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SUMMARY

The primary objective of the reported research was to investigate.
analytically and experimentally the feasibility of using a shoeck absorber
of original design with inertially contrelled valves to reduce jerk in an
automobile-type .suspension system.

A -shock absorber was designed on the_bésis of data obtained from..
the.study. The design incorporates either one or two inertially controlled
valves, depending upon the application. These valves, which control the
ameunt of damping of the shock absorber, are opened by the acceleration
of the unsprung mass (wheels and other masses moving with them). In this
way , the.damping ef the shoeck absorber is a function of the acceleration
of the unsprung mass and dependent upen the read conditien.

The mathematical medel that was used had twc degrees of freedom.
In effect, one corner of the automobile was used as the medel. COne
degree of freedom represent§ the motion of the automobiie bedy, while
"~ the other degree of freedom represents the motion of the wheel, A linear
spring and a shock absorber in parallel connects the mass representing
the automobile body to the mass representing the wheel. A second linear
spring representing the automobile tire is placed between the mass of
the wheel and the road surface and transmits the excitation to the entire
system.

Equations of motion were written for the complete system -and
=solved'numerically on the digital computer for step, ramp, and sinus-

oidal inputs. A comparison between the dynamics of the system using
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a conventional type of nonlinear shock absorber and the inertial valve
shock abserber shews that a significant reduction ef jerk and accelera-
tien eof the top mass_ is ebtained by usiﬁg the latter.

The mathematical meodel was duplicated,iﬁ‘the léberatoryuwith a
size reductien of approximately 20 with respect te a typical automebile,
The system was excited by an approximate ramp input .from an hydraulic
piston. . For each ramp input the displacement, acceleratien, and jerk of .
the tep mass were measured directly aleng with fhe displacement of the.
hydraulic pisten. A Stratham strain gage type of accelerometer was used
te measure the acceleration and an instrument designed -in the lakboratery
 was used to directly measure jerk. Tests were run using both the iner-
tial valve shock abserber and a conventicnal type. Experimental resulté
verified fhe mathematical analysis showing that a smaller value of jerk
is transmitted to the top mass, which represents the automobile body,
when the inertial valve shock absorber is used.

Design eguations were derived for the inertial valve shock absorber
to assist the engineer 'in appreoaching an eptimum design. In erder to
generate enough analytical data frem the responsé curves of many systems -
having different parameters, it was necessary to derive a clesed-form
solution. The time interval -in which the solutien is -accurate is short,
but it is long enough to include the peried of high jerk transmittal
after a sudden ferce change is experienced.

An investigatien was also conducted to determine whether jerk is
a factor in riding comfort. Subjects were seated in a typical wooden
office chair and subjected to twe types of vertical metien. One type of

motion had a censiderably higher value of jerk while the maximum velocity,
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maximum .acceleratien, frequency, and amplitude of the twe types -of me-
tions were very nearly the same. A high percentage of the participating
people felt that the motion that had the smaller value of jerk was the
moere cemfertable. This test only attempted teo show that jerk is a factor
in riding cemfert and that a ride with less jerk 1s- more cemfortable.
From the data taken in the labesratery and the results of the
analytical-inyestigation, it appears very.promising that a shock absorber
with inertially controlled valves could iﬁprove the riding cemfort of an
automobile without sacrificing any loss of control or stability charac-

teristics.




CHAPTER I
INTRODUCTION

Preblem Statement

This werk is ceoncerned with the investigation and design of a
hydréulic shock abserber that will reduce the ameunt ef jerk that is
transmitted by the shoeck absorber -to the upper mass in an automebile-
type suspensien system. "Jerk" is defined as the third derivative of dis-
placement with respect to time or simply as the first-derivativg of ac-
celeration. Physically, it represents the rate of change of fercé° The
reason that jerk was used as the criterion of riding cemfort will be
discussed in the next section.

Figure 1 shows a two degree of freedom system representing the
mass and suspension system of an autemebile. The top mass,(ml) repre-
sents the mass of the autemobile body, while the lower mass (mg) repre-
sents the unsprung mass (the wheel and attached mass). A linear spring
with a spring constant, k, and a linear shock absorber -with a damping
coefficient, c, connects the tho masses.. A linear spring of constant Kt
represents .the tire. Applying Newten's second ‘law and differentiating
the resulting expression, 'an equatien for the jerk of the tep mass can

be written as follows:

dax
dt3
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Figure 1. Mathematical Model.

By usiﬁg typical values found on a representative automobilé in this ex-
pression, it can be calculated that for a step input teo the lower spring
appreximately 85 per cent of the maximum jerk that reaches the top mass
is tranémitted by the shock absorber. The remaining 15 per cent is
transmitted by the spring. Approximately S0 per cent of the jerk trans-.
mitted by thé shock absorber is the result of the product of the acceler-
ation of the unsprung mass and‘thé.value of the linear damping coeffi-
cient of the sheck absorber,

‘It is then cobvious that to reduce the jerk transmitted by a shock
absorber, one must be built such that its damping coefficient decreases
when the acceleration of the unsprung mass‘iﬁcreases. The investigation
of a shock absoerber that will reduce jerk in this manner 1s the basis

of this work.




If the preblem were only that of reducing jerk, it would be a
trivial ene, since the jerk of the top mass ef an autemebile suspeﬁsion
system that has neo energy absorbing device is very small. A constraint
must be impesed eon the sheck abserber so that it will perform in a
certain manner to add stability to the automobile.

An ideal shock absorber should give a small damping force at low
wheel velecity mevements so. that the harshness that results from riding
over ‘small road irregularities will net be tranSmittéd to the car bedy.
Yet, the ideél-shock_ébsorber should provide enocugh resistance at low
wheel velocities to eliminate fleating when the car is traveling at high
speeds. The damping at high wheel velocities should -be great enough to
eliminate excessive overshoot and force the oscillatiens te die out
quickly, but.an increase in damping can only be achieved at the ‘expense-
of greater. transmission of force frem the unsprung mass. 'Present.shock
abserbers usually have much less damping in the compression direction
than in the rebound directien. This eliminates a great deal of the
harshness that results when the wheel strikes a sharp bump, but alse a
great deal of stability and control is-iosf due to the decrease in damp-
ing in the compression direction. Alse, most medern sheck abserbers’
have a blew-off vélve which opens when the velocity reaches a prescribed
point. This reduces the damping at high velocities, and thus the harsh-

ness that results from wheel movements of high velecities is attenuated.

Historical Background

The - amount of jerk that a person experiences is net usually recog-

nized as a criterion of riding comfort. Jerk is much mere difficult to




measure énd teo cenfrol than either accelerafion or velocity and can
change almest instantanecusly and reach very high values in a cenvention-
al.autemobile—type suspensien system. For this reasen most of the
studies of riding comfort have made use of sinuseidal vertical metien
where the pertinent parameters are frequency, acceleration, velocity,

and amplitude. From these parameters, a mathematical expression for the
relative degree of comfort, called by many the "cemfeort index," hés-been
proposed. The following are examples of work fhat.haSﬁbéen,done in

this field. In all cases a low index implies a comfortable ride.

Jacklin and Liddell (1) defined the comfort index by the equation

where "A" is the maximum acceleration and "f" is the frequency of vibra-
tien. -

Janeway (2) found the comfort index to be:

where
a is the amplitude.
f;is the frequency.
X is an expoﬁent varying from 1 to 3.
For high frequency vibrations of 20 te 60 cps, x = 1, the cemfort index

is prepertienal to the maximum velecity. In the 6 to 20 cps range;,




x = 2, the cemfert index 1s propertienal to the maximum acceleratien.
For lew freguency vibrations.of 1l to 6 ¢ps, -x = 3, which means the com-
fort index is propertienal to the maximum time derivative of accelera-
tien.

Sperling (3) calculated a more complicated comfort index. It_ié_

given by the following equation:

c.I, = AT/T

where,

a

acceleratien amplitude.

f

"

frequency.

One can see from these three typical examples that each comfort
index is quite different. For equal.values of acceleration and frequenqy,'
the various cemfort indices may yield widely‘differing index values whiqh
de net offer a reliable indication of the degree of cemfort, énd even
more -important, they do not give a good indication of what -parameters are
important for a comfortable ride.

A criterien that has been mentioned less.frequently cencerning
riding comfert is.tﬁe time derivative of acceleratien, commoenly called
jerk. Den Harteg (4) considered jerk a criterion of comfort and claimed
that steady acceleration is not uncomfortable and for small values canno£
be felt, but that the change in accelenétion produces uncemfortable sen-
sations.

Bogdahoff and Kozin of the Land Lecomotion Laboratory (5) used the
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"variance -of Vertical,métion acceleration" te calculate the roughness of
the ride. . The smoothness of devices such as an automatic transmiésion is
measured: by the amount of jerk thatmresults from the shifting of the
transmission; The elevator companies are concerned with the maximum.
valué.of jerk that reaches the paséengérn They have dene no experimental
work concerning the effect of jerk en human cemfort, but at least two
leading elevator manufacturers are both aware -that a high value of jerk
is uncoemfertable. Both attempt teo keazp the maximum rate of change in
acceleration below 30 feet/second3 and if possible belew 2¢ feet/second3;

A paper, by Richard Fine (6) of the University of Wiscensin,
claimed that the rate of change of vertical acceleratien is a geed indi-
cation of riding comfort. He reached this decisien after measuring the
actual vertical acceleration in several late model automobiles -that -
ranged frem-a compact car te a high-priced luxury autemobile. It was
found that the maximum acceleration felt in the cempact cdr was net
greatly different than the maximum acceleratieon of -the luxufy autemobile,
but the slepe of the acceleratien-time curve, which is jerk, was much..
greater for the cempact car.

Suspensien engineers have not attempted to design suspensien
systems from data furnished by investigators, such as previously men-
tiened, whO-have done work on riding comfort. For the most part, they
have-followea two avenues of appreoach. One has been te use softer
springs and tires to lower the natural frequency of the vehicle. A
limitation exists in tire softness,because,of the energy absorbed in a
seft tire. The spring stiffness of an automobile alse has a lewer limit

because of overturning mevement of the automobile when rounding curves -




and also because of the limited travel available between the wheel énd
the frame. The other avenue of appréach has been in the direction ef
better energy absorbing devices. The first types of damping devices
were of the_ friction type. They were later replaced by the cam or lever
type which effered more flexibility ef contrel. Due mainly-te ecenemic
reasens, the§e cam or lever types wére replaced by the présent direct-
acting typég_

Thus, after the geometry and weight of the car 'are determined, the
springs ‘and tires made as soft as possible, and the frictien in the sus-
pension eliminated, the only other important variable that can.improve

the riding quality is the shock absorber.

Investigation Procedure

The first pertion of the investigation invelved the analytical
investigation of the inertial valve and conventicnal type of sheck ab-
sorbers on the two degree of freedom system. The analytical portien alse
included the derivation of equations that will assist the engineer in
designing the inertial valve sheck abscrber.

The experimental investigation was primarily directed teward veri-
fying the analytical pertion of the werk.: Tests were conducted on the
two degree ef freedem system for various ramp inputs. Tests were also
conducted to determine the force transmitted by a sheck abserber. . To
verify that the amoeunt of damping on the twe degree of freedom system
was equivalent te the actual damping of autemebiles, tests were cen-

ducted that determined the damping on several late model autemebiles.




CHAPTER IT

ANALYTICAL INVESTIGATICN

Mathematical Models

Two Degree of Freedom Model

In analyzing the performance'of a shock absorber, it_is ﬁecessapy
to use a mathematical model that will adequately represent the actual
system, but it is also necessary to use a medel that is simple enough
te allow the dynamics.of the shock absorber to be singled cut and ana-
lyzed. An automobile has seven degrees of fréedom.. This includes the
vertical motien of all four wheels plus the vertical motion of the center.
of gravity and the pitch and roll of the bedy. One could even go further
by”coﬁsidering the elasticity of the frame and the motion of passengers -
on the seats. This type of system is very complex to work with and the
contribution of the shoek absorbers tc the dynamics of the system is net
easily recognized, Also, it is desirable to have a mathematical model
that can be duplicated in the laberatery. For these reasons, the-simpler
two degree of freedom medel of Figure 1 waé used. It can be considered:
as one Wheel and an effective mass of an automobile.

Using the symbol "F," to represent the positive upward force
transmitted by the shock abserber, the'equations of motion fer the mathe-

matical medel can be written as fellows:

dzx :
m = - F+ kix -y) =0 (2.1)
dt :




2

m, g;B—QI--LF + k(y - x) = KX (z-y) | (2.2)
a2 Tt

Equations necessary to. evaluate the force transmitted by the sheck

abserber are developed in the following section.

Theoretical Ferce Equatiens of Shock.Abserbers
The hydraulic sheck .absorber is an irreversible energy abserbing
deviceﬁ It absorbs energy when fluid is forced threugh epenings in.the:
shock absorber pisten. When the fluid is forced threugh the small open- -
ings,- the velocity first increases and then decreases. Some of the -
kinetic. energy that the fluid has when passing through the small openings.
is ndt recovered and is changed into thermazl energy. The remaining .
energy is -absorbed in viscous friction as the fluid passes threugh the
openings.
| Figure 2 shows a simple shbck abserber with the piston meving
threugh an incempressible fluld. -Assuming that the inertial ferces due .
to the mass of the fluid in the openings and te the mass of the pisten
are both small compared to the damping forces, the force needed to move
the piston for a given shock absorber is a function of the velocity only.
As in the. case of the energy absorbed, some of the ferce needed to move
the pisten is due te the viscous friction and the remaining resisting
force can be attributed to the pressure difference required to accelerate
the fluid through the opening. The wviscous friction term is usually
associated with Hagen-Poiseuille type of flow which is assumed to be
fully developed and-laminar through a circular epening and has a para-

belic velocity distribution. The flow through the sheck absorber opening
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Figure 2. Shock Absorber.

never becomes fully develeoped, but the Hagen-Feciseuille equation still
serves as a good approximation. The Reynolds numbér for flow in a
typical shock absorber is much less than 2000, which would indicate
laminar flew. The porticn of the force attributed to the_visdousﬂfrié—

tion can be written as follows:

F = 228 Vbhy o o oy C(2.3)

where,
A = Area of the piston minus the areé of-thé rod((effective area
ef the pisten).
AC = Total area of tﬁe‘opening in_the:shock absorbén pisten. .
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u = Viscosity of the fluid.
L = Length of the opening in the pisten. .
D = Diameter of the cpening.
V = Velecity of the pisten.
c, =32 éﬁ%
D

m o= A

=3

c
The portien ef the resisting ferce that is the result of acceler-
ating the fluid can be found in Bernculli's equatiom. It can be written

as fellews:

3 > .
C;A p V' sign(V) _ e oml vl sign(V) (2.4

5 A2 b
c

Fb =

where,
C = Censtant, the per .cent of the tetal kinetic energy lest by
the fluid when passing threugh the epening.
p = Mass density of the fluid.
. _CAp
¢y = —2

The sum of the two forces given by Equations (2.3)7and {2.4) gives
the total resisting ferce which is ir a direction oppesing the velecity,

F = F_+F, = C mV+eC ,m2 v? sign(V) (2.8)

v b b

Eguatien (2.5) was found to be valid for -the inertial valve sheck
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absecrber that was built and analyzed., For this sheck abserber, the value.
of m (the ratio of the effective area of the piston to the total area of
the openings) is not .a constant, but is dependent upon the opening of the

inertially centrelled valve. The value of m is given by. the equation

(2.86)

=
u

Total area of fixed opening in the pisten.

e
I

Area of the .variable opening in the piston.
The value of Av is alse dependent upeon the opening of the iner-

tially contrelled valve, Av can be expressed as follows:

A = Pr for 0 < v < p (2.7)
v max .

A = Pr for r > r
m

! v max ax

where,
| P = Censtant {(ratic of the variable opening to the distance
the valve has opened).’
r = Opening of valve, see Figure 3.
Py T Point of opening of the valve where;further opening yields

no increase in flow area.
The epening of the valve can be found in, the solutien of the fol-

lowing differential equation:
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Md_;», c-j—?H(r =7Md_g'-fi;+M_g_+ vaQ sign(V)
dt” . at
r>0 (2.8)

where,
M = Mass of the valve.
C = Linear damping caéfficient of the valve.
K = Spring constant of the valve spring.
- £, = Initial spring force en the valve (r'i K).
g = Acceleration of gravity.

f = Constant.

yo- 4y dx
V"dt, dt

In writing Equation (2.8), it was assumed that the dampiﬁg,on the
valve was linear and was estimated teo be 25 per Cent\ef-critical-damping.
It is alse noted that a force propertional to the square of the velocity
is included; however, this force is much smaller than the inertial force.

Figure 3 is a drawing of the inertial valve énd pisten assembly. -
It-éaﬁ be-sgen‘from Equatien (2.8) that the epening of the valve is .de-
pendent upen the acceleration of the lower mass and for large values in
the upward directien, the valve opens and reduces the damping ability of
the sheck. abserber. Thus, accerding te the requirement stated in.Chapter
I, this is the general design of a shock abserber in which the damping
coefficient decréases_when,the—acceleration of the unsprung mass in—

creases.
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System Equatiens and Selutiens

By_combining the equations of motion of the mathematical medel
with the eguations for the operation of the inertial valve shock abserb-
er, a block diagram.(Figure 4) can be constructed that represents the
entire mathematical medel. - The blocks.signify‘mathematical‘operations,
rathep than-tﬁe,usual transfer functiens used for liﬁear medels.

The system of equations was selved ﬁﬁmerically using the]fourth—
order Runge-Kutta methed on a Burreughs B-5500 digital computer. A time
increment of approximately 1/300 of the natural period of the valve was .
used. Using a smaller time'increment was found to only add to the. cem-
puting time without changing the final results.

The value of jerk can be calculated by the follewing equatien:

3
- 4x 1. dm dm.
Jerk = T ° & [k V + Cv(m at v dt)_+ 2 cb mV . (V It (2.9)
dt 1
+m a) sign(V)]
where,
' _ d2y a%x
a = —""2—-"*—5'
dt dg
for 9] ZIr <
max

then,




Flos® + k +K,) + k(K2 - F)

(m252 +k + Kt)(mlla2 +k) - k

2

F = Comd¥ +Cp n% Vo sign(V)

F

F .

(m132 +Kk)(Kgz - F) + keF

(m232 +E+ Kt)(mlsz +k) - X

2

Av .r
P 1
2
1 Mg +Cs + K
r
vy & _ dx
dat dat

Figure 4. Block: Diagram of:Complete Séstem.

1
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m = A
Pr+ A
c
dm _ _ -AP dr
dt (Pr+ A )Q:dt
c
for r>r
max -
then,
dm _
x -
_ A
m =

r + A
Tmax c

The value of jerk can also be calculated by subtracting the previeus
value of acceleration that was calculated by the Runge-Kutta methed from
the present value and dividing this difference by the timg increment.
Both methods were used, but the latter was preferred because of the sav-
ing in computer time.

The mathematical description ef the.system using aiconventienal.
type of.shock abserber can-best‘be_deécribed by writing the equatiens of
motien (2.10, 2.11). In this type of shock abserber, the total opening
in the piston is .a censtant.

QEE-— Cv mV -2C

m
1 dtQ

b m2 V? sign{V) + k(x - y) = 0 (2.10)
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d2y
m2 n—§~+ Cv mV+ C

b m? Vz_sign(V} + kiy - x) = Kt(z -y) (2.11)
dt :

The expression for the jerk is much simpler for the conventienal.
type .of shock absorber and can be obtained by differentiating Equation

{(2.10}. The expression is written as follows:

Jerk = dx-_ jl-[k V+C ma+2¢C
m v

3
g” m ¥ a sign(v)] (2.12)
dt 1

b

Step Input. Figures 5 and 6 show curves of'displacement, velocity,

acceleratien, and jerk that are the result of aunit step input, for three

types of sheck absorbers. Shock absorber number 1 has an inertially cen-

trolled valve. Number 2 is. a conventienal type with the same damping in
each directien. Shock absorber number 3 is of the conventional type with

a reduction in damping of one half in the compressien direction. In

erder te compare the shock abserbers, all three were designed te allew a

50 per cent overshoot. The parameteps that were used in' the cemputer -
solution are shewn below.
The values of the spring constants (k and‘Kt) and. the values ef

the masses {(m. and mQ) were given by Reference (7) to be the-averager

1

values of a medium size American automobile.

ml = 3.0 lb—sec2/in m2 = 0.3 lb-secQ/in'
k =100 1b/in Kt = 1200 1lb/in
A =1.0 in c, = 0.1 lb-sec/in
_ 2.2 o .2
Cb =.0.0001 lb-sec”/in” AC = .0.0183 in" (number 1 only)
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AC =.0.008 in2 (number 2 only) Ac = 0.01u in2 (number- 3 only)
A = 0.0458 in2 Mg=*f,
\ i
may
2. 2 . 2,.
fv = 0.00001 lb-sec”/in M = 0.000237 lb-sec”/in.
K =.1.0 1b/in ' C = 0.077 lb-sec/in

Sinuseidal Input. Using the samé parameters, a sinuseidal input

of unity amplitude, (z = sin w t) was used as a foréing-function. When
the system reached steady state after approximately five cycles, the
maximum values of displacement, accelerétion, jerk, and the energy ab-
sorbed by the shock absorber during the last cycle were recorded. The
results for the different forcing frequencies for shock absorbers 1 and
3 are shown in Figures 7 and 8. It should be noted that the difference-
between the twe shock absorbers is very small for low values of the
forcing frequency, but at the higher frequencies, the valve opens and a
reduction of jerk and acceleration occurs. It sheuld alse be neoted that
even though the inertial valve shock absorber allowed lewer .values of
acceleration and jerk, it absorbed more energy than the conveﬁtional
shock . abserber. This wquld indicate that the inertial type shock ab-

sorber provided more stability and centrol for the automobile.

Inertial Valve Shock Absorber Design Equations

Introduction

Sinée many parameters affect the chabacteristics of the inertial -
valve shock abserber, it is obvieus. that certain cembinatiens of these
parameters will give better performance than others. It is desirable to
find an expression relating the best parameters of the shock abserber to

the parameters of the system in which the shock absorber is used. In
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other words, if-such items as the weight of the automobile, the spring
and - tire stiffness,.aﬁd the ameunt of damping desired -are given, an ex-
pressien 1s-needed to.determiné the values of the néﬁural frequency ef
the valve, the amount of_fixed-opening, and the .maximum ameunf of the
varigble opening.

The preblem of :finding the "best" .parameter values is essentially
ene af finding several ceefficients of derivative terms .and the constants
in a system of nenlinear differential equations that .will give the best
perfermance. The best sheck absorber is defined as ene in which, for a
given eversheoet frem a step input, the jerk is a minimum. But it is alse
a requirement that the damping force -in the compression direction be
great -enough teo add stability fo the vehicle., For example, if there
were ne damping ferce in the compressieon direction, the jerk and the
evershoét due to a step input would be sméll; but the shock abserber .
would add'little_té the stability eof .the vehicle. It is for the above
reasens that ne direct mathematical method could be found to,previde.‘

exact expressicns fer the best parameters of the shock abserber.

Area.of Fixed Opening

The first parameter that will ke considered is the area of the
fixed opening in the shock abserber pistoen. Itvcaﬁ be: related to the
parameters of an equivalent conventional shock abserber by:Equation,
(2.13). This equafion is derived by eqqafing thé.énergy ébsorbed by the
cenventienal shock abserber to the energy absorbed By the-inertiallvélve
shock absorber; when the shock abserbers are subject to a sinuseidal
inputa‘ Sincerthe greatest ameunt of damping is needed when the system

is excited at the natural frequency of the automobile spring-mass. system,
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this frequency is used in calculating the area of the fixed bpening in.

follows:

where,

ci

e

be

m
C

~the pisten of the inertial valve sheck. abserber. The equatien is as

(16/3) C.. A, w, d.
-~ bl x L (2.13)

ci

2 2 '
J/ﬂ Cvi_+ (32/3) @ Cbi @wl - Cvi i

Desired area of fixed opening in inertial valve shock
absorber pisten.

Effective area of piston of inertial valve shock absorber.
Cv for inertial valve shock absorber.

Cb for inertial valve shock absorber.

Amplitude of sinuseidal input.

Natural frequency of automobile body, vk/m

1
R+ 1 2
[ 5 ][Cvc mc T+ (8/3) Cbc m d wl:,

CV for conventicnal shock absorber.

Cb for cenventional shock.absorber.

Ratie .of the damping in the compressien directien te the
damping in the rebound direction of the cenventienal
shock . absérber.

‘m fer conventienal shock absorber.

Area of Variable Opening

The second parameter that is considered is the desired maximum
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area of the variable opening in the pisten of the inertial valve shock
absorber. Many curves, such as Figure 9, were drawn which show the_fatio

of the maximum-opening area of the valve to the aréa of the fixed open-

ing, plotted against the maximum jerk that eccurs for.a unit step input. .

For the curve shown, the sheck absarbér.allowed.an-overshoot of 50 per
cent (% ;'1/2 per cent). The curve shows that the value of jerk is not
subsfantially reduced after the ratio of the areas reaches approximately
2.5. The ratio of 2.5 also gave good results for sinuseidal and ramp
inputs of various‘frequencies and amplitudes.‘ For these reasens, the
ratioc of the maximum area of the varigble opening to the fixred area was -
chosen to be 2.5.

Natural Frequency of Valve

The parameter that is the most difficult to obtain is the desired
natural frequency ef the valve, which is an indication of the speed of
opening. Thekspeed.of opening of the valve is very important to the .re-
duction -of .jerk, but has very little te do with the amount of damping.

A step input to the lower spring is the most abrupt form eof input and
will give the value the greatest velocity. For this reason, a step iﬁput
is used te -judge the performance of the shock abserbers.

A cémparison of the.jerk-time curves for a unit'step-input for
three different valve natural frequencies can be made by examining Figure
10, If the natural frequency -is toe high (120 rad/sec), the valve will
open- teo fast and cause a high second peak ef -jerk. When‘thehnaturai
frequency is too low (20 rad/sec), the action of the valve is too‘slow
and a high first peak of jerk occurs. An intermediate value (60 .rad/

sec) will ‘give .the best results.
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The value of the desired natural frequency could depend upen many .

parameters. Among these are the weight of the vehicle, the stiffness of

the tires and springs, the weight of the_unspruﬁg mass, and the ameunt

of damping desired. Since no direct mathematical methed could be found

to_relate—these'parameters to the desired natural frequency, an indirect.

methed -was used,whithconsists of numerically éolving the system for
many combinations of parameters and many values of natural frequencies
and then cheesing the:bestrvalue.of‘fhe_natural frequency for each set
ef parameters. An’expression was ;hen derived teo relate the best value .
ef -the natural frequency to thé.chosen parameters. It was found that
the;computihg time needed to solve the mathematical medel with enough
combinatiens of parametérs and enough values of natural frequencies to
give meaningful results was prohibitive.

To reduce the computing time, a closed form solutien (see
Appendix C) was derived that is accurate for approximately 0.035 seconds
after system activatioen.- in this time interval, it is possible to pre-
dict the performance of the shock absorber. If the value of.jerk_dees:
not become negative after the first peak and stay negative for approxi-
mately one ha;f the time width ef the first peak, then the natural fre-
quency .is too high and a large secend peak of jerk can be expected. The
natural frequency sheould be reduced ﬁntil this condition is met.

A totél of 669 different combinétions of parameters were igvesti—
gated.. For each cembinatien, nine values of natural frequencies were
considered and a best value was chosen fof each cembination._ These

best. values of natural frequencies were related to the parameters of the

system by :various pelynomials, some up to 28 terms. A program using the
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least~squares method was used on the Burroughs B-5500 cemputer to find
the ceefficients of the terms cf the nﬁmerous pelynemials that were.

tried. The parameters were m k, K

£ A, Ad Cc, and Cv’ and -of .

ls'mza

these, only m,s Kt, A, and Aé were primarily effective in detérmining

the value of the natural frequency. The pelynomial that best fits the

data is shewn by the fellowing equation:

w = 163.9 - 199.6 /A/AC + A/A [381.76 - 0.08513 A/Ac] *u, [3.89
+ 3.897 /A/AC - 0.862 A/A_ + 0.002685 (A/AC)2] + mg [-0.1475 -
-5 2 4 -5
+ 0.005566 A/A_ - 2.181 x 10 ~ (A/A )71 + w, [1.335 x 10
- 3.336 x 1078 \/A/AC 4 L.uu2 x 1077 A/AC] (2.14)
where,
w, = Natural Frequency of Valve, vK/M
w, = vKt/m2

The range of the parameters that can be used in Equatioen . (2.14)

is shewn below.

0.005 >.A_ > 0.09 (in?)

0.375 > A > 1.6 (in%)

600 > K, > 1850 (1b/in)

0.2 >m. > 0.55 (lb-secQ/in)
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Accuracy of better than 5 .per cent can.be expected. for any combi-
nation of the variables in the range shqﬁn above. lPeor certain cembina-
tions:of the parameters, the value of the calculated natural freéuency
may -be slightly less than 20 rad/sec. This is an inaccuracy in the poly-
nemial, and’ the natural frequency used should be 20 rad/sec.

Initial Compressien of the Valveé Spring

The. last parameter .needed is .the initial cempression of the valve
spring of the inertial valve shock.abserber. The:value of the initial
compression of the valve spring determines at which peint the valve be-
gins to epen. Since the valve is opened by the acceleratien of the un-
sprung mass, the initial compression of the valve spring can be written.
in terms of the -acceleration of the unsprung mass. This .acceleration,
which is the amount of steady acceleration needéd to completely open the
valve, can be written in terms of the tire stiffness, the value of the
-unsprung mass, and the height of step input to the tire. The equation.

is as fellows: .

A = — (2.15)

where,
A2 = Initial acceleration of UNSprung mass, alse the steady
| acceleration needed to completely open . the: valve.
Sy = Height of step input.

By considering the steady state solutieon te Equatien (2.8), the

maximum deflection of the valve spring from its free -length.can be
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expressed by the feolloewing equation.

(2.16)

The value of the step input.that will previde the unsprung mass .
with a steady acceleratioﬁ great -enough te .cempletely-open the‘valve,
is. entirely dependent upon the designer and the applicatien. If the
sheck abserber is to be used on a vehicle in which a seft ride is very
impertant, such as a luxury car, then the wvalue of the step needed to
open the valve should be small, approximately one inch. If the shock
absorber is used-on a vehicle such as a truck, the value of the step
needed to open.the valve would be much larger than for the luxury car.
It should be understood that the value of the step used in the calcula-
tions is only-used to calculate the ameunt of steady acceleratien needed.
to completely open the wvalve. In actual aperatipn?the valve ‘is only
opened approximately 75 to B85 per cent of the maximum by the step input.
The réasen is that the acceleration eof -the unsprung méss is net.censtant,
but -decreases during the.opening_of the valve.

The initial compression of the valve spring is given as fellows: -

r. = r -r (2.17)

where,

r., = Initial cempression of valve spring.
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P oax T Maximum opening of the valve that is physically
feasible.

In erder that the valve be clesed in the rest pesition, expression

{2.18) must hold:

=
o9

£
3 X - (2.18)
W
n

It would be desirable if .the initial compression of the valve
spring would be just great enough to balance the weight of the valve.
This would allow the valve to open as soon as.the wheel begins to.

accelerate upward, which would give the best performance, but the maximum

distance the valve would have to move to open completely weould usually be .

too great for the physical dimensicns of the sheck absorber. Therefore,
to approach this cenditien the designer has to allew the valve a movement
as large as physically pessible.

For the type of inertial wvalve such as shown in Figure 3, in which
the valve can open to a peint where further movement will not-increase
fhe-flow area, a stop should be placed on the wvalve te -limit its travel .

to the minimum.required ameunt.

Design Precedure Summary

In summary, to calculate the parameters of the inertial valve

shock absorber, it is first necessary to use Equatien (2.13) to calculate

the area of the fixed opening in the shock_absorber_ﬁisten. The maximum

value ef the variable opening in the piston sheuld be two and one half
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times . the area of the fixed opening. Then Equatien (2.1l4) is used to
calculate the natural frequency of the valve. A decision must then be.
made on hew large a step. is needed to open the valve. This value
depends entirely upon the application of the shock absorber and :-should -
be used in Equatien (2.15) to calculate the value ef AQ. The final
pertion of the design is te determine the maximum amount the valve can
physically open and use this value in Equatiom (2.17) to calculate the

initial compression of the spring.
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CHAPTER III
EXPERIMENTAL  INVESTIGATION

General .Procedure,

The first portion of the experimental investigatien was te
verify the Equatlien (2.5%) of the force transmitted by a conveéntional
type :of shock. absorber. The sheck absorber was mounted-in a holding-
device and driven by the head of a Gould & Eberhardt shaper. The
force transmitted by the shock.absorber was measured by using strain
gages'and.recqrded on a. Sanborn two-channel brush recorder.

The mathematical medel of the twe degree of freedom system was .
duplicated in the laboratory and the valu.es of the pafameter's used in
this laberatory.model were approximately 1/20 of the values foﬁn&~anga
medium size car. The system was excited by a hydraulic pisten which

gave an approximate ramp input. The displacement, acceleration, and

jerk of the top mass and also the displacement of -the input of the

hydraulic pisten were measured directly. Identical tests were cenducted .
using the inertial valve and conventional type of shock absorbers for
different combinations. of twoe different fixed openings in the shock,
absorber pisten and five different fluids in the shock absorbers. Im
tﬁis mqﬁner_a fair comparison could be made between the perfermance.of

the twe types of shock absorbers under various conditions.
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Laboratery Medels

Inertial Valve Sheock Abserber

‘Constructien :Details.  The design of the inertial valve sheck.
absorber ‘that was built and tested can‘best;be‘described.by-refgrenqe te .
Figures 3 .and 11. The pisten, valve, and ends were machined frem brass:
stqcﬁ, and the cylinder was cut frem a seamless thick-wall steel.tﬁbe[

A circular piece of lead was fastened teo the valve te.add the needed .
mass, A Thompson linear metion ball bearing was used to reduce the
frictien befween the valve and the piston rod to a minimum. The actual
measured force needed to overcome the static frictien between the valve -
and the pisten red was enly 0.0095 pounds.

The diameter of the piston was 1.500 inches and the piston rod
diameter was 0.250 inches. This gave an effective area of 1.72 in°.

The diametrical clearance between thé piston and cylinder was 0.004
inches. Twenty~four holes, 0.071 inches in diameter, provided the fixed

opening in the shock absorber piston for one set of runs. The number of

holes was reduced to 18 for a second set of runs. The ratie of the

length of each hole to its diameter (L/D) was approximately seven. The

maximum arealef_the opening of the inertial valve was 0.196 inQ. This -
made  the ratio of the maximum. area-of opening of the inertial valve to
the area of ‘the fixed opéning‘approximately 2.1 for .the first set of
runs and 2.8 for the second set.

By allowing generous clearances at all places where frictien was
possible, the Coulomb friction was keot te a value below 1 1/2 pounds,
depending slightly upon the oil that was used.

The shock absorber was converted to a conventional type by fixing
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the inertially contrelled valve.

Force Velocity Equation. To determine the force transmitted by
a shock absor'ber3 it was necessary to meunt the sheck absorber in a
holding device such as shown in Figure 12. The circular shock absorber
was constrained by the device to move in a straight line in the hérii
zental directien. A rectangular piece of steel 0.26 inches wide and 0.06
inches thick, which had a strain gage mounted on each side, was fastened.
between the shock absorber and the énd mount. The usual type of-fourf
leg bridge composed of two active and two temperature compensating strain
gages was connected to a”Sanborﬁ horizontal two-channel brush recerder.
The force measurement apparatus was calibrated by tilting the device to
a vertical position and hanging welights of known amounts on the shock

abseorkber and recording the strain.

- % Shapérﬁéﬂ , Shock Abdorber
[ 8/ @5

Roller

L @ @ ‘ End Mount
chaper V1o —_ — Al |
Strein Gages

Z

Leads, Connected
to Sanmborn Recorder

Figure 12. - Holding Device.
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Exact expressions were derived to relate the displacement and .
velecity of -the shaper head to the pesition and speed of the retating
driving gear. It was assumed.that‘the.gear.had constant angular
velocity.

Sinclair Opaline motor oil of weights SAE 10w, SAE 20 and 20W,
SAE 30, and SAE 40 were used in the test. Viscosity-temperature charts
that were furnished by the Sinclair Refining Coempany were used teo -deter-
mine the viscosity of the eil. Five different shaper speeds.were used .
for each type ef cil in which the maximum value of the speeds ranged
from 19.857in/sep te.42.1 in/sec. The shaper was allewed to run at a
constant speed until the. temperature of the oil and the maximum force .
transmitted reached steady state. This usually took abeut 15 minutes
depending upoen the speed of the shaper and the viscesity of the oil
used. The strain was then recorded and-another run was made using a
differenf speed or 'different oil. A two-inch stroke was used for all
of the tests.

The maximum force transmitted by the shock. absorber cccurred at-
the peint of the maximum velecity of. the shaper head. This maximum force -
was recorded, along with the maximum velocity of the shaper head. From
the five .shaper speeds, five curves, such.as Figure 13, were drawn,
which are plots of the maximum force transmitted versus the maximum-
velocity ef .the shaper head. The theoeretical slope can be -obtained-
from Equation (2.3) as 32 A2 L V/D2 Ac' The raties ef the slopes.of the
experimental curves to the thecretical slopes ranged frem 0.89 te 0.95 -
with an average value of 0.92. This would indicate that the actual force-

transmitted due to viscous frictien, which is propertienal to the first
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power of the velocity and viscosity, is slightly less than the calculated
force. By projecting the force-viscosity curve to the point where the
viséosity-is'zero; the value of the force due to the Bernoulll effect

can be read. The theoretical value of the Bermoulli force is taken from
Equation {(2.4) as C A3 o V2/2 Ai . The ratios of the actual Bernoulli
forces to the calculafed Bernoulli forces ranged for the. five velocities
frem 0.74 to 0.85 with an avérége value of 0.79. This is for 'C" being
unity. By using the average values of the ratios, the experimental:

expression can be written as follows:

F o= 092C mV + 0.79C m> V2 sign(V) (3.1)
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The same expression helds for the inertial valve shock absorber
as leng as the acceleration of the piston remains belew a value that:
deoes net appreciably-open the inertially coentrelled valve. The -value
of this thréesheld acceleratien is equal to the initial cempressien of-
the valve spring times the square of the natural freguency of the valve
(ri.wi)}

Figure 14 shows a plet of Equation (3.1) and the peints of the
actual experimental data.

Two Degree of Freedem Model

Construction Details. The mathematical medel of the twe degree

of freedom system was duplicated in the laboratery as shoewn.by the
schematic drawing of Figure 15. The mechanism for controelling the motien
of the masses is in reality a four-bar lihkage. The long pieces of chan-
nel iron served as the twe sides of the linkage and the shock absorber
rod served .as the variable length third side. Extra stiffening members
had to be fastened to the top beam to prevent rotation of the tep mass
with the flexing of the beams. . The motion of the masses is net straight
line as assumed in the mathematical investigation, but the deviatien is
not encugh to cause any difficulty.

The‘valugs of the top and lower masses are 0.1505 lb—secQ/in and-
0.044 lb—sec2/in,'reapectively; This includes the equivalent mass of
the beams. The lower spring had a measured spring censtant ef 70 1lb/in,
while the upper spring had a constant of ‘15.5 1b/in.

A five-horsepower Denison hydraulic power package eperating at
1150 psig supplied fluid te a 1.687-inch hydraulic cylinder which was

connected to the lower spring and served as the excitatien to the system.
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A normally closed seélencid valve contrelled the flew of fluid which
raised the pisten and a combination of three manual valves.served to

lewer the pisten -of .the hydraulic cylinder.

Instrumentation{ An instrument that was designed and built in
the laboratery was used to measure the jerk of the tep mass. Beqause.of
the mechanical neise. of the.system:(vibpations of very high fregquencies],
a low-pass'filter was needed,te'attenuate the signal frem the:instrument
which was due to the mechanical neise. Twe different filters were used
for this purpese. The first filter had an attenuatien facter of apprexi-
mately ten for high frequency vibratiens. Using this filter and a beam
sweep of 20 cm/sec on the Tektronix Type 564 Storage Oscillescepe, a
fairly smooth curve could be recorded on the oscillescope. Singe this
filter attenuafed‘therfirst-peak'of jerk teeo much, a second filter having
less high frequency attenuatien was used te reéord-mere accurately the

" first peak .of jerk at a beam sweep speed of 100 cm/sec. The oscillescepe

trace obtained when using this filter was not nearly as smooth as the one:

obtained when using the first filter because of the high frequency vi-
bration superimpesed en the true jerk signal (see Figures 35 and 36 in
Appendix E). A calibratien curve and a detailed descriptien for the in-
strument can be found in Appendix A.

A Statham +uYg to 22g strain gage type ef acceleremeter was used
te measure the acceleratien of the upper mass. A'Sanborn brush recerder
provided the constant veoltage needed for the accelerometer and alse
recorded the acceleration signal-at a recording speed of 10 ém/sec. The
acéeleremeter was calibrated Ly meunting it on thertep mass of the‘tmo

degree of freedem medel, removing the- shock abserber, restraining the
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lower mass from moving, and allowing the top mass to vibrate freely.
In effect, the two degree of freedem system was reduced te a systém,of
one degree of freedom, A5sumﬂgthhe_motion of -the teop mass sinusoidal,
the:acééleration and ‘jerk can be calculated by knewing the frequency
and amplitude of vibration. The jerk measﬁring instrumentrwas_chécked
in this manner,'and the results of this test match very clesely to the
data taken frem the more complefe slider-crank calibratien. The cali-
bration using the slider-crank mechanism is described in Appendix A.

A linear potentiometer was used a sensing device for the dis-
'placements of the top mass and of the hydraulic piston. A Sanborn re- .
corder provided the required c onstant voltage and also recorded the
signal'from the potentiometer.

A normally open electrical relay was connected in parallel with
the solenoid valve. The closing and opening of the relay activafed a
Hewlett Packhard electronic counter and also triggered the sweep of
the oscilliscope beam. In this manner, the time that current flewed to
the solenoid valve could be measured to the nearest millisecond. This
gave a good indication of the time during which the soleneid valve al-

lowed. flow to the hydraulic culinder.

Laboratory Tests en Twe Degree of Preedem Model

Twenty tests were conducted using the two degree of freedom model.
The excitation for all of these tests was.an approximate ramp input. from
a hydraulic piston (see Figure 34 in Appendix.E). The heights of the in-
puts ranged from 0.56 inches to 1.21 inches with the velocity being ap-

preximately 15.4 in/sec and independent of the height of the ramp. Sin-
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clair Opaline motor oil of weights SAE 10w, SAE 20 and 20w, SAE 30, SAE
40, and Texaco Aircraft Hydraulic 0il AA (petroleum base, viscosity
similar to SAE -5w oil) were used in the shock.absorbers. Twenty-four
heles of 0.071 inches in diamefer provided a fixed opening of -0.095 in2'
in the sheck absorber piston for one set of runs. The number of holes.
was reduced to 18, which gave a fixed copening area of 00,0713 in2, for

a second set of -runs,

Identical tests were conducted with the. inertial valve first in-
operative and then sperative. - In this manner, a fair comparison could
be made between the performances of the two types of damping devices,
For each test, two identical runs were made. In the first run, the
filter having the greater high frequéncy-attenuatién factor was -used.
For the secend run, that filter was replaced by one which allowed the
first peak of jerk to be recorded more accurately.

In many cases the experimental investigation showed that the
maximum absolute value of jerk was in negative directionr This might .
indicate that it would be desirable to have a second inertially con-
trolled valve that would be opened by the negative (downward) accelera-
tion of the wheel te reduce the large negative value of jerk. In actual.
operatien on an automobile, the input of a tire striking a square bump
would be much more severe than provided by the hydraulic piston in the
laboratory. For-an-éverage size tire striking'a-one—inchthigh square
corner-at 20 .miles per heur, the duration of the input to the tire would
be 0.015 seconds compared to 0.065 seconds.in the laboratory. The more

severe input of the tire striking the square corner would greatly in-

crease the first positive peak of jerk but would net significantly
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inérease the negative peak of jerk. This would make the positive peék
of jerk much larger than the absolute value of the negative pezk and
would indicate that the greatest reduction of jerk .is possible in the
positive direction and a second valve would be unnecessary.

The complete tabulated results of the tests made with the two
degree of freedom mathematical model are shown in Tables 1 and 2. Table
3 gives the values.of the viscosities of the oils that were uséd in the

tests.

Test Data Compared to Computer Solution

Figures 16-18 are the plotted results of the éxperimental daté
taken frem a.run that was excited by a one-inch ramp input and using &
conventional - shock absorber having 18 holes with SAE 10w oil. Also shown
on the same figures aré'the digital computer solutions of the same sys-
tem, Figures 19-21 are the similar results using the inertial wvalve
shock absorber.

The experimental data shows that it takes a slightly longér,time
to reach the peaks of acceleration and jerk compared to the computer
solution. The difference in time is due partly te the dynamic response
of the accelercmeter and jerk measuring device and also to the inexact
representation of-the shock absorber in the computer solution. Also, the
secondary effects, such as damping due to wind resistance, friction in
the pivets, and the secondary vibration of the beams were not included
in the computer solutien. A measured value of Coulomb friction equal to
one pound was used in the computer sclution. An error in the measurement

of Coulemb. friction and its representation in the computer solution




Table 1.

Experimental Data for Ramp Input, 24 -Holes:

Height of Maximum Minimum. Maximum Minimum
Ramp Type of Per Cent Acceleration Acceleration Jerk Jerk
(Inches) Shock Type 0il Oversheot (in/sec?) (in/sec?) (in/sec?®) (in/sec?)
0.6 Conventional 10w 71 131 =74 3160 -2680
0.69 Inertial 10w 63 116 -78 2050 -2500
1.21 Conventional 10w 80 163 -100 3170 -3410
1.21 Inertial } 10w 72 156 -106 2320 -3050
.95 Conventional . 20w 43 159 -123 3720 -3310
0.65 Inertial 20w 40 ' 111 -97 2880 -2750
1.0 Conventional 30w 53 197 -165 4nQo -3900
1.0 Inertial 30w 36 C1485 -138 3450 -3950
1.21 Conventiconal 0w 53 181 -179 4300 -4800
1.21 Inertial 30w 31 a4 -139 3450 . -3880
0.58 Conventional 40w 51 205 -133 4350 -3220
0.56 Inertial Low 31 132 -115 3720 -3050
0.99 Cenventienal 4Ow 56 205 -190 4200 -4400
1.03 Inertial 40w 30 162 =172 2850 -4200
1.4y Conventional 4ow 59 . 209 -208 4390 -6420
1.43 Inertial 40w =174 3350 - -5500

30 156
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Table 2.

Experimen

tal Data for Ramp Input, 18 Holes

'Height of

Maximum. Minimum Maximum . Minimum

Ramp Type of Per Cent Acceleration Acceleration JerkS, Jerk
(Inches) Shock Type 011 Overshoot (in/sec?) (in/secz) {(in/sec™) (in/secs)
1.15 Conventional Hydraulic 50 157 -106 3160 -3410
1.07 Inertial Hydrailic L2 143 -99 1860 -3320
1.0 . Conventipnal - 10w 53 173 =122 3350 -3600
1.¢ Inertial 10w 27 148 -9l 2300 -3580

Table 3. Viscosity of Shock Absorber 0il

Viscosity Hydraulic Fluid SAE 10w SAE 20 & 20w SAE 30 SAE 40
Saybolt Universal Seconds
at 80 degrees Fahrenheit . 285 ‘ 610 920 1580
Absolute Viscosity, Reyns, 6 6 6. -6 6
1b-sec/in? 2,23 x 10 7.9% x 10 26.6 x 10 44,1 x 10"

16.9 % 10

Bt
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could affect the computer results.

The purpose of the experimental work with the two degree of free-
dom medel was net te test the designlef a papticular"type,ef'shock
absoerber, but te_verify-the-computer selution for the system. It would:
be:very ‘difficult to make the imput in the laboratory:as-seyere.or'és:
varied-as weuld be experienced by an actual automebile. It was.then
necessary to verify the computer solutions by—experimental data se that
mere confidence can be placed in computer solutiens to systems that aré

not.experimentally investigated.

Step Displacement Tests .

Tests were conducted on several late model automobiles that cen-
sisted of releasing one-end of an automobile displaced from its equilib-
rium positien and recording the magnitude of the first overshoot in.beth
the-rebound'and compression directions. The same type .of test was con-
ducted on the two degree of freedem model. The top mass was released
from a displaced position and the amcunt of oversheoot was observed.

The purpese:of these tests was to compare thé_damping,of‘an_
actual autemobile .with the damping pfovided by a shock abserber used on
the two degree of -freedom laboratory medel and in the cemputer .selution.
In this way, a prediction can be made on the .amount of~jerk,that;can be
reduced by using the inertial valve shock absorber.

The: ameunt - of “the oversheot of the six_automobilés that were
tested ranged_from 8 to 20 per cent in the. rebound directien and from 13
%o 40 per cent in the cempression direction with the average of 12 per:

cent in the reboéund di?ection and 25 per cent in the compressien direc-"o-
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tien. The tabulated results for the step displacement en the two degree.

of freedem model are shewn in Table 4.

Table 4. - Experimental Data for Step Displacement

Displacements Per Cent Number of -
(Inches) Overshoet . .Type 0il.- Fixed Héles
0.86 40 Hydraulic Fluid 18
1.55 43 Hydraulic Fluid ° 18
0.86 15 10w 18
1.81 15 10w 18
1.0 . 43 10w 24
1.98 50 10w 24
0.69 25 20w 24
1.98 27 20w 24
1.50 - 6 30w 24
1.88 : 7 30w 24
1.50 0 40w 24

A comparison between the average oversheoot of the autemebiles and:
of the laboratery model shewed that the' damping on. an average automobile;
is approximately equivalent te the damping provided by the sheck aﬁserber
having 18 heles and using SAE 10w weight eil. For a ramp input in the .
laboratory a 29 per cent reducti§n of jerk and:a 19 perrcent'redﬁctien
of acceleration was obtained by using the inertial wvalve sﬁock absoﬁber,
in comparisen.to the equivalent conventional double-acting type. For a
unit step input, the computer seolutien shewed approximately a 360 per .

cent reductien in jerk and a 250 per cent reductien in acceleratien.
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CHAPTER 1V
CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

Conclﬁ§iggi

The computer solution for the derived automobile suspension
system model incorporating an inertial valve shock absorber showed that
a significant reduction of jerk and acceleration can be obtained by
using this type of shock absorber. This was shown to be true for both
a step input and for sinusoidal inputs of frequencies greater than
approximately 18 rad/sec. This frequency is fairly low. It corresponds
to an automobile traveling at 30 miles per hour over a washboard type of
road which has a peak only once every 15.u4 feet.

sA.conﬁentional type of shock absorber having a reduced damping
rate in the compression direction and a high pressure blow-off valve was
simulated on the digital computer with the two degree of freedom system.
A sizeable reduction of jerk can be obtained when using this sheck ab-
sorber in comparison to-the double-acting type (see Figures 35 and 36},
but the reduction of the damping force in the compression direction that
is needed to allow a reduction of Jjerk comparable to that offered by the
inertial valve type, is such that the shock absorber provides very little
stability and control to the car. It offers little low velocity damping
in the compression.direction which is needed to keep an automobile level
when rounding curves, stopping or starting. The.ineftial tyﬁe.provides

essentially the same amount of damping in each direction and is similar
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in that respect to the conventional déuble—acting type.
As mentiened abeve, the conventional type of shoeck absorber usually
has a high pressure blew-off valve. Such valves reduce the damping of

sheck abserbers when the transmitted ferce reaches a.predetermined value.

They reduce the harshness due te high wheel velocities but.will not affect:

the first peak oijerk.thaf‘results-when‘the wheel strikes a sharp bump.
-The analytical investigation showed that this type of valve .could be used
in conjunction with the inertially centrolled valve to provide better ride
characteristics under all conditiens.

The primary purpese of the experimental investigatien was to vér'ify
the computer selution for the inertial valve type of -sheck abserber. The
reasonably close correlation of the'experimental”results to the computer-
solﬁti@n for both the.conventional deuble-acting type and the inertial
valvewtype gave good reascn to have confidence in computer selutions te
systems that were not experimentally investigated. Since it is much
easier to simulate a-system on a computer than to actually build the sys-
tem in the laboratory, many more systems were investigated analytically
fhan experimehtally,

The investigation of the step displacement showed that the .ameunt
of damping on actual automobiles is equivalent to that used in the labe-
ratery.and simulated:en the coemputer. This.gave moere reasen te believe
that the reduction of jerk, feund in the laberatory.and frem selutiens.
to systems simulated on the digital computer; could be duplicated on ah;

actual automobile.
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Suggestions fer Further.Research

One ef the moest impertant, but unanswered questiens related to
the.investigation wasﬁthe guantitative effect of jerk en riding éomfort.
The -experimental werk described in Appendix B only attempted to show
that -with everything else equal, a ride with a largeruamount,of jerk was
more uncquort;ble"than-a ride with a smaller amount of jerk. No attempt
was:made:te make -2 quantitative investigation to~determine hew much jerk-
made -a ride uncemfertable. There is vreason te believe that the direcfion
of Jerk as Qell as the magnitude 1s impertant te riding cemfert. Many of:
the people participating in the riding comfort investigation cemmented
{(without knewing the type.of rides they were subjected to) that the.ride
with the large amount of jerk had a "bump" or "jerk" at-the hottem of the
vertical motien. Even though there was the same amount of jerk at the-
top of the metion, no one mentioned that they felt any discomfort at the
top of "the streoke, Elevatoer companies feel that z higher vélue of jerk
in the upward direction is not as uncomfortable as the same amount.in the
" negative direction: They believe that Jjerk in the downward.direction;
gives the,uncomfoft;ble feeling of falling. For these -above reésons; it
would seem that the results of a complete and theorough investigation to
detepmine the exact effect that Jjerk-has on riding comfort'wopid-be very
helpful .in designing better ride centrol devices.. .

| An automebile should ke instrumented with accelerometers and jerk
measuring devices and equipped‘with inertial walve sheck abserbers and
carefully driven over a test surface. This type of research is similar -
te_thatgﬁhich,was,doﬁe by Fine (6). A real comparisen could then be made .

between the ride with the conventienszl and .the imertial type shock ab-




sorbers. By equipping an autemobile with the inertial valve shpck ab-
sorber a check could be made upon the validity and accuracy of the

design equations given in Chapter III,
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APPENDIX A
JERK MEASURING DEVICE

General Description

The instrument that was used to measure jefk_consisted of a:mass‘
connected to a frame by a spring and~damper-és shewn by the schematic
drawing_inzFigurg 22. The relative velecity between the mass and the
frame will be shown to be a measure of jerk. Certain types of acceler-
ometers use the same general components but measure the displacement of
the mass relative to the frame as an indication of_accelération.

A piectorial drawing of the instrument that was built and tested
is shown in Figure 23. The cantilever beam ‘is 0.210 inches thick and
0.80 inches wide, and the distance from the center of the magnet to the
support is 6.25 inches. The Rayleigh method was used to include the
weight of the beam in calculating its natural frequency of 643 rad/sec.
The beam was machined from cast iron because of the inherent damping
property of cast iron. Even by using the cast iren beam, the amountgqf
damping of the beam was very small, approximately 4 per cent of critical
damping. A better design would certainly include more damping in the
system, at least 20 per cent of critical.

An Alnlco U-shape permanent magnet was fastened -to the end of the
beam. A coll of appreximately 400 turns was situated on the base in such
a way .that the magnet could pass threugh it. . The voltage generated by
the coil is proportional -to the velecity of the magﬁet relative to the

coil and is alsoc proportional to the jerk of the frame.
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Mathematical Theory

For the linear system shown in Figure 24, the equation of motion .
can be written as follows:
d % dx

m——+ b

> E%i + kx = f sin(uwt) (a.1)

Since the system is linear, the expression giving the steady state

response can be written as follews:

b
n
el

sin(wt + ¢) (A.2)

where,
f sin (wt) = Force -acting on the mass.
q = The ratio of the actual displacement to the
static displacement.. BT
¢ = The phase angle between the input and the.output.

By examining a Bode plot of a second order spring-mass system, it
can be seen that for forcing frequencies less than 1/10 of the natural
frequency of the system there is a very small phase lag between the input
and output, and alse that the ratio of actual displacement te static
displacement (g) is approximately‘one.' This means that the expression

for the motion of the mass can be written as follows:

X = E-sin(mt) (A.3)
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The equation of motion for the jerk measuring device shewn .in

Figure 22 is similar to Equatien (A.l) and can be written as follows:

d2x : 2
m,. — + b + k., x = w X m, sin(wt) (A.u4)
1 ,.2 - o 1 -
dt :
(-) Xo sin(wt) is the displacement of the frame and(w2 Xé sin(wt)
is the absclute acceleratien of the frame in the positive direction as
shown in Figure 22. Tor values of w that are less than 1/10 of the

natural frequency (Vki/mi ), the displacement of the mass relative to the

frame can be written similar. to Equation (A.3) as follows:

2 mi Xo

k.
i

sin(wt) {A.5)

By taking cne derivative, the velocity of the mass relative to

the frame can be written as follows:

dx 3™ % ‘
T - v k{—-cos(wt) (A.8)

By taking three successive derivatives of the displacemént of the

frame, the jerk of the. frame can be expressed as follews:

3
g4§--= .wa X, cos{uwt) (A7)
dt
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By comparing Equation (A.6) which represents the velocity of the
mass relative to the frame and Equation (A.7) which represents the jerk

of the frame, it can be seen that the velocity of the mass relative to

the frame is properticnal te the jerk of the frame. Thus, if the natural

frequency of the instrument is at least ten times the frequency of the
input signal,'therrelative velecity of the mass te the frame 1s a goed

measure of the jerk of the frame.

Calibration of Instrument

The jerk measuring instrument was calibrated by placing it on a
carefully const?ucted slider-crank mechanism and connecting the leads of
the ceil to a low-pass filter which had a single break point at 14.2
rad/sec. The filter was connected te a Tektronix oscilloscope. The
slider-crank had a.22.2-inch connecting rod and a 2.45-inch crank. The
speed of the crank ranged from 34 rpm to 213 rpm which gave values of
jerk that ranged from 119 in/sec3 to 29,300 in/seca.

The lew-pass filter was meeded to attenuate the high ffequenpy
chatter of the slider. The attenuation of the filter at the different
frequencies was used in,conjunptien with the veltage measured by the
oscilliscope to obtain the data needed to construct the graph shewn in

Figure 25.
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APPENDIX B
EFFECT. OF JERK ON RIDING COMEFORT -

Apparafus
The device that was used to give the two types of vertical motien
to people participating in the test is shown schematically in Figure 27,
The parabelic and cycloidal cams that drive the mechanism allow
the same rise and nearly the same maximum acceleration and velocity, but
the parabelic cam gives a larger value of jerk. The acceleration-

rotatien curves of both cams are shown in Figure 26.

///,,Phrabolic

- Cycloidal

180

360
Degrees

Acceleration

Figure 26. Acceleration-Rotation Curves.
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At the peints on the parabelic cam where there is a step change in

acceleration, the theoretical value of jerk is infinite while the

theoretical value eof jerk for the cycleidal .cam always remains finite.
The actual measured jerk of the chair for the cycleidal cam agreed

to the calculated value within 20 per cent. The measured jerk for the

parabelic cam had peaks at the points eof the step change in acceleration.

These.peaks were approximately 2 1/2 times the maximum value of the jerk

that was recorded using the cycleidal cam.

Preocedure

The speed of the lathe which supplied power to the apparatus was
first adjusted to a predetermined value., The person participating in
the test was seated in the chair and told that he would be asked to
distinguish a difference in comfort between two types of rides that he
would socn be subjected to. He was alsoc told that either ride would be
repeated if he so desired. The device was then started and allowed te
run for 12 seéonds. It was then stopped and in approximately five
seconds the second cam was put in a pesition te drive the ﬁechanism.
It was again started and allewed to run for another 12 secends. The

persen was then asked if he felt any difference in cemfert between the

‘two types of rides, and if he did, which was the mere comfortable. If

the participating persen chose either one of the rides to be the more
comfértable,_he was asked to describe the difference of the two rides
by ene of the fellewing statements:

1. The ride was considerably more comfortable..

2. The ride was more comfortable.
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3. The ride was only'slightly more comfertable.
A random process was used to determine which ride the persen was

first subjected to.

Results

Ap attempt was made to correlate the reactien of the people par-
ticipating in the' test with the values of jerk, acceleratieﬁ,.freqqency,
and displacement. Since every attempt to present the results eof the
test in this manner waS uﬁsuccessful, the cemplete results were simply
put .into tabulated form as shown by Table 5.

With reference to Table 5, Column A gives the number of peeple
that chese the ride with the larger amount of jerk to be "only slightly
more comfortable,” Celumn B indicates the number of people whe ceuld
detect ne difference in comfert between the twe rides. The number of
people whe thought the ride with the smaller amount eof jerk was "only
slightly more comfortable" is shown in Celumn C. Column D gives the .
number of peeople who chose the ride of the smaller amount of jerk to
be "mere comfortable.”" The number of people who said the ride with the
smaller amount of jerk was "considerably more comfortable' is.lisfed in
Celumn E.

A total of 72 people teok part in the tests., Approximately 80
per cent were male students and five were wemen. A tetal of 127 tests
was conducted which means that most of the people participated in two
tests. The ride with the smaller value of jerk was chosen to be more
comfortable to some extent over 75 per cent of the time. The ride with .

the larger value of jerk was considered tc be "only slightly mere com-
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fortable™ only 15 per cent of the time.. It should be neted that 92 per .
cent of the people'subjected‘to a ride where the cycleidal cam previded
a maximum value eof jerk equal to er greater than 750 in/secs, chose the
ride with the smaller value of jerk te be the mere coemfertable. This
seems to indicate that jerk can be felt and that a reductien of jerk

gives a more .cemfertable ride.




Table 5. Results of Riding Comfort Investigation

Height of Maximum Jerk of. = Maximum Maximum
Frequency Stroke Cycloidal Cam. Acceleration Velocity
cpm (Inches) (in/sec3)” (in/seéc?) (in/sec) A B C. D E
50 0.30 - 55.6 - 5.2 0.99 0 2 8 0
50 0.56 106 9.9 - 1.88 2 1 7 0
60 0.56 178 - 14,2 2.26 1 3 5 1
72 0.30 162 10.8 1.43 5 1 b 0
72 0.56 307, 20.4 2.72 1 0 1 0]
72 0.80 435 28.9 3.84 3 1 3 2
72 1.25 680 u5.3 ) 6.0. 5 2 13 2
105 1.25 2110 96.2 8.75 0 0 3 3
120 0.30 750 29.8 . 2.35 1 1 6 1
128 G.56 1420 . 56.7 4.52 Q 1 7 2
120 0.80 2010 80.2 ‘ 6.39 0 0 5 4
14y 1.25 5440 181 12.0 0 0 2. 1
150 0.30 750 29.8 2.38 0- 0 1 0]
175 0.30 2320 633 3.47 1 0 5 0
: 19 12 70 16 10

OCHRPNPCSCHEFNMNNODOOC OO

* The maximum measured value of jerk for the Parabolic cam is
approximately 2.5 times the jerk of the Cycloidal cam..

LTA
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APPENDIX C

CLOSED FORM SOLUTIGN OF SYSTEM EQUATIONS

General Descriptien

The closed form selutien of the system equations was used in the -
process described .in Chapter II to reduce the computing time in finding .
the best value of the natural frequency of the inertially controlled
valve. It will give the values of jérk, acceleration, velocity, and
displacement of the mathematical model described in Figures 1 and 4.

The selution is only goqd for a step input and is accurate for enly a
shert time interval, but the time interval is long)enough_to'include the
first peak of jerk. The final expression is complicated, but it takes
much less calculating time than would be needed to solve the complete
sét‘of system equations by numerical methods. |

| For cenveniﬁnee, Figure 1, showing the mathematical medel, is

repéated.

Mathematical Derivation

For a shert time interval, the acceleration of the lewer mass can

be apprbximated by'the equation
y = A1 -2¢C 1) . (c.1)

where,
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A2 = - _ {2.15%

S, = Height of step input.
t = Time.
C. =

1 An empirical censtant determined from the computer data

and_equal to

|_"_ | Shock Absorber

Figure 1. Mathematical Model.

The wvelocity can be found by integrating the expression fer

acceleration.
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t ¢, 2
i ydt = A, |t - —% (C.2)

By assuming the velocity ef -the top mass to be negligible com-

.
il

pared to the velocity of the lower mass, letting the weight of the valve
equal the initial spring force, and using the abeve expressiens fer the
velocity and acceleration, Equatien (2.8) which gives the epening of the

valve, can be solved using ordinary metheds. Equation (2.8) is repeated

below.
a°r dr a2 2

MEZ ¢ ¢ ¢ kxr = ML - £, + Mg + £ V° sign(V) (2.8)
d_‘._27 dt dt2 i v -

The solution for Equation (2.8) for an underdamped valve using

the abeve assumptions is as follows:

o= C,t 4+ Cgtt 4 O tT o+ Gt o+ oG (c.3)
+ e B t[C7 cos(mn/l - C2 t) -+ Cg sin(wn 1- CQ 0]
where,
b A2 C2
o _ v 2 1
2 2




2
) -8z C2 fv A2 Cl
CS - w - 2
n M w
n
£ A% 12 ¢ 6 ¢ C
Cu - - 2 - )
Mw w n
n n
. =—A2C1‘LI»C4C‘6C37
5 2 W 2
w el o
n n
. . i?__ 2¢, ) 2 ¢ cC,
6 ~ 2 T2
w RV W
n iy n
C; = -G
zC o
¢, = 7 5

By taking a derivative of Equation (C.3) with respect to time,

the velocity of the valve can be obtained.

78
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. - 2 3 2 .
r = 4C2 T+ :3C3 ? S+ 2C4_t + C5 S {c.y)

-Lw_t | ]' — '
+e M EC7 sin(wn' L - C2 t) + CB cos(wn 1 - C2 tE] I - C2 W,

-rw t : :
- ;mn_e n [E% cos(wn/l ".C2 t) + C8 sin(wn¢l - C2 ti]

By assuming the lower mass moves with constant acceleratien; the

first approximaticn for its displacement can be given by the. equation

y = - (C.5)

By summing forces on the lower mass and neglecting the force of
the shock -absorber and the upper spring, an approximation can be made

for the acceleration of the lower mass which is

K 2
T A E “a %:I (c.8)
2 2

The velocity of the lower mass can be found by integrating Equa-.

“
n
0 l
+ .
]
e
N
N
+
[
~
|

tion (C.6) to obtain

. L ‘ Kt 3
y == f y dt =-A2[t—6'm—2t- (C.7)
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By integrating the velecity, the displacement can be found as

t 2 K
- : - o _t .
y = ({ ydt = A, |:2 7, t:l (c.8)

Using the equation of the force transmitted by the sheck abserber
(2.5) and alse including the force transmitted by the upper spring, the:
tetal ferce that the lewer mass exerts on the upper mass_ can be'written

as follows,; neglecting the velocity and displacement of the top mass:
F, = C.my + C m2y> + k (C.9)
v y b y y i

where,

By summing the forces on the top_mass,‘the_expfession-fop its .

acceleratien can be written as follows:

x = — (c.10)

Integrating Equation (C.10) with respect to time and-assuming, for
simplicity, the value of m te be . a censtant during the integratioen, an

expression for the velocity of the top mass can be obtained according te
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the fellowing equation:

, : 2 K 4
R | 1. t© Tto |
X = n (J; F, dt = ™ c, m A, I:—? — QJ (C.11)

+ m C_ A

v
NN

2
P T T B kA[ﬁ_.ﬁi
3 15 2 252 P ) m_. 120
m2 2

By using Equations (C.6) and (C.9), an expression for the acceler-.

ation of the lower mass can be written that includes the force ef the

sheck absorber and upper spring as

K F
2] - X (C.12)

_t
2 m2 5

By integrating Equation (C.12), the velocity of the lower mass -

can be more accurately described by

N
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the tep and lewer masses can be found as

3 K 57 4
1 t t. t 2 . 2
g = ml CV mrA2 [:6 mQ lQQ} + m Cb A2 [12 (C.14)
K. .6 K2 g ' b K 6
- _tt_. + _t_t_ + k A t___t__t_
m. 90 7 2016 2|20 720
2 m 2
2
_ . ﬁ_K_tt_ 1 t__K_t tSJ (c.15)
Yy = M| T2 T n 1 m, 6 m. 120
2 2
4K K2 8 LK. .6
+ m? e aclt _E_I;_ _E_ t t __t t
b “2l17 90 2 2016 24 20
2 my 2

Using the values of x, ﬁ, y, -and §rthat Were calculated by Egqua-
tiens (C.11, C.13, C.14, and C.15), a more accurate expression for the
total_force transmitted between the two masses can be written as fellows:

2 .2

Fi = c m v o+ cb m° VS o+ k(y - %) (Cc.18)

where,

Using this value of the total force and Equatiens (C.14) and (C.15) for

the displacement of the top and lower masses, better expressions can be
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written for the accelerations of the two masses:

. 13
x = E{E ' (C.17)
1 .
K. F
y = (s, -y m—t -t _ (C.18)
2 My

Finally, the-equatfon for jerk of the top mass (2.9) can be

written as

%= 2[kvecma+vm) + 20 mV(Vr&+ma)] (2.9)
ml v . b
where,

a = y-x
. APy

mo= 2

(Pr+ A)

C
Results.

A cemparison can be made between the closed form:selution and
the numerical Runge-Kutta computer solution_fér two different values of
the natural frequency of the inertially centrolled valve by examining
Figure 28. The clesed-form solution of jerk feor the valve having a
natural freqﬁency of 20 rad/sec showed the greatest deviatien frem the

numerical computer solution of all the combinations ef parameters .that -
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were tried. The numerical selutien using the Runge-Kutta methed teek

approximately 20 times more calculating time than the closed-ferm selu~
tien. A comparison between the two types of solutions_was not shewn for -
acceleration, velocity, and displacement. The difference in the two
solutions for these variables is much less than the difference in the

values ef jerk.
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APPENDIX D
AN AUTOMOBILE REPRESENTED BY A FOUR DEGREE OF FREEDOM -SYSTEM

General Description and Mathematical Medel

An automobile was represented by a four degree of freedom system
which was solved on the digital computer for both the conventional and
inertial valve shock absorber. The input is equivalent te an autemobile
striking a perpendicular rise at 30 miles per hour. The vertical motion
of the center of gravity, the angular pitch of-tbe body, ‘and the vertical
motion of the front and rear wheels described the motion of the auto-
mobile. In effect, the auteomcbile was split in half. The mathematical

model is shown in Figure 29,

—_—
Car Moving in this Direction

z5 '
Roed Surface '

Figure 29. Four Degree of Freedom Mathematical Model,
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Equations of Motioen

m X + k (2x - ¥y - y2) - Fl- - F2 = 0 (b.1)
m,y, + k(y +£e—x) + Fo = K (z, - y;) (p.2)
271 1 2 1 t 1 1 )
m,y, + k(y —Ee—x) + F, = K (z, ~y,) (D.3)
272 2 2 2 t 2 2 )
218 4 x(y.-y.+L8) + F F. = o0 (D.u)
L ¥1 7 ¥z 1 - f2 T .
where, -
; _ 2 .2 .
} Fl, = Cv m Vl + Cb m Vl 51gn(Vl)
F = ¢.mV, + C m2 V2 sign(Vv,.)
2 v ™Yo b o STERMY,
v e, Las
1 dt dt 2 4t
dy2
v, o= dx _ L dé
2. dt dt 2 dt

The value of m is a constant for the conventional type sheck ab--
sorber, and for the inertial valve shock absorber the value of m is-
obtained:as described in Chapter II.

The values of the parameters that were used in the computer solu-
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tion are as follows:

m =60 lb—secz/in m, = 0.3 lb-secz/in
I = 20,000 lb—in—sec? L = 126 inches

Kt = 1200 1b/in k = 100 1b/in
A=1.0 in° A, = 0.015 in?

CV = 0.1 lb-sec/in Cb = 0.0001 lb-secz/in2
M = 0,000237 1b-sec?/in K = 1.0 1b/inc

£, = 0.00001 lb—seCQ/in2 Mg = fi

Natural Frequency of Valve = 65 rad/sec.

Results
Figure 30 shows curves.for the displacement of the center of
gravity and the rotation about the center of gravity of .an automobile
body for beth types of sheck abserbers. Curves of jerk and- the third:

derivative of rotation are shown in Figure 31.
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APPENDIX E

REPRESENTATIVE EXPERIMENTAL DATA

The experimental date shown wes taken from a run using SAE 30
weight oil and having a ramp input of 1.21 inches for the conveniional

shock absorber and 1.16 inches for the inertial valve shock gbsorber.
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Figure 32. Displacement and Acceleration Curves for a
Conventional Type of Shock Absorber using
a. Recorder Speed of 10 cm/sec
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Figure 36, Experimental Jerk-Time Curves for Inertial

Valve Shock Absorber




CURVEFIT PROGRAM = THIS PROGRAM FINDS By THE: METHOD OF LEAST
SQUARES THE: BEST VALUES OF THE‘COEfFICIENIs OF THE 12 TERMS OF THE
GIVEN POLYNOMIAL FOR THE SEVEN INDEPENDENT VARIABLES
BEGIN INTEGER Is. Js K »KK +ZZ s.F 5 H X - 3

REAL SUMsT,Ys X12 X25 X3sXU4sXSsX6eXTsRNTIM sP @1 sG»SS 2AV,SD»

JLB, LAB | 3

LABEL: L1, L2 | | | 3
ARRAY X[1330,11672), A[1129] » C{1:34] , B[13:2501  , M[1i250] }

INTEGER ARRAY Q[1:300) }

FILE FIL1 (1,10)s FIL2 1(1s15) s

FORMAT OUT FMT1 (TA[("»I12,"]1"pX2,E12.5)
FMTG (TCL™»12:,"1"sX25E1205)>
FMTS C("BE"3I13,"1"2E12:5sX10M"Q[ > 13,7 0"s16sX105"MI"s13,"]"sE12,5)5

SHYIOOHd HALNAWOD FATIVINASHEIM

FMT2 ("NUMBER OF DATA POINT"»I6/. _
"SQUAHED.DEVIATIDN":El295/"DEVIATIUN"9E12uSI“ABSOLUTE DEVIATION"E12,57
"SUM UF THE SQUARE OF THE CALCULATED Y",g12.5/

WNUMBER OF 'POINTS -GTEATER THAN THE STANDARD";I4/
"SUM OF THELAVERAGE:DEVIATiDNW’EIZ.SJn'

FMT3CMRUN  TIME™,F10,45"SECONDS™) ;

d XTANAILY



PROCEDURE CURVEFIT(NsMsXsA)} VALUE NsMJ
INTEGER N» M 3

ARRAY X[1#1]2A[1]} BEGIN INTEGER I,JsKsL3 REAL D3 ARRAY Z[1:85,138515FOR

I¢1 STEP 1 UNTIL M 00 FOR Jei STEP | UNTIL M+l DO BEGIN ZI{I»J)¢0; FOR

K¢l STEP. 1 -UNTIL N 0O i[I»J}+ZtI;J]+th¢KJxX[d.K] END} FOR K¢M+1 STEP =1
UNTIL 1 DO BEGIN D¢02 FOR I¢2 STEP 1 UNTIL K DO IF ABSC(ZLI=1511)>D THEN
"BEGIN Lel=13 D#ABS(ZiL.lJ) ENDJ . IF (L=1)#0 THEN FOR Je¢1l STEP 1 UNTIL K
DO BEGIN DeZ{i»J}} i[LhJ]*Z[l»J]J-Z[Ile«D END3 FOR Ie¢1 STEP 1 UNTIL M p
0 ALTJeZ[I»1]1} fFOR Jez’STEP 1 UNTIL K DO BEGIN D¢Z[12J]1/A[13} pOR Ie2 ST
EP 1 UNTIL M DO Z[I'an'llbltIrJ]‘AtIJﬂDi ZlMesJ~11eD END END
END CURVEFIT | 3
RNTIM ¢ TIME(2) - 3

KK ¢ 12 3 NUMBER OF. TERMS IN POLYNOMIAL

I ¢« 0 H
L1 READ (FIL1,/5YsXis X2» X3, X4» X555 X6s X7 2[L2] ' 3

THE FOLLOWING 12 LINES ARE THE 12 TERMS OF THE POLYNOMIAL
X{151) ’ e 1,0 ;

X[2211 * x1i 3

g6




X[3ﬁIJ ¢ X2
XC4s1) ¢ X3
X{551) ¢ Xt
X[6s11 ¢ X5
X(7s11 € X6
X[8»r11 € X7
X£9s1) ¢ X1xx2
X[10s11 o X3xX3
X[11s13 ¢ X5xX6
X(12:13 ¢ X1xX1
XC13513 ¢ Y 3

| 60 TO L1 o
L2t CLUSECFIL1»RELEASE) ;
CURVEFIT (IsKKsXpA) 3

WRITE (FIL2, FMTir» FOR J ¢ 1 STEP { UNTIL KK

ZZ2 ¢« 0 ]
JLB & 0,0 H
F*ro 3 H e 0 }
$S & 0,0 3 ' P ¢ 0,0 }

D0 [dsALJUIT)

96



SD ¢ 040 H

SUM « 0
FOR' J ¢ 1 STEP 1 UNTIL I DO BEGIN
T ¢ A[KK+ 1:J] . 3
G ¢ 0.0 3
FOR K « 1 STEP 1 UNTIL XK DD BEGIN
Qle XIKsJIxXALK] }
G ¢« G + Qf END }
JLB ¢ JLB + ABS((T = G}/T) 3.
LAB « (T = G)/T H

IF ABS(LAB) > 0,25 THEN BEGIN F &« F + 1  Q(F) ¢ J

MLF1 ¢ T END 3
T« T =6 ;
IF T < 0 THEN 2Z ¢ ZZ + 1 3
_ S§ & 55 + T ) P-e-P + ABS(T.
SD « 5D + GxG 3

SUM ¢ SUM + ‘TxT END
WRITE (FIL2s FMT2s I» SUM,SS sP»SDsZZsJLB)

ALKK + 17 ¢ 1,0 3

BLF] ¢ LAB }




FOR K ¢« 1 STEP 1 UNTIL (KK + 1) DO
AV ¢ 0,0 ;
FOR J ¢ 1 STEP 1 UNTIL I DO

AV ¢« AV + X[KsJ] 3

CIK] ¢ AVXA[KI1/I END o

WRITE C(FIL2s FMT4» FOR J ¢ 1 STEP. 1 UNTIL (KK + 1) DO [JsCLJID)

BEGIN:

WRITE (FIL2s FMTSs FOR J ¢ 1 STEP { UNTIL F DO [UsBLJ1sJsQ[J1sdsM[JI1) 3

RNTIM ¢ C(TIMEC2) = RNTIM)/60
WRITE C(FIL2» FMT3» RNTIM)
ENDo
930
LABEL  00000000FIL1 001 01
Ools 0,05 0,05 0o0s 2,05 1,05 1,55 0,05
1.0 1,05 1,05 1,05 1.0, 1,0
2,00 2405 1,05 2,05 1.0, 1,05 2,05 1,0,
3:0r 3,02 1.0 2002 1405 0,05 0.0» 0,05
10,05 10,0, 0c0s 1425 2,05 3,0s 4o1s 5,05
10,52 11,09 1,05 2:0s 0,05 3,0, 2,0s =1,00
=2.05 =1,0, ®3,05 =2,0» =1,0s =3,0, =5,0s =1,0,

}

i
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“10'0’.-89'0" ‘3-'.0’.--200’ -4.0’ -0.5’ -0'05, 0.0,

“0.15=0,1s =240s 0405 =0,01, 2,05 1,05 0,0s

The sbove nine lines is the data
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SOLUTION OF: THE: SYSTEM REPRESENTING THE FOUR: DEGREE OF FREEDOM MODEL
SHOWN IN APPENDIX D USING: THE- INERTIAL: VALVE SHOCK ABSORBER
BEGIN INTEGER I» Ks N | }
REAL T» Dfp.M, FO» K1, KT» STP» Mis M2, KKs CCs Ale AA2s AAs AVs
PC» XMAXs. AREA, JJs AAVs. Als BIs KJJs MKJJs KAls MKAL,INFF)
KX25 KAVs AASs RAT, COPs: JPCsMIs P,QQsFF>RNTIMs NFs JJJsQsTTs
As Ws VDD» AVD»AVDD» MD» MDDs» AAAs. FBARs Vs Fs» VDsNi» AVD1sN2,
0 EX» Zs ZD» ZDD» DR» DVDs FHP» FHs G» XDs Ys YDs» IFB, IIF, FDs

Cls C2» C3s Cls CS» 2Z» ZZDs CFHs SFHs» C6s C7sC85C9sP1,HNY,MKX2 >

F1 » F2» Vis V22 ST22 ST1 » I1 » LL » AAAY1 rM3 »
PCL 5 AVis MLsAALsFF1 3
ARRAY X[0330)s D[0230s1141 3

LABEL. LOos Lis L2s L3, JUDY» DAN, FHS» JANEsSUE » MMM 3
FILE FIL2 4 (1,15) 3
FORMAY OUT FMT(3E35.7)»
FMT2("RUN TIME™s X3» Fi2,45 ™ SECONDS"™) 3
RNTIM ¢ TIME(2) 3
N ¢ 12 3 NUMBER OF FIRST ORDER DIFFERENTIAL EQUATIONS
M € 1,3 3 MAXIMUM VALUE: OF THE INDEPENDENT VARIABLE (T)

00T



THE FOLLOWING 15 LINES ARE. CONSTANTS THAT WILL BE: USED IN THE
CALCULATIONS

TT + 10,5744.0

5T2 ¢ 1,0
AA ¢ 0,015 }
NF ¢ 7000 5
RAT. € 245 3
KK & NFXNE 3 CC=+—0=5KSQET{KKJ 3
KT ¢ 1200,0 3 M2 ¢ 0,3 3

XMAX ¢ (KT)/(KKXM2)
COP. ¢ (AAXM2XKKXRAT)/KT
Q ¢ 4,0 3
JPC & (QXKK}/62500.0 ;

M1 ¢ 1,0/6,0 3 M2 ¢ 1,0/0.3 3 Il € 63.0/720000,0 3 KT ¢ 1200,0

Ki ¢ 100.0 M3 & M2 ) L' ¢ 63,0
Al ¢ 040001 3 B1 « 0.1
T « 0,0 }H

DT € 0,00007 3 TIME INCREMENT QOF THE: INDEPENDENT VARIABLE
FOR I ¢ 1 STEP. 1 UNTIL N DO

TOT



X{11 ¢ 0O ; su
L0t FOR K ¢ 1 STEP 1 UNTIL 4 DO BEGIN 67
THE FOLLOWING 32 LINES ARE THE EQUATIONS OF THE: PROBLEM
Vi € X[4] = X[21 + LLxX[8) ;
V2 ¢ X6l =X[2] = LLxX[8] o )
IF X[113 > XMAX THEN BEGIN X[11) « XMAX §  XI12] ¢ 0,0 END 3
IF (XI91 > XMAX) THEN BEGIN XC91 ¢ XMAX § X[10] « 0,0 END 3
IF X[11) < 0,0 THEN BEGIN X[(11]} ¢-0,0: J. X[121 +« 0,0 END | H

IF (X[9] < 0.0) THEN BEGIN X[9] ¢ 0,0 3 X[(10] ¢ 0,0 END }

IF V1 > 000 THEN BEGIN PC. ¢ JPC. J GO 70 DAN  END ;

PC ¢ 2004 0xJPC | ';
DAN AV ¢ COPXXL9] ;
IF V2 > 0.0 THEN BEGIN-PC1 ¢  JPC 3 GO TO MMM END. ;
PC1 ¢ 200,0%JPC }
MMM3  AVI  © COPXX[11) 3
STL € 0,0 3 IF:T > TT THEN ST1 « 140 3
MI ¢ 1,0/CAA + AV) 3 ML € 1,0/CAA + AV1) 3
Fi e cBI-+-M:xAIgV;xsxeN(v1>3xM1xv1 3
F2 ¢ (BI + MLXAIXV2XSIGNCV2))XMLXY2 | y

0T



N

DL1sK) ¢ DTXX[2]
DE2sK3 ¢DTxMIXCKLIXCXIS] # XE3) =2,0xX[13) + F1 + £2)

DL3,K) & DTXX[4]

DLAsK) ¢ DTXM2XCKTXCSTL = X{31) + KIXC(XCyl = X£31 = LLXX(71) =F1)

DISsK) ¢ DTXX[6]

>

DL6sK) ¢ DTXM3Ix(KIX(ST2. = X[53) + KIx(X[1] = X577 + LLxX(71) =F2)

DL7,K1 -

Q

DTxX(8] _ _
D[BsK]) ¢ DTXTIX(KIX(XESY = X[L1) = LLXXC71) +F2 =F1 =Kix¢(XL{3] =
X[t + LLxX[71))

ARl ¢ DL4,41/DT 3

AAZ ¢ DL6,41/DT )

FF e PCXVIXVIXSIGN(V1) 5 FF1 e PCLXV2ZXV2XSIGNCV2) 3
DI9»K) ¢ DTxX[10] 3

DL10sKI & DTxCAAL + FF. = CCxX[101 = KKxX[91) s

DLi1sK] -¢ DTXX[12] ;

DE12sK1 ¢ DTXCAA2 + FF1 = CCXX[12] = KKxX{111) 3.
" THE FOLLOWING 17 LINES. IS THE RUNGE=KUTTA METHOD

IF K = 4 _ THEN

60 TO L3 ELSE

toT



IF- K = 2

GO: TU 1

T €T 4+ 0,5%DT

L1 P ¢ 0,5
IF K = 3
P ¢ 1,0
L21 FOR-1 ¢ 1 STEP 1 UNTIL N DO

X[I1 & X[IJ + DLIsKIXP

IF K » 1

FOR I ¢ 1 STEP 1 UNTIL N OO

XEI) € X011 = 0.5%xDC1IsK=11]

L3¢

FOR I ¢ 1 STEP 1 UNTIL N DO

THEN

THEN

THEN

END

X[I1 € X[13 # ¢DEIs1] 4 2xDCIs2] ¢ 2xDLI,31 + DC1s41)/6.0

Al ¢ D[2s41/07

JJ € (AL = RAVI/DT
ARA ¢ (DC8541/DTIX57.29578
JUJ ¢ (AAA = AAA1D/DT

DLI»31

‘os

AAAY

AAY & AL

AAA

74
75
76
77
78
79
80
81
82
83

84

85

86

87
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IF: T > 0,002 THEN DT ¢ 040002 )
IF: T > 0,095 THEN DT ¢ 0,0005 3
MD € X[71x57,29578 ;

WRITE: (FIL2sFMTsT2X[132XI215A12JJsMDsAAASJIY)

WRITE (FILRsFMT»>TsX[1)sXL2]) 3
IF- T-< M. THEN GO TO:LO 3
JUDY RNTIM. ¢ (TIMEC2) = RNTIM)/60:

WRITE (FIL2» FMT2» RNTIM)

END

- Sot
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