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INTRODUCTION




1. _INTRODUCTION,

The modern road vehicle presents an extremely complicated
dynemic system, as it possesses & great nuwber of modes of vi-
bration which can be excited under the action of both transient
snd repested loading eonditions, Neverthelesz, s wvehicle
cen only be regerded as satisfecbory if it gives scesptabls per-
formence under all reasonsble conditions of operation to which
it is subjected,

Thi% is particulerly true of the suspension system, vhich
is responsible for providing e safe, stable, and comfortable ride
for 21l combinstions of live load, road surface, snd forwerd
speed that may be encountered. Unfortunately, these eriteria
are in meny ways conflicting, each requiring different parameters
of the suspension elemenits to provide the optimum resulis.

Thus vehicle suspension design is always c@ncsrned with the
dezree of eamp;@mise which is desiﬂable with respect to the con-
ditions of the particular spplication. Furthermore, the
development of suspension design has, till the present time,

been almost entirely experimental, with successive modifications
as these bsceme apparent from actusl operating performance.
Consequently, although based essentially on linear vibration
theory, practical suspensions heve invariably been modified to
possess some degree of non-linesrity in ihe camganents of sgpring=-

ing end demping, however the trends ars by no msans consistent,

indicating that selection is still primarily & comprowise.




Heeently, the proven use of megnetic liquids as a conirolle
eble force-brsnsmitting medium, suggested that these might be
employed im the vehicls suspension demper to relsie its charsce
teristic in some way o the operating conditions, so that the
overall performence could be oplimised.

Thug, this thesis describss an aﬁ%ly%ieai and experimental
gnalogue study of the sffects of non-linearity in the é@mpiﬁg
énd springing components of a modern road vehicle suspension.
,In this respsehb, the term "nom=linear” is used in its broadest
mesning, as it implies only that spring foress are not propor-
tional bo dafl@é@i@ﬁ; and demping forces are not prapeftisnél
to the m@@ni%ud@ of relutive veloelty bebwsen the slemenis.

Tﬁ@ aim of the project, is to investigate the possibility
of using megnetic liquid dempers in such s way, thet their
performence is 6amtr911§d.by goms characteristic of the result=-
ent motions af‘th@ vehiél% gsuspension, to be the optimum required
for the particular opersiing conditions, =o that the‘overall
performence esn be considersbly improved.

Thus, although it is the determinstion of an optimum
controlled non-linear dsmping cheracteristic which is of prime
importence, it is necessary $o investigete the interacting
eifects of the more standerd spring non-linsarities im order
40 ensure sn opbimum solution for the complete suspension.

With this in view, the thesis hes been srranged to first

present the criteria of performsnee of the vehicle suspension




and the renge of apersbing vorisbles to which the road vehicle
cen be subjscied. The oversll performenes of the complets
vehicle is then reviewed in ordeyr to indieste theose charachteria-
ties which are of %r@ai@éﬁ’imflm@ﬁsa in sstisfying the perform-
snce criteris, snd the average suspsnsion puramebters smployed

in the modern road vehicle sre zlso included.

Chapber 5, introduces & two nmess syst@m which is recognliged to
be the greatest degres of eimplificetion whieh is sllowsbls 4if
dynzmic respouses are to be comparsd with those of the whole

vehicle, =and the complete transient and harmonic responses of

o
Lo

this system are determined from linesr vibration theory, asz a

2

%

pasis of comparisom for the succesding nen-linear eifectis.
Then, after introducing the concepts of nen~lineer demping and

-

springing in ths

0
w

&

uspension, and reviewing the current 1iteran
turs on ihe solution of mon-linesyr vibrsbtlou problems, an
snelytical method is developed 4o enable the hermonic response
of the simplified system to be ezleulsted for conditions of
controlled non-linearity in the magnitude of damper effori.
Then, from these resulis, an optimum form of econtrolled
demping is suggested.

Chepter 7, gives = detziled desoription of the mechenical
anzlogue which was desizned end constructed especially for
this projsct, The following chapter presents in detail
the experimentel work conducted on the snslogus, thereby
proving the walidity eof t@a eerlier enslytical work, and

indiecating the effecks of non-linearity of suspension spring-




ing.

Finaily, the conclusions are drawn from both the experimental
snd snalytical work, snd recozmendsbtions mede for a composite
non=-linear control of demping effort based on the relative
motion beitween sxls snd body, and tﬁa recorded axle acceleratiion,
whiech aghieves the desired object of suecessfully releling

demper effort to the preveiling execitsblion conditious.
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2e CRILLRIA OF PLRVORMANGE OF THE VRHICLE SUS

The suspension of modern road veh

=
3]
et}
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of their design, as it influences every capability other than the acbusl
produgtion of power. Thus, recognizing the basic abject of the roazd ve-
hicle ms the transportation of human beings snd payloed, the suspension
is then respounsible for producing trsasportation which is satisfacborily
comforteble, saie and efficient to the meximum availebility of the supp-
lemsntary factors of driver competence, brake snd engine performsnce,
ip do this, it must isclete ﬁh@lvahiale body from road shocks, emnsurs
adequate reaction between the tyres and the rosd surface so that steering
braking and traction cen be effectively and efficiently ubilized, end it
must minimize the f@gce transmission to the body structure snd suspension
elements so that the velhicle as » whole has o ressonsbls life.

These regquirements are in many waye gonflieting, so the basie criterisa
ot performsnce are investigsted under four separsie hesdings to indicaie
the features of suspension desizn vwhich must be controlled in order to

optimize performance.

The comfort conditions prevailing in a vehicle depend on the megunitude

mnd quality of the mechaniesl vibrations and noise to which the passenger

iz exposed. The subjective naturs of passenger response makes it
diffieult to obtein a quaatitative measure ol comfort. Lzperimenters

have, however, established the response of human beings to vibratiosa
and noise of pure form, and this information is useful in determiuning

the most undesirable qualities of ride motiouns.

| 0 VIBRATIC

Zelal

The humsn body has developed through the sges under the selion of




the natursel frequencies end emplitudes of walking and running, snd
presents en extremely complex dynemic systen to mechanically foreed
vibretion. The megnitude of any vibration frequency which corres-
ponds o the thresh-hold of disecernibility, or discomfort, depends

on the region of the body in vwhich sensation ia most pronounced,

Thus, at low frequencies, discomfort erises from the relative movement
of internal organs which couses “ses-sickness" , At higher frequencies
muscle fetigue, hsad vibrstion, =nd finally sound intensity determine
the limite of escceptable vibration amplituds, Because of this
dependence of the source of discomfort on freguency, it is impossible
to present = simple relationship between emplitude and frequency and
frequency as a limit to the magnitude of mllowsble vibration,

the direction of vibration, the sttituds of the body. znd the suppert
offered to it, are other factors which have considersble influence

on the degree of sensabion produced .

The problem of determining vibrebion limits for agceptable come
fort of the human being has stiracted numerous experinenters during
the lest 25 vesrs. Une of the greatest problems in such experiments
bes been the absence of any definite method of asséssing comfort.
ioet experimenters have been forced to use the verbal reports of
subjects under test, though several have endeavoured 1o estimate the
fatigue level byvphyaiclogieal and peychologicel tesis, Another
difficulty is that much depends on the disposition of the subject
prior to test, so satisfactory results cean only be determined
stetistically using an appropristely larze range of subjecis.
duch of the testing has been done on “ghake tables®, pletforms which

can be vibrated horizontelly or vertieally within wide limits of




sgaplitude and freguencr. Lxheustive tests of this nabure were

carried out by Reilher snd Ueister, in which the subjeects were lso=
lated from noise . The results of these tests mre given in an
article by Wood (1948}, from which Fig.2.1. hag been constructed.

On emalysis these results show that the limits of the various com-

fort zones mey be represented by the squation

]

af” = Constamb. Vhere &z fmplitude
f = Frequenay
the exponent % varving frem 1 to 3 .
Between £ = 2 cyeclss per sec. to 50 cycles per sec. and anpliiude
between 0,001 and 3 inches the exponent x = 2 . i,s. sensstion is
szused by sccelerabion.
For frequencies less than 2 eps, the sensitivity law follows
i = Constent, end sensshion depends om the rate of change of
aocalerebion  i.8. Jerk .
it amplitudes less than 0,001 inches af = Constent end sensitivity
is proporbional to veloeity.

These experiments also established that vibrations of grestest magw
nitude could be tolerated in trensverse plenes vaen sitting without
beck support. Less vibrabtion could be secspled whether standing
or sitting if it was in a verticsl direction, while the most sensitive
positien wes recumbent when subjected to horizontal vibrations at
right engles to the body.

acklin {1936)

B

These results agreed ressonably well with those of

0}

dbrations in

<

but he showed thet baeck support. by concentrating the

the head, resulited in the vertiecsl diresetion being the lesst sensitive

wvhen sitting.




His resulfs, thoush for a smsller frequency range, were given in

the ezponentisl form
Ju.868

b
1]
g
W

Vhere A = Meximum fAceelerstion
I = Freguency ©psS.
Kithen defines the comfort index with Llimits given in the follewing

table for &4 in fsel per seg. per B5ac.

Lvent ‘ Direction Index ¥
Ungomfortable Vertical . fida
Disturbing , H 318
Uncomfortable Longitudinal 11.73
Meturbing : " ‘ 4402
ncomfortable Trengverse el
ﬁi@turhing ¥ FedB

Two German experimenters Helberg and Sperliag {Eoffmen 1957) were
congcerned with the vibretion limits in railwsy rolling stock, and

concluded that e measure of comfort was given by the ride factor

10 Ko SN g
F =586 /& £ Where & = Amplitude ins.
{ = Freguency opS.

his factor has e thresh-hold of discomfodt of ¥ = 2.5
Jeneway{1948 ) published the results obltained by the So elety

of Aubomotive Znginesrs Riding Comfort Research Commities.

hese suzgested that the frequency spectrum be divided into three

ranges, each having s different criteria se a comfort limit.

“hus
Freguency Range Comfort Limit - Fastor .
1-6 ¢ps Jerk = 40 ft/sec® af® = 2
6-20 ops Agceleration = 1.1 fﬁ/ﬁaﬂg afg = 1/3
20=40 eps Velocity = .105 in/sec =f = 1/60




These results were, however , restricted o5 vertigal harmonic motion.
In an effort 4o ecollect all the resulis of experinenters vwhoss
conflieting resulis verse largely caused by limiied frequency ranges,

Postlethwaite {(1944) suggested a grephical representstion of 4he

limite of mechanical vibration, muelagous to the well esiahlished

auditory response of the humsn sar. He further defined = unit
of vibration semsation , the “trem”, as a2 persllel o the “phon™
of sound sensebion, His suggested method of presentstion is Ziven
in Fige2.2. the thresh-hold of discomfort being achieved at a valus

of 40 +trems,.

I g1l
= @

The more general neture of the problem of noise has resulted in
a more thorough understending of the respo of the ser to sound,
the renge of sound pressures to which the human eer responds
spproximately 0.00CZ to 200 dynes per sguare centimeter, smd for
convenience a logerithmic scale of deeibels is used for sound level
measurensnt. The reference level is accepted as 0.000% dynes per
square cemtimeter and sound pressure level is then taken =s the ratie
of sound pressure o reference pressure expressed in decibels,

it is well established that loudness, the suditory impression
of en observer as to the strength of a sound, iz its most significsmt
characteristic. The ability of the average observer to acourately
compare noises of equal loudness. has led to the use of a standard
of equivaleni 1@udﬁ@%s, the Yphon" . Thus; the loudness of any
noise in phons is numerieally equal to the sound pressurs level
of a 1000c¢ycles per sec. pure refersnce tone giving the same sensation.

The ear is not equally sensitive to =11 frequenecies, so the overall




regponse is presented W&agklmall“ for vure tones, This response
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The semsetion produced by a nois & composed of meny freguencies

mey be estimeted by seperately determining the sound pregsure levels
arrives

of the somponent frequencies, though the processes by which the sar

gt loudness Jjudsements for composibe sounds is not fully understood.

g@lﬁ’?ﬁ

The experiments previously noted have attempted to discover the
characteristics of mechanical vibretion and ndise vhich couse dige
comfort to the human being, To do this, the number of varisbles
hes necesserily been kept to 2 minimum. Thus, vibretio.is have been
pure and wai-direchtionsl, the sffect of gesnt cughioning hey bemm
nezlected, snd sebtempts hove bsen uwade o eliminste any interagtion
belween noise snd vibreiion effects.

The true comfort conditions inm a rosd vehicle sve far ﬁar@
coazplex then these idesls, In fact, the passenger is subjected
to motions simulbeneously in all six degrees of freedom, and these
vibrations are seldom pure, while penel, road, snd wind noises sre
alvays prosent. ‘Fertwnat@ly the reaction of the human being
to vibration depends larzely on the manner in which it is tramsmitted
to him,. The universally adopted soft seat thus becomes em importsnt
agpect, es it isolates the pessenser from high frequensy vibration
end wodifies the cheracier of low freguency effects, It does this
by aentr&lling’th% mesn pressure end direcbion of suppori offered
to the paaaan@@ﬁé body, and thereby influeneces different nerves and

nwuscles, By providing good back support, such seabs do,hevever,




tend to concenirate horizontal motions into "neck-whipping" forms whieh

are extremely uncomfortebls,

The fact that motions are not truly repetitive tends to relieve

the comfort conditions slightly, as discomfort csused by single impulses

is not in proportion to their saverity because of a relief in monotony,

Further features which affest riding comfort are mm everchenging pan-

orama, the exhilaration of speed, and such factors which cannot be

glloved for in determining =n sbsolutse value of

particular wvehiele,

gomfort level in a

In an effort o establiah more truly the camfort conditions pre-

vailing in rosd vehicles, Jacalin (195@) carried oub exhaustive bests

in en sutomobile equipped with soft seats. Reecords were taken by

accelsrometer giving instentaneous reedings for mobtions in the thres

reference directions when comfort limits as established by the passengers

verbal reporis vers exceeded. te presented his results in a similer

menner to those for hard sests, using the exponential index as & limit

to comfort, thus:

Event Udrection
Disturbing Vertical Ev
Uncomfortable o
Disturbing Longitudinsl K@
Uncomfortable "
visturbing Transverse KT
Uncomforteble "

The overall comfort index was then obbteined

Index Limit
o135

= Hay 8 Beb

10.0

LO8TE X

- f‘*{J 18]

568

= &rf 4-75

Je85

by vector addition

of the indieces for vertical asnd horizontal wibrations, giving:

~qu¢immmm2

K = JE VK VEL




The thresh-holds for this combined comfort index ther being

T.oz 9.80 Disburbing Limit
¥ :
= 11,8 Uncomfortable Limit

Bt is obvious thal an absolute assescment of comfort im an euto-
mobile is meaningless, as it involves numerous factors which cennot
be evaipeted together with the inderaction of =ffscts whigh even in
their simplest form are extremely compliested. The real wvalue
of these comfort indices lies in their use to compare the behaviour
of various vehicles or suspension perameters wmder strictly similar
eonditions of road surface mnd spesd. ‘They do however serve to
illustrate the properties of the ride ﬁ@%i@ﬁs whigh are of mogt
importance, and thus serve ss a guide to design.

The overall conclusions which cam be drawn regarding pagsenger
gomfort in a read vehicle amrs thus:

{1} Lerge movemsnte must be of low froguency. The limit te
comfort is then determined by the meximum jerk, snd depends largely
on the cherecteristics of the cushiocming sesi.

(2) fny motion which tends to cause neck-whipping must be
minimized.

{30 The passenger must be isoleted from the high fr@qu@néy
vibrations by well desizned soft sesis.

(4) The noise level in the cabin must be kept as low as

poscible,




Lede STABILTTY LWD SAFEIY,

The factor which determines how safe & vehicle is in performing its
designed function is the ability of ithe driver, This ebility, nsat-
urally depends on numercus faclors ocubside the control of the designer
guch as sxperience and fatizus, Hevertheless, 1% is possible 1o
incorporate desirsble inmherent etability in emy vehicle, and this, by
reducing the demands on the driver esn greatly improve the safely margin.

ﬁawew%r, although inherent stebility may be used to aaeamﬁdai@
minor variations, the driver is respomsible for large corrections.
Consequently there is & limit to the desree of inherent stability
which cen be employed, as the driver must always have gome knowledue
of the eonditions tending 4o disrupt stability. This is recognized
as the "feel" of the wehigle.

There ars two types of stabiiity which are of interest, directionsl
stability, end roll stability. It is degireble to maintain these
throughout the lerge renge of opersiing conditions o which thﬁivehiele
is smbjected,

ZeZals DIFRCTIORAL STABILITY,

Directionel stebility is defined as the ability of a vehicle
to conthnue salong e straight peth vhen acted upon by verious
extraneous foress not under the control of the driver . A siable
car is one in whiech an extermal foree is balanced by a slight
ghenge of position of the car without affecting the direction
of motion perceptibly. With an unstable car, the extermsl
force causes o chenge in sttitude of the vehicls which itself
introduces a centrifugsl foree adding to the original disturbing

fores, The attitude of the vehicle thus further deterioreiss




and the driver is forced to make eonbinusus corrections in order
to maintein the desired path. The breusient nature of the
disturbing forces, coupled with the &ri?%ré r@aﬁtioﬁ time, mekes
the instebility even more pronocunced,

The pneumstic tyre has the sole réa?cngibiii%y gf;esﬁrcing
the vehicle o follow a desired peth. Thus the basie re-
quirement for directional stability is sdequate reaction between
the tyre and the rosd surface. Frovided this combact is
maintained, other factors of the suspension mey be adjusted to
give the vehicle good handling characberistics..

The menner by which the pneumatic tyre develops side force to
change the direction of motion of the wehicle iz illustrated

in Fig. 245, This shows that tﬁé tyre deflects to produce
side thrust from the road surface, the smell sres of tread in
sontact with the road being pulled to one side ss the wheel
rolls. = A point on the itresd spproaches the road in its un-
deflected position, then moves trausverssly fela%ive 1t the riam

a8 it fekes the load, the wheel actually traversing a path in-

clined to its own plane by an angle ¥. This is termed the
ngliﬁ angle” of the tyre. The zbility of a tyvre to produce

side force by sdopting a slip smele is presented as:

Side Force Developsd (1b)
Cornering Power = == ——— mmmmmmm——
Slip ‘mgle Required ( degrees)

The side force produced does not act at the cembtre of the contact
pabeh, but slizhtly behind it becsuse of a hyatereosis effect
and this, coupled with the norwsl “"sastor displecement", pro=-

vides an "aligaing torque" which must be exerted by the steering




mechanism. This Yeligning torque” has the grestest influence
on the directional "feel" of the car experienced by the driver.

A second factor which produces side force onm a rolling fyre
is the cember engle, but this is far less effective than slip
angle. Camber thrust élso gauses o small camber tergue,
though this is negligible compared to the zligning torgue.

There ere several factors which influence the cormering force,
aligning torque, and camber thrust of a tyre. The design
factors of infletion pressure, rim width and cord angle are
important, but these are restricted by consideration of tyre life.
ﬂpera%ing factors of load, traction =nd br&kiﬂgﬁ'have considereble
effect though little is known of the latter two, Typical
relationships between cormering foree, aligning torque, camber
thrust and load are shown in Fig. 2e4; 55, 6. after Bull(1939)
snd Olley (1948).

VWhen established e¢n 2 level surface, a vehicle, whether stable
or not, will continue te run in a straight line unless it is
disturbed byveither

(a) Lateral gravity forces produced by inelination of
the road su:fac@.‘
(b} Aerodynamic forces with lateral components.

The subsequent behaviour of the vehicle is dependent on the
$tability margin”, a term edopted from seronautics praciice,
defining the horizontal distance from the centre of gravity to
the "neutral steer line", This in turn is that line in a vertical
fore and aft centreline plene of the vehicle, at any point on

which & lateral force produces no yaw as the vehicle proceeds




elong its track with stesring locked,

4 positive stability mergin exists where the neutral steer
line is behind the centre of gravity, e recommended limit being
4 to 67 of the wheelbese. (mm-z%af:,kar, 1950

When subjJect to ladersl forece at the centre of gravity, a

positive stebility margin resulits in larger trensverse forges
being developed at the fromt tyres. Thf%ﬂg§?% angles ai the
front tyres to be greater tham those at the rears a condition
also recognized as "under-gtesr® . 2imilerly "over-steert,
the condition where rear slip angles exceed those at the front,
is present in @ vehicle with a negative stability mﬁrgin.
Unfortunately the neutral steer line is not fixzed, its
position position depending larzely om weight distribution and
tyre presssurs. As ecar loading varies, it moves in the some
direction zs the eentre of gravity, but to a lesser extent, while
it slways retresis from the end having reduced tyre pressure,
However, although the degree of inherent directionsl gtability
will in general very with losding condition, it is possible to
ensure a positive stability margin throughout the design range.
Directional staebility under asrodynamic forces has becoms
guite important in recent years with the sdvent of ulitralight
welght cars. The high retios of frontal area %o weight for
for these vehicles results in sir forces which are & high per-
gsentoge of their weight. This is true, even though the top
speed of such vehicles is relatively low.
The sir flow sround the car body produces a distribution of pres-

gurs, the summation of which is a force having somponents which




effect all six degress of freedom of fthe body. Thosse of greaste
est interest are drag, side fores and yaw. With unstresmlined
boﬁi@s,‘thg centre of pressure of the wind foree is quite cloue
to the centre of gravity of the body, so that directional stabil-
ity is governed by the stebility margin. The small ¢ars, Lowe
aver, require good stresmlining to reduce air drag,. This
resulis in a2 centre of presgure which is fer forwerd of the cenire
of gravity, and can even be shead of the front axle.

Under such conditions practiecally all the aerodynemic side force
must be belanced at the front tyres which thus develep large

siip gngles, The condition is thus one of undersiesr, and the
vehicle sets of on 2 ourved peth sbeut o cenlre on the sids re~
mote from the disturbing wind force. This tends to increass
the smgle of stisck of the wind‘aﬂd thereby incresse the disturbe-
side force. Thus ., to maintain directional stability under
suddenly spplied aerodynamic forces it is becoming ineressingly
necessary 1o provide such vehicles with rear stabilizing fins,
These draw the centre of pressure o the rear without materially
incressing the drag. For aserodynamic stability, the centre

of pressure should be epproximately 57 of the wheslbase behind the
neutral steer line. (Ley 1953)

The Lffect of Directionsl Stability on Cormering.

Uheress dirsctional stability is concerned with motion in
a straight line, the effect on cornering gapebilities is important.
The behaviour of & cer when cornering may be divided inte thrse

phases, those of tramsition - entering and leaving the curve, snd

that of stesdy state on a eircular path.




During the transition periods, the directiomal stebility of the
vehicle is critical, As the duration of cormering phenomens
is fairly lomg, it is possible to sssume immedisie changes in
steering angles ot the initistion of the %ransi%iaﬁa It the
yehicle has = negative stability mﬁrging it tends o tura itself
imto the disturbing force st the cemire of graviiy, which in this
gese is the cenitrifuzal fores. This means tgat the vehicle
tends to turnm sbout & cemibre closer than that predicted by the
steering angles. It is thus necessary far'the driver to reduce
the stesring angles during the initial tramsition. This
demands = high degree of skill of menipulation on the part of
the driver if the vehicle is to follow the desired paih.

The cer having a positive stability margin., however, tends to

corner sboult & centre more remecte than thet established by the

initial steering sngles. The driver musit then increase the
steering sngles o maintain the desired path. This is a nate

urel asction and produces satisfectory performance, though it does
require gresier gteering ﬁfforﬁ.

The behaviour when cornering neturally depends on the driver's
judgement in selecting a suiteble speed. If the driver atbempis
to cormer toe fast with en oversieered car i.e. a negative
stebility mergin, the rear slip smgles which are grester than
those at the front mey ceuse a loss of road adhesion and “bresk-
away” of thé rear wheels. Under such econditions the sieer-
ing angles of the fromt wheels have %irtually no effeet ws the
vehicle tends to rotate about these wvheels, The cembrifugal

foree which initisted the breakaway is thiis greatly incressed,




snd the driver cen make Llittle corrective achion.

Lxcessive ecornering speed in en under-stecred car i.e.s positive
gtability margin, causes the front tyres to breakewsy first,
This increases the radius of curvature of the path of the cenire
of gravity, thus reducing the esmbtrifugsl fores causing the
breskawey, this may allow allow the vehicle bo satisfactorily
negotiste the cormer thoush in a wider arc then desired.

Under steady state conditions om = circulsr pesth, the
body develops & definite roll smpls. The mognituvde of this
sngle may czuse roll steering effects which reguirse changes in
the steering mngle from two couses:

{(a) Load transfsr.

b Verietions in camber and stesring sngles at the wheels.

P

During cornering , wore load is taken by the outer whesls, and

thie tozether with cowber chenges varies iths gornering power

of the tyres. #lso deflection of the suspension springs may
result in steering sugles belny sdopted at the vheels, These

rall-steer effects are funcbions of the suspension geometry, sand
are slovw in building up, 20 the drdiver hes adequate time to com-
pensate for them.

2 ® :? & 2 s%@uf& 3‘?&’%31&1?? @

The second factor which determines the overall stability
of & vehicle is its stebility of position i.e. the sbility of the
vehicle to keen the resultent force on its centre of gravity
within the base of support offered by the vwheels, VWhereas it
is concelveble thet such stebility would be disrupbed on sloped

surfaces, it is most likely to be dangercus vhen cornering under




roll angle,. Foll stebility is & funciion
of the suspension geometry in determining the poll axis sand the
aetion of the wheels with z deflection. { Eberhorst 1951)

The roll exie is the sxis aboud which the body rolls when subjsct

to side foree at the centre of gravi ity It is fixzed by the
roll centres of the front znd resr guspension. With high roll

centres, the roll couple csused by cemtrifugsl force is lov snd
resulds in smell roll ?'glﬁée‘ Gonversely, low roll centre
which is & featurs of meny populsr independent suspensions, has
high roll couples and roll angles assocished with i%.. Tn
addition %o this, low roll centre comses a grester movement of
the body oubwerd reletive to the track of the iyres, which may
be further emphasized by o decrease in treck as shown in Figh, |
Conseguently the resultsnt foree on the centre of gravity Talls
far closer to the edge of the baess of support with suspesnsions

of low roll sentre. The importance of roll = tability has becoume
avparent since the wide seale use of independent suzpensions of
this type.

It is possible to provide independsnt suspensions of high
roll centrs. though some roll amgle is recognized as desireble,
for -1t gravié@E the driver with an indication of the cornering
whiech he is demsnding from the iyres. Hell angle thus helps

in providing "feel" of the car.




Reds MATNTENANCE AND RUNMNTHG COBTS,

These two cost factors have begome of prime importance in e~
tablishing the overall performsnece of rosd vehicles in both privete
and commercisl fields. leintensanee costs depend almost equally
on the power producer end ths suspension syslem, while rumning costs
are influenced meinly by power production and transmission,
Secondery effects do sppesr in 4he running costs which may be directly
attributed to the suspension. Thus the increase in fuel con-
sumption when driving over a rough rosd was messured by Widney(1936)
as 5 to 177 , after exp@rimaats on a2 number of sars, This increazse
is likely to be caused- by a number of factors such as;

(a) The inability of the suspension 4o keep the wheels in
contact with the road under bad conditions resulting in wheelspin
end loss of available power,

(b) Considerable energy ie dissipeted in the "shock sbsorbersg®
under rough conditions in sn effort 4o restriet vibratory motions
of the suspension elements, This energy must ultimately be
supplied by the power umit.

(e} Veriations in slip enzle ceused by deflection of the suspen-
sion result in energy dissipstion by the tyres. This effect was
observed by Bull(1939) whe quoted 3 to 4 H.P, consumed by a ftyre
operating continuously et a 5 degree glip angle,

{d) Vibration of the azr body resulis in divect fuel waslage
from spilling snd throttle veriations.

Hainbtenance costs that can be directly sttributed o the
Suspension are those due to weasr snd fatisue of tyres ; suspension,

end steering members, Structural, trensmissiom, end memy minor




vibretion failures can alsc be caused by the suspension not successfully
performing its desizn tasks.

Tyre wear is primerily a function of suspension geometiry. It
depends on the chenges in tread end cember which can develop when the
exle moves relative to the body. Some camber chenge is useful when
gornering to reduce tyre serub, but this action is not desirsble on
g straight but bumpy roed. I% is thus obvious that the geometrical
errengement is necessarily a compromize, however ,in practice neglected
meintensnce usually far overrides these effecis. Tyre life is .
limited meinly by the fatigue of the walls. It is thus desirable
in this respect to have suspension systems which csuse the least possible
flexure of the walls under arduous road conditions, but it is essential
that this be achieved without incressing the force transmission to the |
body structurs and suspension elements as such would naturally increase
thelr wear and falbigus,

Road weer must be included in maintensnce costs. It is re~
alized that the wear of a road depends largely on the dynamic character=
istics of the suspensions of the vehicles which use it. Suspension
vibrations mould the road surfece im£9 a form which tends 1o produce
greater vibration. Consequently the wear of both the road surface
end the suspension is greatly accelerated.

From this it is obvious that the suspension system plays a major
role in determining the maintensnce costs, and cen also be looked to

for sn improvement in ruwming cosis,.




Zed SAFETY OF PAYLOAD,

The commerciel vehicle cen only be regarded as providing sstis-
factory operation, if the payload suffers no damege. The perform-~
ance in this vespeect reflecis om the ebility of the suspension in
i%ts basic object o iaelaté the body from road shocks,

The eriterion is obviously the meximum foreé which is trensmitted
to the payload, end this is determined by the acceleration of the
vehicle body. B In ell cases this should be less th&g gravity to
reduce the possibility of the payload and body ﬁeparating, as the
shock loads developed when ﬁhay resume contect may bs extremely
high, Prevention of separation also reduces the possibility

of losing the payload under the action of merodynamic forces.
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3e OPLRATIHG CONDITIONS,

The conditions under which the vehicle suspension is reguired to
provide satisfaclory performence vary widely. The most imporbent
variables are those of load, speed end roasd surfesce condition, but,
the nature of the path, and the state of motion of the vehicle may
heve significemt influence on the dynamic performence.

Aoed surfaece irregularities are haturelly extremely imporitant,
and these vary widely throughout the world, depending iargely on the
wethods of construction and surface preparation. 0f epproximately
500,000 miles of roads in Australia at the present time, over 507 have
natural aurfaa@, while the remeinder sre either bitumen zesled or concrete
paved, The smooth finish road surfaces normally are troubled with
disturbances of long wavelength ouly. Such irrvezuleritiss sxceed
=0 feet in lenglh, snd arise from the natural contours of the ground,
However, these may be eggraveted by the construction, s with concrete
paving which tends to settle after use, snd establish a regular succession
of joints. Irregularities of short wavelength in such surfaces are
usually associsted with breakdown of the construction. Thus under=:
mining can lead to the formation of pot-holes in a bitumen surfamee, or
bad eracks with sharp slope discontinuities in paving.

The hizh temperstures which are often achieved in bitumen surfaces in
this couniry, can lead to the generation of gmali regulsr surface
ripples similer to the "washboard" surfaces common on unsesled roads.
The deterioration of a road surface in this menner is extremely rapid
for the irra@ularitie& ere self-generating. Thus with a surface of

low mechanical strength, s single irregularity mey cause the axle %o




vibrate and cause periodic loading on the road surface which is ocon-
sequently deformed, Subsequent loading from the passage of other
vehicles, which all have similar characteristice of axle vibration,
will further deform the surface end extend the duration of the irreg-
wlarities, Un unsealed roads, washboard surfaces have been observed
to exist continuously for memy miles. Fogg (1957) reports that
information en such surfaces from Africe, Americas; Australias, end Indis
was very consistent, the wavelengths being 30" plus end minus 2%,
The am@iitudea naturally shoved greater variabtion, but he concluded
that " was setisfactory for the concrete surface of a proving track,
iany irregularities of short wavelength sxist in all road surfaces,
If these are of small amplituds, they are absorbed by the tyres, but
they tend to produce tyre noise. Short irrsgularities of large
smplitude, such as potholes, excite the suspension to trensient oscille
ation, and tend to generste r succession of such irrezularities; as
‘with the potholed or washboard surfaces.

In general, the long wave irregulerities, which tend o excite
large body mm%i@nﬁﬁ are in the origiénal econstruction of the road sur-
face, and these are net greatly modified by the passage of large volumes
of traffice On the other hand, sherp irregularitiss caused by
loeal breakdewn of the surface cen lead 4o an extremely rapid déeay,
egpeeially if the road hee low mechanical strength.

The inmereasing speeds which are évailabl& from the power units

of the modern roazd vehicles place even greater importance on the

original construction of the road. As the speed at which a vehicle

js driven is set by the driver, it is adjusted to some extent to suit

the other operating variables. llevertheless, thers is the need Ho




travel al ressonsble speeds if journey time iz 4o be compareble with

that of other forms of tramsport. The average spesd range of modern
vehicles
Aextanda'ts 80 m.pelise Such ‘speeds emphesize the need for geod cone-

trol in road surfece preparstion, as for exemple a roed weve length

of 85' corresponds to 1 cycle per sec. excitation at 60 m.p.he

&% euch a frequenecy the body would tend 4o resonate, and the consequent
decrsase in stability could be very dangercus. Thus it is essential
to restriet even long road waves o smell amplitude if the higher
speeds available are to be used with safety.

In eperstion the raaiyv&higl@ is elso subject to quite wide
veriations in lead sn@ load distribution. This is particularly
true of the commercial and publiec tramsport vehicles. b normal
passenger osr mey heve & live load of 3ﬁﬁ of the vehicle weight,
whereas the commercisl vehicle must withstend increases of the order
of 100 of its unladen weight. In order to meintain consistent
braking snd steering cheracteristies, it is desirsble to have this
live load evenly distributed between the front and resr suspension.
Hevertheless voristions im load distribution do oceur, especially in
the gommercial vehicle becsuse of the 1&?@# leed renge,

& restriction which is imposed on the vehicle suspension by

other considerations of height end body styling is the maximum spring
deflegition. T&ése “ride clearances" simply place a limit to the
ellowable motion of the axle towards and ewey from the bedy for each
position of static equilibrium. I% is thus necessary to design
the suspension such that it is capable of absorbing bump energies for

all irregularities by spring deflections less than the availeble ride

clearances. For extreme omses of exeitation, {hies requires the use




“"bump stops”, end comsegquenily great deterioration of $he isviating
cepabilities of the suspension. The problem iz Turther emphasized
with simple suspensions where rids clesrances chenge with load, and
hasg led recently to the introduction of compensating suspensions

which meintzin constent stending heighi.
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4o DYWAMICS OF THE VEHIGLE SUSPLNSION,

The satisfaction of performance c¢riteria in operation,obviously depen&s
on the dynamic respeonse of the suspension to the preveiling epefating
variazbles, Fortunaetely, forward speed the varisble which establish-
es dynamic conditions of operation, is under the control of the driver.
Acceptable performence may thus be achieved on all ressonable surfaces
by selection of a satisfactory forward speed. It is nevertheless
desirable to employ suspemsion characteristics whiech provide the mexe
imum renge of acceptable speeds for any given rosd surfeace, thus allowe
ing higher speeds; and reducing the danger assoeciated with sudden
chenges in rosd gonditious,

The basic form of the suspension of self propelled road vehicles
hes been the same since its inception when the pneumedic tyre, and the
isolating body spring both provsed to be essentisl. Improvement in
suspension performemce enabling higher road speeds, svailable from the
power units,to be utilized, has been along the lines of successive
modification as the dynamic features became spparent during use.

The verioty of geometrical arrangemenis end mechanical characteristics
empleyed for vehicle suspensions naturally stems from the conflicting
requirements of the performance criteris.

The basic suspension system considered as a system of lumped ele-
ments is shown diagfammatieally in Fig 4.1, This shows the body mass
supported by four isolating springs amnd dampers from the four wheel
masses vhich in turn are su?part%d through tyré springing from the
road surface. The vehicle suspemsion is thus cem@oseﬁbof five nasses,

end therefore has 30 degrees of freedom which may be dynamically excited,




Fortunately not all of these sre of major impertencs, but meny of $he
leseer axle motions may be intercoupled causing undesirsble effects
under gertain operating conditions, so they ecsmnot be entirely weglegted.

4ol PRIVMARY MOTIONS,

The =zix degress of fresdom of the vehicle body are illuste=
rated in Fig. 4.8, They ecomprise the three traunsletional modions
of bounce, gide-shift and fore and aft shift, and the rotabions of
piteh; roll and vaw,.  Body motions are of primary impertance
in estsblishing the comforit conditions im the ?ﬁhi@3%9 but they
can also have a marked effect on et&bility. As puch, éﬁiy three
of the body motions are of majer concern, these beinz bounes, piten
and ra}l. The remaining three degrees of fresdom are only of

miner interest as they sre subject omly Ho smell excitetion, amd
may be rigidly constrained without compromiss in‘pﬁrfarmaﬂea.

The eriterion of passengzer comfort ﬁas demended that any
large motions to whieh the passenger is subjected be of low fre-
QUENCY . As Pthe body metion at sny time is a ecomposite of sur-
fece profile snd tremeient oscillation it fellows that the thres
primery body motions =11 have lov natural frequencies.

There are however practical limitaiiong which exist in the simple
sonventional suspension where softer springs c¢euse & decrease in roll
gtablilily, and wide verisbions in stending height with load.

Fop %his‘raaﬁon most modern wehicles haove the neturel freguencies

of primery motions in the range 64 Ho 75 sy@l%a p@f minute.

Several compensating suspemsions have been imtroduced which present

the lowest frequencies by elimimating stending haigh%‘variaiiana




and maintaining high roll stiffness,

4411 ACTION IN PIVTCH AND BOUICE,

Apart Ivom the frequencies of large body motions, it is
essential that the body should move in s meamner to oroduce
the least possible amoumt of neck-whipping of the passengers,
The greaiest tendeney to produce neck=whipping arises from
the pitehing of the vehicle. It is however, impossible
with conventional suspension Ho alimiagﬁ%‘bddy pitching as
front and rear wheels must trevel almost identicsl pablis,.
Two femtures of the suﬁp@ﬁsia& design may however be comirollsed
to minimize both the megnitude and the effect of the pitehing
en all road surfaces.

Thus the "inertis distribution™ and the “spring rate dis-
tribution”, which govern the coupling between pitch and bounce
oscillations, can be adjusied to give the most desirsble ride
action of the body. The effects of these two factors cem
most conveniently be explained by ﬂangidsring the simple lever
analogy for the vehivle body shown in Fig 4.3. Here the
centre of gravity of the body is situated distences "a, and b"
from the froni and rear springs re%paciivély‘ These springs
have stiffnesses Ke and Kr, while the body has mess m, and
radius of gyration k about the centre of gravity.

This problem is selved in most vibration texts, and h&s two
aatursl fraqﬁ@ﬁcies corresponding to puré rotationel oseclilletory
motions ebout centres whose distsnces from the cenire of gravity

of the body are expressed as ;
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as a centre of pereussion %o motions eboubt the other sentre.

Furthermore the natural ff@quaneias of oseillation about these centmes
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These formulae are unfortunately too complex o ensble an
optimum selection of suspemsion paremeters to be shown immediately,
There are nevertheless two ozses which are of special interest,

» (1) If front and reasr suspensions have the ssme static
deflections under the body losd, then the gomdition arises whers
(kg =bK,.) is zerc. Consequently equation 4,1 indicates that
the wvibration centres are sltuated at the centre of gravity and
at infinityg so that natursl motions of piteh end bounce are nok
soupled. This condition also d@iarﬁiﬁﬁﬁ the ratio of the
natural vibration freguencies as vfigiréb .

(2)  If k° a ab, the velues of 6@ become =2, and ¢ b, indicete
ing that the centres of natural oseillation are situsted et the

2pring centres, Consequently each spring separately conirols

one of the natursl nmodes.




The retio k°/ab, which defines the inertia distribution, thus
playe en importent part in determining the performsmee availsble
irom a particular suspension., The closer this walue is made
to unity, the 1@55 iz the iﬁt@r&sﬁian‘béﬁwaan front and rear ﬁhael
impulses. Ae the neceselty for almost equal wheeliracks must
cause similar impulses %o be applied to the front and resr suspensions
to be separated only by a finite $ime interval, i% is advanbageous
to ensure that front impulses can never cause motions of the rear
suspension which detract from its ebility to sbsorb the dirsect |
bumy enerLy. This iz obviocusly svailable when kgféb = 1l a8

then each suspension is an oseillation centre for deflections of

~ the other. Such opitimization is closely epprosched in =211
modern road vehicles wherse kgfﬁb 2 0.8 to 0.9 . Fractieally

it has been proved that higher vsluss are in fact umecessary

as the inertie decoupling effeet improwves very litile, whereas
the increase in inertisz of yaw, which is closely releted to k,
ceuses greater demends on the steoring forces developed from the
tyres.

The second feature which is of imporitsnce is referred to as
the s;ring rate distribution, though this must be considered gimpl-
teneously with weight distribution, for the effect reslly depends
on the relative stetic dafl@atiﬁﬁ% of the front snd resr suspensions.
Accepting inertis decoupling, the bedy action can be sdjusted under
singular roed impulses to give an sssentially "flst ride" . by the
selection of these two verisbles, hs front wheel impulses cause
rotary oseilletions of the body sbout the resr suspension snd vicew

versa; o miniwpus degree of body pitoh can be oblsined when the

-




oscillations of 4he fromt suspensionm sre of lower natural frequency
then those of the reer suspension. This is obtained by providing
greater gtatic deflections in the fromnt ihan in the rear‘%uspanaian.
Haturelly the optimum difference in natural frequencies depends
on the relationship betwwen wheelbazse and the forward speed of
the vehicle, 2s these determins the time délay between the inditisziion
of fromt and rear @%eili@tian%. it is thus genersl practice
to incorporate a stetic deflection ratio which gives optimum per-
formsnce at the aversge speesd at which tﬁe‘vehisl@ is likely o bs
driven, Thiz iz found to give improved ride quelities over =z
wide renge of speeds.

To provide éd@qu&ts adequ&?@ biaking and ﬁtaeriag,ﬁ?aeﬁian,
the front wheel load is‘n@rmmlly greater than thet on the reer |
wheels when unlsden, This mlso enables a’graa%er pereentags
of the live load o be taken at the rear while conszerving almost
sgual weight distribution. Conseoquently,; es the welght dis-
tribution is fixed by considerations other then comfort, the
desired static deflection ratio then automstiecally fizes the
optimum epring rete distribution 4o be employed.

dodern suspensions use an unladen weight distribution
ratio, weight on the rear Wh@gls/ weight on the front vheels
of 0.8 to 0,92, together with = statie deflection retio
static deflection of rear suspension/ static deflection of fromt

suspension of 0.6 to 0,95 ,




41,2 _ACTION TN ROLL

The rolling motion of the vehicle body plays am important
part in esteblishing the position stability of {the vehicle, =mnd
may have an apprecisble influence om the comfort comditions,
Holl is eof grestest consequence when the motion of the vehicle
is along 2 ocurved path, the sffegt of rosd bumps being small
except when supplementary fo this sormering roll.

Basically beth comfort and sfébility eriteris are concerned withk:
the magaitude of the raéi‘amgl%ﬁ develeped, though comfort is
elso influsnced by roll frequency, and roll jerk to which the
passenger is most susdeptible. ; To satisfy these requirements
the roll freguency is‘mainﬁﬁinéd at values claa@-tﬁ the pitch
end bounece freguencicsg, bul generally slightly higher tham thess
80 tiet all the motions blend together 0 give & smooth ride,
Roll jerk however. is meinly determined by driver action, smd

as such is mot sontrollebles by design, thoush selecied dawper
placement may reduce the severiby of Jerk generaxed from the road
profile.

The megnituds of cormering roll developed in a vehicle
body, depends naturally en the centrifugal f@raé‘associatad with
the curved path, the position of the rell axis, snd the distribu-
tion of the roll resistancs between the frout snd reer suspensions,

Because of the genersl a&symgtfy of roed irregularities causiag
roll, end the symmetry of cornering requirements, the spring
rate distribution on each side of the vehigle is egual, although
this mey be modifisd in specisl eircumstances of known aseymetbie

load. This results in & roll axis which lies in the vertieal




fore end aft cenitreline plene of the vehicle. The inc¢lineiion
of the roll axis to the horizontal may however be guite high as
it depends on the relative heights of the roll centres of the
front and rear suspensions, These roll centres are in turn
esteblished from the geomstric arrasngement of the respective -
suspensions, Thus, with the bsam axle type 5f sugpension, a
high roll centre is achieved with body rell teking place sbout
the spring cenires, whereas with most of the exisiing independent
whesl suspensions the roll cenire iz quite close to the ground,
With bigh roll cembres,the resultemt rolling couple of the centrif-
ugal force asbout the rcll exis is smaell and consequently the roll
angles will be small for reasonable roll resistence rates from
the springs. However, with low roll cemires, the centrifugel
couplo developed about the roll axis ir far greater =zmd resulis
in greater megnitudes of roll angle for the same roll resistance.
Hsny modern rosd wehicles heve the axle rear suspension and inde-
pendent front suspension which résulﬁ@ in 2 roll axis which is
inclined to the herizenital, pessing through the front roll centre
at about ground level snd the rear rell cenire ot spring centre
height. High rallvanglas may be developsd in such a suspension
unless some attempt is made to share the roll couple between the
frony and rear suspensions. Thus "enti-rell" or “stabilizing®
springs are fitted to increase the roll resistance of the front
suspension without increamsing its resistsnce to pitching and
bouncing.

It has been found that an optimum height for the roll azis




does exist if safely =md stability are to be maintained, Thus,
with a low roll centie , cornering forces may cause axca?tianally
high roll emgles which result in a complete less of position ste-
bility. With low roll cenires there is the danger that the
driver, having little indiemtion of the cornering forces that he
is demanding from the tyres, may cause a loss of allhesion with
gonsecuent disruption of the éir@stianal gtability of the vehicls,
Between these extremes the megnitude of roll sngle may be used to
give the driver en indication of the performence being achieved
by the vehicle, and hence %o reduce greamtly the likelihood of loss
of stability eof either form.

4e2s _SLCOHDARY MOTIONS.

The secondsry mobtions in suspensions are those invelving the
unsprung messes, and they are dependent mainly on the springing end
danping efforis of the ityres. These motions are far more complex
then the primery motions, as the various degrees of freedom of the
unsprung messes may be coupled both geometricelly smd gyroscopically.
‘Consequently they have @ wide range of exciting road gonditions.

In some cases they may even begome sslf-excited, drawing pover from
the forward vehicle motion %o sustain the vibrations in the absence
of road irrsgulesrities,

Being essentially escillations of the axle masses on the

tyres, the secondary motions are of far higher frequency than the

primary motions renging from 450 to 1000 eycles per minute. {Schilling

and Fuchs 1941 Consequently these vibrations may teke place

without ceusing smy spprecisble movement of the body, though the forsces

a




trensmitied to it may be quite high. The comfort conditioms, which
at these frequencies are determined by acceleration; may be seriously
affected, though in general the resilient seet cushions are eifective
in iscleting the passengers.
Large secondary motions do however have disestrous effects on the gta=-
bility of & wehicle, perticularly its directional stebility, for they
may gquite aaﬁii%fggi%xle motions of grester meznitude than the stadic
'tyra deflections, In sugh cases the tyres lose contact with the
road completely end canmot then supply emy steering side forece.
Violent axle motions while the vehicle is following a curved path may
may thés lead ta’a complete loss of stability.

The temdency of the tyre to lose contmet with the road surface
is quite marked even on good surfaces, snd it is one of the major
facbors contributing ia the dgtﬁrieraﬁien of 2 road surfags.
Because of the relatively smell statie tyre deflections, generally of
the order of & inch, o read irregularity of abeut the same size cen
cause the sxle to jump., Vhen the tyre is fed back into comtact
with the road surfsce thers is o peried of high contact pressure which
tends o mould the surfece into & depression, As most medern vehieles
have very similar characteristiecs for tyres and unsprung HAS868, 4 Suc-
cession of these will tend 4o cause a progression of depressions in
the road surface, sll ideally spaced +to meintein snd magnify the
vielent oseilletions ef the axle, If the road surface is uneble
to withstand this sction becouse &f insufficient surface shrength,
undermining or tempersture softening, it will repidly deteriorate
into & corrugated or pot-holed surfmee, which seriously reduess the

meximum safe speeds of vehicles travelling upon it.




& Teature of the secondary vibratioms is that they have e strong
non-linear cheracter, erising once agsin from the common %andaﬂﬂy
for the tyres to lose contsct with the road. Thus while the tyre
and road are in contaet the spring a@t%rminingyﬁha metion is élm&st
entirely comtrolled by the tyre spring rate, » However, immediately
the contact is lost only the body suspension spring force is a?ailable
to feed the axle back to its neutrsl position, ‘S@n%aQﬁenﬁly the
pile motion @%hibité the properties of @ a@ftaning non=linear sysbem.
This effect iz shown disgrammatically in Fig.2.4 which @10t5 am@litud%
of axle motion versus vehicle sp@&d‘far a2 particuler sinuseidel road
proiile. This figure illustrates immedintely the dsngers which
éaﬁ arise in a vehicle which suddenly passes onto = section of rosd
which has degenerated inte corrugstions in the menmner described, at
2 speed sufiicient to cause the wheel %o hop. Almost immediately
ths wheel is thrown clesr of the rosd surface, the intervel during
which contact is resumed being only e smsll fraection of the vibration
cyeles If the driver sttempts to slow the vehicle, the wheel motions
become even move vielent beceuse of the effect of decreasing freguency
on the softened system. Zventually the axle motions would resch
the limit stops, smd further speed reduction will ceuse it to venish
go that permenent contact is resumed, Tois will hovever tske a
considersble time, during which the driver has little directionsl cone
trol over the vehigle, On the other hand, if the driver inerecses
speed,; he may eliminste wheelhop completely, though not necegsarily
80, bul the increased forwsrd velocity may be dangerous.

Thus it is obvious thel whenever the secondary motions build uwp to the




extent thaet they cause wheel-hop, they are most dengerous, snd provision
must be maﬁ@ to reduce the possibility of this happening.

The foregoing remerks hévs applied to & single wheel having only
one degree of freedon, In fact, each wheel mass has six degrees of
fresdom,. The geometric srrangement of the suspension is of great
imporiance in determining the coupling between the various degrees 6f
freedom of = perticulsr wheel, and the coupling between motions of
different vheels. This latter in particuler can cause some very
complex problems, with combined intercoupling of many degrees of free-
dom to ferm self-excited osecilletions in a gystem free Irom externsl
disturbeances, In partigular, the rigid coupling provided in the
front suspension by the use of a single axle is cepable of mainteining
@ complex vibratiom known asg “shimmy", which may seriocusly affect
directional stebility. The actual mechanism of this phenomenon in-
volves escillation of the steering engle which is meintained by side-
ahift and tremp of the axle through gyroscople and geometrie coupling.
Over o wide renge of speeds these motions mey be so phased that they
are seli- excited, drawing power from the forwerd vehicle motion.
Uneven braking , snd out of bslsnce wheele in such s suspension may
alse ceuse motions akin o shimmy.

Similer effects are noticed in the rear suspension where rigid
axles are used, thouzh in this case they are not so dangerous. Here
the vibretions depend largely on the state of moiion, assuming 8 resr
wheel drive, and power, or breke-hop may résult in violent oscillations
and loss of road comtact which seriously detracts from either the appli-

cation of power or braking. Onee sgein the mechenism of the motidns

is extremely complex involving interaction of meny degress of freedom




and cen generally only be reduced to .a safe level by practicsl tests
gnd miner mwdificetions 4o the suspension geomeiry.

By eliminating the direct interaction between wheel motions, the
independent suspension has greatly reduced the severity of secondary
effects of this nature, espeecially in the front suspension where each
wheel csn chenge its Qamber without seriocusly affecting the dther.
Consequently, with independent suspension secondary vibrations of the
unspruong magses are dependent mainly on the road surfece irregularities,
The reduction in unsprung weight availsble with this type of suspemsion
haes also served ﬁé all@viaia the problem slighﬁlyg fer it ellows softer
suspension spriang rates to be used. However the wide ramge of
roed surface conditions to which the vehicle is subjected does not
allow @ mere increase in naturasl wheel-hop frequency to eliminate
the likelihood of wheel-hop ocouring. &lthough it does inerease
the vehicle velocity et which wheelhop will aecur,%hér% is still the
problem of mainisining road eéntact witheut inmereasing the bedy
iforce tremsmission uaduly.

4930 HARSIDIESS ,

The vibrations of the higheet frequency remge which are detected
in the vehicle body are termed “harshness”. These are in fact
the lowly dauped transient vibrations of the resilient body struciurs
caused by sudden impactive loading.

Increases in tyre flexibility in recent years have decreased
the smount of harshmess tremendously. Small high frequency wvaristions
in resd surface are sbgorbed in the mors flexible tyres so that direet
transmission is reduced. It hes been found thet s definite lswé;fit

4o the tyre flexibility does exist, quite spart from that indicated by




the incbease in tyre wear snd steering effort. This limit is brought
about by the large chenges in rolling radius which can cecur in & soft
tyre as it rolls ever a sudden bump. As f@r@gﬁd speed is meintained
the wheels enguler veloe¢ily is rapidly actelerated 4o sccomodate the
radius change, snd this causes a sharp impulse in the fore and aft
direction to be delivered o the axle. As most suspensions are

quite rigid in this direction, espeecizlly the independent types, these
impulses are transmitied directiy to the boedy frame czusing hershnsss,
The ssme reasoning can be applied té the fore and aft component of

the wheelsbump reaction,

A factor which has tended to incresse the extent of hershness is
the increased @tructurai rigidity of the body caused by unit construction
In this case the degree of damping presented to vibrations of the bedy
structure is much reduced and the harshness persists for longer perieds,
This may be alleviated to some extent by rubber isolators, but the re-
duction in effective torsionel rigidity of the vehicle which this
entails cannot always be tolerated. Hevertheless, it is obvious
that the duration of harsh vibrations can be reduced by some suitable
demping medium placed in & position to rapidly decay any transient fraume
or shell oscillations, though the existence of harshness indicates that
tyre flexibilities cennot be increased indefimitely.

Lok DANPTING AND “SHOCK ABSORBLRS™,

Damping is present in the vehicle suspension in meny varied
forme, It is a factor which has great influence on both rides and
road~holding, as it may control amplitudes of resocnant vibrations of
all forms, and causes a repid decay of transients thus regeining quick-

ly the condition most suited to the ebsorption of further disturhances.




Unfortunately it is omly possible 1o =pply damping apart from inheremt
damping betwesn the sprung esnd unsprung masses of the vehicle.

This mesns thet t&é demper introduses =a sirong coupling betwsen the
primery end secondary vibrazitions which would not otherwise exist.
Consequently the bedy may bs subjected to hish damping forces at
secondary motion fr%%g@néi%g which maﬁ&r&lig detract from the issclation
effectiveness of the suspension though they sre mecessery %o mainbain
setisfactorily smell secondery motiens.

The megnitudes mnd types of damping existing in the suspension
may eonsiderably modify this interaction and are thus of imperitance.
Coulomb demping is & mathemetical idesl in which 2 constent force
opposes relative motion of the dampsr elements. It is clesely é@pr@&sh@d
by hydraulic dampers in which préssmre is kept constant by relief walves
Actual dry friction has a resisting foree inversely proporiional to ‘
veloecity, and it is influenced by normal reachtion, materials and surface
finish of the conbtact areas, This is the common form encountered vwhen
surfaces rub.

Viscous damping is smother methemsticel idesl in which the resisting
forces ere proportional to the velocities of motion.

Degenerete viscous demping is very common in practice, its cherscteris-
ties) being derived from variations in{viaeasity with temperature and
Dressure., Hers the resisting foree is proportional to a power ef

~ velocity that is less than one.

Hydraulic demping hes resistance propoertionsl to the sgquare of velocity
and is obtained by puwmping fluid through s sharp edged orifice. |
lysteresis demping arises from the area of the stress-strain loop for

mabefials under cyelic loading. bnergy dissipetion is normally pro-




portional to stress raised to a power greater them one.

All shese demping dypes are known %o exist in the rosd wvehicle
suspension, though in some cases the megnitude may depend on the
mechanical structure end condition of the suspension elements and
eonsequently may very quite merkedly +through ths 1ife of the vehicle,
A particular exsmple is the coulomb end dry friction effects vwhich
are present in the plein lesf epring and the early types of frichien
dempers. {(CGbonner 1946)

The realizetion thet demping hes = comsiderable effect on the
performence criteriz has led to the general use of “"frictionless”
spring types with a separste damping unit, so that the response esn
be controlled and optimized.

The hysteresis demping of the pneumatic tyres plays an importent
part, for it is ideally situeted to influence the secondsry mntians
without imtroduecing additional forees betwsen the sprung and unsprung
NESEes., Unfortunetely the megnitude eﬁ this demping is not suffice
iently high to eliminste wheel-hop phenomens entirely. Furthermore
its value is simply = by-product of the tyre design, snd is not constent
through the tyre 1life. Consequently, although it ig of an adventag~
sous form, hysiteresis demping must be supplemented by suspension demp-
ing to achieve consisitent performence.

| The cherscteristics of modern suspension dampers, or "shock-
absorbers" as they have been mis-nsmed, vary widely. This stems from
the relative importence of comfort eand stebility in a psrticuler app-
lieation. As these are necessarily compromised, model cheracteris-
tics are adjusted to suit the sversge speeds and road surfaces which

are mogt likely to be encountered. This does of course mean that




performence under conditions remete from those of dssign will not be
eptimized,

The type of damper which is most commonly used is the hydrauliec

dumper. The resisting forece which sush = damper presents to relative
motion ie dependent on the weloeity of motion. Feor low velocities,

as generated by primery motions, these forees are low and of viseous
damping form, being provided by smell bleeds in the hydraulic cirecuid,
As the velocities inereamse, hovever, the meximum fores developed is

made lese end less dependent on veleeibty, by utilizing spring loaded

pressure reliel valves, Consequently the secondsry frequencies are
resisted by o charscteristie approaching coulomb demping, Thisg force=

iimited cherscteristic enables enables contrsl of primery motions %o be
schieved witliout gpeatly imecressing force tramsmission at wheelhop fre-
guencies or during trapsients,
inother feature of these dampers iz thet they have dirsctionally con-
trolled characteristics. Thus when axle and body mrs approaching
the "compression” forces developed in the damper are usuaslly smaller
then the "rebound” forces develeped when the axle snd body separate
et the seme velocity. The objeet of this of thie praciice iz %o
reduce the transmission of high forces during compression transients,
wnich are the most prevelent, bub it is thousht o be irrational by
some writers (Denfertog), snd in fmet the difference has decressed to
such an extent thet it is practically insignificent in meny modern
degizns,

Meny ether albtempte have been mesde to reduce the sempramige of
comfort and stebility by employing speciel damper characberistics, but

these generally reguired specisl road c@ndiﬁiemg for eptimum resulis.
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De THE LINEAR SUSPENSION

The complete dynamic behaviour of the vehicle suspension has been
shown in the previous chepter to be extremely complex . It is possible
however 1o obtein a grest desl of informebion indiecating the performance
of the system by considering simple arrengements whieh have the same basie
cheracteristics, This teénique has been used in the previous chapter to
illusgtrate the method of optimizabtion of piteh =nd bounce coupling to give
an essentially flet ride , by considering the vehicle body as & rigid beam
supported by two springs . Further application of the method may be used
to investigabe the interaction between primary snd secondary moitions of the
sugpension . Thus , if the compliceting effects of coupling are negleched
the suspension may be regerded as a simple two mass gystem having only two
degrees of freedom as illustrebed in fiz.5.1l. In such & cmse , the body
and axls could only move vertieally , smd the system would possess two
natural frequencies corresponding to the primary, or body, snd the second-

arys Or aXle resonance . However,even with such simplification , the
response ol the sysbtem cau only be debermined relatively easily vwhen fur-
ther resirictions are placed on the characteristics of the suspension el-
ements snd the nature of the exciting road profile . Thus, rigorous
solution cmn ouly be obiained for linesr suspension characteristics, that
is in the case where spring forces are proporitionel to their displacements,
and demping forces proportiongl to the relative velocity between elements,
Begides restricting the charaecteristics of the 5uspaﬁaian elements to linsar
form, this also demends that the tyres never lose contaet with thayr@aﬂ
gurface, and the ride clesrsnces never be excesded, conﬁitions‘whimh oun
both be emsily disrupted in practice. It iz neverthelsass convenient to

use the linear response to indicete the general trends in the behaviour of




such a sysbem, with a‘vi@w to improving performence by the introduction of
non=linear characteristies for the suspension elements .

Agepin, for thé seke of mathematical convenience, it is necessary %o restriet..
the exciting road forms to types amemable to simple solubtion . As inﬁicated
in chepter 3, roed irregulerities mey be either reguler or singuler, so it
is necessary to obtein both the harmonic and trensient responses of the sime
plified system to illustrate the overall performsnce .

- Bele HARWONIC RESPONSE

& rigorous solution for the Larmonic response may be determined
from the following emnelysis, usigg the nomenclasbure of fig.5.1.

The equations of motion of the system are thus =

EE Eéﬁg = KE( Eﬁ:- KB ) ' L CB Q( Eé - XE ) vt‘cotno(ﬁ.l)
2 2 , . .
m, D"x, =mpdxg = Kyl my = x5 ) ¢ Gy D Xy = %5 ] eeese(5e2)

kiquation (5.1) may be re-arrenged to give x; in terms of e thus,

x4

!
o

: .0'."*.¢‘....(5‘5)
GB Doas KB )
By substitution of %quatlan(s.gé in (5 2) the relstionship between

body motion and excitation can he”ﬂ@t%rmined,

| Xy (£, « ¢, D) (i + C ﬁ;
thus - -—~—§ --------------------------------------- o o 2
% (mﬁﬁ + G, D+ K, }{mgﬁé * G0 % Kg) # mbﬁ Cpd ¢ K)

0'.‘.9@..310’(5.%)
The harmonic response of the system is most conveniently delermined

from this equation by introduecing the following parsmeters ,

: . - 2
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Similerly by substituting for %, in equation (5.2)

‘ p -+ 48Rbr)” ¢ 4(BR(L = v°) » brig
- SERVAR (e 2Y(1 = 82} -4BRbr -P2)2 4 %((1»& ' P? bre(Lap? %)BR)*

toqqmqoqg.(5,§)

Fupthermore the total trensmisaion to the body is determined by
| i 2 7.. 4 e : | oY
. FT - ?ﬂB?QBWé - me@ r Mﬁ f.oecoo--fu9booavon|‘n#nso.-.c.(S.lu}

‘For a particuler excitetion frequency, variables r,R,P, are fixed as
functions of the masses and spring aﬁar&@tari%tiéa of the elements , whila.
B oand b rapre%snt the degrees of demping present in the tyre end body dempers
respectively.

The harmonic response presented by these equations may be most con=-
veniently illustrated in grephical form, but unfortumately as there are
three independent variables involved,a series of graphs is NeCHesBATY .,

~ As tyre damping is the least controllsble varisble, it is convenient to
ignore it in determining the optimum charecteristics of the guspension
elements « The resulis oblained eftsr such an omission will then =2l-

ways be pessimistic as all typrs demping is aﬁvanﬁagaaus‘far it opposes

segcondary motions without transmitting foree to the body.




Response of a system having zero tyre demping is obitsined from equations

(568),(5,9) and(5.10) by substituting Bz 0.

Thus o o e
: ;/(l -~ré)% % %bgrg : = ‘ P L (
¥ - o= o 0 g e et . e 4 5 mmemen o511
L Fs) o %;:f« v sr‘ 5
A V(- ) - B - BT e apfrf1 - 8 - PR
//{1 + 4b%r? ’
My o= /- == IR W W~ g====z=z  ee(5.19)
5 ({1-r)1 -5 - P*)® & 2b%%(1 = 5% P°)°
F .
P - I %B‘ ooacoo.soiaon'tntoo--uat‘ooasoaont(SQl:’E’)

% %

Graphical‘representaiisn‘of‘thése‘equations is given\iﬁ figures S.E,vﬁ;Bg

end 5.4 ; in which My 5 My , and WEEE are plotied versus frequency ratio
’ o “B “o
r; for various degrees of suspemsion demping b, The particuler re-

lationship between r, R, end P used to plot these graphs is selechted
to represent a iypicel passenger car suspension of the present btime
end is exactly the some as that produced om the meehanical analogue
desoribed in chapter 7 .

The effects of linear suspensiqn demping as indicated by these
figures is largely dependent on frequeney ratic r » Thus st either of
the resongnees demping prevents infinite motions of body and axle from
developing, the resulteant msgnification being dependent only on the
degree of demping present,. However, the total force iransmiﬁsion=x
to the bedy et the resonsnces tends to reach a minimum limit as the
magnitude of demping incresses . Furthermore while damping causes
reduced axle motions throughout practically the entire frequency range,
it does so al the expense of incrsssed body motions at frequencies away
from resonance. Together with this, the total force transmission st

non-regonant frequenciss becomes lerger as the degree of dawmping rises ,




It is thue obvious that lineer demping cennot satisfy all the performance
criteria of the suspension system, for although it limits the megnification
of axle and body motions at resonance esnd csuses reduced sxle motions through-
out the frequency remge, it alsc results in incressed body motions and far
greater force transmission at frequencies remote from resonance .

502 TRANSIENT RESPONSE ,

The response of any linesr system to en imput which ceuses trsmsient
gscillation is most easily determined by the Leplace Transform method .
In the case of the vehicle suspemsiom it is of interest to determine the
response of the simple two mass system of f£ig.5.l. to a step function
disturbance in the road profile . In .order to reduce the number of vare
iﬁbles, end emphasize the effects of suspemsion demping BB, the inheremt _
tyre damping is neglected as in the presentation of the hermoniec responses
The basic equation for the motion of tke body mass o, is then given
by modifying equation (5.4) to -
( (my D° + Ky)(mp D% o GgD @ Kg) ¢ mp p°(Cg ¢ Kg) ) x5 = K, (CpD ¢ Kg) x,
coresscscessce(5014)

On dividing by mA.mB’ end making the substitutions of equation (5.6)

% i -
his gives 2 2 w wz ;
(D402wa(14-=-A)D 1(w W )D 02bW2WD-OWAW )xB
w2 w
AB AB

- (2bW WB*WAWZ ) x ovcoctooeoc(sg-ES)
Taking the Laplace Transform of this equation with e step function
exeitation of magnitude X0 with xg and all its derivatives zero at

time t s 0 results in =

XO(waszp owﬁ

z5(p) = Soeg T 5=~ ---—2---- - eeso(Bs16)
P(P + 2bwg(l ¢ A) p ® (wA + WG ¢ -éz—B)P -+~

® 2bwi Wpp ¢ w2>




Similerly -

(@ @ n ?%Wéwﬁp + wﬁ w% )
Xh(P) = D 0 10 0 e 8 B :_: """""""""""" o».n(ﬁol?}
P4 & e
p(p™ +2bwp(l » -5 P 4(%ﬂ 4 ;g-)p #2bwiE p 4 Wy W)
Vip AB
2 2
K@Xﬁy(abwgw T eV )
And F, T i?} - o T S b i e o ok ;:% “““““ é“'zi“‘“*“"l‘g“‘"‘;"v“f‘““‘““’"’“"" e26ess (5.15}
& L g ‘
. wews o
2, 4 : 2 2 "A'B, @
. oo (1l + = w pitie- 5 7
wg(p 423@6( éwé }p #(w} v 2 o *ﬁbwﬁ S ?‘W )
AR AB

The standerd method of obtaining the inverse trasuforms for such

functions involves ihe rearrangement of the right hend side of equebions

-

(516)5(5.17) and (5.18) imto pertisl frection form. Unfartun&tély 5
?h@ fourth order @quaiiém in p wﬁiaﬁ oxists in the denominator éf‘theée
@xpr@éaimns hasg mé general solution znd must be evalusted for ﬁarﬁicﬁlar
combinations of suspension parsmeters . Ones again , the valué% ef
W9 Wy o, and W, are chosen equal o those parameters existing eon the
mechenicel analogue described in ahapter‘?, which is alsé reﬁreaentativ@
of & typieal imdép@ndenﬁ suspension , while the desping ratio b is given
a renge of velues from O to 1 to illustrate the effects of suspension
damping.

The solution of the characteristic egquation of the gystem , which
coineides with the denominsior of the previous equations , is given below

for various dezrees of damping be

Damping Rebio "bY Factorized Charecteristic Equstion
G (»° + 6248)(p% + 38,70)
0.1 (5% + 9.570p # 6237§(p° + 1.157p » 38.77)
0.3 (0% + 28.67p + 6147)(° # 3.518p + 39.34)
0.5 (% o 47.61p + 5959)(p® 4 6.038p + 40,58)
0,8 (p% % 75.32p # 5450)(p° # 10.52p + 44.36)

(n° & 02.60n ¢ 4841)(n° + 14.71p ¢ 49.95)




The actual solution of Xgy Xos aﬂd?FT as time functions may then be

obtained from the partial fraction

éearrangement of the transform

equation by referemnce %o %ables of stemdard inverse transforms, giving

the follewing solutions -

Case 1.

Xp

p

F@

131

i

b=z0O

Xo (1 ¢ 0,00628in(79,04t + 90°) + 1.00628in(6.2209% ~ 90°)

X, (1 ¢ 0.954251n(79,04t = 90°) ¢ 0,04588in(6.2209t ~ 90°)

KXo ( 0.9545in(79.04% ¢ 90°) ¢ 0.954sin(6.2209t - 90°)

Zs b - Gal
=% 4 TG 5%

'o57§3ﬁ

X5{1 @ .01647e sin(78.83% + 152.4°) 91l.015e sin(6,200t -82°)

-4-785t

L,(1 ¢ .9560e sin(78.83%
”-%.735t

KBX@(E.ﬁzﬂe

3. b = 9.3

-l%;33t
X5(1 & 04766
~14433%
X1 ¢ .9860e  sin(77,08%
-14.33%
EgXo( 7.15e

4 b = 0,5

~23.81%
5in(73.43%

-83081t

Xo(1 & .0850e

Xo(1 ¢ 1.0390e sin(73.,43t -105°) ¢ 0.0608e

-23.81t
KpXo( 12.45e  sin(73.43t
L 5. bz 0.8
-37.56t

X5(1 » 418496
=374 666
X, (1 @ 1.280e

=576 66t
KBKQ( 2%08%

-94%) ¢ 0,0480e

- 98°% ) & 0.0520e

sin(77.08t # 175° ) ¢ 1.026e

s 180°) ¢ 1.190e

sin(53,50t » 123°) + 1.8793¢
sin (63,50t - 122°) » .0900e

5in{63.5t ¢ 184.4%) ¢ 2,05e

"35783t .
5in (6,200t =72.3°)
“.5733%

sin(78.83t # 156.8°) # .968e sin{6.200 ~70°)

-ln75@t

5in(77.08t ¢ 153.6°) ¢ 1.0585¢ sin(6.021% - 75°)

~1.759%
gin(6,021t - 25°)

-1,759% .
8in(6.021% -37.5°7

=3s0192%

# 143.6°) ¢ 1.19536 sin{(5.605t -61,5°)

=3,0192%
8in{5.6084%

-3,019%
sin(5.608% )

59 )

~5,259%
sin(4.,087%
“Sogﬁgi
sin(4.087¢ + 20°)
‘5;259*
8in(4,087t # 66439

L
L
o

=
-




Case 6 « b = 1,0
-4643% - =5.32% ~9,3%%
%g = %5(1 # +3310e  sin(51,93t ¢ 107°) s 1.71le - 3,027e
"%ﬁ.gﬁt "’5032’35 "9.3%
%, m %,(1L # 1.68le  sin(51,93t -130°) =,0706e + +3587e
~4543% -5.32% =8439%
Kpis( 39.6e sin(51.93t ¢ 188°) - 1.19% + 6,58e

3
14

Fig 5.5 shows the effect of linesr demping on the most importent
features of the transient response i.e. maximumovershoot end decay time
of the axle and body, and the maximum tramsmission to the body .

This indicates thet the overshoot of axle end body can be limited by
linear demping, bubt only ai the expense of increased tramsmission .
Furthermore, as the demping ratia inereases, the maximum transmission
occurs closer to the ppint of initistion of the tramsient snd henece
becomes more impulsive in cheracter . The graph also indicates a
minimum in the decay times for both axle and body at demping ratio

b epproximately 0.8 . Thus, as for the hermenic regponse,linear
.&amping cannot satisfy all the performsnce criteria of the vehicle

suspension se that in operation it can only represent a compromize .
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The rigorous solutions obitained in the previeus chapier are only
applicable 45 srstems which have linear charscteristics. This implies
that spring forees are glveys proporiional 4o their deformations from the
static eguilibrium position, and damping forees are always proportional
o the relzbive motion between the damper elements.

A thirvd condition which must be satisfied by linear sysiems is that the
messes themselves be unaffected by eny vibrebion, however preciiealiy
all mechanical systems comply with this requirement, snd in particular
it is not appliceble to vehicle suspension behsviour.

On the other band, non=-linesritises of both springing snd damping are
most marked in the suspension, snd these may meriaugly medify the perform~

ance egtimeted from linesr theoryv,

Gole URFINITION OF NOHLINEAR CHARACTHRISTIOS,

Balels. _HON-LINEAR SPRING CHARACTERISTIC

Lis]

o]

#

A non=linesr spring characteristiec is obviously ome in which

the restoring force brought about by deformstion of the spring is
not direstly pr@pcrtioﬁal o the megnitude of this deformetion.
Consequently there are two basic types of non~linsarity, one in which
the restering force increamses st a gresber rate than the deformation,
and one in which the restoring fores incresses st & lesser raie then
the deformation. These are termed “hardening” end "softening”
mon-linearities respectively, for they exhibit an inerease or desrease
in the effective spring rete in the deformed position.

These basic forms may be further combined to give composite non-

lineer spring cheracteristics in which the relationships beiween re-




gtoring force and éeflacﬁlmﬁ sre not identiesl for deformetions on
%ithar side of the static equilibrium position,

Typicel examples of non-linear spring cheracteristics are given
in Fig. 6.1 (8):ib)s(el.

Hon-linear spring cheracterisiics mey in some czses be specified
mathemetically by introducing cubiec or exponentisl réla%ianghips in
the dependence between leoad and deflection. Generally however it
is more convenient to specify the non-linearity grephicelly for prac-
tical springs, in "spring chaersoteristie” curves,

Gelede _HON-LINEAR DAMPING CH THAIBSTICS

The condition of linear demping in which the resisting foree is
proportionel to the relative velocity across the damper is rarely ob=
tained in prachical suspensions. The actusl dsmping forms which
do exist differ widely, depending largzely on their sources as indicated
in Chapter 4, Thus demping force may be provortionazl to powers of
velocity both greater snd less then wunity, =nd mery even becoms inde~
pendent of veloeity, merely resisting motion with a comstant force.

In 2 similar wey Yo composite non-linesr springing, demping may offer
esistence of different msgnitude or form to motions in one direction
then it does fo motions in the reverse direction.

Comsequentlys althourh the resisting sffort provided by = damper
mey in meny ceses be specified by a constant of proportionsllity which
rel@iaé it to a function of velocity, the performence of most practical
dampers must be presented grephieally. This is done by plotting

the demper effort versus the relstive position of the dsmper slements

a8 this varies with simple harmonic motion. Such & figure is

tervmed the demper "work disgrsm™ as ids arca 1ndicates the total energy




EETTee:y:

dissipated by the demper under the particular operszting conditions,
%by@ﬁﬁaly this indicstes the damper bshaviour through = complebe vib-
ration cyele snd covers & wide range of velocities of metion, bub it
iz often necessary to determine "work disgrams” at various frequencies
to fully specify the speed dependences.

Typical work disgrems sre illustrated in Fig.i.%.

v

Goe HON-LINEARITIES OF VEIICLL SUSPENSION COMPONENTS.
Hon-linesrities which do exist im the suspension of road vehicles
arise in the main from t%@ CRuSes,

{a) The basic physiesl arrsngement of the system which is force~
glosed by graviiy to the source of excitation. The system may thus
modify the effective disturbances by losing contact with the ground.

Thus for sxle motions grester than a definite smplitude fixed by <the
sbatie tyre deflection, the effective tyre spring vanishes during any
period of lost rosd contech,

Algo the necessity of presenting finite limits fto the magnitudes of

axle-body relstive motion or "ride-clearsnces” requires distinct harden-
ing non=linearities whenever these limits tend to be excesded. Thus,
the effsctive suspension spring rate is greatly increased by bringing
rubber snubbers into play.

(b} The need to compromize ride comfort amd rosd holding stebil-
ity, which has led to the general use of non~linear dampers whiech have
a predetermined limit to the meximum forees that they cen develop,

Such dempers may also b assymetric in that their gharacteristies for
closing damper motions differ from those when opening.

Tn addition o these major sources of nom-linearity in the spring-




1,

ing components of the vehicle suspension, the tyre itself provides s
non-linear sgpring which becomes progressively stiffer as dafleeted,s“
however the effect is far less pronounced, and tyre springing may géner~
ally be pssumed linesnr.

In some commerc¢isl vehicles vhere larze verietions sre 1o be en-
gountered,; the suspension sprimg is purposely mede noun-linear with the
spring rute everywhere proporiicnzl to the load seting. By this
meens the primary natural frecuency is made independent of load, and
the general behsviour much less loed dependent. Actual roed tests
on pessenger buses with such suspension springe heve been carried out
as described in Appendix 8.

Hen-linearities of damping are in fact wery wide spread in the
suspension ss indicated in CThapter 4. Hany of the sources of the
sources of dowping sre associsbed with friction of the suspension perts
and this produces damping forees which sre independent of or inversely
proportional the veloegities of motion. Alpo the inherent hysteresis
demping in the tyres snd rubber suspension components is strictly nen=~
linesr the energy dissipation depeyding solely ou the stressing of the
mavarial,

Golis DYNAWIC CHARACTERISTICS OF NON-LINBAR SYSTILS,.

6e2e1l. _NON-LIMGARLY SPRUNG SYSTEMS

The effect of the non-linearities of epringing on the dynamiec
behaviour of simple systems has been known for some time, being firset
reported by Duffing in 1918. & one mess sysbem with non-linear
gpring is considered for simplicity. The basiec difference of
such @ system is thet the nstursl frequency depeands on the smplitude

of oseillation. If the spring hes herdening cheracteristics, -




the natursl frequency will increase with incressing smplitudes of
motion, vhereas the reverse is true of & softening non-linearity,
Thus the fregueney of transient oscilletion of a non-linesp system
will depend lergely on the severiiy of the impulse initisbing the
transient, Also, if demping is present in the system the deenye-
ing oscillation will chenge in frequeney es the effective spring
roate alters with decreasing amplitude.

As 2 consequence of this, the gtesdy state harmonic behaviour
of the non=-linesr system has seversl cmarwcteriﬁﬁisé which sre not
asgoplated with linesr systenms. These stem from the existenes
of a frequency range in which response iz not unigue, the actual
vibration amplitudes depending largely on the history of the excit-
ghion. Typiecal harmonic response curves for hardening and soften-
ing non~linesrly sprung masses with s small amount of dewping are
given in Fig.o.3. The effect of the non-lineerity is seen to be

o displecensnt of the point of mexiwum dynamic megnificetion sway

from the base natural freguency. With a hardening spring this
displacement is tovards the higher frequencgy range while the opposits
is trus for = softening spring. A major fesbture is that {the
motion cemnot build wp to infinity et any perticulsr frecguency even
in the sbgence of damping. Thus in the herdening spring osse,

infinite motions of the mmses are oblalnable only af infinite freg-

_weney in =m undsmped svetem, wheress infinite motions sre never obe-
teinsble in 2 softening system as such would theorsticslly corres-

paﬂ& with zero exeitetion. With desping in the system, both

the amplitude snd Ifrequency of the maximum possible motion are depen-

dent on the mesnitude of demping present.




Lxtremely large motions canmot be developed as such become unsisble

\
snd the system decasys 1o the low energy level mede of oscillation.
Demping thus introduces finite discontinuities in the frequensy curves

e 2o s WA b iy o - N o .
known as "jumps®. The effects are illustrated in Fig,6.3. for a

herdening non-linesrly sprung sysiem.

f‘ﬂ

ith ineressing freguency

=R S e vl e » £ ; 5 3
of excitation of o ziven smplitude, the resultent motions bulld up

along the curve AB. tn 1ﬂcr@aalﬁg the frequency sbove that at F
the motion conbinues to builld up wntil point O is reached. Here
the dammping present prevents further build up the motions with

ff@@ﬂéﬁcy as it tends to dissipsie m“@ energy then the excitation
provides.{lisuscher 1938) . Thus if the excitabion Irequency is
inereased, the éy stom aﬂa@ﬁ@ the only stable metion m@wsihlﬁ whi eh

is ab the lowsr energy level, snd the | agniﬁuéé % sscillation
r&plﬁly decays o the point D Further incresss in Ireguency
ceuses a siight reduction in smplitude es indicmbed by tihe path Di.
If however the excitation frsgusucy is decrcesed from that of ghate
D it is found that stebls oseilletions of low energy level oxisgt

for all frequencies along the path . it ¥, the lovw energy level

oscillation becomes unstsble, and saplitudes " jump-up’ to theose af

point B. Thus for sll freguencies possible amp-
iitudes of motion are not wnique, © osgillations of both high and low
_anergy level being steble, the resultent motions depending solely
on the bistery of the excitation. TP this is onme of increasing
frequency from = low value, & high level oscillaticn is most likely

but this will “jump-down®™ %0 8 low level sseillation at a freguency

determined only by the degree of demping. With decreasing fre-




guancy however, the low level oscillabion itself evenitually becomes
unstable and motions "Jump-up"™ to a mueh higher energy level. In

depends primerily on the chareacher=

o

this cose the "jump-uwp” frecuency

istic of the mon-linear sering, snd is only slipghtly influenced by
the m&é{iﬁiiui&{,f.ﬁ af {i{i’; .mj. . “hus U}_tg}guuh B ?2'3%1"173{}-.31:2'1:‘; spruny

gprung eyvstem cannst develop infinite smplitudes of motion et smy
{inite frequency, there is s8till & considerable frecquency range in
which the minloun schievable motions represent considersble dynemic
magnification.

Bzectly snalsgous resulis apply in the ocase of ﬁonwlin&ar‘v

spruny systems haviag softening spring chervachberisiics.

S I
Lif s BEs @

wave on extremely wide range of

cally they may be divided imio twe

demping effort dependent on

other then the first power

dapsing sffort independsnt

snter © for e linesr syshem,

gxoept nesr reschnEnces,

D
]

demping hee little effect on the smplitud
put it hes & merked influence on franemissibility. i.e. the trens-

misgion of foree to the isolated body, =zt sll frecusncies throvghout

are spparsnt for non-linear damp=

e

In general the same effest




ing of all types felling into the eategory (1) sbove.  If the de-

pendence is on = high power of velocity, the effects are more pro-
nounced then for linesr demping, while the opposite is true if lower
effect
povers of velocily are imvolved. The most iﬁt@rastinghsf demping
non=Llinearity cecurs in & linesrly sprung system with non-linssr damp-
ing of class (2) =bove. In this case, it is possible for the
system to develop infinite smplitudes el resonance even when gome
demping exists. This was firet indicoted by Den Hartog (i%é@}
for the cmse of Coulomd dsmping, snd is dhown 1o ﬁa true vhers dsmp-
effort is limited in secbion 5.5, Thé spperent snomaly is explain
ed by the divergence of excitation energy and dissipeted energy
voseible where both are propertionsl to the amplitudes of oscillation
23 in such systems. It is nevertheless poseible 1o cvercome
this effect by supplying e sufficient magnitude of demping effort,
the criticml wvelue depending on the incident axéitaiimn.

Gorai COMBINGD NON-LIMBARITIHS OF SPRINGING AND DAVPTHG,

There is as vei no informstion of the behaviour of systems heving
combined non-linearitics of both springing end damping. Pagieally
of course, the characteristics of such systems will be determined by
the spring non-linearity, but the damping will definitely affect
trensmissibility and the " jump-down" frequency, and $o = leseer extent
the "jump-up” frequency. The modification likely toc be iniroduced
in the transmissibility should be smelogous o that for a linearly
sprunz system, bui the effect of non-linesr dsmpinz on the jump
fraguencies is not entirely nredichbable. It is thought, hovwever,

thet sny magnitude of demper effort, whether roleted to the resulient




vibrations or not, will slways ensure thet = finite iunp-down” fre-
quency does exist i.e. that the high energy level oseilletions will
not continue to be steble throughout the emtire frequengy range of
nen-unigue sslution. This is based on the fact that the existence
of high level oscillalions of = non-linearly spruns system is a problen
of stability rather than energy belance es in the linesr systenm,
Lg the margiv of stability of the hish 1evei oscillations decresses as
they iﬂgrﬁasa in megnitude with change of frequency, it follows that
eny slight reduction caused by dmmping will eventually make the oscille
ations uasteble; and this will constitute o finite limit to the *jump-
down " frequency.

These effeclts are verified by the experimentsl work of Chaplter 8.

Bods _SOLUTION OF NON-LINGAR VIBRATION PROBLELS.,

Sowme rigerous meihemeticel analyses of ncn-line&i vibration problems
are known, though generally it is necessary to employ appraximate graph=
ical or numerical solutions. Problemg of nen-linearﬂgprimging and
damping have been investigeted separately, but even so - the solutions ere
practically all restricted to systems having only one degree of freedom.

Gedele  SPRING NON-LINEARITY,

{a) Trensient response.

The host importent feature of systems with non-linearities of
springing is the dependence of the frequency of undamped free vib-
ration on the amplitude of oscillation. A second characteristic
is the chenge in the waveform of the wibrations from true simple
hermonie motion. These reletiondhips may be rigerously deter-
mined if the non-linearity of the spring qan be expressed sg g

siﬁple exponential, polynomial, or transeieﬁdantal relationship




betwesn resioring force and dail%aﬁiﬁm, By eguating the maximum
kinetic ensrgy of the msss to the maximum stored potential snergy Of
the spring, the osecillation peried for o definite amplitude msy be
determined by integration,; although this normelly recuives the use of
slliptic integrals,. Typieel exemples of this procedure ars given
in most vibration texts,

it %

ety

¢ spring characteristic is linesr in segments, the nebural

B

period mey be determined by considerations of simple harmonic motion
in esach linear region with eguality of veloeities at all chenmges of
spring rate. {DenHartog snd Heiles 1926).

For more complex non-linearities it is necessary to use spproximete

grephiesl or numerical solutisans. Graphiczl solutione are based

on the method devised by Lord Kelvin in which the mass motions are

plotted in increments by using the relationship

T1 s (Velocity) ) o

R = .
Ageeleration

Where R is the redius of curveturs of the metion.

A modifiecation of this methed which is particularly useful employe
the "phase-plane" construction in which mess motion is first plotied
ageinst mess velocity ,for convenience, and lzter tremsferred to a
time dependent plot.{Jacobsen 1952).

Although these methods are ealy spproximate, it is possible by
pveraging snd refinement of intervel to obbtein an atcephable accuracy.
Grephicsl procedures sre of course sssential whers prastieally deter-
mined spring cheracteristics caunot be sxpressed as a %i@ple mathemat~
ical reletionship.

Humeriesal solutions of high accuracy may be obbained by the msthod




devised by Bloess {1937%. In this the motion ls expressed im terms
of its derivebives by the iacluuren seriss, A progressive numer-
jeal integrstion é% the first three terms of this series is performed
for five mmell time intervals. &% this stege, correcidons caloulate
ed from the incrementel vslues are applisd 1o eliminate the cumulative
errors. The method mey then be gentinued in steps of five incre=-
ments to complete a full cyels.

Other iterstive numericsl metheods of zolution srs given by Heuscher
(1938) and Brock {(1951). These facilitete integration of +the basic
sguation relgting mass scceleration to spring force, snd give success-
spnroximations of the wave form tille cyecle is complete. -

Another method of obtaining the transient response of the one
mess non-linesr spring aystém is that developed by Linsted snd de-
geribed by Timoshenko, cslled the method of successive approximations.
This can only be nﬁéd if the spring cheracteristic can be expressed
mathemstically. Iin this the circular frequency end smplitude of
the resuliant motion sre sssumed to be an infinite series of the non=
linearizing spring consgtani. The successive spproximations are
then achieved by sssuming a solution combaining only one term of these
series. ihis gives an answer which is fa& inte the two term series
znd modified to smtisfy the boundary cohditieus. This second answer
ig then fed into the thres %erm.ﬁariasg modified, znd so on $ill sccep-
teble acecuraey is achieved. Provided the degrse of non-linesrity
is small, the series converge repidly, giving an pocursbe snswer in
Fourier series form.

(b) HARMOWIC RESPONSE.

Determination of the stesdy stete harmonic motion response of




a non-linesrly sprung system is a for more cowmplex problem than is the

tremsient response. In genersl, spproximests meens of solution must
be employed as the only systems havﬁﬂg known rigorous solutions sre
special cases of those with spring charseteristies linear in segments.
{DenHartog and Heiles, 1936, snd (DenHertog snd Mikine, 1932

The simplest epproximstion which ean be used is that the resuli-
ing motions are of sine form. Thie sssumption is naburslly in srrer
although the wave shepe is close to sine form for quite marksd non-
iinesrities provided they sre éymmeﬁrie. Such & eolutien ocan only
gsatisfy the equsbtions of motion at the instants that the sysiem is at
the extreme or centre posiiions, I is thus posgible bo ezbablish
e formula relating the spproximate amplitudes of motion to the exelting
frequency which can be solved either iteratively or graphically.

A more acourate approximation is given by the Ritsz aversging methed
(Duffing 1916) in which a series form ie assumed for the steady state
motion, and the constants of the series gelected $o make the average
value per cyele of the wvirtusl work dome by each term equal to #era.
This lesds to the formation of = relationship between Irequency and
smplitude which is directly soluble.

in iterative solution suggested by Reuscher(1938) is perticularly
useful as it mey be used for sgystems having non-symuetrical spring
cherscteristics, and may also include the effect of linear domping.
Tn this the oscillations sre first mssumed to have the saume form as
the free undamped vibretions of the system of a selected aoplitude.
This ensbles = motiveting force throughout the cycle %o be determined,
and gives an a@grexima&a solution fer the operating Ifrequency.

The lstter is then used to modify the form of the motiveting force,




and facilitates anm itersiive solution, If the system is damped,
the dissipated energy for an essumed smplitude of vibration debermines
the phese sngle snd the consequently the form of the motivating fores
which mey then be used ‘o debermine the spproximeste frequency and stert
the iterative procedure, |

A modification of this melhed regently suggested by lzhalinghsn
{1957}, provides & direct grephical solution by plotting the "freguancy
furetion® . d@ﬁﬁndiég on the relationship between free natural frequency
and oscillation smplitude, and the"forcing function®, éé@@n&@n% on
excitation and inertisl forees, versus the ?ibr&:himz amplitudes.
The methed may also be used for damped systems by introducing a phese
sngle to the exgitaltion, but this does however, reovire su iterstive
solubtion as the phase sngle must first be s spproximated from the motions
determined for an undsuped systen. An exmmple sf\this method is
piven in dppendizx 3, vhere i1 is used 4o obislin sn indlcetion of the
severity of wheslhop %@ﬁameﬂ& when the tyre loges cowbaet with the

ground sxeitation,

Gehele _ HON=LIMEAR D

(@) TRANSIENT RESPONSE.

The main sffect éf non~linear demping on & linearly sprung
system is to medify the rate of decay from the exponential form of
linesr demping The most comvenlent method of determining this
decey is by the retio of successive swings of the free osecillation.
This may be svalusted from the energy dissipetion in the demper dur-

ing the gyels, Most vibration texts give the example of Coulomb

damping where decay is in srithmetic progression with ne shange in




the periods of oscillation,

The special case of demping proportionsl to the square &f veleocity
was invesbtigated by ¥ilne {1923 end 1929, snd he showed that not enly
does the decay procesd in a complex progression, but thet the periods
of cseillation sre also affected by such damping.

An epproximete selution for damping which may be @xprés%ad in 8
simple mathematicel form is mvailsble by the methed of successive

, epproximations in exactly snmlogous fashion teo the solution for non=
linear spring éh@ragt@riati% mentioned in the previous section.

The most generally accepied methed of agl&ﬁian,ia an epproximate
one suggested by Jacobsen(1930{ in which a non-linesr damper is assumed
to hezve the szme pesriormance as an équivalamtllinaér damper® having
the same sunergy dissipation per eycle when operating under the same
conditions, This method does not recognize the possibility of nen-
linesr dsmping affecting oseilletion perieds, bul in genseral this effgél
is so small as to be insignificent. Experimentzlly the equivalent

linesr dauping concept has proved to give resulis of hizgh eccuracy.

(v} > RESPONSE.,
Thers is only one known rigorous solutien of the harmonic response
of a system wiih none-linear demping. This is for the case of Coulomb

damping in a linsarly sprung one mass system, and even this solution
is only valid in certain regions.(Dentartog 1931).

The epproximsts method of sllowing for non-linesrities of damp-
ing by an extension of the equivalent linear demping concept of Jacobsen
(1928 ) provides zood agreement with both the rigorous solution and

experimental results, The mebthod is suited to non-linesrities which




may be represeuted zs fTunchblons of velocity, snd includes the extremes
of soulomb deamping. In this method the actusl dewping is revpleaced
by am‘@qmival@mﬁ viscous demping heving the seme energy dissipation per
sycle at the Samé smplitude and frequency. . Gongsguently the aquiv~.
alent wiscous ﬁ&m@iﬁirsﬁﬁ only be @g@reaﬁed 28 8 Tunetion af the unknown
smplitude, With coulomb or velocity squere non=linesrity the re-
spouse equetion may be arranged to give a gi@@l% solution, bub this ig

not true for damping dependent on high or fractionsl powers of velosgity,

the solutions of which are quite invelved, Furthermore the method
mey be edopted to composilte demping which is dependent on variocus powers

of veloeity though the complexity inereases tramendously,
This approximate solution mey elso be extended for use with systems of
moye than one degres of fresdom bul ones again the method becomes ex-

tremely somplicated,

{40 HESPONB: WITH CONTROLLED DANPING,

Although the equivelent viscous damping eoncept iz useful for non-
linesr dsmping which is 2 funetion of wveloeity, it is exbremely difficuli
bo modify the method to situations where the meximum dzmper effoert is
dependent on some other measursble variable of the response. If con=
trolled demping is used however, such situstions will arise. The
poncent &f gonbrolled dimping; ls.2e aﬁﬁablishing g demper foree which ig
dependent on o cheracteristie of the resultand vibration other then the
veloeity, must alweys be modified by ths basic behaviour of the damper
which can only develep resisitence o motion. Consequently the effect
of controlled dsmping is bo estsblish & shepe and megnitude of the "work-

disgram”ef the damper under particuler conditions of eseillation,




4t is possible by re~arrangement of dhe formulse of linesr responss

to determine the harmonlc respomse of systems in which the megnitude of

i:"%"

the work dlegram is made dependeni on any of the vibration cherscteristiecs,

but the shape of ithe work disgrem by this method is restricted to thet

s ]

of & linesr damper. Thus the distyibution of

..,

demping force throughout
the vibration cyecle is directly proportional to the velocity of metion,

may be fixed
but the sctusl magnitude of the danping forees d@velapedﬂhy gny of the

vibraetion charecteristics.
This method thus provides a very satisfectory besis of compmrison
for the experimental results from the mechanical analogue given in Chepter

8, in which the effscts of work disgrem shspe are also investigated,

GeSels FORCE LIVITLD DAWPLRE,

The harmonic response of the simplified dwo mass vehicle suspen=
glon preoviously sonsidersd in Chapter 5, mey be obitained for a damp-
ing cherscleristic which is linearly distributed through the vibration
gyele, but whose maximum value is consbant. The suspension ig
reprezented by Pigehel. and nssumes limssr syring sonsteuts for both
the tyre snd suspension, with zero tyre dam@iﬁgn. The squations

of motion of this system sre given in Chepteor 5, egustions 5.1 snd 5.2

From these,

The force developed in the damper Fp e Opb{xy = Xg) «svsesse{6e]
ot g ] - . ng % w4
Subs bl’hﬂtln@; Kx;‘;l = { fipi 2 b"‘g 2 SRl XB ervsons wi 0
GpD + Kp
o B Al
Gives p = mylpD®, xp cessases(Be3)
ggi} j :‘“E’a

This may be further resrrauged o gives

&

>

Ly
s

1;3:}/ &Bx@ = %/KE ° {}EDZ/(&;}Q @ K}ﬁ P K}}f% o-uveno(gi




Under steady state conditions of oscillation further substitubions
= j¥, end D% ~w" cen be mede fogether with the previously intro-

duged pearameters ¢f the sysbem.

ry 2br®; |
D . .
i - (‘} p Py 5 5 2 g --.anoc(écﬁ}
Kp. xzp (1-r"3{1-R") = P* 4 (1-R°-P“), 2brj

¥rom this the megnitude of demper force developed;
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Fﬁ/ﬁgxg mey then be ussed as ﬁhe deamping pﬁramater‘tm sheracberize the
behaviour of a damper which develops a canstéat maxim&m foree independ-
ent of the megnitude of the res&lti&g vibrations. The distribution
of dsmping force throughout the vibration cycle is linesrs o0

Bguation 6.6 may then be r@~ﬁrran9eﬁ to giveﬂ

LT J - s /ﬁrg;@;. . (1 - % - pP)R
This expression for b mey now be substituted into the originsl
response equabtions of the system (5.,11) snd {5.12); giving
JI q(F})/KBxQ?(((l-rg)(l-R%‘ PAJ8 < {1-RF-F9)%)
((1-r)(1-R%) -
\/(l-r“‘?‘; *@g/?’jmﬁ((br‘“ 1~ ‘hé)- TR )

%ﬁ TE e 0 kR D Sk S S s A G 0 05 S S 0 et S s 7 9 s s e A e 0w i v ..(5,%)
((1-%)(1-82) - p2) ,
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“ne substiiution of scuabisn §.7. for

validity for the demping parameter Fﬁf“
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don of these soustions

3

sre markedly different Irom those

winlch present the response of a linearly demped system ;l.z.

Be8, and D.4, They illustrate that ecsri

aeler beloy wihich the resonaut

gome infinite. Furthermore, the limiting

the twe masses are very different in mayniiuds. Thus, the

1Ge may

yvalues of the ds parameber I
1% is dnterssiing %o note tha
nscessary to eliminate body

the limits of wvalidity of the equations pressnted by Lcuation 6.12.

This is explained by faet thet soustion 56.12 also indicetes the

&

maximum forces that can be geners el in & linesr dsmper by &

b

b= we &b the resonsnt freguencies, sy linear desmpsr will dsvelop
exnetly the ssme forece indevendent of the valus "b™ which it possssses,

gh of course the lower the velus of b, the

motion reculred 1o achieve this forcs. Gonzeguently, if the magnituds

res to be n gongbant

of demping force ls g ~ned by some saterasl sou

of the regonsnce

value ss implisd by the parsmebsr




guch a damper feres iz

Thug, = force limited damper which

reupired will behave 5 zn infinitsly
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s single mass system with axle and vody locked together,

N

he the &

o eritieal wveluss of Torce limited dempling perasmsiersg are so

aine csn somtrol body motlens for

yery different, & selected i

itude for which it ean combrol axle reson-

preitation of 20 times the magy

n it is necsssary to comtrol

B G e Ig the cuss of the vehicle susy
both resonsnces, 80 the body would have to be sericusly overdamped,
taximun velues of body motion would then sosur ad o Irequency higher than
the bzsie suspensien freguemay, Q@rr%@g@ﬂdiﬁg to bedy and axle sseillst-
ions on the tyre syfimgo The eomfort gonditions in the body would

thus be sericusly impaired.




irem the fact that exle snd body control canmnot be mehieved by the same
danping parameter, Also with such s characteristic, the sysiem is
overdemped for all exeitations less than the design value, and congegusns -

Ly will give less favourable performance undér sll such conditions.

Rl

gindef disadvantege of forse-
limited damping is that the damping foree is im no way influsnced by the
excitation conditions,. aud thus must present overdsmping to any excitatian
lass than the design valuo. Une methed of relsbing the demping effort

te the szeitatbion shich provides 8 foree

proportional <o the spring forees developad in the suspensicn springei.e.
the relative motlion belween axle snd body is used ss en Indisation of the
waplitude of sxeltution.

Unge agsin the harmoenic response of the basic two »

sg suspension
with demping whioh produces g maximusm foree which is proportionel to the
mexinum spring foree develeped in the ¢yole may be derived from the linear

squationsg of Chapter 5.

Thus, suspenpion spring force
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Substituting this demping parsmeter intoc the equations of harmonie
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2l pregsnt 2y 81 these three sgushisns of hermonic

these figures indiczte that the harmonic response differs consider -
ably from that of either strictly linesr demping, or foree limited
demping ag preosentsd §arlia?.

Firstly, enly & low value of the parasmeter is necessary to gontrol
bedy resonznce, but sz the dewping is incrensed to values in exgess of
%ﬁi%yy the magnituds and frequengy of the pssk body motiosn both ftend

to incrense. Furthermors, body moticns are increased above the

«

minimum obtainable value throughout the enbtire fregusncy range sxcept
except in the immediate vieinity of the resonHnces.

A second feature of this demping comirel is that it does slways
present 8 finits limit to reﬂenaﬁ% axle motions, he@@v%r 2 relatively
high velue of the parsmeter is reguired to reduecs the grestest axle
megnifier to a desirable level, and this does aslso introduce high
_exle motions at far lower fregquenciss, by dending to lock the axle
snd body together under these conditions,. Yevertheless, such damp-~

ing is adventegeous st hizh frequencies ss it reduces axle metions in

this rangs.




Finally, slthough this demping conirol reduces itremsmission in
the immedizte vieinity of the resonsness, there is a limit to the
maximws reduction whieh cen be achieved, and at the ssme time, the
trensmission at 81l frequencies remote from resonance is grestly © -
increased so thet the sslection of = damping parameter of this type
would remain essentially a ecmpramizé of the seme foclors involved

with linesr demping.
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Ge5e5e CUUCLUSIONS O CONTROLLED DAVPER PARAL

i

Ihe previous sections indicate thet there is no single demping
paremeter, based on the fundamental vibration characterisiics of the
two mess system,which ean be used to conbrol the megnitudes of damping
gffort in sueh a menner that resonant motions of both body snd axle
are accepiable, while force trensmission st sll frequencies iz the
minimun obtaineble value. The results do however indicate two
separate parsmeters which could be applied conjointly to aschieve this
end. These are Fp/Fg , the persmeter which implies e meximum
ﬁaﬁyin% effort proportional to the meximum spring force dsveloped in
the cycles and Fﬂ/ﬁﬁmg, the paremeter which implies » maximum damper
gifort proporbional to the meximum sxle acceleration recorded in the
vibration eyclea The first of these iz seen to provide adeguate
vontrol of body resonsnce for a low value of the parameter which has
the smellest sffect on force treansmission at higher freguencies of
sny of the forms investigated, lowever, such a magnitude of damp=
ing effort has insignificent effest on ithe resonant motions of the
axle, In this respect,; it is well to recognize that the ultimate
object of axle motion control is to prevent the tyre from losing
contect with the road surface for soms period of the vibration cycle
and unot necesserily to produce the minimum axle motions.
Consequently, if some charscteristic of the resulisnt motions of the
axle and body could be used to indicete that high damping effort was
required to prevent wheelhop, the overall performence of the system
eould be greetly improved, as high demping effort would be introduced

when, znd only when it was essential to prevent excessive exle motions,




From the previous sections, the parsmeter which shovs the grestest
promise of providing such an indicetion of the demping effort required,
is the axie seceleration,

It is possible by the method used in the previcus Sécﬁians to deter-
mine the relatiouship between the recorded sxle zocelerations and ths
demper effort regquired to just prevent wheel-=hop motion during harmonie
excitation.

Thus,
Relative motion besitween amxle smd ground
x@.{:‘z = Xy o= XA .-oooonuo.aiiocoﬁdoo.o'{5031}
Then msking the sﬁbstituﬁiona for system perameters given by

Equations 5.5 and 5e6, this may be expressed as 3

0 (1-r2)(1-8%)-P% » 2brj(1-02-p?)
. 2 £~§--—- “n-“‘”““““u“"“n---_‘—eﬁ-‘— '..G(g.gg}
Xo4 (1-r°)R°  P* ¢ 2brj(RF#P?)

Furthermore, by r@arrahging to give axle aceeleraiianﬁﬁ in terms

bf the relative motions between the axle and‘graund’x@A :

A rg. X .
““f‘""é = -W‘A = rzg ? - 1 g ‘o‘o..o'oooo.-(5-33)
¥ x5, *o4 *04 /

R ((1erf) orj )
—) -—-5--5-—-—-2: ------- é---"‘"‘ Y EYEEX R N ( 6:34}
(1=r")R" ¢ P* ¢ @brg(Q s P* )

i

The demper effort masy also be referred to the relative motion

between axle =nd ground te give 3

Fp 2br3]
—— = (") - ) ‘c.ono.po(@.SS)
Kpxos (1-r2)2? » P? & 20r5(R2 « PP)

By combining squations 6,34 snd 8.35 1o eliminate "b% ¢
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The eriterion of wheelhop iz obvicusly the point where K ﬁﬁt.
= the static tyre deflection, and the relotionship (6.36) is pla%tad
in Fize6el6. for this condition,. This fiﬁure shows that only &
smell megritude of demper effort is ?@qnlr@d in ihe la% frequency
regions ta pr@v%mﬁ wheelhop, snd in the suggested epplication, this
would be provided by the besic ra?ailve motion control of damper
effort. Eﬁrth@rm@r@a ps the frequency of operation epprosches the
neturel period of the lecked axle snd body on the tyre goring,; very
high values of axle aceeleretion can be tolersted before wheelhoyp
oecurs, se that it is umlikely that demping would be necaagary.‘
However, &8 the exeitation frequency ineresses. the axle anccelerstion
st wheelhep tends to become independent of the-agtual frequency of
operstion, but decreases s the meznitude of damping effort increases.
Comsequently if the axle accelersbion eomtrol of damping effort were
employeds it would be mecessary to comstantly eompere the recorded
accelerations with the critiesl values for the particular damper
effort exisbting to emsure that wheelhop was not ocouringe

Fige6.16 slso indiecmtes thet the dsmper cennot provide greater effort

thean ?ﬁ; i8 « KBEAE%E for st this velue the sxle snd body become
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T o 2 “ Tonrsd oan
tThug il is obviocus that there is = limit

locked

together by da
to the megnitude of road undulation which can be traversed by = vehicle
in whieh wheel=hop is prevented by damping effort.

In order to clarify the conelusions relatinz %o the sxle acesleration
control of demping efforit, =nd %o indiecate the performensce of such a
system, the reletionship between road undulstion smplitude =md the
d&»mping; @ffoz‘%;r@zziuirtai@ to just prevent wheslhop at various frequencies
throughout the range was alse determinsd.

s g
3

Thus by combining equations 6.32, and 5.35

I

1 / o ﬂg(FD)(l-a-P)(R(lr)-P)
PR (10 ) (1e8% )PP Yoo () r —
(1=r% 5% P/ (X5 BRos il
| _2%3(<1-r ><a.-a>-m< Yo B
(Kgxﬁé r*

esovcassesessscassealBe37)

This equetion is plotted grephicelly in Fige6.17, aund this
indicates that below & frequency redic of r = 9.5, ony megnitude of
demping effort reduces the zllowsble size of road undulation vhich
can be treversed by a vehicle without causing %’f‘%’zéa}.nmp t0 ceour.
However, sbove r = U5, damping grestly ineresses the magnitude
of sinusoidel bumps which cen be safely ebsorbed, but, even so, wheel-
nop cennot be elimineted in this raunge by demping effort if the

roed unduletions have en smplitude equal to the statis tyre deflection.




Belf3it is seen that for frequenciss in
sxecess of v = 9.5, where high desaping is benefieisl, the axls
aceolerations st incipient wheelhop are dependent only on the
megnitude of demping effort thet exists, so that sxle scoslerstion
combrol of high dampiung effordt iz definitely femsibles

Finelly, zithough it is é@girabE@ to eliminete vheelbhop enbtire=
1§3fr@m the agpecis of wehicle stebility znd safely, it is obvious
ihai\ﬁﬁahlﬁ&ﬂﬂﬁﬁ bs achieve& if the vehicle is driven over & road
having uﬁdul&%iama of grester amplitude than the stabic tyre deflect-
‘ien;aﬁ aﬁ exoeselve speed, Hevertheless, =xle scceleration
control of high demping effort would be sdventegeous under such
conditicns, @s the axle accelerstion, beinmg greater then the eritical
value, would ensure the maximum svailsble megnitude of demping effort
go long s the exciting conditions prevailed, end thus éltheugh
wheelhop would mot be eliminateds the suspension would be in its

most setisfacbory siabe to prevent eéxcessive axle motions.
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Chapter 7

JICAL ANALOGUL




Te ALOGUE

It hes been shown in the previous chapters that the vehicle suspension
presents an extremely complex system whose dynamic characteristics must be
determined in order to optimize the sugpension parsmeters, Furthermore,
altheugh the harmonic snd transient respounses may be obbained, thoush with
considerable complexity, for the system if it is assumed to have linsar
coefficients for the spring and demping charscteristies, the responses defy
rigorous mathematical solution where men-linear characteristics exist,
Investigation of the responses of such a system is best achieved experiment-
elly with either a prototype or an enalogous sysbem. Lven so, if the
ausber of peremeters is to be kept within reasomable pracbical limits in
an effert to assess their individual effects without interecoupling, it is
desirasble to subdivide the complete umit into simpler systems with fewer
degress of fr@%écm which can be relied on to give equivelent performance.

In the case of the vehicle suspension, the grestest simplificetion which

cen be tolersbted is to two basic two mass systems as lllusisaﬁad in Figed.3
and Fig.5.1. The beam samplmf;eatlgﬂ of Figodel. has.ﬁlr@ady been used
in Chepter 4 to illustrate the intercoupling of primery wmotions, while the
1nﬁ@pﬁnﬁe&% suspension simplifiecation of Fig,5.1. has bsen introdused in
Chapters band & 4o faaili%ai@ investigations of coupling between primary

and secondary motions. - The experimental work of this thesis is restrict=
ed to that concerning an analagueief the latter system, for it is reslized
thaﬁ this enables optimizstion of the p@mprnmiéé which must sxist betwsen
comfort end stability in the vehicle suspension,

& mechanicsl analogue was selected becsuse it elimineted problems

el simulation in that the componentes used in the construction of the




analogue were made from the same materisl and of similar form to the actusl

units which would be employed in the vehicle itself, This ie particular-

ly true of the damper which uses = magnsiie liquid whose damping effort
Fig.Ts1le shows %h@.%mrﬁimnal systen which iz a mochanical analogue of the
gimplified independent %mﬁpemaiaﬁ with associated body mass. Ls such,
the system has only two degrees of freedom, snd ecan reprezent only vertieal
motions of the Sprung and unsSpPrung MesSses. The inertias A snd B rep=-.
~resent the ﬁmﬁgrung (axle) and Sprung (body) masses respectively.

The effective road surface given by the input pulley is econnscted to the
axle inertis & by a linear spring squiveleat to the pusumatic tyre, whide
the body inertia B is commectsd %o ﬁh@’axle by = paéallal spring-damper
gombinetion equivalsnt to the suspension @lé@@mﬁ@i Throughout the
experiments the tyre spring is maintsined as a lin@ar_ﬁhar&c%@rigtic, and
the tyre dpmping is assumed zero, while non-linssr components ars substitub-
ed for the spring snd damper combineiion cf the suspensisn elements.

1t is in the pesitive comitact between the guide pulley {roed surface) and
the tyre spring, thet is maintained with the anal@%ﬁa, thet the sysiem
differs most from the true vehicle suspension. | The responses from the
ancleogus are thus strictly limited to ceses whers thes tyre and road surface
de not lose gontact, In fach, this does not constitute & limitation

of the snalegus for the aim of thes investigetion iz not o d@ﬁergﬁn@ the
response when the tyre leses contast with the read, but to gptimize the
suspension peremeters so thet axle hop is minimized,

Tole ANALOGUE EXCITATION,

Both harmonic and transient respomses of the svstem are available

on the mechanicel mnalogue of Fig,7.le These respouses give the




behaviour of the suspension when the vehiele travels over either regular
undulations or a sharp step in the road profils, Simple harmonic
exeitation is achievsd by sscillation of the input pulley of the sna-
logué by mezns of the Secoteh Urank snd balance mechanism of Fig7.2.
The smplitude of oscillation cen be adjusted simply by varying the
throw of the Scotch Crank between its limits of Oto 1 iméh.
This cerressponds %G 0,67 Redians as the meximum available amplitude of
votational exciﬁatién. The counterbalange of the Scoteh Crank was
gonsidersd necessary Lo reduce the structural vibrations of the welded
frame on which the analogue was mounted aﬁd in faci‘prgved most satige
factory.

The eraank is irivéﬁ by & varieble speed D.C. motor having both

armature control from s Werd-Leonerd set and a supplementary fine field

gontrol. “his provides steady motor speeds throughout the range
150 to 200U R.P.l. It is necessary to grestly extend this speed

range so that full coverage of the spsctrum is provided for hermonic
Pesponses, This is achieved by itwo supplememtary epi-eyclic gaar’
boxeg in series with the main drive Fig 7.3. %ﬁeh of these gear-
boxes hkas & reduction of 4:1 and facility is provided so that either
may have the ouber annulus locked to the drive shaft or 4o ground, the
whole thus comstituting s three spsed gearebex having reduction ratics
16 21 ;4 3L andl 21 . In conjunction with the motor speed éoma
trol, steady oseillation frequ@ncigs can be schieved anywhere in the
range 10 to 2000 cyeles per minute, This c@rrégp@mﬁa to & frequenay
spectrum of U,167 to 33.0 eycles per sec, and completely covers the

importaent ranges of the snalogus.




L

irensient response of the analopue 1o an effective finite step in
the road surface profile msy be obtained by the method shown in Fig.7.4

tere, the inpubt pulley is locked 4o ground so thait it cannst oseillate

at all, and the axle inertie iz deflescted from its true sguilibrium

5]

pesition by spplying = torque fo it with = gbroag 1

As the body inertia has no sxternsl torque spplied & it, the relative
deflection meross the suspemsion spring is thus zére, and the body

assumes the same position relstive to ite true equilibriuam position

in ﬁpéﬁ% 2s does the axle. With negligible tyre demping in the
snalogue, the transient sseilletions Qf the systen whisch result vhen
the external deflecting torque is "instentineously” removed by eubtting
the cord, are the ssme as the F@@@@m@@‘&f the system to = finite step
in the road surfses prefile,

2% T -

I DTG CUIAT A R TOm T
oi s SEPRING  CHABACTWRISTIOS

e,

Ithroughout the entire series of tests, the charascteristic of the
tyre spring of the zhelogue is kept linesr . This greatly reduces
the complexity of presemiation of the effects of non-linearities in
the suspension elements, =and is consistent with the reguirement of the
optimun suspension to maintain road contaet.

On the @%ﬁ%r hend , various types of spring chorscteristic are used
for the snelegus suspension spring . In the firet ssries of experi-
ments; & iimaﬁr spring iz used while investigebing the effects of damp-
ing non=linearities, In luter %éfi%%y symmetric hardening springs
of various degrees of non-linearity, snd glso non-symmebric hardsnings
softening springs sre uzed. In both the lebter casés, non-linesrity

is schieved geomebtrieally om the snelogue by & simple tenzion spring
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'sen the axle and body inertiss as shown in ¥
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adjustaed 4o be co-planer with

the anslogue, the effsetive torsionsl stiffness
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gymmdtrie and hardening with inereasing deflections
on either side of the equilibrium position. Furthermore,if the jn-
itianl tension of the hardening spring is adjusted to zerc in the set-up

position, its effective spring rete is zero for smell deflections sboub

®

the soullibrium position. Thus when used in csnjuncbion with the
basic linesr suspension spring of the snalozu %, the non-linssrizing

tension spring can be adjusted to give hardening non-1 inearity which is

mm@twiaalTy disbributed abmut %ie basic linsar rate st the squilibriunm

24 b

ition, The sffect of non-linearity ean thus be investigated +

2

dth

m

po:
refersnce teo a linear spring having the ssme basic rate .

Unsymmetric hardeninge=softening non-linesr spring characteristics
mey also be introduced with the simple temsion spring, but in this cass
it is necessary to place the axis of the tension spring skew to the

oscillation axis of the emalogus, =nd also to pretension the spring .

—l
=

With such an srrangement, deflections of the spring which temd %o in-
erease the angle of skew introduce hardening spring cheracteristies,
vhereas defleciions which tend to decresse the smizle of skew cruse soft-

ening cheracteristics compared to the sguilibrium spring rate.

Consequently there is & limit o the ninimum rate vhieh can be achisved

with this srrangsment and this is equal to the basic rate of the helieal
torsion spring. Thus it is neessgary to limit the reletive motions

between axle and bedy during tests on the anslegue, to values lesg then

the relative static deflection introduced by the initisl predension ef




the non-lineerizing spring, otherwize the oversll spring characteris
would exhibit a seecond herdening region on the originally soft side on
deflections greater then this valus.,

Furthﬁrm@raﬁ the equilibrium rate of such = spring combination depends
greetly on the initial pre-tension of the non-linesrizing spring, which
in turn establiskes the degree of hardening and softening which can be
achisved. Thus ﬁhé equilibrium rate can only be adjusted o equsl

the original linear spring rate if the basie helical sprin

&

changod

+to

o

gofter one, Although possible on the ansloguse, this requires

o)

gonsidereble dissssenbly and was not regerded as ssgentisl, so thal a1l
sxperimental work carried out on umsymmetric hardening-soltening springs
is sssociated with different basic spring rates frem the linear and

symmetric herdening spring tests.

Teda .

Damping of the anslogue is achieved by mesus of megnetic liguid
dsmpers which hove been specially devised for this purpose . - A
disgrammetic section of the damper is given im IigZ.7.0. The eup of

the demper houses =n eleciromagnet winding, amnd is sheped in such &

way thet all the magmetic flux passes through the maznetic liquid sxcept
for o small percemtsge of leskage through a brass insulating ring.

This cup ig¢ rigidly fixed to the %@dy inertis of the enzlogus and con-
tributes to ﬁ&i%, whereas the torque disc which is immersed in the

megnetic liguid with smell clearsnce from the cup, is rigidly counecied

t5 the axle inertia by = shaft passing through the cenire of the heliessl

Py

torsion spring As the snelogue is mounted with the axis vertisal

it is not necessary ito seal the torque disec gheft sgedinst the eup do




prevent Ifiuid leaskage, so that sll the damping ftorque developed on th

2}

dapper shaft sriginakss in th@ magnetie liguid, and i thus eontrolleble

A=
The cheracteristies of the magnetic liquid as a damping medium wers
investigated prior to snslogue tests and srs recopded in appendl x.
Besically this behaves in the manner smticipeted in thet ihe @fféy% of
‘ by
the damper depends primarily on the maunetiec flux sstalis hedﬁ@mrr%mt
1
in the electromegnet windings, & second fewbure iz that with constant

megnetie flux, the damping torque devslopsd is practicslly independent

of wveleeity. Consequently it is obvidus that if megnetic flux is
controlled in some pr@w&rrﬁﬁg ad manner, the torgus developsd in the domp-

er will depend only on this flux snd noit necessarily on the relative
motion beiveen the damper elements, Furthermore.ths only way that the
demper effort cmn be made o depend on the relative motions of the two
slements is by ugiﬁ£§%§ poe to @aﬁtrﬁi the dampers megnsitie Llux.

These fesiures are made use of imn the experimentsl investigation

{a) The effects of varisticns in shepe of ithe damper “work

Bilagran®

{p) Control of the maximum dsmper effort duris tion

gyele by & characteristic of the modion other than relative
%i'ty s
Harmonie vesponse tests of ﬁh% snalogue Tor bhess damping gonditions

were achieved by means of the gearsd mechanism illustrested in Fig.7.5.
This provides a drive, by mesns of the twe speed gsar train from the
input ghait to the scoboh crank mechsnism, to the wiper of = voltage

forming resistor, The wave form of the woltage picked up by this




wiper is thus determined solely by the design of the registor, while
the frequency eof voltaze fluctuation is either exactly the same or twice
thet of the excitetion of the enalogue, and may thus be used 4o supply

& varying magnetic flux to the damper, Also the phase angle beltween
the voltage former and the input pulley mey be adjusted slowly throuzh

8 complete svels while operating by the hand worm adjustment for rotate

ing the axis of the voltage forming resistor, In faet this ad

ment is usec in conjunction with the visual observetion of the existing

work disgram presented on a,@»ﬁ;mg@s sxpleined in section 7.+

E
1

Vith a particulsr voltaze former resistor in plaee, = desived work dise
gram is obtainsble providsd the voliage former is in the correct phase
with the relative motion across the dsmper, This latter nsburally
depends greatly on the frequenecy of operation, and slso on the motions
of the smalogus slements resulting from the demper disgrem configurstion
éhi@h exists at emy time, Consequently as either the frequency of
opsrution, or the megnitude of dsmping is veried, the phase of the voliw

age former must be adjusted until the required deamper diegram shape

persists under stesdy state conditions of oscillation. In actual
faet, the tremsient oscilletions asrising from adjuztment of the voltage
former phase ere exiremely short lived smd it is easy to maintain a
desired disgram shape, Thus the hermonic response of the system with
demper characgteristies of chosen zhepe end magnitude cen be sasily
determined on the anslogue by exciting the demper with an externsl voli-

~age source which is not directly dependent om the motions of the snalogue.

elements, ihen by recording the resultant motions of the system, it




ary selevted cheracteristic of

s determine the dynamic response for conditions

The transient respon

o
of
reliable, However su

.

would have bsen neesssary to devi

- ™ oyt e TR b &
recorded ogaeills

This was net counside

togte indicated thal some of the ﬁ%ﬂﬁﬁ? disgran sl

were impractical, Furthermors 1t was

ge of the snzlogus under conditions of sselectad

for move 418fienlt 4o schieve, The dirsgl
LG the demper eifort is "formed®
the anslogus elements proved be the most

ch a method camnot be m@ﬂ%f?li el so that i

‘e pumerous mecnenisme o transduce the
stere 1o 8 aan%r aliing damper voltage.

s@gary, hovever, as esrlier hearmonic response

pes investigated

reslized thet the decey tims

of the transient is direcitly related te the comtrel of the dynsmic

magniiisr of the hermon

ie regponss so that a

ve indication of

the effects of the less imporitant of the demper disgres shapes could

obbeined from the cerformence during the first gvele of the transient
£ ¥

only . The only transient responses which wers considersd worthy
of detailed investigation were these with "constent mmd “retven® demp-
ing forams. A detailed description of +these foyms is given in Chepler

8 . Basieally the fi

tion, wheresns the latter

position and zers at all

logue by the fricition @

ret reguires sim

sly = gonstant voltsge of execitas
needs = voltage propertional to the d%ﬁlac&iéﬂ
during its rebound to the sltatic squilibrium
other times. This was achieved on the sns-

N o

witeh snd rheostat 1llustreted disgremmeticelly




rolled snd slipped

The rheostet .

|

r the relative

for the smalogus hes two purposes

Firstly 3o resord the werious

K

of the oparating

constitute the raspense of

on the built-in pen recorder shown in Fig.7.l. Any smgulsy wmotlon




Lok pen

&

slides Ireely slong s chrome plefed guids bar, the whole providing

& positive pen drive which presents negligible frictionsl drag %o

B £

hecords are obteined on teledeltos peper which is pulled past

the pens ab e fized rate by the recorder drive, To ensure that

wender, all are mounted on &

seporate frame which is aligned and boltsd 4o the usjor frame,
Marking of the t@l%éﬂiégﬁ iz mnchieved by maiing ths pletinum pen

Y

50 volts positive with pespest b0 the sarthsd guide rollers

2 the current to & millizmpe

pe]
&
-
]
&8
&
¥
Songred
o
i
@
=
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¥
;.,h
e
3
&
=ty
(3
an
&

o = 2 i p

line is critically dependent on the reactiosn of the pen points on

the teledeltos. Provided this is meintained by the special

)

wpen gpringg sherp well defined line iz

obtaingble. Thiz slilewe motions to be sstimated to the nesraszi

0,1 millimeter on thé recoprding papor, which ropressnis g;““§ Radlons
movensnt of the mnelogue nasses, Ag  the ﬁﬁﬁimum allovable motions
of the sualozus slements sre Ll.44 Radisns, the scoursegy of motian

of the mazximum sllowable deflestion.

recording is better than

The peper drive , = econverted ¥Herk IV Selsyn which opersies as
n synchronous motor driven from the maine, provides = constant peper
speed, snd slso ensbles recoriing at =ny @zaimaéifﬁ frequency to be

‘of reasonsble wavelengbh by incorporating = three speed gear-boX.




This provides papsr speed of epproximetely &, 2, snd & inches per
seconds thus giving wavelsngths of sbout 1 inch in the imporiant
frequency ranges. In order to acourately determine ithe peper

speed during each test, a series of timing merks is also made on

the teledelios. A multivibrator is used as o mains frequeney
counter to control the firing of an impulse genersbtor which energizes
the tining pen. Distinet timing dots are thus made every U.l sec.

As the dynemic magnifiers of the axle and vody depend on the
input motion, it is necsssery to know this velue accurately. The
recording of input moition on the teledelbos is not entirely satisfac-
tory as its value is small in comparisom to the resultsnt axle and body
mobions, and thus has relatively grester error as the limitetion of

/

measurement still 'applies . To overcome this, bhe ilzput motion

iz acourstely measured by a calibrated telescops direched et the input
pulley FigeTel. This snables input moition to be messured to 0,01

millimeters corrssponding to less than %ﬁ of the minimun sxeitation

smployed.,

Tododo

The performance of the demper is sssessed by the instentencous
recording of its work disgram, This diagream simply plots the
torque developed in the da&p@r versus the relstive motion of the
demper elementis. It is thus necessary to record twe variables
the instentenecus damper torgue end the instemianeous pasi%i#n and

direction of motion between the axle and body inertias,

?3%020{@,}

Demper torque is measured by the electrieal resistence

. R Al s b
strein geuge torguemeher of FigeT.%9, which is housed in the ghalt




-connecting the demper terque disc to the axle ineritia through

the cemire of the helical torsion spring . 4 disgrammatic
repeesentation of ths %sr@uﬁmeﬁﬁr is given in ¥ig7.10,

Tﬁ@/t@rq&% dise is rigidly connected to the lower porton of the
sheft, which. in turm, is supported redially end exielly in the
top shafl which is connected to the axle,by ministure ball-bearing
TEes, dotational slignment is achieved by the reaciion of

the semi-giroular cemtilevers vwhich sre built in to the top shali

and ceﬁnegﬁsd to the boss on the bottom shaft by & thin by
shim » The cantilevers are pre-stressed sgaiunst sach other
in the equilibrium position, and transmit sny torque developed

on the éa&p@f dise by reduction of preload in one and inerease
of prelosd in the other. Phillips PHDELZ, 600 olm strain
gauges are glued to ths inner znd outer surfaces of beth these
gantilevers, the elesctrical comnections from these being arrensed
in & bridge ¢ircuit to give the meximum signal with complets
temperature compensation . By using this system, a suific-
iently large electricel signel is availsable without undue
sacrifice in the torsional stiffness of the damper shalt,

In the original comstruction of the torquemeber, tests indical-
ed that the effective stiffness of the unit was approximetely
200 pound inches/Redien, which is over 50 times as stiff as

the suspension epring, snd this wes considered satisfactory.

Also the natural fregquency of the dasper disc on the torquemeter
was messured to be 440 cyeles per second, that is about 15 times

greater then the meximum svailable frequency of excitation.




Thus, throu

ut the tesbs, the torque indiested by the borgue=

meter siznsl is 2 true velus of dampe

o

er torgue mud suffers no
dynsmiec magnification dus to torquemester resonance.

The torquemster has proven experimentslly 4o have exschbly

e

similar linsar chavachteristics for positive

up to the maximua pre~loasd torgus which is fer
test values used. Also tha torquemster ws

temt, haviang negligible "stiction” a festurs

durdi

development by the flexible brass shims

losde

o

TedeRalb) I

3

hn electriesl signsl whlaé ie proportionasl to the relative

motion bebween the axle =snd body inertiss, necessary for plotiing

the work disgran of the demper, is provided by the linesr rotery

M

“ived to the damper sheft.

wher so that the signal cen

pogition at stetic squilibrium. The

o]

the externsl cenmbre tep sud earth is th

‘4o the relutive position of the snalogus elemsnts.

able mobion of the snalogue elements of the built-in pen regorder

is @a%ily abteinable.




selibratis

(:"»,

3

+ oL She potentiomeler is obtained by static relative

deflections mensured on the teledeltos pon=recordar.

The electricnl signel frem the torque-meter is first smp-

Ewm«ﬂ

ified by & direct coupled pre-smplifisr, end then is fed to the

Y-plates of twe wmonitored Csthode Hay Oseillozraph tubes

=

s,

L

“i the ssme time the electricsl siznal from the reletive position

potentiometer is fed to the Xeplates of thess (.R.0,

Froviding the phasing of electricsl commestisns to
is gorrect,; the resultsnt locus plotited by the beam spot is the

=

existing work disgraw of the dampser.

™ .

The firegt C.H.U, i3 squippsed with » ls

persistence sorsen
pnd facilitstes visusl observation of ths complete work diagram,
thus enabling the Q@%yéﬁ@r to meinitain sny required disgram shaps
snd magnitude. The second U.H.U, tube iz used for photographie

recording of the work disgres during test, sud comsequenily has

[

5o

short persistenscs soreen and camers stiacghment.
During bramsient tests. the work disgrsm does wnoet persist as

& glosged f i(@ra 28 the amplitudes of osmeillation sre decaying.

il

Hevsrtheless the work disgram tecnique for preseunbing damper per-
formance throughout the transient mey bs used for convenience,

h the figures may become exbremely involved. It is more

satisfactory 4o record transient ﬁ@yf@rﬂ%m se as & thme functlon,

end this may be doue photographieslly on the C.H.U. for the first

tion of the trensient; or by using a high speed pen-recorder in




¢ been used in the transient tesis

performence,

ks

satisfactory determination of the harmonic response of the

enalogues naturelly depsands on sn acourste 2 the szcitatis
frevueney. This is particularly true fo or exciitstion cloge to the
naburel resonances of the system, “here are ithree separate systems

a7 el

lor indication of the excitation frequency of the annlopgue, and each

af these gupplements the others to give an aceurate and simpls spesd

&

indigution hou® the frequeney spectrum .

Firstly, the drive mo %ar hes sn acourete DU, itachemsisr gensrsater

permanently mounted on its shafi, The voltage from this generabor
is directly propertionsl to the motor svsed, For initisl sebting

of the execitstion frequency, the generator oubtpubt is measursd on =

~felibreted voltuster giving the motor speed in revolutions pe o minute
‘%a the nesrest 10.R.P.l. This selbting is not sufficiently accursie,
however, near the resonsnces as muwplitudes of motion sre ﬁ%@n egritically
dependent on speed. Furthermore.in these ranges,there {3 & tendency

2

for the moter spesd to drift from the desired

of the oscillebion ensrgy. Thiz was snticipated in ths or

desion, sud an effort mede o winimize 1t by fnelt

large flywhesl &t the soobeh erank 4o muke the rodationsl enerLy

greeter then the oscillation energy. Heverthelsgs, the m@ﬁasa e

guengy nesr the resonancos wes

of ensuring s particulsr oseillation fy

epperent in the preliminery testing, To whis end, the oulpud




g

voltage from the tachomster generator was also accurately measured by

& salibreted v ghbandard oell as refersnces he

balence of wvoltages from the sobentioms: ad the generasbsr was made
visual by using an externsl galveanometer. Thus, ense & pariieuler

frequency of operation had been selected, o movement of the palvanomeier

liately indicated any tendsney o drift from this value.

variztions sould be deteched,

but it was not pos:

ible to combrol the motor speed over a ressor

time intervael te grester sce wrney than Z.H

¢ provides the msang

the potentiometer, and was also

fregquency. sver , this has the restriction that it can only be

used for frequencies in finite sbeps, and conseguently must be used in

5 5

gonjunetion with the Stroboscopis

e = e

potterns of 15 poinits were fixed to the motor shaelt =nd o the ocuber

annulus of the first spi-cyelic gearbox FigeT.3s ien illumineted
figures
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entinl thet the cherschteristies of the voreiongl

snelogue be mecarately determinsble, T Tho ealibrate

2
=
XLﬁ
e
wh
5 e
m
&
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0
o

ey

guspensgion spring cheracberistiscs

charsoherigtic. In faeb the last menitioned

liguid dempers, that it iz necessery %o trest it zs an sperating verisbls

and effectively re-calibrate st every eondition of operstion throughout

noe the phyelesl

o]

Sprimng

form of the gprin:

It is thus only necessary to

sngenent of the sveben

linear c¢he

}

Celibratiog of the spring cheracteristiocs was achieved by the mebthod illus-
&

. o
sig linesny

d to the spri

by mesms of the




This ealibretion is then of the byre snd suspsasion spring in persllel
i.28e the added retes of the two springs, from which the tyre spring rete
gen be deduced,

The secursey of the celibration is satisfactory as the calibrating
torquses have negligible error while the deflections can bs measured to

0,001 Redians which represents spproximately O.1 % of the meximm allowe

able spring deflection,

]

Calibration of ths axle snd body im%rﬁiég vos achisved when the
gysten had linesr spring cheracieristies, | The body inertis wae deter-
mined from the natural pericd of oseillation of the body on the eelibrat-
e&'suap%asieﬁ spring with the axle locked to emrth . The greatest
source of error in this calibration is the time meszsuremsni as this must
be squared im de@@rmiming the insritia. The U.L sec timing dots

provided on the teledelios recording grestly improve this accurasgy which

after statistical evaluation from & nusber of oycles is estimated Lo be

/ better then one percent,

»

Similerly the sxle ineriis is determined Irom its natural period of

oscillation on the {yre and suspension springs in perallel with the body
snd input logked 1o sarth,

The slight iﬁar@asg in dnertizs brought about by ths iuntroduetion of
non-linesrising springs is neglizible as it is only thelr inertis which
aaﬂtribui@sg the anchors b@ing ineluded in the eriginsl salibration,

Facility is mazde for cmlibration of the damper torquemeter throughe
out the tesis, This procedure is shown in ?ig,?.%. ‘ijéali%ra%i@m

torgues sre applied by dead-weights to the lover seétion of the damper

shaft by o fine strong wax thread, while the demper is de-energized




and the excitation zern, eifective forque-srm of the spplied

snd is securste to % will
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e neverthsless proved to be
satisiactory experimentally, as the radisl load was %@%%ﬂ by the

cminieture bell besriy

end had no discernible imfluence ocu the torqus

iz

orovided by the torgusmetsr

selibrated by this means before and after

Zelele 18 = direst meshande-
al snalogue of the wimplified translstiosnsl syetem of independently

2

dern road vehiele introduced in

2 were desizned to

agreed ne closgely as possible with an average

-
sodern sug
fazl iz proven by womparison of the eguations

of motion of the linear torsionel and trsnslstional systems,
Thus for the trasusletionel system, the equatioh of motion of ths boedy

megs in
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FIGe7.50 ARRANGEMENT FOR NON-LINEAR SPRING CHARACTERISTIC .
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festures could be

Wie Nore ams

re gonoerned

to snalysig. Thus, the first series o

n the systenm which was I3

4

end the tests with non-linear springs were conducted with the

2 LEE

ers de-magnetised so the system was pracitically

undampad. Then, finally, the tesis were broadened to include
affects of demping in the non-linear 1{ sprung system.
:30:5-6

faciliteted by the megnetiec liquid demper incorporated in the
meghenical anslogus. This damper is described im section Teoboie

end its besic cherscteristics ere presented in
The snalogue unit wes fitted with a slo tted wrouzht iron torque-
disc throuzhout the tests, and consequently the damping effort wes
independent of the speed of relative motion of the elements and
wes determined solely by the magnetic flux passing through the
ligquid, so its performence was ezsenbially non-linssr.

»

The dmaper work disgram, syeilable from the ale of torquemeter

and relutive position potentiometer, wes used to indicete the
performence of the damper under all conditions of operation, sv

5 °

thet it was necessary to specily both the shepe snd the megnitudse




L this diegrem in order 1o susure similar verformence st all speeds

wout the frequency spectrum,

Belals BEVLCT OoF D

The response of the anslogue was obtained st verious fraquen=-
cies throughout the range under the zction of seversl diffsrent |
demping forma, The object of these sxperiments wag to determine
whether any perticuler distribution of demping effort in the
vibration ecycle was more sstisfactory than that provided by the
liﬁ@ar‘damper. |

The shapes of dewper work disgrems investigated were:

(1} "Constent™ demping C, in which the damper energising
current wes kept constani. The torgue developed
in the desmper was then independent of the ralativse |
velocity of the elements; end the cheracteristic
ghape clossly apprcaéh&d goulomb demping,. provided
the smplitudes of motion wers ressonable as described
in Appendixz.Z.

(2} "Away" demping A, in whieh the damper effort was
coneentrated in the region whers the @le@@mts\m@va
gway from the relstive zero position, the returm
motion towsrds relative gere not beinz resisted,

%) "Return" demping R, in which damping torque wes

(s
concentrated only to resist the return of the
elements to the relative zere position, any motion

eway from this point heving grestly reduced oppo~

i

ition.




{4) "End" demping &, where demping torque was con-
centrated in the outer semi-gmplitudes of the
motion, movement through the relative zero
position having only & small opposing torgue.

In these experiments, Awey, Return; and hnd demping were
achieved simply by switching the damper current on snd off twice
per cycie for & period of “eycle using the rotrary switch coupled
to the drive moior, By comtrélling the phase of this switch
with the worm gear adjusitment described in section 7.3., each
of these damping forms wers av&ilable;fthug Away damping vas
schieved by phasing the switch fo go dﬁ just as the rslative
mobion seross the demper passed through the zero position, end
to go off just zs the motion reached & meximum, Wwhile szimilar
srrangements were possible to give both Return and Znd forms.

&l%hau%h the damper effort wes independent of wvelocity when
opersting under consteant energizing currents, it was found theb
the magnitude of the Awey, Return, and End demping forms did
depend on the frequency of excitation. This was & secondary
effect srising from the necessery inductence of the electro=-
magnet coil, which introduced & time congtant in the electrical
cireunit supplying the demper. Consegquently, =s the exeitation
frequency increased, the magnitude to whieh the megnetiec flux
built up during the'or'time of the switch docreased, and it wes
necessery 4o increase the supply voltage progressively umder thess
conditions to meintein similer dsmper disgrams.

Pypical demper work diagrem shapes recorded during these tests




are illustrsted in Fig.B.

[

ﬁ.q these s#am the effect of exponen~-
tial build-up snd deecsy of megnetie flux in the switched eneryi-
zation forms.

As the effects of demping depend lergely on the relationsghip
between the exeiting fregquency and the netural frequencies of
the system, it wes necessary te operate at several frequenciss
above, below snd nesr the nabursl resonsnces, Lo obialn an over=

all indiention of ths sffects of damper torgus distribution.

“his also reguired the selection of exciting asmplitudes ab the
various freguencies so that the resuliant metions were within the
allowable limits, and comtrollable by the magnitudes of damping

torgus available,

The resulis of these tests are given graphically im Figs.

Bee snd B3 For comparison, the response of the sysiem ‘o
linesr demping is elso pletted on these graphs, This was

obtained by emlculstion as indiceted in section 5, using 5
galibreted enalogue paramsters,

Teat Rezults,.

In the immediste vicinity of body resonance, any form of
demping is desirable, as i1 tends %o decrease dynemic magnifi-
cation of the body, and thus alsoc the magnitude of the tetal
torgue tremsmitied. Howevsr, for a given value of damper
torque developed, the “Oeongtant" distribubtien gives the minimum
dynemic megnifier. This is atbributed to the property of
maximum energy dissipation which is possessed by this damping

form, Nevertheless, ressgonable body motions can be achieved




Slizhily sbove body resonance, "return’ damping is the only

form whieh does net increase ba#h body megnifier and torgue itrans-
mission sbove the undamped case, However, the afiect is condib~
ionsl, end sbove & definite value of "return” damper toerque, body
magnifier and torque transmission increase. This limiting
yalue of "return” desmper torgue proved to be approximetely equal
to the meximum spring torqus developed.
This effect was quite proncunced throughout the rangs vetween the
two netural freguencies. A second effeeﬁ which was neiiced‘
in this region was the tendency for "return” demping to increazse
sxle motions, but this was extremely small.

Closs o axle resonsnces the "constent” demping form was
most smbisfactory in controlling exle motion, and thereby reduecing

transmission. Other forms of dsmping did reduce the axle

magnifier, but required a greater megnitude of deamping effort to
do so, snd conseguently caused far gr@%ﬁeT torque trensmission
to the body. This was particularly obvious in the case of
"return” damping in which increesing damper torque indicated a
minimum in the torque trensmission. This is understandable,
ag the tyre spring governs the sxle resonsnce, snd being far

stiffer than the body spring, requires feor grester magnitudes of

demper sffort to reduce the motions. Thus with incressing




demper torgue, the total transmission to the body at first
decreased due to the raduction in exle motion, but eventually
the reduction in spring force csusqd by reduced sxle motions
was outweighed by the incrsased demper forces necessary to
cause this decrease in moiion,
Above axle resonance, conditions were similar to thome between

the resonances; but all forms of damping caused = slight decrease

in axle motions, Here again, the "return® dampirg form
provided the minimum torque tramsmission, especially whers the
damper torque was less than the developed spring torgue.

The test results thus indicats :-

{a) Ta the close vieinity of the resonences, the “comgban®
demping form is the most satisfactory. This is especinlly
true at the exle resonance where the demping torques roguired sre
high, whereas at body resonancs there is small varistion eveun
though greater damping torques are necessary with other forms
to give the same metion

(b} At intermediets frequencies belwwen the resonances.
"return” demping provides smeller body motions, sund results in

the minimum torgue transmission, This letter iz most obvious
if the demping effort is less than the spring torgue developed,
Although "return” damping does inorease sxle motions slightly
in this range, bthe inerssse is negligible for damping values
giving the minimunm trensmission.

{e¢) Lbove axle resonsmce “"return' damping provides the

T

minimum transmission, but decreasss exle motions slightly




(4, Throughout the entire spectrum, "awsy" snd "end®
demping forms produce results which sre inferior 42 one or

other of ths "return® and “eomstant® Torms,

SRR

gﬁ.iugg LWJAU.N j..ﬁ Q*

As the preliminary experiments proved that the “consbant” damp -

ng form gave the most satisfaclory performance inm the region of the

[=4

GB0NBENGES the complele harmonic and trensient responses of the system

"

using lLinear springs and "constant” demping iﬂ?ﬁy vaere obbtainsd on the
snalogue.

The hermonic response of the system was determined from records
teken et o fine subdivision of the freguency range which was further
concentrated in the regian of the resonangss. At any psriicular
frequency, the excitation smplitwie wes adjusted te give resuliant
mobtiong within the limits of the ﬂnélﬂg@@. The dynamie response
for varicus values of the meximum dewmper torgue was then obiained by
simulbsnecusly reecording the snalogue motions and the damper work
disgrem, The dynemic magnifiers of the axle and body, together
with the meximum demper torgus developsd and the maximum trensmission
to the body, wers then esvelusisd from these ressulis,

Ag it was necessary to exeite at diff@r@nt amplitudes throughout
the frequeney renge, it was desireble i ﬁ@léa@ parameters to reprssent
the degree of damping end the megnitude of torgque trensmission, so that
the response throughout the frequency range could be generalized,

In this respeet, it was convenient 2 use the persmelers developed in

section 6, for dampers of linear form bubl comtrolled magnitude, and
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The tramsient response of

o & step in road profils
agtricted Lo ths ocase vhere the
wsbant throughowt the dursbion

thus the parame

I
of 8%, was employed.

overall conelusions could be drawn frem this sess, snd thus the

mecnenienl somplexdiy dnvelved in & varisiion in damping paremeter

Zue with

ping form of fixed sffert repressnted by the parameter
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e figures

&
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/mgxﬁ is preseated graphically im Fizs.B.4=5=%, The

Iy

cospare ciosely with those seleulsied for & foree limited damper

0f linear digiribuiion ss pressnied in chapter 5,Figs.f.4-5=5,

From Fig.B8e%4. 4t is seen thet the body motion may become very

Y

gt resonsnse fer all weluse of damp

so there iz no vonitrel of the resonsnt body smplituds
unless the damper develops a torgue sgqual

gtetiecally deflect the suspension spring

amplitude, the greste

demping megnitude oscurs al iths

£ &

experimental results for

5

resonsnce where a linear distribution mey theerstilically allow any
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4028 not exeeed 1.7, This difference is caused by the slightly

ipation for the esame moximum % torque develeped

%yﬁm*%mmmmﬁ'%w“n form,

For parameters in excess of unity, the bedy shows no tendene;

resonete &t its true natural freg uensys the maximum dynemic magnifiers

poguriy

ndempad tyre
spring, which presents a higher resonant frequ ENEY e The ezpsriment-
sl resulis differ quiis widely irom those caleulsted in the regionsg

ol locked axle end body becsuse of the chenge im choracteristic of

o betvwesn iis

({53
-w!g-‘
e

the build

up

of body magnifier with high velues of damping is lese proncunesd

Similer effects are noticesble in the meotions of the axles mass
illustrated in Fig.B8.5. Varistions in the sxle magnifier et

body resonsnes ari

t"%?
w
B
o
fosd
o
Ko

rovided damping is suflficient 4o limit the
body motiens to finite velues, but it
higher damping values at the sxle resonsuce in order 4o limit the axle
meznifier 4o o finite volue. The experimentsl results indieste that

Tinite axle motions ean only be achieved if the damping parsmetep

quite well with dhe enleulsted

j. « * BE8BUE 2{-} 8
O
results of chapler &, howsver, the experimentzl results indicate

higher veluss of the axls




2 one mass gystem

s feature of the caleulated

parameber,
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lamping perameters are less than

A e T
the body

roaponances the “"constaat”
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srperimental form gives waluses in excess of the caleuleied values

results from the existence of
—

for e linssr digbritution.

maxinun exbrenss of the relstive motions in the

ronsmissior is thus the arithmetis

Ve LI - .
"oongtant” form, The

However, with s

[ R
sum of the

damping effort in the vibrstion oyole; the

znd dsmper forees ave out of phase by a quarter cycle,

-vector esum is Llittle affected by epring effort umder condit-

. £ 5T . o @ s oS wm Lo £ opem
uspension damper. The resulis of thése tests are given grapnic

8lly in Fig.8.7.; and this shows that although the response
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WﬁJﬁwm ab%clgm%lg valus,

mobtiong of

i

rue zerc posiiion. Consequently

srieon with the suspension
2t this time, souse the body and axls 4o
snd ths two masses szcillate as a unit on the

energy squel bo thet of the body at the dime

e dasey tims of the axle lncresses, snd thed

i the body beeomes Iinfinite ss it mever regeins its frue zero posit-

5

and bodyv overshonds comtinue to daocrenss

@

for far grester values of the dsmping peremeter, so thet if this form

g iz used, there must be 2 compromise beiveen the overshooi

damping will introducs,.

snd the statie position error which h
Furthermers, the trenemission 1s seen to be & wminimum for gersc

wag the case with linesr demping, so once ageln, say

When compered with the respomnse of e linesr damper given in

Bebs, it is seen that for a given deecsy time of the body motion, the
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Furthermors, &
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achleved wt the

Seis
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ing form of ma

?@an%amﬁkmjtzgm; of the bmdv BEsE,
re 18 2 wmerked tendeney for the body
2t @ higher frequency them the trus
ng iz definitely undesirable.
dred to dmid sxle resonsnce

value grestly excseds that necessary b0 obtain minim

so thet soptrel of axle motion can only be

e
o
Eﬁ
W
e
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'y

sxpense of overdamping the bedy snd thus lntr@ﬁ4@£ng

1 the axle snd body oseillsting

ot freguengies remote from
insressed for sll velues of the deuping

11 gmses the trensmission exceeds that

B

of ithe damper with linesr form, ss it represents en arithmetic

summetion ¢f th

“gum a8 obiained

¢ spring and dsmper coptri butions, instesd of a vector

with the linear distribuwtion.
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lfo complete the results on the effect of damper disgram sheps on

=
a

the performance, the response of the anslogue wes obtained under gondit-
ions of "return” dsmping form, Although the "return” demping used

in section 8.1.1. wes achieved simply by %witGhiﬁg damper current on snd
off for quarter cycle periods in the zppropriecte phese relationships a3
indicated in that section, it wes noticed that the improvements in per-
formance which were obltained by using "return® demping depended largely
on the magnitude of the maximum damper torqus developed, T4 wase
realized that if the weximum damper torque were svailable st the iﬁsﬁ&m%
of motion reversal, iunstead of at the mesn position as wiith the zimple
switched form, then approximetsly twics the magnitude of dampsr torque
gould be emploved without incresse in the trensmission, ss sueh torquss
would be songentrated in the ragion wherse spring snd dampsr torguss
OPPOEB. . In addition to this, the demper disgream could them be furth-
er tailored to give a greater emergy dissipation per cyele without in-
gressing transmission, by reducing demper torque to zers st the other
sxbpems of mobion along s line parallel to the spring char&eteri@%iﬂ.
This ideel "return” damper disgram is illustrated in Fig.5.13(2).

In ettempting to produce this diagrewn shepe, the simple on-off rotary
switeh was replaced by & specially formed resister,; which was wired to
control the grid bias of a power oubput valve that had the damper coil

n ite plete cireuit,. By driving the rhecsiat wiper st twice ths

fude

excitation speed, the damper was then swiltched on and turned off gradually
throughout the following half gycle, Then by adjusting the phase of

the swept resistor relative to the input moiion by the worm sdjustment,




return” dauping

tien aﬁ the existing damper

CoRelo fmoiliteted sccurate adjustment of the phase aomirel.

T+ wes found under test thaet the meximun deamper torgue sould not

N

be developed st the ing
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of motion beceuse of the
time lags in the elegtrical and megnetic eireuits, and alsc becauss

the dsmper recuired some dafinite motion to adchieve 2 pea

oy
<
o]
M
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@
o
i

"roturn” form

expleined in Apy

wone not zchieved., there being sonme rounding

3w the direction of motiocm, whiech geused the meximum

cuarter stroke as illustrated

i%.helgib}g hut this wes nevertheless accepled as the standard

:%:;u

Ee.!o

4

form for this seriss of experd

P S ) 5
aliors OL

wpetupn®? form is presented im Figs.d feld=1b=14

Omoe sgain thess are very similer %o both the essloulated

for linesr distribution, snd the snelogue results for Yopongbeant”

.

Tn this case however, it is notigenble that no scomirol of

0 approaches

body motion is achi sved unless the parsmeter 1j f

& 4 @«v{)«‘.}
1.5, whersas sxle resonance requirss o peremeter of &t lenst =

e Yl

to 41ss, if the damping persmeter

] 2% 8

excesds 2, the body and axls exhibit the guesi-resonangs 2t
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Tigures is

parameter. glves
sdequete sondrol of the body resonsnes, snd at the same time redusges

ragonenes belovy those sf the

body motions for frequencies above

uwndouped 688,

magnitude is le
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whieh the high demming «8fort

e the idesl fovm of hasie
neceszary to sondrol axle resonznes could be superimpossd when,sand

o4

ghad in section £.5.5

it does possess smellar SHersy
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Fig.B.al,
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ihe most importent fesbure of these resulfis is thet the initisl
axle overshoot is in mo way aittenusted by the "return"” damping
forme This must of course ocour as the sxle reaches its first
overshoot before the body motion becomes pergeptible due to the
great differsnce in the natural frequenciss of the two masses.
Gonseqguenitly, as this enitire metion ie in the realm vhers the
damper elemenis sre szeparsting from their stelic equilibriuwm posit-
jon, the "return" demping form provides the minimum resisbence,

end the 2xls is virtuslly undemped, Az & result of this, the
trensmigeion o the body is & minimum being e function only of the
guspenegion spring &ﬁfleﬁtimﬁgfggwev%rg thisg is only true for valuss
of the demping parsmeter l@%é then 1.25 whieh is the sxtent of the
experimental valuoes. If higher paramsters were omploved, the
peak tremsmission could escur during the rsbound of the axle from
ite first overshoot, when the high damping foress introdussed eould
exgeed this spring foree, The use of sush high demping parsmet-
ers of "peburn® dsmping would however be pointless, as they would
28111 ®llow the meximum first asxle oversheod, end would laber ssp-
jously overdamp the body.

fnother festure of the response is that khizh values of the

peraneter ean cause the body to be permanently deflected from ite
trus zero position st the completion of the tremsient, but if the

optimum value suggested by the harmonisc response is emploved. ths

minimum deesy time of the body is achisved.




axle positien with "return" demping form of magnitude pro- |

portional to the maximum spring torgus developed, is given

graphically in Fig.8.2L, This shows that the motion of

the bedy can be desd-berst by a demping psrsmeter Tﬁffg 2 0,75
and for higher values of damping the body suffsrs a steady-
gtete position srver. Furthermore, this demping psrameber
gives the mindmum decsy tims that can be achlieved.

The velus %.75 ariges from the fast that the "reburn®

damping form sctuslly aschieved on the smalogue dsveloped

its meximum effert st spproximstely — stroke, by which time

the spring effert had decreassd to 757 5% of its maximum wvalue |
being = linear spring,. Conseguently the dasmper and spring

efforts wers slmost identical over the last - siroke, ond
the demper dissipeted just sufficient energy fo oversome the
kinestic energy t%@i the msss developed in the first | stroke,

nee the motion bhecams dead=bent.

gt
fesd

and
Fig.9,.21 slso shows thet the maximum tranemission fo

the body is wuneffected by the degree of demping, being si imply

H:

the initizl seb-up foree in the suspension spring.
Thus it is obvious thet the "return" demping form is
very satisfectory for demping body trensients, but if the

peremeter Tp/Tg =1 , os suggested by the harmonic response

is employed, it ish likely thaet the body will be slightly
overdsmped, though smy axls motions whidh would scoompany

such & tremsient would tend to eliminate posiftion errors.




Hon=linesr spriang broduced on the analogue
by employing tension springs ivn combination with the basic helicel tersion
gpring Bz describsd in pscbion T.2, By this mesans, haordening-harden-
ing characteristics whieh were symmebtrical shout the sems buse rate az the
linear suspengion ocould bs employed, bubl unsymmetriec hardsning-softening
gpring characteristics ceaused en increzse in the basic rate, snd were thus
not strietly somparable. . Heverthelsss. ithe performance of the ansgleogus
vhen fitted with such spring cherscteristies can be directly related to
that of & suspension having %h@ gsame. form, and consequently, the results
serve as a gualitetive indication of dynamic performsmce with unsymmetrie
nop=-lineer springsz.
In order to simplify the experimentel procedurs during these tesis,
the suspension damper ves maintsined in s de-magnetized condition, so

that the resulis =pply sssembially to undemped srreangsments.

Bafoele _HARMOEIC HES

SPARING CHARACTERTISTICH,

The spring cheracteristics ﬁi s 52, znd SE used in this
seriés of tesis sre givgn grephically in Fig.8.22. Thie shows
thet each of the springs had the seme basic reté as presented by

he heliesl torsion epring, bub the degres of non-linsarity was
\
made progresaively mere pronounced fer sach gharacteriatic.

The harmonic responses of the analogue,io a particular ampli-
tude of excitation, wers obiained with esch of these springs as
s suspension characteristic, and these were compsred with the linear

rosponse of the unit for the same conditions of the megnetic liquid




AEmper e The resulits of this series of tests is given graphically
18 the degree of non-linsarity of

ne smplitude snd frequensy of the

incresses repidly, so that the overall

= =

perfoymence of the isolating bedy spring becomss progressively worss,

It ie noticeable from Fig.8.238, that zs the degree of non-linesrity
increases, the "jump-down” frequeney incrsases very much more rapid-
1y thar the "jump-up” frequency , =0 the band of frequencies in which
two seperate levels of oseilletion ensrgy sre steble repidly brosd-
Eng. It ds known that the Jump-up fragueney is primerily dspend-
ent en 7&@ spring cherscteristic and the szsitatlon smplitude, where
s the Jump-down Ifrequency depends solely oen the degree of demping
present. Gonsequenily, as the non-linearity of the suspeasion

ineresses, the sveten becomss less depesndent on the dsmping which

 Although ¥ig.8.%23 only concerns the effect of non-linear springs
on b@&y motions, tests wers conducied througheut the sntire frequency
spectrum, and it was found that the degrees of mom=linsarity avail-
ﬁﬂlﬁ with S b,, and S had negliigible influsnes on the harmenic

o ]

response of the pxle. This is of course only o be expeched,

sines the body spring rate is only sbout 57 sz stiff as ths tyrs rate
on ‘the snalsgus, szo throughout the rempinder of tests on non-linear
springs the harmonic responscs Wers only recorded in the region of

body regonzngs.
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s rangs of valuss

for steps in the road prefile is ziven graphieally in Fiz.8.24, for

?@S and 5. of ¥ig

28 PN

“‘J}

sach of the spring characteristiss 5

Thiz shows that the body evershost iz not =ffected by the non-linesr-

itys but remains egual to the magnitude of the sxeiting step, whereas
the pereeniase sxle owsrghoot desrssses with inersssing non=-linsar-

ity and incressing magnitude of shep. Nevertheleas, the agbual

st

£

reduction iz avershoot of the azls by spring non-linearity in the
renge tested is smell, and is only achieved at the expense of increas-
ad transmigsion $o the bedy sbove thai for the linesr systen.
Furthermore when ooumpsred with the sffeet of dewping on the axls
pyorshoot, snd the ressultant inerease in transmission, it is obvious
thet spring non-linserity casusss faor grester increase in transmission
for the some reduchtion in ovsrshoot, sand heneces cannet bs regarded as
& satisfechtory method of preventing axle motions from developing to

= e
2 8

POMSE WITH UNBY PIRIING SPRING

RISPICS.

The spring charscteristics employed on the snalogue for investige-

4tion of the hermonic response of unsymmetric gorings are givem

JedBa Unfortunately these character-

o

graphicslly in Figs.8.25 snd ¢

linesrizing spriungs against the basie helieal torsion spring as
explsined in section 7.2, Consequently, varistion of ths degree

of non-linearity sutometieally changes the basic spring rate g4 +the




linesr rate by chenging ©
conpideread %

of pon=linesrity

mations,. 8o be:
where the systenm %%b

chenge of basis rete represenisd only e chenge in the basic frequency

g shring

the spplied torgue sbout a baglc rate

vahisles snd describad in Appen-

diz 6, for meintaining = aonatent ride frequebey independent of load.

The heymonic responses of the sualogue with these

.o : ) e A e S TEoe B0 o an
seties end demsgnetized dempers are given in Fige 8,38, and 8.33

foras usst.

on

n Low value,
1% 2

the bodv motion suddenly lneresses 40 @ high velue as the "jump-up”

35 excesded, while very much higher motions sre available

slowet.

cheracteristics, the




has the grestest influence in dekermining the

LHT BRSPONSE WITH UNSYL

The transient respense of the anslogue to ghteps of various
megnitudes in the road profile is given in Fig8.57. The goring
employed for the suspension spring was ﬁg of Fig.H8,26, thin being
g constant netural frequsncy spring type.

As the charact%ri%%ic wes not symmetrical for deflestieons om

P

either side of the stetic equilibrium position, it wes necessary to
perforn the transient tests for both pesitive snd negative steps in
the rozd profile te¢ delermine the overall responsse

PigeH8.27 ghows thet for positive steps, the percentege over-
shoot of the axle dscresses with incressing %ﬁﬁﬁyﬁiﬁﬁg while ths
body eovershoot incresses ¢ values far in excess of the step init-
igting the transient, while for negeiive steps the reverse ig true
with axle overshoot ingreasing, =zud body overshost decrsassing for
incressing magnitude of slep. The reason for this apperent
snomsly is thait when traversing a positive step, the initial exle
overshoot, which ocours before the body motion becomes eppreciabls,
causes & deflsction of the suspension spring in the herdening region,
end henge the overshoot is smeller then that developed for = linesr
gpring. At the same time, the bedy tremsient which is in facl
dnitisted by the first axle overshoot ocommences with ths spriag
deflected in the hardening reglon, and @emg@qunmtl in ite svershoot
the body must deflect the suspension spring further in the soften-

ing reglon to absorb the same energy. Thus the overshoot of the




body exgesds the megnitude of the step causing the transient,

Uonversely, when traversing = negetive bump, the opposite condit-
iong epply, end the body overshoel is redused, while the initisl
axle motien causes increased dsformebtion of the suspension spring in
the softening region,

Z+8.87 also shows that the transmission to the body increases

bor
futa
fiy

with the magnitude of positive bumps, bubt decreases wi the megnitude

5

of nsgative bumpg. so zithough the actusl deflsction of ithe susgpension

soring is less &b the first axls overshoet in response to a positive
step then in response to = similer negative step, thisg is more than
putweighed by the change in spring rete involved in the iwe sases.

Thus, as the pesitive step iz the transient execitation of greatest

fmla

mportance in the actual suspension, it follows thet the constant
netural frequensy spring does give rether worse performance than

s linesr spriug of the sams besic rate. Gonseguently, 1f such 2

pring cheracteristie is used %o reduce load dependence of the

0

suspension, it is essentiszl that some form of demping be introducsd

to restrict body motions.




ta the effects of "eonstant

he systen Tithted with

hardening neg-seftening
regpenses

as

frsquency ra
uencies, the magnitude of the demper efivrt

stebilitv of the high snerzy level

wently, as frequency or demping effort wes

varied with operation in this range, 4% wag not possible to maintain

+he desired domper disgrem sheps, ge from high <o

ilow energy level oseilletion did occurs it wes not known whether this

degired disgram shape,or

EES:
axetion of the diagrsm shepe.

Also the pressnce z spring made 1t imposs gible to

use the friction ewiteh mechanism shown in ¥ ng origine

Wreturn® desmper effort gemersted

21ly devised for tpensient tests wit

by the smalogue mass mobions in the linesrly sprung 78t olle

Thus the tests were restricted 4o the "eonstant" demping form which

4id not require to be mepuslly meintained.

Yevertheless, in view of these resu te, and the comprenengive

3n linearly sprung systems, it ise

"
R’M

spries of tesis on non=linesr 4

folt thet o dirsct extrepolation is sstisfaetory to indicete gqualited-




; .
7 the performence of & non~linesr spring system with "return® demp=

ing form.

gs,m Ngm w Ty \ﬂ E"r'

In this series of tests, the response of ths Mnalaﬂﬁe wes dgtail-

gd only in the reglom of bhody resonanee, sz the undemped spring tests
indicated thelt the meznitudez of soring non-linssriity empleyed had

no giznificant effeel on the axls resonanes.

The spring cheracteristic chosen for the tesis was 5, of Fig.
dat
8.28,, and the harmonic response of the system was oblained for

four different valuss of the exeitetion smplitude, so ithat the over-

a1l periormence could be evalusted.

YTy £

The results of thess tests are given graphically in Figs.3.28=29=

30=31la 811 of these figures sre very similer, and they indieate
thet as the magnitude of demping effort inecressss, so both ths
*Jump-up” snd "jump-down" frecuencies decresse, but the latler
chenges st & grester rate than the former. Conseguently & valus
of damping effort is finslly reeched where the twe freguenciss
bocome coineident, and the system loses the characteristic band
whers two ogeillsahion energy levels are svable. he oritical
‘@@%ﬂl tude of damping effort required %o achieve this is given by
the parameter Tg/Kgx@ = 1, and this is seen to be exactily the ssme
as the damping required to produce fini%@ body motions in a linesr
suspension of the same basic rete as investigated in section Belekos
Furthermore, slthough the experiments indicated that the ? Sump™

frequencies increased with the sxcitation &mvlauude for a perticular




mognitude of damping paresmeter TD/%ggﬁthm system always exhibited
the characteristic thet for the parameter = 1 the two frequencies
ﬁaincided, and the oscillation smplitudes were unique throughout
the entire frequency spectrum.

However, even with the critical megnitudes of damper effort,
the magnitudes of body motions far exceeded those obitained with a
linear suspension spring. Thuss greater demping effort was
required in the non-linear system to control the meximum body
amplitudes to & remsoneble level, and consequently ait frequencies
above those of test, the transmission to the body would be greater
than that for a linear spring systenm.

Be3e2e _HARMONIC RESPONSE OF THE UHSYMMETRIC HARDENING=SGFTLHING

SPRING SYSTEM WITH FIXGD DAVPER BFFORT OF "CONSTANIY FOR,

The harmonic response of the smalogue in the region of

body resonences when fitted with the unsymmeiric hardening~-softening
springs @l end Uy of Fizs.B.25-26 s a suspension, and subject 1o
ﬁamping of "constant? form and fixed effort is presented graphically
in Figs.@.B%-Sé.

These figures sre quite similsr in form, but they are displac-
ed relative to each other along the excitetion frequency axis due
4o the difference in basic rates at the equilibrium pogition of the
characteristics U; and U, a8 mentionsd earlier.
In this ocase, the effeet of damping is to reduce the body motions
end &t the ssme time to inerease the "jump-down" frequency at a
far grester rate than the "jump-up” frequency. Thus as the

demping increases, the frequency bend over which both high smd low




ensrgy level oscillations can exist becomes progressively smaller,
till eventually the two ecritiecal frequencies coinecide, and the body
motions become unique throughout the rang@@

48 in the previous section, the eritiesi value of demping peremeter
required to just eliminste this band of high level osecilletion |
energies, ig ﬁﬂjﬁgxo = 1, which is also the damping parameter réquired
in @ linear spring system of the seme basic rate 4o produce finite
7 body motions st regonsnes, This is seen to apply in both cases
of spring Ul and ﬁg, sven though they aré concerned with different
valuss of the basie spring raote KB’ so the parameter is univarsally
applicable for springs of this form.

When ecompared with the responses for linear springs, Figs&.ggnggy
algo chow that the dynamic magnifiers of the body achieved with the
eritical demping paramsiter are far grester, and occcur at a higher
frequency reletive to the same base, 1f the ﬁﬁrﬁng form is non-linear.
Thus in an actusl suspension Titted with this spring chesrscterigtic
it would be necessary to employ higher demping effort to regtrict
body motions to a satisfactory level, than is required with s linear
spring, so thei trensmission at higher frequencies would undoubtedly

increzse sbove ths ninimum obltainable value,
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8.3

Fig.8.3. EFFECT OF DAMPER DIAGRAM SHAPE ON THE
HARMONIC RESPONSE OF THE SYSTEM NEAR
THE RESONANT FREQUENCIES.,
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TRANSTENT RESPONSE OF A LINEAR
SPRING SYSTEM TO 4 STEP X

5

Fig.B8.7,
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FIG.8.12 . TRANSMISSION, FOR FORCED
VIBRATION OF a LINEAR SPRING SYSTEM
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F1G,8.15, AXLE MOTION FOR FORCED .

VIBRATION OF A LINEAR SPRING SYSTEM
FOR VARIOUS DEGREES OF THE

"RETURN" DAMPING FORM, EXPRESSED
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8.20

TRANSIENT RESPONSE OF A LINEAR SPRING %

Fige8.20,
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TRANSIENT RESPONSE OF A LINEAR SFRING|

8.21

Fige8.21,
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ED

Although comments end conclusions regerding the performance

of the snalogue =nd the mothemetical snalyses of the system are

included in eerlier sections under the appropriete headings, this

chepter is included as en overall summary of the conclusions reached

efter experimental snd smelytic investigation of the effects of

controlled non-linsar demping, smd non-linear springing in the susge

pension of modern rosd vehicles,

{1} The most genersl conclusion wvhich cen be drawn from

both the experimental and anzlytic work of this thesisy is

[
-

in relstion to the behaviour of g dempér in a linear vibratory
systen. Till the present time, it has besn sugzested thet
the basic object of 2 dswper iz o dissipzie the energy fed
inte sny system of springs and masses by an exciting force
whose Irequency of varistion csiﬁcidad with a resonsnce of the
systems  The supposition was thus thet motion built up
$ill the emergy balsnce was reached. Although thig is
physically exectly what happens, the resulis of this thesis
indicete that the energy dissipstion concept of damping is
mislesding, as the resl effect of a damper is to provide a
foree to balance the excitation foree in the eondition where
spring snd inertia forees become solf-baslancing, and phased ail
90 degrees to the excitalion. |

This coneclusion is besed on the vesults for forse limited

dampers, which do not prevent resonant motions from becoming




infinite wmless they contribute s definite megnitude of demper

effort which is related enly %o the excitation =mplitude,

This critical damping effert is slso seen to be ithe ssume as

that developed by a linear dmeper st the resonsunce, guite

independent of the damping retio whiech it possesses,
Furthermore, the expsrimental rssults indicate thet ths

am shape iz guit

ffect of damper work disgr ks e small in compari-

s »

gon with the effsct of magnitude of damper effort; having

significant influsnce only on the transmissibility.

ga

Thus the methoed developed in section 6.5. is suggested to
be & sound snalyticel zpproach to delermine the harmonic
response of & system imcorporsiing sny non~-linesr damping type,
thouzh of course the mcouracy will be grestest if the damper
work disgrsm is similar in shape o that of a linear unite.

{(2) With respect to the psriiculer spplication of the vehicle
suspension, it is seen thal ne single cherscteristic of the
motions of either axle or body is setisfactory o comtrol
demping effort in the ideal memner %o produce noceptable
resonsnt motions end minimum transmission.

The combined a;p@rzmwntql snd snalyticel results do
however show that this mey be schieved by a composite sonbrol
arTENgoNente Thus, if the system is supplied with & basic
megnitude of damping effort thet is direetly propnrﬁi@nal to
the foree developed in the suspension spr ring, and arranged
into a‘"r@%u?n“ damping form, adequate control of bolh trans-

jent snd hsrmonic body motions cem be schieved, while, provide-




ing hizh frequeney excitation does not csuse axle resononse,
the trensmission ls everyvwhere & wminimum. ihe results

ghow thet 1T such damping control weee selected to give the

optimum response to harmonic execitation, the itransient response
would be év@réam@%éf' However, the only effect overdsmping
of the transient wgﬁlﬁ.h&vaﬁ is & smell position error, and
this would undoubbtedly be eliminated in practice by sxle
motions mccompanying such e transient.

Comtrol of axle motions een then be achieved by an over-
riding axle scceleration conitrol of high damping effort of
"congtant® form, which would only be imtroduced when the re-
enrded sxle accelerstion exceeded a predebermined 1limit which
wes known to precede wheelhop in the lowly demped suspension.
In this respeet the transient smalogue results show thet high
demping effort is only required to eliminute wheelhop if the
initisl sxle scceleraiion Aﬁv@xa@eda 150.%% Epoto snd this
yelue corresponds with that determined analytically for the
hermonic response in the high frequency regibn.

The trensient response also shows that there is a unique
relationship between the optimum demping effort and the init-
isl recorded esxle accelersbion, so this could be used to
initially set the level of high demping force.

However, the hermonic response indicetes thati a different
reletionship exists between the optimum dsmper effort and the
facardeﬁ exle accelerstions, so, having first been set by the

transient criterion, the magnitude of damper effort would need




regorded soccelseation

dempey effort existing,

sonnbinvous exciiation.
zible, it is suggested

that & mors practiosl sysbtem would be besed on the moximum
concelvaeble fores reguirements Thus, having sslecied

the vworst road conditions which the vehicle is to encounter,

demper effort is fixed from comsideration

4 wnd harmonlc responses. Then, whenever the

recorded exle sccelsration excesds the criticel walue, this

%ii)fﬁ would be erted inmbo the system.

If the disturbsnce vere in fect transient, the high damping

he sxle scceleration

et

effort would be removed sz soon asg
decayed, bul if the disturbanece were harmoﬁic,;hiWH demping

ould be required o persist, end this could be achieved by
interlocking in such & way thet high damping effort was nob
eliminetsd until the envelope of meximun axle accelerztions

fell considerably below the eritical initiation velue,

ay with this simplifisd system, it is seen that any

excitotion sondition whi

4
k3

foree o conmtrel axle moltions, does in fsel sulomaticelly

introduce the maximum possible damper effart, and consequent-

1y is overdampsd. However, it must be reslized that the

gompromnlze betwesn th%

amper effort and that requir-
ed for the worst possible sxeitabtion does not represent &

grest decreass im performence, as both conditions require




urping siforde
would thus still possess the great
body snd axle conbrol, smd would

mos under sll conditions

separating

ntege of
periorms

have close o
astical pre
hat the relation betwsen

while gtill rem
Finally, it must bs emphesized

demping effert presented in this

‘re cherace

axle moceleresition snd opbimum
thesisg, is thet defermined from sn sdsumed limear iyre
ng s snd merely proves the feasibility

3
sy
53,

b3 na '3.’03;4 ZEI0 dmﬁJ _
It would thus be essembial to detsruine

teristie

of the method.
similer relebionships for en actusl tyre, so thet varistions
i bs sllewse
&

nd tvre curvebure could bs asllevwsd

in spring vete, demping,
coeleretbion contrel in

for prier ts intreduciung azxle

{3) With referenee o non~linser springs, the analogue shows
thet both svametric hordeninge-hsrdening snd unsy@aetric

spring choracteristics of the suspension

har &eﬂzéf~ softe
give worse tremsient and onic responses than does a
inear suspension of the ; basic retes
haraeteristics
: ~a‘};%

1
although such

bests indieate
amplitudes of harmonic oscilletie
effort needed %o

Furthermore,
true resonant frequsncy.

1 %o prevent ki

saasend
from developing. The eritical damping
ensure unigue oscillation smplitudes through wout the frequengy
40 be equal to the dmmping effort developed
seme bagle rabe.

T
Rim wl

C’?‘”

spechrum, proved +
in & strietly linesr suspsusion havir




& non-linesy
demping than e linssr suspension if it e %o comirol body
mobions toe the

g}ﬁf

1 the degree of non-linsar-

ity introduesd hasd eonsidersbls influence on the motions of the
bodye the effeel on axle motlons was proctiesally insignificant,

s . the tyre maintains rosd

effort provides

of wiew of transient snd harmonic

glthourh hsrdening nonelinearidy

pust be introduced to prevent shock losding when "ride clesranced

are overcome, it should be dome in sudh & way thet the gresat-

it must be realized thal

sharacteristic is to

ge on lead, im wehicles

heving large lond varistion. Thug 28 & eomparison of
veuicle performenee, the respounse of the nen-linesr spring
u linesyr one having the same

2

the performence of the "constant




netural Irequency * spring is congiderably better, but it is
absolutely esseniisl to provide the seme megnitude of damping
effort in order Yo ensure thet this ig so.

as 2 suspension characterisiic, therse is no relaxstion of the
damping requirements whatsoever, and the optimus controlled

form in thiz case would be the stme as that for & linesr

spring having the sane meximun raie.
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APPENDIX 2,

SaAGHET LIGUTD DANPERS,

The cheracteristics of practicsl dempers,employing a magnetic
liquid as the working medium, were imvestigated under two conditions,
firstly in the development of the mechanical smelogue in whiech sueh
dampers were ussd o simulste suspension damping ss described in
socbion 7.3, end secondly in the development of full size prototype
dempers for use on the experimental trailer deseribed in Appendix 5.

(1) _UECHANICAL ANALOGUE D

In the originel design of this unit, it was realized that
every effort wag required to concentrate the generated magnetic
flux in the megnetic ligquid so that the maximum effeciency and
minimum physieal size of the unit eould be obiained.
Furthsrmore, in order to assure the meximum range of contrsl
of demping effort it was desirable to reduce the rebentivity
of the remainder of the magnetie eircuit to the lowest possible
value, To these ends the unit represented disgrammaitiecally
in Fige7.6+« was devised. The mein bedy of the unit wes
menufactured from wrought iron snd the megnetic path direched
by brass insuleting pleces %a pess simogt entirely through the
magnetie liquid.

The magnetiec liguid used wes a mixbure of the irem ecarbonyl
powder normally used in the production of radic component cores
in S.A.E. 10 o0il in the proportiens 7:1 by welghi, This patio

was found to represent the most satisfectory compromise between




high fluid demsity and long settling time which could be nchieved
with the cdwmon lubricating oils as a2 suspension medium,
Alsc with these proportions, it was noticed,,that although the
iron perticles did separate out of suspension quite repidly om
standing, they d4id not fors into & tightly pmcked layer for a
considerable time, and, provided the stending time was not sxcess-
ive, the mixture could be repidly re-stirred imbto a homogenesus
suspension. Inlfaﬁtg the damper design used proved to be in-
sensgitive to any settling of the iraﬁ particles which may have
ccvured from time to time, and eaﬁsequ@n%ly gave gonsistent
performence throughout the durstion of the pr@j@aﬁ; This is
etiributed Yo the "pure shear" action of the demper in developing
resigtemce to metion, and although not the mosi effecient, would
gseem to be the most reliable form of demper if settling troubles
cannot be otherwise eliminated. |

Preliminery experiments with this megnetic licuid mixture
indicaeted %hai’its megnetic permesbility u was in the region of
6y end this value has since been confirmed in more refined experi-
ments by Peters (1957), Sueh a low value of permesbility
indicates thal the mixture is very much less dense then the
compacted powder for whiech values of u = 10,000 are guoted,
Canseq&enﬁly, the major factor in determining the reluectsnce of
the magnetic eircuit by which the demping effort is combrolled,
is the megnetic liquid itself, and thus the flux pabh in this
shaul& be kept 4o the miniwmym consistent with the required capac-

ity of the unit. With this in view, a series of sxperiments




were oarried out on the mechaﬁical anelogus unit to evaluate ths
effects of meterial and construction of the torque dise, as this
provided the most convenlent m@thad;af‘ehamging the effective flux
path length in the megnetic liquid, Four different dizes were
used, these being of slotted snd plain design, snd of wrought
iron snd duralumin materials, The graph showing the V@v&rall
results of these tests for econstant cmrrent excitation of ths
demper is given in Fige.A.2.lys 2znd this shows that when operabing
under idemtical conditions of amplitude and frequency, smd with
the same megnetising eurrent, the maximum effort is developed by
the demper which has a torque dise of high permesbility.
This is wndoubtedly due o the far greatsr mognetiec flux which is
developed in the ligquid under this condition,; a3 the substitubion
of a duralumin dise decreases the cspacity of the unit to approz.
25% of thet achieved with a wrought iron dise, while the incresse
in magnetic relucteanss causedby this substitution is 4 times as
the diso contributesd oue third of the low permeability peth
length of the circuiid, Consequently the maximum effort devel-
oped in the damper under particular opersting conditions is
directly proportional to the megnetic Tlux existing in the liguid
itself, snd the main impertance of the material ef the torque
diec is the influenee it has on the electromagnet effsciency.

It is interesting to note that with slotted torque dises,
the damper effort developed exceeds that available with plain

dises. In the case of the duralumin disc this is most pro-




nounced snd arisee meinly from the increase in the averagze flux
passing through the liquid, but amy slotting of the wrought iren
dise must introdusce a reduction in this average flux when operst-

e

ing with the ssme energizing currents, as the permeability of the

&

liguid is fer less than that of the wrought iron. Thus there

» e

iz o a&ﬁéﬁdary sffeet arising in the shape of the torgue disc
wiich more than @a@@@ﬁ@aﬁ%s for the reduction in the everage
magnetic fluz in the fluid, and this is thought to be an i@pr@va»,
ment in the shesring sction eauszsed by flux conecentration at the
gharp edges of the slots. There will thus be sun eptimum shepe
of torgue disc to give the grestest demping effert for z particular
energizing current, but this oplimus wag wnot sert in thesse sxperi-
ments, a8 the damper effort available was considered satisfactorye
The major features of this dempsr were,

{a) The resisting effort developed under constemi ourrent
sxcitation was slwost independent of ithe frequensy of
operations

{n) Both the megnitude snd shape of the Work Disgram wers
largely dependent on the amplituds of operation.

The first of these was particularly notieeable for the damper
with the‘wraugh% iron torque disc, for which negligible incrsass
in effort was detected over sn eperating freguency range of 10:l.
With the durslumin discs, the dependence of demper effort on
frequeney was fer more pronounced, but still much less than

would be experienced with & linear damper, there being only &

607 increase in effort over the 10 3 1 speed rauge.




Lypical szmaples of the damper work diagrams

these tesis are given in Fig.h.2.2. These show that when
fitted with a wrought ivem torque disc and opersting et high

smplitudes, the demper charscberistic is very tlese bo hhe

methematical ideal of Coulomb damping, the only devisdion being
& slight rounding of the charscheristis alfter change in the

the demper elsments,

by

divrection of reledive wetion o

-

The phys

]
e

val disbanse over which this devistion from conglant
developed offort exisbe, is independent of the gmplitude of

operation of the damper, end conmseguently as this decreases, the

rownding becomes relatively more and more sppareant in ths sha@@

/

&

of the diagram wntil finally, at low ampli ﬁ udsez.ofl operation,

the characteristic shape is distorted to & parellelipiped as
shown in Flg.h.2.2, It thus appears that this form of damper

reguires & definite megnitude of relative motion between the
elements after eny change in direction, before the full ffert
can be developed.: This necessary motion proved to be the sams

whether the disc were slotded or mot, snd consequently must be

Ze

a charscteristic of the magnetic flux path through the iren

carbonyl mixbure which requires re-orientation after every change
in the direction of motion.

s

Basieally, the szme cherssterisgties spply when the damper

i f£itbed with v durslwmin torgue disc, but the work diagrasm
is generally fer mere rounded both &t changes of direction end

A2

indiseting

fiska
Hv

thet the damper iz dependent

{}%

throughout the gtroke,

to some exhbent om the velocity of ¢peration, and this iz boerme

—




eut by the inerease in effort with speed of operation as

mentioned above,

(2) PROTOTYPE SUSFuNSION DAMPERS.

Two units were developed for full‘acaln testing on the
sxperimental #rail@r by Bowyer and Goodale (1956) . The first
of these was based essentially on the amalogue unit, developing
8 t@rqge to resist relative motion of its ei&memts by & purs

sheer action, while the second was similar to & positive dis-

pum@ing the li@aid thrgugh e smell clearance. Thaytwa units
were developed separately by the experimenters, as it was feared
that the pure shear type might not be capable of developing
sufficient deping resistance, alth@agh‘from both sebbling =2nd
weer ch&raat%rig@igﬁ, which were shown to be quite spprecinble
by Bheaton {1955), it wes superior in prineciple to the vanes
type dampers

A dsmper ts%ﬁing machine was used during the development
of the probotype dampers, to enable the performence umder
gtrietly a@%@rallaﬁ sonditions 1o be investigabed. The
demper work disgram of full size unite wes obiainable on this
maeh;a% by moving the al@mamtﬁ relative o each other with
simple harmonic motion of adjustable %m@litﬂdﬁ end freguency,
and iﬁatamﬁﬁnegu%iy racording the resistance developed snd the
position in the oscillation cycle as with the snalegus umits,
FigeheZa3e shows the damper testing mechins mounted with the

magnetic liguid vane type damper.




The resulis of %hﬁﬁ%;@%?@fim%ﬁﬁﬁ gshowed that the pure shear
type damper wes ths most sstisfactory as it was possible o
arrenge its maguetie eirsuit to be very effecients end the
cepasity of the unit wes ample when operaited under constont
energlzing surrenisz,. On the other hand, the vane type demper
proved toc be most susceptible to both weer amd setili ing of the
iron paritisles from S%é?@ﬁﬁi@ﬁ@ snd gould net be &rraﬂg&é‘t@
pospess z good magnstic elreuild so %héﬁ %h%yavarall affecionsy

of the unit was far lawaé.

Under test the shear type demper proved to have idemticel
characteristics with those of the smelogue uwnidd operating =zt
gmall smplitudes of moltion. Thus the ghaps of the work
disgrom was a par&il@ii@ig@é for all ihe ampii@mdﬁﬁ of motion
which could be aéh&évaé with the unit.

Although the capaeity of the unit was sstisfactory for
operzbion under constant energizing currenis, the same unid
was labter employed by Peters {1957) who sttempted road tests
with sontrolled demping as suggested by the results of the
analogue, =nd under these ¢fuditions, the high elseiricel
impedance of the eireuit $o rapid chenges in energizing surrent
geriously reduced the instanteneous empacity, snd the necezsary
damping forces were not developwd,

Censeguently further development work is required on the
megnetic liguid demper to enmsure that the maximumn capacity is

pohieved under congtant emergizimg curremts, s=nd alse do reduce

to o minimun the overall time comstant of the unit.
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The severity of oscillefion smplitudes which can develop in the
motions of the axle mass of & vehiecle when the tyre loses combact with

; , 2 .
the road surface for s finite period of the oscillation ecycle, may bes

Uoot”

be illustraied by anslysie of the simplificd system shown in Fig.h.3.1l{a

2

The efiective spring rate spplied to motions of the mass in this sysben

e
ot

has the characteristic shown in Fig.he3.1{b).

*2“.)‘“

This implies that j

%

{a) The tyre and body springs are basicelly lineer.
(b) The motion of the body is megligible in the frecuency

remges considersd,

(&) '"he system is undemped,
(d} 1o emergy is dissipsted in the systen when the tyrs spring
regains contaelt with the rowud surface,
Thug for deflections of the mass in one dirsction from the =2¢ 1 ium
position, the effective spring rete iz consistently linssr and of rale

¥y» while for deflsciions of opposite sign, this spring rete is maintain-
u . e : o
ed only up to & velue "8", and thereafter iz redubsd to a lower linear
rate K.
=

The spring rabes

i

B

Combined stiffmess of the tyre and suspension spring in

2eries.

Stilfness of ths suspension spring slonw.




The fregquency snd smplitude of oscillation of the system are
independent only il {the excursions inte the linsar region sre less tham
or sgual to “a" If the double smplituds of the oscilletion
excosds Za, the exeursion "x" into the softened region mey be delermined
from considerstions of smergy balance assuming a motisn A of the masse
in the linesr region.

Thus

x = /G &0 & (/i) & =8 ) = (/%)

GBODOiGOO@Oﬂ@(.ﬂl.(ﬁ.gﬁlﬂj

o

Giving & total double mmplitude of motion

Aeaex sy(K/E) 2% {Kﬁi@g)(ﬁf‘i 2] ¢ ell - (K/K))
| ssesssasscscsaseceslfededs)
Furthermore the p@fi@dkéf eseillation can be determimed from the
squabions of simwple harmonic motien during the éeparaﬁ% intervals
Ay 8, 8nd X . Thus, during the wetion from pesition & to zers

the time %ak%ﬁ

% 2 I/ m
1 M;% / Kl .“"o.ﬂ.‘ﬁ@'...’ﬂ‘.o'(é—‘g':ﬁ.}

From U 1o "&" in overshoet tskes time

%2 = , / i s arsin

V &

oa000.0ano-eoaeaooto‘éego%g)

o

which time the mass segquires

a veloelty

v = vf('gl/i@} P (if’xd b &d} naaoeonaaaauéoloto.(ﬁcgvSQ}
The motion combrelled by spring rate K, commencss with this velocity

end comes to rest in a distance "x" ﬂaﬁarmin@ﬂ from Dgmation A.J.le




This corvesponds to a smm@la hermonic motion of smplitude

&y

. - PR . P
B b Elgié@m:wﬁwim & &% eootcnnmaceoaoasot(ﬁﬂéeﬁ.j
s - 2z 2

Thus the time taken in travelling through the intsrvel "a® %o "x" is ;

Vj K - J/T;‘ arﬂlno,ﬁl(ﬁ -a’) = Eoe x f
"‘ -T ;«% : ?glgg;ﬁ - & ) ‘9’ KWG 3{1&

oeaocoau-oaoecooooiﬁngVQ)

Uonsequently the complete period of oscillation is given by
T = (ﬁl k4 ﬁg L4 tg P
( T a 4T [m

/- e QP ELF ewe &  ep L—
2

‘ayf %i Y ‘ V/ K,

Kl(ﬁ - %l%} = Wﬂ}ig )
cmewn BTEIN wemeeeme—— F“”-““““f J
K1 (%= 2%) & Kox~ )

.e.,....,...¢....,,..,,..,,(3.3.5.}
The respensze of the %yg%@ﬁ to a'aﬁeg in the read profils, given by
the equationg A.3.1 én& £.8.8, is givan graphieally in FigehedoZes the
v&lnes @f "ols m 4 Ky 5 and %2 » being gelacﬁ@a fron the snzlogus
gguivalenes section ?.mi ag UeB4 inchesy 77 lb, 1240 1b per inch, sand
0 1b per inch rsspectively.

Figehe3s2s shows thal road contact is lost for some peried of the
ensuing vibration cycle whenever the rosd sbtep exceeds the initial
shbatic tyre deflection. For roud steps higharkthan this valus, the
peried of lost roed contact increases very quickly at first, but lends

to reach a limit et the higher bump sizes. At the sems time, the
period of rosd combact decresses rapidly ot first and then tends ass-
yﬁ@ﬁgtically to & minimum velue, so that the toial period of the ose-

illations rises rapidly at first, but does tend to = maximum value .




sxoursions of the axle imto the sofiened region also increase rapid-

1y a8 the magnitude of the bump inecreases, thus if the bump is 1Y the

(Y] PO 1 388 L. ox Py, A 5 &
, but for s 2" bump the hop is 3%, and for a 3" bump the

These results arse aanﬁlw ent with an effective decrsase in spria

ete with imeressing read bump osused by & grealter persemtage of the

mohion eecuring in the soiter spring. ‘ﬁa %ﬁ;@ iz 4n itself linsar
s the amplitude of wmetion Wili always iﬁ@?%ﬁﬁﬁ‘faﬁﬁﬁf then the magnitude
of the @%@ps but ths @%ﬁiilﬁ%i on gerj@ﬁ pan never @x&@%ﬁ thet. repregsented
by ﬁh@ rate Kp alons, a%& h@ﬁé& will %%ﬁd 4o this velue.

2

A)thoush these resulis avs t pessemistic applied {0 an actusl

yehicle suspensien in that they nezlect both the curvature of the tyre
whidh would bs @igmifiﬁan% with steps of such megnitude, snd the demping
of the system, they do Lil&%ﬁﬁﬂt% thet ride elesrmnces may sasily be

wsed by relatively smell road

IIC_RLSPO

The response oi ths gystem FigeAe3sle 12 & regular roed surface
undulstion may best be d%t@rmiﬁeﬁ grephically by the method of iahalingham
(1957). - o do this the equation ef motion of the mess in a similar
linssr systom must be first derived.

thus

-4 Kﬁé{\x{; - xé} - ’gg“"%z 90..30.'.‘009‘..0ﬂ..i{jb&';ﬁ.glﬁ

£ w % 4 Y . §on oy
ar f ¥ = {ZLA ] ﬁig}ki{% - .’Kﬂé; 94:nancowooabﬂ.os(ﬁ.éoiuo}

it

1T the road surfsce is regular then

%5 = Agecos ph and Xy = Kpe098 PE suvessss(feBelle)




B - .
;{{Z}B - flfﬁ L] f‘w‘»
- 8 A 4 < % P %
T e K‘:é = :35;} ® 3@'}; = mmmSmamm e iﬁws - g’é;ﬁ agnaoance"o(ﬁﬁéolg.}
o m v = '

In the non-=linear ease represented by Figelelely The somposite spriug

s

cheracberistic (KA 4 Ep) becomes & funchion of the relstive motlon

%,

en the axle snd ground dese (X, = X} = % The riphtehzad sids
k¢ A _

of sauabion Acdelle im thus replacsd by a "frequensy function® Flz
g P ¥

L.

after Hahalinghem, where F{x) = Wy o X » the value w_ being the free
vibration eireular frequency having & double amplitude of Zx s deter=-

minsd from &

Thus

o K Qosa-oceouaooaéécﬁtlﬁiﬁ}
4": ; R a3

*5% e X ao‘»auoveotéﬁtgél‘%ﬂ

sd grepbioeally by the

&b

¢espB00608 0 aifgqfful&}

B g B

4s3. Tor sn exelialtion
Cemplitude of 0,25 inches, and the resulteat harmenic responses are
fizehedete This indicates immedistely the typical soften-
ing nen-linesr charasteristie snd the ‘tremendous magmifi»aﬁia? of axle
motion which can result if $he tyre snd road surfese lose contact during
the vibration eycle. As both of the pread ampli%uﬁ%%-iayggtig&ﬁaé

are in faet Tar less ﬁﬁaa the static tyre deflection, it is thus sbvious
thet damping forces ere essential in the suspension to keep the axls

szeillation smplitudses to s reasoneble level.
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Llecbricel resistence sirain

acselerometeors were developed

during the sourse of the project for ths instant aneous regording of the

agoelerations of various componenis, Although initisglly dssiznsd for
use on the mechenicsl smalogus to msa accelerstions of the

to fagilitets messure-

ment of vertiesl sccelerstione in vehicles under ros test when it became

seriaus lisiietiong,

=

abyvisus that the commercially aveilsble uniis he

éo%e},e »mz%iu)‘g,a iuféiu&xiu

A Typieal unit is illusbreted 3

mess which is flexibly supported in one plane

s

whole being %a%ﬁetisally shielded 1o reduge sxternal pick-up of electrie-
al signal. The amccelerometer mass is suspended on = flexible sieel
shim so thet it iz free 1o oscillete sbout a vertical axis only when

The vwalt 1e in its designed horizonisnl mounting @g§:%i@mg but oscillation
is restrained by two cantilever ”@fl@& which bear on Ql?ﬁﬁ points mach-
ined on to the snde of the &sggle?gmﬁﬁar‘@ﬁsa. These outer sbrips
have Fhillips PRY921Z - 800 ohm electricel resistence strain zsuges

glued to both their inmer sud oubter surfrmees, snd the lesds from these
sre connscted to plug poinmtes in the insulated back piece,

The aceelerometer is initially %éﬁ up with 2 balaneed pre=load in boih
the euter %triys go that the masz is in equilibrium and cszn only move
relative Lo the frame by relexsiion of the preload in one sbrip, and

P

s gorrsgponding increasgse in losd on the other sirip. Ls bhe two

<.

puter strips are identicsl, the innser gsuge on ome smirip suifers exaeily




vigce verss

give ths

ami tengmitial foress on the muss

are also accompanied by change

but these zrs taken by the central

Aisbort ithe snguler sceslsr-

Damping of the accelerometers was achieved by an il #ilm conuee-
tion betwes

.

L AL

gnituds
snd @ specing between the mess smd Irame sueh that the recorded evers -
shoot after a step displacement of ths mass was beiween 10 and X0 y AN

he damping then being in the range U.5 To L.7 aritieal as recommended

4

The initiszl experimeniziion on the snalegue indicsted that two

o

ynite of éifferemt unz

ursl frequency were required to provide : satisfoge

waorking frequenclies.

&

This is gonsistent with

the general fesiure of ascceleromsters thet they

te be

reguire = natural frec ua&gw

acourabely measursd, but the higher this velue, the smeller is the

gignel 1o ascslerabion ratic. Two unite were thus included on the
snalogue on sadh of the oscillaeting sneytiss, the accelerometers being

physieally similer but one havw

gtrips giving e natural frequency of approximately 40 ey&le% p&r s8¢

@;




e}

le the second having 0,012 inch thick stesl strain gauge strips had

a ngtural irequency of about 150 cyeles per sec. The low frequsney

accelerometers were suitable for bedy resonznee osciliations, but ths

el

stiffer units wore essenitisl st the axle resement speeds espeocinlly on
the sxle inertis where the accelerations were highe. 48 it wes
ascessary to permensntly build the scceleromsters onto the analozus
elements to establish esonstant persmeters for the systemy the low fre-
gueney acceleromelers were also provided with loeks o pravent socsler-
omether nege moticns relative to their frames during speration st speeds
a@@fa&@bimg their resonsnt freguencies or under conditioms of high
aceelerstion, sz sudh could sasi y dumage these units.

v %

The accelerometers geve satiefscbory resulits on the snalog Zusy bub

=

they did net gzive the scouracy antieipated in the kermonmic sxeitation

k] & ¥ P

sonditlens becsuse of distortion in the signals srising from the complete
freme vibretions of the welded pedesial %o which the anslogue was attach-

oy Although this was greatly redused by stiffening the frame, it

sould not be completsly eliminsted, and this festurs ;soupled with the

wyr

difficulty of indiesting daamper perfor: by meseleration measurement,

resulted in the wnits being superceded by the demper torquemeier describe-
ed dn seebion Ted.2. sverthsless their use in transient tesis was

mogh satisfaciory, as under these gonditions frame vibrations exeited
by the drive motor wers ebsemi, snd ths slevtrical signsls from the

ascalerometor vers free from disterition,

Thie wnit was developed from the snzlogue sceelsromsters alter
garly voed tests had been carried oult with =a eommercially availeble

gac@l@raﬁ@ﬁ%rﬂﬁnﬁ it became obvious that ths natural freguenecy of this




unit wa

gould exisb in

yiiﬁ sbetels mluo

srometer has & vertleel azis, but is pre-losded betveen

efore; the uwnit having

the acceleroasster

ghrivs and herdsned

Dampi

bazaep

the lower pivol

overshoot

il viseoelty do give 10-
S5 a 4 close tolerencs
mit can be lain on

oile This

palibration .
As for the maslogue units, the entire mcoelerometer was enclosed
in sa ireon shield for protection and electromagnetic pickup shield-

anl to nolee rebion cen be achlieved.

ing 8o thel the meximum
P

merousg road btestz 2s desgeribed in

This unit was used ir

Appendices 5 snd 6, =nd geve setisfactory results under all conditions
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FI:.A.4,1. ELECTRICAL RESISTANCE STRAIN GAUGE ACCELEROMETERS.




#lthough the mechanical snelogue facilitetsd investigation of the

\“

effevts of non-linsar sori

1 demping in the suspension of rosd

2

vehicles under strietly comirolled conditions, it did require simplifics-

s

ion of the problem by assuming tyre characteristics and concentrated

ot

o

elements while neglecting primery intersetlon znd wheel-hop and comsider-
ing only methemstical amensble exgitation ﬁaﬁdi%iénga

Propotype testing of units with charescterisiics sugsested by the resulis
i the anzloegus under agtunl conditions of operstion encountersd by

road veblcls suspension was thus desgirsble.

R TR

AeSele _ LXPERIMENTAL TRATLER,

In view of the srest nunber of imbterscbting faclors in ths
behaviour of a vehicle suspension, it wes decided to minimise ths
awsber of parsmeters of the svsten employed, sud bo separate the

gourges of damping snd sprincing zs far as possible. To thess

&

\

ende sn experimental itrailer

s finelly selseted; and this wes

rris Oxford type independent torsisn bar suspension

fitted with =
by Webber {1956). By this meens the interasctiom of bounce and
pitch wes eliminsted, end the effect of vertiecal motilon of ths

hitch point on the towing vehicle could be minimised by recording

foen

sceelerations immediately ebove the trailer axles.
Furthermorey the system sllowed great flexibility ir the charscter-

jsties employed for demping snd springing as the dorsion bars

gould be uncoupled snd subsidiery spri

magnebic liquid dampers could be inserted in the upper wighbone




link sz in the eris gnd thus 4id net disgturd its

gamm%ﬁry. actually testing the warious suspension charac—
teristics, every eilort was made to present strictly comparsble
systems, 80 tyre pressure and wheel load were adjusted to the design
value of the basic suspension. Te reduce the manufacturing

costs of prototype suspeasions, end elec to facilitate rapid

comperison of road itests, only one wheel of the itrailer was used

for the sxperimental units, while the other was maintained with the
orizinal torsion bar asnd conventlonal demper. _The procedups

during rosd test was thus to prun first the conventionally sprung

3

wheel over the prepsred itrack,snd then the supe

wheel over the seme track to compare the resgponses.

4 genersl view of the experimentsl trallsr is given in

whieh showe the loadsd wnit wountsd with recording instrumsntetion

and & megnetic liquid damper sxperimenisl suspension.

£

In view of the comparstive nature of road tesiting, it is

&

sssential that the conditions of exeltsiion be known exactly, end
bs eszpable of exact veprodustion. There was wniortunstely no

gsurfses conditions could be

zusrsntesd to remsin constent, so all road tests were conducted

the stenderd bests wers achieved by drin
obetacles of known dimensions which were fimed 1o the road surface.

These included & singular bump, positive end negetive steps followed
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5

sok will be avellebls

%‘5
s
o
\”’%

The progedure during roa

verious speed in the normel renge over the stenda

(]

recording the resiltent performence of the suspew

19860 Tnitizlly the unit used wes

uasd to messure the

o Uhaonel Aoselergmotber

veriiecnl snd for snd aft socelerations of ths bedy, bul =mnelysis o

2

of Tregquencies In exesss

e 36 cycles per sec. end

of the sceelerations of the trailer body.
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A later astiempt ws

shepe and magnitude v the method su

ested by the smalegue results by




using the seme damper unit, but this proved unsuceessful as the high

"y

impedance of the elscirieal sircuit to rapid changes in the demper
surrent seriously reduced the resultant torque output of the wmit below
the reguired values, Further developmen® work on +the magnetic

liquid damper prototype is thus required belore gonclusive results on

this aspect cen be verified in rosd tests,

ihe sifect of ﬁ@ﬂ~llﬂ@&r gpring arvengements mounted in the
treiler suspension on the response o the stamdard obstacles was

e P 2

investigaied by Lord (1957) =nd Cherires (1957).
Lord smployed an André-iiedhart system using rubber in combined com-
presslon and shesr to give a constent neture! frequency spring, while

Chartres used sn sir-cell type suspension having charscteristics far

cleger to linsor under static tost. Unfortunstely the road testing

of these suspensions was only supplementary %o the developmeni of
prototype suspension wnite eapabls of use on the trailer; so the
results were nmot suificieatly comprehensive to be regarded as comelusive

'y o

but further development work on thess units is preogressing .
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FIG,Ae5.1. EXPERIMENTAL TRATLER MOUNTED WITH MAGNETIC LIQUID DAVPER,

SHOWING ALSC THE RECORDIN: INSTRUMENTATION FOR ROAD TEST.




MUNTCTPAL TR

JUAYS TRUST BUS TLSTS,

During 1956 end 1957, rond %93t$-%@r@ sarried out by the authe? for
the South Australism Muniecipsl Tremways Trust, in order to evaluate the
improvements in performance swasilable in single decker dissel buses when
fitted with nou=linenr suspension springs. - The gprisg characberistics
tested were of the wnaymmetrie hardening=-softenins tvpe, and aimed ab
producing & busic body oscillation frequency independent of the live
passenger load aarriad'by the busesys thereby imprévina ?&r% load perform=-
BICEe With this in view, non-linesr springs were ounly econsidered
for the rear suspensions of these vehisgles.

Two mechanical systems for achieving such cherascteristics, suggest-
ed by different chassis memufacturersg, were té%%@d under gtrietly similer
conditions to aid in a final gelacbion. Th@a% srrangements, the
Gregoire %yp@ fitted to en A.E.C. chassis, snd a Dusl Rate type fitted
to & Leyland chassis sre shown diegrammstically in Fig.he.0.l. together
with their basic characteristics,

The ecriteria of performance were selested sz the force trensmission

%o the body strucbure, and ithe pmasengsr comfori, so soceleromelry was

‘the only instrumentetion reogulred, The @uombridge twoe chennel acceslers

ometer wes mounted sbove the resr suspension ef the test vehicles on the
gbandard geat cushions and served 4o evaluste the passenger comfort
conditions by the method suggested by Jecklin (1936)s while the elecirical
resistance strain geuge accelerometer was mounted dirscily on the vehicle

floor to measure the magniitude of foree tran:

smiesion dirsctly.




The tests were conducted on a streteh of specially prepared track
having a 3 indh ﬁ%@p:ch@ﬂmal 20 inches wide o similate = poi-hole or
negetive bump, =snd e 2 inch beard 12 inches wide representing a positive
protrusion in the road surface. = Teo assess the ovsrall performence,
ench bus was driven over this track ai/lﬁa 15, 20, 25, =nd 30 miles per
hour st sach of two loeding conditions representing unladen and helf
lnad smpaciti%ﬁa The responges recordsd during thess tests were
then compered with those obtained on identical buses fitted with con-
ventionzl semi=-elliptic springs having linear sharazt@risties;

Detailed reports of these tesbs were issued by Sag (1956 end 1957)
wub bhe oversll comparison based on the m%&m.@f the wvalues recorded

throughout the test speed ramges is given in the following TablecheBela

TABLi. AeGele  AVERAGE PERCENTAGE IMPROVEMENT OF NON-LINEAR SUSPENSIONS

OVER STANDARD SUSPENSIONS FITTED 'T0 M,T.T. BUSES,

Passenger Comfort Fores Tronsmission

Wege Bump Fos, Bump Heg. Bump Pos, Bump

Gregeire Unladen 105% 90% 23% 347
Gregoire 507 Lesd 247 82% 117 - 38%
Dusl Rate Unladen 347 11% 8.5% 11%
Dusl Rate 507 Load 26% zgﬁ' 8457 131

These results confirmed that the "Constent Frequency™ type of
non-linear spring does provide a considereble improvement in performence
over that of the lineer rate spring when the vehicle operates under

lightly loaded conditions, end indicates that this improvement decrsases




with inceressing losd aw

g
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. to be sxpsched,
The table also dndiesies that the reduetion in force branemisgion
end comfert dindiess was far more proncunced with the Grezoire type-

ZUED

-z;z

ension then with the dusl rete type, snd this wae recognised o be
a function of the reduced imbterleaf friction whieh is = feature of this
periiculsr errangsment,

HNeverthsless, the improvements in performence svailable with the
Leylend Dual Rete springs were considered worthwhils, snd in view of
their cheupness snd simplieity of changedver, it wes recomsmended that
these wmits be dntreduced. az gtendard replecements for the conventional
- springs es these became due for penewel, whils they were fitted s

shandard sguipment on all new vehicles.
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FIG.A.B.l, NON-LINEAR SPRING SYSTEMS TESTED FOR THE MU
TRAMWAYS TRUST.






