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    CHAPTER TWO  

Chapter Highlights                                                                    
        Every aspect of industry—from power generation to automobile painting to food packaging—uses programmable controllers to expand and enhance production. In this book, you will learn about all aspects of these powerful and versatile tools. This chapter will introduce you to the basics of programmable controllers—from their operation to their vast range of applications. In it, we will give you an inside look at the design philosophy behind their creation, along with a brief history of their evolution. We will also compare programmable controllers to other types of controls to highlight the benefits and drawbacks of each, as well as pinpoint situations where PLCs work best. When you finish this chapter, you will understand the fundamentals of programmable controllers and be ready to explore the number systems associated with them.

                                                                                 Definition     2-1-
  Programmable logic controllers, also called programmable controllers or PLCs, are solid-state members of the computer family, using integrated circuits instead of electromechanical devices to implement control functions. They  are  capable  of  storing  instructions,  such  as  sequencing,  timing, counting, arithmetic, data manipulation, and communication, to control industrial  machines  and  processes.  Figure 2-1 illustrates a conceptual diagram of a PLC application.
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Fig. 2-1: PLC conceptual application diagram.
Programmable controllers have many definitions. However, PLCs can be thought of in simple terms as industrial computers with specially designed architecture in both their central units (the PLC itself) and their interfacing circuitry to field devices (input/output connections to the real world).                                 
                                                                                                        As you will see throughout this book, programmable logic controllers are mature industrial controllers with their design roots based on the principles of simplicity and practical application.                                                                                    
2-2- A historical Background         

The Hydramatic Division of the General Motors Corporation specified the design criteria for the first programmable controller in 1968. Their primary goal was to eliminate the high costs associated with inflexible, relay- controlled systems. The specifications required a solid-state 
System with computer flexibility able to (1) survive in an   industrial   environment, (2) be   easily programmed maintained by plant engineers and technicians, and (3) be reusable. Such a control system would reduce machine downtime and provide expandability for the future. Some of the initial specifications included the following:
•     The new control system had to be price competitive with the         use of relay systems
•     The system had to be capable of sustaining an industrial                   environment.
•     The input and output interfaces had to be easily replaceable. 
•     The controller had to be designed in modular form, so that 
       Subassemblies could be removed easily for replacement or                 repair.
•     The control system needed the capability to pass data                     collection to a central system.
•     The system had to be reusable.
•     The method used to program the controller had to be simple,
       So that it could be easily understood by plant personnel.
2-2-1- The First Programmable Controller:        
The product implementation to satisfy Hydrometrics' specifications was underway in 1968; and by 1969, the programmable controller had its first product off spring. These early controllers met the original specifications and opened the door to the development of a new control technology.

The  first  PLCs  offered  relay  functionality,  thus  replacing  the  original hardwired relay logic, which used electrically operated devices to mechanically switch electrical 
Circuits. They met the requirements of modularity, expandability, programmability, and ease of use in an industrial 
Environment. These controllers were easily installed, used less space, and were reusable the controller programming, although 
 A little tedious, had a recognizable plant   standard: the ladder    diagram format. In a short period, programmable controller use started to spread to other industries. By 1971, PLCs were being used to provide relay replacement as the first steps toward control automation in other industries, such as food and beverage, metals, manufacturing, and pulp and paper.
2-2-2- The Conceptual Design of the PLC:
                                                                                                                                             The first programmable controllers were more or less just    relay replaces. Their primary function was to perform the sequential operations that were previously implemented with relays. These operations included ON/OFF control of machines and processes that required repetitive operations, such as transfer lines and grinding and boring machines.  However, these programmable controllers were a vast improvement over relays. They were easily installed, used considerably less space and energy, had diagnostic indicators that aided troubleshooting, and unlike relays, were reusable if a project was scrapped.                                                                                                                                                                                                                              Programmable controllers can be considered newcomers when they are compared to their elder predecessors in traditional control equipment technology, such as old hardwired relay systems, analog instrumentation, and other types of early solid-state logic. Although PLC functions, such as speed of operation, types of interfaces, and data-processing capabilities, have improved throughout the years, their specifications still      

Hold to the designers’ original intentions they are simple to use and maintain.                                                                                                                               

2-2-3- Today's Programmable Controllers: 
Many technological advances in the programmable controller industry continue today. These advances not only affect programmable controller design, but also the philosophical approach to control system architecture. Changes include both hardware (physical components) and software (con- trol program) upgrades. The following list describes some recent PLC hardware enhancements:

- Faster scan times are being achieved using new, advanced    micro processor and electronic technology.

-Small, low-cost PLCs (see Figure 2-2), which can replace        four to ten relays, now have more power than their                        predecessor, the simple relay replacer.  

  - High-density input/output (I/O) systems (see Figure 2-3)    provide space-efficient interfaces at low cost.

-Intelligent, microprocessor-based I/O interfaces have               expanded distributed processing. Typical interfaces                   include PID (proportional- integral-derivative), network,            CAN bus, field bus, ASCII communication positioning, host         computer, and language modules (e.g., BASIC; Pascal).

 - Mechanical design improvements have included rugged             input/output enclosures and input/output systems that have          made   the terminal an integral unit.
 - Special interfaces have allowed certain devices to be            connected directly to the controller. Typical interfaces                  include thermocouples, strain gauges, and fast-response              inputs.
   -Peripheral equipment has improved operator interface                 techniques, and system documentation is now a standard             part of the system.
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Fig.2-2: small plc with built-                    Fig.2-3: PLC system with  

In (I / O) and detachable;                         high-density (I/O)                            
Handheld programming unit                    (64-point modules).                     
All of these hardware enhancements have led to the programmable controller families like the one shown in Figure 2-4. These families  consist  of  a  product  line  that  ranges  from  very  small" microcontrollers,” with  as  few  as  10  I/O  points,  to  very  large  and sophisticated PLCs, as many as 8,000 I/O points and 128,000 words of memory.  These family members, using common I/O systems and programming peripherals, can interface to a local communication network. The family concept is an important cost-saving development for users. 
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Fig. 2-4: Allen-Bradley’s programmable controller family concept with several PLCs
Like hardware advances, software advances, such as the ones     listed below, have led to more powerful PLCs:                                                                                                                            

•     PLCs have incorporated object-oriented programming               tools and multiple languages based on the IEC 1131-3                standard.

•     Small PLCs have been provided with powerful instructions,          which extend the area of application for these small                      controllers
•     High-level languages, such as BASIC and C, have been                    implemented in some controllers’ modules to provide                greater programming flexibility when communicating                 with peripheral devices and manipulating data.

•     Advanced functional block instructions have been                           implemented for ladder diagram instruction sets to provide            enhanced software capability using simple programming             commands.
•     Diagnostics and fault detection have been expanded from          simple system  diagnostics,  which  diagnose  controller             malfunctions,  to include  machine  diagnostics,  which        diagnose  failures  or malfunctions of the controlled                  machine or process.
•     Floating-point math has made it possible to perform complex          calculations in control applications that require gauging,            balancing, and statistical computation.

•     Data handling and manipulation instructions have been                     improved and simplified to accommodate complex                    control and data acquisition applications that involve                storage, tracking, and retrieval of large amounts of data.
Programmable controllers are now mature control systems offering many more capabilities than were ever anticipated.  They are capable of communicating with other control systems, providing production reports, scheduling production, and diagnosing their own failures and those of the machine or process.  These enhancements have made programmable controllers important contributors in meeting today’s demands for higher quality and productivity. Despite the fact that programmable controllers have become much more sophisticated, they still retain the simplicity and ease of operation that was intended in their original design.

2-2-4- Programmable Controllers and Future:
The future of programmable controllers relies not only on the continuation of new product developments, but also on the integration of PLCs with other control and factory management equipment. PLCs are being incorporated, through networks, into computer-integrated manufacturing (CIM) systems, combining their power and resources with numerical controls, robots, CAD/ CAM systems, personal computers, management information systems, and hierarchical computer-based systems. There is no doubt that programmable controllers will play a substantial role in the factory of the future.
New advances in PLC technology include features such as better operator interfaces, graphic user interfaces (GUIs), and more human-oriented man/ machine interface (such as voice modules).  They  also  include  the development  of  interfaces  that  allow  communication  with  equipment, hardware, and software that supports artificial intelligence, such as fuzzy logic I/O systems.
Software advances provide better connections between different types of equipment, using communication standards through widely used networks. New PLC instructions are developed out of the need to add intelligence to a controller. Knowledge-based and process learning–type instructions may be introduced to enhance the capabilities of a system.
The user’s concept of the flexible manufacturing system (FMS) will determine the control philosophy of the future. The future will almost certainly continue to cast programmable controllers as an important player in the factory. Control 
Strategies will be distributed with “intelligence” instead of being centralized. Super PLCs will be used in applications requiring complex calculations, network communication, and supervision of smaller PLCs and machine controllers.                                                                                                                     

2-3 Principle of Operation:

       A programmable controller, as illustrated in Figure 2-5, consists of Basic section 
             .     The central processing unit     
             .     The input/output interface system
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              Fig. 2-5: Programmable controller block diagram
The central processing unit (CPU) governs all PLC activities. The following three components, shown in Figure 2-6, form the CPU:                                                                                                      
                                                                                                    .The processor                                                                              
      .The memory system                                                               
      .The system power supply
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Fig. 2-6: Block diagram of major cup components          
The operation of a programmable controller is relatively simple   the input/ output (I/O) system is physically connected to the field devices that are encountered in the machine or that are used in the control of a process. These field devices may be discrete or analog input/output devices, such as limit switches, pressure transducers, push buttons, motor starters, solenoids, etc. The I/O interfaces provide the connection between the CPU and the information providers (inputs) and controllable devices (outputs).                                                                    
                                                                                                  During its operation, the CPU completes three processes:
1. It reads, or accepts, the input data from the field devices via the input interfaces.

2. It executes, or performs, the control program stored in the memory system.
3. It writes, or updates, the output devices via the output interfaces.
This process of sequentially reading the inputs, executing the program in memory, and updating the outputs is known as 
Scanning. Figure 2-7 illustrates a graphic representation of a scan.
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Fig.2-7: Illustration of a scan                     
The input/output system forms the interface by which field devices are connected to the controller (see Figure 2-8). The main purpose of the interface is to condition the various signals received from or sent to external field devices. Incoming signals from sensors (e.g., push buttons, limit switches, analog sensors, selector switches, and thumbwheel switches) are wired to terminals on the input interfaces. Devices that will be controlled, like motor starters, solenoid valves, pilot lights, and position valves, are connected to the terminals of the output interfaces. The system power supply provides all the voltages required for the proper operation of the various central processing unit sections.  
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Fig. 2-8.I/O interface
Although not generally considered a part of the controller, the programming device, usually a personal computer or a manufacturer’s miniprogrammer unit is required to enter the control program into memory (see Figure 2-9). The programming device must be connected to the controller when entering or monitoring the control program.
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Fig. 2-9:(a) Personal computer used as a programming device                                 and (b) a mini- programmer unit:
2-4- PLC Versus other types of controls
2-4-1- PLCs Versus Relay Control:
For  years,  the  question  many  engineers,  plant  managers,  and  original equipment  manufacturers  (OEMs)  asked  was,  “Should  I  be  using  a programmable controller?” 
At one time, much of a systems engineer’s time was spent trying to determine the cost-effectiveness of a PLC over relay control. Even today, many control system designers still think that they are faced with this decision. One thing, however, is certain—today’s demand for high quality and productivity can hardly be fulfilled economically without electronic control equipment. With rapid technology developments and increasing competition, the cost of programmable controls has been driven down to the point where a PLC-versus-relay cost study is no longer necessary or valid. Programmable controller applications can now be evaluated on their own merits 
When deciding whether to use a PLC-based system or a hardwired relay system, the designer must ask several questions. Some of these questions are:

•     Is there a need for flexibility in control logic changes?

•     Is there a need for high reliability?

•     Are space requirements important?

•     Are increased capability and output required?

•     Are there data collection requirements?
•     Will there be frequent control logic changes?

•     Will there be a need for rapid modification?

         •     Must similar control logic be used on different                              machines?   
•     Is there a need for future growth?

•     What are the overall costs?
The merits of PLC systems make them especially suitable for applications in which the requirements listed above are particularly important for the economic viability of the machine or process operation. A case which speaks for itself, the system shown in Figure 2-10, shows why programmable controllers are easily favored Over relays. The implementation of this system using electromechanical standard and timing relays would have made this control panel a maze of large bundles of wires and interconnections. 
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Fig. 2-10. The uncluttered control panel of an                                             installed PLC system.

If system requirements call for flexibility or future growth, a programmable controller brings returns that outweigh any initial cost advantage of a relay control system. Even in a case where no flexibility or future expansion is required, a large system can benefit tremendously from the troubleshooting and maintenance aids provided by a PLC. The extremely short cycle (scan) time of a PLC allows the productivity of machines that were previously under electromechanical control to increase considerably. Also, although relay control may cost less initially, this advantage is lost if production downtime due To failures is high. 
2-4-2- PLCs Versus Computer Controls:     

The architecture of a PLC’s CPU is basically the same as that of a general purpose computer; however, some important characteristics set them apart. First, unlike computers, PLCs are specifically designed to survive the harsh conditions of the industrial environment. A well-designed PLC can be placed in an area with substantial amounts of electrical noise, electromagnetic interference, mechanical vibration, and no condensing humidity.

A second distinction of PLCs is that their hardware and software are designed for easy use by plant electricians and technicians. The hardware interfaces for connecting field devices are actually part of the PLC itself and are easily connected. The modular and self-diagnosing interface circuits are able to pinpoint malfunctions and, moreover, are easily removed and replaced. Also, the software programming uses conventional relay ladder symbols, or other easily learned languages, which are familiar to plant personnel.

Whereas computers are complex computing machines capable of executing several programs or tasks simultaneously and in any order, the standard PLC executes a single program in an orderly, sequential fashion from first to last instruction. Bear in mind, however, that PLCs as a system continue to become more intelligent. Complex PLC systems now provide multiprocessor and multitasking capabilities, where one PLC may control several programs in a single CPU enclosure with several processors (see Figure 2-11).



Fig. 2-1:  PLC system with multiprocessing and                                 multitasking capabilities.

2-4-3- PLCs Versus Personal Computer:
With the proliferation of the personal computer (PC), many engineers have found that the personal computer is not a direct competitor of the PLC in control applications. Rather, it is an ally in the implementation of the control solution. The personal computer and the PLC possess similar CPU architec- true; however, they distinctively differ in the way they connect field devices.While new, rugged, industrial personal computers can sometimes sustain midrange industrial environments,                                                                                                                    
Their interconnection to field devices still presents difficulties. These computers must communicate with I/O interfaces not necessarily designed for them, and their programming languages may not meet the standards of ladder diagram programming. This presents a problem to people familiar with the ladder diagram standard when troubleshooting and making changes to the system.
The personal computer is, however, being used as the programming device of choice for PLCs in the market, where PLC manufacturers and third-party PLC support developers come up with programming and documentation systems for their PLC product lines. Personal computers are also being employed to gather process data from PLCs and to display information about the process or machine (i.e., they are being used as graphic user interfaces, or GUIs).  Because of their number-crunching capabilities, personal computers are also well suited to complement programmable controllers and to bridge the communication gap, through a network; between a PLC system and other mainframe computers (see Figure 2-12).
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Fig, 2-12: A personal computer used as a bridge between a                      PLC system and a main computer system.
Some control software manufacturers, however, utilize PCs as CPU hardware to implement a PLC-like environment. The language they use is based on the International Electrotechnical Commission (IEC) 1131-3 standard, which is a graphic representation language (sequential function charts) that includes ladder diagrams, functional blocks, instruction lists, and structured text. These software manufacturers generally do not provide I/O hardware interfaces; but with the use of internal PC communication cards, these systems can communicate with other PLC manufacturers’ I/O hardware modules.  
2-5 PLCs Product Application Ranges:

       Figure 2-13 graphically illustrates programmable controller product ranges. This chart is not definitive, but for practical purposes, it is valid. The PLC market can be segmented into five groups:
1.   Micro PLCs

2.   Small PLCs

3.   Medium PLCs

4.   Large PLCs

5.   Very large PLCs
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Fig. 2-13. PLC product ranges.

Micro PLCs are used in applications controlling up to 32 input and output devices, 20 or less I/O being the norm. The micros are followed by the small PLC category, which controls 32 to 128 I/O. The medium (64 to 1024 I/O), large (512 to 4096 I/O), and very large (2048 to 8192 I/O) PLCs complete the segmentation. Figure (2-14) shows several PLCs that fall into this category classification.

The A, B, and C overlapping areas in Figure 2-13 reflect enhancements, by adding options, of the standard features of the PLCs within a particular segment. These options allow a product to be closely matched to the application without having to purchase the next larger unit. 
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Figure 2-14. (a) Mitsubishi’s smallest print size PLC (14 I/O), (b) PLC Direct DL105  with 18 I/O and a capacity of 6 amps per output channel, (c) Giddings& Lewis PIC90 capable of handling 128 I/O with motion control capabilities, (d) Allen-Bradley’s PLC 5/15 (512 I/O), (e) Omron’s C200H PLC (1392 I/O), and (f) Allen-Bradley’s PLC 5/80   (3072 I/O).
2-6 -Advantages of  PLCs:
In general, PLC architecture is modular and flexible, allowing hardware and software elements to expand as the application requirements change. In the event that an application outgrows the limitations of the programmable controller, the unit can be easily replaced with a unit having greater memory and I/O capacity, and the old hardware can be reused for a smaller application. A PLC system provides many benefits to control solutions, from reliability and repeatability to programmability. The benefits achieved with program- Mable controllers will grow with the individual using them—the more you learn about PLCs, the more you will be able to solve other control problems.
Table 2-1 lists some of the many features and benefits obtained with a programmable controller. Without question, the “programmable” feature provides the single greatest benefit for the use and installation of programmable controllers. Eliminating hardwired control in favor of programmable control is the first step towards achieving a flexible control system. Once installed, the control plan can be manually or automatically altered to meet day-to-day control requirements without changing the field wiring. This easy alteration is possible since there are no physical connections between the field input devices and output devices (see Figure 2-18), as in hardwired systems. The only connection is through the control program, which can be easily altered.
	Inherent Features
	Benefits

	-Solid-state components
-Programmable memory         
-Small size

-Microprocessor-based

-Software timers/counters

-Software control relays

-Modular architecture

-Variety of I/O interfaces

-Remote of i/o station

-Diagnostic indicators

-Modular I/O interface

-Quick I/O disconnects



-System variables

-stored in memory data


	• High reliability

• Simplifies changes

• Flexible control

• Minimal space requirements

•Communication capability 

• Higher level of performance
• Higher quality products
• Multifunctional capability
• Eliminate hardware

• Easily changed presets
• Reduce hardware/wiring cost

• Reduce space requirements

• Installation flexibility

• Easily installed
• Reduces hardware cost

• Expandability

• Controls a variety of devices

• Eliminates customized control

• Eliminate long wire/conduit        runs

• Reduce troubleshooting time

• Signal proper operation

• Neat appearance of control       panel

• Easily maintained

• Easily wired

• Service without disturbing         wiring

• Useful management/maintenance

• Can be output in report       form


Table 2-1. Typical programmable controller features and benefits
Without question, the “programmable” feature provides the single greatest benefit for the use and installation of programmable controllers. Eliminating hardwired control in favor of programmable control is the first step towards achieving a flexible control system. Once installed, the control plan can be manually or automatically altered to meet day-to-day control requirements without changing the field wiring. This easy alteration is possible since there are no physical connections between the field input devices and output devices (see Figure2-15), as in hardwired systems. The only connection is through the control program, which can be easily altered.
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Fig. 2-15: Programmable controller I/O connection diagram                            showing no physical connections between the inputs                                  and outputs.
A typical example of the benefits of softwiring is a solenoid that is controlled by two limit switches connected in series (see Figure 2-16a). Changing the solenoid operation by placing the two limit switches in parallel (see Figure 2-16b) or by adding a third switch to the existing circuit (see Figure 2-16c) would take less than one minute in a PLC. In most cases, this simple program change can be made without shutting down the system. This same change to a hardwired system could take as much as thirty to sixty minutes of downtime, and even a half hour of downtime can mean a costly loss of production. A similar Situation exists if there is a need to change a timer preset value or some other constant.
A software timer in a PLC can be changed in as little as five seconds. A set of thumbwheel switches and a push button can be easily configured to input new preset values to any number of software timers. The time savings benefit of altering software timers, as opposed to altering several hardware timers, is obvious.
The hardware features of programmable controllers provide similar flexibility and cost savings. An intelligent CPU is capable of communicating with other intelligent devices. This capability allows the controller to be integrated into local or plant wide control schemes. With such a control configuration, a PLC can send useful English messages regarding the controlled system to an intelligent display. On the other hand, a PLC can receive supervisory information, such as production changes or scheduling information, from a host computer. A standard I/O system includes a variety of digital, analog, and special interface modules, which allow sophisticated control without the use of expensive, customized interface electronics.
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Fig. 2-16:. Example of hardwiring changes as opposed to                                            soft wiring changes.

2-6-1- Ease of Installation:
Several attribute make PLC installation an easy, cost-effective project. Its relatively small size allows a PLC to be conveniently located in less than half the space required by an equivalent relay control panel (see Figure 2-17). On a small-scale changeover from relays, a PLC’s small, modular construction allows it to be mounted in the same enclosure where the relays were located. 
Actual changeover can be made quickly by simply connecting the input/ output devices to the prewired terminal strips.
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Fig. 2-17: Space-efficient design of a PLC
In large installations, remote input/output stations are placed at optimum locations (see Figure 2-18). A coaxial cable or a twisted pair of wires connects the remote station to the CPU. This configuration results in a considerable reduction in material and labor costs as compared to a hardwired system, which would involve running multiple wires and installing large conduits. The remote subsystem approach also means that various sections of a total system can be completely prewired by an OEM or PLC vendor prior to reaching the installation site. This approach considerably reduces the time spent by an electrician during an on-site installation.
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                    Fig. 2-18: Remote I/O station installation

2-6-2- Ease of Maintenance and Troubleshooting:                                                                                                                                                                                                               
From the beginning, programmable controllers have been designed with ease of maintenance in mind. With virtually all components being solid-state, maintenance is reduced to the replacement of modular, plug-in components. Fault detection circuits and diagnostic indicators (see Figure 2-19), incorpo- rated in each major component, signal whether the component is working properly or malfunctioning. In fact, most failures associated with a PLC- based system stem from failures directly related to the field input/output devices, rather than the PLC’s CPU or I/O interface system (see Figure 2-20). However, the monitoring capability of a PLC system can easily detect and correct these field device failures.
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Fig. 2-19: (a) A PLC processor and (b) an intelligent                              module containing several status indicators
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    Fig. 2-20: Failures in a PLC-based system.
With the aid of the programming device, any programmed logic can be viewed to see if inputs or outputs are ON or OFF (see Figure 2-21). Programmed instructions can also be written to enunciate certain failures.
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Fig. 2-21: A programming device being used to monitor                                       inputs and outputs, with highlighted contacts                                     indicating an ON condition.

These and several other attributes of the PLC make it a valuable part of any control system. Once installed, its contribution will be quickly noticed and payback will be readily realized. The potential benefits of the PLC, like any intelligent device, will depend on the creativity with which it is applied.

It is obvious from the preceding discussion that the potential benefits of applying programmable controllers in an industrial application are substantial. The bottom line is that, through the use of programmable controllers, users will achieve high performance and reliability, resulting in higher quality at a reduced cost.
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