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CNC Machines and Programming

Syllabus
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Terminologies used in Automation

►FMS (Flexible Manufacturing System)

►CAPP (Computer Aided Process Plan)

►CAD (Computer Aided Design/Drafting)

►CAM (Computer Aided Manufacturing)

►CIM (Computer Integrated Manufacturing)

►CAE (Computer Aided Engineering)

►RPT (Rapid Prototype Technology)

3

Software Tools: CAD Modeling (2D/3D)

4

Autodesk
• AutoCAD
• Inventor

PTC
• Pro/Engineer
• Now Creo

Dassault Systems
• CATIA
• Solidworks

Siemens
SolidEdge

NX

Altair
Hyperworks
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Software Tools: CAE Analysis

5

ANSYS
• CFD
• IC Engine

PTC
• Pro/Engineer
• Now known as “Creo”

Dassault Systems
• ABAQUS
• Simulia

Siemens
SolidEdge

NX

Altair
Hyperworks

Flexible Manufacturing System

• Flexible Manufacturing Systems (FMS) is a manufacturing philosophy 

based on the concept of effectively controlling material flow through a 

network of versatile production stations using an efficient and versatile 

material handling and storage systems.

• FMS is a system that consists of numerous programmable machine 

tools connected by an automated material handling system.

6

Flexible Manufacturing System

• Shorter lead times, meeting demand fluctuations, handling volume and 

variety, reduction in space and people and obtaining better control due 

to automation.

• The main disadvantage is that the initial installation cost and operational 

costs are high and it is necessary to have enough volumes to the use of 

FMS.
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► Computer-aided design (CAD)

► Computer-aided engineering (CAE)

► Computer-aided fixture design (CAFD)

► Computer-aided industrial design (CAID)

► Computer-aided manufacturing (CAM)

► Computer-aided process planning (CAPP)

► Computer-aided requirements capture (CAR)

► Computer-aided rule definition (CARD)

► Computer-aided rule execution (CARE)

► Computer-aided software engineering (CASE)

► Computer-assisted surgery (CAS)

► Computer-aided surgical simulation (CASS)

► Computational fluid dynamics (CFD)

► Component information system (CIS)

► Computer-integrated manufacturing (CIM)

► Computer Numerical Controlled (CNC)

► Electronic design automation (EDA)

► Enterprise resource planning (ERP)

► Finite element analysis (FEA)

► Knowledge-based engineering (KBE)

► Manufacturing process management (MPM)

► Manufacturing process planning (MPP)

► Material requirements planning (MRP)

► Manufacturing resource planning (MRP II)

► Product data management (PDM)

► Product lifecycle management (PLM)

► Virtual prototyping

8

Terminologies used in Automation
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MECHanical + elecTRONICS

A philosophy in which there is a coordinated and concurrently

developed, integration of mechanical engineering with electronics

and intelligent computer control in the design and manufacture of 

products and processes.

A multidisciplinary approach

10

Mechatronics

Mechanical 
Engineering

Electrical 
Engineering

Control 
Engineering

Computer 
Engineering
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Results: 

Much greater 
flexibility,

Ease in redesign Reprogrammable
Automated data 
collection and 

reporting
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Human & Machines

13

Relative strength of Human and Machine

Human & Machines

14

Aoccdnig to a rscheearch at Cmabrigde
Uinervtisy, it deosn’t mttaer in waht oredr the
ltteers in a wrod are, the olny iprmtoant tihng
is taht the frist and lsat ltteer be at the rghit
pctae. The rset can be a toatl mses and you
can sitll raed it wouthit porbetm. Tìhs is
bcuseae the huamn mnid deos not raed ervey
lteter by isttef, but the wrod as a wlohe. 

Relative strength of Human and Machine

Human & Machines

15

According to a research at Cambridge University, 
it doesn’t matter in what order the letters in a 
word are, the only important thing is that the first 
and last letter be at the right place. The rest can 
be total mess and you can still read it without 
problem. This is because the human mind does 
not read every letter by itself, but the word as a 
whole.

Relative strength of Human and Machine

Human & Machines

16

Relative strength of Human and Machine

HUMANS MACHINES

 Sense unexpected Stimuli  Perform repetitive tasks

 Develop new solutions to problems  Store large amount of data

 Adapt to changes  Retrieve data from memory

 Cope with abstract problems  Perform multitasks simultaneously

 Generalize from observations  Apply high forces & power

 Learn from experience  Perform simple computations quickly

 Make difficult decisions based on 

incomplete data

 Make routine decisions quickly

13 14

15 16
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NC / CNC

17 18

19

Tool magazines

►The word NC which stands for Numerical Control refer to control of

a machine or a process using symbolic codes consisting of characters

and numerals.

►The word CNC stands for Computer Numerical Control and came

into existence in seventies when microprocessors and microcomputers

replaced integrated circuit (IC) based controls used for NC machines.

20

Introduction

17 18

19 20
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►The concept of NC was proposed in the late 1940s by John Parsons
who recommended a method of automatic machine control that would
guide a milling cutter to produce a curvilinear motion in order to
generate smooth profiles on the work-pieces.

►In 1949, the U.S Air Force awarded Parsons a contract to develop
new type of machine tool that would be able to speed up production
methods.

►Parsons sub-contracted the Massachusetts Institute of Technology
(MIT) to develop a practical implementation of his concept. Scientists
and engineers at M.I.T built a control system for a two axis milling
machine that used a perforated paper tape as the input media. By 1955,
these machines were available to industries with some small
modifications.

21

Historical Perspective 
►Computer numerical control (CNC) is the numerical control system in

which a dedicated computer is built into the control to perform basic
and advanced NC functions.

►CNC controls are also referred to as soft-wired NC systems because
most of their control functions are implemented by the control
software programs.

►CNC is a computer assisted process to control general purpose
machines from instructions generated by a processor and stored in a
memory system.

►The computer allows for the following: storage of additional
programs, program editing, running of program from memory,
machine and control diagnostics, special routines, inch/metric,
incremental/absolute switch ability.

22

Computer Numerical Control 

►CNC machines can be used as standalone units or in a network of
machines such as flexible machine centers.

►The controller uses a permanent resident program called an executive
program to process the codes into the electrical pulses that control the
machine.

►In any CNC machine, executive program resides in ROM and all the NC
codes in RAM. The information in ROM is written into the electronic
chips and cannot be erased and they become active whenever the
machine is on.

►The contents in RAM are lost when the controller is turned off. Some
use special type of RAM called CMOS memory, which retains its
contents even when the power is turned off.

23

Computer Numerical Control 

►In a Direct Numerical Control system (DNC), a mainframe computer
is used to coordinate the simultaneous operations of a number NC
machines.

►The main tasks performed by the computer are to program and edit
part programs as well as download part programs to NC machines.

►Machine tool controllers have limited memory and a part program
may contain few thousands of blocks.

►So the program is stored in a separate computer and sent directly to
the machine, one block at a time.

24

Direct Numerical Control
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Direct Numerical Control

• Time sharing – the control of more than one machine by the computer.

• Greater computational capability for such functions as circular 
interpolation.

• Remote computer location – the computer is located in a computer –
type environment.

• Elimination of tapes and tape reader at the machine for improved 
reliability.    

• Elimination of hardwired controller unit on some systems.

• Programs stored as cutter location data can be post – processed for 
whatever suitable machine is assigned to process the job. 

26

Advantages of DNC

• Parts are processed frequently and in small to mediums for sizes.

• Part geometry is complex.

• Close tolerances must be held on the work part.

• Many operations must be performed on the part in its processing.

• Much metal needs to be removed. 

• Engineering design changes are likely.

• It is an expensive part where mistakes in processing would be costly.

• Parts require 100% inspection.

27

Where is NC most appropriate?

►CNC machines can be used continuously and only need to be

switched off for occasional maintenance.

►These machines require less skilled people to operate unlike

manual lathes / milling machines etc.

►CNC machines can be updated by improving the software used to

drive the machines.

►Training for the use of CNC machines can be done through the

use of 'virtual software'.

28

Advantages CNC machine tools

25 26
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►The manufacturing process can be simulated virtually and no need to

make a prototype or a model. This saves time and money.

►Once programmed, these machines can be left and do not require any

human intervention, except for work loading and unloading.

►These machines can manufacture several components to the required

accuracy without any fatigue as in the case of manually operated

machines.

►Savings in time that could be achieved with the CNCs are quite

significant.

29

Advantages CNC machine tools

30

Advantages CNC machine tools

High flexibility Increased productivity 

Reduced scrap rate Consistent quality 

Reliable operation Shorter cycle time

Reduced manpower Better safety 

High accuracy Reduced Non-productive time 

►CNC machines are generally more expensive than manually operated

machines.

►The CNC machine operator only needs basic training and skills,

enough to supervise several machines.

►Increase in electrical maintenance, high initial investment and high

per hour operating costs than the traditional systems.

►Fewer workers are required to operate CNC machines compared to

manually operated machines. Investment in CNC machines can lead to

unemployment.

31

Disadvantages CNC machine tools
CNC was initially applied to metal working machinery: Mills, Drills, boring 
machines, punch presses etc. and now expanded to robotics, grinders, welding 
machinery, EDM's, flame cutters and also for inspection equipment etc. 

The machines controlled by CNC can be classified into the following 
categories: CNC mills and machining centers. 

a) CNC lathes and turning centers

b) CNC EDM

c) CNC grinding machines

d) CNC cutting machines (laser, plasma, electron, or flame)

e) CNC fabrication machines (sheet metal punch press, bending machine, or
press brake)

f) CNC welding machines

g) CNC coordinate measuring machines

32

Applications of NC/CNC machine tools

29 30

31 32
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Difference between NC & CNC Machine

33

NC machine CNC machine

NC machines are hard wired. The part program is 

loaded using punched tape and reader.

CNC machines are soft wired. The dedicated 

computer acts as controller.

The punched tape and tap reader constitute most 

unreliable components.

The punched tape and tape reader are not 

used. Floppy, CD or DVD or pen drives are 

used.

Speed and feed cannot be changed during 

execution of the part program.

Speed, feed and depth can be varied during 

machining.

Part programming mistakes are common due to 

unreliable input method.

Part programming mistakes do not take 

place due to reliable method of input.

Less flexibility. More flexibility.

» A punched tape is a long strip of paper 1” wide and generally 
reinforced by plastic [layer of nylon]. 

» It contains part program in the form of holes. The presence and 
absence of a hole indicates 1 or 0 [the value of a bit]. 

» The part program consists of these binary numbers which are in fact 
instruction that define cutting tool path, spindle speed, feed rate, tool 
changes, coolant on/off and other functions of NC-machine tool.

» A tape is punched by a tape-punching machine, which is called 
flexowriter. 

» A flexowriter works on the similar principle of a typewriter. 

34

Punched tape

35

Punched tape: Standardized by EIA

EIA (Electronic Industries Association)

a) Based on the motion type ' Point-to-point & Contouring systems
i. Point-to-point systems
ii. Contouring systems (Continuous path systems)

b) Based on the control loops ' Open loop & Closed loop systems
i. Open loop systems
ii. Closed loop systems

c) Based on the number of axes
i. 2& 3 axes CNC machines
ii. 4 & 5 axes CNC machines

d) Based on the power supply
i. Electric systems
ii. Hydraulic systems
iii. Pneumatic systems

36

Classification of CNC Machine Tools

33 34

35 36
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Electric Motors
Motor having 

controlled clutches
D.C. (Split field)

D.C. Separately 
exited field

Hydraulic System Ram Motors

Pneumatic System Ram Motors

Hybrid System Hydraulic Rams

37

Classification: Based on the power supply 

►Different components related to CNC machine tools
a) Part program

b) Program input device

c) Machine Control Unit

d) Drive System

e) Machine Tool

f) Feed Back System

38

Major Components of a CNC System

39

Process Planning (by 
part programmer)

Sequence 
route sheet

Part programming

Data of m/c, mfg., 
Tooling, work holding

Part drawing

Programming  
manual/trainingTool file

Coding of part 
program on suitable 

medium

Coding device (pen drive, 
network, internet, etc. )

Program proving
Coding device (pen drive, 
network, internet, etc. )

CNC m/c operation 
by m/c operator

Set-up sheets, drawing, 
work blank

Tool setting in 
Tool room

CNC 
machine 

operation

►Electrical Components
1. Power units

a) Stepper motors

b) Servo Motors

2. Encoders
a) Incremental encoders

b) Absolute encoders

c) Rotary and Linear encoders

3. CNC Controller
a) Controller Architecture

40

Major Components of a CNC System

37 38

39 40
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►Mechanical Components
1. Recirculating ball screw
2. Roller screw

a) Planetary roller screws

b) Recirculating roller screws

41

Major Components of a CNC System

►Tool changing arrangements
1. Manual and

2. Automatic Tool Changer (ATC)

►Tool turrets

►Tool magazines
1. Chain magazine

2. Circular magazine

3. Box magazine

42

CNC Tooling

43

Tool magazines

44

Tool turrets

Six station tool turret Eight station tool turret Twelve station tool turret

41 42

43 44
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45

Tool magazines Working Principle of NC

A numerical control system consists of the following three basic 
components:-

1) Program of instructions

2) Machine control unit (MCU)

3) Processing equipment.

46

Working Principle of NC

• Program of instructions is the detailed step-by-step commands that 
direct the processing equipment. In its most common form, the 
commands refer to positions of a machine tool spindle with respect to 
the work table on which the part is fixtured. 

• More advanced instructions include selection of spindle speeds, 
cutting tools and other functions.

• The machine control unit (MCU) consists of the electronics and 
control hardware that read and interpret the program of instruction and 
convert it into mechanical action of the machine tool or other 
processing equipment.

• The processing equipment performs useful work. The processing 
equipment consists of the worktable and spindle as well as the motors 
and controls needed to drive them.

47

Difference between Conventional & CNC machine

48

Conventional machine CNC Machine

 Axis motion controlled manually.

 Skilled operator required.

 Quality of finished job is operator 

dependant.

 Profiles are formed.

 More human errors.

 Cost is low.

 Axis motion is controlled by computer.

 Semiskilled operator required.

 Quality of finished job is under control of 

programs.

 Profiles are generated.

 Human errors minimize.

 Cost is high.

45 46

47 48
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49

Axis designation: For CNC Mill

50

Axis designation: For CNC Mill

51

Axis designation: For CNC Lathe

52

Reference Points and Zeros: 

49 50

51 52
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CNC Positioning Systems
• The NC positioning system converts the coordinate axis values in the 

NC part program into relative positions of the tool and workpart
during processing

53

CNC Positioning Systems

• The system consists of a cutting tool and a worktable on which a 
work-part is fixtured.

• The table is designed to move the part relative to the tool.

• The worktable moves linearly by means of a rotating leadscrew, which 
is driven by a stepping motor or servomotor.

• The leadscrew has a certain pitch p (in/rev, mm/rev).

• Thus, the table moves a distance equal to the pitch for each revolution.

• The velocity of the worktable, which corresponds to the feed rate in a 
machining operation, is determined by the rotational speed of the 
leadscrew.

54

CNC 
Positioning 

Systems

55

CNC Positioning Systems: Types

Open-Loop System & Closed-loop System

• An open loop system operates without verifying that the actual 
position achieved in the move is the same as the desired position.

• A closed loop control system uses feedback measurements to confirm 
that the final position of the worktable is the location specified in the 
program.

• Open loop systems cost less than closed loop systems and are 
appropriate when the force resisting the actuating motion is minimal.

• Closed loop systems are normally specified for machines that perform 
continuous path operations such as milling or turning, in which there 
are significant forces resisting the forward motion of the cutting tool.

56

53 54

55 56
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CNC Positioning Systems: Open-Loop

• An open-loop positioning system typically uses a stepping motor to rotate the 
leadscrew. 

• A stepping motor is driven by a series of electrical pulses, which are generated by 
the MCU in an NC system. 

• Each pulse causes the motor to rotate a fraction of one revolution, called the step 
angle. 

• The possible step angles must be consistent with the following relationship:

where  = step angle (degree/pulse), and ns = the number of step angles for the 
motor, which must be an integer. 

57

• The angle through which the motor shaft rotates is given by

• where Am = angle of motor shaft rotation (degrees), np = number of 
pulses received by the motor, and  = step angle (degrees/pulse).

• The motor shaft is generally connected to the leadscrew through a
gear box, which reduces the angular rotation of the leadscrew. 

• The angle of the leadscrew rotation must take the gear ratio into 
account as follows:

where A = angle of leadscrew rotation (degrees), rg = gear ratio.

58

CNC Positioning Systems: Open-Loop

rg = gear ratio, defined as the number of turns of the motor for each single 
turn of the leadscrew.

Where Nm = rotational speed of the motor (rev/min), and
N = rotational speed of the leadscrew (rev/min).

The linear movement of the worktable is given by the number of full and 
partial rotations of the leadscrew multiplied by its pitch:

where x = x-axis position relative to the starting position (mm, inch),  

p = pitch of the leadscrew (mm/rev, in/rev), and 

A/360 = number of leadscrew revolutions.
59

CNC Positioning Systems: Open-Loop

• The number of pulses required to achieve a specified x-position 
increment in a point-to-point system can be found by combining
the two preceding equations as follows:

where the second expression on the right-hand side is obtained
by substituting ns for 360/

60

CNC Positioning Systems: Open-Loop

57 58

59 60



Mechanical Engineering Department, Engineering College, 
Ajmer

14-10-2019

7ME6.3A CNC Machines and Programming 16

• Control pulses are transmitted from the pulse generator at a certain 
frequency, which drives the worktable at a corresponding velocity or 
feed rate in the direction of the leadscrew axis. 

• The rotational speed of the leadscrew depends on the frequency of the 
pulse train as follows:

• where N = leadscrew rotational speed (rev/min), fp = pulse train 
frequency (Hz, pulses/sec), and ns = steps per revolution or pulses per 
revolution.

61

CNC Positioning Systems: Open-Loop

• The table travel speed in the direction of leadscrew axis is determined 
by the rotational speed as follows:

where 

vt table travel speed (mm/min, in/min),  

fr = table feed rate (mm/min, in/min), 

N = leadscrew rotational speed (rev/min), and 

p = leadscrew pitch (mm/rev, in/rev).

62

CNC Positioning Systems: Open-Loop

• The required pulse train frequency to drive the table at a specified 
linear travel rate can be obtained by combining the last two equations 
and rearranging to solve for fp:

63

CNC Positioning Systems: Open-Loop

• The worktable of a positioning system is driven by a leadscrew
whose pitch = 6.0 mm/rev. The leadscrew is connected to the
output shaft of a stepping motor through a gearbox whose
ration is 5:1 (5 turns of the motor to one turn of the leadscrew).
The stepping motor has 48 step angles. The table must move
a distance of 250 mm from its present position at a linear
velocity = 500 mm/min. Determine (a) how many pulses are
required to move the table the specified distance and (b) the
required motor speed and pulse rate to achieve the desired
table velocity.

64

CNC Positioning Systems: Open-Loop: Example

61 62

63 64
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• The leadscrew rotation angle corresponding to a distance x = 250mm

• With 48 step angles, each step angle is:

• Thus, the number of pulses to move the table 250 mm is

65

CNC Positioning Systems: Open-Loop: Solution (a)

• The rotational speed of the leadscrew corresponding to a table speed 
of 500 mm/min can be determined as:

• The motor speed:

• The applied pulse rate to drive the table is given by:

66

CNC Positioning Systems: Open-Loop: Solution (b)

• A closed-loop NC system uses servomotors and feedback
measurements to ensure that the worktable is moved to the desired
position. A common feedback sensor used for NC is the optical
encoder, shown in the following figure.

67

CNC Positioning Systems: Close-Loop

• An optical encoder consists of a light source and a photodetector on either
side of a disk.

• The disk contains slots uniformly spaced around the outside of its face.
These slots allow the light source to shine through and energize the
photodetector.

• The disk is connected, either directly or through a gear box, to a rotating
shaft whose angular position and velocity are to be measured.

• As the shaft rotates, the flashes are converted into an equal number of
electrical pulses.

• By counting the pulses and computing the frequency of the pulse train,
worktable position and velocity can be determined.

• The equations that define the operation of a closed-loop NC positioning 
system are similar to those for an open-loop system.

68

CNC Positioning Systems: Close-Loop

65 66

67 68
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• In the basic optical encoder, the angle between slots in the disk must
satisfy the following requirement:

• Where  = angle between slots (degrees/slot), and the ns = number of slots 
in the disk (slots/rev). 
• For a certain angular rotation of the encoder shaft, the number of pulses 

sensed by the encoder is given by:

• Where np = pulse count emitted by the encoder, Ae = angle of rotation of the 
encoder shaft (degrees), and  = angle between slots, which converts to 
degrees per pulse.

69

CNC Positioning Systems: Close-Loop

• The pulse count can be used to determine the linear x-axis position of 
the worktable by factoring in the leadscrew pitch and the gear 
reduction between the encoder shaft and the leadscrew. Thus:

• Where np and ns are defined earlier slide, p = leadscrew pitch (mm/rev, 
in/rev), and rge = gear reduction between the encoder and the 
leadscrew, defined as the number of turns of the encoder shaft for each 
single turn of the leadscrew.

70

CNC Positioning Systems: Close-Loop

• where Ae = encoder shaft angle (degrees), A = leadscrew angle
(degrees), Ne = rotational speed of encoder shaft (rev/min), and
N = rotational speed of leadscrew (rev/min).

• The velocity of the worktable, which is normally the feed rate in
machining operation, is obtained from the frequency of the pulse train
as follows:

• where vt = worktable velocity (mm/min, in/min), fr = feed rate
(mm/min, in/min), fp = frequency of the pulse train emitted by the
optical encoder (Hz, pulse/sec), and the constant 60 converts
worktable velocity and feed rate from mm/sec (in/sec) to mm/min
(in/min).

71

CNC Positioning Systems: Close-Loop

• The pulse train generated by the encoder is compared with the 
coordinate position and feed rate specified in the part program, and the 
difference is used by MCU to drive a servomotor, which in turn drives 
the worktable. 

• A digital-to-analog converter converts the digital signals used by MCU 
into continuous analog current that powers the drive motor. 

• Closed-loop NC systems of the type described here are appropriate 
when a reactionary force resists the movement of the table. 

• Metal cutting machine tools that perform continuous path cutting
operations, such as milling and turning, fall into this category.

72

CNC Positioning Systems: Close-Loop

69 70

71 72
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• An NC worktable operates by closed-loop positioning. The system consists of 
a servomotor, leadscrew, and optical encoder. The leadscrew has a pitch = 6.0 
mm/rev and is coupled to the motor shaft with a gear ratio of 5:1 (5 turns of 
the drive motor for each turn of the leadscrew). The optical encoder generates 
48 pulses/rev of its output shaft. The encoder output shaft is coupled to the 
leadscrew with a 4:1 reduction (4 turns of the encoder shaft for each turn of 
the leadscrew). The table has been programmed to move a distance of 250 
mm at a feed rate = 500 mm/min. 

• Determine 

a) how many pulses should be received by the control system to verify that 
the table has moved exactly 250 mm, 

b) the pulse rate of the encoder, and 

c) the drive motor speed that correspond to the specified feed rate.

73

CNC Positioning Systems: Close-Loop: Example

CNC 
Positioning 
Systems: 

Close-Loop: 
Solution

74

• For accurate machining or other processing performed by an CNC 
system, the positioning system must possess a high degree of precision.

• Three measures of precision can be defined for an CNC positioning 
system: 

75

Precision in CNC Positioning

Control 
Resolution

Accuracy Repeatability

76

Precision in CNC Positioning

73 74

75 76
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• Control resolution refers to the control system's ability to divide the 
total range of the axis movement into closely spaced points that can be 
distinguished by the MCU.

• Control resolution is defined as the distance separating two adjacent 
addressable points in the axis movement.

• Addressable points are locations along the axis to which the worktable 
can be specifically directed to go. It is desired for control resolution to 
be as small as possible.

• This depends on limitations imposed by: (1) the electromechanical 
components of the positioning system and/or (2) the number of bits 
used by the controller to define the axis coordinate location.

77

Precision in CNC Positioning: Control Resolution

• A number of electromechanical factors affect control resolution, 
including leadscrew pitch, gear ration in the drive system, and the 
step angle in a stepping motor for an open-loop system or the angle 
between slots in an encoder disk for a closed-loop system. 

• For an open-loop positioning system driven by a stepper motor, these 
factors can be combined into an expression that defines the control 
resolution as:

• where CR1 = control resolution of the electromechanical components 
(mm or in), p = leadscrew pitch (mm/rev, in/rev), ns = number of steps 
per revolution, and rg = gear ratio between the motor shaft and the 
leadscrew.

78

Precision in CNC Positioning: Control Resolution

• The second factor that limits control resolution is the number of bits 
used by the MCU to specify the axis coordinate value.

• For example, this limitation may be imposed by the bit storage capacity 
of the controller. If B= the number of bits in the storage register for the 
axis, then the number of control points into which the axis range can be 
divided = 2B. 

• Assuming that the control points are separated equally within the range, 
then

• where CR2 = control resolution of the computer control system (mm, 
in), and L = axis range (mm, in).

79

Precision in CNC Positioning: Control Resolution

• The control resolution of the positioning system is the maximum of the 
two values; that is,

• A desirable criterion is for, CR2  CR1 meaning that the electro-
mechanical system is the limiting factor that determines control 
resolution. 

• The bit storage capacity of a modern computer controller is sufficient to 
satisfy this criterion except in unusual situations. 

• Resolutions of 0.0025 mm (0.0001 in) are within the current state of 
CNC technology.

80

Precision in CNC Positioning: Control Resolution
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• The capability of a positioning system to move the worktable to the exact 
location defined by a given addressable point is limited by mechanical 
errors that are due to various imperfections in the mechanical system.

• These imperfections include play between the leadscrew and the 
worktable, backlash in the gears, and deflection of machine components. 

• The standard deviation of the distribution is constant over the range of 
the axis under consideration. 

• Given these assumptions, then nearly all of the mechanical errors 
(99.74%) are contained within of the control point, for a portion of the 
axis range that includes two control points.

81

Precision in CNC Positioning: Accuracy

• Accuracy is defined under worst case conditions in which the desired 
target point lies in the middle between two adjacent addressable points.

• Since the table can only be moved to one or the other of the addressable 
points, there will be an error in the final position of the worktable. 

• This is the maximum possible positioning error, because if the target 
were closer to either one of the addressable points, then the table would 
be moved to the closer control point and the error would be smaller. 

• It is appropriate to define accuracy under this worst case scenario.

82

Precision in CNC Positioning: Accuracy

• The accuracy of any given axis of a positioning system is the maximum 
possible error that can occur between the desired target point and the 
actual position taken by the system; in equation form,

• Where CR = control resolution (mm, in), and  = standard deviation of 
the error distribution. 

• Accuracies in machine tools are generally expressed for a certain range 
of table travel, for example, ±0.01 mm for 250 mm (±0.0004 in for 10 in) 
of table travel.

83

Precision in CNC Positioning: Accuracy

• Repeatability refers to the capability of the positioning system to return to a 
given addressable point that has been previously programmed. 

• This capability can be measured in terms of the location errors encountered 
when the system attempts to position itself at the addressable point. 

• Location errors are a manifestation of the mechanical errors of the positioning 
system, which follow a normal distribution, as assumed previously. 

• Thus, the repeatability of any given axis of a positioning system is standard 
deviations of the mechanical error distribution associated with the axis. 

• The repeatability of a modern NC machine tool is around ±0.0025 mm 
(±0.0001 in).

84

Precision in CNC Positioning: Repeatability

81 82
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• Suppose the mechanical inaccuracies in the open-loop positioning system 
(discussed previous slides) are described by a normal distribution with 
standard deviation 0.005 mm. The range of the worktable axis is 1000 
mm, and there are 16 bits in the binary register used by the digital 
controller to store the programmed position. Other parameters are: pitch 
6.0 mm/rev, gear ratio between motor shaft and leadscrew 5.0, and 
number of step angles in the stepping motor 48.

Determine:

a) The control resolution,

b) The accuracy, and

c) The repeatability for the positioning system.

85

Control Resolution, Accuracy, and Repeatability: Example

86

Control Resolution, Accuracy, and Repeatability: Solution

87

Control Resolution, Accuracy, and Repeatability: Solution

88
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» Block Number (N words): N01, N05, N10

» Preparatory Code (G words): G00, G01, G02, G03, G81, G98, etc.

» Coordinates (X, Y, Z words): Movement in X, Y and Z direcctions

» Miscellaneous Code (M words): M02, M03, M06, M08, M30, etc.

» Feed rate (F word): inch/min or mm/min

» Speed (S word): revolution per minute

» Tool number (T word): Tool selection if ATC/magazine is available

» EOB: End of Block

89

NC Words 

» The term "preparatory" in NC means that it "prepares" the control 
system to be ready for implementing the information that follows in 
the next block of instructions. 

» A preparatory function is designated in a program by the word address 
G followed by two digits. 

» Preparatory functions are also called G-codes and they specify the 
control mode of the operation.

» G-codes assisted by dimensional parameters x, y, z, u, v, w, r and so 
on.

90

Preparatory Codes 

G00                       Rapid traverse

G01                       Linear interpolation

G02/G03             Circular interpolation C.W/C.C.W.

G04                       Dwell

G07                       Tangential circle interpolation

G08/G09             Path control mode

G10/G11             Block pre-processing control

G12/G13             Circular interpolation with radius

G17-G20              Plane selection

G33                       Thread cutting/rigid tapping

G36/G37             Programmable feed Rate limitation

G38/G39             Mirror image

G40-G44              Tool radius compensation

G50                       Scaling

G51/G52              Part rotation

G53-G59               Zero offsets

G63/G66              Programmable feed

G70/G71              Inch/metric dimensioning

G72/G73              Interpolation with in position stop

G74                        Home position

G80-G89               Canned cycles

G90/G91              Absolute/incremental programming

G92                        Position register preset

G94/G95              Feed Rate

G160-G164          ART learning function

G186                     Programmable tolerance band

91

Preparatory Codes: G Codes

» Miscellaneous functions use the address letter M followed by two 
digits. 

» They perform a group of miscellaneous instructions/functions

» For example coolant on/off, spindle on/off, tool change, program stop, 
or program end. 

» They are often referred to as machine functions or M-functions. 

92

Miscellaneous Codes 

89 90

91 92
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M00 Program Stop.

M01   Optional Program Stop

M02   Program End

M03   Spindle Motor On & Normal Clockwise 

M04   Spindle Motor On & Reverse Anticlockwise 

M05   Spindle Motor Off

M06   Automatic Tool Change

M08   Coolant Pump Motor On.

M09   Coolant Pump Motor Off

M21   Mirror Image Along X Axis

M22   Mirror Image Along Y Axis

M23   Mirror Image Cancel

M30   Program End & Rewind.

M98   Subprogram Call with Program No. P

M99   Subprogram End 

93

Miscellaneous Codes: M Codes
• Programming mode should be specified when it needs to be changed 

from absolute to incremental and vice versa. 

• There are two programming modes: absolute and incremental.

• Absolute programming (G90)

In absolute programming, all measurements are made from the part 

origin established by the programmer and set up by the operator. Any 

programmed coordinate has the absolute value in respect to the 

absolute coordinate system zero point. The machine control uses the 

part origin as the reference point in order to position the tool during 

program execution 

94

Programming Modes

95

Programming Modes: Absolute programming (G90) 

0,0

• In incremental programming, the tool movement is measured from the 
last tool position. 

• The programmed movement is based on the change in position 
between two successive points. 

• The coordinate value is always incremented according to the 
preceding tool location. 

• The programmer enters the relative distance between current location 
and the next point.

• Also known as floating zero mode

96

Programming Modes: Incremental programming (G91) 

93 94

95 96
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97

Programming Modes: Incremental programming (G91) 

0,0

Rapid Traverse: G00

98

Syntax G00 Xx Yy Zz

Example

N10 G00 X10.0 Y15.0 Z2.0

Z

X

Y

G00

X1, Y1, Z1

X2, Y2, Z2

Linear Interpolation: G01

99

Syntax G01 Xx Yy Zz Ff

Example

N15 G01 X15.0 Y20.0 

Z

X

Y

G01

15,20

Example

100
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Example

101

N1 G54
N2 G91
N3 T1 S1500 M03 F50
N4 G00 X20 Y20
N5 G01 Z-1 M08
N6 G01 X20 Y40
N7 G01 X20 Y-40
N8 G01 X-40
N9 G01 Z4
N10 G00 X-20 Y-20 M09
N11 M30

Circular Interpolation: G02 (C.W.)

102

Syntax G02 Xx Yy Ii Jj
G02 Xx Zz Ii Kk
G02 Yy Zz Jj Kk

Example

N20 G02 X15.0 Y20.0 I10.0 J10.0

Z

X

Y

Circular Interpolation: G03 (C.C.W)

103

Syntax G03 Xx Yy Ii Jj
G03 Xx Zz Ii Kk
G03 Yy Zz Jj Kk

Example

N20 G03 X15.0 Y20.0 I10.0 J10.0

Z

X

Y

Circular Interpolation: G02 (C.W) and G03 (C.C.W)

104

Syntax G03 Xx Yy Ii Jj
G03 Xx Zz Ii Kk
G03 Yy Zz Jj Kk

Example

N20 G03 X15.0 Y20.0 I10.0 J0.0

Coordinates of Centre are always in 
Incremental Mode

Y

X

G02

G01

G03
G01

G03

G01

G02

G01

0,0

I

101 102

103 104
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Circular Interpolation:

105

Syntax G03 Xx Yy Ii Jj
G03 Xx Zz Ii Kk
G03 Yy Zz Jj Kk

Example

N20 G03 X15.0 Y20.0 I10.0 J0.0

Coordinates of Centre Points (I, J) with 
respect to start point are always in 
Incremental Mode

Y

X0,0

Start point

End point

-I

J

Example

106

N01 G91 Absolute Mode
N02 G21 Metric programming
N03 M03 S1000 Spindle start clockwise with 1000rpm
N04 G00 X0 Y0 Rapid motion towards (0,0)
N05 G00 Z-10.0 M08 Rapid motion towards Z=-10 plane
N06 G01 X50.0 Y0.0 Linear interpolation 
N07 G01 X50.0 Y20.0 Linear interpolation
N08 G02 X25.0 Y45.0 R25.0   Circular interpolation C.W.
N09 G03 X-25.0 Y45.0 R25.0  Circular interpolation C.C.W
N10 G02 X-50.0 Y20.0 R25.0  Circular interpolation C.W.
N11 G01 X-50.0 Y0.0 Linear interpolation
N12 G01 X0.0 Y0.0 Linear interpolation
N13 G00 Z10.0 Rapid motion towards Z=10 plane
N14 M05 M09 Spindle stop and program end

Mirroring

107

The mirroring command is used when features of components
shares symmetry about one or more axes and are also dimensionally
identical. By using this code components can be machined using a
single set of data and length of programs can be reduced.

► G10 cancellation of mirroring image

► G11 Mirror image on X axis

► G12 Mirror image on Y axis

► G13 Mirror image on Z axis

Mirroring: Example

108

105 106

107 108
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Shifting Origin

109

G92 code is used to temporarily

shift the origin to the reference

point specified.

Shifting Origin: Example

110

Scaling

111

Scaling function is used to program geometrically similar
components with varying sizes.

Syntax: G72 K, where k is the scaling factor.

The scaling command can be cancelled by using the statement G72
K1.0.

Scaling: Example

112

109 110

111 112
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Pattern Rotation

113

 Pattern rotation is used to obtain a pattern of similar features.
G73 code is used to rotate the feature to form a pattern.

 Syntax G73 Aa, where 'a' is the angle of rotation. This command
is cumulative, and the angle gets added up on time the program
is executed. So all the rotational angle parameters should be
cancelled using the code G73.

 The unconditional jump code G25 is used
in conjunction with this code to achieve
the desired rotation.

Pattern Rotation: Example

114

115

Canned Cycles

A canned cycle is a preprogrammed sequence of events /
motions of tool / spindle stored in memory of controller.
Every canned cycle has a format. Canned cycle is modal in
nature and remains activated until cancelled. Canned cycles
are a great resource to make manual programming easier.
Often underutilized, canned cycles save time and effort.

Machining a Rectangular pocket

116

 This cycle assumes the cutter is initially placed over the center
of the pocket and at some clearance distance (typically 0.100
inch) above the top of the pocket. Then the cycle will take over
from that point, plunging the cutter down to the "peck depth"
and feeding the cutter around the pocket in ever increasing
increments until the final size is attained. The process is
repeated until the desired total depth is attained.

 The overall length and width of the pocket, rather than the
distance of cutter motion, are programmed into this cycle.

113 114

115 116
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Machining a Rectangular pocket

117

 The syntax is : G87 Xx Yy Zz Ii Jj Kk Bb Cc Dd Hh Ll Ss (This G code is
entirely controller specific and the syntax may vary between controller to
controller).

x,y - Center of the part
z - Distance of the reference plane from top of part
i - Pocket depth
j,k - Half dimensions of the target geometry (pocket)
b - Step depth
c - Step over
d - Distance of the reference plane from top of part
h - Feed for finish pass
l - Finishing allowance
s - Speed

Turning Cycles: Lathe

118

 The G80 command will make the tool move in a series of
rectangular paths cutting material axially until the tool tip
reaches target point P1 where the cycle ends as shown in figure
31.5. Cutting movements will be at the cutting feed rate. All
other movements will be at rapid traverse rate.

 The syntax is G80 Xx Zz Ff

Roughing Cycle: Lathe

119

 In roughing cycle, the final finishing cycle profile is used to
perform the roughing operation for the higher material removal
rate.

 The syntax is G81 Pp Qq Uu Ww Dd Ff Ss

Cutter compensation: G40-G44

120

117 118

119 120
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The APT Programming Language 

121

 The APT (Automatically Programmed Tool) programming
language was developed in early 1960s to assist engineers in
defining the proper instructions and calculations for NC part
programming.

 A great strength of APT is its ability to perform precise
calculations for complicated tool paths when contouring on a
three dimensional surface in a multi- axis programming mode.

Example A

122

Example A cont…

123

Example A cont…

124

PARTNO EXAMPLE labels the program “EXAMPLE”
MACHIN/MILL, 1 selects the target machine and controller type
CUTTER/0.5000 specifies the cutter diameter
P0 = POINT/0, -1.0, 0
P1 = POINT/0, 0, 0
P2 = POINT/6.0, 0, 0 geometry statements to
P3 = POINT/6.0, 1.0, 0 specify the pertinent
P4 = POINT/2.0, 4.0, 0 surfaces of the part
L1 = LINE/P1, P2
C1 = CIRCLE/CENTER, P3, RADIUS, 1.0
L2 = LINE/P4, LEFT, TANTO, C1
L3 = LINE/P1, P4
PL1 = PLANE/P1, P2, P3

121 122

123 124
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Example A cont…

125

SPINDL/573 sets the spindle speed to 573 rpm
FEDRAT/5.39 sets the feed rate to 5.39 ipm
COOLNT/ON turns the coolant on
FROM/P0 gives the starting position for the tool

GO/PAST, L3, TO, PL1, TO, L1 initializes contouring motion; 
drive, part, and check surfaces

GOUP/L3, PAST, L2
GORGT/L2, TANTO, C1 motion statements to contour 
GOFWD/C1, ON, P2 the part in a clockwise direction
GOFWD/L1, PAST, L3
RAPID move rapidly once cutting is done
GOTO/P0 return to the tool home position
COOLNT/OFF turn the coolant off
FINI end program

Types of statement

• Geometry statement

• Motion statement

• Post processor statement

• Auxiliary statement

• Rules:
• Coordinates – x, y, z

• First define then use

• One symbol, one geometry

126

About APT

• Consist of: 
₋ Letters: A B C D …….

₋ Numerals: 0 1 2 ……

₋ Punctuations:

₋ / - Major word/word, Ex: GO/PAST, GO/TO

₋ = - Assignment, C1=CIRCLE/25,50,30

₋ ( ) - Enclosing the nested definitions

₋ $ - Statement continue in the next line

₋ $$ - Highlight, notations of part program for comment

127

About APT

₋ Words: - One to six letters

₋ Keywords: - Fixed meaning (2 – 6 letters), RESERV

₋ Symbol: - First character must be a letter (C12)

₋ Label: - Reference a statement

₋ Numbers: - Algebraic meaning, max 15 digits

₋ Angles: - Covert degree in to decimal, 13o42’   13.70

₋ Arithmetic: - +, -, *, /, ** (exp)

₋ Additional library functions: ABS, SQRT, SIN, ATAN, LOG

128
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Example: Mill

129

100

50

50

100

R10

150

Example: Mill

130

P0

P1
P2

P3

P4

P5P6

P7

P8

Example: Mill

131

P0

P1
P2

P3

P4

P5P6

P7

P8

PARTNO/SAMPLEJOB 1
MACHIN/MILLING 1
CLPRNT
P0=POINT/0,-20,0
P1=POINT/0,0,0
P2=POINT/150,0,0
P3=POINT/150,50,0
P4=POINT/100,50,0
P5=POINT/100,100,0
P6=POINT/50,100,0
P7=POINT/50,50,0
P8=POINT/0,50,0

100

50

50

100
R10

150

Example: Mill

132

P0

P1
P2

P3

P4

P5P6

P7

P8

L1=LINE/P1,P2
L2=LINE/P2,P3
L3=LINE/P3,P4
L4=LINE/P4,P5
L5=LINE/P5,P6
L6=LINE/P6,P7
L7=LINE/P7,P8
L8=LINE/P8,P1
PL1=PLANE/0,0,-20,

150,0,-20,
0,100,-20

100

50

50

100
R10

150

L1

L2

L3

L4

L5

L6

L7

L8

129 130

131 132
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Example: Mill

133

P0

P1
P2

P3

P4

P5P6

P7

P8

CUTTER/10
SPINDL/580
FEDRAT/80
COOLNT/ON

FROM/P0
GOTO/L1, TO, PL1, TO, L8
GORGT/L1, PAST, L2
GOUP/L2, PAST, L3
GOLFT/L3, TO, L4
GOUP/L4, PAST, L5
GOLFT/L5, PAST, L6

100

50

50

100
R10

150

L1

L2

L3

L4

L5

L6

L7

L8

Example: Mill

134

P0

P1
P2

P3

P4

P5P6

P7

P8

GODOWN/L6, TO, L7
GOLFT/L7, TO, L8
GODOWN/L8, PAST, L1

RAPID
GOTO/P0
COOLNT/OFF
FINI

100

50

50

100
R10

150

L1

L2

L3

L4

L5

L6

L7

L8

APT Motion statements

135

The motion words are:
(a) GOLFT;
(b) GORGT;
(c) GOFWD;
(d) GOBACK;
(e) GOUP; and
(f) GODOWN

APT: Point definition
Syntax: <Symbol> = POINT/<parameter>

• By Rectangular Coordinates:

POINT/x, y, z

P1 = POINT/50, 50, 75

• Intersection of Two lines

P2 = POINT/INTOF, L1, L2

• Intersection of a line and a circle

P3 = POINT/ , INTOF, line, circle

136

XLARGE
XSMALL
YLARGE
YSMALL

133 134

135 136
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APT: Point definition (Conti…)

• Intersection of two circle

P4 = POINT/ , INTOF, circle1, circle2

• Polar coordinates in a coordinate plane

<Symbol> = POINT/RTHETA, , radius, angle

P5 = POINT/RTHETA, YZPLAN, 20.4, 38

137

XLARGE
XSMALL
YLARGE
YSMALL

XYPLAN
YZPLAN
ZXPLAN

R=20.4

38O Y

X

Z

APT: Point definition (Conti…)

• On a circle at an angle with x-axis

• POINT/circle, ATANGL, angle

P6 = POINT/C1, ATANGL, 18.75

• Centre of a circle

• POINT/CENTRE, circle

P7 = POINT/CENTRE, C1

18.75O

138

APT: Line definition
Syntax: <Symbol> = LINE/<parameter>

• By Two Points:

• LINE/point1, point2

• LINE/x1,y1, x2, y2

• LINE/ x1,y1, z1, x2, y2, z2

• L1 = LINE/30,100, 100, 55

• L1 = LINE/P1, P2

•As one of the coordinate axes
• LINE/

L2 = LINE/XAXIS

139

XAXIS
YAXIS

APT: Line definition (Conti…)
• By a point and a perpendicular line
• LINE/point, PERPTO, line

• L4 = LINE/P1, PERPTO, L1

• By a parallel line at a distance

• LINE/PARLEL, line, , distance

• L5 = LINE/PARLEL, L1, YLARGE, 15.2
• Distance would be in positive only 

140

XLARGE
XSMALL
YLARGE
YSMALL L5

L1

15.2

L1 L4

P1

137 138

139 140
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APT: Line definition (Conti…)
• By a point and angle made with a line

• LINE/point, ATANGL, angle, 

• L6=LINE/P1, ATANGL, 30.45, L1

• By an angle with X-axis and intercept with Y-axis
• LINE/ATANGL, angle, INTERC, intercept distance

• L7 = LINE/ATANGL, -45, INTRC, 75

141

L7

-45

75

L6

L1P1

Line
XAXIS
YAXIS

30.45o

APT: Line definition (Conti…)
• By a point and a tangential circle

• LINE/point, , TANTO, circle

• L8 = LINE/P1, LEFT, TANTO, C2

• Tangential to two circles

• LINE/ , TANTO, circle1, , TANTO, circle2

• L9=LINE/LEFT, TANTO, C1, RIGHT, TANTO, C2

142

L9

L8

C2

P1

RIGHT
LEFT

RIGHT
LEFT

RIGHT
LEFT

C1 C2

APT: Line definition (Conti…)
• By a tangential circle and angle made with a line

• LINE/ATANGL, angle, line, , TANTO, circle

• L10=LINE/ATANGL, 45, L1, YLARGE, TANTO, C

143

L10

P1

XLARGE
XSMALL
YLARGE
YSMALL

L1

C

45O

APT: Circle definition
Syntax: <Symbol> = CIRCLE/<parameter>

• By a center and radius

• CIRCLE/x, y, radius

• C1=CIRCLE/75,50,25

• CIRCLE/CENTRE, point, RADIUS, radius

• C1A=CIRCLE/CENTRE, P1, RADIUS, 45

• By the center and tangential line
• CIRCLE/CENTRE, point, TANTO, line

• C2 = CIRCLE/CENTRE, P2, TANTO, L1

144

L10

L1

P2

141 142

143 144
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APT: Circle definition (Cont.….)
• By a center and a point on the circumference

• CIRCLE/CENTRE, point1, point2

• C3 = CIRCLE/CENTRE, P2, P3

• By three point of the circumference

• CIRCLE/point1, point2, point3

• C4 = CIRCLE/P1, P2, P3

• By the center and a tangential circle
• CIRCLE/CENTRE, point, , TANTO, circle

• C5=CIRCLE/CENTRE, P1, LARGE, TANTO, C2

145

C2

L1

P1
LARGE
SMALL

C5 APT

146

147 148

145 146

147 148



Mechanical Engineering Department, Engineering College, 
Ajmer

14-10-2019

7ME6.3A CNC Machines and Programming 38

APT Program: 
Example

149

APT 
Program: 
Example

150

APT Program for a Job

151
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44.7
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1
5

0
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P4

P5

P6

C2

C1

Adaptive Control (AC) Machining Systems

152

 Definition: A control system that measures certain output
process variables and uses these to control speed and/or feed.

 Process variables: Spindle deflection or force, torque, cutting
temperature, vibration amplitude and horsepower.

 AC determines the proper speeds and/or feeds during machining
as a function of variations.

 AC is try to operate the process more efficient
 The typical measures of performance in machining have been

metal removal rate (MRR) and cost per volume of metal
removed.

149 150
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Adaptive Control (AC) Machining Systems

153

Where AC is appropriate?

 When cutter is engaged more than 40% of the time on the

machine,

 For variability in the job by the means of feed and/or speed,

 The cost of operating the machine tool is high,

 The typical jobs and hard materials like steel, titanium and high

strength alloys.

Adaptive Control (AC) Machining Systems

154

Sources of variability in machining

 Variable geometry of cut in the form of changing depth of cut,

 Variable workpiece hardness and variable machinability

 Variable workpiece rigidity

 Tool wear increases as the cutting force increases

 Air gaps during cutting

Function of Adaptive Control (AC) Machining Systems

155

The three functions of adaptive control are:

1. Identification function,

2. Decision function,

3. Modification function.

Identification Functions

156

• This involves determining the current performance of the process or

system. Normally, the performance quality of the system is defined

by some relevant index of performance.

• The identification function is concerned with determining the

current value of this performance measure by making use of the

feedback data from the process.

153 154
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Identification Functions (cont…)

157

• Since the environment will change overtime, the performance of the

system will also change.

• Accordingly the identification is one that must proceed over time or

less continuously.

• Identification of the system may involve a number of possible

measurements activities.

Decision function

158

• Once the system performance is determined, the next function is to decide how

the control mechanism should be adjusted to improve process performance.

• The decision procedure is carried out by means of a pre-programmed logic

provided by the designer.

• Depending upon the logic the decision may be to change one or more of the

controllable process.

Modification function

159

• The third AC function is to implement the decision.

• While the decision function is a logic function, modification is

concerned with a physical or mechanical change in the system.

• It is a hardware function rather than a software function.

• The modification involves changing the system parameters or

variables so as to drive the process towards a more optimal state.

Modification function

160

• The process is assumed to be influenced by some time varying

environment.

• The adaptive system first identifies the current performance by taking

measurements of inputs and outputs.

• Depending on current performance, a decision procedure is carried out to

determine what changes are needed to improve system performance.

• Actual changes to the system are made in the modification function.

157 158
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Adaptive Control (AC): Types

161

1. Adaptive control optimization (ACO)

2. Adaptive control constraint (ACC)

Adaptive Control Optimization (ACO) Machining Systems

162

• Based on Index of Performance (IP)

• The IP is a measure of overall process performance such as
production rate or cost per volume of metal removed

• Adaptive control (AC) is optimize the IP by manipulating speed
and/or feed of tool,

• Drawback: TWR measured by sensor and it may not be so
accurate.

(TWR) Rate Wear Tool

(MRR) Rate Removal Metal
  eperformanc ofIndex 

Adaptive Control Constraint (ACC) Machining Systems

163

NC/CNC 
Program

AC 
machinability 

program

Post 
Processor

AC Output

Corrected speeds, feeds, force limit
AC Inputs

Cutter size, material hardness, etc.

Part geometric and 
motion statements

NC/CNC 
Program

Adaptive Control Constraint (ACC) Machining Systems

164

• Less sophisticated than the ACO systems,

• Utilize constraint limits imposed on certain measured process variables,

• To manipulate feed and/ or speed so that these measured process variables 

are maintained at or below their constraint values,

• The most useful constraints in practical ACC systems are the cutting force 

F, the cutting power P, and the torque T, 

161 162
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Adaptive Control Constraint (ACC) Machining Systems

165

The adaptive controller is fed by signals of two sensors:
A. Spindle torque sensor: 
The spindle torque is measured by strain-gauges mounted on the machine 
spindle.
B.   Tool vibration sensor: 
The tool vibration is measured by two accelerometers mounted on the 
machining spindle housing.

‒ The sensor data are fed to the adaptive control unit which calculates new 
feed and speed to optimize metal removal rate within the limits of a set of 
constraints. 

Adaptive Control Constraint (ACC): Constraints

166

The constraints are:
1. Maximum permissible spindle speed in rpm. This limit can be imposed 

either by the machine capability or from metal cutting considerations.
2. Minimum spindle speed. It takes into account limitations of the spindle 

drive.
3. Maximum allowed torque. This limit is prescribed by cutter radius and 

length as well as by depth of cut and finish requirements.
4. Maximum allowed chip load in /rev. the chip load is actually the feed per 

tooth. The number of teeth on the cutter should fed to the control by the 
operator.

5. Minimum chip load in /rev. This constraint is required to prevent slow 
feeds.

Adaptive Control Constraint (ACC): Constraints

167

6. Maximum permitted feed-rate in rpm. This constraint takes into account 
the cutter radius and length, spindle material, accuracy and finish 
requirement.

7. Maximum allowed vibration, measured as a percentage of the acceptable 
operating range. The zero point is used to indicate air gap.

8. Impact chip load, in in/rev. This limit is the maximum cutter feed per 
spindle revolution that would be allowed in traveling through 
unprogrammed air gaps. This limits the feed of the tools when entering in 
to the work piece.

Benefits of Adaptive Control (AC) Machining Systems

168

• Increase production rates

• Increased tool life

• Greater part protection

• Less operator intervention

• Easier part programming

165 166
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Tooling for 
CNC Machines

169 170

Major 
metal 

removing 
process

Turning

Milling

Drilling

GrindingBoring

Sawing

Slotting

Tooling for CNC Machines: Design Features

171

The points 
are to be 

considered 
while 

designing 
the CNC 
tooling

Rigidity of tooling to withstand at higher cutting forces,

Rigidity to transmit the spindle power at higher speeds,

Should have enough life to give high accuracy

Can perform variety of operation

To keep the down time minimum by having provision for quick 
changing of tools

Interchangeability to produce same accuracy 

Flexibility

Tooling for CNC Machines: Affecting Factors

172

Tooling for the CNC machines depends upon:

Type of CNC,

Type of component and operations to be performed on CNC,

NC program developed,

Material of the job or part,

Production schedule,

Complexity of operations,

169 170
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Tooling for CNC Machines: Cutting Tools

173

The tooling for the CNC machines may include the study of:

a) Cutting tools,

b) Holding devices for tools and jobs.

Tooling for CNC Machines: Classification

174

a) On the basis of setting up of cutting tools
− Pre-set tools
− Qualified tools
− Semi-qualified tools

b) On the basis of cutting tools construction
− Solid tools
− Brazed tools
− Inserted bit tools

c) On the basis of cutting tool material
− High Carbon Tool Steels (HCS), High Speed Steel (HSS),
− Cast Alloy, Cemented Carbide, Ceramics, Diamond, etc.

Tooling for CNC Machines:

175

Cutting Tools:

176

Pre-set Tools:
“The setting of tools in advance at a place away from the
machine tool or off-line, in special holders”

Tool Pre-setter” 
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Cutting Tools:

177

Qualified Tools:
“The tools which fits into a location on the machine, where its
cutting edge is accurately positioned within close limits relative
to a specified datum on the tool holder or side”
• Qualified dimensions needed three datums
• The accurate positioning of the tool on the machine is 

achieved by:
i. The position of the tool tip (by part program),
ii. The dimensions of the tool holder which are fixed and 

known

Cutting Tools:

178

Semi – Qualified Tools:
“The qualified tools which can be adjusted to the dimensions by
using three adjustable screw provided on the tool shank are
known as a semi – qualified tools.

Cutting Tools:

179

Solid Tools:
• Usually made of solid structure
• The cutting edge and the shank is one unit and built of the same

material
• For high speed,
• Required repetitive regrinding

Cutting Tools:

180

Brazed Tools:
- A specific material tip is brazed to Forged shank
- These tools are not preferable in CNC

177 178
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Cutting Tools:

181

Inserted Bit Tools:
- Made of specific grade carbide and ceramic material with a wear

resistance coating
- Required very small quantity tool material, time to change

VIRTUAL MACHINING

 Verification of NC programs through trial machining is risky, slow and 
costly. 

 Virtual machining using software tools can overcome this
difficulty. 

 Optimization of cutting parameters achieved through this cuts
down machining time and improves quality and tool life. 

 But existing virtual machining methods are all inexact.

182

Needs of Virtual Machining

• The sources of errors in NC programs are many and varied. They range 
from relatively trivial syntax errors to subtle interactions with work-holding 
fixtures.

• Debugging NC programs on the shop floor is expensive, time consuming 
and sometimes dangerous. 

• CAD/CAM/CAE packages available today offer for modeling, 
visualization, analysis and manufacturing.

• Almost all CAM modules can generate efficient NC cutter paths with 
minimal user interactions.

• However, the correctness of the NC programs generated by these packages 
cannot be guaranteed until a component is produced on a CNC machine 
using these programs and inspected. 

183

Needs of Virtual Machining

• An unproved NC program may have movements that may cause 
collisions with the fixture elements, dig into the component, create
undercuts, leave excess material. 

• An erroneous NC program may also produce out of tolerance 
dimensions, poor surface finish or have wasteful movements. 

• The task of ascertaining the correctness of the NC programs of a 
component is called NC Verification or Tape Proving.

184
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Needs of Virtual Machining

The physical tape proving methods have the following drawbacks:

• They are slow and tedious.

• The machine tool is utilized less efficiently during tape proving.

• The programmer and operator are underutilized and fatigued.

• These methods may be dangerous for the operator and can cause 
damage to the machine and cutting tools. 

185

Needs of Virtual Machining

The physical tape proving methods have the following drawbacks:

• They are slow and tedious.

• The machine tool is utilized less efficiently during tape proving.

• The programmer and operator are underutilized and fatigued.

• These methods may be dangerous for the operator and can cause damage to 
the machine and cutting tools. 

Computer Automated/Aided Part Programming (CAPP)

• Can produce error-free NC programs,

• Require ‘updated’ vast knowledgebase (KB) and database (DB) related to 
machining,

• To obtain a 'zero-defect’ NC program of a practical component.

186

About Virtual Machining (VM)

• One starts with the virtual model of the work piece and as machining 
progresses, the geometry of the work piece gets updated by subtracting the 
volume swept by the cutter during each motion. 

• It is possible to model even the machine tool and fixture elements so that 
even collisions can be detected.

• The VM systems can depict the material removal also,

• Provides a realistic visual feel of the machining process,

• Automatically do the verification both to ascertain the safety of machining 
(detection of collision etc.) and geometric conformance to design. 

• Also possible to optimize the technological parameters (spindle speed and 
feed rate) from the geometric characteristics of the material removal 
process.

187

Classification of NC Verification Systems

188

On-line Off-line

Physical Z-neglect machining
Scaled-down machining
Dry-run machining
Alternate-material machining

Desktop manufacture

Virtual Kinematic NC simulation
Volumetric NC simulation

Graphical Software base
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Graphics-based or virtual NC simulation

Kinematic NC 
Simulation (KinSim)

Volumetric NC 
Simulation (VolSim)

189

Kinematic NC Simulation (KinSim)

• KinSim is very popular among CAM packages because of its low 
computational complexity. 

• As the cutter moves, it is drawn at the end of each position. 

• The cutter may be depicted simply by its tip or axis or it may be drawn 
fully in 2D or 3D. 

• KinSim can depict only motions and not material removal. 

• Therefore, physical NC verification may be necessary before releasing 
the NC program for regular production.

190

Volumetric NC Simulation (VolSim)

• VolSim, in addition to motions, depicts material removal. 

• Therefore, it helps in better visualization of machining. 

• As the current shape of the work piece at any time is available in VolSim, 

the NC programmer will know the regions yet to be machined; Programmer 

can also evaluate alternate machining strategies. 

• As programmer can see the scallops on the machined surfaces, this helps in 

arriving at an optimal step over increment during area clearing or pocket 

milling

191

Volumetric NC Simulation (VolSim)

• The programmer can also correct for undercuts, gouging, collisions 

etc. which are not easy to visualize in KinSim. 

• The intermediate shapes of blank geometry can be preserved as part 

of the NC documentation for use in the shop floor. 

• In other words, VolSim is a software that emulates the CNC 

machine. Therefore, we shall refer to VolSim as Virtual Machining 

(VM).

192
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Virtual Simulation

The primary uses of VM are:

• NC Verification,

• Optimization of NC program.

193

Virtual Machining Systems

 Virtual machining is nothing but the subtraction of the swept volume 

of the cutter from the instantaneous shape of the blank. 

 Any CAD package with functions for

 Solid representation of the entities in the machining environment such as 

cutter, work piece, tool holder, fixture and machine elements, 

 Calculating the swept volume of the cutter, 

 Boolean subtraction operation and 

 Appropriate API is good enough to develop a VM system. 

194

Virtual Machining Systems: Classification

 The classification of virtual machining systems based on the method 
of solid representation

195

Boundary Representation (BRep); Uniform Space Decomposition (USD); Hierarchical Space Decomposition (HSD)

Virtual 
Machining

2.5D NC 
Simulation

Vortex 
based 

Pixel 
based

3D NC 
Simulation

B-rep 
based

USD based HSD based

Virtual Machining Systems: Classification

• 3D NC simulation is also known as object-space volumetric NC 

simulation and 2.5D NC simulation is known as image-space 

volumetric NC simulation. 

• In 3D NC simulation, the display resolution is same in all directions 

whereas in 2.5D NC simulation, it is the best in only the chosen 

direction. 

• Obviously, 3D simulation is better but costs more in space and time.
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Image-space Virtual Machining: 2.5D NC Simulation: Vortex based

• A direction of simulation is chosen and the blank is split into sticks 
called voxels of equal cross-section with their lengths along the chosen 
direction.

• The cross-section of these voxels could be square, cylindrical etc. 

197

• The simulation direction is Z axis and the voxels are 
cuboids. 
• The cross-sectional size of these voxels decides the 

resolution of simulation. 
• The length of the voxel will also be represented in 

discrete domain but to a coarser resolution. 
• Whenever a cutter makes a movement, the volume it 

sweeps will be calculated as shown in Figure and then 
converted into voxels

Image-space Virtual Machining: 2.5D NC Simulation

• The discrete domains of the blank and cutter will have to match.

• One can easily subtract the voxels of the cutter from the corresponding 
voxels of the blank to update the blank geometry due to machining. 

198

• As the voxels are of uniform cross-section, it is
enough to store its corner or center and its Z
values.

• The Z values of a voxel will always occur in pairs;
a voxel may have more than one pair of Z value as
it may be split into more pieces during machining.

• From the bounding square of the object and the
resolution perpendicular to the simulation
direction, one can calculate the number of voxels,
say m and n, along X and Y directions.

Pixel-based Virtual Machining: 2.5D NC Simulation

• A special case of voxel-based NC simulation in which the size of
the voxel is same as that of the pixel of the display screen.

• Choosing pixel size as voxel size has very interesting effects on space and
time complexity since the geometric information of the voxels no longer
require to be stored explicit memory as it can make use of the video
memory of the computer called frame buffer.

199

• This is organized in the form of bit-planes such
that it has one bit for each pixel.

• For instance, if the frame buffer contains 8 bits,
it can store any number from 0 to 255 for each
pixel.

• Frame buffers of PCs today have as much as 32
bit/64-bit-planes. This memory location is
normally used to store the color of the pixel.

Pixel-based Virtual Machining: 2.5D NC Simulation

• In a pixel-based system, it stores the Z values of 
the sticks associated with the pixel. 

• Therefore, in the context of image-space 
representation, the frame buffer is called Z-buffer.

200

• When machining proceeds, the lengths of these sticks are modified by 
changing the Z values in Z-buffer. 

• As the geometric data is stored in the frame buffer itself and generation of 
display from the Z-buffer is trivial, pixel-based VMs are the fastest till 
date.

• Due to this, pixel based VMs are the most popular one among the 
commercial VolSim packages.
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BRep-based Virtual Machining: 3D NC Simulation

• Boundary Representation (BRep) is a solid representation in which an 
object is represented in terms of the surface patches defining its 
boundary.

• Most CAD/CAM packages such as Creo, UG and CATIA make use of 
Non-Uniform Rational BSpline (NURBS) - based BRep. 

• When BRep is used For NC Simulation, one uses its inexact form 
called triangular polyhedral BRep. In other words, the object 
boundary will be a collection of triangles rather than NURBS patches.

• However, when BRep is used, the memory required to store the blank 
increases as simulation progresses. Therefore, it is useful only for few 
thousand motions.

201

BRep-based Virtual Machining: 3D NC Simulation

• Boundary Representation (BRep) is a solid representation in which an 
object is represented in terms of the surface patches defining its 
boundary.

• Most CAD/CAM packages such as Pro/E, UG and CATIA make use 
of Non-Uniform Rational BSpline (NURBS) - based BRep. 

• When BRep is used For NC Simulation, one uses its inexact form 
called triangular polyhedral BRep. In other words, the object 
boundary will be a collection of triangles rather than NURBS patches.

• However, when BRep is used, the memory required to store the blank 
increases as simulation progresses. Therefore, it is useful only for few 
thousand motions.

202

HSD-based Virtual Machining: 3D NC Simulation

• Uniform Space Decomposition (USD)

• The part is a collection of cubes or spheres or 
any such cell of same size.

• However, this is a very expensive way of 
representing solids and is limited to a few 
applications such as medical imaging.

• Obviously this is not practicable. 

• Therefore, methods to represent an object as a 
collection of cells of varying sizes were 
developed. 

• These are called Hierarchical Space 
Decomposition (HSD) representations.

203

HSD-based Virtual Machining: 3D NC Simulation
• Octree is a HSD representation in which an object 

is represented by a set of cubes of varying sizes.

• This reduces the memory requirement 
considerably.

• Bintree and Polytree also are HSD models. 

• In an Octree representation the universe (a cube 
that contains the object) is subdivided into 8 parts 
by introducing mid planes along width, depth, 
and height respectively. 

• Each cube is one-eighth of its parent cube in size 
and is called an octant.

• All the octants can be visualized as the nodes of a 
tree in which every node has eight branches.

204
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HSD-based Virtual Machining: 3D NC Simulation

The other desirable features of octree are:

 All computations are based on integer arithmetic, which means that 
the analysis algorithms are fast

 Octree algorithms are readily parallel-processes.

 Memory required by Octree representation is independent of the 
number of primitives and operations. For a given resolution, memory 
required depends only on the surface area of the object.

 Boolean operations, rendering display in isometric view, scaling 
up/down in powers of 2, orthogonal rotations etc. are trivially simple 
since these operations require only tree traversal with simple exchange 
of terms.

205

HSD-based Virtual Machining: 3D NC Simulation

The other desirable features of octree are:

 User is free to choose any desired accuracy (at the cost of speed and 
memory).

 Coarse modeling is a facility unique to HSD. A coarse model of a solid 
can be produced and processed quickly to get an order of magnitude 
estimate of the results. If these are found favorable, a more accurate 
model can be produced.

 All octree representations of solids are always valid and unambiguous.

 Octrees can inherently handle non-manifold and self-intersecting 
objects.

206

Comparison of 
Representation 

Schemes for 
Virtual Machining

207

VM: Conclusions
• After verifying the NC programs using a Virtual Machining system, the NC

programmer can confidently hand them over to the operator for machining.

• This also makes global manufacturing possible – model in one place, 
prepare cutter path in another place and machine it in yet another place. 

• VM systems are too few compared to the CAM packages due to its high 
computational complexity.

• However, with the availability of powerful low cost computer hardware and
software, VM systems are emerging. 

• VM can also be used for machine tool simulation as well as optimization of 
spindle speed and feed rate. 

• Standardization of NC procedures and documentation and careful 
customization of VM system will improve its effectiveness

208
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Encoders

209

• A device used to change a signal or data into a code.
• Are used in metrology instruments and high precision

machining tools ranging from digital calipers to CNC machine
tools

• Types:
a) Incremental encoders
b) Absolute encoders
c) Rotary and Linear encoders

Encoders: Incremental encoders

210

• The current position is determined by stating a datum and
counting measuring steps.

• The output signals of incremental rotary encoders are evaluated
by an electronic counter in which the measured value is
determined by counting "increments".

• The resolution of these encoders can be increased by means of
electronic interpolation.

Encoders: Absolute encoders

211

• Absolute linear encoders require no previous transfer to provide
the current position value.

• Absolute rotary encoders provide an angular position value
which is derived from the pattern of the coded disc.

Encoders: Linear encoders

212

• A linear encoder is a sensor, transducer paired with a scale that
encodes position.

• The sensor reads the scale in order to convert the encoded
position by a digital readout (DRO).

• Linear encoder technologies include capacitive, inductive, eddy
current, magnetic and optical.

209 210

211 212



Mechanical Engineering Department, Engineering College, 
Ajmer

14-10-2019

7ME6.3A CNC Machines and Programming 54

Encoders: Rotary encoders

213

• A rotary encoder, also called a shaft encoder, is an electro-
mechanical device used to convert the angular position of a shaft
to a digital code, making it a sort of a transducer.

• Types: absolute and relative rotary encoders.

Incremental rotary encoder uses a disc attached to a shaft. 
The disc has several radial lines. An optical switch, such as a 

photodiode, generates an electric pulse whenever one of the lines 
passes through its field of view. An electronic control circuit counts 

the pulses to determine the angle through which the shaft has 
turned.

Encoders: Rotary and Linear encoders

214

Encoders: Rotary and Linear Scale 

215

Computer Aided Process Planning

216

CAPP 
A link between design and manufacturing

Also named as a

Route sheet
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Computerized Manufacturing Planning System

217

Computerized 
Manufacturing 

Planning System

Computer Aided 
Process Planning 

(CAPP)

Computer Integrated 
Production Planning 

Systems (CIPP)

Material 
Requirements 

Planning (MRP)

Manufacturing Engineer and Process Planning

218

Based on the planner’s knowledge, skill and experience, the processing

steps are developed in the most logical sequence.

 Interpretation of design drawing: material, dimensions, tolerance,

surface finish.

 Processed sequence: Brief description of all processing steps.

 Equipment selection: To utilized existing equipments or procure

new equipments. Like tools, dies, molds, fixtures, Jigs.

 Work standards: time and motion study for each operation.

Likely to be change frequently/continuously

Computer Aided Process Planning: Why?

219

• Systematically produce product accurate and consistent process 
plan,

• Reduce the cost (manufacturing) and lead time,
• Reduce non-productive residence time,
• Increased productivity by utilizing idle machine tools
• Identify short material flow route
• Interfacing between cost, manufacturing lead time and work 

standards.
• Efficient utilization of man, machine and material/money (3Ms)

Computer Aided Process Planning

220

• Translation of design information into the process steps and

instructions to efficient and effective manufacturing

• Helps in simplifying and efficiently carrying out the conventional

process planning and optimizing used of resources.

• Detailed set of instructions, engineering drawings, specifications,

parts and material list, etc.

217 218
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Computer Aided Process Planning: Framework

221

Organizational 
Planning System

MRP Material 
Resource Planning 
Capacity Planning

CAD

CAPP

CAM Production Control

Machine, tool, 
fixture, Data 

bank

Production Design and 
Development Request

Part list

Parts master files

Geometry Data

Connected Data

Process Data

NC 
Program

Connected 
Data

Production 
order

Actual 
data

Computer Aided Process Planning: Types or Approaches

222

1. Variant or Retrieval CAPP

2. Generative CAPP

3. Hybrid

• Old CAPP – New CAPP
• Design changes – Changes cost estimates
• Machine breakdown – alternate solution/effective solution

Computer Aided Process Planning: Types or Approaches

223

Variant or Retrieval CAPP

- Process plan for a new part is generated by recalling, identifying 
and retrieving an existing plan for a similar part and making 
necessary modification for new part

- Coding and classification schemes of group technology (GT) 
used, number of algorithms, mathematical models are developed 
for family part formation and plan retrieval

Variant or Retrieval CAPP: Advantages

224

- Processing and evaluation of complicated activities and 

managerial issues done in an efficient manner, thus reduction of 

time and labor requirement

- Reduced development and hardware cost and shorter 

development time

221 222
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Variant or Retrieval CAPP: Disadvantages

225

- Difficult to maintain consistency during editing,

- Proper accommodation of various combinations of attributes 

such as material, geometry, size, precision, quality, alternate 

processing sequence and machine loading among many other 

factors are difficult,

- The quality of the final process plan largely depends on the 

knowledge and experience of process planner.

Computer Aided Process Planning: Types or Approaches

226

Generative CAPP

- Process plans are generated by means of decision logic, 

formulas, technology algorithms, etc.

- Main aim is to convert a part from raw material to 

finished state,

- Input to the system includes the description of the part 

in the form of part code number.

Generative CAPP

227

Consist of two major components:

i. Geometry based coding scheme

ii. Knowledge based coding scheme

Generative CAPP: Types

228

Geometry based coding scheme
• All the geometric features for all process such as related 

surfaces, feature dimensions are defined by geometry 
based coding scheme,

• The level of detail is much greater in generative system 
than a variant system.

Knowledge based coding scheme
• Process knowledge in the form of decision logic and data 

are used for matching of part geometry requirement 
with the manufacturing capabilities 

225 226
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Generative CAPP: Advantages

229

 They rely less on group technology code numbers. 

Usually uses decision tree to categorize parts into 

families,

 Maintenance and updating of stored process plans are 

largely unnecessary,

 New components can planned as easy as existing 

components.

Review of CAPP

230

Computer Aided Process Planning

231

General steps involved

Design input, Material selection, Process selection, 

Process sequencing, Machine & Tool selection, 

Fixture selection, Machining parameter selection, 

Cost/time estimation, Plan preparation, etc.

Process Planning 
information flow

232

Engineering design
- New product design
- Engineering changes

Manufacturing Engineering
- Process plans
- Tool designs

New methods
New processes
New equipment
New layout

Manufacturing Data
- Machining data
- Standard procedures
- Existing equipment, tooling, layout, etc.
- Inspection requirements
- Material types
- Producibility limitations
- Documentation requirements
- Standard time data

Manufacturing
- Sequence of operations
- Work-centers
- Standard times
- Tooling and fixturing
- Material
- Drawings
- Manufacturing instructions
- NC programs
- Inspection instructions
- Methods

Accounting
- Work-centers
- Standard times
- Material

Purchasing
- Material
- Time estimates
- Drawings

Production control
- Sequence of operations
- Work-centers
- Standard times
- Drawings
- Material

229 230
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CAPP: Overall Advantages

233

 It can systematically produce accurate and consistent 
process plans,

 It leads to the reduction of cost and lead times of process 
plan,

 Skill requirement of process planer are reduced to 
develop feasible process plan,

 Interfacing of software cost, manufacturing lead time 
estimation and work standards can easily be done,

 Leads to the increased productivity of process planar

Reference Books

234
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Thank You 

For 

Your Attention
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Freeware CNC Programming Software

 CutViewer: Mill and Lathe
 http://www.cutviewer.com/

 CNC Simulator
 https://cncsimulator.info/
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