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Module IV
Micro Electromechanical System
MEMS = MicroElectroMechanical System
 Micro establishes a “dimensional scale”
 Electro suggests either “electricity or electronics (or both)
 Mechanical suggests “moving parts of some kind”
 Any engineering system that performs electrical and mechanical functions with components in
micrometres is a MEMS. (1 μm = 1/10 of human hair)
 MEMS = a pioneer technology for Miniaturization
 Micro-Electro-Mechanical Systems (MEMS) is the integration of mechanical elements,
sensors, actuators, and electronics on a common silicon substrate through micro fabrication
technology.
 A technology to create any integrated devices or systems that combine mechanical and
electrical components. These devices have the ability to sense, control and actuate on a micro
scale and generate effects on macro scale.
 A system or a device that has static and movable components with some dimension on the scale
of micron.
 By combining IC’s with mechanical parts, MEMS are complete systems on a chip.
 MEMS is miniaturing of Electrical and Mechanical Systems.
 Electromechanical Devices on the Micron to Millimeter scale known as Micro Mechanical
Systems (MEMS
 MEMS Passive devices: Transmission lines, filters, couplers
 Active devices: Switches, tuners and variable capacitors.
Segments (Parts/Blocks) / Major constituents in a typical MEMS
Micro Sensors + Micro Processors + Micro Actuators = MEMS







Micro Sensors: Senses the change experienced by the system like change in pressure, change
in velocity,
acceleration etc.
Micro Signal Conditioning and Processing Unit: Processes and conditions the input and gives
a suitable output involves microelectronic circuits.
Micro Actuator: Senses the signal output from microprocessor and gives a mechanical output
Interface: Interfaces at the input and output
Power supply: To energize the system.

Why MEMS is useful?











Micro Electro Mechanical Systems are physically small; this is the reason why MEMS is useful.
MEMS sensors interfere less with the environment and they sense the signals better than larger
devices.
The motion of the MEMS actuators is very precise.
MEMS devices can also be placed in small spaces such as inside automobile engines, small
appliances, and living organisms to measure the various parameters.
MEMS devices offer tight integration of electronics with mechanical components, which results
in very in very low power consumption and fast response times.
Cost Savings: MEMS devices are fabricated using micro-machining process. Therefore, the
efficiencies and economies of scale that the semiconductor industry has enjoyed is leveraged
to fabricate MEMS devices as well. In addition, MEMS devices do not require any assembly;
all components are manufactured in their assembled positions.
Reliability and Redundancy: MEMS devices are less susceptible to the wear and tear that is
experienced by macro devices. MEMS devices are manufactured in large numbers on a single
silicon wafer. Several MEMS components can be used to provide redundancy for critical
applications. Therefore, when a single MEMS device fails, the overall performance of the
system may only degrade slightly, instead of experiencing a complete failure.
Performance: MEMS devices offer much better performance: energy consumption ratios.
Precision control/actuation is possible with MEMS devices.

Comparison of Microelectronics and Microsystems



Microsystems are “very small systems” or “systems made of very small components”.



MEMS involve both electronic and non-electronic components and perform functions that can
include signal acquisition (sensing), signal processing, actuation, display and control. MEMS
involve large arrays of micro fabricated elements
MEMS also have important system issues such as packaging, system partitioning into
components, calibration, signal to noise ratio, stability and reliability.



Available MEMS products include:






Micro sensors (acoustic wave, biomedical, chemical, inertia, optical, pressure, radiation,
thermal, etc.)
Micro actuators (valves, pumps and microfluidics; electrical and optical relays and switches;
grippers, tweezers and tongs; linear and rotary motors, etc.)
Read/write heads in computer storage systems.
Inkjet printer heads.
Micro device components (e.g., palm-top reconnaissance aircrafts, mini robots and toys, micro
surgical and mobile telecom equipment, etc.)

Applications of MEMS
a. Safety:






Air bag deployment system
Antilock braking systems (position sensor)
Suspension systems (displacement, position and pressure sensors, microvalves.)
Object avoidance (pressure and displacement sensor)
Navigation (micro-gyroscope)

b. Sensors used in engine and power train


MAP- Manifold control with pressure sensor: This measures the engine speed in rpm to
determine the ignition advance. This ignition timing, with optimum air/fuel ratio can optimize
the power performance of the engine with low emission.

c. Sensors used in Engines






Air flow control
Exhaust gas analysis and control
Crankshaft positioning
Fuel pump pressure and fuel injection control
Pressure control

d. Comfort and convenience






Seat control
Security - (remote status monitoring and access control sensors)
Sensor for Defogging of wind shield
Satellite navigation sensors
Rider’s comfort- sensors for air quality, air flow, temperature and humidity control

e. Vehicle diagnostics







Engine coolant temperature and quality
Engine oil pressure, level, quality.
Tire pressure
Brake oil pressure
Fuel pressure
Transmission fluid

f. Application of MEMS in bio medical industry









Disposable blood pressure transducer(DPT)
Angioplasty pressure sensor: To monitor the pressure inside the balloon once it is inside the
blood vessel.
Catheter tip pressure sensor
Sphygmomanometers
Respirators and Lung capacity meters
Barometric correction instrumentation
Medical process monitoring (drug production by growth of bacteria)
Kidney dialysis equipment

g. Applications of MEMS in automobiles






To make automobiles safer and more comfortable for the riders and to meet the high fuel
efficiency and low emission standards required by the government.
Make the automobiles smarter for the consumers’ needs.
Smart means with various sensors
Detect the environment / road conditions
Micro-sensors and actuators allow the makers to use smaller devices in effective ways
 Temperature manifold absolute pressure sensor
 Exhaust gas differential pressure sensor
 Fuel rail pressure sensor
 Barometric pressure sensor
 Combustion sensor
 Gasoline direct injection pressure sensor
 Fuel tank evaporative fuel pressure sensor
 Engine oil sensor
 Transmission sensor
 Tire pressure sensor.

MEMS as Microsensors
Sensor is a device converts one form of energy into another form of energy and provides the user with
a usable energy output in response to a specific measurable input.

Basic components of microsensors are microsensing element, transduction element and power
supply (if needed). Microsensing element senses the physical quantity of interest. It can be pressure,
force, temperature or any other quantity. Transduction element converts the sensed physical quantity
into equivalent electrical quantity, usually current or voltage. In some sensors, external power supply
may be needed for the sensing element as well as the transduction element.
Example: Pressure Sensor- The input pressure is sensed by silicon diaphragm- Micro-sensing device.
The deflection of diaphragm is converted into resistance by piezo-resistor. Change in resistance is
converted into change in voltage- Transduction element.

Microsensors are expected to detect a variety of signals associated with:









Accelerations (velocity and forces),
Biological and biomedical
Chemical composition,
Forces (e.g., micro-accelerometers and gyroscopes)
Optical,
Pressure,
Thermal (temperatures)
Magnetic flux

Input samples may be: motion of a solid, pressurized liquids or gases, biological and chemical
substances.
Working Principles for Microsensors
Micro Sensors: Senses the change experienced by the system like change in pressure, change
in velocity, acceleration etc. It also senses the existence of chemical, physical or biological quantities
such as pressure, force, sound light, nuclear radiation, magnetic flux and chemical composition.
A smart sensor unit includes
• Automatic calibration,
• Interference signal reduction,
• Compensation for parasitic effects
• Offset correction and self-test
• Acoustic Wave Sensors

Example of MEMS acoustic wave sensor

Other types of microsensors are:

Microactuators
Microactuators are the micro devices which converts the electrical signal to a physical quantity to
produce an actuation.








Power supply: Electrical current or voltage
Transduction unit: To covert the appropriate form of power supply into the desired form of
actions of the actuating element
Actuating element: A material or component that moves with power supply
Output action: Usually in a prescribed motion
Due to the minute sizes, microactuators work on radically different principles than the
conventional electromagnetic means, such as solenoids and ac/dc motors.
Instead, electrostatic, thermal, piezoelectric and shape-memory alloys are extensively used in
microactuations.

Actuation Using Thermal Forces




Solids deform when they are subjected to a temperature change (ΔT)
A solid rod with a length L will extend its length by ΔL = αΔT, in which α = coefficient of
thermal expansion (CTE) – a material property.
These compound beams are commonly used as micro switches and relays in MEMS products

Actuation Using Shape Memory Alloys (SMA)





SMA are the materials that have a “memory” of their original geometry (shape) at a typically
elevated temperature of production.
These alloys are deformed into different geometry at typically room temperature.
The deformed SMA structures will return to their original shapes when they are heated to the
elevated temperature at their productions.
Ti-Ni is a common SMA

Actuation Using Electrostatic Forces:
Consists of electrodes separated by a dielectric material. The input voltage to the plates can result in
electrostatic forces that prompt relative motion of the plates. These motions are set to required actionsE.g.: Microgrippers.





Arrangement of the fingers are like comb. Two sets of comb architectures are arranged in such
a way that the fingers are inter-digital fashion.
While we apply the external force, the combs come closer and thereby the arms connected to
the combs come closer and work like a gripper.
Drastic reduction in required actuation voltage with increase of number of pairs of electrodes:

In this given figure above, a comb architecture with flexible beam is placed with another fixed
comb mechanism. While apply the external force the flexible comb mechanism moves in a horizontal
direction and thereby reducing the gap between inter digital electrodes This structure is called transverse
comb drive architecture.
Other types of microactuators are Micro motors, micro-valves, micro-pumps, Micro Heat Pipes,
Actuation Using Piezoelectric Crystals etc.

Microfabrication Technologies










There is no machine tool with today’s technology can produce any device or MEMS component
of the size in the micrometer scale (or in mm sizes).
The complex geometry of these minute MEMS components can only be produced by various
physical-chemical processes – the microfabrication techniques originally developed for
producing integrated circuit (IC) components.
For MEMS and microsystems components, the sizes are so small that no machine tools, e.g.
lathe, milling machine, drilling press, etc. can do the job.
There is simply no way one can even grip the work piece.
Consequently, radically different techniques, non-machine-tool techniques need to be used for
such purpose.
Most physical-chemical processes developed for “shaping” and fabricating ICs are adopted for
microsystems fabrications. This is the principal reason for using silicon and silicon compounds
for most MEMS and microsystems – because these are the materials used to produce ICs.
Two techniques: Bulk micromanufacturing and Surface micromachining

Virtual Instrumentation
























Instrument is a device which collect the data, analyse data and display Information.
E.g.: Transducer, Oscilloscopes, Digital Multi-meter
Virtual instrumentation is the use of customizable software and modular measurement
hardware to create user-defined measurement systems, called virtual instruments.
A virtual instrument (VI) is defined as an industry-standard computer equipped with
user friendly application software, cost-effective hardware and driver software that
together perform the functions of traditional instruments.
Simulated physical instruments are called virtual instruments (VIs). Virtual
instrumentation software based on user requirements defines general-purpose
measurement and control hardware functionality.
To test, control and design applications, making accurate analog and digital
measurements.
Traditional hardware instrumentation systems are made up of pre-defined hardware
components, such as digital multimeters and oscilloscopes that are completely specific
to their stimulus, analysis, or measurement function.
Because of their hard-coded function, these systems are more limited in their versatility
than virtual instrumentation systems.
The primary difference between hardware instrumentation and virtual instrumentation
is that software is used to replace a large amount of hardware.
The software enables complex and expensive hardware to be replaced by already
purchased computer hardware.
Using VI, can also control external hardware devices from desktop computer and for
displaying unit.
It extends to computerized systems for controlling processes based on data collected
and processed by a computerized instrumentation system.
Virtual instrumentation combines mainstream commercial technologies, such as the
PC, with flexible software and a wide variety of measurement and control hardware.
Engineers use virtual instrumentation to bring the power of flexible software and PC
technology to test, control and design applications making accurate analog and digital
measurements.
Engineers and scientists can create user-defined systems that meet their exact
application needs.
Industries with automated processes, such as chemical or manufacturing plants use
virtual instrumentation with the goal of improving system productivity, reliability,
safety, optimization and stability.
The front panel control function of the existing instrument is duplicated through the
computer interface.
The flexibility is possible as the capabilities of a virtual instrument depend very little
on dedicated hardware. A customer can use his own computer.
The application ranges from simple laboratory experiments to large automation
application.










The concept was born in late 1970s.
With virtual instrumentation, engineers and scientists reduce development time, design
higher quality products, and lower their design costs.
Virtual instrumentation is necessary because it is flexible.
It delivers instrumentation with the rapid adaptability required for today’s concept,
product and process design, development and delivery.
Virtual instruments are defined by the user while traditional instruments have fixed
vendor-defined functionality
Every virtual instrument consists of two parts—software and hardware.
A virtual instrument provides all the software and hardware needed to accomplish the
measurement or control task.
In addition, with a virtual instrument, engineers and scientists can customize the
acquisition, analysis, storage, sharing and presentation functionality using productive,
powerful software.

Historical Development






First Phase: Early pure Analog Measurement Devices such as oscilloscopes. They were
completely closed dedicated systems
Second Phase: Instruments started to digitalize measured signals allowing Digital Data
Acquisition and Processing Devices
Third Phase: Measurement Instruments became computer based. Digital processing
based on general purpose computing platform. Began to include interfaces that enabled
communication between the instrument and the computer.
Fourth Phase: Distributed virtual instrumentation

Components of Virtual Instrumentation
Virtual instrumentation combines productive software, modular I/O and scalable platforms.




Virtual instrumentation uses highly productive software.
Uses symbolic or graphical representations.













With the right software tool, engineers and scientists can efficiently create their own
applications by designing and integrating the routines that a particular process requires.
Can also create an appropriate user interface that best suits the purpose of the
application and those who will interact with it.
You can define how and when the application acquires data from the device, how it
processes, manipulates and stores the data, and how the results are presented to the user.
With powerful software, we can build intelligence and decision-making capabilities
into the instrument so that it adapts when measured signals change inadvertently or
when more or less processing power is required.
Another virtual instrumentation component is modular I/O, designed to be rapidly
combined in any order or quantity to ensure that virtual instrumentation can both
monitor and control any development aspect.
Using well-designed software drivers for modular I/O, engineers and scientists quickly
can access functions during concurrent operation.
The third virtual instrumentation element using commercial platforms, often enhanced
with accurate synchronization, ensures that virtual instrumentation takes advantage of
the very latest computer capabilities and data transfer technologies.
This element delivers virtual instrumentation on a long-term technology base that scales
with the high investments made in processors, buses and more.

Architecture of Virtual Instrumentation

A virtual instrument is composed of







Sensor Module,
Sensor Interface,
Information Systems Interface,
Processing Module,
Database Interface and
User Interface.

Sensor Module:




The sensor module detects physical signal and transforms into electrical form,
conditions the signal, and then into a digital form for further manipulation.
A sensor module principally consists of three main parts: the sensor, the signal
conditioning part, and the A/D converter
Once the data are in a digital form on a computer, they can be displayed, processed,
mixed, compared, stored in a database, or converted back to analog form for further
process control.

Sensor Interface:





Interfaces used for communication between sensor modules and the computer
Can be classified into wired and wireless.
Wired Interfaces are usually either standard parallel interfaces, like GPIB, SCSI,
System buses PCI eX(PXI), VME eX (VXI) or serial buses like RS232, USB interfaces.
Wireless interfaces are increasingly used because of convenience, typical interfaces
include 802.11 family of standards, Bluetooth or GPRS/GSM interface.

Processing Module:




Integration of Microprocessors allowed flexible implementation of sophisticated
processing functions.
Since the little dependency of VI’s on dedicated hardware, functionality & appearance
of VI may be completely changed utilizing various processing functions.
Processing functions used in Virtual Instrumentation may be classified as “Analytical
processing” and “Artificial Intelligence Techniques”.

Data Base & Information System Interface Modules:




Computerized instrumentation allows measured data to be stored for offline processing,
or to keep records.
Several currently available database technologies are Xtensible Markup Language
(XML) and SQL Server and Oracle.
Virtual instruments are increasingly integrated with other information systems, such as
real time alerts, and predictive warnings etc.

User Interface- Display & Control:





Terminal user interfaces, graphical user interfaces, multi-model user interfaces and
virtual & augmented reality interfaces.
An effective user interface for presentation and control of a virtual instrument affects
efficiency and precision of an operator do the measurements and facilitates to the result
interpretation.
The main application domain for this is Graphical user interfaces.

Traditional vs Virtual Instruments









A traditional instrument is designed to collect data from an environment, or from a unit
under test, and to display information to a user based on the collected data.
Such an instrument may employ a transducer to sense changes in a physical parameter
such as temperature or pressure, and to convert the sensed information into electrical
signals such as voltage or frequency variations.
The term “instrument” may also cover a physical or software device that performs an
analysis on data acquired from another instrument and then outputs the processed data
to display or recording means. This category of instruments includes oscilloscopes,
spectrum analyzers and digital millimetres.
A virtual instrument (VI) is defined as an industry-standard computer equipped with
user-friendly application software, cost-effective hardware and driver software that
together perform the functions of traditional instruments. Simulated physical
instruments are called virtual instruments (VIs).
Virtual instrumentation software based on user requirements defines general-purpose
measurement and control hardware functionality. With virtual instrumentation,
engineers and scientists reduce development time, design higher quality products, and
lower their design costs.

Advantages of Virtual Instruments











Improved Performance
Lower cost of instrumentation
Easy-to-use graphical interface
Portability between various computer platforms
Increase the utility of computer
Flexibility
Plug-In and Networked Hardware
The Costs of a Measurement Application
Minimizing Set-Up and Configuration Time Costs
Platform-Independent Nature

Disadvantages



Security: Sensitive information may be accessible to public users
Power Consumption: VI demands that many devices run simultaneously and can
consume a lot of power. Each computer will consume a large amount of power in
addition to any external hardware.

Graphical Programming and Textual Programming











Graphical programming is a visually-oriented approach to programming.
Graphical programming is easier and more intuitive to use than traditional textual
programming.
Textual programming requires the programmers to be reasonably proficient in the
programming language.
Non-programmers can easily learn the graphical approach faster at less amount of time.
The main advantage of textual languages like C is that they tend to have faster graphical
approach execution time and better performance than graphical programs.
Textual programming environments are typically used in determining high throughput
virtual instrumentation systems, such as manufacturing test systems.
Textual programming environments are popular and many engineers are trained to use
these standardized tools.
Graphical environments are better for nonprogrammers and useful for developing
virtual instruments quickly and need to be reconfigured rapidly.
Virtual instrumentation is not limited to graphical programming but can be
implemented using a conventional programming language.
The most important task is to understand how to use standard analysis packages that
can directly input data from the instruments and can be used to analyse, store and
present the information in a useful format. Irrespective of whether it is classical or
graphical environment any system with a graphical system design can be looked at as
being composed of two parts—the user interface and the underlying code. The code in
a conventional language like C comprises a number of routines while in the graphical
language G it is a collection of icons interconnected by multi-coloured lines.

Introduction to LabVIEW
























Laboratory Virtual Instrument Engineering Workbench (LabVIEW).
LabVIEW 1.0 was launched in 1986.
LabVIEW is a graphical programming language (G) that uses icons instead of lines of
text to create applications.
LabVIEW (Laboratory Virtual Instrument Engineering Workbench) is a graphical
programming environment which has become prevalent throughout research labs,
academia and industry.
It is a powerful and versatile analysis and instrumentation software system for
measurement and automation. Its graphical programming language called G
programming is performed using a graphical block diagram that compiles into machine
code and eliminates a lot of the syntactical details.
LabVIEW Programs are called Virtual Instruments (VIs) because their appearance and
operation imitate physical instruments like Oscilloscopes, Digital Multi-meter.
LabVIEW contains a set of VIs and functions for acquiring, analysing, displaying and
storing data.
Uses symbolic or graphical representations to speed up development.
Includes analysis functions for differential equations, optimization, curve fitting,
calculus, linear algebra, statistics and so on.
Includes the tools to present the data on the computers: Charts, Graphs, Tables, Gauges,
Meters, Tanks, 3D controls, 3D Graphs, Picture Control etc.
LabVIEW offers more flexibility than standard laboratory instruments because it is
software based.
Using LabVIEW, the user can originate exactly the type of virtual instrument needed
and programmers can easily view and modify data or control inputs.
LabVIEW programs are called virtual instruments (VIs), because their appearance and
operation imitate physical instruments like oscilloscopes.
LabVIEW is designed to facilitate data collection and analysis, as well as offers
numerous display options.
With data collection, analysis and display combined in a flexible programming
environment, the desktop computer functions as a dedicated measurement device.
LabVIEW contains a comprehensive set of VIs and functions for acquiring, analyzing,
displaying, and storing data, as well as tools to help you troubleshoot your code.
LabVIEW can communicate with hardware such as data acquisition, vision, and motion
control devices, and GPIB, PXI, VXI, RS-232, and RS-485 devices.
LabVIEW also has built-in features for connecting your application to the Web using
the LabVIEW Web Server and software standards such as TCP/IP networking and
ActiveX.
Using LabVIEW, you can create test and measurement, data acquisitions, instrument
control, data logging, measurement analysis, and report generation applications.
LabVIEW can command plug-in data acquisition, or DAQ, devices to acquire or
generate analog and digital signals






Using DAQ devices and LabVIEW, to monitor a temperature, send signals to an
external system, or determine the frequency of an unknown signal.
LabVIEW also facilitates data transfer over the General Purpose Interface Bus (GPIB),
or through your computer's built-in USB, Ethernet, Firm wire (also known as IEEE
1394), or serial port.
GPIB is frequently used to communicate with oscilloscopes, scanners, and multi
meters, and to drive instruments from remote locations.

LabVIEW Software
LabVIEW software consists of two parts: Front Panel and Block Diagram Panel
Front Panel



Controls = Inputs
Indicators = Outputs

Block Diagram
Accompanying “program” for front panel
Components “wired” together
LabVIEW Front Panel:







The front panel is the user interface of the VI.
Build with controls and indicators, which are the interactive input and output
terminals of the VI, respectively.
Controls are knobs, push buttons, dials, and other input devices.
Indicators are graphs, LEDs, and other displays.
Controls simulate instrument input devices and supply data to the block diagram of
the VI.
Indicators simulate instrument output devices and display data the block diagram
acquires or generates.

The front panel can include knobs, push buttons, graphs and various other controls (which are
user inputs) and indicators (which are program outputs).
Block Diagram










Every control or indicator on the front panel has a corresponding terminal on the block
diagram.
It contains terminals, nodes, wires etc.
Accompanying “program” for front panel. I.e., the programme for front panel is done
in the block diagram panel. Components are selected from the library and wired
together as per the requirement of the user.
Wires connect each of the nodes on the block diagram, including control and indicator
terminals, functions and structures.

Block diagram does NOT execute left to right
Node executes when data is available to ALL input terminals
Nodes supply data to all output terminals when done

Front Panel and Corresponding Block Diagram of LabVIEW

Front Panel

Block Diagram

Advantages of LabVIEW










Graphical user interface: Design professionals use the drag-and-drop user interface
library by interactively customizing the hundreds of built-in user objects on the controls
palette.
Drag-and-drop built-in functions: Thousands of built-in functions and IP including
analysis and I/O, from the functions palette to create applications easily.
Modular design and hierarchical design: Run modular LabVIEW VIs by themselves or
as subVIs and easily scale and modularize programs depending on the application.
Multiple high level development tools: Develop faster with application specific
development tools, including the LabVIEW Statechart Module, LabVIEW Control
Design and Simulation Module and LabVIEW FPGA Module.
Professional Development Tools: Manage large, professional applications and tightly
integrated project management tools; integrated graphical debugging tools; and
standardized source code control integration.
Multi platforms: The majority of computer systems use the Microsoft Windows
operating system. LabVIEW works on other platforms like Mac OS, Sun Solaris and
Linux. LabVIEW applications are portable across platforms.















Reduces cost and preserves investment: A single computer equipped with LabVIEW is
used for countless applications and purposes—it is a versatile product. Complete
instrumentation libraries can be created for less than the cost of a single traditional,
commercial instrument.
Flexibility and scalability: Engineers and scientists have needs and requirements that
can change rapidly. They also need to have maintainable, extensible solutions that can
be used for a long time
Connectivity and instrument control: LabVIEW has ready-to-use libraries for
integrating stand-alone instruments, data acquisition devices, motion control and vision
products,
Open environment: LabVIEW provides the tools required for most applications and is
also an open development environment.
Visualization capabilities: LabVIEW includes a wide array of built-in visualization
tools to present data on the user interface of the virtual instrument as chart, graphs, 2D
and 3D visualization.
Compiled language for fast execution: LabVIEW is a compiled language that generates
optimized code with execution speeds comparable to compiled C and develops highperformance code.
Object–oriented design: Use object-oriented programming structures to take advantage
of encapsulation and inheritance to create modular and extensible code.
Algorithm design: Develop algorithms using math-oriented textual programming and
interactively debug .m file script syntax with LabVIEW MathScript.

Automation System
In general sense the term “Industry” is defined as systematic Economic Activity that
could be related to Manufacture/Service/ Trade.
The word Automation is derived from Greek words “Auto” (self) and “Matos”
(moving)- Automation therefore is the mechanism for systems that “move by itself”. Apart
from this original sense of the word, automated systems also achieve significantly superior
performance than what is possible with manual systems, in terms of power, precision and speed
of operation, because automated system cannot get bored, no mistakes due to fatigue, always
same quality, handle larger things that cannot be done by human. Using computing techniques,
much more sophisticated and efficient operational solutions can be derived and applied in realtime in automation system.
Automation systems are the set of technologies that results in operation of machines
and systems without significant human intervention and achieves performance superior to
manual operation.
It includes the use of various control systems for operating equipment such as
machinery, processes in factories, boilers and heat treating ovens, switching on telephone
networks, steering and stabilization of ships, aircraft and other applications and vehicles with
minimal or reduced human intervention and is implemented using a program of instructions
combined with a control system that executes the instructions.
To automate a process power is required, both to drive the process itself and to operate
the program and control system.
Although automation can be applied in a wide variety of areas, it is most closely
associated with the manufacturing industries.
Control: Control is a set of technologies that achieves desired patterns of variations of
operational parameters and sequences for machines and systems by providing the input signals
necessary. Automation Systems may include Control Systems but the reverse is not true.
Control Systems may be parts of Automation Systems.
The main function of control systems is to ensure that outputs follow the set points.
However, Automation Systems may have much more functionality, such as computing set
points for control systems, monitoring system performance, plant start up or shut down, job
and equipment scheduling etc. Automation Systems are essential for most modern industries.
An Industrial Automation System consists of numerous elements that perform a variety
of functions related to Instrumentation, Control, Supervision and Operations Management
related to the industrial process. Such physical control inputs are provided by the actuation
elements.

Industrial Automation vs. Industrial Information Technology
Industrial Automation makes extensive use of Information Technology. Fig. below
shows some of the major IT areas that are used in the context of Industrial Automation.

Industrial Automation also involves significant amount of hardware technologies,
related to Instrumentation and Sensing, Actuation and Drives, Electronics for Signal
Conditioning, Communication and Display, Embedded as well as Stand-alone Computing
Systems etc.
As Industrial Automation systems grow more sophisticated in terms of the knowledge
and algorithms they use, as they encompass larger areas of operation comprising several units
or the whole of a factory, or even several of them, and as they integrate manufacturing with
other areas of business, such as, sales and customer care, finance and the entire supply chain
of the business, the usage of IT increases dramatically.
Both control and IT are used in automation systems to realize one or more of its
functionalities.
While Control Technology is used for operation of the individual machines and
equipment, IT is used for coordination, management and optimized operation of overall plants.

Role of Automation in Industry
Manufacturing processes, basically, produce finished product from raw/unfinished
material using energy, manpower and equipment and infrastructure. Since an industry is
essentially a “systematic economic activity”, the fundamental objective of any industry is to
make profit.
Profit = (Price/unit – Cost/unit) x Production Volume
Profit can be maximized by producing good quality products, which may sell at higher
price, in larger volumes with less production cost and time. Automation affects every aspect of
profit making- Crucial for the success of an industry

Reduction of Cost/Unit








Cost/unit of a mass-manufactured industrial product is affected by Material, Energy,
Manpower and Infrastructure.
Automation reduces the scraps and non-quality products there by reducing the material
cost.
Automated machines are programmed to work with optimum energy.
Purpose of automation is to reduce man-power.
Using automation, much larger number of units can be produced in a given time- life
of the infrastructure: Reduces the infrastructure cost.
Infrastructure cost/unit= Total IC/Number of units
Total infrastructure cost will go up, but IC per unit will come down.

Increasing Production Volume











Production volume is affected by Production Time, Material Handling Time, Idle Time
and Quality Assurance Time.
Firstly, automated machines have significantly lower production times- less production
time/ unit
For example, in machine tools, manufacturing a variety of parts, significant setup times
are needed for setting the operational configuration and parameters whenever a new
part is loaded into the machine.
This can lead to significant unproductive for expensive machines when a variety of
products is manufactured.
In Computer Numerically Controlled (CNC) Machining Centers set up time is reduced
significantly with the help of Automated Tool Changers, Automatic Control of
Machines from a Part Program loaded in the machine computer.
Similarly, systems such as Automated Guided Vehicles, Industrial Robots, Automated
Crane and Conveyor Systems reduce material handling time.
Idle time can be reduced by automation and high coordination leading to maximum
capacity utilization of the equipment.
Automated quality assurance can cut down the Quality Assurance time.

Increasing Price/Unit





As quality increases, demand increases and thus price also can be increased.
Quality of a product can be improved by the material used, process of manufacturing
and control used out of which the latter two are enhanced by automation.
The product quality that can be achieved with automated precision machines and
processes cannot be achieved with manual operations.
Moreover, since operation is automated, the same quality would be achieved for
thousands of parts with little variation.

Industrial Products go through their life cycles, which consists of various stages.









At first, a product is conceived based on Market feedbacks, as well as Research and
Development Activities.
Once conceived the product is designed. Prototype Manufacturing is generally needed
to prove the design.
Once the design is proved, Production Planning and Installation must be carried out to
ensure that the necessary resources and strategies for mass manufacturing are in place.
This is followed by the actual manufacture and quality control activities through which
the product is mass-produced.
This is followed by a number of commercial activities through which the product is
actually sold in the market.
Automation also reduces the overall product life cycle i.e., the time required to
complete
 Product conception and design
 Process planning and installation
 Production, Quality Control etc.
Automation can increase profitability in multiple ways by reducing labour, material and
energy requirements, by improving quality as well as productivity.

Advantages of Automation















Increased productivity.
Improved quality or increased predictability of quality.
Increased consistency of output.
Reduced direct human labour costs and expenses.
Installation in operations reduces cycle time.
Can complete tasks where a high degree of accuracy is required.
Replaces human operators in tasks that involve hard physical or monotonous work (e.g.,
using one forklift with a single driver instead of a team of multiple workers to lift a
heavy object)
Reduces some occupational injuries (e.g., fewer strained backs from lifting heavy
objects)
Replaces humans in tasks done in dangerous environments (i.e. fire, space, volcanoes,
nuclear facilities, underwater, etc.)
Performs tasks that are beyond human capabilities of size, weight, speed, endurance,
etc.
Reduces operation time and work handling time significantly.
Frees up workers to take on other roles.
Provides higher level jobs in the development, deployment, maintenance and running
of the automated processes.

Types of Automation Systems
Automation systems can be categorized based on the flexibility and level of integration
in manufacturing process operations.
Fixed Automation:







It is used in high volume production with dedicated equipment, which has a fixed set
of operation and designed to be efficient for this set.
Continuous flow and Discrete Mass Production systems use this automation. e.g.
Distillation Process, Conveyors, Paint Shops, Transfer lines etc.
A process using mechanized machinery to perform fixed and repetitive operations in
order to produce a high volume of similar parts.
Fixed automation is appropriate in the following circumstances.
o Low variability in product type as also in size, shape, part count and material
o Predictable and stable demand for 2- to 5-year time period, so that
manufacturing capacity requirement is also stable
o High production volume desired per unit time
Significant cost pressures due to competitive market conditions. So automation systems
should be tuned to perform optimally for the particular product.

Programmable Automation:





It is used for a changeable sequence of operation and configuration of the machines
using electronic controls.
However, significant programming effort may be needed to reprogram the machine or
sequence of operations.
Investment on programmable equipment is less, as production process is not changed
frequently.
It is typically used in Batch process where job variety is low and product volume is
medium to high, and sometimes in mass production also. e.g. in Steel Rolling Mills,
Paper Mills etc.

Flexible Automation:







It is used in Flexible Manufacturing Systems (FMS) which is invariably computer
controlled.
Human operators give high-level commands in the form of codes entered into computer
identifying product and its location in the sequence and the lower level changes are
done automatically.
Each production machine receives settings/instructions from computer.
These automatically loads/unloads required tools and carries out their processing
instructions.
After processing, products are automatically transferred to next machine.



It is typically used in job shops and batch processes where product varieties are high
and job volumes are medium to low. Such systems typically use Multi-purpose CNC
machines, Automated Guided Vehicles (AGV) etc.

Flexible automation is used in the following situations.




Significant variability in product type. Product mix requires a combination of different
parts and products to be manufactured from the same production system
Product life cycles are short. Frequent upgradation and design modifications alter
production requirements
Production volumes are moderate, and demand is not as predictable

Integrated Automation:







It denotes complete automation of a manufacturing plant, with all processes functioning
under computer control and under coordination through digital information processing.
It includes technologies such as computer-aided design and manufacturing, computeraided process planning, computer numerical control machine tools, flexible machining
systems, automated storage and retrieval systems, automated material handling systems
such as robots and automated cranes and conveyors, computerized scheduling and
production control.
It may also integrate a business system through a common database. In other words, it
symbolizes full integration of process and management operations using information
and communication technologies.
Typical examples of such technologies are seen in Advanced Process Automation
Systems and Computer Integrated Manufacturing (CIM)

Architecture of Automation System: The Automation Pyramid
Industrial automation systems are very complex having large number of devices with a
number of technologies working in synchronization. In order to know the performance of the
system we need to understand the various parts of the system.
Industrial automation systems are organized hierarchically. Various components in an
industrial automation system can be explained using the automation pyramid.
Here, various layers represent the wideness (in the sense of no. of devices), and fastness
of components on the time-scale.

Sensors and Actuators Layer: This layer is closest to the processes and machines, used to
translate signals so that signals can be derived from processes for analysis and decisions and
hence control signals can be applied to the processes. This forms the base layer of the pyramid
also called ‘level 0’ layer.
Automatic Control Layer: This layer consists of automatic control and monitoring systems,
which drive the actuators using the process information given by sensors. This is called as
‘level 1’ layer.
Supervisory Control Layer: This layer drives the automatic control system by setting
target/goal to the controller. Supervisory Control looks after the equipment, which may consist
of several control loops. This is called as ‘level 2’ layer.
Production Control Layer: This solves the decision problems like production targets,
resource allocation, task allocation to machines, maintenance management etc. This is called
‘level 3’ layer. Here most of the operations are performed by humans with the aid of tools that
help people to perform the production control functions.

Enterprise Control Layer: This deals less technical and more commercial activities like
management of supply, demand, cash flow, product marketing etc. This is called as the ‘level
4’ layer.
The spatial scale increases as the level is increased e.g. at lowest level a sensor works
in a single loop, but there exist many sensors in an automation system which will be visible as
the level is increased. As the level increases, the number of devices controlled by the layer
increases. Each device in sensor and actuator layer is dedicated for a small area, but as the level
increases the area controlled by each device increases.
The lowest level is faster in the time scale and the higher levels are slower. The
aggregation of information over some time interval is taken at higher levels.
From level 2 upward, it is not true that computer based automation is needed/present
for functioning the performing on that level, some functions may be done by human being
All the layers are connected by various types of communication systems. For example,
the sensors and actuators may be connected to the automatic controllers using a point-to-point
digital communication, while the automatic controllers themselves may be connected with the
supervisory and production control systems using computer networks. Over the last decade,
with emergence of embedded electronics and computing, standards for low level network
standards (CANBus, Fieldbus etc.) for communication with low level devices, such as sensors
and actuators are also emerging.

Functional Elements of Industrial Automation
An Industrial Automation System consists of numerous elements that perform a variety
of functions related to Instrumentation, Control, Supervision and Operations Management
related to the industrial process. These elements may also communicate with one another to
exchange information necessary for overall coordination and optimized operation of the
plant/factory/process.

Layer 0: Sensing and Actuation Elements
These elements interface directly and physically to the process equipment and
machines.
The sensing elements translate the physical process signals such as temperature,
pressure or displacement to convenient electrical or pneumatic forms of information, which
can be used for analysis, decisions and finally, computation of control inputs.
These computed control inputs, which again are in convenient electrical or pneumatic
forms of information, need to be converted to physical process inputs such as, heat, force or
flow-rate, before they can be applied to effect the desired changes in the process outputs. Such
physical control inputs are provided by the actuation elements.
Industrial Sensors and Instrument Systems
Scientific and engineering sensors and instrument systems of a spectacular variety of
size, weight, cost, complexity and technology are used in the modern industry. However, a

close look would reveal that all of them are composed of a set of typical functional elements
connected in a specified way to provide signal in a form necessary.

A sensor system is shown, decomposed into its major functional components, along
with the medium in which the measurement takes place.
The Physical Medium refers to the object where a physical phenomenon is taking place
and we are interested in the measurement of some physical variable associated with the
phenomenon. E.g.: the physical medium may stand for the hot gas in a furnace in the case of
temperature measurement or the fluid in a pipe section in the case of measurement of liquid
flow rate.
The Sensing Element is affected by the phenomenon in the physical medium either
through direct or physical contact or through indirect interaction of the phenomenon in the
medium with some component of the sensing element. E.g.: A thermocouple probe as the
sensing element that often comes in physical contact with the hot object such as the flue gas
out of a boiler-furnace or an optical pyrometer which compares the brightness of a hot body in
the furnace with that of a lamp from a distance through some window and does not come in
direct contact with the furnace. In the more common case where the sensing element comes in
contact with the medium, often some physical or chemical property of the sensor changes in
response to the measurement variable. This change then becomes a measure of the physical
variable of interest. E.g.: Change in resistivity due to heat in a resistance thermometer wire or
generation voltage in a thermocouple in response to a difference in temperature between its
two ends.
The Signal-conditioning Element serves the function of altering the nature of the
signal generated by the sensing element. Since the method of converting the nature of the signal
generated in the sensor to another suitable signal form (usually electrical) depends essentially
on the sensor, individual signal conditioning modules are characteristic of a group of sensing
elements.
E.g.: An RTD whose output response is a change in its resistance due to change in
temperature of its environment. This change in resistance can easily be converted to a voltage
signal by incorporating the RTD in one arm of a Wheatstone's bridge. The bridge therefore
serves as a signal-conditioning module. These typically involve analog electronic circuits that
finally produce electrical signals in the form of voltage or current in specific ranges.
The Signal Processing Element is used to process the signal generated by the first
stage for a variety of purposes such as, filtering (to remove noise), diagnostics (to assess the
health of the sensor), linearization (to obtain an output which is linearly related with the
physical measurand etc. Signal processing systems are therefore usually more general purpose
in nature.

The Target Signal-handling Element may perform a variety of functions depending
on the target application. It may therefore contain data/signal display modules, recording
or/storage modules, or simply a feedback to a process control system.
E.g.: A temperature chart recorder, an instrumentation tape recorder, a digital display
or an Analog to Digital Converter (ADC) followed by an interface to a process control
computer.
Modern sensors often have the additional capability of digital communication using
serial, parallel or network communication protocols. Such sensors are called “smart” and
contain embedded digital electronic processing systems.
Industrial Actuator Systems
Actuation systems convert the input signals computed by the control systems into forms
that can be applied to the actual process and would produce the desired variations in the process
physical variables. In the same way as in sensors but in a reverse sense, these systems convert
the controller output, which is essentially information without the power, and in the form of
electrical voltages (or at times pneumatic pressure) in two ways.



Firstly, it converts the form of the variable into the appropriate physical variable, such
as torque, heat or flow.
Secondly, it amplifies the energy level of the signal manifold to be able to causes
changes in the process variables.

Thus, while both sensors and actuators cause variable conversions, actuators are high power
devices while sensors are not. In most cases, actuators are devices that first produce motion
from electrical signal, which is then further converted to other forms.

The Electronic Signal-processing Element accepts the command from the control
system in electrical form. The command is processed in various ways. For example, it may be
filtered to avoid applying input signals of certain frequencies that may cause resonance.
Many actuators are themselves closed feedback controlled units for precision of the
actuation operation. Therefore, the electronic signal-processing unit often contains the control
system for the actuator itself.
The Electronic Power Amplification Element sometimes contains linear power
amplification stages called servo-amplifiers. In other cases, it may comprise power electronic
drive circuits such as for motor driven actuators.
The Variable Conversion Element serves the function of altering the nature of the
signal generated by the electronic power amplification element from electrical to non-electrical
form, generally in the form of motion.

E.g.: Electrohydraulic servo valve, stepper/servo motors, Current to Pneumatic
Pressure converters etc.
The Non-Electrical Power Conversion Elements are used to amplify power further,
if necessary, typically using hydraulic or pneumatic mechanisms.
The Non-Electrical Variable Conversion Elements may be used further to transform
the actuated variable in desired forms, often in several stages.
E.g.: Motion-to-flow rate conversion in flow-valves, rotary to linear motion converters
using mechanisms, flow-rate to heat conversion using steam or other hot fluids etc.
Other Miscellaneous Elements such as Auxiliaries for Lubrication/Cooling/Filtering,
Reservoirs, Prime Movers etc., sensors for feedback, components for display, remote
operations, as well as safety mechanisms since the power handling level is significantly high.
Layer 1: Industrial Control Systems
Controllers are essentially (predominantly electronic, at times pneumatic/hydraulic)
elements that accept command signals from human operators or Supervisory Systems, as well
as feedback from the process sensors and produce or compute signals that are fed to the
actuators.
Control Systems can be classified into two kinds.



Continuous Control
Sequence / Logic Control

Continuous Controller
This is also often termed as Automatic Control, Process Control, Feedback Control etc.
Here the controller objective is to provide such inputs to the plant such that the output y(t)
follows the input r(t) as closely as possible, in value and over time.
Figure shows the Common control loop with its constituent elements, namely the
Controller, the Actuator, the Sensor and the Process. In addition, the signals that exist at various
points of the system are also marked. These include the command (alternatively termed the set
point or the reference signal), the exogenous inputs (disturbances, noise).

The difficulties in achieving the performance objective is mainly due to the unavoidable
disturbances due to load variation and other external factors, as well as sensor noise, the
complexity, possible instability, uncertainty and variability in the plant dynamics, as well as
limitations in actuator capabilities.
Most industrial control loop command signals are piecewise constant signals that
indicate desirable levels of process variables, such as temperature, pressure, flow, level etc.,
which ensure the quality of the product in Continuous Processes. In some cases, such as in case
of motion control for machining, the command signal may be continuously varying according
to the dimensions of the product. Therefore, here deviation of the output from the command
signal results in degradation of product quality. It is for this reason that the choice of the
feedback signals, that of the controller algorithm (such as, P, PI or PID), the choice of the
control loop structure (normal feedback loop, cascade loop or feedforward) as well as choice
of the controller gains is extremely important for industrial machines and processes. Typically,
the control configurations are well known for a given class of process, however, the choice of
controller gains have to be made from time to time, since the plant operating characteristics
changes with time. This is generally called controller tuning.
Features of Continuous Control are









Controls analog continuous process variables- Temperature, Pressure
Closed loop control
Track/hold set point: Track if set point changes and hold if constant
Reject disturbances
Generic P-I-D/Special purpose
Tuneable
Implemented using Dedicated Digital Real Time System
Comparatively inexpensive: Less than 5% cost of plant

Sequence / Logic Controller
Many control applications do not involve analog process variables, that is, the ones
which can assume a continuous range of values, but instead variables that are set valued, that
is they only assume values belonging to a finite set.
The simplest examples of such variables are binary variables- 1 or 0, on or off, open or
closed. These control systems operate by turning on and off switches, motors, valves, and other
devices in response to operating conditions and as a function of time.
In the control of a conveyor system, analog motor control is not applied. Simple on-off
control is adequate. Therefore, for this application, the motor-starter actuation system may be
considered as discrete having three modes, namely, start, stop and run.
A modern controller device used extensively for sequence control today in transfer
lines, robotics, process control, and many other automated systems is the Programmable Logic
Controller (PLC).

Features of Sequence/Logic Controller are:









Control of discrete valued process variables
On/Off Control
High/Medium/Low Control
Discrete Sensing: Limit switch, Pressure Switch, Photo Switch
Alarm
PLC/Industrial PC/Dedicated Processor Based devices are used
No tuning needed unless control logic changes
Status/sequence/timing control is used

Level 2: Supervisory Controller
Supervisory control systems perform, typically the following functions:










Set point computation: Set points for important process variables are computed
depending on factors such as nature of the product, production volume, mode of
processing. This function has a lot of impact on production volume, energy and quality
and efficiency.
Performance Monitoring / Diagnostics: Process variables are monitored to check for
possible system component failure, control loop detuning, actuator saturation, process
parameter change etc. The results are displayed and possibly archived for subsequent
analysis.
Start-up / Shut down / Emergency Operations: Special discrete and continuous
control modes are initiated to carry out the intended operation, either in response to
operator commands or in response to diagnostic events such as detected failure modes.
Control Reconfiguration / Tuning: Structural or Parametric redesign of control loops
are carried out, either in response to operator commands or in response to diagnostic
events such as detected failure modes. Control reconfigurations may also be necessary
to accommodate variation of feedback or energy input e.g. gas fired to oil fired.
Operator Interface: Graphical interfaces for supervisory operators are provided, for
manual supervision and intervention.

Level 3: Production Controller
Various functions of production controller are








Process Scheduling: Depending on the sequence of operations to be carried on the
existing batches of products, processing resource availability for optimal resource
utilization.
Material Handling
Maintenance Management: Decision processes related to detection and deployment of
maintenance operations.
Inventory Management: Decision processes related to monitoring of inventory status of
raw material, finished goods etc. and deployment of operations related to their
management.
Quality Management: Assessment, Documentation & Management of Quality



Typically, the algorithms make use of Resource Optimization Technology and are nonreal-time although they may be using production data on-line.

Level 4: Enterprise controller
Enterprise controller deals less technical and more commercial activities like





Management of supply
Management of demand
Management of cash flow
Product marketing

Actuators
Actuation systems convert the input signals computed by the control systems into forms
that can be applied to the actual process and would produce the desired variations in the process
physical variables.
Convert the controller output, which is essentially information without the power, and
in the form of electrical voltages (or at times pneumatic pressure) in two ways.
Firstly, it converts the form of the variable into the appropriate physical variable, such
as torque, heat or flow. Secondly, it amplifies the energy level of the signal manifold to be able
to causes changes in the process variables.
In industrial control systems, an actuator is a hardware device that converts a controller
command signal into a change in a physical parameter. The change in the physical parameter
is usually mechanical such as position or velocity change.
The controller command signal is usually low level, and so an actuator may also include
an amplifier to strengthen the signal sufficiently to drive the actuator.
With the increasing utilization of automated machinery/systems, there has also been a
rise in the demands for actuators, which play a vital role in the automation process.
Actuators, which are responsible for moving, controlling or positioning a mechanism
or system, make the working of automated equipment seamless and easy
There are several areas wherein actuators play a crucial role in automated systems.









Process Industries: Control the operation of various equipment in an industry.
Solar: The industry utilizes several types of actuators including ball screw and ACME
actuators to automate the functioning of various solar tracking devices, solar power
concentration equipment, photovoltaic device, and photovoltaic concentration
equipment, among several others.
Military: These military actuators are basically equipped in tanks, cannon carriers,
airplanes, fighter planes, helicopters, ships, and robots, because they offer complete
movement. Actuators for the military industries are ruggedly built to withstand harsh
environmental conditions, extreme weathers, and severe attacks.
Satellite: The use of several linear and rotational actuators help automate the working
of several equipment. These include dish antennas, sensors, earth-imaging equipment,
and so on. Specially designed and high quality satellite actuators are sought after for
precise positioning and motion control for the industry.
Construction: The industry depends on high speed automated machines/systems to
carry out several dangerous and tedious tasks. Actuators of varied types are used in
these systems, because they are known to delivering powerful movements to heavy duty
machineries like loading trucks, towing trucks, and cranes. Actuators for the
construction industry are built to offer durable, reliable and long-lasting performance.

Hydraulic Actuating System
It uses fluid power to produce mechanical force. Fluid power is technology that deals
with the generation, control and transmission of forces responsible for movement of
mechanical element.
The fluid used in hydraulic actuator is highly incompressible so that pressure applied
can be transmitted instantaneously to the member attached to it.
Hydraulics is based on Pascal’s law which states that when there is an increase in
pressure at any point in a confined fluid, there is an equal increase at every other point in the
container. Pressure applied to a confined fluid at any point is transmitted undiminished and
equally throughout the fluid in all directions and acts upon every part of the confining vessel
at right angles to its interior surfaces. In simple words intensity of pressure in fluid is equal in
all direction. Hydraulic actuators are used where high speed and large forces are required.

Various components of Hydraulic Actuators are given in brief below:
Pump: Hydraulic power generation system. Pump pressurizes fluid to the level required by an
actuating system.
Valve: Controls the direction, pressure, flow rate of hydraulic fluid. It basically acts as a
regulating system.
Actuator: Converts the fluid pressure into mechanical movement either linear or rotary.
Pipes: Used to connect various elements of actuating system with each other.
Accumulator, Reservoir and Filter: Filter is used to filter the hydraulic fluid to prevent damage
to system components by contaminants. Reservoir & accumulator is use for storage purposes.
Sensors: Crucial part of any automation process. Provide some kind of feedback signal to
evaluate the end result by controller.
Control Device: Control whole actuating system by providing signals. (Microcontroller or PLC
are popularly used)

Hydraulic Actuators, as used in industrial process control, employ hydraulic pressure
to drive an output member. The fluid used in hydraulic actuator is highly incompressible so
that pressure applied can be transmitted instantaneously to the member attached to it.
A hydraulic actuator consists of a cylinder or fluid motor that uses hydraulic power to
facilitate mechanical operation. The mechanical motion gives an output in terms of linear,
rotary or oscillatory motion. Because liquids are nearly impossible to compress, a hydraulic
actuator can exert considerable force.
Principle Used in Hydraulic Actuator System
Pascal’s Law:
Pressure applied to a confined fluid at any point is transmitted undiminished and equally
throughout the fluid in all directions and acts upon every part of the confining vessel at right
angles to its interior surfaces.
Amplification of Force:
Since pressure P applied on an area A gives rise to a force F, given as,
F = P×A
Thus, if a force is applied over a small area to cause a pressure P in a confined fluid,
the force generated on a larger area can be made many times larger than the applied force that
crated the pressure. This principle is used in various hydraulic devices to such hydraulic press
to generate very high forces.
Hydraulic Actuators are of three types





Linear Actuator
 Single Acting cylinder
 Double Acting cylinder
Rotary Actuator
Oscillatory Actuator

Linear Actuator: Single Acting Cylinder
In single acting cylinder actuator, there is only one opening for the fluid to enter and
leave. The forward motion is due to the hydraulic pressure of the fluid entering through the
opening, while the reverse motion is due to the spring.

Double Acting Cylinder
In double acting cylinder actuator, there are two openings for the fluid to enter and
leave. The forward motion is due to the hydraulic pressure of the fluid entering through one
opening, while the reverse motion is due to the hydraulic pressure of the fluid entering through
one opening.

Rotary Actuator
In rotary actuator, the linear motion of fluid inside the pipe is converted into rotary
motion by a hydro motor.

Components of Hydraulic Actuation Systems
Hydraulic Fluid







Hydraulic Fluid transmit the fluid power from the reservoir to the actuator cylinder.
Hydraulic fluid must be essentially non-compressible to be able to transmit power
instantaneously from one part of the system to another.
It should lubricate the moving parts to reduce friction loss and cool the components so
that the heat generated does not lead to fire hazards.
It also helps in removing the contaminants to filter.
The other desirable property of oil is its lubricating ability.
The fluid also acts as a seal against leakage inside a hydraulic component.



The most common liquid used in hydraulic systems is petroleum oil because it is only
very slightly compressible.

The Fluid Delivery Subsystem
It consists of the components that hold and carry the fluid from the pump to the actuator.
It consists of reservoir, filter, line, fittings and seals, pump, motor, accumulator etc.
Reservoir
It holds the hydraulic fluid to be circulated and allows air entrapped in the fluid to
escape. This is an important feature as the bulk modulus of the oil, which determines the
stiffness of hydraulic system, deteriorates considerably in the presence of entrapped air
bubbles. It also helps in dissipating heat.

Filter
The hydraulic fluid is kept clean in the system with the help of filters and strainers. It
removes minute particles from the fluid, which can cause blocking of the orifices of servovalves or cause jamming of spools.
Line





Pipe, tubes and hoses, along with the fittings or connectors, constitute the conducting
lines that carry hydraulic fluid between components.
Lines convey the fluid and also dissipate heat.
Lines are one of the disadvantages of hydraulic system that we need to pay in return of
higher power to weight ratio. They need return path
In contrast, for Pneumatic Systems, no return path for the fluid, which is air, is needed,
since it can be directly released into the atmosphere.

There are various kinds of lines in a hydraulic system.




The working lines carry the fluid that delivers the main pump power to the load.
The pilot lines carry fluid that transmit controlling pressures to various directional and
relief valves for remote operation or safety.
Drain lines carry the fluid that inevitably leaks out, to the tank.

Fittings and Seals






Various additional components are needed to join pipe or tube sections, create bends
and also to prevent internal and external leakage in hydraulic systems.
Although some amount of internal leakage is built-in, to provide lubrication, excessive
internal leakage causes loss of pump power since high pressure fluid returns to the tank,
without doing useful work.
External leakage, on the other hand, causes loss of fluid and can create fire hazards, as
well as fluid contamination.
Various kinds of sealing components are employed in hydraulic systems to prevent
leakage.

Hydraulic Pumps
The pump converts the mechanical energy of its prime-mover to hydraulic energy by
delivering a given quantity of hydraulic fluid at high pressure into the system. Generically, all
pumps are divided into two categories, namely, hydrodynamic or non-positive displacement
and hydrostatic or positive displacement. Hydraulic systems generally employ positive
displacement pumps only.

Hydrostatic or Positive Displacement Pumps: These pumps deliver a given amount of
fluid for each cycle of motion, that is, stroke or revolution. Their output in terms of the volume
flow rate is solely dependent on the speed of the prime-mover and is independent of outlet
pressure notwithstanding leakage. There are various types of pumps used in hydraulic systems
such as Gear Pumps, Vane Pumps, Piston Pumps, Radial Piston Pumps etc.
Motors
Motors work exactly on the reverse principle of pumps. In motors fluid is forced into
the motor from pump outlets at high pressure. This fluid pressure creates the motion of the
motor shaft and finally go out through the motor outlet port and return to tank. All three variants
of motors, already described for pumps, namely Gear Motors, Vane Motors and Piston motors
are in use.
Accumulators
Unlike gases the fluids used in hydraulic systems cannot be compressed and stored to
cater to sudden demands of high flow rates that cannot be supplied by the pump. An
accumulator in a hydraulic system provides a means of storing these incompressible fluids
under pressure created either by a spring, or compressed gas. Any tendency for pressure to drop
at the inlet causes the spring or the gas to force the fluid back out, supplying the demand for
flow rate.
There are two types of accumulators: Spring-Loaded Accumulators, Gas Charged
Accumulator
Cylinders
Cylinders are linear actuators, that is, they produce straight-line motion and/or force.
Cylinders are classified as single-or double-acting with the graphical symbol for each type.
There are two types of cylinders such as Single Acting Cylinder and Double-Acting
Cylinder

Advantages of Hydraulic Actuator Systems











Variable Speed and Direction: The actuator (linear or rotary) of a hydraulic system,
can be driven at speeds that vary by large amounts and fast, by varying the pump
delivery or using a flow control valve. A hydraulic actuator can be reversed instantly
while in full motion without damage. This is not possible for most other prime movers.
Power-to-weight ratio: Hydraulic components, because of their high speed and pressure
capabilities, can provide high power output with vary small weight and size.
Stall Condition and Overload Protection: A hydraulic actuator can be stalled without
damage when overloaded, and will start up immediately when the load is reduced. The
pressure relief valve in a hydraulic system protects it from overload damage. During
stall, or when the load pressure exceeds the valve setting, pump delivery is directed to
tank with definite limits to torque or force output.
Hydraulic actuators are rugged and suited for high-force applications. They can produce
forces 25 times greater than pneumatic cylinders of equal size. They also operate in
pressures of up to 4,000 psi.
Hydraulic motors have high horsepower-to-weight ratio by 1 to 2 hp/lb greater than a
pneumatic motor.
A hydraulic actuator can hold force and torque constant without the pump supplying
more fluid or pressure due to the incompressibility of fluids
Hydraulic actuators can have their pumps and motors located a considerable distance
away with minimal loss of power.

Drawbacks




Hydraulics will leak fluid. Like pneumatic actuators, loss of fluid leads to less
efficiency. However, hydraulic fluid leaks lead to cleanliness problems and potential
damage to surrounding components and areas.
Hydraulic actuators require many companion parts, including a fluid reservoir, motors,
pumps, release valves, and heat exchangers, along with noise-reduction equipment.
This makes for linear motions systems that are large and difficult to accommodate.

Pneumatic Actuating System







Devices used for converting pressure energy of compressed air into the mechanical
energy to perform useful work.
Actuators are used to perform the task of exerting the required force at the end of the
stroke or used to create displacement by the movement of the piston.
The pressurized air from storage is supplied to pneumatic actuator to do work.
The air cylinder is a simple and efficient device for providing linear thrust or straight
line motions.
Pneumatic actuator consists of a piston and rod moving inside a closed cylinder.
This actuator can be sub-divided into two types based on the operating principle: single
acting and double acting.

The principle is based on the concept of pressure as force per unit area.
If we imagine that a net pressure difference is applied across a diaphragm of surface
area A, then a net force acts on the diaphragm given by F= A(P1-P2).
P1-P2 = pressure difference (Pa)
A = diaphragm area (m2)
F = force (N)
If we need to double the available force for a given pressure, it is merely necessary to
double the diaphragm area.
Very large forces can be developed by standard signal-pressure ranges of 3 to 15 psi
(20 to 100 kPa).
Many types of pneumatic actuators are available, but perhaps the most common are
those associated with control valves.

Widely used in automation filed because of its low weight and compact size.

Control of pneumatics system is slightly difficult as compare to hydraulic system
because of compressed air governing equations of pneumatics are nonlinear in nature.
More used in automation industry as discrete device such as gripper

Types of Pneumatics Actuators are:





Linear Actuator or Pneumatic cylinders
 Single acting cylinder
 Double acting cylinder
Rotary Actuator or Air motors
Limited angle Actuators

Single Acting Cylinder







Cylinders have single air inlet line- One working port.
Forward motion of the piston is obtained by supplying compressed air to working port
while return motion of piston is obtained by spring placed on the rod side of the
cylinder.
Used where force is required to be exerted only in one direction such as clamping,
feeding, sorting, locking, ejecting, braking etc.
Available in short stroke lengths [maximum length up to 80 mm] due to the natural
length of the spring.
Single acting cylinders require only about half the air volume consumed by a double
acting cylinder for one operating cycle.

Double Acting Cylinder






Cylinders have two air inlet lines- Two working ports- one on the piston side and the
other on the rod-side.
To achieve forward motion of the cylinder, compressed air is admitted on the piston
side and the rod side is connected to exhaust.
During return motion supply air admitted at the rod side while the piston side volume
is connected to the exhaust.
Force is exerted by the piston both during forward and return motion of cylinder.
Double acting cylinders are available in diameters from few mm to around 300 mm and
stroke lengths of few mm up to 2 meters.

Limited Angle Actuators

Components of Pneumatic Actuating System
Compressor: Acts as power source for pneumatic system.
Air Treatment Unit: Consist of Filter Regulator Lubricator(FRL) unit which comprises of
filter to filter the compressed air, a pressure regulator to regulate a flow of compressed air and
a lubricator to lubricate air.
Valve: Controls the direction and regulates the air flowing to actuating system
Actuator: Convert the pneumatic force or compressed air pressure into mechanical fore or
movement.

Pipes: Used to connect various elements of actuating system with each other.
Sensors: It act as feedback element for a controller in pneumatic system.
Controller: Monitors whole system to provide required output.
Applications








Tied rod cylinders,
Rotary actuators, grippers,
Rod-less actuators with magnetic linkage or rotary cylinders,
Rod-less actuators with mechanical linkage,
Pneumatic artificial muscles,
Speciality actuators that combine rotary and linear motion (frequently used for
clamping operations)
Vacuum generators.

Advantages









High force rating
Pneumatic actuators generate precise linear motion by providing accuracy, for example,
within 0.1 inches and repeatability within .001 inches.
Pneumatic actuators typical applications involve areas of extreme temperatures. A
typical temperature range is -40°F to 250°F.
In terms of safety and inspection, by using air, pneumatic actuators avoid using
hazardous materials. They meet explosion protection and machine safety requirements
because they create no magnetic interference due to their lack of motors.
In recent years, pneumatics has seen many advances in miniaturization, materials, and
integration with electronics and condition monitoring.
The cost of pneumatic actuators is low compared to other actuators.
Pneumatic actuators are also lightweight, require minimal maintenance, and have
durable components that make pneumatics a cost-effective method of linear motion.

Drawbacks






Pressure losses and air’s compressibility make pneumatics less efficient than other
linear-motion methods. Compressor and air delivery limitations mean that operations
at lower pressures will have lower forces and slower speeds. A compressor must run
continually operating pressure even if nothing is moving.
To be truly efficient, pneumatic actuators must be sized for a specific job. Hence, they
cannot be used for other applications. Accurate control and efficiency requires
proportional regulators and valves, but this raises the costs and complexity.
Even though the air is easily available, it can be contaminated by oil or lubrication,
leading to downtime and maintenance. Companies still have to pay for compressed air,
making it a consumable, and the compressor and lines are another maintenance issue.

Electromechanical/Electrical Actuating System






This type of actuators converts electrical energy into mechanical energy.
There are different ways to achieve this conversion. Includes all motors, responsible for
moving or controlling a mechanism.
One of the popular method which is used by many electromechanical actuators is by
generating magnetic field in which “when current carrying conductor is placed in
magnetic field it experiences mechanical force” - Lorentz’s Law of Electromagnetic
Force. This generated force will further be converted into mechanical motion.
DC and AC motors, solenoids, voice coils, Active materials (piezoelectric,
electrostrictive etc.) and MEMS.

Solenoid






A solenoid is an elementary device that converts an electrical signal into mechanical
motion, usually rectilinear.
Consists of a coil and plunger. The plunger may be freestanding or spring loaded.
The coil will have some voltage or current rating and may be dc or ac.
Solenoid specifications include the electrical rating and the plunger pull or push force
when excited by the specified voltage.
Are used when a large, sudden force must be applied to perform some job.

Solenoid is used to change the gears of a two-position transmission as shown below.

Electrical Motors






Electrical motors are devices that accept electrical input and produce a continuous
rotation as a result.
Motor styles and sizes vary as demands for rotational speed (revolutions per minute, or
rpm), starting torque, rotational torque, and other specifications vary.
Most common control situation is where motor speed drives some part of a process, and
must be controlled to control some variable in the process- e.g.: the drive of a conveyor
system
There are many types of electrical motors, each with its special set of characteristicsdc motor, ac motor, stepping motor etc.

Components of Electric Motor








Electric Motor- Electric motors has wide applications in the industrial as well as in
automation sector and popularly used in robotics application because of its high speed
of response, finer speed control capability. The magnetic field of stator interacts with
magnetic field of rotor to produce rotating torque. There are two basic types of electric
motor - AC & DC motor which consist of basic element such as
Stator– It is stationery outer part of motor made up of permanent magnet or coli
winding.
Rotor – It is rotating part of motor made up of permanent magnet or ferromagnetic coil.
Armature–Rotor winding that generates rotor magnetic field.
Field Coil – Part of stator which generates stator magnetic field.
Air Gap – Small gap between stator and rotor where two magnetic fields interact with
each other to generate mechanical torque.

Block Diagram of Motor Based Electrical Actuator System

DC Motor
The rotation of a dc motor is produced by the interaction of two constant magnetic fields.

Many dc motors use an electromagnet instead of a PM to provide the static field. The coil used
to produce this field is called the field coil. This kind of dc motor is called a wound field motor.
There are different types of wound field DC motor based on the way in which the field winding
is connected.






Series Field DC motors: This motor has large starting torque but is difficult to speed
control. Good in applications for starting heavy, non-mobile loads and where speed
control is not important, such as for quick-opening valves.
Shunt Field DC motors: This motor has a smaller starting torque, but good speedcontrol characteristics produced by varying armature excitation current. Good in
applications where speed is to be controlled, such as in conveyor systems.
Compound Field DC motors: This motor attempts to obtain the best features of both of
the two previous types. Generally, starting torque and speed-control capability fall
predictably between the two pure cases.

Applications of DC Motor






The use of dc motors in control systems ranges from very low energy, delicate control
applications, to heavy-duty control operations in elevators and vehicles.
In general, PM types are used for motors of less than 10 hp (7.5 kW) and wound field
types for units up to about 100 to 200 hp (75 to 150 kW).
Control of the speed and torque of these large machines requires very high power dc
electricity. Such power is derived from the power electronics devices.
In general, three-phase ac power is rectified using switching technology to produce the
required high-voltage, high-current dc electricity.
Control is often made possible by variation of the voltage amplitude.

AC Motors
The basic operating principle of ac motors still involves the interaction between two
magnetic fields. In this case, however, both fields are varying in time in consonance with the
ac excitation voltage. Therefore, the force between the fields is a function of the angle of the
rotor but also the phase of the current passing through the coils.

There are two basic types of ac motors, synchronous and induction. The primary motor
for application to the control industry is the induction motor.
Synchronous Motor






In a synchronous motor the ac voltage is applied to the field coils, called the stator in
an ac motor.
This means the magnetic field is changing in time in phase with the impressed ac
voltage.
The armature, called the rotor for ac motors, is either a permanent magnet or a dc
electromagnet, and possesses a fixed magnetic field.
Synchronous motors can be operated using single-phase ac but such units are used for
only very low power (0.1 hp) and suffer from very low starting torque.
When operated from three-phase, ac synchronous motors can be operated at very high
power, up to 50,000 hp.

Induction Motors







Induction ac motors are characterized by a rotor which is neither a PM nor a dc excited
electromagnet.
Instead current induced in a coil wound on the rotor generates the interacting magnetic
field of the rotor.
This current is induced from the stator coils.
Single-phase induction motors are used for applications of relatively low power, say
less than 5 hp (< 3.7 kW). Such motors are typical of those found in household
appliances, for example.
For higher power we use three-phase ac excitation. Such motors are available up to
10,000 hp.

Stepping Motor












The stepping motor has increased in importance in recent years because of the ease with
which it can be interfaced with digital circuits.
A stepping motor is a rotating machine that actually completes a full rotation by
sequencing through a series of discrete rotational steps.
Each step position is an equilibrium position in that, without further excitation, the rotor
position will stay at the latest step.
Thus, continuous rotation is achieved by the input of a train of pulses, each of which
causes an advance of one step.
It is not really continuous rotation, but discrete, stepwise rotation.
The rotational rate is determined by the number of steps per revolution and the rate at
which the pulses are applied.
A driver circuit is necessary to convert the pulse train into proper driving signals for
the motor.

Most common stepper motor does not use a PM, but rather a rotor of magnetic material
(not a magnet) with a certain number of teeth.
This rotor is driven by a phased arrangement of coils with a different number of poles
so that the rotor can never be in perfect alignment with the stator.
The direction of rotation of stepper motors can be changed just by changing the order
in which different poles are activated and deactivated.

Electro-Pneumatic Actuator
Electro pneumatics is now commonly used in many areas of Industrial low cost
automation. They are also used extensively in production, assembly, pharmaceutical, chemical
and packaging systems.
There is a significant change in controls systems. Relays have increasingly been
replaced by the programmable logic controllers in order to meet the growing demand for more
flexible automation.
Electro-pneumatic control consists of electrical control systems operating pneumatic
power systems. In this solenoid valves are used as interface between the electrical and
pneumatic systems. Devices like limit switches and proximity sensors are used as feedback
elements.

Electro Pneumatic control integrates pneumatic and electrical technologies, is more
widely used for large applications. In Electro Pneumatics, the signal medium is the electrical
signal either AC or DC source is used. Working medium is compressed air. Operating voltages
from around 12 V to 220 Volts are often used. The final control valve is activated by solenoid
actuation The resetting of the valve is either by spring [single Solenoid] or using another
solenoid [Double solenoid Valve]. More often the valve actuation/reset is achieved by pilot
assisted solenoid actuation to reduce the size and cost of the valve
Control of Electro Pneumatic system is carried out either using combination of Relays
and Contactors or with the help of Programmable Logic Controllers [PLC]. A Relay is often
used to convert signal input from sensors and switches to number of output signals [ either
normally closed or normally open]. Signal processing can be easily achieved using relay and
contactor combinations A Programmable Logic Controller can be conveniently used to obtain
the out puts as per the required logic, time delay and sequential operation. Finally, the output
signals are supplied to the solenoids activating the final control valves which controls the
movement of various cylinders.

In electro-pneumatic actuators, the current in the solenoid is converted into pressure (I
to P conversion) using the arrangement shown above. When an electrical actuating current of
4-20 mA is passed through the solenoid, it attracts the flapper fixed on a pivot. So, when the
solenoid is activated, the flapper moves as per the magnitude of current through the solenoid,
which will control the opening of the nozzle. Depending on the opening and closing of nozzle,
the pressure signal is varied between 3-15 psi. When the electrical signal in the solenoid is 4
mA, the nozzle output is minimum, thus the pressure signal is maximum (15psi). When the
current signal in the solenoid is maximum, i.e., 20 mA, the nozzle is opened to maximum
leading to maximum fluid flow through the nozzle and thus minimum pressure (3 psi) of the
pressure signal.
The greatest advantage of electro pneumatics is the integration of various types of
proximity sensors [electrical] and PLC for very effective control. As the signal speed with
electrical signal, can be much higher, cycle time can be reduced and signal can be conveyed
over long distances.
In Electro pneumatic controls, mainly three important steps are involved:




Signal input devices -Signal generation such as switches and contactor, Various types
of contact and proximity sensors
Signal Processing – Use of combination of Contactors of Relay or using Programmable
Logic Controllers
Signal Out puts – Out puts obtained after processing are used for activation of solenoids
indicators or audible alarms

Seven basic electrical devices used in electro pneumatic actuators are








Manually actuated push button switches
Limit switches
Pressure switches
Solenoids
Relays
Timers
Temperature switches

Push button switches: A push button is a switch used to close or open an electric control
circuit. They are primarily used for starting and stopping of operation of machinery. They also
provide manual override when the emergency arises. Push button switches are actuated by
pushing the actuator into the housing. This causes set of contacts to open or close.
Push buttons are of two types



Momentary push button: return to their unactuated position when they are released
Maintained contact or detent push button: Has a latching mechanism to hold it in the
selected position

The contact of the push buttons, distinguished according to their functions,
i.
ii.
iii.

Normally open (NO) type
Normally closed (NC) type
Change over (CO) type.

Limit Switches: Any switch that is actuated due to the position of a fluid power component
(usually a piston rod or hydraulic motor shaft or the position of load is termed as limit switch.
The actuation of a limit switch provides an electrical signal that causes an appropriate system
response. Limit switches perform the same function as push button switches. Push buttons are
manually actuated whereas limit switches are mechanically actuated.

There are two types classification of Limit switches depending upon method of
actuations of contacts
i.
ii.

Lever actuated contacts
Spring loaded contacts

Pressure switches: A pressure switch is a pneumatic-electric signal converter. Pressure
switches are used to sense a change in pressure, and opens or closes an electrical switch when
a predetermined pressure is reached. Bellow or diaphragm is used to sense the change of
pressure. Bellows or Diaphragm is used to expand or contract in response to increase or
decrease of pressure. Figure 1.3 shows a diaphragm type of pressure switch. When the pressure
is applied at the inlet and when the pre-set pressure is reached, the diaphragm expands and
pushes the spring loaded plunger to make/break contact.
Solenoids: Electrically actuated directional control valves form the interface between the two
parts of an electro-pneumatic control.
The most important tasks of electrically actuated DCVs include.



Switching supply air on or off
Extension and retraction of cylinder drives

Electrically actuated directional control valves are switched with the aid of solenoids. They can
be divided into two groups:



Spring return valves only remain in the actuated position as long as current flows
through the solenoid
Double solenoid valves retain the last switched position even when no current flows
through the solenoid.

Relays: A relay is an electro magnetically actuated switch. It is a simple electrical device used
for signal processing. Relays are designed to withstand heavy power surges and harsh
environment conditions. When a voltage is applied to the solenoid coil, an electromagnet field
results. This causes the armature to be attracted to the coil core. The armature actuates the relay
contacts, either closing or opening them, depending on the design. A return spring returns the
armature to its initial position when the current to the coil is interrupted.
Timer or Time delay relays: Timers are required in control systems to effect time delay
between work operations. This is possible by delaying the operation of the associated control
element through a timer. Most of the timers we use is Electronic timers.
There are two types of time relay
i.
ii.

Pull in delay (on –delay timer)
Drop –out delay (off delay timer)

Temperature Switch: Temperature switches automatically senses a change in temperature and
opens or closes an electrical switch when a predetermined temperature is reached. This switch
can be wired either normally open or normally closed.
Temperature switches can be used to protect a fluid power system from serious damage when
a component such as a pump or strainer or cooler begins to malfunction.

Electro-pneumatic actuator can be briefed as below:







Integrates pneumatic and electrical technologies, consists of electrical control systems
operating pneumatic power systems.
The signal medium is the electrical signal either AC or DC source is used. Working
medium is compressed air.
In this solenoid valves are used as interface between the electrical and pneumatic
systems. i.e.: The final control valve is activated by solenoid actuation.
Operating voltages from around 12 V to 220 Volts are often used.
Devices like limit switches and proximity sensors are used as feedback elements.
More widely used for large applications.

Types of Actuators and Their Characteristics

Control Valves







The control action in any control loop system, is executed by the final control element.
The most common type of final control element used in chemical and other process
control is the control valve.
A control valve is normally driven by a diaphragm type pneumatic actuator that throttles
the flow of the manipulating variable for obtaining the desired control action.
A control valve essentially consists of a plug and a stem.
The stem can be raised or lowered by air pressure and the plug changes the effective
area of an orifice in the flow path.
When the air pressure increases, the downward force of the diaphragm moves the stem
downward against the spring.

Classification of Control Valves
Control valves are available in different types and shapes.
They can be classified in different ways based on




Action
Number of plugs
Flow characteristics.

Classification of Control Valves based on Action
Air to Open: If the air supply fails, the control valve will be fully closed
Air to Close: If the air supply fails, the control valve will be fully open.

Control valves operated through pneumatic actuators can be either (i) air to open, or (ii)
air to close. They are designed such that if the air supply fails, the control valve will be either
fully open, or fully closed, depending upon the safety requirement of the process. For example,
if the valve is used to control steam or fuel flow, the valve should be shut off completely in
case of air failure. On the other hand, if the valve is handling cooling water to a reactor, the
flow should be maximum in case of emergency. The schematic arrangements of these two
actions are shown in Figure below. Valve A are air to close type, indicating, if the air fails, the
valve will be fully open. Opposite is the case for valve B.

Classification of Control Valves based on Number of Plugs
Control valves can also be characterized in terms of the number of plugs present, as singleseated valve and double-seated valve. The difference in construction between a single seated
and double-seated valve are illustrated in Fig.

Here, only one plug is present in the control valve, so it is single seated valve. The
advantage of this type of valve is that, it can be fully closed and flow variation from 0 to 100%
can be achieved. But looking at its construction, due to the pressure drop across the orifice a
large upward force is present in the orifice area, and as a result, the force required to move the

valve against this upward thrust is also large. Thus this type of valves is more suitable for small
flow rates. On the other hand, there are two plugs in a double-seated valve; flow moves upward
in one orifice area, and downward in the other orifice. The resultant upward or downward thrust
is almost zero. As a result, the force required to move a double-seated valve is comparatively
much less.
But the double-seated valve suffers from one disadvantage. The flow cannot be shut off
completely, because of the differential temperature expansion of the stem and the valve seat. If
one plug is tightly closed, there is usually a small gap between the other plug and its seat. Thus,
single-seated valves are recommended for when the valves are required to be shut off
completely. But there are many processes, where the valve used is not expected to operate near
shut off position. For this condition, double-seated valves are recommended.
Classification of Control Valves based on Flow Characteristics
Flow Characteristics describes how the flow rate changes with the movement or lift of
the stem. The shape of the plug primarily decides the flow characteristics. The flow
characteristic of a valve is normally defined in terms of Inherent characteristics and Effective
characteristics. An inherent characteristic is the ideal flow characteristics of a control valve and
is decided by the shape and size of the plug. When the valve is connected to a pipeline, its
overall performance is decided by its effective characteristic.
Based on inherent/ideal characteristics, control valves are classified into three such as
Quick opening, Linear and Equal Percentage.

The shape of the plug decides, how the flow rate changes with the stem movement, or
lift when the pressure drop across the valve is assumed to be held constant. This classification
is basically done on relationship between the valve stem position and the flow rate through the
valve. As the stem and plug move with respect to the seat/orifice, the shape of the plug
determines the amount of actual opening of the valve.
Quick Opening Type: This type of valve is used predominantly for full ON/full OFF control
applications. The valve characteristics shows that a relatively small motion of the valve stem
results in maximum possible flow rate through the valve. Such a valve, for example, may allow
90% of maximum flow rate with only a 30% travel of the stem.

Linear Type: This type of valve has a flow rate that varies linearly with the stem position. It
represents the ideal situation where the valve alone determines the pressure drop.
Equal Percentage Type: A very important type of valve employed in flow control has a
characteristic such that a given percentage change in stem position produces an equivalent
change in flow—that is, an equal percentage. Generally, this type of valve does not shut off the
flow completely in its limit of stem travel. Thus, Qmin represents the minimum flow when the
stem is at one limit of its travel. At the other extreme, the valve allows a flow Qmax as its
maximum, open-valve flow rate.

Directional Control Valves
In directional control valves, it is basically the directions of the flows that are controlled
and not the magnitudes.
Directional valves can be characterized depending on the number of ports, the number
of directions of flow that can be established, number of positions of the valve etc. They are
mainly classified in terms of the number of flow directions, such as one-way, two way or fourway valves. Directional valves are often operated in selected modes using hydraulic pressure
from remote locations. Such mechanisms are known as pilots. Thus a valve that may be
blocking the flow in a certain direction in absence of pilot pressure, may be allowing flow,
when pilot pressure is applied.
Check Valve
In its simplest form, a check valve is a one-way directional valve. It permits free flow in one
direction and blocks flow in the other. It is analogous to the electronic diode. Symbol of check
valve is shown below. The direction of the arrow shows the direction for free flow.

In its simplest form of construction, a check valve is realized as an in-line ball and
spring.

Pressure from the left moves the ball from its seat so to permit unobstructed flow. Pressure
from right pushes the ball tight on to the seat, and flow is blocked. In some valves a poppet is
used in place of the ball. In some other construction, the valve inlet and outlet ports are made
at right angles.

When flow is from left to right, valve is open

When flow is from right to left, the valve is closed
Pilot-operated Check Valves
Pilot-operated check valves are designed to permit free flow in one direction and to
block return flow, unless pilot pressure is applied. However, under pilot pressure, flow is
permitted in both directions. They are used in hydraulic presses as prefill valves – to permit the
main ram to fill by gravity during the “fast approach” part of the stroke. They also are used to
support vertical pistons which otherwise might drift downward due to leakage past the
directional valve spool.
With no pilot pressure, the valve functions as a normal check valve. Flow to bottom is
permitted but the reverse is blocked. If pilot pressure is applied, the valve is open at all times,
and flow is allowed freely in both directions.

The check valve poppet has the pilot piston attached to the poppet stem. A light spring
holds the poppet seated in a no-flow condition by pushing against the pilot piston. A separate
drain port is provided to prevent oil from creating a pressure build-up on the underside of the
piston. Reverse flow can occur only when a pressure that can overcome the pressure in the
outlet chamber is applied.
Possible application of the valve can be to permit free flow to the accumulator, while
blocking flow out of it. If the pilot is actuated the accumulator can discharge if the pressure at
the inlet port is lower than the accumulator pressure.
Relief Valves
Relief valves are used for regulation of pressure in hydraulic systems for protection of
equipment and personnel. The spring keeps the valve shut until a pressure set by an adjustable
spring tension is reached which pushes the spring up to relief the pressure by connecting the
inlet to the drain.

Symbol of relief valve

Shape Memory Alloys


























Certain classes of metallic alloys have a special ability to memorize their shape at a
high temperature, and recover large deformations imparted at a low temperature on
thermal activation.
The recovery of strains imparted to the material at a lower temperature, as a result of
heating, is called the Shape Memory Effect(SME).
They can remember the parent state with respect to the high temperature.
Whatever is done with the metallic alloy at low temperature, the moment it is taken
back to high temperature, it will get back to the parent shape
Happens because of very regular crystal structure- most of the time a body centred
cubic.
SME 1st observed in 1932 in Gold Cadmium Alloy. They were expensive and not much
large shape memory effect was seen in them
Three types of SMA are currently popular
o Cu Zn Al
o Cu Al Ni
o Ni Ti- Commercially available as NiTiNOL. (NOL: Naval Ordinance
Laboratory)
The shape memory alloys have two stable phases- the high temperature phase called
austenite (After English metallurgist William Chandler Austen) and the low
temperature phase called martensite (After German metallographer Adolf Martens)
The martensite phase can be of two forms
o Twinned martensite
o Detwinned martensite
A phase transformation which occurs between these two phases upon heating/cooling
is the basis for the unique properties of the SMAs.
Deformed shape + Heat = Original Shape
The shape change involves a solid state phase change involving a molecular
rearrangement between martensite and austenite.
Upon cooling in the absence of applied load, the material transforms from austenite to
twinned martensite (No observable macroscopic change occurs)
If a mechanical load is applied to the material in twinned martensite phase (at low
temperature), it is possible to detwin the martensite.
Upon releasing of the load, the material remains deformed.
A subsequent heating of the material to a temperature above the austenite finish
temperature (Af) will result in a reverse phase transformation (martensite to austenite)
and will lead to complete shape recovery.
SMA remembers the shape when it has austenitic structure.
So, if we need SMA to remember and regain/recover certain shape, the shape should
be formed when the structure is austenite.
The un-deformed Martensite phase is the same size and shape as the cubic Austenite
phase on a macroscopic scale.
No change in size or shape is visible in shape memory alloys until the Martensite is
deformed.




The high temperature causes the atoms to arrange themselves into the most compact
and regular pattern possible resulting in a rigid cubic arrangement (austenite phase).
They can be formed into various shapes like bars, wires, plates and rings thus serving
various functions

Phase Transformation in SMA

Hysteresis Curve of SMA

SME Temperatures
Ms: Temperature at which austenite begins to transform to martensite upon cooling
Mf: Temperature at which transformation of austenite to martensite is complete upon cooling
As: Temperature at which martensite begins to transform to austenite upon heating
Af: Temperature at which transformation of martensite to austenite is complete upon heating
Mf < Ms < As < Af

Types of SME
One-way shape memory: The material always remembers the shape at Parent always
remembers the shape at Parent State (Austenite Phase). When the metal cools again it will
remain in the hot shape, until deformed again.
Two-way shape memory: The deformed shape is remembered during cooling, in addition to
the original shape being remembered during heating, i.e., memory is with both austenite and
martensite phases. The material remembers two different shapes: one at low temperatures, and
one at the high-temperature shape.
Advantages
Bio-compatibility
Diverse field of application
Good mechanical properties(strong, corrosion resistant)
Disadvantages
Expensive
Poor fatigue properties: Repeated use of shape memory effect leads to functional fatigue.
Overstress
Applications of Shape Memory Alloys














The one well developed application of SMA is for simple and leak proof coupling of
pneumatic and hydraulic lines.
The alloys have also been exploited in mechanical and electromechanical control
systems to provide a precise mechanical response to a small and repeated temperature
changes.
Also used in a wide range of medical and dental applications like healing broken bones,
misaligned teeth etc.
Various thermal actuators
Biomedical
Civil engineering of mega structures
Self-expandable cardiovascular stent
Blood clot filters
Actuators for smart systems
Flaps that change direction of airflow depending upon temperature (for air conditioners)
Couplings
Control of aerodynamic surfaces

Fig: Satellite Antenna using SMA: Antenna is made into regular form in Austenite phase, it is
cooled and brought to martensite phase and deformed so that it can be packed easily. When the
satellite is exposed to high temperature at the orbit, the antenna regains its initial shape.

Fig: Actuator using SMA: The SMA wire is stretched or compressed during low temperature
martensite phase. When it is exposed to high temperature, it regains its initial length which will
lead to a movement of the actuator element.

Fig: Coupling using SMA: A memory alloy coupling is expanded (a) so it fits over the tubing
(b). When the coupling is reheated, it shrinks back to its original diameter (c), squeezing the
tubing for a tight fit

Module VI
Latching in PLC
There are often situations in which it is necessary to hold an output energized, even when the
input ceases. A simple example of such a situation is a motor that is started by pressing a push-button
switch. Though the switch contacts do not remain closed, the motor is required to continue running until
a stop push-button switch is pressed. The term latch circuit is used for the circuit that carries out such
an operation. It is a self-maintaining circuit in that, after being energized, it maintains that state until
another input is received.
An example of a latch circuit is shown in Figure.
When the input A contacts close, there is an output.
However, when there is an output, another set of contacts
associated with the output closes. These contacts form an
OR logic gate system with the input contacts. Thus, even if
input A opens, the circuit will still maintain the output
energized. The only way to release the output is by
operating the normally closed contact B.
As an illustration of the application of a latching
circuit, consider a motor controlled by stop and start
push-button switches and for which one signal light must
be illuminated when the power is applied to the motor and
another when it is not applied. Figure shows a ladder
diagram with Mitsubishi notation for the addresses. X401
is closed when the program is started. When X400 is
momentarily closed, Y430 is energized and its contacts
close. This results in latching as well as the switching off
of Y431 and the switching on of Y432. To switch the
motor off, X401 is pressed and opens. Y430 contacts
open in the top rung and third rung but close in the second
rung. Thus Y431 comes on and Y432 goes off. Latching
is widely used with startups so that the initial switching
on of an application becomes latched on.

***Refer the given textbook for the remaining portions of PLC***
“Programmable Logic Controllers and Industrial Automation: An Introduction”
Madhuchhanda Mitra & Samarjit Sengupta- Chapters 1, 2 & 3

Supervisory Control and Data Acquisition (SCADA)
SCADA is an acronym that stands for Supervisory Control and Data Acquisition. SCADA
refers to a system that collects data from various sensors at a factory, plant or in other remote locations
and then sends this data to a central computer which then manages and controls the data. SCADA
systems are used not only in industrial processes: e.g. steel making, power generation (conventional
and nuclear) and distribution, chemistry, but also in some experimental facilities such as nuclear fusion.
The size of such plants range from a few 1000 to several 10 thousand input/output (I/O) channels.
A SCADA system refer to a system consisting of a number of remote terminal units (or RTUs)
collecting field data connected back to a master station via a communications system. The master station
displays the acquired data and also allows the operator to perform remote control tasks. The accurate
and timely data (normally real-time) allows for optimization of the operation of the plant and process.
A further benefit is more efficient, reliable and most importantly, safer operations. This all results in a
lower cost of operation compared to earlier non-automated systems.
SCADA systems are used to monitor or to control chemical or transport processes in municipal
water supply systems, to control electric power generation, transmission and distribution, gas and oil
pipelines, and other distributed processes. Supervisory control and data Acquisition (SCADA)achieves
this requirement collecting reliable field data through remote terminal units (RTUs) Intelligent Electric
Devices (IEDs) and presenting them to user requirement. The user interface or the man machine
interface (MMI) provides various options of data presentation according to specific application and user
needs. There are many parts of a working SCADA system. A SCADA system usually includes signal
hardware (input and output), controllers, networks, user interface (HMI), communications equipment
and software. All together, the term SCADA refers to the entire central system. The central system
usually monitors data from various sensors that are either in close proximity or off site.
The RTU provides an interface to the field analog and digital signals situated at each remote
site. The communications system provides the pathway for communications between the master station
and the remote sites. This communication system can be radio, telephone line, microwave and possibly
even satellite. Specific protocols and error detection philosophies are used for efficient and optimum
transfer of data. The master station (and sub-masters) gather data from the various RTUs and generally
provide an operator interface for display of information and control of the remote sites. In large
telemetry systems, sub-master sites gather information from remote sites and act as a relay back to the
control master station.
Contemporary SCADA systems exhibit predominantly open-loop control characteristics and
utilize predominantly long distance communications, although some elements of closed-loop control.

Objectives of SCADA:


Monitoring: Continuous monitoring of the parameters of voltage, current, etc.



Measurement: Measurement of variables for processing.



Data Acquisition: Frequent acquisition of data from RTUs and Data Loggers / Phasor data
Concentrators (PDC).



Data Communication: Transmission and receiving of large amounts of data from field to control
centres.



Control: Online real time control for closed loop and open loop processes.



Automation: Automatic tasks of switching of transmission lines, CBs, etc.

Functions of SCADA:


Data Acquisition



Information Display



Supervisory Control



Alarm Processing



Information Storage and Reports



Sequence of Event Acquisition



Data Calculation



Special RTU Processing/Control

Advantages of SCADA System
The advantages of Supervisory Control and Data Acquisition system include:


Improvement in Service Quality



Improvement in Reliability



Continuous monitoring of process.



Real time control.



Automation and Protection.



Remote control and operation.



Reduction in operation and maintenance costs



Easy to monitor large system parameters



Real time information on demand



Reduction in Manpower



Value added services



Ease in Fault Detection and Fault Localization (FDFL)



Reduction in Repair Time (System Down Time)

Applications/Usage of SCADA:
SCADA systems are widely used for control in the following domains
1. Electric power generation, transmission and distribution: Electric utilities use SCADA systems
to detect current flow and line voltage, to monitor the operation of circuit breakers, and to take
sections of the power grid online or offline.
2. Water and sewage: State and municipal water utilities use SCADA to monitor and regulate
water flow, reservoir levels, pipe pressure and other factors.
3. Industries, buildings, facilities and environments: Facility managers use SCADA to control
HVAC, refrigeration units, lighting and entry systems.
4. Manufacturing: SCADA systems manage parts inventories for just-in-time manufacturing,
regulate industrial automation and robots, and monitor process and quality control.
5. Mass transit: Transit authorities use SCADA to regulate electricity to subways, trams and
trolley buses; to automate traffic signals for rail systems; to track and locate trains and buses;
and to control railroad crossing gates.
6. Traffic signals: SCADA regulates traffic lights, controls traffic flow and detects out-of-order
signals.
7. Communication Networks: Used for monitoring and controlling servers, networks and nodes.
A SCADA system performs four basic functions:


Data acquisition



Networked data communication



Data presentation



Control

Data Acquisition: First, the systems need to be monitored are much more complex than just one
machine with one output. So a real-life SCADA system needs to monitor hundreds or thousands of
sensors. Some sensors measure inputs into the system (for example, water flowing into a reservoir), and
some sensors measure outputs (like valve pressure as water is released from the reservoir). Some of
those sensors measure simple events that can be detected by a straightforward on/off switch, called a
discrete input (or digital input). In real life, discrete inputs are used to measure simple states, like
whether equipment is on or off, or tripwire alarms, like a power failure at a critical facility. Some sensors
measure more complex situations where exact measurement is important. These are analog sensors,
which can detect continuous changes in a voltage or current input. Analog sensors are used to track
fluid levels in tanks, voltage levels in batteries, temperature and other factors that can be measured in a
continuous range of input. For most analog factors, there is a normal range defined by a bottom and top

level. For example, you may want the temperature in a server room to stay between 60 and 85 degrees
Fahrenheit. If the temperature goes above or below this range, it will trigger a threshold alarm.
Data Communication: If multiple systems have to be monitored from a central location, a
communications network to transport all the data collected from the sensors is needed. Early SCADA
networks communicated over radio, modem or dedicated serial lines. Today the trend is to put SCADA
data on Ethernet and IP over SONET. For security reasons, SCADA data should be kept on closed
LAN/WANs without exposing sensitive data to the open Internet. Real SCADA systems don’t
communicate with just simple electrical signals, either. SCADA data is encoded in protocol format. The
remote telemetry unit (RTU) is needed to provide an interface between the sensors and the SCADA
network. The RTU encodes sensor inputs into protocol format and forwards them to the SCADA master;
in turn, the RTU receives control commands in protocol format from the master and transmits electrical
signals to the appropriate control relays. Communication gateways are also used for conversion between
electrical signals and protocols.
Data Presentation: A SCADA system reports to human operators over a specialized computer that is
variously called a master station, an HMI (Human-Machine Interface) or an HCI (Human-Computer
Interface). The SCADA master station has several different functions. The master continuously
monitors all sensors and alerts the operator when there is an “alarm” — that is, when a control factor is
operating outside what is defined as its normal operation. The master presents a comprehensive view
of the entire managed system, and presents more detail in response to user requests. The master also
performs data processing on information gathered from sensors — it maintains report logs and
summarize historical trends. An advanced SCADA master can add a great deal of intelligence and
automation to your systems management, making your job much easier.
The SCADA system uses human
machine interface. The information is displayed
and monitored to be processed by the human.
HMI provides the access of multiple control
units which can be PLCs and RTUs. The HMI
provides the graphical presentation of the
system. For example, it provides the graphical
picture of the pump connected to the tank. The
user can see the flow of the water and pressure
of the water. The important part of the HMI is an alarm system which is activated according to the
predefined values.

Control: If there is a sufficiently sophisticated master unit, the controls can run completely
automatically, without the need for human intervention. The automatic controls can still be manually
override from the master station. In real life, SCADA systems automatically regulate all kinds of
industrial processes. For example, if too much pressure is building up in a gas pipeline, the SCADA
system can automatically open a release valve. Electricity production can be adjusted to meet demands
on the power grid. Even these real-world examples are simplified; a full-scale SCADA system can
adjust the managed system in response to multiple inputs.
Architecture of SCADA
Generally, SCADA system is a centralized system which monitors and controls entire area. It
is purely software package that is positioned on top of hardware. A supervisory system gathers data on
the process and sends the commands control to the process. The SCADA has a remote terminal unit
which is also known as RTU. Most control actions are automatically performed by RTUs or PLCs. The
RTUs consist of programmable logic converter which can be set to specific requirement. For example,
in the thermal power plant the water flow can be set to specific value or it can be changed according to
the requirement.
The SCADA system allows operators to change the set point for the flow, and enable alarm
conditions in case of loss of flow and high temperature and the condition is displayed and recorded.

The SCADA system monitors the overall performance of the loop. The SCADA system is a centralized
system to communicate with both wire and wireless technology to Clint devices. The SCADA system
controls can run completely all kinds of industrial process. E.g.: If too much pressure in building up in
a gas pipe line the SCADA system can automatically open a release valve.
Generally, SCADA system can be classified into two parts:


The Clint layer which caters for the man machine interaction.



The data server layer which handles most of the process data activities.

The SCADA station refers to the servers and it is composed of a single PC. The data servers
communicate with devices in the field through process controllers like PLCs or RTUs. The PLCs are
connected to the data servers either directly or via networks or buses. The SCADA system utilizes a
WAN and LAN networks, the WAN and LAN consists of internet protocols used for communication
between the master station and devices. The physical equipment’s like sensors connected to the PLCs
or RTUs. The RTUs convert the sensor signals to digital data and sends digital data to master. According
to the master feedback received by the RTU, it applies the electrical signal to relays. Most of the
monitoring and control operations are performed by RTUs or PLCs as we can see in the figure.

Types of SCADA System
There are four different types of SCADA systems from four generations. They are:


Early or Monolithic SCADA Systems (First Generation)



Distributed SCADA Systems (Second Generation)



Networked SCADA Systems (Third Generation)



IoT SCADA Systems (Fourth Generation)

Elements of SCADA/SCADA Block Diagram:


Sensors and actuators



RTUs/PLCs



Communication



Master Terminal Unit
 Front End Processor
 SCADA server
 Historical/Redundant/Safety Server
 HMI computer
 HMI software

Sensors and Actuators: (Explain briefly about sensors and actuators)
Remote Terminal Unit(RTU)
An RTU is a stand-alone data acquisition and control unit, which monitors and control
equipment at some remote location from the central station. Its primary task is to control and acquire
data from process equipment at the remote location and to transfer these data back to the central station.
A SCADA system consists of a number of RTUs collecting field data and sending these data back to
master station via a communication system. RTU provides an interface to the field analog and digital
sensors.
PLCs are sometimes used as RTUs because a PLC has a lot of advantages over RTUs such as
i.

Versatility and flexibility: PLCs can easily have their logic or hardware modified to cope
with modified requirements of control.

ii.

Enhanced reliability: When correctly installed, PLCs are far more reliable solution than a
traditional hardwired relay solution.

iii.

Sophisticate control: PLCs allows for far more sophisticated control mainly due to the
software capability which is greater than that of RTUs.

iv.

Easier troubleshooting and diagnostics: Software and clear cut reporting of problems allow
easy and swift diagnosis of hardware/firmware/software problems on the system as well as
identifying problems with the process and automation system.

Communication System:
The communication system provides pathway for communication between the master station
and the remote sites. This communication system can be wire, fibre optic, radio, telephone line,
microwave and possibly even a satellite. The communication interfaces that are generally used in RTUs
are RS-232/RS-442/RS-485, dialup telephone lines/dedicated landlines, microwave, satellite etc.

Master Station
RTUs collect field data send these data to a master station via a communication system. The
master station displays the acquired data and allows the operator to perform remote control tasks. In
large telemetry systems, sub-master sites gather information from remote sites and acts as a relay back
to the control master station.
The central site/master station can be pictured as having one or more operator stations tied
together with a LAN connected to a communication system consisting of a modern and radio
receiver/transmitter. Normally there are no input/output modules connected directly to the master
stations although there may be RTUs located in close proximity to the master room. These master
stations are provided with many features that should be available for an industrial system. If the
geographical distance is large or data traffic is more, it is preferred that sub-master stations are set-up
between the RTUs and the master station. The sub-master station may have functions like acquiring
data from the RTUs within the region, logging and displaying the data on a local operator station,
passing data back to the master station and passing on control requests from the master station to the
RTUs in its region.

If at any level, any station malfunctions, the transmission process is interrupted. To avoid such
situation, a number of stations at each level (master or sub-master station level) are provided to operate
in parallel so that in case of failure of any one station, the other station takes charge so that the
transmission process remains uninterrupted. This is called redundancy stations.
Human-machine interface:
The human-machine interface (HMI) is the operator window of the supervisory system. It
presents plant information to the operating personnel graphically in the form of mimic diagrams, which
are a schematic representation of the plant being controlled, and alarm and event logging pages. The
HMI is linked to the SCADA supervisory computer to provide live data to drive the mimic diagrams,
alarm displays and trending graphs. In many installations the HMI is the graphical user interface for the
operator, collects all data from external devices, creates reports, performs alarming, sends notifications,
etc.
Supervisory operation of the plant is by means of the HMI, with operators issuing commands
using mouse pointers, keyboards and touch screens. For example, a symbol of a pump can show the
operator that the pump is running, and a flow meter symbol can show how much fluid it is pumping
through the pipe. The operator can switch the pump off from the mimic by a mouse click or screen
touch. The HMI will show the flow rate of the fluid in the pipe decrease in real time.
The HMI package for a SCADA system typically includes a drawing program that the operators
or system maintenance personnel use to change the way these points are represented in the interface.



SCADA systems are used to control dispersed assets where centralized data acquisition
is as important as control (i.e., SCADA is a method of monitoring and controlling large
processes, often scattered over thousands of square kilometres).



These systems are used in distribution systems such as water distribution and
wastewater collection systems, oil and natural gas pipelines, electrical utility
transmission and distribution systems, and rail and other public transportation systems.



SCADA systems integrate data acquisition systems with data transmission systems and
HMI software to provide a centralized monitoring and control system for numerous
process inputs and outputs.



SCADA systems are designed to collect field information, transfer it to a central
computer facility, and display the information to the operator graphically or textually,
thereby allowing the operator to monitor or control an entire system from a central
location in real time.



Based on the sophistication and setup of the individual system, control of any individual
system, operation, or task can be automatic, or it can be performed by operator
commands.



SCADA is not a full control system, but rather focuses on the supervisory level.



SCADA is used for gathering, analysing and to storage real time data.



SCADA systems consist of both hardware and software.



Typical hardware includes an MTU placed at a control centre, communications
equipment (e.g., radio, telephone line, cable, or satellite), and one or more
geographically distributed field sites consisting of either an RTU or a PLC, which
controls actuators and/or monitors sensors.



The MTU stores and processes the information from RTU inputs and outputs, while the
RTU or PLC controls the local process.



The communications hardware allows the transfer of information and data back and
forth between the MTU and the RTUs or PLCs.



The software is programmed to tell the system what and when to monitor, what
parameter ranges are acceptable, and what response to initiate when parameters change
outside acceptable values.



An IED, such as a protective relay, may communicate directly to the SCADA Server,
or a local RTU may poll the IEDs to collect the data and pass it to the SCADA Server.



IEDs provide a direct interface to control and monitor equipment and sensors.



IEDs may be directly polled and controlled by the SCADA Server and in most cases
have local programming that allows for the IED to act without direct instructions from
the SCADA control centre.



SCADA systems are usually designed to be fault-tolerant systems with significant
redundancy built into the system architecture.

SCADA System General Layout


The control centre houses a SCADA Server (MTU) and the communications routers.



Other control centre components include the HMI, engineering workstations, and the
data historian, which are all connected by a LAN.



The control centre collects and logs information gathered by the field sites, displays
information to the HMI, and may generate actions based upon detected events.



The control centre is also responsible for centralized alarming, trend analyses, and
reporting.



The field site performs local control of actuators and monitors sensors.



Field sites are often equipped with a remote access capability to allow field operators
to perform remote diagnostics and repairs usually over a separate dial up modem or
WAN connection.



Standard and proprietary communication protocols running over serial communications
are used to transport information between the control centre and field sites using
telemetry techniques such as telephone line, cable, fibre, and radio frequency such as
broadcast, microwave and satellite.



MTU-RTU communication architectures vary among implementations. The various
architectures used, including point-to-point, series, series-star, and multi-drop.



An RTU (sometimes referred to as a remote telemetry unit) as the title implies, is a
standalone data acquisition and control unit, generally microprocessor based, which
monitors and controls equipment at some remote location from the central station.



Its primary task is to control and acquire data from process equipment at the remote
location and to transfer this data back to a central station.



It generally also has the facility for having its configuration and control programs
dynamically downloaded from some central station.



There is also a facility to be configured locally by some RTU programming unit.



Although traditionally the RTU communicates back to some central station, it is also
possible to communicate on a peer-to-peer basis with other RTUs.



The RTU can also act as a relay station (sometimes referred to as a store and forward
station) to another RTU, which may not be accessible from the central station.



Small sized RTUs generally have less than 10 to 20 analog and digital signals, medium
sized RTU shave 100 digital and 30 to 40 analog inputs.



RTUs, having a capacity greater than this can be classified as large.

Distributed Control Systems (DCS)
Systems similar to SCADA systems are routinely seen in factories, treatment plants etc. These
are often referred to as Distributed Control Systems (DCS). They have similar functions to SCADA
systems, but the field data gathering or control units are usually located within a more confined area.
Communications may be via a local area network (LAN), and will normally be reliable and high speed.
A DCS system usually employs significant amounts of closed loop control. SCADA systems on the
other hand generally cover larger geographic areas, and rely on a variety of communications systems
that are normally less reliable than a LAN. Closed loop control in this situation is less desirable in
SCADA.
DCS are typically used for single-point processing and are employed in a limited geographic
area. On the other hand, SCADA systems are used for large-scale, distributed management of critical
infrastructure systems and are often geographically dispersed. For example, in a power utility, DCS
may be used for generation of power, while SCADA is used for the distribution and transmission of
power.
A distributed control system (DCS) refers to a control system usually of a manufacturing
system, process or any kind of dynamic system, in which the controller elements are not central in
location (like the brain) but are distributed throughout the system with each component sub-system
controlled by one or more controllers. The entire system of controllers is connected by networks for
communication and monitoring. DCS is a very broad term used in a variety of industries, to monitor
and control distributed equipment.
A DCS typically uses custom designed processors as controllers and uses both proprietary
interconnections and communications protocol for communication. Input and output modules form
component parts of the DCS. The processor receives information from input modules and sends
information to output modules. The input modules receive information from input instruments in the
process (or field) and transmit instructions to the output instruments in the field. Computer buses or
electrical buses connect the processor and modules through multiplexer or demultiplexers. Buses also
connect the distributed controllers with the central controller and finally to the Human–machine
interface (HMI) or control consoles.
DCS is a computerised control system for a process or plant that consist of a large number of
control loops, in which autonomous controllers are distributed throughout the system, but there is a
central operator supervisory control
These systems are used on large continuous process plants where high reliability and security
is required.

As DCS contains distribution of the control processing around nodes in the system the complete
system is reliable and mitigates a single processor failure. It will affect only one section of the plant
process only, if a processor fails while the whole plant will be affected when the central computer fails.
This distribution of computing power to the field input/output field connection rack also ensures
fast processing by removing possible network and central processing delays.

Figure above shows the architecture of computerized control in a process or industry.


Level 0: field devices such as temp sensors, flow and final control elements such as
control valves



Level 1: Industrial Input/Output modules and their associated distributed electronic
processors



Level 2: Included with Supervisory computers that help to gather information from
processor nodes on the system, and provide the operator control screens



Level 3: production control level, which does not directly control the process but is
concerned with monitoring production and monitoring targets



Level 4: production scheduling level

Level 1,2 are the functional levels of a traditional DCS, in which all equipment's are part of an
integrated system.

Features of DCS


System redundancy



More sophisticated HMI



Scalable Platform



System Security

Benefits of DCS


Various control functions can be distributed into small sets of subsystems that are semiautonomous.



These are but interconnected by a high speed communication bus. (functions include data
acquisition, process control, process supervision, reporting information, storing and retrieval of
information)



Automation of manufacturing process by integrating advanced control strategies.



Arranging the things in a system; DCS unites sub-systems through a proper command structure
and information flow.



Requires minimum troubleshooting.



Contains HMI graphics and faceplates



Batch management is possible



Reduce engineering time



Redundant operator system servers

Applications of DCS


Chemical plants



Petrochemical (oil) and refineries



Pulp and Paper Mills



Boiler controls and power plant systems



Nuclear power plant



Environmental control systems



Water management systems



Water treatment plants



Sewage treatment plants



Food and food processing



Agrochemical and fertilizer



Metal and mines



Automobile manufacturing



Metallurgical process plants



Pharmaceutical manufacturing



Sugar refining plants



Agriculture Applications

DCS vs PLC
To differentiate between PLC & DCS, there are five key factors to be considered: They are:
1) Response Time:
PLCs are fast, which make the PLC an ideal controller for real-time actions such as a safety shutdown
or firing control.
A DCS takes much longer time to process data, which made it not the right solution when response
times are critical.
2) Scalability:
A few thousand I/O points can be handled by a PLC whereas DCS can handle many thousands of I/O
points and accommodate new equipment, process enhancements, and data integration.
DCS can be preferred when advanced process control is required and contain a large facility that’s
spread out over a wide geographic area with thousands of I/O points.
3) Complexity
The advanced process control capabilities of the DCS are required to carry out the complex nature of
many continuous production processes such as oil and gas, water treatment and chemical processing.
4) Frequent process changes
PLCs are used for processes that will not change often. And, a DCS is the better solutions when the
process is complex and requires frequent adjustments or must analyse a large amount of data.
5) Vendor support
To provide integration services and implement process changes, DCS vendors require users to employ
them. System integrators perform similar functions for PLC-based systems. It has also become common
for PLC vendors to offer support services through their network of system integrator partners.
Overall, DCS tends to be used in large continuous process plants where high reliability and security is
important, and the control room is not geographically remote.

DCS vs SCADA
There is considerable confusion today about the difference between DCS ("Distributed Control
Systems") and SCADA ("Supervisory Control and Data Acquisition") systems. As you can tell from
expanded acronyms above, SCADA includes "Data Acquisition" in addition to "Control". DCS, on the
other hand, contains only "Control".
Historically, when computer networks either did not yet exist or had very low bandwidth, a
SCADA system was the top-level controller for many lower-level intelligent agents. It was simply
impractical to have a single system controlling every minute aspect of a system. In this technical
environment, DCS devices did most of the detail work and simply reported to (and took high-level
orders from) the SCADA system.
Today, computer networks have become so fast that there's no practical reason for SCADA and
DCS to be separate. That's why they have blurred together into a single monitoring and control system.
The choice of name - SCADA vs. DCS - largely depends on the region where you work. Some areas

favour SCADA, others favour DCS. Occasionally, some people who worked with the systems before
they effectively merged or who have moved from another region will use a term different than their coworkers. This again leads to confusion when new employees must learn to manage SCADA/DCS.
DCS is process oriented, while SCADA is data acquisition oriented.
DCS is process state driven, while SCADA is event driven.
DCS is commonly used to handle operations on a single locale, while SCADA is preferred for
applications that are spread over a wide geographic location.
DCS operator stations are always connected to its I/O, while SCADA is expected to operate despite
failure of field communications.
DCS

SCADA

DCS is process oriented

Data-gathering oriented

Emphasizes more on control of the process, and

Concentrates more on acquisition process data

it also consists of supervisory control level

and presenting it to the operators and control
center

Controllers are usually located within a more

Generally covers large geographical areas, that

confined area, and the communication is through

uses different communication systems that are

LAN

generally less reliable

Employs close loop control at Process control

There is no such close loop control

station and at RTU’s
DCS is process state driven, where it scans the

SCADA is event driven, where it does not scan

process in in regular basis and displays the result

the process sequentially, but it waits for an event

to the operator

that causes process parameter to trigger certain
actions.

DCS does not keep a database of process

SCADA maintains a database to log the

parameter values, as it is always in connection

parameter values, which can be further retrieved

with its data source

for operator display

DCS is used for installations within a confined

SCADA is used for much larger geographical

area, like a single plant or factory

locations

E.g.: chemical plants, power generation stations,

E.g.:

pharmaceutical manufacturing, oil and gas

transmission and distribution control, transport

industries.

Water

management

systems,

power

applications and small manufacturing and
process industries.

Computer Numerical Control (CNC)
Computer Numerical Control (CNC) is a specialized and versatile form of Soft Automation and
its applications cover many kinds, although it was initially developed to control the motion and
operation of machine tools.
A system in which actions are controlled by the direct insertion of numerical data at some point.
The system must automatically interpret at least some portion of this data.
Computer Numerical Control may be considered to be a means of operating a machine through
the use of discrete numerical values fed into the machine, where the required 'input' technical
information is stored on a kind of input media such as floppy disk, hard disk, CD ROM, DVD, USB
flash drive, or RAM card etc. The machine follows a predetermined sequence of machining operations
at the predetermined speeds necessary to produce a work piece of the right shape and size and thus
according to completely predictable results. A different product can be produced through
reprogramming and a low-quantity production run of different products is justified.

Basic Principle of CNC
Elements of a CNC System
A CNC system consists of the following 6 major elements:
a. Input Device
b. Machine Control Unit
c. Machine Tool
d. Driving System
e. Feedback Devices
f.

Display Unit

a. Input Device
Floppy Disc Drive: Floppy disk is a small magnetic storage device for CNC data input. It had been
most common storage media up to 1970s, in terms of data transfer speed, reliability, storage size, data
handling and the ability to read and write. Furthermore, the data within a floppy disc could be easily
edited.
USB Flash Drive: Removable and rewritable portable hard drive with compact size and bigger storage
size than floppy disc.
Serial Communication: The data transfer between a computer and a CNC machine tool is often
accomplished through a serial communication port. International standards for serial communications
are established so that the information can be exchanged in an orderly way. The most common interface
referred to the EIA Standard RS-232.
Ethernet Communication: Due to advancement of computer technology and the drastic reduction of the
cost of the computer, it is becoming more practical and economical to transfer part programmes via an
Ethernet communication cable. Provides more efficient and reliable means in part programming
transmission and storage.
Conversational Programming: Part programmes can be input to the controller via the key board. Builtin intelligent software inside the controller enables the operator to enter the required data step by step.
b. Machine Control Unit (MCU)

The machine control unit is the heart of the CNC system. It accepts the information stored in the
memory as part program.
•

This data is decoded and transformed into specific position control and velocity signals.

•

It also oversees the movement of the control axis or spindle and whenever this does not match

with the programmed values, a corrective action is taken. There are two sub-units in the machine
control unit: The Data Processing Unit (DPU) and the Control Loop Unit (CLU).
i.

Data Processing Unit
On receiving a part programme, the DPU firstly interprets and encodes the part programme into

internal machine codes. The interpolator of the DPU then calculate the intermediate positions of the
motion in terms of BLU (basic length unit) which is the smallest unit length that can be handled by
the controller. The calculated data are passed to CLU for further action.
ii. Control Loop Unit
The data from the DPU are converted into electrical signals in the CLU to control the driving
system to perform the required motions. Other functions such as machine spindle ON/OFF, coolant
ON/OFF, tool clamp ON/OFF are also controlled by this unit according to the internal machine
codes.
c. Machine Tool
This can be any type of machine tool or equipment. In order to obtain high accuracy and
repeatability, the design and make of the machine slide and the driving leadscrew of a CNC machine is
of vital importance. The slides are usually machined to high accuracy and coated with anti-friction
material such as PTFE and Turcite in order to reduce the stick and slip phenomenon. Large diameter
recirculating ball screws are employed to eliminate the backlash and lost motion. Other design features
such as rigid and heavy machine structure; short machine table overhang, quick change tooling system,
etc also contribute to the high accuracy and high repeatability of CNC machines.
d. Driving System
The driving system is an important component of a CNC machine as the accuracy and repeatability
depend very much on the characteristics and performance of the driving system. The requirement is that
the driving system has to response accurately according to the programmed instructions. This system
usually uses electric motors although hydraulic motors are sometimes used for large machine tools. The
motor is coupled either directly or through a gear box to the machine leadscrew to moves the machine
slide or the spindle. Three types of electrical motors are commonly used- DC Servo Motor, AC Servo
Motor and Stepping Motor

Ball lead screw is the heart of the drive system. Advantages of ball lead screw are:
 Precise position and repeatability
 High Speed capability
 Less Wear
 Longer life
e. Feedback Device
In order to have a CNC machine operating accurately, the positional values and speed of the axes
need to be constantly updated. Two types of feedback devices are normally used, positional feedback
device and velocity feedback device.
i.

Positional Feed Back Devices:

Linear Transducers - a device mounted on the machine table to measure the actual displacement of
the slide in such a way that backlash of screws; motors etc. would not cause any error in the
feedback data.
Rotary Encoders:

A device to measure the angular displacement. It cannot measure linear

displacement directly so that error may occur due to the backlash of screw and motor etc.
ii. Velocity Feedback Device:
The actual speed of the motor can be measured in terms of voltage generated from a tachometer
mounted at the end of the motor shaft.
The voltage generated by the DC tachometer is compared with the command voltage corresponding
to the desired speed. The difference of the voltages is used to actuate the motor to eliminate the
error.
f. Display Unit
It is the interface between the machine and the operator. The Display Unit displays:
 Position of the machine slide
 Spindle rpm
 Feed rate
 Part programs
 Graphics simulation of the tool path.

Applications of CNC Machines
CNC machines are widely used in the metal cutting industry and are best used to produce the following
types of product:
 Parts with complicated contours
 Parts requiring close tolerance and/or good repeatability
 Parts requiring expensive jigs and fixtures if produced on conventional machines
 Parts that may have several engineering changes, such as during the development stage of a
prototype
 In cases where human errors could be extremely costly
 Parts that are needed in a hurry
 Small batch lots or short production runs
Some common types of CNC machines and instruments used in industry are as following:
 Drilling Machine
 Lathe / Turning Centre
 Milling / Machining Centre
 Turret Press and Punching Machine
 Grinding Machine
 Laser Cutting Machine
 Water Jet Cutting Machine
 Electro Discharge Machine
 Coordinate Measuring Machine
 Industrial Robot
Advantages:
 High Repeatability and Precision. e.g.: Aircraft parts.
 Volume of production is very high.
 Complex contours/surfaces can be easily machined.
 Flexibility in job change, automatic tool settings, less scrap.
 More safe, higher productivity, better quality.
 Less paper work, faster prototype production, reduction in lead times.
Disadvantages:
 Costly setup, skilled operators.
 Computer programming knowledge required.
 Maintenance is difficult.

