause collusions in
oscillating components. The oscillations under 1 ddzmses motion sickness. The
dynamic response for several parameters for spngdampers and thier effects to

ride will be investigated in next section

4.3 Time Response of the Model

In this section several design parameters wiltrigel on simulation in order to
find optiumum ride comfort. For time domain anakysthe response of the vehicle to
bumps and harmonic inputs will be investigated. therselection of parameters and
comparison of performances, several design seasefzve been prepared. The
change in different design scenarios will only beabin suspension parameters. So
the existing parameters Type-1 which is heavy corialevehicle produced in
Turkey are given in Table 4.2.

Table 4.2Existing parameters of a heavy commercial vehicle.

Parameter Value

Equivalent mass of front axle-m1 225 kg
Equivalent mass of rear axle-m2 225 kg
Equivalent mass of chasis-m3 1044 kg
Equivalent mass of cabin-m4 500 kg
Equivalent mass of seat+driver-m5 100 kg
Moment of inertia of chasis around y axis-13 14960k
Moment of inertia of cabin around y axis-14 193rkg.
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Stiffness of front tyre-k1 900.000 N/m
Stiffness of rear tyre-k2 900.000 N/m
Stiffness of front suspension-k3 170.000 N/m
Stiffness of rear suspension-k4 250.000 N/m
Stiffness of front cabin suspension-k5 180.000 N/m
Stiffness of rear cabin suspensions-k6 60.000 N/m
Stiffness of seat spring-k7 10.000 N/m
Damping rating of front tyre-c1 2000 N.s/m
Damping rating of rear tyre-c2 2000 N.s/m
Damping rating of front suspensions-c3 7500 N.s/m
Damping rating of rear suspension-c4 7500 N.s/m
Damping rating of front cabin suspension-cb 6008/ M.
Damping rating of rear cabin suspension -c6 20G0NN.
Damping rating of seat damper-c7 2000 N.s/m

The design scenarios to be applied in simulatierbatow in Table 4.3.

Table 4.3 Design scenarios

Cs Cs Ks Ke
(N.s/m) (N.s/m) (N/m) (N/m)
Design scenario-1 | 000 2000 180000 60000
(Existing)

Design scenario-2 4000 4000 90000 60000
Design scenario-3 4000 4000 60000 60000
Design scenario-4 3000 3000 60000 60000
Design scenario-5 2500 2500 60000 60000
Design scenario-6 2000 2000 60000 6000
Design scenario-7 2000 2000 40000 40000
Design scenario-8 1500 1500 40000 40000
Design scenario-9 1500 1500 30000 30000
Design scenario-10 1250 1250 30000 30000
Design scenario-11 2000 2000 25000 25000
Design scenario-12 1500 1500 25000 25000
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4.3.1 Time Response for Bumps

In this section, the response of the half-truclkatbump will be investigated for
different design scenarios will be investigatede Thathematical representetion of a

bump was given in section 2.3.1. Acoording to tbemula, the simulink model is
obtained which is shown in Figure 4.1.

o
W

Foad
Constanti
mis

X el 05 HA - cos2™ pit usL L
(O——— | O

Clock Froduct Fen ——
Suitch Secope
e bump
Ta Wotspace

Figure 4.1 Simulink block diagram representatioma @dump.

The position input here depends on the vehicle dspbemp length and bump

height. In the simulations a speed of 10 km/hiedtrThe results are given below for
design scenarios.
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Figure 4.3 Bump response of seat and cabin fogdesienario-2.
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Figure 4.5 Bump response of seat and cabin fogdesienario-4.
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Figure 4.7 Bump response of seat and cabin fogdesienario-6.
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Figure 4.10 Bump response of seat and cabin fagaasenario-9.
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Figure 4.11 Bump response of seat and cabin fogaesenario-10.
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Figure 4.13 Bump response of seat and cabin foguesenario-12.
According to simulation made with 12 design scersarusing softer springs in

cabin suspension helps decresing the displaceni@atshe settling time increases.

Thus keeping the damping in a reasonable valueO(208/m seems to perform
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good) decreases the settling time. Increasing dagrgm much can cause problems in
high frequencies such as hardening in suspensidmaise. So design scenario-11
seems to be a good solution for time response efvihicle for a bump. In next

section the time response for harmonic inputs lpélinvestigated.

4.3.2 Time Response for Potholes

For the simulation of potholes, the negative valoéH is used in equation 18.
The response diagram of design secenario-1, fatlofe with depth of 0.1 m and
length of 0.5 m while the vehicle speed is 10 knglshown below in Figure 4.14.

0.1 : !

——= Seat

Response(m)

15 \ | i i I
0 1000 2000 3000 4000 5000 5000

Time(ms)

Figure 4.14 The response of the model for pothefgttdof 0.1 m and for a length of 0.5 m.

As seen in Figure 4.14 the response is very sirtolthe bump response shown in
Figure 4.2. The only difference is the directiontloé excitaion. In the next section

the frequency response of the system will be ingatsd.

4.3 Frequency Response and Transfer Function of Medl

The frequency response analyses gives us ideas @i@obehaviour of the vehicle

under vibrations. In different frequencies the sgsigives different responses. The
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idea of transfer function is to visulize the belmavof the system for a frequency
range. The gain of the system which is the ratibveen the output and input
magnitudes, is ploted for the desired frequencygeanThe transfer function

representations of the system for the given designarios are below in the Figures.
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Figure 4.15 Transfer function between seat andsdgledesign scenario-1.
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Figure 4.16 Transfer function between seat andsdgledesign scenario-2.
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Figure 4.17 Transfer function between seat andsdgledesign scenario-3.
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Figure 4.18 Transfer function between seat andsdgledesign scenario-4.
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Figure 4.19 Transfer function between seat andsdgledesign scenario-5.
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Figure 4.20 Transfer function between seat andsdgledesign scenario-6.
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Figure 4.21 Transfer function between seat andsdgledesign scenario-7.
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Figure 4.22 Transfer function between seat andsdgledesign scenario-8.
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Figure 4.23 Transfer function between seat andsdgledesign scenario-9.
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Figure 4.24 Transfer function between seat andsdgledesign scenario-10.
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Figure 4.25 Transfer function between seat andsdgledesign scenario-11.
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Figure 4.26 Transfer function between seat andsdgledesign scenario-12.

If the results are compared to each other, designario-3 gives the best results
when the transfer functions are considered. Thet @&the graph (the maximum

response gain) is reduced 2.3 where this value8dn2the existing situation. The
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high damping rate helps the crest of the graphedse. But high damping causes
noise discomfort in high frequencies. Thus seelmgttansfer function overlapped
woluld give a good idea about high frequecy perfomoe damping rate. But the
transfer function approach is not a proof of comfdhe human body response to
vibrations has it's own unique characteristics. @&dmg to the international
standards, the human body is sensitive to vertitahtions in the range of 4-8 Hz.
Thus the damped natural frequency of the vehiciemmortant and it must be lower
than 4 Hz or higher than 8 Hz. In vehicles it isal/ between 1 Hz and 2 Hz. But it
is an important design fact that has to be takes ch The detailed investiagation of
weighted accelerations and human body exposureilti@tion will be made in

chapter 5.

4.5 Effects of Natural Frequency to Transfer Funcin

Because the cabin suspension springs are conniecsadies with relatively stiff
suspension springs and tire, the cabins suspersgidngs pre-dominates natural
frequency of the cabin and the seat in the verticatle. So changing the cabins
suspension effects the damped natural frequentyeotabin and seat greatly. A set
of scenarios were prepared before in previous ehapfthe damped natural

frequencies of the seat for the given design saemare below in Table 4.4.

Table 4.4Existing parameters of a heavy commercial vehicle.

Design Scenario Seat Damped Natural Frequency (H2)
Design scenario-1 1.45
Design scenario-2 1.42
Design scenario-3 1.41
Design scenario-4 1.41
Design scenario-5 1.42
Design scenario-6 1.43
Design scenario-7 1.26
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Design scenario-8 1.27
Design scenario-9 1.15
Design scenario-10 1.15
Design scenario-11 1.05
Design scenario-12 1.07

As it can be understood from the Table 4.4, usstifer springs in cabin
suspensions increases the damped natural frequgmeatly, on the other hand
increasing damping in cabin suspension decreasesldimped natural frequency
slightly. The ideal natural frequency for verticilection for encumburent people on
the seat is 1 Hz. But using such soft springsnatepractical because of the static
weight of the cabin causing so much defleciton tred space needed between the

cabin and the chasis for the deflection occurresnadnroad input exists.

To observe the effect of natural frequency ondf@nfunction, keeping all the
parameters constant except cabin suspension s@nyplotting transfer functions
ovelapped will be helpful. The parameters thatcr@nged given below in Table 4.5
with the corresponding natural frequency. The 7 D@k truck Simulink model was
run in a Matlab code in order to obtain the trangtenctions and plotting them

overlapped..

Table 4.5The changed parameters with corresponding dampedah&equency.

Damped Natural Frequency (Hz) k5 (N/m) k6 (N/m)
1.58 90000 90000
1.54 80000 80000
1.49 70000 70000
1.43 60000 60000
1.36 50000 50000
1.26 40000 40000
1.13 30000 30000
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Figure 4.27 The effect of damped natural frequenmtyransfer function.

As seen in Figure 4.27 higher damped natural #rqu effects the transfer
function and shifts it up. This causes the respayea increase in all frequency
range. Lower natural frequency provides a more oaoable ride according to the
transfer function approach. Lowest displacementuisat the natural frequency of
1.13 Hz. At higher values of natural frequencyffticabin suspension springs) the
displacement peak in the 1-5 Hz range increasésctigig a greater transmission of

road input.

On the other hand the effect of damping on trarfsiiection is different from the
springs’ effect. Damping in suspensions comes piiyndrom the action of
hydraulic shock absorbers. Contrary to their nahmey do not absorb shock from the
road bumps. Rather the suspension absorbs the smatikthe shock absorber’s
function then is to dissipate energy put into tlystam by the bump (Gillespie,
1992). In Figure 4.29, the effect of cabin suspmmsiamping rate to transfer

function can be seen.
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Figure 4.28 The effect of cabin suspension damgpategon transfer function.

The peak of the transfer function increases wkhle damping in the cabin
suspension decreases. But for the higher frequemower damping gives a better
performance by reflecting lower displacement anckbksration to the cabin and seat.
So choosing very hard dampers seems to be goodiosolat first sight but the
isolation at high frequencies might be problemcBoosing a moderate damping rate

is good and widespread solution for heavy trucliic suspension systems.

4.6 GUI Design

Designing and engineering of a motor vehiclesnee tconsuming activity. So all
the work that had been done is standardized inr@aodeeep information for the next
project in most automotive firms. To shorten thepansion design process in heavy

duty trucks, a user friendly, Matlab based GuiderUsterface has been designed.

The frequency response and the transfer funconbe observed by entering the
parameters only. The requested transfer functiorfreguency response can be
selected from the selection panel. And the resilthe simulation can be saved to a
desired location. The GUI designed for simulatimg tfrequency response and

transfer functions can be seen in Figure 4.30.
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For another simulation the plots must be cleaistl by pushing the “Clear Plots”

button. The GUI uses the 7 DOF half truck Simulin&del in a Matlab code. Since
the vibration and vehicle dynamics are complicatezhs of study, with the aid of a

user interface, an expert is not needed to makelatimns in order to get the results.

The evaluation of the results on the other hanidngeds an expert’'s observation.




CHAPTER FIVE
EVALUATION OF COMFORT ACCORDING TO INTERNATIONAL
STANDARTS

5.1 The wieghted R.M.S Approach and Frequency Weidimg

The performance characteristics which are of nmgrest when designing the
vehicle suspension are passenger ride comfort, holding and suspension travel.
The passenger ride comfort is related to passeagaieration, suspension travel is
related to relative distance between the unspruagsnand sprung mass and road
handling is related to the tyre displacement (Sfata Prasad & others, 2008).

The vibration evaluation according to I1SO 2631 llshalways include
measurements of weighted root-mean-square (r.nteglexation. The weighted
RMS acceleration is expressed in meters per sesguared (m/3 for translational
vibration and radians per second squared (fpdés rotational vibration. The
weighted RMS acceleration shall be caculated im@ance with the following
equation or its equivalents in the frequency domain

_| 1
W7

Wherea, (t) is the weighted acceleration (translational oatiohal) as a function

1
2

afv(t)dt} (13)

O ey -

of time, in meters per second squared fmss radians per second squared (r3d/s
respectively. T is the duration of measurementseconds (Intenational standart
2631-1, 1997(E)). Frequency weighting curves re@mhed and/or used for various
directions and their applications are listed in [Eab and Table-2 in Intenational
standart 2631-1 . Numerical values of the valueth®fweighting curves are given in

tables 3 and 4 in Intenational standart 2631-1.
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To design a comfortable ride in simulations foahetrucks, the RMS values of
acceleration for all directions have to used. Ha talculation of RMS values of

acceleration, r.m.s block of Matlab/Simulink hash&sed.
5.2 Effects of Vibration to Comfort and Perception

There is no conclusive evidence to support a usaletime dependence of
vibration effects on comfort. The weighted RMS aecaion shall be determined for
each axis of translational vibration (x-,y- andazes) at the surface which supports
person. Frequency weightings used for the prediatibthe effects of vibration on
comfort are w, wy, We, Wj, and w. These weightings should be applied as follows

with the multiplying factors Was indicated below in equation (24).

a, = {Z(Wi-a )zf (14)

Where a, is the frequency-weighted accelerati®, is the weighting factor for
the i th one-third octave band, is te RMS acceleration for the i th one-third oeta

band.

For seated persons:
X-axis (supporting seat surface vibrationy;wil
y-axis (supporting seat surface vibrationy;wil

Z-axis (supporting seat surface vibration)wl

Since the simulations in this thesis takes intwoaat only the vertical vibrations
for seated persons the weighting factor is 1.
Acceptable values of vibration magnitude for cornftepend on many factors which
vary with each application. There for a limit istmefined. The following values in
Table 5.1 give approximate indications of likelyacgons at various magnitudes of

overall vibration total values in public transport.
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However, the reactions at various magnitudes depenpassenger expectations
with regard to trip duration and the type of ad¢ies passengers expect to accomplish
(e.g. reading eating writing, etc.) and many oflaetors (acoustic noise, temprature,

etc.)

Table 5.1Approximate indications of likely reactions at \ars magnitudes of overall vibration total

values.

R.M.S acceleration

Comfort Rate

Less than 0.315 nf/s

Not uncomfortable

0.315t0 0.63 mfs

A little uncomfortable

0.5to 1 m/§ Fairly uncomfortable
0.8t0 1.6 m/s Uncomfortable
1.25 to 2.5 mfs Very uncomfortable

Greater than 2 nf/s

Extremely uncomfortable

5.3 Evaluation of Design Scenarios According to ISQ631-1

In order to reach a conclusion with comfort coricéme results of the simulation
must be evaluated according to international stasdehich has been mentioned in
the previous section. The time and frequency responharacteristics were
investigated in the previous chapter. But in orttermake tangible comparison
between design scenarios, the RMS acceleratiofissmanust be completed. For the
same inputs, the design scenarios given in prevahiapter will be compared. A

typical RMS signal is shown with the original aeation signal in Figure 5.1.
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Figure 5.1 A typical RMS acceleration with origirsdceleration signal.

RMS acceleration analysis is meaningful for tifreguency response anaylsis.
First, time response of the vehicle model for a puwhich has a height of 0.1 m and
length of 0.5, will be investigated. Then the weéeghRMS method will be applied.
For the given design scenarios in the previous telnape the r.m.s accelerations of
the seat are given in the Table 5.2.

Table 5.2RMS acceleration values for design scenarios.

Design Scenario RMS Acceleration on Seat
Design scenario-1 1.8356
Design scenario-2 1.9373
Design scenario-3 1.9103
Design scenario-4 1.8948
Design scenario-5 1.9020
Design scenario-6 1.9263
Design scenario-7 1.5840
Design scenario-8 1.5870
Design scenario-9 1.3641
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Design scenario-10 1.3578
Design scenario-11 1.3138
Design scenario-12 1.2526

RMS Seat Verical Acceleration

| | |
1] 1 2 ) 4 =1 B 7 8 9 10 1 12
Design Scenario Mumber

Figure 5.2RMS seat vertical accelerations for design scesario

As it can cleary be seen in Table 5.2, the leAdSRicceleration occurs in design
scenario-12. Seeing the design scenarios as a whah is shown in Figure 5.1,
would give a better idea about the effects of patans to rms acceleration. There is
a slight increase in transition from design scendrito 5. The reason is the the
decrease in the damping rate. But on the other,hdewtasing damping reduces the
RMS acceleration. To find the clear effect of cabuspension damping rate on
RMS acceleration and the optimum damping rate mncauspension Figure 5.3 can

be observed.
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R.M.S. Seat Vertical Acceleration (rm/s?)

K52k =250 M

| | |
500 1000 1500 2000 2500 3000 3500 4000
Cabin Fron and Rear Suspension Damping (¢ &cg, N.a/m)

i5 | | \ \
i

Figure 5.3The change in RMS seat vertical accelerations gedamping rates of front and rear cabin

suspension damping rates for several front andsigspension stifnesses.

As it can be observed form Figure 5.3, the dampatg has an optimal value
which makes the RMS acceleration minimum. For dgffié cabin suspension
stiffnesses the minima changes it's location. &ifer springs minumum RMS
acceleration occurs in harder damping rates. The& Rigceleration increses as the

damping rate increases after a certain point.

In conclusion, the optimal choice cabin suspengiarameters is very important
for ride characteristics. The chart in Figure 5\8g reasonable idea about the cabin
suspension parameter selection since the chandg&M$ acceleration can clearly be
seen according to cabin suspension parameters.rdingoto design scenarios,
design scenario-12 gives the best performance. rttviges %31.76 better

performance in comparison with existing parameters.



CHAPTER SIX

A MULTI DOF MODEL DESIGN USING SIMMECHANICS
6.1 Basic Approach

Designing and solving multi degree of freedom haeical systems are hard
tasks to accomplish since the nonlinearities maguoand the number differential
equations to solve increase. So making assumptmas simplifications on the
equations provides ways to solve equations. Butsetheassumptions and
simplifications may cover the true behaviour of gystem. Simmechanics in this
aspect is a powerful tool that provides the comimnaof CAD drawings and
assemblies with Simulink environment. Computer-didesign (CAD) tools allow
you to model machines geometrically as collectimfs parts, or assemblies.
Simulink® and SimMechanics™ software use a bloaggdim approach to model
control systems around mechanical devices and atettheir dynamics. The block
diagram approach does not include full geometritormation, nor do CAD
assemblies typically incorporate controllers orowll you to perform dynamic
simulations (Mathworks, Simmechanics CAD Translaaide, 2003). Translating
the CAD models with the assembly constraints intomuBnk environment allows
you either define force elements, or actuatorsa®omplete control system can be

simulated.

éAD Platfurm\

CAD  _ g XML File
Assembly —| Translator

\. Y,

Figure 6.1Translating CAD data into an Simulink convertablXfile .
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The translation operation is made with a softwaaked CAD translator and an
XML file is created. Then the XML file is importeid Matlab via ‘mech_import’

command. The imported file contains the mass aediatensors, and assembly

(- Simulink )
o SimMechanics

Model Generation — Model

\_ J

constraints and it becomes a simulink model.

XML File

Figure 6.2Converting the XML file to Simulink model.

The imported model file is crude, so some openatimust be done before using.
Adding the force elements and the actuators makesiynamic system complete.
The Simmechanics models are compatible with otherulhk blocks so other

blocks in Simulink library can be used.

6.2 Joint, Body, Force Elements

The joint, body and force elements used in then&ohanics model are different
from other simulink blocks. They have a compaaidtire which can contain all the
geometric information inside. Thus the explanatadrthe blocks will be made in

order to provide better understanding.

* Machine Environment: Defines mechanical simulation environment for the
machine to which the block is connected: gravitypehsionality, analaysis
mode, constraint solver type, tolerances, lineidmaand visulization.

e Ground: Grounds one side of a joint to a fixed locationthe World
coordinate system.

« Body: Represents a user-defined rigid body. Body deflmethass m, inertia
tensor |, coordinate origins, axes for center @vgy (CG) and other user-

specified Body coordinate system. The body dialog bets body initial
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position and orientation unless, body and/or cotetegoints are actuated
seperately. The body dialog box also provides opliosettings for
customized body geometry and color.

* Revolute Joint: Represents one rotational degree of freedom. Thaner
(F) Body rotates relative to the base (B) Body @leosingle rotational axis
going through collocated Body coordinate systemgions. Sensor and
actuator ports can be added. Base-follower sequance axis direction
determine sign of forward motion by the right-hankb.

e Prismatic Joint: Represents one translational degree of freedom. The
follower (F) body translates relative to the ba&) Body along single
translational axis connecting Body coordinate osgiSensor and actuator
ports can be added. Base-follower sequence andla&ition determine sign
of forward motion.

* Body Spring&Damper: Models a damped linear oscillator between two
Bodies, equivalent to a translational spring anehgier. The force F between
the bodies is projected along the axis connectiegBiody coordinate systems
and is a function of the relative displacementd &alocity v of these Body
coordinate systems, given by F = -k*(r-rO) - b*\helparameters r0, k, and b
represent the spring's natural length, the spriogstant, and the damper

constant, respectively.

6.3 Simmechanics Model and Simulation Results

The Simmechanics model builded in Matlab consisteany degrees of freedom.
The force elements are assumed linear in the blatksn the model. But in this
model the angle linearizations do not exist sirt® not needed. Simmechanics
model contain the body blocks, joint blocks, foreeement (spring&damper)
blocks,actuator blocks and sensor blocks. The #actusignal is the source of
excitation from the tyres through the vehicle boAytypical Simmechanics block

integration is shown in Figure 6.3.
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Figure 6.3Typical Simmechanics block integration o a roboh.ar

The truck model built int Simmechancis can be skelow at Figure 6.4. The
model consists of too many bodies and joints catimge¢he bodies. The joint spring
dampers are used as force elements. With the afdroé plates modelled in solid
works, the actuation is given to the system. Thaaded force plates are in connection
with tyres with a spring&damper couple. And thectplates are connected to the
ground with prismatic joints. The system resemblatiaker machine which is widely
used in most automobile firms. The excitation te gystem can be given as 4
independent inputs from 4 tyres. This helps to alige the effects of inputs

independently.

The outputs of the system are as RMS accelerdBonif desired the outputs can
be observed as position and velocity. Also all ibtations of rotating bodies can be

observed.



Figure 6.4 Truck model built in Simmechanics.

60



61

The simulation can be animated if desired. But@#d models and the model file
must be in the same directory. The animation of theek model built in

Simmechanics can be observed in Figure 6.5.

Figure 6.5 Simmechanics animation.

The motion of rigid bodies can be seen in Simmeidsaanimation which
provides a powerful visualization tool. The Simmagics model built can excited
from 4 independent tyres. The three dimensionaltimt and translation of chasis,
cabin and the seat can be obsereved from simulafibos it provides immense
observation on the dynamics of the heavy trucks.

In order to make a comparison between the linB&®H half truck model and the
full model built in Simmechanics some results anatpd below in Figure 6.6. The
RMS vertical acceleration values are given for ¢tberesponding design scenarios
mentioned in chapter 4. The results are not paeiectly with the results found in 7
DOF half truck model. But the RMS values are almaisthe same range. The
reasons of the deviation might be the linearizabperation and the assumptions
made to built the 7 DOF half truck model. The Lowd&d¥MS vertical seat
acceleration occurs in design scenario-11. Thd diesign scenario was found to be

number 12 in linearize half truck model. It is gotmdbe mention the difference
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between design scenario 11 and 12 is very slighiclwiprovides us a better
understanding about the optimum cabin suspensioanuers. Another result is
presented in Figure 6.7 which gives an idea aldmuetfect of damping for different

cabin suspension stiffnesses.

3:2
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Figure 6.6 RMS seat vertical accelerations forglescenarios (Simmechanics simulation).
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Figure 6.7 The effect of damping for different cabuspension stiffnesses.
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The lowest RMS vertical acceleration occurs in@b0!/m front and rear cabin
suspension stiffnesses. It proves the idea of wibgimore comfortable ride with
soft springs. In this simulation the effect of dangpis different as shown in Figure
6.7. The increase in damping causes decrease in &jg&eration. But as it can be
understood from the Figure, increasing the dampisg) no more effect on vertical
RMS acceleration after a certain damping rate.
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