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ABSTRACT
BN _ v . . .

T

s
~

A method ror‘de$éﬁmining and apélyzing the linear dynamic
response of;é&é coﬁpléf'articulatéd vehicle structurés to.roaé surface
undulatioqs;”#ebresénted as qtationary Gaussian randoﬁ ekcitations,“is
formulated. - The proceﬂﬁre is used to esﬁimate the iﬁfluence of various
. parameters on the .dypamic behaviour. of the articulated vehicle. In
.particular; the influence of vehicle suspension systems, load pattgrns,‘
speed, and road charécterisﬁics on the ride comfort and ride safe;y is
evaluated. .

An analytical method baséd on ghe eqﬁivalent linearization
technique?lis developed in order to study the effect of the system
nonlineafitieé on the ride behaviour oflthe articulated vehicle. The_
noﬁlinearities include dry friction, bump stops and wheel hop. .The
vehicle is treated as a‘ discrete, nonlinear, time-invariant; multi-
degreé-of-freedom dynamic system subjected t; random road
irregularitiesr

An extensive review-of the availabie iiterature is presented as
- background to the present work. The revieﬁ provides details of various
proposed methods of modelling the road surface undulations, and vehiple

compenents as well as methods of performing'the analysis necessary to

obtain'the vehicle vibrational response and assessing the ride quafity.
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CHAPTER 1

INTRODUCTIOF

1.1 Preliminary Remarks
The dynamic responsé' of articulated vehicles to random road
surface undulations has been of major design concern to automotive

engineers for many years, This concern arises from the fact that

excessive levels of vibration can lead to ride discomfort, ride safety

‘problems, dynamic stressing in vehicle frame and suspension components

as well as to cargo damage or destruction..

Changes in vehicle configuration, coupled with changes in road

conditions, speed limits, and vehicle loadings, plus the necessary -

greater operator awareness have made a knowledge of the dynamic
behaviour of such vehicles more critical. Predicﬁion and analysislof
the dynamic characteristics of articulated vehicles, with particular
referenée to the ride comfort and road safety, are required as a first
step tow;:z a solution to these operating problems.

The ultimate objective of ride dynamicists is te provide
backgrouga By which automotive engineers may produce thicle structures
that are functional and economical and yet provide ride characteristics
that are acceptable. In achié&ing this goal, '£he results of both
theoretical and experimental investiga;ions must be integrated in

providing design parameters. Ideally the final result should be such

that the vehicle structures may be designed to accommodate all road



irregularities while maintaining operator comfort and acceptable cargo

Y

ride plus assuring ride safety through continuous tire contact with the

’,

road. : ’ o v

Experimental tests on heavy vehicle structures, both in the
iaboratory or on-the road, are very expeneive. Also it is diffieult to
isolate the effect éf a particular parameten. and to determine its
effect on vehicle riding_quality. without extensive and tedious
experimentation. In these circumstances, theoretical studies of vehicle
.riding behav1our become practical provided that the vehlcle model can be
shown to be representative of the actual structure and that the
unevenness of the road surface is accurately reproduced in the
representation ny a random process. Using particular mathematical
techniques, the significant parameters affeeting vehicle rine motion may
be isolated and studied. The theoretical analysis thus provides a means

by which engineering designers may introduce and test ride improvements

during the vehicle design process, and then may incbrporate new features:

in the resulting vehicles. with adequate indications of thEir probable
effect on ride characteristics.

Both linear and nonlinear mathematical modeI; have been developed
to predict the ride motion of the vehicle in response to road surface
irregularities. ‘The motion of the vehicle can be obtained using either
simulation techniques or analytical techniques. Recent stueies have
employed simulation techniques [40,48,60, 86,108,129, 140, 1411, While
such techniques are very useful for providing detailed information on

the riding behaviour of the vehicle. they tend to be expensive due to



»

the necé;sity of ghplyiné numericalAmethOQS‘ta integrate the equations
éf motion of the system, and to the time copsdmed iniprgcessing'the
obtained results into statisﬁical characteristics.

The analytical techniques for‘ determining the dynémic
characteristics of the vehicle have récéived‘much iésé atteﬁtion due” to
the complexities involved [125]. ﬁhen the analytical techniques are
gpplied, such techniques are far more useful‘for design and theoretical
studies. They contribute to the general understanding of the behaviour

of_vehicie systems by providing direct relationships between the

observed response'characteristics~and.the system properties which cause

_ them, These analytical techniques can .be used in performing design 

" trade-off studies of vehicle system components, highlighting new

- a
concepts, and comparing alternate approaches.

The work to be presénted here provides a study of the analytical

techniques used in assessing ride quality of articulated vehicles. The

'analytical work Ys undertaken wWith the objective of describing

qualitatively ana quantitatively the ride behaviour of such vehicles,
determination of the ;ignificant.design parameters and an evaluation of
the effect of these design p;rametérs dn the vehicle ride
characteristics.

It has been observed, in carrying out the literature survey [561,
that there is & need for a detailed investigation of the linear
vibratory motions of .the complex heavy highway vehicles qaused by random

road irregularities, such that the interactison between the vehicle and

the road surface can be assessed. It also becomes apparent that the



1.2 Object and Scope -
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dynamic effects of systemlnonlinearities,-quch\as'Coqumb friotion-in N

1

the suspension eystéme. bump stops, and wheel hop, on the behaviour of

the articulated vehicle have not received the attention they deserve.

-

- L5

The objective of this present investigation is three-fold: - |

(1) to- provide a rev1ew of the available- 1iterature dealing with the

dynamic response of articulated vehicles to road surface

undulations. 'in the review the techniques that have.been put

forward for describing road inputfoharaoteristies, modelling the
vehicle components, and performlng the analysis necessary to
obtain the vibrational response are presented and .discussed.
Finally, the indices thgﬁgﬂive been proposed for ride comfort and
ride sofety are provided ond "the manners in 'which various

researchers relate these to the vibrational characteristics of

the vehicles are described.

(ii) to provide a method for determining and analyzing the lipear-

dynamic response of the oomg;;i articulated vehicle structureo to

-

road surfa¢e undulations which are represented as- stati

v

Gaugsian random excitations. The procedure is, used to estimate

the influences of various parameters on the-articulated vehiole

dynamic. behaviour. In particular, the influences of suspension

- . v .
N -
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i3 springing_apd damping, tire sﬁringingﬁaﬁd road characteristics as

-well as vehicle speed and 1ogdipatterh-on the ride comfort and
ride safety ‘are evaluated. .

4

- . - 4

(iii) to %eéélop- an analytical method based on the eqﬁ;valént

.

linearization technique to study the effect of the system’
nonlinearities on the ride behaviour of the articulated vehicle. .,

The nonlinearities considereﬁ\inglude_déy‘friction'daﬁping, bumﬁ

stops ‘and wheel hop. The vehicle is trqeted as é disdrete,

N . i 13 = K3 ] £ M g
nonlinear, time invariant, multi-degree-of-freedom dynamic system

subBeéteH'to random road irregularities. .
. .

- s -
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CHAPTER 2 _
RIDE DYNAMICS OF ARTICULATED VEHICLES

A LITERATURE SURVEY
[} .. -

v -

The availﬁble literéture deéling with the dynamic response of
articulated vehicles to road surface undulations has been reviewed. The
techﬁiques that have been put forward for desckibing‘road input

~

chéracteristics,'for modelling the vehicles in a range of degrees of

freedom, and for performing the analysis necessary to obtain the

vibratidnal response have been stated and discussed. Finaily- the -

indices that have been proposed for ride qomfoﬁt and ride safety are

.given and the manners in which various researchers relate these to the

vibrational characteristics of the_%ehic}es are.described.
2.1  Introduction

.Q§er the past two decades, thgre has been an increased interest
in the betterment of ride quality .in the large articulated vehicles
presently in use on our roads. The.stud§ of ride qudli£y requires an
assessment of the response of the vehiéle to the inputs at the road
surface. This mathematical assessﬁént is normally termed the study of
"ride dynamies"™ which is aefined as the response in terms of mechanical
vibration in the various components of the vehicle, ﬁpo- the. random
roughness . that may be found‘ in 'any given sect@on of roaqk. The

mechanical vibration induced in the vehicle may lead to driver



discomfort, wear and damage to vehicle components, damage or destrqction
of the cargo, and possibly to t;éctioh loss, ahd it ;g for bﬁese'reasbns
that the betterment of ride qualit& is sougﬁt.

Téo factors have contributed to the widening of .interest and
discusgion of the ride quaiity. in the particular form of vehicle.
.First, the advent of computer systems capable of deéling withlcompléx
mathematical probiems"hg? simplified the éolution of the equations
'describing the vehicfe motions. Sécohdly. a'large body of relevant work
is availabie descrising the‘ride characteristics'of simpler vehicles,
such as automobiles and light t;ucks which can provide a ready

background to an understanding of the more complex motion of the

articulated vehicles. , ) L

]
£

Art}culated yghicles are very complicated dynamic sy;temst whége
various components interact, in a variety of\ways, with input/;rﬁm the
road surface. In order to assess, mathematically, the rideiquality of
such a system, it is necessary to describe the road inputs, the vehicle,
and the methods of evaluaﬁing the vehicle ride performance.

A given section of road fepresents a specific input to a -
vibrating system. It is, however, iﬁpractical to attempt to determine
the input waveforml Equally it becomes impossible to assess the profile
of all roads likely to be traversed by a particular vehicle. Also,
considering that seasonal changes in profile and surface dégeneration

might change the character of the road, it becomes ;ogical to treat the

road input to the vehicle system as a.random phenomenon.
‘ Y
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Articulated vehicles have a substantially different ride.

performancé when compared to passenger cars, The differences are due to
many factors, but the primg d;fference is the result of the wvast
inerease in mass and inertia. In general, ‘suspension systems are
simpler, and .the power unit is designed for the heavy vehicle, with
Qperation at much reduced power to weighﬁ.ratios. Finally the ride is
affected by the vehiclé weight differénce 4hat will be encountered in
laden and unladen condition.

Many studies on ride dynamies of articulated vehicles have been
conducted. Mathematical models have been d;veloped by various
researchers, including Ellis, Noon, Walther et al., Helling, and others.
However, the. most éomprehensive model has been put~ forward by Van
Deusen.

The mode15‘propo§eé in the past fbr the study of ride dynamics
relied mainly on simplified iingar dynamic moﬁels, operating on é road
profile simulated by a sinuisoidal input. Recent studies, however, have
based the analysis oﬂ complex multi-degree-of-freedom linear and
nonlinear models subjected to road inputs of a random natu;e,
approaching "real world" conditions.

Two major factors ﬁust be considered*in evaluating the ride
performance of a vehicle; first, the ride comfort, both of the driver
and any passenger, as well as cargo, and .second, the ride safety. Ride
comfort isl normally interpreted as the capability of the vehicle
suspenéion, in the particular' vehicle. configuration, to maigtaip the

motion within 'the range of human comfort and, as well, within the range
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necessary to assure that there is no damage to the cargoe. Ride safety

is defined as the ability of the suspension to assure wheel-to- road
surface contact ‘under rough road conditions. - .
It is possible to obtain good ride quality while making the

vehicle difficult to control or, converseiy, to obtain excellent

_ vehlcle control while destroying the driver comfort It is clear that

the de31gn of the wvehicle suspension must be a practical compromlse
between ride comfort and ride safety., Both performance crlterla have to
be considered in assessing the ride quality of any vehicle.

The present tendency is toward changes in vehicle configuratidn
along with increases in vehicle speeds and payloads. Operator awareness
must increase, and thﬁs_ requires improvements in ride - comfort aéd
safety. Coupled to these is the réquirement thap road construction and
maintenance costs be minimized, which tends to make ride quality
requirements even more difficult to achieve.

The objectives,.theqefore, of the studies of ride dynamics are to
assess the response of the vehicle "system to road surface inputs and to
provide the best possible ride quality throﬁgﬁ proper design of the
suspension systems. .

It is thg purpose of this chapter to draw together, in summary
fofm,'the'technical literature bearing on articula£ed vehicle %nalysis
and ride comfort and safety. Thus, all phases of the problem, as
de3cfibed in the various papers, are included, with emphasis being

placed on the means of describing the road surface, the dynamics of

[}
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articulated- vehicles, and the methpds'of solution to obtain the
vibrational characteristiecs of the vehicles. Finally, the li'ter-ature
’ - 1

presenting the indices of ride comfort and safety is reviewed and the

relation of these indices to the results of the analysis is presented.

2.2 Road Description
Roadways traversed by vehi',clgs are much more rigid than the

supporting tires, Therefore, it can/ be assumed, for the purpose of

investigating vehicle dynamics and yide qualities, that such roadways

.a'r_e perfectly rigid and that th profiles, measured under no-load
conditions, in faect represent the /dynamic t1r-e disturbances. c

An n—wheeled articulated vehicle traVersing a road is subJected‘
to n road input displacements) one at each wheel. Consequently, to
describe adequately the displacement imposed at each wheel and ény
correlation between the n dfisplacements, it is necessary to provide a
complete deseription of/ the .road surface, This can be done,
deterministically, by prgviding a digi-tal survey of the several road
tracks which the vehic)Ye might praverse. However, obvious practical
diffiéulties arise in gitaining and Héndling the requisite information.
Therefore, analytica; techniques which are more ‘economical both in
description and'anal/ysis are éought (1191,

*The road. r’r ughness 1is f‘rediaently S50 irregullar that it is most
accurately descr}éed as a random process. A %ew t;ansient shocks due to

! .
oceasional largé irregularities such as potholes, crash stops, etc., may

be present bu,t" these can often be isolated and treated separately. If
/ ¥



this is the case, the road surface can be represep%ed és a Stationary
Gaussian random process, and the stocﬂastic process ltheoﬁy‘ deQeloped
into the theory of random vibration can be applied [10, 34, 35, 35, 96,
1181, |

Various techniques are used to measure and claésify road profiles
(s, 91, 506, 133,‘1H7, 150, 1521]. Most of thesevtechniques yiéld a
eontinﬁou; signal which provides a recording proportion§l to the
instantaneous height of the road profile. The spectral dénsity of the
profile is obtained by means of a frequency analyzer. This spectral
density 1is presehted in terms of mean square amplitude per -uni£
banéwidth plotted against spatial frequency.- o -

' Three analytical models of increasing complexity have been used
to describe statistically the road surface undulations [#43, MM,_HS, 85,
105, 1201]. The first model describes the road as consisting of a
cylindriecal surface which can be defined by means of a single
lbqgitudinal track, i.e., the model .takes no account of the differing
excitations imposed on off-side and near-side wheels of the vehicle.
The track ﬁpofile forms part of a stétionary Gaussian process with a
zero mean value. In this case, the road excitation may be described by
the power spectral density of a single track.

The second medel considers the surface consisting of random
fluetuations in the longitudinal direction with a constant lateral slope
which varies randomly for each longitudinal increment. A complete
description of this surface is provided by the two uncorrelated spectra

of the mean track and lateral slope variations, or by the spectral
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.density of any 1ongitudinai _track ‘and the coherency function which
describes the related properties of anj two parallei tracks (85, u43].

In the third model, the road surface is cbnsiderea as part of a
two-dimensional completely homdgeﬁeous and isotropic random process.
| Dodds and Robson {45] have demonstrated that thé.hypsthesis of isotrqpy
leads ‘to an’ estimate of cross-spectra for the profiles of ‘parallél
tracks on typical roads. Kamash and Robson [§3, éu, 120] have
considered the analytical properties of isotropic random surfaces and
the restrictions te whigh descrippions of such surfaces are subggct.
They have shown 'that most good approximations to actual road
dgscription& satisfy the hypothesis of isotropy.' They have also shéwn
thgt coherency functions derived from the propdsed model are validated
.by compgrison with coﬁerencies based on measurement. Then, this mode;
.proviaes a practicaf and plausible description of the.actual surface,
and allows for .its ‘complete description by a singlé autoc&rre;ation
function..- Therefore, the spectral demsity of any longitudinal track
provides the exhaustive.probability characteristics necessary to |

describe the surface.

%.3 Articuiated Vehicle Characteristies

An articulated vehicle is a very complex structure. It has'maﬁy
components and variable parameters whicp affect iﬁs vibration and
response characteristics and thu$ its‘ride behaviour. The tractor and
semitrailer ‘are coupled dynamic vibrating systems and the interplay

beétween the two units cannot be ignored. Frame beaming, cab mounting,



suspension, and tires play-a major role in influencing vehicle ride;
Ride improvement for the. cargo should not be overlocked, as it is .

as important as the ride'improvement‘of the tractor. Both the tracter

and the semitrailer are'judged by their riding quality. The knowledge

of the interaction of tractor and semitrailer is important. Results
based on investigations of.either tractor or semitrailer, separétely,
can easily lead to wrong cohclusions. For example, as the semitrailer
has four or fivé times the sprung weight of the tractor in the'ladeh

v

case, the semitraiier dictates the tracgpr ride.

There are some geometric peculiarities Qf the articulated vehicle
which cause certain Qibfations. One such peculiariﬂy is the
articulation at the fifth wheel which allowé the two units to_pitch and
to yaw relative to each‘other. Anotheq peculiarity iQ’the verticél
offset of the fifth wheel‘kingpin :rom a line cqnnecting the centres of
gravity of the tractor .and semitrailer. This offset causes pitching
motions of the tractor and semitrailer to induce fore and aft motions in
bath cowbonents.

As the driver sits forward and well above the centre of gravity

of the tractor, he is subjected to vertical and fqre and aft motions

resulting from the bouncing and pitching modes of vibration. The

vertical motion produces bouncing in the seat, while the fore and aft

- motion, if severe enough, may causé back slapping against the seat and

driver head-snapping [30, 131].

-

The backbone of the yehicle is the frame and it has a definite

influence on the vibratory motion of the vehicle. Thg beam vibration in
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‘the main chassis frame may result in an unpleaéant motion of éhe cab,
known as "cab-nod", The basic facto;'s af‘fecﬁing frame beaming are the
imposed statié and dynamic loads.‘ resulting bending moments, and the
side rail moment of inertia at the point of maximum stress [131].

The cab is subjected to induced vibra£idn from the beaming and
pitching. It is necessary, therefore, to isolate the cab from frame
vibrations while avoiding amblification of the lower frequency pitch
motion of the chassis on its suspension. To accomplish these
requirements it is necessary that the isolator should have low spring
rates and optimum damping elements.

There are basically two typés of cabs; cab-over-engine and
cqnveﬁtional cab. The ride characteristics may be influenced by the way
the cab is mounted to the chassis. |

Articulated vehicle suspension systehs may vary considerably in
* detail, but normally comprise a spring, damper, 1inks and rubber bushes.
The main functions of the suspension are:

'i) to provide vehicle ;upport and directional control, In order to
provide the proper directional control, the adequate wheel-road
contact must be maintained, otherwise considerable later;l motion
may occur during tufning maneuvers.

ii) to provide effective vibration isolatioﬁ from road disturbances,
Also, the suspension must be inseﬁsitive to externally applied

loads. For example, cross winds and cargo weight variations should

result in a minimum of vehicle vibratory motion.

The requirements necessary to fulfiil these various functions
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have alweyé conflicted to various'deg}ees. Guidance requires a
suspension:that is neither very stiff nor ver&'soft in oqdee to maintain
good road holding. Insensitivity to exeernal loade requires a stiff
suspension, whereas vibretion'isolation demande‘e soft suseension.~

The appfeciable increases in ?ehicle speeds and also in the laden
weights have led to increase in the energy to be dissipated by-vehicle
suspens%on systems, and consequehtly further damping is required. This
damping is essential to control vehicle motion on the suspension.

The unsprung mass (each axle pith'its wheels and tires)
constitutes an independent vibrating system in which the unsprung eass
bognces between the tires and suspension springs with these spring
elements acting in parallel. The vertical oscillation of the tire and

'wheel assembly is referred to as wheel hop. This oscillation is
effectively damped by the relatively high interleaf friction of the
laminated springs. Axle frequencies fall in the range of frame bending

&
frequencies and therefore axle motions broduce exciting forces at or
near resonance with the frame vibration.

The effect ef unsprung mass on the ride quality has been studied
by Ryba [122, 123]. His work has shown that the unsprung mass KHas a
minor positive influence on the comfort of the sitting passenger but it

.. '
causes greater acceleration of the body of the wvehicle, which: means
greater material stress. However, the problem of dynamic tire load
becomes mere serious when the unsprung mass is relatively high.

The tires act as vertical suspension‘units. They provide the

)
primary means of support and guidance for the vehicle, and determine the
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vibration level transmitted to the vehicle body from ‘the road and the -

force level to the road. 'The tire should have a low vertical stiffness

: t0'5§)most effective as a cushion but a simple toroidal envelope that is

verf:fleg;bleﬁin-the vertical direction is also very flexible in the

lateral direction. The latter produces poor vehicle handling and tire

wear.

' The major problems that are derived from variabilities in

maqﬁfacturing the tires are as follows [2, 1é]:

i) Excessive ;eight increases unsprung wWeight on the vehicle and
redudea the- effectiveness of vibration damping.

ii) Imbalance due to non-symmetrical distribution of mass of
materials around the tire.

iii) Variable #ertical and lateral stiffnesses around the periphery of
the tire.
Tﬁe nonuniformity in the tire produces a periodic impulsive férce

on a moving vehicle. If any of the resuiting frequencies'of vibration

is not adequately damped, the ride qualities of the vehicle will suffer.

2.4 Articulated Vehicle Dynamics "
2..1 Modelling

Modelling is one of the major tasks in the stugy of the ride
qualitf of the articulated vehicle. Modelling involves distribution of
vehicle physical characteristics, road excitation, and environmental
influences. Decisions pertinent to the modelling task may enhance or

constrain the results of the mathematical analyses.

v

v



" The _inﬂéstigators have used mathématical models: witﬁ varying
degrees of cohplexity depending .on the .objectives- of. the individual
investigations“ The objectives of the-iﬂvestigations are to obtain an .
understanding : of the ride dynamics of the vehicle, to improve Fhe
existing vehicles, and to meet thé increased demands on véhible
performance.

Mos£ ihvestigators of artieulated vehicie Aynamics have
considered the cab, engines and tractor chassis as bne rigid body.‘.The
‘ sémitrailer with its chééais has been treated Similarly. ﬁoth units are
allowed to translate in phe forward and vertical diréctions and to pitech
except as constfained-by the fifth wheel.

Due to the coﬁstr;;nts imposed by the fifth wheel on the motion
of the tractor .and semitrailer, the éwo units together have three-
degree-of-freedém; pitching and bouncing motions of the tractor centre
of_grﬁvity, and pitching motion of the semitrailer centre of gravity.
Ellis [50{ has used this model to study the ride motion of the vehicle.
He has fodhd that fore and aft shaﬁe which occurs due to the relative
heights of the ceﬁtres of giavity of the two units and the fifth wheel
may be’ a significant factor in determining driver and load ride
conditipns. B

ﬁoon [104] has considered the motion of the cab on the tractor
chassis, but neglected the axle bounce and fore-aft motions of the
tractor and semitrailer.

Walther et al. [148] included in their model the bounce moti of

the unsprung mass-of each wheel and axle assembly. The fore-aft motions
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,C‘ . of the tractor and ‘semitrailer were ignoned and a eiiQf spning' was

) substituted for the Pifth wheel kingpin. | S -

Lt T In articles published by Helling [68, 69], the derivation of the

i | . eqnetions-of motion fon a tractor-semitreilen,vehiole was ahown! and

analogue oomputer program for the solution of these ’equefions was

deseribed. The vehiole model 1ncluding heave and pitch motions and the

_vertical motions ,of the three axles, had six degrees of freedom. .The

theoretical results were compared with the experimental results obtaired

. -

v from actual vehicle expenimenfs.} . ) Co A

N - Van Deusen’ [140, 141] has developed linear and mnonlinear -

- ‘two-dimEneional mathemepieal models of both the tractor and:eemitrailer

' T -

for a large military tractor-semitrailer oomoination. %he.linear model

. 7 consists of a ootal of ' thirty eiéht degﬁeedﬁ of‘ freedom. A brief
. | desoription\of the pertlnent elem;ntsfof the linear model follows.

The tractor frame flexibility which has been oonsidered to be an

<- .
important-parameter in influencing the ride behaviourb‘has been modeled

- . :

as a lumped parameter system consisting of twelve concentrated ‘mass

“

' sectional properties. Each 'peam element %epreeents two degrees‘ of

"~ ‘freedom, those of vertical';translational; motion 1and pitch rotational

\

motion. The tractor has front:and rear bogies. yEach bogie 1s modeled

in three degrees of freedom. The rotational motion of the bogie action

N T ' is represented by a rigid beam element which has the proper inertial

-da - 4 - -

t characteristiqs to represent the rotation of the entire bogie assembly

on é friectionless pivot point. . The'unspr&ng mass of the wheel and axle

elements interconnected by beam equations to reflect tne varying . -
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rear axles..’ ‘ e
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'l’-
. -
'

 assembly is then represented by two point masses having vertical

translational freedom only. "Thé'cab is modeled as a rigid assembly

having two degrees of freedom on flexible cab mounts and the driver and

1

seat assembly is modeled as a single degree of freedom system attached

bl - N

to the cab- frame. ) . < . -

LY

i

The semitrailer is ‘modeled in five degrees of freedom. These are
the'yertical and rotational motion of the rigld semltraller body and

paylead, the rotaticnal motion of the walking beam assemb}y;%f its two

A front_axleeb aﬁd the vertical motions of the unsprung masses of its two

ElMadany and Dokainish [541 have developed a mathematical-medel

]

, of a tractor—semitraller to _evaluate vehicle response to sinusoidal

1nputs. The -model describes the 1ongltud1nal vertieal lateral,

itchlng, rolllng ‘and” yawlng motions of the vehicle as it is affected by

the road profile. In the three dimeE31onal study of the mathematical
model, the entlre vehicle is considered as a‘v1brat1ng system, and the

problem is analyzed as a multiple 1nput-output system.

2.4,2- Linear Analyses

The_linear equations of motion can be written for a variety of
articulated vehicle models ranging from ‘a simple, three degrees of
freedom model of the trachor and semitrailer wunits ({ignoring the

A

unsprung masses)‘to the complex model of a complete vehicle with thirty

7 . .
‘eight degrees of freedom developed by Van Deusen [140, 141]. The

simpler models have been useful in studying the fundameéntal behaviour of



the vehicle, such as, system eigenvalues .and eigenvectors which

éohdeﬁses the dynamic' behaviour and is suited to Eomparing overall

beﬁaviodr. ‘Howeve;, more complex models are needed to provide realistic
results fo; predieting actual vehicle behaviour.

" The linear equations of mdtién of thelarticulated vehicle, in
general, are ﬁsed to evaluéte vehicle ride quality 'and "to conduct
sensitivity studies of the influenee of various design pgrémeters_on'the
vehiole-dgpamic response.‘ ” | i

The following assumptions are maﬁe in,aerivihg the . linear
eéuations of motion in most dynamic anélyses of arﬁiculated vehicles:

1) ‘The cab, engine, and tractor chassis.gre cdﬁsidered aé one rigid

body; similarly, the semiﬁrailer with its chaséia and each axle

with its wheels.

ii) All displacements are smail.

iii) The- springs, dampers, and springing énd damping characteristics
of the tires may bg descriﬁed by linear functions of displacemenf
and veloeity, respectively. ‘

iv) The wheels remain in contact with the road surface at all times.

v) The tracto? and semitrailer units .are symmetrical about the

vertical plane. -

vi). Equal road profiles are appiied to the right and left vehicle .
tracks.

vii) The road input displacement function is applied to a point at the

centre of the tire contact patch.

viii) Nonlinearfﬁi’s resulting from suspension stops and dr& friction

4
L)



in suspension elements-a?e neglected..

The symmetries (v,vi) result in a. set of equations of motiocn in
which the  vertical moﬁions (Qertical, longitudinal and pitch) are
uncoupled'from the 1ater;l motioné {lateral, roll and yéw). w

Beam vibéation.in the tractor or semitrailer chassis can also bé
handled in simulating vehicle ride} (20, 70 140]. For exaﬁplef it  may
be assumed that the total motion response of the vehicle is given by a
linear superposition of the beam bendiﬁg modes and rigid pody°modes.
The frame flexibility can also be modeled as lumped parameter elemgnts

interconnected by beam equations:
| The parameters reﬁuired to anaiyze the bending modes in' the
vehicle chassis may bé'obtained from an_ekperimentai setup wherein the .
unit is sﬁspended by soft springs and subjectéd ;o sinuéoidal forces at
various points along the frame. The pgrameters can also be obtained
ffom a detailed finite element numerical ahal&sis {see for example,
references [41, 94, 103,.117]).
To determine vehicle response,'theré are two approaches that have
R L found favour wit@ authors in the paft, deterministic frequenéy response
approach, and a power spectral density approach.

In the Qetermiﬁistio approach, the frequency response function is
determined' using a sinusoidal input profile. This approach has been
used initially for two reasonsi {(a) no data was available on ;andom
spectra ‘of road profile, (b).available experipeﬁtal data relating to

human vibration tolerances was expressed in terms of the objectionable

amplitude at a discrete sinusoidal frequency [77, 142].



ElMadany, - Dokainish, and Siddall (55, 56] have utilized a
' frequency response analysis to obtain the optimum suspension of the.
articulated vehicle. By minimization of peak acceleration values of the

cab, Walther et al. [148] comparug.%he theoretical frequency response

L R

analysis to an experimental iﬂvestigatioq:‘ The‘ experimental reﬁuits
showed’only marginal verification of the theoretical results. Walker
and Potts [146] presented é linear analysis solution for the
deterministic vibration of a tractor-semitrailer. Le Fevre [93j,,using
the deterministicvépbroach,'discussed the qualitative aspects of the
" articulated yehicle‘ride.
. Several factors have allowed the complete detailed analysis qf
-vehiclelrandom vibrations to be determined. The receng advent of high
speeq digital computers and the modern profilometer techniques have made
it relgtively easy to measure and describe stattstically the roughness
of road surface in terms of amplitude and wave length distribution {5,
100, 13?]. It has also become practical to obtain the frequency
' response funption of . large and sophisticated system models.

Specifications of ride quality in terms of the vertical, Aateral, and

fore and aft acceleration power spectral densities have been available

(4, 61.
‘ In the power spectral density approach, the rzéy surface 1is
described by its power spectral density spectrum, and‘thelvehicle by its
complex %requency response. This response can be used as a transfer

function operating on the road spectrum to derive the spectrum of

vibration of the vehicle when it is moving along the road at any given
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speed [U4, U5, 46]. o ’

2.4.2.1 Rapdom Réspbnse'of Nonarﬁiculated Vehicles

‘ A search of the-available literature reveals that vast numbers of
articles have been published on investigations inteo the dynamic
behaﬁiour of nonarticulate; veﬁicles. In a seriesAof'four articles by
Cotes, Kozin, and Bogdanoff [15, 31, 32, 891 the methoﬁg of obtaining
graund spectra ﬁere described. The equations of motion for a simple
idedlized mathematical Gehicle model were formulated, the power.spectral
densities of varioﬁs aspects of the wvibrational environment were
obtained, and the assessment of e severity 6f thé power épedtra of the
vibrational environments was examined. Hanamoﬁo [GSj énd Tidbury [134]
have described a more detailed investigation of the theoretical
statiétical analysis. Whitehead [151] used a statistiecal appro#&h to
evaluate the physiological effects of the vehicle vibrations. An
evaluation of vehicle ride using a statistical analysis and experimental
results was given by Bobbert [14], and Parkhilovskiy and Zeitseva [106].
Mitschke [102] has considered the general factors that influence ride.
comfort and ;ide safety of an automobile,qsing Fourier analysis. He
concludes that to improve ride comfort, the acceleration should be small
and to impro#e nidelsafety, the ratio of the axle dynamic load to its
static load should be small. Also he indicates that it is necessary to
~limit changes of wheel load and the extfeme case in which a wheel leaves
the road must be avoided. Lins [95] uéed fﬁéguency domain techniques to

determine and evaluate vehicle vibration. By comparing frequency domain
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.technique uith‘the time—domain technique, he found that the former was

semewhat mcre efficient for linear systems having stationary randonm

,.\ e \_1!'

input than wag the fa;ter Van Deusen [137, 138, 139], Rossini [121],
Bieniek [13] and %qaggs {33] have studied the vehicle ride problems
related to road inhegularlties. Dodds and Robson [HH] have shown that
successful analyhlcal prediction of vehicle component response can be
carried cut using s;mple analytical models and a statistical description_

. N

of the rcad surface,

M
- vy

2.4.2.2 Random Response of Articulated Vehicles
It was possible to find only a small number of papers which dealt

with the vibrational characteristics of an articulated vehicle subjected

L

to random inputs.

Vah Deusen [140, 141] analyzed a linear model of thirty eight
degrees of freedom 'in-'the frequency domain ﬁsing transfer function
concepts. The theoretical results were compared with the experimental
data. The comparison showed relatively good correlation between the
theoretical-and experimental results.

Dckainish"and'ElMadanf [46] have investigated the ride quality of

a tractor-semitrailer vehicle travelling over a random road surface.

‘Applying a stationary randem input to the vehicle and using the

frequency domain technique has demonstrated the manner in which the ride
quality and ride safety are affected by suspension springing and damping
characteriscics, tire springing characteristics and vehicle speed. In a

recent article (47], the same authors describe an analytical study of



25

the dyn;mic behaviour of a tractor-semitrailer vehicle._‘ A digital
computer simulation was used to descriﬁe'bhe longitudinal, vertical, and
pitéhing motions of the vehicle travelling 6vér a statipnary bénde road
surfacé:" A man-seat model was incorporated into the simulation.
Solution of the linear equations of motion provides power specdtra, énd
root mean square values for component displacements andAaccelerations.

A brief discussion of the dynamic response of the articulated
yehicle to random surface undulations.will be given in the following
paragraphs, from materials drawn frbm references [1, 46, 47, 58, 63, o4,
78, 79, 80, 81, 113, 115, 14l4]. The discussion of the results of these
publications will help clarify the ride motion of the articulated
.vehicle.

The tractor-semitrailer vehicle posseéses many natural wmodes due
to its individual components and their interaction with the vehicle as a
whaole. Some of the important modes and their typical vibrational

frequencies are given in Table 2.1.
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Table 2.1

Vehicle Vibratlonal Frequencies

Mode Description Freduency Ranée (Hz)
Driver-séat Bounce o _ ' 1.7 - 2.5
Vehicle Bounce . ‘ 1.6 - 3.6
Vehicle Pitch ' - 2.0 - 5.8
'Vehicle‘Frame Bending | 6 -10 -
S:'ingle‘ Axle ‘Bounc‘e ) 9 - 14

Tandem suspension Bounce JO0- 15

.

These modes of oscillations are frequéntly encountered in the
normal mode of operation of an articplated vehicle. lVehiclé piteh,
bounce and frame bending frequencies are in the range of humén body
resonance indicating an uncomfortable ride for the operator. Frame
beaming and wheel hop frequencies contribute significantly to vehicle
ride safety. Therefore, carefql consideration must be given to damping
the unsprung ﬁass on Eire resonance and thus ensure good tire-road
contact. |

‘ The fore and aft motions which occur due to the relative heights
of the centre of éravity of the tractor and semitrailer units and the
fifth wheel kingpin are functions of the combined tractor and

semitrailer pitching motions. As human beings are much more sensitive

to fore and aft vibrations, complaints about head snapping action are
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mdre ﬁrevalent than those gbout seat boqnce. This indicates that the
pitching mode motions of both the tractor and semitrailer have a
significant contribution to operater discomfort and much_ aptention
should be giyen te reduce their effect.

The response of such a complex system to road su}face undulations:
is very complicated. Due to the appliqation of the road inputs at
severa;.tirq contact po}nts of the vehiclé, displaced by a certain time

delay, depending on vehicle speed and the distance between the various

axles, and due to the effects of coupling in a multiple

arr

.degéee-or-freedom system where one vibration is likely to influence

others, the shape of the response curves may be remarkably varied:

peaksAmay be attenuated, shifted to a differens frequency or may even _

almost completely'disappear;

'The.analysis of the vibrgtion of the articulated vehicle
suspension shows that high spring rates are a dete;ent to ride quality
and the operator comfort can be greatly'impﬁoved by a suspension with
low spring rates. Therefore iow values of the springing parameters‘ahe
recommended, but the minimumlvalues are limited by‘oﬁher conéideratons,

such as suspension statie deflection, stroke_‘déflection, and roll

stiffness. However, lawering the spring rates below certain values

results in an increase in the dynamic tire loads.

"The analysis shows that care sﬁould be given to the choice of the
ratio’ of front static deflection to rear static deflection of ‘the
springs on the tractor. Neither should the deflections be equal nor

should the deflection ratioc be large because either one of these is
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‘datrimental.to»bqth pibch frequency and pitch centre of location and

consequently to ride quality.:

" ~

Hax;m@m fprééd oscillation amplitudes are likely to occur when
the excitéfibn'frequency ié close to the‘low natural frequencies of.the
vehiclé;'z(bounce *aﬁd piteh frequencies). In the vicinity of these

natural 'frequenciES, the higher "the damping factor, the lower the

resulting oscillation amplitude. Consequently, a high damping faétor_is

beneficiél. However, at frequencies well in excess of the low natural

frequencies, ‘high damging factors are detrimental. ’ A compromise is
therefore hecessary to ensure satisfactory response to random excitation
in the vicinity of the natural ‘frequencies of the vehic¢le on ‘the
suspension, wwiie at the same time avoiding an unfavourable response to
higher frequency excitation.

For vehicle ride safety, increasing -the damping in the

suspension, in general, decreases the tire dynamic force. However, with

‘high damping Eﬁe dynamic force increases agéin, because high damping

stiffens the suspensiﬁn and transmits more force to the road.
Thérefore, adequaﬁe damping is essential to control résonance and reduce
average dynamic tire movements anq hence the probability of wheel hop.
Suspension systems for the driver's seat.can provide a degree of
isolation from vertical vibration, and in some designs, from fore and
aft vibration. Seat with passive isolation system is generally used due
to its low cost and simplieity. The resonant frequency ‘should be
adjusted as low as possible for .maximum isolation. fhe degree of

3..
isolation is limited by the fact that large static deflections are
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undesirable forloperator cdntrollabiiity. The amount of damping present
in the isolatorlgptermines the resonant transmissibiliﬁy. Selection of
isolator design parameters, generally,' requires compromise between
resonant vibration control and.high frequency vibration isolation.

. The cab mounting system provides a means to improve ride comfort.
Thene afe two typés of cab suspension syétems. In the first type, the
suspension systems are provided at the reér of the éab while the other
end of the cab pivots about a fixed point. Some improvement in ;: %
longitudinal ride quaiity can be obtained in this case at the expense of
losing vertical ‘ride quality. Thi; oceurs due to the fact that
generally more vibrations are present at the cab hinge than_at the rear
cab mount,

In the second gype, the suspension systems are provided at all
four corners of the cab for better isolation from the chassis. Cab
isolation requires low-rate front and rear springs to achieve the
desired ride improvement.“ However, as the cab natural frequency is

+ lowered, the cost increases and the space required for cab travel

relative to the chassis increases.

2.4.3 Nonlinear Analyses . i

In situations where a more complete understanqing of the
qualitative and the qugntitative behaviour of the tractor-semitrailer
vehicle is required, it is often neceasary to.include nonlinear effects.

These nonlinearities refer mainly to:

a
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i) -the characteristies of shock absorbers,'suspensionlsprings,
tires, J?hnce stops, etec. -
ii) Coulopb friction in the suspension.
iii) the separation of the tires from the road surface.

The ‘dampihg characteristics of the vehicle s;spension may be
proportional to some power of the stroking velocity, with thefdamping in
coﬁpression being ﬂifferent from that in the recoil.‘ Torsion bars, coil
springs, ahd rubber-Springs may have _variable Kate characberisﬁics to
account for the variatién in 1o;ding [28].' T{re characteristics may be
nonlinear functionsiof loading. Suspenéion ?tops, which cause
bottoﬁing, i.e., solid contact between the ﬁnsprung mgss and the sprung
‘mass, may permit large force impulses to be transmitted to thé framé,
the driver, and the cargo. ,

The normal articulated vehicle suspension system is made up of

conventional leaf springs. Leaf springs suffer from two basiec

disadvantages that are especially important in terms of determining the,

level of -fidg quality of the vehicle. One is that the interleaf
friction is usuallygﬁhigh and unpredictable. The other one is that
forces equal to thg friction forces are trénsmi%téd through the
suspension elemgnts by the fricﬁion, so that there is a tendency for
high frequency vibraﬁions fo reach the vehicle body.

The degree of dry friction depends on thd frictional surfaces,
their material and quality. The friction force is as much as 7-20% of
the static load on the front axles, and 15-30% §f the static load on the

rear axles for the semi-elliptical laminated springs [78). This static



frictional force will cause -the vehicle to vibrate on the tires, since .

" there is no deflection of the springs'untl"the tire deflection produces

L

~ sufficient force to overcome the breakaway friction. As Such the static.

friction is not desirable due to its often irrational arction as 'well aé
.t'.hé red?xction 6!‘ its effect near a _res-gl;nt frequency. Consequently,
the frictional force generated .in lam:@npated springs has a lar'gé
in—f—'luénce on the ride comfort and road saf;ty of t.he‘ vehicle.

This series of nonlinearities .can be expected.to in‘fluence _bhe
ride dynamics of the vehicie to an appr‘eciablf:e degree. Conse-quently,
'there is a need to évaluﬁ;e the ;ff‘ects of nonlinearities on the general
behaviour of the vehicle. .

Typically, the response of a discr‘éte nonlinear dynamical vehicle

system is described by a set of second order nonlinear differential

equations. There are two principal methods ‘of -analysis. that can be

b

-
P

;zmployed to determine the response of nonlinear systenms subje'cted to'

deterministi¢ or to random excitation, a deterministic analysis and a
'statistical analyéis.

In the deterministic analysis the sélution of the differential
‘equa'tions in" the time domain is accomplished through a series of
int;egrations. This type of analysis is particularly yell sui\ted te high
speed digital computérs where the integrations are perfdrmeg using
numerical techniques, ‘as:' well as analogue computers where t‘he
integrations are performed electronically. The effect of nonlinearities

’ e

in various components can be accommodated in a step by step' manner as

the solution of the differential equations progresses. The soll.ltion

‘.'1-|

e,

e



correct frequency content. v

results are obtained -in. the form ‘of time traces requiring further

. analysis to reduce the data. -

. The analysis allows the. transient and steady-state motion of the

vehiole~to be’ investigated in the-time domain. Transient motion studies

have been quite valuable in :determining the response of .the vehiole/
system to a given ‘excitation and thereby play an important role in

q?sign and analysis of real yehicler horeoﬁer, the steady-state motion

3

studies give a clear overall view, of the manner in'which various system
/-J . . .

parameters affect the response.

.

In 31mulat1ng vehicle response to actual determlnistic road

N

input, it is necessary ‘to have the surface profile ‘ds a funotion of'
time. This requires ‘that a record of the actual profile as a digitally'

sampled function be avallable for dlgital simulation, or a continuous

l . .

time record of the profile on magnetic tape be available for .an analogue

simulation.‘ If an artlficial random input is used thevexcitation may be
v : e

‘ generated by a random whlte noise generator. It would be necessary that

[

' 'the signal output of this generator 'be properfy filtered ta give the
. .- ? . \ ! .

)
4

There are several drawbacks to the determlnistio analysis used in

o ~

the simulation. First it is difficult to achieve a good approximation

1

" of the expected value for displaoement, velocity and acceleration

variances in theitime"domain; isecondly, a relatively large amount of

computer time is required for éood statistical accuracy. 'Finally, the

/F\\\simulation is costly. These facts suggest the need for- development of

techniques for aoproximate-statiStical analysis. ’ i -
‘o



of functions—characteri;ed by some suitable statisties.
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., Usually, “the respbnse of a -discrete nonlinear dynamical system

subjected to random excitation is modeled by a set of second order

sbocha;tic differential'equatidns. It is clear that in this case the
i\ v o ’ "

response qf the nonlinear system can no 1onger‘be considered as a single:

deterministic function, but should more properiy be regarded as a family

.Several approximate techniques for solving nonlinear systems
. =T SR o
subjected to random excitation have been developed. One such is the’
’ T ]

classical perturbation technique which jmay' be used to solve weakly

nonlinear systems. The expansion of the response in a series for the

coefficient of the noplinear terms, yields a chain of linear systems

.which may be solved to obtain an approximate response. This approach

has been applied to stationary random vibration bfjnonlinear systems by

Crandall [37]. Tung [136] exﬁended this technique to more general

L3

multi-degree-of-freedom systems.
. - < ;
Another “method which 1is used in the study of nonlinear random

systems is the equivalent linearization technique [25, 26]. In this
technique,’an auxiliary set of linear differential equations for the

-

original nonlinear system 1s defined. Some, coefficients of the

auxiliary set may- still be .unknownl The solution of the original
* \

nonlinear system is approximated by the solution of the auxiliary and
the ‘Tnknown coefficients are chosen in such a way that some measure of
the difference between the two sets of 'equations is minimum.

" To date, however, there has been little work carried out on the

RS

application of these techniques to study the nonlinear behavior of tRe,

o
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,veh%éle (see, for examﬁle;ireféFéﬁfys (125, 136]).
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2.4.3.1 Nonlinear Vibration of Noﬁarticulated Vehicles

-~

The behaviour of a single degree of freedom vehicle model moving

witﬁ a constant velocity over an uneven pavedent was studied by de Pater :

(42]. The road profile was presented as a sinusoidal input and both ™

analogue comﬁuter and experimental methods were used. Ellis‘andbﬁoldwyn
[52]:made use of an analogue computer and investigated the more general
case of a °Qavemeht with a periodical préfilé. Ellis [49] simulated

vehicle vibration deterministically wusing an aﬁalogue computer.

Comparison between the theoﬁetical and experimental displacemenﬁﬁ

histories -of the vehicle coordinates was made. In all these

investigations of vehicle vibratory motion the possiblity that a wheel

could lose contact with the road was taken into account in the analysis,
so that- the problem was nonlinear. The results showed ‘that it was

. 1
possible to simulate this type of nonlinearity with a fain degree of
success.

Clark [29] investigated the road loading forces iﬁparted to the.
pavemeht surfaces by using an analogue computer. The éingle case of
sinusoidal pavement profile was studied.  The results demonstrated that

a given émount of Coulomb friction on a given ;oad profile would be

' decreasingly effective in suspension damping even for a constant peak to .

" peak road input amplitude as vehicle speed was increased.

Unsymmetrical damping and dry frietion in . the shock absorber

-Eland‘were studied by Burns and Sachs [18]. The base excitation was



a sine wave. In comparing the symmetric to the unsymmetric systems the
.response curve decay for the unsymmetric system was delaye& from that of
the symmetric case such that more time was required for the oscillqtion
to reach a steady‘ state rgsponse. The addition of Coulomb damping

resulted in a more rapid decay of the response.

Thompson [132] used an analogue computer to study the effect of

unsymmetrical damping on the ride quality of two degrees of freedom

vehicles. Simplated step-function inpu?s and;random road inputs were
used in the analysis. He concluded that unsymmetrical damping provided
better isolation from large 'bumps and obstécles at the expense of onl§
very ﬁoderate increases in the mean sqgére values for random iﬁputs.'
Ilosval ap@ Szues [71] discussed the effect of the value of
fricticonal fo;ﬁesw generated in laminated springs on the v?bration
comfort and stéﬁiliby of two degrees of freeddm vehicle., ngerai
stochastic road profiles were used to excitehﬁhe-computer modgl. Thé
results showéd that due to dry friction in thé suspension, the frequency
of dominant vibrations would increase éﬁd would get into a range,leés
beaéablg by human beings. The régults shbwed also that inereasing tﬁe

frictional force would increase the pfobabiiity of the wheel departure

from the road.

. 2.4,3.2 Nonlinear Vibration of Articulated Vehicles
Using an analogue computer, Metcalf [101] studied the ride
behavior ,of a three-element articulated vehicle 'with nonlinear

suspension. The nonlinearities considered were limited displacement

.

¥
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suspensioq, tire spring effects, an& wheel hop. ° The }ide.behaVioﬁr‘of
fhé‘vehicle was evaluéted on the basis of the probability distribution
of the vertical énd bitching accelerations of the ébrung.massl gnd thg
“pereentage of time ea&h.whegl assembly lost Eqﬁtact with the ground, in
reqp6nse to random terrain input. His resuihs indicated ‘thqt the‘
férward; speed of - the vehicle could be increased by‘ incfeas;ng the
suspension bump-stop clearance or by "tuning" the vehicle s?spension gp
the specific térrain encountered. He also indicated tﬁat usiﬁg extreme
low-pressure'tirés wiﬁh a small vertical spring rate might aLloh the
tiré to bottom on the rim and cause vehicle ride to déteriorate.

As mentioned previously Van Deusen [140, 141] déveloped a
nonlinear articulated J;hicle nodel. Using a digital -computer and
numerical integration techniques, the set of .nonlinear equations of
motion were solved in the time domain. 'Th; nonlinearities consisted 3?."
(1)‘sepafation ofs the tires from the surface, (2) jounce stops;.(B)
Coulomb friction in the‘su§pen§ioﬁ, and (U4} angular nonlinearities to
account -for the. shock absorber damping changes with geometry. The
results showed that é small amount of suspension friction is beneficial
in 'the absence of shock absorbers. The results showed also that tire
surface separation did not significantly affect the optimum values of
shock absorber obtained from linear vehicle model.

Potts and Walker [108] have developed a nonlinear determini;tic
computer program, which may be used to determine the displacement,

veloeity and acceleration of each coordinate of the vehicle system. The

nonlinearities considered are Coulomb friction damping, wheel hop, the
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nonlihear force-deflection charaeteristics.of the springs and ttres,'énd
the force—velocity .characteristics of the dampers. They have checked
the deterministic program by comparing their output by the experimental
measured motiOns ofja model truck constructed in the laboratory. The
general characters of the theoretical and experimental'résults are in
close agreement. By compariné the linear and nonlinear deterministic
analyses with ‘the experimental results, the ‘nonlinear theory comes
closer to predicting the measured vibratory motions thah dﬁes the linear

theory, especially at a resonant condition.

2.5  Ride Comfort
| The combination of . the factors which must be considered ‘in
achieving passengerlride smoothness, increased ;ehicle speed and reduceq
shock and viération for sensitive cargo makes the evaluation of vehicle
riding comfort extremely complek. - |
An extensive amount of reséarch dealing with human éensitivity to,
vibration has been reported in the literature over the past few decades,
Reviews bf the literatufe on this subject are available in works by
Goldman [61], Goldman and Von Gierke [62], Van Eldik Thieme [142],
Carstens and Kresge [21), Hanes [66], Bekker [9], Janeway [82], and
‘Healey {671. Tﬁe research in this area revealed that the subjective
response of an iﬁdividual to an imposed vibration depends not only on
the physiological and bio-mecﬁanical response of his body but alsc on a

number of psychological and environmental factors. It has revealed also

th@f human reaction to vibration is not only a function of the



amplitudes, accelerations, and frequencies applied to the body, but, also

of the direction (vertical, fore and aft, lateral) and character of

L3

-motion (linear, rotational). The time during ‘which the human body is.
expoéed to vibration is alsé important. -

Three major'coﬁcepts have been proposed for describing comfort
criteria; ride index concept [77,‘142], absorbed power concept (92, 109,
110, 111, 112], and pdwer spectral density and transfer funétion poncept
(4, 6, 19].

Ride indices are numerical evaluations of the human response to
eombinatioﬁs of acceleration amplitudes.and frequenciés. A given ride
index represents a particular response or sensation,and mayioriéinate
from ,any of an infinite number of acceleration and corresponding
frequency valueg. Severél sets of tolerance curves have been developed
to define limits on vibrational intensity. These curves wére obtained
by exposing test subjects to rides during which they were subjected to
various vibrational frequencies and amplitudes and then asking them to
‘form an opinioﬁ Bf the ride sensation. Several objectives have beén
used by various investigators to describe the limit of acceptable
vibratioﬁ, such as uncomfortable, disturbing, annoying, unpleasant,
fatiguing, objectionable and intolerable.

There are two drawbacks to the means of obtaining the ride index.
The first' is the imprecise definitions used to describe the limit of
acceptable vibration. This cannot be avoided in such type of testing,
which requires a definition‘of discomfort to be used for the individual

subjective assessments. The second is that the investigafors have used
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sinusoidal inputs generated in the laboratory.. Since rdad surface
irregularities are random, the actual motions felt by vehicle paésengers
are randém vibratipns. with frequency content_ ppread over all'
fraquenc;es. Consequently, it is difficult to make a meaningful
comparison between the cémfort criteria e;pfessed in terms of"sinusoidal
vibrations, and the actual, random viﬁration of the vehiple.

In the 1960's, Pradko, Lee, Orr and Kaluza [92, 109, 11q¥$411,
1121, introduced a new cémfort -parameter called "absorbed poweﬁﬂ.
Absorbed power is an energy flow rate which depends on.the gomplex
damped elastic \ﬁroperties of the human anatomy, and is related to
passenger subjective responses.

While the elastic body 4s subjected to vibration, the vi?national
energy distorts it, changes its ‘dimension' and this in turn produces
reactions that tend to restore the body to its origfnal position. The
work performed in the process balances the.applied load. Consequently,
the body's elasticfﬁy produces restoring forces which are related to
displacement, The body's vibratory motion continues until the energy
imparted to it is dissipated or removed. The time rate at which this
energy is used is called absorbed powar; Low levels of absorp;d power..
correspond tg good ride quality. ‘

Absorbed power can be described in the frequency domain and/or in
the‘t;me domain. In the frequency domain the absorbed power is computed
as the product of the meaﬁ squared acceleration and a conversion
cépstant. In the time domain, the absorbed power is calculated using

the impedence description of the human body.

an
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In the pbwer speqéﬁal deﬂéity aﬁd‘transrer function concept, the
acceleration spectrug is brokeﬁ into rdiffefent freguency' bands. A
correlation of ﬁhe square acceleration in each b;nd with subjective
;esponse to the vibration gives a meaningful_and useful ride cri£erion.

In a recent document cbncerning the Urban Tracked Air Cushion
Vehicle [4], specifications of ride quality in terms of the vertical,
lateral and longitudinal: acceleraticn -power spectral densities weré
given. These spectral density sﬁecific;tions were based on experimental
measurements, r

The International Standard Organization (ISO) "Guide for the
Evaluation of Human Exposure to Whole-Body Vibration", ISO 2630 [6, 127,
1“5]. has incorporated most of the experimental data reg;rding human
exposure to vibration available from all. countries and has recently
gained acceptance for maﬁy_applications. . |

The Internationql Standard Organization (ISO) defines and gives
numerical value$ for limits'of exposure to vibrations transmitted from
solid surfaces to the human body in the frequency range 1 to 80 Hz.,
These 1im1té cbger human sensiéivity to vertical, lateral, and fdte and
aft vibrations of a periodié, nonperiodic or random nature. The
exposure times are ranging from 1 ,minufe to 24 hours. Pericdic
:excitation,is”évaluated by the rms acceleration amplitude, while broad
band excit;tién by the Emg acceleration levels measured through one
third octave band filter. Inhthe IS0 guide, the human passengers are

more sensitive to vibration frequencies in the 4 - 8 Hz range for

vertical motion and 1 - 2 Hz rahée for lateral and fore and aft motion,

e



LR

and the human tole;;nce of vibration decreases in a characteristic way
wifh increasiﬁg exposure -time. | .

Thg tendency toward a higher vehicle speed to travel over most
roadways has made ride requirements increasingly difficult to achieve.
Inéreaging-vehicle speed for a given véhicle and roadway combination
generaily intensifies vehicie vibration which usually downgrades ride
quality.

There are numerous publications dealing with the tolerance of
éargo to specific levels of vibrations (see, for example, reference
[17]). The cargo safety criteria is given in rms acceleration or in

boundaries between acceleration and frequency.

2.6 Ride Safety

N

Longitudinal and lateral forces, 'developed through friction are
necessary “for accelerating, -braking and steering a mofing vehicle.
These forces depend on the wheel-road friction, wheel construction,

surface condition, and the normal load at the wheel/road interface as

well as the vehicle dynamic characteristics and suspension geometry

parameterél\ Friction forces are relatively large on a smooth, dry,
plane pavement, but may be reduced dué to the dynamic wheél forces
exerted through the wheel of a moving vehicle, on an uneven and
undulating pavement. ' s

In a report by Wambold et al. [1“9],.the loss of tire braking
friction due to road roughness was simulated and éeasured experimentally

in a test machine designed to produce simultanecus wheel slip and
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veftical vibration.of -the contact surface. Their results shgwed that
simulatedrroughness amplitudes and fpequency had strong inflqe ce on the
avérage force availab1§ for braking. .

From the yiewpoint of diréctional control of vehiclesy it "is
necessary to minimize the loss of road-to-wheel contacﬁ, that is, td
max}mize the force available at the road, ;o resist lateral skidding énd
transmit deceleration and acceleration forces from the tires to the
road. Consequently, knowledge of the dynamic wheel forces may be of
considerable importance in studies of vehiéle safety.

Sincé most road sutface profilés are random, the resulting
dynamic wheei forces are also random and statistical representation of
‘these forces is required. One statistical method most commonly used to’
estimate the dynamic wheel forces is to deﬁerﬁine the road surface
roughness power spectral density function, and the vehicle response
characteristiés, to obtain the-dynamic‘wheel force power spéﬁtrum. The
power spéctrum'hay be used to compute the rms values or the probability
of exceeding a particular level or range of a given value of wheel
dynamic load.

Mitschke [102] used this method to investigate the influence of
poad roqghnéss on the dynamic wheel loads. He concluded that, in
general, the dyndmic loads should be kept small for vehicle safety.
Quinn and Hildebrand [114] have studied the effect ?f pavement roughness
on the. éteering behayiour of a vehicle. They have shown that the
variation in the normal forces between the tires and the pavement

influences the steering capability that in turn affects the lateral



HJ-ﬁ .

43

forces needed to control the vehicle. Sadtaripour [124] has shown that
the statistical ‘distribution of the laterhl tire forces appears to

provide a  valuable criterion of pavement rotghness that is directly

related to safe vehicle handling conditions, kainish and'ElMadany

[46] used the power spectral density approach to study the effect of )

veh;cle parameters on the dynamic wheel loads for a tractorTSemitrailer

. vehicle. They found that decreasing suspension spring stiffness

produced slightly larger peak dynémic load in the vieinity of axle"hop

" frequepcies. They also found that, with damping in the suspension, the

S

dynamic loads are affected appreciably near body and axle resonances.

The mean squate dynamic load is used generally as. a measure of
control of direction stability [11, 102]. The pércentage of time the

wheels are off the ground may also be used [101]. .

2.7 Summary and Conclusions

r

'

As suggested 'in the statement of the purpose of this chapter, a

better ride 1is sought by more vehicle operators than any single

improvement of truck operation. The desired improvement includes both .’

reduced bounce and pitch, but primarily the latter. Ride is a very
subjective matter, but it is, however, possible tc define ride indices.
The preceeding review of the available technical literature
dealing with qrticulated vehicle ride dyhamies has shown that it is
péasible to mode} the vibrational response of the units mathematically.
The means of deseribing the road surface inputs at the tire contact

points 1s present, and although the articulated truck units are an

[] ~
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extremely’ cdmﬁﬁex dynamic system, the mathematical model cag: be_ of
sufficignt complexity théﬁ- the interaction of the various internal
forces with the .inbuts at the wheels may be de.tér‘mined‘. Finally, the
meansfof gbtaining solutions to the degcribing equations of phé vehicle
models‘.are discusSed and tﬁe form of _the outpgt E;sults‘-rrdm thé

‘mathematical analysis is given for the various situations proppsed by'

the individual researcher.

5

Thus, this chapter describes the various means by vwhich (it is '

poasible‘to determine the dynamic response of aniarpiculated vehicle
where dimensions and mass distribution are'knpwn. The results obtained
from such an analysi; tend to approach ‘'real wg;ld' conditions and
result? relate well to the measured vibrational E;éponse of operating
vehicles. Such maghematical nodelling provides  a strong. tool for
engineering designeré to vehicle structures, suspension, ete. Using the
analytical techniques to determine the effect of changes, coupled with
the ride indices for comfort and séfety, provides a means of testing
prior to making physical éhanges on an actual vehicle.

The state-of-the-art survey in articulated vehicle ride shows
that. significant advances have been made on the analysis of articulated
vehicle response té road surface undulatipns ;hfough thg use of linear
and nonlinear models and advanced cémputatio?al techniques. ﬁowever,
there are a numbe?ﬁof areas in which further-réseaﬁch wouid be fruitful.
These areas include the following: Road-surface;ﬁescription by
statistical methods is of primary importance in Qgﬁérmining vehicle

dynamic response. Available spectra for typical types of road-surface,
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generally, are in the form of spectral density of a single profile.

However, the implication that road inputs to nearside-and offside ﬁheels

‘.has been suggested that certaln types of road roughness can be described

as hcmogenecus, isotropic, Gaussian distributed process. The hypothesis

of homogeneity causes the road input to be statlonary for a vehicle

traveiing at constant -speed. 'The hypothesis of isotropy means identical

spectral properties in all directions.f.These hypotheses of homcgeneity

- . . ~ .

and isotrcp§ lead to a very considerable simplification of road surface -

descriptioh. Ihét is, completé probabilistic desecription of the road

surface may be inferted from the prcqﬁbilisticfdescription of'a sfngle
profilef However, further}wcrk is needed to examine, in depth, these
hycotheses. : ‘u .

Although 'the models of articulated vehicles are scfficiently
comprehensive roc‘the prediction of vehicle response to road surface

undulations, more effort should be expended to examine the sensitivity

. of the vehicle response to modelling assqmptions.

Further experimental validation of the predictive articulated,

) vehicle models is required. The use of these models to assess the ride
o= . ! ' -

quality over a wide range of vehicle parameters and operating conditions

is one area where additional research is needed.

Analytical techniques and computer modelling techniques are used

to obtain the dynamic response of vehicles to randem road inputs. The

analytical techniques using stochastic process theory have been

primcrily abplied to linear response. analysis of vehicle models. The

do not interact is contrary to any realistic conception -Theréfore, it
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_ extension- of these .techniques. to nonlinear _vehicle models would be

’ beneficial. This area,pf.endeavqr is open for further study. Ihe
computer modelling . .techniques to analyze nonlinear systems require
‘numerical techniques for gomputer solution.and these have not been fully

‘ deveiopeq for randou. inpﬁfs._ < T
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CHAPTER 3

RIDE ANALYSIS OF ARTICULATED VEHICLES MOVING

ON'RANDOM _ROAD SURFACE UNDULATIONS =

3.1 Introductlon . Eﬁ? o -

.

-

-

There has been, over the pasb/'years, an 1ncrea51ng effort to

improve the ride quality- 1n artlculated vehicles used for transport on
“Qur intereity highways. For these 1mprovements to be reallzed there
must -be not‘pnly a ﬁeans of a§sessing ‘ride quality, but as well % means
by which engineering designers. may incorporate and tes} ride

improvementa at d@e earllest p0551ble moment in ‘the designr process.

In the work presented here, the motlons of the various components

of the vehicle structure are déscribed.by linear equations, and the

entire Qﬂplysis is'carfied'out using a sufficient number of degreés of

_—

freedom that the results presénb a realistic assessment of the

. interaction of the- various components. The input to the vehicle

L

Structure 4t the road-tire interface is the roughness of the road
surface over which the vehicle would operate. The random road surface
is described by its power spectral density,. presenting averaged m;asure
of-thg amplitudé of ité'frequency compo:ents. The combination of the
characteristic of the road surface and the dynamic description of the

vehicle struecture will permit the vibration response of the vehicle

systems to be obtained in a manner'that will_allow the_interacfion of

the vehicle 'systems components to be assessed, as well as the quality of

47 R



. the vehicle rid® to be determined. ]

The objective 'of the present work is to provide a method for

_determining and 'analyzing the response of articulated vehicles to

road-surface undulations which are represented as .stationary random

excitations. The method utilizes the power spectraI density approach to

3.2 Articulated Vehicle Model _ \ -

y

solve the linear egquations of motion.

The articulated vehicle model adopted in this hstudy is

illustrated in Figure 3.1. It is seen to be ‘two-dimensional in the

-1ongitudinal énd verpical plane. The cab, engine, and tractor chassis

are consideréd as one rigid body;‘similérly, the semitrailer with its;.
chassis. Both units are allowed to ‘translate in the forward and
verticdl directions; and to pitech except as eonstraineq by the firth
wheel. The unspr;ng mass of‘each wheel and axle éssembly is represénted
by a mass having ;ertical translational freedpm._only. The
tractor-semitrailer suspension .is represented by linear springs and
linear viscous dampers. Each™ of the éires on the tractor and
semitrailer is assumed to be a linear_spring and damber hav;ng point
contact with the road surface.

By cénsidering the constraints imposed by the fifth wheel on the

-

motion of the tractor and the semitrailer, the model includes six
")l -
degrees of freedom: pitching and bouncing motions of the tractor centre

*r

of gravity, pitching motion of the semitrailer centre of‘gravity, and

vertical motinn of each wheel and axle assembly.
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Although the linear vehicle model is-used, in this study, many of .

the fundamental erfects of vehiole-road dynamio interactions may be

realistically studied and considerable insight into. the behaviour of

the system-may be gained The linearized analysis allows computation of
the results in the frequency domain using transfer function which
provides ‘the engineer with a clear and concise description of the system_
behaviour.. This technique is particularly ueeful to oonduot sensitivity
studies of the influerce of various design parameters on the vehicle

dynamic response.

3.3°  Equations of Motion , .

By aesuming- small perturbations relative to the J&erall

dimensions of the tractor-semitrailer, the linearized equations of

~

motion of the vehicle are éiven in Appendix I, and they may be put in

. the following form:

A

Mx + CX + KX = Ce W+ Ke w = T(t) (3.1)
]
where M,C,K are the masg, damping and stiffness matrices,

respectively.

kY

Cf.,l(f are the forced damping and stiffness matrices,
respectively.

x,W,f are column vectots of the generalized coordinates,
excitation displacements and excitation fonces,
respectively. L

If f(t) is a random vector process, equation (3.1) is a

stochastic differential equation and ? is also a random vector process.

<



" To compute the transfer function matrix, H(f), let

. f = F, exp(i2rft), S ~(3.2.a)

X

H(E) T, exp(i2nft) 7 (3.2.b)

Tﬁe tran#fer function matrix, H(f}, is then given by
(D) = [-(21£)2M + i20fC + k1™ (3.3)
- 3.4 - Road Desecription . :

It hés been recognized from a number of measurements oﬁ.roadways
that their.'roughness is normally distributed and can. be accurately
represented as a stationary random process {119]. As the power spectral
density of the input procéss is a quantity suitable for the analfsis'of
the .dynamic behaviocur of the veﬁicle on which a random proéﬁhs is
acting, the road random disturbances are rep;esented by their power
shectfal dengities. The‘=bower spectrum of the road profile
characterizes the eséential aspects of the profile and gives at a glance
the manner in which the roughness is distributed to “the various
frequency components. References 5, U4 and 91 discuss the sﬁectfal
densities that closely approximate available experimental data and

s ©

propose that road roughness can be described by

. n T
sln) = A(no) ( E; ) ) n < n°, |
. . (3.4)
n fr2
= é(nol () , n2ng

o]
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wherey .
&(n) is - the §§gtial speétral ‘density of the rpad rougpness,
(m2/c/m), | ‘
a(no) is the roughness coefficient.(the vélue of the spectrél,
density at the discontinuity frequency, ﬁo)-
n is the spatiél frequency of roéd roughqess
n is 1/2v o/m

o
N,

rp,,r, are waviness.
) ’ i

3.5 Power Spectral Density Approach.

o

Consider an n-degreeFof-freedom linear systéa excitéd by a ‘

A - - '
stationary random vector process, f(t), having a spectral density -

* funetion matrix, Sf(f), and a correlation, function ‘matrix, Rf(t) =
E[?*(t1)_f'(t2)], where * and ' denote matrix conjugation and transposi-
tion, respectively, E [ ] is the expectation operator and t = F1-t2.

The matrices R?(T) and S?(f) form a Fourier~transform pair. They

are related as follows:

~

[ 2 Rylx) exp(-i2nfr)dr ' (3.5.a)

-

S?(f)

Re(r) = ;%chr) explizgfu)df . . (3.5.b)

The impulse response function matrix, h(t), and the corresponding
' $
frequency response function matrix, H{f), also form a Fourier Transform

pair.
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4
h(t) = . £ H(E) exp(i2nft)df . (3.6.)
’ H(f) = , J h(t) exp(-iznrtidt- ) (3.6.b)

If the impulse response function matrix, h{t), is known, the
random response, X(t), due to phe'randqm excitation, T(t), is given by

the convolution‘intégbal

Y

x(t) = f h(t-T)FEzli:h‘_’//////- (3.7)

The correlation function matrix, HE(T)’ of-the response is given

by

RE(T) = R;(t17t2) = E[E*(t1)i'(t2)]

+ )

1]

ig) h'(t1—11)E[f*(T1)f" (12)]h' (ta-'rz)d'r 1d1:'

-t

2

-
L]

{i h*(t1-t1)Rf(r1-12)h‘(t?—rz)dt1d12

o

IiE) hﬁ(t1-t1)s?ﬁf)h'(tE—Tz)exp[i2nf(r1L12)]d11d12df

1
2

I H*(f)SP(f)H'(f) exp(i2nft)df (3.8)

A

2
where H*(f) and H'(f) are the conjugate and transpose of‘H(f),
respectively.

From the relation between RE(T) and the spectral density function

matrix of the response, S;(f), which is of the same form as that given
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in equation (3.5), is given by _ )
| Si_(i_‘) = H&(f) Sr(f)l—i'.‘(.t") T | _ (3.9}
In equation_(3.9) the diagonal élemepts of Si(f) are the spectral .
densities- of the 5eneralized displacements. The off-diagonal eiements
,are th; crpés»spéctral densities oflthe generalized displacementsﬁ‘ The

power -spectral densities for the corresponding accelerations can be

determined from the relationship
S2(1) = (298)"55(0) _ (3.10)

The response spectral densities, Sé(fj, at coordinates other than
the generaliied coordinates can be obtained by using a transformation
‘matrix, T, and is given by
SE(f) = T* Si(f) i ) (3.11)
The’ relaﬁionship‘ between the instantaneous cerrelation matrix,
A\

R;(O), of the random response and its spectral densit unction matrix,

[}

Si(f), can be determined by putting =0 in equation (3.8) which reduces

" to
@
R-(0) = E[x*(t) x'(t)] =_i5.s§(f) df
= ési(f) df (3.12)

L

The probability that the tire leaves the road can be calculated

from the following equation:
Pe = (1/2) {1 - erflp /Y2E[p3] )}, _ (3.13)

where Pq and Py are the static and dynamic wheel loads, respectively.
p -
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In the above equation, erf'is the error function, and E[pi] is the mean

sqﬁare,o% the dfnamic wheel load.

3?6_ iﬁput Sﬁectral Density Qatrix . . 4 - F.

Suppose that the articulabed vehicle moves with a constant
forward velocity, v, along a road profile given by,lU(x), Wthh can be
considered to be a member function of a stationary Gaussian random
process, {qu)}, and the argument of which is the instantaneous location
on the track, X. Leb t;he mean value E[w(x)]

As the vehicle is moving along a rough road, it is subjected to
three vertically imposed spatial displacement functions, mj(x), (j =1,
2; 3), one at each wheel set. Let the imposedlspatial displacemeng
inputs to -the mathematical model, wj(x ), have correlation function
matﬁix, %5(6)“: E[w‘(xT)W'(xa)], {where § = Xy - x1), and a spatial
spectral density function matrix Sw(rﬂ.. Conversion of the spatial

inputs, w (xs, to temporal inputs, w_(t), is accomplished through a

J J
simple transformation whereby the spatial coordinate x is replaced by
vt. Therefore, the relation between wj(x) and wj(t) is given by
wj(vt) s wj(t), j=1,2,3 : (3.11)
Suppose that the corresponding input temporal correlatgz: function
matrix and temporal spect%al density matrix are given by RG(T) =
E[i*(tl)i'(ta)] and Sﬁ(f)’ respéctively.
The relationship between the spatial and temporal correlation

functions and their corresponding spéctral density functions can be

derived as follows.

Al
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: By considering that f = nv and § = vf, the dorreiafion function, -

R;(rj, is given by

E[w*(t) w'(t+r)]

RG(T)

E[We{vt) 5}(vt+v1)]

H

E[@*(x) W' (x+8)]
R“;,(G) ‘ (3.15) -

n

The spectral density function, S=(f), is given by
e ) o
! 2Rﬁ(r) exp({-i2uft)dr

L

S5(0)

1 s 2Ry(s) exp(-i2me)ds

S (n) ‘ ‘ SN (3.16)

< |

In the matrix Si(f)’ Sjk(f) is tpe inpqt displacement spectrél
density to the vehicle at the tire contact point. when,g=gl‘sjk(f)
" represents the direct power spectral density of.wj(t) and in‘thié case
Sjj(f) = v SBj(n). When j £ k, Sjk(f) represents the‘cross spectral
density of wj(p) and wk(t). |

To compute the cross spgctral density, Sjk(f), assume that the -~
vehicle rear wheels follow the same profile as the front wheel, but are
separated by a constant time delay, Tjk = 1jk/v, where ij is the
spacing between jth and kth wheel. . The cross-cor(elation function of

any two wheels, j and k, is given by



57

E[w'

R, (). 5

Jk

(O ()] -
o
[wj(t)wj

(t -2

(t;T < ijk/v)].

B3

jk/v). : ‘ (3.17)

and hence the cross-spectrum = , .

2 de(r - ij/v) exp(-;2wa)dt

-

Sjk'(f)

“i 2 Rjk(T' ij/v).exp[-iwa(r-'zjk/v)] d(t- ij/v5 .

exp(-i2nf ijlv)

Sjj(f) exp(-127f 2 \./V) o ‘ I' - (3.18)

Combining equations (3.16) and (3.18) and considering the "
property of croésmspectra:

' .
Sjk(f) = S&J(f) ) . (3.19)

the temporal input displacement spectral density wmatrix, Sﬁ(f), may be-
£

[y

written in terms of the surface profile as follows:

~in =-imn
1 12 e 13 ) ,
4(n) iu -ip
} 12 23 .
Sﬁ(f) =~ e ~ 1 e (3.20)
ip in
e 13 e 23 |
L =
where “Jk = 2nf ljk[V . ’

"

2

To comphte the excitation power.spectral density function matrix,
2 R
Sf(f), the damping and elastic properties of the tires are used. ~ In

L4
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this case the' exeitation correlation function is given by Rr(r) =

MR - *. - . .. . . ’
E[wa*(t)w'(t+r) K; + Crw'(t). ﬂ'(t+r)C;] and by taking ‘the Fourier

transformation of Rr(t){ the excitation spéctrai~densiby matrix, Sr(f);'
: . - g ’ . ’ S P

is given by
E M o ‘ :
\S?(f).= (Kp & iEnfo) S;(f) (Kg + 12waf)!' | (3.21)
'Figuré 3.2 describes the aﬁglysia of the vehicle system excited

by rbadfirregularities. " The spatial spectrum of the road roughness,

S .
4(n), is converted into the temporal spectrum, Sjj(r). Tai¥ng into

account the time delay caused by the wheelbase, thé excitation
displacement matrix of all wheelsets, S;(f), is op}giqu. ‘This

excitation displacement matrix can be calculated in terms of the

exciting force matrix, Sr(f), using the forced stiffness and damping

matrices.

’

* To obtain the response (displacements, velocities, accelerations,

loads, ete. ...) in coordinates other than the generalized coordinates,
a transformation matrix, T,\is used. CE
The dynamic behaviour of the vehicle is then evaluated according

to  ride comfoqt and ride safety criteria. Ride comfort evaluation

could, for example, be carried out according to ISO 2631 [6) or UTACV

- [4] 'stangards, while ride safety evaluation could be carried out

according to rms dynamic load, or percentage of time the wheels are off

the road. .

4
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"' . . ' ) ’ S
7 oy The method of‘ vehicle analysis ‘deseribed here- makes it possible :

" to de-t.ermine the dynamic response of artieulated vehicle systems. The

road- roughness deseription used in the analysis tends to let the results

+

"obbained approach the’ "real world" conditions and provide an opportunity‘

._\;

'to check the vibrational responses obtained against measured values for

operating vehicies. ‘These mathematical modelling. techniques are. a
.o ' -
f‘urther strong tool for engineering designers worki"’ng on vehicle

» .
! k4 . . . " . ) - '
. . V- .
+
-

structures, suspension, “etes
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CHAPTER 4

RAHDOM RESPONSE OF ARTICULATED VEHICLES

'&.
LINEAR aNALIses e

4.1 Introduction '_ L S g

The, method fof-‘ determining and analyzing the dj(namic response of

ar'ta.culated vehicle structures to road surface undulatlons pr'esented in

. Chapter 3 will be appl:.ed An th:.s chapter for' the exammat:.on of the.

interaction between the road and the articulated vehicle and for the

“evaluation of _the_ venicle ‘ride performance. The conflicting objective's

for articulated vehicle suspension designed “to accommodate the roh‘d

irregularities while maintaining driver  comfort, an acceptable cargo

ride and reducing th; fluctuation of the wheel djnamic leoads will be
N [y .

. investigated using the theory of stochastic processes. . .

The tractor-semitrailer vehicle is treated as a discrete, linear—t,_.
I" '

time-mvariant dynamlc system subJected to a statlonary random input .

r 1 -
N

from .the roag surface The, vehlcle is assumed to be travellmg over a

roadbed f‘or -which the rouglimess is specified in terms or‘ the power' '
LR

spectral density of‘ the variation ot‘ the helght of‘ the track from a

nominal refer-ence . The vehicle model describes the 1ongltud,1nal

. .

vertical‘ and pi_tching‘motions of the vehicle as J..t is affected by the;‘

road. profile Figure 3. 1. . ; . . 3

~ 1 The theor‘etical investlgation descr'lbed’ here represents an
RY T .

:\attempt to obtain a bettenunder‘standing of-the mf‘luence sof wvarious

. ‘ [
= . A}
LR
L]

.. . . . ° . " . . 61.
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parameters on articulated vehicle é}nsmlc responsef ;_huisnticular,“the

inrluences_cf~vehicle‘speeq,rvehicle~suspeﬂsion elements, load pattern,

S aqc?.road c@egﬁcteristlcs on (a) the vibrations transmitted ‘from the

roadbed to’ the fractor-semitrailer vehicle, and (b) the dynamic forces
at the tire-road interface, are- evaluated \,

The results of the -computer analyses of vehicle" and road are

-

presented in three forms; system eigenvalues, the amplitude spectra and
the root mean square amplitudes which are-used to predict vehicle ride

K

quality and - evaluate the design concepts

4.2 Results and Discussions
To describe'tpe dynamic behaviour of this complex road-tractor-
semitrailer, the eigenvalues of the model are evaliuated, and the power

spectra and rms values of the vehicle responsé are calculated and

~-plotted. S - ' ‘ . -

The natural frequenicies and dameiqg ratios _of{ the vehicle are

determined by. vehicle structural characteristiés, suspension
J'

characteristics ‘(suspension stiffness and damping), and load pattern.

The excitation which the vdirtcle suspension receives debends on the

number of axles, axle spacing, and goad harmonic content Vehicle speed

determines when the road harmeohic. exeitation frequencies mateh the

¢
vehicle natural vibration frequencles leading to vehicle' resonance.

. Two variations of the basic model are investigated‘ These are
. * ' .
the unloaded vehicle and the loaded vehicle A typ1cal set of

parémeters, Table 4.1, is selected as the reference design to represent.



- I. Tractor

.jg_ i P .'fable‘u;1

a. General ,
sprung mass (Mt)
‘front unsprung mass (M,)

rear unsprung\mass~(M2)

pitch moment of inertig (I )
b. Dimensions ] .
b, 1.27 m i b
. b2 . 203 m “ a,
bd, 0.51 m ay

II. Semitrailer
| a. General .
Sprung .mass (My)- o ,
unéppung mass (Mg)
pitch moment of inertia (I.)
b. Dimensions ‘

P
b, -*
4
% L4
" III. Suspension Charactéristics
k, 357 kN/m ¢
k2 630 kN/m - Cy
k3 . 630 kN/m Cq
IV. Tire Chaﬁacteristics
L 1560 kN/m Cyj
kyo 5250 kN/m Ceys
ktG 5250 kN/m Cig
V. Vehicle Speed, ' 80 km/h

Baseline Values for ArtiéulatediVéhicle Model

6440 kg

360 kg
1450 kg @
3390 kgn®
1,4 nm
=0.3 m ‘
0.9 m .
Laden -: | " Unladen
15180 kg, 3660 kg -
1450 kg 1450 kg
152000, kgm® 48140 kgn®
3.96 m : 3.11 m
4.57m 5.4 m
1.02m -0.23 m

Sy

11.5 kNs/m -

29 kNs/m
' 29  KkNs/m

0.7 kNs/m
1.2 kNs/m
1.2 kNs/m



~

R

the vehicleL' Two differenﬁ road surfaoe; are conaidered.° Thé‘

-"_'\

parameters of these two road aurfaces ars given 1n Table y, 2 The first
road is a smooth one and will be referred. to as route A. The second

road iz a rough one and will be ‘peferred to as route B.

_ “Table 4.2
Road Surface Characteristics

Route /f' - 4(n) (maéc)-' ry ' T,
A, Motorvay © 1sox 0 EER 1.42
B, Minor Road - 28.4 x 10'§ 3.3 1,48

The.computér results are ﬁfeéeﬁted in'fiﬁe sections, The first
section gifes the edgenvalues of the vehicle system, the 'second section
shows the effect of load pattern and road characteristics on vehicle
accelerations, the. third section indicates the effect of speeé on
vehicle motion, the fourth section shows the effect of vehicie
suspension systems on vehiclé accelerations, and the fifth section shows
the effect of vehicle suSﬁeﬁaion systems on the dynamic wheel loads.
4.2.1 Eigenvalue Analysis

. An eigenvélue analysis - of .the system is Important to both
A de;ignex_"s and develgpment engineé ‘vehiéles in that it ind:}.eates the
peiative stabiiity,, damping r;;ios, apd‘ natural frequencies. of the

gystem. The eigenvalues ébe‘caléulated for both the loaded and unloaded

vehicle. In these particular’ cpses the modes are -all complex so they



occur in conjugate pairs. The results are tabulated in Table 4. 3 where

' Eonly one of each pair is listed.

- . N

A complex eigenvalue is denoted by

-y s 0.+ 1

The imaginary part o defines the damped natural frequency while ©
defines an associated decay rate related to the amount of modal damping
In terms of an undamped‘frequency'mn and a critical damping ratie ¢, o

and v become, for w_# 0

g = -tw,, w=wrl-r -

n ok

The tractor bounce and pité%.and semitrailer pitch natural

| frequencies are 1.28, 2.59 and 1.54 Hz respectively for the loaded

vehicles, but they rise to 1.52, 3.67 and 2.65 Hz respectively for the

unloaded vehicle by virtue of the large change in mass and pitch moment

of inertia of the semitrailer. These frequencies fér the unlcaded case

_are in th® range of human body resonances.

{
ool
i .
4.2.2 Effect of Load Pattern and Road Characteristics on Vehicle
Accelerations

Tﬁe road surface is deseribed by(‘its power density spectrum,

equation (3.4), and the vehicle by its complex frequency response, H(f),

equation (3.3). ThiS'frequepcy response is used as a transfer function
dperating oﬂ the road spectrum to derive the spectrum of vibration of

the vehicle when it is mdving alonghphe road atﬂs\specified speed.

o
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 Table 4.3
Eigenvalues for the Articulated Vehicle .
_ ~ Damped = Undamped .
Lase: Decay Rate Frequency Frequency Mode Description
(o), Vs (w), 1/s (wn), Hz ‘
a-Loaded. . - 1.13 8.00 1.28. Tractor bouncing mode
Vehicle '
- T 9.53 1.54 Semitrailer pitching mode
-8.69 15.55 2.59  Tractor pitching mode
~11. 41 61.36 . §.93
-10.88 62.26 10.06 Axle wheel hop modes
17.96 69.70 11,46 |
b-Unloaded - 1.30 9.43 1,52 Tracter bouncing mode
Vehicle S .
* - 5.62 15.71 2.66 Semitrailer pitching mode
g - 9.96 20.78 3.67 Tractor pitching mode
B -12.06 59.00 9.58
-11.63 60.72 9.84 Axle wheel hop modes
-17.90 69.55% 11.43
0

Figure 4.1 gives lines of constant comfort levels of acceleratjon

for both the vertical and fore and aft moﬁionq for various exposure

times. These are boundaries of reduced comfort. The ISO guide [6] has

A4

. been converted into equivalent spectral values (127]. It is appaéent

from the figure that the most sensitive frequency is 4-8 Hz fQr vertical ' -

-

motion and 1-;_Hz for fore and aft motion; and that human toierangé of
!
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time.

1 ’ e
vibration decreases in a char'ac'te_bié'tibmiréj. with increasing exposure

-
’

The tractor-semitrailer vehicle possesses six natural modgs due

to its individual components, Table 4.3, It is expected to have_ six

peaks in the frequency spectx'-uni' corresponding to it$ natural f‘requen-‘

"eies. However, due t.b the appl'ica:tion of- the road input at three wheel

contact points of the vehicle, displaced by a certa’ih time delay,

depending on vehicle speed and the distance between the three axles, and

" due to the ‘effects of coupling in a multiple degree-of-freedom system

where one vibration is likely to influence others, the shape of the

response curves may .be remar'kébly changed: peaks may be attenua'ted,

'shifted to a ‘dif‘fere\nt“. frequency or may even almost completely

disappear.A
Figure 4.2 gives the road spectra in g2/Hz for “different vehicle

speed. These spectra are for route A and route B. From the figure it

can }be seen that increasing the forward speed will increase the road

excitations received at the tire contact points.

Figures.u.3-4.6 show the vertical aﬁd fore and aft acceleration
spectra of the .tractor centre'of gravity and the drivér for both smooth
and rough roads, respectively, compared‘to-the 150 ggide‘fpr,one hour
and eight hdhrs reduced comfort .bbundaries. | Both ‘the loaded and
unloaded vehicle model reéults ;re given.s™

For vertical motions, in.a loaded vehicle case, the peaks around

1.3 Hz and 2.7 Hz correspond primarily to tractor bounce mode and

i
K
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Figure 4.2 Road input spectra - smooth and rough roads.
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+ tractor piteh modes }espectifely, while the peaks'around 9-12 Hz are
. ‘,*EEEEEiﬁteghgifh wheel -axle bounce modes. The remainder of peaks shown
o in the figure%th\joiﬁt fr-equencies. o T

For an unloaded vehicle there is one dominant -peak around 1.5 Hz .

s

corbesponding to tractor bounce mode and two peaks in the rangea of 5-7
and 9-12 Hz. The reason for the absence,-or-attenuations of some or the

expected peaks corresponding to system natural frequencies can: be

[

. . By ‘
explained as follows. Since the three road inputs to the vehicle are

spatially distributed, restrictions are imposed whiech, at an eigenvalu%

frequency, do not allow the mode shape predicted by that eigenvalue to
be developed. ' P ) : . -
Comﬁaring the resﬁips for smooth and rough roads indicates that
the general shape of the response spectra is‘preserved. However, in the
low frequency range, 0:1 to 1 Hz the rate of incredsing the acceleration
.level for the smooth road is much higher thaa the acceleration level
rate for the rough road.
: . As seen in these figures, the acceleration specara for the smooth
and rough roads exceed the 8 hpur IS0 guide by a considerable margin.
Then according to IS0 critepia the ride vibration levels for the
tractor-semitrailer model used are excessive in the vertical motion.
For consideration of fore and aft acceleration at the driver_neck
level, several featurea of these spectra may be noted. First, there is
a strong wide peak in loaded vehicle response in the range of the
tractor pitching.frequency which exceeds the ride comfort limits. 1In
hﬁ\\\. general, the fore and aft acceleration levels do not exceed the 1 hour
§ ‘

-



5.
- IS0 guid'a"-while they exceéd the 8-hour ISO. guide in both low and high
frequency range. This result occurs because the fore and aft motion is
12 function  of _the‘ éombineq “tranton- and semitraileng pitching random
motions. The tractor and.semitrailer pitch frequenciea for both 1oaded:
and unloaded vehicle are in the range of 1.5 to 3. 7 Hz which are in the
range of human body resonance. The result of beating of the different
'modes of vibration withln the system is new dominant modes  and
conaequently, extra peaks ) Therefore, the fore and aft acceleration
levels are very high for high frequencies : Th:; indicates that the
pitching mode motlons of both the tractor and the semltrailer contribute
signlflcantly to driver discomfort and much attention .should be given'to
reducing their effect. For the rough road, there is an increase in the
whole frequency range content Ef fore and aft vibrations.-

Spectral densitiea of tractor and semitrailer pitch accelerations
are given in Fignres 4.7 and 4.8 for both loadedland unloaded vthicles
travelling at 80 km/h on a smooth road and a rdugh‘road,‘respé;tively.
Pitch acceleration levels.are,'in general, higher in the high range of

“the spectrum for the unleaded vehicle. This result is 'dne to the
increase in the natural frequencies of the systen for the unloaded
vehicle. For the loaded vehicle, tractor pitch acceleration.reaches an
initial peak between 1.2‘~ 1.3 Hz. This level subsides significantly
around 1.5 Hz, bnt quickly'riaes'again and neaches a maximum value at

about 2.4 Hz. For the unloaded vehicle, the same result occurs but at

generally higher freq;éngies.

\
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Figure 4.7 Tractor and semitrailer pitch acceleration spectra - smooth road.
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_ For semitrailer piteh acceleration, the figures illustrate that

except for the.first peak around 1% 6 ‘Hz, acceleration peaks for the

unloaded vehicle are higher than those for  the loaded vehicle. Th

figures also illustrate that the resonant frequencies for the unloaded
vehicle are higher than those for the 1oaded one. '.

- Cemparing the driver fore and aft-acceleration_with tracton piteh
acceleration, we notice that they have'almost the same shape. This is
-partly due\tc the large values of tractor pitch acceleration, and partly
' d%ﬂhto the height of the driver's neck above the centre of grav1ty of
the tractor which increases the :contribution of tractor _pitch
acceleration.

To explain the undulation that occurs in the pitch and fore and
aft accelenation spectral densities; Figure 9.5 is plofted. :This figure
gives the power spectral density .cf tractor and semitrailer piteh

-

accelerations when the three road inputs at the wheel contact points are

in phase at vehicle speed 120 km/h, and when the time delay is taken

T
into consideration for the two speeds 40 and 120 km/h., Several graphic

characteristics may be observed. The shape of the curve for the three
gpputs in phase is relatively smooth. The amplitude of the aoceleration
is strongly influenced by vehicle speed. Several peaks on the 40 km/h

curve do not have the same frequencies as peaks.on the 120 km/h curve.

This would appear to be: due primarilv to the more rapid change of the.

gg;lit&de spectra at lower speeds. However, certain peaks at both 4o

and 120 km/h do have identical frequencies.
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4.2.3 Effect of Speed

Vari_a;tions with vehicle speed of the rma accelerations are
\ : _ :

obtained to }:pvestigate the effect of vehicle speed on .vehicle motion.
; b ;

Each spectrum \ig integrated in the frequency range of, 0.1.to 40 Hz to

.,
Y

obtain the rms yalue. , \\B
The l@x_g)tractor\\.ter'tical and fore and aft accelerations versus

. s’

,\{ehicle speed are plotted k'i-nk Figure 4,10 for smooth and rough roads,

»

respectively. ~ In the figure it c_an' be seen that the rms vertical
accelerations for l;)aded .and unloaded vehicle decrease with vehicle
speeds up to 30 km/h, while an increase is “exhibited from 40 to 120 .

km/h. In the case of rms fore and aft. accelerations, the figure shows

- )

that the curves for the loaded and unloaded vehicles, in general,
increase uniformly with increasing the spéed, with the- values for the
unlcaded vehicle d.ouble the vélues for the loaded vehicle. Foz_' the
roughl road, f‘igure 4.10, the response curves ‘take approximately ‘the same
shape as _the smooth r'o_ad, however, the valu-es of the former are
approl:;imat‘.ely 2.4 times the values of the‘ latter at speeds above- 50
km/h. ‘

The rms vertical accelerations for both the loaded and unloaded
vehicles show a high rate of increase above 50 km/h compared to the
values of the smooth road. In the case of the rough road the curvés for
t.h‘e rms vertical accelerations show that the response increases
uniformly with vehicle speed. The rms driver vertical and fore and aft
acceierations which are due to the combiped heaving and pitching random

L )
motion are given- in Figure u4.11 for smooth and rough roads,
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~respectively: For the loaded and unlocaded vehicles, the nms

accelerations increase with increasing the speéd. However,. at high

—

speeds the responses show.a lower rate of increase for the vehicle
operating on the smooth road.
4, 2.4 Effect of Véhiéle Sﬁspeﬂsicn Systems on Vehicle Acceieratiéns

Excursions in,each‘of,the.vehicle 8uspension system parameters
are examined, one by one, while all of the remaining system variables
are held constént at the baseline_ values given in. Table 4.1. The
motions of the vehicle are.obtained while it 1s operating on a smooth
road.

Figures 4.12 and 4.13 show the effect of the tractor front ana
rear axle spring rates, k, énd kz, respectively on the tractor vertical
acceleration response spectra. In each curve three peaks occur, one in
the region of tractor body bounce natural frequency, the second in the
-region of pitching natural frequencies, and the third in the reéion of
axles natural frequencies. As expected, it can be seen from these
figures that the stiffer the suspension spring rates, the larger the
resonant.frequeneies at which the spectral density peaks occur. In the
case of the First and second resonance regions the effects of changing

in k1 and k, are pronounced, but they do not have this effect.in the

2
third resonance region.
A& three dimensional plot of the rms tractor vertical acceleration

versus parameters k1 and .k, is given in Figure 4.14. It may be noticed

~
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tﬂét rms tractof'vertiqal acceleration increases aﬁproximately linearly
with increasing ki an&l Ky. These_ results indicate that decreased
sugﬁension spring’ .rates of the tractor can ' produce improyed ride
qﬁaliﬁy Eased on rﬁs index. Therefore, low vélues of the tractor ailes
springing parameters are desirable, but the minimum values are 1#mited
E by other‘considerations, guch as suspension .static deflection, éfrbke
deflection, and roll stiffness.

Figure U4.15 shows the behavior of rms semitrailer‘ vértical
acceleration résulting from variations in the suspension elemenfs_
between the tractor body and axles, k1 and k2. The figure indicates
that the increase in the rms values varies almost linearly with k1. The
rms values are waving with varying the values of k. It may inferred
‘from Figure 4.15 that there are several minima anq.maxima occurr;ng at

different values'of'l_c1 and k., in the design space.

2

Figure u4.16 gives the power spectral density of tractor
longitudinal acceieration for different values of k1. The figure
illustrates that the amplitude density increases with stiffer
suspension. The - spectral Qensity peak of tractor longitudinal
acﬁeleration is ab;ut 0.2 of tractor vertical peak acceleration. :This
longitudinal accéleration is more critical to driver comfort, probably
because bhe'human.ﬁody is inherently not adapted to resist fore-and-af;
forces. Similar results for k2 may be obtained.

Figure 4.17 shows the effect of the semitrailer spring rate, k3,

on the amplitude spectra of the semitrailer vertical acceleration. From

-
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. -the figure,; it ia concluded ﬁhat the semitrailer q;bration is

particularly sensitive to variation in thislbaraméﬁgrfdﬁﬁﬁhe vieinity of

the'fier resonant region. y

Figures H}1§ ana 4,19 shoﬁ the effect of changing the damping
parameter, 01, in the suspension on the tractor vibration acceleration
respo;sé; The figures indicate ﬁhat, increasing the sudpension damping .
diminishes the peak amhlitude spectra at tractor body resonance and

increases the high-frequency spectra.  Consequently; a value of the

’

viscous damping must be selected that results in a satisfactory

L

compromiée between resonant vibration control and high~frequency
vibration isolation. The rms tractor vertical édceleration versus the

Jjtractor suspension dampings, g{'and sy is plotted in Figure 4.20. It

~may be concluded from the figure that the ride quality measured in terms

less seﬁgiyfve to changes in Cs. It may bé also inferred that the fms
values are}high for small damping because it permité higher écceleration
at tractor body resonance. The rms values increase again with high
dgmping because it stiffens the suspension and transmits more of the
exciting fércg to the tractor body .,

A * Figure 4.21 presents the effect on the tractor vertical-
acceleration response of varying the tire springing' chafacteristics.
Thg-figuné shows that, while the. tire spring rates have a negligible
(Qifect‘on‘tbe.peak response at bpd£ reéonance théyﬁsignificantly affect:

it in the region of axle resonance.
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g rate on tractor fore and
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damping rate on tractor vertical
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4. 2.5 Effect of Vehicle Suspenéiqn Systems on the Dynamic Wheel Loads
To study the influence .of vehiclq pérameters'on the dynamic wheel

loads which the vehicle imposes on the surfaces; severkl values of

suspension springings and dampings‘and tire spring characteristics have

been considered. The power. spectfal densities of the ratio of dynamic
wheel load to static wheel load given in Figure U4.22 depict the

influence of tractor rear .axle suspension; &2, on the wheel dynamic

load. In the first and sécond resonance regions thehyheél dynamic load

becomes smaller as the suspension becomes softe'r. .waever, in the third.
resonance region, decreasing the suspension spripg stiffness produces
slighﬁly larger peak dynamic lcad. The effect of k1 on the tﬁactor rear
wheel dynamic load is given in Figure 4.23 and it can be seen that k1
has no effect in the vicinity‘of‘the axlg resonance region. The three-
dimensional plot of the rms tractor front wheel dynamic load to statie
load versus k1 and k2 shown in Figure 4.24 is drawn to gain ihsight int6
the general dependence of wheél dynamic load on the thicre pafaﬁeters,

k1 and k While the rms value of the tractor front wheel dynamic load

5
inereases approximately linearly with increasing k1, there are several
peaks and valleys with varying kz, as shoyn in Figure 4.24.

The manner in which the dynamic wheel loads of the articulated
vehicle vary with the damping parameters, Cy and 03, respectively, is
deseribed in Figures 4.25 and 4.26. The conclusion from‘épe~figures is

that, with damping in the suspension the dynamie load?? are affected

appreciably near body and akle resonances. Shown in Figure .27 is the
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léffect of cy and ¢, on the rms value of the‘tractor f%ont“yﬁeel dynamic

load. The figure indicates that, increasing: the damping, ¢, and cy,

decreases the rms wheel force first, but with high damping the_rms value

increases again, becausé high damping stiffens the suspension ahﬁ
.transmits more force to the road.

Figurés 4.28 and 4,29 show that changing.the~sbiffness of the
tires apbﬁéciably affectal the amblitude spectra of the dynamic load
between the.wheel and road at axle resonance. The higher peak value at

i — .

axle resonance for the small stiffness results in a higher rms wheel

load.

4.3 Summary

It is necessary for the designers of articulated vehicles to aim-

at good vibrational_characteristics and good riding qualities of the
designed vehlcles. F;f this purpose, the dynamic analysis of vehicle/
road interaction using the theory of stochastic processes is carried out
to clarify the effects of the many factors on the vibration of the
articulated veR¥cle. Applying stationary random inputs to'ihe vehicle
and using .the frequency domain analysis have demonstrated hsw the
dynamic response of vehicle and vehicle/road‘interaction are affected by
load pattern, road characteristics, suspension springing and damping

characteristics, tire spring characteristics and vehicle speed.

Az
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The results. of the computer a}la;yses- of vehicle and road are

-

Vp‘ié'ese'nted in two forms: the am'plitudeﬂ spebtr'a and root mean square
-amplitudes which are used -to predict ride qualitx and evaluate the

“design concept.
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RANDOM RESPONSEZOE;nRTIcULgTED VEHICLES .
7 NONLINEAR AﬁALYSEé | |
_— >

| 5.1 Introduction -

-

In Chapters 3 and 4 the dynamic response of the articulated
vehicle to random surface undﬁlations was trééted ﬁsing é_simﬁlified
vehicle model by assuming linear suspension systems. .The _linear

- .. o . .
analyses of articulated vehicle dynamics have provided an dnvaluable
understanding .of the effect of the ‘various vehicle pararﬁeteif's on the
riding behaviour of the vehicle [27, 39, 72, 88;;116]. Thetgssumption
of linearity is Jjustifiable to simplify the consider&tion of basic
features of vehicle ridé motiPn, but- system nonlinearities should be

included in the practicality of suspension design. Nonlinear

characteristics that are freqﬁently present in articulated vehicles

include dry frietion (Coulomb friction), bump stdps, and wheel hop.

Thése nonlinearities may be expected to have a strong influence on the
behaviour of the articulated vehicle.

The resulting nonlinear model can be analyzea using simulation
ﬁechniques by. utilizing analogue and digital computers to integrate the
eq;;tions of motion. However, the pra;ticality of such techniques is
severely limited by the expense of computer time and the need to

simulate the response to a wide variety of initial conditions to

thoroughly examine the vehicle behaviour. _ Therefore, an analytical

101
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‘tec?nique,“equivalent linearization, is sough? for the analysis. of the
nonlinear dynamic motion-responsé of the afticulated vehicle.'

The equmvalent 11nearization technlque is adapted and .fucther
developed to give a technmque applicable to the articulated vehicle rlde
prcblem.‘ The .influence of dry Friction, bump stops! and wheel hop on
vehicle riding q li_tz,r i3 reported, anc the natur.'éﬁoft.‘- the vibrator‘y_
motions is described. it is the object of this chapter to ertamine theséa
nonlinearitles in order to gain a measure of their relctive 1mportance
on the dynamlc response of the articulated vehicle to the random road
surface undulations: This will give a guide to the accuracy which must
be attained in -assessing' their effects. for é real vehicle so as to
enable scccessful prediction of ﬁchicle.response.to ce carried‘cct. The
results haee ceen obtained from an acalysis of nonlinecr equations cf

motion written for an articulated vehicle, modelled in'heave and piteh

modes.

5.2 ﬁackground
5.2.1 Stationary Random Vibrations of Multi-Degree-of-Freedom Nonlinear
Systems
The response of nonlinear structural and mechanical systems to
excitations which are stochastic in character has attracted ccnsidercble
interest in recent years. One major reason for this interest is the
fact that most real systems are nonlinear by their verf nature, A :
further reason for this interest is that the excitation, (earthquake,

wind, ocean wave forces, and road irregularities), is usually so complex

e
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that it can only be described statistically
more precise study, qualitabively and quantitatively, of the behaviour

‘of such systems requirea that the nonlinear effects should be inc&uded

4,

and the statistical characteristics of . both the excitation and the

’

response should be ccnsidered
Typically, the response of a discrete' nonlinear dynamical system

-

subjected to random excitation is " deseribed by a set of second order
nonllnear stochastic differential equaticns and the response is regarded

{
as a family of functions characterized by some suitable statistics

' " The interest and research in the solution of  the stochastic
differential equatlcns has led to several prcbabillstic teehnlques An

excellent state-of-the art report of the appllcatlon of probabilistic

techniques to dynamical systems is given by Caughey [26]

Generally, there are three approaches which are used in the
]
i systems subjected to

analysis of multi;degree—cf-freedom nonlinear
random excitations: .
(1) The Fokker-Planck approach
The‘pertureaticn approach, and

(ii) 3
The equivalent liaearizaticn'approaoh

T,‘ 24, 128] provides an exact

(iii)
« The Fokker-Planck approach (3,

method of studying the stationary random response of a nonlinear system
then the transitional

If the excitation is a Gaussian white noise,

¢ ‘
probability density of the response is governed by the Fokker-Planck
- equation. This transitional probability density can completely define
Unfortunately, to date there is no systematic way

the response process.
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3

of solving the c§mplete _Fokker--Planck equa.f.'ion for the general
'secor;d-order- nonlinéar‘ ;ystém. However, the eq_u-ation' governing the
first probaﬁility_denqity f‘or_' the stationary res;on.se process of‘. a
nonlinear syéte_m has .been solved qnder three severe restrictions [26];
viscoﬁs; damping, Gaussian white noise excitations, and proportionality
of the spectral density matrix of excitation to the damping matrix of.
T the System. Thelse requirements' are” seldom met in physical systems.
Under the foregoing restrictions, the exact s'olultion may be found for a
variety of systems [36, 87, 98, 99]. Unfortunétely, these systems do
not- include the interesting hysteretic sys_tems which @s_tictly
important in modelling vehicle suspension ‘Niti'l dry friction. '

| In the case .where the nonlinear terms of the dynamical system are

-

-small compared to the linear terms and the level of excitation is

_.-r’
-

suff‘icientlyl low, the approximate random response may be obtaiped using
the perturbation approach. In this approach, the expansiion of the

- f .

response pr‘ocess' in a series of the coéff‘icient of the nonliﬁear terms,l
yields a chain of‘ linear sysatems which may be solved to(*.qbtain an
approximate solution. Crandall [37] applied the classical pert;;J_r'Bation
m:ethod to random vibration analysis of single-—deg'ree—o'f-fr'eedom
oscillators, while Tung; et al. [135], and Tung {136] extended this
method to more general multi-degree-of-freedom systems. However, major
dif‘f‘iculties arise in the applicatien of‘ the perturbation approach in
the absence“of linedr viscous damping, or when the nonlinear oscillator

exhibits hysteretic behaviour. .
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In the eﬁui#alentmiihearization approach, the'solution of the
original nonliqear equations 1s approximated by solving an equivalent
linear set of equations. The coefficients of the linear equatidns are
déﬁerminéd in such a way that the error vector, which is usually ﬁhogen
to be-the difference betﬁeen'the nonlinear and linear equations with
identical highest derivative terms is minimum. Sinpe, in random
. vibration problems; statistical quantities play the important role, the
minimizatidn eriterion seiected is related to the mean square value of
the error vector. By minimization of the.mean square Qalue of the error
vecﬁor,'some of .the coefficients of the equivalent lineér system will in
turn depend on the momeﬁts. Qr the response. Depending tﬁen on the
complexity of +the original nonlinear system, the approximate
fhstantaneoug correlation maﬁrix of the response may be obtained by a
cyeclic iteration scheme or by solvihé the resulting nonlinear algebraic
equations, if they can be explicikly found [76].

The equivalent 1linearization appreach, which is basicaily the
statistical extension of Krylov and Bogoliubov [90] linearization
technique, was independently presented by Booton [16] and Caughey [22].
Later, Caughey [251, F?ster' (59], Iwan and Yang [76], Iwan [74#], Atalic
and Utku [8], and Spanos [130] generalized the method of the equivalent
linearization tecﬁnique and applied it to obtaih.approximate solut?ons
of the random response of multi-degree-of-freedom nonlinear systems.

Among the methods mentioned above to‘ solve nonlinear random
vibration problems, equivalent linearization approach has the widest

applicability [83. In most cases the only restriction put on the system‘
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is that the excitations are assumed to be stationary and Gaussian.
Although the method is more effective, and‘the results more dependable,

-

when the nonlinearities of the system are small, it has been shown [8]
that even for some highly négligear systems the error is about 10%. lThe.
inereased number of degreqéigf fpeedom does not impose any adéitional
problems since the méthéd is easy to implement on the computer.

Basically, the equivalernt linearization technique is an iterative

method, but in certain problems, closed form solutions may be obtained.

5.2.2 Hysteretic Systems

The _suspension elements with fficéion .damping genefﬁlly have
hysteresis characteristics.'.ih order to study the effect of hysteresié
on sysﬁem performance it is desifable to have a mathematicaliy tractablg
model pf the system in quéstion. It must be emphasized that since the
restoring force of a hyster;tic system depends not only on the instanta-
neous displacement, but also on its past' history, the analytical
modelling of such a system under random excitation is not a straight-
forward matter. References [23, 73, 125] deseribe various hysteretic
models.

Many studies have been carried out on the vibration systems with
nonlinear hysteresis characteristics. Caughey [23] investigated the
effects of input level on the reaponse' bf ‘single-degree-of—freedoﬁ
systems subjected to random ‘input by applying ﬁhe equivalent
linearization technique. Using analogue simulation, Iwan and Lutesl[75]

studied random vibration problems with nonlinear “hysteresis
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characteristics. They coppared the analogue results with ones obtained
by the equivalent linearization technique. Lutes [97] predicted the.
hysteretic system resbonse. by substituting the equivalent. nonlinear
éysteq without hysteresis characteristics for the one with'hysteresis
properties, and then using Caughey's solution [24] of the cor;esponding
Fokker-Planck equation. He compaged these results with the ones

obtained by the equivalent linearization technique and with expefimentél

results, Shimogo [1251, using equivalent linearization technique,~

discussed ;he isolation problem of random vibratian by lamiﬁated spring
with Coulomb friction damper.
5.3 Articulated Vehicle‘Hodél-

In order to determine the ride performance of the articulated
véﬁicle travelling over a rand§m road surface, it is necessary first to
develop a mathematical model that is a satisfactory representation of
the actual physical system. Thus, the model is chosen to be a
representation of actual vehicles without introducing unnecessary
complications or irrelevant degrees of rreedoé.

The articulated vehicle system adopted for this study is similar
to the simplified model described in Chapter 3, and is shown in Figure
5.1. The assumptions and the vibratory motions of the vehicle are

restated here for convenience, aﬂf then followed by the description of

the nonlinear suspension and tire forces, The vehicle is considered to

p
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Sg‘travélling oveﬁ an,unevep road Qt a constant rorwa;d velocity. T£é
vehicle is sub;ected to disturbances from road irregularities. It is
assumed that the.roughness elements are aqual in the leftlénd right
traéks,-_V1bfé£ion of the.mathematical model is thus coq;trained to the
longitudinal plane. It is also ;ssumed that the vehicle 6ompqnents are
perfectly rigid, and tﬁe suspension systems can adequately be

represented by a point contact model. The tractor and semitrailer are

' allowed to translate in the forward and vertical directions, and to

pitech except as constrained by the Fif;h vheel, The vehicle is
supportea by three axle suspension Systems; The ﬁheels and axles uﬁich
are considered as dynamic systems, are supported througp' the tire
springs and dampers by the road.

By considering the constraints imposed by the fifth wheel on the
motion of the tractor and semitrailer, the model includes six degrees of
freedom; pitching and heaviﬁg motions of the tractor centre of gravity,

(Y et), pi{ching motion of the semitrailer centre of gravity, (es)'

t?
and the vertical motions of the three axle suspension systems, (Yl' Y2,
YB). The suspension and tire fortes are described below.

The general forms of the relationship between the main suspension
spring force and the deflection are given in Figures 5.2 to 5.4 for a
car [125], a tractor and a semitrailer [153] suspension, respectively.
These curves were obtained for multileaf springs by gradually loading
and unloading the suspension and méasuring 'the deflections. The

hysteresis loops are due to the effect of statie friction in the

suspension.
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Figure 5.2 <Car suspension characteristics [125].



Averaged Vertical Load, Ib.

; ‘ 111

O 10 20:'30 40 50 60 70

16,000 I ] 1 | I =70
14,000}—
—60
12,000
—50
10,000
40
8.000 =
x
—30
6,000
—20
4,000
2.000 —'0
oLy
o 05 10 15 200 25 30

Averaged Vertical Deflectia_ﬁ,inches :

Figure 5.3 Tractor suspension characteristics [1513].
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For the purpose of the anélytical workiﬁo be carried out here, -
ﬁhe Coulomb friction present in the suspension asséoiated with real
arbivulated vehicles, is modeled in two forms:

(a) ‘a;;inearmspring.and friction damper acting in parallel (directly

coupled friction damping)

(b) a linear spring in paréllel with an elastically friction damper

(elastically coupled friction damping).
The force-deflection characteristics of these elements are shown in

Figures 5.5 and 5.6, resbectively. The damping in the suspension is

‘assumed to be linear.

The qo&el éllows for the presence of bump stopﬁ by thé inclusion
of a spring with very high stiffness attached to the sprung mass,.énd
ﬁhich comes into contact with the unsprung mass only when the suspension
deflection is gré&%bq;than a preselected value. This characteristic is
illgstrated in Figure 5.7.

Each tire is represented.by a spring-damper system having point
contact with the ;oad surfacg. The éire ig allowed to leave the rbad.
The phenomena of separation of_the Eire from the road is modeled through

a bilinear spring with the corresponding properties given in Figure 5.8.
(13

5.4 Analysis of Articulated Vehicle Motion Using Equivalent
Linearization Technique
The vehicle system can be considered as an n-degree-of-freedom

system connected by nonlinear elements. The mathematical equations
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which describe the response of the system are given in Appendix I.

These equations may be written as:

M7 + CF + K5 + g(9) = Fw), (5.1)
¥=AX + 1 . (5.2)
where X' = [Yé, 8.0 8y Tqs Yo 33] is the generalized displacement
.¥ector . |
y " is the relative displacement vector across the nonlinear
elements )
u is the excitation displaceméht‘vector
‘ A is a trangformation matrix given in Appendix I

M,C& are the .mass, damping and stiffness matrices,
respectively : »

E(?,f) is a nonlinear vector function of the dependent variable

¥ and it;,derivative y

'fft) " is the excitation force vector

Due to the nonsymmetric nonlinear function §(§3§i, the
steady-state solution 6f such a system exhibits'a constant offset.

Let

/ .
yle) =y + z{t), (5.3}

where §c is a constant vector, and z{t) is a stationary random vector
with zero mean., .

Substituting transformation (5.3) into equation (5.1) yields
MZ + CZ + KZ + K}c + glz, ic +2) = F(t) (5.4)

-
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Taking the expectation of (5.1) gives - ' | -

M E[¥] + C E[Y) + K E[Y) + E[E(¥, )] =0 (5.5)

-

From the stationarity of ¥ it follows that

. Cod ]
Ely] = EE:E[y]-= 0, - (5.6.a)
bod .da .
E[y] = —5 E[¥] = 0 (5.6,b)
dt . .
Hence, equation (5.5) reduces to -
7 | Ky, + E[E(7, )] = 0 - SRR

Define the function B as
g(z, Yo * z) = Kyc + gz, Vo * z) (5.8)
Then, because of condition (5.7) it is seen that B is symmetric with

respect to z.

Equation (5.4) can be written as

Mg +Cz + Kz + 8(z, ;c +z) = f(t) _ 5.9)

Because of the scarcity of éxacﬁ solutions of equation (5.3} when
the function B(Z, ?c + z) 1is nonlinear, attention has been directed
toward equivalent linearization technique, which gives an aﬁproximate
analysis. Tﬂe principle of the technique is to’replace the nonlinear
dynamical system (5.9) by another auxiliary system for which the exact
analytical formula for solution is known. The replacement is made =0 as

to be optimum with respect to some measure of the difference between the
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origipal and the auxiliary system. The auxiliary system is called the -
equivalent  linear . system. While this equivalent 1linear system 1is
effectivley linear, the system response depends on signal amplitude, a

basic characteristic of nonlinear behaviour.

The equivalent 1linear system is defined by the linear

differential equation ' {ﬂjﬁ\#

Mz + (C+CT+ (K + KT = KB, (5.10)

where Ce and Ke aré‘two arbitrary matrices. These matrices are tb be
determined so that the difference e between the original system and the
equivalent linear system {s minimized for every Z belonging to a certain
‘class of functions of the independent variable t. The difference e is

defined by

B E(é. Yoo 2) - ceé - K2 (5.11)

Since the excitation of the linear system is assumed Gaussian it

is well known that the response will be Gaussian as well. Therefore,
the matrices Ce and Ke must be such that the randqm vector e is
minimized for every stationary Gaussian random vector z. A criterion
that might be handled effectively would be to require that the mean

square value of e is minimum, that is

Ele' 2] = minimum ) (5.12)
{

Then the necessary conditions for (5.12) to be true are

a ae

o (Ele' el) = 2Ele! —— 1 = 2Ele; 7] = 0, (5.13.2)
3C ac, . .

i] ij

i,j=12,...n
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3 ae
—— (E[e' €l) = 2E[e" 1= 2E[ej'zk] =0 (5.13.b)
& kS : ak
oo 1j i3

.-

Substituting equation (5.11) into equation (5.13), ylelds

r

E[B(Z, ic. 2)2'] = C, Elz 2'] + Kq E{z z'] .~ (5.14.a)
Eﬁé.%.h?]:%EﬁEﬂ+KeﬂE?J (5.14.b)

By defining-a vector Z as
| F= (3,3 ; (5.15)

Equations (5,14) may be written as

[C,. KE (z z'] = ELB(zZ, §c. z)z'] C (5.16)

or

(c

e = =2 LR
e Ke] = E[8(zZ, Yor z)z'] E [z 2'] (5.17)

The existence and uniqueness of the equivalent linear system, Ke

and C_, depends on the nature of the matrix E[Z 2']. If the matrix E[Z,

~

'2'] is nonsingular, there exists a unique equivalent linear system. If

this matrix is singular, an'equivalent linear system, if it exists, is

" non-unique,

The coéfficients of the matrices Ce and Ke may be determined
analytically if the nonlinear function B(Z, ?c + Z) can be decomposed
into a sum of simpler nonlinear elements, each of these nonlinear
elements depends solely on the relative displacement and velocity of the
masses of the system. Let the nonlinear function 8(Z, §c + z) take the

following form .
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B(Ev§ "‘E)'
t 3

kiJ ycJ + gi(z. Vo * z)

1
ne =

1

n n - -
L + I q (5.18)

s 1y ¥y

k.. ¥
ja1 137l

Multiplying expression (5.15) by ;r and averaging both sides and
then repeating.the same for zr,
E[Bi(z. Yoo z)zr]
SN

n
L

Elq, (y,, yJz.] (5.19.a)
j=1 O I R r

08, (2, ¥, Dz

n _
321 E[qij(yj' yj)zr] (5.19.b)

Using the mathematical properties of the multi-dimensional

Gaussian distribution, it can be proved that (see reference [154]),

n

. . . . . . 2
E[qij‘yj'yj)zr] E[qij(yj'yj)zj]E[zr zj]/Efzj]

» Elqg 43 43 ) 241E0E, 2,1/EL2])] (5.20.)

. ‘ - . - o2
E[qij(yj.yj)zr] = E[qij(yj.yj)zj]E[zr zj]/E[zj]

a 2 .
+ E[qij(yj.yj)zJ]E[zr zj]/E[zj] {5.20.b)
Then the coefficients of the matrices Ce and Ke given in

equations (5.14) can be defined as follows:

e . . ¢2

.. =Elq,, (y,, v, . . 21,
clJ [qu yJ yJ) zJ]/E[zJ] {5 a)
&= Efq.. (V.. v.) z.1/E[2°] - (5.21.b)

5 TR % TR NI M R el

For the problem on hand, the nonlinear functions qij(gj'yj) are’

linear functions of the interconnecting nonlinear elements Qij(ﬁj,yj).



123

Therefore the preceding analysis can be stated as fq%lows
Given the dynamical system (5.1) with non-symmetric nonlinear
function of the form (5.18), an equivalent linear-system may be obtained

by replacing each interconnecting element according to the rule

'Qid(l'.rd' YJ) MR I P Y (5.22)
where ‘
e _ . o
uij = E[Qij(yj. yj)zJ]/E[zJ] (5.23.a}
e - [ ]
Yiy = E[Qij(yj' yj)zj]/E[z 1,° ‘ (5.23.b)

and the elements cij and kij of the matrices C, and K, are linear

e e
combinations of uij and Yij' i, i=1, ..., n.

5.5 Method -of Solution
The lack of "symmetry" of any components By v i=1, .., n, of
the nonlinear function g(¥, ¥) necessitates the addition of a mean
vector §c to the stationary solution‘of the problem.
A éyclic procedure may be devised as follows:
(a) Assume initial vlaues for Soth the matrices Ce and Ke and the
mean vector ?c' G
(b) Solve the equation of motion of the linearized system (5.10), and
evaluate the mean square responses
{c) Construct the average of the nonl;near function
(d) Use (5.7) to evaluate the new ?c vector

(e) Use (5.23) to construct the new Ce and Ke matrices
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(£ ‘Repeat steps (b) to (e) until results from cycle to cycle are

A

similar.

5.6 Applications on System Nonlinearities ‘

Many nonlinearities, such as Coulomb friction, bump stops ?nd
wheel hop, play ;n important role in the behaviour of the vehicle. The
best way to obtain an idea about the effects of these nonlinearities is
to begin by Pbudying them one by one. In the following subsections the

analytical expressioné for vehicle system nonlinearities are derived

using the analysis given in section 5.4.

- 5.6.1 Directly Coupled Friction Damping
Let the friction force belgiven by the following expression
F. (Y ) = £, sgn(y (5.24)
Since the nonlinear force is symmetric, then

yj(t) = zj(t), (5.25)

and equations (23) can be written as

afy = Lt sgn(§j) §J1/E[§§] 3 (2.26.a)
Yij z E[f“j ssn(:}j) y'j]/E[yil (5.26.b)

The relative displacements and velgecities, Yj and §J,.wil% not be
Gaussian because of nonlinearity; however, for the equivalent
linearization technique the& are taken to be Gaussian. Representing the
probability density p(yj, §j) by two-dimensional Gaussian distributien

4

with zero mean (E[yJ ;j] = 0),
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- ‘ .2
(Y0¥ . {‘.1[%‘ £ Y (5.27)
PCy .. ¥.) = = eXD{~ 3 + — 5.2
3 21rZ[y§]E[y§] 2 E[y‘§1 E[yi] h

Substituting equation (5:27) into equations (5.,24), the following

solution can be obtained since p(yj. ij) is symmetric

/2

e _ ‘ *2 ‘
a4 = :5 fj/JE[yj] (5.28.§3
e -

Tij =0 (5.28.b)

5.6.2 Elasticaliy Cdupled Friction Damping

The bilinear hysteretic system is the nonlinear system having the
restoring force-deformation characteristicé as shown in: Figure 65.9.
This figure represents steady state response with amplitude xj and vyield .
level Aj = fj/EPJ.

Define the average frequency across each nonlinear element as the

ratio of the rms velocity response /é[§j] to the rms displacement

response #E[yj]. (1431, i.e.,

é +2 2

. = J//ELY - (5.29)
¥y 5 [yJ] yJ] _ (5.29
Assume the following:

(i) The response of the nonlinear element is contained within a

narrow frequency band.

}.
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(1)  The probability density of the amplitu&e' of this 'narrqwj bangd

}esponse is the Rayleigh distribution, i.e;.

y o 2 2 orr @
p(xj) = (XJ{E[YJ]) exp( xJIEE[YJ])

Using the above'assumptions the response yj is given by

.

yy = Xj(t) cos (majt +‘nj(t))

or

wﬁene.xj. ﬂj. and wj are slowly varying parameters of time.

(5.30)

(5.31)

(5.32)

Substituting equation (5.32) into equations (5.2}}7’Ehen

. o« 1 2T, .
e 7 .
u%g = -[ é { >n é Fij(xj cos ¢j'-lj)xj majsinﬂ;J dwj}

’ 2, 2
p(xj) dxj]/(E[yj]“aj)'

@ 1 .2r
e
.= L s {— s F, (x, cosy, A)yx.cosy, dy. .}
Yig Tt tar g Tap Ky 0SYy AyTxgosty oY,
p(x Jdxe1/ELy>]
. I
. Let
1 an .
S(xj) =5 é_ Fij(xjcos¢j. 5d)sin ¢j d¢j
and T
1 2n _
Cly.) = — F., {x.cos¥, a.) sp, dy,
Xy Tam [ Tag Xgoosvyr Ay cosey Oy,

The mathematical expressions for Fij(yj' Aj)-are as follows:

A the force is given by

J'l

(5.33.a)

(5.33.b)

(5.34.a)

(5.34.b)

For y. €
XJ =



'S'l:q & °
‘ﬁ- I
L Faglyr Ag) S Koy vy = Koy xyoasty

For xJ > AJ, the force may be expressed as

kogtyy = (xy = Ag)hs
=k . A ;
Py vy =4 N
kojiyj + (x‘1 - Aj)l.-
— kOJ Aj. ' Sy
__.___w7 _ \‘Xj = 2AJ
. Where ¢J = CoS8 XJ‘ ‘ .

Using the mathematical expressions for Fi

(5.34), the expressiocns of S(xj) and C(xj) arg‘éiven by

s(xj) = -koj(lew)sinztbj (Xj > 13.)

Oxy) = kgy(xy/m{egn(sin 269072)  (xg > Ap)

S(xj) ‘= 0 ‘ (Xj £ lj)

C(xj) ='koj X txj S..lj)
Now the expressions of E[x‘j S(xj)] and E[XJ C(xj)] are given by

| Y1 = 5

Elx, ﬁ(xj)] = - Jl-f Xy sin"ey P(x )dxy, (

J
o Kga o
E[XJ C(xj)] = koj 6 X p(xj)dxJ + ij xj(¢J -3 31n2¢3
D(xJ)de (

Using the hefinitiﬁn of the Rayleigh distribution p(x

J),‘then

s x"j Plx )dx; = -cxj’ + 2Ety§-])expc-x§/25[y§n

128

- #3(5.35)
LU.S fj<$ ¢J
by L by L
BEIRE (5.36)
ﬂS_lIJ‘JS.N@J
wa, o
(yj' lj) aﬁd- equat§?ps

(5.37)

5.38.35

)

5.38.b)

(5.39a)



-
5]

*

‘and . ? o
S a2 :
d- . 1. ) 8 j .
: dxj (¢J sin2¢j) = —-jg- /xj/xj-1
X3
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(5.39.b)

Substituting equations (5 39) into equations (5.38), the followingl

expressions for E[xJ S(Xj)] and E(xd C(xj)] are obtained,

CE[x, S{x )] = — erfec ( — ),
. J J I “3 nJ‘
2 8 = 1 :
E[x‘j C(xj)] = 2kojE[yJ]\{1'- - { E3 /EJ -1 !
. 3 .
2 2 2
*; T
. (1 +— ) exp ( =3 ) dﬁjl.
“J "J
. 5 ]
where, ny = /ZSEYJJIAJ, Ej = lekj,
L 2w 2
and erfe( —)=— s e du - '
Ny /Tr'unj
I @
Substituting (5.40) into (5.33), then
. ( 1 y
uiJ = ‘ erfec ;]'_ ’ . ‘ |
bay™my ‘ EIRN
and ‘
' 2 : 2
. 8 o 1 ‘ Ej ‘EJ .
. = k_.[ -743 YE =1 (1 +75 ) exp ( —2 ) dg ]
fij | 0J 1 53 J n.j nj J

 (5.40.a)

) (S.ho.b) .

(5.“1.a)_

(5.41.b)



.qb- ‘ o | : 130
As _koj I-b“ w\’ Ej + ©
. R Y .“ ' -
_ g -,'—"?"EOJ' f’d.ﬂ{_OJ 7 /7 g - :
- and gy = T . z -"fd/ E[yJ ) _ ‘ (5.42.a)
agy /¥ /LYY T -
since aaj = ?E[}i]//E[ygl. a - Lo e
. 8 % 1 _
AT ='kOJ[1 ;‘;' i ;3‘/55 -1 dEJ] =0 | | - (5.42.b)
j .

5.6.3 Bump Stops
B The bump stop characteristics are shown in Figure 5.7 with
.coordinatés-yj and Bij.._?The bump sPop force maf be expressed
mathématically as |
) : 0 | Y5 £ 805
s Bij(yj' 603) = /*\ (5.43)

By assuming that

-Yj(t).= zdkt) +y (5.44)

e}’

where ch.is the mean value of the random process yj, then the force can

be written as

—

0 ZJS_GOJ-ch" | |
BrytEyYeprdos) = , - (5.45)
ﬂ? A koj(zj+ycj’éoj). Z4 > §oj = Yoy
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' Since the résponse is assumed to be Gaussian, the amplitude 'probabilit.y

density is given by

~

p(- 2572/k0z3D), (5.46)

p(z,) = == ex
N /2:E[ZJ]

-

+

and in this.case the mean value for the nonlinear force is given by

ko5 .

v g )] L N P
E[Bij(zj,y_cj,ﬁoj)] = éuE_[z?] . J{y j '(ZJWGJ GOJ)exp(‘ z:|/2E[zJ]I)f:lz:j
. 7 e Ve , _

k;J T/E[Z?]/Eﬂ exp(-(6 .-y
- o} ‘¢

| o ‘ 7’

C | 2 G Y(1=er£((5. oy ) //EIRIT  (5.47)

-2 oj-ycj -ar Goj-ycj ZJ .

It

2 244
J) /2E[zJ])

Using equdtion (5.23.b), the equivalent linear stiffness is given.by

*

k
-e Oj @ .
Yy ® > { I (zj+ycj-6°j)sz(zj)dzj} s
Blzgd Sopeg :
1 .. 2 ]
=3 koj {1 - erf((soj-ycj)//zE[zJ])} - (‘.5.138)

5.6.4 Wheei Hop
The tire characte-riéticé are shown in E‘igure 5.8 with coordinates
' yj and Tij‘ The static defleo.tion of each tire under the vehicle i;'eighp
is LJ. Th.e tire foncé may be expressed .as
: . ey 73 Ly Lo
Tij(yj' Lj) = | - - (5.49)

-ktJ LJ - yj‘i iLJ
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[ ]
by assuming that ‘
yj(t) = zJ(t{f* Yoy’ w - Vs . (5.50)
then the tire force may be written as - ' '
Yy L, Y -
ktj(zjfycj) j ycj.s zj.s
Tij(zJ’YCJ'LJ) = - ] (5-51)
gty o TSty gy
The mean value of the nonlinear tire force is given by

E[Tij(zjjchrLj)] = ktJ{_Ljiy J (zj+ch)P(ZJ)dzj
. c i .

EiVes
- Lj I p(zj)ézj}' (5.52)

—(

Considering that the response is Gaussian, and carrying out the above

integral, the following Pesult is obtained:

L)) = ktJ{/E[zgll/E; exp(-(L

2 2
ij(ZJ,YCJ, 3 1°/72E[z7])

ELT 3*e} 3

1 /oE[ 2 '
- LJ + 2(ch+LJ)[1-erf(-(Lj+yej)/ 2E[zJ])]} (5.53)

The equivalent linear tire stiffness’ can be calculated using equation

(5.23.b) as follows, - S
e o Tk (ay e e, e }
Yiy = E[z?] _ij ki | zj+ycj sz(zJ 2y - —i szjp(zj)dzJ

1 [T 270, ) L
=5 ktJ£1 - erf(-(Lj+ycj)/ 2E{zJ])] (5.5&)



5.7 Resulbs.and Discﬁssidns‘

In %he'course of the dynamic studies, two variations of ;he basic“
model have béen investigated.  These are\¥Q$ loaded vehicle ‘and the-
unlcaded vehiclé. Thévvghigle parameters are given in Téble u:1. Two
road.éharacteristics ére considered: gmgoth road, A, and rougp roag;AB.;
The parameters of these two road surfaces are given iq Table 4.2. In
both‘caées; the model representing the vehicle trgvelé with a constant
forward velocity of 80 km/h. .

The ride behaQiourdof éhe articulated vehicle has been—evaluated
according to the félloﬁing ride comfort anq ride safety indiqes:.

1. The power spectral. densities of the vertical and fore and aft
acqe;erations -at the driver's 1qcation and” at the lceﬁtre of
gravity of the tractor? The acceleration spectra are compared
with the Isﬁ guide for one hour and eight hours.

2. The power spectral densities of tractor and semitrailer pitch
accelenétionsi and: axle dynamic excursion, that 1is,. the
displacement of the unsp;ung mass relative to the sprung mass.

3. The rms accelerations and displacements at different ldcations in

. the vehicle.

~

b, The power spectral densities of dynamic wheel loads.
5. The rms of dynamic wheel loads.
6. The percentage of' time each wheel assembly loses contact with the

road, indicating loss of "road holding" or controllability.
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5.7.1  Effect of Dry Friction .
5.7.1.1 Directly Coupled Friction Damping ) '

Vehicle Accelerations: The power spectral density curves for the

r

, 'vebtical_ acc-elerations at the centre of gravity of the tractor and at

the driver position for the loadéd' and unloaded vehicle operating on
rfouté A are shown in Figures 5.10 and'5.11,. respectiveiy.."The dry
fr'iction“f"or;ce in each suspension is considered to be a percentage of
tlie corresponding axle statie 1oé.d. The curves are plol_:rtredr for
different values of Ehe ratio of- t-he friction force to thé ;'axle static
vl.oad; 0% (linear mod;s:l), 2%, 43 and‘ﬁs.

In each ceiée the acceleration spectrum has three prEdomipant

frequencies. The first frequency corresponds primarily to tractor

bounce , mode, while the second frequéncy cé‘rresponds to tractor and

semitrailer pitch modes, and the third is associated with the wheel axle

bounce modes.
The results indicate that inclusion of the dry friction in the
analysis affects the system response to an appreciable degree.

Increasing the dry friction force diminishes the peak response in the

low frequency region corresponding to the bounce frequency. However,

‘the response increases considerably in the high frequency region by

increasing the dry friction force. Specifically, the vibration comfort
in the frequency range 3-4 Hz becomes poorer and reaches ISOC 1 hour
boundary. In other words, increasing the friction will cause the

formation of a second -resonance peak in the range of 3-4 Hz. These
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. ’a . . "
frequencles are in the range of human body resonances aqd as can be seen
from the figures, it is deleterious to the ride motion.

It should‘be noted that the amognt of friction in the suépension
for the loaded vehicle 13 larger than the‘corresponding values in the
unloaded vehicle. As' may be seen in the.ﬁarious figuieé. th§
acceleration spectra for the ﬁhioéded‘thicle are primarilf beloﬁ the
1-hour IS0 guideline By considériné the fact that the amount of
friction in the unloaded vehicle is less than the oorresponding value in
the loaded vehicle in the cases studied, it can be observed that the
comfort of an unloaded vepicla is. considerably worsened due to the
_existing fricticnal force in the vehicle Suspension.

It can be seen from Figure 5.11 thab several peaks occur in the
high frequen¢y range with a wide band peak in the frequency range of 3-6
Hz. The effect of the dfy friction is noticeable. Significgnt
attenuation is obtained below 2 Hz. It is seen from the figure that
increasing_the dry friction will stiffen the suspension and more energy
will be trangmitted to the sprung ;asses. The spectrum exceeds the
B8-hour ISO guide in both the lowland high frequency range for the linear
system. However, incfeasing the friction made the spectra exceed the
1-hour ISO guide in the high frequency range. This ride is definitely
rough, _corresponding to 80 km/h for a smooth road, and would be
unacceptable for a 1-hour duration.

Figure 5.12 shows the effect of the dry friction on the loaded

vehicle acceleration spectra for route B. It can be seen that there is
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a definite increase in 0.1 - 40 Hz range content of the vertical

vibrations. The rate of increase of the amplitude spectra for route A

is higher than that for route B in the low frequency rénge.  The
acceleratioﬂ spectra does not meet the ISO guide for 1 hour at the ‘high
frequency range. The reduction of vibration amplitude in the 0.8 - 2 Hz

range 1S accompanied by some'inbrease in amplitude in the 3.5 ~ 6 Hz

L

bange.

By c0mparing-§he results for the smooth road and for the rough
road, it can be observed that the rate of reduction of the amplitude
specﬁra in the frequency range 0.8 - 2 Hz and the rate of ingrease of
the amplitude spec%ra in the freq;ency range 3.5 - 6 Hz are g;gher for
the smooth road than the corresponding yalues.for the rough road.

'”Clearly illustrated in Figureg‘s.i1 and 5.12 are the resonances
occurring due to tpactor and semitrailer pitch modes excitations. Pitch
modes contributionSEare apparent here due to the fact that the Hriver
location is not at the tractor's centre of gravity.

Figures 5.13 and 5.14 show the effect of the dry friction damping
on the fofe and éfﬁ acceleration spectra at the tractor's centre of
gravity and at thejériver's neck level, respectively. in each f;gure
the acceleration spectra aré given for the loaded and unloaded vehicle
operating on route 1. it may be seen from Figure 5.13 that inc;éasing
the frictional forces will decrease the magnitude of the first résonance

peak for the loaded vehicle. However, almost the entire f{requency

content is increased with increasing the frictional forces for the
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unloaded Neeicie. - It may also be coneldded; from studying Figure 5.14,
that the frictional forcee have a negative effect on the fore and aft
‘eceeleratiod spectra at the'medium and high frequenc& range. ‘

Throﬁgh compérison of the fore end aft acceieration apectra at
.the driver's neck -level with the tractortaed semitraiier piteh
aceeleration spectfa\given in Figures 5.15 and 5.16, it may be eoncluded
. thet the t;actor pitch accelerations eoﬁtributef_significantly to the
excessive level of acceleration at the driver location. |

On the basis of the data exhibited in Figures 5.17 to 5.19, it is
.coneluded that due to the presence ‘ef a high 1eve1 of dry friction in
the suspension, the ride dynamics of artioulated vehicles are largely
determined by ‘the fact that‘the_tires are the main suspenszon medium.
This resuits in inadequate damped vibration with resonance at
‘*frequendies-less.beanablelby human beings, that'is, frequencies to which
_, man is partieulariy §ensitive. !

To show the‘effect of tractor front and rear suspensocn friction
dampipgs on théﬁeehicle vibrational responses, the level of dry
“ ’ LN '
frictional forces are varied while all ether vehicle parameters are held
constant at the baseline values Fig:ures 120 and 5.21 are three-
dimensional plots of the rms accelerations at the tractor's centre of

gravity, while Figures 5.22 'and 5.23 are.three-dimensional plota of the

rms vertical accelerations at the driver s ‘location. These plgta are

[
w
-

obtained -for- the loaded vehicle operating on route A and route B,

©

respectively, at 80 km/h. The rms aceeleratione are-plotted in terms of
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the ratio of the dry frictional forces of each axle to Eﬂe corresponding
axle'static‘lobds From a study of the plots it may be concluded that
the dry friction damping in vehlcle suspension is not unidirectional.
The dry friction damping improves the . ride comfort expressed in rms
acceleration up to a certain extent. The optimum fricégon damping is
different fon'different roads and dlfferent locations in.the‘vehicle
structure. In the case of a smooth road, the optimum values of dry
frlction are zero at the tractor's front axle and Ni of the static load
'at the tractor 8 rear axle for the ros acceleration at the tractor's
centre of gravity.‘ The cornesponding values for the vehicle operating
on the rough road are 4%, of the static load at the front axle and 2% of
the static load at the rear axle. The rms driver vertical ascceleration
are minlmum for f}ictional forces of zero values at the front and rear
‘axles.for'the smooth- road,. and 2% of the static loads at the front and
rear axles for rough road.

\ ‘The difference in the optimum values of the frictional forces
that provide minimum values of the rms accelerations at the-tractor:s
centre of gravity and at the driver's position is due to the tractor's
pitching acceleration which is increased with increasing, the dry
friction dampings independently of the road quality, Figures 5.24 and
5.25. Beyond the optimun values of the frictional Forces, increasing
frictional forces will increase the rns accelerations and consequently

decrease the comfort level.
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Figures 5‘26 and 5. 27 preaent three—dimensional plots of the rms
tractor and driver vertical accelerations, raspectively, for the.
unlpaded vehicle operating on route A at 80_ kmlh Adn terms or the
frictional forcee' at ‘the front and rear suepeneioq. By ccmparing
Figures 5.26 and 5.27 with’Figucesgs.EO_and 5.22, reep;ccivelyt it can .
. be stated gﬁ;t the'optimud‘frictiohal forces are differeqﬁ foc var&icg 
'loading‘%onditﬁons : e . . ‘ .

" The optimum values of the frictional forces are also different
for various vehicle velocities, as can be seen from Figure 5. 28 which
gives the rms tractor acceleration for the 1oaded vehicle running on .
route B at 120 km/h The optimum values of dry fricticn are 6% of the
"static load at the tracc;r 's front axle and 8% of the-: static 1oad at the
tractor's rear aﬁie. ‘ It can also be seen that the rms accelerations‘

intrease with increasing‘the vehicle L} fbrward velocity regardless of

the amounts of dry friction.

Py

Axle Dynamic Excursion: A;le dynemic excursion or dynamic spring

L4

deflection is the relative motion between the sprung and unsprung
masses. This dynamid, excursion plays an important role in determining °
‘ ’
the clearance space between the sprung and unsprung masses.” It is
. g

desirable to make the‘clearance space as small as possible from a voluge

v

economy point of view and to minimize rolling and pitching movements
arising from vehicle manoceuvers. On the other hand, it is necessary to
provide enough cleabance foc static deflections due to vehicle loading

variations and for\ dynamic spring deflections arising from vehicle

motion on an uneven road.

- | Y
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" These spebtra,abe obtained for ‘loaded and unloaded vehicle running on :

‘The _power spectral densities of the dynamic'exéﬁpaicns for the

‘front and rear axles of the tractar aré-given in Figures 5.29”;”5.31;‘

route .A, Figures 5.29 and 5.30,Arespéctively, and for loaded vehicle

runhing on route B, Figure' 5.31, with difrerent ‘values of frietion
forces. The results indicate that as the friction is increased éxle
dynamic excursion_will'be decréased in the_whole frequency range.. The
results also indicate that some amount of frietion.in the suspension is
effectiéé“in reducing the probability‘of bottom;pg'betwéeﬂ bhé‘sprung
mass and the unsprung mass.

"The rms values of the dynamic excursion have been calculated for

loaded and unlcaded vehicle running on.smooth road at 80 km/h. The
results for the tractor - front axle are plotted in Figures 5.32 and 5.33

in terms of the frictional forces at the front and rear suspensions. ;t ]

ean be inferred from the figures that the rms dynamic excursion is

decreased with increasing the frictional forces. It can alsoe be

. ) : l
inferred that the dynamic_exchrsion-at the front ,axle is not&sensitive

to changes in the frictional forces at the tractor rear suspensions.

‘* Dynamic Wheel Loads: The powWer spectral densities of the ratio |

of the dynamic wheel loads to tﬁé_static wheel loads aif plotted in

Figures 5.34 - 5.36. These plots represedt both front and rear wheels

of the tractor at various amounts of dry friction for loaded and

unloaded vehicle operating on route A, and'for loaded vehicié dberating

on route B. ° The effect of including the friction forces in the dynamic
: 5 _

."
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analysis reduces the peak dynamio -loads;-in t’he low and high A.quency'
;anges. "In the medium frequency range 2 - B Hz the- dynamic loads are
inoreased as the friotion forces are increased. This is dua to the
effect of the pitching modes. The values of the spectra’ “for’ the
unloaded vehicle are higher than the corresponding values for the loaded
vehicle.. It 1s apparent from these results that the unloaded vehicle
has a greater tendency to lift its wheel off the road than does the
loaded vehicle.

To provide a better insight into the effect of.dry friction

- damping on the dynamic wheel loads, the ratio of the rms dynamic front

and rear wheel loads to their static 1oads is computed and plotted by

varying the frictional forces at the tractor's front end rear
suspension. This ratio can be :used as a criterion for the contact
between the wheel and the road. Low values of this ratio mean that the .
wheel -lpad fluctuation is not inportant.. However, as the. ratio
increases then the wheel begins to lose its contact with the road.

| Figures 5.37 and 5.38 give, the front wheel load ratio for loaded

and unloaded vehicles, respectively, operating on a smooth road;at 80

km/h. Figures 5.39 an ive the rear wheel load'ratio.?br loaded
and unloaded vehioles;frespe ively, operating'on a rough road at 80
km/h. From thepplots;shown in Figures 5.37 - 5.40, it may be concluded
that for the unloaded vehicle the danger of departure of the wheel from

the road is higher than with the loaded vehlcle The inoreased safety

-

of the loaded vehicle is principally due to the increase in static 1oad

l
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The unloa&ed 'vehicle is the ieast satisfactbry.“ , Some ﬁmount of
frictional forces at both the tractor front and rear suspensions are?
necessary to reduce the dynamic wheel load fluctuations for both’ the
| lched and unloadgd vehicles. However, the optimum values of the

frictioﬁal forces are different for the two loading conditions.

&

§.7.1.2 Elastically Coupled Friction.Damping

The suspénéion model consists of two elements in parallel. -One
element is a stiffness that represents the suspe;::;R—ﬂprings. Ifhe
other element consists of a stiffness in series with ; dry friction.
The results are obtainedjfor a loaded vehicle operating on route A at,80'
km/h and for the ratio of the series spring to the suspehsion.spring of
one.

'Figure 5.41 illus£rates the effect of the dry frictien on the
vertical acceleration'spectré at the tractor's centre of gravity and at
the driver's position. Figure 5.42 shows the effect of the dry friction
on the fofe and aft’ acceleration spectra at the tractor's_cengre of
gravity and at the driver's neck level.

Tﬁé results indicate that t%; comfort of the loaded vehicle is
considerably worsened due ko the effect of the dry frictional forces‘E
With high friction damping the vertical acceleration spectra reach the
180 1-hour standard in the first resonangﬁgegion. From the figures, it
can be observed that the resonant frequencies increase in the first peak'
region and decrease in the second peak region with increasing the

friction damping. The results show that the high-frequency attenuation
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‘rate is genefally.oonsbant regardless of the aegrqe of rriotion'dambing.
Comparing the bbwér spectra for directly coupled friétion
damping, Figures 5.10 and 5.11, with the power spectra for elastically
coupled rpéptibn damping: Figure 5.41, itlis clear that with inoreasing
the damping the peak acceleration is considerably;ﬂf Huced for khe
A dibeétly coupiqd friction while it is greatly incrgased for elgzzgzztly
coupled friction 16 the low frequency regi?n. Ho;ever, the reverse
occurs in the case of medium'énd high frequen;y regions.
A greater ihsiéht into the efféot of the dry friction on the.
behaviour of the vehicle system can be obtained by calculating the rms

values of vehicle response for different values of Spring ratio. The

! -~

frictional forces are vaéied from 0% to 15% of the static load on each
axle of the vehicle. The results are plotted for spring Eatios equal to ‘
1, 2, 5, 25 and ®@ (directly coupled friction damping). The loaded
vehicle is operating on a smooth road- at 80 km/h speed. '
Figure 5.43 gives the rms vertical accelerationsrat the tractor's
centre of gravity and at the driver's position, while Fié;re 5.4l gives
the rms tractor and semitrailer pitch acceleratioﬁﬂ. The f}gurcs show
that these rms acceleration values grow E%Pidly with increasing the ary
friction forces, particularly at low “Values of spring ratio. The
figures élso show that the rms acceieration values increase in a
nonlinear fashion Qith increasing frietion up to certain values which
depend on the spring ratio. With an 1ncreasé of the friectional forcés

beyond these particular values, the rms values will increase linearly.
\

In the case of spring ratio equals infinity, directly coupled friction
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‘damping, the tractor rms acceleration decreases slightly as the
‘frictional forces increase from 0% to 2% of the static load "and-

- L
increases very rapidly u?én the frictional forces become .greater than 5%

of the static load. {

In Figure é.ﬁs, Ehe plots of axle.dynémic excursions versus the
frictional force ratio‘are shown for tﬁe various spring ratios. It maf
be observed from the figure that the dynamic excursi;ns due to the road
.input are influeéceq by the choice of spring ratio. ?or small spring
ratio there is a minimum value of the axle dynamic excursion at some
values of the dry frictien. Houevep, increasing the dry friection forces
beyond these values will increase the aile dynamic excursions. it is
interesting to observe that the front suspensioﬁ is locked at frictional
forces equal to 14% of the axle static loads.

The ratio of the dynamic wheel loads to the static wheel loads
for the three axles of the vehicle versus the frictional force ratio for
different values of the spring ratic is shown in Figure 5.46. A study

of this figure reveals that the variations in the wheel loads are

largest for spring ratio 5 to =. Far spring ratio between 1 and 2, the

- -

dynamic wheel loads decrease first slightly as the frictional forces in
the sugpension inerease and then increase with increasing the frictipnal
forces. It is evident that the effect of the dry frictional forces on
the wheel dynamic loads is more pronounced in the case of large 3spring
ratios. It.may be seen from Figure 5.46 that there are optimum values
for the frictional forces which are different for different apring

ratios.
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-

5.7.2 Rffect of Speed on Articulated Vehicle Motion with &'y. Priceion
in the Suspenaion ) ‘
Yarfations with venicle speed of the rms responses; vertical and

fore and aft accelerations at the centrs of gravity of the tractor and

at the driver’'s position, piteh accelerations, stroking displacements

and wheel dynamic ‘loada are obtained Dby :ho_mlyucal tgchniqms-

described previously. Computations are carried out for the laden

vehicle running on route A and route B, and for the unladen vehicle.

running on route B. The e‘rrect of the vehicls's forward apeed i
ihvestigat‘.ed to determine if a cri‘tlcal apedd exists uitnin| the
operating range of the vehicle. The dry rrlcixonal forces 1n’ the
laminated ;uspension modeled as a constant friction in parallel with the
main spring, are alsc included in the astudy.

Figure 5.47 shows the rms vertical accelerations at the centre of
gravity of the tractor and at the driver position for a loaded vehicle.
In general, thé rm3 acceleratons are i.ncr-eased -uith increasing the
vehicle speed. However j for the .lin;ear system, at the tractor's centre
of gravity, the ef‘f‘ectjt 32 km/h is miniﬁal. It can be inferred from
the figure that the rate of increase of the rms vertical accelerations
at the tractor's cen’tre of gravity at d‘iff'erént values of dry friction
is the same. It can also be inferred from the figure that there is a
possibility of resonant condition at about 100 km/t;'f‘or the vertical
acceleration at the driver's position for the linear systea. For a
small amount of dry friction, 0-21lof'the axle static load, the linear

system gives reasonable results; however, for higher dry friction, the

._\3’
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~unloaded vehicles, respectively, running on route B. As can belseen

184

effect of friction should be considered in obtaining the response and

tﬁe\iijsar system is not adequate for the anelyeis.

Figures 5. HB and 5.49 show the rms vertical accelerations at the

tpe

tractor centre of gravity and at the driver's position fbr loaded and

-

. ) t
from the figures, the interleaf friction in. the vehicle suspension

drastically changes the detailed features of the rms response  curves.

The high rms responee‘found-for high dry friciton at lcw speeds 1s

caqsed by the articulated vehicle acting ecre as a rigid body, because

the interleaf fcfces are relativelyllerge. ‘At higher'epeeds the 1nitial

breakawayvi?iction force 1s easily overcome, and the vehicle acta more
as a system of separate elemente betueen which a large amount of

relati&e motion is possible.

The‘reselts shown in Figures 5.48 and‘S.H9 indicatebphat the
presence of dry friction in the suspension is detrimectal to the ride
motion at low speeds; however, at high speeds a small amount of friction
might be.effective in reducing the vibration; The cms accelerations for
the unloaded vehicle are higher than the corresponding values for-the
loaded vehicle.

The rms fore and aft accelerations at the tractor's centre_cf
gravity and at the driver's neck level for a loaded vehicle operating on
a swmooth road are shown in Figure 5.50. The roms fore aed aft

accelerations at the driver's neck level for loaded and unloaded

vehicles operating on a rough road are shown in Figure 5.51. The ras

tractor pitch and semitrailer piteh accelerations are shown in Figures
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5.52 - 5.54, It can be seen from the tigurés that the rms aooelé;ationa
increase quite rapidly at speeds above 60 km/h for high drs; friction.
It can also be seen that the tractor exhibits'very high pitch
accelerations which contribute to. co;siderable fore and aft
accelerations at the driver's neck level. The dry friction has a
significgnt effect on the rms ;bapOnaes and.as can be seen from phe
figures the rms values at rrieéion fbrce of 8% of thé static load are
from 1.7 - 2 times the rms values for the linear system.

Figﬁres 5.5 -~ 5.57 1illustrate the effect of 3speed on the
different aile dyﬁamic excursion for different vaides of the dry
friction. For the linear system and for low values of dry frietion the
curves representing the dynamic excursion exhibit some undulations. At
higher values ondby friction the resﬁonse increases more uniformly with
vehicle speed. Referring to the curves representing the tractor's front
axle dynamic excursion, it can be seen that the rms values decrease
quite rapidly at vehicle speeds up to about 32 km/h. At higher speeds,
however, the response c;rves show a high rate of increase. For the
semitrailer axle dynamic excursion, a peak occurs at about 45 kﬁ/h.
Above this speed the response decreases to a minimum value at about 70
lan/h and then increases withlincreasing the speed.

Figure 5.58 gives the ratio of the rms dynamic load to the static
load for the tractor rear wheel and semitrailer wheel for different

values of dry friction as a function of the vehicle speed. As can be

seen from the figure some dry friction in the suspension is beneficial
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in reducin; the fluctuation of the dynamis load; however, at a higher

value of dry rrictioﬁ, QS of the a*le.atatic load, the response gives an
irregularAeurve and exhibits an irratiomal shape. The'difrerenée‘in the
reﬁulta oé the linear and ﬁonlinear models emphasizes the effects of the
'nonLingarities cn the behavior of the system, Figures 5.58 - 5.60.

~ The probability of'the;uheel's departure from the roéd.is éiveﬁ
in Figure 5.61 for an unloade; vehicle operating on route B. From the
curves shown in Figures 52583- 5.61 it may be concluded.that with a
'loaded vehicle the danger or'ﬁﬁe wheel's departure‘is less than that

with an unloaded one. The wheels of a loaded Eehicle running on route B

practically do not depart from: the road. For an unlgéded vehicle

[ 3

running on a rough road the probability of departure of the semitrailer

wheel is high; some frictional f§rces-may be beneficial in reducing the . .

fluctuations of the wheel dynamic loads and consequently in reducing the
probability of departure of the wheel from the road. Specifically, some
amounta of frictional forces are required for the tractor front and rear
auspension_at high speeds, while the frictiocnal forces are required for
the semitractﬁr wheel at all speeds.

The suspension equivalent dampings for a loaded vehicl; operating
on route A, and for loaded and unloaded vehicles:operating on route B

& <+

are éiven in Figures 5.62 - 5.64, respectively. In each figure the
suspension equivalent dampings are given as a funetion of vehicle speed

for different values of dry frictional forces. The curves show that the

equivalent daepings are consistently higher for a loaded vehicle

e
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oper;_at.ing on a smooth road than for one t;perating op. a rough road. In
other worda, for a logded vehiclé opebating on a lsmooth road, the
suspension would seem to- be very stiff and the vibrations of the
unsprung masses would significantly transfer to the vehiple bedy without
considerable damping. It may be observed from Figures 5.62 = 5.64 that
the equivaleﬁt damping o} higher dry friction forces are significantlf
reduced at high speeds. Obviouslj, a vehicle with large frictional
forces doeg exhibit poor ride comfort aﬁ low speeds. In this case, the

vehicle would vibrate on the tires as can be seen from Figure 5.55.

5.7.3 Effect of Bump-Sfop Clearance

The suspehsion bump-stop clearance is defined as the suspension
deflection which can take place before the bﬁmp stops come into contact.
The effect of bump-stop clearance on the ride motion of the vehicle is
investigated for the loaded vehicle operating on the rough road, B, and
moving at 80 km/h. Figures 5.65 and 5.66 show the response spectra of
the accele;ation at the centre of gravity of the tractor and at the
driver's position for vertical and fore and aft mptions, respectively.
These spectra are obtained for various values of the bump-stop clearance
with bump-stop spring rate, k:j’ equal to ten times the main suspengion
spring rate, kj' A study of Figures 5.65 and 5.66 reveals that the
acceleration values are strongly affected by the presence of the
_ bump-stops. Decreasing the bump-stop clearance will impair the ride

comfort, particularly at the low and medium frequency ranges. A large

1
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peak 1is formed in_the frequency range of 2 = 6 H;. 'Because of this‘
peﬁk} the acceleration spectra will exceed the Isd' 1=hour reduced
.comrort boundaries. The aece{eration spectra are almost identical in
the high frequency range. //Obviously, when the 'clearance space 1s
beduced,.the bottoming between the Sprung ‘and unsprung masses tends to
occur more frequenfly, and the.vehicle ride is impaired. The conclusion '
is fhat _Ehe bump-stop clearance should be increased to ‘minimize the
bottoming of the suspension, without introducing' undesirable dynamic

pharactehistics of the suspension, such as the high values of the rms

axle dynamic excursions.

5.7.4 Effect of Wheel Hop

The effect of wheel hop nonlinearity on the ride motion of the
articulated vehicle is examined for the unloaded vehicle operating on
the rough road, B, and moving at 80 km/h.

Figure 5.67 presents the tractor rear and semitrailer ?heel 1oadq
for both the linear and nonlinear tire models. On the basis of data
exhibited in Figure 5.67, it is noted that thé linear and nonlinear tire
models yield very Sigilar results in the whole frequency region. The
probability of tractor rear wheel departure from the road is 0.72%, and
the corresponding value for semitrailer wheel is 2.6%. It is evident,
therefore, that the linear analysis proviaes a good appfoximation to the

nonlinear analysis of the tire model.
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Summary . ' : | ' .

problem of the dynamic 1nteraction betueen the art.iculated

‘ a3

ehicle and\t.he road surface undulations 1is 1nvest.igated in depth by

:nleans of nonlinear analyses. The effects of t.he frictional forces
generated in the laminated. spr-mgs, bump stops and wheel hop on the ride

Omfort. and road safety are discussed and evaluat.ed

i
i
i

The equivalent lirnearization technique is adopted and further
dei;eloped to give a technique applicable to this problem. .The princ-.’!.ple
of --.t.he method is to rep'lace. the nonlinear syst.em‘ with an equivalent
linear system in such a way that the mean square error betweeq tl.1e,: two
systems is minimized. Next the sollution of the nonlinear system is
approximated by the solution of the equivalent linear system. The

technique can deal with nonsymmetrical nonlinear functions.
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CHAPTER.6

CONCLUSIONS

The intent of this thesis has been to analytically examine the

- interaction of the articulated vehicle with the road, relating road

surface undulations to the vehicle ride performance. The dynamic

characteristices of the vehicle have been investigated in depth{ both

T

gualitatively and quantitatively, seeking to understand the basic
[ ) . .

physical mechanics underlying the ride quality of _thg articulated

vehicles. The fundamental data necessary for preliminary design of

complex articulated vehicle structures travelling on random road surface

has been presented in this thesis. This data will be usefrl for the

articulated vehiqle designers, who have been dependent mainl& oﬁ their

experience, as a course of design being established on the theoretiecal
base. |

'
'

The linear and nonlinear random analysea show that the abalytical
techniques could be exceptionally effective tools in the handé'of the
engineering designers. Using the analytical techniques would ailow the
design of particular components to be checked in terms of their effect
on the vibrational response of the overall vehicle structure. These

analytical techniques may also serve as aids in designing the tests and

in interpreting the test results.

W
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The linear random analysis is necessary to determine the general

effeoﬁs on ride quality QUebto generic changes in vehicle.sqéﬁension
parameters, vehicle speed, and road characteriatios. While ouoh linear
aﬁal&sta places scae rostrictiono on the applicability and the vélidity
or the conolusions it does provide an attractive and convenient solution
thrt will yield a good deal of insight inte the vehicle behaviour. )

\ For bump stop and wheel hop nonlinearitiea. it is possible to

deﬁenmine the probability of suspension bottoming and the probability of

the wheel leaving the road surface. These probabilities indicate the -

peroentage of to;al time in which the vehicle system foilows the linear
anafyois. When this time percentage is nearly 100% then it may be
statéd that the linear analysis provides a good approxioation of the
vehic%e riding behaviour. In studying the effect of dry friction

dampiﬂgs. however, the nonlinear anal}sis should be used,

The vibratory motions of ;tbe articulated vehicles are

characterized by the presence of some factors that affect its ride

quality, and make them considerably lower than bhat of typical passenger
vehicles. The higher natural frequency of the semitrailer pitching
mode, combined with the greater tractor pitchloxcitation and the high
location of the operétor produce large acceleration levels in both .the

vertical and longitudinal directions, The tractor bounce and pitchhand'

semitrailer pitch natural frequencies are higher for the unloaded cases,

and these frequencies are in the range of human body resonances. This

'coold be very uncomfortable if not deleterious. Thus an unlcaded

vehicle has poorer ride quality than a loaded vehicle.

S
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-

.‘The'analyses of the ride motion of the articula;edgvenicles'show

that vehicle paraﬁeters must be studied, both individually as well as in

combination with one another, in order: to understand‘their-effect on the /-

vehicle ride performaﬂse, The' ride comfort of the art}cuiated vehicles

can"be greatly improved by using low spring stiffnésses, However,
- . - it :

lowering the spring stiffnesses below certein values will ;ncrease the

_ dynamic wheel loads, allow excessive. dynamic suspension deflections, and

] .

consequenply iﬁcreese ‘the ‘probability of suspénsion bottoming. The
cheice of suspegsion sprirg stiffnesses;' iherefore, is a eompremise
between riding comfort and road 'safety. Adequate suspension“dempings
are essential to contrei resonénces, reduee dynamic'suspension_strokes,
and to ensure continuous contact between wheels and road.

-

Rough ‘road surface influences vehlcle ride behaviour in a hlghly-
negative way. A rather strongly 4}sturbed riding‘behaviour may result.
‘The dry fricsion dampings are detrimental to the ride comfort
according eo the'ISb criteria.;.Excessive friction dempings ncrease the
transmitted force and hencerlead to‘an increese in syock wave
transmission to the vehicle body. However, small values of friction in
the suspens}od'are beneficial, as auxiiiary damping ﬁevices. in reducing
the fluctuatioﬁ"of the wheel loads and consequently reduciné ‘the
proeability-of wheel departure frem the road. |
| U31ng the rms values of accelerations as comfort criteria, tﬁe

results shoy that the dry friction dampings improve the riding comfort

to a certain extent. The optimum frictional forces depend significantly

.-

on load eondit;ohs,‘ the statistical. preperties of the road, vehicle :
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' forward speed and the response location on the vehicle body.

" By increasing bump-stop clearance. the bottoming between the
sprung and- unsprung masses tenda to occur less frequently. thus
eliminating the large acceleration peaks. The wheel hop nonlinearity
ﬁoes not affect the ride behaviour of the vehicle for the cases
considered. |

It is recommended that future work be dinected to extend the

‘analysis to investigate the effects of frame beaming, cab mounting and

S~
roll mode upcen the, dynamic characteristics of articulated vehicles.

Effort is also needed to' integrate this analysis with other design

" considerations such a& wheelbase length, fifth wheel location, ete., and

v

to develop integrated design|procedures.

The pronounced effects of dry friction damping representation on

vehicle notion have been demonstrated in this study. Future dynamic
studies of articulated vehicles| must empnasize realistic .su5pension
representation in both spring rate and damping rate.

In order to verify the analytical result by the equivalent
linearization technique and to examine the articulated vehicle behaviour
every moment, digital simulations may +be carried ont by aaking up the.

artificial random road roughness with statlstical properties whlch are

« similar to those assumed in the analyiiéfdﬁa d then comparing their

results with the analytical ones.
An optimization technique could be de eloped to evaluate the
optimum values of vehicle parameters for which the optimum ride quality

could be achieved.

-~ ' w

7\
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Experiments on actual articulated vehicles should be pérformed in-

order to verify the theoretical studies which have been performed.

N
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APPENDIX I 7
EQUATIONS OF MOTION

A
a The equations of ﬁoﬁion for' the articulated. vehicle model shown
inhFigure 5.1 and subject to the forces described in Chapter § are givén :
beiow. Deduction of the linear equations from the nonlinear équations
is also given. ‘Details 6fAthe‘dériva§ion of the linear part Pf these

equations may be fouanih references [53, 1071.

r
&

- Due to_ the articulation between the tractor and semitrailer

units, there are two equations of kinematic constrainhs,'

Y
s

Yt + bS eé + bu BS ' A1)

and . Xg = Xy +ay 8, - a3y 8. . (1.2)

_One " dynamical equatioizrevealed an ignorable coordinate which

provided the integrated equation:

X = - (a, 9 -a as) (1.3)

Therefore, there are ‘six independent coor&?&ates. They are YT!
]

8 ,Y, Y and ¥

3

r-..'\rract.or' Body Vertical

(Mt + Ms)gk't + MS b5 9t + Ms bu es + (?1 +C, o+ 93) Yt -

+ (-b1 ¢, +b,c.+Dh i 4

1+ by ey + by eg) 8

L )
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c i - g Y

272 373

k Y1 - k2 x

Tractor Body Pitch
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MH M

+

o+

(b%k. + b

M, Mg
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a 32) s
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2 3
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5 1
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~bo. Y + (-bk +bk +bk] Yt
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% 5°s
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M I
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272 537 ¢
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+(b I-c1+b ky + by kg)e, -
i3* By ¥ Bt Byy=0
(I.4)

* (bu 5's
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593'83 ‘

(AN 2 53
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Tractor Front Unsprung Mass Vertical

'M1T1 - °1Yt.+ .b1c1at + c1§E— k1Yt + b1k16t + ?1Y1 - FH1 |
Tractor Rear Unsprung Mass Vertical
M2Y2 = cait - b2°29t + céYa - kaYt,- b2k29t + k2Y2 - F52
L - B52 + T55 =0 ' (1.8)
Semitrailer Unsprung Mass Vertical - .
- . '- é - . é - '- Y _ .k e
M3Y3. cBYt -b503 . (b3‘+ bh)c3 gt c313 k3 k b5 3%y
- (b3 + bu?k3es + kg¥g - Fg3 = Bgz + Tgg = O (1.9}
where
Mu-_-Mt'+ M_‘I +M2, )
M= M+ Mg,
Fi4= Faq = Fyqs Fyp = Fpp = Fgpy Fyg = Fyg = Feg,
Byy = Bay = Byps Byy = By = Bgpy Byg = Byg = Bey
The “linear equations of‘motion for the vehicle model shown in .
Figure 3.1 can be deduced fr%m equations (I.¥) - (I.9) by letting Fij =
0, Bij = 0 and

Tyy = Cey(¥y = wqd + kpy(Yy = vy,

e

229

(I.10.a)
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»

-TSS = ctS(Y2 - wa) + kt;s(Y2 - wa), - ‘ (1.10.b)

~

T °t6(Y3 - w3) * ktG(Yj - W3). ‘ , (I.10.e)
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+ Let E(Yt, 8., @ Y1, Yé, 23) ‘represent the vector of the

S!

generalized coordinates, and ¥ represent the vector of the relative

displacements across the nonlinear elements, i.e,

y1 = Yt - b1et - Y1 (1,11?
¥y = "'ft * D8, =Y, '_ ' (I.12)
§3 = ¥y Dby + (by + bylo_ - Yy | ' ©{I1.13)
yy = Yi-w _ ( | (I.14)
Y5 = Yy - wy ' ; (I.15)
y6l= Yy - Wy - ‘ (I.16)

y = AX + u, ‘ (I.17)
'where )
[ -, 0 -1 0 0]
1. b, 0 0 -1 0
N 1 \.\ps S 0 0 = |
A = {I.18)
0 0 0 1 0 0
) 0 g 0 0 17 0
0 0 0 0 0 1

and 3 = [0,{;; 0, W,y W, w3] - : (I.19)





