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_ ABSTRACT
A STUDY ON THE PERFORMANCE OF
PASSIVE AND ACTIVE PNEUMATIC ISOLATION SYSTEMS

" 7 Sekar Kalambur D,

In this thesis a study on the performance of a passive‘and an

active pneﬁmatic isolation systems is carried out. For both systems

“the governing equations that describer the behaviour of the systém are

fqrmulatgd and simulated on a digital computer. Input displacement
excitations such as sinusoidal, rounded pulse and function of ,the form
X = xg (1-cos u;t) are considered. .

In the case of a sinusoidal input excitation, absolute and
relative displacement transmissibi'lity and acceleration Fransmissibﬂify
are plotted in the frequency range of 2.5 to 50 rad/s. For pulse like ‘
input excitation,“relative displacement .and acceleration ratios are
plotted for various values of shock severity parameter y. In addition,
the displacement and acceleration time respor;se plots are provided for,
all input excitations considered. -

It is found that for the passive system both absolute displace-

ment and acceleration peak trénsmissibih’ties decrease as the orifice

area is increased until a critical value. For pulse-like input, the

peak acceleration ratio decreases as the severity parameter Yo increases.

For input excitation of the form x = x, (1-cos wt), the output displace-

. ment and acceleration for the passive system have the same peak values .

N

as that of the input,’
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" is generated by manipulating the measured variables such as relative

for Tower frequencies up to 40 rad/slandsharply increases for higher

. sharply for higher frequencies. The results indicate that the
_acpe]eratiop transmissibility has an increasing and decreasing

characteristic with three distinct peaks, even so, the peak value of )

- *
~and acceleration for input of the form X = Xq (1-cos wt).

19
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In thi§ thesis an active system is synthesized by controlling

flow in and 6Qt of a cylinder chamber thrgough an electro-pneumatic

servo-valve., The control signal (input current) to the servo-valve

o e B ,»-,

velocity, chamber pressdres and output acceleration so that the

jerk of the isolated mass is kept at zero,

The simulatign results for the active system indicate that B

the absolute displacement transmissibiTity isosignificant]y Tow «

fréduencies. The relative displacement transmisﬁibi1ity displayed

a constant yalue (0 db) for frequencies up to 40 rad/s and increased

é
;
!
|
;

the acceleration tgangpissibility is less théen -26 db. For pL]se

like input, the acceleration rafﬁo decreased as the severity parameter
yois increased and the ralative Qisplacement increased for higher
values of yo(yo>3). The output displacement and acceleration’

[§

displayed relatively smaller values compared to the input di§p1acement

An experimental procedure to test the validity of the active
systems' performance is outlined. A comparison of the perfofmance
betweén the passive and the active systems shows that superior dis-
p1§cement and accelerationtisolation ¢an be achievéd by using aq active

system.
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NOMENCLATURE
orifice area between the two Chambers (passive system) m?
head side area of the piston m?
rod ride area of the piston , ' m2

area ratio A,/A, dimensionless

orifice area created by the movement of the spool in

the servo-valve connectdd to Chamber 1 m?
orifice area created by the movement of the spool in

the servo-valve connected to Chamber 2 m?
reference area m?

dimensionless orifice area between the two Chambers
(passive system) . .

dimensionless orifice area created by the spool movement
in the servo-valv

dimensionless orifice area created by the spool movement
in the servo-valve cogpected to Chamber 1

dimensionless orifice area created by the spool movement
in the servo-valve connected to Chamber 2 .

dimensionless constant
dimensionless constant
dimensionless consfant
dimensionless constant
input current to the serv-valve - dimensionless

mechanical sprjng stiffness N/m

proportional gain of the servo-valve - dimensionless

v - : 2
acceleration feedback gain _ EQ-EFEL.
velocity feedback gain . ‘ Eﬂ%%ﬁ&
displacement feedback gain A ‘ : : ma/m

3

o

~ . /

O T e PRSP N, S

-

.. -\ 4
o R R 2 e

H




Xiv

. A |
ki * dimensionless acce'1erat1'on feedback gain
’ ka* 4 dimensionless velocity feedb{ack gain
ky* dimensionless displacement feedba;:‘k gain
L reference length ' . m ' , ;
M, reference mass : . N kg i
mg . suspension force : ' LN
cgl mass flow rate %nto,(:hamber 1 o kg/s
’ . 1

%ﬁ mass- flow rate into Chamber 2 ‘ , _ kg/s |

. % dimens jonless mass flow rate
dl:%* dimehs ionless mas.5 flow rate into Chamber 1 |

' dl:;* dimensionless mass flow rate into Chamber 2
n  polytropic exponent dimensionless ‘ . ’ (K
Py atmospheric pressure } N/m?
P, dimens ionless  atmospheric pressure _ — :
P supply pressure . N/m"l

© Py dimensionless supply pressure\
Py reference pressure ' ’ . - N/m? .
P, pressure in Chamber 1 : — _ N/m?
pr = pressure in Chamber 1 dimensionless | |
P, . pressure in Chamber 2 ) . N/m? ’
P2 o pressure in Chamber 2 dimensionless : . '
R gas .constant ‘ _ MeN sec/kg °k

o s - time ° - seconds ‘
T reference temperature : . Tk




T,

t1
T2

173

AVl
V2

XV

{temberature in Chamber 1
“dimenSionless temperature in Chamber 1
temperature in Chamber 2
dimensionless temperatﬁre in Chamber 2
time 2 |

 reference volume

. volume in Chamber’1 M\

volume in Chamber 2

input displacement

input displacement dimensionless
displacement of.the spool dimensionless
output displacement n

-output displacement dimensionless
reference time °
dimensionless constaﬁt
dimensionless time

initial compressed length of the mechanical spring

dimensionless initial compressed length of the
mechanical spring

shock severity parameter

‘ratio of specific heats
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x ‘CHAPTER 1 x ) 5
4
) INTRODUCTION / §
1.1 GENERAL | | S

V1bratory forces generéted by  machines, engines and.external dis- ‘
turbances are often unavo1dab]e "however, their effect on a dynamical | i
system can be reduced substantially by properly designed springs and
dampers, which are referred to as-isolators. In the past, the majority
of vibration isolators have employed passive su;pension elements which
do not requi;e a continuous supply of power for operation, and typically
include wheels, linkaées, springs and damping elements. While for many
applications the performancg capability of a passive suspension is

adequate, its performance is basically limited since the force genera; ‘

ted by the passive system cannot be controi]ed. ;o

A conventional passive vibration isolator hsed to isolate the
vibration of a mass is usually a combination of linear or non-1ine$r :
spring and a damper which may have a 1inear or non-]inearvdamping
characteristic. Since, in both cases, mass of the system is generally
fixed, the spring rate and the damping coefficients are the only design-

'parameters that could be optimally selected to isolate the mass effectively.

In the case of a linear 1sBlation system, that is, a system having
linear spring and damper, the governing equation of the mass is given by .

a set of linear differential equations. In most cases, given the input

excitation, a closed form solution for the differential equation can be =
obtained and hence the design of such systems are quite simpler and

straight forward. But however, the major disadvantage of such systems are




-Zn- . . v : .

-~

their low frequency performance. Since the spring dominates the 1bw
fre&uency performance, the force tranﬁﬁissibi1ity can neQer be Tess than .
one. One important 1imitatioﬁ of passive iso]ationVSygtems_is that the
static dfflection varies as the inverse square of the natural frequency.
For most terrain-induted viEratién, the peak input amp1itudes occur in
the Tow frequencies, 3 to 5 Hz. A passive isolation system for such
applications must have a natural frequengy less than or atleast .707 of

thghexcitation frequency. For such low natural freduencies, the static

def?Fction of a linear passive system would be over several meters.

i
i

? If non-linearities are introduced in the isolator stiffness to

limit the dynamic deflections to the desired level, the performance of

the system would deteriorate since it would exhibit the vibration iso-

 inents -

lation characteristics of a stiffer system.

By using a non-linear spring and damper in a béssive system, the

NIE S

force generatedlby the isolator is proportional to the relative velocity

anq;displacement similar to that of a linear spring and damper. So this

\

kind of pas$ive system again faces, the pgpblem of low frequency isolation.
)

Y

aasiat SBABAb. 8

* To achieve greater system design flexibility and performance3

R TSRS

act%ve elements have been applied in isolating systems. In an idealized

P

form, an active suspension element is a controllable force generator

4.

powered by an external energy source. Such devices cap be progFammed to- |

produce forces which are functions of any system variables. By sensing

¢

system variables, such as absolute or relative acceleration, velocity or
\ .

displacement and appropriately combining them, a command signal is

generated for the force generator. With such devices, isolation system




©

3

»

performance is limited only by the &mount of external power and designer's [
‘ ) AN
willingness to expand the complexity.

A fully active vibration isolation system will have good perfor- :
mance compared to a passive systeme vOne main advantagé of active isola-
tors is that nattral frequencies are substantially lower than those reali-
zable from passive isolators can be provided, with low dynamic deflections
particularly under conditions of transient excitations. A wide variety
of excitation and response sen;ors can be employed to providﬁ feedback‘
signals and form a closed-1oop ééf#ve iso]étion system. For example,
command (feedback) signals can be developed which are functions of jerk,
accelerations, velocity, displacement, time-integral of d{sp1acement,
d1ffereg£\§1 pressure or force The signal processor for controlling
the force generator may cons1st of an active electronic network that
performs addition, attenuation, amplification, multiplication, integration

and cqmpensation functions.

Types of force generators or actuators that may be used in active
isolation systems include mechanical; fluidic, elettro-sensitive fluids
\
and electrodynamic force generators. In the case of electrodynamic force

generator, either Hydraulic or pneumatic fluid méy be utilized.

The main disadvantage of active systems are:

i) high cost, |
§i)  low reliab{Iity compared to a passive system,
iii) need of an external power source,

iv) stability of the system.

.
s w

[l




1.2 REVIEW OF PREVIOUS WORK

To obtain qua]itative and quantitative informatioﬁ regarding the
vibration fso]ator, a systematic study of the passive and active vibration
isolators are carriéd out. One of the most impor;ant factors in designing

" an active or a passive vibration isolator is to minimize the force trans-
mitted to the mass from an excitation source. First, conceptual passive

suspension design and optimization techniques are reviewed, then the

concept and the ‘development of the active suspension are given.

Caton [1] analyzed an, isolator embodying a Coulomb-friction element

‘and a return sprinq; An optimization procedure was carried out for a
,tra&é off on the maximum acceleration transmitted to achieve a limit on
the maximum relative movement. Cornelius [2] presented a mathematical
‘model of shock mount consisting of a resilient é]ement in parqlfgi with

2 damper and the response. of the shock mount was studied for specified "
foundation velocity input. The damping force pr;duced by the damper

was a linear function of velocity only at low velocities. -At higher
velocities the damping force was limited to a constant value and was not
sensitive to velocity at all. The performance of this shock mount was

compared with that of a conventional isolator.

A shock mount hgving nog-]inear dual-phase ‘damping which Simultan-
eously minimizes the acceleration and displacement of ‘the mounted mass
was considered by Sno;don [3]. The non-linear dashpot considered produced
a re]ativé]y small damping force when the system passes through abrupt
transients. The damper produced relatively larger damping force when the

. system goes through relatively slow decay of motion than when the system

o




[

was subjected to less abrupt transients.. The response of the system
together with the conventional passive system were giyen for-step like

]
and pulse 1ike inputs.

Another type of dual-phase damper with a mechanical Epring arranged
in parh]]e] was investigated by Venkatesan [4] to minimize the absolute
transmissibility of the mass over tﬁe cpmp]ete frequency range. In this
case, the dual-phase damper'ﬁas the damping ratio that depends on relative
disp]acement;’higher démping at low relative displacement and lower damp-
ing at higher re1;t1ve displacement; for intermediate relative displace-

ment there is linear transition between the high and low démping ratios.
e

An optimum shock isolator which minimizes both the transmittedﬂ
shock and relative displacement was presented by Mercer [5]. Here the’
damping force was generated By both Coulomb-friction and by vdscqys
damplng For high frequency.and 1d?ge amplitude input motions the viscous
damper was made r1gid and the isolator reduced to a spring and Cou1omb-
friction damper in pardliel. For 1ess seveYe input motions viscous damping

was made more dominant than the Coulomb-friction.

A theoretical investigation was carried out by Ruzicka [6] on a’
§1ngle degree of‘freedom v{bration isolation system in which isolator
damping force was proportional to the relative velocity across the isola-
__tor raised to an orbitery power. Results for parametric variations in
damping were a]so presented for spec1f1c values of the relative ve]oc1ty

<

exponent.

Impact absorber with quadratic damping and a' linear spring element

in parallel was analyzed by Hundel [7]. Closed form solutions for the
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s dynamical equat%ons were presented. The results indicate that the system

with quadratic damping transmits about 4 percent less force than a 1linear .

, | e

s

o Magny

damper.

1
a

. Dynamic response of a vibration isolation system with non-rigid

e

foundation was studied by Soliman [8]. 'Optiﬁization procedures were : o
developed to evaluate the optimium parameters so that the maximum trans-
mitféd motion. to the mass could be minimized. Design data were published
graphically for parameter variations. The effect of fluid and mechanical
compliaﬁ%e on the performance of hydraulic shockﬁabsorbgrs was studied

by Mayne [é]. {t is shown that by using proper compliance, the maximum
‘deceleration -levels necessary fb stop a given maséfffun a spécjfied e

velocity within the shock absorber travel can be achieved. . '

[N
With the development of high performance feedback control servo-

mechanism a significant development on active suspension has occured
since 1950. In the 1950's pneumo-mechanical suspension for automotive
type vehicles were developed, as‘were law frequency load leveling suspen-
sions. for several types of vehicles. In the miq‘GO‘s interest in attive
vehicle suspensions increased in order to achieve high sgeed intercity
transport systems. Iéesearch and development of advanced rail vehicles

which employ active suspensions was initiated because of the greater speed

and high level performance requirements. ; ;

D.C. Karnopp [10] has compared the active suspensions with practical
passive suspensions. Using linear thﬁory and traditional frequency re-

sponse plots, the author has shown that in the most basic case, a worth-

while, but not crucial, improvement can be gained by the use of active




or semi-active systems, while in a more complex case the best possible

passive suspension performance was shown to be very poor compared with

the active systems. -

In the last two decades, a number of powerful analytical tools

-

have been developed for the‘design and optimization of suspension systems.

Many of the most commonly used methads are summarized by Wolkovitch [1i],

Karnopp [12] and Hendrik [13].

. A number of studies have been dong:to determine the optimal config-
urations for generih's;spensions. Ben&;r [14], Karnopp and Trikhq [15],
Hullender [16], Young and Wormly [17] and Hendrik [18] have all used a »
single degree of freedom generic sﬁspensibﬁ{as shown in Figure’ 1, to find
an optimal linear suspension model which minimized the quadratic perfor-

mance index:
7 . . ’

PL=y+0 ¥

where ' Sy . :
. R : i
y2 = mean square vehicle acceleration
.ii = mean square relative displacment

p weighting factor

The performance index includes the passenger comfort-using the
acceleration term and 1imits the suspension stéoke by including the
relative displacemént term. The optimum suspension can be implemented

passively or actively as shown in Figures 2 and 3 respectively.

Crosby and Karnopp descbribe the means by which the desired
sdspené{on can be achieved.[19,20]. The authors have also given semi-

" active damping systems which closely approximate optimum suspension

\
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To rep!ace the shock absorbers %n automobiles, buses and trusks,

;o a hydraulfc actuator is used as an active suspension system. This active
suspension system was deve]opé& by Hanna and Obson [21]. Because of the",
smoothness of the intérstate‘highways and’the development of improved
passive suspengions, the widespread use of active suspension in automo- -
biles, buses and trucks was suppressed. But the use of active suspension Vo
in passenger and freight trains were the topics of research. Vibration
isblation f}om rail irregularities has been investigated both analytically

. and experimen£a11y in a scaled model. This isolation system was developed ' §

’ by Obson, Allen and Wilhelm for Westinghouse Research Laboratories [22].

An active suspension gystem using pneumatic actuators wa; studied
analytically and ererimentally by Rinehart, Roach, Bain and Croshaw,
[23]. This paper describes analytical and experimental (1/6 scale)
studies of different active controllers for a rail transit vehicle. The
* servo valve in this pneumaticliso1ator system was controlled indiyidug]]y ,
by both electrical and fluidic signals. Figures 4 aﬁd 5 illustrate fhe
conceptua]trailcar active suspension implementa@iqn and the. ride quality

comparisons reported based upon the 1/6 scale experimental system,

B An actjve, nonlinear pneumatic suspension applicable to passenger
railcars }s described by Klinger and Calzado [24]. Standard on-off
valves are used to modulate the pressure differance between the two
chambers. ‘Acceleration, relative displacement, and pressure transducers
provide control signal to operate the on-off valve. Simulation results

for some typical rail track input profiles indicate improved vibration
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isolation over the conventional passive system.

1.3  SCOPE OF THE RESEARCH WORK

The first objective of this thesis is to'study the performance
Eharacteristics of a pneumatic passive isolation system for both vibration
and shock excitafions. A constant amplitude sinuscidal excitation with
frequencigs varying from 2.5 rad/s to 50 rad/s is used as the input for
investigatfng isolator vibration characteristics. A rounded pulse with

variable shock severity and a periodic pulse:of the form X=X,(1-coswt)

are used as the input source excitation for testing the passive system.

The second objective is to investigate the theoretical feasibjlity -
of an eléctro-pneumatic gctive suspensﬁon system whic ,prdvides capabili-
ties for'low frequency vi;ration attenuation with zero static deflection.
The control policy for the active system i3 basgd 0 6bnt}0111ng the jerk‘
of the mass to zero. Both the performance and stability characteristics B ) /
of the active isolator for both vibration and shock inputs are investigated=
Finally a comparison of the performance of passive and active isolators
are presented. The thesis a]so:presents an experimental procedure for

setiing up the active isolator for testing.

. In Chapter' 3, the cont}olv]ogic for the active system is formulated.
Then the simplified model of the active system equations are analyzed
\for the stability. The system performance is studied using a digital
computer. The computer simulation includes the dynamics of the electro-

pneumatic servo valve. The limitations of the active system are outlined.

.Chapter 4 describes the experimental procedure to verify the
t .

theoretical predictions. Finally, in Chapter 5, a conclusion on the

o -
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v ’ .
performance and stability of the active vibration isolator is drawn from

. the simulation. Recommendations for future research in the area of active

vibration isolation systems are a}éo outlined.
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CHAPTER 2 ' ' ‘ ‘o
. =y . p L]
PASSIVE PNEUMATIC, ISOLATION SYSTEM
*\.‘ . - ~
2.1 GENERAL K T
A passive vibration isolator is any combination of spring and
damper without any external power. In this study, a passive isolator
J .
with mechanical spring and pneumatic damping is used. Since passive
systems are simple and easy to understand, a detailed study of the
passive system will enable to give a fajrly good understanding of an
active system. r

2.2 FORMULATION OF GOVERNING SYSTEM EQUATIONS

; . ' 1
Théhschematic diagram of a passive pneumEfTE’3so]ator is shown in

‘ Figure 6. Static suppért of the mass is provided by the pressure in the

- cylinder chambers and by the mechanical springs. The variable Y is the
'inertial displacement of the mass and the variable X is the input dis-
placement of the base QUe to external distu}bance. A positive input dis-
placement reduces the volume in chamber 1 and increases the volume in
chamber 2 and hence increases the pressure in chamber 1 and reduces the
pressune in chamber 2. The difference in pressure in the two chambers,  /
é@uses the fluid to flow from chamber 1 to chamber 2 through the orifice
area, and the mass to have inertial acceleration. The damping in the _

system is produced by the fdow of fluid through the orifice area.

The governing equations of the passive pneumatic isolator system

are characterized by:

1. Pressure equations.

b A
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2. Flow eQUa%ions.

3. Force balance equation. \

~

. Pressure equations relate the rate of change of pressure to the
mass flow rate of the fluid and the input ve]oc1ty The flow equation
describes the relationship between the quant1§y of flow into and out of
Fina]ly,‘the force balance equation describes
the dynamic behavior of the 1ne;%ia1 mass.

the cylinder chambers.

2.2.1 Pressure Equations

’ . : []
The pressure equation can be derived from thigequation of the

state :
PV = MRT ’ . (2.1

Differentiating the equation of state (2.1) with respect to time, the

" rate of change of pressure for the two chambers are given a§:

dpy vy Py, M RT,, HR AT,
Cd ® TR OGO ® - (2.2)
and .
P, _  dv, P M, RT, . MR dl, .
S -l ol R s Al sl i - (2.3)

, R
where V, and V, are the volumes of chambers 1 and 2 respectively. The
chamber volumes can be expressed as:

. ' . .
Ap (L -X+Y) (2.4)
A, (E,& X 1_Y) ‘ (2.5)

Vi

Va

Différentiating equations (2.4) and (2.5) with respect to time, the rate

of change of volume in the two chambers can be written as:

+

a,

.
.
¥
4
3
!
;
14
£
L
X
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_Combining equations (2.2), (2.4) and (2.6) with (2.3), (2.5) and (2.7),

the rate of change of pressure in the two chambers can be written as:

dPy R @y, . MR dTy Py (X _dl)
t T R a6 C Ry odt oy (e far) (%8
and .

P, o R, My MR dT, P .ﬂ_g_v)
v (o ) S T W (38 ) Bl (e ) BT dt (2.9)

For a polytropic process, the temperatureé and p?essures-canfbe,reiated

| ~
as: n-1 ' N
\ —~ , R
T=T, ('{-L) oy : (2.10)
0 T . .
T, = To(%z) o (2:17)
0 ! '

with temperature assumed to be related to.pressures by a polytropic gas

constant ‘'n', equations (2.8) and (2.9) can be further reduced as:

P [ RTL Mg Py ok, dY
r AR B vy (e Bl (w22 (H‘t‘-"dt)

-

3

o
°

"+ The complete derivation of equations (2.12) and (2.13) are given

N

in Appendix A.

dy Lo fd o, oA o (2
aa - M (dt M o | (2.6)
v dx  dY : N
22 = e L

¢t = R (dt dt) | (2.7)

R o

(én‘?)

. [~ - . -
dpPy R-T M, P, dx _ dY , T
ra BFZ_(—L':XL-Y) dt = (T+X-Y) (dt dt)J (245\

A zpavie LY
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2.2,2 Flow équations

The flow continuity characteristic equation for .the pneumatic
isolator can be expressed as follows:
The mass flow rate from chamber 1 to 2,

and the mass flow rate‘from chamber 2 to i,

R " | (2.15)
dM

where —= 1is the mass flow rate between the chambers and is given by the
following expression [25].
For the condition Py > P, -

dM

where the factor K is given by

2 Y?]/Y'1 : ' L
' (2.17)

K= [%-(;;TQ

By assuming a value of Y ='1.4 for air, the vafue of K becomes
. kg o} |
k=004 gL \ -
“The factor Niz2 is a function of the ratio of specific heats’and

pressure ratio, and is given by [25]:

Ny = | PalP)Y - (pagp YR/

1y 2t :
5Y 1 .

For ‘the conditions P, < P, o | .i

P

o dd Sl
23

AR T N NVALE R (2.16)

34 A

144
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C1g-

g% = K-P;-A-N}z/Tzé S (2.19) .-

s

‘In this case, the factor Ny, i$ defined as [25]:

3
Ny, = (Py/Pg)2LY - (Ri/Pz)Y+1/Y ) ” . (2.20) o
-1 2 y+1/v-1 , : . . o

(5 (<57 - ‘ _ ' :

]

Finally, by using the flow continuity equations (2.14) and (2.15), .,

the equationsk(z.lo) and {2.11) can be rewritten as:

L
+ e e

!

g_e.l. = RT . gﬂ - P i _CLX_ ‘d_Y_
F [ML-X*” dt (_LTL-X+Y a F @&/ . (2.21)
dF RT dM p dX  dY
@2 . a Y
t - " [A2 Y] @ - (7Y (H? dt)} (2.22)

2.2.3 Force Balance Equation

The force balance load equation is given by , *
2 o a
M+ SoF = PreAL - PoeAy + K(84K-Y) -ng - 14.7x 6890 (Ay-A;) (2.23)°

?

Equatigns (2.12) to (2.23) completely describe the dynamics of

‘g

the passive pneumatic isolator system.

2.3 NON-DIMENSIONALIZATION OF EQUATIONS FOR

THE PASSIVE SYSTEM

In order to reduce the parametric qomplexity in simulation and to

increase the generality, the go@erning systemo-equations are non-dimeqsion-
L

»

alized. X // '
The first step in the non-dimenstenalization procedure is to

select reference values. . ‘ -

. v
° " L W <«
A
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. i
. ‘ i
| , < i
Reference  Pressure be Lo g
S i
Reference  Length be * L N, :
Reference Area . - be Ay
" Reference  Temperature be T ' ’
n 0o ‘
|
Reference Mass be . M = PV
. 0 RTo
Reference Volume . be Vo = ApeLe ‘;'
! N c‘ v . _|il
Reference Time be a

2y

- B"v °
o = —-——-———Q—T
- AI'K.R.TO

- ”’ -
where B is a non-dimensionaliZed factor.

where t is the non-dimensionalized time.

e

Using these reference values, the equations (2.12) to (2.23) can

be non-dimensionalized. Then the non-dimensionalized pressure equations

in the two chambers can bé written as: ’ P A R
By, [t TS . gy L s
C [d (=)~ TixdyY  (ae * BECILL

and E
dp; . (TP_z_)_ X L
dr n Rl]+x y) ~ (T+x-y (d’r dr)] . (2.25) .
The norf-dimensfonalized mass flow equation for p; > p, is given by
au* A (1) % ‘

N Tﬁ-— - Py ¢ a - B - le /t i ° € / ‘(2.26)
where . "
; . 3 . :
N Z/Y - Y+1/Y ! T . >
R R A . (2.29)
/ yaly 2y Y
?\\ /(57 (FT) ‘
(
— “ A ~




-equations which completely describe the .dynamics of the system.

is given by [25]:

For the selected values of A,, A;, k and m, the natural frequency of the

and for p; < p,

* 2 % ’ ‘ ' 1\‘
EgﬂT =ppcacB e ng )/tz . (2.28)
where- -
\ 1y 1 . ~ he
N2 2] (Ba/p2) Y - (pa/pp) YUY . (2.29)
2 1. 2 . OFT/A=T) o
;(I:_)(___
N

The non-dimensionalized temperature t, and t, are given by

: n-1 . g
ti = (p1) . ' o (2.30)- .
n-l ‘

(pa) “ . (2.31)

3

t2

Finally, the non-dimens%ona]ized load equation can be written as
d?y * T,
&{- = CiP1 - CaPz + €3 (8§™#x-y) - ¢4 (2.32)
A complete development “of these non-dimensionalized equations and

the non-dimensionalized constants ¢, ¢z, c3 and-cy are given in Appendix

B.

o B Ao DA Mg A Lera R A%

Equations (2.24) to (2.32) are the non-dimensionalized system of
&

et

2.4 TYPES OF INPUT EXCITATION
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ey N
_F220g PIRIEFEN

»

The natural frequency of the pneuﬁiiic isolation system considered

.

rl'_A?'P1 nA§P2+£

2 +
V;’.m Vaem m

we =
n

)

S\ -




. o
system W, is found to be
. w = 20,6 rad/sec. .
-, *  In calculating w, it is assumed that the change in pressure and
‘the volume are negligible. ”

\ ,
To study the behaviour of the pneumatic isolation system, three

different types of inputs were considered. They are: sinusoidal, rounded.

pulse and a periodic input of the form X = X0 (1-coswt). The amplitudes
"

)

of excitation for these inputs and the frequency‘range for sinusoidal in-
\r) put are controlled by the magn%tude of the input velocity that the system

can take. In this thesis for invesgigating the performance of the passive

o

system, the maximum veiocity is assumed to be 0.23 m/s (9 in/s).

t

. ) For the sinusoidal input, the frequency was varied from 2.5 rad/sec.

e

- /

to 50 rad/sec. This covers a frequency range of approximately two octaves

: 3
below and one octave above the natural frequency of 20 rad/sec. The _ g
maximum input frequency of 50 rad/sec. limits the input amplitude to be ' ‘ﬁ
2
4.6 x 107°m (0.8 in.) so that the maximum.input velocity is léss thar - . %
N LB ws (9 i), - " 3
. ' - A , ¥
The second input COnsidered in this thesis is a pulse like input o

displacement. This input is chosen to be physically realistic in that

R R A e

it describes the translation of the foundation through a finitefdistance
in a finite time with finite acceleration and deceleration. The‘unidirec-
tional rounded displacement pulse is described by [3]: ' -

- 4 X(t) = Xpay (e278) (v wt) eYotn ¢ 2o

The parameter n)describes the finite rise times of the steps and
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BRI PGB s e b imeter &

N

% Ny
the duration of the pulse in termseof the half-period of natural vibra-

TN

tion T/2 of the isolation system. In otheér words by increasing the

parameter v, the shock severity increases. The plot of input displacement,

velocity and acceleration for different values of Y, are given in Figure

s

7a, Figure 7b and Figure 7c respectively.

The shock severity parameter vy, was varied from y;=1 to yo=10; The

maximum input displacement X . = 3.8 x 107°m is selected. - ‘

X

Figure 8 shows the third type of inbut considered in this L
simulation. This input represents a track profile of a road vehicle |
encountering @ severe grade change, without a transition, at 44.2 m/s

(110 mph) [24]. The track profile of Figure 8 is of the form

X=2.5%x10"2 (1-cos t) m
The maximum input displacement for this case becomes 5 x 10~2m

2.5 SIMULATION OF PASSIVE ISOLATOR

The non-dimensionalized equations presented in section (2.3)
describes the behavior of the passive pneumatic iso1$tioﬁ system. in order
‘ to study the performance ofjthe passive.system, the governing differeniial
eq&ations are solved using Runge-Kutta 4th order nume%icg] integration

methed on a CD§ Cyber 172/2 digital computer. Appendix C describes the

Runge-Kutta method énd the Fortran computer program used for this simula-
tion is listed in Appendix D. 'Tab1e'2.1 1ists the system parameters ,

used in this simulation. -
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TABLE 2.1
&
VARIABLE VALUE USED IN THE SIMULATION
A, 1.14 x 10~3 m?
A, 6.41 x 107 m?
k C2.19 x 103 N/m
. ) kg o %
K 0.04 x g% °k
L 7.62 x 1072 m
mg 4.45 x 10% N
n 1.4
r) .
. - )
P, 5.52 x 10° N/m?* -
[+] .
T, 295 °k “\
s
v 8.6868 x 107" m®
¥ © '
§ 7.62x107% m

%

de

1
3
1

#
]




, of the isolator evaluated.

_and the plot is given in Figure 9.

Y

1

I

2.5.1 Response to Sinusoidal Input ‘

For the passive system the main source of damping re;u]ts From
the f1ow.of fluid through an orifice area between the two pressure cham-
bers. Since the pressure and the flow equations are non-linear, it is
not possible tg obtain a closed form relation between the orifjce area
and the damp%;é ratio. |

To evaluate the effect of orifice area 6n the isolator perfor-
mance, the size of the orifice area is‘varféd and the sinusoidal response

The outpaf displacement of the system is plotted against time

For the frequency considered the

output displacement follows the inpft, and is free from any high frequency
harmonics. Figure 10 shows the relative displacement between the input
and the output. The re]agive displacement plot clearly shows the

presence of initial transient in the output disp]acement for a period

"

o? approximately 0.75 sec and after which the output displacement reaches
the steady state. .
y St \ | g@
Figure 11 shows the output acceleration plotted against time.
The odtput acceleratioh goes through a transient for approximately 0.75
sec and then settles down close to 0.03 m/sec?. The steadymétate value

of this acceleration is almost equal to the input acceleration. It is

important to note that the output acce]eré;ion is’ without high frequency

\

harmonic components. Figure 12 is the forcé\generated by the damper.

The steady state force is sinusoidal and the %mplitude“of oscillation
is small. ' \

N \
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Figures 13 and“14 show the absolute and:re1atjvé displacement
respective]y for an orifice area of 6145;(10‘7m2. EQen though the out-
put disp]acemenf has the same freauency as the input, the}rg]ative dis-

- placement shows that the output displacement does noi follow the input
closely. From the time plot of the relative disp]écement, it s evidgpt
that thera’are high frequency fluctuations superposed over a low frequncy

‘component: These high frequency oscillations are due to 1ncreasing~:ﬁe
orifice area. When the orifice area increasés'until a critical value,
the dampyng in the system increases and the stiffngss decreases which re-

sults in lowering the natural frequency, thus”introduces high frequency

oscillations.
L

The outbgt acceleration and the force generated by the damper are
# ,
shown in Figures 15 and 16. Both of them show an oscillatory output. The

’“%mp]itude of the acceleration decreases wi?h time but as it can b:*§hqq

from‘l;igure 15 the decay is slow. ' !

. i *
3 /’Lg,Figure 17 the acceleration transmissibility of this passive

sys@em is given. From the plot it is evident that the steady state peak
acceleration reduces as the size of the orifice area is increased. .From

the absolute acceleration transmissibility curve, the damped natural

i

frequency of the system for orifice areas 6.45 x 10" %m? and 1.935 x 10”"m?

can be approximated to 20‘rad/sec. and foflthe orifice area of 6.45 x 105 "m?
it ig in the vicinity of 10 rad/sec. Figure 17 also shows that higherlsz/
transmitted acceleration (or force) Tevels at frequencies below the

natural fréquency while there is a considerable reduction in thé aﬁount

of acceleration (or force) transmitted to the mass at higher frequencies

*Ratio of steady state peak output to the peak input plotted
against the excitation frequency.

B

“
4

3
i
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above the natural frequency, g
<

Figures 18 and 19 show the absolute and relative disgﬂacement
transm{ssibi]ity plots respectively. .There is a considerable variation

.

ment. At frequencies below the resonance, higher abso]ute.disblacement
is seen whereas the relative disp]acemént is small. However, at

/. . :
frequencies above the resonance,, the absolute displacement decreased

montoniéa]]y in comparison to a constant value for the relative displace-

¢

ment. ‘( ’ 'éjzft\

One of the major requirements of any vibration iso]éQbr is to
have minimum (transmitted) acce]eraéion and to have a minimum relative
_displacement between the vibrating base and the isolated mass. This .is
" one of the hard requirements to achieve and ih most of the passive’
* systems .including the pneumatic‘passive isolator presented in this thesis,

a compromise is sought between the transmitted acceleration and relative

displacement.

By cdomparing the performance of the four different orifice areas
- of the system it can be seen that for an effective orifice area of
6.45 x 10~7 mz'the system performance is good. The mass flow rate between
the two pressure chambers is directly proportional to the s{zé of the.
orifice area. S0, when the orifice area is increased even for a small
difference in pressure bdween the two chambers the mass flow rate between
the qu chambers w111'be high. This will cause oscillation in the chamber
‘~\ > ‘ pressures and one of the pressures might go to vacuum pressure. For the
. -passive system considered when the orifice "area was increased to 3.225 x

-~

10-¢ mz.thg system became unstable. '

in the two plots relating to the pé;k absolute and the rei?tive displace- -
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#

. » 2.5.2 Response to Pulse Like 1jput Diéplacement

»
v |
- N

Figure 7 shows the input displacement velocity, and acce]erat%on

&

. of the rounded pulse. "As mentioned before the shock severity parameter

: ‘da}‘f#‘ﬁ*ﬁi‘“ﬁhﬂ%‘ e SeERa A R o b, B, B A N
n 2 1

. ' : C
Y, Was varied from 1 to 10. The system performance was evaluated for an |

"effective orifice area of 1.935 x 107 m?., , R \

The output dis&ement for the above mentioned input is given in, —

Figure 20. ’The'maximﬁm outhﬁ almost has half the. amplitude as the input

displacement. As it can be seen from Figure 20, the displacement deéﬁys

v ) ) Q ’
exponentially to zerd. Figure 21 shows the relative displacement of the
system. This has a 'similar characteristic of that of the output displace-=

i p - ¢
ment plot. Figure 22 gives. the output velocity- of the system.

Figure 23 shows the output acteleration of the system. As it can
be seen from Figure 23, both the positive and negative peak acceleratioﬁ
. takes place within 0.1 sec. eventhough the output qcce]eration seems to be

zero,affer‘] sec., it still goes through a small amplitude oscillation.

~

Figures}24 and 25 show the relative displacementPand acceleration
ratio® plotted against the shock severity parameter Yor From these'p1ot§

it can. be seen that as the severity‘pqrameter Yo increases the transmitted

P ad

accgjeration”lo? force) to the mass decreases and the re]ative.disp]ace-

_ment inCreases. _
; . N \ ‘
2.5.3 Response to Input Excitation of the Form X=X _ (1-coswt)

For the péssive isolation systeim, an input ‘excitation representing

a track profile of the form X = 0.025 (1-cost) m 'is considered.
/ <

* Relative displacement and acceleration ratio 1s defined as the
ratio between peak output to the peak input.

\ - - | :
\ X
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Figure 26 is the.plot of output displacement. Comparing.this plot

" with the plot 7a, of the input displacement it can be seen that the Sutput

follows the‘inpui very closely. The relative displacement in Figure 27

shows initial transient and reaches steady state after about 7.5 s. It

is also seen that the amplitude of the(re]étive displacement is very small.

{ Figure 28 shows the output velocity of the system plotted again;t

time. The'outpuf acceleration of the system given in Figure 29. Similar
to thé relative disp1acgmént resﬁonse, the acceleration histofy has an
initial transient and is about 2.5 times greater than the input accelera-
tion. During the transient, the system goes through some oscillations
and reachesli steady state after about 8 sec. The steady state output

. 4 .
acceleration of the mass is about the same magnitude as the input

- acceleration.
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CHAPTER 3




, ‘ CHAPTER 3
. (N
ACTIVE PNEUMATIC VIBRATION ISOLATION SYSTEM

3.1 GENERAL )

The performance of the paésive system shows that good isolation
can be achieved only for input frequencies higher than the natural
frequency of the system. Bﬁt for inputs with 1ow frequency, accelera-
tion fransmissibi11ty is high. .In order to achieve ggod isolation y\’/er
a wi&e: frequency range, an active elect}*d-pneumatic system is considered.
The control 'logic fc;r the active system is developed based én zero jerk

- for the mass. The. governing system equatipns are derived and a digital

*

simulation procedure is adopted. )

3.2 DESCRIPTION OF THE ACTIVE SYSTEM )

-~

Two types of active pneumatic vibration isolation system are
considered. The schematic of the two active system are shown in Figu‘res
30 and 31. Static support of the mass-for both types of active systems

are p'rovided by the pressures in the -cyﬁinder chambers and by a mechani-

" cal spring.

The active isolation system Type 1 (Figure 3%) consists of two

independent e]ectro-pneumatm servo-valves. These two servo-valves

control the flow in and out of the chamber 1 and chamber 2 at everry in-

stant of time. When the relative velocity" (x-y) is pos1t1ve, the fluid from

chamber' 1 is discharged through the servo-valve while the servo-valve con-

b r tes the flow réssure source to cham- -
nected to_;b&nham er 2 regulates the flo rom a pre es

ber 1. When the relative velocity (x-y) is negative the flow is dis-
“ A '

chargéd’from chamber 2 and the chamber 1 is charged from the pressure source.
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when the relative velocity is positive. When the relativ velocity is

negative,' the servo-valve reéu]atés the flow from .the bressu séurce

to chamber 1. - -

, In both Type 1 and Type 2 active isolation systems, the input-
current ?? the sérvo—va]ve is provided from the ;;zkured values of °
, :

chamber pressures, the relative veloc1ty;’acce1ergtion, velocity and

i disp]aéement"signa1s.

3.3 GOVERNING EQUATIONS s
' — ¥

-

- Similar to paséive jsolation system~;he active vibrationa1a

1solat1on system is characteriied By
1) pressure equations ‘
2) . flow equations ﬂ . s

3) force balance equations

S 3.3.1, GBverning Equations for Type 1 Active IsSlagjon System °

" Pressure Equations

3

The pressure equations re]gting the rate of change of préssufet

" in the cHambers ’to, the mass flow.rate for active isolation system are "

“identical to those for the paséive %ystémi Hence rewriting the pressure

" !
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© dmy ;'_ K - PS¥ Agat Ngy ' ' 50
. ;dt T2 » ; N E i

9 . Wl . e | /
L , " i
° 61-. e e %
v .o c v AR %
., “ o« “ , oa ‘, . ) _Z;i
equations (2.10) and (2.11) . \ { = ;
. ‘\\~ e :ﬁ"
(R T e iow, @\] . E
| dpl N o "‘:
\e & " | mTey & - %) ( i’ dt)] ey .. =
\ - P o
dnd_ o ,
. r - . ) k ’ “ ) ' ¢ »
dPy R-T, db  p,. dy . dX - T
i - dt 1" L_A{(—L+_X—Z-Y) dt " T+x=Y)y \dt ".dt N (3.2),
e ’ < ) ‘ . . . , b g
where the temperatures- T, and T, are given by . L : a :
) ’ Ty ’ g
‘. [ i 1 B /
s hJ P D-:‘— > s
. & ) . L4 /\} * e
' Ay P -r‘—_.l - . ) - ‘>
' To = TO (%) n < oo . (3.4)
. o . o 4 * . . . .
’ 'Flow Equations o N
\ - ’J . * - ' . K \ ,
") For a positive relative veTocity,-the fluid is .discharged *from -
- ] . . . S ) .
. chamber 1 and the chansber 2 is chargey/v/mm the pressure source. The )
v . AN :
- mass flow rate going out of chamber { can be written from équation (2.16)
\ e —~ . ..

as - L
‘ K+ PreAgy * Ney 4 -0
ot / -

. The mass flow rate into iﬁarﬁbér 2 4s given by =

e
dMy
dt

x »

where 'J"e factors Ne; and Nsl are functions of the ratio of specific‘
* ‘ .
heats and pregsure ratio and are given by L

.
- . »
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T S (VLY R Y R ,
e Nel - » - - -,
; Yty >
. - ‘ Y1 \v-1" o :
. hd . (T (Y+1) v
. , . . /. ¥, ¢ : .
; _and v , . ’ ' .
"3* x.. ! ~ - + P ’ " ) * ‘ i
a’ K ‘ ° /l, 2/Y I‘ip—L’ é . ‘. 2 . 3
e . . I-(PZ/PS) ‘ -, (Pz/Ps) ‘ . : " ;
: ' Ngi = : N \ R ‘
e (R . oo m ' \“
_ . (Y_l)( ) )Y'). ) , - . .
I . ’ M \( 3 . T Y+l' i . J . . ' . \
where Py is atmospheric pressure . . . _— e
- . R RN . v o
and Pg is the supply pressuré. rooo ‘ T "
S o o v
- . ' . When the re‘latwe ve1oc1ty is neg'atwe chanber 1 is cha%\
, from the pressure sburce whilg the f1u1d 1s d1scharged fmm chamber 2. \
2 R NY .

. .. =~ The mass ﬂow equat1ons for.th1§ case can be wr1 tten s1mﬂar too equat~
) s

. “ - . , . -'
: : vg%, . K Ps-Aq + Ny . ‘For X-Y<0 (37
o Tlfi /
. N ahd ' . , _‘ ¥ .
.\ : o : . st :
\ ‘ . K- Pz . ASZ . Nez . *
PR .- - 2 Npor kb (3.8)
N PR B dt' Iz C T
<§‘-‘ . X . . ‘ .t , . » .. : N .\ .
2 . where Ng, and Ngp are defined as = ° S —
%\. ’ . »* 9 > ? * *
H y / e R i ’ Y
marrmas ., : ~'.‘
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7
(P /P)2!Y - (pyp) Y | P 1
8 Ngp = K
. o1 2 \T1 .
, . 2 J\rh ¢ T
, vn- . . N ‘ - ,
: \ and ] ’ 1+ , » , \
[arpar?/* = (parp) ¥ ] 2 LT :
Nez = . - . ! & » ' 2‘
P o ° . + . L . !
‘ ‘ A(Y-l)(__?__\xr_:i L g _ R
¥ . A A T Y+\1 ) e ‘
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i

.The_Load Equation \ ‘ . : - /
) . ’ —_—

. ;‘ "
B The Toad» equatmn for the active system is exactly ‘the same as
! . ‘. A Q_ﬁ
‘ e . that for passwe system So rewriting the Toad equation (2.22) gives: :
Wit R n ' N -~
B 2 v 0 v , . B
. o m%}y— Pyl - o + k(staey) = g - 1476890 (A, -ho) (3.9)
o C . "
s o . R
. S i 3.3.2 Goyerning Eguatmns for Type 2 Active Isolation System

PRI For the &ctive isolation system of Type 2, the pressure charhc-

>

R terlst1c and\T‘oad equations are identical as for the Type 1 active system
N LI However . the ﬂow equat1on for Type 2 system is’ d1fferent from the Type
. | system because of the di fference in 'the behakur of chargmg or dischayg-

" . LU

{ '
/ ing the pressure «chambers . C o :

N FTow Eguatwn for Type 2 System - e oo~ . L \‘
X - o , . , .

Type 2 active 1so'1a't10n system has

-

ctTy.K the same flow cond1- T

»

.- tions as type 1 system except that the f

\.

.an out of thamber 20

".

.Zero. Hence the flow ‘equations for' ty‘

,.
o e mu!wqwmnvw =
. .

.‘r
&,

~
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\ ( ‘ .
'\ s ' '.‘
. S ) -
%
v a; . L .
- - 4 - S
2 . b {3.10)
o ) had ~ (3.11)
fl\v ,} .
.
SN ¢ R PR
¥ .
dt 0 . A \\\i?‘.]S) - .
R . The orifice areas Ag1 and Ag; " in type 1 and the orifice-area A‘sl Y
B . ) 4 e T
‘ . in type 2 are all time functions. The equations of these orifice areas
. for each instant of time are derived in Section 3.4. R 3
- 4 S, - '»
A X . v
< . - i
S (2.3), the governing equations (3.1)-(3.13) of the active system are nori- -
dimensionalized. The non-diménsionalizednequatio_ns for the active system l B
s . type 1 are as follows: - S . : ~ .Y
AR R - ~ I %
. v I Fogr Type' 1 Active System . -
Lo . ‘Pﬁé’ssureﬂEciuations" ' ‘ < . ’ oo
> \W - {ffhe rate: of cﬁénﬁe of pressure in ‘champer 1,15 'given b‘y:‘ .
S . . ° . \ N : ﬂ/ ¢ i . M 5
- [E- P LR W S0 ) ORI B
: ‘ ‘ dr n[ dr ﬂ-x-l-yg) T xty) d-r+ dt ('3-314)' ) c ™
: « . and fgr chamber 2 itiis given -as:" .. . T
S < ' - ’ . N Ty
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dpp _ . |dmp* .t dx _ d
3'52 =n { & ARTTFx=y) ~ [T+x-y) (d‘r~' 3%)]

<where the non~dimensionalized temperatures are given by:

- D
t; = (py) n .
s ' - -and .
3% /) ' =y
o A oty = (pa) "

Flow Equations

G-=-Brloth Ne1
- S

\ o
. . dml* - agy * Be ps
. A S Ns2
k! B / t]_ )
4 ) . '
e .and St '
@2* - . pz . B N
d ¥ Ne2
t tzi‘
Load Equation o7

' i TR .
LW - #z’f.clh =Py + Calé*x-y) - o

N
For Type 2 Active System
- ' ' . .

The non—dimensiona‘l 1}zed equaﬁons for the active sys m

o

N chan simi 1ar1y be wr1 tten as:

[ &

¢

For %=y>0

For X-y<0

. The non-dimensionalized load equation can be Written.as:

Al

¢

(3.15) °

(3.16)

(3.17).

(3.18)

(3.19)

(3.20)

- (3.21)

o\?type -
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R Ny
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Pressure Eguations K\X
. ’ 'Y ‘
dpy - |dm* & py [ dx . dy -
35 n [ dr (T-x+y) " (T-x+y ( dt T dr)J . ‘ (3.23) v
and by L
¢ . e ‘ ) |
N ) i " _d£2- ; - . _d-l - _dl . B .
., @@ [ TW%)(dy e : (3.24)
where the non-dimensionalized temperature t; is given by: , ! ) ’
t; 2 (p1) 9,',—] , g N (3.25)
- \ P L
9
" - - Flow Equations \ ;
\ - t ) i
. dn-l * _ a . B.*o N ° A »
G-, mIEl Py (3.26) - .§
t!. . " oo \‘ . . .‘ . : \ - ‘ ’
i . and .. ) . o ‘ \ . “FO.Y' X-y>0 ‘
* » v " . ‘ ' _ . "N . N M t
.d%,.TL_ = ( : - ‘ . i . N N . s (3'27) -
dm* _ . ds; - g+ pg- | " g et
& -t . (3.28)
. tr . : .
and \ ’ "« For x-y<0
' dm,* . = V;. : Ve ‘
- & "0 R
¥ Load Equation § . f ,.\ 9 ‘ . .
. ¥ . o "
1 . ' a;%’ = C1Py - Capy ¥ Cy (6*+X-y‘) -\Cg L as . . (3.30) '

-~

LY v “ ’ X




AW

-67-
f

3.4 DEVELOPMENT OF THE CONTROL LOG§C

“ P The control Togic for the active system is derived from the

equations given in Section (3.3). It is primarily-derived from the

fact that the acce]erat}ion of the mass should be minimized. From the A

+

/ & j0ad equation’ (3.30) it is clear that fthe a‘cceleration of the mass can
/ A * . be effectively contrngd by 'changir;g the pressures in chamber 1 and
chamber 2. This implies that T:t{e mas; flow rate in and out of chamber
1 and chamber 2 should be controlled in . such a way that any‘desired

pressure ‘can be attained in the two chambers to reduce the acceleration

. , . . Lo 3
-~ of the mass. Equations relating the orifice area and the' pressures are
\ 4 ! N .
derived-as follows., - ‘ . '
’ i Differentiating the load equation and letting the jérk of the®
’.’ /mass ‘to'be zero, equation (3.30) becomes:
- . = —C-L . _ C‘q o-- , |
4 1= R fl-(x y) . | (3.31)
v)here a "dot" represents differentiation with respect to the non-dimen-
sionalized time <.
3.4.1 Control Logic 1
-Two control ‘1ogics are derived based on two different values of -
.~ Pz. In the first case the flow in and out of chamber 2 is contm]led in .
) \ uch a way that the rate of change of pressure "in chamber 2 15 zero. The
¢ ‘ pressure in chamber 1 js controlled in such a way that the jerk of the

i}
~ mass is zero. For these criteria, the equatwns re]atlng the orifice

- area and thg} pressures are derijved as- follows:

L] i -~ . 14

>
e . "




Since p, = 0, equation (3.31) reduces to:

i /

(3.32)

'_-C o-c
N .
Solving equations (3.32) and (3.14) for m*
\- = _ !]-x-{-!’ 9.3- nep,y . o A Y 3
m * het) (C1)+(1_x+y (x=y) E (3.33)
and substituting p, = 0 in équation (3.15) m,* becomes:
my* = B2t AR (5 oy s (3.34)

t,

AN
‘By comparing equations (3.18) and (3.33), and (3.19) and (3.34),

the orifice areas ag; and ag, for x-9>0 are given by:

hY

= (1-x+y) 2 .|rCa P VRY q
. g1 Py - B+ Nay - - t;° (Cl) + (1‘_';.,7) Ax-y) . (3~35)
. ’ ~

. % ,
- _bP>* AR 3 (X-¥) ' u S /(3.36)

_a52 l ps . B . Nslo t2

S

Similarly by solwing equations (3.20) and (3.33), and (3.21) and

(3.34), the qrif%ce areas ag; and 552 for X-y<0 can be written as:

1
=~ a o
-

a

o o ‘ .
! .-..-‘ (l-x+.y) ' R ES. n .--
aSI. pg * B st e n .'tlz (Cl) ;(T:%‘;y—) (_Y X) (3-37)

and . 1%

. 7 - >
- AR vy Y

asz B . NS2 . tzé (y-.X) . ’ (3-38) B

ﬁ /.,
: N . ‘ SRR
Equations (3.35), (3.361 and- (3.37), (3.38) give the valué of
orifice area§ at aﬁy instant of*time to maintain a“zbro output jerk for
/ \ / b ' Yo

i
1
i
4
Ny
i
j
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- For x%§0
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both positfve and, negative relative velocities. o h

3.4.2 Control Logic 2

A

Control logic 2 Js derived for the Active isolation system of
Type 2. In this case, the chamber 2 is sealed so that the pressure in

chamber 2 will vary according to the relative velocities as:

Py = n[ - (ﬁﬁ%y)(i-ir)] : (3.39)
Substituting equaf%on (3.39) in (3.31), the rate of change of pressure

in chamber 1 becomes:

0 = - DEZ _ P2 v sy . Capre :
P1 ] C1 (]+x_y)(x y) E—?—(X ty) (3.40)
. y
Solving equation (3.40) and (3.23) for m* - ’.
T = - (1-xty) Py E.Z 23-1: T
m Tt [Ty T (T o (x-y) -(3.41)

Now by comparing equations (3.41) and (3.26), and (3.43) and (3.28) the

~

orifice aréa ag, for both positive and negative relative velocities are
— \

(

given as

el

< Sl | s € ey S (g
31 % proB-Ng, -t [ Toxy) o ()t o n] (x-y) | (3.42)
and for X-y<0 .

«

‘ N «
o= __]_-_x_'*.x___& _C_Z'\ Ez Ea_ l .-. . . .
st _ PseBeNgy t - Txy) ' o 3" e n (y<x) . (3.43)
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L | 3.4.3 Simplified Version of Control Logic
N 2 t e '.,,,m..,.'
» S

\
o
’
23

" .. From the development of control logics 1 and 2, it can be noted

_ that the orifice area is a function of relative displacement, relative

Rty 2

nveldcjty and the pressures in the Cyiinder chambers. » If the orifice -

R g

., ' area is eontro11ed as given in the‘cbntro1 logics for maintaining zero
ﬂjerk for the mass, thee‘measurements have tosbe made for both relative
3 ,(i ‘ displacement ahd ve}ocity, and pressures p, anq P,. In order to reduce
‘ the comp]exity of the orifice area expression and also to reduce the cost ,
of 1mp1ement1ng such control, it is assumed that the relative d1splace-
Gent x-y) 1is sma11 compared to unity. Also, the temperature change
© ) ‘. . during ‘the operation of the act1ve system is assumed. to be neg]1glb1e
and the flow into and out of cylinder chambers are assumed to be sonic.

\7 . Based on these assumptions, the foi]owiné expressions can be written:
v N ° v E !

1T+ (x-y) =1
o t,? 5 t,?

'

1]

M
—

2
Ngy = Ng, =1

B . 4 . ' . ?

,"N =,Ne ~ 'I ) ) . : ‘ ) ' B N

2

W1th the above assumptions and uswng an average va]ue of 1. 2 for

o

the palytropic exponent “n", the express1ons "for the orifice area based

on the contro] 10‘!t 1 can be written from equation f3.35)! (3.36),.

. (3.37) and (3.38) can be written as: ' P
: ’ ] 1 Ca . :

. 3% 8 [1‘? ot pl](x-y) : (3.44) .
J . R B . Vo " '~

x-y>0 - "N

?

o P
-
R
o




‘estimate the stability of the system, the.system equation‘for the type

| ;he mass flow rate, m;* required at every instant of time to provide

Y,

.
Lo
-71- ]
. N

' ! "

"ag, =(p,/ps) (AR/B)(x-y) - ’ (3.45) é
1 1. ,¢ ‘ - . - k
= | s (23 VIRY . «
3, PeB [1,2 ‘Cl) + P{](Y x) - (3.46) .- B
- D - x-y<0 :
a, = (AR/g) G-%) - (3.47)
Using the same aSSumpﬁ;phE, the orifice area for the control logic 2 is
4 .
given as:
- ] [ ‘1 C C O ..
351" | Tz 60+ (@ P2+ (i) (3.48) .
- Xx=y >0 :
and " ~o
1 [ e c .. )
2" 58 | T2 (&) + (2 po + pl] (-%) . (3.49)
' x=~y<0

Equations (3.44) to (3.49) give the expressions for the brifjce
grea regui;:ﬁlat any instant of time to have a zero jerk at the mass.

Comparing the two types of control Tbg?c'oit can-be seén that the ‘con-
trol. logic 2 ;s less compleX and needs fewer ha;dware.‘ Since the con-.
trol logic 2 corresponds po an active isolation system of tyﬁe 2 char-'

acteristics, only sihulation and stabi]ityeanalysis‘Bf this system‘ére

presented in this thesis:

3.5 STABILITY ANALYSIS OF ACTIVE ISOLATION SYSTEM WITH CONTROL LOGIC |

In order to -understand the ‘behaviour of the active system 5nd to

2 active system given in section (3.4) is solved. ¥

[

From the devélopment of control logic,presentﬁd in section (3.4)

-




-
/

:  can be modified as:.

. '
M ~
B . v
, . . B
N ,
0 '

]

* !
I

zero jerk to the mass is given in equation (3.41). 'If it is assumed

-\ that this flow rate my* ‘can be obtained at'every instant of time as

given by the equation (3.41), then the displacement time response of

the mass can be derived as follows: ° : N

L

Using this expression for m* and substituting in equation (3.23),

the rate of change of pressure in chamber ‘1 ican be rewritten as

P

e

1= [° & (o9 - '3'] (x-y) (3.50)

’
3

The equation relating the. rate of change of pressure in chamber 2 remains

»

as given by equation (3.24) and is given as:

Py = - n {T;E%y'(i-9)] ‘ . | - (3.51)

where "dot" represents differentiation with respect to the non-dimen-

-§%ona1ized time t.
‘ .

Combining equations (3.40) and (3.51), the rate of change of

pressure can further be simplified as: . ' T v \ :

Clbl); Ca P2 - C3 (x-¥) ' (3.52)

Using the init¥al conditions

p1(0) = 15 p2(0) = 15 x(0) = 0; y(0)
and taking Laplace transform of equation (3.52), ghe'pressure equation

N Id N ‘
caipi(s) - Czpz(s) = 63[y(5)-x(5)] + -’<C1-C2) P (3.53)

Now taking the Laplq;e transform on both sides of equat1on (3 30) with

initial conditions

. e ' .
y(0) = b3 y(0) = 057 x(0).=0 e

@Q

i
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v ," I N E - . , -
~ the load equation can be modified as: . s

R

' Combining equations (3.53) .and_(3.54) the output displacement of the

' response of the obtput displacement of ‘the mass can be»obta1ned -as:

ponse are given by: L

- From equation (3.58) it can be seen that the output acceleration time

we con51der the non- d1nensiona1ized load express1on given in equation

*+" hand side of the equation (3.58) is ;ero: That 1s, 1dea11y, the autput-

* -.as given by the control logic. If y(r) is zero,. then -the output ve]ocity

OB e

g

;{(

o S R

»

. B - ‘ * ) »1 ! B
“82y(s) = 1Py (s) ~ ¢, Pals) + 3= 4 c3lx(s)-y(s)] - /s .
° - . * “ . ’S . e , L)

’

o © (3.58)

[d

system can be written as: -

I

y(s) = %’[C1 =€yt Cgd*e- ] . . © 0 (3.55)

By”taking the inverse Lap]ace transform of equﬁt1on (3. 55) the time

l

Y(T )"= ‘:5—' [él = CZ + c‘36* = ‘ck}‘m ‘ . e . 14 (3°56) » o,
1 ; . i - 1 i - - )
Then, the nondimensionalized output velocity and acceleration timeé res- .

3

)
- K

LS

d

Ylr) =<lc; = ¢ + cy6%-c,1° - . (3.57)

> L
and N © | ! ) . ’,’ . . . .’.
¥(x) = ey = €5 + 8% - &] D (3.58)

response of the mass is’ a constant and 1s independent of txme. Now if

(3. 30) and subst1tut1ng the 1nit1a1 cond1t1ons, y(0)=0, p;(0)=1,

_.ﬂ

p,(0)=1, x(O)-O and y(0)=0, then it is seen that the constant in right
acce]eratipn of the mass. will be zero when the or1fjce,area is\contro]led

and disp1acement of the mass wi]l also-be zero for all instants of time




LI ’ .
i - . . £,
% - =74- o v
§ k: R ) . v . <
st However, it should be noted that this ‘ideal situation can
N k. , AN N a »~ . )
. never be achieved in practice and the output accelfation yiy) will Be
Ct ™ ' a censtant with a very small valfue. For th1s cond1t1ona° both the out- Q

put velocity and disp1acement t\ime,response will.be a t1me fwtmn
and. hence for 1ncreas1ng time they will betdme: unbounded rve;ultmg 1n C .

) an unstab]e system behaviour. : . L . ’ ’

C ot . : - In order.to have a stable'system"perfonnance, it is possib'\e P R

‘4 ~ to’include some feedback s1gna1s such as output acce]eratwm, velocity -

and d1sp1ac&men} ‘These feedback SIgnals can be used to contmﬁ the

4

+ © mass flow rate 1nto and out of é'he. ‘cylinder chambers Then the equa- KR

tion (3.41) for the mass flow rate m1 can be modified as:

\ < E | | ’. &‘, . n; - ("_x-}.x) ( Py Ez , —c-a..l) o e . *" - *.‘: . X
o mr = - e Ty Y e Ty o/ D) - ket :

‘= " , . o r ) (3-55) !

/

v
1

=~

S where ki% k7% and k3 represent.the feedback gains for the aci:e.ierat}:or s

lf\ \ velocity and displacement feedback ‘Toops. BN ‘ e

L

. Now, if the modified equation (3 59) for ml* is: used mqthe

\

.derivatwn of the equat?’ons for the or'lf‘ice area in control’ 'Iogic 2

then the equations (3. 48) and (3. 49) ~become altered as;

“h‘ ’ .: . ’. : 3 FQl” X" 0 .‘%’ . 1 - i .
‘ \ Lo ] . . ¢ v .‘ ] ] . . ' s
o . 1 €, p i Es.. 14') Y n.. *y _ ; *y - ko* 2
S a1 * By B L( P1 * E? pm,cl T‘E(x y)# ki*y - ko*y < k3 yJ ,(3~n5“).
C. {'y . For (3-§)<0 ‘ Lo e
N . .l ';-. c c - ,l N ’ . ~. . e " - :
P - - -3 2. p/ . Vot o KiRy o kaky - ko*v ). ‘
oL ' " gy | P;s‘ﬁ L°( Pr + o .p1+‘-Cl m)(.y X) - Ky*y - katy ks y‘ (3.61)'

1 . -

2e
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. \ BN (3.59) can be derived as follows: '

N Combining equations (3.61)\épd (3.23) the rate of change of ' E

P ' . pressure in chamber 1 can be written as: :
h "l\ ‘ » - | C o o'o c .I o . . . ‘

. k= [ & () G- § 63 - k- et - ka*}'] (3.62)
' R The rate of change of pressure in chamber 2 is given by equation . P
P " (3.51). Now combining equation (3.62) and (3.51), the rate of change ) 5

of pressure can be simplified asé

C1P1 = CaP2 - CalX-y) = Ky*y - ko*y - ky*y (3.63)

Using the initial conditions

e

« - p(0) =15 pp(0) =15 x(0) =05 ¥(0) = 0 ‘
MQQS\Eif;:g Laplace transform of equation (3.63) the pressure eqha;ion‘
can be modified as: '
’ 1Py (s)-capa(s) = c3 y(s)-x(s) + %(Cl-cz)-clkl*SY(S)
~crkry (s) -2 y(s) S (3.64)
’ . Combining equations (3.64) and (3.54) the output displacement x
of the active.system can be written as: ° )
[ L o C1-C,o+Cy6%-C
{. \\ - . y(s) = 172 3 4 (3.55)
¢ - ' s3+c1k1*52+c1k*zs+k*3c1
i 7. . So it is evident from equation 3.54 that even if there is any

delay in providing the mass flow rate m* ‘the system Qi;h the'feeqbagk
signals can be made stable by selecting proper feedback gains kfﬁ ko
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3.6 CONTROL INPUT UStNG ELECTRO-PNEUMATIC SERVO-VALVE =~

'To achieve a continuous change in the orifice area S0 that the |
mass flow rate in and ou:t of cylinder chambers can be controlled aicord;
ing t/o the equation (3.59), an electro-pneumatic servo-valve is used. An
electro-pneuma.tic servo-valve provides an output flow of air proportional

‘to an electrical input current. The valves use a force motor and a main

stage spool valve to provide air flow for actuator operation. Since in

this servo-valve, the input required to move the spool to provide the
required mass flow rate to the cylinder is in the form of input current,
.t can be assumed that the displacement of the valve-spool is directly

proportional to the input current. Therefore
. /
x, = K, i - (368

where Kv is the proportional gain of the servo-valve. ‘

"If Ag is the ‘area gradient of the spool, then the nldn-dimension-
alized area due to the spool movement can be written as
_ LeAg '
ag = T X, : (3.67)
Combining equation (3.66) and (3.67}, the orifice area in terms
of the input current to the servo-valve can be written as:

Ei%ﬂ Ky ic | .. (3.68)

as=

Now comparing equation (3.68) with (3.60) and (3.61), the control

signal i, for the servo-valve can be obtained for both positive and nega-

e

Lt el o

i S e




P

[rijg

tive relative velocities as:

'

For x-y>0 -

. (. Ao ' J (o} ' ] o »
= - - €2 P24 G -
. 1C K nLlAgoB cl ”pl + cl Iozopl +-}') (x y‘)
v X

and for x-y<0

i o= Ao S P2
cC- "Kva . g.B cl pl

;

—

L

- kl*; - k2*9 - ka*Y] (3.69)
23. ] a-- . -' P
¥ G T?ZTEE ¥ ])(y.xQ

- kf*; - ko*y - ka*Y] (3.70) .

Equations (3.69) and (3.70) give the value of input current at

any instant of time to maintain a zero output jerk for the positive and

‘. negative relative displacement. .

I

. By measuring the cylinder chamber’pressures, output acceleration,

velocity .and displacement, and the relative velocity of the active system

and using electrical network in accordance with equations (3.64) and (3.65),

the control current 1c to the servo-valve can be generated. A diagram

of this configuration is shown in Figure 32. This control current will

provide an output displacement Xy at the valve. Since a servo-valve is

characterized with a,finité time response, the output disp]acement Xy ]
cannot be assumed to be proportional to the input current i.. However,
Xy and 1. are related through the dynamic transfer function of the valve.

In order to obtain such a relationship, the electro-pneumatic servo-valve

can be modelled as a first order system with the following characferﬁst1c

equation:

-
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ky = (e = xy) - %\7 _ (3.71)

where t,, is the time constant of the servo-va]Ve and « is the reference

time as defined earlier.

n-dimensionalized orifice area of the servo-valve can be
« _‘ )

. ~ (3.72)

3.7 SUMMARY OF EQUATIONS FdR TYPE 2 ACTIVE ISOLATION SYSTEMS

'Summarizing the equations for the active vibrational isolation

.System type 2, the pressure equations in the two chambers are given as::

dp; - dm, * t ] P dx d .
el [ el e S e a%)] (3.73)

i /
%2 - q [- (25 (-g—’ri -%{) } : ‘ (3.74)

‘ > -
where the non-dimensional ized temperature t; is given by:

~ ~J-1 , R
t; = (pg)-n" - (3.75)
~ Equations for Servo-Valve

. The input current to the servo-valve is given by:

Ao (¢, 1 .
i = n — =2 Pl .(_:.3. -
- oragr (& B2 ¢ & T *ﬂ‘) (x-y)
o | . L - k*y - kp*y - kgry|  (x-¥)>0  (3.76)
: and . A . . i} ‘
+ i = 0 73 B2 + C3 + ) V¥
‘e * Ky L-Ags (c1 b tor T, ') X

- kl*; - kz*.\.’ - ka*y . (x=y)<0  (3.77)
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. . | 4
The'dynamics of the servo-valve:
Xy = [lic = xy)eal Txy
and : ' ) ‘ ’
. . L.A 4
ag; = ‘KSH"XV
B
Fldw Equations
.. a R , o [] ! . ’.
_gl_'_u*= _ 35 -8P N, | C (x-9)50 (3.80)
T t i’ ‘:
.and S L S
b / ] L]
dm* 25y 8Psy (k-§)<0 (3.81)
dt R
ti
Load Equation
2 o
gzg' = 1Py - CPpp * c3(8* +x=y) - ¢y (3.82)

3.8 SIMULATION OF TYPE 2 ACTIVE ISOLATION SYSTEM

<

The input excitation considered for the active system is similar ., °

»

to that of passive system. The three inputs considered are sinusoidal,

rounded-pulse apd an input displacement of the form x = x4(1-cos wl),
The description of the inpdts and their amplitude and frequencies are

as given in Section (2.5). ‘ ’ N

The non-dimensionalized equafions of the active system type 2
which describe the behaviour of, the system are simulated using the -
Runge-Kufta 4th ordeé numerical integration method on a'CDC Cyber 172/2
digital computer.' The Fortran computer program used for the simulation

is given in Appendix E., Table 3.1 shows the system parameters uséq in.



&
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\ TABLE 3.1 \ i
VARIABLE VALUE USED IN THE SIMULATION

A, 1.14.x fo73 m?

A, 6.41 x 107* m2

k 2.19 x 10° N/m ,
i

kg ot
K 0.04 % °k
L 7.62 x 1072 m
o ’

mg 4.45 x 102.N

n 1.4

Po ~ 5.52°x 10° N/m?

'Pg 8.3'x 105 N/m?
’ 2

LT 295 °k | ol

v, 8.6868 x 10°% m3

s 7.62 x 10°2 .
Ay 2.54 x 10~ m

Ty 0.1 sec’

~ \
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. TABLE 3.1 _CONT'D
VARIABLE ' VALUES USED IN THE SIMULATION
K C 0.73 ma-sec?
- ! : : m "
- k2 2 0.98 ma-sec
m
’ ks .
2.63  ma/m
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the simulation of the activé systems.

—

3.8.1 Respanse to Sinusoidal Input for Type 2 Active System

Pigure 33 shows the output displacement of the active system
' far a input frequency of 2.5 #ﬁd/sec. As it can be seen from Figure 33;
the output displacement does not have any high frequency component and .
does not seem to have a steady stdte va]ﬁe with continuous variation in
amp1itude and freduency. In order to ;ee if the output displacement
reaches a steady state the simulation was carried for 50 sec. The 6ut-
put disp]acemént showed a similar characteristic to the one shown in )
Figure 33. ‘It is important to note that the peak output displacement is
about 15 times less than that of the peaW input displacem%pf. Figure 34
shows thejrélative displacement plotted against time. "Since the output

53

displacement is very small compared to the input the relative displace- '

~

ment is very close to, the inputxf?splacenent.

The output velocity of the active system is plotted against time ¢
and ther plot is given in Figure 35. It is clear from Figure 35 that the

velocity of the system goes through a transient for a period of 4 sec.
i

This time response of the system is similar to that of output displacement

with two frequency components. Figure 36 gives the output acceleration

of the system. The output acceleration also goes fhrough the initial

transient for about 5.25 sec. During this transient period, the output "
5 .

acceleration has a magnitude comparable to the input acceleration. But

in the steady state, the output acceleration or the force transmitted to .

\ .
the mass is about 8 times 1ess’xﬁ;h the iﬁpg; acceleration. Even in the
’ : —

[
{

, (
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o

steady state, the output accell‘er;tion has some high frequency noise.
These high frequency fluctuations can.be eliminated by selecting a

lag-Tead netwbrk function instead of a proporti\onal gain for the feedback

signals.

14

The mass flow rate and the force generated by this active damper

are plotted in.Figure 37 and Figure 38 respectively. Both the mass flow

" . rate and the force generated by the damper are sinusoidal with an initial

. . f
~oscillatory transient. ' \ .
The‘power needed by the active system is shown in Fif;'ure 39.
The =system requ1res power only when the chamber 1 is charged from the
pressure source. When the ;ﬁ*essure from chamber 1 is discharged, the only
" power required by the ‘system 15 thé power requwed to operate the servo-

valve. The power demand goes through a h1gh oscillation during the

trans1ent and settles down after 5.5 sec.

i
l

@

Figure 40 shows the pressure in chamber 1 plotted against time.
The chamber pressure goes through a transient for about 0.75 sec. It is

important to note that in the steady state the chamber pressure oscillates

“about the initial pressure of 5.52 x 105 N/m¢ in the cylinder chamber.

' N
Figure 41 shows the ou%put displacement of the active system for

“an excitation frequency of M rad/sec. As it c4n be seen from Figure 41,

'the aamp'l.itude of the output displacement decreases as the time increases.

»

This plot cTearly shows that the output . d1sp1acement contains more than
o

one frequency.. The peak outbut d1sp1a2:ement is about 15 times less than

the peak input d1sp1acement. Since the output disp1acement is very smaH
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| cbmparéd to the input, the relative displacement is very much the

*same as the input displacement. The relative displacement is plotted \

agasestltime and the plot is shown in Figure 42,

\ The output velocity is shown in Figure 43. The outﬁut velocity

goes é@rough transient for about 2lsec. and settles down to a value of
3% HOL? m/sec. The dutput velocity also shows that it contains more
than oné(frequency. The output acceleration of the active system 'is ;
shown in\figure 44, ‘Thetoutput acceleration also has initial transient

for about‘2.5 se¢. and settles to a value of 0.1 m/sec.Z The maximum

force transmitted to the mass is aboht 9 times less than the input. In

the ste&dy s%@te, the acceleration (or the force) transmitted to the

mass is about 27 times less than the input acceleration. The output

acceieration ig\flmost sinusoidal with no significant high frequency

component. \

\

The mass flow rate and the force generate@ by the active damper
are shown in Figure; 45 and 46 respectively. Both the mass flow rate
and the Force generaéﬁd by the damper goes throuéh transient fo} about
2.5 sec. aﬂd then.set;les dowq. By comparing this mass flow rate at 25
rad/sec. with 2.5 rgd/sé&. we can see that for an excitation frequency
of 25 réd/sec. éhe mass %qow rate is about 10 times greater, The
reason for greater mass Fhﬁ: rate is due to the larger relative vg1oc1ty )

f

which increases'the size of\the orifice.area controlled by the servo-
\

valve. The force generated Qy the damper is almost the same for the above

two frequencies.

'
} 1 . b
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The power required by thé active system for 25 rad/se@.‘is %
shown in Figure 47. As it can be seen from Figures 39 and 47, the ?y
power required by the active system increases as the input excitation ' B ‘\%
frequency increases.

Figure 55 shows the pressure in chambér 1 for the excitation =
freqﬁency of 25 rad/sec. The pressure in chamber 1 has a transient for
0.75_sec. In the stgédy stafe, the pressure oscillate; evén]y around }
the initial pressure of 5.52 x 10° N/m2. This ensures that the system é
will come to rest when the\iqguts are zéro. ! %

Figure 49 shows the ;bsoluté displacement fransmissibi1ity for §

the active system. As it can be seen from Figure 49, the displacement
transmissibility Hé; very low value for low frequencies’and as the
fréquené; jncreases.up to 35 rad/s, the absolute displacegent also
increases. In fhe frequency range 30 to- 42 rad/s,Aincreasing the excit-
atién'fréquency Qecreases the transmissibility. However, for input
freqhénciesagreater than 42 rad/s, -the transmissibility increases .

R S
sharply with the frequency. It should be noted that the absolute dis-

placement transmissibility even at 30 rad/s is less than -10db" (0.317).

-

The relative displacement-transmissibility is shown in Figure
50. The relative displacement transmissibility is vény similar to that‘
of the absolute dispTapement transmissibility plbt. Since the output
) displacement is small, the re]ativeodisp1acement transmﬁssibiiity is ~
around udity until 42 rad/s. For frequency higher than 42 rad/s, the

relative displacement transmissibility increases and has a value of
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3.5 db at 50 rad/s. §

. The acceleration (force) transmissibility is plotted in Figure
51. The acce]eration&iransmissibility has three peaks at approximately
18 rad/s, 35 r;d/s §nd 48 rad/s. Thé peak transmissibility is observed
to be less than -26 db(0.05) and shows good isolation characteristics.

of the active system.

3.8.2 Response to Sinusoidal Input for Type 1 Active System

L4

The active system of type 1 is simulated using the Runge-Kitta
4th order method on a COC Cyber 172/2 digital computer. The Fortran

computer program used for the simulation is givén in Appendix F.

.

The output displacement of the active system Type 1 is shown
’ ‘ LI
in Figure 52 for an input excitation frequency of 25 rad/sec  The aut-
put displacement does not have egqal amplitude about the time axis

and is very similar to the response of Type 2 system. Also the amplitude

.of the displacement decreases with time. It is also seen that the out-

put displacement contains more than one frequency. Figure 53 shows
the relatfve displacement of the system. Since the output displace-
ment is almost identicaldto the input. ' : . )

4

Figure 54 shows the acceleration response of the Type 1 acf{ié

systenm. The’acceleration goes through much more severe transiént than
in the case of Type 2 active system. The system reaches the steady
state only after 7.5 sec. and steady state acceleration is about 10

times less than the input acceleration.
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“

.

Figures 55 and 56 show the pressure in chémber 1 and chamber 2

respectively. As it can be seen from these figures, both the chamber

* pressures reduce as the time increases. This phenomenon makes the

-

system to be impractical since the system will not come to the inttial
state when the input becomes zero after some time. Moreover ,+since
this system uses two servo-valves, the cost of the system increases

’
considerably.

3.8.3 Response of Typé 2 Active Isolation System to Pulse

Like Input
The pulse like inputs argﬁshown in Section 2.5, Thé%e inputs

H

are used to evaluate the performance of the Type 2 active system.

Figure 57 shows that the output displacement of the active
system for the rounded pulse ipput. Tim& response shows that fhe‘
amplitude of displacement reduces as the time incfegses. The shock .
severity parameter y.used for thié case is 10. For this value of
vy = 10, the input disp]acement, velocity and acceleration are zero for

time greater than 0.4 sec. But Figure 54 shows that the output dis-

\ o
_placement has a finite amplitude even after 15 sec. The peak output

displacement is about 1.5 times less than the peak input ‘displacement.
Figure 58 shows the relative displacement plotted against time. The

peak relative displacement takes place in less than 0.4 sec. and has a

A . -3
magnitude of 3.56 x 10 ~ m,

Figure 59 gives the velocity of the mass. The velocity plot

shows that the system goes through initial transient for approximately

/ o
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5 sec. and then exﬁonentia]ly decays. Figure 60 shows tﬁe gitput

acceleration with ite peak output acceleration about 800 ti Tower than

. the ineut acceleration. It can be seen that the output acceleration also

4

goes through an exponential decay. o . A

Figure 61 shows the acceleration ratio betﬂeen the output and
the 1n§ut plotted against the severity parameteﬁ?o. The Figuré 61
clearly shows that as the shock parameter }ncréases, the transmitted
acceleration (force) to the mass decreases. Even for small values of
151ike’#b= 1 the acceleration transmitted to the mass is about 50 times

smaller. Figure 62 gives the plot between the shock severity parameter

and the ratio between the peak relative displacemeﬁt and the peak input

“ displacement. Since the output displacement is small, this ratio. is

close to 1.0 (less than - 3 db).
' 4

3.8.4 Response of Type 2 Active Isolation System to Input

Excitation of the Form x=xy(1-cos wt)

" The third input excitation considered in this thesis is of the
form'x = x0(1-cos‘mt)“ Similar to the passive system, the excitation
frequency is considered to be 1 rad/sec. with the maximum displacement

amplitude of 5 x 10-2 m. The input displacement, velocity and acceler-

-ation plots are shown €t Section, 2.5 .

The output displacement of the Type 2 active system for the

above mentioned input excitation is plotted in Figure 83. The output

>disp1acehent gdes through a transient for about 3 sec. and then goes.

through both positive and negative cycles. The maximum-output displace-
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- ment is about 200 times less than that of the input displ&cement L
plotted against time. Since the output.dispiacement is about 200 times
less than the input, the relative displacement is almost identical to

that of the input. (Figure 64)

Figure 65 shows the output velocity plotted against time. The
output velocity contains more than one frequency. Figure 66 shows the

output acce1er!¥ion of the system. TYhe output acceleration is very

Al

oscillatory during the initial transient period with the highest trans- _ é ;
mitted acceleration occurring during this period. However, the peak

output acceleration is only 20% of the maximum input acceleration. )

3.9 THE EFFECT OF VARIATION OF THE FEEDBACK.GAINS IN THE
| A
SYSTEM PERFORMANCE

\.

Acceleration, velocity and displacement feedback gains k;, k;
and k3 respectively are varied/in order to study their effect on the
system performqpée. The input excitation considered in this parametric

study is sinusoidal. The iiﬁy% frequency was varied from 2.5 rad/sec.

to 50 rad/sec. with an amplitu 4.57 x 1073 m. One parameter at a

N ; . ~
time Js varied with the rest/of the parameters having a’constant J%1ue, N
as used in Section 3.8. cceleration and relative displacement trans-

missibility for different gains are plotted and also the time’response

/

"of output displacement an acceleration is givén.

3.9.1 The Effect of Variation of the Acceleration

Feedback Gain k, 7

Figures 67 and 68 show the output'displacement and accelera-
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tion'plotted against time for the excitation frequency of 2.5 rad/sec.

for a zero acceleration feedback gain. From the outpué‘disp1acement

- plot it is evident that the qutput-osci]]ates-ét much higher frequency

fhan the input andithe péak output displacement is.about 10 times high-

er than that of the peak input displacement.

X

The output acceleration 15 also oscillatory with the steady
state acceleration about 9 times greater than the input acceleration

of 2.8575 x 1072 m/s?. A similar behaviour is observed when the input
excitation frequency is increased and for « = 20 rad/s, the system
becomes unstable.

Figures 69 and 70 give the output displacement and acceleration

Plags for the acceleration feedback gain of 0.073 ma-sec?/m. The out-

put displacement is less oscillatory and itS peak value is about 10

times less than that of peak input displacement. 'From the acceleration

plot it can be seen that the system reaches steady state in about 0.75

sec. and the transmitted acceleration is red:Fed by about 4 times.

o
For the rest of the frequencies, the cutput response is very

much similar and stable.
. Figures 71 and 72 show the output displacement and acceleration
of the active system for k,=1.46 ma-sec?/m. It can be seen that the

active system is oscillatory for w=2,5 rad/s. However, at higher input

] .
excitation frequencies, the system has less oscillations.

1
Figure 73 shows the acceYeration transmissibility plots for

various values of the acée]eration feedback gains. The acceleration

S & u - <, -
R Yo B 1 S kel X JO ISV,




encies considered.

4

trgnsmissibility for the feedback gain of ky=0 isvnot shown since the
system is unstable. By comparing the performance of the system for the
different gaigé; it is evident'that the system has good isolation perfor-
mance for the feedback gain of k; = 0.73 ma-secz/m. Figure 74 shows the
relative disp]ace&ént transmissibility plots for the variation in the

acceleration feedback gains. When the acceleration feeback gain is

_increased from 0.073 to 0.73 ma-sec2/m the performance of the system

becomes better. But when the feedback gain is further increased to

1.46 ma-sec.zlm the performance becomes” worse. .

3.9.2 The Effect of Variation of the Velocity Feedback Gain k;

F%guré 75 shows the output displacement of the active system’
plotted against time. The velocity feedback gain used in this case is

ko = 0.0. Figure 76 shows the output aceeleration of }he system. Both

the output displacement and acceleration are very similar to that of the

T SRS AR g i 0

. 4 . '

case when k, = 0.098 ma-sec./m, as shown in Section 3.5. The peak output
displacement is about 10 times less than-the peak input displacement and
the steady state output acceleration is about 1.5 times less than the

input acceleration. The system is found to be stable for 21 the frequ-

[y

N~ o

Figure 77 shows the'gutput" displacement for the ve'lo’cjty feedback
gain of 0.98 ma-sec/m. By increasing the velocity feedback gain the out-
put displacement seems to'contain only one frequency. But the output dis-
placement is about 1.11 times greater than the input displacement. Figufe

78 shows the output acceleration of the active system. . The output accel-
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k, = 1.46 M@

ka = 2.63 ma/m
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Response for w = 2.5 rad/s and k; = 1.46 ma-sec/m.

Output Acceleration Time

Fig. 72
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for k, = 0.0 and 0.598 ma-sec/m, and the system has relatively high

\ i
&ﬁ/

eration goes through an exponential decay. However, the maximum acceler-

ation transmitted is about twice the input agfeleration.

Figures 79 and 80 show the output displacement and acceleration
for a velocity feedback gain of k, = 1.90 ma-sec./m. As it can be seen
the system becbmes unstable. However, the system is stadji?for input

excitation frequencies higher than 2.5 rad/s.

Figure 81 sh)ws the acceleration transmissibility of the system
for d1fferent elocity feedback galns It can be seen that at h1gh
frequencies higher than 25 rad/s the system has very similar transmiss-
ibility characteristics fox\ill four values of k,. At low frequencies

less than 20 rad/sec., the transmiiFibility characteristic is similar

transmissibility for k, = 0.98 and 1.96 ma.s/m.

Figure 82 gives the relative displaceTent transmissibility for
the active.system for four different velocity feedback gains. From the
figuré it‘is seen that the transm{ssibility‘plots are very close to 0 db (1)
for the middle range of frequencies }nd increases sharp]y.af higher frequ-
encie;. In grder to have a stable éystem for all the ?requencies consid-

ered; the velocity .feedback gain of k = 0.098 ma-sec/m can be used.

3.9.3 The Effect of.Variation of the Displacement Feedback Gain ki

The output displacement of the active system for the disﬁ]acement

feedback gain of k; = 0.0 ma/m is plotted against time in Figure 83. The

output displacement shows an osci]]Etory behaviour and becomes unstable.

.Figure 84 shows the output acceleration of the system which goes

L A
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feedback gain of k3 =

‘a

-144-

* o

The ascillations exponent1a11y decay
2

‘theough initia] oscillation.

and settle to a value of 1,67 x 1073 n/sec.? which is about 17 times

less than ‘the input accelération.

A}

Figures' 85 and 86 show the output displacement and atcelerarion

_for the displacement feedback gain of k; = 0.1315 ma/m. With a small

increase in the disp]acement feedback, the system becomes stable. It is

seen that the 1ncrease in the displacement feedback gain does not have

any ‘influence on the output acceleration.
oy

» . Yo
’ +

Figure 87 shows that by further increasihg the displacement feed-

back gain to 1.135 ma/m, the output displacement is very much stable ‘ '

The steady state d1sp1acement is about 30 times less than the peak input

s T <

d1sp]acement. Fi'gure 88 shows the output acceleration which has very

.\'\“

\

N
o

similar behaviour as in the case of other values-of kj.

)

8

F1gure 89 shows the accelerat1on transm1ss1b111ty for different,

d1sp1acement feedback dains. As has been nent1oned prev1ously, the

.displacement feedback ga1n has very, little effect on the accelerat1dh

o

transm1ss?b111ty. Since the system is unstable for the d1sp1§cement

t

0, an acceleration transmissibility plot for k3 = 0

is not shown: ' , i
. ° L

The rélative dlsplacement gﬂot is shown 1n F1gure 90. and it is

seen‘that as' the gain ky is 1ncreased the re1at1ve d1sp1acement of the

Systemoreduces. K o . Lo - )

. e )
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3.10 The Effect of Variation of the Input Amplitude on the

System Pérformance

In general, non-linear systems have different output response

\‘characteristics for different magnitudes of input. Therefore in order

w

to study the effect of the ihbut amplitude on this non-linear active
system‘\\fe amplitude of the sinusoidal excitation is kept at different
values and the frequency is swept from 5 rad/s to 50 rad/s. The accel-

“eration and relative displacement plots ar%kshown.

F1gqre 91 shows the acceleration transm1ss1b1l1ty plot for dlffer-
ent input ampl1tudes It can be seen that as the 1nput amp11tude increas-
es, the maximum tfansm1tted acceleration also 1ncrease§. Figure 92 shows
the relative displacement transmissibility of the system for different
input amplitudes. Similar to that of the acceleration transmissibility,
the relative disﬁlacement"!ransmissibilityuincreases with increases in the
jnpﬂt amplitude. . [t is interesting to note that the frequency at which‘

the peak acceleration and relative displacement occur increases as i&f//

Al

input amplitude decreases. « ,

For higher input amﬁlitudeﬁ, the energy reghired.hy the act{ve
*system incrgases. In order to achieve better performance fo; higher amp-
lftude inputs, thé energy level in the active system should be increased.
The energy required in an active system depends on the supply pressure and

the pre-charged 1n1t1a1 chamher pressures Hence the supply pressure aﬁd

the 1n1tial chamber éressures are increased individually to see the effect

on the system performance.‘




PR

s/ped M ‘Aouanbauyg uoryejLoxy 0

5

R e At

-

‘ob

Y

-

1

-

+
L)

w

l

-0l X §06°{ =duy

w

[

RJ

0L X p§°2 =duy

-

0°ot-.

0°02-

g

0°0L-.

91€0°0

L°o

9iE"0

1e2e

v

- 0L3RY SSaLuoLsuauyg

A1 LqLSSLWSURL | UOLIRUB|IIIY




M mm g e e en

o

-

i

-

apnitduwy 3ndug uf uoLjetaep ;ok 101d A3L|1qLssLwsued] juswase|dsiqg w>_ummmm "mm-.wpm ’

'

A3L11q1sS|wsuRA] JuawadR|ds|q aALle|ay

¢

s/ped M € Aousanbaua uorje3ox3 ,
. ..D‘TA , . "
' w
- . )
. A T
| 0'S 8L B
n =3
k ) .2
' W, 0L X €/2" [=duy 3
~ ] - m-
, 1 - .m
",_0L X 506" [=duy . @
\ . {00t 9re
. Tu,_0L X pg°z=duy -
o ﬂ\/ .
. 9

i~




Ye

Figure 93 sﬁbws thenaeteleration transmissibiiity plo% for an
input amplitude of 0.0254 m. It can be seen from the figure that the
peak acceleration transmitted to the isolated mass decreases only p;ya
very small amount by increasing either the supply pres%ure or the initial
chaﬁber pressﬁres. Howevegneit is ipportant to note that by increasing
the supply pressure, the system has good isolation characteristics up
to 30frad/s and only after which it in;reases sharply to a peak value
of 5db (1.8) at 35 rad/s. It is also seen that at higher excitation
frequencies, the acceleration transmissibility di§p1ayed a monotonically

o

decreasing behavigr. By increasing only the chamber pressures it®can

be nated that Epe system has good performance up to 20 rad/s and then it

sharply\increases to aﬂpeak value at 25 rad/s and decreases as the excit-
ation frequency increases. Figure 94 shows the relative disg?acement

transmissibility plot fdr increase in supply ‘and chamber pressures. . The
* A}

relative displacement has a similar characteristic to that of the accel- 1'

eration transmissibf]ity.-

v 3

v

3.11 The Effect of Mass Variation on the System Performance

- The inertial mass to be isolated is kept constant so far in this :

b

thesis. 'However, 1t will be interesting to know the sensitivity of the

‘ . 4
system for variations in the mass. For this pufpose the mass of the.

o

system is ihéreased or decreased by 20% and the computer simulation

was carried out for the Type Z‘actiQe system. oo v

Figure 95 shows the acce?eration transmissibility plot for differ-

“ent values of mass. It is seen that the magnitude of acceleration trans-

he
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< ) m1tted to the 1so!1ated ‘mass does not change cons1derab1yq by changmg

the system mass. .
“ / ‘ &

<

- : F1gure 96 shows the relat1 ve d1sp1acement transmissibility for -

K ;. different values of the isolated mass. From the Figure it is seen that \'\ ‘
&
%’ for low frequencies there s no égmﬁcant change in the re1at1ve d1s- |

a . Placement transm1s!1b1hty by increasing the mass. However, by decreas-) v

‘ing the mass by 20%, the relative disb1aeement tra.nsmissibﬂ‘ity reduces_ o7

9 R -

considerably at h1gh\er frequencies.

’\.\‘M‘ - v . .
3.12 Performance, Comparison of Passive and Active Isolation )

. . P " v
. : Systems 4 ‘ : o

o . ¢

A direct comparison between the active and passive isolation sys- '
tems is poss1b1e for sinusoidal input of amphtude 4.6 x 10° 3@ pulse-"

like input and input of the form of x = x, (1icos wt). ‘|
: , ) TR .

)

tomparison of re1ative displacement or acceleration’time response
for the sinusoidal input between the active and passive sys‘tems'shows ‘
that the active system gogs through a more severe transient in the&im‘tia]_
périod than the ﬁassive isystém' Thq‘ sett11ng time is much shorter for
r ’\ pass1ve system than for actwe system For passive system both the output
( acceleratwn and d1sp1acement oscﬂ]ate w1th the exc1tation frequency and
¢ have a constant amphtude However, An the case Jf an active system both" | o

- . ~. . "
the output accelerjt 6n and displacement t1me response contain more than

-

A W'Y
‘ , e ‘one frequency with amphtudes that settle to a steqdy state after an 1mt1a1 S

y »> trans1ent period,




-

3

i ~162-

N N
plots for both‘passive-and active systems. The active system shows a

very éma]]'output displacement for the frequency ranges considered as

#

compared to that of thekpéssive system. But the relative displacement

N 2

‘transmissibility shqQws that the passive systemv(figure 14) has a small
A ~

. value for‘low frequencies below the résonance and has a constant value

which is more than unity for higher frequeucies after the resonance. In

the case of the active system, the relative disﬁ1acgment transmissibility

-

is ﬁpproximate]y unity until 42' rad/s and gradually increases to a value

of 1.5 (3.5'des) at 50 rad/s.
o — “
The acceleration transmissib%]ity plot of the passive and active

]

systems are:shown in Figures 17 and 5] respectively. The acceleration’

Vd .
transmissibility for the active system displayed alternate increasing
& 1

and decreasing characteristics with three peaks -at 18 rad/s, 35 rad/s
and at 48 nad/s. However, the peak transm1ss1bﬁ11ty is observed to be
P less than 0.05 (-26 db). This indicates that the acce]eration transmitted

to the mass is about 20 t1mes less than the input acce]erat1on ‘The

passive system‘has higher transmitted acceleration levels at frequencies

-

_below the natural.fréquency, while there is a considerable reduction in

~

the amount of acceleration (force) transmitted to the mass at higher

. frequencies. .. J

(.«
t

‘ yi‘” . W For pulse 1ike 1nput, the d1sp1acement and acce]eratlon time res-

-

-
1

pongp shows very s1ﬂn1aracharacterlst1cs for both act1ve and passive sys-

~

b 4 -
tems The maximum output displacement- for the passive systbm is a1most

.~

v
the same as that of 17put d1sp1acement while; for e act1ve system, the

maximum output disp]acement is" 1.5 times less than (the péak input dis— *

{‘.y
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‘, tion transmitted to the mass is about the same as that of the ‘input for

- maximum input acceleration, .

.
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placement. Also the peak tr§%n¥mitted acceleration is much smaller for

the active system than for the passive system. ¢ ,

-

For the input of the form X = Xg (1-cos wt), the passive system

&

éh,;as a very small relative displacement and the atfso]ut'e output displace-

-

ménf follows the input. In the case of active system the output displace-

ment is about 200 times less than the input displacement. The accelera-

\ ]
the passive system but the active system transmits oply about 20% of the

1

s

. Based on the comparison between the active and péssive systems, it

’

-

can be concluded that the-active ‘sys\tem has better acceleration and dis-

placement isolation characteristics than the passive systém.‘

-
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'ﬁé allowed. The Chamber 1 is connected to the e]ectro-pneumatic servo-
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'CHAPTER 4
‘ " EXPERIMENTAL PROCEDURE
~ l v X\
4.1  GENERAL '
* /

i

”The theoretical prediction of the actine isolation system shows that
%

the system 1so1ates the input acceleration level cons1derab1y and a1so

m1n)m1zes the d1sp1acement of the mass. In order to ver1fy the theoreti-

cal predictionsy an exﬁerinmnta! investigation is needed. In this chapter .

£y

an experimental procedure is outlined that includes the description and

i
sizing of components. However no experiments were conducted and will be -
Q R - N

a subject of futd}e work.

4.2 EXPERIMENTAL SET-UP

. The comp]efe schematid'of the experiméntal set;yp for Type 2 Active
Isolation System is given in ‘?igure 97. The active isolator is npunted
on the platform 6f a hydraulic shaken and .supports the inertial mass.

The isolator consists of a pneumatic cylinder arranged in parallel with
a mechanicaﬂ spring The shaker is used to~genera§e the vibrational

1nputs and is capable of producing sinusoidal displacements up to

7.62 x 10‘21n in the frequenqy range of 0, to 200 Hz.

The Chamber 2 is sealed so that no flow in and out of Chamber 2 )
-

va]ve. For a positive relative d1$p1acement the fluid wi]p be ex-
hausted to atmo;gnere through the servo-va]ve when the relative dis-

placement i$ Hbgative, the Chamber 1 is charged from a pressure source
through the servo-valve. The movement of the spool in the servq-vaive ‘
is contro]]gd‘by a command signal (1nput current). By sensing system- & -

~ t > A K
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variables such as acceleration, relative velocity and pressures and o

apropriately combining'them, the command signal*is generated to drive

the servo-valve. | . s
4.3 SELECTION OF. COMPONENTS . L | o e
" 4.3.1 Pneumatic Cylinder : ' ',

ot . . .

Iy .
"~ The size of the cylinder is selected from the mass, spring rate,

initial compressed length of the spring and from.the initial pressure in

the cylinder chambers. For the values of the abore parameters used in

" the simuletion, the cylinder bore aréa is determined to be 9.6774 x 107" m?

mass, sprinp rate agnd the initial pressure in the cylinder chambers. '
’ 4 3.2 Servo-Valve/- An electro pneumatic Servo-valve provides an out-

put flow. prop%rt1ona1 to an electr1ca1 inpit curvent. This eiectro-

an electro-pneumatic servo-valve with a rated -flow of 1.49.5CMM and a

’ operating “pressure and flow raté the rated current is 200 m.A. and

the coil-resistance is 22 ohms. 'The sectional view of the servo-valve

‘8.2133 10° N/m?.  The maximum flow rate is selected to be 0.84 SCMM

and the piston rod diameter is found to be 8.89 x 10' m. The cylinder
stroke length used is 0.1524 m. =

Since the values used in the simulation are not optimum values,

the size of the:cylinder can be changed depending on the values of 'the

pneumat1c servo-va]ve is characterized by the operating pressure and
\

the operat1ng flow rates. For the active system studied, the chamber

pressure is selected as 5.52 x 10° N/m? and the supply pressure as

for an input frequency of 50 rad/sec: For the system' pressures selectedx

maximﬁm‘valve pressuré drop, of 6.9 x'10° N/m* can be used. For this
\ . —

?
el

. e . .
. - L e \ : :
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\ + :.' “~ b ¢
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valve is sﬁown in Figure 99.

. 4.4,

GENERATION OF CONTROL SIGNAL

44

[N

Q

o

b
Ktas

is shé&n in.Figurq_98 and ‘the berformapce characteristic.of’fhe,sergo-

z

The control sﬁgna] is ‘achieved from the mathemat1ca1 manipu]at1on'

pressures and relative ve1oc1ty

" of the measured va]ues of- absolute acceleratron\‘veloc1ty, disp]acement,

The mathemaf1ca1 manipu]ation can be

achieved either by a micro~processor gr by a portable ana]og computer

A 4

such as EAI 180.

Since the experiment will be carr1ed out in the .

. f
laboratory and also to have flexibility in changing the feedback gains,

. as analog computer can be used.

The non- dlmens1ona1§zed equat1on of the

control s1gna1 given by eqmat1ons (3.76) and (3. 77) can be_patched on

@  the analog computer.

-

The equattons Z3.76) and (3.77)°should be amplitude scaled.

The

time scaling®is not needed since fhe control should be carried out in

real time.

Table 4.1,

where

,
L e o ST R
-
-

c .

a; =

a, =

a,; =

2

By using the maximum values for the varigbleé’éS'given in

the non-dimensionalized control signal ic*

. . . a4 %
. K * fx-;!
a; * P2 ta; ta;- PLJ .

g

P1

sek LR ’
+ay” + asy™ + aky*

can be written as

f:phd

Ay * €y Py (max) - - x- max )
L. Ag “B-cC - 1 (nﬁ") max
: 'Ao 93 4 . {X=y)(max)
‘1.2-L-7\g~6-c1-1’ (max) pl(max)
| ‘Ao‘ p, (max) (x-y)ﬁmax) _
L+ Ag=8 -1, (mEi? p’ (max) Cw L
0 ;6
-g. u’, . .f‘ a ‘
N )

(4.1) .

%
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- ~ ke A &;(max)

* The analog computer circuit diagram of th

’ ! .
, o “i70- 0 DT ‘.
. ~ 7 v .
. ) . ) ‘ )
. ’ . \ - ’ - . u‘:
’ ki * Ao * y' (ma{) ,- : ] ‘ ' . ' . et 3
o : ah\':' T . : . ‘ <t
L-Ag-g - i, (mx) : .

1

- as R TR d _ ) ﬂ , .
L + Ag + 8+ N, (max] : ] e
Y ° o Lo
3 R ky ¢ Ay + y {max) ) C e ..
. ' aG = L, . AG . B . ‘ic.(max) . . ° ) 3 . ‘ )
where iﬁ*’ B.*, %, (n=y)*, §*, ¥* ‘and y* fare. al1 normalized variables. K

équation 4.17is shown in,
F%gure 1003¢ The poten;iomeﬁer values for, the analpg computer circuit

o

. , Lz L.
is given in Table 4.2.
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TABLE 4.1

-
) . VARIABLES I o N o
Pressure (1) p, 1.25 ‘ - e i

> Pressure (2) p, 1.25

Relative Velocity (x-y) 3.0

Acceleration (¥) 8.0

Velocity (7) ‘ 3.0

Displacement'(y) | 0.03

2

Maximum Values for the "Analog Computer \far'iab]eg
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POT NO. FORMULA AND CALCULATION RESULTS i
o 01 a 1 o.21 . o
02 a, | 0.073
03 a, 0.381
N B ‘/
04 a, 0.01 i
05 a, 0.076
: j
06 " ag . 0.00076
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. CHAPTER §'

CONCLUSIONS AND RECOMMENDATIONS FOR_FUTURE "WORK

kY - . N - 'J H »
The purpose of this thesis is to st:gy the performance of passive

and active pneumatic isolation systms. In the first part bf this‘thesis,'

a passive pneﬁmatic systgm wigh an.orifice damping is simulated for
sinusoidal, pulse 1ike and input of‘}he form X = X0 (l-coéwt) exciFations.
In the second part of the thesi;, an active isolation system is studied
for the -aforementioned inﬁut excitations. In the active system, the flow

in and out of a cylinder chamber is controlled by a control logic so

’

that the jerk of the inertial mass is zero.

Based on the simulg}ion results of the passive isolation system,

the following conc]usidﬁ?déan be drawn:

- The peak absolute displacement of the isolated mass decreases

with increase in the orifice area until a critical value.

- The acceleration transmitted to the isolated mass decreases
\ . v

with .increase in the orifice area until a critical. value.

r

- Frequencies higher than the resonance produce low acceleration
transmissibility and a monotomically decreasing absolute putput displace-.

Ve

ment transmissibility.—"
T

4r’~/;/fﬁ§ relative disp1acement transmissibility is small for low

fr quency below the resonance and has a constant value after the resonance.

- Damping in the passive system is provided by the orifice area

between the two cylinder chambers. * ‘ o

-~

~ o {
. .
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t

- Increasing the orifice area until a critical value increases
the damping factor. Further increasing of orifice area beyond the

critical value produces oscillations.

foe o, g

- For pulse Tike input tﬁe maximum output displacement has the same

.amplitude as the input'displdcement and has an 056{1atorj response that
decays exponentially to zero. As the severity parameter y of Qhé pulse
input increases, the output aq&g]eration decreases while the relative

displacement increases.

- For input excitation of ‘the form X = X, (1-cosut), both the

output displacement and acceleration follows the inbut very closely.

- The magnitude of input velocity is limited by the initial

pressureé in the two chambers and also by the piston stroke.

4 .
Based on the simulation results for the Type 2 active isolation

system, the following are the conclusions: . .

[y

" - Absolute displacement transmissibility has a very low value

for']ow.freﬁuencies and as the frequency ihcrease;';hé'transmissibi]ity .

0
t

fluctuates.

-

- The relative displacement trénsmissiBiiity remains a constant
(approximately unity) for lower frequencies however for frequencies
. r n <
higher than 42 rad/s the transmissibility increases sharply with the

excitation frequency.

~

. = Acceleration transmissibility has a characteristic that_increaseé
and decreases as the frequency is varied. Three peaks at apprbximately,,

15, 35 aﬁd 45 rad/s are observed. The maximum peak transmigsibility is
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LR

)

found to .be less than -26 db.

>

-

- For Tow frequency (w.= 2.5 rad/s) sinusoidal inputs, the output
displacement t1me response has no high frequency components and 1s
osci}1atory w1th var1ab1e amp11tude In the case of h1gh frequency,

o (w = 25 rad/s) excitat1on the output displacemént is a decreasing sine

, function with high frequency oscilations superposed on it.

- For both low and high frequency sinusoidal excitation,

acceleration time re;ponse‘has initial Qigh amplitude oscilation which
decays and settles to a steady state sinusojda] function with low ampli-

tude. The settling.-time in the ease of high frequency inputs is small

compared to the low frequency excitation.

3

- The stability of the system is mainly controlled by feedbdci o
A ‘:

3.
gains-.

”

. - For zero acce]erat1on feedback gain the system becomes “ynstable.

Se]ecting the value ef the feedback gain k; in the ne1ghborhood of

0 73 mams » the system performs at its best When the gain k, is in-

creased to a higher va]ue the system performance deterioted considerably

. - For Jow values of velocity feedback gain kz, the system remains”" ’

L

'-stable at all-excitation frequencies (0 to 50 rad/s). At high values of }

ky (1.9 EE—E) the system becomes unstable at excita%ion frequency less -

than 2.5 rad/s ~ The relative distacement transmissi 11ity plots are

almost sim11ar for various values of k, with a.constant va]ue of approxi-

e A L

mately unity at low frequencies and sharply increasing at high frequencies.
[}

. The variation of k, has negligible influence on the acceleration trans-

e ———— i D AR VN
L)
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“

missibi]i&y.

- The variatfon of ki3 has no effect on the acceleration trans-

missibility for higher values of k; (k; greater than 1.135 ma/m) any
increase of k3 has no influence onithe relative displacement trans-

missibility. For a value of k; = 0 the system is fodnd to be unstable.

LA - Variation in the input amplitude indicates that as the input

amplitude increases the performance of the system deteriorates. "

1

- For higher amplitude inputs the acceleration transwissibi]ity '
‘an be maintained %o be a small value up to 30 raggs py gppropriate1y
increasiné the supply pressure. Howeve;, for input frequqncies higher
than 30 rad/s the transmissibility sharply increases. “By %ncreésing O ’
the supp1; pressure the relative displacement transmissibility has a

value of unity up to 30 rad/s and increases for highe} frequéncies.

7

- Foﬁ higher 1hput amplitudés, increasing the chamber pressures

-

. ‘
the acceleration transmissibility increases for the increasing excitation
A frequency up to 20 rad/s and then decreases. The peak acceleration
transmissibility has a value of 1.5. In this case, the relative dis-

. '; placement has a similar behaviour as that of acceleration transmissibilty.
b~ /S ‘ p
™~

- By incFéﬁ%ing the system mass By 20% the performance of the ’
' 5

system has negligible change. However, the dgéreasg,of the mass by 20%

¢

results in a lower acceleration ané relative éjigﬁacemeqt transmissibility.

/
gt

- ?or puise like input with y = 10 thg’haximum output displacgment
is %bout 1.5 times less than the peak input ﬁisp]acement. As the severity

parameter vy of the pulse input {hfreases, the output acceleration ratio

~




decreases: The relative displacement ratiq stajs~c10§e to unity for

s

all values of y considered.

1]

- For input of the form X ='Xo (1-cosyt) the output dfsb1acement
is about 200 times less than the input displacement. The relative
/
IeIocity is very close to the 1npu‘qé The peak acceleration is about 20%

ess than the input acceleration.

JIn the fol]ow1ng, some suggestions for future work are summar1zed

- Optimal values of the feedback gains%,, ko, and ki shoq1d be
calculated by ghoos1ng an objective function such as m1n1m121ng the peak
Ry
xransm1tted acceleration with a constraint on the relative d1sp1acement
| - Investigation on the inf]uéhgs of lag, lead network function
instead of propoqtiona] feedback gains should be carried out. It is

anticipated that such a feedback control will eliminate the high frequency

"quctuation in the transmitted acceleration and displacement.
| : i

| - A study should be carried out to find the performance charac-

L

teL1st1c of the active system for the random inputs.
|

- An explicit stability analysis should be carried out on a

‘Tinearized model of the active system to better understand the behaviour

{ \

of the active system.

] - For the active system investigafed in this thesis, the ffow
“fr m'Chambef 1 is discharged'to atmosphere whenever the relative velocity
is |positive. It is recommended that future work be carried out in méking
it|as a closed loop system so that no energy is wasted by ventng flow

to 'atmosphere. )

¥, . .




~

- An expemmenta] work should be 1n1t1ated in order to assess

the va11d1ty of the th‘eoretical results and a]so to study the r‘ehabﬂity

of the‘ hardware. ’ .
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-APPENDIX A

~ The gefieral form of equations 2-2 and 2-3 can be written as

[=9

i:_ﬂ.%{-

RT . M-R
T t *

] —V— * ) (A°])

a2
aja
afey

with temperature assumed to be related to pressure by a polytropic gas

constant s the equation relat1ng pressure and temperature can be wrltten

as -1

%—=(—§-)n | (a2)

‘ Differentiatiﬁg equation (A.2) with respect to time, the rate of change

of temperature is given as

’ 1 .
dat _ To n-1 ,pvn df - ‘ .
a—t-— 7 _'l:l n (P) E'E < ' (A'3)
n . 4 L -
(v, o
' multiplying both sides by %% » we have - ‘
' - . A .
M.R.  dT _ MR [ 0 n-1 n dP : ‘
Vv "dt v T (P) " (A.4).
P ﬂ B
0

From equation of state (PV = MRT), we have .

- PV 4 : o
MR = T - (A.5)

Substituting equation (A.S) in (A.4) bive§:

) - ]
MR dT _P el py ML
v at T ( | n dt ‘
Po) °
\ .
n-1

P n

‘ T v * v .
jga (__P_) .n-1, _g.P_ e . (A.8)
0 N

TS b e o 4 A N B
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A

Substituting-equation (A.2) in (A.6) gives

-

* MR.dT _ Yo n-1 dP _ n-1 dp

——

Now combining equations (A.6) and (A.1), and rearranging the rate of

" - change of pressure is given by

@ . [ avp . aRT | -
H?‘"{.‘_d‘tv*dt v] ‘ (A-8)
{
\
P T (

T .n-1 dP _onel,dpP . .
Vd T T T, R & T ow ot o (R
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APPENDIX B ‘ \ . '

Defining once again the reference ‘quantities mentioned in Section

(2.3) 2

Rgference Length ' L

Reference Area . Ay

Reference Pressure P0 é
Reference Temperature To’ ;
Reference Yolume VO = Aol A f
Referénce Mass ' Mo = P;]VO/RT0 /;>

Reference Time a

Take reference time ¢ is defined a
A’l < .
B+ V,

a = — : L/
Ay « k« R /T0

El

Define the following ron-dimensional quantities:

D S | -_-TLT . =12 "
X-f,y L; tl 09 tz To
=P = P2 oM = A
p1= 5 P2 ¢ 3 Moo= yoas
Po Po M0 A,

asgh=1s =g M

were T is the non-dimensionalized time AR is the area ratio.g

/df(j;) _dl)

|
(.
dt
dt

. d()
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and the second time derivative becomes . ‘ ' ) . ;
() o d() ,dtod(-) , dt |
. dt Sdr t dr - dt Lo ‘

s
. €0

T

Q,J—'

., "
]

R e,

Pressure Equations

-

To non-dimensionalize the pressure equatiLn, divide throughout the

Il

equation (2.21) by the reference pressure Po and by usﬁng the dimension- LA ;

less parameters as described above, equation (2.21) becomes .

. P
—d_. —P—L = -a-—— R To L] tl’ . .dM* a . —-0_ » L dx gl
dt (Po) n [Po LA, (T-xty) = dr~ P;. L o T-x+y 'a?*'»d'c)

By further simplification, the rate of change of pressure in'Chamber 2 is

given by
- dp t, M p, [ dx . d o
ar; = -1, - 1 28X 4 9y
dt n[]-x+y dt " Tty ( ar *dr )} . (8.1

Similarly the rate of change of pressure.in Chamber 2 is given by.

R'T. M_- P
d (Pe)eploa. 0, 0, t M _ o o L _p; (dx_dy
H?(Po) "[Po' LA” e Ty dt TP) L o TRy \dt o dt

which further can be reduced to

/2NN R SR P ) w2
. dt TR Tixey Tt -y dr " dr '

~>

Flow Characteristic Equation

To non-dimensionalize the flow characteristic equation, divide
throughout equation (2.16) by the reference mass Mo' By using the dimen-

sionless parameters the flow equation becomes

v




e it o e 8 A
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v : :

d M)_ k'P;'A'le Q! F

- \w] > - g~ For P;> P,

dr Mo Ty Mo

/ \ =_k"P1"A‘N11 B.VO R.TO

q - 3 - , R ]

T, Ay s kS RT o PV

which can be g@mplified as
R %

< Mt \py c a8 ' ‘
a - _‘QL—{___ Ni» for p; > p2 : (B.3)
dr t ‘

1

_The Factor Ni. is’g]ready non-dimensionalized. Similarly the flow
\ ) i

characteristic equation for p, < p, can be written as

dm* Ca
3

I - N1 for p; < p2 (8-4)V

The non-dimensional temberaturés t, and t, can be obtained from the

dimensionless parameters es

- z

) (BL) n-1/n \\ \ “ .
0 Po ‘ : .

o ¥

\
tro= (o) (B.5)
and ‘ ]
s } _(p n-1/n
w5
o= ()" (8.6)

Load Equation




Cy

With these

written as

4y

dt2 .

o k) 5

kaZsm

' 2
gazlL + lﬂ_i3_25_9_ (Al - Az)
M

non-dimensionalized constants, the load equation can be

: : . * ' ‘
=Ci1Py = CP2 *cy (8§ +x-y) -cy (8.7)
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- APPENDIX C

RUNGE-KUTTA METHOD

The differential equations which describes ihekgfhaviour of the
The general

A e Gy

system can be solved using a Runge-Kutta integration method.

4 -
(//M’/’ procedure involved is-olitlined as follows.
1. '

< Let dy/dx = F(x,y)
Then using the Runge-Kutta method (26), the discrete solution of

e P v

equation is given as,

= y(n) + % (ky + 2kg + 2Ky + k)
6

y(n +1) =
. where
. ¢ k= hoF (x,Y)
k, = g'[y + %%J !
ks = h.F x+%[y+%l} , |

kl. = n.F (X+h, y + k3)
h is the step size equal to {x{(n + 1) - x(n)}.

This procedure is programmed and used to solve the system

equations. ‘ ' ' \\\\
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PRDGRI‘ SASSIVE (TNPUT«OUTPUT +TAPE]l+TADEL12+TAPEL I« TAPEI 4 TARPE
. 15+ TAPEL 6, TAPELT)

¢+ DIMENSION DEP{20),RSLT(20) v
© REAL LIMIT .
COMMDN/ CON/C11C2¢CI+CAsWIALPIALSPE,TL
COMMONVCINL/AK,AL2 . ,
. READ #3C3,C2+C3:C . h

READ #yALPyAXsAL2

PRINT 50,A12 - .

50 . « FORMAT (20X+*0R[. AREA=®,G18,6)
. AL.]AD . ‘
“ v« . PE=ml.é
10 CONTINUE -~
‘ READ ®#yWs»TL LIMIT .

PRINT 100,w

100 FORMAT (20X,® EXITING FREQUENCY=®,G10,6) ‘, ¢

IF (WeBTe30,0) STOHP
DEP(1)=l,0 ¢
DEP(2)=]l,0 *

DEP(3)x0.0

DEP(4)=0.0

T=0%0

H=0.002% ta
Nu4 0

PSLT(1)=0,0

ASLT(2)=0,0 ‘
RSLT(3)20,0

ASLT{4)20,0 )
CALL DITEQS (DEPTHRSLT+HeNsLIMIT)
60 1O 10 ‘ ‘

ENO

°

“




ER 4

150

15

20

23
30

SUBROUTINE EVF(DEPT+»3LT)
NIMENSION DEP(20) +RSLT(20) . °
COMMON/ACA/X+DX1+0X2 ' -
COMMON/CON/C1sC291C34CarW1ALP 1AL ¢PETLI
COMMON' /FLOW/ DM2
COMMON' /TER/ T1,T2
X80,068STU(ToWeALP)
DX1R0,06%A PeWSCOS (WeALPST)
DX22«0,068WeNSALP®ALPSSIN (WHALPET)
CONTINUE 4>
Pl=DEPI(Y)
P2=DEP(2)
COl=1.0-X+DEP(A)
£02%0,5525% (1.0+X=DFP(4)) .
T12P|#9((PE«]1,0) /PE) °
T2u=p2es ({PE-1.0} /PE}
CALL CFLDw (DEP) .
ASLT(L)=({PE/COL) #(=DEP (1) # (DEP (3) =DX1) =042eT])
_RSLT(2)=(PE/CO2)*(~DEP(2)40,56250 (DX1-DE(3) ) +DM2o T2V
"PSLT(3)=C1®DEP (1) ~C2%DEP (2) $CI® (AL+X=DEP(4) ) =Cé
RSLT (4) =0EP (3)
RETURN : . .
END

"SUBROUTINE CFLOWIDEP)

DIMENSION bEeP(20)
counoN/c0vvc1.cz.ca.c«.u.ALpsAL.nE'ru
COMMON/CON1/AK,A12

COMMON /7 oW/ DM2

COMMONL./TEP/ T1.T2 ) ‘
DATA GAM/1,4/ Co
P1=DEP ()

PUSDER (1)

PLEDEP (2)

P2=DEP(1)

TEl1aT2 . ’ . W
IF{P2.8T+™1) 60 7O 15 I ,

80 To 20

CONTINUE

P=xp2 ' °
p2=p) )

pl=p

TEl1=T}

IF((P2/51) ,LE.0.5283) 80 10 25
ANUR(P2/P1) @0 (2,0/GAM) = (P2/P1)#n ((BAMs1,0) /GAM)
AN12=S2QT ( (ANU®14.92992))

80 TO 30
AN12=1,0
D"Z'SGV(PU-PL)'pl'AIE'AK’ANlZISnRT(TEI)
RETURR
END, .

<

FUNCTION S@NX)

IF(X) 19243 . -
SON==1.0 Lot
RETURN L
SGN=0.0

RETURY

SGN=1,0

RETURY

END. T '

\m
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SUBROUTINE DlFEdS {NEP» TRSLT s HyNaLTUIT)

DIMENSIIN DEP(20)+RSLT (20)+DEPT (20)

REAL LAMIT

REAL K1(20)+K2(20)4K3(20)K6(20)

COMMON/ACC/XsDX110X2

COMMON/CON/CL1C21C3,CasWoALPYAL WPETL)

COMMON /r oW/ DM2
COMMON /TeEp/ T1,T2
AA=4 ol
‘WRITE (11,9) T, DEP(#)

WRITE (12491 TDEP (1)

AM=Q, 0
AA"-OQO
BBsAARY
RD=X=~0EP (47
AYRDX1=DE(3) .
Po-cn-oeoml)-cz-orptr)
CONTINJE
CALL Evrtoep.r.RSLr)
DO 10 1=l,N
K1 (I)mH#RSLT ()
DEPT(113DEP (1) +0.5%K1 (1)
CONTINJE
TTeTa0, 5%y :
CALL EVFIDERPT»TTIRSLT)
DO 15 Isl,N
K2 (1) eHORSLT () ~
DEPTUI)=DEP (1) +0.5%x2( 1)
CONT INUE:!
CALL EVFIDEPTTT4RSLT)
DO 20 Isl,N .
K3(T)mHoRSLY (D)
DEPT (1Y30EP (1) ¢K3I(T)
CONT INUE .
TT=Y ol

CALL EVF(DERT»TTHRSLY)Y
00.29% 1Isl,N
K& (1) =mHORS T (

DEPII)IDE°MI)00.16666666'(Kl(!l0?-0'(2(!"7 0'K3(I)0K6(I))

CONTINUE
TeT+H

IF(ABS(T=38) «LE.040001) GO 10 29

60 TO 38
. CONTINUE:

lRlTE (12+9) TWDEPL1)

WRITE (11+9) TWDEP(W)
AASAA+4,0 .
BBuAASY
CONTINUJE

FOAMAT (S5X02(618.643X)1
., IF (T<GT.LIMIT) GO YO RO

60 70 %
CONTINUE
RETURN

"END "

~

|
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PROGRZH FIMALI(leur.ourpur.TApcll.rlprlz-TlPrla'VAPEIk

' v+ TAPES TARELS 4 TAPELT)
REAL LIMIT»+X]19K29K3,
DIMENSION DEP(ZD)-RSLT(ZDJ - . B ) . o
COMMON/GAIN/<14K291K39SLFRS .
~ [

COMMON/FEQ/ AMPL
COMMON/CON/ . C1 ’CZ_oC3vC6'HoALP\AL’FSQPEQA'( )

0 AL=1,0 i
. N PS'Z.D - - 4 !
C1=98,56 . {}
. C2=55.44 , / {
- c C3s28,18 : v -
. : , CanTl.3 ‘ : N
‘ ALP=0,T44 o
AK=2000.0 ) o
SLFBS=0.8 ' ' . .
‘PEm],% ' ' .
1 CONTINUE! L L
100. FORMAT (L1H1+20Xs*EXITING rneouucv-c.re 2)
READ #44
PRINT 100+W
Kls0.1
K2s0,01
K3=0,2
H=0,002

PRINT 1104K19K2+K3
FORMAT (/7/420Xy#THE FEED BACK BAINS ARE ®¢//»

110
e2BX OK1a0 FB 4,//120X 8K FR 40/ /128X ¢ *KIn8,FO, 4)

DEP (112040
DEP (2) 2} .0
: 0EP (3)2].0 :
\Q ~ DEP (4) 20,0
! DEP (5)2040
N=S . . o
. , RSLT(1)=0,0 : .
, - RSLT(2)20,0 -
. RSLT(3)%0,0
_ RSLT(4)®0,0
ASLT{S)%0.0 .
Lxuxr-lo 0 ‘
T=0,0 .
s CALL DIFEDS (DEP,ToRSUNsHsNsLIMIT) N

o o 2 1§ToP , . . _
. oo END i ‘ . . /

-
THAT e e g A g,

-

IS
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<COMMON/CON/ C1+C2+CIoCaeWsACPsALIPSIPEAK

LN —
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LY
SURRQUTINE' DIFEQS (DEP.T, RSLT+HsNSLIMITY M
COMMON/CON/ C1yC24C39CAIWsALPIALIPS PE 8K .
REAL LIMIT,DEP(20),85LT{20)+DEPT(20),K1(20)

REAL X2120)sK3120) (%4 (20) d .

COMMON ZINSUT/ X¢DX1sDX2 :
AAx4 .0 ‘ . X
RRsAA®H . ' :

WRITE (S¢19)
WRITE (12+19)

FORMAT (® 1251 ., . 3 £
WRITE (S+9) TyRSLT(4) . ¢
WRITE (13+19) . ' f
WHITE {1329) T+RD . : :
CONTINUE oot :
CALL EVF(DEP,T,RSLT)
D0 10 I=Ll¢N

K1{1)=HeRSLT (1)

DEPY{])=DEB([)+0.5%K1(T)
* CONTINUE

TTaTe0. 584 ’

CALL EVF {DEPT,TTHRSLT)

DO 1S I=ml,N

K2 (1) =H®RSLT (1)

DEPT (1) =DED( 1) +0.5%K2( 1) .

CONT INUE

CALL EVF (DE®T,TT,RSLT) .

DO 20 I=leN ; .
KI{1)=H®RSLT (I}

DEPT(I)=DER.(1)+K3(1) )
CONTIMUE | /
TTaT+H .

CALL EVF(DEPT4TTyRSLTI .

DO 25 IsleN )

K4 (1) =H®RSLT (1)

DEP (1) sDEP(I)+0. losebssso«xx(1)oz.o~xz:x)oz 0#KILT)+KALT})
CONTINUE , "

TaToH ‘

IF(T.GE,LIMIT) GO TO sn ) .

GO TO S . . o I

RETUAN -

END s

SUBROUTINE EvF (DEPsTWRSLT) -

DIMENSION DEP(20)4ASLT (20) . ‘ . ) -
COMMON /INOUT/X+0X1+0%2 - '
DATA TAU/D,)/ ’
An0,33°SIN(T#ALP*W)
DX130,33%NRa PECOS(WaALPHT) ’
DX2ue('e IIRWANPALPSA PRSIN(TSALPAY) .
CONTINUE v
Al=1.,0-%+DEP(5)
A2m1,04X-DEP(5)
OV=DX1=-DED'(4) N )
T1a(DEP(2))ee{(PE=1,0) /PF) . :
CALL SIBNAL] (DEPsRSLTsXViDMyAN1I24T]) '
RSLT (1) ={ {XV~DEP (1)) eALP) /TAU /
RSLT(2)a({PE/AL)»(DM®T1+0VeDER(2Y)
RSLT(3)w=(PE/A2) *(DEP (3) #DV)

RSLT(QIICI'Dtﬁ(Z)-CE’DF’(J)0C3'(AL‘!'DE’(S))'C‘ M- ‘i ’
RSLT (S)sDE® (4) , S
RETURN
END N '
- . ‘
0!
AS P
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b ‘ ‘ .
SURRDUTINE SIGNAL (NFPLRSLTsXVeOMeANL24T1) .
DIMENSIIN JER(20) +RSLTI20) . :
REAL LeX19X2,K3 . ‘
COMMON/CON/ C14C21CIvCooNsALPeALYPSyPEWAK
COMMON ZINPUT/ XeDXT9DX2 .
COMMON /GALIN/ K1iK24KISLFRS .
7 DATA LyADyAS5/0.2500.012.0,007/
RV=OX1=DED (&)
P1=DEP(2)
p2=0EP(3I) .
RO=1=X+DED (3) w
Aln(AD) /7 (AKSL#AG) ) .
A2=c2/CL .
- A3xC3/(C1#1,2)
A4nKLoRSLT (4) 4K2¥DEP (4) «KIDEP (5) -
IF {ABS (A4} ,G6T.SLFBS) 6O TO 5 .
GO 10 15 ‘ .
F(A4,8T,0,0) GO TO 10
! Ad=-5 FBS
80 TO 13
10 CONTINUE 1 L.
A4=S_LFBS .
18 CONTIWWE ) s
[F{RV,8Y.0.0) GO TD 20
FSmaAd/ (AGRAKSL)
XV {AL/PS)w(R1+A2#P2+A3)#ABS (RVI¢Fg
60 'To 25
20 CONTINUE . . .
FSu=Ad/ (AGWAKS)
AYmalA1/D1) #({P1eA28P2+A3) #AVFS
2% CONT INVE
CALL FL.O4 (DEP+yOMyAN1Z+TY)
RETURN :
END

-

SUBROUTINE FLOW (DFP.OMyaANI2sT1)
DIMENSION DEP(20) ’
REAL L

COMMON /CON/ C} OCZOC3vC‘lHOALPvALvPS'PEq [1.4
DATA LwADsAGYGAM/N,2500,01240.00771,4/
PUspS
PL=DED(2)

IF(QEP(1),GT.0.0} D TO &
AREASL®AZeDEP (1) /A9

AN12=1,.0 [
OM=AREA®AK®DEP (2) /SRS (T1) y

RETURN . ’

CONTINUE
P1=DED(2) -

Pxpsg .

IF(P1.8T,PS) GO T0 10 .

60 TO 15 . R
CONTINUE .

Pap} V4

plaps

CONTINUE ] '

IF((P1/9) ,LE.0.5287) 60 TO 20 . ;
ANUw (91/P) 8 (2,0/0A%) =~ (P1/P) % ( (GAM«1.0) 7GAY)
AN12=S28T (ANU®*14.92992) '

" 80 To 2%

CONTINUE

Ale-l.O i
CONTINJUE

AREA=_®AG20EP (1) /AD

OM= {SBNIPYPL ) #P*AREASAK®ANI2) /SBRT (T1)

RETURN ’

END

‘ .
FUNCTION sgn(x) : :
_ SONmARS (X)X e : : i
RETURN .
END
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PROGRAM PyyygMAY {INPUTOUTPUT» TAPE]L1,TAPEL 2, TAPEL 3

1SeTAPEL16,TAPELT)

DIMENSION DEP(20)4RSLT(20)

REAL LIMITeK10K24K3I
CONNON/COV/C]|C2nC3oC‘oHoALPoALq’SvDEQIK
COMMON/GATN/K] +K2¢K3+SLFBRS

CONTINUE

AL=x1,0

PS=2,0 .

Cl=98,36 )

C2258,44

C3x28,18

C4s71,1

ALP=Q,Thy.

AXK=2n00,0

Kl'o;l

K3=0,?

SLFBS=0,.5
PEm] 4

READ oy

LIMIT=20,0
DEP(1)=0.,0
DEP(2)%0.0
DEP(J)=l.0
DEP(S)=0.0
DEP‘O)‘O-O«

INQEP=D,0 .
H- L] oas 1
N=§ ' .

IfL ¥ EQ,0,0) STOP -~ ’
CALL DIFEQS (DEP+T+RSLTsHoNsLIMIT
sSTO®
END

s TAPEl4y TARF

‘




'S

#

: -197-

v

SUBROUTINE DIFEQS (NEPsTeRSLT+HiNsLTUIT) .
NIMENSION NEP(20) +yRSLT (20) +NEPT (20) l
REAL LIMIT i
REAL K1{20),K2(20) «K3{20) ,K4(20) ,
COMMON/INOUT/XDX1sDX2 '
CO""ON/CON/CIOCZ!C3'C$'VOALP|ALQPSvBruAK
COMMON/ENERGY/ENFN]
x=0.0 )
FGI43.12
Dxl,°los
DX23040 o
500 FORMAT (2X1#MAX nxs--.exa 615X, TTHE=*,G618, 6)
AR, 0 . .
WRITE (11+9) TWRD .
WRITE (1299) TWRSLT(S) v
WRITE ¢13¢9) ToDEP(3) .
WRITE (18+9) TDEP (4}’
WRITE (15+9) TeDEP (&)
AAsH®RY
5 CONTINUE
CALL EVF(DEP,T,RSLT)
DO 10 t=1,N '
K1(1)=H*RSLY (1)
DEPY(I)=DEP (1) +0.5%K]) (1)
10 CONT INUE
TTaT+0,5%9
CALL EVF(DEPTsTTRSILT)
00 15 I=l,N
K2(1)=H*RSLT(I)
. NEPT(1)=0EP (1) +0.5#K2( 1)
15 CONTINJE ‘
CALL EVF{DEPT+TT4RSLT) K N
DO 20 Iml,N , .
K3 (I)mH*RSL T(I)
4 DEPTgr)-OEP(I)‘K3(I{
20 CONTINUE
TT=TeH
CALL EVF(DEPTS»TTRSLT) .
DO 2% I=l,N .
K& (1) =4®RSLT (1) !

[y

DEP(I)IOEPtI)00.!6666666'(Kl(1)02 0ex2(1)+2, 0'K3(!1s‘b(l))

25 CONT INYE
TaTen
IF ({AA=T) ,LE,0.00001) GN YO 60
60 10 63
60 CONTINUE
IF (AnS()Fpts)).Gr on) 60 TO .100
GO TO 200
100 © CONTINJE
. ' DO=ABSI(DEP(H))
DIS=DEP(S)
TIME=T
200 CONTINUE
PD=X=DE(S)
WRITE (1149) TsRD
WRITE (1249) T.RSLT(S)

9 FORMAT (5x%,2(816,8,2%))
WRITE (13¢3) TeDEP(Y) .
WRITE (16,9) T4DEP(4) ) v
.WRITE (15,9) T+0EP(A)
AP=EB¢4.0
AA=H*BE
6% CONTINUE
IF (T.0T.LIMIT) GO Tn 70
R0 TO & S
70 CONTINJE ‘ <
PRINT 5004DISsTINF ' :
RETURN
. END
™
»

} Pmpmm £33 TR NN T
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SJBROUHVQ EVF (DEP«T+RSLT)
NIMENSIIN NEP(20) saSLT(20) A
COMMON/ INSUY /X DX 1 ¢NX2
COMMON/CON/C14C20C3eChrWoALP AL+ PS4 PE,AK

DATA TAU/0.1/

X20,06#SIN(ALPOW®T)

DX1=0.059ALP*WSCOS(ALPSWHT)
DX2m=0,068ALPPALPANSWSS TN (ALP*WST)

COlx]1,0=XsDEP (6) ’

CO2m0,55254(1.04X=NEP (6))

T1=DEP (3) 88 ((PE~1,0) /PE)

T2RmDEP (4) 89 ({PE~1.0) /PE)

CALL SIGNAL (DEP»S1+52+RSLT+COLeT1,T72!

ASLT (1) =((S1=DEP (1)) #ALP} /TAU
ASLT(2)=((S2=DEP(2)) *aLP) /TAU

CALL FLON (DEP,OMsNMIoT1,T24EN)

ASLY {3V 3(PE/CO1) *(DMST1~DEP(3)®(DEP (51 -DK1))
RSLT(4)3(0E/COR)*(DMI®T2~0EP (4] #0,5625%(9X1=DEP (5} 1)

ASLT (S)2C190EP (31 =C2#NEP (&) ¢CI* (AL+X=DEP(6)) ~-Cé
RSLT (6) =0ep (5)

RETURN
END

SUBROUTINE SIGNAL (NEP«514+S2sRSLTeCOIT1,T2)
NIMENSIIN NEP(20) +ASLT (20)

REAL LvX1,K2,K3
COMMON/INPUT/X+s0X1+DX2
COMMON/CON/CLyC29CIiCa sV ALPIALIPSBFAK
COMMON/BATN/KL ¢ K2+K3sSLFRS
DATA L1AD,AG/0.25+0,012,0.007/

P1=DEP (3}

P2=DEP (4)

RV2OX1=DEp(5) .
ASEK]#RSLT(5) «K2*DEP (5) +KI*NEP (H)

IF (ABS(AS),8T,SLFBS) 80 T0 S
60 T0 1S
IF(A5,8T.0,0) 60 Tn 10
AS=-5LF9S ‘

GO0 TO 1S
AG=S_F9S '

CONTINUE
IF(RV.B87,.0.0) GO Tn 20
Alu (=CD1%QVaAD) / (AKsPS# #pR)
AlB-Al'((c3/ClL0(l.O/I.O)OQPllsnl))
FERAS/ [AKRAGH#L)

Sle(Al3=F5)

S22 (0,56238RVAAD) 7 (AK®AGHL)

RETURNY *
CONT INUE )
AL=(COL1%Ry®a0) / (AK#AGeL#D])
Al3mAls((c3/Cl)®(1,0/1.4)¢(P1/CO))
FSEAS/ {AKRARRL)

SlmseAl3eFs

S2=(P2/PS) s (AQ/ (AK#L#AG) ) #0,5625%AY

RETURN

END . . . l

*»
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SURROUTINE Ftou (DFPyNMeNMT 9 T1 s T24FN)
NIMENSION DEP(20)

REAL L! ’
couuou/COV/C1.cz.cayéi.v.ALn.AL S, PT, AK
DATA LyA0,AG/0.2540/012,0,007/
1F (DEP(1}.G7.0.0) 60 TO §
AREA=LPAGEDEP (1) /40
DM=AREA® aK#DEP (3) /SQRT (T1)
60 10 15
/CONTINUE o
PLEDED (3)
XV=0EP (1)
T=71 : -
CALL CHECK (PL+XVen4sT)

\ IF (DWeLT.0.0) GO TO 10

ENsQMePS

G0 10 15

ENe0,.0

CONTINUE .

IF "(DEP(2) .GT«0.0) GO TO 20
AREA=|_ #AGHQEP (2) /A0
OM1=AREARAK®DEP (4) /SART(T2)
RETURY |
CONTINJE .
PL=DEDY(4)

T=T2

XV=DE(2)

CALL CHECK (PLeXVIDMIIT)
IF (0M1,LT.0.0) GO TO 25
EN=DM] #Pg

RETURY

. CONTINJE f
EN20,0
RETURN
END

SUBROUTINE CHECK (PL.XVeDMeT)
REAL L
COMMOY 7CON/ C11C24C39C4sWIALP AL YPS,PE)AK
DATA LhADWAGIBAM/0,.2540, olz' «00Ts1,4/
PU=pS
PlspPL .

Pups . s

IF (P1.6T.PS) GO TO 10,

G0 70 15

CONTINVE

PwpP]

. P1up§

CONTINJE
IF ttr1/9) ,LE.0.52R3) GO TO 20

« ANUS (P1/3) % (2,0/GAM) = (P1/P) % ((GBAMs]1.0)/GAM)

AN12%SQRT (ANU#14.92992)

80 1O 28

CONTINUE

AN12=]1,0

CONTINUE

AREAnL *AGSXY/AD

AN12s1.0 N\
outtsev1ﬂu-PL)'P-AﬁrA-Ax-A~12)/sow;(r)
RETURY
END

{

FUNCTION SAN(X)
IF (X) 5+10,18 : i
SGN==1,0 : . '
RETURN ‘

SGN=0.0 » - »
RETURN ’ '
SGN=1.0 e

END

. . . A ¢




