e e
.

1

-
.

pcceleration poweﬁ spectral dénsity represents . the objecfive function

! hl

to be minimized over the speed fange of interest. "Finally, the
recommendations proposed for improvement in the bounce response of '
the NQBLEV vehicle are represented numerically in terms of a modified

suspéngion §ystem with optimum elements for désign adaptation.’
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NOMENCLATURE s " E o

' a Lower bou;d of the design variables defined as the suspension '
. « parameters. oo ' - ‘ '

A . Guideway roughness parameter. /

ék \ The system maFrix corresponding to the filter equations :

Ag  The overall system matrix (filter + véhic1e).

"7

. Ay »An Standard Folirier coefficients.

b - Upper bound of the desién variables defined'as the suspension
para;etefs. ' .
. ‘ah L §F Thgrassociated systeﬁ matrix for the veﬁic]e. ‘
, @»'A - Bg Thg’associated Sveral system matrix {Fi1ter + vehjcle). ' . .
ﬁ ~ By The associated matrix for the vehicle. )
| Ci. ’ Viscous démping coefficient of thé §hcék absorbers. )
g D ,lgonstah@ covariance.ggtrix for the equivalent white noise input.-
el ] Enégmbfe.;veraging; ( ' "
.. . F > The-vehicle system matrix S L e : :

Fpi hSuEpehk%on_force‘of'the ¥th mggnetic suspensioh system:_ ‘ e

) ES{' 'Suspenﬁipn force of the systém connecting the vehicle ?ody.to

. the ith levifation méghet.

N . G ‘Guideway input disturbance vector.

H(s) Dynami¢ filter transfer function.

1 ‘Identity matrix. ’ : : o . _
Ig Mass moment of inertia of the vehicle body. | '
I <) Stiffne§§ of springs connéctiné‘the shock absorber§ to the ‘ S
; ' vehicie body (in series). ; o o L 
Koj Stiffne§s of springs connected 1ﬁ‘para11é1wwith the shock absbrberé,
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Kp Equ1va1ent stiffness of the ith magnetic suspenslon
Half the gu1deway span length.
4 ~ Mpi Mass of the' ith levitation magnet .

Ms Mass of the vehicle body.

PSD . Power Spectral Density.

e 90 Overall sysfem'state vector (Filter + vehicle).
Q Modified input covariance matrix.
s -, laplace domain variable.

S(u) Power spectral density with appropriate subscrjpt to denote

particular casee. ) o -
t Time dema1n variéb(le. _ o ‘ -
U , Filtered white noise vector. — PR
J Vv vehicle velocity. , ( | -
N W 'whfte noise input. ‘
' W White noise Gaussian disturbance vector.
/ 5~. Vehicle state vector. . P | i . .

. ‘Xg '~ Vector of deejgn variables. o
‘ g ‘Guidewa& disp]acemént in the vertical &irection~(vertic;1

\\~»/¢"“W , m15a11gnment)

Z; Magnitude of -the maximum guideway displacement in the: Z Pirection.

Zpi . Vertica] displacement of-the center of the ith 1ev1tat10n magnet,

Lg Vertical displacement of the center of gravity of the vehicle-
- bo

<

8(r) Dirac delta function. . .

v : N\

" qu Deflection of the ith, primary, magnetic suspension system.
. i

»

Aqsi Def1ect1on of the ith, secondary, mechanical suspension system
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< CHAPTER 1

* INTRODUGTION AND BACKGROUND LITERATURE
1.1 Preliminaries .

The turn of this century has w%tnéssed an evolutfon<%d the develop-
ment of the different means of transport to meet with the rjsing need B
- of the people for' fast and efficient urbén and interurban movement. ,
Due'to energy'prob]ems and‘§ocia1 cdnsciouspess for env mentéi
* protection, high speed vehicle design is now recejviﬁ%ﬁ?ﬁc}eésed .
attention for fast, economical, and comfortable mass transportation.

A number of advanced public transportation €ystem have b n‘prbposgh

systems.

There appears to be no physical reason why the speed of the conven-

<

tional railway system based on steél Whéélé rolling on steel rails.should

.not be further extended. However, at highfspeeds, the noise and wear’

problems ariéing from the wheel-rail cantact become acute and would
have to Be overcome. Also, since most existing fracks are designed
presently for slower freight‘transpbrtation and Eome Passengerkservice,
extenqing the speed'of passenger trains‘wou1q require the bﬁi1d1ng and
consfruction of new separate rai1 tracks for the use of rapid transit

systems. Even though the technoiogy of contact freé suspension systems

ke

réﬁuires extensive research and, refinement and the imp]ementatfoﬁ.of

such systems for mass tfansport will be associated with a very high

~initial capital cost. Howéver, the ever rising cost of fuel and the ‘/‘

}

need for conservation of energy make electrically propelled type vehicles

#

an appealing option in one way for achieving dependable high speed urban -

&
.






s adequete but 1arge brgaking forces are developed at low speeds due

'
2

. . to the high magnet1c drag forces [4 ] T ' i . V s

. S ' |
Canada is- presently deve10p1ng a conceptua] design fod a high
speed, repulsive type, magnetically 1ev1tated‘veh1c1e. One of the'x
problems associated.with the design of any new mass trahsport system »
_ is the design of the vehicle suspensxon that would y1e1d an acceptab]e
‘r1de quality and cbnford closely with certain 'recammended specifications.
. - The ride quality spec1f1cat10ns are”usua1!y expre sed in terms of limits
off the maximum aliowable a ce]eratidﬁp1evels‘of the passenger compart-

meht. 1-The 1nvestig§tion‘@eported in this thesis 1§ concerned with-the

design of the mechani al suspension systems that dontrol the bounce

dynamics of the Canadian MAGLEV- so that acceptable ride quality can be
échﬁeved.. The main design feétures of the Canadian MAGLEV vehicle are

briefly described in the fo]lowing sectiod.

1.2 The Canadian MAGLEV Vehicle

The Canad1an MAGLEY veh1c1e, désigned and developed by the Canadian

MAGLEV group at the Canadian Institute of Guided Ground Transport and

\J%be National Research Council of Canada uses a repulsion levitation

' system. The ‘proposed design for this vehicle [ 5] consists of a single -
‘100 passenger car e]ect?odynamjcally suspended and 1atera11y gu1ded ( S
oL relative to a pier supported e1evated gu1d3way as il ustrated in F1gs
1i.1, 1.2 and 1.3. The vehicle is prope]led it :Scr 1se velocity of
about 480 .km/hr (360 mph) by means of an air co 11near synchronous
motor (FSM). _An array.of sdperconducting magnets con#a{ned within

»

. | .
seven cryogenically independent pods Tocated along the entire underside
. !

o hs

of the vehicle couple magnetipalﬁy with a ;ravelﬁingfmagnetic wave that.

i

. - . . ; . R
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gineering, -
Laboratories- [ 5]).

hicle Conceptual Desi
n of Mechanical En
onal Research Council
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Canadian MAGLEV Ve
(Courtseyx: Divisio

Fig. 1.1.
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the Cenadian MhGLEV group at the Institute of_Guided Ground Transport
"[6]. These optionsrareejpassive electrodynamic primary suspension
damping, actiue el@ctrodynamic primdry suspension damping, passive'
mechanicai secondary suspensioni,end active mechanical secondary sus:
@ pension. Investigations of the first two primary suspension options
do'not favor the‘use of. ective primary suspensions because of relia-

bi]ity “tonsiderations in case of. controi feedback circuit failure. The

investigation carried -out by the National Research Counci] of Canada«,

[5 ] recommends the.use of an active secondary squen51on system in

order .to achieve acceptabie ride quai;ty without compromising on the ¢ -:
primary suspension system design' This active suspension system design

_was. only recommended for the vertical suspension systems which controi

‘the bounce dynamics of the vehicle,-whiie.adequate,1atera1 dynamic ™ {% -
response wea found p0551b1e to .achieve by both paSSive primary and '

. T .
oo e secondary suspen51on systems On the other hand it has " been found

that»contro]iing the vehicie -bounce dynanncs -wTth the use of passtve

. m

vértical suspension sys tems offers a higher degree of reliabiiity

’ ‘potentiai in its being analogous to canventional automobiie and rail-

3

way. 1og1c wheelset suspensnon system de51gn practice.

L "

-
s

" - _ | In ‘this investigation” analytical techniques are empioyed for the ’ s
? " ., determination of the bounge dynamic response of the Canadian MAGLEV
_— vehicie, and it is attempted to show how acceptabie ridé quality can

//jbe aehiéyed with the use of passive vertica1 secondary suspension sys- . ’ e

tems It is shown that the amplitude of the passenger compartment e

bounce acceieration can be controiied through appropriate modifications

@

to the de!ign specificatiod of the vertical suspension system Addition
.'_ " . PR , | { e

M LN . ‘
. o s . . ' . . .
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. detailed description of the different-design aspects of the Canadian

MAGLEV vehicle including thexproposed guideyay design,xthe vehicle~

guideway interaction and bounce and lateral dynamic response analyses.

The MAGLEV des1gn was later modified by ‘the National Research Counc11 ' .
,of Canada, and Hayes [ 5] and Atherton et al. [1J] analysed the dynamlcs/
- of the MAGLEV vehicle by considering a'very s1mple’veﬁic1e mode},,whigh
neglects the actual geometty of- the vehicle, subjected to an input pro-
cess which neglects the per1od1c1ty of the gu1deway and on]y accounts - i’ﬁ

for some of the random aspects of the guideway sur;ace. Similar dynamic

. analysis oa different t}pes of magnetita]]y levitated vehicle models

were ‘conducted by Howell [12], and by B&langer and\Gui11émette {137 and

. arrived at partial conclusions.

- The vehic1a-guidewa1 inteagction'prob]ea and tﬁa effect of the

vehitle-guideway s}stpm parameters on the‘vehic]q dynamic response as
well as the.gdideway deflections have also been given soma.thought and

attention. Biggérs.and Wilson {1474 Chung and Genin [15], Smith-at al.

[161. Doran and Mingori [173, Chiu etlaﬂ, []8],05nyder and. Wormley [té]. \

and Richardson and Norm]ey (11, aaal&sed the rasponses of both the g
vehicle and the guideway structure for vehicles trave111ng over multi- . |
-span-beam e1evatéd guideways. Al of them studied the 1nf1uences of . : ‘ .o
’ - critica] system parameters, such as the vehic]e to guideway stiﬁfness

and mass ratio on guideway deflection and veh1c1e v1brationa1 accelera-

; " tions based on idealized vehicle-guideway models to allow for certain

simplifications to be’ mada. The results derived~from these inyestiga-

tions aré‘usaful only in giving an 1nsight,1nto‘how'some.qf tha vehicle - = <

. and guideway param7ters affect -the motion dynamics and further fnvesti-

o

3
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212 -
gat1ons are necessdJ( in order to come up w1th spec1f1c des1%n recom-

mendat1ons for the Hifferent veh1c1e and guideway configurations and

.
-

‘ phys1cq1 models.

C0ntrol1in§ djnamic characteristics of high speed yehicles’have

‘ also received a great deal of ﬁnteresf'in the last decade. Active
secondary suspension system design with a feedback con;rol was investi-
gated by the National:Research Council of Canada [5] for possible imple-
) mentafion in the Canadian MAGLEV. vehic1e‘ design. ‘Wilkie {20] analysed

thé dynamics ‘of high speed magnetica\\y Tevitated vehicle for five a]ter-

- native guideway configurations and discussed the use of some feedback

control guidance sohomgs: 'Limbdrt et al. [ 2] proposed a guidance

_ controlior thét‘odn oe usedﬁto improve‘the dynamic oharacteristics of

'fenromagnetic'vehicle suspensions providing simultaneous 1ift and gui-
dance. Katz et al. [21]'described “Ne simulation of attractive and

| reéulsive types‘of MAGﬁEV vehicle models and explored the.effects of

active suspension control elements on“the vehicle perfcrmancg.'Hullendef

. ® . . ' 7 v
et al. [22] showed how to achieve near optimum performance of a flexible-

ﬂskirted air cushion sospénsion using active control systems. Margolis ~
et al [23]'usod-bond graph modéling techn;ques to analyse the heave mode
dynamics of a non]inear tracked afr cushion vehic]e incorporating a semi-.
ac;ive air bag secondary'suspension. ‘Crosby and Karnopp [24; investi-
gaogd the performance}of an active damper on a single and a twd'degrge
of ‘ freedom 1solatjon'systemseand consddered the use of ¢he:active damper
in vehic]e suspensioﬂ‘design Since'the dynamic performance of the
-Canadian MAGLEV vehicle suspens1on systems have not been suff1cient1y

[}

1nvestigated bdsed on a reliabte and appropriate vehicle model and since
' oo s | 4 ‘ . o
SR
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REVEN

The objective function of the optimization- is taken to minimize the .

o

. " " passenger compartment vertical accelerations. The optiﬁizétion is’

’

done for the case when the vehicle js subjected'to periodic determi-’
nistic inputs, and the vehicle response, for the same optimum suspensidn

parameters, is determined for the case when the vehicle is sﬁbjected to T,
a combinatﬁon‘bf perniodic and random inputs generated from the guideway.
X ) . :

' 1.;} Scope of the Présent Investigation

" In this study, the dynamic bounce response of the Canadi;n MAGLEV
vehicle is completely investigated. A barametar sensitivity analysis
on the effect of var&ing the suspension system parameteré‘%n the vehicle
/)) ‘ bounce response and a multivariable optimization studyffor an optimal
set of pa}ametéfs of a modif{ed suspension model to miniqize the maximum : })5'
vehicle’ body bounce accelefation, wheri the system is subjected t6 ei?hgfu
periodic or a éombtnation of periodic and random‘e&citations from the |

L

guideway, are presented. . R ' . 3

ﬁl . The improved mathematica]’model'propqgéd in:this investigation fs\
constructed in such a Qay to describe completely the bounce an& pitch.
" modes of vibrétjong of the vehic]e.body as well as the bounce modes of
vibrations of the levitation magnets. The e&uations,of motion of thé
! vehicle model are solved numerically using a digital computer, and the .
-, resfilts obtained are used ?o generate plots showing the variations in
the vehicle body bounce acceleration, pjtch angle, and the bounce
accelerations of the leyitation magnets in both time and'freduéﬁE;J
N ' 9

domains.

“

In Chapter 2, the physical model of the system is described, the

purpose of each of the main components of ‘the vehicle is defined, and

- "

T » . e
“ ey M s e e F T T i - - T e e v '
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the possible modes of vibrations of.the vehicle system are identified.
The major assumptions and 1imitat1%ps of the model considered are also

discussed. . g .

.
¢

In Chapter 3, the guideway input excitations acting on the yehicle
are described. A Fourier analysis is'employed io desgribe the periodic
input process:ggnerate& due to the ségmentéd nature of the elevated
guideway structuré over eﬁui#distant pier supports. Power spéctra]
dgnsity in the foqn of\a‘filtered white noise is used for describing
the simultangéus combination of peri&dic and random excitations from
the guideway ir?egu]ar{ties. This total excitation speétral‘density
is- then modeled as the output of a linear fiiter having a white poise
input for simpler stochastic qﬁalysis. The dynémic state equations of
the designed filter are dertved to Aid solution of the System response
under a purely siochastic fnput process or a combination of periodic and ‘

stochastic input processes.

v

In Chapter. 4, the equations of motion of the system are developed

using d'AlEgbeftfs principle of force and moment analysis. The system

response in time domain is obtained'using numerical intégration techniques.

A procedure is developed‘to ggnerate the response curves in the frequency’
domain from a ﬁéries of fime resp&ﬁse eurves .for later use to carry'put

a parameter sensitivity analysis for all the méchanical suspension
eiements of the vehicle model. Although some useful re§ults ars;obtained
from this investigation, it is argued,that the so1ut1qn‘to the 1im%}ation
of bounce acceleration requires further study through multivariable opti-
mization techniques. Optimization techniques are employed in Chapter 5,

to'EValuate the suspension parameters that would minimize the maximum

LRI L eV TN







v GHAPTER 2 >
< " THE PHYSICAL MODEL OF THE MAGLEV VEHICLE ' . - ,
2.1 Preliminaries . . ' ) ‘ o

In this Chapter, an idealized model for the high speed magneticél}y

1eritated vehicle is formulated. Since the bbjettive’is to evaluate the

vehicle ride quality ip terms of the.bounce or vertical acceleration

.0

response of the passenger compartment, the main featlires of the model

" are to be based on the proper representation of those major components

of the vehicle which influence the system's bounce dynamic response.

The physical model is, therefore, developed through identification of

4

. the mechanical chafacteristics of these major components by idealized
elements such as masses, gprings and damping“e1ements§ The}mode‘l7

deve]opéd in this Chapter assumes only sma]{,oscil]atibns of _the system
about,i;s equilibrium pos?tion and hence all the suspengioq forces of
the system are considered to be linéar; The model will also be employed
later in this investigation ‘to eVaTuate‘and optimize the parameters of
a modified mechanical suspension system that would yield a'minjmum

» response acceleration under the action of both the periodic as well as
a combination of the periodic and the random gu1deway exc1tat1on 1nputs

[ L 4

. to the vehicle.

g

é.z' Main E]éments of the Vehicle

The main element of a magnetica]ly']evitated vehicle which affects
the verth:1 dynam1c response is the ma1n veh1c{g Eody which is -

supporte y some vertical mechanical suspension systems connected to

~

the 1ev1tat1on magnets which.in turn interact with the levitation strip .

é]ohg the guidewa&'to provide 1ift for the whole system. The vertical
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No. Eomponents of the MAGLEV: Idealjzed Repregentation in
Vehicle » the Model
1 Mass and mass moment of Representég’ by Mg and Is of
inertia of the veh'lc1e a rigid body
body
2 Masses of the five levitation Represented by five equal
magnets distributed along one | discrete masses, mp of a -
side of the vehicle rig1d body : .
3 Force of interaction between | Represented by five linear
the five levitation magnets springs with equal individual
‘and the guideway Tevitation stiffnesses Kp
stmp
P~
\ .
4 Verticdal action of the five Each system is represented

mechanical .suspension systems
connecting the levitation
magnets with the vehicle body

by a viscous damper C
*connected ip series with a
spring with stiffness K, and
the combination is connected
in parallel with a spring with

_stiffness KO' all linear

Table 2.1.

\

List of Vehicle Mechanical Components.
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vehicle body through the secondary suspension systems causing bounce .

and pitch responses in the vehicle system. Since vertical ride quality

is measured by the magnitude of:thesbounce acceleration of the vehicle

body, it is- important to cqntro] the amplitude of the'bounce‘accelera-
tion by desighing suspens1on systems which orovide maximumiﬁsolation
of -.the vekicle body from the lnput exc1tat1ons. The types of excita-
tions to the system which cause bounce vaﬁrat1on bas1caT]y arise from
the vehicle guideway relative motion and can be modeled either as a

—

pud@}y"periodic proceys, purely random process, or a combination. .of

periadic and random prgcesﬁes. These types of excitation are discussed

 'in detail in Chapter 3.

2.3 Assumptions and Limitations of the Model

The main assumptions implied in the modeling procgfs together with

the 11m1tat1ons of the der1ved model may be stated in’ the fo1Jow1ng

~

manner' ' . -

i) The input forc1ng function to the r1ght and .left 1ev1tat1on

c

magnets are assumed to be 1dent1cal ThlS assumption is Just1fiable

Beéause of the symmetry of the veh1c1e and the gu1deway beam abeut the
x-axis. Aepianar mode]l of the vehicle can sufficiently descnlbe the
vehicle bounce response under detenninistic as well as stdchastic .

inputs. : o . - . .
- " = ’

a

ii) It is assumed that the excitation on the bounce modelvof the.

vehicle system is only due to gu1deway 1rregu1arities Some previous

. @

1nvestigat10ns (25, 31] reoommendedfthe inclus1on of the effect of the

¢

aerodynamic force on the veh1c1e bounce dynamics, however ‘the on]y

N
s1gn1f1cant aerodynamic force in terms of the total vehicle dynamics

st r, i e e o < dam
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is the one due to cross wind effects [5]. Thus the effect of. the
5 - " - ~
ae'rod/ynamic force on the vehicl)e bounce dynamics can be assumed insigni--
o ¥ , . .
+ f - Ll

i{i) The vertical mode of vibratioh is; analysed independently of '

ficant and hence néglected.

the 1atera1 or rocking mode. This assumption is va]id for the vehicle-

\gude ay conﬁguratmn such as that propos d for the Canad1an MAGLEV R
T vﬁn‘c{% The guldeway mduced exc1tat10ns are transmitted to the

Oeh'ic]e body through the 1ev1tat1on magnets which are restr1c;ed to
move anly in the ver‘t1ca1 plane. Thus 'the Tevitation magnets d1sp1ace-

ments are nqt at é‘l] affected by any 1npu0exc1tat1ons except those
‘k’.

T

causmg the veh1c1e bounce vibration. ! , '1

-

Liv) TVé mode] deveToped for the veh1c1e system assumes’ sn]aH N2
osc1ﬂat1ons of the vbhlqw/.system about its equﬂibrwm position.

Therefore, both pr1{nary and secondary suspensmufforces can be taken ¢

,.9

to be Hnear]y varying, A mgre genera] modeling procedure could account N \
~ for any. nonhnear behavior of both the magnetic and .the mechamca1

suspension systems and shou]d be considered in futurg 1nvest1gat1ons AN

-~

v) As .the vehicle travels over the gu1deway, 11: 1nLduces a motion

* »

L~ 1n the g?deway beam @ns which im turn deve]op reaction forces to

~

adt on the levita on n‘gﬂ This couphng e‘f?ct between the \ )
- veh1c1e and gmdewa? motiop is neg]ected in this mode] The mt]usion . \‘.

" of the guideway f'lex1b111ty wiH y1e1d. a compHcated set of coupled *

. vemcle - guideway system equat’ions m which the motion of the gu1deway" /
L »

wi ¥ have t‘o sz described on the basis of Euler-Bernoylli beam theory

e .
For the purposé of ttgs thesis, and accordmg to the guideway design ! !

<

descr%bed 1n [5], the guideway span 1s assumed to be on a r1gid foun-
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_5eand limita®fons of the model aye also summarized. | .
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~

to solve the system state equations using a digital computer. This

method can be used in. solv1ng for the system. transient response in time :

o

qnd frgguency domains. However, to optimize the system response, a
great saving in computer time can be achieved by taking advantage of ¢
. the linearity of the system and approx1mat1ng the qnput per1od1c exci-
tations by harmon1c excitations, and then the method of complex a]gebra
‘can be used to solve the state equat1ons for the system steady state

response and for opt1m1zat10n. A modified system state equat1ons are

’ e]so1used’to determine the system stochastic dxnam1c response when

subjected to combined periodic and random excitations.

R ° , — . R a
L 4
2.5 Summarx, :

b

° In, th1s Chapter, the phys1ca1 mode1\represent1ng the MAGLEV . veh1c1e .

bounce dynamlcs is proposed and explained. The main camponents of the

<

veh1c1e are 1dent1f1ed and represented through 1dea]1zed 11near elements Ny

»

in the. form of masses"spr1ngs and damping e1ements. The a55umpt1ons -
BN

° - . . . N

The basis for the formulation of the mathematical model used for
, ” i - el U

. o > >

bl
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[ . VEHICLE INPUT EXCITATIONS

! e

<:}ﬁ 3.1 Basic Types of Input Excitation to MAGLEV Car o \

Tﬁere ;:;\Lssent1a11y two basic- types of input excitation that . S

affect the dynam1c response of a h1gh speed vehwcle

1) Wind gust induJE:/excitation, and

‘o 11) Guideway induced-excitation. ' »
: Y b The wind gust or aerodynamic input onm' the vehicle has to be descri- \\\\\-

bed statistically on the basis of reliable measured data. Some ea:lier'

attempts [25, 31]‘tqyrepfesent these in terms ef PSD have been made'qn

the .basis of somé’experimental data, and influenqe‘nf this bn the bounce

response of high speed veh1c1es have been reported. These 1nvestigat10ns

cons1dered a very simple and elementary vehicle model for their dynamic
j analysis and hencé their results ere not representative of the actual

dynamic behaV1or of the veh1c1e It is not clear hoe'much influence tﬁe
I ) wind gust contr1butes part1cu1ar1y to the bounce response of the vehicle

& ‘but 1t is possible to expect that such aerodynam1c forces are purely
secondary compared to the maJor input to the vehicle derived from gufde-
way W a]ignment and 1rregu1arit1es . Since the'present iﬁvestigation o
o '. is aimed at a reliable and accurate representat1on of the MAGLEV vehicle
“it s juetif1ed to concentrate on the major problem of maip1y the

influence of the guideway fnput excitation. . Further, the investigatibn ’/*\h\:3>;r
carried out by the National Research Council of Canadq [5] on the L

dynamics of this particu]arvtype of vehicle found that. the only aero-

. dynamica]]y.derived vehicle input excitation which has any significant .
3 . . -

v
- e e Sl b L Sden A M mn
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MISALIGNED ROUGH BEAMS  (ELEVATED GUIDEWAY)

(a).” Guideway Roughness Due to Misalignment.

~¢

(b). Periodic Model of Irregularities.

Fig. 4.1. -Bd51C‘Iypes of, Gufdeway:lrregularfties.
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depending .on the guideway class. Hayes t 5] estimates the vélue of

io, for the Canadian MAGLEV vehicle guidewaytsystem,,to‘be'iess than,

2 mm, thus imposing very stringent to%ﬁi%ions on the guideway construc-
tion.’ However, for the'purpose of this invest%gation, maximuﬁ guideway
deflections of up to 1 cm is considered for enab11ng one to study the
effect of guideway f1ex1b111ty on the veh1c1e dynamics ZG(x) is an

even function with a'per1od-2L and can be expanded as a Fourier cosine

series in the form: K

v

¢ Ta

Z (x) = A + x A, COs(n"X . . v ©(3*1)
6 0 n D

. where A,, A, are the standarH Fourier coefficients and are evaluated

to be:
] QL 2 B L3 :
AO s 3 ZG(X) dX == ZO’ , , .
0 .
: , (2t ‘wax o 2Zg(1+cosn) e
‘An' = Et()f Zg(’?) cos —ZFL- dx = ——W » 0= 2,4,6,...
2Ly "k 2 . 2mx . SN
ZG(x) =—[1- g-cos T - 15.%08 “[ veed] . (3.2)
- The guideway induced input relation (3.2) tan be expressed as.
B ' . . .
' a time function using the time-distance relationship
| ' _x_.=£= ﬁ L
2L, ot 2
Oﬂ ’ M . 7.n.: S
¥ o7 s ” <
: : ?t fﬂ%iy N o : o
\ _ where g (rad/geé) is givén by: . | . ) o
L R '
I 21r 3 . ’
S 2L/V =] )V o T

Tt

f V being the veh1c1e veloc1ty in (m/sec)

There*ore the periodic detenministic excitation process acting on the

e 0k St b et s
°

e et . X P - . - s " ¥

Ve
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system is given by the final expression:

v

' Zﬁ(t) — [1 - cosmt - ]5 cos2ut - 7 cosdut ..,..]

<1
3.4 Randomness of Guideway Irreqularities - .

. Eariy measurements of the power spectral density (PSD) identified

»

pureiy random waveforms for various types of road and track surfaces

\

and were approximately expressef through a simple form

sw =& | L (3.3)
where A is.defined’as a constant roughness panameter debending on the
type of surface neasuren [5]. Fon an e1evafed;beam/pier-supported
guideway such a surface roughness 1s only applicabie ;o individuai beamu

spans. More accurate description of the PSD of rough eievated guideway

4

beams can be given by the modified expression:

s(a) = _5_5!__é.‘ S _ o (3.4)
’ m'+mo . :

where g is the breakpoint frequency for the roughness spectrum calcu- -

3

lated from the vehicle velocity V and guideway span length [s].

The expressions in Equations (3.3) and (3.4) identify only the

:random aspects of the guideway irreguiarities.‘ Since a gompiete dynamic

analysis should include the effect of both the periodic’and the random . ' -
input processes on. the vehicle response: the guideway 1rregu1arit1es can .
be accurately ﬁ%scribed through an expression which identifies the

random aspects of the guideway surface and also takes into;considerstion

the effect of the guideway periodicity by introducing and controlling a . .

"Vé?iible h in Equation (3.4) where h < 1, 129].'\For'smaiier values .

of h, .the PSD expression indicates a reiétiieiy Targe amount of energf \' 5
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Y

. Equations (3.10) represent the dynamxc equations of the constructed
Tinear filter,.shown in F1g 3.3, which when»comb1néd with ‘the vehicle -

dynamic eguat1ons,wt]1 represent a complete system equ1valent‘to the

" problem of the vehicle subjected to only a white noise input W(t).

3.4.2. Ove}a11 Filter-Vehicle Input Ex;itaiioné. Since there are

Five 1evitat10n magnets supportind the vehicle there-.are five tnput .

‘excitations to the system a11 having the ‘'same fr;quency and each exci-

‘ tatlon being the same as that of the Teading magnet input excitation

- except for a time .delay. The gorrelation terms can thus be neg1ected :
nd the aynamic equations’ for the overa11 shaping f1lter repre-’

[25],

senting all five input excitations will have the form: T

o .
. ’ ol

Yoy T Aroxio)¥iioxn) * Br(roxs)isx) .
By ety = Copemyd Dby o ool (3.11)
Iisx1) " = Cr(sx0)¥(10x1) * Phesxs) (5x1) o
wherg . . SN ‘.
» ' . PN ‘ - * [}
v is the state veostor‘ for the “ov‘ll Vinear fi'lter', .
W is white noise GaUSsian disturbance vector, ' .
U is the vector specifying ‘the in#ht forcing function§ to the system
N A
and o ) ]
E[w(t)u(t+1)] D&(r) . -

‘ D is the constant covariance matrix for the equiva\ent white noise 1nput

i
i

and is given byz . S

D=2mvI, 3 -

T L. NP



and [ is the identity matrix. > - -

" The dynamic equations of the filter given in Equation (3.11) are
s
combined with the vehicle equations in Chapter. 6 to farm the overall
system equations. The overall system will then be subjected to an

equivalent white noise input and analysis of the stochastic response

will then be carried out. ‘ . , ‘ .

3r§ Propesed Ana]xtica] Investigation“forttﬁe Vehicle Dynamic Response

!
In order to evaluate the ride quality of the MAGLEV vehicle) \;;]
terms:of'the bounce résponse of the bassengers compartment, the solu 1on

for the bounce response 'of the vehicle when subJected to gu1deway irre- A

"gu1ar1tfes is attempted in the fo]]ow1ng chapters using dig1ta1 solutions

-In Chapter 4, the excitation is assumed to be purely per1odic and

veh1c1e responses in time and frequency domain are evaluated Paeretr1c

study~and opt1mizat10n of the system response is tﬁen carried out in ‘\ v

Chapter 5. F1na11y, the system response when subjected to a combinat1on

N .
+ of periodic and random inputs is evaluated in Chapter 6.
[ . . ' - ’ !
‘,>‘ ° - ' ' ! ’ ¢ .
o _ |
1\' '
\ : . ” .
& . o . =




CHAPTER &

VEHICLE RESPONSE DUE TO PERIODIC“iNPUTS
%‘ - . -
4.1 Preliminaries : . | ) .

LIS ‘
'

Inxghapters 4 and 5, the vehicle bounce response, when subjected .

to pqrely periodic' excitation from the quideways is investigated.

» ! I'd
B

Numérical integration techniques are found convenient for‘solving the
‘system equations using a digital computer. He:ever because of the
. lengthy computatigns and the constra1nt due to computer time 11m1ta-: -
_ tions, the respofse can only be evaluated for a limited time per1od
" - hence it is ndi/poss1b1e to anticipate whether or not the system
response would have eeached a steady state value within the-a]]gcated .
time,éeriod: The time'requjred for a system to reech its steady §§atel

. reshohse depends on the values of the :system paramete}s. The response

* ’

of the system in time demain presented here shows ﬁGﬁ the bounce : .
vibration of ﬁhe vehicle builds up to a maximum value befgre it reaches

steady state. Hence, the response plots shown may”pe tefmed quas i
. » > R ~, .
steady state or even transient.

In this part1cufar Chapter, the "transient” response of the System

8 -

is evaluated by numerical 1ntegration of the equations of motion on a

digital computer, The systén equations for the MAGLEV' veh1c1e are derived ' ) &

using d'Alembert's principle for force and moment eq 111br1um., The C

3 . R !
results obtained from this are used .to generate plpts showing the .

N

. vartations in the vehicle body bounce acceleration, pitch an§1e? and
the bounce accelerations of the levitation magnets . Maximum deflections l
" of the suspension systems, for the’phrpoges of design, are also evalua-

1

. ted. /Series of system response curves in time domain are generated ~for
k) ’ X \u N v .

v e e ol I s £ =
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i
i

vehicle guideway interaction fs . ’ o . -
Fpi = f(Kpi, qui)’ | i = 1,2,....:5
‘ qu being the def1ection of the ith primary suspension systan.\‘ .

Here, the secondary and primary suspension systems are respectively the

,;ystem. In this’ section an expression for the\transfer function of the,

L

-4 -

Cii) the_force acting on the 'ith levitation magnets due to the

@

mechan1ca1 and magnetic support systems as previous]y defined

Considering the vehicle.body equi]ihrium in Fig. 4%2, the set of

equatiqns of motion can be stated as follows:

McZg' = Fs, *Fs, + Fs, +Fg ﬁ F§5v . ~ (4.1)
Is8s = Fs s, + Fg %, - Fopts, = Fs bs, s (4.2)

Considering the equilibrium of each one of the-levitation magnets,

the following additional equations are also valid.

Mp,Zp, = Fp, ) Fs. ) . (4.3) > -
Mp 2y, = Fp, - Fs, | | (4.5) ,» o
Mpuip4°?ﬂF%; - Fs, | : | R . (4:6) , o

. "ps.ips =Fp - Fs e | . _(4.) . , )

Equations (4.1) to (4 7) describe complete]y the dynamic behavior

of the’ vehicle under consideration

A

4.2. 2 Derivation of the Suspension Force Transfer Function. The

suspension force transfer function relates tﬁ:\:aspension force to the

suspension deflection through the different components of the suspension R
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‘ o Ko oo :
--% sF(s) - %-F(s)'+.17§ + 1)s aqfs) + é? sg(s) =0 .

LY

or S ' S
F(s). . Koll *+ 7ys] e
5a(s) ST FosT - (4l
" where T, and 1, are defined as follows:
x, = C/K )
_C,.C :
X R f
Equation (4.11a) defines the transfer function reiating the sus- : , {
pension force and the suspension defiection for a generai type of s i
'su$pension model- in question. This modei and anaiysis is representa- ; ;
tive of the secondary suspension systems of the vehicle and the primary }
isuspen510n systems transfer functions cart be obtained by con51der1ng
' 'JUSt a special case of this general suspension model by setting tl and -
both equai to zero. ? S '_ ‘ o :
‘ . . )
“The primary suspension foroes can then be simply defined by: )
b Fp le qu , " - ! - (4.]2) ‘ i

4,2,.3. State Variable Form. In order to be able to incorporate

the expressions for the suSpension forces' into the system equations,

Equations (4.1) to (4.1), the suspension forces transfer functions

should be ehpressed in the time domain. For the primary suspension

Fp = Kp‘ qu
the inverse Laplace transformation can be simply carried out:. However, »
- for the secondary suspension system transfer function, ! s : {
. - v - s > s .

t
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Igbg = - 121 (251.)(KT1) A}si‘ - i£1 (251-)(KT1)(T1)n.i ,
~5 ! ' 5 v ‘
a ) ! iA§4 (251)(KTQ AQSi * 124 (251)(KT1.)-(T1)"1 (4.2a)
Jf . ,‘Mp1.z.pl"’=“ KF;1 qul ..' KT.lAqs,l'-__)(KTI.)(Tl)nl - ". (4.3a) ¢
Mot Kp, Adp, = Kpyag, = (Kry)(Tgdng . (4.5a)
* MpIp, = Kp. gy - Kptag - (KT, }(T,)n, ’ (4.6a)
- Mpszps =-'Kps f'-\qp5 - KTSAQSS ;,(KTS)(TS)“S' (4.7a) »
. where kT4 and T are given by
L : . ° - N 3
1i
Kri = —_ . i=1,2,....,5 ’
Tq O.i 1'21 P . &
and . - o
N FUP . 1 =1,2,.0005 _ '
' T1ic Tad : ,
The system equatjons can now be written in terms of the following
' %x state variables of the system: ’ 51:7‘1A ‘
e - ', ) ‘ ig, the linear velocity of the vehicle body at its center of =

- gravity, ' o ' ‘

, és, the angular velocity of ;hg secpndary'mqss_”§,

% . ' : masses,

. MysNysNgsnys and 75. the4f1Ve auxi]iary‘state variables,

. s
and finally,

z;i,ipz,;pa,zp“,ng, the linear velocities of‘the'five‘primary

. ' © . Mg .46, qsa,&qg d Aqg, the defJecfions of the five
oo - : o . /gecondary suspension systeﬁs,

- o
& ¢ - 3
qul}quz'qua’quu’ and qus, the deflections of the five primary
I o s suspension systems. , K
1] N . . ' ‘, . \‘
' ‘ ’ '
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The state equation of the system is now expressed as:

&

LI ]
i

where X-is the st&te vector defined by:
T L] . » . . » - ' )
5 =’[Zs, eso Zplh ZPZ’ zpar qu:-zpss nln n2: n3. “h: nsn
M!SI’ 'Afl'sz: Aqsa’ Aiqsu’ Aqu’ qull’ Aqu.’ A‘?pa’ Aun: Aqu]
o
-and G(t) is the guideway inpyt disturbance vector defined by:

6(t)T ='[0, 0, 0, Q, 0,0, 0, 0, 0, 0, 0; 0, 0,0, 0,0, 0, I K

292’ Zg39 Zgh' qu] B

J

Furxhef, F-is a 22 by 22 system matrix and the elements of matrix F
N - 2 .

~

are given in Table 4. ’ .

The bounce respbnse of the vehicle mddel can now be obtained by

so1ving the above derived state equation bf the. system, The method

empToyed for solving the system state equation is given in detail in

' next section L ' .
/ k ' N " l R - .
e Method of Solution o S )

The complete equitions of motion derived in-Section 4.2 is solved

. AP ¢ . v .
for the time response. .For a determinis;ic input, the peyiodic'guideway

brofile dgscribed in Section‘3.§ is considered.' The dynamic system

“gquations in state fofm. Equation (4.16), with zero initial conditions,.
- .are integrated numerically. Hamming [33] modified predictor correctpf

method with-a fourth order Runge-Kutta starter integration packagﬁ is

-

. employed. This method is a fourth. order method; using four preceeding -

< P

N ' values ‘for the computation of a new vector of the dependent variable..

Fourth order Runge-Kutta method is used in the ‘algorithm for adjusyment

4 R N

of the initial increment for. the 1htggfati7n step size and- for the

K

. . . .
v 5 . : - . . Fe

R e e S R i

FX + 6(t) | (4.6)

T s Pt 2o

b e b o s
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computation-of starting values. The subrountine automatically adjusts /

™

the increment dur1ng the whole computat1on by e1ther doubh1ng or -
halfing its or1g1na1 value The automat;e step slze correct1on feature

of the algorithm was found to be essentia1“for numerical sojution stabi— -
1ity. However, a considerable savtng'in comouter time'was'established

‘by efisuring that the i’hitial guess ‘of ,the jntegratton‘ step size At is

less than (1/20)f where f is the higheetm;atural frequenc} of the )
system, The system natural frequenc1es are - detlrm1ned by 501v1ng for * .

" the eigenvawes of the system matrix P defined in Equation (4.16). . .
\elgenva1ues of the system matrix F .are considerably 1mportant as the

values of the1r neal parts g1ve strong 1ndicat10ns about the stabi]ity

of the system. The system’equations are then solved ‘in order to déter-

mine the linear and angular accelerations,-ve]ocit1es "and displacements~

L,

of the~veh1c1e body, as w@l] as the accelerations and d15p1acements of
L
7. the five levitation magnets. The numer1ca1 integration process is .
[T

L

“terminated when the'time reaches a certain predetermined value.' For:,

this investigation, this time measure is fixed 3t 12 seconds :as .to’ allow

. \, ' . P ; ‘ ,
for-some of the interesting aspects of the ‘dynamic, response of: the “ ' - RN

P

system to be iTustrated.

’ o B N

s - ' ,.'

. ! ' ! ‘e ‘
) s.4, §xstem Response in the Time Domain - . ~
“ ’ N , ’
Typica] p1ots of the time.response obtained 1n this analys1s are’
generated for further critical study. These are q\en in Flgs 4‘5
4.6 and 4. 7y for a periodnc 1nputnexcttat1on gséu1t1ng from a guideway
| vertical m1sa119nment varxifaon of 1.0 cm (0 4 1n) Plotted 1n these

figures ave respectively.the linear accéjeration of- the secondary mass, ) f ’@

1.e;/veh1c1e body, the pitching angle of the vehiq]e‘Pody, and the -~
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response amp11tudes are p1ot£ed against the veh1c1e $peed which is

"4, 10 assumes4that the .vehicle enters ‘the frequency wy with zero initial

cond1tions corresponding to a statfbnary pos1t10n at the frequency Wi_y-

_ pendent from the initial conditions

reaches a peak value at a frequency of about 6 radfﬁec, which is found

critical‘frequenc} range in which-peak amplitudes of vibration occur.

. a. . .
Bounce ahd pitch responses data in the frequency domain are

summarized -in Figc 4.8, 4.9 and 4.10. In these figures the maxlmum

Tinearly progprt1ona1 to the exciting frequency, for a speed range from
50 to 480 km/hr (31 to 300 mph). The'approach used in obtaining the

system response in the frequency domain, plotted in £igs. 4.3, 4.9 and
. . . A il .

The advantage of using this approach’ gs that the system response plots
in the frequency domain generated using this approach describe the
system performance at the required rhnge of exciting frequencies inde-
and the time nequired for the system
to .reach steady state conditions.
\.\D ” o ‘o
_- Figure 4.8 shows that the vehicle bounce acceleration response

to‘correspond to the pitch natural frequency of the system, after which

. b . : .
the response decreases to a minimum aplitude, fluctuates about this

amplitude and thereafter starts increasing as. vehicle velocity increases.

The vehicle bounce natural frequency is calculated to be about 59 rad/sec
which corresponds to a vehic]e.speed of about twice the maximum operating
speed. Thus, the increase of the bounce response w1th 1ncreas1ng "
frequency can be accordingly exp1a1ned. Fig. 4.9 shows that the

vehicle pitching angle builds up to a maximum at a frequency correeponding- .

4 ‘ .

to the pitch natural frequency of the 'system, thereafter it decays with

the ihcréasing veh1cle velocity. «From Fig. 4 10, one can see that, as - !

expected the levitation magnet response is not affectedaby the p1tch1ng . j

y -~
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CHAPTER 5

PARAMETRIC STUDY AND OPTIMIZATION OF THE  ~ I N
SUSPENSION SYSTEM FOR BEST BOUNCE: CHARACTERISTICS “

" 5.1 Introduction : ’ " . . \

The frequéncy response‘p1ot o% the vehiclelbody linear acceleration
in Fig. 4.8 shows a stroﬁg'peak indicating excessive bouncing‘occurring
at a‘vehicle speed range of 75 to 125 km/hr (46.9 to 78.1 ﬁﬁh). This

‘ speed‘at which gxgessivé béuncing occurs was found to correspond-to fhe

I (zix ~ pitching natural frequency .of the vehicle system. The vehicle frequency

response’ plot also shows that the bounce response of the vehicle increa-

ses as the vehicle approached its maximum operat1ng speed of 480 km/hr
(300 mph ). Since the vehicle body bouncing acce1erat1qu,g1ves a true
\nﬂication of‘the vehicle ridg quality, it'is(important tq study criti= . .
ca]ly and uqderstah&'the effects qf those §uspension elemenfs which '
affect this bounce response and such anfundergtand1ng can be obtained
‘only through a pa;émeter sensftivity-study for the suspension constants.\ . ‘~ 1\*
Through this parametric study, the sensitivity of the veﬁicle body . '
Bounce response to variations in the different suspeqiibn ﬁarameters is C _—
Y anaﬁyseq,‘and'me%hods of reducing th? vehicle body Bouncing‘acce]era-
tion are 1nvest1gated Even though the main objective’of this'analyéis
is to mintmize the bounc1ng response of the veh1c1e, the effect of
’c;angiqg the suspens1on system parameters on the veh1c1e body pitching
, mot1on as well as the bouncing motions of the 1ev1tatlon magnets are o , d’h'
© al¥yp taken into -consideration. \ (: . | ‘* '
In order to conduct-a parametric. study, ce;tain fupdtion bf.the

_bouncing response should be chosen to.represent truly thevpeﬁformance
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of the vehicle. This objectivé function may be chosen to be either

the maximum val ue of the transient\ or the steedy state bouncing

\esponses in-the frequehoy domain. Chapter 4 gi'ives the system response

in the time doniain from whioh the transient frequ‘ency response was

obtained. The trans1ent response in the frequwwas established
e , ‘ .
issuming that -the car ent}rs a frequency wy wittl zero initial conditions

corresponding to an 1nstan,taneou,s statwnar.y state at’ the previous

[

.frequ"ency u&']. Such system behévior was employed in Fi?@{ 4.9,

and 4.4 to give the corresponding maximum veh1cle body bguncing acce-'
Wion, p\tching angle, and the center’ 1ev1tat1on magnet bouncing
acceleration respectwely, as a single value for each, input ﬁrequency.'
;This representatwn prov1des a good bas1s for comparmg the system '
performance at therequired range of frequenmes independent of the _
inttial cond1t1ons and therefore it-is Found to be suitab]e for use. 1n .

carrymg out the paramefric study proposed

: .
! . ' o . .
. 1
3 s *
. .

5.2 Objectives - / . ,

-,

AN . T g,
A detailed parametric study is deécribed 1n this Chapter utilizing

the transient frequency response of the system with ‘an objective to
*»

minimize the maximum, value of the veh1c1e body bounce acce'leratfon The

"parametric\;tudy 1nv01ves findinMa) effect of changing a single

suspenswn parameter on ;g\e,égghm]e response when the vehicle is sub-
PR LA TIR

jected to.a pure1yp a';& tatwn from the guideway. The' resu'lts

i

. X
of this study, in the form of trial solut1ons, show ﬁhat further advanced

investigation using mul tivariab'te optimizatwn techniques is required.
" Through an optimization procedure, it would then be pbssible ta find,
the optimum combination of the differens~sus ension elements that would
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The effect of varying the suspension system parameters on the

system response, with the shock absorbers being e]astiéaﬂy coupled

to ‘the vehicle body is shown in Figs. 5.9 through 5.17.. FromdFigs. 5.9;-
5.10, and 5.11 it may be seen that a higher setting of’bKi would yield

better dynamic response for the vehicle body bounce and pitch modes
: ¢

?

and for the center levitation magnet bounce mode. As for the effect

of varying the stiffness coefficients of the springs in parallel with

the shock absorbers, g?ven Figs. '5.12, ~5.‘13,,and 5.14 it is found‘that‘

a lower value of K01. yi'eld*better system response with acceptab]e sus-.

pension systems deflections. Figs. 5.15 to 5.17 show the effect of- ‘

' vary1ng the shock absorbers setting for the case whé{Lthe dampers\are ‘

elastically coup’led with the vehicle body From a detailed study of
these figures, s1’n_n"lar conclusions to those made in tge previous sub=

sect'ion can be drawn for the suspension specifications.

5. 3 3 Vertical Ahgnment It is also possible to reduce the

-

vehicle bounce response by properly controlling the guideway input.

The effect of guidewai deflections on the vehicle bounce response is,
shown in F1g 5.18. A reduction in the vertic'all deflection of the
guideway beams by a factor of five causes a decrease in the vehicle’
body bounce response by. the same order\ However, since the purpose of
this 1nvestigat1on is to find an optimum suspension system which would
m1n1m1ze the v'eh?cle bounce. this 1nvestigat?on is-not concerned with

the structura1 aspects of gu1deway design for MAGLEV trains.

.

5.3.4 Ccmc1 usions of, Parametric Study. In summary, the vehicle. %4

-

body bounce response can be minimized by: L h ¥
¢ .
i) Using soft- springs in’ para'ﬂel with the shock absorbers; but

\ -

v
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both curves exhibit the essential behavior of fhe\system response and
therefore it is appropriate to apply optimization technitues to either

the\transient or. the steady state response of the system, whichever

convenient. ‘ ' i . .

In order to be able to apply the complex algebra method of solution,
: as proposed by ElMaraghy et al [28], to the h;oé1em under investigation,
the periodjc,exéitation to the system'needs to beéapproximated by a
harmonic excitation. However, for simplicity, enly the fi;st harmenic

- term in Equation {3.2) is considered to represent the system input
excitation, and a11 higher order terms are.heglected Fig. 5. 20 shows’
the frequency responses of the vehicle body accelerat1on at the center

of gravity when the system is subjected to either per10d1c or pure]y
Harmonifre}citations from the gufdeway. These frequency response curveé
are §enerdted from a series of time respo;se curves at dif%ereht vehicle
speeds’for.boﬂh periodic and harmohic input excitations. As expected,
it can be seen from the figure'that at low freqeency values the'systeh. '
reeponse to periodic excitation is. only slightly‘higher than its

. response to purely harmonic excitationi’ while at high frequency levels '
where the higher order terms of the Fourier series approx%mation‘to’ﬁhe
periodic excitation become more sighificant, the-difference bétﬂeen the
responses due to harmonic and‘periodic e{;ifat{ons hecomes'dominant.
Nevérthe1ess, both curves exhibit the .same system characteristics ahg,
show ‘that the vehicle body ecceleratjon‘will reach a peak at a frequency

level of approximately 6 rad/sec, which corresponds to the pitch- natural

frequency of the system, after which it will decay and then gradually

builds up as the vehicle velocity is increased. //r;‘-;::)
. . | .







R i

res

.
a I

¢ .’ .'9."

- The method of complex algebra used to determtne the steady state ‘
response of the veh1c1e system is based on the fact that for a linear,
system where the 1mpressed force is harmonic, the steady-state soTution
is_a]so harmon1c with the same frequency and in the pretence of damptﬂg ‘\”t
in the system there is a phase oifference between the resulting mottons '
i and the input exci;ation: “IA principfe, the method of solution can be'

]

(_ summarized as [follows:"

' - v ) b ./‘
1) The forcing function E 1is expressed in a vector harmonic form

f A

gf: EO 1mt ‘ . 4 - . / 4 ((5.‘-) o
2) The resulting displacement z of'theisysijm will have the same

angular speed w as’ that of the 1nput forcing fu

fon but will be L
Tagging by a phase angle ¢ and can be expresied as:

a7 i(wt-tb)*Ze-W fut, s 5.2y T

where E0 and- Z dre the vectors representing the forcing functﬁon and

_the system response respect1vely
m N ' ' .l ey ' * !
.“:‘4,1 ‘ /( 7 } s
" Equation (5.2) can also be written as: , ;

1 . , '
. wt . ’ 1} X .
q 7 = i t . . ,

K i

ISR

where Z = Z e 16 1s the complex amplitude destgnating ‘the response

angu]ar position with respect to the excitation amplitude Eo;e..

‘_~

Apﬁiying the same complex notation to the vehic]e system dynamtc

% J

equations in ;§ate form: , '

1y

-

L fz +E(t) . 4 . (5.3)

Substituting for Z by:\ , . _ :
'Z'--i‘m'z,‘ E . L N\ ‘ X
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{ Equation (5.3) caﬁ{be written in the form;
~ I=(iul-F)E | ' S ¢+ (5.4)

-

[}

The system steady state resbonse can then~be pbtained by solving

Equation (5.4) for increasing vaTues 0 input frequency w.

To check the validity of this method of soiution the steady\state
) system response curves for increasing input frequency obtained from
sdiving the system equations using numerical integration techniques as -
wel] as the method of complex algebra. are p]otted in Fig §.21.. The
data obtained from both methgds of solution agree very closely with

-edch other, and the two curves almost match as can be seen.
L ) o' ]

The steady state system responselin the frequency domain qbtained
from solving Equation (5.4) for increasing va]ueé of .input frequency
is used for carrying out 3 multivariable optimikation process which is '

explained in the following subsection. ' \g ‘ -

-5.4.1 Definition of the thimization-Problem. A statement of the,. ’

optimization prohlem is $o be defined through the objective of the optiJ

mization; which, in this case,.is to find the suspen%ion parameters X4
¢t ’ - -

P

hthat minimize the objective function B that i defined to be the

'maximum va]ue of an arbitrary function f(Z(Xd) of the steady state

‘

responge of the vehicle within the fre en domaih of interest. Here,'

w1 s the independent generalized coordinate of the system as defined

- in Chapter ﬂ. In other words, it is reohired .to find

min « B = min * max - f[Z(m}(Xd). Xa)1 5 S
4 m1 ' ., - :- . ~ ‘ ) . . N
subjected to the following constraints s . ': L)
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where a and 'b define the practical region for the design variables.

5.4.2 Design Variab]es for Ogt1m1zat10n ‘The 1ndependent deszgn

variables chosen for the opt1m1zat1on are as follows:

i) The f1ve shock. absorbers damping coeff1c1ents (Cl, 29 3, q, )

ii) The five stiffness elements that are situated in series with
the shock absorbers‘(KI,KZ,K3,K“,K5)_

iii) The five stiffness elements that are in parallel with the

shock absorbers (Kol,Koz,Koa,Koq,Kos)

The steady state vehicle body bounce response with the frequency

domain of interest is chosen as the objective function heﬁé. The Tower . ,

_ and upper bound frequenc1es that determine the frequency range in which

opt1mizat1on is carried are taken.to be the frequencies correspond1ng
to the vehicle lifggoff speed of 50 km/hr (31.?5|nph), that is the -

spee& at which the vehicTe becomes }evita%ed on the primary magnetic

suspension syétemé and that corresponding to the proposed-maximum

cruising speed of 480 km/hr (300 mph) respect1vely The optimization

_procedure and method of ana1ys1s emp]oyed are descr1bed in the following

subsectlons ..

5.4.3 .Descriptioh of the Optimization Prosedyréz The optimizafion

schemé used in this anélysis is outlined thrngh a flow chaqf detaj]ed‘
in Fig. 5.22. The step Ey step proéeddre usgé can be ;;stated S§ |
foITowsi - ! )

i) An initial guess of the design va?iab1e:vector~§d is-qgéd to

, start the program.

X

B 2 e Ei iy S
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ii) The lower and upper, bounds of the frequency range of interest

aré "determined such that the solution will be determined for
v emin £9 S umaxe ,

ii1) The eiggnvalﬁes of the system F are solved for, and the ’ (h

critical frequencigs of the system are then defined to be

Wnins “max» as well as those natur:l frequencie's'mn such that

“min < ®n < Ymax- )
iv) For each given criticalﬂinput frequency,. the éysu-m equations,

.Equation (5.4), are solved for the steady #tate bouncé'response.

v) The maximum value of the bounce response is evaluated and is

¢ 2

’ ‘ . ‘then defined to be the objective function B.

vi) A direct search methpbd of multivarigble optimization is applied
to minimize B. )

5.4.4 The Optimization T chnﬁque. A computer aigpfithm based on

f\*»/fhhj " Hooke and Jeeves optimiiﬁtion techniqqe [30, 34] is used to carry out

1 il

" the multivariable optimizaftion. Inuthis algorithm, a direct search

method followed by a ran search check i; used. The search proceeds

by 1ncreméﬁting the.valu of eisg_design variable along the direction

whi;h,imbroves the objective functioﬁ‘B, with the practical design-range 1 ' )
. set by the constraints specified. Near ;hé optimum vé]ue of B, the ' -
_incremental values are halved, and the search 1§ repe&ted’pﬁtil an ) ‘

assumed optimum 1s arrivéd at. The optiﬁum value found is then checked

by conducting a random.search within éhe viéiniyy of thg assumed optimuﬁ.

The.aﬁgorithm is stoppéd when no improvements along the optimum line can

be reached. _ . -
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5.4.5 Results of Optimization. The optimization procedure describéd‘

in the flow chart in Fig.‘5.22 is first started with an initial guess of
the design variables Xd' being the original éuspensiqn parameters of
the MAGLEV veﬁic]e in which éhe shock absorbers are rigidly connected

to the vehicle body, as seen in Table 5.1 No improvement was found
a]gng the optimizationﬁ]ine, hence it is assumed that thésé values of
the ‘parameters are optimum, and they afé referred to as the optimum

suspension parameters with rigid K.

-

The optimization procedure is .then repeated with the initial guess
of the vector §d'.be1ng the-near'optimumLVa1ues for the suspension para-

meters obtained from the results of the parametric'study; these values

i
5
‘
i

are essentially: o ' .
Ko = 5(100000.)N/m, K = 5(800000.)N/m, C = 5(10640.)N-sec/m.

The results obtained from the multivariable optimization procedure shows

" - that the vehicle bounce resbonse reaches an optimum value with the

- following set of‘design variables: : i}
Ko = 5{100000.)N/m, C = 5(10640.)N-sec/m, K, = K, = 800000. N/m,
K, = K, = Ks = Rigid. | ' l L
“This set of parameters will be referred to as optimum with flexible K, - .

that is to designate the optimal suspension parameiérs of the vehicle

model in which the shock absorbers are coupled to the vehicle body T

&

through spring elements with stiffness K. .

It is- to be noted at this point that a minimum value of Kp will
) Y ) :
give better bounce response but will cause very high suspension system

deflections; therefore, the design constraints set on the allowable '

(,, ;
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. J fihd the sensit}vity of fﬁe bounce acéé1eration response of the Canadian

L4

MAGLEV vehicle to _different variations of the suspension constants.

Also, the effect of varying the suspension systems' parameters on the T
vehicle pitching response as well as the levitation magnets bouncing: .- !
&\F acceleration was observed. From the parametric study, the near optimum

set of suspension parameters is found. Although uséfu]. design recom-

14

. X ‘ oo, )
mendations made about the system are conflicting. . Because of such . //

-

'4;1 ‘.conflict in the teiomme?dgpféﬁs, a solution Fo the problem is sough? . . y
by usjng rigorous multivariable optimigation techniques. The results '
ro of the optimization §pr that the vehicle bounce acceleration levels
can ‘be ‘minimized by ‘installing §pring elements petween ;ome of'f;e shoﬁk

. , } absorbers and*€he vehicle body; howéver, thig solution imposes a penalty N
L \ of a 30% increase in the levitafion_bounce accelerations at fhe max imum
vehicle cruising speed. Therefore, in choos%ng the values of the”sus- ‘
~ ‘ pénsion systems paramétérs for design adaptatfon for the MAGLFV veﬁic]e,v
all the conf]icfing aspects of the tveralf design problém shoJTd bg o ,
Assessed simultaneously. Up to- this point, in this investigatiop, the
input guideway excitation:to the system was considered';o be of a purely
rperiodic form. An overall assessment to the vehicle dy?amic response
can only be made by coﬁSidering_%he reality of the ﬁnpuf‘forcing func~A

4

tion to the vehicle as a combinatjon.of periodic and random prbcesses

N

aird is discussed briefly in thelfolfowing chapter.

3
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CHAPTER 6

. THE STOCHASTIC BOUNCE RESPONSE OF

THE MAGLEV VEHICLE'SYSTEM ‘

!
v
& ~ . ., . ’
b s /—"“ - ’ 3 ' . N
’ -

- 6.1 Lntroductwonﬁ#ﬁ - . ‘
. “"“"’“‘g_,z - , . .

L4

In the previous chapters the bounce résponse df the MAGLEY vehicle
-system was analysed using a deterministic approazh and the effect ef
the vehicle tnbut due to random guidehay irregularities was\cegzspted.l~
| » For theﬂvehicle bounce response, prob]em detenninistic solution is only
approx1mate since for the range of vehicle speeds considered the random

o

component generated as excitation from the guideway 1rregu1arit1es )
- »
becomes importdnt. Therefore, for an accurate and complete investiga—
-

tfon the input exc1tat1%i'on the model should be descr1bed stochast1- ' P

‘ca]ly to 1nclude both the random as wel the periodic guideway 1rre-

gularities and the stochastic bounce responses are to be described

probab1]1st1ca11y.

. 6 2 Def1n1t1on of the Stochastic Problem

I ~

‘”:‘ The stochastic response of the veh1c1e systd‘iss derived in this

¢

‘o ¢ ' chapter usvng the prevwous]y established linear model subJeqted to
| spec1f1ed stochastic forcing function., To obtain the stochastic resbodse
of the System, the equat1ons of motion are to be expressed in terms of
”\ "~ state variab]eg The filter dynamic Equations (3. 11) derived earlier,
are incorporated 1nto the veh1c1e Equation (4. 17) in state form, in
order to arrive at the state equation of the. complete system that would
"now be subjected to a pure whtte.hoise input. This math&matical proce-

dure, givenlin the stydy [29], is developed for nonlinear ana]&sis'of,

LY
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+ . given in
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" defined in Equation (3.11). ° . ' o

o v’

or in an alternate form:

& - ¢
. K} - o ! . .
WF ByCr) | X ByDr : .
S ': ¢ + W T (GI)
v 9 -~ eF vy %F ) < e~

 Equation (6.4) can be-regfated to represent the compleie‘11nean
3 : .
system in state variable form: ’ e

. > : : '
90 = o9 * Bo¥ | o (6.5) -

wheré W is the white noise input ‘vector having a covariance matrix 0"~

4

6.3 The Instantaneous Response Covariance Matrix -

L4 L]

Since the input white noise vecfprl!(t) to the complete system, )
Eduation (6.5), is stationary and gaussian;&th?n éhe response pydééss
will also be stafion;ry and gaussiane Therefo;é,'the.refponse process .
is completely specified. by the meantresponse vector"énd thé 1nstaﬁtaneous
correlatign 'matrix. The instantangghs covarfance méfrix fqr‘tﬁé'system‘

"‘)Jation‘ (6.5) is defined by o

Pl Hg(t) ()1 o . (6.6)

where the diagonal elements of P are the mean square valies of the
- e N - o 4 . . - - :

. . , '
vector 9q- - - Co

* N ~ ta
‘' For a linear sysﬁém-of equatﬁon§'forced'by¢q whi;e noise inpit,

such as Equation (6.5), the differential equation for the covariance is
g . ‘ .o v

- .

[35] T
P=AgP+PAS +Q - Voo L (6.)

~ - P
o

AV

P=
?
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Once Lyapunov's equation is solved on the digital computer, the
diagonal elements of the matrix P are the medn 'square values of the
state .variables. It is to be‘no&ed at this stage, that the accelera-,

t1on of the passenger's compartment was not defined as a state° ‘however,

o
[}

it is a linear combination of the states, that is: A )

Acceleration = pT 9
s " . ~ \
and
(Acceleration?) = b Pb

4

where pT ?S'a‘row of the Ay matrix and ( 2)‘represents the RMS value.

A
.The eigenvalues of the A; matrix are important as the values of

their. real parts give indications about the system stabil1ty. To ensure

the, Etability of the system, the comp1ex .eigenvalues ‘of the overall

system real matrix AO are determined using a computer library subroutine ‘

EIGRF [37] for eva]uatﬁon of comp]ex eigenva1ues of real matrices.

A

6.5 Eva]uation of ‘the Response Power Spéctral Density N

Performance specif1cat10ns for the vehicle r1de qua11ty are

-

commonly ‘written in terms of accelerat1on power spectral dens1ty and’
so )i,n this _case, the veh1c1e body acce]eration powe% spectr’:ﬂ density
must be determ1ned .For an acceptab1e ride qua]ity. the sbspension
%ystems parameters must be ChOSen'SO tnat the passengers compartment
acceTeration‘péwer spactral densfty‘fa11supith1n'tE:'§pec1ftcations .

1imit suggested.

\
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| ' For the system described by Equation (6.5), the state speg al R %

density,matrix ~qO(w) can be expressed in terms of the input pectral

density matrix §N(“) using the following expression:, | ﬁ\ .
- \ '

[y

: Sqola) = (31 - )™ Sylw) (-3l - Ag) C o (6.10)

where the input white noise spectral density Sy(w) i§ defined by:
! ' 4 " ST
Sl =75 0

Q being the modified input covariance matrix defined in Equation (6.9).

The diagonal elements of Sqo(m)-are the spectral densities of the

. state variab}es. Since the velocity of“the center of gravity is a

‘stete; then the'accelerat{og densidy can be defined by: = ~ Y
Sacclu) = 25 (2n) syeqla) SN CA LS
acc b 2 W) Syellw . . .
o (g) ‘ e oo
where Sace is eépressed in gz/Hz units, V is expressed in m/sec, and - .

. . 3
wis expressed in Hz., '&Z:i L ]

A nymerical solution for Equatlon (6 10) is obtained us1ng computer
llbrary subrout1nes VMULFF {38] for matrix mu]tipllcat1ons ‘and LINVZF [39]
for matrix inversion from the Internat1ona1 Mathematica1 Subrout1ne
«Libnary (IMsL), for each frequency value w w1th1n the bahdwidth of
human ‘body sensit1v1ty of about 0 1 to 60 Hz. The numerica1 values of .
§ 4“1 - the velocity power spectra1 dens1ty obtained from the solution of
" | Equatfon (6 10)_are then used to calculdte the bounce acce1erat1on power
; spectra1 density through proper substitq¢1ons in Equation (6. 11) The e
«bounce response power. spectra] density is generated through this proce-

dure for different sets of suspensfbn systems parameters, the resu]ts © A

-

: obtained‘are plotted and’ analysed in the following section..
' - ' } ‘ . . ” ! .

b
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that thé.effect of.varying the suspension system parameters on the ‘ . v
.system response with the system under sfg;hastic input excitation is
consistent wite the results observed in Chapter 5 when the system
response was obtained for purely perioaic inpuf excitation. Therefore,
the same design approach can be adopted for specifying suspensiqn ele-
ments and @he optimum set ok suspension parameters obtained from multi- .
variable thimiiation techniques for the detefﬁinistic analysis may also

Be considered to be optimum for the case of conclusions based‘on the

‘stochastic study. Optimum response curves for the vehicle body boence
acceleeation power spectral density are generated,'us1ng the mathematical
procedure outlined in section(GLS, fo;‘different guidewey sban lengths .

and are shown in Figs. 6.4, 6.5, and 6.6. Also p]btted on these curves

are the'U. T A.C.V. ¢1de quality spec1ficat1ons as recommended by the

u.s. Deparﬂnent of Transport From. Fig 6.4, it "can be seen that for

a standard guideway span 1ength of 25 m the vehicle response exceeds the
U.T.A.C.V. specifications in the frequency bandwidth of about 5h4 to ' -
10:5 Hz, end hence it-can be concluded that a totally acceptab]e ride |

quality cannot be achieved for all speeds with the depleyment of passive
suspension system% only. the National Research Council of Canada f\S]‘,
considered guideway spans of up to 45 m in their dynamic aneiysis of the

. vehicle system bounce response under stochastic 1nput excitations and

they recommended the use of passive suspens1on systems employing a simp]1-

fied two-degree-of-fregdom vehicle model. Their recommendatlons contra-

dict the results shown in Fig. 4.5 which 1nd1cate that the. vehic]e

response under purely random excitations is well within the ride quality
specificatlins, while the respense ueder a combination of peeiodjc and ‘\\

random inpu€ processes becomes marginally acceptable. This contra&ictibn

’ "
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CHAPTER 7

. - *1\0
CONELUSIONS AND RECOMMENDATIONS

7.1 Highlights af the Inveétigation

This 1nvestigat1on ‘has attempted to provide a\dgta11ed study on
those aspects of the design perforgante of the mechanical suspens1on ‘
systems controlling the bounce response of the Cafadian MAGLEV‘Vehicle.
under all forms of input excitat1ons from the guideways. Thegana1yt1cal
approach employed in this study can be- genera11y applied to the dynamic

analysis of .any similar h1gh speed vehicles. -
AN

K 1

. Based on an improved linear mathematica1 model, the dynamic
responsés of the‘MAGLEV vehicle aresdetermined when the vehicle is
subjected to either a pure1y per1od1c or a combination of periodic and
random 1nput excitations from the gu1deways The'ana]ys1s is focused
particu]arly on the bounce mode of v1brat1on of the vehicle body since
the bounce acceleration level of the passenger compartment is a primary
indicat1on of the veh/;&éﬁride quality Add1t1ona1 attention is also
given to the pitching response of the vehicle body as well as to.the
bounce responses of the levitation magnets. The equations of motlon .
ot the system under deterministic and stochastic inpbts are solved (4
using standard techniques for the state variables representing the
system ;esponse. Both parameter sensitivity ana1ys1s and mu1t1var1ab1e

optimizatioh'technique are applied in order to ascertain the~opt1ma1

. . ) .
- mechanical.suspension parameters that.would minimize an objective

function representing the maximum vehtcle body beunce acceTeratipn‘"
response over the frequency range of‘1nterest.'
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The major contrjbutigns of the investigation presented in this )

thesis can be summarized ,as follows: -

i) An effective linear phy51cal model is developed for describing

]

the bounce response of the Canadian MAGLEV vehicte more accu-

‘vately than before. A modified mechanical suspension system

is considered in thkg_model to allow for some flexibiTity.in '

the choice of suspension arrangements. S

—

2

1) Thg input excitations fo the vehicle are realistically modeled

through a purely periodic process or a combinatidn of periodic ‘
H i
N . and random processes, to account for any particular dominant 4 '

‘éguideway irregularitiese L ’ . .

‘u ’ ' \ a
iii) The bounce acceleration and the pitﬁping angle of the vehicle ) M

body along with the bounce acceleration qf the levitation _
'magnets are evaluated as a function of the vehjcle,speed and

for different suspension configurations when the vehicle is

. subjected to guideway excitations modeled_as a periodic process.

» ! . - P . @
L . .

. iv) A complete parameter sensitivity analysis and; further, a : a{

.multivariable optimization technique are employedtto-yield .
N . « . J‘

A

optimum yalues of the suspension'system that would minimize \ .

the bounce acceleration of the vehicle body under deterministic
input process.: » T .

v) The combined periodic and random excitation from the guideways
is modeled in tf% form of. 1nput spectral density using available
data [5 ] A linear filter was designed in such a. way to

e
ot "produce the required output- (actual input to the vehicle) for

v
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Th; study.of the sensitivi;y‘of the system response to variations ‘5
ina sing]e suspension paréme;g? at a given time shows that, for tﬁik \
entire‘?requepcx domain of interé?f, the sy§tem bounce regponse can be
improved by lowering the su}ing stfélness of the‘elemeqigg:;hectedﬁin -
parallel with the Shock absorbers. A disadvantage of this arrangement.
wbuId‘be to cause large initial deflections of the_vehic]é, particularly

’ dur1n§ }oaged sta%ionary states énd‘pefh%ps'may lead to ineffieient
Qrakjnu: The effect of the vaujat1ons in the dif?erent\ﬁukbeﬂsion péra-

meters on the vehicle body pitch response, the 1evitatiqg magnefk"//i

-
<

ok s e =

bounce resbonses as well as on the initial deflections of the suspensjon

systems were also further studied. Useful bug sdmewhgt conf1ictinq para-

a

£ N v mant =

. meter sensitivity analysis and hence a further investigation tepﬁniques .

. ¥,
was takenupl ’ The results of the optimization program clearly showed

B

that the bounce response of the vehic]é can be improved us{ng the propused . ) ' n
modified mechanica]'suspeusion system configuration in which the shock -
absorbers ‘are elastically coupled to the vehicle body through a series

connéction with a stiffness element.

For a better evalhation«pf the vehicle ride qua]ity,‘the analysis .

"

, was’extended to thg case when ‘the vehic]e‘fs'subjepted to a pu;ely random

,or § cuméinatiun of periodic and uahdow input processé; and a method forb

K obéaiuing thg vehicle bouncg{acce]eratiqn power Spectra1‘dehsf£y~1§,
puulinéd. The bounce acce]erationauower spectral densﬁty.réspouses
'exhibdt fwo peak va]ues; one occurring at a fnpeuency of 0.87 H* that”

corresponds to the pitch natural frequency of the vehicle, and the other

~“1peak oxeurs. at 5 3 Hz which is the breakpoint frequency due.to the

segmented nature of tas_mult1span guideway structure‘ "A11 aspects of A ,J
) "' | >, hd ]
’ R \ .o

g o Ame remcmme v [T

e oty

-y oy i 4 T i W e T Catac ad At~ R -
o







.
a

- - 123 -
'suspension systems to behave linearly by assuming small oscillations of .
_wwthe vehicle about its equilibrium position. A-more general and perhaps
:;;histic approach would be to include the nonlinear characteristics -of -
o ' . , .

some of the suspension elements and evaltuate the vehicle responses

- based on afﬁ{ﬁnear mathematical model . _ A

Lastly, this investigation hds_conﬁidered'the guideway and support
structures t6 proQide 3§sent1al1y a riéfd foqqdaﬁion\for vehicle ZUpport.
Altﬁough this is a reasonab1e‘assumptiqn, accuracy of the‘résu1t“may
be improved'if the ﬁertinent details of the guideway stfuctura] design
leading'to‘ayformgjat{on of the dffferént‘gu1deway parameters that
affecf ;h!lvebicie rgéponﬁes ar; taken info Qccount. This means that .
fhe f1ex15¥1ity,of the guideway,‘its'pier supp?ﬁfs and theirifoundations

. are to be included jn ﬁhe dynémic analysis of the vehicle, partﬁcular]y
in view of thebcoﬁpljhg effects betwéen the vehicle and tﬁe guideway
" structure. - . | | - .
| o | . \
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