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ABSTRACT

The mathematical model of an object placed on an
oscillatory conveyer has been derived, and an optimizing
procedure for a conveyer driven by a four-bar mechanism

developed.

The performance of a conveyer excited by any form
of driving cycle can be quickly evaluated by the methods
presented and one obvious extension of the method is the
calculation of optimal driving cycles, irrespective of
mechanism, and then applying a synthesis procedure to

obtain the mechanism to generate this cycle.

The motion of an object on an oscillatory conveyer
driven by a four-bar mechanism is simulated digitally.
Using this simulation, sets of conveyer system parameters
which maximize the rate of travel of the particle can be
found. Optimal combinations can be used in the design of
oscillatory conveyer systems, and an example of their use

is given.
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CHAPTER I

INTRODUCTION

1.1 General

Conveyers are used in industry for the transport of
large quantities of material and for transporting
individual items. They are useful in such different appli—
cations as feeding delicate components to automatic assembly
lines, transporting mineral ores, controlled mixing of

chemicals and other purposes.

The moving belt type of conveyers is in common use.
These consist of an endless belt of flexible material,
moving over rollers, transporting material placed on the
belt. Another type, the subject of the present study, are
oscillatory conveyers. These consist of a reciprocating
trough which transports material by vibratory motion, and
a driving mechanism to generate the motion of the trough.
The trough is attached to a carriage which can be freely
moved by the driving mechanism along stationary guides.
The conveyed objects are placed on the trough, which may
be a sheet of metal, glass, wood, or any other suitable
material. Oscillatory conveyers can be divided into

two major types



a) In-plane oscillatory conveyers
b) In-and-normal to plane oscillatory

conveyers.

The driving cycle of oscillatory conveyers
is usually produced by a linkage mechanism. The resulting
motion of the conveyed objects can be a pure sliding motion
for in-plane oscillatory conveyers or a conbination of
sliding and free flight for in-and-normal~to-plane oscilla-
tory conveyers. The free flight motion always ends with
an impact, which is often undesirable. Accordingly, the
present study emphasizes conveyers with pure sliding

motion,as these are likely to be more useful, and only

A3 A At 29 4T 4 3 Fxrd noe ~ A d- 3 A
discucsec the cther type with come cimplifying acoum one

To achieve an optimum design for a given purpose,
the conveyer designer needs to predict the net distance
travelled by the conveyed material over a period of time,
and it is essential to know the effect of changes in the
conveyer system parameters on this distance. Such design
and optimization procedures are best carried out on the
mathematical model of the system, since the number of
parameters affecting the performance of these conveyers
is large. However, the differential equations describing
the motion of the conveyed material are highly non-
linear, hence making analytical solutions unlikely;

indicating a simulation approach to the optimization.



1.2 Review of Previous Work

Analytical studies of oscillatory conveyers received
little attention prior to 1960. Most of the work intro-
duced until that time by Roebuck, Cornegie, and Taylor [1]

and Berry [2,3]

was descriptive and experimental. These
authors discussed the principles of oscillatory feeders
subjected to sinusoidal drive. Akhmechet (4] and
Moskwitz [5] in 1959, and Zilly [6], in 1960, discussed
the design of oscillatory conveyers, deriving approximate
design calculations of limited use in practical applica-

tions. However, they introduced the use of performance

indices for assessment of oscillatory convevers.

Analysis of sinusoidal acceleration cycles based on
experimental work was carried out by Povidaylo [7.8] and
Booth [9]. They resorted to experiment to confirm
approximate design criteria. Their analysis was based on
graphical and iterative approaches, and yielded express-
ions for the mean conveying velocity. These provide
guidelines for the designer which can be used in predict-
ing the performance of conveyers subjected to sinusoidal

drive.

The only work which has been done on non-sinusoidal
driving cycles was carried out by Morcos and Massoud [10].

A hypothetical rectangular trough acceleration cycle was
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assumed in order to simplify the analysis; accordingly it
was possible to find performance criteria as guidelines
for the design. However, the difficulty of generating

such acceleration cycles was not considered.

1.3 Objectives of the Present Study

It is the purpose of this thesis to study oscillatory
conveyers whose trough acceleration is generated by common
linkage mechanisms, rather than by assumed analytically
tractable acceleration cycles, and to provide optimal
design criteria for conveyers driven by a mechanism of

the four-bar type.

The desion method precented here, is hased on simnia-
tion and covers most of the design problems normally
encountered. This method can be applied with or without
constraints on the conveying system paraweters, once the
conveyer type is specified and the driving mechanisnm is
selected. Application of the method will result in

optimum conveyer design for particular probhlem requirements.

1.4 Plan of Study

Chapter II presents the derivation of equations of
motion of the transported object for the case of Coulomb
friction between the trough and the object. The construc-
tion of the trough and the in-plane driving cycle produced

by a four-bar mechanism connected to the trough are



discussed in Chapter III. Assessment of different types of
simulation techniques is made in Chapter IV. Optimization
of the conveying system pérameters is also carried out in
this Chapter. A design example utilizing the computed
optimum data, as well as brief consideration of the merits
and demerits of simulation on digital and analog computers
are given in Chapter IV. Chapter V discusses the results
obtained from the digital and the analog computers, and
draws conclusions about the effect of various conveyer para-

meters on conveyer performance.
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CHAPTER II

DYNAMICS OF TRANSPORTED OBJECT

2.1 Introduction

The conveyed object's motion is studied for the case
of an arbitrary driving cycle applied to the trough. The
acceleration cycle is assumed to have two components, one
in the plane of the trough, and the other normal to it.
The object's motion can take several forms. These are
sliding, rolling, stationary relative to the trough, and

free flight.

The in-plane driving component will produce the
sliding and the rolling modes, while the driving cycle
component normal to the plane of the trough will produce
free flight. For simplicity, only one conveyed object is
considered, and rolling is excluded. Furthex, Coulomb

friction between trough and object is assumed.

Strictly speaking, the friction deperds on the
relative velocities of the object and the trough, but
Coulomb friction was justified by Booth [9], and leads to
a somewhat simpler model. However, there is no theoreti-
cal restriction to this type of friction, and others can

be considered at the expense of a somewhat more complex model.



It should be remembered that the dvnamics of one
object travelling along the trough will differ from the
dynamics of many objects travelling at the same time. 1In
that case, layers may form, in which not all objects are
in direct contact with the trough, and objects may inter-
act with one another. Hence, the present study is more
suited to the case where individual objects not in contact,

are to be transported, such as parts on an assembly line.

Two cases are considered in this study. In the
first case, it is assumed that the object is continuously
in contact with the trough surface. This can be achieved

by confining the trough to movement in its own plane.

In the other case counsidered,fvee fiight may oooux
as a result of the trough being driven in its plane and
normal to it. At the termination of free flight, it is
assumed that the object will acquire the velocity and

acceleration of the trough at the moment the object

touches the trough.

The previous assumptions will only allow the object

to be moving in one of the following modes:

a) Both object and trough are moving with
the same velocity relative to a stationary
reference system; the ohject is stetionary,with

respect to the trough.



b) The velocity of the object is less than the
velocity of the trough; the object is relatively

moving downward.

c) The velocity of the object is greater than
the velocity of the trough; the object is rela-

tively moving upward.

d) The object leaves the trough when the normal
component of trough acceleration is zero and
continues in free flight under the influence of
gravity until its trajectory again intersects

the trough.
2.2 Forces Acting on the Object

Figures 1 and 2, show the axes of reference, assumed
fixed in space, and forces on the conveyed object, used
in the further development. One axis is parallel to the
conveyer trough at an angle o to the horizontal, the
second is normal to the first. The conveyer trough has
acceleration ¥, and velocity ¥, in general, with
components yi and yi, in line with the frough, and

Yy, and Ynr normal to it.

The forces acting on the conveyed object due to
gravity and the motion of the trough, are shown for the

case where the coefficient of sliding friction between



object and trough is u. The object's motion is given by
acceleration ¥, velocity X, and displacement X, again
in general with components in the plane of the trough and

normal to it.

2.3 Governing Equations for the Object's Motion

Consider the downward direction of motion to be posi-
tive and the upward direction negative. Therefore, the
~equation governing the motion of the object during downward

travel in the ¢ direction is
mii + mg sin(a) = wu mg cos(a) (1)

where u mg cos(a) is the force of friction which is
always in opposite direction to the object velocity. Also,

the equation that governs the object's upward travel is
- mii + mg sin(a) = - u mg cos (a) (2)

Let the net force component normal to the trough plane
acting on the object be N. For an object only subjected

to gravitational force, one obhtains
N = mg cos(a) (3)

while for an object moving in the n direction with
acceleration in the governing equation for object

motion is described by



(4)

m¥_ = N - mg cos(a)

From Egquations (1) and (2) the following is obtained

xu
1]

g cos(a) - g sin(o) (5)

A
]

g cos{o) + g sin(a) (6)

Also from Equations (3) and (4) one can get the
following

% = f-ni- g cos (a) (7)

It should bhe noted that if the term ii is positive,
Equation (5) can be applied, and for ii negative

Equation (6) applies.

The first case studied, that of sliding only, is
governed by Equations (5) and (6); the other case,
sliding and free flight, is governed by IEquations (5),

(6) and (7). The study of each case is nresented in the
following.

2.3.1 Governing Equations for an In-Plane
Driving Cycle

Define B the maximum upper bound and B is the
minimum lower bound on the object's acceleration, where

these gquantities are given by

B

]

U glu cos(a) - sin(a)] - (8)

Br glu cos (o) + sin(a)] (9)



11

Equations (8) and (9) show that the maximum and minimum
values of ﬁi are the absolute value of BU and BL’
respectively. When the object is placed on the trough, the

velocities of both trough and object will be the same,

provided that the following conditions are satisfied

B. > %. > - B (10)

If the object is moving upward, the following applies

and the trough acceleration must satisfy the relationship:

\

+

J
o~
P
| =]

Similarly, for an object moving downward, one can obtain

the following relationships:

(12)

2.3.2 Governing Fquations for In- ~Plane and
lormal~to-Planc Driving Cy cle

Substituting Equation (3) into (5) and (6),

one obtains

X = = t g sin{(a) (13)
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Equation (7) can be rearranged as follows:

N .
o = % + g cos(a) (14)

Let B and S be the maximum and minimum values of the

object's acceleration, where

B = Eg— - g sin (a) (15)
s = &g—— +g sin (o) (16)

Figure 2 shows the acceleration applied to the trough
forming an angle B8 with the horizontal. The two accelera-
tion cycle components of the trough in the 7 plane and
normal to it, are denoted by yi and yn respectively,

ae previonsly defined. Therefore, at anv marticular
instant, the conveyed object will be subjected to all or

part of the forces shown in Figure 2.

The object will remain in contact with the trough

as long as the normal reaction is equal to or less than

Z2Xo.

Consider the case where both object and conveyer

have zero acceleration and equal velocity; therefore

X = ?i = 0 and X = y # 0 (17)

Assuming the conveyer starts to accelerate, X will

remain egual to yi providing that yi is less than B.



For trough deceleration, # will remain equal to yi

as long as yi is greater than -8.

Therefore, the conveyer can accelerate and decelerate
with the object remaining stationary on its surface as long

as the following relations hold
~§ < §; <B and N > 0 (18)

Referring to Equation (14), it will be noted that for
negative ﬁn, N may be both positive or negative. The
transition from positive to negative N occurs when in
equals - mg cos (a) and for values of ﬁn greater than
this, N will be positive. Defining the terms B, and
So’ as fhe_uppex and lower bounds of the obiject's
acceleration when § is at an angle o with the horizontal.

Equations (15) and (16) are rewritten as

B = g cos (o) - g sin (a) (19)
S = Ug cos (o) + g sin (a) (20)

If in is equal to ¥ one obtains

N = my_ + mg cos (a) (21)

n

and therefore, Equations (15) and (16) can be written

as follows:
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B = B_ + ¥ (22)

s = S_ tuy, (23)

2.4 Effect of Trough Motion on Object's Motion

It is the objective of the conveyer designer to find
a driving cycle which mdves the object upwards. Therefore,’
during the upward stroke of the trough, one should not
exceed an object acceleration which overcomes the limiting
friction force between the object and the trough. On
the other hand, one would like the downward acceleration
of the trough to be very much larger than the limit set by

fristion, in order +that the ohiect yemaine neayiy statrionary.

¢

The object will be in one of four modes of motion at
one time. Each mode will start whenever certain conditions
are met and will terminate whenever another set of con-
ditions becomes true. These modes will be discussed in a

later section in this Chapter.

An in-plane symmetric driving cycle applied to the
trough will not provide upward travel of the object. For
such a cycle, the object will either remain stationaxry on
the trough, or move downward, since the magnitude of
downward acceleration for the object is greater than the
magnitude of upward acceleration. This was first noted

by Morcos and Massoud f10] .
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Therefore, there are two alternatives to obtain

upward object travel. One can use

a) A nonsymmetric driving cycle, or
b) Two symmetric driving cycles, one in-

plane and the other normal to it.

2.5 Object Modes

There are four possible modes of motion for a convey-
ed object. Two cases are discussed, oné for an in-plane
drive, and the other for a sinusoidal drive forming an
angle B with the horizontal, as shown in Figures (3)

and (4), respectively.

2.5.1 The In-Planec Nonsinusoidal Drive

only sliding can take place in this case
a) Mode I (the track model

In this mode, the trough and the object are moving
at the same velocity, therefore % is equal to y¥y. Also,
the following conditions must be satisfied, as long as

the object is in this mode

(24)
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The object will leave this mode whenever one of the condi-
tions in Eguation (24) is violated. Let x(to) be the
displacement coordinate of the object, at its start in this
mode, and +t the time elapsed while the object was in

this mode. x(t) will be the object displacement coordinate
after time t 1is elapsed. The governing egquations of the

object motion in this mode are then

£ = ¥
. . (25)
X = Y

x(t) = x(t)) + [y(t) - y(t))]

where Yi and Yy, are the trough displacements at time

t and at the start of motion in this mode.
b) Mode Il (the lag nwode)

In this mode, the object is sliding downward. While
in this mode, the object motion satisfies the following

relation

¥ = B (26)

Accordingly, the velocity of the object will be less than
that of the trough and the following relations will hold,

as long as the object stays in this mode

X - y<0 (27)
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The governing equations of the object motion then, are

X = BU

x = i(to) - Bu(t—to) (28)

i

x (t) x(t,) - %(£,) (k=) + 3 Byle-t)?

where tO is the time at which the object starts to slide
downward. This mode will terminate when the relation

(27) is no longer valid.
c) Mode III (the lead mode)

The object moves upward in this mode. The necessary

condition to be in this mode is

¥ =-B (29)

x -y > 0 (30)

Whenever the relation (30) is not satisfied, this mode
will terminate. The object motion during this mode will

" be governed by the following equations

X = —BL

>‘<(to) + BL(t—to)

(31)

Mo
n

x(t)

X(to) - k(to)(t-to) -1 BL(t—to)2
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where to is again the time at the beginning of this mode

of object's motion.

2.5.2 The Sinusoidal In-Plane and Normal
To Plane Drives

Let the. acceleration cvcle ¥ applied to the trough
be at an angle B to the horizontal. For a given sinus-
oidal cycle of maximum amplitude a, the acceleration

can be written in the form
¥ = a sinf(wt) (32)

Referring to Figure 2, the components of this cycle yi

and yn in and normal to the trough plane are

1]

¥; § cos(f-a)

(33)

1

yn ¥ sin(Bf-a)

When yn is equal to zero, Equations (22) and (23)

will be reduced to

B = B, = Vg cos (o) - g sin(a)
(34)
s = So = yu g cos(a) + g sin(a)
Introducing the following notation
A = ¥ cos(B - a)
(35)

o
]

p tan(f - a)
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Equations (22) and (23) can be written in the following

form

B = B0 + ¢A sin(wt)
(36)

n
I

So + ¢A sin (wt)

Referring to Figure 4 and Eguation (36), it can be seen
that the normal reaction will not vanish, providing that
each of the terms BO and SO is greater than ¢A. This
restriction is illustrated in Figure 4, ané can be written
in compact form as follows

BO + SO > 206A (37)

¢ can be called the free flight factor. Thus the object

can be in one of the four following modes.
a) Mode I (the track mode)

The object has the same velocity and acceleration
as the trough. It stays in this mode as long as the

following relations hold

¥. + 8 > 0 (38)

N >0
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The equations governing the object dynamics in this mode

are

X = yi
io= oy, (39)
x(t) = X(to) + [yi(to) —Yi(t)j

b) Mode II (the lag mode)

In this mode, the absolute value of the object's
velocity is less than that of the trough. The object will

stay in this mode if the following 1relations hold

yi -B > 0

§ i x > 0 (40)
N >0
The governing equations of this mode are
X =B
. . t )
X = X(to) + /7 B dt (41)
o
- t .
x(t) = x(t) + S~ %x dt
o
t
o)
c) Mode IIT (the lead mode)

In this mode, the absolute value of the object's



velocity is greater than that of the trougk and the follow-

ing conditions are fulfilled

yi+S<0

X - v . >0 (42)

The governing equations of the object dynagrics in the

mode are
¥ = -85
. . t
x = x(t.) - f~ & dt (43)
o
t
o
xX(t) = =x(t_ ) + J't X at
o
t
o
a) Mode IV (the freec flight mode)

In this mode, the object leaves the trough surface
when the normal reaction is equal to zero. The object
velocity will have two components along the reference
axes denoted as X, and x ,+ DMt the instant the object

leaves the trough, its velocity will be (:3;)O with ¢

and n components will be (x C)O and (x n)O. It is
obvious that the normal reaction will only become zero or

negative during the downward stroke of the treugh.



[\
)

While in free flight, the object is under the influence
of gravitational forces only. The governing equations of

the object's motion along the ¢ axis are

%, = - g sin(a)
X = (x c)o - g(t—to) sin (o) (44)
X, = (XC)O - 3 g(t—to)2 sin(a) +

+ (% Z;)o(t—to)

and along the n axis are

E o= cos (o)
%, = (% ), - gt-t ) cos(q) (45)
_ 1 _
xn = (Xn)o s gt to) cos (o) +
ok ) (emty)

The object will stay in the free flight mode as long as it
is not in contact with the trough, which implies the

following relation

Xn - yn > 0 (46)

2.6 Transitions Between Object Modes

As previously discussed, several restrictions affect

the object motion. These restrictions depend on the



current mode of object motion. The object will remain in
this mode as long as the conditions governing the mode
remain true. If a change in the object and trough states
is sufficient to cause violation of the mode conditions,

a mode transition will occur.

Figure 5, Tables (1) and (2) show the possible object
states and the transitions that can occur between object
modes for both pure sliding, and sliding and free flight

transport, respectively.
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CHAPTER III

THE CONVEYER TROUGH AND DRIVING MECHANISM

3.1 The Convever Trouch

As previously mentioned, the conveyed objects are
placed on a trough, constructed of a suitable material.
The type of material used will define the coefficient of
friction between object and trough u. Some of the most
commonly used materials and their coefficients of friction

are given in Table (3).

The trough is placed at an angle o, so as to
convey ohjects from one point at a lower level to another,
at a higher level. The trough motion is cyclical and
can be purely in the plane of the trough, or can have
components in the trough plane and normal to it. The net
travel of the trough over one cycle is zero, thus only
the different velocities imparted by the trough to the
object during its forward and backward strokes will provide

the object's upward motion.

3.1.1 Parameters of the Trough

Mathematically for in-plane trough movement, the
two parameters describing the trough's effcct on the object's
motion are its angle of inclination «, and the coefficient

of friction .



For a given driving cycle, let the maximum positive
acceleration ordinate be A To efficiently utilize the
driving cvcle, it is necessary to choose the ccefficient
of friction 1 in such a way that the maximum possible
object acceleration is as close to the value Am. Thus,
referring to Figure 6, the energy lost from the driving
cycle will be reduced to a minimum for a given upward

travel of the conveyed object.

The following relation gives the maximum value of
¢ that satisfies the above requirement. It is obtained by
substituting A into Equation (5) and rearranging

) Am/g + sin(a) (17)

cos (o)

maa

The trough angle o will determine the minimum value
of u. For valucs of u smaller than this minimum, the
object will continuously move downward irrespective of
the motion of the trough. From Equations (5) and (6)
the minimum value is as follows

Hin = tan (o) (48)

For the second case discussed in Chapter II, with the

sinusoidal drive applied to the trough at an angle B, the

trough parameters will be u, a and R. The conveyed

object can be in the frec flight mode,as governed by the



condition given by Equation (37).

The occurrence of this mode does not only depend on

the coefficient of friction 1y, but depends also on o, B

[\

and the amplitude and frequency of the acceleration cycle.

To prove this, Equation (37) can be written as follows

cos (o)

SLniB—ai g (49)

‘Nl%:

The simulation of this case is shown in a later Chapter,

and is restricted to the sliding modes only.

3.2 The Driving Mechanism

A linkage mechanisi is usuallv used in driving the
nonsinusoidal types of oscillatory conveyers. The four
bar mechanism of the crank lever type is chosen for the
present study. The driving cycle produced by this
linkage mechanism has rapid variations of acceleration.
Such a driving cycle is capable of producing relative

motion between trough and object, because rapid changes

in trough velocity occur in a short time.

[9))

Figure 7 shows the dimensions of a four bar mechanism.

The four links are hinged at 0, a, b and O01. Link 1

is the driver and rotates with a constant angular velocity

w. The movement of point b is transferred to the

conveyer in such a way that only the component of motion in



the plane of the trough acts on the conveysr. In this case
only an in-plane nonsinusoidal acceleratiocn cycle will be
acting on the trough. The dimensions 1r),T2,rsz and I
can be varied under certain constraints which will be dis-
cussed later. When these constraints are mot met, locking
occurs.

3.2.1 The Mathematical Model of the
Four Bar Mcchanism

Figure 7 shows the mechanism with the driver link at
the starting position. The displacement ccmponents of the
coupling point b at start are derived in Appendix I,
with respect to the coordinate axes established in this
Figure. These components are designated (xb)ojyb)nand are

as follows

(x

2 4 2 L p2 o p2 o . g
wo (rl r x r“)/z(ll r») (50)

il

V2T xy - ra) 2 (51)

(yb)o 3

A numerical approach is used for incrementirg the starting
values of these components iteratively to chtain the Xy
and Y, ~components at the various egquiangular driving

crank stations. These stations will cover cne complete

turn of the driven link.

The velocity and acceleration components of the coupling

point b are derived in Appendix 7. The velocity components



ib, yb arc as follows
xy = Lyy vp vy - ¥,) + % ¥y 07 %)/
Lyp (%, -~ x )+ (yy- y,) (x1 - %) ] (52)
9b = }.{b(rl - Xb)/Yb

and the acceleration components ﬁb, yb are given by

— 2 PR - . 2 - ¥ o 2 ¥
= [%y), (= %) =y Gy = X070+ (3 y,) Gty Hypdy)

5&b
- . )2 - - _
Yo (=) /Ly (1 =)+ (y= vy ) xp) ] (53)
. - . .« 2 — ) 2
¥ = [xh(r; - xh) - Xy i j/y.h

3.2.2 Different Methods of Solving the
Mathcmatical Model

3.2.2.1 The Numerical Method

The displacement components X,.,¥, can be established
from Equations (50) and (51). Thus, the starting values
of these components are known. Using a suitable iterative
method the displacement components are obtained for the
different driving crank locations. There are many iterative
methods that can be used such as Newton Raphson, Halley's,

Regula Falsi, secant method.
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The Newton-Raphson method is recommended. It is a first
order iteration scheme and only reguires one starting point.
Halley's method is a third order iteration scheme, while
Regula Falsi and secant methods are multi point iteration

[11]

schemes These methods require longer computation time

than the Newton Raphson Method.

Eg. (1.42) is the general eqguation which describes the
locus of the coupling point b. This equation can be written

in a compact form as follows

1}
o

£fi(x,y)
(54)

]
(o]

fa2(x,y)

Let Xor Yg be an approximate solution to Eguation (54)
and Ax,Ay be the unknown corrections, such that the following

values of x and y result in a better approximation.

X = x_ + Ax
o
(55)
y = vg + A4y
Equations (54) and (55) 1lead to
f;(xO + Ax, Y, t Ay) = 0
(56)
= 0

fz(xo + Ax, Yq + Ay)
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Expanding Equation (56) 1in Taylor Series for a function of

two variables and dropping higher order terms gives

fi1(x_+Ax,y +Ay) = £1(x_,y ) + axpfy Ay[aflj +
1187802 1070 X -0 3y Tt
(57)
- of, of,
fz(xO+Ax,yo+Ay) falxgry,) AX[g;* o ¥ Y[gy—] +
Rearranging Equation (57) in a matrix form gives
- b - -
9f, of, _ -
(ax )o §§~)o ax f](}‘o’yo)
= (58)
Af 2 Of , _
5;*)0 3y o Ay fz(XO:YO)
! . X J
Solving for Ax,Ay as shown in Appendix I, leads to the
following
Ax = (UVz - VU'z)/D
(59)
Ay = (VU - UV,)/D

where U, U;,U2,V, V1,V2, and D are as follows

- 2 _
U = r3 (xb

2(xb - r,cos wt)

- r,cos wt)? - (yb - rpsin wt)?

c
i

U, = 2(yb - rosin wt)

= 2 _ - 2 _ 2
v = r“ (xb ri) Yt
VvV, = 2(Xb - rl)



\Y 2 = 2yb

U;Ve = UaVy

o
1l

(xb)O and (yb)O of the coupling point b are known. In
the next position of ra; Xy and Yp can be obtained by
incrementing the previous values by Ax and Ay from
Equation (59). This process is carried on a sufficient
number of times until the new values of X, and Yp satisfy
this prescribed eguation within a predetermined tolerance.

Once the values of x and Yy, are knownn at a crank location,

b
the velocity, as well as the acceleration can be directly
computed from Equations (52) and (53). The process

repeats for each position of the crank rz.

3.2.3 The Analog Method

The four bar mechanism is showa in Figure 8, with defined
dimensions. MAlgebraic and differential eguations for the
displacement, velocity and acceleration components of the
four bar mechanism were derived in Appendix II. The
analog circuits simulating these equations are shown in
Figure 9 for the displacement components, in Figure 10, for
the velocity components and in Figure 11 for the acceleration
components. The complexity involved in the analog simulation
is easily recognized, especially in Figure 10 and Figure 11.
Eighteen multipliers are required, in addition to the other

components, in order to carry out this simulation.
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Due to a shortage of multipliers, this study was restrict-

ed to the simulation of displacement components. Results on

the analog computer closely resembled the ones obtained

digitally.

Analog simulation is rccommended when a sinusoidal drive

is applied to the trough, either in-plane, or in and normal to

it.

3.3

For

This case is further studied in Chapter 4.

Generation of Possible Link Combinations

3.3.1 Locking Conditions

The locking conditions are illustrated in Figure 12.

[11]

the crank lever type these conditions

as folluws
r;y + rp, < rjz + ry
Y, < r;,rs,ry (60)

Yy, +xry > rp + ra

Rearranging the inequalities in Equation (60) leads to

ry + rp < r3z + ry

r;y +ry > r; + rs3 (61)

which can be written in the following form

r1 + r2 - ry <rsz <ry try - Yy (62)



If all link lengths are expressed as ratios of r; this

conditien becomes

l+ Ry, =Ry <R3 <1+ Ry - Ry (63)
where R,,R3 and Ry are the link ratios relative to the
distance between the hinges 0 and O0L1.

3.3.2 Generation of Link Combinations for
Simulation

Referring to Equation (63) the nondimensional length
R; will have a maximum and a minimum value for given values
of the other arm lengths R, and Ry. Therefore, to generate
most of the driving cycles from the four bar mechanism, the
GYTS Yalkds Ry aud Ry are inclementied Lrowm U1 to 0.9,
each in turn, covering all possible sets of Rj,;, Ry. Also,
for every combination of R, and R, there exists a set of
values for the ratio Rs which can be calculated in ascending
order in steps of 0.1, starting from the minimum value to
the maximum value, as calculated from Egquation (63). The
parameter sets generated are shown in Appendix I.

3.3.3 Effect of Changes in Parameters on
the Driving Cycle

The parameters of the driving mechanism are 1r;,r,,rs,
ry and w. For a given set of parameters, the acceleration
cycle of the coupling point b will have a certain form.

This form will not be affected by the changes in the driving
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speed w. Only a change in the relative amplitudes of the
acceleration cycles will be noticed. This change is

proportional to w?.

Also, for different sets of arm lengths, there exist
different forms of driving cycles. But for one set of arm
length ratios, there will be only one wave form. If all arm
lengths are multiplied by a constant, the amplitude of the
acceleration cycle of the coupling point will increase by

the same constant amount.



CHAPTER 1V
SIMULATION AND OPTIMIZATION OF

OSCILLATORY CONVEYERS



CHAPTER IV

SIMULATION AND OPTIMIZATION OF OSCILLATORY CONVEYERS

4.1 Simulation Methods

Several simulation methods are developed; each allowing
optimization of conveyer parameters. In the following
description the simulation strategies are presented in modules.
These modules contain the mathematical equations governing
the object during the different modes of transport and the

logic of transition between these modes.
a) Method I (series operations)

It is convenient to think of the simulation as having a
base where decisions can be taken. The object leaves one
mode for another under control of this base. A series of
logical tests are performed in the base, and the simulation
enters a particular module, according to the results of

these. This method is represented in Figure 13.
b) Method II (series-parallel operations)

Another concept is to visualize the entire model as
switches which provide a path for the system's inputs to
its outputs, as illustrated in Figure 13. These switches
are controlled by a base. This base continuously monitors

the input and output of the simulation and performs
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logical tests to produce control signals. The control signals
will open and close switches according to the object mode
selected by the base.

4.2 Assessment of Digital, Analog and
Hybrid Computation

Method I is most suited to digital computation because
of its serial nature. At first sight numerical integratioh
is required, usually a time~consuming procedure, but if an
appropriate algorithm is developed, the entire simulation can
be reduced to function evaluation. This will be further
discussed later. Since analog computers operate in parallel,
that is mathematical operations carried out simultaneously,
Method II is most suited to analog simulation. The complexity
of the describing equations of the system is the deciding

factor.

Equations (52) and (53) describing the velocity and
acceleration of the four bar mechanism require many analog
combonents for their simulation, as has already been discussed.
Complete analog simulation is possible for simple cases, such
as the sinusoidal driving function case. Hoﬁever, general
simulation of conveyer, object and driver mechanism requires

a well equipped analog computer.

Hybrid computation offers a solution by allowing simu-

lation of the dynamics of the analog computer, while using the
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digital computer to generate the driving functions and to
monitor the object modes and carry out the switching functions.

Thus, both types of computers are used to their best advantage.

.

4.3 Optimization Problem and Methods Adopted
For Simulation

In the sinusoidal driving function case, the system
parameters are A,w,a,B8. For the case of a conveyer driven
by a four-bar mechanism, the parameters are ry,Y2,r3;,ry,w,

a and py . It is desired to produce a design tool, based on
simulation to allow the conveyer designer to select one
optimal set of these parameters for a particular application.
Design charts covering the most common ranges of parameters
would be desirable. 'The simulation method, itself, can be

used for cases falling outside the range of charts.

Methods of obtaining optimal design parameter conditions

are now discussed.

4.3.1 The Nonsinusoidal Driving Function Case

Digital simulation is recommended in this case. Method I,
the series method, is used. The simulation will be ¢iscuss—
ed later, It is applied to design a system with physical con-
straints on some of its parameters. Numerical integration
is avoided by developing an algorithm, based on function

evaluation.
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4.3.2 The Sinusoidal Driving Function Case

In this case, optimization of the parameters can be
obtained by an analog approach. Method II, the series parallel
approach, is used for simulating the system dynamics and is
described later. The free flight mode, discussed in Chapter
2, is not considered in this simulation. Optimum parameter
values can easily be found by a manual search using potentio-
meters to vary parameters and observing object travel on an

oscilloscope.

4.4 The Digital Simulation

The essence of this method is to store one driving cycle
in the memory of the computer. The stored information is the
acceleration, velocity and displacement of the trough in
discrete form. The discrete data are taken at n equally
spaced points over the entire driving cycle in such a manner
that all of the acceleration positive ordinates appear first.

This driving cycle is applied to the trough.

The driving crank is moved in equiangular steps. The
crank steps are used in simulating real time. Each step

corresponds to an increase in time equal to At defined by

At = 21/w(n-1)

Stations number one and n are identical, as these positions

correspond to the crank at angles zero and 2w, respectively.



Denoting the crank stations by an index K incremented
from one to n , the time t 1is increased by At for every
incrementation of K. This process can be continued until
K reached n because there is only one cycle stored. At
this stage, changing K to (K - n + 1) will correspond to
a return back to the station whose index is K equal to one.
K can then be incremented again on the same stored cycle.
The time t 1s continuously increasing by At. In this
manner, the simulation can be run a number of cycles until
the object motion reaches an oscillatory steady state. 1In
practice, it is found that only the first cycle is different,
for all other cycles the object is moving in an oscillatory

steady state.

For a given set of parameters r;,r;,rs,rs,w, o and U
the through acceleration cycle can be generated from the
first six parameters. It is available to the decision-
making module with the other variables of interest. Closed
form mathematical algcrithms using equations (25), (28),
and (31) are provided to calculate object travel for each
mode to avoid numerical integration. Therefore, the object

travel can be easily computed.

The simulation provides either partial or complete
scanning of the parameter sets,described in Appendix I, for
a given crank speed w. The designer can restrict the

scanning process only to the sets that will suit his
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requirements.

4.4.1 Generation of the Driving Cycle from
the Four Bar Mechanism

The block diagram given in Appendix I shows that the
mechanism parameters are specified in the main program OPT.
Subroutine NEWTON is called from the main program. This
subroutine computes the ¢ and n displacement components
of the coupling point b at 200 equiangular crank stations.
The velocity and acceleration is also evaluated at these 200
locations. By storing these values, the displacement,
velocity and acceleration of the coupling point 1 over a
complete crank revolution will be known. Two hundred points
are sufficient to show most of the driving aycle details.

The accuracy of the computed ordinates is lO_q. Linear
interpolation can be used for calculating the ordinates of

the driving cycle for the in between crank locations, as shown
in Fig. 14. This type of interpolation will not provide
accurate results, if the number of points is small. Increas-
ing the number of points will obviously increase the
computation time. Accordingly, the crank‘stations adopted

are of angular step size slightly less than two degrees.

This choice allows linear interpolation to be used and the

ordinates evaluated show accurate results.

The driving cycle of the trough is obtainéd from the
stored values of the coupling point b The in-plane driving

cycle acting on a trough, placed at an angle o, is given by
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the following eguation

¥y = x cos(a) + y sin(a)
y 1= % cos(a) +y sin(a) (64)
¥1 = X cos(a) + ¥ sin(a)

The trough driving cycle is computed at the 200 point

of the coupling point b of the four bar mechanism. The
driving cycle will change when varying the trough angle.

The relations in Equation (64) only will be computed

again to obtain the new values of the in-plane driving cycle

of the trough for different driving angles.

4,4,2 Sorting of the Driving Cycle

It 15 necessary to ¢
arrange the ordinates of the driving cycle in such a manner
that the positive acceleration ordinates appear first. This

strategy is adopted to provide simple means for simulating

the object modes described in later sections.

Computing the ordinates of one driving cycle in the
trough plane, for the 200 points represénting this cycle,

results in one of the following possible arrangements:

a) Negative ordinates followed by positive, then

followed by negative.

b) Positive ordinates followed by negative, then

followed by positive.
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c) Zero ordinate followed by negative ordinates

and then by positive.

d) Zero ordinate followed by positive ordinates

and then by negative. .

The subroutine SORT arranges the cycle ordinates
for cases a), b) and <c¢), so that these ordinates are

available in the form described in 4d).

4.4.3 Coefficient of Friction

Practical values for u range from .1 to .5 [12]
The whole range of u can be used at small trough angles.
Increasing the trough angle o will not allow low valucs of
u  to be used in association with specific driving cycles
applied to the trough, since slipping will occur. In some
design problems u is consttrained due to a limited choice

in the trough's material.

The applicable band of u is scanned in equal incre-
ments. This ultimately leads to the value of u that gives

optimum performance for the given remaining parameters.

4.5 Optimization Criterion

In any optimization, one must define an objective
function to be minimized or maximized. In this study, we

wish to maximize object travel per cycle by varying
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conveying system parameters. The driving cycle is changed by
varying r; while keeping ysr2,ry, and w unchanged. To
find the optimum value of rj;, it is necessary to develop a

criterion that cuts down the number of trials. Referring to

Figure 15, the following rules are applied:

a) The trough driving cycles generated are sorted into
two classes, reiying on the fact that the positive and
negative areas of the trough acceieration cycle are
equal. The first class are the useful cycles which
can provide upward object travel. The other class of
driving cycles gives downward travel. To differentiate
between the two types, the acceleration cycle is
checked. Let the index kO shown in Fig. 15, be
used for the ordinate, at which this cycle goes from
positive to negative. If it has kO > 100, for the
200 crank stations previously selected, it is considered
useful. This criterion will guarantea that the average
amplitude of the positive portion of the acceleration
cycle is less than the average amplitude of its

negative portion.

b) The trough angle a, ranging from 5 to 25 degrees,
covers most of the widely used values in ﬁractice.
The optimum value of yu is obtained by scanning its
applicable band. It is possible to scan ¥  in such a

way that increases in object travel occcur at the start
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of the scanning process, then decreases.

To determine the applicable band of u, the
maximum positive peak of the acceleration cycle Am
is detected. Equating the maximum positive accelera-

tion of the object B to A at a given trough angle

U
o, the relation

B = glp cos(a) - sin(a)] = A

. (65)

m

will specify the maximum p that can be used. Values
of u exceeding this maximum will result in equal
movements of BU and BL away from the line -g sin(a),

and object upward travel decreases as By increases.

The limiting case presented shows that the gain
in object travel will decrease if U is increased

beyond that specified value.

Therefore, for a given o, the defined band of 'u
can be scanned in a descending order. The scanning
process of u 1s ceased as soon as object travel
decreases. The remaining values of ‘i need not be

investigated.

c) Another constraint governs u, its extreme value in
practice is .5. If the maximum calculated value is
greater than .5, the upper bound of this parameter is

limited to .5.



The decision making in the main program OPT falls
within the guidelines prescribed in a, b and c.
These guidelines lead to optimum performance after a

few trials.

Optimum performance can be achieved by minimizing
the duration of the object in Mode II, and maximizing

it for Mode III.

4.6 Object Travel

Object travel is computed in the subroutine CONV. The
ordinates of the acceleration cycle are sequentially compared
with the calculated values of BU and B, at a given para-
meter set. Accordingly, one of the simulated modes in this
subroutine will be activated. Transitions between modes
occur when B, or B is less than the absolute value of
the acceleration ordinates. At transition points, the object
is in two different modes at two consecutive ordinates of the
acceleration cycle. As illustrated in Figure 14, linear
interpolation is used to calculate the exact object accelera-
tion, velocity and displacement at these points. The object
travel is computed from the displacement results displayed in

the second cycle of trough motion, as transients always appear

in the results of the first cycle.

In Appendix II, a FORTRAN IV program is described

which carries out the simulation and optimization. Its block
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diagram and flow charts show the steps of computation and
display the methods used in implementing the previously mention-
ed guidelines. Both nonsinusoidal and sinusoidal driving
function cases are run on the digital computer. The sample

results obtained are plotted and given in Appendix II.

4,7 Design Example

It is required to transport the work pieces coming out
of a machine placed in a production line to another machine
which performs packaging of 10 pieces per box. This machine
can produce approximately three boxes §;;>minute. The distance
between the two machines is six feet and the difference in
elevation between the output of the first to the output of the
second is 18 inches. It is required to design a feeder that

can arrange and handle 10 work pieces in a time that can match

the packing machine output.

Practical values for the speed of a driving mechanism
is multiples of 60 as the driving source is usually a motor,
connected to A.C. power of a frequency 60 cycles per second.
As previously mentioned, low speeds are desirable, let the
band of speeds adopted be 60 r.p.m. to 120 r.p.m. As will be
seen later, to compensate for the decrease in u, the speed
selected is 100 r.p.m., and can be increased to 120 r.p.m.

when required.

The constraints on the system parameters are



- 18 -
tano = —G—X—Tz—— = 0.249
therefore %
o = 14° &
Distance travelled by chjects = 37 = 6.2 ft. §
Angular velocity selected = 2xmx 100 5

60

10.5 radians / sec.

Ry

Required travel / sec. for one work piece

B R i e S T S T,

6.2 x 10
20

3.1 ft./sec.

From Figure 16, it is much more favourable to have
]

R Civing rechanism oot 1Y .S oA ey T P
the ariving mechanism installed under Cile Colveyel wiiiCh

will save floor space.

The design constraints implied that ri, r to be

taken as 1 ft. and 0.6, respectively, as shown in Fig. 16.

The program OPT is run to evaluate the optimum
design for the remaining parameters Y3, ry and y. The ?

results are obtained and shown in Appendix I21I.

The maximum travel obtained is .29 ft./<ec. From
the plotted results, Fig. 17 at rs; and ry edqual .75 and
.9, respectively, at a coefficient of fricticom equal to
.4. Fig. 18 shows the effect of the parameto:r r; on

object travel.



As the gain/cycle is 0.29 ft. the gain per sec. will
be 2.9 ft. therefore the time required to cover a distance

of 6.2 ft. for one work piece is

QLZ = 2.1 sec.

.9

Therefore, the time required to handle 10 work pieces

will be 21 seconds. The packaging machine will have a unit

outputlin 6g = 20 sec.

It is obvious that the obtained results give the
optimum object travel and the values of its corresponding
parameters which meet the constraints of required osciliatory

conveyer.

4.8 ''he Analog Simulation

Method II, previously described is applied to this
simulation. The case of sinusoidal drive, in and normal to
trough plane, is studied. The simulation only considered
the sliding modes by keeping the normal reaction N greater
than zero. The trough is subjected to two acceleration
components yi and yn, and for a given parameter of the
trough B and S can be evaluated from ecuations (22)

and (23).

The object acceleration cycle can be formed from yi,
?n, B and S components. The analog circuit shown in

Figure 19 simulates the system model. It is composed of
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the following major parts.
a) The control logic circuit.

The components used in this circuit are comparators and
AND gates whose function is briefly described in Appendix
III. Figure 20 shows the logic signals generation. These
signals will control the system modules whose logic values

aé?ear in Table 4.
b) The system modules.

These are the analog representation of the track, lag
and lead modes. Figure 19 shows three controlled electronic
switches. Every switch has a control signal which causes it
to open whenever the applied lougic signal is zerov, and Causes

it to close whenever the control signal changes to one.

4.8.1 Circuit Description

Referring to Figure 20, the comparators designated A,
and A, continuously check the acceleration components of
the trough against the upper and lower bounds of the object
acceleration B and S, respectively. The comparators
designated V; and V: also continuously check the velocity
component ii of the trough against the velocity of the
object. Their logic outputs are used to latch the A, and
A com?arators. The two comparators used to check object

and trough velocities are required to distinguish three
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different states. These states are as follows:

a) The velocity of the object is less than that

of the trough.

b) The velocity of the object is equal to that

of the trough.

c) The velocity of the object is greater than

that of the trough.

Accordingly, a small fixed bias has been introduced to
the V; and V, comparators to produce a narrow dead band.
Thus, equal object and trough velocities can be detected.
The percentage error in the simulation is 2 x 10—1, which

is the amount of bias used to produce this dead band.
The AND gates are used to combine the following signals:

a) The A; and A, signals are combined in Gate I,
to produce the control signal T. Therefore, T is

equal to A;.A,.

b) The A, and LEAD signals are combined in Gate II,
to produce the control signal LAG. Therefore LAG
is equal to
K, .LEAD

c) The A, and IAG signals are combined in Gate TII

to produce the control signal LEAD. Therefore, LEAD



is egual to
A, .LAG

Table 4 emphasizes the fact that the control signals
are set to logic one, one at a time. Therefore, only one
switch among the SW;, SW, and SWj; switches shown in the
block diagram Figure 21, will be closed at any time.

This results in forming X from B, yj, and -8 components.

Two integrators are used to provide X and N required

for the generation of the control logic signals.

4.8.2 Circuit Construction

Referring to Figure 19, at given values for 1y and
o, the settings of the notentiometers designared R = and
So can be calculated, using equation (32). Also, at a known
value of B, the potentiometer designated ¢/2 can he
set to the calculated value using equation (33). The potentio-
meter designated E provides a slight amount of negative bias
to the V: and V, comparators to overcome the difficulty
encountered in detecting analog signals oﬁ zexo magnitude on
the analog computer, as previously discussed. This pot is
set to .002, and considering amplitude scaling the percentage

error introduced is 2 X 10_1.

A sample result is given in Figs. 22,23,for one set of
system paramecters. The cases of an in-plane sinusoidal

trough drive and in-plane and normal to trough plane drives



are illustrated for the sliding modes only.

The designer can run his problem in the same way
previously described and set the analog computer potentio-
meters to the values that can meet the required constraints
on the system parameters. Optimization can be done to the
unconstrained system parameters by varying their correspond-

ing potentiometers until maximum object travel is obtained.

4.8.3 The Sinusoidal Drive

As previously mentioned, one sinusoidal acceleration
cycle in plane will never provide upward travel of the
conveyed objects. The analog simulation is applied to
illustrate an in-plane sinusoidal trough drive. Results
are given in Fig. 24 , showing a net downward object travel.
A similar case has been proven by Morcos and Massard [10]

for a hypothetical cycle.

In the second case, the potentiometer ¢/2 is set for
a value not greater than B, t+ 5,. This will not let the
object enter the free flight mode. Optimization is obtained
in this case, by adjusting the free flight factor to the

threshold at which the free flight mode will start to occur.

Gain in object travel can be optimized by varying the
potentiometer settings which correspond to a variation in
the system parameters. Optimization of this type of

conveyors may lead to general trends, as there is always a
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definite pattern for its acceleration cycles, which is not
the case for linkage mechanism driven conveyors. This

generalization was not attempted, in the present study.

4.8.4 Example Covering the Upward Travel

The analog simulation sample results obtained with

the following parameters

B = .36 ft/sec2

S = .4 ft/sec’
/2 = .1

a = 1 ft/sec?

w = 1 cycle/sec

whinch corresnond to

trough angle o 2!

u = ,01

are shown in Figure 24, for the case of in-plane
sinusoidal acceleration. The area lost from the
acceleration cycle is greater than the area gained, as a

result, the object travels downward.

Figures 22 ,23 show the case of two sinusoidal
acceleration cycles, one in-plane and the other normal
to the plane of the trough. The object acceleration and
velocity when superimposed on the trough acceleration

and velocity cycles, Figure 23 shows that the object accelera-



tion is bounded by the sinusoidal wave form of amplitude
¢A superimposed on B and Sqe Further, examination of
the area under the velocity curve shows that the object

is travelling upward.

54



CHAPTER V

DISCUSSION AND CONCLUSION



CHAPTER V

DISCUSSION

Most of the forward travel gained by a conveyed object
placed on an oscillatory conveyer is achieved in the lead
mode and the free flight mode. The free flight mode is not
always desirable, as it may damage the objects on each

impact, and reduce the quality of the trough surface.

The optimization tool provided in Chapter 4, considered
only the sliding modes and maximized the lead mode for a
given driving cycle. This is achieved by changing u
and o until maximum upward travel over one cycle was
obtained. A pure digital approach is applieé to provide
optimization of the in-plane non-sinusoidal type of trough
drive provided by a four-bar mechanism. All possible arm
combinations of that mechanism are tried, so as to establish
general optimum design trends, but general optimal parameter
sets are not found,due to the large number of parameteré

involved.

For an in-plane and normal-to-trough plane driving
cycle, only sinusoidal drives are evaluated. The free
flight mode was not studied. Analog simulation was applied
in this case, and maximum upward travel was achieved for
the case of pure sliding with the system parameters adjusted

to the threshold of the free flight mode.
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It is difficult to establish general trends for the
four bar-driven types of conveyers, whose simulation was

discussed in the previous Chapters.

In general, an increase in u will result in an
increase in the object's upward travel. It is important to
note that u may change through the normal wear of the-
trough material, and can result in a downward travel, rather

than an upward object travel,after some time.

The changes in o will not only affect the topology
of the driving cycle, but also will change the boundaries
BU and BL. Changes in o, especially at large values of

p, considerably affect conveyor performance.
However, at low values of u, this effect is decreased.

To achieve optimum design, it is necessary to use the
FORTRAN program which has been developed to cover possible

combinations of the four-bar mechanism.

A complete or partial scanning of these combinations
can be adjusted by the designer, as required. The object
travel per cycle is given as one of the program output at
different values of u and o. The designer can easily
select the optimum object travel and the associated system
parameters. When constraints are imposed on the parameters,

the designer can still use the optimization tool previously



discussed and adjust the constrained parameters to suit his
design problem. A design example was given to illustrate

the above concepts.
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CONCLUSION

"A method for the design of oscillatory conveyers
has now been developed. The method is based on a simula-
tion model of an actual conveying system, and allows optimi-

zation of design parameters for particular applications.

The particular cases of conveyers driven by a four
bar mechanism has been studied. The same method can be
used for other types of driving mechanism by changing
the digital simulation of the driving mechanism to the type

of mechanism available.

The dynamics of one object placed on the conveyer

are considered.

The analog simulation gives another alternative
tool to the designer for optimization of sinusoidal and non-

sinusoidal types of conveyers.

The four bar mechanism used to drive the trough shows
that at small ratios of links rl,rz,rs,r“ the speed has
to be increased, in order to keep Am and An greater than
By and By, which results in object's relative displacements
the trough.

The effect of increasing the dimension of the link

r, in this mechanism severely affects the obhject travel as

to



N
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it changes the configuration of the acceleration cycle at a

given trough angle.

A useful acceleration cycle is that which has its
positive portion last longer than its negative portion, so
its average positive value is less than its average
negative value. Therefore, the object travel will increasec
with an increase in u up to a turning point decided by the
leading intersection points of the trough acceleration cycle

to the By and Bj 1lines.

The coptimum performance can be obtained at all values
of the unconstrained system parameters, but not all of thesec
values are realistic. Optimum design charts for realistic
values can ke provided for some defined parameter scts, but
still it will not fulfil and meet the designer requirements
for the unpredicted constraints in his design problem. It
is found that there is no consistent pattern in the systen
berformance when variations in the parametcrs occur. There-
fore, the FORTRAN PROGRAM previously established, can be
run. This will provide the design parameters at which
optimum conveyer performance is achieved. Also these para-
meters.will meet the desired constraints of the design

problem.
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FIG.1
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FIG. 5

Transitions between object's

modes.
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FIG. 7 Displacement components of the coupling

point B in the four bar mechanism.
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FIG. 8 Coordinates of the driver link and
the coupling point (b) of the four bar

mechanism used in analog simulation
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FIG. 9 Analog simulation of the displacement
components X and Y of the four bar

mechanism.
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FIG. 10 Analog simulation of the velocity
components X and Y of the four

bar mechanism.
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FIG. 11 Analog simulation of acceleration

components X and Y that can provide

the trough drive acceleration cycle
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FIG. 12 Locking conditions for the crank
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STATE y-B, y+EL =% %=~y Mode
1 - + = x=y I
2 + + y=% x=y II
3 + + + - II
4 - + + - 11
5 - - + - 1T
6 - - =% %=y 11T
7 - - - + 111
8 - + - + i1
9 + + - + III

TABLE 1

Possible states for the conveyed object when

sliding conditions only are considered.



STATE | y-B | y+B y-% x-y N X, -Y, Mode
1 - + Y= =y + I
2 + + y=% k=Y + 11
3 + + + - + II
4 - + + - + II
5 - - + - + II
6 - - y=x =y + III
7 - - - + + III
8 - + - + + IIT
9 + + - + + IIX
10 - + Iv

TABLE 2

Possible states of the conveyed object subjected

to in-plane and normal-to-trough plane accelera-

tion cycles, to show the free flight mode.



Trough Object Static Sliding
Material Material Friction Friction
Mild Steel Plastic - .35
Aluminum .61 .47
Magnesium - .42
Cast Iron Steel - .23
Copper 1.05 .29
Brass - .30
Zinc - .21
Lead - .43
Tin - .32
Leather - .56
Aluminum Aluminum 1.05 1.4
Glass C0p§er 1.10 .15
Oak Oak .54 .32
Leather .61 .52
TABLE 3

Coefficients of dry static and dry sliding

friction.
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APPENDIX I

THE FOUR BAR MECHANISM

1.1A Mathematical Relations

1.1.1A Relations Directly Obtained from Fig. (7)

a

Y, = T2 sin wt

Xa = wya

ya = wxa

.. — 2

xa = w Xa

.y - 2

Ya = @Y,
(x, - x )% + (yy - y,)? = 13
(r1 - %)% +y.2 = r,°

1.1.2A 1Initial Conditions for the Driving

r, cos wt

Link are at t =

O

6 = 0, X_ =
' Ta

Substituting in equation

(xb - r2)2 + Yb

(rl - Xb)2 + Yb

2

2

r, and Ya

(1.4A) gives

1l
2}
w

1
=
)

[

(1.13)

(1.23)

(1.3A)

(1.43)

(1.53)
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Solving equation (1.5a) for Xy and Yp and evaluating
their values at t = o leads to
X = (r1? + r3? - ry;2 - r,2)/2(xr,-1,)

b
(1.6A)

Yy = + Vrz® - (xb—rz)‘-

In equation (1.6A7), Y, can be positive or negative.
The positive sign is chosen as the links of the four bar and
are placed above the x axis; the negative sign will provide
the image of Yp with respect to the x axis, which is not

used in the previous analysis.

1.1.3A Velocityv Components

Velocity components are obtained by differentiating,

with respect to (t) equation (1.1.4A) which gives

(p=%a) (p=%,) + (ypy,) (-3, = 0

(1.7A)
“Taxp )R+ oyg, =0
Solving for ib and yb and rearranging leads to
Xp = Yp¥p Ypm¥a) + Xy, (,mx,)/

[y, (x=x) + (y-y,) (£1-x) ] (1.83)

Yp = Fp (r1=xp) /vy
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1.1.4A Acceleration Components

Acceleration components are obtained by differentiating

with respect to (t) equation (1.7A) which gives

(kp=x,) (=) + (=% )% + (y-y,) F-¥,) + (,-¥.)%= 0

(1.9A)
- - . s 2 . o 2
(r, xb)xb LIRSS S SN SR N 0
Solving equation (1.9A) for ib and yb and rearranging
s _ [ _ Y (e o 22 - 2 2 s
¥p= [Xa¥p (y7x,) = vy (5 %)%+ (ypmyy) (g, "4y * v )
= ¥y (T =¥p) 2 /Dy (=% ) + (v -y, ) (x1-x,) ] (1.10a)

§b= [ib(rl"xb) - sz - ysz/yb

2.1A Application of the Newton Raphson Iteration Method

Equation (1.47A) describes the displacement components

XYy of the coupler point b in the four-bar mechanism.

The values Ax and Ay wused in finding the new values of

the relative to the different driver link position

*b'¥p
are given as follows:

. 0f

5;; = 2(xb-r2cos wt) = Ul (1.11A7)
9f

—_— = = U2 (1.12A)

ayb 2(yb—rzsin wt)



~-f, (XO'YO)

-fz(xo,yo)

and in compact

. 0f2
3Xb = 2(xb-r1) = VI (1.133)
. of .
7 = zyb = V2 (1.143)
= r 2 _ ( - 2 _ - s 2 _
3 X, ~F2 COS wt) (yb r, sin wt)*=
=U ‘ (1.153)
= r,? - (xb—rl)2 - yb2 = Vv (1.16A)
Ui U2 X =
Vi Va Y = A\
form
[aA] {8} =

{b}

The solution will be in this form

s}

Thus

|a]

Ax

Ay

AT

= cofactor—%%%— {b}

(1.17A)
= Ulv2-U2vl =D
= (Uv2-vU2)/D

(1.182)
= (VUl-U0v1l)/D
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3.1A The Possible Four-Bar Link Combinations

A FORTRAN program is developed according to the basic
ideas described in Chapter III. The following is the possible

combination of R2, R3, and R4, with Rl, taken as unity.
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APPENDIX IT

OPTIMIZATION

2.1A OPTIMIZATION

Block diagrams and flow charts for the following:

i) Program Optimization
ii) Subroutine Newton
ijii) Subroutine Sort

iv) Subroutine Conveyer

2.2A THE FORTRAN PROGRAM

The Fortran Program and plotted results.

2.3A SAMPLE RESULTS




START

GEMERATE MECHAMNISM PARAMETERS

COMPUTE ACCELERATION VELOCITY
AND DISPLACEMENT CYCLES

DEFINE TROUGH ANGLE

ARRANGE THE ORDINATES OF
THE COMPUTED CYCLES

FIND MAX.POSITIVE AND MAX.NEG-
ATIVE ACCELERATION ORDINATES

]

DEFINE THE APPLICABLE
RANGE OF u, o

OPTIMIZATION CRITERION

COMPUTE EXACT OBJECT TRAVEL

BLOCK DIAGRAM




ANC=3.0
EP=0.0001
OM=10.0
PAI=3.1415927
GE=32.172
RRI=1.0
ENC1=0.1
ENC2=0.05
PP=.01*PAI
DT=.01*PAI/OM

LL]
1
AT=I-1
THETA (I)=PP*AT

I 1,201

AI=I
RR2=AI/10.
I1=10.-I
|

>
JJ=10-J
AJJ=JJ
RR4=AJJ/I0.
A=RRI-RR2+RR4-ENC2
B=RRI+RR2-RR4+TENC2
RR3=B~-.1

®
®

K=1,20

|

J=1,II

I=1,9

STOP

PROGRAM OPT
For generating the crank angles and

the sets of arms of the driving mechanism
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&)

RR3=RR3 + .1
Y

NT = NT + 1
Rl = RR1
R2 = RR2
R3 = RR3
R4 = RR4

CALL NEWTON

DEG=KK
ALPHA=DEC*PAT /180,

CALL SORT

|

OPTIMIZATION
CRITERION

CALL CONVEYER

PROGRAM OPT. (CONT'D)

Computing the displacement, velocity, and acceleration cycle
of the trough, and selecting the best coefficient of friction
and the trough angle that gives maximum forward travel at a

specified crank speed and arm's ratio of the driving mechanism.



START

XB= (R1**%24R3**2-R2*¥*2-R4**2) /
(2.0* (RL-R2))
YB=SQRT (R3**2~ (XB-R2) **2)

- —

’

CT=COS (THETA (1))
ST=SIN (THETA (1))
XA=R2*CT
YA=R2*ST
XAD=-YA*OM
YAD=XA*OM
XADD=-XA*OM**2
YADD=-YA*OM* %2

COMPUTE THE VELOCITY, ARD
ACCELERATION COMPONENTS OF THE
COUPLING POINT B OF THE DRIVING
MECHANISM ALONG THE X AND Y AXES

ZDX (1I)=XB
ZDY (I)=YB
Z2VX (I)=XBD
ZVY (I)=YBD

ZAX (I)=XBDD
7ZAY (I)=YBDD

1=1,201

RETURN

SUBROUTINE MNEWTON
For computing displacement, velocity, and
acceleration components of point B on the four-

bar mechanism.



@

U=R3%*2~ (XB-XA) **2—~ (YB-YA) *%*2
Ul=2.0%* (XB-XA)

U2=2.0*% (YB-YA)

V=R4**2~ (XB-R1)**2-YB**2
V1=2.0%* (XB-R1) '
V2=2,0%*YB

D=U1*V2-U2*V1

TEST=ABS (D) -EP

DX= (U*V2-V*U2) /D
DY= (V*U1l-U*V1) /D
XB=XB+DX
YB=YB+DY
TEST 1=ABS (DX)-EP
TEST 2=ABS (DY) -EP

SUBROUTINE NEWTON (CONT' D)
Newton Raphson iteration method used for
cbmputing the displacement components

along the X and Y axes.

100



XTDD (1) S

LAG=2

I=1,201

RETURN

SUBROUTINE SORT
For adjusting the start point of the

driving crank

- LAG=1
M=202-1 =
W(1)=XTDD (M)
W1 (1) =XTD (M) LAG
W2 (1)=XT (M)
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_.@

’/x;n (1) >+

-l

KK=J
L=200-KK

P

M=KK+J-1

W(J)=XTDD (M)
W1 (J)=XTD (M)
W2 (J)=XT (M)

J=1,L
LP1=L+1
M=J+KK-?.O l
W(T)=XTDD (M)
W1 (J)=XTD (M)
W2 (J)=XT (M)
J=LP1,200

W(201) wW(1l)
W1 (201) wWl(1)
W2 (201) wW2(1)

o

SUBROUTINE SORT (CoNT'D)

Looks after acceleration cycle with negative

starting ordinates



o

- +

SUNSLERNE

XTiiiiL/

0
l KK=1-1 |
M=KK-J+1

W(J)=XTDD (M)
W1 (J)=XTD (M)
W2 (J)=XT (M)

J=1,KK

KKP1=KK + 1

—

M=200~J KKPl
W(J) =XTDD (M)
Wl (0)=X1TD (M)
W2 (J)=XT (M)

J=KKP1200

W(201)=w (1)
W1l (201)=W1(1)
W2 (201)=w2(1)

SUBROUTIME SORT (CONT'D)
Looks after acceleration cycle with

positive starting ordinates
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2.*PAI*ANC
=0

XTO=W2 (1)
XTDO=W1(1)
XCO=XTO
XCDO=XTO

0
1
D

2 HRA
oM il

dJ
+ -
] W (K) +BL :

0

MODE=2 MoDE=1 | | MODE=3
®)
(E) 13 (;)

RE-
TURN

SUBROUTIKE CONVEYER

For exact computation of object travel



l—l
(o]
n

T=T+DT

K=K+1 l

7 (K) +BL

&

MODE=1

KJI=K-1

W2 (KJ) = (W2 (K) +W2 (KJ) ) /2.
XCO=XCO+ (W2 (KJ) -XTO)
XTO= (W2 (K) +W2 (KJ) /2.
XCDO= (W1 (K) +W1 (KJ) /2.

SUBROUTINE CONVEYER (CONT'D)
MODE I



K=K-200

MODE 2
KJ=K-1

T=T-DT*,5

XTO= (W2 (K) +W2 (KJ)) /2.

XCDO= (W1 (K)+W1 (KJ)) /2.
XCO=XCO+.5*BU* (T~TO) **2+XCDO* (T-TO)
T=T+DT*.5

SUBROUTINE CONVEYER (CONT'D)

MODE II

10



167

14

%6

K=K+L
T=T+DT

XCD=XCD~-BL* (T*T0)

w1<x:;§9pf3
+

MODE=3

KJ=K-1

T=T-DT*,5

XTO= (W2 (K) +W2 (KJ) ) /2.

XCDO= (W1 (K)+W1 (KJ)) /2.
XCO=XCO~-.5*BL* (T~TO) **2 CDO* (T-TO)
T=T+DT* .5

SUBROUTINE CONVEYER (CONT'D)

MODE IIX



FORTRAN PROGRAM
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FONIT e (3.717°ASTER

SUMROUT TIHE WEWTON

CGitsOi ﬁtgnLFAyUT;bU.HL,ENCl;ENCZvUEG;A%?eAX21ﬁMUo

lW(EOI):wl(dOl)9%3(201)fZDX(ZGl);ZUY(EOl)yZVX(Zﬂl)csz(ZOI)9

HHI‘RZyH39H4qUH9hPyPAI9CA;Sﬂ9

OO0

les1HEIA(KUl)yAlUU(ZOl),ATU(ZUI),AI(201)9AHC9

GLARR(E01)Y s ZAY(2UL)
dRITE(G)1s1GY) KleKP 2RI gyRG

DISPLACEMENT OF COUPLING POINT B

Xh:(Hl**d+N3*“d‘H2**2"R4**2)/(8o0*(R1-R2))

YB=SORT(R3%dze (x3=RP) #%2)

CRANK ROTATION
DO 6 T=1.201
CT=COS(IHETA(I))

ST=SIin(THETA(L))
Ah=REwCT
Yaz=R24#ST
XAuz=Y A Oid
YAD =X ak0M
XADDZ=Xa%pmirs 2

aon

YAND==Ya%kQumesr

ITERATION bBY NEWTON RAPHSOWM

U=R3**R-(XH~AA)##2-(YH-YA)«*2
Ul=g 0% (Arg=XA

U= o it (Yo Y i)
V294““€“(XU-R1)““K*YR”“2
VISZ2e 0¥ {AK=R])

VE:ZOU“Yﬁ

U=U]V2aU24%V]
TEST= a8 (D) =~EP

IFATEST)Y 3¢5¢3
LXz (Ustv p=vstlU2) /0
DY=(VeU1~U%V1) /i)
Xb:=Xtv+ X
Yh=Yh+DY
TESTI=AnS (LX) ~t¥

%

o

TESTE=ARS(UY) =L P
IF(TEST)) 444 e¢
IF(TEST?) 56542
Ulsyhi=Ya
UZ=x3=xna
U3=F¢ ] =Xt

o

VELOCLTY UF ROINT #
EHM]:YAH*Yb*Ul¢kAU%YH*(XH~XA)
DEMI=Ysali2«ulsys
XisD=b M} ZDEND
YD=U38Xxh)/Ys

[N01=YH*U29XNUU"YHﬁ(XHU-KAD)**d*Ul*

ENOZ2==Yu% (YBU=YAD) ¢ p

(XBO##2+YBD 224 YADD#YR)
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FORTRAN

(3e2)/1inSTER

EnM2=tNO Ll +ENOZ
NENZ2=UZEY s+ UL U3

ACCELERATION OF POINT R

rtsip=bENG2/0URNS

YEDD= (U3 XHDU=Xb0##2=YRD##2) /YR
ZUX(I)=xb

ZhY (I)y=vyB

ZVX(I)=xbD

ZVY (1) =yhD)

&)
101)

ZaX{I)=xp0v

ZAY{]1)=Ytbdb

CONTINUE

FORMAT (/775X 940 RI=¢F5.295Xe4H R2=9F5,295XKs4H R3=3F5,72

15X 36K H4=gFner)

RETURN

NO ERROKRS

tiND

FORTRAN DIaGnNOSTIC KESULTS FOR NEWTOUN

NEwWTUM

d Qo5 C 1222% D 60000




FORTIRAL (3.2)/ASTER

SUSKGUTTHE SORT

COMMON GEGALFAY DT sl eb L s ENCT ¢ENCPsDEGaAX L e X2 ylltill,
JHL2010) 9wl (20L) ew2(201) o ZDX(20)1) «ZDY (2011 ¢ 4VX (201} 4ZVY{Z0)) s
Rl H2eRIs R4 UMM EPsPAT«CAsSA,

3NT¢THEYA(Zul) s ATDDUL20L1) 4 XTD(201) ¢ AT(201) s AT
47X (201)9ZAY (20])
IF(XTOD (1)) (s&148

7 LAG=1
LO TO 9
8} LaG=2

Gy U0 12 I=2,201
GO TO (10411)sLAG
10 IF(XTDD(I)) 12913413
11 ITF(XTDO(L)) Y(el7s12
12 CONTINUF
13 Kh=T

L=c00=KK

U0 14 J=liyl.
Ma=KK+ J=1]
W{J)=XTDD (M)
Wl (J)=XTD (M)
We (J)y=XT (M)

14 CONTINUE
L=+l
DO 1S J=LPly200
Mz g+l K=200
W(J)=XTpw (M)
Wl () =X1b ()

W2 (J) =AY ()

1% CONTIWUE
w(0l)=w(l)
wli(Pul)=wl(l)
W2 (201)=w2(1)
GO TN 2%

17 KK=x]=l}
DO 18 J=leKK
M=KK~J+ ]
W{J)y=xToD (M)
W1 DY =XATD (M)
We ()T (1)

15 CONTIUE
KKP1=RKK+ )
DO 19 JzKRP1e200
Mz200=J+ KKP]
W(J)=XTDD ()
wl(J)s=XT1Uu ()

W lJd)=AT (#)

19 CONTIRNUE
w(zil)y=wil)
Wi{P0l)=wl(1)
we(zol)y=w2 ()
LU 10 2%

2] IF{XTLD(2)) 22925425
ez2 DO 23 I=1,201




tOR T AN

(3,2)/71an5T1ER

Mz=g02=1

WLy =XTDL (=)
JI(T)=XTOD (M)
W2 {T)=XT ()

23

2%

CunTINUE
COnT INUE
RE TURN
END

FORTRAN DIAGNOSTIC RESULTS FOR

SORT

NO ERRORS

SORT

P 00363

c

12225

D

00000




FORTRANM (3.8)/0ASTER
SUBRUUT THE COnvv
COrtON GhanlbFieDToRUsHBLoENC) +ENCP2sDEGIAXY e AXZ 9 MUy
1w l201y el (201)sw2(201) s20XL201)Z0Y (208022201 +7VY (201}
ERLGFZyRIsRasUrs P sPATsCASA,

3T THETA(201) s ATUD(201) ¢ XTOD(201) ¢ AT (201) s ARCo
47AX (29)1YysZAaY (201])

MT=1

T=9

K=1

THF= (2, 05PAISANG)

TOE =2 ¢ ¥pPALIR (INC=),)
MODE=(

XTO=w2 (1)
XTDO=vil (1)

XCO=XT0

ACUO=XTnO

@i Tu=1

IF(MT~MODE) 14415414
164 MT=MODE

WRITE(GL1s1U05) MUDE «T9XCOe XCDOsK
1% CONTINUE

1F (TF=T7) 706/(0e450

4oy IF({TSF=T) 44usl0y44Q
19 CAr=XC0O
440  LF(d(K)Y=BIJ) Gleslean
41 IF(u(R)+nl) ©le4le4?
‘+'r’ K-'-’-"\"l
T=T+07

IF(TE=T) 79¢/04>
43 LF (K=201) 45+65s4a
44 KeKezZ {0

GO TO 43
aly LE (W (n) ~U) 40947007

e IF (9(R) +BL) 4/94T0ap

41 MODE=])
KdsKe=1
W2ARJ) = (W2 (K)+Ww2(KUS)) /7,
XCO=XCO+ (we (KJ)=XT0)
X10= (w7 (KY+w2 (hJ)) /2,

XCDO= (W) (R} +wl (nd)) /2
GO TO 40

G K=K+l
T=T«DT

Hg  JF(K=201) S03b095%

Bh 0  K=K=2{0

GO TO b4
S6 ACH=XCLY+BUF(T=10)
IF(wl(K)Y) ls2e2
| IF(XCOU=w)l(K)) 48¢68¢57
72 JF ()l (Ky=XCU) H79483448
ST MODE=2

KJ=Ke=|]
T=T=DT%,5

!
D5



JUUE—

1lis

FoORTRA (3.1‘?)/:‘11-"55LH

X10= (w2 (K)+w2{(hJ)) /2.
ACUO= (1 (R)+wl (KUJ)Y) /2
KCOZACU U D8BUR {T=T0) s+ xCOO*(T=T0)

T=T+DT#,5
GO TO 40
A1 R=K+1
T=T+DT7
62 IF(K=201)h4e0Gs63
63 K=K=200
GO TO &7
64 ACU=ACDO=sL*(1-T0)
1F(Wl(K)) 35334
3 IF (W) (K)=XCD) 6lyb]1,65
4 IF (XCD=4%1(K)) 6Rebly61l
A MODE=3
Kd=K=1
oo T=T=DI#,5
ATO= (W2 (R)+d2(KNJ) ) /7P,
XCOO= (Wl (R)+wl(KJ)) /2
KCOZACO=U o 2#ul# (T=TO)##2+¢ XCHO* (T=TO)
T=T+DT#,5
GO _TO 4n X
10% FURMA) (hhyoH MUDE=eT195X9e3H TSsF10a5965X95M XCO=9F104595Xy

10H XCDO=sF10e295Xe3H Kzy14)

70 CONTINUEL
RE T URN
Flyl
FORTRAN DIAGNUSTIC RESULTS FOR CONV
NO ERRURS
CONV P 00~06 C 12225 N 00000
08Js L3S0

D
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COMBGIN DATA
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E
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| .
1
i
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Mz 1.0 RE= o fo R3=  ,9% Raz= .80
Rl= 1,00 K= aluy R3= 1,04 R4= .80
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«l= 1.00 Ro= o oni; R3= 1,05 Re= 9y
' 17 JIMTTTTTTIIEY T T
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MODE=0n T= U XCO= lelbc63 XCNO= 0o THT760 Koz
ube=] 7= «2l9vl xC0z «3b304 ACDU= w0, 7/7v01 £
V)O:)t-:d T= "'00101‘# XCO= ﬁ?_—;t;z{:trja—'——""“;(cn("f—-—~~—;01€S~’(, e K=
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APPENDIX III

DERIVATIONS USED IN ANALOG SIMULATION FOR

THE NONSINUSOIDAL DRIVE

3.1A Acceleration Cycle of the Four-Bar Mechanism

The following relations are directly obtained from

Figure (8).

a

xb—xa = X,

y, = Y1
a (3.1a)

Yb'"Ya =Y

r;—xb = X3

Yb = Y3

X1+X2+X3 = 13
(3.2A)

Yityaz-ys =0

The mathematical relations for the four bar mechanism
(2) and (4) in Appendix I, can be written using the above

relations to read as follows:



X; = rg cos(wt)
Y; = rs sin(wt)
(3.32)
X22+Y22'= r32
X32+Y32= r..z
From (2) and (3) rearranging terms leads to
X1 = Yo COS (wt)
Yy = ra sin (wt)
X, = 1‘.'1"'X1—X2
T _ (3.4A)
Y, = VT32-X5 2
Xy = /ERITYRRT
Y3 = Y1+Y2

which are the displacement components of the four bar mech-
anism. Differentiating the equations given in (4) provides

the velocity components.

X = -wY,

Y; = wX

Xz = —XI—X3

. . (3.5A)
Y, = ~(X2.X2)/Y>

X3 = -(¥3.Y3)/Xs

Y3 = Y,4Y;

Differentiating the equations given in (5) provides

the acceleration components.
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X, = -wY)

Y, = w X,

X2 = -Xl—Xa

e XaXa-(X2)? | Xp%X,?

Y, = Y, + ¥,15s (3.63)
. = Y3Y3+(Y3)? Y32y,2

X3 = X, + PRI

Y3 = Yi+Y,

The acceleration components of the ocupling point b using

the relations given in (1) are as follows:

plane

3.2A

Xb = r1-X3

%, = ¥s (3.7A)

-

Using the relations given in (6) and (7) the in-
acceleration cycle for a trough forming an angle

the horizontal is as follows:

¥y = (r1—§3) cos (o) + §3 sin (a) (3.82)

Basic Functions of the "Comparator" and
the AND Gate

The comparator is a component in the analog computer.

Its input is located in the analog field and its output is

found

at the logic field. It accepts analog signals as

inputs and provides logic outputs. Logic one appears at
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its output for a positive analog input, this logic output
changes to logic zero whenever the analog input changes to

negative value.

If another logic signal is connected to the comparator
at the terminal designated L,latching occurs. .This means
that the comparator output stays unchanged,irrespective
of the changes that occur at its analog input when L is logic
one. If L is logic zero, the comparator operates in the

usual manner previously described.

The AND gate is a device that receives two logic signals
at its input terminals and provides either logic one at its
output when both input signals are high or logic zero when

either of the input signals is zero.

It should be noted that the logic signal output of
the comparators and the AND gates and their compliment signals

are directly available in the logic area of the analog computer.





