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- Computer Aide na]ys1§ and Design of i . s
. Off-Road Motorcycle Suspens1ons ,V. ‘ .
N LY ¢
t ¢ ' e\ 3 . [
. “Mark van Vliet ’ . ‘
. . Concordia University, 1983 . e ) )
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i ' s
Ki ‘ In this d?ssertation, a design methodology is deve]oped %0 effee-_

' . ®
tively analyze and improve- the, performance of off-road motorcycle

téuspenéiomsl The methodology ut111zes mathemat1ca1 models which are ,

“

]

i - develdped from basic pr1nc1p1es. A typical front fork and rear shock

.;_. ~ . . s

¥ "+ absorber are mathematically modeled to independently express the-damper

%‘~ Con force eqpations‘and,suspenéiom system characteristi053~4n7both—compression*'L' —

| . . .
and extension strokes. The*damper force models are intended primarily
A v " for experimental verification using existing industrial procedures, whereas

L - + the suspension. system model is used in innovative design procedures. N d

Fundamental 1aws of fluid flow and dynamics are used to develop the

r"(
I

. . * non- 11near express1ons for damper force™ K digital apd an ana1og computer
( N
7 ‘are used for s1mu1at1ng the damper force models of the front fork and

v . rear shock absorber,,respect1ve1y. Laboratory experiments are carr1ed out

PO ’~ to verify the results obtained by simu]ation: 'The results indicate good

-

correlation between theoretical and experimental work.

T ‘ A mathemat1ca] mode1 of the suspension system character1zed by a
, »

., . . second order non 11near differential equatlon is deve]oped The non- A
r11near1t1es in the model include: s1ip-stick motion due to seal friction,

guadratic dampimg due. to the orifices, and an air spring due to the

-

B T L
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,and,an'existing suspension is modified using a set of optimal design

'1ndex is used to formulate an objective function, for each domain, and ;

s
v . B .
n . - ‘ o *
- ; . . . .o “
- . v . K -ii-. . ‘ . v ‘w
o . . R .

’ ) ')_ b" . e : b h - .
entrapped column of air. Theoretical responses of the suspension J///
system for harmonic and /velocity step grcitation are obtained using 2

AR RN . - ,
numerical.integration technique Laboratory experiments are carried out .

and the results are correiated to those obtained by computer simulation. W k
The results show eyceiient agreement. Suspension performance indices

are then introduced’ in ‘the frequency and time domains Each performance e [

. ‘
a numerical optimization methodlis applied. The results are discussed

‘
The pkedicted optimai perfonnance is verified in the labora-

\3
-

parameters

tory using-the modified suspension

The investigation is extended to'ineiude the stochastic response of

rd
g
P
~ e SIS vkt R

8otz Bl ot i

the motorcycle_suspenslone__Ihe_excitatjtuLspectrum_is_ohtahuﬂfiﬁxmm

v |

S

fie] measurements - Once the'nature of the excitation and_system_ modeleis_e
‘khown, analytical techniques for obtaining the stochastic response are ,
reéiewed‘ A-suitable technique (equivalent Iinearization) is selected and
he' performance of various innovative techniques is compared ‘The most
suitable technique (discnete harmonical]y linearized force method) is
/ then applied and the stochastic response of the suspension system 1is
obtained A perfonmancd criteria is fonmulated and: a numericai technique -
is appiied yielding a set of optﬁmai design parameters The procedure .
is verified in the laboratory by comparing the predicted response of the

optimized suspension with the response of a modified hardware model. .
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~ NOMENCLATURE T
—m ‘_“"‘ ‘ ._’ O ' o ' ,-‘\ » ‘ ;
" Ta 7 outer annular diameter, m '
~,» , N 4 N
Anyd flow area at hydraulic stop, m? ' ’ Y
‘ Ad\ it flow area; m? D
Ap ‘ cross-sectfonal piston area, m?2
. ' AL, .
A - " cross-sectional rod area, m* ° -
. . . | o
@ . . Py -
.Atube : s?anch1on tube area, m
. .th : 2 )
Avi, i*" valve ball area, m - oo .
Ay, - orifice area at it Tocation on damper rod, m?
v 3?1 or1f1ce area at ith yocation on_piston, ﬁzw
b 1nner annu]éC diameter, m ,
c . damping coefficient, N—s/m N T
Cy . “orifice discharge coefficient . C C o
d, - i%h orifice diameter, m - ‘ ‘ ‘
. dp diameter of piston, .m ~ !
] dv.“ “ith valve ball diameter, m \ .
1 ‘ ~
D weighing factor - _ ' .
E[ ] expected value of [ ]
f excitation frequency, Hz \ )
f, natural frequéncy, Hz ' ' . ' . /
fp °frequency at which the peak transmissibil%ty occurs, Hz
F fbrce, N. ‘
Fcou11 fork leg coulomb friction, N N )
F gu1dance bearing cou]omb friction, N
coul, )
Fy ‘ damper force, N o T, -
F ground ,Joad, N ' _ ’ , ‘ A
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N
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. . ..

T rd

effective hydrailic stop force; N

spring f‘orc_ei N 3 ‘ T | .
optimal Force, N A . N
peak force; N T . .
fork leg seal gtiction, N‘~ ' ' }_
guidance bear%ng seal stiction, N , )
'trahsmifiéq for;;, N RN o | l:'
ith constraint o R '
Chy flyid height, S o
.\\\\ - . . .
H “~__ binary constant 4 ' R
| H " absolute tfﬁnsmjssibi]ity o ' :
H. relative transmissibility . N
I - performance index S , - . g'i
If frequency doma{n performance i:?e§
Ir‘ ~ranqom domain-ger?ormance index - ' \ o
I, time domain performance index U S '
kK helical spring»constané, N/m .
' ith relief valve spring constant, N/m w
N ii , piston ring length, m . /Jéfv u .
L © Jaminar flqw coefficient, N-s/m ‘ ‘ )
n ‘ nass, kg E o . E ’ 'r /.~~~\\\;? . o
~ . \ - . ™ . :
MRT"  constadt, N-m 0 o o , “ oL
n; ith geometric constant . ' o h ‘;%
p ‘.bressure, Pa o A | . ) T .
ba P ‘pEessure on accﬁmulator sﬁdeggf ﬁistdn, Pa H\ ' . N
Ryt ‘ atmbspﬁeric pressure (absolute), Pa - ' J
: Py _ Qre;fgtg/gn‘rod gide ofkpiston» Pab \
Do .
. . . o ,
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ith control volumé pressure, Pa
‘5nitial'§as pressure, Pa

préé?ure (g§so{q;e), Pa ' f’“
response quantity :
flowrate, m*/s ‘
flowrate tﬁrough piston, m¥/s ! ';
flowrate through ith orifice,\kﬁjs

absolute acceleration power spectrum, m?/s"

", input acce]écation.poﬁer spectrum, m?/s"“.

-

‘Ure1apive displtacement power spectrum, m?
'time, s !

turbulent floy coefficient, kg/m

turbulent flow coefficient for the ;iston, kg/m

transmissibility

lfranémissiﬁi]ity in the higher range .

- peak traﬁsmissiﬁi]it}
ith relief valve displacement, m
preloaded dis%]acement of jth relief valve, m
maximum displacement of jth relief valye, m
qbjective function ‘ '
frequency domain objective function, m

_ modified objective function

time domain objective function, m/s

~initial velocity, m/s | /

*

lower bound on initial velocity, m/s

\ e

-

turbulent flow coefficient for the hydrau]ﬁc stop, kg/m

\

turbulent flow coefficient for the damper rod orifice,_gg(m'

as
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=XVs
w

o3 ’ ) N
upper bound on'fnitial velocity, m/s
volume, ‘m?
initial volume, m’
displacement of mass, m
vector contaﬁniﬁg‘opfimization parameters
iéput disp]aééneﬁf, m . R P
excitation amp]itude,lm’ o,
Tower bound on excitation amp]ipﬁde, m
upper bound on excitation amplitude, m
relative displacement, m

maximum allowable travel, m

o

location of hydraulic stop, m

: \
location of ith damper rod orifice, m
perturbation parameter

-

velocity increment, m/s

. specific weight of the ‘damper fluid,. N/m? .

dynamic viscosity of the damper fluid, N-s/m?

T mass density of thé/damper fluid, kg/m?

a dot represents differentiation with respect to ti
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. CHAPTER 1 o
- INTRODUCTION . !
1.1 Genéral

—~

The popularity of motorcycles has grown steadily over the years.

' :r\\\\\lhjs increase can be attributed to many sources, but one reason for the

—

"groth‘ES\the\steady technical evolution of the motorcyc]e; Motor-
cycles have b;;;;;\Véry\§gphisticated vehicles whichﬁapbea} to a large
cross-section of peop1é,’and like other vehicles, have Ledome more and
more specialized. ,éggi type has its own technical history.* In many
cases technological improvements 1n.one type of motorcycle have ledbto i
improvements in other-types. An example of this proééss is the\?eseng

.

overall improvément in motorcycle suspension design due tocthe developw .

ment of motorcycles speéifita]]y designed for motocross racing.

Motocross involves racing the motorcycle over a clased loop nétura1
terrain course. The terrain can consist of sand; grass, mud, rocks,
clay, silt or a;y possible combindtion of natural environment. The
course cdntour can vary from rolling hi]]sidgs to sqyare-edged'bumps;
‘Motocross motofcyc]es represent a particu]arly interesting type of .
vehicle because they are required to negstiate such difficult ter;ain at
the limits of control while maintaining an environment for the rider
which is not overly fatiguing. The suspension sygtem on such motorcycles
is Qital and its effectiveness is highlighted by the racing environmgnt.‘

Since the early 1970's motocross suspensioné have seen increasing .

* “innovation and improvement. The .benefits of this development is per-
, M ' >

meating the other types°of motorcycles.

.Af-pre§ent, in most of the motorcycle industries, suspension
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.development is carried out based on the sﬁpjective assessment of the
rider in field testing. There .has been very little anaTyt?ca] and/or
numerical work done in this area. It is the objective of fhis
% - _" investigation to establish a computer-aided design procédure hsinp

1

analytical and numerical fechniques. ‘ N

1.2 L{t%;ature Review -

Y

Previous investigations in suspension research include a diversity

PRGNV

" of topic areas. The literature in the area of motorcycle suspension
contributes a small sector in the field of suspension research, however
: . since it is the focus of this investigation it is reviewed as a separate

topic in the following Subsection 1.2.1. Extensive research has been’

performed in related topic areas such as automotiYe, ajrcraft, and rail= -
T~ the concepts presenfed in theoretical work are employed in this investi-
“~gation. A review of the literature in related topic areas is given in

~—
SubsectTon\lfz.Z. . 3

; way suspensions. Whenever possible the methods used in such areas and :
\1\ ,
4
ff
L]
! 1.2.1 Motorcycle Suspensions
i .
{

. The telescdpic front fork found on virtually every mass produced
motorcycle today dates back to the late 1930's [1]. Three other con-

figurations were also popular tn fhe 1930's; the girdeﬁ; leading link,

and trailing link, as illustrated in Fig. 1.1. The leading Iink_degign

was popular on American built machines whéreas the girder design was

~

much more common on European built motorcylces [2]. The linkage designs

employed adjustable friction dampers to céntrS] the relative motion

: between .the 1inks, whe tele§cop1c forks used hydraulic dampers to

control suspension travel [3].~Ihe development of oleo-pneumatic

L4
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suspension struts during World War IT brought significant advances to ’
the industry so that by the mid 195035 the telescopic front fork could
be, found on nearly every production motorcycle [4]. The next two ...

decades saw little improvement in motorcycle suspension until the popu-

larization of off-road racing in the early 1970's [5].

The majo?}ty'og'%he ljteraéure pub]ishedqiﬁ ;he last decade is
descriptivé in nature. Somé articles [6-12] update the enthusiast about
the deve]opmentsfin‘motorpyc]e:suspension techno]bgy, whereas others
[13-16j'supp1y information regarding modMtcations so that the suspen-
sion might nleet the individuals requifeménts. A comprehensjve design
text which includes practical considerations for sdspension design has

*been published by Irving [2]. Ajthough somewhat out-dated, the text

offers the readér an overview of the engineering highlights of the -

. motorcycies from the 1950's. - An -experimental investigation into motor-

cycle suépensio? damping characteristicg has been published by Jennings
. [17].  The damping characteristics of various éuspénsions were recorded

inaavlaboratory and then correlated with test rider results. The
\sign{ficant contribution of the papgr'is the physical insight thained

by correlating the 1aboratory'détq|with rider feedback.
‘- N

The use of analytical and/or numerical fechniques by the motorcycle .

industry appears to be vgry»limited regarding suspension developement.

Harley-Davidson Motor Co. (USA) is reportedly [18] using extensive

computer simulation in the powgr-tréin department, however the}; haven't

been any reporis of suspension simulation. Bombardiér Ltq. (Canadas has

investigated rear suspension geometry [19] with the afd of a desk top

computer. Works Performance. Inc. (USA), a major aftermarket suspension
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component manufacturer, also uses a desk top computer to generate»static
suspension ch;rpcteristics and estimate damping requirements Kbased on
empirical fo;mulae) for individual customer requirements [20] Kayaba
Industries Co. (Japan). manuf;cturer of suspension components used by/

. 4§ L)
all four Japanese motorcycle manufacturers, appears to be the only -

\qndustry emp]oying‘analytic and numerical techniques in syspension
" development. Obata [21] rep0nt§.fhe use of @ simplified analytic model
‘“in conjunction with test rider reports as part of a suspension develop-

/ ment flowchart at Kayabe Industries, however no results are published.

Several investigetors [22-25] have-studieo,motorqycle handling
characteristics as influenced by a yaniety of factors, however only Roe
[26] considers the influence of front fork flexibility. He shows that <
the inhherent lowllateral stiffness of the telescope fork is.the most '
;mportant parameter.limiting the maximum stable road speed. He then

proposes -a leading- -1ink design ssess1ng high lateral stiffpess. Other

) 1nvestigators [2 27] show agreement with his observations. The leading-
o

‘1ink design is commercia]Ty-awailab]e on the aftermarket [28], however

?

it-is not offered on any mass produced motorcycle.

A foor-qegree-of-freedom_model of the motorcycle has been investi-

gated by Black and Taylor [29]. The salient points of the model are:

1) Non-linear geometry.
11) Non-linear damping and stiffness.
i11) Variable ratio of compression to rebouno'oamping.

iv) Limited suspension travel and wheel déflection.

v) Wheel 1ift-off, - S

¥ vi) Tire models which prodoee/gorfiontal‘fonces and roil oyer .

4 /
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Co. obstacles in the sense of behaving 1ike a low pass filter. - ¢
. o o .
They present the results of a computer simulation. However, -this stqdy o .

does not experimentally verify the non-linear parameters or,thé results,
’ \’\ M .

nor does it show the effect of a change in the system pgrameters-on the

response. eCpnsequently, it doesn't propose any desﬁgﬁ guidelines

regarding motorcycle suspension. -

2
1.2.2 Related Topics .

In this section the literature in areas related. to motorcycle
suspension is reviewed. The review is cémprehensive.with respect” to

those ‘areas only in the sense of advances which contributed to this

"}/y
P

investigation. I : . ) : )
. . . Lt _ s . : o . '—\N\

1.2.2.1 Ground Vehicles /o .

\ T -

. .
Much of the Titerature in the area of automotive suspension 11ke

~

motorcycle suspension is descriptixs in nature [BO-QQJ Another major .
" " portion of automotive 11terature is concerned with the handling aspects

of automobiles [33-35]. Un11ke the motorcycle suspension area, there C ) N

[

i
R AT TR B, T A At e e

have been several significant analytical developments in the automotive
suspension area. Lahg [36] has presented a detailed model of the '

automotive shock absorber (damper) as an 1solated_compon§nt§§ Salient .

: - p
points of the model include: .
H ' ” Ce
. ' ‘ A .
i) Compressible fluid flow. o A .

i1) Elastic cylinder wall. . of \\ ‘
A ra -

ii1) Unsteady flow through the orifices. A

iv) Valve dynamics. . _ T ‘ - . :

v) Leakﬁgé flow.

"

. , ) ,
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Ch veh1c1e dynamics s been g1 ven, by’ Law and cooperrider [49] "Other.
G re}evant work re arding the labowtory simulation of ‘ '
‘ ,}ms been publ{shed by erye”r e\/n [501, and Dodds

W W N
o "t..‘ ’"—r

The damper force 1s simul ated on». n aﬁk‘log cunpuge;‘r' md

appHed the Fokker-Planck equation to a non-Hnear veh1c1e*'mﬁe1 to
obtain the exact response to a "white“ road 1nput. The Hmitation .,of
t ese two approaches is that the range of practical problems ;o vlhich
gxact methods can be appHed is very restr’l cted [42] A omnpréheheiveah .

N ..o-,

review of the 11terature regarding automobﬂe r1de quality has been g’ivenv

3

'asurements A comprehensive 11terature !urvey 1n raﬂway

Jx}»‘

rai 1wa§

'«fntroduce a unique ro/ d profiling technique so tha‘r ' partfou\&r
‘way can be us,ed’ a; the: 1np{t‘;‘or the stmsﬁ&s\o\ a c:isa
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. . The optimization of vehic]e'suspensions subject.to random input
is a vast topic in itself, howeven/there are severaf outstanding works

which have been extensive]& used as support work for this investigation.

Thompson [52] has used analog computer studies to obtain the optimal .

ratio of bump to rebound damping rates using an integral-square
criterion. Dahlberg [53]€optimized.yenic1e suspension parameters using

numerjéa] techniques. He has also introduced elaborate performance

»

indices (to be used in the optimization) and demonstrated the

pract{cal-1imitations_of»mu]tizparameten optimization verses conputen '

costs [54].

LY

The interesting possibility of using,éctive suspension gcomponents .

is oeyond the scope of this investigation, however a orief overview of",
the possibilities is admissible. Bender [55] has shown that a reduction
in the rms acceleratton response level of 16 to 1 over passive systems.

is theoretically possdb]e while still maintaining low tire loads: The

‘theoretical advantages‘nerses the practical disadvantages of active

4

suspensions has been:discussed by Karnoppl[56], Bender [57], and Sutten _

[58]. An extensive 11terature review on active suspensions has been
presented by Hedr1ck and wﬁrmley [59] '

1.2.2.2 Mreraft . ™ ' . "

A4

The relevant 11terature in-the area of aircraft studies falls into

I

two categor1es, analysis of aircraft ]énding gear during touchdown,
and during taxying over the runway surface. Habeki] [60] has presented
a detai]ed mathematica1 wodel of aircraft landing gear. A more detailed

modél including the effects of fluid compressibility has been presented

by Wahi [61]. He has used ana]og ‘simulation supported by drop test data

T . -
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e to rerify some.of hie work [62]. Venkatesan and Krishnan [63] have

shown that the application of dual phase damping to an aircraffllanding
gear yields significant performance increases durdng touchdown over ce
¥ fixed orifice damping.. Venkatesan has also shown [64]'thaf non-1inear ¥
¥ ‘ " damping gears are more practical than intrieete, truely 1inear, damping

ﬁ gears. Venkatesan and Nagara have optimized the non-linear‘parameters .

[85] and have suggested the use of dual rate stiffnesses to obta1n

‘&' .
maximum performance “from the 1and1ng gear. *

. The'earliest results of runway roughness studies were presented by

Walls_et al [66]. A very comprehensive elaborationeof Walls work was- N

. ; performed by Thompson [67].' Thompson's paper contains 80 pages of power .

v ] . ' ¢
” spectral- density plots from runways around the world. Houbolt [68] has : ..

e qeer

outlined steps for practical measurement as well as analog and digitaﬁ
roughness simulatioh schemes. Silby [69] appears to be the first inves-
pigator to use an analyfic (1inear) model of the airplane in runway

. roughness studies. A very in depth analysis and simulation hes been -

L R

E

performed by Tung et al [70].- Tung applied numerical integration .- N

routines to a non-linear suspension model to obtain the deterministic

PR

o \

! ot response. He then used a combination of linearization techniques to
obtain statistics of the random response A simulation of'a non-linear . -
model in fhe t1me domain us1ng time histories for input data has been

e

presented by Gerardi and Lohasser [71]

N . . . \
- .
S ~ v !
< ’ )
.
.

- c 1.3  Scope of the Invest;gation

| - . In this investigé%ion, a computer aided ana1ys1sdend design
methodo]ogy is presented The material is developed with the introduc-

tion of mathematical models for the damper units found on the off—road

3 g e
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motorcycle. The remain?ng suspension components in the front suspension .

are also modeled and a suspension system model is formulated.

In Chapter 3 the démper force mode]s are used in both digitd] and‘
analog computer s1mu1at1on.' The resu]ts are compared to in- house Tabora-
tory results. The computer simulation is extended in Chapter' 4&to,the
mathematical model of the suspension system. Results are obtained using
tp; non-linear model in both the frequency and time domains. As with

the damper force model, experimental‘verification of the results-is
carried out in both domains. S N -t

In Chapter 5, performance;criteria are developed in the.frequency:

and time domains based on the jnterre1atidnship of the dynamic quantities

-

of ‘interest. These performance qriter{a are used to formulate objectire
fnnctions in Chapter 6. Suitab1e'numerica1.optimization methods are then
app11ed y1e1d1ng an opt1ma1]y designed suspension in each doma1n The

-optimal des1gn procedure is ver1f1ed by mod1ty1ng an existing suspension
with the\optima11y found design parameters, and. comparing the performance .

in the laboratory with that predicted By tne optimal design procedure.

. ' The ana]ys1s is extended for the stocn\ttlc exc1tat1on in Chapter 7.
The stat1st1cs of terrajn-induced exc1tat10n are measured and presented

The various analyt1ca1 techn1ques and their appTicability to the present»

investigation are discussed{ A suitable technique 1s selected and : , -:

several yariattons of the technique are applied to the proplem. The :
results are compared and the most igitab1e approach is used tdgether with
a: numerical optimizat?pn scheme in order to obtain ‘an optimal suepension
.design based on the stochastic response. The optimal design procedure ./‘

is then verified using a suitably modified -suspension and comparing the

L3
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results obtained in the laboratory with those previously obtained in the

optimization procedbrei Finally, a discussio% of the results, conclusidns,
and.récommendafions for future work are presénted in Chapter 8. To galn
confidence in the computer aided design methodology developed for motorcycle

.su%@ensions, extensive validation of the mathematical models has been

A i J . ‘
carried out with appropriate experimental data. The validation is discussed

T varioge Ghapter; and Appendix IV. .

i
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CHAPTER 2

N l - DEVELOPMENT OF MATHEMATICAL MODELS

¢ . 2.1 Introduction

A ' In this chapter, mathematical models are.formu1ated for the front
and rear suspehéion elements of an off-road motorcycle. The motaercycle
: ' suspens1on normally consists of a teTescop1c front fork and rear sw1ng1ng
armuas shown in Fig. 2.1, Various suspension conf1gurat1ons are pres-

'ently in use, ‘however they all stem from the same basic de51gn. .Table

: . 2.1‘cqnta1ns comparapive data on commercially available motorcyqle

"o . suspensions ﬁuriﬁg the 1980'pro¢uction yéar.
v - %

2 The telescopic front fork typically consists of a pair of frahe
» ’ ° 1nounted stanchion tubes which s]iae.into wheel mounted sliders. 'The
‘ | " relative displacement_is controlled by internéf springiﬁg and damping
units as shown in Fig. 2.2. The spr1ng1ng is ach1eved by a helical spr1ng
' ~\;ria\b‘\wessurw'zed ai[L§61umn. The damp1ng is effected by st1ction (seal -
friction) and the restriction of oil flow through several passageways.
OWhen the motorcycle encounters/a bump, the s1ider moves up the stanchion
. tube, stor1ng energy in the helical spring and air column. At the same
t1me energy is d1ss1pated by stittion and oil-flow restrictions: As
the stider moyes up the stanchion tube, the oi}'trapped beneath the piston
1ifts the piston valve off its seat and passés through the piston. In
addition to the flow past the piston, 011 flows thrpugh the damper rod
orifice due to the vq]uﬁe of stanchion tube entering the slider. The
flow is further restricted at large relative displadements.when the . \

hydraulic stop is encountered. On the return’ or extension stroke the’
4

oil that is trapped above the piston causes the valve to drop onto its ’

.

!

Y

A ’ . \

i : '
*

[.




Telescopic
Front Fork

Fig. 2.1: An Off-Rodd Motétrcycle (Reproduced with
the Permission of Bombardier Ltd.)
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Cross-Sectional View of a 38 mm Marzocchi . .

. Fork Leg

Fig. 2.2:
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" seat, providing an addéd,restriction. e ,

creased cooling due to the inboard location of the shock absorber [72-74]. /a:

_ the external helical spring. Some hanufacturers charge the accumulators

o,

Without exception the réar“suspension consists of a swinging arm

pivoting on a frame member (near the countershaft sprocket) to which

by

the rear wheel is attached. The arc of wheel travel is roughly vertical
as shown in Fig. 2.3, At preéent, sgveral'shock absorber (damper) and

!
spring configurations are used to control the swing arm motion. The

most common configuration is a "dual shock" setup in which a shock

absorber with external spring is mounted on each side of the motorcycle.
The shock absorbers are often cantered forward from the vertical so that
a rising spring rate with'wheel travel is experienced at the rear wheel

[19]. Recently several manufactavers have empldyed linkages to transmit

bl

v

<X

the swing arm motion to a single Shock absorber and external spring RO i
[6;10]. The prinsi{ple advantages of the linkage systems are: increased b
, 3

frame stiffness, decreased unsprung mass, and reduced shock absorbqr

speeds. These attributes are offset by increased complexity and de-

A schematic of several rear shock absorbers is shown in Fig. 2.4,
In order to accommodate the piston rod volume, a gas charged accumulator

or freon-cell is used. These devices provide springing in addition to

to a high pressure (about 1 MPa) to reduce cavitation, howgver this also,
increases the spring pre-load, which raises the static ride height‘of .
the motorcycle. The damping is effected by stiction and the res;riction
of oil flow past the piétén. Typica11y‘thg piston contains a set of |
hydrad]de;31ves which réspond to the pregsure drop across the p%ston"

and the direction of re]ative'velocigy.

-
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2.2 Damper Force Models

In this section, the components which.affect the damping.in the
front and rear suspension are modelled. The objective is to provide
mathematical models which can be experimentally \;erified using?conven- B

e’

tional testing procedures [7].

- 2.2.1 Front. Fork

'w‘hen this dinvestigation was initiated there were a number of

. private discussions with the research personnel involved in the design

AN

¥

and manufacturing of off-road motorcycles at Bombardier Ltd.. .Bombardier

» Ltd. is the only Canadian manufaEturer of off-road motdrcyé]es. Based

on these dﬁ‘scussions, a front fork manufactured by Betor and used on the
1980 production models was selected as the representative unit for this
part of the :'ihvestigation. A schematic of the 35 mm Betor unit is shown
in Fig. 2.5. A]thbdgh.very»simﬂar in performance, the Betor Unit,
differs from the schel;atic of the front fork shown in Fifq. 2.2 because
_it contains two damper rod orifices al;éve the piston (during normal

operation). ' —

In the development of the mathematwa] model for the dampihg
\Fﬁ"actemstms, the effects of the re]atwe]y small stanchwn tube anq
hydrauhc stop areas aré neglected because they do not contrj bute 'to the

response at the intended low excitation levels.

The damping characteristics of the front fork depend on the
nature of the fluid flow through the valves and orifices. As a first .
step in the analysis, the flow of fluid in the front fork has to be

classified as either laminar or turbulent.

\ ! NPy



o [y

amper Rod Ring
o
. Ori fices - /
. -\) . - 4
| ?
o * N ]
- =

., __— Damper Rod

Retaining Washer

Py ston Body

(‘m‘ [
/&2/7
=/
\ /
T ‘ ' - /

Oﬁfices /R'ing '

Orifice

=

\A" [ o ot
—~  Fig. 2.5: -\alving Mechanism of a 35 mm Betor Fork Leg
. 0 i Lo ' ' L

A . L] !
O , ,
N M il M v Pl " .
. N . [ %,
~f. ’ N . ' - B i ' .
: . T ' -
B v ' . » 0
. l +
. . \
[y - . B \‘
4] A \
¥
¢ \
. . " \ .
] ~ v ron
'/0 - - e \\‘,‘., B I
Te N LN/ i
l o v._' . r o "“q ‘é{p

{




AY

»f

<

P S

.
o g

*

c e

N

1

= -
~ —2]- . L4 o
o - M h )
iy ﬁ/ - -~ * ¢ B
N 2 -

Case 1: Laminan Flow Conditions

In laminar f]dw,‘thg damping force jS*generatéd mainly because of

shear1ng of the 011 A schematic .of possible f]ow baths is shown in

Flg 2.6. The oil f]ow1ng through the piston ring has.a much 1arger

-

. area exposed to shear than the area. correspond1ng to the oil f]ow1ng

through the orifices 1ocated in the damp1ng rod. Hence, only. the

Taminar flow through the p1ston is cons1dered A]though the annular

area .through which the 0il flows is not the same dur%ng the compression -

and extension strokes, ‘it remains annular so a form of the Hégén-
Poiseuille eqhation [76]; as shown below, can be used to express the

fluid flow characteristics, (aspect ratio,is 50:1)

- e
PN

’ 2 _ R2)2 )
0= - & () fab - pr - {2em 00 (2.1)
8u de . a
in
. R ° b -
ﬁWheré Q is the flowrate,’

a and b are the respective outer and inner annular .diameters,
u is the dynamic viscosity of the fluid,

d(p + yh) i¥the pressyre difference across the annular section,

-

d% is the e]ementa]-]ength of the annular section.

If F s the force act1ng on a piston of ¢ross -sectional area A

. o

P

and Iength 2. then the fluid f]ow through the p1ston body can be obtained -

‘ from equat1on (2.1): '

)
~ T

_ . nF
% =

.[ Ly bb a2 -
e el - - i
) ’

8u Ap

An
> L
flThe gffect of oil compressibility and container compliance can be

4

' mpdé]]ed T36.61], however their influence on the syétem's response is

(2.2) -

{

-
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i ' usually insignificant. In the literature [38-40, 62-65], the flow of
"0i1 through the damper is normally considered as an incompressible flow.
\If Z is the relative velocity of the piston with respect to'thé slider
body, then by assuming aﬁ iﬁcompressib]e flow, the flowrate caﬁ be

A

4
expressed as:

S o (2.3)

s

By combining equaf}ons (2.2) and (2.3), the force acting on the piston

" (and hence exerted by the fork leg) is: ‘ o Y
FLs , LT e
: . ~ - - ) e
where L is the laminar flow coefficient given by: ;T
. s . . .
) . L= BuQAS/n [a* =b*- {(a%-b2)2/n(a/b)}] ) (2.5)

Referring to Fig:. 2.6, the fluid flows along paths T<ahd 2 during
éompression and only along path 1 during extension. Therefo;e the o
Taminar flow coefficient, L, is different for compression and extension

strokes. Using equation (2.5) they can be expressed asi

Compression Stroke“

. . 2 )
p L = Bp%AS/ﬂ Eg% [é;-b;-{(aﬁ- b%)*/an(a;/bs)}]

where a, and by represent outer and inner annular diameters, respectively,

~

P for the 1th flow path. . os . ' \ e

¢ Extension Stroke ' A .

v LS» - .
. ‘;& a , ‘
L # BueAZ/m [a} - by - ((a}- b1/ kna/p]
. S\

L R R IR T ' "
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Case 2: Twibulent Flow Conditions - h

In turbulent flow, the damping fércevresults from %q; fluid flow -
ﬁthrough the piston and orifices igl}he damper rod. The poésible flow
.path§ are showh in Fia. 2.7. ‘The fﬁow,paths aré in parallel and are
subject to change debending upon‘the relative displacement and direction ';» -
= of relativé velocity. Considering the %;i1y extended™fosition as a datum
for the relative displacement, t;e iocation°of the ori%icég can be desig-

nated.as Z{, Z,, and Z; as shown in ;ﬁi. 2.7. The characteristic

equation for turbulent flow through-an orifice is: ?
Q = C, A* [2(p)/p2 ' - (2.6).
where C4is the Wischarge coefficient of an orifice

A* is. the orifice area
Ap +is the pressurg drop across the orifice

o the mass density of the fluid.

”

"The pressure drop acress the piston can be expressed in terms of

the pressures in control volumes 1 and 2, and the force acting on the .

; piston:

br-p | (2.7)
. P '

l ) ' ' ) .\\
- Assuming an incompressible fluid flow, the total flow rate, Q, out

of control volume 2 can be expressed in terms qf’tﬁe relative velocity

of/the pistoh as:

L.

TR - (2,8)

-

The expressions for turbulent f10w~depend on pjsién positioh and

velocity direction. Referring to Fig. 2.7 they can be obtained as

4
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\\
follows: X C - ’ A
.Compression Stroke R

7 . -

(i) For0cz<l

In this reg1on the f1u1d can only flow through the piston.

Equat1on (2.6) can be expressed as:

,

Q= cq (A, + A,) [2lpp- pu)olt (2.9)

whére A, and A, are the cross-sectional anhular areas corresponding to

flow paths 1 and 2_in Fig. 2.6.

Combining equations (2.7), (2.8) and (2.9), the damping force can

be obtained as:

¢

F=T 22 sgn(2) - (2.10)

where T is the turbulent flow coefficient given by:

3 . .
T. : Ap p : i | o,
2 Cd (A1+A;) . * ¢ - .

)
. 4
R

(11) For , s 2<1,

1

—

" The total flowrate out of control volume 2 can'bé expressed ag;///'

Q=04 +0,+0, | 27T (2an)
. where 0, = Cy (A, + &) [2(p, - p,)/o]2
o
§ tQ, = Cy A [20p, - py)/p2
t : |
Q, = C4 A" [2(p, - p,)/0]% | :

. The equation of flow continuity for the system is:

L} . t
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Q, +0Q,=0Q,

where Q, = Cy AY [2(p, - p et

Combining equations (2.7), (2.8), (2.11) and
equation (2.10): T

\\‘

]
1

= T 22 sqn(z)
where ' ]
Apo.
2°C3 [A, + Ay + {(A} + A5)/(1 +n)hype
o

i ) |
and n, = [(A} + A:)/Af] i -

(iii)‘?or 1, €z <1,

The total flowrate out of control volume 2 is:

Q=0 +Q,
thr; 0, = Cq (A, +A,) [2(92.‘:P1)/0153 ‘
0, = Cy A% [2(p, - p,)/51.
From flow céntinuity:
Q,=0,+0Q, /
wére Q= C A" [2(p, - p,)/o
Q, = €44 [2o, - )01

Combining equations (2.7), (2.8), (2.13) and (2.14)

(2.10) :

o

F=Tz? sgn(z) -

) (@a2)
(2.12) yields _
> .‘ \:,?
- {2.10)

. .
(2.13)
(2.14)

again yields equation

(2:10)
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where

T= )
2 G2 [A, + A, + [AF + A¥1(n,/(1+n )]
and n_ = [AY/(AT + AT)]2,

s

Extension Stroke

Proceeding in a similar manner and recalling that during extension
the total, flow is into control volume 2 and the flow through the annular

area Az\is zero, the governing equation is stili:
F=T2z2 sgn(z) : ” (2.10)

where the turbulent flow coefficient, T, is expressed as follaws:

*

0<zc«< Zl
A3 .
T = _J_p_ o
2 p2 .
) 2 Cd A1 ‘ . o o
Ay ~ ' 1
Zl <2 < Z2 @ '
3 . ' - | K ] "‘r "4"-',’"
T Ap P : ‘ NS

=.2 Ci[A + [(A: + AN /(1 +'n )37

M .'.‘ oy, aKka2 .
where n ‘= [(A] + AJ)/AT]", e

L, sz2<1, : . . .) g
, Aap L = ‘—- : RN
T P , S |

2 ¢4 (A + A7 + AT1{(n,/(14n, ) TP

where n_ = [A%/[A* + A*]]%, >

Summary ‘
' The foregoing set of equations describe the damping force generated
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by the flow of fluid through the &a]ves and orifices in the front fork.

- ' - ’ )
Depending on the laminar or turbulent flow conditions, the form of
equation (2.4) or (2.1Q) is used as the mathematical model for damping
force. This:is accompfished by  checking whether the Reynolds number, Re’

is greater than (Ref No transitional flow is considered and

’ crit%ca]'
the hydraulic diameter of the piston is used as the smallest character-~

istic dimension [76] for the Reynolds number calculation.

- In addition.to considering the damping of the front fork, an
v - -

entrapped column of air above the fluid has to be accounted for in the °
. ' expression for Hamper force. The effect of the air column is that of

a spring working in parallel with the damper.
- *’ - B . . .

The cyclic stroking of the fork:.can be considered to be an iso-

the%mal process. At low pressures, air will-behave as an ideal gas [77]:

‘ R -
BV = MRT o . (2.15) -
' wheré-ﬁ is the absolute ptesédrewdﬁﬁthe gas '
V is the volume - o R
i R f MRT is a constant. '
‘ oL, . o 4 \
- The air column volume decreases 1inearly with relative displace-
P : + ; -t .
ment: - . S ~ -
,] - - 'I _ o "»' . -.) o _
B _ V=V, - A N o | (2.16) =
where V_ is the initial gas volume. - . R
The additional spring force, Fy» due’to the éq;iapped air column. is:
Fk = Ap P, : o o . F2.17)
» ‘:J . -
" Te 1 “)ﬁ c‘
L T T T




b i e e i)

b

o -30-

L v
E ] ! K

. . ~
“Using equations (2.15) and (2.16), equation (2.17) can be rewritten

.,as: - ‘ ) .

4

[ MRT . o
F = [V;‘Z'KEE' - pat] A, o (2.18)

—

To summarize; the models for damper force are: -
. \ ‘

s MRT : , ‘ N
F=lz *'[V;_:_F;? - pat]'Ap y for laminar flow \

'_ : *2 MR? . ‘
F "‘TZ + [vo—_‘—‘Tp? -«pat] Ap for turbu]gnt flow,

~ * N

- »

-

where the laminar and turbulent flow coefficient;{(L and T) take on
values depeﬁding on the relative displacement and direction of relative

velocity.

2.2.2 Rear Shock Absorber

The rear shock absorber modelled in this section is a state-of-the-

art unit manufactufed by Works Performance. The damping is controlled . _

by a piston moVinQ through a volume of pressurized oil. The piston

'\
contains four orifices as shown in Fig. 2.8. The governing equations areé
very similar to those of a front fork except this unit contains a set of:

one-way and relief valves which control the flow through the orifices.

- L

Referring to Fig. 2.8, the first orifice remains open during both
compression and extension strokes while the second orifice uses a check

valve that allows fluid to flow through it only during compressjon. If

. only these two orifices were used, the shock absorber would disﬁ\gy

_damping characteristics very similar to those of the 'front fork. The

R
- v

it o
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principal advantage of this design 1§ due to orif;ces 3 and 4 duriné thev
compression stroke. Orifices 3 and 4 each contain a_re]iéf valve. Tﬂe p
* . relief valves consist of a ball restrained by a prelbgdéd spring. The
.purpose of these valves i:>fb reduce the maximum forge which would be
transmitted to the frame. There are three stages of relief valve opera-

tion. They can be identified as follows:

1)\§The force on the relief valve due to the pressure differential
ac§6§§‘it/is not sufficient to overcome the preload on the spring. In

- this case, there will not be any flow of fluid th?bugh the relief valve.

2) The pressure differential 1ifts the relief valve off its seat
- but the preloaded spring is not fully compressed. Undérm;hese conditions
- the flow of fluid through the relief valve is dependent upon the relief

.valve response. In this case the valve is modelled as a mass-spring-

~—

" damper system.

Ll

3) The preloaded spring is fully compressed and the relief valve -

is fully open. The flow of fluid through the valv

~ open valve ofr upstream orifice, ever has a smaller flow area.
I

¥, . - /

‘f)-
. Extension Stroke”

///// .

During extéﬁsion, only orifice 1 is open. The orifice diameter s
small, so\only the turbulent flow condition is co§s1dered, as given by
eqﬁation (2.6). The piston are;’dur1ng extension differs from the‘areh
during coﬁpresgion due to the rod area. The force acting on the piston

during extension\can be expressed in terms of ‘the piston area, Ap, and

-

rod area, Ar:

F=p, Ap -
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. where p, and p, are the préssures on the accumulator and r?d sides of

the piston, respectively. l

Since Pa = Pp is the pressure drop, Ap,.across the orifice,

. r) .
equation (2.19) can be rewritten-as: -~
« : ) o
© bp=(F- Pa Ap)/(Rg = AL _ . (2.20)
" For incompressible flow: " - ’
- L ] ‘ ) kf +
Q=3 (A - A , . L2

v
- .’ -~

Substitution of equations (2.20) and (2.21) ifto equatﬂpn }2.6) yields:

— T
L] T !

: - 52 - ‘
F=Tz \Eg?(z) tp, A, R (2.22)
- - \\ -1

where T is the turbulent flow coefficient in extension given by:

T N i

_ 3 —-— o
[ -.i_= (AE Ar) p , \ .
5 p2 g2 . .
ch A1
A
. . where ﬁfﬁﬁg;the cross-sectional ‘area of the first orifice.

Tare,

\ . -
Under the assumption of incompressible flow, the pre#sure term in
equation (2.22) simply denotes the pressure in the accumulator. “This
pressure is due to the rod volume entering the shock The| volume of the

ach;aThxor ‘changes linearly with relative displacement as:

'v=v-Az , N (2.23)

8

Assuming 1dea1 9as behavior, equations (2.15), (2.22) and (? 23)

can be combined to give the expression for damper force during extension: -

[

oy \
»

¥

o "r,

L

F 2T 22 sn(z) + [v-l"-’}-T-A—z - pat] A, (2.24)
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Compression Stroke

City:

N
'

" operation are modelled as follows: ) ®

During part of the compression stroke the valves may be neither;

fully open nor fully closed. Hence no explicit relationship between ,

damper force and relative velocity and/or disp]aceﬁgnt is possible.
Instead, the governinghequations can be formulated aétimplﬁcit relation-
i i ‘

ships and are readily handled using computer simulation techniques. .

Recalling equations (2.15), (2.19) and (2,23), the damper force = .

~wcan be expressed as:

™

RSN R MRT a '
F=(py = pp)(Ay.- A+ [:Vo = -‘pat] A (2.25)

. .
o
<

Equation (2.25) i§ solved (imp]icitlyf by recalling equation (2,21)

and expressing the, total flow, Q, in terms of (ba - pb). From tontinu-
v v,, » ".‘ <

' . ®

Q=0Q,+0Q,+Q,+0, } L . (2.26)

where Qi is the -flow through the ith orifice.

The flowrates through orifices 1 and 2 are_given in terms of

4

(p, - pp)as:

Q, = ¢4 A* 2(p, - py)/oT? R ¢ & )}

e
(:::T, o (2.28)

iR -

Q, = Cy AY [2(p, - p,)/e1? .

~

where AT and K; are the cross-sectional areas of orifices ) and 2,

respectively.

v

‘ q. N 5 . ' ! <
- The flowrate through orifices 3 and 4 {is 1mp11tft in. terms of

(pa - pb) and 4relief valve disp]acementﬂ’u; The three siaéés of valve

A
\ i Gy
. K J

S
|




o N . \.
Orifice 3- - I , ‘
b,
% k3 u3 .i <
First stage: (p, - pn) < ——— *
Y . a ,'b A* . .
ER . ~ 3 : N
where ‘ka is the spring constant of the relief valve
A* is’the area of the third orifice
- s . "
Uy 4 is fheapreloadég displacement of the third valve spring.
-, - il . -
,',.\>” " During thi? stage the valve remains shut, thus: . s
Q=05 B o L (2.29)

" Second stage: —1i§ii' < (p; - Db) <3
] A . ¢

3 ,max
. o » C e, i}
u=0) and is determined»bynthe upstream réstriction. The maximum 1ift

u represehts the maximum 1ift of the refief valve (measured from

occurs when the valve flow area equals that of the orifice. From Fig.
2.9: S !

K3
A3 = ndi u8,max

where d, is. the diameter of the third orifice.
since; A% £ md2/4, L

/8 N . !

e ’

“o

v

~

The relief valve can-be modelled as"a masg-spring-damper system

[78]. The equation of motion is giv;n by:

o mgii, + cyuy + kyug = (py - pp) Ay, ; (2.31)
_ where

m, 1is the valve mass

3
-Gy .is the damping coefficient .= "
Z;qs is-the valve displacement . - .

Ay, is the valve ball ‘area.
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The flow through oﬁfi ce 3 may be expressed as:’

0, = m,u,Cy [2(p, - py)/el? o L o(2.32) -
& ' : ’
o ky(uy g+ u )
Third stage: (p'a - pb)vk : 3'1,\* 3 max
. A
3
- ) Thje valve is fully open in this stage. TRe flowrate is given by:
: \” - N ) Y
Q, = ™, o Gy (206, - py)/el® (2.33)
T -
Orifice 4
The form of the flow equations governing the fourth orifice are
E ) jdentical to those developed for the third orifice. " They are;
? ‘ .
/ \-\ Y ku Uy i ' '
First stage: (pa - pb) <
. ] R,
. : . where ) N _
' . * _ k, 1is the spring constant of the relief Valve
‘ AR 3: is the area of the fourth orifice
. U, is the' preloaded d1'sp1acément of the fourth valve spring.
- ' : ’ ‘
Q, =0 (2.38)
‘ : ' k, u ‘ k. (u +u ¢
. Second stage: UURLTS B pp) "< Al v fhax)
0 A* a A*
b b oy /
B, ) . . .
T L mily ey K0y = (- pp) Ay, ‘ (2..35)
where — . T
| . ¢
\ . i.r my is the valve mass Lo - C
¢, s the damping coefﬁp1ent. ¢
R u, ‘is the valve d1splacement- - ’
N
[ e I
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> @ e
v . ° -

q, = d,u,Cy [2(p, - pb)/p];",-~ , (2.36)

o ' k,(u, 5 +u )
Third stages (pa - pb) 3y el oMAX

A,
= £ ., -3
Q, = wdyu, oy Cq [2(py - Pp)/e] (2.37)

To summarize, the rear shock absorber model in compression;
. %y
equations (2.21) and (2.26), are used to express the flowrates in terms
¥

of the relative velocity. Flowrates through the first and tiond

orifices are given by equations (2.27) and (2.28). The flowrate through *

the third and fourth orifices are implicit in (pa - pb), u,, and u“.‘ :

Using.an iterative procedure, équations (2.29), (2.31) and (2.32), or
(2.33) are used for the third orifice, and equations (2.34), (%£35) and
(2.36), or (2.37) are used for the fourth orifice. Once (pa = Pp)s U,

and u, are known, equation (2.25) is solved for the damper force.

2.3 Suspension System Model

To study the suspension system, a Tumped mass analysis is

'typica11y performed [35,79,80]. In some of the previous work [35,81,82]

tHe susbensioﬂ parameters are assumed linear. In this manner the totél
vehic]e.responseﬁis obtained. Unfortunately, the Tow exditatioﬁ re-
qa}kement of the linearized model is violated as soon as realistic in-
buts are considered. In fact, it is the strong nonlinear nature of the

suspension components (i.e. hydraulic stop and air column) which prevent

damage to the machine at high excitation levels [64]. In this investi-

gation, the nonlinear nature of the various components is exploited by

modelling the front susbension system as a single degree of freedoﬁj

wn
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system with nonlinear elements. The sample fork used in the modelling -
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procedure is a 38 mm diameter fork manufactured by Marzocchi.

a

Die th théigrowing popularity of the Marzocchi fork in the current
proguction models, it is juéttf}able,to use this unit instead of the
Betor fork used in the Hamper force model. It shou]d be noted that the
performance of the Marzocch1 and Betor units is similar, a]though the

units have dimensional differences.

Theﬂsystem can be modelled with linear and nhn-]inear elements as

shown in Fig. 2.19. The mass, m, represents an equjvalent mass due to -

the~}ider'and vehicle, realized at each fork leg. However, in pract1ce

the effective mass is not a constant, due to the rider ‘dynamics. A

" constant effective mass reflects ideal suspension operation. In this

investigation, a value of 1/6 the total mass kvehié]e and average ridér;
JOO kg + %3.kg) is used in the model. A helical spring, generating a
restoring force due to its stiffness, represents the linear E]enent in
the model. The non-linear elements are: the pneumatic spring due to the
pressurizéd air column, the coulomb friction due to seal striction, and

the damping due to. the restriction of oil flow.

Referring to Fig. 2.2, it is etideht that there are two paths fgr
0il flow: flow through the valve in the p1ston and flow through the
damper.rod orifice. The latter flow is 1ndependent of the former and
depends only on the volume of .stanchion tube entering the slider. The
effect of these tyo independent flows is that of two non-linear dampers
acting in pg?allel. Since the intended excitation levels are much higher
than those of the Betor fork model, only turbulent flow cond#fions are
considered. The governing equations characterizing the force generated

due to oil flow are similar to those of the Betor fork. Referring to
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the flow schematic shown in Fig. 2.11, the damper force will bg given by:

PRy = Pt A Pt R . (2.38)
where - . .
Ap and Ay .o are the cross-sectional areas of the piston and

stanchion tube, respectively.

Fk is the force due to the compressed air column. T

-

] /
Assuming an incompressible fluid flow, the f{gy/thﬁéugh the piston, Qp,

and Ehrough the damper rod orifice, Ql,’Ean be expressed .in terms of

- the relative velocity as:
5 L) :

"

Q= At - . (2.39)

Q. =A (2.40)

1 tube?

Compression Stroke

/
During the compression stroke, equation (2.6) describes the flows

-

as: k
0y =g (A, +A) 26, - )00 ,.
( : . (2.41) ,
Q, = Cy A, [2(p, - py)/ol )
Combining equations (2.38) to (2.4]Vyields: b
= .2 . .2 [ ] .
F Tp 2% sgn(z) + Tor sgn(z) + AcubePs t Fi . (2.42)

~ where T_ and Tor are the turbulent flow coefficients for the piston and

P
damper rod orifice given by: : N
\ *'/ . N

3
Ap p i 4

T2 (h, A
£ Y 1 2/ - 2

o

A} - .
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.During the extension stroke, thé piston valve restricts the flow

of ofl through the piston. Equation set (2.41) becomes:
3
0, = C4 A, [2(p, - Py}l

g, = e A [2(p, - )0l

(2.43)

Combining equations (2.38),-(2,39), (2.40) and (2.43) once again yields
equation (2.42) with the exception that the turbulent flow coefficient of

the piston is expressed as: . -
A3 ‘\
T = P
P2c5A2

3

The equation for darﬁper force, (2.42), cor;tains four terms? The

first two terms depend on the square of the relative velocity and can be

_1den}if1‘ed as non-linear damping terms. The third and fburth terms are

non-1inear stiffness terms.
. Considering the contribution of the stanchion tube area, equations

(2.16) and (2.17) become :
V= Vg - (A + Auype)2 (2.44)..

(2.45)

¢

Recalling equation (2.15) and applying equations (2.44) and (2.45)
to (2.43) ylelds: ‘ ‘

LY, v e reronemeany
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, F.z (Tﬁi:ror)zzsg"(z) * [Vo - (Ap+Atube)z } pat](ApJ'..Atube) L (2.46)

A hydraulic stop (Fig. 2.2), is used to reducé the possibility of

the fork bottoming at the end of the stroke. The hydraulic stop acts as

. .an additlional parallel damper at large relative displacements. -If Zc is
the critical relative displacement above which the hydraulic stop is

effective, then its damping force is: -

- N .2 L]
B thd = Thyd 2% sgn(z) ' . ~ (2.47)
A3 o) ? )
T = tube for z >1
. hyd 2 2 A2 c
d "hyd

where Ahyd is the flow area at the hydraulic stop.

. Thyd = 0 , , f’or-z<lZC

i c s
o AR YR P Ot

o

In addition to the damping due to the restriction of oil flow, .the
fork contains seals which exert a stiction force. ,This stiction ean __
" be considered t§ be a s1ip-stick mechanism in the model [83]. The
' mechanism requires the system'exdtation and response to be identical for
an inertial fo.rce‘less than t’he breakaway seal friction force, i.e.
Imy]| < Fooul g The governing equations- of the system in the sticking mode

are:
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_For inertial force greatér N
: e b %
system is in the sliding mode. The stiction is modelled as coulomb

friction depending on the sign 6f the relative velocity, z. Since

numer1ca1 difficulties arisé when z is zero, the stiction is modelled —////’//

as viscous damping for.small z [84].

.
o, . / |
Fseall Fcoull sgnz] for |z] > € ! . )
, . (2,49)
- . {Z ‘ ’ . |
Fseal1 B Fcou]1 (a) . - for IZL <€ o
where . : o
Fcoull is the coulomb friction force .
€ is a small predetermined velocity..
Recalling equations (2.46), X\;:” and Fig. 2.10, the governing .
. 5 # .
equation of thé system in the slidingiode ([mk|> F ., ) is:
_ — 1 -
o 2
mx‘+ [Tp *To* Thyd] sgn[z] + FSea1l
B ) - (2.50)

 MRT >
+ kz + [ - -p ] (A .+ A )=0
' v, ‘(Ap t A ubelZ at | ‘7p  “‘tube o

A

To -summarize, equation (2.48) or‘(2.50) is the governing equation
of the suspensidn system model, depending on whether [mx| s less than or
gre;ter,than Fcou] , respect1ve1y In the latter c?se, the m:gpj;u es
T Seall‘depend on the relative velocity according to equations
(2.43) and (2.49). In addjtion, the magnitudé of Thyd depends on the

relative displacement as given by equation (2.47).
[N v

2.4 Summary ' . ’ , o

In this chapter, a typical front fork and rear shock absorber are

'

an-breakaway seal friction, the ' o
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v ma/tlwmatfca]j'ly modelled to 1ndépnén$1ent1y express the damper force -

. Q :
equations and suspension system characteristics, in both compression and

extensién strokes; The damper force mod\els"*are intended primarily :fo'r
expe‘rimépta]/ verificatiohsing existing industrial pr‘qcedunes.., whereas
the shs’pénSio:#modé] serves in innovative des»i"gn‘procedures which will -
§/| — be}(ntrogiucedwin subsequent ;:hapters. Fundamentatl laws of f]\uid f16

| and dynamics are used fo,.deve]op the qon-1inéar expressions for dampt'ar'
force. The analysis- is extended to a ;uspension system mbdel‘in which

some OF the components -age represented by the developed expressions

& \ o
T & . .
) . whereas others, such as mass and helical spying stiffness, are repre-
?f von . -,
Sy sented by idealized elehents. e
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"CHAPTER 3

: ' . - COMPUTER SIMULATION AND EXPERIMEN'TAL VERIFICATION

OF DAMPER FORCE MODELS . :

3.1 Iniroduction

.

. In this‘ chapter, the ‘damper force models are s_iniu]ated on computer-
and verified through Taboratory tésting. The forly{ mode 1'§ simq]atéd on
a &igw’tal computer, whehreas the impl‘icit natuv:e of the rear shock absor-
bef‘ is simulated on an analog computer. In e{ach/ application the objective

is .to estab]i"sh the validify of the non-linear 'da"mper'force models.

/

In both -the front fork/ and rear”shock absorber” simul ations, the
excitation and testing confiqurations are those presently 1‘n‘us'e by. the
indusg:ry (17,30,32,36,75,85]. "A sinusoidal displacemént input of con- _
stanf amplitude Qas selected as the input excitation to one end of the
suspension with the other end assumed to be’ fixed. The helical spring &
elements aré removed so that the damping cbmponent -i‘s 1soTath as mu'c'h' as ’
possible from the remainder of the suspension system. Fér this purpose,
in the test rig, one end of the damping compqneﬁt is fixed to a load cell
while the other“end is driven by a sinusoidal displacement signal. The
amplitude and frequency are varied to obtain damping characteristics
over an excitation range. The measured quantities are relative displacé-
ment or velocity, and transmitted force. The displacement or velocity is »°

‘ plotted against the force, resulting in Lissajous dfagr_qms .ai;"‘s'hownr.in

Fig. 3.1.

ot

‘
XN
e 7

The choice of using displacement or velocity 15 ddpendéﬁ"ifupon the
aspect to be investigated. The force vs velocity diagrams, known 1as

"characteristic diagrams" [75,85], are suitaiﬂe' criteria for investigating

. . N
3% 1‘; ' 0t -
fahid ' o « o -
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heat fade, hysteresis, and other frequehcy dependent quantities. Ideally

. the velocity and damper force should be in ph4§e, hence the diagram tends

to be difficult to use. For ideal damping, the displacement and damper

- force are 90 degﬁées nut of pha%e. When these two quantities are plotted

adainst each other, the details of the damping characteristics are much
more vivid. If‘ve]ocity dependent quantities. are desired, they can be
measured directly from the force vs disp]acementv(F-D) diagrmns‘because
of the sinusqidal nature-of the @otion.“ These F=D diagrams are widely
used in industries to compare the performance of suspension damping com-

pbnent; 17,30,32,36,75]. Referring to Fig. 3.1(a), the horizontal axis

represents the damper stroke (displacement) and thg_ye§tica1 axis in-

dicates damping resistance. The top half quthe'performance chart
represents damper force in compression whereas the lower half indicates

damper force during extension. .

3.2 Computer Simulation

® 3.2.1 Front Fork

. The damper model presented in Section 2.2.1 is highly discontinuous

in nature. A digital computer was used for the simulation. Equations

-

- (2.4), (2.10) and (2.18), along with the velocity and displacement

’ dependent expressions for the laminar and turbulent flow coefficients,

L and T, were programmed on a Control Data Corporation Cyber\172/2
computer. Amplitude and frequency were the independent variables with
. .

damper force as' the dependent variable.

-The results were plotted as F-D diagrams.” Typical output plots

are shown in Fig. 3.2 and:Fig. 1*3. A complete set of results is listed
< i .

\

in Table 3']V The validation of the dynamic quantities of interest is

)

)

" discussed in Appendix IV. , ' o
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3.2.2 Rear Shock Absorher

The qampé} model presented in Section 2.2.2 consists of a set of
discontinuous equations. The manner in which the equations interact is
shown in Fig. 3.4. The 1mp11c1t nature of the mode] is amiable to analog
computer simulation, Subsequently, an EAI 680 ana]og computer was used"-

for the simulation of a rear shock absorber.

The differential equations of motion were rewritten, solving for
the hightst order derivative. The equations were then used for drawing
an unscaled compyuter diagram following the General Method [86]. The

unscaled analog circuit diagram is shown in Fig. 3.5. ——

The maximum anticipated values of the physical parameters were

estimated. From these maxima, appropriate scale factors were introduced
© '\
into the system equat1ons and the c1rcu1t e1ements to form a scaled

S c1rcu1t d1agram\b The sca]ed circuit was then/patched on an EAI 680

/
computer.

.
A static check was then performed. The check consisted of a

-

program check and a circuit check. The program check consisted of two

b

sets of ca]cu]ations;‘pne based on the original equations‘and the other

on fpe program. The results from the two sets of calculations were
compared and the ﬁpproprfate &frcuit corrections were made. A circui; cReck

“was then perfo:ped. The initial conditions were established and the .
amplifier outputs were measuqed.‘.These outputs were compared to previous-
1y calculated values, and patching corrections were made. The scaling
factors, scaled circuit diagram, popentiqnéter and voltage settings, and

statfc te! ta are given in Appendix I.

To effectively use the scaled variables, only the exciﬁation
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2P ] 7= 2(T0) EQNS (2.21, 2.26) N
. : Ql
T — : > Q= u(op) EQN(2.27)
- “ . Qz
! Q: = Q.(ap) EQN (2.28)
| ” Qs = 0 EQN (2.29) - Y
1 03
4 0; = 0, (4p) EQN (2.33) |—»
: Q; = Q, (4p,u,) EQN (2.32)
% U = u; (4p) EQN (2.31)
. 8, = Q, (Ap) EGN (2.38) pr—mme———im
(v : :
’L /‘?‘J“ * v N
i | (S ® Q.
.E 3 ‘ , o -
i | G, D Q=0 () BN (2.37) > ¢
¥ : O
. no Ap
Qy = Qu (4p,u,) EQN (2.36)
4 u, = u, (AP) EQN (2.35)
1Y z' . ) ‘
—h—= n =1 F = F(z,2) EQN (2.2¢) |
‘ 4 -' ' |
" — 7= F (a.2) B (2.25)
" Fig, 3.4: Flowchart for the Rear Shock Absorber Model u
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F-D-diagram on a X-Y plotter. The results are shown in Fig. 3.6 and 3.7,

-59-

frequency was varied in the simulation. Each response was recorded as a

anq’in tabular form in Table 3.2.

\
3.3 Experimenﬁ31 Verification

The experimental verification consisted of isolating the front fork_
and rear shock absorber from the remaining éugpengion components (i.e, h
mass and helical spring). Tﬁis was accémp]ished by fixing one end of the
damping component to an inertial frame;;nd driving the other end with an

input signal.’

¥ . N -’
The test rig consists of an electro-hydraulic shaker driving one

end of the fork leg, or shock absorber, while the other end is fixed to

an inertja] frame through a load cell. A pictorial view of the test
configuration is shown in Fig. 3.8. The shaker employs displacement and
servo-valve feedback so that stable inputs are poSsib]e at low excitation
levels. It was manufactured by International Scientific Instruments/Ling

Co. of’Japan. The damping force is measured by a Kyowa 2-ton capacity

load cell. The Kyowa unit uses a strain gage piezo-resistive~circuit

with 2v AC bridge excitation so that a reliable signal is produced eveén

near DC levels. The signal is\amp]ified and conditioned using a Multi-
metrics Tow pass filter with a\B?er frequency of 100 Hz. The signal is ;%§
then displayed on a Tektronix 5031 séries oscilloscope. The X-Y digplay |
mode is used with displacement and force plotted on the X and Y axis, .

respectively., The resulting F-D diagrams are recorded by Polaroid camera.

A~ .

3.4 Correlation of Results

A}

' \
For sinusoidal excitation, the peak damping force is generated at

mid-stroke. The peak damper force may, however, occur elsewhere due to
\Q -

%“

s ..




e m&"mava\mm‘m

C e e

FEE N A

LR

;

i

!
!
‘j
,
kY
;
¥

[
.
a

-» - E
!

e

SO P wWwnN -

Tt s Aaeae

- s

Load Cell

Fork Leg .
Electro-Hydrdulic Shaker .
Signal Conditioner ' ‘
Oscilloscope- . . .
Inertial Frame . .

Fig. 3.8:

dy

i

sty

- L S I
B s ke -
. e g% LRGN A U TAD S r;w,‘

B [ o P

<

L ‘
e
)

~

Pictorial View of Damper Force Tgsiing Configuration

5 - N
n
.
.
+ a
F !
[0 .
B 'ml,w
Jo
. 3
4




3

|

-61-

the skewness of the F-D d1agram which results from the compression of the

entrapped air column or“accumulator. Since the damping force is the pr1n- -

ciple quantity of ‘interest, the peék to peak damper force measured at mid-
stroke is used for correlation. ‘

'3.4.1 Front Fork

The experimental results corresponding to the simulated piots'in

Figs. 3.2 and 3.3 are shown in Figs. 3.9 and 3,10. Qua]itative]y, the, - '

theoretical and exper1menta] F-D diagrams appear to be very simiTar. ’Ree*‘

. OON
ferring to F1g i3, 2(a ) the skewness due to the air spring can be noted.

°Des1gnat1ng the forces at the extrem1t1es referréd to the indicated datum

as A, and 4, , the .contribution of the air spring is clear because of .
L 3

.these points the velocity (and hence damping) is zero.

Quaqtitatively, the 'experimental and\fheoretica] results a]ong-with°

& their ﬁercentage errors are listed in-Table 3.1. The peak'to peak force

-
~

-—(AF inp Fig. 3. 1) is generated at a part of the F-D diagram Teast 11ke1y

to experience transient behav1or. The steady state nature of the fluid

s e
flow equations used in “the damper fprce model development makes AF a
fogical choice for comparing simulated and experimental gésq]ts. "The,

differences in the F-D diagrams, ob;ained by simulation and experiment,

+in particular the behavior near the’ endpoints {zero relative velocity),

is due to the“omissioﬁ of compressible reversed flow, valve dynemfcs. and
other transient inducing considerations in the mathematica\‘_?del How-
ever, noflw1thstand1ng qualitative d1fferences away. from the point at
wh1ch the damper forces are measure AF is a suitable quantity for val—

A
idating the damper force behavior. A\discussion on va11dat1on and the

validation procedure used for the damper force models in this investiga-
tion is presented in Appendix IV. The [percentage errors.were less than
2 percent for the constant amplithde rugs and less than 1 percenf'for the .

fonstant frequency runs, with the exception of Fig. 3.3(b)

¥

-

e
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3.4.2 Rear Shock Absorber

f‘ .

. The experimental results corre‘s‘p‘o.nding tq the simulated results in
Fig. 3.6 and Fig. 3.7 are shown in Fjgt 3.11 and,Fig. 3.12. Qualitatively,
. the two sets of data areein goad agreement. Thé\skewness due to the gas .
charged chamber can be noted in both cases. The peak to peak force
va]ues\aﬁe listed in Table 3.2. The percentage error varies from 1.7 to
13.3 percent. The error follows an interesting pattern in that it de~ '
c“rfeases wi_th stroking frequenéy. This pattern is due to the omission of

a seal s‘tiction term in the model. The decrease in error at tﬁe higher

frequencies is expected because the damping forces will then be dominant.

&

Further compérison between the theoretical and experimental plots
- reveal two more minor discrepancies. Referring to Fig. 3.7(a) and '(B“),
. the operation of the re“H-ef valv;s‘ is clearly distinguishable by the'{lips
’ in. compression (upper) part of the F-D diagrams. Unfortunately, this.

) high frequency phenomenon was filtered out in the recording of the ‘ (

corresponding experimental results (Fig. 3.12(a) and (b)). In addition,

Pt

the F-D diagrams.obtained from exveriment contain a dip at the

extremities (indicated by an arrow in Fig. 3.11(c)). This Was due to

P e v
K

compliance of the clevis mounts in the shock absorbel; test rig and was

g not accounted for in the computer simutation model.

3.5 Summary

In this chapter, the damper ‘force models described in Chapter.2
were verified using laboratory, testing techn1qu§s. The theoretical
R ~'r:es'ponse of the models was obthned by computer \simulation. A digj_ta]

) and a'nalog computer were used for the front fork' and rear sho}ck absorber, ;

respectively, The results were préuntcd in the form of p]u[gs@‘md .

JIE |
.
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"tabular data. The experimental téchpiques were described and the results : .
'correlat’:d to those obtained by computer simulation. '
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CHAPTER 4 .

COMPUTER SIMULATION AND EXPERIMENTAL

VERTFICATION OF THE SUSPENSION SYSTEM MODEL
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CHAPTER 4 e WS

"COMPUTER SIMULATION AND EXPERIMENTAL -

"~ VERIFICATION OF THE SUSPENSION SYSTEM MODEL

4.1 Introduction

In this chapter, a computer simulation and experimeota'l veri fication
of the suspensioz system model described in section 2.3 is performed.

The experimental veri ficafion of tho suspens1on system model -1s based on
_ innovative new techniques, as opposed to the conventional test methods

used in the damper force model verification

4.2 Computer Simulation

The governing equations of the suspension model; equations (2.48)

~and (2.50), and coefficient expressions; equations (2.42), (2.47), and
(2.49), were programmed on o\,VAX-H/780 computer in FORTRAN. The results

- \

were plotted using a CalComp drum plotfer. The response surfaces were

 plotted with the afd of a hidden-line algorithm [87].

: ) 4.2.1 Simulation in the Frequency~ Domain

In mechanical systems, frdquency domain characterjstics are often

; ; given in terms of the system transmissibility [88]. The transmissibility
E - \vf a system under sinusoida excitation at a given frequency is the

ab olute ratio of response am Htude to excitation amthude The a0
var?\t\ion of the transmis‘sibﬂ ty wi}h excitation frjoquency is the transl-
missibhility characteristic of the system. It is independent of& excitation
amplitude only if the system is linear. o

One method of simulating the non-linear suspension model in the | \

\ ~
frequency domain is to yse an equivalept.linearization techntque [88].




X

‘curve breaks at a frequency:

-69-

* g
STep

However. it has been shown [89] that large errors are introduced when

, this technique is app]ied to systems containing velocity squared and

'coulomb damping. Since the suspension model contains sizable amounts of

velocity squared and coulomb type damping, an alternative method of

" S
solution was used.

-

The sysltem equations are solved as an initial value problem under
harmonic excitation. A predictor-corrector integration scheme [90] is ‘
used to obtain the system response. When steady-state is reached, the
amplitude ratio (in this case velocity ratio) is stored. The routine is
restarted at an incremen%ted excitation frequency using the steady-state
values as initial conditions, in order to minimize the settling timé]. \

In this manner a2 freguency sweep is performed and the quantities of it

terest are obtained.

The system transmissibjlity curve for a specified excitation
amplitude is shown in Fig. 4.1.~The flat portion of the curve in the
I

low frequency range is due to seal stiction (i.e. equation (2.28)). The

- 2:v13 ’ ° ) ’
f= [Fgy,/4mnY] A (4.7)
where Fcou] . {s the value of breakaway seal stiction
m {s the system mass o ©

Y is the excitati‘on' amplitude.

Above this frequen;:y the system behaves as a 1ightly damped system
(equat1on (2.50). Since the break frequency can be located on e1ther~ side
of the natural frequency, the exc1tat10n amplitude is an inf) yent/ fal

factor in the performance of the system. The transmissiMth

[
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characteristics of the suspension are more fully represented by plotting
the TR vs f curve against Y. The resulting response surface is shown in
Fig. 4.2. The dependancy of the break frequency upon the excitation

{
amplitude, and its effect on the peak transmissibility can be observed

in the figure.

4,2.2 Simulation in the Time Domain

In the time domain, the system response to a displacement or ' 7#

velocity step is a paramount design consideration [91]. As in the case of

freqhency domain simulation, the system equations are solved using an
“)1nitia1 value routine [90]. A step displacement or velocity is used for

the initial condition. The response to positive and negative displacement

steps 1s shown in Fig. 4.3. The diffgrenée in the compression and

eiténsion va]ues is due to the asymmetric nature of the fork. In actual

operating conditions the velocity'step is a more realistic input. An

off-road motorcycle .travelling on g»typica1 terrain often encounters

repeated jumps of up to two meters yithgyt loss of rider control. If

both wheels contact the ground simultaneously, velocity steps of up to

6.3 m/s are realized. The response to various velocity steps is shown in

Fig: 4.4. The two design quantities of interest during the response are

transmitted force and relative‘dfsplacement. When these quantities are
i’ . 1

plotted for specified velocity steps, Lissajous diagrams ds shown in .
Fig. 4.5 are obtained. These diagrams‘can be interpreted physically as
follows; referring to Fig. 4.5(a) and Fig. 4.8, the force transmitted
along path 0-1-2 occurs‘dur1ng thg ft(st quarter period of ;he"response
(initial compression). Path 0-1 is determined by the initial velocity
;nd.seal stiction. For higher velocity iteps. the path 1-2 suddenly

[T
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- *~ " {ncreasés when the hydraulic stop is encodhtered (Fig. 4.5(c)). Patﬁs
J f ' 2—3 and 4-5 are due to seal st1ct1on and path 3-4 is the.system response, .
e ' Huring rebound (extension). The peak trahsmitted ferce 11es a1ong path

N 6-1-2. Since in the time doma1n the quantities of 1nterest (peak. force .
- and maximum relative q1splacement) are generated during the first quarter
period_pf’the responge, only path 0-1-2 needs to be plotted, to obéain the ~-
principal cha}acteristiés of fhe response. In praétipe,.the‘suséensidn
= - must ?eqund\to a range of’inputs: Hénce:the time dowain4fharabterisgic§

are better represented by the response surﬁqqe sho@g/jn/Figz-4.6.

4.3 Experimental Verification

4

.

‘Experimeﬁtal verification was.carried outloA the sdspeps%on'model
~-using a test rib similar to that used f; Yerify the_damper fdrce mogtls
A i ) ‘(Section'3.35. The test rigs differ in-that tﬁe former_rig conpéined N
' ~T)?ﬂy damper force components whergas the:presenf rig utilizes dampers,

S .

springs, and a mass. An additiqna} difference js that a 38 mm Marzocchi

“fork 1eg°is used instead of the 35 mm Betor fork 1eg used préviously.

- ¥

o . A §ing]e degree of freedom hardware modé1 was used to verify the
‘ .u. results obtained from computer simulation. The test rig consists of
~-a 38 mm fork leg, with internal heiipa] spring and éhargedvhjr vo]ﬁme;'
‘mounted between a'mass and an e1eétro-hydrau1ic éhak;r. The amount of

mass used (28.8 kg) was determined by measuring the static deflection of

S Y

an off-road motorcycle with an average size rider on board. ’The‘in-

strumentation consists of acce1erometers mounted on the base and mass.

- P

The signals are disp1ayed on a Phi]ips oscil1bscope with storage

facilities. A pictoria] view of the test configuration is shown ik .

Fig. 4.7." To provide guidance Top the mass; a set of linear bearings : o L'
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" ~ with w1ﬁer'seals dre used. Unfortunately, the seals introduce stiction

of “the - saé% order of magnitude as those of the fork ,
) \o~ 'b’ﬁ‘ . ‘- . . ¢ L

CorreTatton of Resu]ts

s

4.4

— TN

5

The governing equat1ons presented in sect1on 2 3 mode] the f: nt

wsuspensjon of a typ1ca1 off~road motorcycle The test rqg described b
the previous sect1on attempts to do the same except that the rig 1ntro-

d0ce5'an add1t1ona1 st1ct1on mechanism in the suspension.* In order to

Ji‘obta1n good corre1at1on between the computer and experimental resu]ts,;

~

‘the mathematical model was modified to 1ncorporate the additional stiction
mechanism. ' C ‘ ' ,
) y' ~\A “ ‘. - . ! i " P B} - : e

.The additional _stiction mé&han1sm’d1ffers from the sea] friction of:

"the fork 1eg because of its dependency on the sign of the absolute

¥

ve]ocﬁty x. instead of the relat1ve velocity 2. Des1gnat1ng the break-

away forces «in the fork seal. and gu1dance bearing.seal as Fcou] and .
Feoul, : respectively, equations, (2. 48) and (2.50) become ;oo
g . . \. X . . é . ,,‘ . \‘
_ 11-. |mx| < Fcoull Fcou]} | - . .
o P "‘ \ ) “ N s ) . - ‘ ‘
4 . .o l ) [\ “ ‘ e” i
X =Y. " . (4.2)
‘C‘ \.‘ ' X =y
) ]mx1 ; Fcou11 f Féoy]{ > .' R R o
. '.mx:fL[Tg +"T -4 Thyd] 22 sgn(z) + Fsea] Fsea12 Do . X
C kg | MRT -' .
+ kz '+ [ — p ] (A + A ) = o (3.3). .
T .,Vo“ (Ap + A, be)z at tube : o
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= -m- .o . . ,
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W By, = P, RS ae )
. N . g . N . » ' .
for |x| < € e N

} . ‘-Fsea'lz = Fcou]zr'(ﬁg)

4.4.1 Fre@enc_y Do

« i ) ' l i R R ! PN
The computer sim/u’llation was re-run incorporating the additional

sti‘ttion mechanism. In the laboratory, a frequency sweep at various
P S

. " ’ l
.amplitudes was performed. Both sets of results are plotted in Fig. 4.8.

The non-1linear ‘nature of the suspension is evidenced by the strong '

dependency .on e>g<:1tat1on amplitude. . There is good agreement between the
* [ 4
A.eesu1ts obtamed through computer s1mu1at1on and those obtained in the

n‘wgratory. S : . " ’ ‘:

o e

n e e

" 4.4.2 Time Doma1‘n . o .

~ [ .

V)

In the time doma1n, a d1sp1acement step was used instead of a.
velocity step because of the physical Hm1taj:1on of the shaker test
facility which cannot produce a suitable range of ve]oeity steps. Sinee
the damping charactemshcs of the fork are asymnetr1c a set of-negative
(extension) steps was used to produce sizable trans1ents»(see Figs 4. 3)

-The experimenta'l results are plotted with the corrgs/}?mg computer

F'S
) simulatwn results in F'iq 4.9. Again there 1s goo\d agreement between

™ v s
the two .sets of results. |

——

4.5 Summary - — ‘ 4 .

Ta sunmarize. the computer srmu]ation of the’ suspension system‘ was

-~

verified 1n both frequency and time domains. _The mathematical mode ‘was

‘ modif'led to 1nc'| ude the guidance stiction present in the test rig

i

experimentﬂ ;echniques were’describeq and the results. ,compared to those

- L 4




ol .
- 0.00.
£ Hz o

| e

Y = 12,7 mm
e Experiment
- Simulation

3
¢

' %
R 2N
.

T 1 | Y
| 4.00 8.00

19.0 -mm .
Experiment -
Simulation

[ 1

0.00

0.00

0.00 . 4.00./° -8.00

L '_': ¥ l 1

‘fv»wﬁ;.‘

Y = 25.4 mm
' . Experiment

.| .
0.00 .4.00 | ™8.00
H -

v ] L |
i

’
e

R

* Fig. 4.8: 'Frequency Domain Résqlts

- Simulation \ -

O




* Experiment ‘
.~ Simulation

/
1 A | . r . |
1.00 .00
{ v §
" Initial Displacement = 46.0 mm
— S o -
* Experiment
- Simulation
=T T 1 T !
1.00 2.00
\{ v S

. Experiment b
+ = Simulation .

T | e E—

o
1.00 2.00
o {9 S | .
e

Fig. 4.9: Time Domain Results

Initial Displacement = 56.0 mm
—e —- -




, . .

’ i Ri'sy

\ A . 8 LA - . . wear P y

| PR . . - 3‘ ’ -
. R -

: | | P N :

B \
’ v * ~
. \

~ - obtained through computer simulation.  The close a\g\reem(nt between both

of the suspension system model in.the sqccéedirig chapters. In addition,
'»thé good correlation. increases tﬁé. extent of validation (although in-

.. .di‘recgly) of the damper force model of Chapter 3. A de"téﬂed‘disqussion
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. on validation is given in Appehdix IV. e - ’
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" CHAPTER 5. - -

‘SUSPENSION PERFORMANCE CRITERIA .

5.1 "Introduttion

The choice of pérfonnance index is important since it estabh‘she.s
the sense in which the design is best, or optimum. The performance *
ir;dex may be a function ofthe system response variables or of the sus-
pensipn component parameters, or of both. The 1attef situation is repre-
sented by a performance' index that includes; cost, mai qtaipaﬁﬂity. or
reliability, which depegd on the details of a sriec'iﬁ'c suspension con-
figuration. Howe{/er; the ability to establish theoretical 1imits 1_:0 the
per"formance index wy‘,thou;/a priori choice of suspension configuration
requi rés that the index be expressed only in terms of the systeﬁn respﬁnse

quahtititqs. For this reason only/such forms of performance indices are
. :

considered in this investigation. .

i

Perhaps the most common ferm of performance index for mechanical
: [

systems is [92]:

.1 ='max |q} - , ' C (5.1)
; .

The.quantity g, may be displacement, velocity, acceleration,.stress, or

some combination of these quantities. When the specific interaction be-

. tween two response quantities is to be controlled, a suitable performance

index may be

I =max |q,| + Dmax‘[qzl - . (5.2)

where q's are response variables and D is a weighting factor. For small
values of D the performance index favors q, ‘while for large values of

D the preference is for q,-

J
iy

S Nt AR
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- show the performance limitations of a system optimized according to one.
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Another form of performance indéx is the integral of a 'response
variable over a specified time period: .
t, o @ TN
1= flo)at - '
t, .

3

(5.3)

\

where f(q) is a kno;m function, e.g. f(q) = g*. This type of perfo.rmance .

index 1s common in control theory app]igations [93]. It.is related to

the fom§ consi_dered by classical analytical optimizatidn techniques’

such as the calculus of variations. ~ The relative merits of various per- ' ~\

formance indices have been discussed by Karnopp and Trikha [94]. They

criterion when considered from the point of view OFf another criterion. ¢
They conclude that the index given by equation (5.2) should be used, to

establish suspension sg}stem performance whereas equation (5.3) should be

- used as a supplementary performance index when (5.2) does not yield a

unique solution (i.e. atlarge t).

5.2 Performance Criterion for Frequency Domain _Ana]ysis

i c

In the frequency domain analysis of a suspension system, it is ’
essential to have high damping at resonance and relatively less dampfrlg
at high frequencies. A fbrm of equation, (5.2) which reflects this per-

formance characteristic has been proposed [95]-as:

.

. Te = (TRY) + D(TRy) - (5.4)

where TRp =  peak transmissibility .
TR, = transmissibility in the higher range (8 fp in this case) ’
D = :

. weighting factpr.'
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A decreasing value of 1 £ indicates an improvement in the suspension S
] . - <

performance. - Since the suspension model s non-11inear, I‘f 1s‘amp11tude
dependent (recall Fig. 4.2).. The perfonnance 1ndex can be plotted over
the’ input amplitude range to yie]d a performance characteristic of the
suspension Y\n the frequency domain. ‘This characteristic, shown- in Fig.
5.1, is conve\niént to use be'cause the system 'e_quat'ions.need to be solved

only twice at each excitation qmphtude The curve shows an increasing

_ trend 1n If with exc1tation amplitude, wh1ch follows logically from the

incréasing trend ip peak transmissibility in Fig. 4.2.

i , | . + 5.3 - Performancé Criterion for Tirﬁe Domain Anau‘sis
.ﬂ ‘.\, ] The performance of shock isolation systems such as aircraft landi ng
§ gears, railcar draft gears, and gun recoil mechanisms is USuaﬁy d'escribed

5 ; in'the“time domain [62-65,96-98]. In aircraft landing g;ear' studjes a

. i t}pica] performance index [64] is, for a spe_gified maximum stroke, and i »
i descent ve'l‘ocity, ' ' | |
i \ ,

Lo . ) '
I = max |Fg| b (5.5)

"where Fy is thé ground load during landing. . ) .

. - / ? - R
; In the area of railcar cushioning gears a typical performance T .t

4

rpqui rement is that during lading and i‘aiicar impacat, the Tading

oy

\ accelerates to a spegiﬁed level and remains constant until the relative

" velocity is zero, dissipating a max imym amoun[t‘of ehergy [96] The. per-

formance indgx is similar to that of aircraft 1and1 ng gear except that

the ground load (acceleration) and stroke are 1nterchanged For &

i spec;[fied contact velocity and peak acte1erat1on, : "\EL .
' .
I'=max |z] + - : " (5.6)
! <
N “~

.
p— - ( . : N
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_.".suspension travel z

s 0
.
.

a -

. ' . Fal
. a T -88- .
’ r
. - . . i . ;d . -
where z is the stroke of the %ushioning gear. ' : N
- N & v - -

-

Another relavent shock 1so}$tign system is the récoi]-mechénism .
used in'artilﬁery.‘ A typical performance requifement t97] is that the
recoil force be reduced.according to‘equation.(5.53., In typical

arti]]ery, such as the M-102 (a 105 mm howitzer gun) differenf rounds

are used. The firing of different rounds resu]ts in a range of breech

- forces. ~ This s1tuat1on is analogous to’ the motorcycle suspension reapond-

to a range of velocity steps. Madiwale et al [98] "have opt1m1zed
t'é reﬁponse of theiM-]OZ to v;riops roqnds using a form of equation )
(5.5)." . g ,

' In‘the off-road motorcycle the allowable fork travel is constrained,
whereas the peak transmltted force is the response variable requiring
m1n1m1zap1pn. Referring to F1g 4.5(a), the area beneath path 0-1-2 is

the enerd& stored and dissipated during the first quarter period of
' )

féqun%e. This énergy is determined by the initial condition. Hence,

for a velocity step vi .
. 2mé =-[ Fdze = B R (- )

An optimal performance requirement is' that, fnrvé‘specified maximuﬁ

max® the transmitted force is constant. .Equéﬁion (5.7)

then becomes

F .= mv%/(Z 2 )

) opt ma X = . . (5.8)

1 \

In suspens1on design, allowable travel z x? and peak transmitted‘foﬁcé

ma

Fp, are paramount design quaritities. In equation (5.8), Fopt aives the

Tower bound on the peak force during initial compression.. " The value of

v ' . -
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. 8- \ | . R ,

- . ’ '\ , . s .

. > = \\\ S N N ~‘ \ E N A ' T
Fopt 15 vompared to the peak force along path 0-1-2, calculated from ~ .

' the response, yielding a ;u%tab]e performance index for.tne time domein.

" For a specified v, "
F ' R
/ 1, = 2% x %003 . ' (5.9)
'p 4 A Y] . . ) . .

» ©
€ 0

" When It js 100%, the suspension performance is ideal, thus the perfdr—

. ‘ Y
.mance décreases with decreasing It'

“~

- In" practice, the suspension Mhst respond to a range of 1nbuts
"(recalj Fig. 4.6).. The variation of I over- the 1nput range, gives the
perfonnance.chd?acter1st1c of the suspens1on in the t1me domain. A p1ot
of It ns Vi is shown in Fig.»Sig. It increases until Vi is 2.8 m/s. It
then takes on ‘a réduced, nearlégconstant value. This trend can be readily
unders;ond with the a%d of Fig. 4.6.. The response surface becomes

B

flatter with v; until the hydraulic stop is encountered at v; = 2.8 m/s.

v

. The peék force Tocation then sh%fts from location 2 (Fig 4.5(a)) to the
hydraulic stop location (ZE) and remains there for the rest of the

. . . . \‘\ - .' ;)
excitation range. : - .

5. Summary

722, In this chapter the performance indices for the;frequencj and time
domain analysis of the suspension system‘were presented. Tne nature of
the indices was discussed and various aiternapfve pen{giyénce indices that
were presented in the Titerature were discussed. Suizé 1?"performance

These indices

indices for the respective domains were then present7
serve as the basis for evaluating the performance of the suspension system
and in the formu]ation of objective functions for suspensign optimization

in the next chapter. - R

H
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methods for suspension optimiz

CHAPTER. 6

SUSPENSION OPTIMIZATION

6.1 1ntroduction

" In the area of suspens1on opt1m1zat1on the obJect1ve 1s to prov1de

a des1gn whose performance is in some sense better than that of: the

L

candidate désigns with which it*is pompared. An_“opt1mumodgs1gn" is

seldom optimqm in any aﬁso1ute sense. Rather, it is a tradeoff betwgen

.several competing dynamic specifigations. The available obtimfzation

ion fall into two categories: techniques

’

_"based on control theory,.and computational techniques. ‘ '

Control theory techniqugé for suspension optimization were intﬁo-

duced by Bender et al [99]. They minimized a weighted sum of mean

8

squared vehicle acceleration and rattlespace for a two-degree of freedom

vehiéle model. Karnopp and Trikha [94] were among the first researchers

~to inve¥tigate optimal suspension design, minimizing mean/ square acceler- .
}

’

ation and ratt]espace}gﬁing a single degree of freedom model. The most
outstanding attribute of the control theory approach js its suitability
to synthesis of suspep;ions utilizing active tunponents [100-104]. How-
ever, the nature_of the quadratic peffonnance index (e uation 5.3) and

the inherent difficulties associated with complex sus ension models

Different methods and their relative meritS‘cons 'tute a large body of

1iterature [106- 115] A1l computational methods/progress toward t‘e

‘desired optimum in an 1terative fashion. At any stage in the process,

i

-
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tr1a1 set of design parameters is selected, tﬁé equations of ‘motion are

o *K solved and then the response constraints areﬂéested IF the constrdints

J N
.

~

are satisf1ed, the performance index is eva]uated and compared to the 3 .fé
- minimum value (minimization) obtained prev1ous}y: The current minimym - ;
‘ and associated design parameters are retaiued and another set;pf feéign :
para@eters is selected. L the constraints are not satisfied, then this
».  trial set of design parametérs is rejecfed~aﬁd anotheraset‘ie selectéd. -

. “ e
1 ja

'~ The various optimization methods differ principally in their manner of der-
N . ° - ' 3

.

iving the next set of design Darameters and of verifying the constraints.

The perfonnance cr1ter1a (ob3ecf1ve function) represents<a surface
in design-parameter space (a hypersurface 1f;more than two des1gn . . i

'1 ‘ 'parameters are 1nvolved); The: constraint functions restrict the

B

‘ LN .
admissib1e region of the space. The optimuin design is the minimum .
Lar-
a]t!tude (m1n1m1zat1on) of the response hypersurface within the adm1ss1b1e

reg1on of the design space. The optlmization procedure amounts to a

-

S A R

search procedure for exp]or1ng the topology af the hypersunface, where

the description and position of the boundaries of the surface are found

= A %

N by splution of the systeﬁ dynamicsl

¥ 6.2 Formulation of the Objective Function. y

From the formulation of the éwo performance iné:ces: If and 1 A,J
(equat1ons (5.4)and (5 9)), it is evident that their values depend on the
magn1tude of excitation amplitude Y, and init1a1 velocity Vi’ respect1ve1y

oL The objective in the optimal design of the suspension is to idEntify the

"design parameters of the fork that will minimize If or maximize It To
‘account for the dependency of If and I on the range of 1nput values,

. the ohjective function for each domain is formulated through an integral

. N - ) ’ -
] ) ) . ' . ‘ /
. \ . ' .
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function of the respective pefformance index. o

k)

) . 7 . '
6.2.1 Objective Function for Freguency Domain Analysis
- - -

The objective function for frequency domain analysi$ is’to minimize

-

" the area under tﬁe If vs Y curve shown in Fig. 5.1. Mathematfhai]y it
. .
can be expressed as: » o C e

(6.1} - -

where’ S Ug = Jf Iedv = - L $v

L

Y* and Y4are lower and upper bounds on the\excifation amplitude. The

-

constraint set consists of 1imit constraints on the design parameters-aﬁdijw‘—-%-— ‘

- an in{;uality constraint on the‘relqtivg_dep]acemeni. The constraints

F} ;’re - LI l . . 'Y
ks Vo’fcou]l’ Tos Tors Thyd > © '
S - _ (6.2)
F“\Zmax | . .
6.2.2 Qﬁjective\Function for Time Domain Analysis. B
. ' ‘ . LN . : ’
C - The objective function for time domain analysis is to minimize the
i , . . R - L
negative area under the It Vs V. curve shown in Fig. 5.2, Mathematically
it can be expressed as:
Miny, L (6.3)
u
- ' 1 . 4 Vs V,' .
‘where ' U, = -j Iy d,C‘.i
», - ' ' 1 ‘
Yy
, . |
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' * ‘\4 v -
W Bl R . v
) e { .

. ' \ - .
4" are lower and upper bounds on the initial velocity. The con-

r time domaip analysis is the same as the constraint set

for freqdency domain analysis:

6.3

K, VO’ F Tp'v TOY:' Thyd 20

o - (6.2)

mw

max

Optimization Method

’

The objective-“unctions.fOnnu1ated in both frequency and time

domains represent nonilinear constrained optimization problems. The

optimization procedure| is to modify the gonstrained problem to an uncon-

U(K) = U(X, X, L

subject to gi(z) 3

U51ng an exter1or pepa]ty funct1on, the mod1f1ed objectijve function

becomes [116]

. . m . il - t
Un(X) = U(X) +10%° 2 H g5(X) - (6.4)
1= . .
where H =1 for gi(i) <0
H=0 for gi(i)’a 0 .

~& direct search method based on the Hooke and Jeeves pattern search

" technique [117] is then used for so]v1ng the unconstrained optimization

problem. The method consists of two phases, an "exp]oratory search" R

-

M y
EN . '
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N . . .
around the base poiﬁﬁ\ang\g\"pattern search” in a direction selected for
'minimizat{on. To 1nitiaté an ekp1orafofy search, the objective'fynqtion
. is evaluated at a base point'(the base point is the vector of iniiial
guesses of the independent variables fbr the;firiiutycle). Each variable
yis then changed in rotation, ong'at a time, until all the parameters have

‘ 2 ,
been changed. The successfully changed variables (i.e. those variables

° which reduced the objective function) define a vector, that represents a
successful direcg&gn for minimization. A series ofﬁ{
E

ccelerating steps;
or "pattern searches", is made a]ong this‘vectdfias }6ﬂé.a§ the objective
function is decreased by each patte}n search. The p&pcess'is repeated
until an optimum is located. After an optimum is found, a Fandqm search
[116] is used to test the g]obé] nature of the optimum. The function used
in time domain optimizatioﬁ appeared to be conv&g-and tﬁe random search
showed no improvement, indicating that the results ‘were globally optimum.
By contrast, the fredﬁency domain optimization function di;p]&yed

8

~ several local optima and a series of random searches yielded a succession

- —~

- of improvanent in Uh(%). The optimal values in both domains were verified

using perturbed starting values.

A flowchart of the step-by-step procedure in the optimization pro-

cess for each domain is shown in Figs. 6.1 and 6.2. The programs used in-

the optimization procedure are listed in Appendix II.

6.4 Optimization Results and Discussion

»t

The results of{optimizafion f}LBoth the freduenéy and time domain
are shown in Table 6.1. Physical insight can be gained from the optimized

set of parameters by examining their effect on the functions used to for-

«  -mulate the objective functions .(equations (G.i) and (6.3)). Those

an

| .V

o e e —

"
e
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Design V§:?abies X

. Set Y=Y!

Y

—

Obtain System Response for f=f_,
Determine TRp(Y,x)

-

R e S

Obtaiﬁ System Response for f= 8fp,

"+ Determine TR, (V,X)

¥ - -

EY&]Uste If(TRp(YpZ); TRh(Y'K))

|

Increment Y

Minimize UL(Ic(TR (¥, X), TR, (Y,X)))

S

Print Optimized .Design Variables, X

opt

X

Fig. 6.1: Flowchart of the Optimization Procedure-
.~ " Frequency Domain '

e

e
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Design Variables, X

. -
. Set Vi = v& :

Y

y

Fp (vi,g)

Obtain System Respoﬁse, Determine

Yy

| Evaluate It (Fp(vig) opt!

(VX))

} .

. ~Increment‘vi_J

Minimize Ut(It(Fp

(V1) Fope (v45X)))

I~

Print Optimized Design Var1ab}es,

~opt

Fig. 6.2:

T1me Domain

Flowchart of the Optimization Procedure-
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'TABLE'6.7: Five Parameter Optimization Results

M N
"’\
4

Design Parameter

Existing Design '

Optimal Design Values .

©

Values

Time Domain

Frequency Domain

k  (N/m) 2.067 x 10° 8.396 x 102 | 1.947.x 10°
v, (m%) 6.934. x 107" 8.321 x 107" | 6.566 x 107"
[ 4 ! 3 E,/— . » : N ! ‘ .
Foea1, V) 1.677 ?.845 8.749 .
- A ) X
T+ Top (kg/m) 40.92. 4.346 34.09
i Thyd ‘(kg/m)l '.\ 30.58 : 30.58 18.38
: N
o/ ) / ~
4 - \ - ,
v a t '
ip . ! ’
) ' /M ot L I t . ’
, ' ‘/'\/

ra
e . s A Y, TS Sl Baas & ,‘;, « P—



"functions are the response surfaces, Figs. 4.2 and 4.10, and-the perfor-\"T

5 “mance indices over their respective input ranges, Figs. 5.1 and 5.2)

’stop remains unchanged for. the exeitatjon range SeTected (i,e. z is

'stiffnesses are.reduced to Tower the resonant frequency This- change,

'optimized suspension is slightly decreased compared to the existing sus-' ~f

* v
>

Referring to Table 6.1, the results in the frequency domain can be
interpreted~physicaiﬁy as follows: the damping is reduced to improve high

frequency response whereas the damping coefficient dué to the hydrauiic

oo, " 4 . ' X Ia
always 1ess ‘than Z in equation (2.47)). The air column and spring

comblned w1th increased stiction. retains the system in_the sticking mode .,
t resonance over a larger part of the input. range. The improvement dye fg
. e

to~these changes can be observed by comparing the frequency respanse sur-

face. of -.the original suspension, Fig. 4.2, with the ne$ponse surface’ of

Ll

the optimized suspension, Fig. 6.3. . The improved perfonnance is ref]ected

in the If vs Y curves shown in Fig. 6. 4

f” . LT

In the time domain, the optimized parameter set exhibits a different

trend. Recalling section 5. 3 the requirement for optimal performance in -

]
&

the time domain is that‘the response surface in Fig. 4:10 remain f]at
with respect to z. Hence, the parameters which affect non-flatness,

such as damping and stiffness, are reduced, Since a high-value of seal %
' ¢ .\-

stiction produces\srconstant Fp, its value is increased tonsjderably. - The',
f ‘ o0 4 |

responsé surface the time domain optimized suspension is shown in 3%,.

Fig.. 6.5 (canpare with fig.'ﬂ(]O). 'The°improved time domain performance .

-

is réflected in the It sw1 curves in Fig. 6.6. The performance of the’

.

pension for.initia] veiocitfes less than 2.3 m/s. This is Because thea‘a |
higher seal stiction imposes ' DC type bias af smail vy (recail Figsqf4,5A;_
and'4.6).l§owever at larger v, the combjned*effects;of curve flatness and L
o : pe T
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bias yield a significant performance increase.

In practice, the suspension can be analyzed in the frequency and/qr'

time domains. A point' of interest is to know how the suspensibn optimized

*1in the frequency.danain behaves in the,time domain and vice-versa. Such ° ¢
a comparison is shown in Figs. 6.7 and 6.8. The suspensioﬁ optimizéd in )
the time domain performs poorly in.tﬁe fréquency domain at-iow excitation
levels because the high éélue’of étiction~degradgs the frequenqy domaiﬁl
performance. In the‘time ddnain, the performance of the sqspension
optimized in the freguency. domain is better than the suspension op;imized
in the time domain, and the original suspension, for initial velocities
1ess\fhan 33 m/s. At highér initial velocities tHe‘suspension optimized'
iﬁ-the timE:domain performs -better thaﬁ the qne'optimizéd in the frequency

domain, which in turn continues .to out perform the original design. - ‘ W
‘ \

; - ‘6.5 Experimental Verification of an Optiﬁa11y Designed Suspension ;Q Lo

To test the validity of the'optima] results, the test rig described -
: C s in'section 3.; was. used. The desfgn barqmeters such as sprTng stiffness

.% and seal étic%ion are difficult to modify, so only the remainipg three

- ; parameters were-considered in the design modification. For this purpose :
E -a ﬁhreé“parameter optjmizatioﬁ was carried out with_tﬁe éréquenéy domain
objective function. The'q@Eimal‘va1ues of the parameter§ are 1isted_in |
.Table 6.2. Based on the optimized designlparameters; a typical fork was

‘ modified and tested, The transmissibility values at low and high fre-
quencies (for a given excitatioﬁ amplitudqj'were measured and are listed

in Table 6.3.

-
'

Using the_optimized design parameters, computer simulation in the
" frequency domain'was carried out to obtain the transmissibility values at
. 7
» N
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Three Parameter Optimization Results

Parameter. Existing Design Optﬁmai Des;bn
. Value "7 Value
{ i . -
Tp + Tor (kg/m)~ 40.92 41:74
Thyd (kg/m) 30’.58’ 36.51
v, ). 6.934 x 107" . 2.923 x 107"
TABLE'6.3: Experimental Verification of Optimal '
. Performance
Excitation Experimental Results | Numerical ReSG]ts Absolute Error
AmpTi tude e e n’ n e roNArpf 1ol
() TRp TRh TRp TRh ITRp’-TRpéTRh TRh
6.35 1.000 0.374 1.000 0.330 0.600" |0.044
12.7 1.625 . 0.234 1.“886 0.293 0.261 |0.059 .
19.0 1.667 0.208 1.618 0.307 0.049 10.099
. { 1
2.54, 1.571 0.276 1.676 | 0.323 0.099 |0.047
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K,

low and high Jrequenci/s( Since in the test rig. an additional friction
(due togufaance stictwn) is introduced, the mathemat1 cal model was
modified with the addition of this guidance stiction before the frequency
domam computer s1mu1atmn with the optimized design parameters was |

,-carmed out. The resu]ts 0f~ this computer simulation are listed in

!

1Y

i Table 6.3. ‘The average ev\aor-m absolute transm1ss1bﬂ1ty is 0.102 and
0.062-in the low and hlgh ranges/, respectively. Hence, the experimental
r‘esu]ts substantiate the opt1ma1 results obtained through computer

smu'latmn. ’ .

6.6 Summar - ' ‘ v
"'In this chapter, the motorcycle su'spension was optimized using’

computational iechniques. The‘perf'ormancé 1nd1‘qes-'of the previous

chapter were used to formulate objective functions in the frequency and

.time domains. The optimization procedure for each domain was out]ined

along with the optimization method. The optimal design parameters were

presenfed and an experimental verification performed.

e

. W
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\ - CHAPTER 7
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. $§ .STOCHASTIC RESPONSE OFJTHE SUSPENSION SYSTEM .
. < ’ .

¥

%; 7.1 Introduction

» ~ &
In the previous chapters, the response of the motorcycle suspension

: was -treated hsing a deterministic approach. The deterministic approach

‘ " yields the response characteristicgbdnly for an input process specified
in spdce and time. The environments in which off-foad motorcycles are
oper%ted, except those purposely constructed otherwisg, are random in

nature. Likewise, the resgoﬁge is also random in character [45]. Hence, ,' !

for a cohp]ete investigatyéﬁiiﬁhe input excitation should be described

§;ochastica11y and the responsé deseribed by a random process. The

T

stochastic approach can be considered as the general solution to the

overall prob]eﬁ whereas the approach using determinis;fc analysis is

TN

5 \ - -suitable for ipvestigating certain special cases.

The terminology is introduted in the next section. Then the
experimentally measured jnput excitation is described in statistical f
% terms in section 7.3. The available technjques for solving nonlipear
| systems subjected to stochastic excitation are reviewed in section 7.4,

b New methods of equivalent linearization for stochastically excited
' , mechanical systems are presenféd in section 7.5. The various schemes are
- compared and the most suitable technique for the present investigation 1s: /,
selected. The technique is then applied together with suitable'opt1miza:

: : tion schemes to obtain an optimal design based on the stoghastic respoﬁse.

7.2  General Notes on the Stochastic Response

Most time varying signals require two measures for adequate
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description of the signal. These measures typically relate to amplitude -
and frequency. With a detemn nistic signal, quantification at one point
in time will determine its future behavior. With a random signal, only

the likelihood of an expected behavior can be found.

In random vibration, the amplitude probability density is used to

determine the expected probability of finding a given level of a dynamie

——

' - quantity such as acceleration, velocity and displacement. The cumulative

probab1'l1ty function re]ates to the probabﬂ1ty of having a level of the

particular dynamic, quant1ty of interest be] ow a specified peak value.

The frequency.confent .of a random signal can be given in terms of
its power spectrum (PS). Th: term "power" s synonymous with the "mean
thare"' of the varying quantity under consider;:tion. The change in
power with change in frequency, or pewer spectral density (PSD) is also
used to describe random sig'né_ﬂs. The PSD of a signal is theoretically
obtained fron; jts auto-correlation function [11‘81. The' auto-correlation
function is the.average value of the product of two values of the signal
separated by a predetermj'ned time interval. This average value is there-
fore a funcfion 61’ the timé ihterva]. For studies in‘veh'ic]e. dynamics,
Virchis and Ro§son [1i9] have shown that the terrain sigha] can be—

assumed to be a stationary random process. Stationarity implies that

.on]j' the time interval, not the starting time, affects the auto-correlation

-

function. Converting from the time domain to the frequency domain via
the fourier transform yields the PSD of the §1gna1. Practically, conver-
ting a series of tipe or distance sampled data into a sampled frequency
spectrum Yis a tedious énd difficult t;sk [120]. Therefor.‘e, routine

?

evaluations of power sbectra reguire a digital processing capability.
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For this reason, the application of the/{c\JWer spectra was not popular
until the late 1950's [48]. The first i:i_nve,sti ga"ci_on using discrete

- < : .

fourier trapsform methods was conducted by Walls et al [66]. The use of
power spectra was later applied to guideways and other .surfaces [121].
,Since then, power spectra have been used extensively in éutomotive )

[43,122,123], aircraft [69-71] and railway [49,12_4,1253 studijes.

The choice of using power spectrum or 'power spectral density is a
matter of convenience. In ana]yt{ca] works [47,48,118], the PSD. is “obtained
di rectly and hence is commonly used. In works utilizing experimental data.
[44,79,101] the PS is obtained one step earfiey than the PSD during the

“ana]ysis and hence is a more cqri\/enient form of data descriptyon. . In
this investigatfon: the experimeptal data is described in terms of its

\

power spectrum.

7.3 Statistical Description of Field Data 5
In ordgr to obtain the.-stochastic respons:,le-of the motorcycle §;JS-

' pensior{, the characteristics of the in;;ut had to be a;quired. The
excitation induced by a typical off:road environment was meaéyré:i by an
instrumentation pac‘kage deve]o;;ed in-house [126]. It consists of an
accelerometer, amplification and frequency modulation circuit, and a *
portable cassette re;orc{er. The package is very compact and- H.ghtweight.
A Can-Am 250 MX-6 mot'orcycle was fitted with the instrumentation package
as shown in Fig. 7.1. The cassette recorder was rqounted in a foam 1ined
knapsack mounted on the riders' back as shown in Fig. 72 An experienced
rider than drove the motorcycle around various race tracks in the Greater

“ Montreal area at speeds normally encountered during competition. Typical
-

. ﬁ\put acceleration time histories, recorded in ‘the field, are shown in
r . . . , } '} .

Fig. 7.3. U '
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The recordings were demodulated and fed into a Nicolet 660 a FFT

spectral analyzer, shown in Fig. 7.4, The guidelines. set down by Healey

[46], with respect to record length and samp]ihg frequency, were fo]]owed.'

Peak averaging was utilized at maximum sample redundancy to obtain the

"worst case" field data characteristics. The power spectra of the field

.data are shown in Fig. 7.5. The ensemb]e’constitute; the input powér

spectrum used as the inputfexcitation for suspension analysis. That

spectrum is shown in Fig. 7.6. - , \ 'y
. ’ . * -
7.4 Analytical Techniques

There are présently four approaches relevant to the study of '
‘ \

stochastically éxcited, single degree of freedom, non]ineaf sy;kemé.' .

.They are: . . . ' \

.

i) Markov methqu, based on the Fokker-Planck equation.

ii) Perturbation methods.
iii) Equivalent Tinearization methods.

""" iv) Simulakion methods. . . o . Y

The major advantages and limitations of these techniques are

reviewed in this section. The objective is to select a technique suitable
|

~ for the solution of the stochastic response of the motoréycle suspension.

7.4.1 Markov Methods - -

Mérkov methbd§, based on the Fokier-Planck equ;tion,[lé7], have the
adugnt§pe of yielding an exact 'solution in terms of response prediction.

This powerful deantage over the other tecﬁh1ques is compromised by the

& ' 4 o
fact ‘that solutions have been found only for a cérta}n restricted class
) v ) L ;

L] {
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of problems [{28]. The Fokker-Planck approach was developed to study

2T A e T B To

N the phenomenon of Brownian motion apd. ‘is c]osel} related to the theory
. of random walk [129]. A historical survey of Markov methods, based on ]

the Fokker-Planck equation, has Begn‘puinshed by Fuller [130].

J For a system subjected to white noise excitation, the transitional -
, : ‘b%obability dgﬁsity of the response process is governed by the Fokker-
Planck equation [127]. This t%ansitiona] probabi]ity”density‘can

compTetely define the statistics of the response process."qUnfortunately, :

B T N

the complete nonstationary Fokker-Planck equation remains to be solved.

+  Even the solution of the stationary Fokker-Planck equation is available

a [N « P

only for a few limited cases’

-In the case of a linedr,second order system excited by wﬁite noise,

1

N an exact solution to the Fokker-Planck equation has been found [131].: . .

Caughey [132] and Arﬁaratnam [41] have provided.so1utions for a second T

ordér nonlinear sysfem, which bears resemblence to the motorcycle i w
suspension model. fhey have shown that the first. probability density of

the Markovian respon%e process can be obtained provided the damping terms

s

\
e+ e e\ e

are linear and the e;citation is Gaussian white noise.

Unfortunatelyy the present problem does not satisfy the aforemen-
tioned conditions. The motorcycle suspension model (equations 2.48 and y
2.50) contains quadratic and coulomb damping. An alternative would be to

combine the techniques presented by Kirk [133] and Lutes [134], for

quadratic and coulomb damping, and obtain an equivalent linear system.
* The Fokker-Planck equation could then be solved for coulomb and quadratic
damping under white noise excitation. However, it is the white noise

‘ restriction that eliminates the use of a Markov method in the present




investigation: Recalling Fig. 7.5 it is clear that the 1npu§ excitation

spectra bears little resemblence to noise generated from a “white" source.
]

2

Hence, Markov methods are unsuited for this application.,

. - 7.4.2 Perturbation Methods

perturbation method of splution .can be used. In this techhique, the

If the nonlinearities of a system are sufficiently small, the

response, is assumed as an expahsion in powers of a perturbation parameter
corresponding to the magnitude of the non]iqearity. Substituting the
/ . power series solution into the original equations of motion and equating
« - - the coefficients of 1ike powers of the nonlinearity -parameter, a, a set of
linear differential equatjons is obtained for the terms in the expansion
_of the solution. zhjsileads to a fir;t oFﬂqr apprqximation which is
} obtained from the séiﬁfﬁon of the two sets of 11nea; diffgrentia] equations.

The first set of differential equations is solved, assuming all non-

linearities equal to zero. The second set of differéntia] equations is

solved, assuming an ‘excitation which is a function of the solution of the
first set of equations. In this manner ﬁpe statistics'qf the Tinear

C ‘ soTution and'first order perturbation are found. Tﬁe calculations are
usua]]y.]engthy and becém; prodressive]y tedious as the order of a.
increases. In practice, results.are usually obtainéd only to the first

. order of «.

’

: e The épplication of tst method to stochastic processes was pioneerkd
by Crandall [135]. The method has been applied to system§ possessing
weakly nonlinear damping [136], yielding the statistics of the response.
In ad&jt1on, the response spectrum of,variou§ weakly non]inearvsystems has

also been studied using this technique [137-139].
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The majbr'11m1tatigns o:\this approach are that the system under.
s{udy should possess only weak nonlinearitie§ and the system must contain
some finite amount of linear, viscous damping. The motorcycle suspension
model (equations 2.48 and 2.50) contains strong nonlinearities and there
are no 1inear,*viscous damping terms. Hence, if a perturbation method

were applied, the statistics of the résponse would tend to infinity and

. simply indicate an instability in the solutions obtained.

7.4.3 Equivalent Linearization Methods

=

\ équiva]ent linearization methods overcome many of the 1imi£§tions
‘and difficulties encountered in the methods discussed thus far. The
techniqye is based on the concept of replacing the nonlinear system by a
related linear system in such a way ‘that the differggce in behavior is
minimized in some appropriate sense. The first development of a suitable
equivalent linearization procedure for randomly excited nonlinear systems ¢
is usua]fy attributed to Booton [140]’and Caughey [141]. Various
minimization criteria have been presented by Iwan and Patula tf42].

Under ;ertain conQiEions, such as Gaussian d%stributed’white noise
excitation, closed form solutions for highly nonlinear systems have been
obtained [143-147]. Of particular relevance is the facility with which
the technique handles systéms containing sizable coulomb friction [148-

150]. These attributes, independent of the sense in which the difference— - — —

v

between the linear and nbnlinear system is minimized, rank equivalent \

linearization methods as the most suitable methods for the present

o

investigation.

7.4.4 Simulation.Methods

In the sjmulation approach, sample funct1ohs of the éxcitation
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process are generated. Corresbonding sample functions of the response

processes are computed Statistical processing af the output process

then yields the 1h{nrmat1on of 1nterest Lengthy processing is needed to

A

reduce the statistical uncertainty of the results to acceptab]e limits
The method is simp]ified in the case of stationary, ergodic processes
because only one input (and output) realization of sufficient duration

need be generated.

Although most of the studies-are performed on a digital computer,
some simulation work has been done using:a random signal generetor,

filters, and an‘analog computer [150]. ngitaI‘simu1ationﬁis facilitated

“if the excitation can be mode11ed as white noise because appropriate

sample functions can be generated directly from a,sequence of independent
random numbers [151]. For non-white exc1tat1on, a digital filter can be

constructed to obtain the desired spectrum [152]. Various other simula-

tion methods have been demonstrated by Shinozuka and Jan F153], Hudspeth .

andﬁBorgman [154], and Smith [146].

Simulation methods have an advantage over the other methods in
thefr flexibility. They also provide more statistical information about

the response than is available with some of the other methods. However,

'considerable-computation time is required if the probability of exceedin§

high amplitude levels is to be reliably estimated. For this. reason, tne

chief role of simulation methods is to provide a means of assessing thg
‘ -

validity of approximate theoretical methods [42].

7.5 Application of Equivalent Linearization Methods

" In any equivalent linearizationmethod, the nature of the desired

quantities is of paremount 1mpnrtance. Some apprnecheg [144,148,150]
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assume a -Gaussian &istribution for the relevant dynamic quaniiti
which case the‘expressipns for' the equivalent linear coefficients are
available in terms of the mean square résponse of the: system. An advan-

tage)of this approagh is that the mean square resporise statistics are

. obtained early in the iterative solution. In this investigation, the

quantities of interest are the mean square“(or "power") spectra of the
absolute acceleration and relative disp]aéement response of the suspension
system. These spectra are.used later in this chapter to evaluate ‘the
performance of the suspension to a stochas;ical]y described input

excitation.

In the linea(ization,methods discussed in this section, the
input spectrum is synthesized in te;ms of its dominant harmonics,uthus
y1e1ding a deterministic description. The nonlinear system is then re-
p1acéd‘byraﬁ”éﬁuiQa1ent linear system'such that a deterministically
described error is minimized in some sense. The equivalent linear system

can then be used in the expressions [155]

¢

S,(0) = [H (§w)|? S;(w) 3 o (7.1)

B H (jw)|?

s,(w) = rwzw 55 () (7.2)
where .

Ha(jm) is the absolute transmissibility of the suspension sys@em
Hr(jw) is the relative transmissibility of the suspension system_
Si(w) is the 1nput acce]eration’power ;pectrun

S, (w) is the absolute acceleration response spectrum .

S_(w) 1s the relative displacement response spectrum

.

J

¥
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To summarize, the stochastically described inppt is used in a
suitable deterministic linearization pfbcess,‘yielding a ‘stochastic

description of the response quant%ties of inte#ggt,

7.5.1 Energy Methods (EM) |

. Energy methods minimize the difference invénergy, dissipated and

" stored per quarter cycle, betw;en the nonlinear and equivalent linear
system. _ Three approaches are introduced in this section. The first two
approaches each yieid one set of linear coefficients for a given input
spectrum. Tﬁe third approach supplies a set of‘]inea; coefficients at

3

each discrete excitation frequency of the input spectrum.

e a) Statistical Linearization (SL) J
—

The statistically linearized enefgy method (SLEM) minimizes through-
out the. input frequency range the expé;ted value of the difference between

the total energy dissipated and stored during four quarter periods of

response. The total energy dissipated‘and stored over the four quarter

pgriods is considered because of the asymhetrjc nature of the suspensian\;\\\\\\\\\\\N

elements. Since the input spectrum is Qiscretized and treated in a

deterministic sénse, the usual procedure [148,150] of aésuming Gaussian

distributgd‘dynamic quantities is forgone in favor of minimizing the

mean square error using a numerical proeédure. The response spectra are
' then obtained directly. A flowchart of the linearization procedure is

shown in Fig. 7.7. The computer program is listed in Appendix III.

b) Harmonic Linearization (HL)

In the harmonically 1inearized energy method (HLEM), the total
energy dissipated and stored during four sequential quarter periods of .

vesponse 1s equated to that of an equivalent 1inear system, at a specified

v ' »

t ) . o
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excitation frequency. In the case of white noise excitation, the natura]

/"j

frequency (fﬁ) is the mog&;su:tap]e frequency for linearization. For

excitation spectra such as those obtained from field measurements (Fig.’

7.5), ﬁge frequency at which thp peak exc1tatwon takes ‘place is used fbr
linearization. A f1owchart of the 11near12at1on procedure is shown in + ; |

Fig. 7.8 and the compgter program is listed in Appendjx III.

c) Discrete Harmonic Linearization\(DHL) .. S

The discrete harmonically linearized energy method (DHLEM) is
1dent1ca1 to the HLEM exeept that the linear coeff1c1ents are obtained at

each discrete excitation frequency. The technique is powerful in that it<

supp11es a set of equivalent linear coefficients at each frequency, hence

the error (based on energy difference) is Teduced to zeroa-}ﬂnce the—array .

: g | of linear coefficients has been obtainedythe d1scre%e response charac-:
[ ‘, teristics are obtained diri/’]y us1ng equations (7 1. and «(7.2). Tneufﬁow-

¢hart is shown in Fig. 7.9 and the computer program is 11sted in Appendix

] I ‘ L ' h

I
v
¥

7.5.2 Force Methods (FM) ¢

Force methodezminimiae the differenceiin the transmitted force be-, -
tween tne non]inear and equiyalent I1near‘suspeng}8n systems. The three
:‘é h ’ approaches described for the energy methdd are used in thfs’sub;§ection ) ' %
Ry with suitable changes such’that the transmitted force differences are g ‘
’ g . oy,

m1n1mized ) o :Q’ o

| - a) Statistica1 Linearization (SL) v ' P

.The statistica]ly linearized foree -method (SLFM) minimizes over fpé

| - input frequency range the expected-value of the difference between the

12
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.
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- Print S, (i), S, (w) .
y . . \ < f
) Fig: 7.8: Fldwchart for the Harmonic
o Linearization (HL) Method
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y

Print<Eg(w), Sz(w)

{

-

Fig. 7.9: Flowchart for the Discrete-Harmonic

Linearization (DHL) Method

.
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systems. This equivalent 11near1zat1on method is in w1despread use

I143 150] however, it will be shown in section 7 5.3 that 1t is not the

" corresponding energy method, minimization of the error is performed
- ‘ g i .
numerically so that the response spectra‘gfe obtained directly. The f1ow-

" The average force transmitted, per cycle, by the nonlinear suspension *

fpension system (linear stiffness and damping), at the pre-selected ex- ™
cﬁtation—ieve]. The4flowchart and computer program are shown in Fig. 7.8
«end Apﬁeﬁdix III, respectively. °

-

e. , © 120-

eve}age transmitted force per cycle of the nonlinear and linear suspension
most suitable method for the motorcycle suspension system. As in the

chart and computer program 1jstﬁng\are shown in Fig. 7.7 and Appendix III,

\

respectively.

b) Harmonic Linearization (HL) . Z

In the harmonically linearized force method (HLFM), an appropriate
frequency of the input spectrum is selected (recall sectian 7.5.1(b)). i
system is then equated to that transmitted by an equivalent 1inear sus-

A

s -

c) Discrete Harmonic Linearization (DHL) '
L :

The discrete harmonically Tinearized force method (DHLFM) is
identical to the HLFM except that the linearization procedure is repeated
at each discrete input frequency As with the DHLEM, this method is very
accurate compared to the. ofﬁer linearization techn1ques, and requires 1ess
computat1ona1 effort The flowchart is shown in F1g 7.9 and the cbmputer

program listing 1s given in Appendix III.

7

7.5.3 Comparison of the Methods . ' o«

re

At the present time there fs no literature available comparing |
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various equivalent linearization methods. Thére are, however, works
‘which compare the results obtained by one equivalent linearization method
to a "true" solution. The "true" solution is either obtained using a

Markov method or computer simulation.

The exact solution (Markov method) qf a second order syétem, con-
taiping a cubic stiffness elemeni, has been compared to the solution
obtained using the equivalent linearization method, (SLFM) in.sectipn

- 7.5.2(b) s by Atalik and Utku [143]. A similar comparison has been presented
"ﬁgljfgp/ggg Yang [155]. For systems containiﬁg noniineéf ¢amping,-Robert§
[156] has applied an approximate Markov method and compared the'resu1ts
'to:those‘obtajneq by an eauivalent 1inearization method (SLFM). Al

three investigations indicated errors less than ten percent.

Compufer simu]atjon has been used succkssfully as a comparative
solution by several authors [149,150,156,157], with gdbd'agreement. ‘o )
Unfortunately, the compar{sons using simulation as well as exact methods
are not comprehensive nor conclusive, since tyﬁ%ca]]y only one of the

- Tinearization techniques described in sectiop 7.5 is used.

The various equivalent ﬁiﬁjarization methods described in the sub-
seétioqs 7?5:1 and 7.5.2 were %hp]ied to the suspengion model (equations /////,,/‘
2.48 and 2.50). Two excitattgﬁ/spectra were used; whité noise and fieid
_results, as shown in F19.g7ﬁ3: The wh{te‘nofse excitation has little ®*
bearing on reélistid behavior, however,\it serves to indicate the ‘ :s
dependency of the results on the nature of the excitation'spectrum. The

- * / ve
"true" resu];s for both excitation spectra are obtained by representing

the stochastically described input by a discrete series of harmonic

records. An initial value solving routine [90] is used at each fréquency

1
4
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- and excitation level. " The program is listed in Appe&dix III. The steady-
state response (absolute acceleration and relative disp1acement) of the -
non-linear suspen51on system to any one g1ven harmon1c can, under certain
conditions [158], B% cons1dered harmonic and represents one point in the

response spectra. In this manner, the exc1tat1on spectrum is swept, -

yielding a "true" set of response spectra. i ..

The suspension model contains two damping nonlinearities which are
due to friction and quadratic damping, and a stiffness nonlinearity Qﬁich
is due to the air column. The nonlinearities were introduced one at a
time into the model, with the remaining noﬁ-]inearities set"to zero. In
this manner the deviation of the response from the true solution due to
coulomb damping only, quadratic damping only, coulomb and quadratic'&
damping,. and finally coulomb and quadratic damping and air column stiff-
ness, can be observed. Table 7.1 contains the results for white noise
excitation. For each type of non-linearity the absolute mean square (ms)
acceleration error and absolute mean re]ative‘displacement error is
lifted. The quantities are relevent only ih their respective'columns,‘
hence the choice of using mean square 'or" mean values is arbitéary. Mean
square agce]erafion'and mean displacement are used because they are
readily available in the program. From the table, it is clear that the
DHLEM is\fhe most accurate method when coulomb damping and quadfatic
damping are both present or when only quadratic damping is present. The
DHLFM yielpe the most accurate results when only coulomb damping is used,
or when all the non-linearities are pregenf. It should be noted that
when all the non-linearities are present, both the DHLEM and DHLFM yield

relatively accurate results. . -
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| The comparative procedure was repeated for the excitation spectra

obtained fron}vfie]d measurements. The results are listed in Table 7.2.

/
In this case the DHLFM produces the least error, independent of the nature

« Of the non-Tinearity, however, the error produced by the DHLEM 1is very o

A

close in each comparison. The acceleration and relative displacement

= [

/~,f;\@nse ,spectra calcu]ated' for the field excitation spectra for both the °
energy and*force methods are §hown in: Figs. 7.10 to 7.13. Two distinct
regione,'o% the fhequency range can be distinguished for comparison

purposes :'0 £0 4 Hz, and 4 to 20 Hz. {

. P . .
* /- /:\ R 2% ~l- - i

For energy methods in the low frequency range (0 to 4 Hz) the

statistically-1inearized-method, SL, gives the most accurate ms accelera-
LA )

tion response (Fig. 7.10) while giving the most deviant rms displacement

<R g .

response (Fig. 7.11). In this range, both the harmonically linearized, HL,

and discrete-harmonically 1i_near1'}zed, DHL, methods deviate sigm‘ficant]y
from the "true" solution in both the ms acceleration and rms displacement

'-'t

—  responsé spectra. For ener

y methods in the .high frequency range (4 to

N ,

.20 Hz), the accuracy of the DHL method clearly surpasses that of the other
methods. The DHL method folffo,w.g the ':Erue" solution closely in the ms

T acce]erafc%on soectrum, accuna aly P"?d ting the change at 12.5 Hz. In
the rms :displacement spectrdm, the “DHL method is nearly indistinguishable
‘from:‘the "true" response. In this range it can be noted that the DHL and.
HL results are identical t(7 5 HZ\ This 1s expected because the HL

methods are linearized at the frequency at which the’ excitation spectrum

\ has 1ts\ peak value, namely 7.5 Hz"(recall Fig. 7.6).

——

In the Tow frequency hange. the force methods fo'llow a different
trend than the energy methode* because not one of the methods approximates

the "trdp" 501 ution better than any other methdd in both the ms
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acceleration and rms displacement response spectra (Figs. 7.12

and 7.1}5. It is clear, however, that the HL method g1ves the most
inaccurate results. ‘In the high frequency range, the OHL force method“-
clearly y1e1ds the most accurate resu]ts in both response spectra As
in the DHL energy method, the DHL force method accurately pred1cts the
change in the ms accgleration response at 12.5 Hz. Similarly, the HL

and DHL responses are congruent at 7.5 Hz..

7.6 Stochastic Response of the Suspension System

Using the Discrete-Harmonically Linearized Force Method (DHLFM),
the stochastic response of the suspension system is evaluated. A suit-
able performance criterion 1'§ established to obtain sets of optimal
design parameters. The stochastic responses of the stock (original
design) and the two parameter optimized suspension are verified by
'laBoratory experimenf;. Then the conjplete suspension‘ system is optimized
(five parameter opﬁmization) fc:r stochastic e>_(c1'tation and the_results

are presented and discussed. \ .

7.6.1 Application of the Discrete-Harmonically Linearized Force

Method (DHLEM)

The superior Serformance 01} the DHLFM has Bepn illustrated in
section 7.5. The DHLFM was applied to the laboratory suspens{on model
which included the guidance stiction (equations 4.2 and 4,3) and the ms
acceleration plot was recorded. The field excitation spectrum shown in
Fig. 7.6 -was utilized as the input %or this model. The response was
verified in the 1ab;ratory using the set-up shown in Fig. 4.7. The'
excitation spectrum of the fleld data (Fig. 7.6) was geqefated by a Brllel

and Kjaer Type 1026 narrowband random signal generator and fed into an
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electr;:-hydraulic shaker. The response acceleration signal was recorded
by a é-rUel and /Kjaer 7003 series FM recorder. After the testing was

completed, the tapéd record was analyzed using a Nico'lét 660‘A> spectral

analyzer. The ms acceleration spectra obtained by the DHLFM and labora-
tory testing are shown "in Fig. 7.14. They both display the same trend,
with good ;:orre'lation at the pegkvvames. In the‘ 3 to 10 Hz range, the
dominant dar:lping characteristic is due to coulomb friction, In the

labaratory, the slip-stick mechanism is not truely coulombic, which )

accounts for the deviation between the two curves in this range:

¢

7.6.2 Suspension gptimization

To carry out suspension optimization in the case of s’cochastica‘ily

described input excitation, probabilistic performance indice§ analgous
}

’ta the‘detennim'stic farms (in Chapter 5) are utilized. As in the deter-

inistic case, only performance indices Which.ére functions of the system
response parameters are appropriate for this investigation. Karnopp and
Trikha [94] analyzed a performance‘index Iy mhich is commonly used [55,

92,101,159- 161) to evaluate the perfor'mance of systems subject to random

exc1tat1oq. It has the form:

I = E[%%] + D E[2?] o . p (7.3)

¢

‘wher# E[%?] and E[zz] are the expected ms responses-of the absolute

acceleration and re]ative dispTacement respectively The value of the

'weighting factor D, depends on the relative importance of the two‘dynamic

»

quantities. : L

‘ a) Two Parameter Optimization

:
t o

The motorcycle suspension contains two parameters which can be

gl

~ H

o!
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t

readily modified in the 1aboratory, or1fice area and air column volume.

- The remaining potential opt1mizat10n parameters; helical spring st1ffness,

initial air pressure (which dictates the static ride height), and sea)

“stiction, require more extensive modification effort. Hence, in this .

sub-section, a two parameter optimization is presented and the results

are verified by laboratory. experiment.

The optimization problem was formulated using the suspension model™

without the gu1dance stiction in a manner very similar to the one described

in section 6.5 with the exception fhat the input exc1tat1on is.the field

spectra of Fig. 7.6. The DHLFM was nsed to obca1n themresponse, and the
performance index for random input (equation 7.3) was eva]uateH.

available instrumentation in the 1aboraton§ is not sqitab1e\for the |
measurement of ms re]acive displacement. Subsepuently, the weighing
factor D, was assigned a value of zero so that the sense in which the
suspension was optiniéed could be observed in the,laboratorp. The optimi-
zation method described”in section 6.3 was then applied. The optimal\
design values are listed in Table 7.3.. From the table, it is apparent

that the optimization procedure yie1ded a very lightly damped system.

" This result is expected since, with the wefghing parameter in equation .

‘

7.3 set to zero, only the ms abso1ute acceleration is minimizeq,

The optima] design values were ‘used . to modify the hardware model.
Because of the guidance stiction, the mathematical model of the suspension
system was modified to include this add1tiona1 cou1omb friction (the
procedure s similar to that in section 4.4) and the stochastic response

was calculated w1th the optimal parameters. Both sets of results are,

plotted in Fig. 7.15. The res®Nts obtained by simulation and laboratory
\ testing aré in excellent agreement both, 1nd1cat1ng a fifty percent

L

. .
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reduction in the peak ms acceleration response.

b) Five Parameter Optimization
\

A five parameter optimization was conducted following the procedure

used in tﬁe'iwo parameter optimization, with a -few alterations. The
principal difference was that the performance of the actual suspension,
rather_;han the performance of the laboratory model, was the objective
func}ion. Hence, the performance index (equation 7.3) was used with a
weighing factor set to unity. The five parameters are: helical spriné
stiffness, Kk, initialiair volume, Vo’ seal stiction, Fcou],’ quadratic
damping, Tp*'Tor’ and initia1 air pressure, Po The optimization method
.d?scribed in secfion 6.3 was applied, and the optimized parameter values
obtained. Theée values are listed in Table 7.4, The stock and optimized
ms.aFceigﬁﬁtion response spectra are shown in Fig. 7.16, and the stock

and optimized rms displacement spéctra are shown in Fig. 7.17. Both

figures show a significant performance increase over the stock response.

The opfimiiéd parameter values for the stochastic response in
Table 7.4 can be compared to the optimizatfon results for therfrequency
éhd‘tim;’domain in Table 6.1.  The stochastic response values for helical
.spring stiffness, k, and quadratic damping coefficients, Tpi-Tor, follow
the“;aﬁé trend as those for the frequenpy domain optimization. Similarly,
the trend for the 1n;tia1 air volume, Vo’ is the same for the gfochastic
response and time domain optimizztion. although not to the same extent.
The optimal value of seal stiction is reduced for optimal stoshastic
response, whereas it is increased for the frequency and time dpmain optim-

fzations. This characteristic is due to the emphasis on the response in

_the 4 to 10 Hz range (recall Fig. 7.6). If this range §s weighed in the

t
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TABLE 7.3: Two Parameter Optimization Results

.

-

. .

Design Parawisting Design ,Optimaf Design
) ‘ ~ Value ' Value o
¥ |
x ,’ E

-2
‘ ' Tp + Tor (kg/m) 40.92 1.724 x 10 |

\ S AN 6.934 'x 107" 5.461 x 107"

) ° | o
< ' N

» "- Tt

TABLE 7:4: Five Parameter Optimization Results

Design Parameter ‘Existing Design Optimal Design
’ Value Value
k (N/m) 2.067 x 10° 7.8117x 102 - |
k v, (n°) 6.934:x 10* C1.484 x 105 ]
a ' .
* : Fseah (N) © 1.677 4 . ..0.3363
Tp +*Top (kg/m) 40.92 : '8.184
\ Po(kPﬂ) 84,55 '846.4
£ .

N
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[

frequency domain optimization, a similar trend in the seal st1ct10;<
a]teratipﬁ{is expected. To summarize, the trend in the optimal design
vaﬁué? obtained from the stochastjgeresponse optimizqtiqn fo]lpwé those
6f either the frequency or time domain optim{zat%on. This trend is
,exhectgd since the terrain induced excitation consists of components

which are best &éscrjbed jn either the frequency,or time domain.

-

7.7  Summary

In this qhépter,,methods for obtainjné the stochastic response ‘of
‘the nonlinear suspension system were presented and suitable linearization
techniques were applied. The input ms acceleration spectrum was obtained -

from field measurements. Once the nature’of the excitation and system

L.

. model was known, the analytical techniquesfor obtaining the stochastic

response were réviewed with respect to suitability for the present
~problem. Once a suitable téchnique was selected (equivalent linearization),
the performance of various innovative approaches was éompafgd. The dis-
crete-harmonically 1inearizea force method (DHLFM) exhibited the least
. error. Hence it was used as the method for obtainiﬁg tﬁe stochastic re-
‘sponse in thé optimizatién proceqﬁres. The 11néarization technique was
used in computational optimization techniques for two and five variable
optimization. Whenever possib]g; the re§ponse spectra‘werefverified in

the laboratory.
3
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

8.1 Conclusions .

In this investigation, a «computer aided analysis and design method-

~ “ology is presented. The presented material illustrates that the perfor-

mance of a given motorcycle suspension can be evaluated using appropriate
modeling and simulation techniques. This approach yields significant
time and cost savings when compared to the traditiongl method of full
scale hardware testing. The extension of the metﬁodo]ogy to optimal design
synthesis (Chapters 5-7) is even more significant because not only can

- several hundred combinations of the desijn parameter values be‘critical1y
evalaated in a few seconds, but the global nature of the bptima] des{gn

~.

set can also be readily observed (see section 6.4).

The hethodo1ogy utilizes mathematicai models which are developed
from basic prin;iples. This approach yields in;ricate, non-1inear suspen-
sion component models. Analog and digital computer simulation techniques
are applied to the damper elements and the results are compared to those
obtained by experiment, showing good agreement. Having verifiéd éﬁe
damper element characteristics, computer simulation techniques are then,
applied to a suspension system model. The model utilizes non-linear

damper and air spring elements together with idealized mass and stiffness

* elements’. Results are obtained in both the frequen;y and time domains, °

and are supported by results obtained in the laboratory. pThe validation
procedure is discussed in Appendix IV. Suspension performance criteria:
v y

are introduced for each domain, The criteria are used to formulate

a set of objective functions. A numericél'optimizatfon technique

based on the Penalty function:;pproath is then applied and the

- .

+
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L\ ‘ results are obtained. An existing suspension system is modified using
the set of optimal design parameters. The predicted optimal performance

is verified in the laboratory using the modified suspension.

The investigation is extended to include the stochastic response

g of the motorcycle suspension. For this purpose, the power spectra of the

terrain induced excitation obtained from realistic field measurement are

under stochastic excitation are'discussed. Thé most suitable technique
is- determined and the éccuracy of several variations is critiéa]]y
| evaluated. The most accurate version is then used to* obtain the stochastic
response of the nonlinear Suspensiéh system. A performance criteria is,
formulated and numerical techniques are applied to obtain a set of optimal
‘design parameters, based on the stochastic response. Thé methodology is
verified by comparing the predicted response of the obtimized'suspension
! with the response of a hardware model modified in accordance with the

optimal design parameter set.

i

8.2 Highlights of the Investigation

The original contributions of the investigation presented in this

thesis can be summarized in terms of the following set of statements:

Kl‘“‘ :(;r -

. 1) Detailed, effectjve mathematical models of motorcycle suspension
'dampers are derived from the basic fluid flow and;ideal gas relationships.
Although motorcycle dampers gre' usgd in this 1nve§tigat10n, the approach
is readjiy generalized to any viscous d&mper. This aspect of the investi-

~gation has been presented and published [162].

1

j . 2) The mathematical model-of the suspension system is a simple, yét

accurate single degree o?\{keedﬁm model. The nonlinear elements are due
. ' |

i

qti]izgd. Various techniques for obtainfng the nonlinear system response
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. to the dampers and air spring. The linear elements, mass and stiffness,
are idealized, however, they represent reaiistiC‘behavior. ‘The mass is
considered to have*syconstanp value. 'In practice, the pitch motion of
the motorcycle alters the effective mass on the front suspeqsion, however
a perfect suspensqon will comp]ete]y 1so]ate the- mass 'Hence, the ideal
mass representation becomes 1ncreas1ng1y rea11st}c dur1ng the optimal
design procedure. The linear representat1on of the helical spring is
realistic because only a small part of its possible range is used (i.e.
relatively small deflections are experienced). To~sﬁ%mari;e, the
mathematical model of the motorcycle suspension utilizes linear element
“representation whereverxgoss?b]e, while retaining highly.discsntinuous,

non-l1inear elements so.that the non-linearities can be fully exploited “in”

the analysis and optimal design procedure.

3) Performance indices are developed for the frequency and time
domain ‘analysis. Traditionally, only the damper characteristics are con-
sidered as a quantifiable performance'indég. In thfs‘inves%igai1on, the
frequency domain performance index presented is precise because it uses
an initial value solving routine (retaining the systems’ non-1inearities),
while remaining economicai\because on]} two frequencies are used to
characterize the transmissibility. The frequency domain performanfe index
concept can conveﬁfent1y be extended to hardware testing since only fwo

excitation frequencies are required. ' ”;a
) A

The time domain analysis provides a unique performance index whic '
utilizes the dynamic quantities of interest and the theoretically optima
force level. The performance 1nhex is useful not only for comparing the

performance of two suspension systems, but also‘for‘evaluhting the

[

A
ﬂ%
o >
3
.




. for each domain. These aspects of the investigation have been presented

-152- ~ E
pérformance of a single suspension system as compared to the theoretically

optimal performance. Although in this thesis the index is used in the

suspension simulation, it can easily be used in the laboratory testing of -
suspension systems if suitable system excitation and data.storage facil-

t ~
jties are available.

Ll

°

. Both fﬁeqhency and time domain performance indices are plotted over

the respeéiive range of input values, yielding a performance characteristic
. . . » A

T

and published [163].

[N SIS,

4) An optimal design procedure is presented which can be used by
the motorcycle suspension designer to maximize the performance of a éiven
suspension system. The performance characteristics are used to formulate

a set of objective functions. Conventional numerical optimization methods

are then applied to yield sets of optimally designed suspension parameters.

This optimal design procedure constitutes several published works [164,165].

5) A summary of various equivalenf linearizaqion methods for j

W

stochastically excited systems is presented. The accuracy of these methods

is evaluated by comparing the stochastic response obtained using a given

<

linearization method with a "true"'?;;ponse obtained through simulation.
, L
The comparison is carried out for various excitation spectra and severity v

of system non-linearity. The benefits are two-fold; the choice of
linearization scheme for the type of problem is determined, and secondly,

aﬁ original method for evaluating the accuracy of various linearization

R

schemes is presénted; .

L

!
6) A design procedure which optimizes the stochastic response of the

motorcycle is preéented using an accurate linearization method.EQA suita@!e

)

L A
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a
2 . o

a’ . ‘ l
performance index is fonhulated and a numerical- optimization method is

applied, yielding an optimal design procedure Sasééion the stochastic .

response.

8.3, Recommendations for Futuré,Nork

Recommendations for future work fall into two categor{EE:'recomnnn-'

dations which apply to various phases of the mefhodo]ogj presented in this

thesis, and recommendations for wvgk beyond the scope of this 'inves’cigat-‘z ‘

.tion. Future work which falls into the first chtggory may be summarized , .

in the following statements:

1)‘ The mathematical model'comld include a more detailed relation-

et

< 7

-+ ship for the entrapped air column. Such a-relationship Qou]d include 0
a heat transfer model which utilizes time Historiesgtd preqjct'tﬁe con- - ?

tribution of the'air column and viscosity change of the damping fluid.

2) An improved model for the s]ip-s%ick‘mechgnism of the seal

stiction should be developed. * ° . '

- :
s

3) The effective mass per fork leg js not a constani. The
simplicity of the single degreé of freedom mod$1 coﬁ?d be retained‘if the
statistics of the effective mass variation is estimated. The time :
history of fhe mass variation could be generated and the presenf :

methodology could be utilized. ' B ; o

4) - The effect of entrained gas in the damping fluid and 1R; degrad- -

. . S :
ing effect on the damper performance could be modeled. As with the heat
‘ r

transfér mode]l isiatement (1)), the entrained gas model could utilize time

histories_of the dynamics of the gdgﬁfluid 1nterféce fo estimate the .°

-

.change in the effective bulk modulus of gpe fluid.

' .
.
. .o
' . ‘ * +
a ' L
¢ . f .
. '
CY
'

[ ‘o
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" 5) The 1inearization methods presented in\Chapter 7 couid be

appHed to the frequency domain perfonnance index in section 5 2 to reduce

computati onal effort.

o~

Reconmended ﬂ)ture work which extends beyond the methodology pre-

sented in this thesis can be sunmarized by the ‘ollowing set of stateinents:

PO

‘a];) The optimal desiqn procedures for the frequency and time domains
could be ‘combined with the procédure for the stochastic response. The "

[ - . N 3 . |
‘resulting package -could be used as part of a global CAD/CAM package for
. ~ . . %

. 2k The lateral stiffness of the fork cou'ld' be considered in the' .

rdesign process. The effects of braking torque and ob]ique terrain loads

on the. stiction mechanism could then be investigawd o

4

-

3) . Di”irent valving mechanisms could be studied. The ualving

. configurat'ions- ould include: blow-off, friction, or displacement- .

. ?

dependent types They cquid use passive, semi-active, or active control

r ¢ . 7
schemes , : ‘ . N

' 4) In order to perfarm a comp ete analysis and optimization of the. .

motorcyc]e suspension. the front and‘rear snmpensipn models should be

incorporated into a model of the motorcycie which considers the pitch and .
bounce of the motorcyc]e frame. A thesis on this topic has been pubiished |
‘ ‘,[iqﬂ, ‘however 1t .doesn' t include an optimization of | the . suspension
‘parameters as presented in 'this investigation The motorcyc'le model couid'
' .be more fully developed to 1nc‘l ude the tire influence. wheel 1ift-off,

terrain compliance, and the effect of non—iinear l‘inknges (Qrear suspension)'.' '
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TABLE I.1: Scaling Factors
Problem Variable Scaled Cqmputer Variable
R z /70.5"
ot \ - ot .
z, - z/15.7
).
"2? 2 / 246.
Ap. Ap / 300.
v
V&P vEp / 17.4
R +
Us u, /°600.
U, ‘u, / (1.6x10°)
ul. U, / 0.5 -
u, u, / 470,
u, u, / (1.41x10%) d
Fi Fe /30
W~ i 9 (F-F,) / 500.
F ) v F / 530,
Q. . © Qax / 5L)..
f ~

-

%



4

Fig. 1.1: Scaled Circuit
. Diagram
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TABLE 1.2: Potentiometer and Voltage Limiter Settings )
/\ -
POTENTIOMETER , COEFFICIENT SETTING
0. Static Check 1..0000
| 02’ ' - Static Check 6000
\ 03 1K Static Check 8512 “
] 05 Static Check ’ .5003
; 06 ks/12000 Bm e8| :
E 10 5 ka/4700 Bm L0716
§ 07 12.0/8 . 1200
12 9. /8 1 . 9400
L 15 : /8 : .3141 1 \ |
| 16 . 2wf/8 R _ L
31 38/470 fm Q 6492 | - S
32 300A/ky B 4530 z
33 | ' A/200 8n 5085
34 300A/k; B L. 1744
3 - N8 : . 4562
3 1/8 1 1.0000 |
37 4230 . .4230 :
38 5340 .5340
45 } B Amp/157 ' . .3185
: 62 .9484 " . 9484
64 9810 | .9810
65 " pe/300 : .0020 »
N 60 | Pyt /300 . L0833 | %+
. 66 5 A300/582 . 7490
67 0.1474 0.1474
. 90 5/7.03  f 0700
| 9] (1/A=1)/7.130\, 9300
9% . 4000 4000
% ( | 6952 2 . 6952
96  Papyi 300 . 3433
./
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TABLE-I.2 (cont'd) -
. POTENTLOMETER- COEFFICIENT SETTING
100 4232 ) ) .4232
VOLTAGE ‘ ‘ n
‘ C L 4.800 .
o -0
: +.500
7 - . iy
R '. . ,
. ‘ )
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~ TABLE I1.3: Static Test Data g )
» y ' *
Iy FEEDBACK |- OUTPUT VARIABLE AL LT ED MEASURED
. . ~ _
02 © 2437, |27 L2432
04 - 0681 " |~ .0681.|
05 / [-u:/600 -.5000 - -.5002
06 4 L -us/5 -.8000 -.8000
07 f A . J. .8 .8000
08 X £/5/17.4][ua/ .5] .4592 .4618
09 3 | - -/Ep/17.4 -.5740 -.5764
10 s _{,/470 8510 |°. @528
1 T -Uy/5 . 4 .4000
12 re Uy /.5 -.4 -.40Q0
15 I -sin (wt) | 637 6369 |
16 ) cos (at) 6 -.6000
17 ;o -cos (wt) -.6 '=.6000
33 =L /ENT.e . 574 6767 |
34 : \'|  [ap/300 .0702 0681
70 r__ N300 3333 | .3333
36 L £2/15.7] .6369 6368
37 1 /&p/17.4 . .3429 .2436
39 L VAp/17.4 . .3066 _.3078
45 L 3/15.7 <l 6369 .6367
63 ()2 22/246 , 4065 . .4056
66 . T /50 6630. .6633 -
67 z o 9259 9254 _
68 X [VEp/17.4][uu/ .5] 2296 | 2262
69 . | -/Rp/17.4 5740 O~ ~TEa9
32 L Q4/50 . .3079 ~ 3080
40 B R ' 0479 0485
4) L .0479 .0485
91 - b ‘ :9715 .9720"
93 . . .sizsg :9269°
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-+~ TABLE 1.3 (cont'd) - v , .
AMP ' ' CALCULATED = | MEASURED
= | n. - FEEDBAEK OUTPUT VARIABLE aUTRUT OUTPUT
' 94 TR 5600 5580
9 | [ n o718~ | - .9720
| CoMPAR- [ ‘
, ATERS )
. 38 Q/50 .0702(0) 0
04 - /50 .0485(0) 0
: 64 .Ap/300 .0486(1) 1
i 94 | - 1 . 4p/300 20 (0) - 0
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' * LISTING OF THE CQMPUTER'PROGRAMS FOR OPTIMIZATION




. 0 3 I=1,
3 V\PHI(I)SX(I‘

K= . | _ : .
§  XMMAX=XXMAX : S 3

[P R [ S—

v
>

L
FREQUENCY DOMAIN OPTIMIZATION -

THIS "PROGRAM OPTIMIZES THE FREQUENCY DOMAIN PERFORHANCE orF- THE
MOTORCYCLE SUSPENSION.

PROGRAM OPTF ) YTFHIT‘—”, : .
nIHENSION RMAX(S) sRMIN(I) 9 XSTRT(S) 1 X(S 6)PSI(1);UORKI(S)
DIMENSINN UORKZ(S)rUORK}(S)rHORK4(5)1XPP(1$)

DIMENSION FREQ(14)

COMMON/VIS/K

DATA NvIPRINT:IDATA!NCGNS!F:HRXH’GrNEQUSvNSHOT:NTEST/S! 111,55y

10,1»300,0:91+013,10/ S

EPEN(ZOvFILE =’Q0PTF. DAT’vSTATUS='NEH b)

00 1 I=17S ‘ ~
RHAX(I)=1.5
RMIN(I)=,5

1 XSTRT(D)#l.

CALL BEEKI(N:RHAX;RNIN!NCONSvNEQUSvF:GyXSTRT!N°HBT;NTEST:MAXH:
2IPRINT, IDATAS XsUsPHISPS I:NORKl:UORK yWORK3 s WORK4)

CALL IPERF(FREQy XPP;X:XXHAX -
WRITE(20+3) FREQsX

g?h% ANSUER(U:X!PHI7PSIvaNC0N31NEGUS) ] : .

END
...INEGUALITY CONSTRAINTS.ss - v

SUBROUTINE CONST(XsNCONG:PHI)
DIMENSION X(1)sPHI(1) 5 >
COHHON/DATA/XHHAX Lo

- PHI(S3)=X(5)~.872
RETURN ‘N
END !

++ sEQUALITY CONSTRAINTS... -

SUBROUT INE EQUAL (XsPST s NEQUS)
BIMENSION X(1),PSI(1)
D0 2 Iaf,NFQUS

2 PSHDI=X(11)-1.
RETURN -, .

END : :
? \
+++CALCULATION OF THE PERPORMANCE INDEX.: -+ T

SUBROUTINE UREAL{(X.YY - ST - e -
DIMENSION X(3)XPP(16) . '
REAL IFREQ(14) .

COHHON{DATA/XHHAX

COMMON/VIS

.CALE IPERF(IFREG:XPPnyXXHAX)-
[F(K+FQ.1)G0 TO 4

G0 10 5
URITE(20:!)IFRED:X

Fl=Q.
DO 3 Jmt,15 -

3 -5£;§IFRED(J)+IFRED(J+1))*.1/2.+FI
RETURN




END
Vo SUBROUTINE IPERF(IFREGvXPP!XUPTyXXHAX
- . \ .- DIMENSION FREQ(E):YO(Z):TR(Z)|X°P(16)!Y0PT(5)1CUPT(5)
‘ REAL MsKsMRTA,VOsACs XSSy IFREQ(14)
Cﬂﬂ N /CPCOH?/HUSED:NQUSED!NSTEP:NFE
. vKnBvARvAJ:ASACTvFRICrFCUULtHRTA;UOrACrDELTAU
’YINyYU IN!AHP:FINTEQ!BUR;PQ:CUPT:BC NE

XXMAX=0

- , D0 333 1=1,5 \

3 SR 333 * COPT(I)=XOPT(I) .

f o - DO 61 IMCw1s14 , -
. : XPP (IMC) =, 44, 1XINC .

++ +EPISODE ROUTINE PARAHETEESQ.. | .

0UT3=0, . ;
. - AMP=WPP(INC)/24.
: ' FG=g,

o 112 xx=1,b T C N

‘PA=2116‘8v
AC=,0122 -
V0=0.01525 .
MRTA=38,43 y
FRE (1)=SQ§T£

coo - FINTEQ=FREQ(KK) | ‘
. Y0(1)=0, - : . 4
. Y0(2)=0, ) . .
. IG-OA - 4
3 R . . X1=0, . ’
: o : . N=2 - . \ e
W , HO’.I . N N *

o EPS" 001 ) ! ° . : \
. - TgETsi./(lo.#FREQ(KKY) /

_ IERROR=1 . T o . .
. WF=10 . . . !
INDEX=1 . : .
AMAX=0. ° . ' . .
XMAX=0, ° . ! . *
AMIN=0,

; N 4 lo ' ) - .
Lo . +++PHYSICAL PARAMETERS.ss - ©.
i

© DIRING=,853/12,
- : DISLID=L+175/12,
. DDAMP=,825/12, .
i \| DRING=i,08S/12, : /
S - RO1,709%1, )
: ATUBES 78541 ( (1, 49612, 1482, ~(1,260712,) 832, - A
f ‘ ACONE=. 78548((1,0045/13) 1450~ . 9036/15  T453) :
! . ) AOR'.7854!( 237/12.)0%x2., -- ' :
, . APISTI((I 60/1 + JXX2 ~( B15/12,)K%2,)%.7854 - o

' Ch=, o
| . SeLTavss, 2B3SORT (K/N) /50, (
L p - FCOUL=S.S

+ » »CALCULATED PARAMETERS .. ” e

- . B=(APISTX¥3,) %R0/ (2.,%CDXX2,) . - ‘ ‘
' . . AS=,7054X (DISLIDXX2,-DRINGX%2.) .
.l o ~ BOR=(ATUBEX%3.)XR0O/ (2. X(CDXAOR) X%2.,)
. . BCONE=BORX(AOR/ACONE)X%2. [ ot ot

! : B .

\ . -

- A \
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358.7854x(DIRING** »~DDAMPXXZ.)
3 . N

+++EPISODE DIF. EON. SOLVER...

10. . Y2DOT=-AMPX((FINTEQXS,28)K%2,)
. IF (ABS(Y2DOT) .LE.COPT({4)XFCOUL/M)GO TO 54
CALL EDRJU(NN:TO;HD,YO:TOUT;h Sy IERROR + MF» INDEX)

YY=ABS(Y0(2)-YDOTIN)
IF(INDEX.EQ.0)GO TQ &5 .o
PRINT!: INDEX '

‘ G0 70 & I

65 CUNTINUE *
XQUT=TQUT .
JK=JKH i
UT3I=ABS(YO(2)) -

_ _DUT33sABS(-(B/(MX(ASACTLAR)XX2, ))t(YO(Q) YDGTIN)
2%ABS(YN(2)-YDOTIN)-KX(YO(1)-YIN) /M~-FRIC
3-ﬁRTA/(HX(VO-AC*(YD(1)-KIN)))+HRTA/'UUXH))

40 TOUT=TOUT+t./(10.%FREQ(
IF(TOUT.LE.10,)G0 TO
IF(YY.GE, XHAX)XHAX=YY
IF (OUT3.GE . AMAX) AMAX=0UT3
éE(TguzéLE »(10.+3./FREGQ(KK)))GO TG 10

'S4 YO(1)=ANPESINCFINTEQAS. 284T0UT)
YO(Z)-AHPtFINTEﬁtéy SXCOS(FINTED*é.ZSXTDUT)

Y=0,

. G0 70 &5
40 CONTINUE

TR(KK)=AMAX/ (AMPX (FREQ (KK)%6.28))
CONTINUE

112
XMeXPP(IMCIX(TR(1))%12,
gF§XMoGT.XXHAX)XXHhX=XH
[FREQ(IMC)=TR(1)+D%100,%(TR(2))
81  CONTINUE
S5 CONTINUE
RETURN
END S

+++JACOBIAN (IF REQUIRED)

SUBROUTINE PEDERU(N:T:Y:PD;NO)
RETURN
© END

++ « DIFFERENTIAL EQUATION...
SUBROUTINE DIFFUN(N,T,Y,YDQT)

- COMMON/INDBATA/HMsKsBs AR+ AS2ASACTFRIC, FCOUL »H TArUO:ACrDELTAV
32 YIN.YOOTIN,AMPy FINTEQ) BORyPACOPT,BCONE

DIHCNSIDN Y(N)sYDOT(N)»COPT(S)
REAL M/KyMRTA
YIN‘A“P*SIN(FINTEG‘&OABXT) .

YDOTIN=AMPYF INTEQXS.28XCOS (FINTEQXS . 29XT)

BBCONE=BCONE

gg(ﬁ?S(g(l) YIN).LT..70)BECONE=O,
IFC(Y(2)~YDOTIN) .,LE.0.)ASACT=0,
IF(ABS(Y(2)-YDOTIN) .LE,DELTAV)G0 TO' 35

FRIC‘FCDUL!(Y(’) -YDOTIN)/{ABS(Y(2)-YDOTIN))

/

R ()
33 FRIC=FCOUL!(Y(2)‘YDDTIN)/DELTAU
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CONTINUE . : {é\ , .

YDOT(1)=Y(2)

YDOT(Z)'-(B/(H!(ASACT&AR)¥12~)+80R/H)¥COPT(1)*(Y‘2)-YDOTIN)
I2ABS(Y(2)-YDOTIN) -KXCOPT(ZIR(Y(1)=-YIN)/M-COPT(4)¥FRIC/MH
4-((MRTA/((VORCOPT(S)~ACRCY(1)~YIN)) 3-PA)~ (HRTA/(UO*COPT(S) T
3)-PA) AC/H-COPT(Z)!(BBCONE/H)X(Y(z)-YﬂﬂTIN)tﬁﬂS(Y(s)-
6YBOTIN)

TURN _ '
END Loy
« - H
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TIME DOMAIN OPTINIZATION >

« JTHIS PROGRAM OPTIHIZES THE TIME DOMAIN PERFORMANCE OF THE
HOTORCYCLE SUSPENSTON

) PROGRA” oPTT
-~ DIMENSION RMAX(S5)»
: DIMENSION WORK2(S)
DIMENSION THERIT(26) XM
REAL IT(26) - -, }
COMMON/VIS/K
OPEN(21,FILE=/0PT4,DAT’ ySTATUS='NEW’)
.DATA NsIPRINT»IDATAsNCONS ’FrHAXH!G:NEGUS;NSHOT!NTEST/S:1:&yév
10,01:500+0.012053,10/ -

K=1 : :
DO 1 I=1s5
, RHAX(T)=1.5 - : '\'“Y
- RMIN(I)=0.5 ,
- . 1 XSTRT(I)=i,
o CALL SEEK (s RHAX, RTINS NCONS NEQUS, £ 46 XSTRT NSHOT  NTEST HAXH»
21PRINT, IDATASXsUs PHI P8I, WORK1 ,UORK2 , UORK 3 W
ChLL AN L NG R
CALL IPER(TTsXMAXs TUERTT s Xy XXHAX}
WRTTE(21 O THERTT /X

¢ END : .
R A L E « «+ INEQUALITY CONSTRAINTS... . . - _

o . SUBROUTINE CDNST(X:NCDNS'PHI)

' . . ‘ DIMENSION X(1)sPHI(1)
. . : CDHHON/DQTA/X“HAX .
. o . 3 1.1'4 M e }
' 3 PHI‘I)’X(I) ) oo . >

PHI(3)=1.09-XMMAX :
PHI(4)=X(5)~-,872 . *
“RETURN . . | |

o | END
T +/EQUALITY CONSTRAINTS... o ~ -

. Lo _ SUBROUTINE EQUAL(XsPSI,NEQUS)
: o DIMENSION X(1)sF3I(1)
. DO _2_I=1,NEQLS
A PSI(I)=X(I)=1,
i * RETURN - . v
. * _END

+++OBJECTIVE FUNCTION...

! e .7 ~SUBROUTINE UREAL(X:U) - . .
P , DIMENSIOQ . -
* . . DIHENSION XHAX(Zé)yTHERIT(zé) e
. / COMMNN/DATA/ XMMAX
) y COMMON/VIS/K : .
. REAL IT(26) _ .
) © CALL IPER(IT:XHAX:THERIT;X:XXHAX) . > ,
Y N . IF(K EQ 1)60 . '

¥’ . 4

A

60 10 5 .
v ? . 4 gRéTE("I-X)THCRIT:X '

- ‘5 XMHAX=XXMAX /. , »
e . F1=0. . ! . I".- b

FTI=0. . - b

§(S)1PHI(7)1PSI(1)vUORKi(S)

@00

(8]

ooo




.
. . ,
P
. Ce ‘ "fFJBS' . -
A
1] Ay
. .
.

' | / C .
r ‘ . ~ s
X ‘ ]
* DO 3 J=1,25 :
FIa(IT(J)+IT(I41) )X, 2/2.4F1

3 © FTI=FTI+(THERIT(D)HTHERIT(JH+1))%.2/2,
. U=S500,~FTI
RETURN .

<o LY .
+++.CALCULATION OF THE PERFORMANCE INDCX...

' . SUBROUTINE IPER(IT,XMAX, THERITXOPTsXXHMAX)
. ;o DIMENSION YO(”):XHAX(Z&)’THERIT(Zo):COPT'S).XOPT(S)
. oY - REAL MoK HRTASIT(26)
- v COMMON /EPCOM9/HUSED» NGUSED{N;TEP NFE/NJE
/ ' COMMON_/INDATA/MiKsBsAR2ASsAS CT:FRIC:FCOUL:MRTA:UO:AC:DELTAU
/ 1vBOR5P3vPA:ATUBE:BCONE;BBCONE:C

. ___- DO 333 Is1,5 ‘ ,

e 333 COPT(axdPT(I) - , .

S XXMAX=0, . =
DO 61 IMC=1,26

++ EPISODE RUUTINE _PARAMETERS..,

000

. | . INDEX=1 .
g - ' fg ++ oPHYSICAL PARAMETERS... -

. DIRING=.853/12, | J
: DISLID=1.175/12, - : <o
DDAHP=,825/12, N S {
‘ DRING=1,083/12, : .
: C ' ACONE=, 7854% ((1.0045/12.) #42.~(,9835/12. )%42.) L
' . = .- -
ATUDE=, 7854% ((1,496/12, ) %42, ~ (14260712, 1352, . A
. PA=2115.8 L
. ADR=.7854%(,237/12. )42, . oo
. APIST=((1,260712,)4%2,-(,825/12.)%%2.)%,7054 . b
Ch=, 47 : #
He73.5/(32.2) o
v0=0,01525 : C :
. BRTA=S58,63 - . , :

DELTAV=0.01%4, 20XSART (K/M) /50, o . A_',r»:’ T
FCOUL=5.5 . RTINS

+++CALCULATED PARAMETERS... : C ‘

-. B=2(APISTX%3., )*RO/(” XCDXX2,) "

“BOR=(ATUBEX%3.) RO/(Q’*(CDXAOR)*ﬁ N
BCONE=BORK (ADR/ACONE ) X%2, S
P3=MRTA/(ACXV0) ~ ‘. R

~  AS=,7854%(DISLIDX%2,-DRINGX%2.) R T

. AR'»78543(DIRING*#2.-DDAHP*! ) : . )
- A : ASACT=AS’ : .
4 OUTi{=0., . - ' -3
ouT3=20,

-

[glixlyl

a
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L Yo(1)=0, . ,
L Y0(2)=( IHCE,2+.8)X100./(2,54%12,) ‘ AR
: UFTaY0(2)%x2, . o AN
! NN=2 : ; :
1 10=0,
XH=0,
/ g AM=0,
| c N a7
L L € o.EPTSODE DIF ¢;EQN.’ SOLVER. ..
1 10  CONTINUE i . ,
. . QUT1aY0(1) , 5
\ 0UT3=-COPT (1) X (B/ (MX(ASACT1AR)X%2.,)1COPT(2) ¥BDCONE/ (M2 C e
| ACOPT (1)) $BOR/M)X(YO(2)) $ABS(YO2) ) -KXCOPT (34 X(YO(1)) /M , .
o S PRICKCOPT4) 7t (HRTA/ {1k (UORCTPT(S) [
1 SACKIOU1))1-FA/H)= (KRTA/ (VORCOFT(S)2) -Pa/t) 1 xac ~ :

"CALL EDRIV(NN,TOsHO,YDyTOUT,EFS IERRORMF) INDEX) S
- : . 1 (INDEX £Q,0) GO TO 40 , /
’ ! gRINétr INDEX o

. 0
40 TOUT=TOUT+.001 T s
. IF (ABS{OUTI) .GE + AM) AH=ABS (DUT3) o .
\ . IF(YO(L)»LT 0uUT1)G0 TO 11 '

JK=3JK+ ) .
IF (JK, LE 300> GO TU 10 ’ ! 3
. S 5 § XHB 0(1 .

160 NTINUE , . \
‘ THERITCTHC) =50, ¥UFT/ (1, 09%AH) :
; IT(IHC) =50, $UF T/ (XMXAN) o
XMAX (THO) s XM ,
\ TF (XM, GE . XXHAX) XXMAX=XH " .
|61 . CONTINUE ' .
RETURN ' : R ‘
: END , ‘ : o ~
+¢+JACOBIAN (IF REQUIRED) ‘ ,
SUBROUTINE PEDERV(NsT»YsPDsNO) g -
RETURN S
END ‘ . .
++ +DIFFERENTIAL EQUATION. .. o . 4

b . SUBROUTINE DIFFUN(N;T,Y:YDOT
g . ‘ COMMON/ INDATA/M yAR1AS :A“ACT:FRIC;FCOUL HRTA»UO,AC:DELTAU
s'anR,PJ,Pa.Aruns.acoug.nncous.c )
DIMENSION Y(N)sYBOT(N)sCOPT(S) . .
REAL M/KsMRTA . ‘ >
ASACT=AS . . A
- : BBCONE=BCONE : '
, Py CIFC(Y), LT..?O)BBCONE=0.
\ - IF((Y(2)),LT.0.) ASACT=
‘ IF(ABS(Y(2)).LE, DELTQU)GB T0 35 ' .
‘ ) FRIC=FCOULRY(3) /ADS(Y(2)) . - : ' , .

‘G0 _TG 45
.39 FRICsFCOULXY(2)/DELTAV
43 CONTINUE

YDOT(1)=Y(2)
‘ S 2YD0£62%?-09PT(1)t(B/(HX(ASRCT+AR)X$ +)+COPT(2) XBBCONE/

IHBOR/MIX (Y (2) IXABS(Y(2))-KXCOPT(Z)R(Y (1)) /H-COPT (4)XFRT
3-( CHRTA/ (MR (VDXCOPT (S)~ACXY (1)) “PA/M) = (HRTAZ (VORCOPT(S

. o sh) -PA/M))XAC N . ‘

; SV - RETURN . . \ X oo

I L ' o
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SLEM ISTATISTICALLY LINEARIZED EMERGY METHODR

PROGRAM SHL30
DIMENSION 80(40):FREG(40):SI(40)1TR1(4O);E(40)r

$ZDOT(40) #X(3)+Z2(40) ,DIFF(40),ZSM(4

REAL KsMy INCyINCKsKLAST,MRT®

DENOM(W) =( (K-MXWXX2,) %32, +(WXCEQL)X%2.)
H2(W)=( (MXW) KX2, ) %2, /DENOM(Y)
OPEN(20,FILE="SM50.DAT’ ,STATUS="0LD’)
OPEN(10sFILE="LBSPC2.DAT ' sSTATUS="0LD")
QPEN(21,y FILE=/SHLSO0.DAT#ySTATUS="NEW’)
DATA- MsT K, DELTASFCOULy MRT» VO, AC
£/2.9090,73065141.69.03

X15.5958,463,0,01525,.0122/ ' )

+«+STATISTICAL LINEARiZATIUN PROCEDURE (DAMPING)...

- PA=MRT/VQ

S0

8s
20

40

70

(plgle ]

80

PRINTXs’ TYPE. IN X(1)VEL2 X(2)SPRING X(3)FCOUL’
READX s X
TaT2X(1) : .
ZMAX=, T%V0/AC
FCOUL=FCOULXX(3) - :
RK=K )
KLAST=K -
AC=ACXX(2) .
DO %0 I=1,40
READ(20,%2)F, TR1
READ(10s%) FREQ(
PRINTX, ' TYPE IN
READY,CEQ1
E27=10,E20
INC=1, , :
CONTINUE  ~ .
EL=E2Z ‘
€370,
SUN=0.
CEQ1=CEQ1-INC
DO 40 J=1,4o
W4, 292FREQ(J
ZDOT(J)=°QRT(H”(U)*2.*SI(J))/u
B0 70 I1=1,40
~DIFF(I)=((ZDOT(I)#(ZDOT(I)/U))X(CEGL*(B T
2XZDOT(I)/(3,%3,14)+
X4, XFCOUL/ (3. 14XZDOT(1)))))R42
E22=C22IDIFF(I)
ERR=ABS(E2Z~EL)
IF (ERR.LE.DELTA)GO TO 10
IF(E2Z.LT.EL.AND(CEQ1.6T.0.)G0 TO 20
CEQ1=CEA1+(21./10,)XINC
INC=INC/10,
£272=10.C20
GO TO 20
CONTINUE

+++STATISTICAL LINEARIZATION (STIFFNESS

<

CLAST2CEQ1 <

b~

b ot

E”ZK’lO E20

NCK=10.
K’K*Z XINCK “
CONTINUE : o
ELK=E22K

E2ZK=0, - M . . ¢

/“*\
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K=K+ INCK' ' " s
DO 45 Jx1,40 .
W=6, 284FREQ( S .
&S Z(J)=.70711*“0RT(H"(N)#2.*81(J))/(uﬂ )
00 75 I=1,40

IF((Z(I)/ 70711) (GT . ZMAX) Z(I)=ZHAX3 70711 !
73 E2ZK=E2ZK+ABS(, 5:(2(1)/ 70711 ) X2, % (K- (RK-+ABS (MRTXLAGL (
AVOLACS(Z(I)/, 70711))/U0)+HRT*LOG((VD~AC!(Z(I)/
3.70711))/00)))))13
. ERRK=ABS(E2IK-EL
IF(ERRK.LE. DELTA)GU T0 100 -
PRINTX» ‘E2ZK/ELK=/E2ZXHELK -
IF(EZZK LT, ELK ANDLK . GT 0.)G0 TO 80
‘(210/1 + *INC
TNCKINCK/ 20, ,
E2ZK=10.E20 .
G0 10 80
100  CONTINUE
DELK=ABS (KLAST-K) /10,
DELC=ABS(CLAST-CEQ1)/10.
CtAST=CE01 -

KLAST=K
éS(DELK +LE.DELTA.AND.DELC.LE, DELTA)GO TO 110
10 CONTINUE .
+ + +RESPONSE SPECTRA... o

4

(plwlelod

DO 30 I=1,40
M=, 28XFREQ(
AMPaSQRT(ST {
Sa(1)=( (K¥%2
E(DaTRI(T)=
ED=2SH(1)~Z(
E2D=E£2D+ABS (ED)
E2=E2FADS(E(I)
WRITE(21,X)FREQ(I)»SO(I)»Z(1)
30 CONTINUE L .
. E2MDsE2D/40.
E2M=E2/40,
WRITE (21, %) *FRER, 50,01
MRITE(215%), ‘EoM=’ ,E2N
MRITECL 1) 'X(DUELZ X

END 4

L -
1)%2.) /Wx% :
+H(UMEC EOl)tt » JXSICT) /DENOM(W) )
~80(1) . ) .
I)
ED
I)
RE

FP'
:’EIHD rE2MD ’ Rl
(2)SPRING X(3)FCOUL=»X -
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: g HLEM SHARMONICALLY LINEARIZED ENCRGY METHOD

PROGRAM HLS0
DINENSION RHAX(I)

sRMIN(T) s XSTRT(2) ,FUI(T),PCT WORK1(Z)
$/NORK2(3) sWORK3(J) s WORKA(3) yACC(40) s FRZO(40) (40)
3,S1(40) 9 X(3),ACSM(40),2SM(40) -
COMMOM/DATAL/KKsD  © , . ‘
“COMMON/DATA3/ACC,DISP ' :
COHHON/DQTM/I'REGNI:CQ. ol -

OPENC2Z s FIL€="9MS0. DAT »STATUS="0LD*)
0PEN(°07FILE='HL 0.DAT ,STATUS='NEW’) .
(21,FILE='LBSPC2,DAT/ ySTATUS=/0LD’)
N A N3 IPRINT:ID&TA!NCUN rFvHAXH!byNEGUSvNSHUT!NTCJT’
t§&1i1:31 011300!0 01,0,2,100/
=

Y

.~

D=0,
Do 11 I=1140. . :
READC225 X)F ACSM(TI) »ZSM(I)
READ(21sX)FREQLIDSSI(I)F i

. D01 Is1,43: . ‘ /
RMAX(T)=1,5 ’ o
RHIN(I)"O S 3 \ .

1 MSTRT(I)=t. - .

. PRINT*!'TYPE IN X(1)VEL2 X(2)SPRING. X(Z)FI?OU{’ P

Y
31

11

“NREAD¥y X
CALL EHL(X!ACC!DISF‘)
ERMN=Q .
E2D=0, :
Do 2 I=1,40 . . .
ACC2=ACC(T) $x2, 0 . .t
ERR=ACSM(I)-ACC2 o
.ERHN'ERHN’MBS’ERR/4O Y ~ T
ED=ZSM(1)-DISPY{I)

- E2D=EQD+ABS(ED)

3 . URITE("’O!*)FP"Q(I)rAQCQlDISP(I) .
. E2MD=ED/A0, . PN

WRITE(20y%) “XVELy XS PRNG)XF“UUL"';X . )
gRITE(ZOv!) CRMN.C"PIB s ERMN s Z2MD . L. !

END . . N - . ) .
oooRESPONSE POUTINE.;.: . J
. '. %&JBROUTINE E“L(C'ACC pIgpy -

Iy . -

elnly]

J

MENSION C(3);SI(40)!A C‘40)1FRED(40)1DISP(40)10E0(40)7E(40)° -

. REAL K,MsHRT \ . A -
COMMON/DATA4/FREQsSI,C2 s
DATA H:TrRK:DCLTAvMRT:UOvAC/Q.?O:O.’SOd:141 Y >
%0 iog.sa +6270,01525,0.0122/ " R
' Faagss 5. '
FCOUL#S, SXC(3), . , _
U0=0,013525 coT : L.
MRT=58, {2XC(2) s 0
PASMRT /U~ - T R ~
© o LINEARIZATION...  .© T
PRINTX, *TYPE IN FREOXZ, : B
READS» (. IM : ; | e .
D0 40 JwLIMWLIN . o FE
€820, -

EN : A » ' g

Qo0



Y . -0 6 WS u,m!m.. PO

-

 LFet o T

10

35
25

. ERR=(C1-C2)°

© 728HPR. 70711 \ R S,

K=RK ", _, -
W=4,28%FRER(J) . ~ cT
AMP=CQRT (2., X8I(J)) /X2, , ’

D= (K-MXWXE2, 2 X%x2,+ Wk (C1 2.) ¢
Za (MEAMPINEXD  LAMPRURCS) /
X=SORT( (XKXX2.+(WXC1)%X2,)/D) - ’ :

* ZFRC=Z% (1, FCUU L/ IMEANPRUXED, ) ) ‘ .
IF(ZFRC. LE 0.)ZFRC=0, i}

C2=8,%C(1 )XT*UX7/( J. 42,1444 XFCOULXZ7 (3. 14XWETEN2,) "
CSOLD=CS . .
IF(LF.EQ.0)G0 TO 15 . '

1CS
SGR

L
{
9

ERREL=ERR/C2 : - ' o
C1=ABS{C2+(ERR/2.)) ) , l
IF(C1.GE.10.E4)60 T0 15
IF(AB3¢Z).LE.DELTA/1000.) GO TO 1&
IF(D.GE.10.E11)G0 TO 15
IF(ABS(ERREL).LE. DELTA)GU 18 .10 . . . . .

0 T? 20 ) .
IF(C(Z) EQ 0,60 TO 18
AK=K .

IF{Z.GE.1.25)G0 T0 25 ' , ,
K=RK- (HRT*LOG((UO%AC:Z)/UO) = .

X*HRT*LOG((UO-ACX’)/UD))/7$*2. . N
ERR2=ADS (A :
IF(ERR:.L:.DELTAxio )GO T0 14 . - g
60 70 29 : : .
2=1,25 ) :

LF=(

K=10E4 ’ Lo : > \

PRINFX, ‘END STOP HIT’
GO 1O 22 .
ACC(J)=SART(SI(J)) -

g0 10 31 ° . . . ) N\
CONTINUE -0 -

CONTINUE o

CONTINUE - C
PRINT®, ‘C1)K="»C1,K

++ ACCELERATION AND DISFLACEMENT RESPONCE. SPECTRA

~ DO 45 J=1740 . .

H’ﬁ. REQ(J) fo ‘ .

‘D= (K*H!H!t OAX2, 4 (WRC1) kX2, .

ACC(J)=3 RRT((K** .HN*CI)*# .)*SI(J)/D) o
DISP(J)=MXAMPIWX%2, /SART(2.%0) )

CONTINUE . .

CONTINUE : X S

RETURN .o * ' , . ' . AN
END . o o .
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BHLEM SDfQCRETE-HARHONICALLY LINEARIZED ENERGY HE}HOD

PROGRAM EHLSO :

. DIMENSION RMAX(3)sRMIN(3)yXSTRT(
x.uonx (33 WORKI(3) s WORKA(3) sACC(
sSI(40)7X(3) sACSH(40) 1 ZSH(40)

CBMHON/D#TAI/KK D . A
COMMON/DATA3/ACCyBISP

COMMON/DATA4/FREQ,ST >
OPEN(22sFILE=/SN50.DAT’ ySTATUS=/0LD’) . .
OPEN(20,FILE=’EHLSO . DAT’ y STATUS='NEW')
OPEN(21)FILE="LBSPC2,DAT’ s STATUS=/0LD/)

DATA ,ﬂ:IPRINT:IDATA:NCONS:F:HAXH:G Nsaus.u SHOTsNTEST/
é111.3,o +017300,0.0190+35100/

*
7{

- -
«

D=0
D0 11 I=1,40 : : PR
) READ(22;X)F19CSN(I)rZSM(I) '
11 READ(21,X}FREQ(I)sSI(I)F #»
RO 1 I=1,3
RMAX(I)=1.35 . &
RMIN(I)=0.5 . .
1 . XSTRT(I)=1, v
Yy PRINT!;’TYPE IN X(1)VEL7 X(2)SPRING X(3)FCOUL’

READX
EaLL EHL(X!ACC!DISP) . J

~ - E2 D=0 s ‘_‘ > . N
DO 2 I=1,540 '

. ACC2=ACC(I)®%2, . : , .

~ ERR=ACSH(I)-ACC2 p :
E2=ZSH(I)~DISP(I) 0. A
E2D=E2D+ABS(E2) ¢ .
7 ERMN=ERMN+ABSTERR/40.) 5
PRINTXsFREQ(I) sACC2,ERR .

2 HRITE(’O!*)FRED(I)1ACC21DISP(f%

E2MD=C2D/40., : N
URITE(ZO:!)’XUEL’XSPRNG!XFCOUL='1X "

- PRINT%) "ERMN= yERMN
» STOP
M END

A WRITE(20sX) 'ERMN=’ yERMNy 'E2MD=’ »E2MD \\;)

g ) oRESPONSE RDUTINEo se

SUBROUTINE EHL¢CsACC,DISP)’
DIHENSION 8(3)151(40)rACC(40)yFRCQ(40)rDISP(40)rCED(40),E(40)

REAL 1 HRT 2 e
COHHON/DRTA4/FREG:SI
DATA HyTvRKvDafji 1MRT,V0,AC/2.9010. 7506»141 &y

l

xglo?vsa +6350.Q152%550.01227
FBRK=5 ] » .', ' . [
FE=0, . . '
FCOUL=5,5%C(3).

: "V0=0,01525

MRT=58,33XC(2) P
PA=HRI/VO .
© v JLINEARIZATION. .. . , L

DD 40 J=1,40 N
CS=0. o, . . .
Clei, : o

[plyle]



LF=1

* K=RK
W=4,23%FREQ(J)
AMP=SART(SI(U)%2,)/%9KX2. -
D= ( (K-MAWXX2,)XX2,+(WX(C14C5) I AX2,)
Z= (MXAHPXWY X2, +AMPRWXCS) /SART(D)
X=SORT ( (K¥32, 4 (WKC1) k%2, ) /D) LAHP
ZFRC2ZX(1,- FCOUII(M#AMP*UI!Z.))
IF(ZFRC.LE.O

CSOLD=CS

IF(LF.EQ.Q8GO TO 15
ERR=(C1-0%
ERREL=CRR/C2
C1=24BS(C2+(ERR/2,))
IF(C1.GE.10.E46)G0 TQ 15
IF(ABS(Z) .LE.DELTA/1000.) GO TO 15
IF(D.GE,10.E11)G0 TO 13
IF(ABS’ERPEL) IE DELTAIGO TO 10

T - -

CO -
IF(C(Z).EG.O.)GO T0 16 .
AK=K
IF(Z.GE.1,25)G0 T0 23

K=RK -{MRTXLOG( (VO+ACAZ)/\'0)
) X+PRT*LOG((UU ACK7)/UU))/211

.33  ERR2=ABS/{AK-K

IF(ERR2,.LE. DELTA#iO.)GO T0 16
60 70 20

25 2=1.25

LF=0, .

K=10E4

PRINTX; “END STOP WIT’ ~
60 T0 2

30 ACC(J)!SORT(SI(J)) .

=0, y
- 60_TO 3% : ,

32 ACC(J)-O.

ACC(J)=SDRT((K$1 oH{WRCL) kX2, 1%ST(J)/D)

DISP{ =24 70711 T .
1 CONTINUE v y
0 . CONTINUE )

RETURM

END

C7=8‘XC(1)XTtJ*ZV(3 iz v14)+4 XFCOULRZ/ (3. 14%WAZER2.)
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SLFM $STATISTICALLY LINEARIZED FORCE METHOD

PROGRAH SLS0

DIMENSION S0(40)yFREQ(40)sS
2ZD07(40)sX(3)sZ(40),DIFF(A0
REAL KanINL:INCKrKLAST’ﬂRT
DENOMTW) = ( (K -HXUXX2 )*#2.+(HICE01)*X° )

1(40)y R1(40)yE(40);/
Y»ISMIAQ

T OH2(W)=C(MINIXX2, ) XX2, /DENOMCY) * c

¥

OPEN(20,FILE="SH50.DAT’sSTATUS=0LD") . &
OPEN(10yFILE="LBSPC2,DAT’»STATUS=/0LD") .
OPEN(2% (FILE=3L30, BﬁT'vSTATU =‘NEM’)

DATA HvTrK;DELTArFCUUL:HRT»UDvAC .

X/2.9020.7506+141.61.,03 - Co

t15.5158.6310.015257.0122/ ’ ‘

+++STATISTICAL LI&EARIZRTION ,PROCEDURE (DAMPING)... ‘

PA=NRT/VO :
PEIEI*Q’TYPE IN X(i)UEL” X(2)SPRING Y(3)FCOUL’ o

T=TeX(1) .
ZMAX=YC/AC ‘

FCOUL=FCOULXX(3) - ‘ . . -

READX;CEQ1 : SN N ,

E2Z=10.E20
b

SUM=Q, ‘
CEQ1=CEQL1-INC .
DO 460 J=1,40 , .
W24 . 28¥FREQ( )
UUT(J)=SGRT(H°(U)XZ.K°I(J))/U
DO 70 I=1,4 .
DIFF(I)’ABS(((CEQI!ZHOT(I)XQ 70711 ot
‘-(TioS*ZDOT(I)** FFCOUL))**?.)) . )
E2Z=E2Z4DIFF (1) C -
ERR=ABS(E2Z-EL) '
IF(ERR.LE,DELTA)GO TO 10
IF(E2Z.LT.EL.AND.CEQL1.GT.0,)GO TO ”0 .
CEQ1aCEQ1+(21,/ 0.)! NC T
INC=INC/10. . . S
522310 520 ]

" EwiinGE ‘
"o STATISTICAL LINEARIZ [ON {STIFFNESS) B )

CLAST=CEQ1 .
E3ZK»1G.E20 ..

K=K+ INCK IR '
- : T‘ \ ‘ . ) FS




-196-

DO 45 J=1540
. W=6,28XFREQ(J)
635 Z(J)=,70711%SART (H2(W)X2,XSI(J) )/ (W%x2,)
DO 75 I=1,4¢0
TFC(ZC1)/.70711) 6T, ZMAX) Z(I1)=ZHAXK.70711
E2ZK=E2ZKH(KRZ (1)~ (RKXZ(1)+ABS ¢ (NRT/(VO- ACXZ(I)))
i-(HRT/(U0+ACt’(I))))!.SKAC))X!

o

ERRK=ABS(E2ZK~ELK}/10. .
g i » IFC(ERRK.LE. DELTA) 0 T0 100 -
N : IF(E22K LT, ND.K.GT,0,)G0 TO 80
- : K=K-(21./10 )tINCK
INK2INCK/10, .
E2ZK 10.£20
GO TQ 80
_ 100  CONTINUE
- ’ DELK=ABS (KLAST-K) /10,
? : ' . DELC=ABS(CLAST--CEQ1) /10,
! - ) ‘CLAST=C E 1
' KLAST=K

. IFKDELK,LELDELTA.AND. JCLC . LE. DELTA)GO TO 110
110  CONTINUE
'§. . XACCELERATION AND DISPLAGCMENT RESPONSE spscraa.i‘
E2D20. ’ -

s £2=0,
| DO 30 I= 130

e U S AR s
N
[
.
4
Q
=
[]
O~
-
0]
o]
*
n
m
o~

32, - o
1)X%2,)XSI(I)/DENONCUY) -

[} =
M

N

x2.r/
(WXCE
(I

)

30
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’ ...RESPONSE ROUTINE...

" HLFM :HARMONICALLY LINEARIZED FORCE HCTHOD

' 80,05:58,6370,0152510 0125

PROGRAM PFLSO . ‘ ’ -
DIMENSION RMAX(3)sRMIN(I) s XST RKI(’)
Ly NORK2(3) »WORKI(3) » WORK4A(I) A
XyST(40)5X(3)»ACSH(40) yZSH(40) ( .
COMMON/DATALI/KKsD ) g

COMMON/DATA3/ACC:DISP i
COMMON/DATA4/FREQYSI,C2 )
OPEN(22,FILE='SMS0, DAT'rSTATU°='0LD -
OPEN(20,FILE='PFLS0. UAT':STATU"“'NEU . g )
OPEN(21,FILE='LBSPC2.DAT’ »STATUS="0L D Y i .
DATA N;IPRINT:IDATA:NCONS-F:HAXH-G:NEQUa:N HOTNTEST/ ¢ e
*%&1{113!0 +01:200+0,01+0,35100/ )

-

D=0, .
DO 11 1e1,40 .
READ(22:X)F sACSH(I) , ZSM(D) . ° >
READ(21,%)FREQ(I),SI(T),F . . - . -
D01 I=1y3 s o
RNAX(I)=1.5 . -
RHIN(1)=0.5 : -

XSTRT(I)=1 :
PRINTS, ‘TYPE IN X(1)VELZ X(D)SPRING X(3)FCOUL’

$,X
CALL EHL(X,ACCsDISF)

E20x0 . '

DO 2 1,40 oo A

ACC2=ACC(I)%x2,
ERR=ACSM( I)~-ACC2
§(ER

-

ERMN=ERNN+AE /740.) . . .
ED==ZSM(I)-DISP(I) : . o
E2D=E2D1ABS (ED) .
WRITE(20yX)FREQ(I) yACC2,DISP (1) o,
E2MD=E2D/40., " .
WRITE(202%) XVEL ) XSPRNG ) XFCOUL=',X
g#%gE(ﬁO:*)'ERMN;EQHD’:ERMN:E2HD

END o Co

SUBRDUTINE EHL(C:ACC:DISP)
DIMENSION C(Z)sSI(40),ACC(40Q),FREQ(40),DISF(40),CEG(40)sE(40)
REAL KsM/MRT

COMMON/DATA4/FREQsSI»C2
DATA MsT,RKsDELTA/MRT V0

2

C/2.90:0v7506n141.6:
Cl=1,

" FBRKa5.5
[8=0,

FCOUL=5.52C(3)
V0=0,01523 ,
HRT=58 63XC(2)
PA=MRT/ ' \

«+ o LINEARIZATION. .,

PRINT*!'TYPE IN FREGX2
READX,LTNM

DO 40 JaLIM,LIM

CS8=0,




Ci=1.
. LF=1
KaRK
. W=6,28%FREQ(J)
- AMP=SGRT (2, 2SI (J)
’ S D={ (K-HANXXD, ) X%2
\\\ S ' Z=a(MEAHPRURNZ . +AM

PP

[
o

&

¢ X=SQRT( (KEX2. 4 (WXCL)X%2,)/D) %A
- TERC=Z8(1,-FCOUL/ (HAARPRUASD.))
F(ZFRC,LE,0. ) ZFRC=0
Los(C el iTS (Ukzh J0T11) K82, fFCOUL)/(Z*U* 70711)
CSOLD=CS
IF(LF .£0,0)60 TO 15 ~ l ‘
\ S ERR=(C1-62) PR
, ERREL =ERR/C2 , P
Vo C1=ADS(C2H(CRR/2.)) - .
, - IF(C1.GE,10.E4)60 T0 15
ERBSIE) e DELTA/1008,) GO TO 15
o F(D.GE.10,E11Y60 T0 15
. TF (RBS(ERREL) -LEDELTAYGO TO 10
' 60 T0 20 o
10 CONTINUE : : '
IF(C(2).ER.0.)60T0 16
: o AK=K
" ' 1F(Z,GE,1,25)60 10 25
: KeRKE  CHRT7 CUBACIZE S 70711) ~PA) - (MRT / (VDI ACKZX, 70711)
%-PA) )X, S$AC/ (Z%,70711)
35 ERR2=ABS(AK-K)
. _ IF(ERR2,LE.DELTA®10:)G0 TO 16
G0 TO 20 | ,

N
D

s

25 1=1.2

- LF=0_
ERI#T*;'END STOP HIT'
30 ACCLDI=SIRT(STCI)

Z=
60 10 31
32 ACC(J)=0. . ~
Z3AMP%.70711
60 70 21- |
S CONTINU : g -
) CONTINU
0 CONTINUE

++ +ACCELERATION AND DISPLACEMENT RESPONSE SPECTRA. ..

DO 45 J=1,40 . - S o
. . u-b.‘axsasu<4>
) CCK-MRMRXD S ) XX2, 4 (WRC 1) K%2 ‘
- : ACC( ) S8R TC L2 4(uxc1>*xz )x 1(Jy/D)
. . DISP ( J)=MKAMPXWXX3, /SQRT (2, X0)
CONTINUE

a3 CONTINUE
RETURN ‘ . K
_END ' . : X
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.~t:UORK2(3) +WORKI(J
XS81¢
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£

DHLFH {DISCRETC-HARMONICALLY LINEARIZEI} FORCE METHOD

PROGRAY ESLSO e
DIMENSION REAX(3)IRHLN (3 .

1UGRKA
taw

K~

30),X{3) »ACEM(40)
COMMON/DATAL/KK+D .
COMMON/DATAZ/ ACC:DI"P !
COMMON/DATA4/FREQ,S :
OPCN(:’Z’FILEQ; SM50. DAT’:STATU""OLD
OPEN(20,FILE="ESL3Q.DAT’,STATUS 'N"H ) ‘
OPEN(21:FILE=/LESPC2, DAT/ »STATUS=/0LD’) '
DATA NuIPRINT:IDATA’NCONJ,hHAXH:GrNEQUSrNSHUT:NTVEST/

$3:15152,0,01,300,0.01+0+3,100/

=1 -

XSTRT(
PRINTX;’TYP" IM X(DIVEL2- X(DISFRING  X(2)FCOUL’

READ
EgLL EHL(X:ACC»DISP‘

MN=0,
E"D’O.
B0 2 I=1,40
ACC"=ACC(I)* ' : P
ERR=ACSH(I)-ACC2 : - A
EN=7EM(1)-DISP(I) : . -
E"D=C"DM35(CD) '

ERMN=ERMN{ABS (ERR/40., )

uazrzvomrptom,accmnl SP(I)

E2MD=E£2D/4

HRITE("O:JK) *XVE ymme,xrcom.

WRITE(20,X)‘ER .cmN,'Eﬂnn-'.tznn )

STOP ,
END o

+ s RESPONSE ROUTINE. % . ' v

SUBROUTINE EML (C,ACC.DIS
DIMENSION C(Z)»81¢40),AC
EAL K/MyMRT
COMMON/DATA4/FREQ,SI ,
DATA M:T:RK» DELTR’HPT"JO’AC/2090’067506)141 <Y)

!8105158 6310, 015..510 Q122/

FBRK=5 5 ’ ,

F

FCDUL=5 SXC(3) -

Y0=0, 01525 .
HRT=58, 43kC(2) co

PAMRT VO , : " ,

o o LINEARIZATION,:, %
D0 40 Ja1,40 '
€320,

Gi=tv L
LF=1 ‘4 S
KaRX . . ‘

L]

P) . \
ACC(40) ’FREG(40)1013?(40):0E0(40);E(40)

e

o

M rnt s ki e a b




e

R )

10

PR NN P

W=4, 284FREAC )
AMP=SQRT(SI ¢ J)%2, ) /HL%2,
D= (K-HauEad, )2kl (URTELsce) . )

X=SART ( (Kx * UtCi
ZFRC=Z3(1, FCDUE/(H*AHPXU
IF(ZFRC.LE.0,)ZFRC=0.
C°E{g(1)!T!(U¥Z¥ 70711)*12.+FCOUL)/(21U* 70711)
’ﬁ
IF(LF,E0.0YB0 TO 15
ERR=(C1-C2)
ERREL=ERR/C2
C1=ARS(C24+(ERR/2.))
IF(C1.GE.10.E4)G0 TO 15
IF(ABS(Z).LE, DELTA/lOOO )y GG TO 1%
IF(B.GE.10.,E11)G0 10 1
ég(?BS(ERREL) +LE DELTA)GO TU 10

CONTINUE
IF(C(2), EQ 0.)G0 7O 16

AK=K

IF{Z.GC, 1.25) GO T ,
K=RK+( (MRT/(VO~ AC!Z* 70711)-1A)- (HRT/(UD+AC¥Zt 79711)
-PAYIX, SXAC/(ZX 70711)

ERRI=ABS (AK-K)

IF(ERPZ.LE DELTAX10.)GC TO 148

GD T0

1.-5

LF=0

K=10E4- iy
PRINT!:’END sTOP HIT'
GO0 10 2

ACg’J) SQRT(SI(J))

¢0 10 31

ACC(J)=O.

Z=AMP

conr:N%s
CONTINUE .

++ +ACCELERATION AND DISPLACEMENT RESPONSE SPECTPA...

ACC(J) =SORT ¢ (Kkk2, +(4XCLI%%2 )1°I(J)/D)
DISP(.1) =MXAMPRWXX2. /SQRT (2. X
CONTINUE

CONTINUE
RCTURN
END

<

o

7

¢

\
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+++THIS PROGRAM USES AN INITIAL VALUE ROUTINE TO OBTAIN
THE STOCHASTIC RESPONSE OF A SYSTEM.IT IS USED AS THE

[

‘TRUE’ RESPONSE FOR COMPARING THE VARIDUS LINEARIZATION
METHODS. N

SM- ¢ _SIMULATED ('TRUE’) RESPONSE ' -

PROGRAM SMSO

REAL -MsKSsMRT
DIMENSION Y0(2),S50(40)sFREQ(40),SI(40)sTV(40)sX(3),YM(40
COMMON/INDATA/MsT+KS» APy Y15 Y25W,FCQULsMRT V0 AC
%2"20§§EPC8H9/HUQEDrNQUSEDvNSTEP yNFEsNJE

(3] h' b
DATA MyTsKSyFCOULsHMRTsV0sAC/2.90+0. 7506-141 $13.3158.63
tlo 0152510 01‘.54
CPEN(20sFILE="SM50, DAT’ sSTATUS='NEW" )
OPEN(10,FILE=/LBSPC2.DAT »STATUS='0LD" )
AC=ACXX(2)

TaTEX(1) {
ECOUL=FCDUL1X(3) /

0 112 K=1 )
READ(10sX)FREQ(K) 1ST(K)sF

N:
- o N .

H8=‘001 : g
EPS=0,0001

IERR=1 -~

¥F=10 -

IND=1

Y0(1)=0, ,
YO(2)=0, -
YMAX=0, ‘

UMAX=0,

I1I=1" ‘ -
WsFREQ(K)X6.28 :
AMP=SORT (2, XST(K))/Wx%2,

TOUT=1,/(30. $FRERLK))

Y2DOT=AMPRULED s
$¢Lkngnalv(§,70,unyYo,TOUT.EPs,IERR,MFJIND)

UM=ABS(Y0(2)-Y2)
IF(IND.ER.O)GO TO 45
“ GRINTX:IND

0 TO 40 .
CONTINUE .
TOUT=TOUT+1.:/(30.XFREQ(K})) .

IF(TOUT.LE.S5.)G0 TO 10

}FSYY.G + YMAX ) YMAX=YY

TOUT=TQUT-.9/(30.XFREQ(K))

TMX=S,+,. 521/ (FREQ(K) )

IF(TOUT LE THX)GOTO 10

YM(IL)=YMAX o

(=11 . . .

YMAX=0,
IF(II LT GD T0 10

) 33 I=
YHAX!YH( II 1)+YMAX
CONT INUE

60 TO 40
YHAX =ANPRW
UMAX=0

Hl—‘o
~r .

1
X
/

AHV
~

- CONTINUE " i .

30(K) =, SX(YMAXSW)XX2, - - L

)

%
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30
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43
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112

- _-202-

TU(K)=YMAXY (ANPW)
22,7071 1XABS (YHAX/W~ANP)
WRITE(20sXYFREQ(K) »SO(K)»2Z
CONTINUE

ukarztﬂo.x) XVEL XSPRG XFCOUL=’sX

END :

++ +JACOBIAN (IF REQUIRED)...
SUBROUTINE PEDERV(N;T»YsPDsNO)
RETURN

END -

DIFFERENTIAL EQUATION...

SURROUTINE DIFFUN(NsT»Y,YDOT)

RS S SR SN S

g?ﬂHON/INDAT /HvTPvKSaAMPrYI:anHvFCOULrHRTyUOrhC

MENSION Y(N),YDOT(N)
REAL M»KS»MRT,KA
PA=HRT/V0
DELTAU=10.E-5
Y1=AMPXSIN(WXT) .
Y2=AMPXWXCOS (WXT)
IF(ABSC(Y2-Y(2) )47 .DELTAVIGD TO 30
ERI?EFC%ULX(Y(Z SY3)/A35(Y2-Y(2))
FRICaFCOULK(Y(2)-Y2) /DELTAV

, CONTINUE

Z=Y(1)~Y1
IF(AC.EQ.0.)G0 T 4

IF(ABS(Z) .GT, UU/AC)Z'UO*RBS(Z)/(Z*AC)

CONTINUE
YBOT(1)=Y(2)
YDOT(Z)S-(TP/H)*(Y(2)-Y2)*AB (Y(2)

X-(KS/MIXC(Y(1)-'{1)-FRIC/H

X=C (MRT/ (MX(VO-ACX(Z))-PA/M) ) ) XAC
FKaKSx(Y(1)-Y1)

RETURN

END

-Y2)

“wg,
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VALIDATION OF MATHEMATICAL MODELS
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A major objective of this investigation is to establish a computer ° -

. [ .
a1dgd design methodology for motorcycle suspensions. The methodology

. uses mathematical models developed from fundamental engineering principles

[P P s

validated by Taboratory testing. Vé]idgtion is an important aspect of
any engineering investigation. In investigations with computer simulation,

the degree of credibility of the mathematical models i.s direcﬂy related

fo the extent that they have been validated. - .
o otk

- 1

Validation can be undertaken at various Tevels. At the lowest
level, a qualitative correlation is observed betweén trerds obtained by
analytical prediction and experiment. As a‘typical example, one such
trend would be that an increase in orifice area-leads to a decrease in
damping force. Cooperrider and Law [167] lend credibility to this level
of validation:
, ‘The value of qualitativelly validated analysis should not
be underestimated. Such models are invaluable in making
design changes and in devising successful experiments be-
cause they provide information about the sensitivity of
the yehicle behavior to/parametér changes, and also provide
a fn) mework for ‘interpreting the test results'. .
) .
A se/cond Tevel- of validation utilizes a 1imited amount of quantita-
tive results. It typically entails the correlation of a single, usuaﬁy

critical, value from the analysis with results from experiment.

The use of a range of inputs in a vam‘efy of operating conditi'ons
Jeads to the highest level of’vaHdatjon. The highest level entails a

fairly complete quantitative correlation of analytical and experimental

results, Such a vaﬁidétion should include a wide band width in the
. frequency domain in addition to the comparison of response histor‘ies in
the time domain. This level of validation is necessary in order to

place confidence in the quantities predicted by a mathematical analys:is.
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‘ m1d-stroke, i$ used to va11date the damper force mode]s

-204-, o - .. ¢

In %hie investigation theapeak to peak dampey force, measured at

An examp]e of -
the second 1eve1)of va11dat1on in this 1nvest1gat10n would be the use of
a single excitation emp]rtude and frequen;y to validate the damper force
models in Tables 3.i and 3.2.e Instead, a ranée‘of excitations was”uéed.

The degree\of credibility of the damper force models, reflected in

Tables 3.1 ahd 3.2 not withsfanding qua]i%ative differences in thel§hape of

’the F-D diagrams away from midstroke,'suffic}ent‘confidence was felt for

the inclusion of the damper force modeling procedure in the formulation:

..

of the suspension system model.

- {
A

The modeling process is validated throughodt the thesis. ' In

" addition to the vaiidatioh presented in Tables 3.1 and 3.2, the modeling

process is validated by comparing simulated and experiménta] time

hlStOP1ES for the frequency- and t1me domains as preSented in F1gs 4 8 and

4.9. In the frequency domain the close corre1at1on near resonance in-

dicates valldated damper behavior. The good correlat1on at low frequent1es

validates the seal stiction vélues.‘ In theé” time doma1n the agreement

' in the transient region.validates (indirectly) the damping ?orce”whereas

the steady-state behavior-validates:the value of seal sticiionr

Additiond1 validation is pérformed after optimiéation, as presented in-

Figé 7.14 and 7.15 and Table 6.3, ,The close agreement. between theory.

and exper1ment in all thesk results validates the modellng procedure to
a high leve] This validation in the frequency and time doma1ns can be
c]assif1ed as an indirect va11dat1on procedure which is an accepted

» -
pract1ce Cooperr1der and Law [167] note, when summar121ng techn1ques
for obtaining suspension characteristics:

© ... indirect means for quickly finding suspension charc- ‘
teristics should be the goals of thesecdeVe1ppments'.

e i a4 . - - -




