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Chapter 1  Basics of Control Systems

1.1 Sequential Control Systems
A simple control system is composed of three basic components: input, process and output.

Input
Output
處理
Process

Figure 1.1  Block diagram of a control system

An electric fan is an example of a simple control system.  The following block diagram shows its input, process and output parts.

Switch
Motor
Circuit
Input
Process
Output

Figure 1.2  Block diagram of an electric fan

Basic terminology of control systems
	Controlled elements
	elements for realising tasks such as machines, motors, pneumatic cylinders and hydraulic pumps.

	Controllers
	devices that make the controlled elements to perform their controlling tasks.

	Automatic control systems
	systems in which the controllers make the controlled elements perform tasks according to preset programs.

	Controlled values / Desired values
	measurable properties that can be controlled or are expected to reach in automatic control systems, such as temperature, speed and displacement.

	References (Set points)
	values of input signals required by automatic control systems to control the controlled elements.

	Disturbances
	factors that cause the controlled values to deviate from the desired values in automatic control systems. 
(a) Disturbances that come from the control system itself are called internal disturbances.
(b) Disturbances that come from the surrounding environment are called external disturbances.



1.1.1  Open-loop and Sequential Control Systems 	
(I)  Open-loop Control Systems
Open-loop control systems are the most basic automatic control systems. They have no feedback control. An open-loop control system is composed of a controller and a controlled element as illustrated in the following block diagram:
Controller
Controlled element
U, Disturbance
C, Controlled value
R, Reference

Figure 1.3  Block diagram of an open-loop control system

An example of an open-loop control system: temperature control of a furnace
Switch
Furnace
Heating coil

Figure 1.4  Open-loop control system for controlling furnace temperature (controlled value)
	Controller :
	Switch (controlled by an electromechanical relay).
	
	Desired value :
	Expected furnace temperature.

	Controlled element :
	Furnace (heating coil) .
	
	Reference :
	Power R supplied to the heating element.

	Controlled value :
	Furnace temperature C.
	
	Disturbance :
	Frequency of opening the furnace door.





Method of controlling the furnace temperature:
The switch will be turned ON and OFF in accordance with a pre-set timed sequence to maintain the temperature inside the furnace within a controllable range. 
If the door is opened frequently, the furnace temperature will drop and the controlled value C will deviate from (become lower than) the desired value.
The ON/OFF time of this switch does not change depending on the furnace temperature and thus it is not necessary to measure the furnace temperature.
Properties of an open-loop control system: 
Simpler
Accuracy and stability are generally not high.
The only way to improve its stability is to ensure every component used in the system is highly accurate. 
The system cannot handle disturbances such as frequent opening of the furnace door.


(II) Sequential Control Systems

Sequential control means that one operation or process must be complete before the next one is initiated. 
The execution of the next operation or process depends on the execution of the preceding one. 
These operations or processes will continue one-by-one until a termination command is met. 
Sequential control is commonly used in automatic operation systems in the engineering and industrial areas. 
Taking a lift as an example, the lift door must be closed properly before it starts moving upwards or downwards.
Automatic sequential control usually works together with sensory feedback mechanisms. 
Application examples of sequential control: washing machine and traffic light system.

1.1.2 Operation of a Washing Machine
[image: ]
Figure 1.5  Typical structure of a washing machine

Washing process
· 
· A washing machine has a rotating drum for holding laundry, water, detergent, etc. 
· The drum is driven by a motor and its spinning mode (speed, direction, etc.) is controlled by a control panel. 

· The operation of a washing machine varies depending on the type of the washing machine but the washing process is basically the same. 

The following block diagram shows the general washing process of a washing machine:

Open the door and take clothes out
Spin-
dry
Rotate to wash
Add water and detergent
Drain dirty water
Put clothes in and close the door




A washing machine is a type of sequential control system. During the washing process, the preceding operation must be complete before the next one is initiated. For example, water must be added before the washing machine starts to rotate and wash. 
The execution of one operation depends on the execution of the preceding one. For example, the spinning time is affected by the amount of clothes. 
The washing processes continue one-by-one until a termination command is met. 
Every operation may have different modes (such as time) to cope with clothes of various texture or different requirements. 
Some washing machines have a complex control system and may even adopt artificial intelligence technology to improve washing efficiency, water consumption, noise, electromagnetic interference, power consumption, etc.
1.1.3 Operation of Traffic Lights
Traffic lights are an integral part of a modern city for controlling the traffic. 
Proper operation of traffic lights such as timing can ensure the smooth flow of traffic and reduce traffic accidents. 
Traffic lights for vehicles (drivers) are usually composed of red, amber and green lights arranged from top to bottom.  
There are four operation states, indicating the actions for the vehicles (drivers), as shown in the following table. 
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	Light signal
	Meaning of the light signal 

	Red
	Must stop behind the 'stop' line on the roadway.

	Red + Amber
	Must stop or remain stationary, but you may get ready to move across the junction or crossing when the green light shows, provided that it is safe to do so.

	Green
	May move across the junction or crossing provided that it is safe to do so.

	Amber
	Must stop unless you are so close to the junction or crossing that if doing so suddenly might cause an accident.



[image: 4statelighttraffic]
Figure 1.6  A typical 3-lamp traffic light sequence
The following block diagram shows the general operation of a traffic light.
Red 
light
Amber light
Red light + amber light
Green 
light





A traffic light is a type of sequential control system.  The preceding light signal (operation) must be complete before the next one is initiated.  For example, the green light must be turned on and then off before the amber light is turned on.
The operation processes of a traffic light continue one-by-one until all four steps have completed, and then the sequence starts over. 
Every light signal may be pre-set with different length of light-up time to suit different traffic conditions.
Nevertheless, the execution of a light signal may be affected by the execution of the preceding one.  For example, the length of the red light may affect the length of the green light.  
Sometimes, a traffic light may have an additional controller such as a walk request button for pedestrians.  That controller will only change the operation time of the light signals (such as the red light) but will not alter the operation sequence of the traffic light.
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1.2  Closed-loop Control Systems
U, Disturbance
R, Reference
e, Error signal
Feedback signal
C, Controlled value
Controller
Controlled element
Measuring Device

Figure 1.7  Block diagram of a closed-loop control system

The major difference between a closed-loop control system and an open-loop control system is the feedback function. 
The controlled value measured is used to compare with the input signal (reference) to generate an error signal. 
The error signal is amplified and converted to change the controlled value for reducing its deviation from the desired value, which is known as feedback control.
If the feedback signal is used to strengthen the controlled value to make it exceed the desired value, it is called positive feedback. 
If the feedback signal is used to reduce the deviation of the controlled value from the desired value, it is called negative feedback.
Most control systems are negative feedback systems, so the word 'negative' is usually omitted for simplicity.
The advantage of a closed-loop control system is that the reference will change according to the level of disturbance, so that the controlled value can revert to the level before the happening of the disturbance. 




1.2.1  Automatic Temperature Control Furnace
An automatic temperature control furnace is an example of a closed-loop control system. 
Add a mercury switch sensor circuit to the furnace.
When the temperature is too low or too high, the sensor circuit will operate to turn the heating coil on and off respectively, so that the temperature can be maintained within the expected range. 

Heating coil
Switch
Furnace
Mercury switch sensor circuit
Thermometer
High
Low

Figure 1.8  Closed-loop control system of a furnace
[bookmark: c15]1.2.2  Control of Fluid Level in a Water Tank
The fluid level control system of a water tank (such as that for automatic toilet flushing) is a common application example of closed-loop system.  It refills the tank when water has flowed out of it until the water level returns to the original (or pre-set) level. 

Basic Principles of Water Level Control 
(I) During Water Consumption (Drain Valve V Opens)
· 
· As shown in Figure 1.9, when the drain valve V is fully open, the water in the tank will flow away and the water level will drop.
· The float that stays on the surface of the water will descend accordingly and pull the rod of the lever system down. 
· At the other end of the lever system, the inlet valve opens and allows a large amount of water to flow into the tank. 
· The farther away the water level is deviated from the pre-set level (point A), the wider the inlet valve opens, i.e. there is a higher inflow of water at point C than point B.

Water out
Valve V
Deviation
Water in
Fully open position
Fulcrum

Figure 1.9  Valve fully open

After Water Consumption (Drain Valve V Closes)
· As shown in Figure 1.10, when the drain valve V closes, no more water flows away but since water is still getting in, the water level will rise. 
· The float that stays on the surface of the water will ascend accordingly and push the rod of the lever system up. 
· At the other end of the lever system, the inlet valve closes gradually and less water flows into the tank.
· When the water level returns to the pre-set level (point A), the inlet valve will close completely.  No more water flows in and the water level ceases to change. 
Valve V
Deviation
Fully closed position
Water in 
Fulcrum

Figure 1.10  Valve fully closed

The block diagram of the fluid level control system of a water tank
[image: 18]Float switch
Tank
Controller
C, Actual fluid level
U, Desired fluid level

Figure 1.11  Block diagram of the fluid level control system of a water tank

The major components of the fluid level control system of a water tank: 
Controlled element  water tank
Measuring device  float switch (a measuring device that also provides feedback to the controller) 
Controlled value  water level posotion
Control value  flow speed of the water pipe

Controlled value  water level 
Control value  flow rate of the inlet pipe


1.3  Systems and Sub-systems
A system is a whole that includes various inter-related parts known as sub-systems. 
Sub-systems are part of a system and are commonly categorised according to their functions. 

Sub-systems of a car
For example, when driving a car in a normal situation, it works as a whole. 
However, a car is considered to be a system that is composed of a range of inter-related sub-systems (for example, in a garage). 
The sub-systems of a car have different functions, such as power, transmission, steering, braking and suspension.  


Power system
Electrical system
Steering system
Suspension system
Braking system
Body system
Transmission system


Figure 1.12  The entire car can be divided into different functional sub-systems

Relationships between sub-systems
Engine system


Lubrication system
Power system


Cooling system
Transmission system


Ignition system
Steering system

Recharging system

Car system
Recharge
Braking system

Energy storage system

Electrical system

Lighting system

Suspension system

Air conditioning system

Body system


Sound system


Figure 1.13  Block diagram of some sub-systems of a car 


Each of the sub-systems can further be divided into sub-systems, as shown in Figure 1.13. 
For example, the power system can further be divided into sub-systems including engine, lubrication, cooling, ignition and recharging sub-systems.
Therefore, sub-systems of a system can be grouped into different levels. 
The sub-systems can have close relationships between themselves.  For example, the rechargeable battery of a car (a part of the energy storage system) is charged by a generator that is connected to the engine (a part of the recharging system). 
In addition, the rechargeable battery also provides the necessary electricity for the ignition system (to start the engine).  

Sub-systems and parts
Eventually, each sub-system can be composed of many parts such as clutch, stick shift and gear box for transmission.  
Furthermore, a gear box can consist of many components such as gears, shafts, and lots of nuts and bolts. 
When engineers design a car, they usually start with the functional requirements of the car. 
Then, they break the concepts down into different functional sub-systems and study their inter-relationships.
The next step is to split the sub-systems into multiple inter-related parts and list the manufacturing specification for each part. 
A car may consist of tens of thousands of parts.  These parts will be manufactured and tested for their quality independently first.
The qualified parts will be assembled into various sub-systems before they are used to assemble the entire car for final testing. 




1.4  Products with Control Functions 
[bookmark: c16]1.4.1  Automatic Obstacle-avoiding Buggy

An automatic obstacle-avoiding buggy is mainly comprised of a switch, two motors (connected to the wheels), impact (contact) sensors and a control circuit. The working principles of an automatic obstacle-avoiding buggy:
The buggy is driven by two motors (wheels), one on the left and the other on the right. 
When the buggy hits an obstacle, the impact sensors will generate signals and the control circuit will command the two motors (wheels) to reverse for a short while. 
The control circuit commands the the left motor to move forwards and right motor to reverse for a short while.
The control circuit commands both wheels to move forwards.  The buggy will go forwards again and avoid the obstacle totally.
Automatic obstacle- avoiding buggy moving forwards
Buggy moving backwards after collision
The left wheel of the buggy moving forwards and its right wheel moving backwards 
Buggy moving forwards again, avoiding the obstacle
Obstacle
Obstacle

Obstacle
Obstacle


Figure 1.14  Basic operation of an automatic obstacle-avoiding buggy
The following is the system control diagram of an automatic obstacle-avoiding buggy.

Input
Switch
Impact sensor
Process
Control circuit
Output
Left motor
Right motor
撞擊感應器開關

Figure 1.15  System control diagram of an automatic obstacle-avoiding buggy
An automatic obstacle-avoiding buggy system is an example of a closed-loop control system. The following shows its block diagram. 
Go straight
Turn and move
Left and right motors
Control circuit
Impact sensing

Figure 1.16  Block diagram of an automatic obstacle-avoiding buggy control system


1.4.2  Air conditioner
Air conditioners are appliances commonly used in daily life, which are mainly used to regulate temperatures inside rooms. 
An air conditioner is composed of a switch, a fan, a cooling valve, a heating valve, a temperature sensor and a control circuit.
The working principles of an air conditioner:
The temperature sensor measures the room temperature. 
When the room temperature is higher than the pre-set upper temperature limit, the cooling valve will open individually to cool the air inside the machine.
When the room temperature is lower than the pre-set lower temperature limit, the heating valve will open individually to warm up the air inside the machine.
When the cooling/heating valve is open, the fan will blow the air inside the machine to the room to adjust the room temperature. 

Cooling valve
Heating valve
Temperature sensor
Room
Air
Fan 

Figure 1.17  Block diagram of a temperature feedback control system

The following is the system control diagram of an air conditioner.
Input
Switch
Temperature sensor
Process

Control circuit
Output
Cooling valve
Heating valve
撞擊感應器開關
Fan
撞擊感應器開關

Figure 1.18  System control diagram of an air conditioner

An air conditioner is an example of a closed-loop control system whose feedback is provided by the temperature sensor.  The following shows its block diagram. 
Control circuit
Room temperature
Cooling valve/fan
Heating valve/fan
Temperature sensing

[bookmark: c02]Figure 1.19  Block diagram of an air conditioner control system




Chapter 2   Pneumatics

2.1 Pneumatics

Pneumatics is a technology that makes use of compressed air or gases (such as non-flammable inert gases).
Pneumatic systems have many advantages such as cheap, highly variable, safe and reliable. The following examples of pneumatic systems are assumed to be using compressed air, which is more commonly used as air is safe and readily available. 

(I) Application Examples of Pneumatic Systems
In daily life, the doors for passengers of some public vehicles (such as buses) are driven by pneumatic systems. In industry, pneumatic systems are often employed in automated production systems to speed up production processes. 

(II) Pressure Units
When we blow air into a balloon, the balloon will expand outwards.  From this, we realise that a gas will uniformly apply force to the surface of a container in all directions.  The pressure of a gas (such as air) is the force applied to the surface of the container per unit area. 

Pressure = Force applied  area

The metric units of pressure, force applied and area are Pascal (Pa), Newton (N) and square metre (m2) respectively, thus

1 Pa = 1 N/m2 (Newton per square metre)

The earth is covered by a very thick layer of air (the atmosphere), forming the atmospheric pressure existing in every part of the world. At sea level, the average atmospheric pressure is called 1 standard atmosphere (atm), which is approximately 101,300 Pa.  
Pressure can also be expressed in different units:

1 atm = 101.3 kPa  (k means 1 000)
1 bar = 100 000 Pa = 100 kPa = 0.1 MPa  (M means 1 000 000 = 1 000 k)
1 psi  (pound per square inch) ≈  6900 Pa

1 standard atmosphere is approximately 14.696 psi or 1.01325 bars, which is normally simplified to 1 bar in calculations.

The pressure of a gas can be measured with a pressure gauge. A pressure gauge usually measures the difference between the pressure of a gas and the current atmospheric pressure, thus the reading is called gauge pressure (GA or psig). 

Gauge pressure = Pressure of a gas (actual)  atmospheric pressure

Using a pressure gauge to measure atmospheric pressure, the reading will be zero.  Therefore, gauge pressure is also called overpressure (above atmospheric pressure). If the pressure of a gas is lower than the atmospheric pressure, absolute pressure (Pa ABS or psia) can be used.

[image: 39]
Figure 2.1  Gauge pressure dial




2.2  Pneumatic Components and Symbols
(I) Air Handling Units 

a. Why do we need air handling units (AHUs)?
Air contains moisture, dust and other pollutants.  Compressing the air directly may damage the pneumatic systems. 
An AHU provides clean and regulated compressed air, so it is an important pneumatic component.
An AHU (also known as air preparation unit) is usually composed of a filter, a regulator and/or a lubricator. 
b.  Filter 
A standard filter consists of two units:
Water separator  collects a considerable amount of water, which is drained off through a drain cock or an automatic drain. 
Filter  prevents contaminants such as dust and rust particles from entering the pneumatic system. 


[image: filterphoto][image: ]
Figure 2.2  Typical structure and symbols of a filter with a drain

c.  Regulator 
The function of a regulator is to maintain the pressure of the output air from the AHU at a certain level. 
It has a diaphragm to balance the output air pressure against an adjustable spring force.

Supply pressure
Output pressure

Figure 2.3  Sectional diagram of a regulator

The following figure shows a regulator and its symbol.
	
[image: ]     


Figure 2.4  Structure and symbol of a regulator
d.  Lubricator 
Normally, pneumatic systems will continue to add a certain amount of lubricating oil to the compressed air in order to achieve maximum efficiency.  
However, some pneumatic devices do not install a lubricator for the following reasons:
1. Clean and hygiene environment for food and pharmaceutical applications
2. Oil free, healthy and safe working environment
3. Reduce costs of additional lubricating equipment and lubricating oil, and the relevant maintenance cost 
The following figure shows a lubricator and its symbol.
[image: ]       [image: ]
Figure 2.5  Structure and symbol of a lubricator
Most air preparation units are equipped with a filter, regulator and lubricator at the same time, so a combined symbol is often used for representation.


Figure 2.6  Structure and symbol of a combined air preparation unit 

2.3 Understanding Pneumatic Components
A pneumatic system uses compressed air to operate its control system, which is composed of different functional pneumatic components. 
(I) Directional Control Valves
	[image: 5ab5c9ea15ce36d31b293d3e3af33a87e950b18b]		[image: d50735fae6cd7b8991c2daf10f2442a7d9330e11]
Figure 2.7  Directional control valves of different design

Directional control valves (or simply directional valves) are commonly used pneumatic components.  A directional valve controls the flow direction of the air by changing its port connections. 
The symbols of directional valves are mainly formed by boxes, in which the arrows represent the directions (ports) that the air can flow in. 

	

	


	Figure 2.8a  Box of a 5 port directional valve
	Figure 2.8b  Symbol of a 2 port 2 position (2/2) directional valve



The points where the arrows meet the box indicate the ports.  T represents a port that does not allow air to pass through (closed).
A directional valve is usually represented by the number of ports and the number of switching positions.
For a directional valve to change the flow direction of the air, the valve should have at least two boxes, where the right box represents its initial position.
A two ports two switching positions directional valve is called '2 port 2 position' (abbreviated as 2/2) (Figure 2.8bc).
Figure 2.8c shows the application of a directional valve (at different positions).  The black solid lines in the figure represent air supply pipes.

Air pipe

(a) Initial position (no air flow)
Air pipe

(b) Position after switching (air flowing)

Figure 2.8c  Application of a 2 port 2 position (2/2) directional valve



Table 2.0  Symbols of some common directional valves
	
Directional valve symbol
	Switching function
	Major application

	

	2/2 ON/OFF without exhaust
	Pneumatic tools

	

	3/2 Normally closed (NC)
	Single acting cylinders
(push type)

	

	3/2 Normally open (NO)
	Single acting cylinders
(pull type)

	

	4/2 Switching between output ports A and B with common exhaust R
	Double acting cylinders

	

	5/2 Switching between output ports A and B with separate exhaust R
	Double acting cylinders

	

	5/3 Switching between output ports A and B with mid-position fully sealed
	Double acting cylinders with neutral position for stopping any cylinder action


Remarks: P is the inlet port of the working air pipe; A and B are the outlet ports of the working air pipe; R is the exhaust pipe.

(II) Valve Actuators 
There are different ways for actuating a directional valve and returning it to its initial position, for example, manually, mechanically and electro-pneumatically. Figure 2.9 shows the symbol of a typical 5 port 2 position (5/2) directional valve.

Left actuator                                    Right actuator

Spring return 
Manual lever actuator
Position and flow boxes


Figure 2.9  Symbol of a 5/2 directional valve


The symbol shows the actuation method, number of positions, air flow paths and number of ports of the directional valve. The following briefly describes how to interpret the symbol:
Actuation method  the left actuator is manually controlled by a lever, which is used to shift the valve from right to left when actuated.
Number of positions – the directional valve has two positions (boxes).  At any time, the valve can only be in one position. 
Air flow paths – there are three air flow paths in each position. 
Number of ports – there are five ports in each position. 
When the lever is not actuated, the right box (initial position) will be in operation.
When the lever is actuated, the box next to the lever (the left box) will operate the valve. 
During the conversion process, there is no external movement occurring but only switching of internal connections taking place inside the valve housing.  
When the lever is released, the spring return actuator on the right side will bring the valve back to its initial position (from left to right).

Table 2.1  Symbols of some common valve actuators
	Symbol (ISO)
	Actuator type

	

	Spring return

	

	Roller type (2 directions)

	

	Manual control

	

	Lever type manual control

	

	Push button manual control

	

	Direct acting solenoid

	

	Air pilot

	

	Pilot assist solenoid


(III) 

(III) Adjustable Speed Control of Air Flow
· A speed control valve consists of a check valve and a variable throttle valve.  It is used to restrict the air flow in one direction.
· Air can flow freely from left to right but is restricted when it is flowing in the reverse direction for speed regulation. 
Free flow direction




Figure 2.10  Structure and symbol of a flow control valve
(IV) Cylinders
In a pneumatic system, a cylinder is an execution component that uses gas for producing movement.
Single Acting Cylinder
· A single acting cylinder has one air inlet.  When compressed air flows into the cylinder through the port, the piston rod will extend outwards.
· When air is released, the internal spring of cylinder will return the piston rod to its original position. 
· A single acting cylinder is normally operated by a 3 port directional control valve.


Figure 2.11  Structure and symbol of a single acting cylinder
Double Acting Cylinder
· A double acting cylinder has a front air inlet and a rear air inlet for 'extend stroke' and 'retract stroke'. 
· When compressed air enters into the cylinder through the rear port, the piston rod will extend outwards.
· When compressed air enters into the cylinder in a reverse direction through the front port, the piston rod will return to its original position.
· A double acting cylinder is normally operated by a 4 port or 5 port directional control valve.


Figure 2.12  Structure and symbol of a double acting cylinder

Single Rod and Double Rod Cylinders
A single rod cylinder has a piston rod protruding from only one end of the cylinder. 
A double rod cylinder has a common piston rod protruding from both cylinder ends.  When the piston rod retracts at one end, it extends at the other end.
Single rod cylinder
Double rod cylinder

Figure 2.13  Single rod cylinder (above) and double rod cylinder (below)

Factors affecting the performance of a cylinder
There are many factors that affect the performance of a cylinder, including: 
1. Quantity and type of fittings leading to the cylinder
2. Hose tube length and capacity
3. Operating load of the cylinder
4. Pressure of the supply air
[bookmark: c24]2.4 Pneumatic Circuitry
The drawing of a pneumatic circuit is used to show the flow of the air signal and the operating procedures in a pneumatic system. 
It usually starts with the air supply, via all kinds of pneumatic components, until it reaches the pneumatic execution component (such as a cylinder). 

A pneumatic circuit is drawn from bottom to top and from left to right.  It basically consists of four levels:
· The top level  working components;
· The third level  control or logic components;
· The second level  signal components;
· The bottom level  air supply unit.
(I) 
Number Notation in Pneumatic Circuits
The number notation uses numbers with specific rules to represent the different pneumatic components in pneumatic circuits. 
Table 2.3  Number notation in pneumatic circuits
	Pneumatic components
	Number notation
	Remarks

	Top level:
Working components
	1.0, 2.0, 3.0, ……
	Use whole numbers to mark the actuators.
Example: a single acting cylinder. 

	
	1.01, 1.02, ……
2.01, 2.02, ……
3.01, 3.02, ……
	Add a last digit to the number of a working component to mark a relevant auxiliary component.
Example: 1.01 represents the flow restriction valve connected to 1.0 single acting cylinder.

	Third level: 
Control components
	1.1, 2.1, 3.1, ……
	Use the last digit 1 to mark the control components connected to the working components. 
Example: 1.1 represents the 3/2 directional valve connected to 1.0 single acting cylinder.

	Second level:
Signal components
	1.2, 1.4, 1.6, ……
2.2, 2.4, 2.6, ….
	Use even number last digits to mark the signal components responsible for the outstroke of cylinders.
Example: 1.2 represents the 3/2 NC valve responsible for the outstroke of the cylinder.

	
	1.3, 1.5, 1.7, ……
2.3, 2.5, 2.7, ……
	Use odd number last digits (except 1) to mark the signal components responsible for the retraction of cylinders.
Example: 1.3 represents the 3/2 NC valve responsible for the retraction of the cylinder. 

	Bottom level:
Air supply components
	0.1, 0.2, 0.3, ……
	Use the number 0 with different last digits to mark the elementary air supply units. 
Example: an air handling unit. 


Figure 2.14 shows the use of number notation to mark the different pneumatic components in a pneumatic circuit. 

 Figure 2.14  Number notation of a pneumatic circuit
(II) Elementary Functions

Some of the basic design and functions of pneumatic systems can be illustrated by pneumatic circuits.  represents an exhaust port.  represents air supply.
a.  Flow Amplification and Remote Control
Industrial applications may need high power cylinders and control valves.
However, it may be dangerous for an operator to work with a high power cylinder and control valve in close proximity.
A smaller manually operated valve can be used to operate a high power control valve at a distance.



Figure 2.15  Flow amplification and remote control of a cylinder
b.  Speed Adjustment

This design uses a flow restriction valve to adjust the speed of the outstroke of a cylinder. 
A manual 3/2 NC valve can be used to actuate a single acting cylinder directly.
When the valve is released, the cylinder will return to its initial position by spring force, while the air flow will not be affected by the flow restriction valve.



Figure 2.16  Direct control of a single acting cylinder

c.  Direct Control of a Double Acting Cylinder

A 5/2 directional valve can be used to control the basic operation of a double acting cylinder.
In the initial position, the spring takes control of the directional valve and the cylinder stays in a retracted position.
When the directional valve is momentarily pressed, the cylinder will stroke outwards.
The speeds of the retraction and outstroke can be regulated independently by two flow restriction valves. 




Figure 2.17  Direct control of a double acting cylinder

(III) Logic Circuits

Pneumatic systems can be used to handle the logical relationships between the inputs and outputs, such as AND or OR. 
Logic circuits can be used to represent the related designs but logic components such as shuttle valve may need to be used. 
A shuttle valve has two inlets and one outlet.  When compressed air flows through either the left inlet or the right inlet, there will be compressed air discharged through the outlet.
A shuttle valve functions like an OR logic gate, whose symbol is as follows.


inlet
inlet
outlet



a.  OR Logic Function of a Single Acting Cylinder

The design of this logic circuit gives a pneumatic system with the OR function.
Operating either 3/2 directional control valve 1 or 2 can actuate the outstroke of the cylinder. 
The flow restriction valve is used to regulate the speed of the outstroke of the cylinder and is irrelevant to the logic function.




Figure 2.18  OR operation of a single acting cylinder

b.  AND Logic Function of a Single Acting Cylinder

The design of this logic circuit gives a pneumatic system with the AND function (also known as the interlock function).
Both 3/2 directional control valves 1 and 2 must be operated together for the air to pass through and actuate the outstroke of the cylinder.



Figure 2.19  Interlock and AND function of a single acting cylinder

c.  Inverse Operation with NOT Function

The design of this logic circuit gives a pneumatic system with NOT function (also known as inverse operation).
When directional control valve 1 (NC valve) is pressed, valve 2 will be actuated to allow air to flow out of the cylinder. 
This causes the cylinder to retract (inverse operate) instead of stroke outwards.
Conversely, the cylinder is in the outstroke condition in the initial position.
This pneumatic system can provide mechanical devices with an unlocking function such as opening a door lock.



[image: C:\Users\alviswyyip\Desktop\M1_2_2.png]
Figure 2.20  Signal inversion of a cylinder
(IV) Electro-pneumatics
a.  Solenoid Valve

Electro-pneumatic systems are pneumatic systems operated by electricity or electromagnetic induction.  Single solenoid valves and double solenoid valves are commonly used. 
For a single solenoid valve, the spring at the other end will bring the valve back to the initial position when the power is removed.
For a double solenoid valve, the valve will be actuated when one of the solenoids is energised.  The valve will not return to the initial position even if the power is off.  The valve will return to the initial position only when the solenoid at the other end is energised.



		
Figure 2.21  Single solenoid valve (left) and double solenoid valve (right)


b.  Major Symbols for Electro-pneumatic Circuits
Table 2.4  Symbols for electro-pneumatic circuits
	Operation
	ISO symbol

	NO spring return, 2 points contact
	


	NC spring return, 2 points contact
	


	NO roller-operated, spring return contact
	


	NC roller-operated, spring return contact
	


	NO solenoid controlled proximity contact
	


	Control relay
	


	Solenoid
	




c.  Electro-pneumatic Circuits
(i) Manual Control


(a) Electric circuit diagram	(b) Pneumatic circuit diagram 
Figure 2.22  Manual control




Manual control (push button) of a double acting cylinder can be achieved with the use of a solenoid valve.  A 5/2 directional valve is used to operate the double acting cylinder. 
When the push button (Pb 1) is pressed, the solenoid will be energised and the cylinder will extend. 
When the push button is released, the spring force will bring the directional valve back to the original position and the cylinder retracts.
Electro-pneumatic circuits involve the on/off or energisation states of electrical components, and are therefore sometimes more difficult to realise the effect of their operations.
We can use a truth table to understand whether the design of an electro-pneumatic system fulfils the requirements.
First we set the operation procedures.  Then we fill in the truth table the states of the electrical components and pneumatic components step by step.
In a truth table, 0 generally stands for the open or not energised state of an electrical component and 1 stands for the closed or energised state. 

The following shows the truth table of the manual control system of Figure 2.22. 


	Step
	Pb1
	A
	Double acting cylinder

	1
	0
	0
	Initial position

	2
	1
	1
	Extends

	3
	0
	0
	Retracts



(ii)  OR Control 

In electro-pneumatic systems, two or more push buttons can be used to form an OR logic gate to control a cylinder. 
This design is better than simply using the pneumatic system as it can avoid gas leakage problems through the switch. 



(a) Electric circuit diagram	(b) Pneumatic circuit diagram 
Figure 2.23  OR control

The following shows the truth table of the OR control system of Figure 2.23. 
	Step
	Pb1
	Pb2
	A
	Double acting cylinder

	1
	0
	0
	0
	Initial position

	2
	1
	0
	1
	Extends

	3
	0
	0
	0
	Retracts 

	4
	0
	1
	1
	Extends

	5
	0
	0
	0
	Retracts 


(iii)  Sequential Control

This is an example of an electro-pneumatic circuit for controlling the following processes sequentially with the use of an electro-pneumatic system.
1. The LED will light up and go off after a pre-set period of time.
2. The cylinder will be actuated and returns to its original position after a period of time.
3. Repeat the above two steps.
Notes:
1. NC control relay R1 is used to actuate the cylinder (the cylinder is omitted in the figure).
2. Relays R1 and T1 are used to operate the switches with the corresponding names at the same time.
3. Time delay switches are used in the figure.  They will operate after a pre-set period of time upon initiation and return to their original state after a period of time.
[image: ]
The operation processes of the electro-pneumatic circuit: 
1. When START is closed:
(a)	Relay T1 in line 1 is energised, which activates time delay switch T1 in line 3? 
(b)	The LED in line 2 lights up.
2. After a per-set period of time, time delay switch T1 in line 3 is closed:
(a)	Relay R1 in line 3 is energised, which actuates the cylinder (omitted in the figure);
(b)	NC switch R1 in line 1 becomes open and the LED goes off.
(c)	Control relay R1 in line 4 becomes closed and T2 is energised.
3.	After a period of time, time delay switch T2 becomes open:
(a)	Relay R1 in line 3 is no longer energised, so the cylinder (omitted in the figure) returns to its original position;
(b)	Switch R1 in line 1 is closed and energised;
(c)	Go back to step 1 to repeat the above sequence of operation continuously.
START
Figure 2.24  Control of the flashing of a bistable LED





[bookmark: c25]2.5 Electro-pneumatic Systems
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Some industrial applications of electro-pneumatic systems will be introduced in this section.



(I) Applications of Pneumatic/Electro-pneumatic Systems
Pneumatic and electro-pneumatic control systems are widely adopted in process control and production line automation in the manufacturing industry.


a.  Material Transfer
[image: 2]Moving downwards accurately to collect parts
Stacking up parts accurately

Figure 2.25  Application examples of material transfer


Stacking up parts accurately (Figure 2.25 left): 
1.	A custom-made container is attached to the end of a cylinder to collect the workpieces coming from the conveyor belt.
2.	Every time when a workpiece enters the container, the piston rod has to move down (extend) progressively to collect the next workpiece at an appropriate height.
3.	The cylinder is fixed to a slide unit that moves left and right as needed to collect the workpieces.
4.	The timing of the displacement of the piston rod must synchronise with the conveyor speed.
Moving downwards accurately to collect parts (Figure 2.25 right): 
1.	There are two cylinders in the transfer mechanism of a CD production line. 
2.	One cylinder steadily pushes the CDs from the conveyor belt to the material magazine. 
3.	The other cylinder that connects to the magazine needs to vertically move downwards (retract) progressively to ensure each CD is fed into an empty slot every time. 


b.  Testing of Limit Switches
[image: 2_45]
Figure 2.26  Testing of limit switches

The pneumatic system in Figure 2.26 can be used for automatic testing and as a transfer mechanism. 
The linear drive on the left is used to trip the limit switches for functional testing. 
The limit switches moves along the conveyor belt.  The pneumatic component above will then force downwards to test each limit switch.
An automated pneumatic system is suitable to handle this process because a precise, efficient and continuous operation can be ensured.


c.  Workpiece Ejection in a Punching Machine
Photosensor
Metal strip
Feeding device
Nozzle
Solenoid valve
Working air line

Figure 2.27  Punching machine accessory function 

A conventional metalworking punching machine uses compressed air to 'blow out' the small punched workpieces continuously.
However, it is wastage if compressed air is supplied continuously.  A combination of a 2-way solenoid valve and a photoelectric switch can be used to improve the situation.
The control valve will be actuated only when the dies are open, during which compressed air will be 'blown out' of the nozzle to push the finished workpieces out for collection. 
This method can save 50% volume of the compressed air used.



(II) 
(I) Safety Considerations of Pneumatic Systems
1. Contaminants of solid particles may come from damaged pumps and valve sealing.
2. Liquid contaminants may come from oil, water or cleaning solvents.
3. A loose fitting or damaged hose may allow contaminants to get into the system bypassing the filter.
4. Worn out, misused or incorrectly routed hoses.
5. Use the right voltage for the solenoid valves.
6. Calculate the correct air pressure to activate the devices.
7. Use pressure relief valves.
8. Repair air leaks immediately.
9. Wear safety glasses when working with pneumatic cylinders.
10. Protect equipment and patrons with a good safety envelope.

(II) Advantages of Pneumatic Systems 
1. High efficiency: even a small compressor can provide compressed air.
2. Unlike hydraulic systems that must recycle the liquids, used compressed air can be discharged from the system directly without causing pollution.
3. High reliability because of fewer moving parts.
4. Low cost, easy installation and maintenance.
5. Availability of components of a wide range of standard sizes and ratings.
6. Safer: air devices create no sparks and can be used under wet conditions with no electrical shock hazard.
7. Pneumatic systems are easy to design. Component selection is relatively simple and straightforward because the equipment is more standardised. 
8. Installation is relatively simple because the pneumatic components are relatively low power and light duty.

(III) Limitations of Pneumatic Systems
1. Pneumatic systems require special equipment to provide compressed air. 
2. Additional drying and filtering systems are required to remove dust and moisture in order to slow down the wearing of pneumatic systems.
3. Noise will be produced when compressed air flows and is discharged.  A large number of pneumatic components will easily cause noise pollution.
4. Compressed air leakage in the pneumatic components or ports is inevitable.  Routine inspection and maintenance are necessary.
5. Air can be compressed and expanded easily, so the accuracy of cylinder rod movement is limited.  Therefore pneumatic systems are not suitable for precision work. 
6. Pneumatic systems can only provide a limited power rating, so their speed and power are restricted.  They are not suitable for large machinery such as the life-saving ladder on a fire engine.




Chapter 3  Programmable Control Systems


[bookmark: c03]
3.1 What is a Programmable Logic Controller?
            [image: D CIMG1171]   [image: D CIMG1172]
Figure 3.1  Programmable logic controllers of different brands


A Programmable Logic Controller (PLC) is defined by the National Electrical Manufacturers Association as:
'A digitally operating electronic apparatus which uses programmable memory for the internal storage of instructions for implementing specific functions such as logic, sequencing, timing, counting and arithmetic to control, through digital or analogue input/output modules, various types of machines or processes.'
(I) Why do we need PLCs?
Old automation and process systems are mostly relay circuits that can only achieve specific functions, lacking in flexibility.
PLCs can operate through internal memory and software programming.  Their settings and functions can be adjusted easily.
(II) 
Basic Components of PLCs
A typical PLC contains the following major components: 
Input module: inputs signals to the controller, such as limit switches, push buttons and sensors. 
Output module: outputs on/off signals from the controller to other components such as motors, cylinders and relays. 
Processor: responsible for various logic operations and sequential processing functions. 
Memory: includes input, output and flag memory for storing various operational data and processes. 
Power supply: 110 V or 220 V AC power supply is commonly used.
Programmable device: for programming and inputting the programs to the controller.



A schematic diagram of a PLC is shown below.
[image: ]
Figure 3.2  Schematic diagram of a basic PLC

Figure 3.3  Functions of PLC components
3.2  Programming
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To a PLC, there are only two values of status for every input and output device: 1 or 0.
1 represents a closed switch (such as a push button), an activated sensor, a lit indicator, a running motor, etc. 
0 represents an open switch, an inactivated sensor, an unlit indicator, a stationary motor, etc.
A PLC will follow program instructions to handle input information with suitable logic gates (such as NOT, AND and OR) and then output the logic results to relevant devices. 
Input and output address tables
Input and output information will be put in the relevant memory, which can be represented sequentially by 'input and output address tables'.  The two tables have continuous item numbers. 


An input memory address is usually formed by an I followed with a number, such as the following: 
	Item
	Input
	Address

	1
	Input device 1 (such as sensor A)
	I1

	2
	Input device 2 (up button)
	I2

	3
	Input device 3 (down button)
	I3


An output memory address is usually formed by an O followed with a number, such as the following: 
	Item
	Output
	Address

	4
	Output device 1 (buzzer sounds)
	O1

	5
	Output device 2 (indicator lights up)
	O2

	6
	Output device 3 (motor runs)
	O3



Logic gates and timing diagrams

69

A truth table can be used to show the relationships between the inputs (such as X1 and X2) and output (such as Y) of a logic gate. 
A timing diagram can show the output of a logic gate when the input signals vary with time (horizontal axis). 
The following are examples of some common logic gates and timing diagrams.  (In the figures, a High level stands for 1 and a Low level stands for 0.)

(a) AND gate

	[image: 폪쉃]	Input X1
Input X2
Output Y
Input X1
Input X2
Output Y

(b) OR gate
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(c) NOT gate

[image: 폪쉃]		Input X1
Output Y

(d) 
NAND gate

	[image: ࣬쉃]	Input X1
Input X2
Output Y
Input X1
Input X2
Output Y

(e)  NOR gate
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Timing diagram for the entire system 

In practice, we can draw a timing diagram for the entire system according to the operating conditions (including various input and output devices).  
Example: Sequential control of drilling automation 
The upper limit switch L1 (normally open contact) is closed at the beginning of the drilling cycle. 
The START button (normally open contact) is pressed momentarily to start the drilling cycle. 
At the same time, output load motor M1 starts to turn the drill and the other motor M2 starts to lower the drill. 
The drill (M1) will stop when it reaches the lower limit switch L2, and motor M2 will then reverse its operation and raise the drill.
	Upper limit switch
Lower limit switch
Workpiece
Drill motor
Vertical motor for up and down motion
Limit switch 1
START button
Motor 1
Limit switch 2
Motor 2 down
Motor 2 up

	Figure 3.4a  Schematic diagram of an automated drilling system
	Figure 3.4b  Timing diagram of an automated drilling system





Condition table 

According to the timing diagram and the input-output address table of the system, we can construct the condition table for the entire control system to show the relationships between the input conditions and the output states in each operation process. 
To facilitate programming, the condition table will record mainly the related input memory addresses (i.e. I1, I2, I3, etc.) and output memory addresses (i.e. O1, O2, O3, etc.) (can have more than one in each cell).  For example:


	Operation process
	Input condition
	Output state

	1
	Initialisation
	---

	2
	I1, I2
	No output

	3
	I3
	O1

	4
	I5
	O3, O5

	5
	I4
	O2

	6
	I1, I2
	No output

	7
	I5
	O3, O5




Programming and testing 
· 
· When the condition table is completed, we can program for the PLC. 
· Since there are different designs and models of PLCs, we must refer to the relevant user manuals before we start programming. 
· When the programming process is completed, we can conduct testing according to the operation processes of the condition table.  We should also test the actual operation of each input and output device to debug and improve the program. 
· If necessary, we should add safety devices to the system before testing such as safety sensor or emergency stop button to prevent accidents from happening during testing. 


3.3  Applications of Ladder Logic Diagrams
The design of the programming language for PLCs is similar to ladder logic diagrams.
Construction of ladder logic diagrams
Power rail
Ground bus
Input symbol
Output symbol
Rung 




Figure 3.5  Example of a ladder logic diagram


The power (e.g. 220 V AC) is provided by two vertical rails.  The left rail and the right rail are the power rail and the ground bus respectively.  Each horizontal line is the 'rung'. 
The power is provided from left to right and top to bottom, through a series of normally open or closed contacts. 
The input and output components (marked with symbols) locate on the left and right of each rung respectively.


Symbols of components in ladder logic diagrams
Table 3.1  Symbols of common components in ladder logic diagrams
	

Ladder logic diagram symbol
	Location
	Function

	

	Left
	Input: normally open contact 
(switch, relay, other input devices)

	

	Left
	Input: normally closed contact
(switch, relay, other input devices)

	

	Right
	Output load
(motor, lamp, solenoid, alarm, etc.)

	

	Right
	Timer

	

	Right
	Counter




When a timer receives an input signal, it waits for a specified delay time period before switching on the output signal.  The timer is reset by turning off the input signal.
A counter requires two inputs: 
(a)	The first is a pulse train for counting.  The second is a signal for resetting the counter and restarting the counting procedure.
(b)	Resetting the counter means zeroing the count for a count-up device and setting the count to the initial value for a count-down device.  
(c)	The accumulated count can be stored in the flag memory for use by the system when required. 


Ladder Control Logic 
Connecting two input contacts in series or in parallel can be used to represent the logic functions AND and OR as shown in the following table. 
Table 3.2  Ladder logic diagrams
	Function
	Ladder logic diagram
	Truth table
	Boolean

	AND
	

		X1
	X2
	Y

	0
	0
	0

	0
	1
	0

	1
	0
	0

	1
	1
	1



	X1 AND X2 (X1X2)



	OR
	

		X1
	X2
	Y

	0
	0
	0

	0
	1
	1

	1
	0
	1

	1
	1
	1



	X1 OR X2 (X1+X2)



	NOT
	

		X1
	Y

	0
	1

	1
	0



	NOT X1
(X1)
or
(/X1)

	NAND
	

		X1
	X2
	Y

	0
	0
	1

	0
	1
	1

	1
	0
	1

	1
	1
	0



	NOT (X1 AND X2) 
(X1X2) 
or
/ (X1X2)

	NOR
	

		X1
	X2
	Y

	0
	0
	1

	0
	1
	0

	1
	0
	0

	1
	1
	0



	NOT (X1 OR X2)
(X1+X2)
or
/ (X1+X2)


[image: j0235263]73

Application example of ladder logic diagram: starting and stopping an electric motor
X2, STOP 
X1, START 
MOTOR

Figure 3.6  Motor ON/OFF control
The push buttons (START/STOP) are used to control the electric motor (K1): one for starting and the other for stopping the operation of the motor. 
When an operator presses the START button momentarily, power will be supplied to the motor, which will last until the STOP button is pressed. 
Drawing the ladder logic diagram
Use X1 and X2 to represent the input contacts START and STOP respectively, and K1 to represent the output load of the motor. 

	Input
	Output
	
	X2
K1
K1
X1


	X1 (START)
	X2 (STOP)
	K1 (Motor)
	
	

	0
	0
	0
	
	

	0
	1
	0
	
	

	1
	0
	1
	
	

	1
	1
	0
	
	

	Table 3.3  Truth table of motor ON/OFF control
	Figure 3.7  Ladder logic diagram of motor ON/OFF control


Input K1 functions as a latch to maintain the power to the motor when the START button is released. 
The following figure shows how to use a hard-wired logic control circuit to design the above ON/OFF control circuit.  It can be used to compare with the ladder logic diagram. 
NOT Gate
OR Gate
AND Gate

Figure 3.8  Hard-wired logic circuit for the same motor ON/OFF control



(III)  How PLCs Operate
A PLC works by continually scanning (i.e. inspecting) a program during operation.
The scan cycle consists of three important steps: 
(1)	Checking the input status – the processor checks the input signals and stores them in the input memory. 
(2)	Executing the program – the processor processes the values stored in the input memory according to the program, such as logic operation. 
(3)	Updating the output status – outputs the results of processing (e.g. logic operation) to other components.  
[image: ]
Figure 3.9  Scan cycle of a PLC


Scan and scan time
A 'scan' refers to the cycle of reading the inputs, executing the control program and updating the outputs. 
'Scan time' (the time to complete one scan) usually varies between 1 and 100 ms (1 ms = 0.000001 s), depending on the number and complexity of the control functions that need to be performed in each scan cycle.

(IV)  Uses of Output Devices
(A) Stepper motors
Stepper motors are special DC motors that can be controlled using PLCs. 
A common motor can only rotate in one direction at a high speed but a stepper motor can also be held in any fixed position or rotate bidirectionally.
Controller: sends rotation commands, and command pulse signals of the required speed and rotation amount. 
Drive: provides the power according to the signals to ensure the motor rotates according to the commands. 

[image: ]	Stepper motor
Pulse signal
Controller
Drive
Power supply and control 

Figure 3.10a  A stepper motor	Figure 3.10b  A stepper motor


Stepper motors can be used in open-loop control systems, which are generally adequate for systems that operate under low acceleration with static loads. 
Worktable
Pulse train
Stepper motor
Gear
Lead screw

Figure 3.11  Open-loop control of a stepper motor
Operating principles of a stepper motor
Rotor 1
Permanent magnet
Rotor 2
Stator
Winding

Figure 3.12  Structural diagram of a typical stepper motor

A stepper motor divides one revolution into several discrete steps.
It can be held stationary in a motor position when not rotating and without the need for a positional feedback sensor.
These steps are made possible by sequentially energising the stator electromagnets, causing the rotor to align with the resultant magnetic field each time. 
The shaded areas in the following diagram indicate the positions of the energised magnets and the triangles indicate the angles rotated with respect to the resultant magnetic fields.

ROTATION OF A STEPPER MOTOR
Rotor
Electromagnets
Stator

Figure 3.13  Alternately energised stator electromagnets causing the rotation of rotor

Stepper motors can accelerate quickly for short and precise movements. 
Since there is no regular maintenance of brushes required, the cost of using this type of motor is greatly reduced as compared with brushed motors. 
However, under a high speed condition, the electromagnets may be overloaded and cause the motor to skip its sequence and stall in the worst case.
A unipolar stepper motor has four coils that must be switched on and off in the correct order to make the motor turn properly. 
A programmable interface controller can be used to output different signals to the coils sequentially to control the operation of the stepper motor, as shown in the following table:
	Step
	Coil 1
	Coil 2
	Coil 3
	Coil 4

	1
	1
	0
	1
	0

	2
	1
	0
	0
	1

	3
	0
	1
	0
	1

	4
	0
	1
	1
	0

	5
	1
	0
	1
	0


Table 3.4
(B) Servo motors
[image: ]
Figure 3.14 A servo motor
Servo motor is a generic name for a variety of motors that use servo systems. 
Servo means the motor is operating under the instruction of commands.  A servo system uses the closed-loop control method to control the mechanical position, speed or acceleration.
Input
Comparator
DC servo motor
Gear
Lead screw
Sensor 
Feedback signal
Worktable

Figure 3.15  Closed-loop control of a servo motor 




Servo motors can be controlled by PLCs.  They have the following advantages:
Fast positioning
High peak torques
Wide speed ranges
High controllability
Servo motors can be divided into two types: AC and DC. DC servo motors are easier to operate, so they are widely used. Servo motors provide a wide range of power output.  They are commonly used in industrial positioning devices for packaging, material handling, laser cutting, automation, etc. 
	[image: IMG_3087]
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	Figure 3.16  Robot with servo motors
	Figure 3.17  The robot can make different moves accurately


[bookmark: c34]3.4  Programmable Interface Controllers
PLCs for industrial and electrical applications are usually rather bulky and expensive, so schools often use miniature programmable interface controllers (PICs) instead for students to learn the principles. 
(I) Introduction of PICs
· The appearance of a PIC is an electronic chip that can be plugged into a circuit board.  A PIC consists of a microprocessor and electrically-erasable programmable read-only memory (EEPROM). 
· Common PICs have 8, 18 or 28-pin configurations for handling a variety of output signals and digital/analogue input signals. 
· PICs use reprogrammable 'flash memory' for writing and deleting data repeatedly (over 10,000 times).
· Constructing a working controller involves connecting the controller chip to the power, and interfacing the input and output components, as well as adding other auxiliary electrical components such as capacitors, resonators and reset switches. 	
· The PIC 16F84 is a commonly used PIC that has 18 pins, of which 13 are communication ports (i.e. connecting the communication endpoints of the processor), including 8 output ports and 5 input ports (Figure 3.18).
[image: ]
Figure 3.18  Pin layout diagram of the PIC 16F84


(II) Configuration of the PIC 16F84
· The 16F84 controller requires a 6V DC supply, which can be provided by four 1.5 V cells (such as AA cells) connected in series. 
· A 4 MHz ceramic resonator must also be connected to the controller. (M = 1 000 000, Hz Hertz is the unit of frequency)
· The resonator will output rectangular electronic signal steadily, which gives the internal clock of the 16F84 controller a reference. 
· Pin 4 (reset) must be connected through a 4 k resistor to increase the voltage. (k = 1 000,  ohm is the unit of electrical resistance)
(III) Interfacing Input and Output Devices
Digital (binary signal) and analogue input devices such as sensors can be connected to the 16F84 controller.
a.  Digital input sensors
Common digital input devices include micro-switches, reed switches, tilt switches and push switches.  They have only two input signals (open or closed), i.e. logic value 0 or 1. 
The digital input devices can be connected to any input port (pin) of the 16F84 controller. 
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	Limit switch
	Reed switch
	Tilt switch
	Toggle switch
	Push switch


Figure 3.19  Common digital input devices of PICs
Figure 3.20 shows the circuit diagram for connecting the input device.  Note that: 
add a 10 k resistor to prevent short circuit; 
add a 1 k resistor to protect the input port (pin).
[image: ]
Figure 3.20  Circuit diagram for connecting the input device


b.  Analogue input sensors 
The 16F84 controller does not have analogue input ports (pins).
An analogue sensor can be connected to a potential divider and a transistor circuit for signal conversion first, before inputting the signal to the controller (Figure 3.21).
In Figure 3.21, the phototransistor is an analogue sensor, whose input signal will vary according to the brightness. 
[image: microp16]      [image: microp17]    [image: microp9]
Figure 3.21  Interfacing circuit for a phototransistor
c.  Output devices
	       [image: wpe25]
	[image: microp24]
	[image: microp27]
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Figure 3.22  Common output devices
The 16F84 controller can control a variety of output devices via multiple output ports (pins).
Common output devices are LEDs, 7-segment displays, Piezo sounders, speakers, light bulbs and solenoids.
(1) LED
An LED can be operated directly with any output port (pin).
In application, a 330 k resistor should be added.  This can protect the output port from being damaged due to short circuit in the event of LED breakage.  Also, it can prevent the LED from being broken due to overcurrent.
[image: ]
Figure 3.23  Output circuitry for an LED



(2) 7-segment display
A 7-segment display has seven horizontal or vertical light segments, which can be lit in different combinations to display numbers and certain letters. 
	[image: 800px-Seven_segment_02_Pengo]
	[image: ][image: ]

	Figure 3.24a 7-segment display
	Figure 3.24b Number and letter displayed on a 7- segment display


A 7-segment display can be operated by connecting the different output ports of the 16F84 controller to the 7-segment display appropriately. 
[image: ]






Figure 3.25  Output circuitry for a 7-segment display
(3) Piezo speaker

A Piezo speaker has high internal resistance.  It can be connected to the output port (pin) directly to produce sound of different pitches. 
The pitch of the sound is determined by the frequency of the output signal, which can be changed by the controller under the instruction of the program. 
[image: ]
Figure 3.26  Output circuitry for a Piezo speaker



However, since the power supply of the 16F84 controller is only 6 V while the current cannot be too high, the power rating it can provide is limited. 
As a result, the 16F84 controller sometimes requires auxiliary circuits (e.g. transistor circuits or relays) to provide additional power to amplify the current signals outputted to speakers or other devices such as industrial appliances. 

(4) Buzzer, light bulb and solenoid
The following are the circuitries for buzzer, light bulb and solenoid.
[image: ] 
Figure 3.27  Output circuitry for a buzzer
[image: ] 
Figure 3.28  Output circuitry for a light bulb
[image: ] 
Figure 3.29  Output circuitry for a solenoid



(IV) Programming PICs
A 'compiler' or 'assembler', a high-level programming language, is used to program a PIC. 
To simplify the programming process, a program editor can be used while the program can be written using a flowchart approach. 
Common editing software has graphical user interface and adopts 'drag and drop' operation for drawing the flowchart.  The software will convert the flowchart into programming language, BASIC or Assembly, and the program will be downloaded to the PIC.

(V)	Advantages of PLCs 
Programming PLCs is easier in wiring.
PLCs can be reprogrammed; conventional controls must be re-wired.
PLCs take less floor space than relay control panels.
Maintenance of PLCs is easier and reliability of PLCs is greater.
PLCs can be connected to digital systems more easily than relay control systems that operate under low current.

The following table compares relay logic control systems with PLCs. 
	Relays
	PLCs

	Large, complex systems that take up a lot of space.
	One PLC can control a large system, which takes up less floor space than a relay-based system.

	Hard-wired devices are used to configure relay ladders.
	Only the input and output devices are hard-wired.  The internal configuration of PLCs is solid-state.

	Difficult to modify or update a program. 
	With programming software, it is simpler to write a new program (or modify an existing one) and download it into a PLC.

	Limited service life for mechanical devices.
	PLCs are solid-state devices which have the characteristics of long service life and little maintenance.

	Require separate hard-wired timers and counters.
	Counters and timers are internal solid-state devices.




Chapter 4  Robotics 


[bookmark: c04]
[bookmark: c41]4.1 Definition of Robots
A robot is officially defined by the Robot Institute of America as 'a re-programmable, multi-functional manipulator designed to move materials, parts, tools, or special devices through variable programmed motions for the performance of a variety of tasks'.
              [image: D CIMG1182]	[image: STS-114_Steve_Robinson_on_Canadarm2]
	Figure 4.1a  Industrial robotic arm
	Figure 4.1b Robotic arm for maintenance on the International Space Station


Robots can carry out repeated actions with high accuracy and minimal variation.
Robots require a control program to govern its velocity, direction, acceleration, deceleration and distance of movement.
Industrial robots usually refer to robotic arms, which consist of several links connected in series by linear, revolute or prismatic joints.
Robots can also be used for leisure and many innovative purposes, such as humanoids and military purposes.
	
 [image: IMG_5116]
	[image: 1280px-TOPIO_3]

	[image: 1024px-Honda_ASIMO_Walking_Stairs]
	[image: RUNSWift_AIBOS]


Figure 4.2  Different types of robots

Therefore, a robot can also be defined as 'a human made semi- or fully autonomous (self-controlled) object or cooperating objects (with common objectives) with intelligence that is programmable'.


4.2 Robot Anatomy

Robot anatomy is about joints, links and any other physical structures. 
(I) Degrees of Mobility and Degrees of Freedom
The joint of an industrial robotic arm is similar to that of a human arm, which allows relative motion between two parts (links).
Each link-joint pair is known as the degree of mobility (DOM).
The degree of freedom (DOF) is the number of different vertical axes or axes of rotation for independent movements of a robotic arm.

[image: DOF12]
Figure 4.3  A total of 6 degrees of freedom/12 moving directions of an object

Each joint provides a robot with a certain number of DOF of motion.
Each joint can provide more than one DOF.
The DOF may come from the end effector, such as the opening and closing of a gripper.
The DOF of a robotic body-and-arm assembly can be a combination of vertical, radial and rotational movements.
Vertical – ability to move up and down (z-axis motion)
Radial – extension and retraction (in-and-out or y-axis motion)
Rotational – rotation about the vertical axis (x-axis motion or swivel about the vertical axis at the base)


Figure 4.4  Combination of vertical, radial and rotational movements



The DOF of a robot is essential because it is one of the most common specifications and criteria used for choosing a robot. 
To set the position of an object, a wrist assembly may have the following three typical 
DOF structural configurations:Robotic arm

Pitch – for the up-and-down motion of the object
Yaw – for the right-to-left motion of the object
Roll – for the rotation of the object about the arm axis

[image: ]Roll
Yaw
Pitch

Figure 4.5  Typical wrist with 3 DOF
(II) Joints and Links 

Links are considered to be the rigid components of robots. 
There are two links connected to each joint: the input link and the output link. 
Each joint provides controlled relative movements between the input and output links.
There are five types of mechanical joints in industrial robots.  Two of them provide linear motions and the other three provide rotary motions. 
The five types of joints are listed below:


a.	Linear (prismatic) Joint - Type L Joint
The relative movement between the input link and the output link is a linear sliding motion, with the axes of the two links parallel to each other. 
[image: linear]Output link
Input link

Figure 4.6  Radial, sliding or translational movement – type L joint
b.	Orthogonal Joint – Type O Joint
The relative movement between the input link and the output link is a linear sliding motion, with the axes of the two links perpendicular to each other.
[image: fig4]Input link
Output link
Output link
Input link
輸入桿型

Figure 4.7  Two types of orthogonal joint – type O joint

c.	Rotational Joint – Type R Joint
The relative movement between the input link and the output link is a rotational motion, with the axis of rotation perpendicular to the axes of the input and output links.
[image: 22]Input link
Output link

Figure 4.8  Axis of rotation perpendicular to the axes of the two connecting links – type R joint
d. Twisting Joint – Type T Joint
The relative movement between the input link and the output link is a rotary motion, with the axis of rotation parallel to the axes of the input and output links.
[image: twisting]Input link

Output link


Figure 4.9  Axis of rotation parallel to the axes of the two connecting links – type T joint
e.  Revolving Joint – Type V Joint
The axis of the output link is perpendicular to the axis of rotation of the joint, with the axis of rotation parallel to the axis of the input link.
[image: 23]Input link
Output link

Figure 4.10  Type V joint
(Axis of the output link perpendicular to the axis of the input link with the axis of the input link parallel to the axis of rotation)


(III) 
 Joint Notation Scheme 
[image: ]
Figure 4.11  Joint and link notation for an articulated robot

A typical robotic arm can be divided into two main sections: 
a body-and-arm assembly – for positioning of objects in the robot's work volume;
a wrist assembly – for orientation of objects.
The joint notation scheme is used to label the different joints a robotic arm has from the base to the end effector. 
There are 5 types of joints: linear (L), orthogonal (O), rotational (R), twisting (T) and revolving (V). 
The joint notation scheme uses the above letters to describe the joint combination of a robot.

Example
Take TRR as an example to explain the joint notation scheme. 
A robot is made up of 3 joints: 
a twisting joint (T) for rolling at joint 0
a rotation joint (R) for pitching at joint 1
a rotation joint (R) for yawing at joint 2
(IV) End Effectors 

An end effector is a device attached to the wrist of a robotic arm for performing specific tasks. 
Examples: gripper for material transfer, welding torch for joining and spray gun for surface finishing. 
End effectors are divided into two categories by functions:
Grippers – to hold and move objects.
Tools – to carry out work on parts.  The tools can be held by collets, making the tools changeable and flexible.

a.  Vacuum Grippers
Vacuum or suction caps can be used to handle objects that have flat, smooth and clean surfaces, e.g. for lifting glass.
Although they can also be used to lift unclean objects, rubbish or wastes, the objects tend to fall off more easily.
The advantages of grippers are that gentle force can be applied to lift objects without causing damage and they can be used on a wide range of materials.



	[image: D CIMG1192]
	[image: fig4]

	Figure 4.12  Vacuum gripper used in a production line 
	Figure 4.13  Magnetic gripper connected to an articulated robot 



b.  Magnetic Grippers 

Magnetic grippers are useful only for ferrous materials (containing iron).  Objects of different shapes can be picked up quickly. 
A magnetic gripper can be operated electromagnetically, in which case, dropping the object is easy by simply powering off the gripper. 
However, it may be dangerous in the event of power failure.  
For a permanent magnetic gripper, specific mechanical devices may need to unload the object from the gripper. 
Other gripper designs may use adhesives, hooks, scoops, etc.  They are specially designed to pick up parts of specific shapes.

c.  Mechanical Grippers

A mechanical gripper usually uses fingers or jaws (e.g. 2 fingers) to hold objects by opening and closing the fingers or jaws from two different positions.
A mechanical gripper can have hard fingers for precise handling but it may damage delicate objects.
For objects with different shapes, compliant fingers can be used.  Sensors can be added to the gripper for adjusting the gripping force.
Sensors used can be force sensors, pressure sensors, strain gauges and touch sensors.

[image: 34]
Figure 4.14  Finger-type mechanical gripper



(V) Work Spaces

A work space is also called a work volume or a work envelope.  It is the space that a robot can manipulate by the end of its wrist. 
The work space is determined by the following factors:
1. The number and types of joints in the manipulator (body-and-arm assembly and wrist assembly)
2. The physical size of each joint and link
3. The range of each joint
Different types of robots have different shapes of work space: 
· a Cartesian robot has a rectangular work space; 
· a polar robot has a partial spherical work envelope; and
· a cylindrical robot has a cylindrical work volume.


[image: 4]Operating envelope
Restricted envelope
Maximum envelope

Figure 4.15  Work envelope of an articulated robot


The work envelope of a robot can be divided into three types:
· Maximum envelope – the envelope that encompasses the maximum designed movements of the robot, including its end effectors, workpieces and attachments.
· Restricted envelope – a portion of the maximum envelope to which the robot is restricted by some limiting devices.
· Operating envelope – a portion of the restricted envelope that is used by the robot to perform its programmed motions.




[bookmark: c42]4.3  Mechanical Structures of Industrial Robotic Arms
Robots can be categorised according to their types of mechanical structures. 
(I) Cartesian Coordinate Robots
[image: Work Space Envelop of the Cartesian Roboti]
Figure 4.16  Typical Cartesian coordinate robot

A Cartesian coordinate robot (or simply Cartesian robot) is formed by 3 prismatic joints, whose axes follow the three perpendicular coordinate axes (X, Y and Z). 
A Cartesian robot with the horizontal members supported at both ends is sometimes called a gantry robot.  It can be quite large in size. 
A Cartesian robot has three perpendicular translational slides, so it is also called a xyz robot or rectilinear robot. 
A Cartesian robot has a rectangular cuboid work volume, with the joint type being LLL.

[image: 4_4]
Figure 4.17  Work mode and space of a Cartesian robot

Advantages:
The rigid structure can support large robots and heavy payloads
Easily controlled/programmed movements
High accuracy
Accuracy, speed and payload capacity remain constant over the entire work range
Simple control system 
Familiar X, Y, Z coordinates easily understood
Inherently stiff structure
Large coverage area
Simple structure, offering good reliability
Easy to expand in modular fashion
Disadvantages:
Needs a very large space to operate
The underneath of workpieces is out of reach 
Prismatic joints are easily contaminated by dust, especially in folds around the flexible bellows




(II) Cylindrical Robots
A cylindrical robot is able to rotate around its main axis, forming a cylindrical work space. 
[image: 2] 	  [image: 4_6]
Figure 4.18  Typical cylindrical robot	        Figure 4.19  Work space of a cylindrical robot

A cylindrical robot has two linear axes and one rotary axis at its base.
The robot can move up and down along its column, and its arm is retractable. 
A cylindrical robot has a cylindrical work volume.  The joint types are usually LTL or TLL.
Advantages:
Base rotation gives high speed
Can reach the underneath of objects (compared with Cartesian robots)
Easily controlled/programmed movements
Simple control system 
Good accuracy
Fast operation
Good access to the front and sides
Simple structure, offering good reliability
Disadvantages:
Dust contamination around the flexible bellows is hard to avoid for the prismatic joints
Relatively small work space (compared with Cartesian robots)


(III) Spherical / Polar Robots
[image: fig4]
Figure 4.20  Typical polar robot


[image: 4_8]
Figure 4.21  Work space of a polar robot

A polar robot has two rotary axes and one linear axis.  It is able to rotate in two different directions along its main axes. 
The third joint moves in translation, forming a hemisphere or a polar coordinate system. 
The joint type is usually TRL.
Advantages:
Has a large workspace, and can reach below its base
Easily controlled/programmed movements
Familiar polar coordinate easily understood
Large payload capacity
Fast operation
Accurate and repeatable at long reaches

Disadvantages: 
Resolution is relatively low, and variable over the work space
The resolution is lower when the end effector is around the base – a small change in angle causes a large movement
(IV) 

(V) SCARA Robots
[image: File:KUKA Industrial Robot KR10 SCARA.jpg]		[image: KIMETIC%20DIAGRAM]
Figure 4.22a  Typical SCARA robot	          Figure 4.22b  Kinematic diagram of a SCARA robot



The SCARA, Selective Compliance Assembly Robot Arm, is a version of articulated robot. 
Its shoulder and elbow joints rotate about the vertical axes, and there is a prismatic joint at the shoulder for elevation. 
The SCARA has four DOF with horizontal positioning, with its shoulder and elbow held perfectly parallel to the ground.

[image: 4_10]
Figure 4.23  Work space of a SCARA robot

Advantages:
Fast cycle times and fast operation
Excellent repeatability and high accuracy
Relatively high payload capacity due to the stiff structure in the vertical direction
Extremely good manoeuvrability and good access to positions within its programmable area
Disadvantages:
Difficult to program offline
Highly complex mechanical structure of the arm

(V)  Parallel Robots

[image: parallrobot]  [image: polarrobot3]  [image: fig4]
Figure 4.24  Delta type (left), triceps type (middle) and hexapod type (right) parallel robots


Three parallelograms are used to build a parallel robot with three translational and one rotational DOF. 
The parallelograms ensure consistent orientation of one end of a link with respect to the other. The end effector is attached to the rotational axis. 
As the arms are parallel to each other, the weight of the load can be distributed among all three links. 
Good examples of application are flying simulators and 4-D cinemas.



[image: fig4]
Figure 4.25  Work space of a parallel robot

Advantages
Increased stability and arm rigidity
Faster cycle times than serial linked robots
End-of-arm errors are averaged over the parallel link structure
Disadvantages
Relatively large footprint-to-work space ratio
Small range of motion



(VI)  Articulated/Revolute Robots

Articulated or joint-arm robots are the most versatile robots available.  They closely resemble the natural form of the human arm. 
An articulated robot is a mechanical manipulator with at least three rotary links.  One link rotates around the axis of the base joint and the others around the rotational axes of joints. 
A six-axis robot includes the axes of the wrist, which allows the robot to pitch, roll and yaw.  This type of robot can move the end effector to any point in any orientation within the work space. 
The joint type used is TRR.




[image: D CIMG1181]
Figure 4.26  Typical articulated robot for moving goods



Advantages
The wrist can reach any position and orientation within the work envelope
Can reach areas where other types of robot are difficult to reach
It is compact and provides the largest work envelope relative to its size
Extremely good working ability
Ability to reach over obstructions
Easy access to the front, sides, rear and overhead
Large reach for small floor area
Slim design allowing easy integration into restricted workplace layouts
Fast operation due to rotary joints
Ability to traverse complex continuous paths
Disadvantages
Not easy to control
The motion of the robot from one point to another can be difficult to visualise as the robot will move each joint through the minimum angle required
Accuracy is decreased due to the accumulation of joint errors
Control of motion is difficult due to the gravitational loading
Resolution control varies and has less increment at full reach



4.4  Robot Control Systems
(I) Drive Systems
There are three main categories of power drive for robots – electric, pneumatic and hydraulic. 
a.  Electric
For electrically driven robots, four major types of electric drive can be used:
(i)	Stepper Motors:
	Stepper motors are used mainly for simple mechanical devices (e.g. for pick and place), especially when a low cost is the most important consideration. 
	[image: D CIMG1176]			[image: D CIMG1188]
	Figure 4.27  Stepper motor			Figure 4.28  AC servo with controller 




(ii)	DC Servos:
	DC servo drives were used extensively for the early robots.  They provide good power output with a high degree of speed and position control.
(iii)	AC Servos:
	In recent years, AC servos have taken over from DC servos to become the standard drive. 
These modern motors give higher power output and are almost silent in operation.  They have no brushes in their structure.  They are very reliable and require almost no maintenance in operation.
(iv)	Solenoids Actuators:
	A major advantage of solenoid actuators is their quick operation.  Also, they are much easier to install than pneumatic or hydraulic actuators. 
	However, solenoids can only have fully open (extend) or closed (retract) function. They cannot bear much loading.
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Figure 4.29  Operation of a solenoid actuator


b.  Pneumatic

Robots that use pneumatic systems are less expensive and can take different forms and sizes. 
Pneumatic systems are widely used in robotic arms that perform simple pick and place operations. 
However, the disadvantage of this type of robots is the difficulty to control with high accuracy.

	      [image: 2005-11-14_ShadowLeg_Finished_medium]			[image: TFD6-TC2]
	Figure 4.30  Robotic leg with pneumatic systems
	Figure 4.31  Working machine installed with a pair of hydraulic robotic arms




c.  Hydraulic

Robots that use hydraulic systems can perform heavy duty jobs.  However, this type of drive is generally noisier, bulkier and heavier than other types of drive. 
Hydraulic drives were used in a lot of early robots as they are more rigid, easier to control and able to provide more power. 
The problems with hydraulic systems are that they tend to be fairly slow in operation and leakage of the pressurised liquids (e.g. water and oil) can be quite messy

(II) Types of Robot Control
a.  Limited-sequence Robot Control 
This is the most elementary control type and can only be used for simple motion cycles, such as pick and place application. 
It is often used at joints by arranging a limit switch or mechanical stop at each joint and sequencing the actuation of the joints to accomplish the cycle. 
Simple pneumatically driven robots without an electronic controller belong to limited-sequence robots.
b.  Point to Point Control
The controller has a memory for storing the sequence of motion and the location of each joint in a given work cycle. 
Feedback control is used to ensure that an individual joint has reached the desired location defined in the program. 
However, in the point to point control, only the final location of an individual joint is controlled.  The path taken for the joint to move from the initial location to the final location is not of concern.
c.  Continuous Path Control
The movement of the arm and wrist is controlled during the motion. 
Servo control is used to maintain the continuous path control over the position and speed of the robotic arm.  Its advantage is to provide a smooth continuous path for the robot. 
d.  Intelligent Robot Control
Artificial intelligence allows a robot to perceive the environment, such as visual sensors and facial recognition systems. 
An intelligent robot can make decisions when things go wrong during the work cycle, communicate with human beings, and make computation and correction during the motion cycle.

         [image: 1024px-Kismet_robot_at_MIT_Museum]		       [image: D CIMG1201]
	Figure 4.32  Robot with social skills such as expression (Kismet)
	Figure 4.33  Teach pendant for robots



(III) 
 Programming Robots

a.  Teach Pendant Method
A teach pendant (handheld programmer) is used to control and program a robot. 
The operator can use the coordination system at the robot base or tool to teach the robot to move to a specific position.
This system is especially useful when the tool is close to the workpiece. 
This programming method is very simple to use.  However, during the teaching process, the robot cannot continue production, reducing the machine utilisation rate.

b.  Lead-through Programming
This programming method is mainly used on small robots such as spray painting robots. 
A robot is programmed by being physically moved through the task by an operator, so this method is difficult to apply on large robots. 
Any hesitations or inaccuracies that have been introduced into the program cannot be edited easily without reprogramming the whole task. 

c.  Off-line Programming
This method is used to program robots from the computer-aided design (CAD) models of the robots, fixtures and accessories. 
The program structure is built up in much the same way as for teaching programming but CAD data can be used. 
The advantages of this programming method are: 
Robots can continue to work, which reduces the down time due to programming.
Programming tools make programming off-line, thus can reduce product lead time.
However, because off-line programming may not be accurate, the robot requires detailed testing and adjustment before its operation.


[image: Robots Simulator]
[bookmark: c45]Figure 4.34  Teach pendant for robot programming


4.5  Applications of Robots
(I)   Medical Robots

Robots are highly precise machines, so they are used to perform delicate surgery by tooling the end effectors with surgical instruments.
These machines still require human surgeons to operate and input instructions.  Remote control through the Internet and voice activation can also be used to control the surgical robots.

[image: File:Laproscopic Surgery Robot.jpg]		[image: IMG_5194]
Figure 4.35  Surgery Robot		Figure 4.36  Industrial robot in manufacturing plants



(II) Robots in the Automobile Industry
In the automobile industry, robotic arms are used in diverse manufacturing processes including assembling, spot welding, arc welding, part transferring, laser processing, cutting, grinding, polishing, deburring, testing and painting.  
Robots have been proved to help automakers be more agile, flexible and productive.
(III) 
Electronics/Semiconductors
Semiconductor chips are very delicate.  No scrap or dust is allowed to get on them.
Therefore, semiconductor work is carried out in a cleanroom environment by robots for processes such as part transferring, assembling, packaging and testing. 
Since robots are very stable in operation, loss caused by the scraps fallen off during the loading/unloading and handling of wafers can be avoided.

[image: fig4]		  [image: technology-machine-japan-toy-futuristic-japanese-1376465-pxhere]
	Figure 4.37  Industrial robot in manufacturing plants
	Figure 4.38  Robot for the food and beverage industry 






(IV) Food and Beverage Industry
Robots can be used for food packaging and high-speed material handling. 
Some robots can also be used in restaurants for food ordering or delivery.
(V) 
Construction Industry
Construction robots can improve the efficiency of work such as placing pipes, excavation, mining, bricklaying, earth work and pavement work. 
Construction robots are particularly useful in replacing human workers to work in dangerous environment or in places with limited accessibility.


[image: fig4]		[image: 1024px-MER_vs]
	      Figure 4.39  Construction robot for pavement work
	Figure 4.40  Mars mission lander




(VI) Space Robots
Space robotics is divided into two main areas: 
(1) serving the functions of robotic manipulators such as the mechanical arm for maintenance of the space station or as a crane for material transfer or construction work; and 
(2) robotic explorer for inspection of hostile environment on planetary surfaces and collection of soil samples for analysis.
(VII)  Military/Security Robots
They are usually deployed as unmanned remote-control vehicles for taking surveillance photographs.
They are also used for dangerous missions such as mine sweeping or bomb disposal to minimise casualties.
Some countries are already developing military robots and quadruped robots that can run stably on battlefields.


[image: 1280px-Explosieven_Opruimingsdienst]  	 [image: Legged_Squad_Support_System_robot_prototype]
	Figure 4.41  Remote robot handling explosives
	Figure 4.42  Robot animal that can run on four legs
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