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(ABSTRACT) 

Agricultural operations such as harvesting and sorting typify controlled processes. Engineering 

students who wish to specialize in automatic control often do not get sufficient experience in the 

integration of the three areas of a complete control system: sensors, computing, and actuation. A 

teststand was designed and built for laboratory exercises which illustrate the inter-relationship of 

sensors, computing, and actuation in a sorting operation. 

Black, gray, and white blocks were placed on a conveyor and moved past two sensors which pro- 

vided color and position information to a control program. Based upon the information provided 

by the sensors, the control algorithm activated pneumatic cylinders that sorted the blocks. Two 

algorithms, identified as open-loop and closed-loop, were tested. For the open-loop tests, the 

conveyor moved at constant velocity, and for the closed-loop tests, conveyor velocity was cycled. 

The algorithms calculated the delay between the time a block passed the position sensor and the 

point where the block was struck by a cylinder, and adjusted the actuation time accordingly. 

Tests were run at conveyor speeds between 10 and 80 cm/s. Using the open-loop algorithm, 99.7% 

of the blocks were identified and struck by the correct cylinder, and for the closed-loop algorithm 

the accuracy was 98.6%. The control program was written in C and executed on an IBM PC. 

Three laboratory exercises at various levels of difficulty were developed for the teststand.



Acknowledgements 

I would like to thank the technicians in the department, and my co-workers in the graduate office, 

who assisted on this project. I would like to thank Dr. Cundiff for his work and effort in the design 

of the teststand and the writing of the thesis, and also Dr. Kirk and Dr. Vaughan for their assistance 

and advice. 

Most of all I would like to thank my wife, Katie, for the support and understanding she has pro- 

vided from the beginning of the project until the end. 

Acknowledgements ili



Table of Contents 

Chapter 1. Introduction ........ 0. cece cee cee eee eee ee ee een eee eee ener eens 1 

Chapter 2. Objective... 0... ce ce eee et eee ee eee eee ee eee eee e eee tenes 5 

Chapter 3. Literature Review ....... 0. cc cece cee ce eee eee eee eee tees ener eaes 6 

3.1 General 2... ne en ee ene nee ee ete eee 6 

3.2 Harvesting practices 0... eee eee teen e eens 7 

3.2.1 Mechanical harvesting ....... 0... cece cee eee eee eee eens 7 

3.3 Separation 2... eee ee eee eee eee eee eee e tenes 9 

3.3.1 Sensors developed for inspection and grading ........... cece ee eee eee 9 

3.3.2 Image processing and machine Vision ........... 0. ee eee eee eee eee tees 10 

3.3.3 Sorting 2... ce ee ee ene ee ee eee eee eee 13 

Chapter 4. Equipment 2.0... .. cc cece ce ee cee eee eee ee eee e ete ee ees 15 

4.1 Teststand frame 2... ce tee tn tee eee ee ete ete ea 16 

4.1.1 Conveyor 2.0... ee ee eee eee ee eee eee 16 

4.1.2 Automatic loading system 6... ee ee ne tent e eee eeee 19 

Table of Contents iv



4.2 Determination of conveyor velocity 2... 0... cece ce ene eee eens 22 

4.3 Pneumatic circuit 2... eee eee nee eee een nes 25 

4.3.1 Functional requirements 2.1.2... 0... cece eee tee nee ene 25 

4.3.2 Cylinder and valve selection 2.0.0.0... ccc cee eee eee ne ees 25 

4.3.3 Pressure test on valve 0. ee ee ne nee ee ene eee 29 

OT) 0 0) 6 cr 29 

4.4.1 Block segregation 0.1.0... . eee ee eee eet teenies 31 

4.4.2 Determination of block position 2.0.2.0... 0.0.0 nee nee 37 

45 Computer 2.0... ee ee ee eee eee ee ee eee nee nee 39 

4.5.1 Serial communications .......0 0... ee ete tent e teens 39 

4.5.2 Parallel communications «1.1... 0... ccc eee eee e teens 42 

Chapter 5. Methods 2.0... . ccc ccc ce ee ec eee eee eee ee eee eee eee eee teeta 46 

S.1 Software 2. ee eee ee te enn e eee tt eee es 46 

5.2 Algorithm techniques .. 0... 0... cece eee ene teen teens 48 

5.2.1 Sensor detection using interrupts 2.0... 0... cece ee ete teens 49 

5.2.2 Polling technique of handling sensors .......... 0... eee cee eee eee 52 

5.3 Control of the sorting operation 2... 0... ce ce eee ee tee nes 54 

5.3.1 Open-loop control of the sorting process ........ 2... 2. eee eee ee eee 55 

5.3.1.1 Color sensor 2.0... ee ene ene eee eee ee 56 

5.3.1.2 Position sensor 2.12... nett ete eee eens 64 

5.3.1.3 Pneumatic circuit 0.0. eee et ete nee 67 

5.3.1.4 Open-loop timing sequence ......... cece cc eee eee nets 71 

5.3.2 Closed-loop control of the timing process ....... 2... cece eee eee eee ee eee 75 

5.4 Experimental tests 20... ee eee ee ne ee nent eee teens 82 

5.4.1 Review of sequence of events 0.0... .. cece cee ee eee eee ees 82 

5.4.2 Test procedure 2. eee ee ee ee ee ee eens 85 

5.4.3 Preliminary tests of open-loop sorting 2.1.2... ... eee eee eee nas 86 

Table of Contents v



Chapter 6. Results and Discussion 2.1.0... 0... cece cece were eee tee tee eee nenes 87 

6.1 Tests run at nominal speeds of 10, 20, and 40 cm/s «1... . ee ee ees 87 

6.2 Performance of automatic loading system «01... ee eens 94 

6.3 Preliminary tests of closed-loop sorting ©... 0... 0... ce eee ee ee ete eens 94 

6.4 Testing of the closed-loop algorithm ..... 0.0... 0. cee eee eee ee 97 

6.5 Cyclic control of belt velocity 2... 6c. ee eee te eee 99 

6.6 Use of the teststand as an instruction tool 2.0... 0... ce eee eee eee 103 

Chapter 7. Summary and Conclusions ...... 2... cece ec ec eee eee ene eee rene eens 106 

Chapter 8. Recommendations .......... 00 cece weer rere reece eee eee e nee eneeee 110 

References oi. ccc ccc ec ee ee eee ee ete eee eee et ee eee ee ete e eee ee teens 112 

Appendix A. Open-loop control algorithm 2.2... 6. ce ee eee ee eet ee teens 114 

Appendix B. Closed-loop algorithm to sort blocks ...... 2.0... cc ccc cece ee eee eee 120 

VIA Lc cc ec ete ee ee ee ee eee eee eee eee eee eee eee eee rete ee eee 129 

Table of Contents vi



List of Illustrations 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

. Electropneumatic teststand with identification of major components (dimensions in 
056 0 17 

The automatic loader installed on the teststand frame. ................000.4 20 

Cross-section of the vertical channel on the automatic loader. .............. 21 

View of front end of teststand showing conveyor drive, and means for manually 
controlling speed. 2.0... . eee eee nett teens 23 

View of rear end of teststand showing conveyor speed transducer. ............ 24 

Strip-chart recording of pressure drop across valve. ....... 0... cece eee eens 30 

Laboratory apparatus to measure reflected light from blocks. ............... 33 

Data acquisition board. ......... 0.0... cece eee bbb bce b bbb eeeee, 41 

Path of output signal from the printer port to the cylinder. ................. 45 

Flow diagram for algorithm using interrupts. ...........0 00.2 ee eee eee eee 50 

Flow diagram showing the programming steps in the polling algorithm. ....... 53 

Voltages produced by the photodiode circuit for black and gray blocks (first paint- 
ing) passing at 10 cm/s. 6. ee eee eee eens 58 

Voltages produced by the photodiode circuit for black and gray blocks (second 
painting) passing at IScm/s. 2... ee ee eee ens 59 

Effect of digital filtering (moving average computation) on the signal obtained from 
black blocks passing at 10 cm/s. 2.6... eee ee ee 62 

Voltages produced by the photodiode circuit for white blocks passing at 10 and 80 
05 66 kn 63 

ANSI symbols for 3- and 4-way solenoid-operated pneumatic valves. ......... 69 

Arrangement of the sensors and pneumatic cylinders on the teststand (dimensicns 
INCM). Lee ee eee ne ee en eee ee eee eee 72 

List of Hlustrations vii



Figure 

Figure 

Figure 

Figure 

Figure 

Figure 

18. 

19. 

20. 

21. 

22. 

23. 

Block diagram for open-loop algorithm. ........ 0... 0. cee eee ees 74 

Input control lines for the printer port. 2.2... 0.0... . ce cee ce ee eens 77 

Block diagram for closed-loop algorithm. ........ 00... cee eee eee eee 83 

Schematic showing the times and distances that must be controlled by the timing 
algorithm. 6... ee eee eee een eee ees 84 

Velocity profile achieved by driving the conveyor motor speed control with a gear 
000) 0) an 100 

Example assignment for instruction on the teststand. .................04.. 104 

List of Illustrations viii



List of Tables 

Table 1 

Table 2. 

Table 3. 

Table 4. 

Table 5. 

Table 6. 

Table 7. 

Table 8. 

Table 9. 

Table 10 

Table 11 

Photodiode voltage produced by light reflected from three different color blocks. . 34 

Photodiode voltage produced by light reflected from different color blocks using an 
op-amp to stabilize the output. 2.6... ce eee eee 36 

Photodiode voltage produced by light reflected from the block colors chosen for the 
teststand. 2. ee et ene eee e tne eee eee 38 

Printer port pin arrangement. «0.1... eee teens 43 

Number of data points used to compute the moving average for different belt veloc- 
WES, ee ee ee ee ee ee tence eee eee 65 

Estimate of conveyor velocity obtained using 3-bit offset count of pulses input during 
12 loops in the sorting algorithm. ....... 0... 0. ee teenies 79 

Preliminary tests of open-loop control. 2.0... eee 88 

Sorting accuracy achieved at various belt velocities using the open-loop algorithm. 93 

Sorting accuracies achieved with the closed-loop algorithm while manually varying 
the belt speed. oe ee ee eee tenet eee e eae 96 

Sorting accuracies with the closed-loop algorithm for relatively constant belt veloci- 
THES. eee ee ee eee eee eee teen eens 98 

Sorting accuracies achieved with the closed-loop algorithm for cycled belt velocity. 102 

List of Tables ix



Chapter 1. Introduction 

Bioprocessing is the term applied to the manipulation of both food and non-food products. There 

has been, and continues to be, interest in automating the harvesting, handling, inspecting, grading, 

and sorting of agricultural products. These products, being living organisms, undergo a number 

of physiological changes after harvest, and to avoid rapid spoilage once the product reaches the 

shelf, the delivery time from harvest to final market must be minimized. Ripened produce is very 

susceptible to bruising; therefore, an inspection and grading process is needed to discard foreign 

matter and unacceptable produce. The remaining product is then separated into appropriate cate- 

gories. Much like parts on an assembly line, produce is classified by color, firmness, number of 

defects (bruises), size, and perhaps contamination level. Often produce is sorted and the most at- 

tractive items are sold for fresh market, while the remaining items are sold for processing. 

Many machines and techniques are presently used to accomplish the physical manipulation of ag- 

ricultural products. Automation involves three equally important areas: sensors, computing, and 

actuation. Sensors are needed that can collect pertinent data quickly and accurately. Agriculture 

offers unique challenges in this area, considering the vast differences between such operations as 

grading tomatoes for fresh market, and the deveining of shrimp. Agricultural sensors may have to 

be used in hostile environments, and under less than ideal conditions. All restrictions should be 

considered when designing these types of sensors. 
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Once the data is collected by the sensor, some type of computing system is needed to process the 

information, make the appropriate decision, and invoke the actuating system that implements the 

decision. Computing power to handle this complex task in real time is available, but at a high price. 

The requirement of high production speeds is the limiting factor in the development of computer 

systems for agriculture, since the powerful processors designed for tasks such as image processing 

are often too expensive. Multiprocessors and multicomputers that perform real-time image analysis 

for major manufacturing companies are still too costly for the average farming operation. The cost 

of computing continues to drop, however. The advent of more efficient computer architectures that 

can perform inexpensive real-time processing has provided an optimistic outlook for the auto- 

mation of various bioprocessing activities. 

Actuation is the implementation of a decision made by a computer based on sensor data. Until the 

actuator moves, the power of the computer and sensor are not realized. Fluid power circuits are 

used in a large amount of agricultural operations. Although hydraulics and pneumatics are usually 

grouped together, their strengths are so dissimilar that one is often a clear choice over the other. 

Hydraulic systems operate at higher pressures and therefore are heavier and more expensive. They 

provide a large power throughput, but are prone to leak, need large reservoirs for fluid storage, and 

may require heat exchangers to dissipate the heat that builds up in the fluid. Pneumatic circuits 

are generally much cheaper because of the low operating pressure, and are well suited to applica- 

tions where the loads are light and fast speed is required. Another attractive aspect to pneumatic 

systems is that there is almost no heat buildup during operation. Hydraulics, using oil as the fluid 

medium, have inherent lubrication. Pneumatics, on the other hand, may need a lubricator added 

to the system to lubricate the moving parts. The main drawback to pneumatics is that air is a 

compressible fluid. Hydraulic oil, for all practical purposes, is incompressible. Compressibility 

renders pneumatics unacceptable for applications where precise positioning is required, but the 

ability for pneumatic actuators to reciprocate at high velocities make them a good choice for ap- 

plications such as fruit and vegetable mechanization. Harvesting, grading, and sorting of fruits and 
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vegetables are all low-load operations requiring a high throughput rate to make mechanization 

profitable. 

Automated processing of some fruits and vegetables has not been accomplished because it is not 

cost effective, primarily due to the relatively low value of the product. One need only consider the 

value of an individual berry or even a potato. To be profitable when handling these types of pro- 

ducts, a system must evaluate several items per second. Harvesting crops that do not mature uni- 

formly necessitates several passes over the field, collecting only the mature fruit during each pass. 

Selective harvesting of certain crops is still done manually because of the difficulty in developing 

inexpensive, high-speed, accurate sensors that can distinguish acceptable from unacceptable crop 

under field conditions. 

Complex sensors and systems for grading, sorting, and inspecting are continually being investigated 

for use in agricultural operations. More of these systems will become cost-effective in the near fu- 

ture. As noted previously, to realize the potential of sensor systems, commercial application of 

computer-based technology depends on engineers who are trained in actuator control. Therefore, 

engineers should be taught the advantages of pneumatic systems with electrical control. 

Engineering students interested in classical control theory take an automatic control course. They 

may also take a fluid power course or an instrumentation course, depending upon their interests 

and curriculum requirements. A fluid power course usually focuses on the characteristics of fluid 

power circuits, which correspond to the actuation part of a total system. An instrumentation course 

contains material on sensors, microprocessor software development, and related topics, which per- 

tain to the sensing and recognition part of a total system. Some material on control is incorporated 

in both fluid power and and instrumentation courses, but often no examples are studied where all 

three aspects of a complete control problem (sensors, computing, and actuation) are integrated to- 

gether. No information has been found in the literature regarding teststands purposely built as in- 

structional aids for teaching an integrated control problem. 
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Within an agricultural engineering curriculum there is the need for a series of laboratory exercises 

that teach the student how to approach and solve a complete control problem. This project was 

undertaken to develop a teststand which can be used for a number of exercises which will teach the 

inter-relationship of sensors, computing, and control. Briefly stated, the teststand will emulate the 

sorting of a product. Different colored blocks are placed on a conveyor and knocked into collection 

bins with pneumatic cylinders. The prerequisite knowledge of pneumatics must be minimal so the 

teststand can be used for a course where the focus is on instrumentation and/or computing. On 

the other hand, the teststand design should provide flexibility for placement of the microprocessor 

software development “in the background”, allowing the student-user to focus on the actuation, 

when it is used for a fluid power control problem. It is possible, then, for the teststand to be used 

for exercises of varying levels of complexity in two courses. 
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Chapter 2. Objective 

The overall goal of this research is to develop an electropneumatic teststand that simulates a sorting 

operation, and can be used to teach open-loop and closed-loop control. Specific objectives were: 

1. Develop a teststand such that the three components of a control system- sensors, computing, 

and actuation- are presented to the student-user. 

2. Establish a program for sorting three different colored blocks at five separate speeds, with 

software that is easy to understand and manipulate, thereby permitting the teststand to be used 

as an instructional aid. 

3. Incorporate a feedback mechanism in the developed program which allows for variance of belt 

velocity during a sorting operation. 

4. Develop instructional exercises at three levels of difficulty for the teststand. 
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Chapter 3. Literature Review 

3.1 General 

Fruits and vegetables are so diverse that, in general, each species requires a distinct grading and 

handling system. For example, peaches bruise more readily than apples and require different han- 

dling practices. Lemons mature more irregularly than the other tree fruits, and oranges sustain 

more internal, hard to detect flaws (ASAE, 1983). Small fruits, such as grapes and berries, are 

unique in the fact that their small size means a very large number of individual pieces per unit 

volume must be examined. Obvious differences among vegetables illustrates the challenges associ- 

ated with the design of a complete control system for handling vegetables. 
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3.2 Harvesting practices 

Much research in recent years has had as its objective the improvement of crop uniformity. Al- 

though progress has been made, it is unlikely that any crop will ever be produced where a once-over 

harvest will yield a completely uniform product. At the very least foreign matter will have to be 

removed. 

Fresh fruits and vegetables are in demand by U.S. consumers. The health conscious image of the 

1970s and 1980s brought about both an increase in the demand of fresh produce and an increase 

in the demand for attractive produce (Wilhoit, 1989). Consumers expect fruits and vegetables to 

have quality appearance, color, firmness, and taste. The produce can show only minimal insect and 

environmental damage. Because of these rigid guidelines, hand-harvesting is still the major mode 

for harvesting fruits and vegetables. 

3.2.1 Mechanical harvesting 

There are two main approaches to mechanical harvesting of fruits and vegetables. The first is a 

once-over harvest that collects as much product as possible, regardless of size or npeness. This 

mixture is then graded and the undersized and immature product is eliminated. A specific example 

of this type of harvesting is the once-over harvest of tomatoes. All fruit on a tomato vine is raked 

off and deposited in a receptacle. Once harvested, the crop undergoes a sorting operation to remove 

the green fruit, overripe or damaged fruit, and whatever debris has been accumulated during harvest. 

The drawback to once-over harvesting is that the yield of the immature fruit is never realized. 

The second type of mechanical harvesting is selective harvesting, whereby several passes are made 

over a field and only mature product is harvested. Some of the earliest work on mechanical selec- 
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tive harvesting was for harvesting crisphead lettuce. Crisphead lettuce is a good candidate for 

mechanization, since the head is protected from the application of external force by an outer cov- 

ering. Garrett et a/. (1966) built a crisphead lettuce harvester that based selectivity of the head on 

the firmness and size. A roller passed over the head, analyzing the firmness of the head from the 

deflective force experienced. The height of the roller in relation to the ground provided the size of 

the head. Lenker et al. (1973) expanded on this system, trying a different selection technique using 

x-rays, but decided at that time to incorporate a mechanical selector in the final project. Lenker 

et al. (1978) then used similar mechanical techniques to develop a cauliflower harvester. Two se- 

lector rollers on the sides of the head separated to a distance that sent an electric signal to a 

comparator. If the head diameter was large enough, a rotary blade was actuated to cut the stalk, 

and lifter belts then took the head away from the stump. Results were very promising as long as 

harvests were not performed as often as hand harvests. Due to the damage the machine inflicted 

on neighboring plants, only a limited number of passes through the field were practical. 

Work on the lettuce harvester was continued by Garrett (1967). Two components, a cutter and a 

tripper mechanism, were powered by pneumatic cylinders. A separate selector component chose 

a head to be harvested, and sent a signal to a multiple-disk clutch. Multiple disks were needed 

because the selector and actuator components had to be 75 cm apart to accommodate the hardware 

required. Within a 75-cm row length there is a possibility of encountering several heads. A signal 

from the selector turned the appropriate disk, which at a certain point in the rotation generated the 

signal that extended the cutter cylinders. Further in the rotation another signal was sent to a tripper 

circuit that released fingers to grip the cut head. Pneumatic cylinders then raised the gripped head 

from the row. 

Another approach to selective harvesting used robots, as in the case of the robotic apple picker 

(D’Esnon et al., 1987). This machine used machine vision to locate the fruit and a vacuum gripper 

to pull the fruit off the limb and gently deposit in a nearby receptacle, thus eliminating damage 

sustained when fruit bounced to the ground. The use of robots for these activities, however, is still 
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a long way from becoming economically practical. Robotics can be competitive in the greenhouse 

for automation of transplanting plants and flowers. 

Development of selective cantaloupe and broccoli harvesters have been attempted, but without 

proven success (O’Brien and Lingle, 1965; Soule et a/., 1988). In most cases hand harvesting still 

prevails as the dominant method for selective harvesting. Wilhoit (1989) developed a harvesting 

aid for broccoli that was powered by a small pneumatic valve and cylinder circuit. Double op- 

posing curved blades fit over the head, and when actuated, swung closed, thus shearing the stalk 

with sufficient force for a clean cut. The advantage of this harvesting aid was it alleviated the dis- 

comfort experienced by workers who bend over and cut broccoli by hand. 

3.3 Separation 

Once a crop has been harvested, whether by manual or mechanical means, it undergoes inspection 

to remove unwanted fruit or foreign materials. It is common practice for accepted fruit to be graded 

into several grades. It is highly desirable to automate grading and inspection because of the signif- 

icant fatigue and boredom experienced by workers, and the possible effect this has on production 

output. 

3.3.1 Sensors developed for inspection and grading 

There have been several nondestructive methods investigated that try to effectively evaluate an in- 

dividual fruit. Vibrational response characteristics were used to distinguish mature tomatoes, po- 

tatoes, and peaches from the immature fruit (Stephenson et ai/., 1979). This method was based on 

the presumption that the soft insides of ripe fruit would dampen the sound response. A trial run 
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resulted in greater than 90% accuracy using this technique. Although different in physical charac- 

teristics, Stephenson concluded that stones and clods could also be segregated from the crop. 

Development of an x-ray technique proposed for use on a 1973 lettuce harvester was continued 

(Lenker and Adrian, 1980). The new system had a larger temperature range, more dependable 

power supply, and better signal processing. The basis of the x-ray technique is the different 

transmissibility of x-rays as a function of head maturity. Results suggested that this method was a 

successful approach to establishing maturity. The drawback for this technique was that the com- 

paring threshold voltage for the x-ray potentiometer output was dependent on head size and field 

speed, requiring continuous re-calibration of harvesting criteria. 

A system for determining if tobacco plants were large enough for transplanting was investigated by 

Eddington and Suggs (1988). They used a ratio of reflected near infrared and visible infrared light 

to establish the plant leaf area. The levels of light at these wavelengths gave an indication of the 

amount of chlorophyll present in the plant, which then gave the prediction of leaf area. This 

method worked well for small plants, but for the larger plants, drooping of the stem produced some 

erroneous readings. 

Nuclear Magnetic Resonancing (NMR) is a technique that was used to analyze the internal prop- 

erties of fruit (Chen et a/., 1988). Used primarily in the medical field for detecting tumors, NMR 

was viewed as having potential for evaluating bruises, worm damage, and maturity in fruits and 

vegetables. Results indicated good potential of NMR for detecting the aforementioned defects, but 

no economic evaluation was provided. 

3.3.2 Image processing and machine vision 

The objective of all sensing and computing is to provide a response as close to real-time as possible 

at reasonable cost. Availability of machine vision equipment has stimulated much interest in the 
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use of this technology for inspection and grading, since it is primarily by vision that manual graders 

perform. Image analysis systems are becoming more attractive due to the ever-increasing rate at 

which computers are increasing in speed and decreasing in cost. Quicker execution rates and 

smaller instruction sets have enabled microprocessors to process the huge amount of information 

in an image, leading to the realization of real-time image analysis. Machine vision technology is 

being applied in agriculture as in other industries. 

The ability for a vision system to grade apples based on bruise detection was explored by Rehkugler 

and Throop (1986). The technique of diffuse spectral reflection produced an image that allowed 

computation of bruise area. From this image, the depth of the bruise was predicted, and the result 

of the two operations was compared to the USDA standard. The system was able to analyze the 

apples as well as a standard human inspector does, but was only able to inspect one apple every two 

minutes. Throop et al. (1988) expanded on this work in trying to detect internal defects in apples 

(watercore). Two methods using a computer vision system were explored: the first analyzing the 

projected area of the apple fruit to predict apple volume, and in conjunction with weight getting 

apple density; the second measuring the transmittance of light through the apple as a watercore 

indication. Unfortunately, neither method was able to correctly identify the defects in the apple. 

Awa (1988) proposed using a vision system to grade oyster meats. Oysters are normally graded into 

several categories depending on volume. The vision system used by Awa predicted oyster volume 

based on the projected area of the oyster meat. The system achieved a volume accuracy of + 3.04 

cm? at a feed rate of 5 oysters per second. 

Work was done recently at Virginia Polytechnic Institute and State University (VPI & SU) to ex- 

pand the oyster grading system and apply mechanical actuation to the sorting (Koslav, 1989b). 

Oyster meats were conveyed to a grading station to determine the area of the oyster, with the ob- 

jective of distinguishing three different oyster sizes. Receptacles were placed on both sides of the 

conveyor and one at the end, totaling three bins. Once the projected area of the oyster meat was 

computed via machine vision, a water jet on either side of the conveyor was actuated to send the 
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oyster into the selected bin. The goal was to grade and sort five oysters/second. The success of the 

machine was limited by hardware constraints of the image system. To date the system sorted actual 

oyster meats at 1 oyster every 2 seconds, with an accuracy of 88%. 

Koslav (1989a) successfully digitized a broccoli head image for area analysis. Broccoli is hand- 

harvested based on the size of its head, so head area analysis was the chosen criteria. Digitizing a 

broccoli image is a significant achievement in the fact that broccoli is such a difficult vegetable to 

isolate from its surroundings. The green plant on green background forced the need for an alter- 

native way for image isolation than just by using a simple boundary technique. The algorithm 

employed by Koslav utilized the grainy texture of the flowered heads to distinguish between the 

leaves of the plant. Image conversions were performed in approximately one second. 

Successful use of a machine vision system is contingent upon the fact that the efficiency and lower 

labor requirements of the system outweighs the added costs. This fact is the most restrictive factor 

affecting these systems, as illustrated by an analysis performed for a strawberry plant grading oper- 

ation (Muttiah and Miles, 1988). In this analysis, strawberry plants ready for transplanting were 

conveyed to a grading area to be analyzed by computers using machine vision, with the poor quality 

plants being rejected by an electrically powered mechanical system. The remaining plants moved 

to a bunching area where the plants were manually bunched. It was shown that the throughput 

possible with eight laborers required 17 IBM ATs for the grading and three laborers to work the 

machines and bunch. Assuming no machine failures, it was projected that in excess of 43 million 

plants would need to be sold in order to benefit from the decreased labor requirements. This ex- 

ceeded the sales expected, and therefore discouraged this automated grading system. 
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3.3.3 Sorting 

There are many sorting systems with a variety of techniques for manipulating the items being sep- 

arated. Several systems which used pneumatics for the actuation are described below. 

A tomato harvester was developed for commercial use (Delbridge, 1975). This work was done in 

conjunction with the AMF Electrical Products Division, and the machine was appropriately called 

the AMF Perceptor Tomato Harvester Sorter. Designed for once-over harvesting, this machine 

used eight electro-optical sensors that compared the amplified output signal to a proportioned red 

signal for subsequent actuation and rejection of the green tomatoes and other non-red objects 

(clods, stones, etc.). All of the harvested product were placed on a conveyor that was offset above 

another conveyor. The objects moving along the top conveyor were sent on a trajectory for the 

lower conveyor at the end of the belt. It was along the path that the optical sensors identified the 

color of the object, and a solenoid operated air valve immediately blasted out the non-red objects. 

The machine achieved an operation rate of approximately 9 objects per second. 

A high volume sorter for berries and grapes was developed that also utilized air jets to sort the fruit 

into three classifications of maturity (Rorhbach and McClure, 1978). A multigrooved conveyor 

belt (M-belt) passed the small fruit in single file to a grading station. For blueberries, the grader 

operated on dual wavelength light transmittance properties, a method referenced previously for 

transplant sensing (Eddington and Suggs, 1988). Acting on the decision of the grader, either the 

underripe air jet or the overripe air jet would blow the berry into the respective groove, creating 

three files of fruit. Blueberries were successfully sorted on this machine at a rate of approximately 

260 kg/hr (about 40 berries/second). 

Another sorting system using pneumatics was developed to separate contaminated pistachio nuts 

from uncontaminated nuts (Farsie et al., 1981). Previous studies had revealed that the contaminant 

in question, aflatoxin, exhibited bright-greening yellow (BGY) fluorescence when subjected to long 

Chapter 3. Literature Review 13



wavelength ultraviolet radiation. The nuts moved down a slide into a junction. At the junction, 

the fluorescent sorter pointed out the nuts to be rejected. Normal trajectory put the nuts down one 

chute, but the rejected nuts were blasted by an air valve and forced down a secondary chute. The 

optimum sorting rate of this system was 18 nuts/s with a 94% accuracy. 

It was mentioned earlier that a system using machine vision can be a very powerful tool for a 

grading or sorting operation. A vision-based system was used for a potato sorting operation 

(Marchant et a/., 1988). The purpose of sorting potatoes was to extract from the crop those pota- 

toes which are most suitable for baking in the jackets, because baking potatoes attract premium 

prices for the potato farmer. For the system in question, a conveyor passed a bunch of potatoes 

under a vision system. The image analysis algorithm involved boundary encoding, which in effect 

defined a projected area of the potato. Twelve views of each potato were analyzed, producing the 

parameters of volume, maximum length, maximum width, and shape. Potatoes meeting the size 

and shape criteria (the potato must not have an unattractive appearance), were sorted out from the 

rest of the bunch by deflection fingers operated pneumatically. A solenoid-operated air valve, 

controlled with the computer system that also handled the image processing algorithm, operated the 

deflection fingers. Sorting speeds of 40 potatoes/second were targeted, but at the time of the writing 

a commercial grader using this system was running at about half that speed. 
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Chapter 4. Equipment 

The electropneumatic teststand was developed to illustrate the features of an integrated control 

system. Specifically, the functional requirements for a selective broccoli harvester became the de- 

sign criteria for the teststand. A selective harvester requires the basic subsystems common to any 

complete automation system: sensors, control program, and actuators. The sensor subsystem dis- 

tinguishes appropriate items from a given population based on certain criteria. The actuator sub- 

system implements the decision of the control program. Pneumatics were chosen for the actuation 

subsystem because the components are rather inexpensive, a supply of compressed air is available 

in most laboratories, and the circuits can be configured with inexpensive plastic tubing. 

A broccoli harvester is of interest for several reasons. Broccoli became an important crop in 

Virginia when the demand for tobacco subsided in the early 1980s. Fall broccoli grows well in 

Virginia, while other broccoli production during this time frame is restricted to California. Cost 

of transport from the West Coast is such that Virginia-grown broccoli can compete during this fall 

market “window” (Wilhoit, 1989). The harvesting of broccoli is still primarily a manual operation, 

requiring seasonal workers, therefore there is interest in automation. Varieties that do not mature 

uniformly are currently used in Virginia broccoli production, and growing these varieties results in 

a large amount of labor needed to harvest the crop. 
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A broccoli harvester requires a type of mechanical manipulation that is ideal for pneumatics. 

Broccoli plants are grown fairly close together (typically spaced about 16 cm apart in a row). A 

pull-type harvesting implement would need to handle approximately five heads per second at a field 

speed of 3 km/hour. Also, the force required to shear the head from the stalk is relatively low. 

Low force and fast cycle times needed to harvest broccoli could readily be achieved with a pneu- 

matic system. 

4.1 Teststand frame 

The frame for the teststand was 406 cm long x 61 cm wide x 91 cm high and designed to accom- 

modate a 15-cm wide conveyor belt with a total length of 370 cm, measured from center-to-center 

of the conveyor support rollers (Figure 1). The lower level in the frame was included to provide a 

place for mounting equipment and instrumentation, thus the teststand was self-contained. The 

frame was mounted on 15-cm diameter caster wheels for mobility. 

4.1.1 Conveyor 

A variable speed AC motor drove the conveyor via a V-belt drive. Conveyor velocity was adjusted 

by moving a control lever on the motor. The conveyor belt had 1.2-cm tall flights spaced 24 cm 

apart. The first 50 cm of conveyor belt length, measured from the center of the support roller on 

the front end of the frame, was used to introduce blocks onto the belt. These blocks represented 

the items to be selectively “harvested”. Guides constructed from 5-cm wide flat steel were fastened 

to the frame. These guides were used to move the blocks into the correct position on the belt before 

they passed the color sensor, located 200 cm from the front end. A platform to support two 

pneumatic cylinders, a position sensor, and associated circuitry was centered 104 cm from the rear 
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end of the conveyor. Pieces of sheet metal, referred to as slides, were attached to the sides of the 

frame. When a block was knocked off the conveyor, these slides deflected that block into a re- 

ceiving bin mounted on the lower level of the frame. Additional space on the lower level was used 

to store the electronic hardware required for the sensor and actuator subsystems. To prepare the 

teststand for operation, the user simply plugged in a 115-V extension cord to a wall receptacle, and 

an air line to the laboratory compressed air supply. 

Wooden blocks 3.8 x 3.8 x 6.4 cm were easily produced from standard 2 x 4 studs by cutting the 

stud lengthwise and then cutting the resulting 3.8 x 3.8 cm cross-section pieces into 6.4 cm lengths. 

These blocks stood upright on the conveyor belt without support, and were easily and inexpensively 

produced. 

Originally, plans were to rivet a 1.2-cm steel band to the center of the 15-cm wide conveyor belt. 

Each block was then to have a small magnet attached to its bottom, and magnetic force would hold 

the block in a designated place on the belt. These places were to be randomly chosen to represent 

the random occurrence of plants in a row. This idea was determined to be cost and time prohibi- 

tive, so a simpler method of conveying the blocks was introduced. 

Keeping in mind the need to emulate the control needed for a selective broccoli harvester, the belt 

was divided into 24-cm sections. Broccoli is typically planted with in-row spacing of 8 cm and later 

thinned to get 12- to 16-cm spacing for optimum yield (O’Dell et a/., 1989). A 24-cm spacing was 

chosen because subdivisions can easily be added later on to achieve 12- or 16-cm spacing between 

blocks. The use of constant spacing does not truly reflect field conditions. The algorithm written 

to sort the blocks does not depend on block spacing, only the speed of the belt. Consequently, the 

use of equal divisions on the belt does not limit the use of the teststand to study the design features 

needed for a selective harvester. 

Flights constructed by cutting 15-cm sections from 2 x 2 cm aluminum angle were riveted to the 

belt. The flights captured a block and carried it past the color sensor to the point where it was in 
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position to be struck by one of the pneumatic cylinders. The 3.8 x 3.8 cm end of the block was in 

contact with the belt, and the block was aligned into the correct position on the belt as it was pulled 

through the positioning guides. 

4.1.2 Automatic loading system 

A mechanical device was designed that could automatically load blocks onto the conveyor belt 

sections. Figure 2 represents the initial design of the loader. A 5-cm x 6-cm channel, 305 cm in 

length, was supported at a 30° slope by two pieces of tubing fastened to the front end of frame, and 

another two fastened to the rear. The front end of the channel was connected to a 25-cm vertical 

channel via a curved section, formed such that blocks would not bind through the transformation 

from the 30° slope to the vertical drop. Approximately 60 blocks could be loaded in the total as- 

sembly at one time. 

The assembly was filled with blocks, and a test was run to see if the flights on the belt would pull 

one block at a time off the bottom of the vertical section. The weight of the blocks in the total 

assembly caused the blocks to come spilling out. A mechanism was then developed to allow just 

one block to drop at a time. After several attempts, the best method found to drop one block at 

a time used a pneumatic cylinder to push a block off a spacer fastened inside the vertical channel. 

The spacer prohibited the stack of blocks from flowing out of the channel. Another spacer was 

offset 6 cm up from the first, creating a staggered alignment in the vertical channel (Figure 3). A 

limit switch was situated so that a flight on the belt would cause the switch to close when it passed. 

When the switch closed the cylinder extended. The cylinder rod pushed the lowest block off the 

first spacer, and the blocks above forced the bottom block down onto the belt. 
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4.2 Determination of conveyor velocity 

A linkage was developed to manually set the electric motor to maintain any desired belt velocity 

from 10 to 80 cm/s. This linkage consisted of a long threaded rod which was pinned to the motor 

control lever on one end, and had a hand-wheel on the other end (Figure 4). As the hand-wheel 

was turned, the rod advanced and moved the motor control lever, thus increasing or decreasing the 

speed. Five distinct belt velocities were tested: 10, 20, 40, 60, and 80 cm/s. The 80 cm/s belt ve- 

locity approximated a typical harvester ground speed of 2 mph. 

The roller supporting the conveyor at the rear end of the frame drove a 60-tooth gear via a 4:1 chain 

drive (Figure 5). A transducer, mounted in juxtaposition to the 60-tooth gear, generated a pulse 

every time a tooth on the gear passed through its magnetic field. These pulses were read by a fre- 

quency counter (Philips model PM 6666), which provided an output in frequency. This frequency, 

in gear teeth per second, was also the rotational speed in RPM because of the direct conversion 

provided by using a 60-tooth gear to generate pulses. The 4:1 ratio was needed to increase the gear 

rotational speed to a range (above 30 Hz) where the counter could accurately read the frequency. 

For the lowest belt velocity, 10 cm/s, the 15-cm diameter support roller turned at about 17 RPM, 

and the gear at about 66 RPM. The equation to convert output frequency of the transducer to 

linear velocity was simply 

v = 0.607 —, [4.1] 

where 

v = linear belt speed (cm/s), and 

f = frequency (Hz). 
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4.3 Pneumatic circuit 

The two variables of interest in the design of any fluid power circuit are flow and pressure. The flow 

rate of the fluid determines the linear or rotational speed of the actuator, and the pressure provides 

the force or torque output. 

4.3.1 Functional requirements 

Sizing of the pneumatic valves and cylinders began with the determination of the maximum re- 

quired cycling speeds of the cylinders. At a spacing of 12 cm between blocks, and a belt velocity 

of 80 cm/s, the sorting system would encounter approximately 7 blocks/s. It was determined that 

a goal of 7 blocks/s was too ambitious for the initial design of the teststand, so a goal of 3.5 blocks/s 

was established. 

The pneumatic equipment used the air system in the Fluid Power Laboratory. The use of this 

system provided many advantages, most importantly eliminating the need of a compressor, receiver, 

and regulator. Flow was never a problem for the low consumption of the teststand pneumatics. 

The only constraint was that the air supply pressure was fixed at 410 kPa. 

4.3.2 Cylinder and valve selection 

Selection of the pneumatic cylinders began by finding the smallest cylinder that could provide cer- 

tain design parameters. The cylinder needed a 15-cm stroke to push the block completely off the 

belt, and it had to cycle quickly. A spring return cylinder was initially chosen to provide fast re- 
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traction. Pressure at the cylinder cap end had to overcome the spring force, and also provide the 

additional force needed to push the block off the belt. 

Stock cylinders with a 15-cm stroke and spring return were available beginning with a 1.1-cm bore. 

The resisting spring force was given in the specifications as 10 N, and it was assumed friction forces 

amounted to 20 N. Air in the rod end would also apply a resistance. The force from the air in the 

rod end of the cylinder (F), neglecting any back-pressure effects from exhaust air porting through 

a small orifice in the cylinder, was calculated by using 

F=PA [4.2] 

where 

P = atmospheric pressure (Pa), and 

A = rod end area (m’). 

The rod end area is given by 

A = (dap — Grog)“ [4.24] 

where 

d,,, = diameter of cylinder cap (m), and 

d..q = diameter of cylinder rod (m). 

With d,,, = 1.11 cm, and d,,,= 0.48 cm, the resistive force from the air in the rod was 6 N. The sum 

of the resisting forces was then 6 + 10 + 20 = 36N. In comparison, the force that could be re- 

alized for the 1.11-cm diameter cylinder at 410 kPa pressure was 40 N. 

Flow rate in the cylinder was calculated by first computing the compression ratio. Compression 

ratio (CR) is commonly defined in commercial literature (Parker Fluidpower, 1980) by 

CR= Pressure at cylinder + Absolute pressure 
  

Absolute pressure at site [4.3] 
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With 410 kPa at the cylinder cap end and 100 kPa atmosphere, CR = 5.1. 

Airflow rate in a pneumatic circuit is defined in commercial literature as dm?/s. Flow rate (Q) in 

dm?/s is 

Vv 

ga Tk, [4.4] 

where 

V = volume (dm’), 

CR = compression ratio (decimal), and 

t = time (s). 

Volume is given by 

V=As [4.4a] 

where 

A = area of cylinder bore (dm?), and 

s = stroke of cylinder (dm). 

Given a cylinder bore area of 9.68x10-3 dm? and a stroke of 1.5 dm, the volume of the cylinder 

was 0.0145 dm*. To determine maximum flow rate, the minimum amount time available to fill the 

cylinder and extend the rod must be known. At a belt velocity of 80 cm/s, and a spacing of 24 cm 

between blocks, a maximum of 4 blocks will pass the pneumatic cylinders, thus each cylinder must 

be able to fully extend and retract in a time space of 250 ms maximum. Assuming the cylinder 

extension time is half of the allotted time, the maximum time allowed is 125 ms. Substituting 0.125 

s for t in Equation [4.4] gives a design flow rate of 0.59 dm?/s. 

The flow rate was then used to size the required valve. Pneumatic valves are given a capacity co- 

efficient (C,) rating that specifies the amount of air that can flow through the valve at an acceptable 

pressure drop. C, is defined as 
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co. 2 [ 10,0007, G 45 
¥™ 114.5 AP(P,+P,) ’ [4.9] 

where 

Q = flow (dm?/s), 

T, = air temp (°K), 

G = specific gravity of air, dimensionless (G = 1), 

AP = pressure drop across valve (kPa), 

P, = outlet pressure (kPa), and 

P 
a = atmospheric pressure (kPa). 

The drop across the valve was measured as 30 kPa. (See Section 4.3.3 for description of measure- 

ment.) P. was the pressure at the cylinder cap end, which was 410 kPa minus the 30 kPa pressure 

drop, or 380 kPa. The previously calculated compression ratio was based on a 410 kPa cap pressure 

and not 380 kPa, so CR had to be recalculated. Including 380 kPa in Equations [4.3] and [4.4] gives 

CR=4.8 and Q=0.56. With T; = 293°K, the calculated C, was 0.073. 

C, for the smallest valve offered by the manufacturer was 0.034, which seemed a little small in re- 

lation to the calculated capacity coefficient. Nonetheless, the valve was purchased, and an exper- 

iment was conducted to determine how fast the valve would extend the cylinders. The experiments 

(detailed in Section 5.3.1.3) showed that from the instant the cylinder started to extend until the end 

of the stroke was reached, cylinders averaged about 77 ms to fully extend. This amount of time 

was considered more than adequate for the teststand, because even at the maximum sorting rate 

of 4 blocks/s, the total time allocated for full extension was 125 ms. 
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4.3.3 Pressure test on valve 

The pressure drop across the valve was measured using a diaphragm-type pressure transducer 

(Validyne Model DP15TL) plumbed in parallel with the valve. The transducer was calibrated with 

a precision pressure gauge. First, air flow to the valve was cut-off, and the supply pressure was 

measured with the transducer. Once this measurement was made, the air supply was connected to 

the inlet port of the valve, while the exhaust port was opened to the atmosphere. This allowed a 

constant flow through the valve, and the pressure drop was measured. The output voltage of the 

transducer had a 1:1 relationship with pressure measured in psi. The supply pressure was measured 

to be 410 kPa (59.7 psi), and the drop across the valve was 32 kPa (4.7 psi). 

In order to record the pressure drop across the valve while the cylinder was actually extending, the 

transducer output was connected to a strip-chart recorder while a program was executed to cycle 

the cylinder. The transducer output during the cycling is shown in Figure 6. The 31 kPa (4.6 psi) 

recorded pressure drop agrees with the 32 kPa (4.7 psi) drop measured during steady state opera- 

tion. 

4.4 Sensors 

Sensor technology in agricultural engineering developed rapidly in the mid 1980s due to the avail- 

ability of advanced microprocessors. The industry was quick to realize the vast potential micro- 

processor technology has in the area of complex sensor development. Microprocessor-based 

sensors have been developed to determine water potential, soil compaction, fruit npeness, animal 

respiration rate, and a host of other agricultural functions. Advanced processors are also the basis 

of complex imaging systems that can be used for inspection and grading operations, as well as other 
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Figure 6. Strip-chart recording of pressure drop across valve. 
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visual tasks. It is inevitable that a number of cost-effective sensors available to an agricultural en- 

gineer will increase. 

The function of this teststand is not to specifically teach sensor technology. It is assumed that, for 

a field application, the sensors to do the job will be available. Therefore, the goal in developing the 

sensing system for this teststand was to design an inexpensive method to distinguish different color 

blocks. 

4.4.1 Block segregation 

The selective harvesting of broccoli requires only one decision, whether the head is acceptable for 

harvest. This simple selection process is inadequate for a sorting operation where product typically 

needs to be separated into three or more categories. An example is a tomato sorter, where top 

quality items are designated for fresh market, bruised and overripe fruit are designated for the to- 

mato sauce or juice market, and underripe and foreign matter are discarded. The original intent 

of the teststand was to teach the principles of control and actuation related to selective harvesting. 

All of these principles also relate to a sorting operation; in fact, sorting can be more complex. It 

was decided that the teststand should be designed for a multi-decision sorting operation, and a 

separate exercise developed to illustrate selective harvest. For example, an exercise where a given 

block color is identified and only those blocks knocked off the conveyor, illustrates the harvest of 

selected items from a general population. 

The next step was to establish a method of block differentiation, and color was the method chosen. 

A sensor to identify color was relatively inexpensive, and blocks of different colors could be readily 

produced. 

A simple photodiode circuit was set up to detect different block colors. A power source supplied 

a voltage to the photodiode. In complete darkness there was no voltage across the photodiode 
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because it was an open circuit. When light shone on the photodiode, a voltage drop was created 

proportional to the incident light. 

Initial experiments to identify block color used red, green, and blue blocks. A light source was di- 

rected onto the block, and the resultant reflection was recorded by the photodiode (Figure 7). The 

light source was a halogen bulb, a true white light source, and it was powered by a DC voltage 

source, instead of batteries, to reduce output fluctuations. The magnifying lens shown in Figure 7 

was a simple 2X lens, and its function was to concentrate the light on the block. Two shrouds, an 

outer and inner one, surrounded the photodiode. The photodiode was quite sensitive to light; 

therefore, any exposure created a voltage. Both shrouds were painted black on the inside to elimi- 

nate the influence ambient light had on the photodiode; thus, the reflected beam was the sole source 

of light. A miniature lens inside the inner shroud focused the beam that shown through the shrouds 

onto the photodiode. 

The colors red, green, and blue were the first colors chosen simply because of their position in the 

color spectrum, noting that they represent the low, middle, and high ends of visible light. Yellow 

may have been a logical choice for the middle color, since, like red and blue, it is a primary color. 

Yellow, however, displayed a more narrow bandwidth than green, making it more difficult to iso- 

late. After completing experiments with unfiltered light incident on the photodiode, color filters 

were used to purify the light incident on the photodiode. These filters isolated a 120-130 nm 

bandwidth of visible light radiation around the respective color. They were placed in front of the 

outer shroud surrounding the photodiode, and filtered the beam that reflected off the block. Results 

with unfiltered and filtered light are given in Table 1. 

Analysis of the data shown in Table | revealed three main flaws in the procedure. First, the entire 

data set had a range of only 0.09V, which was much too low for clear identification of different color 

blocks, given the ranges recorded for each individual color. Second, the filters appeared to have 

no distinguishable effect with respect to color; their only influence being that they blocked some 

radiation. Third, it appeared that color had an effect opposite to what was anticipated when 
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Figure 7. Laboratory apparatus to measure reflected light from blocks. 
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Table f. Photodiode voltage produced by light reflected from three different color blocks. 

  

  

  

Reflected Voltage 
Block Color w/o filter w/blue filter w/green filter w/red filter 

Royal Blue .212 Mean .189 Mean .199 Mean .202 Mean 
Range .180-.245 Range .169-.232 Range .168-.228 Range .171-.238 

Green .225 Mean .216 Mean .216 Mean .223 Mean 
Range .216-.242 Range .205-.227 Range .206-.227 Range .211-.228 

Cherry Red .279 Mean .264 Mean .262 Mean .270 Mean 
Range .272-.286 Range .256-.271 Range .252-.268 Range .261-.279   
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wavelength was considered. The longer wavelength light (red) produced a better response from the 

photodiode than the shorter wavelength light (blue). 

The first step in trying to get more distinguishable signals from different color blocks was to add 

an operational amplifier (op-amp) to the photodiode circuit. The op-amp was included to get a 

large differential voltage output from a relatively small differential current input. The voltage out- 

put of the op-amp was fed back to the input line of the photodiode, which in turn stabilized the 

output. Table 2 gives the data obtained on six other block colors with the op-amp in the circuit. 

Results from the previous test suggested a problem with the color selection, so the range of colors 

for this test was expanded to get a better picture of the response of the photodiode. 

The use of the amplifier in the circuit provided both good separation between some of the block 

colors, and a consistent voltage output recorded for each individual block color. There still was 

no evident explanation for the influence of the filters on the photodiode. In virtually every case the 

blue filter blocked the most radiation, while the red blocked the least. There should have been some 

difference observed among the different colored filters instead of just the general trend of more 

blockage for the blue filter. If the block colors were pure colors, and the light source emitted a pure 

white light, the use of all three filters should have permitted no incident light on the photodiode. 

By using all three filters, it was observed that a certain base level of radiation still penetrated the 

filters. The specifications of the filters show that they block ultraviolet light, but transmit all in- 

frared radiation, which explains the results. The light source was not pure white light, but was in 

fact a source of a wide range of radiation. Also, the wooden blocks and the spray paints did not 

provide a separation medium, but instead acted as a reflecting material for primarily infrared radi- 

ation. Since the photodiode seemed to be sensitive to infrared radiation, separation based on 

visible-light radiation was not feasible. 

The results in Table 2 suggest that shade would be a better method of distinguishing blocks. The 

lighter blocks consistently reflected more radiation than the darker blocks. Preliminary tests were 

then performed in the lab with better control on the paint used to paint the blocks. The apparatus 
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Table 2. Photodiode voltage produced by light reflected from different color blocks using an op-amp to 
stabilize the output. 

  

Average Voltage Output 

  

  

Block Color w/o filter w/red filter w/green filter w/blue filter 

Royal Blue -.024 -.019 -.017 -.017 

Green -.078 -.067 -.054 -.049 

Yellow -.512 -.464 -.328 -.318 

Cherry Red -.376 -.349 -.263 -.267 

Ultra Flat Black -.025 -.021 -.016 -.015 

Light Gray 
(Brush Paint) -.290 -.247 -.173 -.162     
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shown in Figure 7 was moved to the lab room that would house the teststand, checking whether 

the idea of shaded blocks would work well in that light environment. The blocks were painted with 

white, gray, and black spray paints. Observed mean voltages across the photodiode for light re- 

flected from these blocks are listed in Table 3. The difference between the voltages for the three 

shades was great enough that these color blocks could be identified; consequently, black, gray, and 

white were the colors chosen for blocks used on the teststand. 

4.4.2 Determination of block position 

The methodology used to perform sorting is described in Section 5.2. It is sufficient at this point 

to note that the location of a given block had to be known at a particular instant in time. This 

information was used in the prograrn to time when a block was knocked off the belt. The device 

chosen for this task was a simple phototransistor circuit. 

A phototransistor uses the same operation principle of a photodiode, but in reverse. Instead of 

light-energized electrons carrying current through a diode, energized electrons sink current away 

from a transistor to ground. Therefore, lack of light on a phototransistor produces a higher voltage 

across the phototransistor. 

A light-emitting-diode (LED) was positioned opposite a phototransistor across the width of the 

belt. When a block moved past the phototransistor, the light beam from the LED was interrupted 

and a voltage rise across the phototransistor was observed. Input into the program of the distance 

the phototransistor was from the point where the cylinders hit the blocks (impact point) gave the 

sorting algorithm the position of a block on the conveyor. 
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Table 3. Photodiode voltage produced by light reflected from the block colors chosen for the teststand 

  

  

Block Color Average Voltage Output 

Ultra Flat Black -.051 

Gray Primer -.282 

Flat White - 1.266     
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4.5 Computer 

The main goal in deciding what computer system to use was to find the least expensive system that 

would adequately do the job. The first and final choice was an available IBM personal computer 

(IBM PC) with an Intel 8088 microprocessor chip. 

The IBM PC has several advantages for use in an engineering laboratory at VPI & SU. First, all 

freshmen engineering students are required to purchase an IBM PC for their personal use, therefore 

any student using the teststand will be familiar with this computer. If the students using the 

teststand are taking an instrumentation course, it is expected they will develop a control program 

on their own computers, and then bring a disk to the teststand IBM PC to test that software. 

Second, the architectures of the microprocessor and the computer itself are well documented, which 

is helpful for interfacing to peripheral equipment. Although the Intel 8088 that runs the IBM PC 

was one of the earliest microprocessors used when the PC revolution started, it was found to have 

more than adequate computational power for the teststand. 

The IBM PC has certain input/output (I/O) devices with reserved device names. The computer 

used on the teststand had two of these devices already installed. For serial communications, COM1 

(serial port 1) was available, and for parallel communications, LPT1 (parallel printer port 1!) was 

ready for use. The availability of these devices meant communications did not require installation, 

only implementation. 

4.5.1 Serial communications 

Information was accessed serially through the COM1 port. The information was provided via a 

data acquisition board designed and built within the department. A diagram of this board is given 
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in Figure 8, and the wiring schematic is given in Appendix C. The heart of the board is an AD1170, 

integrating-type, analog-to-digital converter (ADC), made by Analog Devices. 

The AD1170, being microprocessor-controlled, has several attractive features, including program- 

mable integration time and data format. The integration time is the amount of time the converter 

takes to sample the input signal. For the AD1170, this time can range from 1 to 300 ms. The signal 

is then converted to binary format, and the ADC can be programmed to output the converted 

signal in an 8- to 22-bit format for the computer to read. Due to the wiring of the board containing 

the ADC, the data format was fixed at 16 bits. 

The data acquisition board had 16 input channels, out of which two were acceptable for the 

teststand sensors (channels 8 & 9). It appeared that when a high voltage was placed on channel 

9, which read the voltage across the phototransistor (position sensor), there was some coupling with 

channel 8, which read the voltage at the photodiode (color sensor). The coupling created a more 

positive voltage at channel 8 than actually existed. The coupling became a problem only if black 

blocks were simultaneously in front of both the photodiode and phototransistor. A black block 

produced a low voltage at the photodiode because of its low reflectivity, but produced a high volt- 

age at the phototransistor for the same reason. The result of black blocks at both sensors was that 

approximately 0.06 volts at channel 9 coupled with approximately -0.05 volts (a typical voltage 

produced by a black block in front of the photodiode) at channel 8, which created a slightly positive 

voltage at channel 8. Positive voltages were viewed by the program as a condition where nothing 

was present in front of the photodiode. If two blacks blocks were simultaneously in front of the 

two sensors, the block in front of the photodiode was not identified. To prevent this occurrence, 

the phototransistor position was move to a location where a block passing by it would not coincide 

with a block passing by the photodiode. 

The final step in developing the serial communications was to determine the appropriate RS-232 

“handshake”. By using a breakout box and a dummy terminal, it was observed that Request-to- 

Send (RTS), Clear-to-Send (CTS), Data-Set-Ready (DSR), and Carrier-Detect (CD) had to be 
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controlled. A connector for these pins was constructed to permit communication between the PC 

and the data board. 

4.5.2 Parallel communications 

LPT], or the main printer port, was the conduit for parallel communications. The parallel port 

had two functions: to read the pulses generated by the magnetic transducer in order to calculate the 

speed of the belt, and to output control signals to solid state relays which energized the solenoids 

on the pneumatic valves. 

LPT1 is a 25-pin port with the assignments given in Table 4 (Willen and Krantz, 1983). The main 

constraint experienced with this port was that there were only four lines (bits) for input. “Busy” is 

an input line, but it had to be set at logic 0 for the computer to be able to send data, since during 

printing operations, “Busy” must be low for the computer to know the printer is ready to receive 

data. The same convention had to be followed for the teststand, and “Busy” had to be set at logic 

0 to enable control of the solid-state relays. 

With the printer port functional, pulses transmitted by the magnetic transducer were read by the 

program. These pulses were counted over a specified amount of time. The number of pulses per 

second was proportional to the rotational speed of the conveyor roller. Linear velocity was then 

calculated using Equation [4.1]. 

The accuracy of the calculated belt velocity was limited by the four input lines to the computer. 

With four bits for input, only 16 pulses (from 0 to 15) can be counted during one time period. 

At the slowest belt speed, it took about 230 ms for 15 pulses to be generated, while at the fastest 

belt speed tested, 15 pulses took approximately 28 ms. The algorithm had to detect the belt speed 

for a time range of 28 - 230 ms. 
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Table 4. Printer port pin arrangement. 

  

  

    

Signal Name Direction Adaptor connector Pin Number 

Data Bit 0 To printer 2 
Data Bit 1 To printer 3 
Data Bit 2 To printer 4 
Data Bit 3 To printer 5 
Data Bit 4 To printer 6 
Data Bit 5 To printer 7 
Data Bit 6 To printer 8 
Data Bit 7 To printer 9 
Strobe To printer 1 
Select Input To printer 17 
Auto Feed To printer 14 
Initialize Printer To printer 16 
Acknowledge To computer 10 
Busy To computer 1] 
Out of Paper To computer 12 
Select To computer 13 
Error To computer 15 
Ground 18-25     
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Data bits 0 and 1 were designated to control the two cylinders via two solid-state relays (24 to 280 

VAC, 3 to 32 VDC). A benefit of using the printer port to carry out the command signal was that 

the pins maintained the current voltage state until an opposite command was generated. Set voltage 

states were helpful because as long as data bits 0 and | were held low, the cylinders stayed in the 

retracted position. The algorithm, however, had to monitor the extension of the cylinder rod, and 

execute a command to retract the cylinders after an appropriate amount of time. The commands 

would send a signal out over data bit 0 or 1, which in turn would energize the corresponding relay 

(Figure 9). 
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Chapter 5. Methods 

Assimilation of the computer into the control system required both hardware and software adap- 

tations. Hardware interfacing was described in Chapter 4, and development of the control program 

(software) is described in this chapter. The program was designed to not only run the sorting 

process, but also output tutorial information to the student-user. 

5.1 Software 

There were two main considerations that led to the software selected. The first consideration was 

data processing speed, which was set by the maximum conveyor speed. A language known for high 

speed applications was needed. The second consideration was that the language be commonly used 

in the academic and industrial communities. Students using the teststand will then gain exposure 

to an important engineering tool, which can be used in industrial practice. 

Assembly was an obvious choice for the language, since, if properly written, an Assembly routine 

is very fast. Assembly is also appropriate for managing interrupt signals, a control technique that 
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was considered for organization of the blocks in the sorting routine. The trouble with Assembly 

is that it takes a long time to learn how to program. A program written in Assembly to sort the 

blocks would undoubtedly have been extremely complex, bogging the student down with software 

problems. This would have detracted from the purpose of the teststand, which was to teach con- 

trol, specifically as related to the control of a pneumatic circuit. 

BASIC was another choice for the software. The language is well known, and 1s a natural for an 

IBM PC with PC-DOS. Also, there was a data acquisition program already written in BASIC to 

collect data from the data acquisition board described in Section 4.5.1. This program, however, 

was not equipped for real-time application. BASIC is usually not considered for high-speed inter- 

active applications, since the code executes slowly. The programming requirements of the teststand 

were considered to be high speed, and therefore BASIC was considered inadequate. 

FORTRAN is popular among engineers since it performs extremely well when processing 

equations and formulas. FORTRAN code, although permitting relatively quick computation of 

complex formulas, is rather slow in controlling communication facilities. The block sorting prob- 

lem relied heavily on serial and parallel communications, as described in Section 4.5, consequently 

FORTRAN was eliminated as a possible language for the teststand. 

Pascal is popular in the Agricultural Engineering Department at VPI & SU for use in real-time 

applications, and became a strong candidate for use on the teststand. It is a highly structured lan- 

guage, and has good I/O capability. Another attraction was that it was used in the department’s 

instrumentation course, and would likely be familiar to agricultural engineering students taking the 

laboratory course. The drawback to using Pascal was that it seemed unpopular among other en- 

gineering disciplines on campus. 

Although not as structured as Pascal, the C language is similar to Pascal with respect to ease of I/O. 

A well-written C program is typically concise, making it quite suitable for high speed requirements. 

The language also allows interactive use of lower level languages within the source code. If there 
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arises the need in a C program to switch to Assembly code, the switch can be done in line. The 

need for high speed Assembly code was a distinct possibility for one or more parts of the control 

program. C was originally available only on UNIX operating systems, but since has become 

available on DOS, increasing the potential for use of C by engineering students at VPI & SU. 

The last language considered was Forth. Forth seemed to be an excellent candidate for automated 

control functions. It is highly structured, and, like C, is very portable from one machine to another. 

Forth, however, is not widely known, and said to be more difficult for a novice programmer than 

either C or Pascal. 

After careful consideration of the suggested languages, it was decided to write the block-sorting 

program in the C language. C may not be as fast as Assembly or Forth, but still is quite fast, and 

possesses the capability of assimilating Assembly if needed (Dessy, 1983). A TurboC compiler 

(Borland, 1988) was available for department use, eliminating any need to purchase software. 

Finally, the indication that C is gaining popularity in academia and industry was a factor. A student 

having experience using C may benefit later as a professional. 

5.2 Algorithm techniques 

Development of the sorting algorithm began with the identification of the main functions to be 

performed. These requirements are: 

1. detect a block, 

2. identify the color (black, gray, or white), 

3. maintain an ordered list of the blocks traveling along the conveyor, 
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4. identify when the block is positioned so the cylinders can knock it off the belt, 

5. time the cylinder actuation, and 

6. terminate sorting. 

The sensors described in Section 4.4 were developed to handle requirements 2 and 4. The sorting 

algorithm was written to handle requirements 1, 3, 5, and 6. The procedure used in the control 

program was selected after evaluation of two distinct techniques. 

5.2.1 Sensor detection using interrupts 

One method of determining whether a block was in front of one of the sensors was to have inter- 

rupts tell the program the block is there. Interrupts alert the microprocessor that an outside line 

needs servicing. The microprocessor will stop other computations and take care of the source 

producing the interrupt. Two common interrupt signals are divide by zero and time of day. For 

example, if a program is running, and an equation is encountered that mistakenly has zero in the 

denominator, an interrupt is sent to the microprocessor, which in turn terminates the program. 

Interrupt signals could be used to let the program know a block is in front of a particular sensor. 

The program can immediately process the information supplied by that sensor. A flow chart of a 

program using this technique is shown in Figure 10. 

Part A of the flow chart shown in Figure 10 establishes serial communications with the data ac- 

quisition board and initializes the analog-to-digital converter to the preferred condition, as stipu- 

lated in Section 4.5.1. The interrupt handlers were installed once the communications were set. 

Interrupt handlers are the routines in the program that service the signal that has interrupted the 

program. The routine written for the color sensor recorded the color of each block, and the routine 

for the position sensor initiated the timing portion of the program for subsequent actuation. 
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Part B of the algorithm, as identified in Figure 10, allowed for manual testing of the voltage output 

of the photodiode and phototransistor. The manual testing option was required because variability 

in voltage was expected as ambient light changed, and the different values had to be entered into 

the program. The interactive mode between the user and computer created a pause in the program, 

which was useful because it allowed the user to make last minute checks of the conveyor and 

pneumatic sorter. 

The main loop of the algorithm, identified as Part C, was basically comprised of a wait-loop and 

the routine that timed the actuation of the cylinders. In the wait-loop, the computer simply 

checked if the number of blocks that have passed by the photodiode had also passed the 

phototransistor. If this was true, then the program was terminated. 

The method for maintaining correct block identification was based on the concept of a first-in 

first-out (FIFO) queue. To understand this concept, one can think of a cylindrical container with 

the bottom end capped. When a block passed by the photodiode, its color was identified, an 

identification tag assigned, and this identification tag placed in the top of the container. Every ad- 

ditional block that passed by the photodiode was handled the same way, so the newest items sat 

on top of the oldest items in the container. These identification tags stacked up until the first block 

passed the phototransistor. To correctly identify that block shade, the bottom of the container was 

opened and the identification tag removed. The tag at the bottom corresponded to the first block, 

since the blocks were in single file on the conveyor belt and could not get out of sequence. The top 

of the queue is referred as the head, and the bottom as the tail. When the tail met the head, or all 

of the blocks had been identified as they passed by the phototransistor, the program terminated. 

The logic used in developing the sorting algorithm with interrupts was straight forward and efficient, 

and, in fact, served as a base for the polling algorithm described in Section 5.2.2. The interrupt 

algorithm was abandoned, however, for two main reasons. First, the majority of computation time 

was spent on checking whether the queue was empty. This single operation takes only microsec- 

onds to execute. The bulk of computer time was therefore wasted waiting for interrupts to occur, 
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and the full potential of the computer was not realized. Second, the interrupt handlers were too 

difficult to get to work properly. In addition to writing the service routines for the interrupts, the 

interrupt controller on the PC system board had to be programmed, and additional hardware had 

to be physically connected to the mother board of the computer. In fact, with a few more additions, 

the sorting problem could have been controlled fully by hardware, but this contradicted the goal 

of creating an exercise to teach microprocessor control. Due to the complexity involved in incor- 

porating interrupts, an alternate approach for the sorting algorithm was developed. 

5.2.2 Polling technique of handling sensors 

Instead of having interrupts inform the computer that a block was in front of either of the two 

sensors, a program was written that constantly checked the two channels of the data acquisition 

board. Both the photodiode and phototransistor were then continually monitored for changes. 

Once a block passed in front of a sensor, the information from that sensor was used by the program 

to complete the appropriate task. The polling technique was much easier to program as well as 

implement. It should also be easier for the student-user to understand the program, since no in- 

terrupt handlers are needed. The flowchart outlining this approach is shown in Figure 11. 

The beginning steps of the polling algorithm were similar to the interrupt algorithm except for the 

need to install the interrupt drivers. Setting-up the serial communications and checking the voltage 

output of both sensors were still performed in the polling algorithm. Differences from the interrupt 

algorithm lay in the main loop, where the computer had to perform all of the six functions associ- 

ated with sorting the blocks. Consequently, the program used more computational time as the 

computer was constantly performing some operation. Concern then arose as to the time required 

to poll the status of the two serial lines communicating to the photodiode and phototransistor. 

Chapter 5. Methods 52



  

    
     

( START ) 

ESTABLISH 
SERTAL 

OMMUNICAT ION 

        
            

  

READ POSITIO 
SENSOR 

CLEAR ALL 
RELAYS 

  

    

  

               

    

HAS 
BLOCK PASSED 

POSITION 
SENSOR? 

SET ADC 
PARAMETERS       

  

  

      

GUPUT SAMPLE TERMINATE 
OF BOTH 
SENSORS START TIMING 

FOR EXTENSION 

ORE S A MPLE YES 

Y 
NO 

END RELAY LOOP 

START MAIN LOOP 

READ COLOR 
SENSOR 

        

      
  

DECREMENT 
QUEUE 
  7 

START TIMING 
FOR RETRACTION 

  

      
    

    

     

  

      
  

      
    

CYLINDER 
EXTENDED? 

IDENTIFY BLOC 
COLOR 
To 

INCREMENT CYLINDER 
QUEUE RETRACTED YES                 

        
Figure 11. Flow diagram showing the programming steps in the polling algorithm. 

Chapter 5. Methods



In Section 4.5.1 it was stated that the AD1170 had programmable integration time. The minimum 

programmable integration time was | ms, and this time was chosen to integrate the signals from the 

photodiode and phototransistor. The only drawback to choosing the shortest integration time was 

that the noise interference was greatest. The ADC specifications state that for an integration time 

of 1 ms the noise is 208 ppm, which is equivalent to approximately 1/4000th, or a variability of 4 

bits in a 16-bit expression. A 4-bit variability was inconsequential since the voltage values used in 

the algorithm were based primarily on the first 8 bits of the transmitted expression. 

The specifications of the AD1170 also state that a nominal time of 3 ms had to be added to each 

conversion. The ADC always converted a signal into a 3-byte output. Although only two bytes 

contained information, all three were present when reading the ADC, so all three bytes had to be 

read. At 9600-baud, a 3-byte expression took about 2.5 ms to transmit. Two 8-bit commands were 

required to initiate the conversion, using another 1.7 ms. Assuming the balance of the software 

routine that handled the conversion took about 1.5 ms, the total amount of time to read each 

channel was approximately 9.7 ms. The 3.8-cm wide block, at the fastest belt velocity of 80 cm/s, 

spent about 48 ms in front of each sensor. A block would therefore generate at least 2 readings at 

each sensor, which seemed enough to correctly identify the block color and position. 

5.3 Control of the sorting operation 

Control theory is concerned with how a system responds and interacts with its environment (Hale, 

1988). A stable system will maintain a steady-state condition. The control of the system is deter- 

mined by the parameters that cause the steady-state condition to occur. In the case of the teststand, 

the control involved those parameters in the control algorithm that caused the blocks to be sorted 

into different bins. 
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Open-loop control is appropriate where all of the system parameters are set and no varying external 

conditions are considered. Closed-loop control permits external conditions to influence the state 

of the system. For closed-loop control, the system uses feedback, and the output is adjusted ac- 

cordingly. 

The teststand, as a system, included all the components listed in Chapter 4: frame, motor, conveyor 

belt, pneumatic circuit, and electronics. The equipment running the conveyor did not require ad- 

justment for operation. The motor speed was set, and the belt speed was uniform. The key control 

variables related to the sensors and the timing of the pneumatic equipment. The sensor outputs 

were influenced by ambient light, and as a result varied greatly with the amount of light incident 

on a block. The pneumatic cylinders had to be positioned and their actuation timed so that the rod 

of the cylinder extended at precisely the right moment to knock a block off the belt. The timing 

of the cylinders varied with belt velocity only, as all other components were constant. 

The first version of the polling algorithm was written for open-loop control. The variable param- 

eters were set in the program and held constant. Once this version functioned to satisfaction, closed 

loop control was implemented. The feedback parameter was belt velocity. The rotational speed 

of the motor was allowed to vary while the sorting process was in operation, and the system was 

expected to adjust the timing of the cylinders to accommodate the change. Discussion of closed- 

loop control is given in Section 5.3.2. 

5.3.1 Open-loop control of the sorting process 

Three devices had to be controlled to run the sorting process: the color sensor (photodiode circuit), 

the position sensor (phototransistor circuit), and the pneumatic circuit (timing). Once these indi- 

vidual components functioned satisfactorily, it was possible to run the entire system and test the 

performance. 
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5.3.1.1 Color sensor 

The color sensor created an identification tag for each block. Voltage output of the photodiode 

was a function of the lighting of the blocks, and also, surprisingly, a function of belt velocity. The 

photodiode produced a voltage that was influenced by three factors: the light source incident on 

the block, the reflectivity of the block, and how fast the block moved past the sensor. 

Blackened shrouds, amplifier, and resistors used in the photodiode circuit eliminated any affects 

from ambient lighting in the laboratory (Section 4.4.1). The reflection from the halogen bulb was 

then the sole source of incident light. With a steady power supply to the halogen bulb, variability 

of the light source was essentially eliminated. 

A DC power supply was used to provide a 5.3, 12.0, and -12.0 V source required for the data ac- 

quisition board and operational amplifier used in the photodiode circuit. The halogen bulb re- 

quired a 3-V source. This voltage was achieved by putting a resistor in series with the bulb. The 

resistor rating was calculated from the equation 

—$ > [5.1] 

where 

V, = voltage drop across bulb (V), 

~~
 | = total voltage drop (V), 

x | = resistance of bulb (Q), and 

R, = total resistance of circuit (Q). 

R, was measured to be 3.4 Q for V,=3 V. With V,=5.3 V and R,=6 Q, the resistance needed was 

then 6-3.4=2.6 Q. The nearest resistor found for such a low value had a rating of 3.0 Q, which 

proved to be adequate. 
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Using color to distinguish the blocks provided a clear-cut means for separation, but did not elimi- 

nate individual variability within a color group. The spray paints did not provide a consistent re- 

flective medium, and the wooden block did not provide a consistent base for the paint. The 

problem became evident when the voltage signal from some gray and black blocks overlapped. 

Voltage values produced by standing gray blocks (voltages recorded while the belt was stationary) 

were between -0.19 and -0.35 V using a gray primer. Typical values of black blocks painted with 

“ultra flat black” were between -0.025 and -0.065 V. These gray and black blocks are hereafter re- 

ferred to as the “first painting’. Blocks painted from a second can of gray primer from another 

manufacturer produced voltages between -0.14 and -0.20 V. A different can of black paint from the 

same manufacturer, labeled “flat black”, resulted in voltages typically between -0.09 and -0.21. 

These gray and black blocks are hereafter referred to as the “second painting”. Figures 12 and 13 

are plots of the voltage levels at the photodiode as the blocks passed the sensor at 10 cm/s and 15 

cm/s, respectively. The abscissa represents chronological readings of the photodiode circuit output 

as blocks moved passed the sensor. Blocks represented in Figure 12 were from the first painting, 

and those represented in Figure 13 were from the second painting. Analysis of Figure 13 shows that 

the levels recorded for black and gray blocks were almost indistinguishable. The potential overlap 

between high black readings and low gray readings necessitated tight control over the paints used 

to color the blocks. 

The surfaces of the second set of blocks were different from the first set. For the second set, the 

sides of the blocks were sanded smooth, and after painting, the surface had a higher reflectivity. 

The resultant voltage output for the smoother surfaces was up to 30 mV greater, which was sig- 

nificant for the black blocks, causing them to overlap the voltage range of gray blocks. Sanding the 

block surfaces was subsequently discontinued. 

The final factor affecting the voltage recorded by the photodiode sensor was the conveyor velocity. 

Belt velocity was a factor mainly because of the decision to use the polling technique of coordi- 

nating the sorting process. By continually checking the communication channel servicing the 
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photodiode, voltage values were recorded for each block. At slow belt velocities, several values 

would be recorded. At high belt velocities, few values would be recorded because the block spent 

less time in front of the sensor. The program took all of the values associated with one block and 

selected the minimum value, which was then placed in the FIFO queue as the identification tag. 

The first problem was to get the program to realize a block was in front of the photodiode. A 

threshold voltage was entered in the program, and once the voltage at the photodiode fell below this 

threshold (the voltage became more negative when a block was reflecting light), a minimizing rou- 

tine started. Each successive value recorded was compared to the minimum value recorded up to 

that point, and the minimum of these two provided the comparator for the next reading. Muinimi- 

zation continued as long as the voltages remained below the threshold. Once the voltage rose above 

the threshold, the minimum value stored at that point became the identification tag put into the 

queue. 

The minimizing routine to select a single voltage for each block proved to be inadequate by itself. 

Black blocks reflected a rather low amount of light, creating voltages typically from -0.020 to -0.060 

VY. The threshold had to be set at a low value to accommodate the black blocks that had very low 

reflective properties (Figure 12), yet had to be large enough to not be confused with the resting 

voltage of the diode, which was about -0.005 V. The threshold was set to be -0.014 V. Several of 

the less reflective black blocks would record voltages around -0.020 V. Occasionally voltages re- 

presenting these black blocks would fluctuate across the threshold due to a large variability of re- 

flection across a single block surface. When voltages dipped below the threshold and then above 

again, the computer identified this phenomena as two blocks. This error caused block identifica- 

tions determined after the error to be numbered incorrectly. The sorting operation would then 

knock blocks into the wrong bins. 

Digital filtering was used to correct the problem of misidentification of the blocks. A moving av- 

erage was employed to eliminate the effects of fluctuations in the voltage signal. Instead of the 

minimizing routine commencing when a single value dropped below the threshold voltage, an av- 
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erage of a predetermined number of readings was needed to trigger the minimizing routine. Con- 

sequently, the average voltage became the comparator in the minimizing routine. The average was 

considered moving because as each value was read in, it was averaged with a number of preceding 

values. Consider, for example, ten data points numbered | through 10. These data points are re- 

placed by five other points, the five points being the respective means of points | to 6, 2 to 7, 3 to 

8, 4 to 9, and 5 to 10. The average moved through the data, or in this case the recorded voltages. 

Fluctuations in voltage data examined using the moving average were inconsequential because a 

spike was averaged in with several other values. The averaging technique assured proper identifi- 

cation of block color and correct separation of a black block from the surroundings. 

An example showing smoothed data obtained with the moving average is shown in Figure 14. 

These voltages for the particular black block tested were recorded at a belt velocity of 10 cm/s, and 

seven voltages were used to obtain the average. 

One drawback of the moving average was that it required adjustment as the belt velocity varied. 

At a high belt velocity, few data points were collected for each individual block. Using a relatively 

large number of points per average worked well for low speeds, but this many points was not 

available at high speeds. As the block passed in front of the color sensor, recorded voltages became 

more negative until a peak was reached at a distance a few millimeters from the end of the block. 

Then the voltages became less negative until they rose to approximately 0 V. At this point the 

block had moved out of the range of the sensor. Most of the recorded voltages were at this peak, 

shown in Figure 15 as the flat tops of the bell shaped curves which represented voltages obtained 

for white blocks passing at velocities of 10 and 80 cm/s. 

At 10 cm/s there were approximately 12 data points corresponding to a single block. At 80 cm/s 

there were about 2 points for each block (Figure 15). For the 10 cm/s example, approximately 8 

of the 12 data points equalled the peak value for a white block. The use of 7 points for the moving 

average produced excellent results. If 7 points were used to obtain a moving average for the 80 cm/s 

example, 5 of the numbers would be zero, and the resulting average value would not be represen- 
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tative of the signal produced by the block. To adjust for different belt velocities, the sorting algo- 

rithm included a statement for manual entry of the number of points needed to calculate the moving 

average. The best number of points for each setting of belt velocity was obtained by trial and error, 

and results are listed in Table S. 

5.3.1.2 Position sensor 

The scheme used in the sorting program to sense when a block passed by the phototransistor was 

similar to the method used for the color sensor. A threshold was established in the program that 

separated the resting voltage of the phototransistor circuit from the voltage experienced when a 

block was in front of the sensor. The routine that controlled this sensor was much simpler than 

the one that controlled the color sensor. Capture of a specific voltage by using a moving average 

was unnecessary in this case since no identification had to be made. It was sufficient for the pro- 

gram to note that a block had passed by the position sensor, not any particular color of block. 

The voltage drop across the phototransistor was read serially by the computer through channel 9 

of the data acquisition board. The voltage supplied to the phototransistor had to be adjusted to 

fit in the -1 to +1 V range of the data board. With a 5.3-V power supply across the 

phototransistor, the voltage output was approximately -2.0 V with the LED shining directly on the 

transistor (resting voltage), and about -4.5 V with a block between the LED and the transistor 

(working voltage). To lower the voltage output of the phototransistor circuit, a lower voltage was 

supplied to the phototransistor. To achieve a lower voltage with the same 5.3-V power supply, a 

resistor was connected in series with the phototransistor. After several trials using different size 

resistors, it was discovered that a 510 kQ resistor worked best. The lower voltage supplied to the 

phototransistor (about 1 V) with the 510 kQ in series, led to a resting voltage of -0.11 to -0.13 V, 

and a working voltage ranging from approximately -0.14 to -0.80 V. These voltages all were be- 

tween -1 and +1 V, and thereby readable through the data board. A potential problem arose, 

however, because of the small difference (10 mV) between the resting voltage and the lower bound 
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Table 5. Number of data points used to compute the moving average for different belt velocities. 
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of the working voltage. The threshold voltage had to lie between these two voltages, thus both 

voltages needed to be held very steady and precise. 

The high reflectivity of the white blocks was the main reason that the lower bound of the working 

voltage was close to the resting voltage. As explained in Section 4.4.2, light incident on the 

phototransistor reduced the output voltage. The gray and black blocks effectively shielded most 

light from the phototransistor, and thus produced voltages around -0.80 V across the 

phototransistor. The white blocks, however, reflected ambient light onto the phototransistor. Al- 

though the LED was completely shielded from the phototransistor, enough light was available in 

the laboratory to create a high reflection off the white block. The result was a small voltage drop 

of approximately -0.14 V across the phototransistor. 

With the 10 mV “window” established for the recorded threshold voltage, the next step was to ne- 

gate the effects of ambient light. A blackened shroud, similar to the one used on the photodiode, 

was used for the phototransitor. The teststand, being mobile, was moved to an area of the lab that 

had a steady level of lighting. Although these adjustments reduced ambient light effects, they did 

not eliminate them. The resting voltage of the phototransistor and the working voltage from the 

white blocks still varied +20 mV with changes in ambient light. The reason ambient conditions 

influenced the phototransistor more than the photodiode was attributed to the physical placement 

of the phototransistor on the teststand. The phototransistor was located near the pneumatic cyl- 

inders, and one of the chutes which deflected the blocks into bins was across from the 

phototransistor. The slide was made from galvanized sheet metal, a highly reflective surface. 

Sunlight, fluorescent light, and incandescent light all reflected off the slide, effecting the 

phototransistor. The voltage “window” surrounding the threshold varied according to the reflection 

off the chute, and so location in the laboratory, or even time of day, had an effect on the 

phototransistor. The threshold voltage for the position sensor subsequently had to be checked 

before each run of the sorting process, and then manually entered into the program. 
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5.3.1.3 Pneumatic circuit 

Once a block passed the phototransistor, a timing routine in the sorting program was initiated to 

coordinate the extension of the cylinder rod with the block reaching the impact point (the point 

where the line trajectory of the rod intersected the plane that included the surface of the block). 

The timing routine depended on the time to extend the cylinder, the time to energize the relays and 

the solenoids, and the time required for the block to travel from the phototransistor to the point 

where the command to energize the required relay was sent from the program (actuation point). 

The cylinder extension time was first calculated using Equations [4.4] and [4.5]. Substitution of 

Equation [4.4] into [4.5] and rearranging gives 

__VCR 10,000T,G 

*=T14.5C, V APP, +P,’ [5.2] 
  

where 

V = volume (dm’*), 

CR = compression ratio (decimal), 

C, = capacity coefficient (decimal), 

Ti = air temp (°K), 

G = specific gravity of air (G = 1), 

AP = pressure drop across valve (kPa), 

P, = outlet pressure (kPa), and 

P, = atmospheric pressure (kPa). 

With CR given in the valve specifications as 0.034 and the rest of the variables given in Section 

4.3.2, the time for cylinder extension was calculated to be 262 ms. 

The actual time it took the cylinder to extend and retract was measured using two phototransistor 

circuits mounted on a platform. The platform was set up just below the path of motion of a cyl- 

inder rod, making sure nothing interfered with the rod. Phototransistor no. 1 was mounted just 
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ahead of the cylinder rod as it lay in the fully retracted position, and phototransistor no. 2 was 

mounted slightly before the end of the rod stroke. Two LEDs, one for each phototransistor, were 

mounted across from the respective phototransistor, on the opposite side of the rod. The LEDs 

were situated such that the rod, when fully extended, shielded the LEDs from the phototransistors. 

The response of both phototransistors was recorded by a frequency counter (Philips model PM 

6666). The rod was first extended several times. When the rod shielded the phototransistor from 

the LED, a pulse was generated from the phototransistor to the counter. The counter recorded the 

time taken for the rod to travel from phototransistor no. | to phototransistor no. 2. For the 

single-acting, spring-return cylinder, the average extension time for ten trials was 45 ms, which was 

well within the range needed for the teststand operation. 

The leads to the counter were reversed to measure the time for retraction of the cylinder, and the 

average retraction time for ten trials was found to be 385 ms. It appeared a large part of this time 

was a 230-ms delay experienced between when the solenoid energized, and when the rod started 

retracting. The spring constant was too small and/or the back-pressure in the air lines too great. 

A 385-ms time delay was too great; therefore, the single-acting cylinder was unacceptable. 

The next step was to use double-acting cylinders and measure extension and retraction times. 

Double-acting cylinders required a 2-position, 4-way valve instead of the 2-position, 3-way valve 

used for the single-acting cylinders. A drawback to using a 4-way valve was that exhaust air for 

both extension and retraction had to be ported through the valve. Because the valve created a re- 

sistance, a delay in extension time was expected. The delay proved minor, however. The average 

extension time recorded for ten trials was 79 ms, and for retraction the average time was 62 ms. 

Both were within the bounds needed for actuation at the highest belt velocity, 80 cm/s. The dif- 

ference between the extension and retraction times was due to the mechanics of the valve. The 

valve specifications stated a C, of 0.034 for flow from port P to A (Figure 16) and a C, of 0.056 for 

flow from port P to B, thus retraction was quicker. 
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Figure 16. ANSI symbols for 3- and 4-way solenoid-operated pneumatic valves. 
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The specifications of the valve stated that the solenoids would switch the center configurations of 

the 2-way valve in 30 ms. The relays were assumed to energize in the order of microseconds, so 

were disregarded in the timing calculations. The total amount of time required for the solenoid to 

energize and the double-acting cylinder to extend was calculated to be 107 ms. 

An experiment, similar to the experiment described to measure extension time, was conducted to 

measure the total time from the application of voltage to the solenoid to the point where the cy]- 

inder was fully extended. Phototransistor no. 2 triggered the end of the rod stroke. But instead of 

using phototransistor no. 1 to initiate the timing sequence, leads were attached to the solid-state 

relay, and when the TTL signal received from the computer activated the relay, it also sent a pulse 

to an oscilloscope. The total time between relay energizing and the end of the rod stroke was 

measured with the oscilloscope to be 110 ms, which agrees closely with the calculated time of 107 

ms. 

Once the amount of time for cylinder actuation had been established, the location of the position 

sensor was determined. With 110 ms required for the actuation, the sensor had to be far enough 

away from the impact point to accommodate the fastest belt velocity. (The impact point was the 

point where the cylinder rod actually hit the block.) At 80 cm/s, a block traveled 8.8 cm in 110 

ms; thus, the phototransistor had to be placed at least 8.8 cm from the impact point. Another 

concer was placing the position sensor such that one block would not be in front of the position 

sensor as another one was in front of the color sensor. This arrangement would result in some 

voltage coupling between the color and position sensor channels (Section 4.5.1). To solve this 

problem, the phototransistor was offset a non-integer multiple of 24 cm, the distance between 

blocks on the conveyor, thereby prohibiting two blocks from being concurrently in front of both 

sensors. The phototransistor was located 3(24)+ 15=87 cm from the color sensor, and thus was 

13.5 cm from the impact point, as shown in Figure 17. This arrangement also eliminated any 

concern that additional sections, if added to the belt, would cause an overlap between the excitation 

range of the sensors. For an 87-cm distance between the color sensor and the position sensor, a 
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row of blocks at a 12-cm spacing would not place a block in front of the two sensors simultane- 

ously. Similarly, a 16-cm spacing between blocks would also not cause a problem. 

By spacing the position sensor 13.5 cm from the impact point to accommodate the fastest belt ve- 

locity, a time interval greater than 110 ms was created between the moment the block passed the 

phototransistor, and when the blocked reached the point in time the relay had to be energized, 

hereafter referred to as the relay actuation point. This time interval was a function of belt velocity; 

the faster the belt speed, the shorter the time interval between when a block passed the position 

sensor and the relay actuation point. 

5.3.1.4 Open-loop timing sequence 

A method was developed to create the correct time delay needed between receipt of the position 

sensor signal and the time when the relay had to be actuated. This delay was accomplished by 

counting the number of times the computer ran through the main loop of the program while a 

block was traveling between the position sensor and the relay actuation point. Using the software 

as the timer proved to have both advantages and shortcomings. The main advantage to timing by 

software was that no external clocking device had to be purchased and installed. For systems 

needing a more accurate time, clocks are available with a resolution of microseconds. The main 

loop of the sorting program was measured to take 21.0 ms for execution, which meant a working 

resolution of + 10.5 ms, adequate for the teststand. The time to execute the main loop of the 

program was determined by using the PC internal BIOS timer, which ticks 18.2 times/s. A small 

program was written to execute the main loop 1000 times, and record the amount of ticks required 

for the total operation. This program was run several times, with a variability among the tnals of 

+ 0.2 ms. 

Although + 10.5 ms of resolution was good enough to use on the teststand, it would be inadequate 

if the teststand was expanded in the future to handle even faster speeds. At the fastest belt velocity 
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of 80 cm/s, a 10.5 ms miscalculation in timing would result in 0.84 cm error at the impact point, 

but the cylinder rod would still contact the block and push it off the belt. If the belt was speeded 

up beyond the highest test speed, a block could conceivably be totally missed. 

The program began timing as soon as a block passed completely by the position sensor. As the 

program continued looping, a counter recorded the number of loops. The count was multiplied 

by 21 ms, and then subtracted from total time, ¢, computed in the algorithm based on the belt ve- 

locity input at the beginning of the test. Given that the distance from the position sensor to the 

actuation point was 13.5 cm, and the solenoid and rod extension required a combined total of 110 

ms, the equation for total time from position sensor to relay actuation point is 

d t, = 1000  — 110, [5.3] 

where 

t, = time (ms), 

d = distance from the edge of position sensor range to impact point (13.5 cm), and 

v = belt velocity (cm/s). 

The number of program loops was multiplied by 21 ms and then subtracted from ¢, until the result 

was less than or equal to zero. At that point, the block identification at the head of the queue was 

retrieved. A command for black, gray, or white reflecting the correct block color was then sent to 

the printer port. These commands initiated the proper TTL signal to energize the correct relay. 

A block diagram representing the control logic of the open-loop algorithm is shown in Figure 18. 

The distance from the position sensor to the impact point (D,,) and the belt velocity (V,) are fixed 

in the program. The time the block takes to move from the position sensor to the relay actuation 

point T,, = (D,;,/V,)-110 ms. This time is input to the timing sequence in the control algorithm. 

The timing sequence takes the input, and when the correct number of loops have occurred in the 

program, outputs the signal that energizes the proper relay. 
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As mentioned in Section 4.5.2, output lines for parallel communications maintained their logical 

states until a signal was received to change them. This fact precipitated the need to time the ex- 

tension of the cylinder rod, since once the extension signal was sent, the rod remained extended 

until an alternate signal to retract was sent. The time to run through the algorithm main loop (21 

ms) was again used to time for full extension before the retraction signal was sent. Time allocated 

for full extension was not a function of belt velocity; therefore, extension time was entered into the 

program as a constant, 140 ms. 

5.3.2 Closed-loop control of the timing process 

Belt velocity was the feedback chosen for the timing process. If this parameter is read by the 

computer, the algorithm can automatically adjust to a different belt velocity. Feedback would 

certainly be required on any field machine, for example a selective harvester. Typically, an operator 

adjusts the ground speed based on the conditions found in the field. If the teststand is used to 

emulate conditions found on a field machine, the feedback of belt velocity is essential. 

Equipment used to provide information on the belt velocity is described in Section 4.2. The mag- 

netic transducer used for detecting belt velocity transmitted a signal proportional to belt velocity. 

Conversion of the pulse to a form readable by the computer was accomplished with a circuit that 

included a binary ripple counter, an inverter chip, and a voltage comparator. 

The computer had no facility to read the pulse stream and determine a count. A ripple counter 

accepted the pulses and converted them to a binary format that the computer could read. A 12-bit 

ripple counter was used, meaning a value up to 4095 could be formatted for output. The program 

was able to read the output from the ripple counter by acting as if it were checking the status of a 

printer. Printer status represents a single byte of information, with each bit controlling the input 

lines as labeled in Figure 19 (Willen and Krantz, 1983). Four bits of the printer port were available 
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for input: I/O error, Select, Out of paper, and Acknowledge. Three unlabeled bits of the input were 

reserved and could not be accessed. “Busy” was unavailable as an input because it had to remain 

logic 0 to allow parallel output. Four lines were then available for input, and these were wired to 

the first four output lines of the binary counter, reading numbers that represented 0 to 15 pulses. 

Status read by the program, which was the data on the binary counter, had to be shifted nght 3 bits 

so that the reserved bits were not read in as data. 

An inverter chip was required for lines “Acknowledge” and "I/O error’. Both of these lines rested 

at a negative state. To be able to read the ripple counter directly, all lines had to be logic 0 with 

the belt at rest. These two lines, however, were at logic 1 when there was no count. The inverter 

chip flipped the output of the counter to these lines, allowing the true count on the counter to be 

read. A voltage comparator (National Semiconductor chip LM311) was used to convert the pulse 

generated by the magnetic transducer to a TTL signal acceptable for the ripple counter. 

A program was written to read the counter while the conveyor belt was running. Since only 4 bits 

were available for input, the computer could only read a count between 0 and 15. At a belt velocity 

of 10 cm/s, the 60-tooth gear turned an average of 66 RPM, which meant 66 pulses per second were 

generated, or 2 pulses every 30 ms. At a velocity of 80 cm/s, an average of 528 pulses per second 

were generated, or 15 pulses every 30 ms. A timer rated for less than 30 ms/tick was then needed 

to accommodate the range of belt speeds. The BIOS timer could not be used, but the 21-ms loop 

time of the sorting algorithm appeared to be adequate. 

Using the loop time of the sorting algorithm as a timer, however, proved to be quite inadequate. 

During the 21 ms needed to run through one loop, approximately 11 pulses would be generated 

by a belt moving at 80 cm/s. In the same time span, a belt moving at 10 cm/s generated 1 pulse. 

The number of ticks per 21 ms was converted to ticks/s, which was also the frequency output of 

the transducer. Using Equation [4.1], the conversion from number of ticks to belt velocity is 

vy =7.23n, [5.4] 
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Figure 19. Input control lines for the printer port. 
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where 

v = belt velocity (cm/s), and 

n = number of ticks (decimal). 

The calculated velocity for a belt moving at 80 cm/s was 79.5 cm/s, an error of 1%. For the belt 

moving at 10 cm/s, the calculated velocity was 7.2 cm, and error of 28%. This large deviation from 

the actual velocity caused the cylinder to completely miss the block. 

Another method using the loop time was investigated. This time the status of the communication 

lines were read normally, but the lines were linked to bits 4 through 7 of the binary ripple counter. 

The four-bit offset on the counter meant the output incremented every 16 pulses received on the 

input. The idea of this technique was to read in a greater number of pulses for each speed, thus 

reducing the affect the 21-ms resolution had on the calculated belt velocities. At a belt velocity of 

10 cm/s, 16 pulses took about 240 ms. By recording the count at the end of 12 loops in the sorting 

algorithm (252 ms), the conversion equation, in like manner to Equation (5.4), became 

v = 0.603n. [5.5] 

This method produced the results shown in Table 6. 

The results for the speeds locked in by the teststand were very good; all were within 4%. However, 

to have feedback of belt velocity be effective, it had to work for ail speeds from 10 to 80 cm/s. The 

output of the counter, being a multiple of 16, was incapable of accurately representing speeds in 

between the 5 set speeds of the teststand. In fact, the use of only four bits for input, coupled with 

a time resolution of 21 ms, proved inadequate for calculating the belt velocity. Other techniques 

were attempted, including trying to adjust the time window in the program to fit around a set 

number of pulses. The 21-ms resolution was again the limiting factor. 

Since it was impossible to calculate belt velocity accurately with the aforementioned techniques, an 

external counter/timer was added to provide the means to calculate frequency inside the program, 

The counter was part of an expansion card (MetraByte model DASH-16/16F) installable on the 
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Table 6. Estimate of conveyor velocity obtained using 3-bit offset count of pulses input during 12 loops 
in the sorting algorithm. 

  

  

Belt Velocity Actual Counted Computed Velocity Error 
(cm/s) Pulses Pulses (cm/s) (%) 

10 16 16 9.6 4.0 

20 33 32 19.3 3.5 

40 66 64 38.6 3.5 

60 100 96 57.8 3.7 

80 133 128 77.1 3.6     
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IBM PC. The Intel 8254 programmable counter/timer was a feature on the card. Its primary 

function was to trigger an A/D converter for data acquisition, but it was used as a programmable 

counter. 

The Intel 8254 had three 16-bit counters: counter 0, an uncommitted counter, and counters | and 

2, which were cascaded and hooked to the clock crystal of the expansion board. In effect, counter 

0 was the only counter available for input. Pulses from the speed transducer were converted to a 

TTL signal by the LM311 voltage comparator. It was this signal that was input to counter 0 of the 

8254. Software to control counter 0 was provided by MetraByte (1986), but was written in Pascal. 

The software was converted into C for compatibility with the source code. Two methods were 

tested to compute the frequency generated by the transducer. The first method was to compute the 

time between two successive pulses, and the second was to sum the pulses generated by the 

transducer for a given amount of time. 

For the first method, the 100-kHz clock available on the expansion board was used to generate a 

count on the counter. Output from the voltage comparator gated the count. Counter 0 was set 

with the number 65,535 (= 26-1). When the counter was enabled from a software command, a 

pulse from the comparator opened the gate to let the 100-kHz signal begin decrementing the count. 

Through the use of flip-flops, the next pulse closed the gate and froze the count. The gate remained 

closed until the value on the counter was read. This count was subtracted from 65,535, and then 

converted to pulse frequency using the equation 

f= “er 5.6] 

where 

f = frequency (Hz), and 

n = difference in count (decimal). 

Once the frequency was computed, the counter was reset to 65,535 and the counter enabled for 

another read. Equation [4.1] was used to convert rotational speed to linear speed. The program 
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computed the belt velocity once every time the main loop was executed, or every 21 ms. In theory 

this was an excellent way to get the belt velocity, but in practice it performed poorly. The gear, 

being slightly eccentric, did not produce uniform pulses. Slippage in the drive roller was also a 

factor. The total effect was that the computed belt velocity was highly erratic, and thus unaccept- 

able. 

The second method of computing belt velocity proved more satisfactory. For this method, the 

TTL output from the comparator was used to initiate the count. No gate was used, so the counter 

continually decremented every time a pulse was generated. Counter 0 was set to 65,535 during one 

loop in the algorithm. Six loops later, the counter data was latched and the count read. The dif- 

ference in count was the amount of pulses that occurred in 6 loops x 21 ms/loop = 126 ms. Fre- 

quency was obtained by the equation 

  

_ on 
"= "0.126 ”’ [5-7] 

where 

v = frequency (Hz), and 

n = difference in count (decimal). 

The set time for the count was established at 0.126 seconds because that proved to be a time interval 

long enough to accommodate high accuracy at slow speeds, and yet short enough to quickly record 

variations in belt velocity. 

Once the belt speed was computed, the algorithm obtained the number of points to use for the 

moving average by the equation 

m= -0.05v + 6.5, [5.8] 

where 

m = number of points for moving average (decimal), and 

v = linear speed of belt (cm/s). 
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This equation was derived by using linear regression on the points specified in Table 5. 

The block diagram representing the closed-loop algorithm is shown in Figure 20. The distance 

from the position sensor to the impact point (D,,) is the only fixed input, which is compared to the 

distance from actuation to impact (D,,), and the remainder is the distance from the position sensor 

to the relay actuation point (D,,). Ds, 1s converted to the time the block takes to get from the 

sensor to the actuation point (7,,) by dividing by the belt velocity (V,;). Since V, changes, 7, 1s 

brought back to the feedback element, which takes T;,, V;, and D,,, and calculates the new D,;. 

Figure 21 shows the times and distances referred to in Figure 20 as the block travels from the po- 

sition sensor to impact. 7,, is the key time delay, since at the end of 7T,, the relay is energized. 

Therefore, 7;, is continually adjusted as an input to the timing sequence (Figure 20), which sub- 

tracts from 7;, the loop time (21 ms) multiplied by the number of loops the program has run 

through. When that sum is less than zero, the output signal to the relay is sent. 

5.4 Experimental tests 

Once the software had been written and the hardware installed, the teststand was ready to be used 

as acomplete system. The open-loop sorting operation was tested first. Once that system worked 

satisfactorily, the closed-loop operation was tested and adjusted until it, too, functioned properly. 

5.4.1 Review of sequence of events 

The conveyor carried the blocks through the positioning guides, where they were aligned for the 

color sensor. As the blocks passed by the color sensor, the block color was read by the computer, 

and the information logged into the FIFO queue created in the algorithm. The blocks moved next 
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Figure 21. Schematic showing the times and distances that must be controlled by the timing algorithm. 
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to the position sensor. Once a block had passed through the range of the position sensor, a timing 

sequence was initiated in the program. At the moment the block was computed by the program 

to be ready for actuation, a relay was energized, which in turn switched a valve that started a cyl- 

inder to extend. The rod of the cylinder struck a block at the impact point, knocking the block 

off the frame and into a receiving bin. Gray blocks were knocked to the right side of the frame, 

and white blocks sent to the left side. Black blocks remained untouched through the impact area, 

and were gathered by a bin at the end of the conveyor. 

5.4.2 Test procedure 

The sorting operation was tested for the five belt velocities of 10, 20, 40, 60, and 80 cm/s. Blocks 

were randomly selected from a large pile of black, gray, and white blocks. The conveyor was 

brought up to the desired speed, and each block was manually placed in front of the flights on the 

belt. One worker loaded the blocks on the belt at the front end of the frame. Another worker 

observed the sorting operation at the impact area, recording any blocks that were struck by the 

wrong cylinder, and was alert if any complications arose that necessitated termination of the proc- 

ess. The sorting operation continued until the pile of blocks was finished. The algorithm ended 

when the last block had passed through the impact point. One run of the operation lasted long 

enough to sort approximately 50 blocks. At this point it was deemed that enough blocks had been 

tested to get an accurate picture of the performance of the sorting system. 

After the program had run through a complete set of blocks, a command was entered to output to 

the screen the arrangement of blocks perceived by the computer. The output was checked with the 

data collected manually for comparison of block identifications. The number of blocks in each 

color group logged in by the computer had to match what had been loaded onto the belt, and the 

exact order of loading. The performance of the system was a measurement of how accurately the 

computer kept track of the blocks, and how well it timed the actuation. Observations were recorded 
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pertaining to the accuracy of the timing sequence. It was also desired to measure how well the 

sorted blocks were collected, so placement of the blocks in the bins was recorded at the completion 

of each run. 

5.4.3 Preliminary tests of open-loop sorting 

Prior to the blocks being loaded onto the conveyor, the information necessary for open-loop con- 

trol, i.e. belt velocity, phototransistor threshold voltage, and number of points used for the moving 

average, were input into the program. The conveyor was run without any blocks on it, and the 

motor was adjusted until the desired belt velocity was obtained. The number of points for the 

moving average was then input based on conveyor velocity (Table 5). Belt velocity, and the 

number of points for the moving average, were input immediately following the loop in the algo- 

rithm that allowed for manual testing of the sensors. The voltage drop across the phototransistor 

was known to vary, so the threshold had to be input before each run. During the testing loop, 

several readings of the phototransistor were compared, and a proper threshold voltage was estab- 

lished. It was not necessary to include an input to the algorithm for the color sensor threshold 

voltage, nor for the voltages determining the bounds of the colors, since these had been observed 

to be fairly constant. 
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Chapter 6. Results and Discussion 

6.1 Tests run at nominal speeds of 10, 20, and 40 cm|]s 

Results from tests run at 10.2, 19.7, and 39.7 cm/s using open-loop control are shown in Table 7. 

It was gratifying to note that 100% of the blocks tested were identified correctly and struck by the 

appropriate cylinder. There were no deficiencies in the identification of the blocks, nor in the timing 

of the cylinder extensions. The control portion of the algorithm was therefore extremely successful. 

The shortcoming of the system resided in the collection of the sorted blocks. 

At 10.2 cm/s, blocks were loaded on the conveyor at a rate of about one per second. This rate was 

quite comfortable for manual operation. Twenty black, 17 gray, and 22 white blocks were used for 

the 10.2 cm/s run. The final position of each block was as follows: 20 black in black bin, 17 white 

in white bin, | gray in gray bin, 4 blocks fell into the wrong bin, 2 blocks lay on the floor, and 14 

blocks never made it off the table to the slide leading to the bin. Although 66% of the blocks 

landed in the correct bin, only 46% of the gray and white blocks made it to the correct bin. The 

particularly poor collection of gray blocks was due to the design of the teststand itself. The con- 

veyor was positioned closer to the right side of the frame to allow for all electronic hardware to be 

Chapter 6. Results and Discussion 87



Table 7. Preliminary tests of open-loop control. 

  

  

  

Belt velocity No. blocks No. blocks correctly No. blocks in 
(cm/s) identified and hit correct bin 

10.2 58 58 38 

19.7 74 74 56 

39.7 85 - 62   
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placed on the left side. Blocks moved in a line approximately 24 cm from the nght side of the 

frame. White blocks had to be knocked 24 cm to get off the frame, while the gray blocks had to 

travel 37 cm. Some gray blocks would not make the extra distance because they would get hit 

off-center, so the full impact of the cylinder stroke was not realized. Others struck one of the sup- 

ports of the automatic loader and bounced back. Once a gray block was unable to make it off the 

table, the problem manifested itself because that block became a hindrance for a following block. 

Blocks accumulated on the table until several amassed in a pile. At that point, some of the blocks 

would fall from the pile and into the wrong bin, or onto the floor. 

Some white blocks fell off the table because they, too, were struck off-center. These blocks had 

enough momentum to make it off the table, but were misdirected and therefore missed the captur- 

ing slide. Blocks were hit off-center for three main reasons. First, the width of the blocks varied 

several millimeters from block to block. The geometric center of each block was not constant, and 

consequently the cylinder rod struck a different point every time. Second, the belt velocity was not 

an absolute constant. Slippage of the drive roller and eccentricities in the mounting of the motor 

contributed to the slight variation of belt velocity. Third, there was a + 10.5 ms tolerance for the 

tuming of cylinder extension, causing the timing sequence itself to vary. The effect of hitting the 

blocks slightly off-center was accented by the small, 4.5-mm diameter rod. When the slender point 

of the rod hit blocks off-center, the blocks would be sent on various trajectories, and not directly 

toward the capturing slides. 

Results using a 19.7 cm/s belt velocity showed a substantial increase in collection of the blocks, 

compared to the 10.2 cm/s run. For this run, 76% of all blocks, and 67% of the gray and white, 

fell into the right bins. The main cause of the increased collection efficiency was more gray blocks 

(11 out of 25 tested) made it into the gray bin. The higher speed of the belt gave the blocks some 

added velocity in the direction the conveyor was moving. The added momentum was enough for 

additional gray blocks to make it off the frame. 
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The next faster speed of 39.7 cm/s produced collection results similar the results obtained for the 

19.7 cm/s run. Of the 85 blocks tested, 73% landed in the right bin, which included 63% of the 

gray and white blocks. There was a problem verifying the block identifications recorded by the 

computer, because the blocks moved too fast for a worker to accurately write down the order of 

block colors. Although no data could be recorded, the observer did not notice any blocks struck 

by the wrong cylinders, so the algorithm was assumed to function properly, and that each block 

was hit with the correct cylinder. 

A conveyor velocity of 40 cm/s was the fastest speed that one worker could load blocks on the belt. 

Since it was impossible for a person to manually record the order of block colors, this activity was 

discontinued, and the worker who had recorded the block colors was moved to the loading area. 

Another worker was engaged to assist, so that three people loaded blocks on the belt. Results of 

runs at 60 and 80 cm/s are not shown in Table 7 because no data could be collected. These runs 

resulted in a series of mishaps; once a single problem arose, the effect cascaded and several things 

went wrong. Observations made during these two experiments did lead to several alterations made 

in the algorithm. 

The first change made in the sorting algorithm was to allow the queue to run out without resulting 

in immediate termination of the program. At the two fast speeds to be tested, there was a tendency 

for large gaps to occur between successive blocks. The belt moved by so fast that, even with three 

workers, it was impossible to get a block in every section of the belt. There was only about 50 cm 

of work space between the end of the conveyor and where the positioning guides were attached to 

the frame. This relatively small work area lent to much confusion created by three people trying 

to place blocks in between two rapidly moving flights. The confusion caused several sections to 

go through without a block. Occasionally, four sections in a row would be unoccupied. The dis- 

tance between the color sensor and position sensor was 87 cm, so a gap of four sections, or 96 cm, 

was interpreted by the algorithm to mean every block that had passed the color sensor had also 

passed the position sensor. The tail of the queue would meet the head, and the main loop would 
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terminate. To compensate for large gaps, the program was adjusted so that at least 50 blocks would 

have to be through the queue before the program terminated. 

Blocks had a tendency to fall over at the 60 and 80 cm/s conveyor speeds. A block that fell side- 

ways on the belt was sensed by the color sensor, but would pass by the position sensor undetected, 

since the phototransistor and LED were positioned higher above the belt. A block on its side was 

a severe problem because the tail of the queue would be at the wrong colored block. The block 

identifications were then misnumbered and the wrong cylinders were actuated. The sorting process 

was consequently a disaster. To prevent a block from falling sideways, one worker stood before the 

color sensor and either righted or discarded a block laying on its side. One less worker loading 

blocks on the belt meant more sections were unoccupied. The sorting algorithm did not depend 

on block spacing, however, so gaps between the blocks did not reflect on the performance of the 

sorter. 

When a run was tried at 80 cm/s and several sideways blocks had passed by both sensors, the 

computer would remain stuck in the main loop of the program. The tail of the queue was not 

meeting the head, and thus the program locked. To get out quickly, the computer was brought 

down and the system rebooted. When the computer was brought on-line again, data bit 2 of LPT 1 

acquired a voltage, and thus the left side cylinder (cylinder no. 2) extended. With the resting voltage 

of data bit 2 at logic 1 every time the computer was booted, a program had to be executed that 

cleared the voltage of the output line. Executing a separate program every time the computer was 

turned on became tedious, and thus a routine was incorporated into the sorting algorithm that 

cleared the output lines. 

Abnormal termination of the sorting algorithm while the I/O ports were communicating had a side 

effect worse than the cylinder extending. When the serial communications were tested after re- 

booting, it appeared the channels of the data acquisition board had accumulated a voltage that was 

not eliminated when the board was initialized in the sorting algorithm. An available BASIC rou- 

tine, written to check the channels of the data acquisition board, was used to clear up the voltage. 
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It was necessary, therefore, to avoid such a drastic termination of the algorithm. To do this, a fa- 

cility was included in the algorithm to break out of the loop by striking a key on the PC keyboard, 

thereby relieving the need to re-boot the computer to break the loop. 

Alterations were also made to the pneumatic equipment following the first trial runs of the system. 

To get a larger impact surface on the blocks, a 2.5-cm diameter rubber stop was fastened to the end 

of the rod. Guards were attached to the equipment table to prevent blocks sent at an angle from 

falling off the side. 

Once all of the software and hardware modifications were completed, the system was ready for a 

second trial. Results of this trial are listed in Table 8. The system performed extremely well; only 

one block was misidentified by the algorithm. This misidentification occurred at the highest speed, 

80 cm/s, and the block was gray but identified as black. Apparently, the moving average of only 

two readings gave an average that was too small to fall in the gray range. No errors were experi- 

enced for the timing of the algorithm. 

Better organization of the work crew facilitated the tests at 60 and 80 cm/s. Three workers loaded 

the blocks on the belt. Each stood at a different point along the conveyor to prevent confusion. 

Any section one worker missed, another would try to fill. Occasionally, sections were missed by 

all three, but most of the sections were filled. The problem that caused the runs to be ended pre- 

maturely was that several blocks would fall over, and not all could be removed from the belt. The 

most complete runs at 60 and 80 cm/s are listed in Table 8, and though they consist of less blocks 

than the target amount of fifty, the numbers shown are large enough to be indicative of the true 

performance of the algorithm at the higher speeds. 
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Table 8. Sorting accuracy achieved at various belt velocities using the open-loop algorithm. 

  

  

Belt velocity No. blocks No. blocks misidentified 
(cm/s) 

10.0 60 0 

20.0 62 0 

40.0 56 0 

60.0 4} 0 

80.0 39 Il       
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6.2 Performance of automatic loading system 

The automatic loading system worked fairly well in practice. At slow speeds, the loader consistently 

dropped one block at a time on the belt, and the block remained upright. When the belt speed 

was increased, however, a block being loaded onto the belt would strike the flights as they passed 

under the loader, causing the block to fall over. The limit switch which activated the release of one 

block had to be positioned such that the block being loaded did not strike a flight as it dropped onto 

the belt. When the loader was tried on belt speeds greater than 60 cm/s, blocks would fall over 

when loaded on the belt, whether or not they hit a flight. These problems with the automatic 

loader were not corrected at the time of this writing. Still, the loader was used as an aid for loading 

the blocks, where one worker would keep the blocks from falling over when they dropped out of 

the loader. 

6.3 Preliminary tests of closed-loop sorting 

The only input necessary for the closed-loop algorithm was the threshold voltage of the 

phototransistor. The automatic loader was employed to load the blocks on the belt, one worker 

observed the performance of the pneumatics, another worker operated the speed control of the 

motor, and constantly varied the speed of the belt, and a third worker was used to monitor the 

automatic loader and make sure the blocks were loaded upright on the belt. 

The first time the closed-loop algorithm was tested, blocks were hit out of order, many were missed, 

sometimes the loop quit execution, and sometimes the program just bombed. Failures were par- 

ticularly disturbing because the algorithm performed well in practice runs. Explanation of the 

breakdown of the system was traced back to the loader. Apparently, the electronic circuitry that 
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controlled the pneumatics on the loader was creating a very-high frequency noise disturbance. 

Noise effected the LM311 voltage comparator that converted the pulse from the speed transducer 

into TTL format. Built-in filtering of the comparator was not enough to block out the noise from 

the loader circuit. Noise was still getting through the comparator and being read by the counter 

as a pulse. The Intel 8254 counter was decrementing much faster than it should have, and thus an 

abnormally high belt velocity was computed. 

Part of the reason that noise from the loader component was so influential lay in the wiring of the 

electronics used on the teststand. The teststand, being in the developmental stage, had many loose 

wires connecting the components; consequently, noise was generated from several sources and the 

system was overly sensitive to these disturbances. In one respect, this was representative of the 

environment the system would experience in the field. However, proper shielding and consolidation 

of wiring components would greatly help in isolating the electronics from any noise, whether it be 

in the lab or in the field. Until the system could be hard-wired properly, the loader was unavailable 

for use, and the blocks were fed manually onto the conveyor. 

To run the tests using the closed-loop algorithm, one worker observed the pneumatic equipment, 

and one or two others, depending on belt velocity, loaded the blocks on the conveyor. A fourth 

worker adjusted the handwheel on the speed control to vary the conveyor belt speed during the test. 

Results of the first closed loop trial are given in Table 9. Belt velocity started out close to 10 cm/s 

and was gradually raised to a speed within the limits of the worker(s) loading the blocks. Speed 

was increased to a peak, and then dropped back down to approximately 10 cm/s. 

The collection performance of the sorter was observed to be much better for the closed loop system. 

Cylinder rods hit blocks more squarely, mostly due to the fact that the algorithm was adjusting the 

timing sequence to compensate for deviations in the belt velocity. Another reason more blocks 

made it off the frame was that the support beams for the loader were removed, so nothing was in- 

hibiting the path of the struck block. 
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Table 9. Sorting accuracies achieved with the closed-loop algorithm while manually varying the belt 
speed. 

  

Run number No. blocks No. blocks misidentified 

  

1 67 0 

2 54 1 

3 68 3 

4 54 1 

5 67 0       
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Data on the performance of the control sequence was very good, but seemingly not as impressive 

as for the open-loop control algorithm. Although the timing of every block was perfect, an average 

of one misidentification every run was obtained. The third run, where three blocks were missed, 

was the worst case. Observations made on the misses were that gray was mistaken for black, and 

white mistaken for gray. Something was happening in the system that caused some blocks to be 

read as reflecting less light, thereby dropping the identification one color group. 

One explanation for this problem was that the algorithm was not adjusting the moving average 

correctly with the varying speed of the belt. If too many points were used for the moving average, 

the mean voltage for those points would be much less than the actual peak voltage caused by the 

blocks. 

6.4 Testing of the closed-loop algorithm 

To check if that aspect of the program was functioning properly, another trial was performed where 

the closed-loop algorithm was tested at fairly constant speeds (Table 10). Results in Table 10 show 

the best performance of all closed-loop tests run. Tests at 40 cm/s and 60 cm/s were actually con- 

ducted first. These runs each had one block misidentified. Since it was initially thought that the 

algorithm was miscalculating the number of points for the moving average, this number was output 

to the screen to check if that was indeed the cause of the misidentification. For 60 cm/s, the algo- 

rithm used 3 points for the average, and at 40 cm/s the algorithm used 4 points. These numbers 

compare directly to Table 5. 

It was realized at this point that the block colors themselves may have altered enough to change the 

voltage levels they were reflecting. Blocks were battered during the tests and the surface reflectivity 

may have changed. Black paint was rubbing off, exposing the gray primer beneath, resulting in a 
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Table 10. Sorting accuracies with the closed-loop algorithm for relatively constant belt velocities. 

  

  

Belt velocity No. blocks No. blocks misidentified 

(cm/s) 

10 54 Nt 

20 79 0 

40 63 1 

60 54 1       
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more reflective surface. White blocks were picking up a lot of paint from the black and thus losing 

reflectivity. Several gray blocks from the second painting were still being used, and the reflected 

voltages of these were low in comparison to the other grays. To compensate for the general dullness 

that affected the gray and white blocks, the bounds for identifying those colors were lowered. This 

change was incorporated for the runs at 10 and 20 cm/s. The run at 20 cm/s was perfect for iden- 

tification. At 10 cm/s, however, one block was missed. This missed block was, curiously, a black 

mistaken for a gray. Evidently, when the lower bound of gray was dropped, a highly reflective black 

displayed a voltage above this bound. Wear and tear on the blocks was causing a slight error in 

block identification that could not be controlled perfectly. 

6.5 Cyclic control of belt velocity 

With the feedback program tested and operating successfully, a more exact study was desired with 

respect to the actual velocity profile of the belt. Instead of manually adjusting the belt velocity, a 

mechanized apparatus was constructed to cycle the belt speed. The apparatus consisted of a small 

gear motor with a cam attached to the driveshaft. The cam was linked to the lever that controlled 

the conveyor motor speed. As the gear motor and cam turned at 6 rpm the linkage displaced the 

motor lever, and motor speed varied in a continuous cycle that was approximately sinusoidal. 

Corresponding belt velocity, as recorded by the computer, is plotted in Figure 22. This profile was 

a result of speeds gathered every 126 ms, which was the integrating time used in the control algo- 

rithm. 

When the closed-loop algorithm was tested with this motor, however, the system would fail in the 

midst of the test run. Operation would begin normally, then suddenly a block would not be iden- 

tified at the position sensor. Missed blocks were usually white, but sometimes a gray would also 

escape detection. At first, it was believed the phototransistor was not reacting to the blocks because 
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Figure 22. Velocity profile achieved by driving the conveyor motor speed control with a gear motor. 
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of a change in ambient conditions, but this was not the case. Several blocks were manually tested, 

with no deviations observed. 

Table 11 lists results of the best three runs tested using the mechanism to cycle the motor speed. 

Runs were terminated as soon as the system started to fail. Before the failures, the system per- 

formed as usual, misidentifying only one block in the second run. One block was missed when the 

cylinder extended too quickly. An error in the timing was experienced because the conveyor slowed 

down too quickly for the algorithm to handle. The 126-ms resolution for speed adjustment was the 

limiting factor. 

The algorithm could not perform reliably using the small motor to control the conveyor speed. 

The sorting operation was tried several times at steady speeds without the small motor running, and 

performed perfectly. Since the algorithm performed well for manual adjustment of the motor 

speeds, it was deduced that the small motor had an affect on the data the computer was receiving. 

An oscilloscope was hooked up to the output of the voltage comparator to monitor the signal from 

the magnetic transducer. A large disturbance was observed that periodically spoiled the signal. A 

test of the belt speed measured by the computer, using the transducer, resulted in several disturb- 

ances noticed in the speed data. Another look was given to the photodiode and phototransistor, 

since these components failed during the tests. These devices displayed a slight sensitivity to the 

noise from the small motor circuit. Given the observations on the oscilloscope, and the disturbance 

noted among the output of the sensors and transducer, it was assumed noise was again infiltrating 

the working of the sorting system. Since enough data had been collected to verify the system 

worked, no further tests were performed. 
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Table 11. Sorting accuracies achieved with the closed-loop algorithm for cycled belt velocity. 

  

Run number No. blocks No. blocks misidentified 

  

1 16 0 

2 53 2 

3 28 0       
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6.6 Use of the teststand as an instruction tool 

The teststand was designed and built to be used as an instructional aid. A complete sorting system, 

however, may not be appropriate for an initial exercise due to the need for the FIFO queue to 

maintain the identities of the blocks. The queue, in conjunction with the management of the head 

and tail pointers that track the block identities, is a fairly complex technique of programming. 

Requiring a student to delve too deeply in the programming aspect of the exercise would take away 

from the purpose of learning control. As an initial exercise, a student’s time would be better used 

if emphasis was placed on knocking one block at a time off the belt, instead of a long run of blocks, 

where a queue would have to be employed. A more advanced exercise, of course, would require a 

line of blocks be sorted. 

An example of an appropriate initial assignment is shown in Figure 23. Accompanying an assign- 

ment like this would be a description of the teststand, including how the sensors work, the I/O 

control of the computer, and how speed is read by the computer through the Intel 8254 counter. 

The first requirement is for the student to determine how to time the cylinder actuation. The ex- 

ample shows that set parameters are provided, but that is, of course, up to the instructor. Students 

may be required to use an oscilloscope to compute belt speed, and/or compute extension time of 

the cylinder. Also, the distance between the position sensor and the impact point may or may not 

be given, and the student would have to figure out this distance is a necessary input. Students learn 

from this exercise the speed available from pneumatics, and also how to use instrumentation for 

experimental purposes. 

The second requirement deals with incorporating the color selector into the program. The ap- 

proach to collecting the voltage data on different colored blocks could be provided, and the student 

would have to coordinate the information into a sorter. 
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The teststand in the lab can be programmed to sort different colored blocks into separate bins. 
Its operation is described in the attachment. Write a C program that knocks blocks into 
the bins using the equipment described in the attachment. The requirements are as follows: 

1. Program to hit a single block traveling on conveyor. 

Program the machine to knock a block into the bin using cylinder #1. 
The following parameters are set: 

a) Belt velocity = 10 cm/s. 
b)The time needed for the cylinder to extend is 110 ms. 

2. Program to hit different color blocks. 

Knock one block of each color (black, gray, white) into separate 
bins. Collect the voltage profiles of the blocks as they pass the 
color sensor. Include a plot of this data with your report. 

3. Program to feedback conveyor speed. 

Knock one block into a bin using cylinder #2 while the belt is varying. 
The equation for belt speed is derived in the notes. 
Plot the velocity profile of the belt, and include in your report. 

Some C commands may be useful for the I/O control: 

biosprint(0,1,0) extends cylinder #1. 
biosprint(0,2,0) extends cylinder #2. 
biosprint(0,0,0) retracts both cylinders. 
delay(n) delays the microprocessor for n milliseconds (n= integer). 
color(8) returns the voltage of the color sensor (float type). 
color(9) returns the voltage of the position sensor (float type). 

For the feedback problem, subroutines are available to access the counter: 

d16_cset0(nl, &i) sets the counter to a count of nl, which is an 
integer from 1 to 65,535, and &i is a dummy integer variable address. 

d16_cins0(1, &n2, &1) reads the counter, and returns a count of n2 (integer). 

Include with your report the programs written to complete the assignments     Figure 23. Example assignment for instruction on the teststand. 
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The third requirement is the feedback problem. For this section, a detailed explanation of the Intel 

8254 counter, and the corresponding communication link to the computer, would have to be pro- 

vided. Instructors, however, may want students to measure all of the components involved in the 

frequency computed on the 60-tooth gear, and derive the conversion to linear speed. This re- 

quirement is a “hands-on” exercise in the use and benefits of feedback control. 
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Chapter 7. Summary and Conclusions 

The manipulation of small fruits and vegetables is an area in agriculture where additional mecha- 

nization is needed. Several types of machines are presently being used for the inspection, grading, 

and sorting of small agricultural products. An electropneumatic teststand has been developed that 

sorts colored blocks into different bins, thus emulating a sorting operation on agricultural products. 

A conveyor system was mounted on a portable frame. The conveyor was powered by a variable- 

speed electric motor, which drove the conveyor via a V-belt drive. Aluminum flights were riveted 

to the belt to create sections in which to place the blocks. 

Wooden blocks were painted black, gray, and white to represent three distinct categories. The color 

of the blocks was detected when they reflected light from a light source into a photodiode. The 

photodiode sent a -1 to +1 Volt signal to a data acquisition board, which in turn converted the 

signal to digital format. Position of a block on the conveyor was sensed with a phototransistor. 

The phototransistor sent a 0 to -1 Volt signal to the same data acquisition board for conversion. 

The board employed an AD1170 analog-to-digital converter, which converted the voltage into bi- 

nary format in approximately 10 ms. 
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An IBM PC with an Intel 8088 microprocessor controlled the sorting operation. The computer 

and the data acquisition board communicated serially through COM1 of the computer. The LPT 1 

parallel port of the computer was used for control of the pneumatic actuating equipment. The 

pneumatics consisted of two solenoid-operated, 2-position, 4-way air valves and two double-acting 

cylinders. Solenoids on the valves were energized when a corresponding solid-state relay was en- 

ergized by the computer. A time delay between relay actuation and extension of the cylinder was 

measured to be 110 ms. 

A control algorithm was written in C. During a sorting operation, the program polled the two 

channels of the data acquisition board, constantly checking if a block was in front of either sensor. 

A FIFO queue was used to keep track of the colors of the blocks. Once a block had passed the 

phototransistor, the algorithm timed the extension of the pneumatic cylinders with the speed of the 

conveyor, and also coordinated the block color information in the queue with the proper cylinder 

to extend. 

Two types of control were used in the algorithm: open-loop and closed-loop control. For open- 

loop control, the belt velocity was input to the program, and thus the sorting operation was con- 

ducted at a constant speed. For closed-loop control, the algorithm calculated the belt velocity using 

an Intel 8254 programmable counter, and so the sorting operation could be conducted at varying 

conveyor speed, 

The open-loop algorithm was tested five different speeds: 10, 20, 40, 60, and 80 cm/s. A total of 

390 blocks were sorted, with 389 (99.7%) identified and struck correctly. Five complete tests were 

performed using the closed-loop algorithm at speeds varying from 10 to 80 cm/s. A total of 310 

blocks were sorted, with 305 (98.4%) identified and struck correctly. The closed-loop algorithm 

was also tested at four constant speeds of 10, 20, 40, and 60 cm/s. Accuracy was 98.8% with 247 

out of 250 blocks identified and struck correctly. 
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After the teststand successfully performed sorting of colored blocks, the format for its use as an 

instructional tool was developed. Three levels of difficulty are proposed: the student would first 

have to write a control program to knock a block off the conveyor given certain steady-state inputs 

(open-loop control), then modify the program to incorporate color identification, and finally in- 

clude belt speed in the timing of the pneumatics (closed-loop control). 

Several conclusions were made regarding the performance of the teststand. 

l. The sorting algorithm accurately identified a particular block color, and correctly actuated a 

pneumatic cylinder to hit that block as it passed on the conveyor. Optimum conveyor speeds 

for sorting were from 10 to 40 cm/s. The best timing of extension was achieved when conveyor 

speed was measured by the program, and used to adjust the timing of the pneumatic circuit. 

The sorting system correctly identified and struck between 98 and 100% of the blocks when 

the conveyor velocity was continuously monitored. 

2. The C language was an appropriate choice for the software that controlled the sorting opera- 

tion. The code executed quickly, had many routines that eased programming of I/O routines 

needed in the sorting algorithm, and can be grasped rather quickly by the student. 

3. Two inexpensive sensors were developed that provided the control program with color and 

position information on the blocks. 

4. Pneumatics worked well for the high-speed, low-force requirements of the sorter. The cylin- 

ders were able to cycle up to four times per second, which was adequate for the maximum belt 

velocity, 80 cm/s. 

5. The teststand can be used as an instructional tool to teach open-loop control of a pneumatic 

circuit, and can also be used to teach closed-loop control, where the student would have to 

modify the open-loop algorithm to incorporate belt velocity as the feedback parameter. The 

computing part of the teststand can be set up with many of the routines to communicate to 
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the equipment “in the background”, so that beginning students can concentrate on the devel- 

opment of short algorithms that accomplish given parts of the entire control problem. 

6. Exercises on the teststand can be configured in a variety of ways. The sorting operation makes 

use of all three sub-areas: instrumentation, fluid power, and digital communications. Three 

levels of difficulty for an assignment in C programming are presented, but the greater potential 

is for the teststand to be used for exercises which illustrate the integration of the sub-areas in 

a complete control problem. 
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Chapter 8. Recommendations 

A teststand was developed that uses an electropneumatic circuit to control a block sorting opera- 

tion, and was run successfully at conveyor speeds ranging from 10 to 80 cm/s. Specific recomm- 

endations for improvement to the teststand mechanics, and expansion of the teststand as a teaching 

aid, are as follows: 

1. The automatic block loading system, incomplete at the time of this writing, needs to be per- 

fected and incorporated onto the teststand. For tests at conveyor speeds above 50 cm/s, it is 

imperative an automatic loader be installed that can place blocks on the belt at that speed, and 

have them remain upright. 

2. The electronics on the teststand need to be better isolated from the surroundings. The system 

performs quite well during normal operation, but at the same time it is very sensitive to ex- 

ternal sources of noise. The wires need to be shielded and consolidated, and the communi- 

cations need to be isolated from the electric motors on the teststand. All mechanisms on the 

teststand derive power from the same electric power source, which is undesirable. 
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3. New sets of colored blocks need to be made for use of the teststand in the classroom. The 

spray paints used on the blocks wear off quickly, and thus good oil-based paints are probably 

better suited for the rugged requirements of classroom equipment. 

4. The sensors would work more consistently if they were isolated from ambient light, built with 

better materials, and more permanently fastened to the teststand. Lighting effects in the labo- 

ratory periodically caused problems, which can easily be eliminated with proper shielding of 

the photodiode and phototransistor. The materials used in the construction of the sensors, as 

well as the fixtures of the sensors, are not rugged enough for continued use. 

5. The equipment capturing the sorted blocks needs to be redesigned. Every block can be col- 

lected in the correct bins if the bins, slides, and the area around the impact point are reconfig- 

ured. 

6. The position sensor platform should be mounted on rails so that it can be slid along the con- 

veyor and fastened in a new position. An adjustment in position would require the student- 

user to measure the distance from the sensor to impact point, and thus would give the 

instructor another variable to use when configuring an exercise. 

A systems viewpoint is important in most engineering applications. The designer must know how 

to coordinate different disciplines together in order to have a functional and purposeful machine. 

By experiencing all aspects of a small system, one is more capable of finding practical and efficient 

solutions to problems presented in the workplace. 
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Appendix A. Open-loop control algorithm 

The C program shown was used to sort the blocks at a constant belt velocity. Inputs to the pro- 

gram include the threshhold voltage for the position sensor, the belt velocity, and the number of 

points used for the moving average. The program ends when the FIFO queue has run out and the 

operation has run for a certain amount of time. A manual termination can also end the program. 

At the completion of the run, the program outputs to the screen the order of block colors sorted, 

and an option to run the program again. A comment is included in the program for most lines of 

code. 
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{* Hit2a2.C */ 
/* Program to knock blocks into a bin */ 

/* Certain C routines must be included to access the communication lines */ 
#include <bios.h> 
#include <stdlib.h> 
#include <stdio.h> 
#include <dos.h> 
#include <math.h> 
#define settings (0xe0|0x03|0x04|0x00) /* 9600 baud, 8 data bits, 2 stop*/ 

/* bits, and no parity */ 
#define com! 0 /* Code for COM serial i/o port +] 
#define conv 0x08 /* Code for ADC conversion start */ 
#define SDI 0x38 /* Set Default Integration time to 1 ms */ 
#define CALEN 0xb0 /* Code for back calibration (ADC automatically recalibrates itself) */ 
#define mux0 Oxe0 /* Multiplexer channel offset code to access the */ 

/* communication channels on the data acquisition board */ 
#define data_ready 0x100 /* Constant for checking if ADC is ready to send data */ 
#define lptl 0 /* Code for LPT]! parallel printer port */ 

/* Routine to set back calibration and integration time */ 
cal_integ() 

{ 
int status; 
bioscom(1,CALEN,com1); /* “bioscom” accesses serial I/O */ 
bioscom(1,SDI,com 1); 
returm; 

} 

/* Function to read the ADC data. The “chan” input is either 8 or 9, */ 
/* depending upon whether the color or position sensor, respectively, */ 
/* 1s to be read */ 
float color(int chan) 

int 1, a, status, data; 
float val; 
char check[3]; 
unsigned int tl, t2, t3; 

a= 1; 
bioscom(1,chan,com1); /* Activate the desired channel */ 
bioscom(1,conv,com!); /* Start a conversion */ 

/* The wiring of the board is such that 3 bytes are output from the */ 
/* board every conversion, even though only the first 2 are used */ 
for(i = 031< 3+ +){ 
while(a){ 

status = bioscom(3,0,com1); 
if(status & data_ready){ /* Check if next byte is ready for transmission */ 
checkfi] = (Ox0ff & bioscom(2,0,com1)); 
a= 0; 

} 
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} 

/* Convert the first 16 bits into a voltage */ 
tl = check(2]; 
t2 = 256*check{1]; 
t3 = 32768; 
data = tl + t2- t3; 
val = data/32768.0; 
return(val); /* Return the voltage */ 

main() 

int i, il, 12, j, k, n, inc, wait, chan_8, chan_9, mod, nn, mm, r, p, a 
float value|9], block _color( 1000}, amod, eps, q, onoff, voltage; 
float speed, dist, stroke, remain, end, retract, x, time, total, ave; 
char cyll, cyl2, *col; 

/* Clear the cylinders of any voltage */ 
cyll = 0x01; 
cyl2 = 0x02; 
biosprint(0,cyl] ,lptl); /* “biosprint” accesses the parallel I/O */ 
biosprint(0,cyl2,lpt 1); 
biosprint(0,0,lpt!); 

/* Establish the protocol for communciation to the data acquistion board */ ; q 
bioscom (0, settings, com1); 

/* Initialize the ADC */ 
cal_integ(); 

/* Start the loop that allows for manual testing of the voltages at */ 
/* both sensors. During this time, the microprocessor is in a wait */ 
/* state for the command that tells it to get the voltages. The wait */ 
/* allows the student-user time to make adjustments to the equipment, */ 
/* and time to compute the velocity of the belt */ 

printf(’ ‘\nInput successive numbers for sample voltages.\n’); 
printf(’ ‘Start using 0, terminate process when desired using 50.\n”); 

chan _8 = mux0 + 8; /* Color sensor identity */ 
= mux0 + 9; /* Position sensor identity */ 

while(j != 50){ 
scanf(” Yod”,&j); 
value[0] = color(chan_8); 
delay(10); /* delay 10 milliseconds between readings */ 
onoff = color(chan_9); 

/* Output the readings to the screen */ 
printf(’\nData point %d = %4f volts\n”,j,value[0)); 
printf(’Phototransistor level = %4f\n’,onoff); 

/* Start main loop of program. Input the needed constants as observed */ 
/* during the previous loop, and when every thing is set, start the */ 
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/* sorting operation. During the main loop, the computer polls the */ 
/* two sensors and performs operations depending on that information */ 

il = 1; 
printf(”\nInput the transistor threshhold\n”); /* First enter position sensor threshhold */ 
scanf(” %f” ,&onoff); 
while(il){ 
printf(’\nInput the belt speed (cm/s)\n”); /* Next enter the belt speed */ 
scanf(”°of” ,&speed); 
printf(\nInput the integer no. of averaging elements\n”); /* Final input is no. of moving ave. points */ 
scanf(” %d”,&mod); 
amod = mod; 
printf(’Input a | to start loop\n”); /* Start the sorting operation when ready */ 
scanf(“%od” & wait); 
for(i = 0;1< 8+ +) 

/* “value” is the array used to get the moving average. Must be initialized */ 
value[i] = 0.0; 

/* “block_color” is the queue, and it must be initialized */ 
for(i=0;1< 1000;1+ +) 
block_color[i] = 0.0; 

k = 0; /* Head pointer for queue */ 
inc = 0; /* Loop counter */ 
n = Q; /* Tail pointer of queue */ 
dist = 13.5; /* 13.5 cm from position sensor to impact point */ 
time = (dist/speed)*1000.-110.0;/* 110 ms total time for rod extension */ 
stroke = |.; /* time remaining for extension stroke */ 
remain = |.; /* time remaining for block to reach actuation point */ 
x = 21.0; /* Amount of time to run through the loop */ 
nn = 0; /* Counter for extension stroke */ 
mm = 0; /* Counter for retraction stroke */ 
eps = 0.0; 
a = 0; 
ave = 0.0; /* Moving average */ 
dof 
total = 0.0; 
p = inc % mod; 
value[p] = color(chan_8); /* Check the color sensor */ 

/* get all of the voltages for the moving average */ 
for(r = 0;r < mod;r+ +) 

total = total + value[r]; /* Calculate the sum */ 
ave = total/amod; /* Calculate the average */ 

/* If a block is in front of the color sensor, get the minimum */ 
/* average for all of the voltages associated with one block */ 

if(ave < -0.010){ 
q = min(eps,ave); 

eps = q; 
at +; 

} 

/* Store the minimum average as the block identification tag */ 
else iffa > 0){ 
block_color[k] = eps; 
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k++; /* Increment head pointer */ 
eps = 0.0; 
a = Q; 

} 

/* Increment the loop counter */ 
inc+ +; 

/* Check the position sensor */ 
voltage = color(chan_9); 

/* Note if a block is in front of the sensor */ 
if(voltage < onoff) 
nn = 1; 

/* If block is through the range of the phototransistor, start tuming sequence */ 
if(nn > = 1){ 
end = (nn-1) * x; 
nn+ +; 

remain = time - end; 

} 

/* If block at actuation point, energize the proper relay */ 
if(remain < = 0.0){ 
if(block_color{n}] < = -0.5) /* Block is white */ 
biosprint(0,cyl2,lpt 1); 

else if((block_color[n} > -0.5) && (block_color{[n] < -.14)) /* Block is gray */ 
biosprint(0,cyl1,lpt1); 

/* Let block go through otherwise */ 
nn = 0; 
n++; /* Increment tail pointer */ 
remain = 1.0; 
mm = |; 

} 

/* Start tuming for retraction */ 

if(mm >= 1{ 
retract = (mm-1) * x; 
mm+ +; 

stroke = 140 - retract; /* 140 ms allocated for extension */ 

} 

/* Clear cylinders when cylinder done extending */ 
if(stroke < = 0.0){ 
biosprint(0,0,lpt1); 
mm = 0; 
stroke = 1; 

} 

/* End loop if tail meets head in the queue, the final cylinder has */ 
/* retracted, and at least 50 blocks has been through or the program */ 
/* has run for as few minutes */ 

if((n > = k) && (n > 0) && (stroke = = 1) && ((k > 50) || (inc > 2500))) 
wait = 0; 

}while((wait = = 1) && (bioskey(1)= =0)); /* “bioskey” allows for manual termination */ 
biosprint(0,0,Ipt1); 
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printf(”’Do you want to continue (1 = yes, 0=no)?\n’); 
scanf(”%d”" ,&11); 
printf("Do you want a display of block colors (1=y, 0=n)?\n”); 
scanf(”%od”,&i2); 

/* Print out the information if desired */ 
if(i2 > O){ 
fori= 03 <kiit+ +)f{ 
if(block_color[i] < =-0.5) col = “W’; 
else if((block_color|i] > -0.5) && (block _ colori] < -0.14)) col=’G’; 
else col= “B’; 
printf("%od. s\n", 1,col); 
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Appendix B. Closed-loop algorithm to sort blocks 

The C program shown incorporates the facility of calculating the belt velocity internal to the pro- 

gram. Software from MetraByte (1986) was converted from Pascal and into C, and used to read 

the output from the conveyor speed transducer. These routines are noted in the program. The 

differences between the open-loop and closed-loop algorithms are noted in this program as well. 
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/* Feed3b.C */ 
/* Program to knock using belt velocity as feedback */ 

#include < bios.h> 
#include <stdlib.h> 
#include <dos.h> 
#include <math.h> 
#define settings (0xe0|0x03|0x04|0x00) 
#define com! 0 
#define conv 0x08 
#define SDI 0x38 
#define CALEN 0xb0 
#define mux0 Oxe0 
#define data_ready 0x100 
#define Ipti 0 

/* From this point until the endpoint lies the C code translated */ 
/* from Pascal software purchased from MetraByte. This code +} 
/* communicates with the DASH-16/16F data acquisition card, and */ 
/* more specifically, alllows control of counter 0 of the Intel */ 
/* 8254 counter/timer. */ 

#define min_base_adr Oxff 
#define max_base_adr 0x3f0 
#define min_int_lev 2 
#define max_int_lev 7 
#define dma_lev_1 1 
#define dma_lev_2 3 

int XXX; 
void swap_bytes(int *any); 

struct d16_gv_type{ 
int aut, basadr, cOcfg, ctltmp, dmalev, dof, dptr; 
int fent, fptr, intlev, imr, memend, memoff, memseg; 
int mode, oldmemoff, oldmemseg, opflg, starr, sof, vecadr, vofs; 
int went, muxconfig, dmaflg, ftt, intflg, ain_lb, ain_hb, mux_ctrl; 
int din, aot0_lb, aot0_hb, aot1l_lb, aotl_hb, d16_stat, d16_ctrl; 
int cntr_enable, gain ctrl, cntr0, cntrl, cntr2, cntr_ctrl; 
unsigned int cldat, c2dat; 
far *oldvec; 

}d16_gv; 

void print_error (int error_num) 

char *message; 

switch(error_num){ 
case 0: message = “No error’; break; 
case 1: message = “Driver not initialized (use d8_init)”; break; 
case 3: message = “Base address out of range (100H-3f0H)’; break; 
case 4: message = “Interrupt level out of range (2-7)”; break; 
case 5: message = “DMA level out of range (1,3)”; break; 
case 10: message = “Counter division ratio 0 or 1”; break; 
case 12: message = “Counter config # out of range ”; break; 
case 16: message = “Counter reod operation out of range (0,1)”; break; 
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printf(”%os\n” message); 

void d16_set_pit_ratio (unsigned int nl, unsigned int n2, int *err_code) 

unsigned char nll, n2l, nlh, n2h; 

*err code = 0; 
if(d16_gvftt!= 1){ 

*err_ code = 1; 
print_error(*err_code); 

else{ 
if((nl = = 1)|/(nl = =0){|(n2= = 1)||(n2= =0)) *err_code = 10; 
else{ 
d16_gv.cildat = nl; 
dl6_gv.c2dat = n2 
nll = (Ox00ff & n1); 
n2l = (Ox00ff & n2); 
nlh = (Oxff00 & nl) > > 4; 
n2h = (Oxff00 & n2) >> 4; 
outportb(d16_gv.cntr_ctrl, Oxb4); 
outportb(d16_gv.cntr_ctrl, 0x74); 
outportb(d16_gv.cntr2, n21); 
outportb(d16_gv.cntr2, n2h); 
outportb(d16_gv.cntr1, n1l); 
outportb(d16_gv.cntrl, nth); 

} 
} 

} 

void d16_init(int base_adr, int int_lev, int dma_lev, int *err_code) 

int temp_val; 

*err_code = 0; 
if((base_adr < min_base_adr) || (base_adr > max_base_adr)){ 

*err code = 3; 
print_error(*err_code); 

else{ 
if((int_lev < min_int_lev) || (int_lev > max_int_lev)){ 

*err_ code = 4; 
print_error(*err_code); 

else{ 
if((dma_lev != dma_lev_1) && (dma_lev '!= dma_lev_2)){ 
*err_code = 5; 
print_error(*err_code); 

else{ 
d16_gv.intlev = int_lev; 
dl6_gv.dmalev = dma_lev; 
d16_gv.ain lb = base_adr + 0; 
d16 gv.ain hb = base_adr + 1; 
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d16_gv.mux_ctrl = base_adr + 2; 
d16_gv.din = base_adr + 3; 
d16_gv.aot0_lb = base_adr + 4; 
d16_gv.aot0_hb = base_adr + 5; 
dl6_gv.aotl lb = base_adr + 6; 
di6_gv.aotl hb = base_adr + 7; 
dl6 gv.dl6 stat = base_adr + 8; 
d16_gv.d1l6 ctrl = base_adr + 9; 
dl6_gv.cntr_enable = base_adr + 10; 
dl6_gv.gain ctrl = base_adr + 11; 
d16_gv.cntr0 = base_adr + 12; 
d16_gv.cntrl = base_adr + 13; 
d16_gv.cntr2 = base_adr + 14; 
dl6_gv.cntr_ctrl = base_adr + 15; 
if((inportb(d16_gv.d16_stat) & 0x20) = = 0x20){ 
dl6_ gv. muxconfig = 16; 
outportb(d16_gv.mux_ctrl,0xf0); 

i 

else{ 
dl6_gv.muxconfig = 8; 
outportb(d16_gv.mux_ctrl,0x70); 

if((inportb(d16_gv.d16_stat) & 0x40) = = 0x40) 
d16_gv.vofs = 0; 

else d16_gv.vofs = 2048; 
outportb(d16_gv.d16_ctrl,0x00); 
outportb(d16_gv.cntr_enable,0x00); 
outportb(d16_gv.d16_stat,0x00); 
dl6_gv.opfig = 0; 
d16_gv.dmaflg = 0; 
outportb(d16_gv.cntr_ctrl,0x30); 
dl6_gvftt = 1; 
d16_set_pit_ratio(100,500,err_code); 

} 
} 

} 
} 

void d16_set_cntr0_config(int config_num, int *err_code) 

{ 
int a; 

if(d16_gvftt!= if 
*err_ code = 1; 
print_error(*err_code); 

else{ 
if((config num < 0) || (config num > 5)){ 

*err_code = 12; 
print_error(*err_code); 

else{ 
a = (config num | 0x18) < < 1; 
outportb(d16_gv.cntr_ctrl,a); 
d16_gv.cOcfg = config num; 
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} 
} 

void d16_csetO(unsigned int counter_data, int *err_code) 

unsigned char cdl, cdh; 

*err_code = 0; 
if(d16_gv.ftt != 1){ 

*err_ code = 1; 
print_error(*err_code); 

else{ 
outportb(d16_gv.cntr_ctrl,d16_gv.cOcfg); 
cdl = (Ox00ff & counter_data); 
cdh = (Oxff00 & counter_data) > > 8; 
outportb(d16_gv.cntr0,cdl); 
outportb(d16_gv.cntr0,cdh); 

} 
} 

void d16 cinsO(int read_type, unsigned int *cntr_data, int *err_code) 

int cntr_data_l, cntr_data_h; 

*err code = 0; 
if(d16_gv.ftt!= 1){ 
*err_code = 1; 
print_error(*err_code); 

else{ 
if((read_type '= 0) && (read_type != 1)){ 

*err code = 16; 
print_error(*err_code); 

elsef 
if (read_type = = 1) outportb(d16_gv.cntr_ctrl,0); 
cntr_data_! = inportb(d16_gv.cntr0); 
cntr_data_h = inportb(d16_gv.cntr0); 
swap_bytes(&cntr_data_h); 
*cntr_data = (cntr_data_h | cntr_data_l); 

void swap_bytes(int *any) 

{ 

(a & Ox00ff); 
b = (a & Oxff00) > > 4; 

tany = Ib*256 + hb; 

/* This marks the end of the code converted from Pascal */ 
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cal_integ() 

{ 
int status; 
bioscom(1,CALEN,com1); 
bioscom(1,SDI,com1); 
return; 

} 

/* Function to read ADC */ 
float color(int chan) 

int 1, a, status, data; 
float val; 
char check(3}]; 
unsigned int tl, t2, t3; 

a= 1; 
bioscom(1,chan,com 1); 
bioscom(1,conv,com 1); 
for(i= 0;1< 331+ + ){ 
while(a){ 

status = bioscom(3,0,com1); 
if(status & data_ready){ 
checkfi] = (Ox0ff & bioscom(2,0,com1)); 
a = 0; 

} 
} 
a=]; 

} . 

tl = check(2]; 
t2 = 256*check[1]; 
t3 = 32768; 
data = tl + t2- t3; 
val = data/32768.0; 
return(val); 

main() 

int 1, 11, 12, j, k, n, inc, chan_8, chan_9, mod, nn, mm, r, p, a; 
int icount, kcount, base_adr, err_code, int_level, dma_level; 
float value[9], block_color[1000], amod, eps, q, onoff, voltage, rpm; 
float speed, dist, stroke, remain, end, retract, x, time, total, ave; 
char cyl], cyl2, *col; 
unsigned int cntr_data, read1, read2, ticks; 

/* Clear cylinders */ 
cyll = 0x01; 
cyl2 = 0x02; 
biosprint(0,cyl1,lpt1); 
biosprint(0,cyl2,Ipt1); 
biosprint(0,0,lpt1); 

|* Initialize ADC */ 
bioscom (0, settings, com 1); 
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cal_integ(); 

/* Collect some example voltages */ 
printf(“\nInput successive numbers for sample voltages.\n”); 
printf(’Start using 0, terminate process when desired using 50.\n”); 
j= 1; 
chan_8 = mux0 + 8; 
chan 9 = mux0 + 9; 
while(j != SO0){ 

scanf(” %od”,&}); 
value[0] = color(chan_8); 
delay( 10); 
onoff = color(chan_9); 
printf(’\nData point %d = %4f volts\n”,j,value[0]); 
printf(’Phototransistor level = %4f\n’,onoff); 

/* Initialize counter board */ 
int_ level = 7; /* Use expansion interrupt level 7 */ 
base_adr = 0x300; /* Base address of board */ 
dma level = 1; /* Use expansion DMA level | */ 
d16_init(base_adr, int_level, dma_level, &err_code); /* Initialize card */ 
d16_set_cntr0_config(0, &err_code); /* Get counter 0 ready for use */ 

/* Start main loop of program */ 
il = 1; 
printf(’\nInput the transistor threshhold\n”); 
scanf(” %f” &onoff); 
while(i1){ 
printf(’Input a 1 to start loop\n’); 
scanf(”%d” &icount); 
for(i = 031< 831+ +) 

value[i] = 0.0; 
for(i= 031 < 1000;1+ +) 
block_colorji] = 0.0; 

k = 0; 
inc = 0; 
n = 0; 
dist = 13.5; 
stroke = L.; 
remain = 1L.; 
X = 21.0; 
nn = 0; 
mm = 0; 
eps = 0.0; 
a = 0; 
ave = 0.0; 
kcount = 0; 
speed = 10.0; /* Give the program an initial speed to start */ 
do{ 

total = 0.0; 
amod = (-.05*speed) + 6.5; /* Equation to get number of points for moving ave. */ 
mod = amod; 
p = inc % mod; 
value[p] = color(chan_8); 
for(r = 0;r <mod;r+ +) 

total = total + valuef[r]; 
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ave = total/amod; 
if(ave < -0.010){ 

q = min(eps,ave); 
eps = q; 
att; 

} 
else if(a > 0){ 
block_color[k] = eps; 
k++; 

eps = 0.0; 
a = 0; 

inc+ +; 

voltage = color(chan_9); 
if(voltage < onoff) 
nn = |; 

if(nn > = 1){ 
end = (nn-l) * x; 

/* Compute the belt velocity, if velocity is too slow use zero */ 
if(speed < 1.0) time = 0.0; 
else 
time = (dist/speed)*1000.- 110.0; 

not +; 

remain = time - end; 

if(remain < = 0.0){ 
if(block_color[n] < = -0.4) 
biosprint(0,cyl2,lpt!); 

/* Lower the bounds of gray and white */ 
else if((block_color[n] > -0.4) && (block_color[n] < -.125)) 
biosprint(0,cyl1,lpt 1); 

nn = 0; 
n++; 

remain = 1.0; 
mm = |; 

} 
if(mm >= I)}{ 
retract = (mm-1) * x; 
mm+ +; 
stroke = 140 - retract; 

} 
if(stroke < = 0.0){ 
biosprint(0,0,lpt1); 
mm = 0; 
stroke = 1; 

kcount + +; 

/* Once through the loop, set the counter to 65,535 */ 
if(kcount = = 
d16_csetO(Oxffff,&err_code); 

/* Six times through the loop, read the counter */ 
if(kcount = = 7){ 
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d16_cins0(1,&cntr_data,&err_code); 
read2 = cntr_data; 
ticks = 65535 - read2; /* Calculate number of ticks */ 
rpm = ticks; 
rpm = rpm/0.126; /* Calculate angular speed */ 
speed = .607*rpm/4.0; /* Calculate linear speed */ 
kcount = 0; 

} 
if((n > = k) && (n > 0) && (stroke = = 1) && ((k > 50)||({inc > 2500))) 
icount = Q; 

}while((icount = = 1) && (bioskey(1) = =0)); 
biosprint(0,0,lpt1); 
printf(‘amod = %f, mod = %d\n",amod,mod); 
printf(“rotational speed = %4f rpm\n”,rpm); 
printf(“linear speed = %“4f cm/s\n”,speed); 
printf(’Do you want to continue (1 = yes, 0=no)?\n’); 
scanf(”%od”,&il); 
printf(’Do you want a display of block colors (1=y, 0=n)?\n’); 
scanf(” Yod” ,&i2); 
if(i2 > O){ 

for(i = 031 <kjit+ +){ 
if(block_color{i] < = -0.5) col=”W”; 
else if((block_color[i] > -0.5) && (block_color{i] < -0.14)) col=’G’; 
else col = ”B”; 
printf(’%d. %s\n”",1,col); 
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