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SUMMARY

This study deals with the design, construction and testing of a remote
manipulator for solid waste collection. The manipulator can be mounted on a
truck and can collect bags of solid waste which have been placed at the curbside.

The rapid growth of home solid waste generation together with the high
labor cost associated with collection requires a greater efficiency of collection,
A remote manipulator reduces the collection crew from four men to one man
and eliminates the necessity of stopping the vehicle,

The manipulator constructed has three degrees of freedom and is rotated
by small reversible air motors. It is remote controlled by the pick-up truck
driver. A proportional servomechanism was developed using on-off valves to
control the manipulator. The mechanical parts of the manipulator, including
its links, their rotational parts, and motion converters were built and tested.
The pneumatic components were assembled with the mechanical components and
positive results were obtained in the tests. The proportional control handle of
the manipulator, including some of its electrical parts, are demonstrated.

Due to the use of the on-off proportional control,a limit cycle is unavoidable.
However, it is shown that good performance can be achieved at reasonable
switching frequencies.

The manipulator that was constructed is only a prototype, at high volumes
of production it is suggested that oil be used instead of air, and the manipulator

should be able to pick up more than one bag at a time,



CHAPTER I

INTRODUCTION

Motivation for the Problem

Continuing technological progress and improvements in methods of
manufacturing, packing, and marketing have resulted in new conveniences for
the consumer and a rapid growth of the urban solid waste. With the appearance
of aluminum containers, plastic wrappings, "no return' glass bottles, and metal
foil, the material discarded by purchasers has increased drastically in bulk and
has been altered dramatically in its characteristics.

Whereas, the average American was responsible for 2.7 pounds of trash
per day in 1920, per capita solid waste accumulation is now more than five
pounds per day. Solid waste from urban areas is estimated to be near 185 million
tons per year. This represents a 60 percent increase in the nation's tonnage of
solid waste since 1950, twice as great as the percentage population growth for
the same period. Furthermore, the annual tonnage is expected to increase by
another 50 percent in the next decade.

In the U.S. 1.6 billion dollars are spent each year for solid waste collec-
tion and disposal. The collection and transportation of solid waste still accounts
for 75 to 80 percent of the cost of disposal in urban areas [1].

Inefficient and improper methods of collection of solid wastes result in

scenic blights and create hazards to public health, including pollution of the air
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and accident hazards.

A study of the problem was made by a group of graduate students in a
complex system design course at the Georgia Institute of Technology [2]. The
study concluded that greater efficiency could be obtained by replacing the current
garbage collection system, which requires a crew of four, with an automated
curbside pickup system, necessitating only one man, This automated system
would require that the waste be put in standard sized plastic or paper bags and
placed on the curbside prior to pickup. The ""garbage man' operates alone never
leaving the cab of his truck. The action will result in sufficient monetary savings
by substantially lowering the cost to the homeowner while upgrading the laborer's
and communities' environment,

The rapid growth of automated materials handling equipment is truly
amazing. The rising cost and decreasing availability of labor and the tremendous
increases in productivity concurrent with automation have provided stimuli for
implementing innovative systems.

In the area of waste management systems, attention has been given to
trucks which load automatically at the curbside. The purpose of this thesis is to

demonstrate such a system.

The Pickup System Approach

The remote control pick-up arm for such an automatic-loading truck has
been designed and built and is described in this thesis. The system considered
has the capability to automatically load waste from the curbside. Thus the crew

size is reduced to a single truck driver. The vehicle will load both lawn refuse



Figure 1. A One-Man "Garbage Truck"



and garbage packed in bags and placed ot designated locations at the curbside.
The vehicle's features can include a compactor designed to operate while the
vehicle is moving between pickup points shown in Figure 1.

This designed feature can result in more pickups per hour than with the
conventional vehicle. The overall effect of reduced manpower and higher rates
of vehicle utilization offer the potential of increased productivity.

The objective of this thesis was to design and build a pickup arm, and to

demonstrate its operation,

The Structure of the System

The initial requirement of the system is the ability to pick up a garbage
bag of approximately 50 pounds weight within a limited distance from the truck.
The size of the structure is designed to meet that limitation while having three
degrees of freedom. The system is to be mounted on the bumper of the truck

as shown in Figure 2.

The Working Medium

When considering the working medium there were the following alternatives:
oil, electricity, or air. The first was eliminated because of leakage problems in
hydraulic components and their higher cost. This is only a problem on a proto-
type such as designed here. At high volumes of production oil may well be cheaper
and leakage not a problem, FEFlectrical driving components, both A.C. and D.C.
were climinated because of their relatively high weight and their need of heavy and

large power supplies such as a generator.
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Air was chosen as the working medium. The disadvantages of pneumatic

systems arise [rom the inherent compressibility of air, a factor which unfor-

tunately contributes to the time lag of the components. In spite of this drawback,

systems can be designed with excellent dynamic characteristics, often superior

Lo hydraulic and clectrical systems in the same application elass, Pneumalic

components can be built into the system offering a high degree of dependability

and safety along with relatively low cost and weight. Assuming that the rotational

motion will be produced by 2 motor, the advantages of an air motor over an elec-

trical motor for the objective system will be mentioned later.

The Driving Mechanism

There were some alternatives on ways of transferring multi-rotational
motion of the motors into the semicircle motion of the arm. The alternatives
considered were:

(1) To mount a motor on the arm that, with right gear reduction, would have

enough power and speed to operate the arm.,

(2) To mount the motor on a hase and the rotary motion is transferred by chains

or bhelts.

(3) To have the arm moved by a power driven screw. A relatively small motor

is then enough to rotate the screw.
The first and second alternatives were eliminated because of their high weight

and cost., The third alternative has been chosen.



The Control System

The function of the control system is to bring the manipulator to a position
required by the operator. The operator is the driver of the solid waste collection
truck. He should be able to control the system while driving, thus it should bhe
as easy as possible to control the manipulator.

A proportional servosystem was designed as the controlling mechanism.
In order to move the end point of the manipulator from one point to another, a
proportional small scaled system is available to the operator in the truck cab.
When the end point of the ""small" manipulator is moved, the "big' manipulator

will move proportionally.



CHAPTER IT

MECHANICAL SYNTHESIS

Structure Design

System Output Requirements

The manipulator is to be mounted on the left side of the pickup truck's
bumper. This will increase the area, with respect to the truck, that the bag
can be picked up while decreasing the size of the structure. Actually this is
only for the prototype built. In production the arm would be at the right side
along with the steering wheel and the driver, for the same reason that such is
done with mail delivery vehicles.
The functional requirements of the solid waste collector are as follows:
(a) The collector must be able to pick up a 50 pound plastic bag lying no closer
than 2 [eet and no further than 9 feet from the truck. The operational
area of the system is shown in Figure 3.
(b) The end point with the bag is required to move at a speed of 3 m.p.h. in any
direction and the acceleration is to be .3 g in any direction.
(c) The cycle required of the manipulator is such that after the ""hand,' which
is the device that catches the bag, places the garbage in the back of the truck

it will return to a convenient driving position,

Manipulator Size Design

A three degrees-of-freedom manipulator has been chosen to fulfill the
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pick-up function. The manipulator is made of three links. Referring to Figure 2,
it can be seen that link 1, the link to which the pick-up hand is attached, is pin-
jointed to the middle link (link 2), Link 2 is, in turn, pin-jointed to link 3 (the
grounded link). Both link 1 and link 2 are able to rotate independently within a
vertical plane. Link 1 and link 2, rotating as one piece, are able to inscrihe a
horizontal plane about the bumper-mounted link 3.

The cycle of the manipulator is such that after the garbage bag is grasped
as shown in Figures 4 and 5, links I and 2 will become horizontally straight and
perpendicular to link 3 (see Figure 5). At this time the straightened links 1 and
2 will rotate about link 3 until the bag is positioned above the truck bed as shown
in Figure 6. The bag is then dropped and the manipulator returns to its initial
position; this position is a function of driving convenience.

The length of the links were determined by the following constraints:

(1) The "hand" at the end point of link 1 must reach the bag within the pick-up
arca as presented in Figures 3, 4, and 5. (2) Link 3 should be high enough such
that the truck will not interfere with the horizontal rotation movement of links 1
and 2, the hand, and the garbage bag (see Figure 6). The length of the links
was found to be 60" for link 1, link 2, and link 3.

When the manipulator is in a position such that link 1 and link 2 are hori-
zontal and rotating about link 3, there is a large moment on the rotational joint.
In order to reduce some of the moments a supporter is added. The supporter
is attached at one end to the connector between link 2 and link 3 as shown in

Figure 7. The connector allows link 2 to rotate in a horizontal and vertical plane
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Figure 4. The Manipulator in the Closcst Position.

Figure 5. The Manipulator in the Fartherest Position.



Figure 6. The Manipulator in Position Ready to Drop the Bag;
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with respect to ground. The other end of the supporter is rotating on a bearing
attached to link 3. The supporter can be adjusted in length by a turnbuckle such
that as much force as needed can be taken from the rotational joint and transferred
to link 3 (see Figure 7).

Cross Sectional Area of the Links

The calculations of shape and size of the link's cross section were made
for the manipulator critical positions, those positions subject to the greatest
stresses. The critical position is when the two arms, link 1 and link 2, are paral-
lel to ground as shown in Figure 8. At this point the distance between the load and
the beam's end are maximum resulfing in the greatest moment.

Link 1 was temporarily assumed as a weightless beam fixed at one end
with a load on the other as shown in Figure 9. The design for deflection was

done in the following way:

F=m-a
M=F-L
) M
and, T — (1)

In this case a vertical stress upon a link is much greater than a horizon-
tal stress. A rectangle cross section with side legs longer than the base legs
was chosen. The general dimensions of the cross section are shown in Figure 10,

The section modulus and area of the rectangle is given in equation (2).

3 3
bd -hk
, . bd"-hk”

- 6d
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but, k=d-2t

and, h=hb-2t

bd> - (b-2t)(d-28)"
6d

S0 Z=

and, A = (bd) - (b-2t)(d-2t) (2)

Because the length and density of the beam are constant, the minimum area of
the section for the required section modulus found by equation (2) will give the
minimum weight of the beam to withstand the stresses,

The section modulus versus the cross sectional area were found by the
computer program shown in Appendix B, The input section sizes were taken
from a manufacturer's stock list [3]. When the correct section area was found,
the beam was rechecked for deflection including its own weight. If was assumed
a cantilever beam with a distributed load on its length and a concentrated load on
its end as shown in Figure 10. The maximum stress on the beam was found to be
the following:

The weight of the link:
W=ALp

The force that the weight applies:

F = W
g

The total stress resulting from the force at the end and the weight of the link is:

g s ——=p > (3)



Tor link 2 the same calculations were done. The numeric calculations
and results are presented in Appendix A.

Link 3 is the link that connects the horizontal links with the ground, which
in this case is the bumper of the truck (see Figure 11). Its critical position
stresswise is when the two links are straight and horizontal; then the manipulator
can be assumed as a frame shown in Figure 12,

The deflection of the frame was found by Castiglian's theorem [47. The
deflection of the forces were determined separately then summed in order to
obtain the total deflection. In order to calculate the deflection of the vertical
link (link 3), the horizontal links were assumed to have only horizontal deflection;
the vertical deflection was neglected.

Castiglian's theorem states that, if external forces act on an elastic
member or structure, the displacement in the direction of any one of the forces
at the point of application of the forces is equal to the partial derivative of the
total internal work of deformation with respect to the force,

For this member, link 3, the deflection with any one of the forces acting

on it separately is:

L-jhm a
- EI 3P Y
o H

M = Py
Py + PHy
g = oM
AP,
B. 4
b= [ Lo s
gy (P4 PHy)ydy (4)
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But there is no horizontal force applied on the frame so, PH =4
2
5 - P2 h P2 oh .
©EI JD Yoy = g1 % (%)

In order to find the total stress of the frame at the critical point the stress and

deflection that each force applied were summed:

9
2
b= 3E1 (WL1'€L1+ Wi hart Wisho ™ WBF'B)

kl—d

& 7 ] r
2 (WL] by T W By Wis hpe™ W B) ©)

The calculation and results of the links' dimensions are given in Appendix A.
The actual sizc and shape of the links are given in Figure 14.

Power Supply Design

The torque needed to rotate each of the links has to be calculated in order
to find the required power supply to fulfill the rotational function.

The rotational moments of the first is found by assuming it to be a canti-
lever beam with its own weight being a distributed load at the free end. The
torque to overcome the moment of inertia is found by assuming the link to be a

slender rod with the weight of the bag at the free end as shown in Figure 13,

oo a
TB—WBLg
L a

T. =W =%
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The Links of the Manipulator.

gure 14.

Fi



19

2 1 2
I=m_L +=
B i
'I‘I:Ioe
T =T+ T +T, (6)

The required velocity of the end point of the link is 3 m.p.h., so the angular

veloceity is:

E
il
Hi<

n = ~— 60 (7

The maximum torque required to rotate the second link is when it is
straight with the first link. The moments applied by the weight of the links, the
bag, and the power supply of the first link, can be found by assuming the arm to
be a cantilever beam with concentrated loads as shown in Figure 16. The arm
is accelerating so each of the weights are accelerating proportionally to its dis-
tance from the center of rotation as shown in Figure 15. In order to calculate
the torque that results from the moment of inertia, the beam was assumed to be
a slender rod with a weight at the free end (the bag), at the middle (the power

supply), and the weights of the links themselves (see Figure 16).

= ml(z- L%)

—t
!

b

|
3
ey
Do
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Figure 15. Distance of the Weights as a Tunction of their Acceleration.
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The Model of the Manipulator when Rotating

in a Horizontal Plane,



M 2
11\1 " L2
W
B 2
= e + 1,
Iy e (L1+ L2)

Lotar L1t ety " 15

u s
Q= LLI1.2
s Lotal & (8)

Adding this with the torque found in equation (6) gives:

Tt ™ Tw ™ Ty

A ] VL
“ = ahLl
n= g—- 60 )

The calculations and results are given in Appendix B.
The third torque to find is the one which is required to rotate the two
straight links in a horizontal plane. The torque results from overcoming the

inertia of the arm. The arm is assumed to be a slender rod with the weights

considercd before as shown in Figure 17,

[[ = Z.Lzm
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T = 1a
w = V—S (10)
Ly

The tangential acceleration can be calculated knowing angle of rotation and initial

and final angular velocities.

26 (11)

The calculations and results are given in Appendix B.

Mechanical Elements

Ball Bearing Screw

The weights of the driving mechanism were found to be too heavy for the
direct transfer of the torques needed to rotate the links.

Chains, belts, gears, screws, and bhall bearing serews were considered
as motion transfer devices; the ball bearing screw was chosen.

A ball bearing screw is a force and motion transfer device belonging to
the family of power transmission screws. (Sec Figure 18.) It replaces the
sliding friction of the conventional power screw with rolling friction of bearing
balls. The bearing balls circulate in hardened steel races formed by concave
helical grooves in the screw and nut. The load between the screw and nut is carried

by the bearing balls which provide the only contact between the nut and screw. As
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Figure 18, Ball Bearing Screw and Nut,
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the serew and nut rotate relative to each other, the bearing balls are diverted

{rom one end and carried by ball return tubes to the opposite end of the ball nut.

This recirculation permits unrestricted travel of the nut in relation to the screw,

The advantages of ball bearing screws are the following:

(@)

(h)
(c)
(d)
(e)

(M

High efficiency--approximately 90 percent when converting rotary
to linear motion

Stepless control over entire stroke

Position repeatability

Negligible heat expansion due to friction--no stick-slip

Smaller power source and transmission components

Uniform feed under varying load conditions,

The ball bearing screw is a combination of a regular serew and a ball

bearing. In calculating the right size to be used, the design of the two should be

taken into consideration. The design considerations are:

(a)

(b)

(<)

(d)

(¢)

The greater the pitch, the faster the nut will move, which will
make the link rotate faster.

Increasing the pitch results in a larger torque input which will
make the air motor slow down and the link will move slower.
Cost and weight--the larger the pitch, the higher is the cost and
weight.

Strength--the diameter of the screw has to be large enough not to
bend or buckle from the forces.

Life expectancy.



In order to find the motor needed, the torque required to rotate the ball
bearing screw in its critical position has to be determined. The torque is a func-
tion of the axial load that the link applies to the ball bearing screw. In order to
find the axial load applied on each of the ball bearing screws, the mechanism and
position of the ball bearing screw moving the link has to be determined.

Motor Serew Mechanism and Position

The mechanism that was chosen to rotate the link consists of a ball hear-
ing screw that obtains its rotational motion from a motor connected to it. The
motor-screw unit is pivoted to a static point. The nut of the screw is pivoted to
the rotational link. When the screw turns, the nut is moving linearly which makes
the link to rotate while the motor-screw unit and nut are rotating on their pivot
points as shown in Figures 19 and 20.

The angle of the motor-screw unit has to be determined such that only
minimum axial force is applied to the screw. The axial force is proportional to
the load of the link. It is desirable to find the position of the screw with respect
to the link in which the axial force on the screw is the smallest for the position in
which the moment is maximum.

The axial forces are checked for a certain pivoting angle between the link
and the motor, then the motor pivot angle is changed and the forces checked, and
so on. The maximum axial forces for each of the angles of pivot are compared,
and the chosen position angle of the motor with respect to the link is the one which

has the least maximum force. The axial force is:
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Figure 20,

Axial Force Applied on the Serew as a Function

of the Link's Angle Position,
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F = FAx sin 6
WL sin 3=F, £sin 6
Ax
B = L sin B
Ax 4 sin &
5
K= W l"
- )
Lthen sin 8
— K 13
FA)\ sin 6 (=)

The angle of the screw for different angles of the link was determined by
a kinematic drawing. Then the angle of the motor with respect to the link was
changed and again the angle of the screw was determined for different positions
of the link, and so on. For a position of the screw, the quotient of the sin 8 (angle
between the link and the screw) to the sin 6 (angle of rotation of the screw) is pro-
portional to the axial force (equation (12)). TFor a given motor-serew unit position
the maximum quotient is found; the motor-screw unit position is then varied and
the maximum quotients are found. The position of motor-unit chosen is the one
with the smallest quotient.

The details of this as well as the numerical results are given in Appendix C.

Ball Bearing Screw Design

The ball bearing screw torque, the torque that the motor has to apply to
the screw when loaded with the axial load, can be determined by the following

cquation [5]:



¥
=

r, L
_ Ax
TR = Zne (13)

The stresses on the ball bearing screws are tension, compression and
buckling. When considering tension and compression, it is necessary to deter-
mine the minimum root diameter of the screw. This diameter can be determined

by the following equation:

4F
D= e (14)

The buckling stress for all the ball bearing screws is extremely small and
can be neglected. Thus the ball bearing screws and nuts used to rotate link 1 and
link 2 are given in Figures 21 and 22,

The ball bearing screw that horizontally rotates link 2 lies parallel to ground,
and the weight of link 1 and 2 and their loads applies a bending stress. In order to
avoid this bending stress a screw of greater root diameter was chosen (see Figure
22),

Air Motor

The basic advantages in the use of air motors in supplying rotational torque
to the ball bearing screw are the following:

(a) Low weight per horsepower

(b) Indifference to overload and stall

(c) Cool operation

(d) The availability of speed control

The air motor chosen for this system has the following characteristics:
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31,

Gear reduction of 15:1

It operates on a maximum pressure of 100 Psig,

Delivers up to 73 lb.-in, torque (1/3 H.P.)

Maximum speed of 350 rpm

Net weight is 3.5 pounds

Maximum overhung load with zero end thrust ranges from 100 pounds

at 350 rpm to 200 pounds at 33 rpm.

The air motor characteristics graphs are given in Appendix D.

Thurst Transformer

The thrust force transferred from the ball bearing screw to the air-motor

is much larger than the motor can absorb. In order to overcome this problem,

a thrust transformer which transforms the thrust from the ball bearing screw to

the flange of the motor's gear was designed and built as shown in Figure 23.

'""Hand'' Design

The "hand" is the part that grasps the solid waste bag, holds it until the

manipulator is in the proper position, and then drops the bag in the right place.

The functional requirements of the ""hand'' are the following:

(a)
(b)

(c)

(d)

To open and close by signal of the operator,

To be able to grasp the bag even when the "hand" is not positioned
symmetrically about it.

To hold the bag with enough pressure so it does not slip from its
grasp

To drop the bag by the operator's signal
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The "hand" has three parts: the power supply, motion converter, and
bag holder (see I'igure 24). The power supply is the part that supplies force and
motion. The motion converter converts motion and force from the power supply
into motion and force required to grasp, hold and drop the bag. The bag holder
consists of fingers each of which is in contact with the bag.

An average size plastic bag was measured in order to find the dimensions

of the '"hand.' The data of the bag is the following:

Dimension = 18"
Height = 19"
Weight = 50 pounds

According to these dimensions the size requirements of the '""hand'" are the fo
following:

Diameter of opening = 35"

Diameter of closing = 11"

Side force of each "finger' = 10 pounds

The bag holder was designed to have three fingers, and the power supply
to be a pneumatic cylinder. The mechanism obtained is shown in maximum
opened and maximum closed positions (see Figure 23). The actual "hand" designed
and built is shown in Figure 25,

""Hand"" Balancer

The desired hag can be in different locations within the allowable limits
ol the truck, As a result, when the end point of the manipulator, which contains

the ""hand, " reaches the bag, the links are in a certain angle. Regardiess of the



Maximum Open

Figure 24,

"Hand"

Cylinder

Motion

Converter

Bag
Holder

|

~

Maximum Close

Schematic in Opened and Closed Position.

-



Figure 25.

Actual "Hand" in Opened and Closed Position,
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angle of the links, the hand must stay in constant position with respect to ground.

One of the alternatives is to pivot the "hand'" to the free end of link 1 and
then its own weight will keep it in the up-right position. The disadvantage of the
solution is that the "hand" swings freely when the manipulator moves, and the
operator has difficulties in positioning the ""hand" above the bag. A better method,
the method that was chosen, was the design of a parallelogram which has a
reference point with respect to the ground.

The parallelogram consists of a single groove pulley connected statically
to a ground (pulley 1), a double groove pulley (pulley 2) connected to the joint of
link 1 and 2 and one free to rotate, and a single groove pulley connected to the
joint of the ""hand" and moves with the "hand" (pulley 2). One cable belt connects
pulley 1 with one of the grooves on pulley 2, a second cable belt connects pulley
3 with the second groove of pulley 2. (See Figure 26.) When the links rotate,
pulley 2 will rotate pulley 3 such that the "hand'" will always be at the same posi-
tion with respect to ground. The actual size and dimensions of the ""hand'' balances

is shown (see Figure 27).
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Figure 27. Actual "Hand'" Balancer.
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CHAPTER III

THE CONTROL SYSTEM

Theory of Operation

It is the purpose of this chapter to present the system designed to control
the manipulator. The function of the control system is to supply the operator with
an easy way to operate the manipulator.

An on-off proportional control system was developed, in which the position
or controlled variable 80 of the manipulator is proportional to the command input
Qi through a reference input element (see Figure 28).

The control system is a servomechanism in which the reference input ele-
ments convert the command input into a proper signal. The signal passes through
a servo amplifier and is converted to air supplied o the air motor. The output of
the air motor is torque supplied to the manipulator's driving mechanism which con-
verts torque into angular position 90——thc output of the manipulator's link. The on-
off proportional control systern, even with the disadvantage of its dynamic performance
of discontinuous control, greatly reduces the cost with respect to a continuous con-
trol system. The block diagram of the actual system is shown in Figure 29. The
reference potential is located at the remote control handle with which the driver
operates the manipulator.

The valve is operated by a solenoid, when current is applied, magnetic

force which switches the valve's orifice is ereated. Air flow from the valve enters
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the air motor which converts it to the torque that rotates the ball bearing screw.
The ball bearing screw rotates the link in an angle 90, which is measured by the
potentiometer attached to the link's joint. The voltage between the potentiometer
at the joint and the handle is compared and summed with a sine input wave. The
result of the summation is a sine wave displaced on the x axis as shown in
Figure 29.

The current passes through a servo amplifier, which is actually a lag-lead
and gain circuit, that changes the time constant and multiplies the signal to a
required signal that operates the solenoid of the valve. The pressure output of
the valve is a pulse width modulated rectangular wave which is a function of the
sine wave input and the comparison between the reference and manipulator
potentiometers.

The air flow entering the air motor is converted to torque that
rotates the ball bearing screw which rotates the link and the output is angle position
60. The position is fedback and converted by the potentiometér attached to the link
into voltage that is summed with the sine wave and voltage from the reference

potentiometer.

Block Diagram

The model of the manipulator and its control system is shown in Figure 30.
Because ol the voltage being proportional to the angle, the input and output can be
angle position 8 instead of voltage.

The lag-head element is represented in its laplace transform (1 + T]s)/

(1+ Tzs). The gain is K, and the valve is modeled as an on-off relay with hysteresis.



a sin wt Load
T joint = 16

0| —

p T to i
I+T, s i P y L Tserew
-1 K = —a K K, }b—af—
1+TgS p s Is
a
b ) “ screw

T from scréew K I* K_
(T =]
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The element is linear and negative until the position angle gets fo a certain point
then it switches to positive value. Now the element is positive and fhas to become
smaller than the last switching point in order to trigger the relay. The air flows
from the valve to the motor Kp in which it is converted into torque.

The output of the torque summation point is the summation of torque from
the motor, load torque and subtraction of the stall torque feedback. The output
torque is rotating the ball bearing screw (KS) which rotates the link, its angular
velocity is converted to feedback torque.

The output angle position of the link is fed back and summed with the reference

angle and a sine wave.

Limit Cycle

Theory

A common form of instability in a non-linear system is a steady-state
oscillation, usually periodic but not necessarily sinusiodal which results from
an input and is called a limit cycle.

The amplitude of the oscillation is the same regardless of the magnitude of
the disturbance. It either builds up from a tiny initial transient or decreases from
a large amplitude transient to the steady-state oscillation.

It is desired that the limit cycle of the present system is of such a small
amplitude that, although it is a form of instability, its presence does not harm the
system's performance.

In designing the limit cycle for the system, the block diagram can be sim-

plified as a non-linear element N(a) being 2 function of the amplitude and as a



lincar clement G(s) shown in Figure 31, and it is explored for zero input.

In order to find the frequency response and limit cycle of the system, a
describing function method is used. A describing function for the non-linear
element is defined in terms of its response to a sinusoidal input. If a sinusoidal
function is applied to the input of a relay with hysteresis, the ouiput will be a
periodic function, nonsinusoidal but with a period the same as the input function.

Thus, for the system shown in Figure 31:

91 (t) = A sin wt
p(t) = 131 sin(o.-lt + @1) + B2 Sin(20;1t + @2) +

+ + B3 sm(Swlt + @3) o (15)

Here p(t) is expressed as a Fourier series with w, as the fundamental frequency,
which is the same as the input frequency. If the amplitude of the input A is changed,
the size and shape of the output will also change because the element is nonlinear,
Hence the coefficient Bl’ B, BS’ asis B0 @1, @2, ‘53, ... are functions of A.

The describing function of the nonlinear element is defined as a complex
number which represents the magntiude and phase relationship of the fundamental

term of the output, B sin (wlt + d’]) to the input (see equation 15).

1

o}

1 .
GDF = f ¢1 (16)
The describing function is a sort of "equivalent frequency response function"
for the nonlinear element. Since all the higher order terms in p(t) have been neg-

lected, equation 16 is only an approximation to the actual response characteristics,
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hut it is at least a function which is "amplitude dependent. ' This refllects the
nonlincar property of the element.

The approximation made by neglecting the higher order terms in p(t) does
not introduce a serious error in many systems because of the nature of the linear
clements in the loop. In this system the linear elements act as a low pass filter.
The high frequency components in p(t) are attenuated by the linear elements much
more than is the fundamental component, so that the feedback signal q)(t) is nearly
sinusoidal with an amplitude and phase shift determined by the fundamental compo-
nent of p(t). Therefore, a periodic (sinusoidal) motion will exist at the input to the
nonlincarity in a free feedback control system when the following conditions are
satisfied.

£(jw)

Biiay = 609

LU _ N
BGw)

(17)

Where N(a) is the describing function of the nonlinear element, and "a" is
the amplitude of the controlled variable (which in turn is equal to the negative of
the error signal when the reference input is zero), the two conditions combined

will yield:

6 = - Nt e

If equation (18) is satisfied by a pair «w= w, and a = s then there will exist a limit

cycle which, in the error channel Bi(t) of Figure 31, is approximately described



a sin «t

N(a)

p(t)

G(jw)

Figure 31. The Control System Separated into Linear

and Non-Linear Elements.

Load

It

Figure 32.

)
XG
o
1|6 [|1+Tis %
G 1+T2s

The Linear Open Loop Control System.

4



by :tl sin u_‘][.

There exists a graphical method to solve equation (18) for w 1 when a i is
known using Nyquist plane plot. First, the value of the elements of the system as
shown in Figure 30 has to be found.

Linear Transfer Function

The open-loop transfer function of the linear part shown in Figure 32 has
to be found. Tor ease of calculations the gain K and Kp were considered with the
relay together as the nonlinear part.

The motor transfer function Kp is the element that converts flow of air into
torque. TFigure 33 shows the transfer function, the diagram of torque versus flow
rate \'r, from which Kp was determined, and the resulted motor transfer function.
The resultant motor transfer function Kp is given below as a relation between input

pressure and output torque:
T=0.7TP-8 (19)

The ball bearing screw transfer function KS converts torque of the motor
into the torque applied to the link. Equation (12) and Figure 20 are used to find

K :

s
F4 = (W sin §) L
F—FAX:‘-:mG

Tout: Fg= FAXE,Sm o}
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The element (Kw) that converts angular velocity of the ball bearing screw
into torque of the motor is found using the characteristies of the motor of torque
(T) versus angular velocity () (see Figure 34). The relation between the torque

output to angular velocity input was found to be:
T=0.286 wt 70.504 (21)

The moment of inertia "I'"' of each link was found in '""The Mechanical
Synthesis'' (Chapter 1I). Knowing the values of the elements, the block diagram
of the actual system (see Figure 32) can be reduced (see Figure 35).

The transfer function is:

Ks(1+Tls)

e=3 2
(Is +0.286 Ks s)(1+T25)

The numeric calculations of the element's values and the transfer function for each
link is given in Appendix E.

The Non-Linear Element

The gain K, the valve and the motor's gain Kp’ are combined as one non-

linear element as shown in Figure 36.
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The relay is an on-off action with hysteresis h as shown in Figurc 37.

rectangular output has a fundamental component of amplitude:

d = /()' 2
1 ‘uf‘IFhI

where
92 p M 40N
£ == J MsinAdf=——cos &
1 7 0 T

and

9 oT
h, == f Mcos8de = -ﬂ sin &
I 7 0 T

The amplitude ratio (or "gain'') of N(a) is therefore:

2
lN(a)I ~ *\/f? +h1 _: 4M
a ma

The

The phase lag - @ in Figure 37 and in the above equation for f1 and h1 is determined

by the equation:

S0

Thus, the describing function is in terms of it's gain and phase as given in the

following equation:

N(z) = % /= sin_l(h/a) fora> h (22)
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The describing function of the relay combined with the gain when:

M=0T7P
and the hysteresis is h/K
becomes: (see Figure 38)
0.89P =
N(a) = / sin” ! h/aK (23)

Method of Design for Limit Cycle

The limit cycle of a system is actually the amplitude and frequency in which
the end point of each link is dithering when there is no input.

The amplitude of the limit cycle should be small enough to let the operator
that controls the manipulator to grasp the bag. A too small amplitude means
a large limit cycle frequency: this results in fast switching of the valve and
the solenoid is quickly worn out.

When a proper limit cycle amplitude is found, it is necessary to solve for
the limit cycle frequency w. The Nyquist plot of the linear part's transfer function
with no lag-lead (T1 =4, ’I‘2 = 0) is plotted. (See Figure 39.) Since equation (18)
will be satisfied at an intersection of G(jw) (called a frequency locus) and -1/N(a)
(called an amplitude locus) in the Nyquist plane, the -N(a) for the describing func-
tion given in equation (22) can be constructed in the following way:

The distance from O to any point on the frequency locus line is (see

Figure 39):
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1 a
loq] = N(a,) ~ 0.89p

(24)

But the limit cycle amplitude "'a'" was already chosen before, and the
switch pressure p of the valve is alknown value s0 |0Q | can be calculated. Plot-
Ling on the Nyquist plane a circle with its center at the intersection of the imaginary
and real axis O and its radius r = |0Q| , wherever the circle intersects the frequency
locus that is the frequency of the limit cycle (w) for a given limit cycle amplitude.

In order to find the proper gain K, T 1 and T2 for a given hysteresis of the
valve, it is necessary to find the relation between k/K, T], and Tz. The value of
T1 was chosen to be zero, it simplifies the electronic circuit. The relationship of
T2 versus k/K for link 1 in the horizontal position and in the 45 degree position,
and link 2 and link 3 in the horizontal position is shown in Figure 40.

The calculation and computer solutions of the limit cycle is given in

Appendices E and G.

Electronic Components

Lag-Lead

Knowing the type of lag-lead required, the circuit can be designed (see

Figure 41). The relationship between input e, to output e is the following:

(25)

[i +RCp [1 Ry~ (1 - g)R;1C,p Te
c —
+ [Ry * py(1 = 01)1111019 4 1+R,C,p 1



Ql 'l 2
e — AAAAAL AN APAARANAAA °
|-“fa tr——i ¢ 3 '-_’.l.‘l‘_"'
J‘i>—
Figure 41, Lag-Lead Element
R
!. c "A"' T —V'L' .
R R,
&y -I‘r AN —-
|
|
| R
e, ° A \
s
<
Figure 42. Summing and Gain Element.
o
II(} Load

AN,

c

g+—C

I N
T Triac

Figure 43. Switching Element,



60

¢ = input voltage, volts
¢; - output voltage, volts
R = resistance, ohms
C = capacity, microfarad
n = fractional constant
p = an operator in which
X = jydt = ‘E
For sine waves, x = X sin wt

px = WX cos wt
2 2
and px=-w X sinwt

hence p=.-1 w=jw (26)

The Summing Block with Gain

The circuit adds linearly and multiplies the summation by a constant. That

..e are applied to the input terminals,

is when n input voltage signals el, ez, . h

the voltage sum multiplied by a constant greater than one is delivered at the output
terminal.

When all resistors are equal, the circuit thus acts as a gain block with
respect to the input.

The response is given by the following equation:

-e=(e;te,t...e)K (27)

2
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The circuit is shown in Figure 42,

Static Switching

This circuit is used to control the relatively high current of the valve's
solenoid with a very low input control source. Since the triac always opens at
current zero, there is no acting or transient voltage developed due to stored

inductive energy in the load (see Figure 43).

Valve Design

The air motor that rotates the ball bearing screw is getting it's air through
a pneumatic valve. This valve had to be designed. The control characteristics
of the valve were determined in the previous section. It is known that the valve
should be and on-off type, solenoid operated. Because the motor is reversible,

a four-way valve is required. A single solenoid-piloted, spring return four-way
spool valve was found to be the most effective and economical (see Figure 44, 45),
The size of the valve was determined by its orifice which had to be calculated.

In analyzing the pneumatic valve, the pressure-flow characteristics are
derived from the equation that holds for frictionless flow of perfect gases. Be-
cause the viscosity of most commonly used gases is very small, the effects of
friction in control-valve orifices are negligible.

The air operates the load, which is the motor, in such a way that the
direction of the flow does not change. A single variable orifice is the most satis-
factory type of pneumatic valve to use (see Figure 46).

The basic equation for the flow of a perfect gas through a single orifice is

of the following form:
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Pd
w= Cd A0f (Pu’Tu' P_) (@8)
u
where
W = weight rate of flow, 1b/sec
c g = discharge coefficient of the orifice, dimensionless
AO = orifice area, in.
Pu = upstream stagnation pressure, Psia
Tu = upstream stagnation temperature, R’
P g = downstream pressure, Psis}t)
f = a function of Pu, Tu’ and ﬁ

The critical pressure ratio is the point where the nozzle chokes. TFor a
perfect gas, the critical pressure ratio is only dependent on the ratio of specific

heats.

Pa

5

K/ (k-1)
) = ( z ) (29)

/. k+1
u crit

Where k is the ratio of the specific heats, Cp/Cv :

1/k P, (k-1)/k
1(pd) ‘/] (d\I (30)

C
C._\P “ip
u u

For air at a pressure below 3000 Psia and temperatures above 35 0° R, k=1.4

5 2 2
and R = 2,48-10 in. /sec. RO, so the following values may be used:



(Pd 9 J.4/(1.4-1)
\_P"> - ( 121/ = Bhhen
u crit

c, = 5»\/1{(1(-1) =2,06 VR

sec
/ (II:HW-: 1) Y R?
C - 3 = .
, = & Rc_%;_) 0.532 ——— (31)

When (P d/pu) >0.528 equation (30) is used to find f(P d/Pu), and when

(Pd/Pu) < 0.528,
f(P,/P )= 1.0 (32)

The function f(Pd/Pu} is shown graphically in Figure 47. It is significant
to note that the pressure at the ""vena contracta of an orifice never falls below
0.528 F'u and that when the downstream pressure, Pd falls below 0.528 Pu, it no
longer affects the rate of flow in any way. Although the static temperature of the
air passing through the orifice falls as its velocity increases, its stagnation
temperature, stagnation enthalpy, and stagnation internal energy remains constant
throughout the flow, so it is unnecessary to be concerned with this temperature,
unless problems of heat transfer and temperature gradients in the area of the
high-velocity flows become important. In the control valve supplying air to the
motor, the length of the high-velocity flow stream is necessarily quite short, and

experimental data that has been obtained to date does not reveal any significant
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effects of heat transfer to the locally cold regions of orifice flow. In fact, the
downslream stagnation temperature of the fluid is usually slightly lower than
anticipated from a perfect gas flow.

The discharge coefficient, C ., does seem to vary considerably with the

d?

geometry of the orifice. Observations to date indicate that C , may vary from 0.6

d

to 1.0 for various orifice configurations and seems to increase slightly with

decreasing pressure ratio (Pd/Pu) when P /Pu <0.5 for flow through a given orifice

d

configuration. This variation of C d with pressure ratio is usually small enough to

be neglected in this project. The discharge coefficient C |, was assumed to be 0, 65.

d
Equation (28) may now be written:
Pu (Pd
Wag,C, d, = R (33)
v/ Tu u

Assuming that the flow rate through valve 1 (Wl) and valve 2 (Wz) as shown in

Figure 45 is of equal value:
W, = W (34)

By neglecting variations in C , and assuming that Tu, 02, and A are the

d 0

same for the two valves, the following equation is applied:

i d1)=P £ ( d2) (35)

It is assumed that there is a small pressure drop in valve 1 so the pressure ratio



(l’d/Pu) >0.528 and a large pressure drop for valve 2 so (Pd/Pu) <0.528 using
cquation (30) and (32) respectively for valves 1 and 2, equation (22) can be

written:

P =
ul 1,2 Pul’ Pl12 uz

Cl pdl\l/ic Pd-; (k-1) /k
=5 [-62) - P (36)

From the characteristics and requirements of the air motor it was found that the

pressure drop due to the load on the motor is 70 psi.

So
Pu2 Rt 1 o
Pul’ Cl’ Cz, and k being known constants and defining:
C /k
L 71 \
B=P — =
Al P /
ul 9 \ ulr}
E = (k-1)/k
1 \(k-l)/k
i (P )
ul
Equation (23) is:
1/k E
BP ) /1 -F P =170 (37)

Equation (37) was solved with the aid of a computer program, the program compu-

tations for P, and Pu are shown in Appendix G.

d 2

The orifice area of the valves can be found by applying equation (33).
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P

were calculated, so f(—lgg—\ can be calculated
73

C., C

q Co Tu are known, Pu and P

d
using equation (30) for valve one or equation (32) for valve two. The weight rate
of flow was calculated knowing the standard volume rate of flow. So the only unknown

of equation (33) is A 0 which can be calculated. The orifice calculations are given

in Appendix F,

Remote Control Handle

The manipulator is controlled by the pick-up truck driver from the cab.
In order to ease the control of the manipulator, a remote control handle was
designed and built. When the operator wants the '""hand" at the end of the manipu-
lator to reach a bag in a certain point, he has to move the end point of the control
hand proportionally,

The control handle is proportional to the manipulator in a scale of 1 to 15.
The manipulator and the control handle have a single turn precision linear potentio-
meter at each of its rotational joints.

These corresponding potentiometers are connected in such a manner that
a voltage difference is created between them whenever the links of the manipulator
and the links of the control handle are different. This voltage difference is an input
to the feedback control system which was discussed earlier.

There are mechanical limit devices on the handle which prevent its links .
from moving outside a certain range; this is the range in which the links of the
manipulator can move.

The downward movement of the manipulator is limited at a certain point.
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This point contains the ""hand'" which stays vertical to ground in respect to the
position of the manipulator. If the end peint of the manipulator will move too
low, the "hand" will hit the ground. In order to prevent this from happening, a
light semicircle is attached to the end point of the control handle. The radius of
the semicircle is proportional to the height of the '"hand'" as shown in Figure 47.
The positions of the manipulator and the '""hand'' are shown in Figure 48,

The actual designed and built handle is shown in Figures 49 and 50.



Figure 49. Position of Control Handle with Respect to the Manipulator.
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