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This paper describes the use of the OPTO-22 Programmable Automation
Controller (PAC) Learning center in the undergraduate control systems
course at California State Polytechnic University at Pomona (Cal Poly
Pomona). The OPTO-22 PAC System is an integrated system of hardware
and software used for industrial control, remote monitoring, and data
acquisition applications. The paper compares the pros and cons of using a
PAC versus Programmable Logic Controller (PLC) or Field Programmable
Gate Array (FPGA) systems. The paper introduces the flowchart based
programming environment used in PACs. The paper includes an illustrative
example of how the OPTO-22 PAC system can be interfaced to an industrial
based Mechatronics pick-and-place robot station. This example details the
input/output interfaces of the OPTO-22 PAC unit and the SUN Equipment
Mecahtronics pick and place robot unit. Details of the flow chart
programming and 1/O interfacing protocols are given in the paper. The 1/0

configuration dialog in the OPTO-22 PAC development environment are also
presented in this paper.
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1. INTRODUCTION

This paper describes the use of Programmable Automated Controllers (PAC) and robotic pick-and-
place mechatronics experimental hardware for use in an undergraduate controls laboratory instruction setting.
The ME 439 “Control of Mechanical Systems” is a senior level project based course included in the core
curriculum for students enrolled in the Mechanical Engineering program at California State Polytechnic
University Pomona. Part of the laboratory experience exposes the students to the use of Programmable
Automatic Controllers (PACS). Numerous learning institution have implemented project based learning
using Programmable Logic Controller (PLC) [1-2] and Field Programmable Gate Array (FPGA) [3-5] based
controls in their curriculum. The article of [6] offers a comparison of the PAC to the PLCs, PC-control and
Embedded Control such as the FPGA. In summary, PLCs are good at tasks like counting and timing, and
managing Input/output (1/O).

Although a PLC can handle a few axes of motion, the update rates can be too slow for any but the
most basic applications. The PACs include multiple processors to address a variety of functions beyond just
basic logic and 1/0. These capabilities include digital (e.g. motion control), analog (e.g. process control), and
serial (1/0 from test equipment, keypads, scanners, etc.) tasks. Because PACs already include these functions,
they eliminate the time and effort involved in integrating a PLC with the motion controller, for example.
Today’s industrial PCs have been ruggedized, top to bottom, with environmental protection and removal of
any moving parts. Hypervisors like VMware allow a single core to be divided into multiple discrete partitions
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that run independently of one another, right down to the operating system. This enables a motion application
to run on a partition with Linux or a robust proprietary real-time operating system (RTOS) while remaining
completely isolated from a Windows partition supporting the HMI or a machine vision system. At the
opposite end of the spectrum lie embedded control systems that leverage FPGAs to customize performance
using hardware rather than software. FPGAs can be used to offload tasks like control logic and 1/O triggering
in highly complex systems, freeing CPU cycles to handle more complex tasks like trajectory generation.
When the application encompasses an entire plant or factory floor, a situation that typically calls for
distributed 1/0 in large numbers, along with extensive loop control functions better suited to a PAC than to a
PLC or FPGAs. The various pros and cons of the PAC, PLC and FPGA are summarized in Table 1.

Table 1. Pros/Cons of PAC, PLC and FPGA

PAC PLC FPGA
Integrated logic
and I/O One-off / high
PROS Multiple Counting, performance / complex
Processors, Timing, systems
Digital, Analog, Managing 1/0 Frees up CPU cycles
Serial Tasks Hardware not software

CONS
May be difficult
to use in unique
situations

Slow update rates,

- Not conventional
motion controllers

In addition to PLCs and FPGAs other technologies on the market include the Remote Terminal Unit
(RTU) and the Distributed Control System (DCS). The RTU are microprocessor-controlled electronic
devices that interface objects in the physical world to a distributed control system or Supervisory Control and
Data Acquisition (SCADA) system by transmitting telemetry data to a master system, and by using messages
from the master supervisory system to control connected objects. The DCS is a computerized control system
for a process or plant, in which autonomous controllers are distributed throughout the system, but there is
central operator supervisory controller.

This is in comparison to a non-distributed control system that use centralized controllers; either
discrete controllers located at a central control room or within a central computer. The DCS concept
increases reliability and reduces installation costs by localizing control functions near the process plant, but
enables monitoring and supervisory control of the process remotely. The discussion of [7] compares the PAC
features to those of the PC, PLC, DCS and RTU. Academic textbooks dealing with Programmable
Controllers include the works of [8] and [9]. Recent examples of industrial useage of the PAC framework are
given in [10] where a coal preparation plant is autmoted using the PAC, and [11] where tide simulations are
carried out using the PAC framework. Research on using the FPGA based controller is found in [12-13].
Applications of PLCs in automation settings are found in [14-17].

The primary focus of the study of [14-15] is the use of a PLC to control an elevator. In the research
of [16] the PLC is used to control an electro-pneumatic actuator base on puslse width modulations (PWM). In
the work of [17], the automation process of manufactureing galvanized nuts is accomplished using the PLC
platform. Clearly there are notable differences between the PAC, PLC, FPGA, DCS and RTU platforms.
Also there are similarities between them. There is also a wealth of applications using each controller
platform. Notwithstanding is the fact that the PAC is becoming more and more proliferate in today’s
industrial sector. Consequently, in order to keep our graduate’s current on state-of-art technology, the
Mechanical Engineering Program at California State Polytechnic University at Pomona (Cal Poly Pomona)
has integrated PACs as part of the hands on learning experience for the ME 439 “Control of Mechanical
Systems” coursework.

2. RESEARCH METHOD

Figure 1 shows the OPTO-22 SNAP-PAC [18] unit hardware which consists of a PAC, 1/0
modules, power supply, and on-board integrated first-order thermal control system based plant. The current
paper extends the work of [19] by demonstrating how the OPTO-22 PAC units can be integrated with a
mechatronics pick-and-place robotic assembly station [20].
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Figure 1. OPTO-22 SNAP-PAC hardware [18]

RESULTS AND ANALYSIS

Analog Meter

In this section the application of programming the OPTO-22 PAC to interface with a robotic
mechatroinic plant is discussed. The plant chosen is the SUN Equipment Company CML-61600

Figure 2. OPTO-22 and SUN Equipment Co. CML- 61600 Compact Mechatronics Load System

The SUN Equipment Co. CML- 61600 Compact Mechatronics Load System is equipped with the following:

a.

Figure 3 shows the input/output interfaces of the OPTO-22.

13 Digital Inputs (Sensors)
2x Reflective Photosensor
Inductive proximity switch
Fiber Amplifier

4x Photo-interrupt sensor
Proximity switch (Reed Relay)
7 Digital Outputs (Actuators)
2x DC Motors

Compact Cylinder

Rotary Cylinder

Vacuum Generator
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OPTO 22 OPTO 22 - SNAP I/O Modules
SNAP-PAC-R1 Input — White Label
Output — Red Label
Connector wires with
SNAP RAC 8x banana plug ends

compatible with Sun
Unit 1/O interface

IP Address information

OPTO 22
SNAP PAC Learning
Center Load Panel (not
used in this lab)

Figure 3. OPTO-22 /O interfaces

Figure 4 shows the various components of the SUN CML-61600 Mechatronics Unit.

\ — H‘“

Figure 4. SUN CML-61600 Mechatronics unit

Table 2 lists the pertinent features of the SUN CML-61600 unit itemized in Figure 4.

Table 2. Description of SUN CML-61600 Unit

No Systems Description

1) 1/0 interface, to be connected with the PLC 1/O terminals

@ Relay control module: Controls the conveyor belt motor and
the screw rod motor

®3) Vacuum generator: For the arm to suck up the work piece

(@) Air inlet: To be connected to an air compressor (150 -700 Psi)

©) Solenoid module: Control arm’s up/down and rotational
motion. Controls the vacuum generator valve.

(6) Position, color and material sensors

(@) Conveyor belt driven by a 24V DC motor
Screw-rod mechanism (with pneumatic robotic arm): Driven

8) by a 24V DC motor; 4 micro switches for position control; 2
limit protection switches

9) Storage rack

Figure 5 and Figure 6 detail the I/O interfaces of the SUN CML-61600 unit. Table 3 and Table 4 list
the 1/O protocol used to interface the SUN CML-61600 Mechatronics Load Unit to the OPTO-22 PAC
module.
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Figure 6. SUN CML-61600 1/O interfaces (side view)

Table 3. SUN CML-61600 and OPTO-22 Input Specification

INPUT
SUN PAC IN Description
Interface (Module/Channel) P
IP1 00/0 Position Sensor
1P2 00/1 Color Sensor
1P3 00/2 Material Sensor
1P4 00/3 Screw Rod 1P
IP5 01/0 Screw Rod 2P
1P6 01/1 Screw Rod 3P
IP7 01/2 Screw Rod 4P
1P8 01/3 Arm Upper Limit
1P9 02/0 Arm Lower Limit
1P10 02/1 Arm CCW Limit
1P11 02/2 Arm CW Limit
1P12 02/3 Vacuum Verifier
P13 03/0 Storage Rack Sensor

Table 4. SUN CML-61600 and OPTO-22 Output protocol specification

OUTPUT
SUN PAC OUT Description
Interface (Module /Channel)

OP1 04/0 Conveyor Belt
OP2 04/1 Screw Rod Rotates Fwd.
OP3 04/2 Screw Rod Rotates Rev.
OP4 04/3 Arm Up/Down
OP5 05/0 Vacuum Generator ON
OP6 05/1 Vacuum Generator OFF
OP7 05/2 Arm Rotates CW/ CCW

Programmable Automation Controller Mechatronic Experiment (Thomas Gross)
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The conveyor belt operation is simultaneous with and separate from the operation of the robotic
arm. The conveyor belt mechanism and robotic arm mechanism are coupled through the position sensor.
When the position sensor (digital input) point is turned on due to the presence of a work piece the conveyor
stops until the point is turned off. Once the point is turned off due to the robotic arm retrieving the work piece
from the belt, a small pause is imposed so that the work piece being carried by the robotic arm does not come
into contact with the next work piece proceeding along the belt in the situation where the following work
piece is immediately after the work piece being retrieved (i.e. no space between work pieces as they proceed
along the belt). There are no dark colored plastic work pieces, however the control logic is still set up to
accept that option so that there are no dead ends in the control logic. The I/O configuration dialog in the
OPTO-22 PAC development environment is shown in Figure 7.

/O Unit:  SUN_Unit_CML_51500 Type: SMAP-PACR1
Modules and Poirts Type Features / Subtype | Units Enabled Ref Count | - Add...
= [ﬁ [00] SNAP-IDCED: 2.5-28 VDC Digital Input
IL‘E' 0 Position_Sensor Mone Enabled 2 ed
I“"T“_i 1 Color_Sensor Mone Enabled 1 Delete
IL‘E' 2 Material_Sensor Mone Enabled 2
1 3 Screw_Rod_1P Mone Enabled 3 e
= |j [01] SNAP-IDCED: 2.5-28 VDC Digital Input ———
H 0 Screw_Rod_2P None Enabled 1 e
I 4 Screw_Rod_3P None Ensbled 2 P
L8 2 Screw_Rod_4P None Ensbled 1 | Bpandal |
T 3 Ams_Top_Limit None Enabled 3 [ Collapse All
= [ﬁ [02] SNAP-IDCED: 2.5-28 VDC Digital Input L
LW § Ams_Bottom_Limit Mone Enabled 3 1
I“"T“_i 1 Ams_CCW _Limit Mone Enabled 4
T 2 Ams_CW_Limit None Enabled 3
I“"T“_i 3 Vacuum_Verfier Mone Enabled 7
= |j [03] SNAP-IDCED: 2.5-28 VDC Digital Input
I“"T“_i 0 Storage_Rac Mone Enabled 1
1 Mot Used
2 Not Used
3 Not Used
= . [04] SNAP-ODCESRC: 5-60 VDC Source  Digital Output
DL_",'I 0 Conveyor_Belt Mone Enabled &
E,"—j‘,' 1 Screw_Rod_Rotates_Fwd Mone Enabled 10
DL_",'I 2 Screw_Rod_Rotates_Rewv Mone Enabled 5
20 3 pm_Up_Down None Enabled 4
= . [05] SNAP-DDCESRC: 5- 60 VDC Source  Digital Output
E,"—j‘,' 0 Vacuum_Generstor_ON Mone Disabled 9
DL_",'I 1 Vacuum_Generator_OFF Mone Disabled 5
E,"—j‘,' 2 Amn_Rotates CW _vs_CCW Mone Disabled 7
DL_",'I 3 Program_Status_Light Mone Enabled 0 -
4 nr [3
Close J l Help I

Figure 7. 1/0 Configuration Dialog in OPTO-22

The software program created when using PACs is referred to as a “strategy”. The strategy is
comprised of the following: a control engine which defines the communication between the PAC 1/0 and the
hardware it is being interfaced to (in this case the Mechatronics plant), flowcharts which contain the
programming logic of the strategy, variables (integers, floating points, strings, etc.), and 1/0O configuration
information with defines the controllable points of the plant. Since most control applications are rather
complex a strategy usually consists of several flowcharts which all work in unision, much like subroutines in
a traditional object oriented programming language. The flowchart is built using “blocks”, which include
action blocks (which contain action commands), condition blocks (which contain condition commands),
OptoScript blocks (which contain predefiened subroutines or scripts of action and command block logic), and
continue blocks (which act as connections). These symbols are analogous to the flowcharting terminology
used in a traditional computer programming pardagim and are shown below in Figure 8.
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ACTION BLOCK CONDITION OPTOSCRIPT CONTINUE
BLOCK BLOCK BLOCK

Figure 8. Flowchart Blocks used in PAC Programming

The overall control strategy in the flowchart based programming environment of the OPTO-22 PAC
for the mechatronics experiment is shown in Figure 9. Figure 9 illusttraes the use of the PAC flowchart based
programming environment whereby various blocks are used to construct the overall logic of the program. In
comparion to Figure 9, which is fairly compact, the equivalent PLC ladder program on an Allen-Bradley
Micro Logix 1200 PLC shown in Figure 10 [18] requires 46 (fourty-six) rungs of ladder logic or,
approximately 10 (ten) pages of printed ladder logic code. Clearly, for this application the compactness of the
PAC flowchart based program versus the PLC ladder logic program is apparent. Figure 11 shows a sequence
of the PAC mechatronic experiment in run time operational mode.

T
' Plasti " Metal ™ Plasti " Metal
ic 1
REE Light Colored | |Light Colored Dark Colored | | Dark Colored
= TOP and CW
N Limit?

Top AND CCW
Limit?

Vacuum
Verifier?

um

Verifier?

™ arm Up Arm Rotates CW/
Pause Screw Rod ON

Figure 9. OPTO-22 strategy flow chart logic for robotic arm control and sensor reading
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LEFT_LIMIT RST_ARM_TURN_LEFT RESET_DONE
1:( Ta:11 B33 B3:3
0005 _— — 11 —_— e
10 DN 3 15
Bul 1762
RST_MOTOR_REVERSE
B33
4
RST _MOTOR_REVERSE
B3:3
4
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N6 —— —
3 - 15
Bul 1762
0onT MCR
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1o 10 1.0 (K1) B30
0008 —_— — - .-
3 8 1] 12 0
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START_BUTTON EMS_SIGNAL END_SIGNAL START_SIGNAL
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(BT ] e e i
13 0 15 |
Bul 1762
START_SIGNAL
B30
I
STOP_BUTTON STOP_BUTTON_SIGNAL
Lo B3:2 3:2
010 1 { ONS } L
14 ] 1
Bul 1762
STOP_BUTTON_SIGNAL CYCLE_END END_SIGNAL
B3:2 B3l B3:2
onnl
1 15 15
END SIGNAL STOP_BUTTON_SIGNAL
B3 2
o012 1 U
15 1
ORG START_SIGNAL EMS_SIGNAL CYCLE_END START
B3:0 B30 B33 B3l B3:0
o013 —— | &
0 1 o 13 2
START
B3:0
2

Figure 10. Allen-Bradley Micro Logix 1200 PLC Ladder Logic [20]

Figure 11. PAC Mechatronics experiment under run-time operation
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4., CONCLUSION

This paper has presented the use of Programmable Automatic Controllers (PAC) in the framework
of teaching controls to undergraduate engineering students using the PAC interfaced to a mechatronics /
robotic pick and place manufacturing plants. The OPTO-22 SNAP PAC learning center provides a unique
hands-on experience to enable students to become familiar with PLC systems. The pros and cons of using
PAC vs. PLC and FPGA based system have been highlighted. The programming structure of interfacing with
the PAC is a graphical object oriented flowchart based programming paradigm. The flowchart based
programming provided by OPTO-22 allows students to quickly begin programming once they have a basic
understanding of the underlying ladder logic. A detailed working example of using the OPTO-22 PAC to
interface with an industrial based SUN CML-61600 Mechatronics plant has been discussed herein.

ACKNOWLEDGEMENTS
The authors wish to thank Cal Poly Pomona University for funding obtained under a SPICE grant to
upgrade the facilities of the control systems laboratory.

REFERENCES

[1] Vogel-Heuser, B., Obermeier, M., Braun, S., Sommer, K., Jobst, F., Schweizer, K., “Evaluation of a UML-based
versus an IEC 61131-3-based Software Engineering Approach for Teaching PLC Programming”, IEEE
Transactions on Education. 2013; 56(3); 329-335.

[2] Chen, X., Hongyi, G., “A Remote PLC Laboratory Design and Realization”, Procedia Engineering. 2012; 31;
1168-1172.

[3] Guzman-Ramirez, E., Garcia, I. A., “Using the Project-Based Learning Approach for Incorporating an FPGA-based
Integrated Hardware/Software Tool for Implementing and Evaluating Image Processing Algorithms into Graduate
Level Courses”, Computer Applications in Engineering Education. 2013; 21(S1); E73-E88.

[4] Kumar, A., Fernando, S., and Panicker, R.C., “Project-based Learning in Embedded Systems Education using an
FPGA Platform”, IEEE Transactions on Education. 2013; 56(4); 407-415.

[5] Cifredo-Chacon, M., Quir6s-Olozabal, A., Guerrero-Rodriguez, J. M., “Computer Architecture and FPGAs: a
learning-by-doing Methodology for digital-native Students: Computer Architecture and FPGAs”, Computer
Applications in Engineering Education. 2015; 23(3); 464-470.

[6] Lewotsky, K. PLCS, PACS, PCs, FPGAs: Decoding the Differences. http://www.motioncontrolonline.org/

[7] OPTO-22 website http://www.opto22.com/site/pacsvsothertech.aspx

[8] Programmable Controllers: An Engineers Guide, Parr, E. 2003, Oxford, Burlington, MA.

[9] Programmable Logic Controllers: Industrial Control, D. Khaled and E. Kamel, , 2014McGraw-Hill Education,
New York

[10] Zhang, Li. Applications of PAC in control system at Xeigiao new coal prepartaion plant. Coal Preperation
Technology, 2013; 3; 80-81.

[11] Zhang, X. D., “Tide Simulation System Based on PAC”, Modern Electronic Technique. 2008; 21(11); 113-116.

[12] Zhu, H. Benlei, L., Bolin, D., Xiao, F., “Research on FPGA-based Programmable Logic Controllers’ technology”,
TELKOMNIKA Indonesian Journal of Electrical Engineering. 2013; 11(12); 7655-7663.

[13] Chen, Y., Liu, Y., Zhang, Z. Design and implementaion of elevator control system based on FPGA. Journal of
Henan Institute of Science and Technology. 2014; 42(03); 65-71.

[14] Gupta, S., “PLC Based multi-floor Elevator System”, International Journal of Robotics and Automation. 2015;
4(3).

[15] Ma, Y. Y., Wang, Feng-Yu, LV, Wang, G.J., “PLC Elevator Control System Based on PWM Speed Control”,
Journal of Guanxi Academy of Sciences. 2012; 28(01); 59-61.

[16] Najjari, B., Barakati, S. M., Mohammadi, A., Fotuhi, M. J., Farahat, S., Bostanian, M., “Modeling and Controller
Design of Electro-Pneumatic Actuator Based on PWM?”, International Journal of Robotics and Automation. 2012;
1(3); 125-136.

[17] Samanta, A., Dutta, A., “A Noble Approach of Process Automation in Galvanized Nut, Bolt Manufacturing
Industry”, International Journal of Robotics and Automation. 2012; 1(2);113-124.

[18] User manual for OPTO-22 PAC Learning Center, 2010, www.opto-22.com

[19] Wells, T., DeVost, M., Anderson, K.R., “Using OPTO22 PAC Learning System in the Mechanical Engineering
Design of Machine Controls Laboratory”, Proceedings of the 2012 ASEE PSW Section Conference, San Luis
Obispo, 2012.

[20] Sun Equipment Co. CML 61-600 Unit, , http://www.sunequipco.com/Mechatronic/INDEX.HTM

Programmable Automation Controller Mechatronic Experiment (Thomas Gross)



48 a ISSN: 2089-4856

BIOGRAPHIES OF AUTHORS

Thomas Gross is an HVAC&R Engineer at ACCO Engineered Systems and is a mechanical
engineering research assistant at California State Polytechnic University, Pomona. Mr. Gross
obtained his bachelor’s degree in Mechanical Engineering from the California State Polytechnic
University, Pomona. Mr. Gross’ previous research has centered on heat exchangers and Energy
modeling resulting in publications in the International Journal of Thermal Engineering, the
Journal of Thermal Engineering and Application, and the International Journal of Energy and
Environment. His research interests are in heat transfer, thermodynamics, transport phenomena,
CFD, energy generation and control systems. He has an E.1.T. license in the state of California.

Dr. Kevin Anderson is a Professor of Mechanical Engineering and Director of the Machine
Controls Laboratory at California State Polytechnic University. Dr. Anderson holds over 20
years of private industry experience, and has published 30 peer reviewed journal articles, and
over 50 conference proceedings. Dr. Anderson is a modern day renaissance man as he
continually teaches a wide variety of courses and laboratories including Machine Design,
Control Systems, System Dynamics, Thermal Systems Design, Heat Transfer, Solar Thermal
Engineering, Renewable Energy, Engineering Measurements, Mechanical Vibrations, Fluid
Mechanics, Computer Programming and Engineering Mathematical Analysis. Dr. Anderson also
holds an active Mechanical Engineering P.E. license. E-mail: kranderson1@cpp.edu

Dr. Nolan Tsuchiya is an Assistant Professor of Mechanical Engineering at California State
Polytechnic University, Pomona. Dr. Tsuchiya obtained his Ph.D. from University of California
Los Angeles (UCLA in the area of Dynamic Systems and Control). Dr. Tsuchiya teaches
Controls Engineering, System Dynamics, and Computer Programming courses using
MATLAB/SIMULINK at California State Polytechnic University, Pomona. He is currently the
advisor for the CPP Hyperloop team, and a co-advisor for the CPP ASHRAE club. He holds an
active California PE license.

IJRA Vol. 6, No. 1, March 2017 : 39 -48



