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IST/DEEC /ACSDC Industrial Automation

Objectives:

 Analysis of systems for industrial automation.

* Methodologies for the implementation of solutions in industrial
automation.

* Programming languages of PLCs (Programmable Logic Controllers).
« CAD/CAM and Computerized Numerical Controlled machines.
* Discrete Event Systems Modeling.

 Supervision of Processes in Industrial Automation.
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Syllabus:

Chap. 1 — Introduction to Automation [1 week]
Introduction to components in industrial automation.
Introduction to methodologies for problem modeling.
Cabled logic versus programmed logic.

Chap. 2 — Introduction to PLCs [2 weeks]

Components of Programmable Logic Controllers (PLCs).
Internal architecture and functional structure.

Input / output Interfaces. Interconnection of PLCs .

Chap. 3 — PLCs Programming Languages [2 weeks]
Standard languages (IEC-1131-3):
Ladder Diagram; Instruction List and Structured Text.

Software development resources.
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IST/DEEC /ACSDC Industrial Automation

Syllabus (cont.):

Chap. 4 - GRAFCET (Sequential Function Chart) |1 week]
The GRAFCET norm. Elements of the language.
Modeling techniques using GRAFCET.

Chap. 5 —- CAD/CAM and CNC Machines [1 week]
Methodology CAD/CAM. Types of Computerized Numerical
Controlled machines. Interpolation of trajectories.

Flexible fabrication cells.

Chap. 6 — Discrete Event Systems [1 week]

Modeling of discrete event systems (DESs).
Automata. Petr1 networks. State and dynamics of PNss.
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Syllabus (cont.):

Chap. 7 — Analysis of DESs [2 weeks]
Properties of DESs. Methodologies for the analysis of DESs:
the reachability graph and the matricial equation method.

Chap. 8 — DESs and Industrial Automation [1 week]
Relations GRAFCET / Petri networks.
Analysis of industrial automation solutions as DESs.

Chap. 9 — Supervision of Industrial Processes [2 weeks]

Methodologies for supervision. SCADA.
Synthesis based on invariants. Examples of application.
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IST/DEEC /ACSDC Industrial Automation

Assessment and grading:

* 2 Preliminary laboratory assignments - training purposes (0% of the final grade).
» 2 Laboratory assignments (20%+20% of the final grade). Groups of 3 students.

1 Seminar (20% of the final grade). Topics to be selected with each group.

« Exams (40% of the final grade). Two written.

Upon student choice, the second exam can be oral.

* Minimum grade: 9.5/20.0 val. in each component.

o Oraldiscussion.£ | b rade 1720 valores

Extra 1 (one) valor for students attending more than 50% of recitations.
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Schedule (suggested)

October 15t 2010
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IST/DEEC /ACSDC Industrial Automation

Schedule (according to IST-GOP):

e Recitation classes

Monday 11.00 h—12.30h Ea5
Friday 11.00 h—12.30h Ea4

e [ab. Classes

Monday 09.30h — 11.00h L1 LSDCA4
Friday 09.30h — 11.00h L2 LSDC4

Third session needed?
» Groups register for the Laboratory
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IST/DEEC /ACSDC Industrial Automation

Cap. 1 — Introduction to Automation [1 week]

Introduction to components 1n industrial automation.
Introduction to methodologies for problem modeling.

Cabled logic versus programmed logic versus networked logic.

Methodologies of work.

API P. Oliveira Page 11



IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Components used in industrial automation

The production of increasing amounts
of goods requires the storage and
handling of large quantities of
resources.

The use of specialized, automatic tools
are mandatory.

Consistent trend in the last three
centuries (since the Industrial
Revolution).

Automation was also fostered by the

APl invention of computers,
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Robotic Manipulators
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End Effectors
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Robotic Manipulators

Major characteristics:

‘ Elbow
* Number of degrees of freedom Shoulder (2) <2 > extension

swivel ==

* Types of joints
(prismatic/revolution/...)

* Programming tools and environments
(high level languages, teach pendent, ...)

(1) Arm sweep

» Workspace

 Accuracy, fiability | Fig. 15-22|

Six-axis robot arm.
 Payload and robustness
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Robotic Manipulators

Workspace:

(a) Gripper

Examples

5
Y

(b) Grinder

(b) Articulated

T —— — —

(¢) Gas welding torch

| Fe. 1823 (@) Cyindrica

Robot work envelope. | Fig. 15-24

End-of-arm tooling devices.
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Robotic Manipulators

Central problems to adress and solve:

* Direct kinematics

* Inverse Kinematics S
* Trajectory generation (5 Grinder

 Coordinate frames where tasks are specified

 Level of abstraction of the programming languages

(c) Gas welding torch

End-of-arm tooling devices.
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Robotic Manipulators

Use 1n Flexible

Cells of Fabrication:

it 1s required that the manipulators
have correct interfaces for the
synchonization and inputs for
external commands.

Workpiece
Industrial robot used in an individual item process

Individual product production.
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Computerized Numerical Controlled Machines

Major characteristics: Examples:
Milling, Lathes, ...

* Number of degrees of freedom
* Interpolation methods

» Load/unload automation, and also
in tool change

* Programming (high level
languages, teach pendent, ...)

» Workspace

 Accuracy, reliability

 Payload and robustness

* Interface

» Synchronization with exterior
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Computerized Numerical Controlled Machines
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Solutions for Handling materials

For transport...
Major characteristics:
* Load/unload automation
 Accuracy, reliability
 Payload and robustness

 Interface

» Synchronization with exterior
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

AGYVs (Automatic Guided Vehicles)

Major characteristics:

* Load/unload automation
 Accuracy, reliability
 Payload and robustness
* Interface

» Synchronization with exterior
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AGYVs (Automatic Guided Vehicles)
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Chap. 1 — Introduction to Automation

Actuation

Motors

Major characteristicas:
e Tipe of start

* Tipe of control
 Accuracy, reliability
 Payload and robustness
* Interface with exterior

* Synchronization




IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Exemple of AC motor, with driver

Research Field of Matsui Laboratory
AC Motor Drives

Sensorless AC Motor Drives
Reluctance Motor Drives
FEM-Based Optimization of Motor Construction

Power Converter Technology

Motion Control Technology
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Specific Components

Factury example: production of aluminium packs
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Cabled Logic versus ...
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(@) Typical hard-wired controller panel. (b) Typical hardwired
(a) diagram. (Courtesy of Allen-Bradley Company, Inc.)
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... versus Programmed Logic ...
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

... versus Networked Logic

MIDDLE AND LOW VOLTAGE

ELECTRICITY DISTRIBUTION NETWORKS
MONITORING VE CONTROL SYSTEM

Real-time monitoring, alarming,

Authorized users can
analysing, reporting from Y control system from
central office anywhere
User can receive values and alerts

by SMS in his/her cellular phone

X

COMMUNICATION SYSTEM
-GPRS SERVICE
-RADIO-MODEM OR RADIO

-WIRED (DIAL-UP, ADSL, VDSL,
RS485...)

B UNIT

ELECTRICITY
METERS

POWER .
ANALYSERs  CIRCUIT
PROTECTION BREAKERS
MV CIRCUIT RELAYS

BREAKERS
DISTRIBUTION UNIT

TRANSFORMER UNIT ELKONTEK
API

www.elkontek.com

P. Oliveira Page 29



IST / DEEC / ACSDC Analysis of the auto-evaluation test

50%
40%
30%
20%
10%
0% , oeeees R ,
0 1 2 3 4 5 6
Auto-evaluation test
0,30

0.25
0.20
0.15
0.10

0,05

0,00

0-1 1-2 2-3 3-4 a-5 =5

Grades 2005/2006

0.50
0,45
0,40
0,35
0,30
0.25
0,20
0,15
0.10
0,05
0.00

6-8 29-11 12-14 15-17 18-20
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Introduction to methodologies
for problem modeling

1n

Industrial Automation
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Solenoide Valve

Z
; ‘ é -
it ~—— Solenoid coil
\ i [
P7ZI7777Z / ' L777777777)
/) g
/ /
% 7
i V)
4 Spring —— 7
%
Movable ——— f
7777777777777 core ’ L2777 7777727777A
Inlet Outlet
R e
VZZZ7777777772777) \ 7, 7777777777773
2 Orifice 7
777777777777, Z4

a) Operation
Fig. 6-45

Solenoid valve.

API

R
1(n) __F— e 2 (Out)
W=t —
Closed —— >

=
1(ln) __] L 2/(Out)
b TR,

PR e

Valve must be installed
of flow in accordance w

with direction
ith markings

(b) Solenoid valve installation

P. Oliveira
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Chap. 1 — Introduction to Automation

Command Relay

Fixed contacts

Coil de-energized

Electromagnetic control relay operation.

API

Coil energized -

i

CR1-1 CR1-2

I

Normally open (NO) contact Normally closed (NC) contac

(a) Control relay symbol

| (b) Typical industrial control
i Fig. 6-2 relay. (Courtesy of Allen-
{  Control relay. Bradley Company, Inc.)
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Push buttons

~—J- Normally open (NO) pushbutton
B 6

Q1O Normally closed (NC) pushbutton

Q1O Break-make pushbutton
O AD

Note: The abbreviations NO and NC represent the
electrical state of the switch contacts when
the switch is not actuated.

(a) Pushbutton switches
(b) Control circuit using a combination
break-make pushbutton
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Selector with three positions

)
®
ki off L Contacts h
an uto i tart
Position| A | B
% Stop e 2 Selector
Q OA Hand | X o switch
Off |
0 OB Auto X e -
(@) Selector switch operator (b) Three-position selector (c) Selector switch used in conjunction with a reversing motor
switch and truth table starter to select forward or reverse operation of the motor
Selector switch.
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Chap. 1 — Introduction to Automation

Cylinders (Pneumatics)

]
= =
} |

Fhud punped m Fhud flows out

at pressure P at low pressure
For Force:
where,

advancing I ] | | reracting

Fluid flows out Fluid pumped in
at low pressure at pressure P
-
.P
P= y F=PFPA4

P = the pressure of the hydraulic flud
A =the area of the piston
F = the force available from the piston rod

P. Oliveira
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Valves(Electro-pneumatics)

L
I
'}
. solenoid
=X ylyf ;
- l'l" ’
- exhaustout plwerin
The solenoid has two positions and when
actuated will chapge the direction that
flud flows to the device The syvimbols
shown hers are commonly usad o ‘ .
represent this rype of valve. ]
solenoid

l:““

3
n
\

powetin  exhaustout
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Chap. 1 — Introduction to Automation

Sensors

Pres

sure Switch

o
1T

Pressure ﬂ:{
inlet 1

e
oo

Microswitch . |® ©|

Bellows ] 0 0|

Adjustment
spring

NN

Adjustmer
screw

/,

5

(b) Bellows

Hand

O
T OFF O
O Q
‘ [ ) Auto

Pressure switch

(c) Starter operated by pressure switch

Pressure switch.

P. Oliveira
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R Vorl
|
3 8 =
()] ()
g 8 S ge
3 2 2 53
= 3 3 >0
emperature - 2 : 5
T T T
Temperature Temperature Temperature Temperature
S « Self-powered * Most stable  High output * Most linear
eIlSOl'S ¢ | *Simple « Most accurate » Fast » Highest output
2 | ¢ Rugged * More linear than * Two-wire ohms * Inexpensive
€ | e Inexpensive thermocouple measurement
S |+ Wide variety
< | e Wide temperature
range
» | *Nonlinear » Expensive * Nonlinear e T<200°C
& | ¢ Low voltage » Power supply « Limited temperature » Power supply required
.g » Reference required required range * Slow
@ | e Leaststable » Small AR  Fragile « Self-heating
> 4at (s 2 o
ol . Least sensitive * Low absolute « Power supply  Limited configurations
2 resistance required
o « Self-heating * Self-heating
Fig. 6-38

F': Common temperature sensors.
Ml
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Termocouple

Twisted, shielded

pair wire 7 (=
. K
)
y LE
= o]
Thermocouple .3 ]
-0 |
| +V]
o |
=V
- |
| C |
+15 -15 C N
User
dc supply
Analog
input
module

Typical thermocouple connection to an analog input
module.

Proximity detector

Oscillator

’@Q'

~ D0 ~ D —

Detector

Al

Ouput

| (a) Block diagram

Target
Ly e
[ Output ]
! Y
| PA '
l OFF
Target
OQutput

|

|

i (b) Operation—as the target moves into the sensing
‘ area, the sensor switches the output ON.

IED

Inductive proximity sensor.

ON

P. Oliveira
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Magnetic detector Magnetic switch
Pickup coil Pole piece Glass tube NO contact
Permanent x / G
magnet o\-{- i} )
RN f H VARG
; e L — ‘ Common
UL _ l_q 4 ‘ contact NC contact
1 N S\ /
Sensor ;)utput Magnet
N s
oV ) ) NO

N—0
e 8

:
Magnetic pickup sensor. m

Magnetic switch (reed switch).
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Symbols associated to all components

Standards

R O] THTR et Heater
0 (PL}——0 ' Pilot light
7 SOL
Ol e sae——— O Solenoid
(0 ~‘6R1\ B O \/ '
CR1-1 CR1-2 Relay
0 e 62 ) 4 mne s Solenoid valve

0 s
i O MT R} Motor
v, (M ittt Motor starter k)
oL _ s ST i__J{ Hom
O Motor overioad relay contact
© e ALARM Alarm g B3

Symbols for output control devices.
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L1 L2
o - |
Ladder Diagram [ osatilo o !
CR1-1 OFF
| X L
| R—
Or 14 AT
o Nt
. — G} —
Contact Diagram | SR I
CR1-2 ON

Relay circuit—switch open.
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IST/DEEC /ACSDC Chap. 1 — Introduction to Automation

Methodologies for the implementation
of solutions in industrial automation

L1

Contacts diagram

L2

CR1-1
. /] D —
Example 21 BN
N o /
e ::G:: e
! 7N
| CR1-2 OFF |

Relay circuit—switch closed.

API
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Example:
L1 L2
< 120 V ac >
Pressure Temperature oL
il SW'“E? - swntcc? % 856
OI S} Motor | | | | 153N
starter I | | | i 1
coil 001 002
I
Manual ||
pushbutton |
003

Relay ladder diagram for modified process.

P. Oliveira

PLC ladder logic diagram for modified process.
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IST/DEEC /ACSDC

X=4+3

L e ]
m et O e
-1 OO it
oo o~
m ot O e
-1 OO o

Page 46
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Example:
Relay schematic Ladder logic program

C Stops D Starts A M C D A M
| | | | %5
< ' | | | \J

B B

M
M
Gate logic

Example 4-9

A motor control circuit with two stop buttons. When the start button is
depressed, the motor runs. By sealing, it continues to run when the
start button is released. The stop buttons stop the motor when they are
depressed.
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To exploit the advantages of Programmed Logic
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IST/DEEC /ACSDC Industrial Automation

Syllabus:

Chap. 1 — Introduction to Automation [1 week]

Chap. 2 — Introduction to PLCs [2 weeks]

Components of Programmable Logic Controllers (PLCs).
Internal architecture and functional structure.

Input / output interfaces. Interconnection of PLCs .

Chap. 3 — PLCs Programming Languages [2 weeks]
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Some resorces available online on PLCs

History :
Tutorial:
Simulators:
Bibliography : Automatic Manufacturing Systems with PLCs, Hugh Jack
(online version available)
Programming Logic Controller s, Frank D. Petruzella
Standards:
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An Automation Example
Solution based on PLCs

Example:
Automation of the Main Entrance Door, in “PLCs Theory,” [Omron]
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Example:
Automation of the Main Entrance Door, in “PLCs Theory,” [Omron]

Functional Specifications

An automatic system that could command the oppening and close of a door is the main
purpose of these specifications.

The command operation will be automatic and manual. There must be a selector with two
positions in a front pannel of command to select the mode of operation.

The manual mode resorts to the use of two push buttons to open and close the door. Once the

OPEN push button is pressed, the door will be openned until the operation is completed, as
detected by a limit switch. Upon pushing the CLOSE button the door will be commanded to

close , untill the end of the operation is detected by other limit switch.

The automatic mode of operation resorts to the use of two sensors, that detect the proximity of
the users. When a person is detected the automatic opening of the door starts. The door remais
openned for a period from 5 to 20 seconds, following the null detection if the user. After that
period the door starts to close. If during this last phase the presence of other user is detected
the close operation is aborted and a new cycle of opening starts.
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Example:

Automation of the Main Entrance Door, in “PLCs Theory,” [Omron]

Technological Specifications

The proximity sensor that detects the users must be of a model that can be installed
over the door (one in the interior and other in the exterior), and must be based on the
reflection of infrared radiations, with output by transistor. The sensor sensivity must be
tunned such taht its output becomes active if an user is at 2 meters of distance or less.

The motor that activates the open and close of the door must be electrical , three-
phasic, ..., etc.

Operating Specifications

A key must be required to be used in the model of the automatic-manual
selector. A counter of the number of operations should be incorporated in
the solution, to identify when maintenance is required. The maintenance
must be at each 10000 operations, ... etc

P. Oliveira Page 6
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Phases of a Project in EE&CS:
(Automation included)

[P lim; Stud “=——> Specifications
relimina tu
Y y/:> Technical solution choice

Il

Preparation

Il

[ Execution

“—— Execution of techn. drawings
—> Documentation
—> Softawe development

— Installation
— Software installation

— Tests
[ C lusi —— Start of operation
oncliusion
J— Start of exploitation
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IST/DEEC /ACSDC Chap. 2 — Introduction to PLCs

Automation Problems
PLC based solutions

To use PLCS the connection to input devices (for detection and sensing) and
to output devices (for command and control) 1s required.

Process

Sensors Actuators

A software program to implement the proposed solution
will be implemented in the PLC.
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Architecture of PLCs

Power supply

_J_ \j l \J
—0 Ot m o m_/\[_
Input —O_J_CH—— ! 0 Centrgl u o —~ Qutput
sensing d[=—> PIoCesang 4+ t d[ ¥ load
devices —%O‘“ Py unit (CPU) p ul () devices
2 VRR 1) g}
— 0T t i Memory t i
e B

[\
Programming device
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Architecture of PLCs

... and 1nternally, how 1s it implemented?

Program

Memory Input/output

110

adadress

ata

control

AN AN

Central Processing Unit
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Architecture of PLCs

Types of PLCs

API P. Oliveira Page 11
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Chap. 2 — Introduction to PLCs

Architecture of PLCs

Input field devices

-

Common

Power
Bus

Relay contacts

User Pushbuttons H
power supply | [{imit switches  H
Analog sensors
Selector switches |-

Common Return Bus

(a)

-~ C T I -

® —c oo 3

-~ c T ~c O

® —c 0o 3

Output field devices

Indicator lights

— Solenoid valves

LED displays

Lo
— SOL}
(_/ 1
\
= Common
(mr)
) Return
Bus
Relays R
Motor starters User

power supply

o

(b)

P. Oliveira

(@) Typical input module. (b) Typical output module.
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Chap. 2 — Introduction to PL.Cs

Architecture of PLCs

Typical input module wiring connections.

L1

<«—— 120Vac ———>

L2

i 1

L1 g
Pressure 1
kg (001) |
Temper

‘ ature 5
F (002)

3
O O
Manual 00
pushbutton 4
(004)

wiring terminals

L72 _T

Input module

— Terminals
1,2, 3, 4 are
identified
according to the
manufacturer's
I/O addresses
(e.g., 001, 002,
003, 004).

On most modules
the L1 hot side of
the power supply is
not directly
connected to the
module but is
powered from the
backplane. The
input is switched
through the input
device and the
return path is
completed internally
through the
backplane.

P. Oliveira
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Components of Programmable Logic Controllers

L1 i
= 120 V ac 5
P ST L1
! OL
009 ‘
Terminals — | —» (009) @ \I\L .
1, 2,3, 4 are 3 -
identified 010 otor
according to the (010) starter
manufacturer’s coil
I/0O addresses 3
(e.g., 009, 010, (011)
011, 012)
4
(012)

T

Output module
wiring terminals

Typical output module wiring connections.
P. Oliveira Page 14
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Components of Programmable Logic Controllers

Three-phase lines

5 9

Example: (L2 s |
Magnetic '
motor starter |

Command of a motor from a console % e

with start and stop buttons. ES T 4

Control circuit

Load Motor
CIrCUIt e 77 TN

IR O (S ) O D S

PLC

G 4 O 2 0 0

Input
Start-stop

pushbutton
station

When a PLC needs to control a large motor,
it must work in conjunction with a starter.
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Components of Programmable Logic Controllers

= Address
1 ;E@ output
Output image table terminal
file O | 00:4/6
—— e
ojojojoJooJofofol1]ofolo]ofo]o | /
Ol6: A Jnnesy e o] e moon
Bit address ! i
Address £ :
input ‘
ternpﬁ)inal BEEE E Vol
11:3/12 Input image table I 7
\ > ____________ file 1 : Energized
¥ : output
7 ofofo1To[o[olo[o[ololo[o[o[o[0] !
Bl I 1:3/12 l
===l —t———— |
=) ! Bit address |
[
, |
~o~go- R T
Closed input Y 13 D0
— L L J
12 6

User-programmed rung

The address identifies a location in the prossessor’s data files, where the on/off state of the bit is stored.
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Input
image
table
file

Input
Internal structure g e
Examine
data

and

—
— BV

—_———
Check/compare/examine

Work principles

Program

Output | Output
image | 9318 oot
table modules
file
A Return
result

el

74

Input
module
i t =
npu isit
device ‘
Y PR =
1:3/6 :[ —
‘. ]
—

Scan process.

|

specific conditions

Processor memory Output
Data module
Input | Output =
I .
image image B EE Output
table table — 7 device
file file — Y
> 1:3/6 O:4/7F—1—»
e ] TR ow
l ;_u"-“
[:3/6 0:4/7 o
| eroaam
Program

(b) Scan cycle

-

Take some action

(a) Data flow overview

| Read input
P g ;
|
Adju51 »
outputs
—~._

P. Oliveira

S

| 4
—
Run program

|
| —
o~
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Internal structure and work principles

L gl 2t o3t o peer
on 1 —— — ! R o
| e EENEE

out m! PROG but ! ERpe burim! g U | E ' |

1 | 1 | ! 1 | 1
" E B : Lo L iourim! L !ourlmg
' SCAH 1 ' SCAH 2 | SCAH 3 | scan |

Scan Cycle, Scan Period

The inputs must be actives for at least one scan cycle to
have impact (no uncertainty) in the internal PLC state
and indirectly in the outputs.

Exception: interrupts...
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Internal structure and work principles

' ] ' 1
Lo L : i
ON | —t — !
1 ]
orir_1 INPUT | QUTPUT|

| |
| PROG | ' PROG ' 1 | PROG ' |
OUT IH ., EXEC pU" |N: EXEC |OUT: IN: EXEC pUT:
L L} Lo -
b o A Lo

' SCAH 1 ' SCAH 2 I

Time interval for an input to have inpact on an output (with probability one)?
2 * SCAN PERIOD

Smaller time interval (with probability greater than zero) that the change in one
input can impact in one output?

SCAN PERIOD — READ TIME — WRITE TIME = EXECUTION TIME

API P. Oliveira Page 19
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Chap. 2 — Introduction to PL.Cs

Internal structure and work principles

'g;it Input Output OdUt?Ut

. ’ . ala

Inpgl image image Qutput

modules table table modules
file file

Examine Return
data result
‘ Program
7 2 £ N
| ] €

Check/compare/examine
specific conditions Take some action

(a) Data flow overview

Interface for inputs and outputs

Horizontal scanning

>

N 7N 7Y
— —

Scanning rangs...

P. Oliveira

Vertical
scanning
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Components of Programmable Logic Controllers

Programming using
specific devices

Programming devices: (a) hand-
held unit with light-emitting diode
(LED) display; (b) industrial terminal
video unit (Courtesy of Honeywell,
Inc.); (c) personal computer with

OMRON console appropriate software.

P. Oliveira Page 21
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Input and output interfaces

Power Logic

— e ACEE — e

N Input status
7 2

—{ )— indicator

L—e ‘ Zener [ ] [_——W o T
Input Bridge diode RRSLES To processor
120V : Isolato ogic L
(12080 signal rectifier level ] 57078:” ] Logic (5Vdc)
e ] 1

L2 ___*_‘ _I'_—l detection } —

.
A( ‘ 1nput Block diagrams of a discrete input module

mOdu16 | _»l Input | Opto-electrical
. i conditioning ﬂ isolation
(discrete) |

—i Logic C|rcm15i — Backplane

The input circuit responds to an input signal in the following manner:

* An input filter removes false signals due to contact bounce or electrical
interference

« Opto-electrical isolation protects the input circuit and backplane circuits by
isolating logic circuits from input signals

* Logic circuits process the signal

« An input LED turns ON or OFF, indicating the status of the corresponding input
device

AC discrete input module.
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Chap. 2 — Introduction to PL.Cs

Input and output interfaces

AC input module:
simplified implementation

Bridge
rectifier

PB l
L1 J— Optical

* o—> isolator
T Ri1 Zy
(120 V ac) 9 * )(‘ l
| o i 7
2@ »0—AANN— R3 DA EY—> I (6 Vdc)
|

R2

To logic
circuitry

Electronic circuit

L2
Hl €«— 120 Vac ——— >

m
PB % Input

s status

indicator

&—oO O——-@ \O/ /
1 7/ N

device

SIS

©®

=~

NS

Input module
terminal board

(b)

Connections to the PLC terminals
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Input and output interfaces

Logic Power
Output status Nz s
indicator = Lamp
N L output
o W e
From . ISR RBEA = ] Electronic i
(Y Sokopronmmmon | o b58 s o o208 ot | S 120V 0
T I | — 2

AC OUtpllt (a) Block diagram of a discrete output module.
module
(discrete)

|

Backplane — Logic circuits T Op:;?;ig:cal Logic circuits Output drivers|—> Output

LED

(b) The output circuit controls the output signal in the following manner:
* Logic circuits determine the output status
* An output LED indicates the status of the output signal
* Opto-electrical isolation separates output circuit logic and backplane circuits from field signals

» The output driver turns the corresponding output ON or OFF.

Fig. 2-8

AC discrete output module.
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Input and output interfaces

AC output module (discrete)

Lamp output

Optical ° @ L1
isolator
;I Triac
—¥-
6 FoFEEsEaZ T N 120 V ac
Signal from .r_L 7‘ ( )
(5Vdc) internal logic |E Y M [: |
circuitry D |
% ‘ L2

(@) Simplified schematic for an ac output module.

Circuito electronico (simplificado)
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Input and output interfaces

DC mput module (discrete)

Relay
Attention to:
e GGalvanic isolation
* Economy Transistor

« Consumption

» Switching speed
* Noise imunity

Opto-coupler

API P. Oliveira Page 26
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Input and output interfaces

Connections to terminals ...

< COM

DC output module (discrete)

Terminais
exteriores

RL1

RL2

PARA

CPU

RL3

Relay

... and protections.

O —| AW~
| : Terminais AC N—1
Transistor ! i exteriores =

O DC

,T
>
)
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Components of Programmable Logic Controllers

Power sources

Attention to:

D1
T1

* [solation to the noise

. . VIN (of I |
* [solation relative to
disturbances on the network

[ GERADORDE |

) COMMIDIEACR0 J

* Efficiency P
T

» Consumption

. _ Switching power sources
* Size (volume and weight)

» Robustness relative to load
variations

API P. Oliveira Page 28
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IST/DEEC /ACSDC Industrial Automation

Syllabus:

Chap. 2 — Introduction to PLCs [2 weeks]

Chap. 3 — PLCs Programming Languages [2 weeks]
Standard languages (IEC-1131-3):

Ladder Diagram; Instruction List, and Structured Text.
Software development resources.

Chap. 4 - GRAFCET (Sequential Function Chart) |1 week]
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Chap. 3 - PLCs Programming languages

PLCs Programming Languages
(IEC 1131-3)

Ladder Diagram

N 7N 7Y
N S

Structured Text

If %I1.0 THEN
%Q2.1 := TRUE
ELSE
%Q2.2 := FALSE
END IF

Instruction List

LD %M 12
AND  %I1.0
ANDN  %I1.1
OR %M10
ST %Q2.0

Sequential Function Chart

B (GRAFCET)

Right

@—— b
3

Load

G—T—p

4 Left

@—— a

P. Oliveira Page 3
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Linguagens de programacao de PLCs
(IEC 1131-3)

Ladder Diagram Structured Text
() If %I1.0 THEN
e %Q2.1 := TRUE
BN ELSE
() %Q2.2 := FALSE
END_IF
Instruction List Sequential Function Chart
i (GRAFCET)
LD %M 12 . -
AND  %I1.0 T,
ANDN  %I1.1 N
OR %M10 ST,
ST %on 4 Esquerda
2)—— a

API P. Oliveira Page 4
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Chap. 3 - PLCs Programming languages

Instruction list

ANI1 Al3 LDV50
A( =P9  =CSW9
Ol2 NO PE
o( OM1
ANC9 Ol4
AQ9 =Z9
) NO
) AC9
=Q9 =M1
P. Oliveira

Page 5
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Instruction list

Basic Instructions

Load
Open contact: contact is active (result is 1)
LD while the control bit is 1.
LDN / Close contact: contacto is active (result is 1)
while the control bit is 0.
LDR > Contact in the rising edge: contact is active during a scan cycle
where the control bit has a rising edge.
1 cycle
LDF %I1.0  %Q2.0 11.0 /WM
ol () g
O\
Q2.0
’

API P. Oliveira Page 6
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Instruction list

Basic Instructions

Store

ST —( )— The result of the logic function activates the coil.

STN —(/)— The inverse result of the logic function activates the coil.

S —(S% The result of the logic function energizes the relay
(sets the latch).
R %0 %Q2.0 11.0 W
N >
RN
Q2.0

API P. Oliveira Page 7
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Instruction list

Basic Instructions

AND

AND °|A)Il.|0 °|/onlo °/[0an 1.0 /WM 3
N
ANDN Q2.0

v

»
>

t

b AND of the rising edge with the result of the previous
ANDR logical operation.

AND of the falling edge with the result of the previous
logical operation.

ANDF N

P. Oliveira Page 8
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Instruction list

Basic Instructions

OR
OR OR of the operand with the result of the previous
logical operation.
ORN OR. of the opgrand with the inverted result of the previous
/ logical operation.
ORR OR of the rising edge with the result of the previous
P logical operation.
ORF OR of the falling edge with the result of the previous
N logical operation.

API P. Oliveira Page 9
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Instruction list

%I1.1 %Q2.3
Example: — (
1]
LD %$TI1.1 ,
OR %Ml o/OMz /0?2.2
ST %02.3 | 14
%I1.2
LD %M2 —{/
Z?No zélé2 %11.3 %Q2.4
$02. {
— { H
LD %TI1.3 %HJ
ORR %I1.4 —P
ST %02.4 %M3 %Q2.5
LD %M3 [ {
° %I1 ﬂ
ORF %I1.5 .
ST %02.5 N
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Instruction list

Instruction
list

Structured text

Description

Timing diagram

XOR

XOR

OR Exclusive between the operand and the previous
instruction’s Boolean result

XOR

XORN

XOR (NOT...)

OR Exclusive between the operand inverse and the
previous instruction’s Boolean result

XORN

1 1
2 32
= =
N N

1%Q2.2

Basic Instructions
XOR
%I11.1 %M1 %Q2.3
— 4 (
%M1 %I1.1
— 4
%M2 %I1.2 %Q2.2
— | (
%I11.2 %M2
A
LD %I1.1
XOR %M1
ST %Q2.3
LD %M2
XOR  %I1.2
ST %Q2.2

XORR

XOR (RE...)

OR Exclusive between the operand’s rising edge and
the previous instruction’s Boolean result

XORR

:

%I1.3

i

%I11.4

.

%Q2.4

XORF

XOR (FE...)

OR Exclusive hetween the operand’s falling edge and
the previous instruction’s Boolean result.

XORF

:

%M3

F

%I11.5

'é

%Q2.5

P. Oliveira
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Instruction list

Temporized Relays

or

Timers

: i )
Operating coil (< )

.//_ Instantaneous contacts

[
— Normally closed terminals (—;

Time control contacts

il | S A
S Lﬁzm )

/

5 =
> ToRN [

i

Pneumatic on-delay timer. (Courtesy of Allen-Bradley Company, Inc.)

Normally open terminals (—

i

P. Oliveira
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Chap. 3 - PLCs Programming languages

Instruction list
Temporized Relays
or

Timers

% TMi
| IN Q

MODE: TON
TB: Imn

TM.P: 9999
MODIF: Y

API

Characteristics:

Identifier:%TMi  0..63 in the TSX37

Input: IN to activate
Mode: TON On delay
TOFF  Off delay
TP Monostable
Time basis: TB Imn (def.), 1s,

100ms, 10ms

Programmed value: %TM1.P 0...9999 (def.)
period=TB*TMi.P
%TMi1.V 0..TMi.P
(can be real or tested)

Actual value:

Modifiable: Y/N can be modified from

the console

P. Oliveira Page 13
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Instruction list

Relés temporizados .
LD $I11.1
Ou IN $TM1
LD STM1.Q
Timers ST s02.3
%l1.1 kil %Q2.3
| IN Q (

API P. Oliveira Page 14
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Instruction list

Example:
L1 L2 L1 L2
VS il . | S s
D1 N2 TD1 o kL 7

Sequence of operation:

Sequence of operation:
S1 open, TD de-energized, TD1 open, L1 off.

S1 open, TD de-energized, TD1 closed, L1 on.

S1 closes, TD energizes, timing period starts,

S1 closes, TD energizes, timing period starts,
TD1 is still open, L1 is still off.

TD1 is still closed, L1 is still on.
After 10 s, TD1 closes, L1 is switched on. After 10 s, TD1 opens, L1 is switched off.

S1 is opened, TD de-energizes, TD1 opens instantly,

S1 is opened, TD de-energizes, TD1 closes instantly,
L1 is switched off.

L1 is switched on.

(a) (a)

1008 ' ‘ 10 s
>
e ——
Input 4, | L Input 4, ‘ l‘
On On
Off ’*——L; Output
Output Off
(b) (b)

On-delay timer circuit (NOTC contact). (a) Operation. On-delay timer circuit (NCTO contact).
(b) Timing diagram. (@) Operation. (b) Timing diagram.

P. Oliveira
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Instruction list

Counters

Some applications...

“‘;"""?'”"77 e

S e

Reflector 42 Series

ltem rotopulser

counting

Length totalizer Footage windup control

Rotopulser

‘ 000000 000000 Slow down «— — 000000
= Stop «—
MAX jr count MAX jr count MAX jr count

Counter applications. (Courtesy of Dynapar Corporation, Gurnee, lllinois.)

API P. Oliveira Page 16
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Chap. 3 - PLCs Programming languages

Instruction list

Counters

%C1

IR E L—
—' S

CP: 9999 D
MODIF: Y

— CU
—CcD F

API

Characteristics:

Identifier:%Ci 0..31 in the TSX37

Value progr.: %C1.P  0...9999 (def.)
Value Actual: %Ci.V  0...Ci.P (only to be read)
Modifiable: Y/N can be modified from

the console

Inputs: R Reset Ci.V=0
S Preset C1.V=C1.P
CU Count Up
CD Count Down
Outputs: E Overrun %Ci.E=1 %Ci.V=0->9999
D Done %Ci.D=1 %Ci.V=Ci.P
F Full %Ci.F=1 %Ci1.V=9999->0

P. Oliveira Page 17
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Instruction list

Counters
%C8
%I1.1

Example: R E|—

S
%I1.2 %M0 | C.P:5000 D

_| I_ I\CII%DIF i §

CcD F

%C8.D %Q2.0
| {

— | (

Instruction list language

LD %I1.1

R  %C8

LD %Il.2

AND MO

CU %C8

LD %C8.D

ST %Q2.0

API P. Oliveira Page 18
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Instruction list

Numerical Processing

Algebraic and Logic Functions

LD [$MW50>10]
ST $02.2

LD $11.0
[¥MW10:=%KWO0+10]
LDF $11.2
[INCEMW100]

API P. Oliveira Page 19
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Instruction list

Numerical Processing

Arithmetic Functions

+ addition of two operands

SQRT |square root of an operand

- subtraction of two operands

INC incrementation of an operand

* multiplication of two operands

DEC decrementation of an operand

/ division of two operands

ABS absolute value of an operand

REM | remainder from the division of 2 operands

Operands

Type

Operand 1 (Op1)

Operand 2 (Op2)

Indexable words

YoMW

YoMW, %KW, %XIi. T

Non-indexable

%QW, %SW,%NW, %BLK

Imm.Val.,%IW.%QW,%SW,%NW,

double words

words %BLK, Num.expr.

Indexable double %MD %MD, %KD

words

Non-indexable %QD.%SD Imm.Val.,%ID,%QD.%SD, Numeric

expr.

P. Oliveira
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Instruction list

Numerical Processing

Example:

Arithmetic functions

%MO0

H—

%MWO0:=%MW10+100

%I3.2

H—

%MWO0:=SQRT(%MW10)

%I13.3

H—

INC %MW100

Instruction list language

LD =MO

[%MWO :=%MW10+100]

LD =I3.2

%MWO : =SQRT (%MW10) ]

LD =%I3.3

[INC %MW100]

P. Oliveira
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Instruction list

%M0
Numerical Processing = | %MWO:=%MW1+%MW2
. | %518
Xxampie. —|/| % MW10:=%MWO
. . : %518
Arithmetic functions ,
—| , %MW10:=32767

%S18

/)

Example in instruction list language:
LD zMO
[EMWO : =%MW1+%MW2]
LDN %S18
[BMW10:=%MWO]
Use of a system variable: LD %518
[BMW10:=32767]

%S18 — flag de overflow R %518]
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Instruction list

Numerical Processing

Logic Functions

AND AND (bit by bit) between two operands

OR logical OR (bit by bit) between two operands
XOR exclusive OR (bit by bit) between two operands
NOT logical complement (bit by bit) of an operand

Comparison instructions are used to compare two operands.

¢ > tests whether operand 1 is greater than operand 2,

e >= tests whether operand 1 is greater than or equal to operand 2,
¢ <:tests whether operand 1 is less than operand 2,

e <= tests whether operand 1 is less than or equal to operand 2,

e = tests whether operand 1 is different from operand 2.

Operands

Type

Operands 1 and 2 (Op1 and Op2)

Indexable words

%MW, %KW, %Xi.T

Non-indexable words

Imm.val.,%IW,%QW, %SW,%NW.%BLK, Numeric Expr.

Indexable double words

%MD, %KD

Non-indexable double words

Imm.val.,%ID,%QD,%SD . Numeric expr.

API

P. Oliveira
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Instruction list

Numerical Processing

Example:

Logic functions

%Q2.3

_|
_|

%MW10>100

%MO

%Q2.2

|7. %MW20<%KW35

—(

%I1.2

%Q2.4

()}

' |
%MW30>=%MW40

(H

Instruction list language
LD [MW10>100]

ST %02.3

LD zMO

AND [%¥MW20<%KW35]
ST $02.2

LD 11.2

OR [SMW30>=%MW40]
ST %02.4

P. Oliveira Page 24
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Instruction list

Numerical Processing

Priorities on the execution of the operations

Rank

Instruction

Instruction to an operand

*J.REM

+'_

< > <= >=

= <>

AND

XOR

XN DB W=

OR

P. Oliveira
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Instruction list

Structures for Control of Flux

Subroutines

Call and Return

Ladder language:

%M8
|

SR10
(C

Instruction list language:
LD M8
SR10

Call SR10
!

I

I

I

I

1
Call SR10

Subroutine Module Subroutine Module
SR10 SR12

7
N

Ladder language

%M8

I <RETURN

Instruction list language
LD %M8
RETC

P. Oliveira Page 26
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Instruction list

Structures for Control of Flux

JUMP instructions:

Conditional and unconditional

Jump instructions are used to go to a programming line with an %Li label address:

¢ JMP: unconditional program jump

& JMPC: program jump if the instruction’s Boolean result from the previous test is
set at 1

& JMPCN: program jump if the instruction’s Boolean result from the previous testis
set at 0. %Li is the label of the line to which the jump has been made (address i
from 1 to 999 with maximum 256 labels)

API P. Oliveira Page 27
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Instruction list

Structures for Control of Flux

Example:

Use of jump instructions

LD zM8
JMPC zL10
LD $11.0
ST %02.5
zL10

LD zM20
ST zM5

LD 11.0
AND z11.2
ST z02.1

Instruction list language

Jump to label
%L10, if %M8 =1

Ladder
%M8 %L10
_| >
%I1.0 %Q2.5
| ()}
=5 =
%L10
%M20 %M5
|
— | { H -
%I1.0 %11.2 %Q2.1
| Il r
— | | | { H

P. Oliveira
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Instruction list

Structures for Control of Flux

%M10
I <HALT>—{

Stops all processes!

Halt

Events masking
%MO0
| MASKEVT() |-

%M8
— | UNMASKEVT() }—

P. Oliveira

Page 29



IST/DEEC /ACSDC Chap. 3 - PLCs Programming languages

Instruction list

There are other advanced instrauctions (see manual)

* Monostable

* Registers of 256 words (LIFO ou FIFO)
* DRUMs

* Comparators

 Shift-registers

* Functions to manipulate floats

* Functions to convert bases and types .
API P. Oliveira Page 30
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Instruction list

Numerical Tables

Type Format Maximum Size Write
address access

Internal words Simple length YoMWi:L i+L<=Nmax (1) Yes
Double length %MWDi:L i+L<=Nmax-1 (1) |Yes
Floating point YoMFi:L i+L<=Nmax-1 (1) |Yes

Constant words Single length YoKWi:L i+L<=Nmax (1) No
Double length Y%KWDI:L i+L<=Nmax-1 (1) |No
Floating point %KFi:L i+L<=Nmax-1 (1) |No

System word

Single length

%SW50:4 (2)

- Yes

%MO0

_| |_ %MWO0:10:=%MW20:10+100 |

%I3.2

—| I— %MW50:5:=%KD0:5+%MDO0:5—

%I13.3

—|P|—%MWO:1 0:=%KWO0:10*% MW 20—

Instruction list language
LD %MO
EMWO0:10:=%MW20:10+100]

LD %I3.2
%MD50:5:=%KD0 : 5+%MD0:5]

P. Oliveira
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Chap. 3 — Old PLCs

DOLOGS0
PLC AEG A020 Plus:

Inputs:
* 20 binary with opto-couplers
* 4 analogs (8 bits, 0-10V)

Outputs:
* 16 binary with relays of 2A
* 1 analogs (8 bits, 0-10V)

Interface for progr.: RS232

Processador:

« 8031

2 Kbytes de RAM
» 2 Kbytes EEPROM => 896 instructions
» Average cycle time: 6.5 ms




Chap. 3 — Old PLCs

PLC AEG A020 Plus



DOLOGSO0 (cont.)

Example:

All
A(
Ol12
O(
ANC9
AQ9

)

)

=Q9

AI3
NO
OM1
Ol14

NO
AC9

LDV50 = *
=CSW9 = —
PE i =

Conveyor motor program.

Legend:

Chap. 3 — Old PLCs

001 002 009 Outy
=} % | /4
| N 4
— N
901 009
003 901
— ——(c)——r
I I PR: 50 [
‘ lay 901
o ]
004
Internal
901 relay
i (—
(b) Program
Stop =11
Start =12

Proximity Sensor = I3
Reset =14

Counter= C9

Internal relay = M1
Motor = Q9
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Syllabus:

Chap. 2 — Introduction to PLCs [2 weeks]

Chap. 3 — PLCs Programming Languages [2 weeks]
Standard languages (IEC-1131-3):
Ladder Diagram; Instruction List, and Structured Text.
Software development resources.

Chap. 4 - GRAFCET (Sequential Function Chart) |1 week]
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Chap. 3 - PLCs Programming languages

PLCs Programming Languages
(IEC 1131-3)

Ladder Diagram

N 7N 7Y
N S

Structured Text

If %I1.0 THEN
%Q2.1 := TRUE
ELSE
%Q2.2 := FALSE
END IF

Instruction List

LD %M 12
AND  %I1.0
ANDN  %I1.1
OR %M10
ST %Q2.0

Sequential Function Chart

B (GRAFCET)

Right

@—— b
3

Load

G—T—p

4 Left

@—— a

P. Oliveira Page 3



IST/DEEC /ACSDC Chap. 3 - PLCs Programming languages

Linguagens de programacao de PLCs
(IEC 1131-3)

Ladder Diagram Structured Text
() If %I1.0 THEN
L) %Q2.1 := TRUE
Y ELSE
() %Q2.2 := FALSE
END_IF
Instruction List Sequential Function Chart
i (GRAFCET)
LD %M12 B
AND  %I1.0 S,
ANDN  %ll.1 I
OR %M10 ST,
ST %Q20 4 Esquerda
Q—— a

API P. Oliveira Page 4
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Ladder diagram

Output
Input Instructions Instructions
| | | ()
N S
| || || >
| ()
| )

API P. Oliveira Page 5
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Chap. 3 - PLCs Programming languages

Ladder diagram
Types of operands:

Bits Description Examples Write
access
Immediate 0 or 1 (False or True) 0 B
values
Inputs/outputs | These bits are the "logic images" of the electrical states of the inputs/ | %I23.5 No
outputs. %Q51.2 Yes
They are stored in the data memory and updated each time the task in
which they are configured is polled.
Note: The unused input/output bits may not be used as internal bits.
Internal The internal bits are used to store the intermediary states during %M200 Yes
execution of the program.
System The system bits %S0 to %S 127 monitor the correct operation of the PLC | %S10 Accordin
and the running of the application program. gtoi
Function The function block bits correspond to the outputs of the function blocks | %TM8.Q No
blocks or DFB instance.
These outputs may be either directly connected or used as an object.
Word extracts | With the PL7 software it is possible to extract one of the 16 hits of a word | %MW10:X5 Accordin
object. g to the
type of
words
Grafcet steps | The Grafcet status bits of the steps, macro-steps and macro-step steps | %X21 Yes
and macro- are used to recognize the Grafcet status of step i, of macro-step j or of | %X5.9 Yes
steps step i of the macro-step j.
P. Oliveira
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Ladder diagram

Basic Instructions

Load

Open contact: contact is active (result is 1)

while the control bit 1s 1.

Close contact: contacto is active (result is 1)

while the control bit 1s O.

Contact in the rising edge: contact is active during a scan cycle
where the control bit has a rising edge.

I1.0

Q2.0

4

A

Ml

v

»
>

t

cycle

P. Oliveira
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IST/DEEC /ACSDC Chap. 3 - PLCs Programming languages

Ladder diagram

Basic Instructions

Load operands
Permitted The following table gives a list of the operands used for these instructions.
operands
Ladder Instruction list | Structured | Operands
text
LD = %I1,%Q,%M,%S.%BLK, %+ XK. %Xi, (True and False in instruction list
I or structured text)
LDN =NOT %I1,%Q, %M, %S, %BLK, %Xk, %Xi, (True and False in instruction list
/ or structured text)
LDR =RE %I,%Q,%M
—_— P .
LDF =FE %1,%Q, %M
] N'_ 0 0 0

API P. Oliveira Page 8
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Ladder diagram

Basic Instructions

Store

—( )— The result of the logic function activates the coil.

—(/)— The inverse result of the logic function activates the coil.

4(8)7 The result of the logic function energizes the relay

(sets the latch).
%I1.0  %Q2.0 11.0 W
N g
o\
Q2.0

v

API P. Oliveira Page 9
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Ladder diagram

Basic Instructions

Store operands

Permitted The following table gives a list of the operands used for these instructions
operands
Language |Instruction list Structured | Operands
data text
: ] ST = %1.%Q,%M,%S, %Xk
(/] STN =NOT %1.%Q,%M,%S, %Xk
S SET %1.%Q,%M, %S, %*: XK, %Xi
( S ) Only in the preliminary processing.
R RESET %I.%Q,%M,%S, % XK, %Xi

Only in the preliminary processing.

P. Oliveira
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Ladder diagram

Allen Bradley notation
Relays with latch and unlatch

1:1 ON L2
misilly ) O ORRER —{L }—e
| OFF |
il B (T, D
T ‘\9 / |
| !
\ '
2 b o ——--’.\PL}~-<~-~

A A

Contact shown with relay in the
unlatched position

Schematic of electromagnetic latching relay.

Instruction Symbol Mnemonic
Output latch ~L)y OTL
Output unlatch ~Up oTu
XXX =
<D g srROn
Latch coil | same
address
XXX =

U)—
Unlatch coil
(a) Latch and unlatch coils have the same address

ON 0:013
o v { L= Latch
“10

OFF 0:018

Ty ux 1 Unlatch
10|

[ 0:013 ‘5
1y I ~ { 2 | Output

1716 1514 13 12 1110 07 06 05 04 03 02 01 00
0:013

(b) Control logic

QUTPUT LATCH and OUTPUT UNLATCH instructions.

P. Oliveira Page 11
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Ladder diagram

Relay-type instructions

Example:

Qoo 0s00

65

oo o500

6ED)

CONTACT
SO
gm [RELAY
COolL
T O

SWITCH

)

{\../

-, OB

P. Oliveira
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Ladder diagram

Basic Instructions

AND
%I1.0  %I1.0 %Q2.0 1.0 /WM ’
NN g
I R AN
Q2.0 previous
>
b AND of the rising edge with the result of the previous
logical operation.
N AND of the falling edge with the result of the previous
logical operation.

API P. Oliveira Page 13
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Chap. 3 - PLCs Programming languages

Ladder diagram

Basic Instructions

OR

API

OR of the operand with the result of the previous
logical operation.

OR of the operand with the inverted result of the previous
logical operation.

OR of the rising edge with the result of the previous
logical operation.

OR of the falling edge with the result of the previous
logical operation.

P. Oliveira
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IST/DEEC /ACSDC Chap. 3 - PLCs Programming languages

Ladder diagram

. . Instruction | Structured text | Description Timing diagram
Basic Instructions [
XOR XOR OR Exclusive between the operand and the previous
instruction’s Boolean result
XORN XOR (NOT...) |OR Exclusive between the operand inverse and the XORN
%I11.1 %M1 %Q2.3 previous instruction’s Boolean result _L
H (
%M1 %I1.1 -,_,—/,;L
(] .
— lmr
%M2  %I1.2 %Q2.2 %Q2.2
| | ] {
_l [ | v }_ XORR XOR (RE...) OR Exclusive between the operand’s rising edge and XORR
%I1.2 %M2 the previous instruction’s Boolean result |—|
/ / T%I1.3
£ L
T%l1.4
T%Q2.4
XORF XOR (FE..) OR Exclusive hetween the operand’s falling edge and XORF
the previous instruction’s Boolean result. I—
%M3
1%I15
T%Q25

API P. Oliveira Page 15
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Chap. 3 - PLCs Programming languages

Ladder diagram

Ladder assembling

Output
Input Instructions Instructions
| | | ()
N S
| || || >
| [
| )

The outputs that have a TRUE logical function, evaluated from
the left to right and from the top to the bottom, are energized
(Schneider, Micro PLCs).

API

P. Oliveira
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IST/DEEC /ACSDC Chap. 3 - PLCs Programming languages

Ladder diagram

Example:
Input STOP START OL Relay coil M Output
module ‘ i ‘ equxvalem\‘/ S module
— 1 Rung 1 —->' { ; | ] ‘ [ L) =L :
STOP ' |
M
—0 | o—+—{\J - — (\HH—O M O—
START | ' |
M G
= Rung 2 —» —N—— —( }— d
— = : [/ }F+—Q G O—
N y g
oL Rung3—>—f” i !
- o e
lo—8 L roy SH—4rd>—
’ contact ~—
= B equivalent T

Fig. 4-24

Ladder logic program.

API P. Oliveira Page 17
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Ladder diagram

Example:
Motor
l START STOP starter coil
s ]
ld b
yi |
Seal-in contact
(a) Hard-wired circuit
L1 Inputs Ladder logic program Output Lo
| STOP ; ‘
i Bl Motor ; > ‘
M Start PB Stop PB starter T————%\M\/“—“Q
| START | | | ] L ‘ Motor
i i o starter
l’._._ ..........\'D O SR | t CO”
! M |
| ] J
I

(b) Programmed circuit

" Seal-in circuit.

API P. Oliveira Page 18



IST/DEEC /ACSDC Chap. 3 - PLCs Programming languages

Ladder diagram

Example:
Motor
' START STOP starter coil
, j'—]:‘m LA | A, I g /—\
Ny
) M
BatHasisaond () MIoUase
1t
Seal-in contact
(a) Hard-wired circuit
L1 Inputs Ladder logic program Output L2
4 STOP ;
R Bl Motor ; , ,
ek Start PB StOp PB starter :—~————4\/N_|\/-*—“0
| START | | ’ ] () Motor
; ' starter
, cpnpry S coll
M
|1 |
[
(b) Programmed circuit
Fig. 6-48
* Seal-in circuit.
P. Oliveira Page 19
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IST/DEEC /ACSDC Chap. 3 - PLCs Programming languages

Ladder diagram

Example:
Relay schematic Ladder logic program
C Stops D Stanl A M C D A M
l
| | B B
| O o—e | |
| " I
[ _<

}__

M

M

Gate logic

Starts L
|
A—0 C
A Stops
c—alo—— —L— M

D—olo—

A motor control circuit with two stop buttons. When the start button is
depressed, the motor runs. By sealing, it continues to run when the
start button is released. The stop buttons stop the motor when they are
depressed.

API P. Oliveira Page 20
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Ladder diagram
General case of Inputs and Outputs in parallel, with derivations
_A_ B D A ,C
1 —3/ () i B ¢
T_ c ‘ BJ I D E
=N , = ] ——()—
Parallel input branching. Parallel output branching with conditions.
1 F 1 = F ( —
A ' = % e
¥ Eo :j/C\f: o *_l E = —
H "5, — 1 ()
B _ 7 & S
t [ == ;‘
o A (B e
Parallel output branching. Nested input and output branches.

Note: it 1s important to study the constraints and potentialities of the

development tools.
API P. Oliveira Page 21
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Ladder diagram

Imbricated contacts and alternative solution

A B
oot S e G

!
D A branch within
a branch

£ ( A B C /4
1—_. e ‘ I ol ‘. — J"/ \.'}
| Fig. 5-25| | | | | ()
Nested contact program. .
‘ ) | T Contact
| D | | C instruction
C
‘ repeated

Program required to eliminate nested contact.

API P. Oliveira Page 22
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Ladder diagram

Contacts in the vertical and alternative solution

A D Y A 0 r
| g S 1 B P T <1
S I e 8 C D
e -
|
l B E
\
shorr g L
L A C E
Boolean equation: Y = (AD) + (BCD) + (BE) + (ACE) -y % =

S f

Program with vertical contact

Reprogrammed to eliminate vertical contact.

API P. Oliveira Page 23
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Ladder diagram

Contacts in the vertical and alternative solution

Another example:

A B C % A B C Y.
e i ey ()
| \\, '/' -
n E ‘ A D iE;
=l A e
e | F E
o , ==l
[ F D B oyl
Boolean equation: Y = (ABC) + (ADE) + (FE) + (FDBC) JI , 1 I — |3
| |
Original circuit. Reprogrammed circuit.

API P. Oliveira Page 24
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Chap. 3 - PLCs Programming languages

Ladder diagram

Temporized Relays
or

Timers

API

. gt =N \‘
Operating coil (< )

T Normally open terminals (— t

27— Instantaneous contacts

Z R
— Normally closed terminals \*H -)

Time control contacts

’ O”*--(:f\
— Normally open terminals (\ )

Pneumatic on-delay timer. (Courtesy of Allen-Bradley Company, Inc.)

P. Oliveira
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Chap. 3 - PLCs Programming languages

Ladder diagram
Temporized Relays
or

Timers

% TMi
| IN Q

MODE: TON
TB: Imn

TM.P: 9999
MODIF: Y

API

Characteristics:

Identifier:%TMi  0..63 in the TSX37

Input: IN to activate
Mode: TON On delay
TOFF  Off delay
TP Monostable
Time basis: TB Imn (def.), 1s,

100ms, 10ms

Programmed value: %TM1.P 0...9999 (def.)
period=TB*TMi.P
%TMi1.V 0..TMi.P
(can be real or tested)

Actual value:

Modifiable: Y/N can be modified from

the console

P. Oliveira Page 26



IST/DEEC /ACSDC Chap. 3 - PLCs Programming languages

Ladder diagram

Temporized Relays

Off-delay symbols

API

or

Timers

On-delay symbols

01\0
Normally open, timed

closed contact (NOTC).

Contact is open when

relay coil is de-energized.

When relay is energized,
there is a time delay in
closing.

0'1'0
Normally closed, timed

open contact (NCTO).

Contact is closed when

relay coil is de-energized.

When relay is energized,

01\0
Normally open, timed
open contacts (NOTO).

Contact is normally
open when relay coil
is de-energized.

When relay coil is
energized, contact
closes instantly.

When relay coil is
de-energized, there is
a time delay before the
contact opens.

there is a time delay in m

opening.

Timed contact symbols.

P. Oliveira

o-:ré
Normally closed, timed
closed contact (NCTC).

Contact is normally
closed when relay coil
is de-energized.

When relay coil is
energized, contact
opens instantly.

When relay coil is
de-energized, there is
a time delay before the
contact closes.

Page 27
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Chap. 3 - PLCs Programming languages

Ladder diagram

Example:

Sequence of operation:
S1 open, TD de-energized, TD1 open, L1 off.

S1 closes, TD energizes, timing period starts,
TD1 is still open, L1 is still off.

After 10 s, TD1 closes, L1 is switched on.

S1 is opened, TD de-energizes, TD1 opens instantly,

L1 is switched off.

(a)

| 10s [

—————— 3]

Input 4, | e L
2 e

(D)

Output

On-delay timer circuit (NOTC contact). (a) Operation.

(b) Timing diagram.

Sequence of operation:
S1 open, TD de-energized, TD1 closed, L1 on.

S1 closes, TD energizes, timing period starts,
TD1 is still closed, L1 is still on.

After 10 s, TD1 opens, L1 is switched off.

S1 is opened, TD de-energizes, TD1 closes instantly,

L1 is switched on.

(a)

10s
O e —
Input 4, ‘ l‘
O]
Output o
Off
(b)

On-delay timer circuit (NCTO contact).
(@) Operation. (b) Timing diagram.

P. Oliveira
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Chap. 3 - PLCs Programming languages

Ladder diagram

Example:

L1 L2
S1

4»—0/
. TD1 S

7 AN

Sequence of operation:
S1 open, TD de-energized, TD1 open, L1 off.

S1 closes, TD energizes, TD1 closes instantly,
L1 is switched on.

S1 is opened, TD de-energizes, timing period starts,
TD1 is still closed, L1 is still on.

After 10 s, TD1 opens, L1 is switched off.

(a)

10s

Input —[
On |
Output ﬂ[ -I__

(b)

Off-delay timer circuit (NOTO contact). (@) Operation.
(b) Timing diagram.

TD1 Ny DI

Sequence of operation:
S1 open, TD de-energized, TD1 closed, L1 on.

S1 closes, TD energizes, TD1 opens instantly,
L1 is switched off.

S1 is opened, TD de-energizes, timing period starts,
TD1 is still open, L1 is still off.

After 10 s, TD1 closes, L1 is switched on.

(a)

‘ 10s
e e ]

ORS00 | Y O S

On
Output —l e r—

(b)

Off-delay timer circuit (NCTC contact). (a) Operation.
(b) Timing diagram.

P. Oliveira Page 29
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Ladder diagram

Temporized Relays
or

Timers

%TMi
—1 IN Q

MODE: TP
TB: 100msec

TM.P: 5
MODIF: Y

Mode: TP

Works as a monstable or as a pulse generator

(with pre-programmed period)

A

IN ﬂ
| | t
Q |
1 500ms ! ' i1 500ms !
TMi.P o |
TMi.V ' f ! ﬂ >

P. Oliveira
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Ladder diagram

Timer address
Timers implementation V-

in the Allen-Bradley PLC-5: } | \g%
|

PR: YYY

Contact determines TB: 0.1s
rung continuity AC: 000 \
Timer preset value Time
base

Time accumulated of timer
or current value
Two alternative representations.... (a)
- Goes ON and OFF at
Output line selected time base rate
of 1.0 or 0.1 second.
Accumulated value
in BCD form
Control line
/\ 17 16 15 14 13 12 11 10 07 06 05 04 03 02 01 00
5 e 0 5 O s o A
Preset time \ / L

Time base | Most } Middle | Least
Accumulated time | significant ! digit ! significant

i digit I i digit

| I |
Enabled bit. Timed Bit.
Reset line This bit is set to 1 This bitis setto 1 0r 0
when timer rung when the timer has
conditions are true. timed out; that is, AC = PR.
(b)
Fig. 7-8 | Fig.7-7 |
: ; ; 3 Coil-formatted timer instruction. (a) Generic instruction.
Block-formatted timer instruction. (b) Allen-Bradley PLC-2 timer accumulated value word.

API P. Oliveira Page 31
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Ladder diagram

Timers operation in the Allen-Bradley PLC-5

‘ Inpu_t Timer
it o

True
Ealse | —TON
Rung condition i T_lMER ON DELAY e
Timer T4:0 {EN}
Time base 1.0 (DN)
On delay Accumulated 0
Timed duration_>

True
False On m

ATHOE UL v T On-delay timer instruction.
Preset value = accumulated value

On-delay timer sequence.

API P. Oliveira Page 32
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Ladder diagram

Example of timer on-delay

—TON
TIMER ON DELAY
Timer T4:0 (EN)
Time base 1.0 (DN)
Preset 15
Accumulated 0

On-delay timer instruction.

Timer element

L1 Ladder Logic Program L2
Input A Input A — TON Output B
] ol TIMER ON DELAY
11 Timer Ta:0 ——<EN— G p
Time base 1.0
Output C
Preset 10 q
Accumulated (o} bN) 2Ty NS
T4:0 Output B
k| - Output D
1 s =
EN Y: —@
T4:0 Output C \ﬂ/
1 | ¢ >—
TF 7
T4:0 Output D
il
= DN o\

15 14 13 12 1110 9 8 7 6 5 4 3 2 1 0 Word

EN TT DN | Internal use 0
Preset value PRE 1
Accumulated value ACC 2

Addressable words

PRE = Preset value
ACC = Accumulated value

Addressable bits

EN = Bit 15 enable
TT = Bit 14 timer timing
DN = Bit 13 done

(¢) Timers are 3-word elements. Word 0 is the control word,
word 1 stores the preset value, and word 2 stores the
accumulated value (Allen-Bradley PLC-5 and SLC-500
format).

On-delay timer.

API

Input condition A
Timer-enable bit
Timer-timing bit

Timer-done bit

Timer accumulated
value

On-delay timer.

(a) Ladder diagram

Off

Lk

(b) Timing diagram

P. Oliveira
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Ladder diagram

Example of a timer on-delay that sets an output

L1 Start L2

Stop L

t—oloy5s =
R
e

Ladder logic program

1TD-2
(5s) Inputs Internal Output
Stop Start relay
(a) Relay ladder schematic diagram L1 Stop | | | / Lo
+—als | | | \ )
Start | (M} —e
o0 ot Internal N
‘ relay —>
L M
| DA
l Timer \ /
PR: 5
TB:1s Output line

(b) Ladder logic

On-delay timer with instantaneous output programming.
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Ladder diagram

Example of timer on-delay

L1 Start-up Reset L2
PB1 PB2
—— o—cb—Q_LQ CR1 g
CR1-1
Ladder logic program
1TD Inputs oo Output
O__“ e PB1 PB2 relay
L1 L2
il i | il ,
Horn . o ‘ ‘ f
) | [ Lﬂ Horn \
1 | | cri- e Internal *m—T
1TD-1 ——alo— <« relay ‘
(19:5) ! Timer ;
(a) Relay ladder schematic diagram ‘ /TON\
| S
PR: 10
Internal TB: 1s
Timer relay Horn
Bl o] -
4 | \

(b) Ladder logic

Starting-up warning signal circuit.
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Ladder diagram

Example of timer on-delay

Coil 1s energized if the switch remains closed for 12 seconds

Ladder logic program

it Output
L1 P SW —TON
TIMER ON DELAY
sy L2
SW [ Timer T4:0 \EN/
° 00 Time base 1.0 SOL
Preset 12— (DN
Accumulated 0 ) A, °
T4:0 SOL
' ()
DN

Solenoid valve timed closed.

API P. Oliveira Page 36
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Ladder diagram

Example of timer on-delay

 [f PB2 is activated, powers on the oil pumping motor.

* When the pressure augments, PS1 detects the increase and

activates the main motor.

* 15 segunds later the main
drive motor starts.

1
5 Stop Start Lube oil e
PB1 pp2  Pump motor oL
L
Main drive
M1-1
motor oL

(Lube oil
pressure switch)

TD-1
(15 5)

e @

Feed
motor

(a) Relay ladder schematic diagram

Ladder logic program

|| LM‘ ‘

PB2 M1
| |
5l

N
N

I

Automatic sequential control system.

M2
X
Lo
— T TON |
TIMER ON DELAY ——(EN)——
Timer T4:0 |
Time base 1.0 DN
Preset 15 (ON)
Accumulated 0
M3
T
N

(b) Ladder logic

P. Oliveira

Outputs
L2
oL
e | vz
(M1 —— F—
S el
OL
S |74
—{( M2) e
N A
oL
77N Vv
{ M3 } /f ——,
N2 |
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Ladder diagram

Example of timer programmed as off-delay

Ladder logic program

Input Output
L1 001 Q201
| (TOP)
St _ ] PR: 15 7
® 1 001 } — TB:1s =y }

")
N /

g

(a) Programmed circuit

i True
Input condition —————
S False
Timed period
Off delay
timed duration
Timed [ ANLE S — & )
output 009 False

Preset value = accumulated value 41

(b) Timing diagram

Off-delay programmed timer.

P. Oliveira

\ 009 >——PL)
901 009 ki
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Ladder diagram

Example of timer programmed as off-delay

Ladder logic program

eh Outputs :
) [ Y - —TOF — —n— L
SW i E TIMER OFF DELAY EN>_‘_‘ -
‘o r Timer T4:1 | |
Time base 1.0 | /DN\" | AA ) .
Preset 5 \
| Accumulated OJ I ( ol
2 |
—TOF N M2 {<——=
—{ TIMER OFF DELAY —‘l——{EN/}%
Timer T4:2 Ol
Time base 1.0 N\ |
DN { m2 ) {
Preset 10 ( ) ’ (M3 ) ‘l , e
Accumulated 0
TOF = )
= TIMER OFF DELAY —En)—
Timer T4:3
Time base 1.0 /DN
Preset 15 \o
Accumulated 0
T4:1 M1
3 E < \)7
DN
T4:2 M2
] | ~ i
] C (
DN
T4:3 M3
,] B N
DN

Off-delay timer instructions programmed
to switch motors off at 5-s intervals.

P. Oliveira
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Ladder diagram

Example of timer programmed as off-delay

L1 L2
LS1
0—%\(% TD1 v ;
TD1-1 oL
' 5 @ |
/1
TD1-2 oL
/]
// TD1-3 \CG 4
;
/ / &
TD1-4 \CR 4
3
gt \

(a) Relay schematic diagram

Programming a pneumatic off-delay timer circuit.

L1

Input

LS

M

\J

Programming a pneumatic off-delay timer circuit.

Internal
LS1 relay Outputs
Friy gploreia
\ / N /,/
{aa oL
TOF
PR: 5 \_ ./ /
i . — M2 } °
Timer TB:1s M1 Yoin?,
i ~ _
Timer M2 ) *
i #
Internal 3 —— .
nterna \
relay G b
£k
Int | \\ 4
nterna
R
relay
N\
,/ —
X, i

(b) Ladder logic

P. Oliveira
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Ladder diagram

Example of timers programmed as off-delay and on-delay

PS1 PS2 PS3
‘ Tank \ (*I,“ Ao Q‘I“O ‘ ‘ Tank ‘
| A | o o o | B

= R el —1 (
g B, | —>C Pump J—>| \ 1
=4 . L S omp =] 1 =

(a) Process

Ladder logic program

Stop Start T4:5 PS1

Inputs | DN ‘

e lo———r— Pump —TON —
tar ] - { TIMER ON DELAY I (EN)—

83 S | Timer T4:6
g Time base 1.0z

( Preset 5

Accumulated )

PUMP DELAY ‘

Pump time

TIMER OFF DELAY —(END—
Timer T4:5

Time base 1.0

B 1_] Preset 14
(0]

PSs3 Accumulated

l T4:6 PS2 TOF

(b) Ladder logic

API P. Oliveira
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Ladder diagram

Timers

Example:

00101

TOO0

TO00 0001

D000

OR00

OR00

P. Oliveira
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Ladder diagram

Retentive Timers

When reset switch is closed,
timed bit is reset. Accumulated
value is reset and held at zero
until reset switch is opened.

1
Ti I - _'_,
rue L
7 I
Input switch 113-06 False —:/ 7/ A—f_
| |
|
Enable bit 052-17 Oon | ,
Off A
[ AC=PR——————» |
Presetivalie = —s= =iz =u=i= (=i i e > 8 Y7
[
AC value retained when rung {
condition goes false : /
I /
Accumulated value 4 %’,—
| [
On | J
|
Timed bit 052-15 oft I /]4'—
Oni .l |
I
Output lamp 011-04 Off : /AI—
| |
o %
Reset switch 113-07 Off } 1
| I
OIETIZ2:88] 4 15660 7.781:9/110:511: 12
Time in seconds
(b) Timing chart

Retentive on-delay timer program and timing chart.

Enable
bit is
reset
when
input
switch is
opened.
Electromechanical retentive timer.
Ladder logic program
L1 Inputs
|PB1 [~ ‘ 113 052
G o—1{11306— | | &T0)
Time I Ni7
06 PR: 009
| PB2 1818
—0 O—11307—
Reset 052 010
| ] (Y
I U/
15 04
(Timed bit)
113 052
| | e
1 W
07

(a) Programmed logic

P. Oliveira

Cam-operated
contact

Motor-driven

cam

Output
\ N L
0100>—( —s

N |

/ X

Same
address
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Ladder diagram

Example of retentive timers

Ladder logic program
L1 Inputs s Output Le
Press itch
l urisw'c . 001 901
- | | /RTO>— Horn
| | \ <
PR: 60 ~= 7}—#
N/ Reset TB: 1s 3
—0O O 1002 | 901 009
Key switch -
S1 X
002 901
(mre)
RTR
T L

Retentive on-delay alarm program.
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Ladder diagram

Timers

Example:
(search on the Schneider PLC or discuss implementation)

TOO0 0001

0001 5 o
TOO0 500 =

API P. Oliveira Page 45
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Ladder diagram

Exemplo:

* SW ON to start operation

» Before motor starts,
lubrificate 10 s with oil.

* SW OFF to stop.
(lubrificate 15 s more).

* After 3 hours of pump
operation, stop motor and
signal with pilot light.

* Reset available after
servicing.

Inputs

Bearing lubrication program.

SW T4:2 — TON—
% 2 AT TIMER ON DELAY
3 /¢ Timer Ta:0 [EN
DN Time base 1.0
Preset 10 —(DN}
Accumulated 10
— TOF
TIMER OFF DELAY HEN)
Timer T4:1
Time base 1.0
Preset 15 ~©ON)
Accumulated 0
T4:1 PUMP
=N oo
DN
T4:.0 Motor
[==aiE oy
DN
Reset T4:2
==3*E (RES)—
Pump e = e ey
Z ETENTIVE TIMER ON
. E Timer T4:2 _<EN>——
Time base 1.0
Preset 10800 —(DN)
Accumulated 86
T4:2 PL
E =]
DN

Outputs

L2
Pump oL
o N J V
M1 |- // I L
N N
Motor oL ‘
7N | V
——{\M2 —1
— Z1

N\ /
AT |
(PL)

R
/ N

P. Oliveira
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Ladder diagram

Cascaded Timers

Inputs
8 PBl | —
0—'&L*C%*
PB2
° > O———
l
L1 Stop Start oL L2
PB1 PB2
b aliel o - 5

L

g

' 001

(20 s)

TD2-1

® ® ®

|
@i

O
=

o
=

(20 s)

(a) Relay schematic diagram

T

002 }- ;

Sequential time-delayed motor-starting circuit.

| | oo 002 7\ 009
|| \
009
009 i
TON
PR: 20 \.
B s
901 /7 Y\ 010
N
901 902
(ToN
PR: 20 \.
TB:1s
902 /Y ot
e
(b) Ladder logic
P. Oliveira

R / l
009 >—{ M1 }— }—4
~— A 1
\ p— g
n// \\-.
/010 { M2 } ;/»—o
901 | \ ]

Outputs
oL L2

OL

/—~ MS J/»—O

Page 47



IST/DEEC /ACSDC Chap. 3 - PLCs Programming languages

Ladder diagram

Cascaded Timers (bistable system)

Outputs
Inputs

L1 Ladder logic program L2
| s
® o o—— T4:6 — TON Ne
| BN 1/ TIMER ON DELAY
— 1 C -
Timer T4:5
° i Q_ O— B Time base 1.0
~ Preset 1 3
e Accumulated 0 R
| LS1 ~ { R} ?
b "i’;—i’ T4:5 —TON 2 N <
1 E TIMER ON DELAY HEN= 1
DN Timer T4:6 Y
Time base 1.0 (Y )—o9
DN
Preset 1_< ) s
Accumulated 0 / N
TSH T4:5 G
: O < >
DN
PS1 T4:5 R
1 E ] E e
DN LV
LSt T4:5 / \Y
i i st
DN

Annunciator flasher program.
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Ladder diagram

Timers for very long time intervals

! L1 Input Output L2
o 001 GON 901 \ /
A—/--’_ ! -.ﬂ.
Ps o~ o——— 001 }— PR: 999 009 {/ 3
- - TB: 15 N~
/ N\
001 901 902
{ % GON
PR: 201
TB: 1s
902 % 009
.

Cascading of timers for longer time delays.

API P. Oliveira Page 49



IST/DEEC /ACSDC

Chap. 3 - PLCs Programming languages

Ladder diagram

Example of a semaphore

Fig. 7-27

T4:2 — TON
Outputs
1/E pMEH ON DELAY LEN) p Lo
DN imer T4:0 . 7
Time base 1.0 Traffic lights
Preset 30 —=DN) P
Accumulated 0 \
{ Red ——¢
T4:.0 —TON s
1 E TIMER ON DELAY =2
2 ISN Timer T4:1 ~EN— // \\ |
Time base 1.0 { Amber | °
Preset 25 DN) Ny 27 |
Accumulated 0 DE. J
o N ||l Red 30 s on
| Green —1—#
T4:1 —TON X Green 25son
b TIMER ON DELAY —(EN — !
B) 5 . :
DN Timer T4:2 Amber 5 s on
Time base 1.0
Preset 5 DN)
Accumulated 0
T4:0 T4:0 Red
IR E 1/ )
EN DN
T4:1 T4:1 Green
A 1/ Sy
EN DN
T4:2 T4:2 Amber
s | L 1/r 74 N\
4 K 3/ C \ /
EN DN

Control of traffic lights in one direction.
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Example of a semaphore in both directions

Red
Green
Amber

30 s on
25 s on
5son

Red = north/south

Green = north/south Amber = north/south

Green = east/west

Amber = east/west

Red = east/west

A

Control of traffic lights in two directions.

25s > < 5§

25s

(b) Timing chart

»€<—— 535 —»

P. Oliveira
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T4:2 TON Outputs
T
1/E 1—:nl\:§rﬂ o DELAY Ta:0 —(EN>— North/south L1
DN Time base 1.0 traffic lights
Preset o DN b= |
Accumulated o 7y
{ Red |} e
T4:0 —TON Al by
3 IE TIMER ON DELAY | E—.
S ISN Timer T4:1 —CEN>— | / \
Time base 1.0 —\ Amber —r—=
Preset 25 (DN) S A
Accumulated o /j ii,_\
Example ig [ TimLr ON DELAY 0 i
i | E \’7’</
p : ISN Timer T4:2 —(EN |
Time base 1.0
Preset 5 DN
Accumulated o ;
East/west
traffic light
Of a Y46 — TON __ traffic lights
3 TIMER ON DELAY | _—
SR Timer Ta:3 [CEND—] :
Time base 1.0 { Red /r °
Preset 25 (DN ST
Accumulated o} ==y
T4- : ( Amber }——e
semaphore red )
— 3 E——3/E S
EN DN North/south PN
Green } —e
T4:1 T4:1 Green \ i
. 2V piE 1/E Ci > =
in both En on Nortvsoutn , :
T4:2 T4:2 Amber
=5 E = | / | =
- | C 3 | C ~
EN DN North/south
directi
lrec lons T4:3 T4:3 Green
= - 3/ E C
EN DN East/west
T4:3 T4:0 Amber
= I 1 /F S
3 C 3 | N
DN DN East/west
T4:0 Red
3 E )
DN East/west

(a) Ladder logic

Control of traffic lights in two directions.
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Ladder diagram

Counters

Some applications...

42 Series
rotopulser

ltem Reflector

counting

Length totalizer Footage windup control

, N
‘ 000000 ‘ 000000 Slow down «— ——|[F5a000
= Stop «— ¢ L}
MAX jr count MAX jr count MAX jr count

Counter applications. (Courtesy of Dynapar Corporation, Gurnee, lllinois.)
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Ladder diagram cp;p4cteristics:
Counters Identifier:%Ci 0..31 in the TSX37
Value progr.: %C1.P  0...9999 (def.)
Value Actual: %Ci.V  0...Ci.P (only to be read)
%Ci1
IR E l— Modifiable: Y/N can be modified from
g the console
CP: 9999 . .
MODIF: ¥ D Inputs: R Reset Ci.V=0
S Preset C1.V=C1.P
— CU
F L Cu Count Up
—CD
CD Count Down
Outputs: E Overrun %Ci.E=1 %Ci.V=0->9999
D Done %Ci.D=1 %Ci.V=Ci.P
F Full %Ci.F=1 %Ci.V=9999->0
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Ladder diagram

Type of
counter Counter address

Implementation of Counters &
in the PLC-S of Allen-Bradley: | | %
U
J

PR: YYY ‘
T AC: 000
Increments '

counter by 1
Y Accumulated

for each Preset counter
Internal Structure o SRR Kl counter value
transition

Up-counter enable bit

(a) Generic instruction
Setto 1

when AC = PR

Accumulated value Overflow/underflow bit set to 1 .
in BCD form ——— when CTU overflows 999 Representatl()n
. R i > or CTD underflows 000
17 16 15 14 13 12 11 10 07 06 05 04 03 02 01 00
J ‘ A ] } } [ 1 \ l ' Down-counter enable bit
R 7l = T T

‘ Most f Middle : Least

| significant | digit significant

; digit : ! digit
i

(b) Allen-Bradley PLC-2 timer accumulated value word
(bit addressing is in octal)

Coil-formatted counter instruction.
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Ladder diagram

Implementation of Counters
in the PLC-5 of Allen-Bradley:

Alternative representations

I o
N oA . :
T PR: YYY . Same | COUnt line Preset value OUtpUt line
Count AC: 000 address |
rung Type of ( )
counter
—‘ I' @T@— | Reset line Accumulated
T value

T Reset

Resets  rung
counter
when

closed
Fig. 8-6

Block-formatted counter instruction.
Fig. 8-5
Coil-formatted counter and reset instructions.
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Accumulated

Ladder dlagram Ladder logic program
Inputs Outputs
U L1 001 901 L2
'p-counters Rung 1 —] ——@TU—
| PB1 PR: 007 e ‘
—0 O 001 /\B/I\ 1
901 009 |
Rung 2 (| (eqpes)
PB2 Crn i N
O O— 002 %@i\—o
901 010
117 SN e[S SN Rung 3 H/ G i
Rung 1 : 7
(count) Fallse | ! —%
Bles // 002 901
I o " Rung4 — ——CTR)
I:y 1 | E el
Rung 3 : %// i | %
J:.._ E E i : (a) Program
Rung 4 i i i i
(reset) . i i i - . .
| ot i Implementation of an incremental
Preset | i 6 7| i A Up—COunter
value (007) : :

value

Simple up-counter program.

API

s

Corresponding temporal diagram

it 7 and

Timing diagram
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Ladder diagram

Example:

Counting parts

Parts conveyor line

i

e

Proximity switch

Part
Inputs PROX-SW ot %

PROX-SW ] [ COUNT-UP COUNTER “<CU>
. Counter Cs5:1 (
5 ~o=> Preset 10 oY)

= Accumulated 0
Reset PB —&TU
= COUNT-UP COUNTER ~ ——(CU)—
S P
Counter C5:2 (DN)
Preset 32767
Accumulated 0 Glosoibox
C5:1 B3
B G
L s
DN 1
C5:1
Packages <RES>
B3
1 r —CTU
il COUNT-UP COUNTER {(cu)
1 Counter C5:3 (
Preset 300 DN)
Accumulated 0
Reset PB c5:2
57 | 1 SN
0| (RES)
/05:3\
\RES/

Parts counting program.

P. Oliveira
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Ladder diagram

ﬁmity
switch

Case —>»

Output

L2
oL |
4/v'AV\“ |
— 009 ) '\Ml}_ﬂ/ﬁ
\//

Inputs 001 002 009
| l /AR
Stop ] ! Rl
el iy
Start
‘ 901 009
| B EQ‘\ 003 901
ot e e G
= (1)
Proximity Internal PR: 50
switch relay 901
—0<I0— 003 [ (cTR)
& D 003 1 {CTR}
Reset
004
L) \ [i i
—0  O— 004 11
‘ | Internal
901 relay
| | (Y
I ool
(b) Program

Conveyor motor program.

API

O
O

Conveyor motor
Start/stop station

(a) Process flow diagram

P. Oliveira

®)

Count reset
button
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Ladder diagram
Up/down-counters
L1 Inputs Ladder logic program
| PB1
‘ o L Output L2
T b e PB1
‘ I l F o : |
e | Count up : *
e uDpcC Light
¢ —0 O0—m PB2 —_—{ }_—4 Light
PB3 l PR: 003
| | Count down
== O AC: 000
| PB3
l
! Reset
Generic up/down-counter program.
P. Oliveira Page 60
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Ladder diagram

Up/down-counters

I

|

On :

Count up ’ | | | l ' | |
Off ,

I

R ¢

151 220 3: 14
Count down
I
Counter 4 5 G900 3 :
accumulated ! 2 3 2
value or f 1
count 0 | Preset value : oy 0
|
| | |
On :
Output |
Off | |
| |
On : |
Reset | | |
| {
I 1

(b) Timing diagram

Generic up/down-counter program.
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Ladder diagram

Up/down-counters
LT s Ladder logic program
Example: Sy
p switch Enter
Ox 0— switch
. o | i
Finite Exit | | Ay
| switch Exit ig (1)88
i r=rsodar switch '
parking ¥ Y
| | Nxa?)
[ b PR: 150
B AC: 000
garage Reset a01
| | LN
| RS
Light
Reset
| | (etr).20!
| | —CTR}
Parking garage counter.
API P. Oliveira

Output

N

7§ N
Lot Full

/
N
{ —
A

Light
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Ladder diagram

Cascaded Counters

Inputs
Example: L1 Count = £ %.901]
button [ CTuy——  Sulput
PB1 PR: 8000 N
—O O0— I 5 }
PB1 901 / N %
| | | (CTU) 902| Light
_| PB2 | | 7 i
« PR: 8000
Roset 901 902
button ¥ ’.
ps=sy
Light
PB2
V& N 901
]
PB2
| i L 902
| ‘.‘\CT R/
Counting beyond the maximum count.
P. Oliveira Page 63
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Ladder diagram

Cascaded Counters

Example:

24 hours clock

Rung 1

Rung 2

Rung 3

Rung 4

Rung 5

Rung 6

A 24-h clock program.

901

\5'/
3

oo
40

o
(7))

©
o
n

902

Ty 33
g \&/

©
o
w

901

/(;)\\
RS

o
pY

0

o

—

902

QO
o
N

903

= 2
NA | S

o
o
W

Vs 9\
2/

P. Oliveira
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Ladder diagram

Cascaded Counters

Example:

Memory time of event

Pressure Reset Internal
t
L1 Inpyte switch button relay Cutpute i
2
“ |
Pressure J Set
| swith teral || | b
¢ »Iv relay Internal SET 9\-/, A 4
‘ { relay / N\ / N
| \ o Ot %
ic Internal 7N
Reset fT|aV TRIP /\—/'\
¢~ N
button % ( > Trip
Internal
relay
901
| - (RTOF—
PR: 600
901 TB:0.1s
— { | (oo
PR: 60
902
| — (i)™
PR: 24
901
| | G )901
| | {RTR
902
| | / 902 |
] \CTR)—‘
903
[ £ 903
| {CTR)
Program for monitoring the time of an event.
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Ladder diagram

Incremental Encoder

// WOOd
//_-__—14‘
Cutter

g /wé control

encoder

Programmable
Pulses controller

[P 3-20

Cutting objects to a specified size.

API

Incremental disk

Electronics board

Mas

¢ Code disk

Bearing housing assembly

Output waveform
4 % % % E; Code track on disk

Incremental encoder. (Courtesy of BEI Motion Systems Company.)

P. Oliveira
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Ladder diagram

Photoelectric
Incremental Encoder gu@; o

@) Conveyor Reflector O

(a) Process

Example:

counter as a ’lenght sensor”

Inputs Magnetic Photo 10 counts per foot
L1 sensor sensor cTU ‘
| Magnetic 1 B j/%{coum UPCOUNTER  —(CU)
sensor Counter C5:1
DNI
AN Preset 0
® O > Accumulated 0
Photo
sensor ?esel_t /05:1\
2y 4E (RES}—

(b) Program

Counter used for length measurement.
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Ladder diagram

Example with counters and timers (conts.):

Complete stack

Specs:

Metal plates
* Starts M1 conveyor

upon pushing button . = M1 i
onveyor
 After 15 plates stops M1

and starts conveyor M2 .

N

Sensor
Light miopon
» M2 operates for 5 seconds and source

then stops.

Conveyor
 Restart sequence. :

(a) Process

API P. Oliveira Page 68



API

IST/DEEC /ACSDC

Chap. 3 - PLCs Programming languages

Ladder diagram

Example with counters and timers (conts.):

Inputs
L1

Stop

Specs:

A

Start

—0 ©
Photo
sensor

* Starts M1 conveyor
upon pushing button .

 After 15 plates stops M1
and starts conveyor M2 .

* M2 operates for 5 seconds and
then stops.

 Restart sequence.

M2 run time Outputs
M2 —RT0——————— < L2
] E RETENTIVE TIMER ON (EN/
Timer T4:1 —
o e \
Time base 1.0 DN) TR =
Preset 5
Accumulated 0
7N |
Stop Start M2 M1 —«\Mz/; ®
v
1 E == ¢ —
P M1 M2
S T E 1/E
B> d E _J/L
T4:1
i E
S E
DN Number of plates
Sensor —CTU B em 2 s e
{ F COUNT-UP COUNTER  ——(CU)——
Counter C5:1 (
Preset 15 DN)
Accumulated 0
C5:1 M2
il )
S I
DN
T4:1 C5:1
It
1 F (RES)—
DN
Stop
T4:1 T4:1
/.
J F (RES)—
DN
Stop
) el
_I/L
(b) Program

Automatic stacking program.
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Ladder diagram

Example with counters and timers (conts.):

Specs:

* Starts M1 conveyor
upon pushing button .

 After 15 plates stops M1
and starts conveyor M2 .

* M2 operates for 5 seconds and
then stops.

 Restart sequence.

L1 Inputs
Off On
¥

Start
switch

Sensor

Product flow rate program.

1 min timer
| f TMERONDELAY  (—(EN—
Timer T4:A
Time base 1.0 —<DN>
Preset 60
Accumulated 0
Tota
parts
StartSW T41  Sensor
CTU A
{ F/F - couruecounter U
" DN Counter C5:1 \
Preset 0 __<bhy
Accumulated 0
1 /C I
I =
P. Oliveira Page 70
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Ladder diagram

Example with counters and timers (conts.):

To use a timer to command a counter, to implement large periods of time.

Timer
Input [ input T4:0 —TON—— - o Output
L1 e —— | | -/ \- -1 T]MEB ON DELAY ‘ —‘_:EN:*- L2
| ‘ DN [ Timer T40 | N
S1 Time base 1.0
= o— Preset 10000 ’ ﬁ;\’ }—
Timer I Accumulated 0 S
input [ EES B T Ligf
L) CTU— - ; |
—_—t ' ————————lt GOUINTUP.COLINTER = (G-
g Counter C5:0 N
DN {DN
' Preset 100 | \2h2 ‘
Accumulated 0
— — — |
Timer
input C5:0
i =T
|
‘ C5:0 Light ‘
_ |/ 5 e _ = beal oy mes B s s
1 DN

Fig. 8-31

Timer driving a counter to produce an extremely long time-delay period.
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Ladder diagram

Counters

Example:

G O
000

Q001 NIN]NLS

000 OR00

P. Oliveira
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Ladder diagram

Numerical Processing

Algebraic and Logic Functions

%MW50>10

%Q2.2

%I11.0

(1

%MW10:=%KWO0:=%KWO0+10

%I1.2

INC%MW100

P. Oliveira
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Ladder diagram

Numerical Processing

Arithmetic Functions

+ addition of two operands

SQRT |square root of an operand

- subtraction of two operands

INC incrementation of an operand

* multiplication of two operands

DEC decrementation of an operand

/ division of two operands

ABS absolute value of an operand

REM | remainder from the division of 2 operands

Operands

Type

Operand 1 (Op1)

Operand 2 (Op2)

Indexable words

YoMW

YoMW, %KW, %XIi. T

Non-indexable

%QW, %SW,%NW, %BLK

Imm.Val.,%IW.%QW,%SW,%NW,

double words

words %BLK, Num.expr.

Indexable double %MD %MD, %KD

words

Non-indexable %QD.%SD Imm.Val.,%ID,%QD.%SD, Numeric

expr.

P. Oliveira
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Ladder diagram

Numerical Processing

Example:

Arithmetic functions

%MO0
_| I_ %MWO0:=%MW10+100

%I3.2
— %MWO0:=SQRT(%MW10)

%I13.3
P INC %MW100

%MO0

%S18

%MWO0:=%MW1+%MW2

%S18

%MW10:=%MWO0

%MW10:=32767

%S18

R

Use of a system variable:

%S 18 — flag de overflow
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Ladder diagram

Numerical Processing

Logic Functions

AND AND (bit by bit) between two operands

OR logical OR (bit by bit) between two operands
XOR exclusive OR (bit by bit) between two operands
NOT logical complement (bit by bit) of an operand

Comparison instructions are used to compare two operands.

¢ > tests whether operand 1 is greater than operand 2,

e >= tests whether operand 1 is greater than or equal to operand 2,
¢ <:tests whether operand 1 is less than operand 2,

e <= tests whether operand 1 is less than or equal to operand 2,

e = tests whether operand 1 is different from operand 2.

Operands

Type

Operands 1 and 2 (Op1 and Op2)

Indexable words

%MW, %KW, %Xi.T

Non-indexable words

Imm.val.,%IW,%QW, %SW,%NW.%BLK, Numeric Expr.

Indexable double words

%MD, %KD

Non-indexable double words

Imm.val.,%ID,%QD,%SD . Numeric expr.

API
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Ladder diagram

Numerical Processing

Example:

Logic functions

%Q2.3

%MW10>100

{
A

%MO

—— %MW20<%KW35 —( }—

_|

%Q2.2

%I1.2

_|

%Q2.4
{

%MW30>=%MW40

T

P. Oliveira
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Ladder diagram

Numerical Processing

Priorities on the execution of the operations

Rank

Instruction

Instruction to an operand

*J.REM

+'_

< > <= >=

= <>

AND

XOR

XN DB W=

OR

P. Oliveira
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Ladder diagram %M8 SR10
H| -
Structures for Control of Flux
Subroutines %N:8
_| | <RETURN>—|
Call and Return
Subroutine Module Subroutine Module
SR10 SR12
Call SR10
|
I
I
I
| \
I
Call SR10

P. Oliveira
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Ladder diagram

Structures for Control of Flux

JUMP instructions:

Conditional and unconditional

Jump instructions are used to go to a programming line with an %Li label address:

¢ JMP: unconditional program jump

& JMPC: program jump if the instruction’s Boolean result from the previous test is
set at 1

& JMPCN: program jump if the instruction’s Boolean result from the previous testis
set at 0. %Li is the label of the line to which the jump has been made (address i
from 1 to 999 with maximum 256 labels)
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Ladder diagram
Structures for Control of Flux
Ladder
Example: %M8 o110
_| >>—]
Use of jump instructions
%I1.0 %Q2.5
H1 {
Attention to:
= ==
* INFINITE LOOPS ... %L10
%M20 %M5
I {
* It is not a good style of | \ -
programming!... %I11.0 %I11.2 %Q2.1
H Pt ——
* Does not improove the legibility

of the proposed solution.
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Ladder diagram

Structures for Control of Flux

%M10
I <HALT>—{

Stops all processes!

Halt

Events masking
%MO0
| MASKEVT() |-

%M8
— | UNMASKEVT() }—

P. Oliveira
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Ladder diagram

There are other advanced instrauctions (see manuel)

* Monostable

* Registers of 256 words (LIFO ou FIFO)
* DRUMs

* Comparators

 Shift-registers

* Functions to manipulate floats

* Functions to convert bases and types .
API P. Oliveira Page 83
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Ladder diagram
Numerical Tables
Type Format Maximum Size Write
address access
Internal words Simple length YoMWi:L i+L<=Nmax (1) Yes
Double length %MWDi:L i+L<=Nmax-1 (1) |Yes
Floating point YoMFi:L i+L<=Nmax-1 (1) |Yes
Constant words Single length YoKWi:L i+L<=Nmax (1) No
Double length YoKWDi:L i+L<=Nmax-1 (1) |No
Floating point %KFi:L i+L<=Nmax-1 (1) |No
System word Single length %SW50:4 (2) - Yes
%MO0
_| |_ %MWO0:10:=%MW20:10+100|—
%I13.2
—| I— %MW50:5:=%KDO0:5+%MDO0:5|—
%I13.3
—|P|—%MWO:10:=%KWO:10*%MW20—
P. Oliveira
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Ladder diagram

Each PLC has limitations in terms of connections

Example:

HHH
HHH

et HH FR R P R A
Wil

ik
HHIH

HH
HH

HH
H

==

1H

1

I

HH

1H

4

HH

HH

0

i

HH

HH

HH

I

HH

<«— — Maximum 10 contacts ——————»

—— H bt e e L
HH A

HH
HH

HH

I

i
HH

HH
HH

I

HH

Typical PLC matrix limitation diagram. The exact limitations are dependent on the particular
type of PLC used. Programming more than the allowable series elements, parallel branches,
or outputs will result in an error message being displayed.

P. Oliveira
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Ladder diagram

It is important to learn the potentialities and ...
the limitations of the developing tools,
i.e. “TO STUDY the manuals is a MUST.”

®{PL7 PRO : <Untitled> - [LD: MAST - SectionGR7 - Prl] E (ol x|
[ File Edt Utites View Tools PLC Debug Options Window ? =181

a|s|@|2| ole x| BlaB %l 2m ]| Bls|m 2

%I1.0 %I2.1 Y%h10 Y%M32
| | || N
— | | | V] )
Yahi21
A
%M10 %32 %M22 %02.1
| || ||
P
—7| | | Ay

Jec e ) e st e e e e e A I S R |

M2 DFFLINE| [U:5Ys [GR7 0K [MODIF. oV Y
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Ladder diagram

Learn how to develop and debug programs (and how to do the fine tunning).

I TSXDMZ64DTK [OUTPUTS . POSITION 02]

| Debugging [w] [ Outputs [+]
2| Designation: 32E 24VCC+32S 0.1A CONN
[ Reactivation Global unforcing @ | DIAG...
Channe Symbol State Error Fallback Function ) ds

0 ERR STOP ALARM .

1 0 ERR - Forcing

g IE(1) Egg F4 | Forceto0

4 ) sls

0 0 ERR F5 | Forceto1
3 6 0 ERR
- 7 0 ERR

F6 | Unforce
3 e
0 _ .

10 o EEE Write

1 0

% 0 ERR F7 Set

13 0 ERR

14 0 ERR F8 Reset
4 U 15 0 ERR
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Ladder diagram

System information: system bits

Bit Function Description Initial | TSX37 | TSX57
state
%S0 Cold start Normally on 0, this bit is set on 1 by: 0 YES YES
® loss of data on power restart (battery fault),
® the user program,
® the terminal,
® cartridge uploading,
® pressing on the RESET button.
This bit goes to 1 during the first complete cycle. Itis reset
to 0 before the following cycle.
(Operation)
%S1 Warm restart | Normally on 0, this bit is set on 1 by: 0 YES YES
® power restart with data save,
® the user program,
® the terminal.
Itis resetto 0 by the system at the end of the first complete
cycle and before output is updated.
(Operation)
%S4 Time hase An internal timer regulates the change in status of this bit. - YES YES
10ms It is asynchronous in relation to the PLC cycle.
Graph :
|sms | 5ms
%S5 Time base 100 | ldem %S4 - YES YES
ms
%S6 Time base 1s |ldem %S4 - YES YES
%S7 Time base 1 Idem %S4 - YES YES
mn

P. Oliveira
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Ladder diagram

Informacao de Sistema: words de sistema

Words

Function

Description

Management

%SWO0

Master task
scanning period

The user program or the terminal modify the duration of the
master task defined in configuration. The duration is
expressed in ms (1.255 ms) %SW0=0 in cyclic operation.
On a cold restart: it takes on the value defined by the
configuration.

User

%SW1

Fast task scanning
period

The user program or the terminal modify the duration of the
fast task as defined in configuration.

The duration is expressed inms (1.255 ms)

On a cold restart: it takes on the value defined by the
configuration.

User

%SW8

Acquisition of task
input monitoring

Normally on 0, this bit can be set on 1 or 0 by the program or

the terminal.

It inhibits the input acquisition phase of each task.

® %SW8:X0 =1 assigned to MAST task: outputs linked to
this task are no longer guided.

® %SW8:X1=1assigned to FAST task: outputs linked to this
task are no longer guided.

User

%SW9

Monitoring of task
output update

Normally on 0, this bit can be set on 1 or 0 by the program or

the terminal.

Inhibits the output updating phase of each task.

® %SW9:X0 =1 assigned to MAST task: outputs linked to
this task are no longer guided.

® %SW9:X1 =1 assigned to FAST task: outputs linked to this
task are no longer guided.

User

%SW10

First cycle after cold
start

If the bit for the current task is on 0, this indicates that the first
cycle is being carried out after a cold start.

® %SW10:X0: is assigned to the MAST Master task

® %SW10:X1: is assigned to the FAST fast task

System

%SW11

Watchdog duration

Reads the duration of the watchdog as set in configuration. It
is expressed in ms (10...500 ms).

System

P. Oliveira

See manual
for the remaining
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Ladder diagram

Software Organization

MAST — Master Task Program

Composed by sections

Execution
Cyclically
or

Periodically

API

Sas (LD)

Ovenl (GRAFCET)

PRL (LD)
Chart

POST (IL)

Drying (LD)

SRO

Cleaning (IL)

P. Oliveira
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Ladder diagram

Software Organization

FAST — Fast Task Program
Priority greater than MAST

* Executed Periodically (1-255ms)

* Verified by aWatchdog, impacts on %S11
* %S31 Enables or disables a FAST

* %S33 gives the execution time for FAST

API P. Oliveira Page 91
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Ladder diagram

Software Organization

Event Processes — Processes that can react to external changes
(16 in the Micro 3722 EV0 a EV1)5)

Priority greater than MAST and FAST!

Event Generators

* Inputs 0 to 3 in module 1, given transictions
* Counters

* Upon telegrams reception

* %S38 Enables or disables event processes

(also with MASKEVT() or UNMASKEVT())
API P. Oliveira Page 92
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Syllabus:

Chap. 2 — Introduction to PLCs [2 weeks]

Chap. 3 — PLCs Programming Languages [2 weeks]
Standard languages (IEC-1131-3):

Ladder Diagram; Instruction List, and Structured Text.
Software development resources.

Chap. 4 - GRAFCET (Sequential Function Chart) |1 week]
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PLCs Programming Languages
(IEC 1131-3)

Ladder Diagram

N 7N 7Y
N S

Structured Text

If %I1.0 THEN
%Q2.1 := TRUE
ELSE
%Q2.2 := FALSE
END IF

Instruction List

LD %M 12
AND  %I1.0
ANDN  %I1.1
OR %M10
ST %Q2.0

Sequential Function Chart

B (GRAFCET)

Right

@—— b
3

Load

G—T—p

4 Left

@—— a

P. Oliveira Page 3
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Linguagens de programacao de PLCs
(IEC 1131-3)

Ladder Diagram Structured Text
() If %I1.0 THEN
) %Q2.1 := TRUE
S ELSE
() %Q2.2 := FALSE
END_IF
Instruction List Sequential Function Chart
i (GRAFCET)
LD %M 12 . -
AND  %I1.0 T,
ANDN  %ll.1 I
OR %M10 ST,
ST %Q20 4 Esquerda
2)—— a

API P. Oliveira Page 4
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Structured Text

in
table of 32 words,
($MW10), 1its rank
is done if %MO is
an element which

set to 0*)

$MO THEN
FOR

IF

IF

ELSE

END FOR;
ELSE

END_ IF;

(* Searching for the first element that is not zero

EMWO 9 :

M

END

%M1 :=FALSE;

determining its wvalue
(3MW11l) . This search

gset to 1, %M1 is set to 1 if
is not zero exists unless it is

=0 TO 21 DO

W100 [$MWS99] <=0 THEN
FMW10:=%MW100 [$MW99] ;
SMW11l:=%MW99;

$M1:=TRUE;
EXIT; (*Exit the loop*)

$M1:=FALSE;
IF;

API
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Structured Text

A section of the program is composed by sequences

One sequence 1s equivalent to a section 1n ladder diagram
(one or more rangs).

1 ' $L20: (*Awalting drying*) 2
SET $MO;
TMW4 :=5MW2 + FMW9; 3

(*calculating pressure¥)
$MF12:=SQRT (%MF14) ;

Legend:
1 — label - unique identifier (%L1, 1=0...999)
2 — comments - augments legibility (* limited to 256 bytes *)

3 — instructions
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Structured Text

Basic Instructions

Load
Open contact: contact is active (result is 1)

- while the control bit is 1.
-=NOT / Close contact: contacto 1s active (resultis 1)
- while the control bit is 0.
.=RE > Contact in the rising edge: contact is active during a scan cycle
- where the control bit has a rising edge.

=FE N Contact in the falling edge: contact is active during a scan cycle

- where the control bit has a falling edge.

API P. Oliveira Page 7
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Structured Text

Basic Instructions

Store

=NOT

SET

RESET

-
-
R
-

The result of the logic function activates the coil.

The inverse result of the logic function activates the coil.

The result of the logic function energizes the relay

(sets the latch).

The result of the logic function de-energizes the relay

(resets the latch)..

P. Oliveira
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Structured Text

Basic Instructions

AND

AND of the operand with the result of

AND the previous logical operation.

AN D(NOT ] ) / AND of the operand with the inverted
result of the previous logical operation.
AND of the rising edge with the result

P

AN D(RE - ) of the previous logical operation.

AND (FE . ) N AND of thc? falling .edge with “[he result
of the previous logical operation.

API P. Oliveira Page 9
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Structured Text

Basic Instructions

OR
OR
OR(NOT...) j
OR(RE...) P
OR(FE...) y

API

OR of the operand with the result of the previous
logical operation.

OR of the operand with the inverted result of the
previous logical operation.

OR of the rising edge with the result of the
previous logical operation.

OR of the falling edge with the result of the
previous logical operation.

P. Oliveira Page 10
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Structured Text
%I1.1 %Q2.3
Example: — (
%Mj
%M2 %Q2.2
- {
1§
%I1.ﬂ
%02.3:=%T1.1 OR $%M1; -/
%02.2:=%M2 OR (NOT%I1.2); %11.3 %Q2.4
%02.4:=%11.3 OR (RE%I1.4); — {
%02.5:=%M2 OR (FE%I1.5); o,mﬂ
%M3 %Q2.5
— {
%I1ﬂ
—{N
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Structured Text

Basic Instructions

XOR

%I11.1 %M1

%Q2.3
{

| |
—
%M1 %I1.1

H i —

%M2  %I1.2

S

%Q2.2

H

%lI1.2 %M2

HA——

(H

Il
o\@

.3:=%I1.1 XOR%M1;
.2:=%M2 XOR (NOT%I1.2);

02.4:=%11.3 XOR (RE%I1.4)
.5:=%M3 XOR (FE%I1.5);

Instruction | Structured text | Description Timing diagram
list
XOR XOR OR Exclusive between the operand and the previous
instruction’s Boolean result
XORN XOR (NOT...) |OR Exclusive between the operand inverse and the
previous instruction’s Boolean result _L
1%M2
T%I11.2
1%Q2.2
XORR XOR (RE...) OR Exclusive between the operand’s rising edge and XORR
the previous instruction’s Boolean result |—|
T%I1.3
T%l1.4
T%Q2.4
XORF XOR (FE..) OR Exclusive hetween the operand’s falling edge and XORF
the previous instruction’s Boolean result. I—
%M3
%15
T%Q25

P. Oliveira
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Structured Text

Basic Instructions to Manipulate Bit Tables
Designation Function
Table:= Table Assignment between two tables
Table:= Word Assignment of a word to a table
Word:= Table Assignment of a table to a word
Table:= Double word Assignment of a double word to a table
Double word: = Table Assignment of a table to a double word
COPY_BIT Copy of a bits table in a bits table
AND_ARX AND between two tables
OR_ARX OR between two tables
XOR_ARX exclusive OR between two tables
NOT_ARX Negation in a table
BIT_W Copy of a bits table in a word table
BIT_D Copy of a bits table in a double word table
W_BIT Copy of a word table in a bits table
D_BIT Copy of a double word table in a bits table
LENGHT_ARX Calculation of the length of a table by the number of elements
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Structured Text

Temporized Relays

or

Timers

: i )
Operating coil (< )

.//_ Instantaneous contacts

[
— Normally closed terminals (—;

Time control contacts

il | S A
S Lﬁzm )

/

5 =
> ToRN [

i

Pneumatic on-delay timer. (Courtesy of Allen-Bradley Company, Inc.)

Normally open terminals (—

i

P. Oliveira
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Structured Text

Temporized Relays
or

Timers

% TMi
| IN Q

MODE: TON
TB: Imn

TM.P: 9999
MODIF: Y

API

Characteristics:

Identifier:%TMi  0..63 in the TSX37

Input: IN to activate
Mode: TON On delay
TOFF  Off delay
TP Monostable
Time basis: TB Imn (def.), 1s,

100ms, 10ms

Programmed value: %TM1.P 0...9999 (def.)
period=TB*TMi.P
%TMi1.V 0..TMi.P
(can be real or tested)

Actual value:

Modifiable: Y/N can be modified from

the console

P. Oliveira Page 15
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Structured Text

Relés temporizados

Ou
Timers . %TM1 %Q2.3
my IN Q {
IF %I1.1 THEN
START %TMI;

END IF;
%Q2.3 = %TMI1.Q

API P. Oliveira Page 16
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Structured Text

Example:
L1 L2 L1 L2
VS il . | S s
D1 N2 TD1 o kL 7

Sequence of operation:

Sequence of operation:
S1 open, TD de-energized, TD1 open, L1 off.

S1 open, TD de-energized, TD1 closed, L1 on.

S1 closes, TD energizes, timing period starts,

S1 closes, TD energizes, timing period starts,
TD1 is still open, L1 is still off.

TD1 is still closed, L1 is still on.
After 10 s, TD1 closes, L1 is switched on. After 10 s, TD1 opens, L1 is switched off.

S1 is opened, TD de-energizes, TD1 opens instantly,

S1 is opened, TD de-energizes, TD1 closes instantly,
L1 is switched off.

L1 is switched on.

(a) (a)

1008 ' ‘ 10 s
>
e ——
Input 4, | L Input 4, ‘ l‘
On On
Off ’*——L; Output
Output Off
(b) (b)

On-delay timer circuit (NOTC contact). (a) Operation. On-delay timer circuit (NCTO contact).
(b) Timing diagram. (@) Operation. (b) Timing diagram.

P. Oliveira
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Structured Text

Counters

Some applications...

42 Series
rotopulser

ltem Reflector

counting

Length totalizer Footage windup control

S enn Slow down «— ——|[Foaoos
‘-_ Stop «— ¢

MAX jr count MAX jr count MAX jr count

Counter applications. (Courtesy of Dynapar Corporation, Gurnee, lllinois.)
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Structured Text | cparacieristics:
Counters Identifier:%Ci 0..31 in the TSX37
Value progr.: %C1.P  0...9999 (def.)
Value Actual: %Ci.V  0...Ci.P (only to be read)
%Ci
IR E l— Modifiable: Y/N can be modified from
g the console
CP: 9999 L .
MODIF: ¥ D Inputs: R Reset Ci.V=0
S Preset C1.V=Ci1.P
— CU
- Cu Count Up
—CcD F
CD Count Down
Outputs: E Overrun %Ci.E=1 %Ci.V=0->9999
D Done %Ci.D=1 %Ci.V=Ci.P
F Full %Ci.F=1 %Ci.V=9999->0

API
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Structured Text
Counters it 1 %C8
—] R El—
Example: — .
%l1.2 %M0 | C.P:5000 D| _
— I\CII%DIF:Y
_lcp FL_
%C8.D %Q2.0
| {
IF %]I1.1 THEN | '
RESET %CS; Instruction list language
END_IF; e
IF (%I1.2 AND %MO0) THEN 21313 :Iflé .2
UP %C8; CU 9osce
END IF; LD %C8.D
%Q2.0 := %C8.D; STt

API P. Oliveira Page 20
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Structured Text

Numerical Processing

Algebraic and Logic Functions

$I11.0 THEN
SMW10:=%KWO + 10;
END IF;

IF FE $I1.2 THEN
INC $MW100;
END IF;

API P. Oliveira Page 21
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Structured Text

Numerical Processing

Arithmetic Functions for Words

+ addition of two operands

SQRT |square root of an operand

- subtraction of two operands

INC incrementation of an operand

* multiplication of two operands

DEC decrementation of an operand

/ division of two operands

ABS absolute value of an operand

REM | remainder from the division of 2 operands

Operands

Type

Operand 1 (Op1)

Operand 2 (Op2)

Indexable words

YoMW

YoMW, %KW, %XIi. T

Non-indexable

%QW, %SW,%NW, %BLK

Imm.Val.,%IW.%QW,%SW,%NW,

double words

words %BLK, Num.expr.

Indexable double %MD %MD, %KD

words

Non-indexable %QD.%SD Imm.Val.,%ID,%QD.%SD, Numeric

expr.

P. Oliveira
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Structured Text

Numerical Processing

Example:

Arithmetic functions

%MO
—| |7 %MWO0:=%MW10+100
%I13.2
_| Ii %MWO0:=SQRT(%MW10)
%13.3
—|P|—» INC %MW100

IF %MO0 THEN
%MWO := %MW10 + 100;
END _IF;
IF %I3.2 THEN
%MWO := SQRT(%MW10);
END _IF;
IF RE %I3.3 THEN
INC %MW100;
END _IF;

Instruction list language
LD zMO
[%MWO : =%MW10+100]

LD =%I3.2
[%MWO : =SQRT (%MW10) ]

LD =%I3.3
[INC %MW100]

P. Oliveira
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Structured Text

Numerical Processing

Example:

Arithmetic functions

IF %MO0 THEN

%MWO = %MW1 + %MW2;
END IF;
IF %S18 THEN

%MW10 :=32767; RESET %S18;
ELSE

%MW10 := %MWO;
END IF;

%MO
= | %MWO:=%MW1+%MW2
%S18
= %MW10:=%MWO
%S18
—| I %MW10:=32767
%S18
{
(R
Example in instruction list language:
LD $MO
[EMWO : =%MW1+%MW2]
LDN  %S18
[3MW10 : =%MWO]
LD %518
[3MW10:=32767]
R %518]
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Structured Text

Numerical Processing

Logic Functions

AND AND (bit by bit) between two operands

OR logical OR (bit by bit) between two operands
XOR exclusive OR (bit by bit) between two operands
NOT logical complement (bit by bit) of an operand

Comparison instructions are used to compare two operands.

¢ > tests whether operand 1 is greater than operand 2,

e >= tests whether operand 1 is greater than or equal to operand 2,
¢ <:tests whether operand 1 is less than operand 2,

e <= tests whether operand 1 is less than or equal to operand 2,

e = tests whether operand 1 is different from operand 2.

Operands

Type

Operands 1 and 2 (Op1 and Op2)

Indexable words

%MW, %KW, %Xi.T

Non-indexable words

Imm.val.,%IW,%QW, %SW,%NW.%BLK, Numeric Expr.

Indexable double words

%MD, %KD

Non-indexable double words

Imm.val.,%ID,%QD,%SD . Numeric expr.

API
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Structured Text

Numerical Processing

Example:

Logic functions

%Q2.3

%MW10>100

{
\

%MO

%Q2.2

_| |7 %MW20<%KW35 ——{ }—

%I1.2

%Q2.4
{

H|

— %MW30>=%MW40

T

Structured text language
%Q2.3:=%MW10>100;
$02.2:=%M0 AND (%MW20<%KW35) ;
$02.4:=%11.2 OR (%SMW30>=%MW40) ;

P. Oliveira
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Structured Text

Numerical Processing

Example:

Numeric Tables Manipulation

%MO0

H

%MWO0:10:=%MW20:10+100

%I3.2

H—

%MW50:5:=%KD0:5+%MDO0:5

%I3.3

I—%MWO:1 0:=%KWO0:10*%MW20

Structured text language
IF RE %$I3.3 THEN

SMWO0 :10:=%KW0:10*%MW20 ;
END IF;
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Structured Text

Numerical Processing

Priorities on the execution of the operations

Rank

Instruction

Instruction to an operand

*J.REM

+'_

< > <= >=

= <>

AND

XOR

XN DB W=

OR

P. Oliveira
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Structured TeXt Subroutine Module Subroutine Module
SR10 SR12
Call SR10
Structures for Control of Flux ; /
|
Subroutines : \
CaIIISR10
Call and Return

Structured text language

Structured text language IF (%M5>3) THEN

IF $M8 THEN RETOR
RETURN; S
D 1E. IF $M8 THEN
_ $MD26 : =%MW4 *$KD6 ;
END IF;
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Structured Text

Structures for Control of Flux

JUMP instructions:

Conditional and unconditional

Jump instructions are used to go to a programming line with an %Li label address:

¢ JMP: unconditional program jump

& JMPC: program jump if the instruction’s Boolean result from the previous test is
set at 1

& JMPCN: program jump if the instruction’s Boolean result from the previous testis
set at 0. %Li is the label of the line to which the jump has been made (address i
from 1 to 999 with maximum 256 labels)
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Structured Text

Structures for Control of Flux

Example:

Use of jump instructions

Attention to:

IF %M8 THEN

JUMP %L10;

Ladder
%M8

H1

%L10

>

%Q2.5
{

\

\
\\

%MS
{

FM5:=%M20;

-

$02.1:=%11.0 AND %I1.2;

A

Jump to label %L10
if %0M8=1

P. Oliveira
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Structured Text

Structures for Control of Flux

IF ... THEN ... ELSE ...

Syntax Operation
IF conditionl THEN Beginning of IF
actionsl; checked ~Eondition
ELSEIF condition2 THEN Actions 1 not checked
checked
actions2;
not checked
ELSE Actions 2 | | Actions 3
r !
actions3;
Endof IF
END IF; v
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Structured Text

Structures for Control of Flux

WHILE

Syntax

WHILE condition DO

action ;

END WHILE;

Operation

Beginning of WHILE

not checked

checked
| Action |
L

End of wHILE

Example:

WHILE

END WH

! (*WHILE conditional repeated action¥*)

$MW4<12 DO

INC $MW4;
SET $M25 [$MW4] ;

ILE;
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Structured Text

Structures for Control of Flux

REPEAT ... UNTIL

FOR ... DO

EXIT to abort the execution of a stéructured flux control instruction

Example:

! (*Instruction for exiting the loop EXIT*)

WHILE $MW1l<124 DO

FMW2 :=0;
FMW3 : =%MW100 [$MW1] ;
REPEAT

SMW500 [$MW2] : =3MW3+3%MW500 [$MW2] ;
IF ($MW500 [$MW2] >32700) THEN
EXIT;

END IF;
INC $MW2;

UNTIL %MW2>25 END REPEAT;

INC $MW1;

END WHILE;

Chap. 3 - PLCs Programming languages
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Structured Text

Structures for Control of Flux

%M10
I <HALT>—{

Stops all processes!

Halt

Events masking

%M0
— | MASKEVT() |-
%M8
— | UNMASKEVT() }—

Structured text language
IF $M10 THEN

HALT;
END IF;

Structured text language
IF $MO THEN
MASKEVT () ;
END IF;
IF %$M8 THEN
UNMASKEVT () ;
END IF;
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Structured Text

Data and time related instructions

Name Function

SCHEDULE Time function

RRTC Reading system date

WRTC Updating system date

PTC Reading date and stop code

ADD_TOD Adding a duration to a time of day

ADD_DT Adding a duration to a date and time
DELTA_TOD Measuring the gap between times of day
DELTA_D Measuring the gap between dates (without time).
DELTA_DT Measuring the gap between dates (with time).
SUB_TOD Totaling the time to date

SUB_DT Totaling the time to date and time
DAY_OF_WEEK Reading the current day of the week
TRANS_TIME Converting duration into date

DATE_TO_STRING

Converting a date to a character string

TOD_TO_STRING

Converting a time to a character string

DT_TO_STRING

Converting a whole date to a character string

TIME_TO_STRING

Converting a duration to a character string

P. Oliveira
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Structured Text

There are other advanced instrauctions (see manual)

* Monostable

* Registers of 256 words (LIFO ou FIFO)
* DRUMs

* Comparators

 Shift-registers

* Functions to manipulate floats

* Functions to convert bases and types
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Structured Text

Numerical Tables

Type Format Maximum Size Write
address access

Internal words Simple length YoMWi:L i+L<=Nmax (1) Yes
Double length %MWDi:L i+L<=Nmax-1 (1) |Yes
Floating point YoMFi:L i+L<=Nmax-1 (1) |Yes

Constant words Single length YoKWi:L i+L<=Nmax (1) No
Double length Y%KWDI:L i+L<=Nmax-1 (1) |No
Floating point %KFi:L i+L<=Nmax-1 (1) |No

System word

Single length

%SW50:4 (2)

- Yes

%MO0

_| |_ %MWO0:10:=%MW20:10+100 |

%I3.2

—| I— %MW50:5:=%KD0:5+%MDO0:5—

%I13.3

—|P|—%MWO:1 0:=%KWO0:10*% MW 20—

Instruction list language
LD %MO
EMWO0:10:=%MW20:10+100]

LD %I3.2
%MD50:5:=%KD0 : 5+%MD0:5]

P. Oliveira
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IST/DEEC /ACSDC MEEC 2008-2009

Syllabus:
Chap. 3 — PLCs Programming Languages [2 weeks]

Chap. 4 - GRAFCET (Sequential Function Chart) |1 week]
The GRAFCET norm.

Elements of the language.

Modelling techniques using GRAFCET.

Chap. 5 - CAD/CAM and CNC Machines [1 week]
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PLCs Programming Languages
(IEC 1131-3)

Ladder Diagram Structured Text

If %I1.0 THEN

M
\J
A %Q2.1 := TRUE
BN ELSE
() %Q2.2 := FALSE
END IF
Instruction List Sequential Function Chart
ﬁ (GRAFCET)
LD %M12 “)_2_ "
— Right
AND %I1.0 iasl
ANDN  %I1.1 ' —
OR %M]10 ol
ST %Q2.0 4 Len
2)—T—
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Some pointers to GRAFCETs (SFCs)

History:

Tutorial:

Simulator:

(See projects)

Bibliography: * Petri Nets and GRAFCET: Tools for Modelling Discrete Event Systems
R. DAVID, H. ALLA, New York : PRENTICE HALL Editions, 1992
* Programacao de Automatos, Método GRAFCET, Jos¢ Novais,
Fundacao Calouste Gulbenkian
* Norme Francaise NF C 03-190 + R1 : Diagramme fonctionnel
"GRAFCET" pour la description des systemes logiques de commande

Homepage:
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History
GRAFCET

» 1975 — Decision of the workgroup "Logical Systems" da AFCET (Association
Francaise de Cybernétique Economique et Technique) on the creation of a
committee to study a standard for the representation of logical systems and
automation.

* 1977 — GRAFCET definition (Graphe Fonctionnel de Commande Etape-Transition).

* 1979 — Dissemination in schools and adopted as research area for the implementation
of solutions of automation in the industry.
» 1988 - GRAFCET becomes an international standard denominated as "Sequential

Function Chart*, pela .LE.C.
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GRAFCET

Basic Elements

Steps

Inactive 1
Active 2
Initial 3

Actions can be associated with Steps.

Connections Transitions
1 1
Directed Simple ()

Arc | |
Joint (2)

| + Fork (3)_|—_;|—

R,

R,

R,

11
Joint e fork G R
1T

A logical receptivity function can

be associated with each Transition.

P. Oliveira
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GRAFCET

Basic Elements

Oriented connections (arcs)

1
In a GRAFCET:
() T R
An Arc can connect Steps to Transitions | |
. ~ 2, 3. — Action A
An Arc can connect Transitions to Steps
@ —T1T R
4
A Step can have no Transitions as inputs
(source); |
(3) 1 R3
A Step can have no Transitions as outputs

(drain);

The same can occur for the Transitions.
API P. Oliveira Page 7
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GRAFCET
State of a GRAFCET

The set of markings of a

GRAFCET constitutes its state.

Question:

How evolves the state
of a GRAFCET?

API

2)

— Action A

1 R2

L e

()
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GRAFCET

State Evolution:
e Rule 1: Initial State

It 1s characterized by the active Steps at the beginning of operation (at least one).

* Rule 2: Transposition of a Transition

A Transition is active or enabled only if all the Steps at its input are active (if not it is inactive).
A Transition can only be transposed if it is active and its associated condition is true (receptivity

function).
* Rule 3: Evolution of active Steps

The transposition of a Transition leads to the deactivation of all the Steps on its inputs and

the activation of all Steps on its outputs.
* Rule 4: Simultaneous transposition of Transitions

All active Transitions are transposed simultaneously.
* Rule 5: Simultaneous activation and deactivation of a Step

In this case the activation has priority.
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GRAFCET

State Evolution:
e Rule 2a:

All active Transitions are transposed immediately.

e Rule 4:

Simultaneous active Transitions are transposed simultaneously.

Example 1 Example 2 Example 3

1 2 5 8
|

H——a @——a @—=—b @—b _ ]

P. Oliveira
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OR Divergences: OR Convergences:
1 1 2
—+a —+b
Ta +b
2 3

If Step 1 is active and if a is TRUE then Step 1 is
deactivated and Step 2 is activated (state of Step 3

is maintained).

If a and b are TRUE and Step 1 is active then Step

1 is deactivated and Steps 2 and 3 are activated
(for any previous state of Steps 2 and 3).

AND Divergences:

If Step 1 1s active and if a is TRUE then Step 1 is
deactivated and Steps 2 and 3 are activated.

API

If Step 1 is active and if a is TRUE then Step 1 is
deactivated and Step 3 is activated (state of Step 2
remains unchanged). The same happens for Step 2 and b.

If both Steps 1 and 2 are active and a and b are TRUE
then Steps 1 and 2 are deactivated and Step 3 is activated.

AND Convergences:

1

—+ a

2

3

If Steps 1 and 2 are active and if a is TRUE then Steps
1 and 2 are deactivated and Step 3 is activated (if
only one of the input steps is active, the state remains).

P. Oliveira Page 11
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GRAFCET

Example: 1

(1) 1 Rl
GRAFCET state evolution |

2 3 Action A
2)—— R,
4

Level activated Action. Actions can also be |
activated during transitions - see next.

(3) 1 R3

P. Oliveira
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GRAFCET ! 2

Modelling problem: | —

Given 4 Steps (1 to 4) and 2 Transitions (t1 and t2) write a segment of
GRAFCET to solve the following problem:

In the case that the Steps 1 and 2 are active:
« if t1 1s TRUE, activate Step 3 (and deactivate Steps 1 and 2);
« if t2 1s TRUE, activate Step 4 (and deactivate Steps 1 and 2);

» otherwise, the state 1s maintained.

API P. Oliveira Page 13
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GRAFCET : 2
Other modelling problem: 1" Te
T
Given 4 Steps (1 to 4) and 2 Transitions 3 4

(t] and t2) write a segment of
GRAFCET to solve the following problem:

If Step 1 1s active and t1 1s TRUE
OR

If Step 2 1s active and t2 1s TRUE
THEN

Activate Steps 3 and 4.
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GRAFCET

GRAFCET state evolution:
Conflicts:

There exist Conflicts when the validation of a Transition depends on the same Step or
when more than one receptivity functions can become true simultaneously.

| B i

Solutions:

1) —7—ab | (2)—r— ab
H——a @bt Hh4—a @b (3)3_—£)ab ’
I
2 3 2 3 ) 3
= Th - |
Transiction 1 ree mqtua y
rioritary exclusive
p hypotheses
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GRAFCET

Example: modeling a control/automation system

Il
— Qe
m
load
a b
«— —
left . . right
\ \
-LL
—C Q—
p

|
1

(1y—T— m

Right

QT b

Load

BT p

Left

@71 a

P. Oliveira
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GRAFCET

Example : modeling a automated transport workcell

* Conveyor A, with sensor a to detect the existence of part;
* Conveyor B, with sensor b to detect the existence of part;
*Manipulator on linear base commands D (droit) e G

(gauche), Sensors X, y € z to detect manipulator on base,
over A, and over B, respectively.

*Clamp with command to grab partt PP, and a limit switch
(fpp). To unload part receives command DP and two limit
Switches detect extremes of operation fv+ on top and

and fv- down.

I/ | * Efector to push parts with commands P+ ¢ P-,
- fpiry ~==> " And two limit switches fp+ ¢ fp-.
(7
V"$ fv+ * The output conveyor is always ON.
LA W I e *Conveyors A e B are commanded by other automata,

independent of this workcell.
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G D
: Z
GRAFCET b TT
O O . :
|II| — 2R« Db
-+ (a+b).(x.fp-fw) & <|> / G /
2 1D =
* 4+ (y'a).’.z . fp- fp+ " C
) . 1 Solution: v [ 5s
. GHPP] [Hw 0
__f V- - fV_
: FF; To guarantee alternate priorities, modify the programm with
: receptivity funcion (*) v.a. (E+><-| 0)+2
Tx. fw+
5 Hop Meaning: grag part in y, if there exists part in a and if b is not
fdn prioritary; otherwise continue, stopping b.
V- To implement the priorities add the following GRAFCET:
T fw-
8 P+ 10]H priorité A
~+fp+ L Tx3a
9H P- 11 H priorite B
TX3.b
e Tfm =
= P. Oliveira Page 18
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GHD v 2
GRAFCET P
. — f ' B
Improved solution: FE ¥
DI <;)

Cly =y
T h.@+x21).Cly _
2H D + a.(h+X20).Cly
-I—Z [ <
IR PP 101 P-
Tfop T Clp=fp-
4HG 11AY
X fur+
5 12
=1 M
b |q DP
fdp
7H D 13 V-
" 1Y T fw-
14 P+
+fp+

20|H priorite A

-X3.a

21H prionte B

TX2

M

a)After part is processed
search next;

b) Optimize the base of the
manipulator to reduce delays —

obvious solution: y.
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GRAFCET

Example: modeling and automation of a distribution system

Sensors: i reservoir
m

b, h;,byeh,

Actuators:

V,,V,,W,eW,
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GRAFCET
Example: modeling and automation of a distribution system
|
1
|
(1) = 'm 4 7
! | | |
2 =V, > —V, 1) = tm
@——h  @——h, | |
| 3 6 T i A # V2|
] W1 | Wz
@)——h @ ——h
3) b'l ) —1— o
SH Cow S
| | B)——b, () —— b
©) — =
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GRAFCET

Example: modeling and automation of a distribution system

] 1
4 7
(1) —— tm
1) —+ mX, (1"—+ TmX, 2! l5
| 2 Ly, S _Vzr | — Vi — V2

O——h  @——h, S O

3 W, 6 W, 34#W186b1 67—Wzseb2

| |

3)—r— b, (5)—— b, 6)_|_ b,.b,
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GRAFCET

Events: Properties

Aa =2’

MAa.a=Aa AMa.a’>=0 Va.a’=W¥a Va.a=0
MNa.Na=ANaAPa.Pa’=0

Na.b)=Apha.b+Ab.a ANa+tb)=Aa.b’+ADb.2’
Na.b).NMa.c)=AH (a.b.o)

in general, if events a and b are independents

Na.ANb=0
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GRAFCET

Other auxiliary mechanisms

~~ E10
| :
> =V, (1) — Tm
| |
I 2=V 2 =Y,
s . / - hl N h2
16 3 6 |
Macro-steps M10 Wi W
1 b'l —r— b,

17 v, o
o [s8
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GRAFCET

Other auxiliary mechanisms

Pseudo Macro-steps
Macro Actions

* Force actions

* Enable actions

e Mask actions

P. Oliveira
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GRAFCET

Implementation in DOLOGS80

The activity of each Step is stored in an auxiliary memory.

At startup do: Store R, evaluation in M100
AM128
SLMx AMI1
AM2 AM3 L2
AM128 AM100 AM4 |
SLMy SLM3 RLMI1 k) —+ R,
(initial steps) AMI1 AM3 | |
RLM128 AM?2 AM4 3 |1 4
AMI100 RLM2
SL.M4
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GRAFCET

Implementation in the TSX3722/TSXS7

Steps

Name Symbol Functions

Initial steps ( symbolize the initial active steps at the beginning of the cycle after ini-

tialization or re-start from cold.
o

Simple steps ( show that the automatic system is in a stable condition. The maximum
l number of steps (including the initial steps) can be configured from:

i | ou | i ® 1-96fora TSX 37-10,

T | ® 1-128fora TSX 37-20,

® 1-250foraTSX57.

The maximum number of active steps at the same time can be config-
ured.
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GRAFCET

Implementation in the TSX3722/TSXS7

Macro-steps

Name Symbol Functions
Macro steps Symbolize a macro step: a single group of steps and transitions.
| The maximum number of macro steps can only be configured from O -
l 63 for the TSX 57.
1
Stage of Macro Symbolizes the stages of a macro step.
steps | The maximum number of stages for each macro step can be configured
i | ou | i from 0 - 250 for the TSX 57.
| I
' Each macro step includes an IN and OUT step.
IN | ou [OUT

P. Oliveira
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GRAFCET

Name

Symbol

Functions

Transitions

allow the transfer from one step to another. A transition condition asso-
ciated with this condition is used to define the logic conditions neces-
sary to cross this transition.

The maximum number of transitions is 1024. It cannot be configured.
The maximum number of valid transitions at the same time can be con-
figured.

AND divergenc-

Transition from one step to several steps: is used to activate a maximum

es + of 11 steps at the same time.

I I
AND conver- Transition of several steps to one: is used to deactivate a maximum of
gences [ | 11 steps at the same time.

OR divergences

Transition from one step to several steps: is used to carry out a switch
to a maximum of 11 steps.

OR convergenc-
es

Jr
1
P4

Transition of several steps to one: is used to end switching from a max-
imum of 11 steps.

P. Oliveira

Page 29



API

IST/DEEC /ACSDC

Chap. 4 - GRAFCET

GRAFCET

Implementation in the TSX3722/TSXS7

Arcs/Connectors

Name

Symbol

Functions

tors

Source connec-

"n" is the number of the step "it comes from" (source step).

nector

Destination con-

S5 &— —>

"n" is the number of the step "it's going to" (target step).

Links directed
towards:

e top

® bottom

® right or left

These links are used for switching, jumping a step, restarting steps (se-

quence).

P. Oliveira
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Information associated with Steps in the GRAFCET:

Name Description
Bits associated | %Xi Status of the i step of the main Grafcet
with the steps (1 (i from 0 - n) (n depends on the processor)
= active step) : - :
% XMj Status of the j macro step (j from O - 63 for TSX/PMX/PCX
57)
% X.i Status of the i step of the j macro step
%X].IN Status of the input step of the j macro step
%Xj.OUT Status of the output step of the j macro step
System bits as- | %S21 Initializes Grafcet
sociated with %S22 Grafcet resets everything to zero
Grafcet
%S23 Freezes Grafcet
%S24 Resets macro steps to 0 according to the system words
%SW22 - %SW25
%S25 Set to 1 when:

® tables overflow (steps/transition),
® an incorrect graph is run (destination connector on a
step which does not belong to the graph).
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Information associated with Steps in the GRAFCET (bis):

Name Description

Words associat- | %Xi.T Activity time for main Grafcet step i.
ed with steps %Xj.0.T

Activity time for the i step of the j macro step

%Xj.IN.T Activity time for the input step of the j macro step

%Xj].OUT.T | Activity time for the output step of the j macro step

System words | %SW20 Word which is used to inform the current cycle of the num-
associated with ber of active steps, to be activated and deactivated.
Grafcet %SW21 Word which is used to inform the current cycle of the num-
ber of valid transitions to be validated or invalidated.
%SW22 a Group of 4 words which are used to indicate the macro
%SW25 steps to be reset to O when bit %S24 is set to 1.

And where to find information related with Transitions?

Does not make sense state or activity nor timmings

(only number of occurences).
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GRAFCET

Macro step 63

—
Main graph Macro step 0
General structure: Page 7 Page 7
r— — — 1 r— — — 1
Page 1 —l | Page 1
Page 0 | Page 0 |
| I
— =
— 4 —
Characteristics:
Number TSX 37 -10 TSX 37 -20 TSX 57
Default Maxi- Default Maxi- Default Maxi-
settings mum settings mum settings mum
Main graph steps 96 96 128 128 128 250
Macro steps 0 0 0 0 8 64
Macro step steps 0 0 0 0 64 250
Step total 96 96 128 128 640 1024
Steps active at the 16 96 20 128 40 250
same time
Transitions valid at the | 20 192 24 256 48 400
same time

API
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GRAFCET 1
Editor: 8 paginas e
L LT T IO T T T T ]
« Pages 0 to 7 ; I I 21 I I
* 154 cells (14*11) z —— lEi]I A

N
o

-
—_

RN
N

-
w

—_
EEN

Characteristics:

The first line is used to enter the source connectors.

The last line is used to enter the destination connectors.

The even lines (from 2 - 12) are step lines (for destination connector steps),

The odd lines (from 3 - 13) are transition lines (for transitions and source connec-
tors).

Each step is located by a different number (0 - 127) in any order.

Different graphs can be displayed on one page.

API P. Oliveira Page 34



IST/DEEC /ACSDC Chap. 4 - GRAFCET

GRAFCET

OR divergences [7e]

(OR convergences)

1 N 1 -
—
L] (0]
—
©
N 3
([e») ]
N
—
N
N
N
w
N
N
N
[€)]

Characteristics:

¢ The number of transitions upstream of a switching end (OR convergence) or

downstream of a switching (OR divergence) must not exceed 11.

Switching can be to the left or to the right.

Switching must general finish with switching end.

o To avoid crossing several transitions at the same time, the associated transition
conditions must be exclusive.
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GRAFCET
AND divergences H]
(AND Convergences) 41
B2 Ed
%I
Characteristics:

® The number of steps downstream from a simultaneous activation (AND diver-
gence) or upstream from a simultaneous deactivation (AND convergence) must
not exceed 11.

¢ Simultaneous activation of steps must usually end with a simultaneous deactiva-
tion of steps.

¢ Simultaneous activation is always shown from left to right.

¢ Simultaneous deactivation is always shown from right to left.

API P. Oliveira Page 36



IST/DEEC /ACSDC Chap. 4 - GRAFCET

GRAFCET
Arcs/Connectors

18 98
Y Y

10 0 10
1 8 11 ]
I 1
2 12

3 4 5 6 7 12 14 15 16 17
8 18
[ ;
10
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Rules for divergences and convergences:

OR

AND

Rule

lllustration

For switching, transitions and destination con-
nectors must be entered on the same page.

20 21 Page 1
To end switching, the source connectors must
be entered on the same page as the destina-
tion step. Page 2
For an end to switching followed by a return to
destination, there must be as many source
connectors as steps before the end of switch-
ing.
Page 1
4 S 6 Page 2

Rule lllustration
To activate steps simultaneously, the destina-
tion connectors must be on the same page as ]
the divergence step and transition. 25
Page 2
30 35 37
25 25 25
Y Y Y Page 3
30 35 37
To deactivate simultaneously, the conver-
gence steps and transition must be on the 1 1
same page as the destination connector. 43 45 48
I I
When several steps converge onto one transi- 4
tion, the source connector has the number of
the furthest upstream step on the left. 50 Page 1
43 Page 2
50

P. Oliveira
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GRAFCET

Programming Actions

The PL7 software allows three types of action:

o actions for activation : actions carried out once when the step with which they
are associated passes from the inactive to the active state.

o actions for deactivation : actions carried out once when the step with which
they are associated passes from the active to the inactive state.

¢ continuous actions : these actions are carried out for as long as the step with
which they are associated is active.

Note: One action can include several programming elements (sequences or con-
tact networks).

These actions are located in the following manner:

MAST - <Grafcet section name> - CHART (or MACROK)- PAGE n %Xi x
with

x = P1 for Activation, x = N1 Continuous, x = PO Deactivation

n = Page number

i = Step number

Example: MAST - Paint - CHART - PAGE 0 %X1 P1 Action for activating step 1 of
page 0 of the Paint section
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GRAFCET

Programming Actions

Example of execution of Actions

50 Activating %X50 [—] Continuing %X50|—{ Deactivating %X50
51 Activating %X51 |—] Continuing %X51 || Deactivating %X51
I
Example of Activation/deactivation Example of continuous Action
%L1 %L10
%M25 SR4 %12.5 %M10
I { | {
[ \C %M %l1.2
—
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GRAFCET
GRAFCET Section Sctructure
v
Preliminary processing LD.IL. ST
v
Sequential processing
GRAFCET
v
Subsequent processing LD IL.ST
P. Oliveira Page 41
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GRAFCET
GRAFCET Section Initialization

Initializing the Grafcet is done by the system bit %S21.
Normally set at state O, setting %S21 to 1 causes:

o active steps to deactivate,

o initial steps to activate.

The following table gives the different possibilities for setting to the system bit %S21

to 1 and 0.
Setto 1 Resetto 0
¢ By setting %S0 to 1 ® By the system at the beginning of the pro-
® By the user program cess
¢ Bytheterminal (in debuggingoranimation | ® By the user program
table) ¢ Bytheterminal (in debugging or animation
table)
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GRAFCET
GRAFCET Section Reset

The system bit % S22 resets Grafcet to 0.

Normally set at 0, setting %S22 to 1 causes active steps in the whole of the sequen-
tial process to deactivate.

Note: The RESET_XIT function used to reinitialize via the program the step activity
time of all the steps of the sequential processing. (See (See Reference Manual,
Volume 2)).

The following table gives the different possibilities for setting to the system bit %S22

to 1 and 0.
Setto 1 Reset to 0
® By the user program ® By the system atthe end of the sequential
¢ By theterminal (indebugging oranimation process
table)

API P. Oliveira Page 43



IST/DEEC /ACSDC MEEC 2010-2011

Industrial Automation
(Automacéio de Processos Industriais)
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Syllabus:

Chap. 4 - GRAFCET (Sequential Function Chart) |1 weeks]
Ehap. 5 — CAD/CAM and CNC [1 semana]

Methodology CAD/CAM. Types of CNC machines.
Interpolation for trajectory generation.

Integration 1n Flexible Fabrication Cells.

Chap. 6 — Discrete Event Systems [2 weeks]
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Chap. 5 - CAD/CAM and CNC

IST /DEEC /ACSDC
Some pointers to CAD/CAM and CNC
History:
Tutorial:
Editors (CAD):
Bibliography: * Computer Control of Manufacturing Systems, Yoram Koren,

McGraw Hill, 1986.
* The CNC Workbook : An Introduction to Computer

Numerical Control by Frank Nanfarra, et al.

API P. Oliveira Page 3
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CAD/CAM and CNC

- Concept

Tool / Methodology

N\

Prototype

JJJJJ

s
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Brief relevant history

NC

1947 — US Air Force needs lead John Parsons to develop a machine able to
Produce parts describes in 3D.

1949 — Contract with Parsons Corporation to implement to proposed method.

1952 — Demonstration at MIT of a working machine tool(NC), able to produce
parts resorting to simultaneous interpolation on several axes.

1955 — First NC machine tools reach the market.

1957 - NC starts to be accepted as a solution in industrial applications , with
first machines starting to produce.

197x — Profiting from the microprocessor invention appears the CNC.

API P. Oliveira Page 5
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Evolution 1n brief

CAD/CAM and CNC

* Modification of existing machine tools with motion sensors
and automatic advance systems.

* Close-loop control systems for axis control.
* Incorporation of the computational advances in the CNC machines.

* Development of high accuraccy interpolation algorithms to trajectory
interpolation.

» Resort to CAD systems to design parts and to manage the use of
CNC machines.

API P. Oliveira Page 6
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CAD/CAM e CNC
Objectives:

» To augment the accuraccy, reliability, and the ability to introduce
changes/new designs.

» To augment the workload.

* To reduce prodution costs.

 To reduce waste due to errors and other human factors.

* To carry out complex tasks (e.g. Simlutaneous 3D interpolation).

* Augment precision of the produced parts.
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CAD/CAM and CNC
Advantages:

* To reduce the production/delivery time.

* To reduce costs associated to parts and other auxiliary.
* To reduce storage space.

e To reduce time to start production.

* To reduce machining time.

* To reduce time to market (on the design/redesign and production).

API P. Oliveira Page 8
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CAD/CAM and CNC

Limitations:

 High initial investment (30.000 to 1.500.000 euros)

* Specialized maintenance required
 Does not eliminates the human errors completely.
» Requires more specialized operators.

* Not so relevant the advantages on the production of small
or very small series.

P. Oliveira
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CAD/CAM e CNC
Methodology CAD/CAM

To use technical data from a database in the design and
production stages. Information on parts, materials, tools,
and machines are integrated.

CAD (Computer Aided Design)
Allows the design in a computer environment.

CAM (Computer Aided Manufacturing)
To manage programs and production stages on a computer.
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CROSS SLIDE
HANDVWWHEEL

HEADSTOCK
PEDESTAL

P. Oliveira
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CAD/CAM and CNC
Tools:

/ BALL END MILL

PLAIN MILLING

CUTTER \

2N

4 |

TWO FLUTED END MILL

CORNER ROUNDING MILL

DOVE TAIL MILL

)
4%
/ i FOUR FLUTED END MILL

|
’

P. Oliveira
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CAD/CAM and CNC

Tools:

Atention to the constraints
on the materials used!...

BUE deposit
on the chip

\ . >
B l
2 BUE deposita on the
machined surface

a, rake angle

@, shea‘r angle Secondary

shear zone

* Speed of advance

* Speed of rotation

* Type of tool

P. Oliveira Page 13



IST/DEEC /ACSDC Chap. 5 - CAD/CAM and CNC

CAD/CAM and CNC
Tools:
) r\
FACING ROUGHING FINISHING ROUND NOSE FINISHING ROUGHING FACING
LEFT.CUT TQOLS sRIGHT.CUT TOOLS

Specific tools to perform different operations.
API P. Oliveira Page 14
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CAD/CAM and CNC

Tools: impact on the quality of finishing (mm)

Método

Flame cut
Sawing
Planeing

Drilling

Chemical machinning
Electrical dischage
Milling

Augment drilling
Electron beam
LASER cut
Electrochemical cut
Lath

Electrolitical machining
Exctrusion
“Aﬁar”

Polishing
“Quinar”

50 25

12 ( 3 1.5

4

S .0125

P. Oliveira
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CAD/CAM and CNC

Evolution of tools performance:

100 e Carbpoin steel
i ki gh-spe teel
% o= ast colpajt-base alloys
&
TR e "o ented carbides
=
St o LAl £, . e Improved carbide grades
<
= 1.5 = te = — — _ ¢ First coated grades
i et - e piches _\. First double-coated
O o) o, (s LR 5w g ) gtades
h First triple-coated
grades
| L]l I I | | I I
1900'10 20 '30 '40 '50 '60 '70 '80 '90

Year

lool Iite (min)

m/min
50 300 3000
300 I T T
100
=
20 - |%
%
10 (é
51 18
1 | | | l
100 300 1000 5000 10,000
Cutting speed (ft/min)
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CAD/CAM and CNC
Industrial areas of application:
» Aerospace
* Maquinery
* Electricity (board production)
* Automobiles

e [Instrumentation

* Moulds

API P. Oliveira Page 17
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CAD/CAM and CNC

Evolution of Numerical Control

* Numerical Control (NC) —
e Data on paper ou received in serlal port
* NC machine unable to perform computations
* Hardware interpolation

* Direct Numerical Control (DNC)
* Central computer control a number of machines DNC ou CNC

* Computer Numerical control (CNC)
* A computer is on the core of each machine tool
* Computation and interoplation algorithms run on the machine

*Distributive numerical control
* scheduling
* Quality control

 Remore monitoring P. Oliveira Page 18
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CAD/CAM and CNC

Numeric Control

Architecture of a NC system

ear .. table
Open-loop 5 transmission |
reference
N HH__
step
motor
Close-loop
gear . table encoder
transm13510n| |
reference
controller > DA
+
DC
motor
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CAD/CAM and CNC .

p(t)

Interpolation
Motivation: numerical integration

Area of a function

2(f) = jo p@dr=Y" pAr i

Introducing z,, as the value of z at t=kDt

Dt
z,= Y pAt+p A=z, +Az, Az, =pAt
The integrator works at a rythm of f=1/Dt and the function p 1s given app. by:
Py =P TAp,

To be able to implement the integrator in registers with n bits, p must verify
p<2".
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CAD/CAM and CNC ]
Implementation of a DDA |
Digital Differential Analyzer q register
The p register input 1s +1, 0 ou —1. adder .
'ﬂ\ Dz
The q register stores the area integration +Dp|
value p register
_Dp
e =49k T P
If the q register value exceeds (2"-1), and overflow occurs and Dz=1:
Az, =27"p,
Defining C=f/2", and given that {=1/Dt:
Az, = Cp, At
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CAD/CAM and CNC f
DDA for Linear Interpolation: —+ + Dt \
Dp — >
. . = DZ O
Let g=5 and assume 3 bits registers
Passo q Dz SDz fo = (%] =Cp,, Wwhere C= in
___________________________________________ k
1 5 0 A
2 2 1 1
3 7 1 4 8 12 16
4 4 2 10 [ [ [
5 1 3
6 6 3 5
7 3 4
8 0 5
9 5 5 | >
0 1 2
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CAD/CAM and CNC
Exponential Deacceleration:

Az ot
Let p(t): poe_m and E — Cpk = Cpoe .

The differential of p(t) 1s appr.
Example: p(t)=1 5¢7

—Ap =ap, At
Setting C=a, —
:é(g
—Ap=Az
f
Dl \
—» + p
» —Dp ~ 1 1
Dz VWA AN A A

1
30 40 50 60
Time iterations
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CAD/CAM and CNC Let (X-R)+Y?=R" or
X=R(- cos(a)t))
Y= Rsin(ar)

The differential 1s

7 *0p NRSin(Wt)(;ti dX = oRsin(mt )t =d (- Rcos(ot))

Circular Interpolation:

-D
Clock : dY =wRcos(mt Jdt= d(Rsin(cot))
+Dp \ - Ek(t)
—> —Dp Y
wRcos(wt)dt 5

Example: Circunference of radius 15, /

centered at the origin. B

5 10 15
X
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CAD/CAM and CNC
Full DDA

API P. Oliveira Page 25
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CAD/CAM and CNC
CNC Axes Control
gear . table encoder
transm18510n| |
reference
controller * DA
—l_ —_
DC
motor

Dynamics of a control loop

1c

f

-
N
|
| |N»‘ <—m'ﬂ

kl

1+ 15
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CAD/CAM and CNC
CNC Programming

Steps to execute a part

A) Read/interpret the technical drawings

147

135
= 5 :
S A T
i £ Tt >
T | AN
> _‘.‘.‘-'; = _‘,/
; v

| R —— 7 &G=%a
;momoa.l N\ M
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CAD/CAM and CNC
CNC Programming

B) Choice of the most adequate machine tool for the several
stages of machinning

Relevant features:

* The workspace of a machine versus the part to be produced
* The options available on each machine

 The tools available

* The mounting and the part handling

* The operations that each machine can perform

P. Oliveira Page 28



IST/DEEC /ACSDC Chap. 5 - CAD/CAM and CNC

CAD/CAM and CNC
CNC Programming

C) Choice of the most adequate tools

Relevant features:
* The material to be machinned and its characteristics
* Standard tools cost less

* The quality of the mounting part is function of the number od
parts to produce

 Use the right tool for the job
* Verify if there are backup tools and/or stored available

 Take into account tool aging
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CAD/CAM and CNC
CNC Programming

Approximate Energy Requirements in Cutting
Operations (at drive motor, corrected for 80%
efficiency; multiply by 1.25 for dull tools).

Specific energy
Material W - s/mm’ hp - min/in.’
Aluminum alloys 0.4-1.1 0.15-0.4
Cast irons 1.6-5.5 0.6-2.0
Copper alloys 1.4-3.3 0.5-1.2
High-temperature alloys 3.3-8.5 1.2-3.1
Magnesium alloys 0.4-0.6 0.15-0.2
Nickel alloys 4.9-6.8 1.8-2.5
Refractory alloys 3.8-9.6 1.1-3.5
Stainless steels 3.0-5.2 1.1-1.9
Steels 2793 1.0-34
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CAD/CAM and CNC
CNC Programming

D) Cutting data

 Spindle Speed — speed of rotation of the cutting tool (rpm)

* Feedrate — linear velocity of advance to machine the part (mm/
minute)

* Depth of Cut —deth of machinning in z (mm)

API P. Oliveira Page 31
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CAD/CAM and CNC
CNC Programming

E) Choice of the interpolation plane, in 2D !> machines

API P. Oliveira Page 32
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CAD/CAM and CNC
CNC Programming

F,) Unit system

imperial —inches (G70) or international milimeters (G71).

F,) Command mode*
Absolut — relative to world coordinate system (G90)

Relative— mouvement relative to the actual position (G91)

* There are other command modes, e.g. helicoidal.
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CAD/CAM and CNC
CNC Programming

G) MANUAL DATA INPUT

N Sequence Number

Preparatory Functions

X Axis Command

Y Axis Command

Z. Axis Command

Radius from specified center

Angle ccw from +X vector

X axis arc center offset

Y axis arc center offset

Z. axis arc center offset

Feedrate

Spindle speed

Tool number

g e || R [ |= > |m[N]=< ][>

Miscellaneous function
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CAD/CAM and CNC
Example of a CNC program

N30 GO0 T1 M6
N35S2037 M3 = * ;
N40 G0 G2 X6.32 Y-0.9267 M8 , x,“,
N45 71.1 ,

N50 Z0.12

N55 G1 Z0. F91.7
N60 X-2.82

N65 Y0.9467

N70 X6.32
N75Y2.82

N80 X-2.82

N85 GO0 Z1.1

Unregistered HyperCam
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CAD/CAM and CNC

Preparatory functions (inc.)

G00 - GO GO01 — Linear Interpolation

G02 — Circular Interpolation (CW) GO03 — Circular Interpolation (CCW)
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CAD/CAM and CNC

Other preparatory functions

* G04 - A temporary dwell, or delay in tool motion.

* GOS5 - A permanent hold, or stopping of tool motion. It is canceled by the machine
operator.

» G22 - Activation of the stored axis travel limits, which are used to establish a safety
boundary.

* G23 - Deactivation of the stored axis travel limits.

* G27 - Return to the machine home position via a programmed intermediate point

» G34 - Thread cutting with an increasing lead.

* G35 - Thread cutting with a decreasing lead.

* G40 - Cancellation of any previously programmed tool radius compensation

» G42 - Application of cutter radius compensation to the right of the workpiece with
respect to the direction of tool travel.

» G43 - Activation of tool length compensation in the same direction of the offset value
* G71 - Canned cycle for multiple-pass turning on a lathe (foreign-made)
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CAD/CAM and CNC

Miscelaneous functions

* M02 - Program end

» MO3 - Start of spindle rotation clockwise

* M04 - Start of spindle rotation counterclockwise
* MO7 - Start of mist coolant

* MOSR - Start of flood coolant
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CAD/CAM and CNC
Canned Cycles

G81 — Drilling cycle with multiple holes

T

©

(T
G-O-0-

o

5

ST )
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CAD/CAM and CNC

Ciclos Especiais or Canned Cycles

G78 — Rectangular pocket cycle, used to clean a
square shaped area

N

|
mulil)
== _J

L]
[l
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CAD/CAM and CNC

Tool change

Note: should be of easy access, when performed manually.
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CAD/CAM and CNC
Example of CNC programming

Ver: http://www.ezcam.com/web/tour/tour.htm

¥ EZ-MILL Expresz 12.3 - Untitled
File  Edit “iew Geometry ‘workStep Post Help

HEHEREZDFNMA CAEERA ™Y E

MoQ@OY  wil- |eRI® 2|y
s

Check point locations or edit workstep by picking from I|F'i|:k poitk i
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CAD/CAM and CNC
Example of CNC programming

Unregistered HyperCam
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CAD/CAM and CNC
Advanced CNC programming languages

* Automatically program tool (APT)
Desveloped at MIT in 1954

 Derived from APT:
ADAPT (IBM)
IFAPT (France)
MINIAPT (Germany)
* Compact II

 Autospot

 SPLIT

P. Oliveira
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CAD/CAM and CNC

Machine operation

Rules of Security

* Security 1s essential!

* The eyes must be always protected.

* The tools and parts must be handled and installed properly.
* Avoid the use of large cloths

* Cleand the parts with a brush. Never with the hands.

 Be careful with you and the others.
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CAD/CAM and CNC

Machine operation

Verify tolerances and tools offsets for proper operation

API P. Oliveira Page 46
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CAD/CAM and CNC —_

Machine operation

Load program

Follow up machine operation

Verify carefully the produced part.

API

P. Oliveira
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Syllabus:
Chap. 5 —- CAD/CAM and CNC [1 week]

Chap. 6 — Discrete Event Systems [2 weeks]
Discrete event systems modeling. Automata.
Petri Nets: state, dynamics, and modeling.

Extended and strict models. Subclasses of Petri nets.

Chap. 7 — Analysis of Discrete Event Systems [2 weeks]
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Some pointers to Discrete Event Systems

History:

Tutorial:

Analyzers,
and
Simulators:

Bibliography:

(in Portuguese)

* Cassandras, Christos G., "Discrete Event Systems - Modeling and
Performance Analysis", Aksen Associates, 1993.

* Peterson, James L., "Petri Net Theory and the Modeling of Systems",
Prentice-Hall,1981.

* Petri Nets and GRAFCET: Tools for Modelling Discrete Event Systems
R. DAVID, H. ALLA, New York : PRENTICE HALL Editions, 1992
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Generic characterization of
systems resorting to input /
output relations

State equations:

x(0)= f (x(0),u(?),1)
Y()=g(x(1),u(?),?)

in continuous time (or in
discrete time)

Examples?

INPUT

._,.' N ——

() MODEL
f—————~
—_— S

Figure 1.1. Simple modeling process.

P. Oliveira

OuUTPUT

——

y = glu)
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Open loop vs close-loop (<= the use of feedback)

SYSTEM
CONTROL : :
r(t) ' oult . y = glx,u, 1) I s
— u(t) = y(r 1) : u( ); x = f(x.u.1) y== ~ 1 Open-loop
: : system
| |
beosnnnsnar s e s S e i
__________ SYSTEM _ _______
CONTROL : |
I vy = g(x,u,1) B o
r(s) i) =D | u(!)> vetan L g\x, u, i Closed-loop
: : system
| |

A

Figure 1.17. Open-loop and closed-loop systems.

Advantages of feedback?
(to revisit during SEDs supervision study)
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Example of close-loop with feedback

Desired level K

CONTROL

r(t) = K v p
=t -

if x(1) <K

Actual level x(¢)

SYSTEM

-_.____—-_._.__—-..___._____.__._—_..1

if x(1) =K

|

k([) = /\(;[_(’) -

Figure 1.18. Flow system of Example 1.11 and closed-loop control model.

P. Oliveira
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Discrete Event Systems: Examples

.\'z(f)

Set of events: "

o9

Z

>0

A

Y

x,(t)

Z

A

E={N, S, E, W} ul

Figure 1.20. Random walk on a plane for Example 1.12.

E S W W N N W

(L-DA,-1D0O,-1DO,-1D1,-D(-1,0 (-1,0 (-1,1) (=1,0) (0,0)

1 1 1

0,00 a,0$

I ] I

T

3 4 5 6 7

—

o
e
2% By

3 9 10 11

Figure 1.21. Event-driven random walk on a plane.
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Characteristics of systems with continuous variables

1.State space 1s continuous

2. The state transition mechanism 1s time-driven

Characteristics of systems with discrete events

1.State space 1s discrete

2. The state transition mechanism 1s event-driven
Polling is avoided!

API P. Oliveira Page 8
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Taxonomy of Systems

STATIC ( DYNAMIC )

|

( TIME-VARYING ) (' TIME-INVARIANT )

DISCRETE EVENT

2 |
(SonLNEAR)
+ SYSTEMS (DES)
____________________ 1

( DISCRETE-STATE ) |

( EVENT-DRIVEN )

( CONTINUOUS-STATE )

|
|
|
|
|
I
|
|
- <

-~
-V

( DETERMINISTIC ) ( STOCHASTIC )

(' DISCRETE-TIME ) ( CONTINUOUS-TIME ) !

Figure 1.29. Major system classifications.
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Levels of abstraction in the study of
Discrete Event Systems

Languages

N\

Timed languages

N

Stochastic timed languages

API P. Oliveira Page 10
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Discrete Event Systems: Examples

Queuelng systems

Queue Server

Clients Clientes
arrival departure

API P. Oliveira Page 11
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Discrete Event Systems: Examples

Computational Systems

CPU
CPU B
ﬂ ¢y M
Processes | __Processes
' Departure
Arrival CPU

API P. Oliveira Page 12
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Systems’ Theory Objectives

* Modeling and Analysis

* Design e synthesis

 Control / Supervision

» Performance assessment and robustness
» Optimization

Applications of Discrete
Event Systems

* Queueing systems

 Operating systems and computers
 Telecommunications networks

* Distributed databases

» Automation

API P. Oliveira Page 13
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Discrete Event Systems

Typical modeling methodologies

Automata .
Augmenting

in
modeling

GRAFCET capacity

and
Petri nets \/

complexity
API P. Oliveira Page 14
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Automata Theory and Languages

Genesys of computation theory

Definition: A language L, defined over the alphabet E 1s a set of
strings of finite length with events from E.

Exemplos: E={o,[,y}

L,={g, aa, af,ypo}
L,={all strings of length 3}

How to build a machine that “talks™ a given language?

or

What language “talks” a system?

API P. Oliveira Page 15
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Properties of languages

Kleene-closure E*:  set of all strings of finite length
of E, including the null element &.

Concatenation:

L L, = %e E :s=ss,,s €L,s, & Lb]

Prefix-closure:

Ry 1
L=%eE:3 . stel)

API P. Oliveira Page 16



IST/DEEC /ACSDC Chap. 6 — Discrete Event Systems

Automata Theory and Languages

Definition: A deterministic automata is a S-tuple

(E, X, 1, Xo K)
onde:
E - finite alphabet (or possible events)
X - finite set of states
f - state transition function f: XxE ->X
Xg - Initial state xo € X
F - set of final states or marked states F C E

API P. Oliveira Page 17
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Example of a automata

(E, X, 1, x,,F)

E = {0, .7}
X=1{x,Yy, z}
Xy = X
F={x, z}
Figure 2.1. State transition diagram for Example 2.3.
f(x, o) =x f(x, B)=z f(x,y)=z
f(y, 0)=x f(y, B)=y f(y, v)=y
f(z, )=y f(z, B)=z f(z, )=y

API P. Oliveira Page 18
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Example of a stochastic automata

(Ea X: fa XO 9F)

E = {a,}
X = {O, 1} a
>
Xy =0 0 >@
B
F= {O} Figure 2.4. State transition diagram for the nondeterministic automaton of Example 2.7.

f(0, )={0,1}  f(0, B)= {}
f(1, 0y={} f(1, B)=0

API P. Oliveira Page 19
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Given a language
G=(E, X, 1, x,,F)
Generated language

L(G) = {s € E*: 1(x,,s) 1s defined}

Marked language

L (G) = {s €E*:{(x,s) €EF}

API P. Oliveira Page 20
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Example: marked language of an automata

Aéb a
a »

S
b

L (G) = {a, aa, ba, aaa, baa, bba, ...}

Note: all strings with events a ¢ b, followed by event a.

API P. Oliveira Page 21
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Automata equivalence:

The automata G, e G, are equivalent 1f

L(G,) = L(G,)

L.(G)=L_(G,)

API P. Oliveira Page 22
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Example of an automata:

Objective: To validate a sequence of events

Figure 2.6. State transition diagrams for digit sequence detector in Example 2.9.
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Deadlocks (inter—blocagem)

How to find
the deadlocks and the

g/@—g—’@ livelocks?

{@\b
g A 4

oo

Example:

Methodologies

for the analvsis
The state 5 1s a deadlock. Of y
The states 3 and 4 Discrete Event Systems
constitutes a livelock.
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Deadlock:

in general the following relations are verified

L (G)g Zm (G)g L(G)

An automata G has a deadlock if

L (G)c L(G)

and 1s not blocked when

L (G)=L(G)

API P. Oliveira Page 25
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Deadlock: L,(G)={ab,abgab,abgabgab,...}
E,a,ab,ag,aa,aab,

Example: L(G)Z &
abg,aaba,abga,...

(L, (G)=L@G))

o

@\b
g h 4

G) "
The state 5 is a deadlock Zm (G ) + [ (G )

The states 3 and 4
constitutes a livelock.
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Chap. 6 — Discrete Event Systems

Alternative way to detect deadlocks:

Example:

B

The state 5 1s a deadlock.

The states 3 and 4
constitutes a livelock.

API

P. Oliveira
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Timed Discrete Event Systems

+ INITIALIZE
CLOCK
STRUCTURE
STATE TIME
x t
A Y
x' SCHEDULED EVENT t
LIST
UPDATE STATE _( 5 l‘ S ( 7 1‘ \ UPDATE TIME
x' = f(x, ey) = ==t ' =t
ey £5
X! - t’

ADD NEW FEASIBLE

£ (("k.f"’_ L‘k)
AND REORDER

A

New event lifetimes, v

Figure 3.10. The event scheduling scheme.
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Petri nets
Developed by Carl Adam Petri in his PhD thesis in 1962.

Definition: A marked Petri net 1s a 5-tuple

P, T,A,w, x,)
where:
P - set of places
T - set of transitions
A - set of arcs AC PxT) U (TxP)
w - weight function w:A— N
X, - initial marking x,: P— N
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Example of a Petri net

(P, T, A, w, x,)

Pz{pla p29 p39 p49 pS}

A={(p;> t)), (t, P2)s (L1, P3)s (P25 1), (P35 1),
(t2, Pa)s (835 Ps)s (Pas ta)s (Pss ta)s (45 P1)

w(py, t)=1, w(t;, p,)=1, w(t;, p;)=1, w(p,, t,)=1
W(p3a t3):29 W(t29 p4):19 W(t3a pS):la W(p49 1[4):3
w(ps, t)=1, w(t,, py)=1

XOZ {19 09 09 29 O}

API P. Oliveira Page 30



IST/DEEC /ACSDC Chap. 6 — Discrete Event Systems

Petri nets

Rules to follow (mandatory):

 An arc (directed connection) can connect places to transitions
» An arc can connect transitions to places

* A transition can have no places as inputs (source)

* A transition can have no places as outputs (sink)

* The same happens with the input and output transitions for places

API P. Oliveira Page 31
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Example of a Petri net Petri net graph

(P, T, A, w, x,)

Pz{pla p29 p39 p49 pS}
T={t;, t, t5, t4}

A={(p;, t)), (t, P2)s (L1, P3)> (P25 1), (P35 1),
(t2, Pa)s (85, Ps)s (Pas ta)s (Pss ta)s (t45 P1)

w(py, t)=1, w(t;, p)=1, w(t;, p;)=1, w(p,, t,)=1
W(p39 t3):29 W(t29 p4):19 W(t39 pS):la W(p49 t4):3
w(ps, t)=1, w(ty, p)=1

XO: {19 O) O) 29 O}
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Alternative definition of a Petri net

A marked Petri netis a 5-tuple

(P9 T9 I’ 09 !‘1’0)
where:
P - set of places
T - set of transitions
I - transition input function I:P—->T”
O - transition output function O:T— P”
L - initial marking U :P— N
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Example of a Petri net and its graphical representation

Alternative definition

(P, T, I, O, W,

P={p}, P2, P3, P4> D5}

T={t1, t), t3, t4}

I(t)=1{p} O(t)=1{p;, p3}
[(t)=1{p,} O(t)=1{p4}
I(t;)={ps, P53} O(t:)={ps}

1(t)={DP4> Ps> P> D5} O(t)=1{p, }

w,=11,0,0,2,0}
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Petri nets

The state of a Petr1 net 1s
characterized by the marking
of all places.

The set of all possible markings
of a Petr1 net corresponds to 1ts
state space.

How does the state of a Petr1 net evolves?
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Dynamics of Petri nets

A transition L€ T 1s enabled 1f:

Vp,e Pr u(p) = #(p;1()))

A transition ¢, I Tis enabled to fire,
resulting 1n a new marking given by

uw'(p) = wulp;) - #(piI(t;)) + #(p.O(t;))
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Petri nets
Example of evolution of a
Petr1 net
Initial marking:

w,=11,0,1,2,0}

This discrete event system t, — y—
can not change state.

It 1s 1n a deadlock!
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Petri nets: Conditions and Events

Conditions:

a) The server is idle.
b) A job arrives and waits to be processed

c) The server is processing the job

d) The job is complete

Events
1) Job arrival

2) Server starts processing
3) Server finishes processing
4) The job is delivered

Event | Pre-conditions | Pos-conditions
1 - b

2 a,b C

3 d.a

4 d -

P. Oliveira
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Petri nets: Conditions and Events

Event | Pre-conditions | Pos-conditions
1 - b
2 a,b C
3 C d.a
4 d i
Job arrival Start of End of Job is
processing O processing delivered

Jobs waits Job is beeing Job is
processing processed complete

Server 1s 1dle

P. Oliveira Page 39
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Petri nets
Modeling mechanisms

Concurrence Conflict

P. Oliveira Page 40
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Petri nets

Modeling mechanisms

Mutual Exclusion

O O

t,— —
Criti.cal /> - Criti.cal
Section '\ -’ Section

A

Producer / Consumer

\

to B
produce

e
S

AP

D

P. Oliveira

to

consume
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Petri nets
Modeling mechanisms

Producer / Consumer Readers / Writers
with finite capacity

to

pro duce consume
to

write
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Discrete Event Systems

Example of a simple automation system modelled using PNs

An automatic soda selling
machine accepts 50 ¢ and

$1 coins and sells 2 types of
products: SODA A, that costs
$1.50 and SODA B, that costs

\
7

$2.00. \F» e e
\

|

Assume that the money return
operation 1s omitted.

ts

p,: machine with $0.00;
t,: coin of 50 ¢ introduced;
t;: SODA B sold.
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Extentions to Petri nets
Switches [Baer 1973]

S o
KK

Possible to be implemented with restricted Petri nets.
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Extentions to Petri nets

Inhibitor Arcs
Equivalent to

nets with priorities

Can be implemented with restricted Petri nets?
Zero tests...

Infinity tests...
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Extentions to Petri nets

P-Timed nets

Job arrival Start of
processing
Jobs waits
processing

End of Job is
processing

delivered

O=

Job is beeing Job is
processed

complete

Server 1s idle
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Extentions to Petri nets

T-Timed nets

Job arrival Start of End of Job is
processing processing delivered
Jobs waits Job is beeing Job is
processing processed complete

Server 1s 1dle

P. Oliveira Page 47
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Extentions to Petri nets

Stochastic nets

Stochastic switches Transitions with stochastic timmings
described by a stochastic variable
with known pdf
do/ di| 92 Lo
Qo it 92 =1
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Discrete Event Systems

Sub-classes of Petri nets

State Machine:

Petr1 nets where each transition
has exactly one input arc and one
output arc.

Marked Graphs

Petr1 nets where each place
has exactly one input arc and one
output arc.
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Discrete Event Systems
Example of DES:

Manufacturing system composed
by 2 machines (M, and M,) and a
robotic manipulator (R). This takes ? CT)
the finished parts from machine M,
and transports them to M,.

No buffers available on the machines.
If R arrives near M, and the machine is R
busy, the part is rejected.

If R arrives near M, and the machine is
busy, the manipulator must wait.

Machinning time: M;=0.5s; M,=1.5s; Ry;; @ m>=0.28; Ry, v =0-1s;
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Discrete Event Systems

Example of DES: T 5
Variables of ° v
M, X1 |
M, Xo \ (T)
R X3

Example of arrival of parts:

{1 em {0.1, 0.7, 1.1, 1.6, 2.5}
a(t)=

0 em todos os outros instantes

x,={Idle, Busy, Waiting}
x,={ldle, Busy}
x,={Idle, Carrying, Returning}
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Discrete Event Systems
Example of DES:

Definition of events:

a - loads part in M,

d, - ends part processing in M,

I, - loads manipulator

I, - unloads manipulator and
loads M,

d, - ends part processing in M,

I3 - manipulator at base

API

P. Oliveira
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Discrete Event Systems

al, / / /
IR B
d, | vﬂ — ———
S T == =
1 2 3 4 1 2 3 4
r y
. 1T 2T3 L 7t )
B
I, T T T R I+ \1 \2 :‘; gt
1 2 3 4 ! X,
I, , ,
[ ¢ dl =
e e
2 ! T I >
1 2 3 4 t
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Discrete Event Systems

Example of DES:

Events:

a, - loads part in M,

d, - ends part processing in M,
r,- loads manipulator

1,- unloads manipulator and
loads M,

d,- ends part processing in M,
r;- manipulator at base

7

Ml

O«

peca
nova

C

rejeita |

peca

iReturning
==

A\

P. Oliveira
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Syllabus:
Chap. 6 — Discrete Event Systems [2 weeks]

Chap. 7 — Analysis of Discrete Event Systems [2 weeks]

Properties of DESs.

Methodologies to analyze DESs:
* The Reachability tree.
* The Method of Matrix Equations.

Chap. 8 — DESs and Industrial Automation [1 week]
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Some pointers to Sistemas de Eventos Discretos

History:

Tutorial:

Analyzers,
and
Simulators:

Bibliography:

(in Portuguese)

* Cassandras, Christos G., "Discrete Event Systems - Modeling and
PerformanceAnalysis", Aksen Associates, 1993.

* Peterson, James L., "Petri Net Theory and the Modeling of Systems",
Prentice-Hall,1981. Online em

* Petri Nets and GRAFCET: Tools for Modelling Discrete Event Systems
R. DAVID, H. ALLA, New York : PRENTICE HALL Editions, 1992
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Properties of Discrete Event Systems

Reachability
Given a Petri net C=(P, T, I, O, W,) with initial marking

L, , the set of all markings that can be obtained is the reachable
set W € R(C, ).

Note: in general is infinite!

How to compute R(C,)? I >0 ; >0 ’l

How to describe R(C,)?

API P. Oliveira Page 4



IST/DEEC /ACSDC Chap. 7 — Analysis of Discrete Event Systems

Properties of Discrete Event Systems

Coverability

Given a Petri net C=(P, T, I, O, W,) with initial marking
U, , the state > € R(C, ) 1s covered 1f W’(1) < w (1), for all
places p; € P.

Yes!, see next...
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Properties of Discrete Event Systems

Safeness

A place p; € P of the Petrinet C=(P, T, I, O, \,) is safe
if forall W € R(C,p,): w’<1.

A Petri net 1s safe if all its places are safe.

IO®O—>| OO0

Petr1 net not safe Petr1 net safe
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Properties of Discrete Event Systems

Boundness

A place p; € P of the Petrinet C=(P, T, I, O, y,) 1s
k-bounded if for all @ € R(C, ,): L.’ < k.

A Petri net 1s k-bounded if all places are k-bounded.

oo

Petr1 net not bounded Petri net 3-bounded
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Properties of Discrete Event Systems

Conservation

A Petrinet C=(P, T, I, O, \1,) 1s strictly conservative
if forallw € R(C, L)

Iy (p)—Zmp)

Petr1 net strictly conservative
API P. Oliveira
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Properties of Discrete Event Systems

Liveness

A transition t 1s live of
Level 0 - if it can never be fired.

Level 1 - if it is potentially firable, that is if there exists I’ € R(C,)such that
t; is enabled in L.

Level 2 - if for each integer n, there exists a firing sequence such that t,
occurs 7z times.

Level 3 - if there exists an infinite firing sequence such that t; occurs infinite times.

Level 4 - if for each 1’ € R(C, 1) there exist a sequence ssuch that the transition
t;is enabled.
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Properties of Discrete Event Systems

Example of liveness of transitions

* t, 1s of level 0.

* t, 1s of level 1.

* t, 1s of level 2.

* t; 1s of level 3.
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Properties of Discrete Event Systems

Reachability

Given a Petri net C=(P, T, I, O, W,) with initial marking
W, and a marking u’, is W’ € R(C,u,)reachable?

Analysis methods:
 Brute force...
e Reachability tree

» Matrix Equations
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Analysis Methods

Reachability Tree

Build the
Constituted by three types of nodes:

. This method can also be used
* terminals to study the other properties
previously introduced.

* Interiors
See examples...

e duplicated

The infinity marking symbol (®) 1s introduced whenever a
marking covers other. Used to allow to obtain finite trees.
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Analysis Methods

Reachability Tree

Algebra of the infinity symbol (m):

For every positive integer a the following relations are verified:
l. o+a=w

2. ®—a=®

Theorem - If there exist terminal nodes
3 a<o in the reachability tree then the corres-
ponding Petri net has deadlocks.

4. O<®
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Analysis Methods

Example of reachability tree:

(1,0, 0) g .
NG o

(1,0,0) (0,1, 1)

Then the infinity symbol ® can be introduced.
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Analysis Methods

Example of reachability tree:

(10, 0) 0,1,1)

s \
(1,05 ,0) (0™, 1) (0,0,1)  We can conclude

dup t term imediately that there are
: ] .

(0,0, 1) DEADLOCKS!
dup.
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Other example:

(or a couter-example)

Decidibility |
Problem (0,1, )
b
(1,0, o) (1, 0, )

API P. Oliveira Page 16
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Example of a Petri net

(P, T, A, w, x,)

Pz{pla p29 p39 p49 pS}
T={t;, t, t5, t4}

A={(p;, t)), (t, P2)s (L1, P3)> (P25 1), (P35 1),
(t2, Pa)s (85, Ps)s (Pas ta)s (Pss ta)s (t45 P1)

w(py, t)=1, w(t;, p)=1, w(t;, p;)=1, w(p,, t,)=1
W(p39 t3):29 W(t29 p4):19 W(t39 pS):la W(p49 t4):3
w(ps, t)=1, w(ty, p)=1

XO: {17 Oa 07 27 O}
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Discrete Event Systems

Example of a simple automation system modelled using PNs

An automatic soda selling
machine accepts 50 ¢ and

$1 coins and sells 2 types of /—'
products: SODA A, that costs v
$1.50 and SODA B, that costs " <’D

\
?
$2.00. ! \‘_’ Q )

p ‘

P4

Assume that the money

return operation is omitted. b.: machine with $0.00;
t,: coin of 50 ¢ introduced;

tg: SODA B sold.
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Analysis Methods

Method of the Matrix Equations (of State Evolution)

The dynamics of the Petri net state can be written in
compact form as:

This method can also be used

‘L[ (k + 1): ‘Ll (k )+ Dq (k ) to study the other properties

previously introduced.

where:
L (k+1) - marking to be reached
k) - initial marking
q(k) - firing vector (transitions)
D - incidence matrix. Accounts the balance of
tokens, giving the transitions fired.

Requires some thought... ;)
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Analysis Methods

How to build the Incidence Matrix?
For a Petr1 net with n places and m transitions
pHe N,
ge N,
D=D"-D" e /7"
The enabling firing rule is {4 2 D q.

Can also be writen in compact form as the inequality
u+Dg =0,

interpreted element by element.
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Analysis Methods
Example on the use of the method of matrix equations
ule+)= )+ Dgl)
_ _1_ Ttl p2
\ b
k+1)=|3 | ulk)=|0 J\
uk+1) o p(k) o Pile/ >|
0 -1 0 _th_ r1=1-O't2 0
_ _ O, =
D=1 1 -1|4q)=|0, y3=0,+0,,—0,, { }
0 1 0 1043 0=g 0,70, = 3
- N vV — Y
Verity!
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Analysis Methods

Properties that can be studied immediately with the
Method of Matrix Equations

» Reachability (sufficient condition)

Theorem — i1f the problem of finding the transition firing vector that
drives the state of a Petri net from p to state i’ has no solution,
resorting to the method of matrix equations, then the problem of
reachability of 1’ does not have solution.

« Conservation — the firing vector 1s a by-product of the MME.

e Temporal invariance — cycles of operation can be found.
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Example of a Petri net Conservation

For the number of tokens (weighted) to be preserved :

xT,u': xT,u +xTDq
x'D=0

_ - -
-1 0 0 1] |=x+x,+x;,=0 X, =X, +X,
=100 -x,+x,=0
D=[1 0 -1 0] ¢ X, =X,
o 1 0 1 —x;+x,=0
_ X, =X,
_O 0 1 —1_ kxl_x4_-x5_0 L

Solution: undetermined system of equations x'=[2 1 11 1].
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Example of a Petri net Temporal invariance

To determine the transition firing vectors that make the
Petri net return to the same state(s)

Dg=0

-1 0 0 1] - [~q,+¢,=0
I -1 0 0 o 4,4, =
=[1 0 -1 0] g=|"] g -q=
0 1 0 -I 1 q,—q,=0 1]
OO B | R P

O ) G w—y

Solution: undetermined system of equations -
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Example for the analysis of properties:

Event | Pre-conditions | Pos-conditions
1 - b
2 a,b C
3 C d,a
4 d _
Job arrival Start of End of Job is
processing O processing delivered
Jobs waits Job is beeing Job is
processing processed complete

Server is idle

API P. Oliveira Page 25



IST/DEEC /ACSDC Chap. 7 — Analysis of Discrete Event Systems

Example for the analysis of properties:

An automatic soda selling
machine accepts 50 ¢ and

$1 coins and sells 2 types of /—'
products: SODA A, that costs v
$1.50 and SODA B, that costs " <’D

\
?
$2.00. ! \‘_’ Q )

p ‘

P4

Assume that the money

return operation is omitted. b.: machine with $0.00;
t,: coin of 50 ¢ introduced;

tg: SODA B sold.
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Example for the analysis of properties:
Manufacturing cell with robotic parts handling

Manufacturing system composed

by 2 machines (M, and M,) and a ? CT>
robotic manipulator (R). This takes

the finished parts from machine M, M, M
and transports them to M,. é g
No buffers available on the machines. R

If R arrives near M, and the machine is
busy, the part is rejected.

If R arrives near M, and the machine is
busy, the manipulator must wait.

Machinning time: M;=0.5s; M,=1.3s; Ry;; @ m2=0-28; Ry, @ m1=0-15;
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Top 10 Challenges in Logic Control for Manufacturing Systems
By Dawn Tilbury from University of Michigan

(General management of distributed control applications,
Open/distributed control -- ethernet-based control)

(No well-developed and accepted theory of discrete event control,
in contrast to continuous control)

(None of the programming languages do what we need but nobody
wants a new programming language)

(automatically)

(Machine-control standards -- every machine is different, Validated standards,
Standardizing different types of control logic programming language)

(Standards for validation, Simulation and verification of controllers)

(Software re-usability -- cut and paste, Sophisticated software for logic control,
User-unfriendly software)

(Bridging the gap between industry and academia,
Gap between commercial software and academic research)

(Educating students for various PLCs, Education and keeping current with
evolution of new control technologies, Education of engineers in logic control,
Lack of curriculum in discrete-event systems)

And the number one challenge in logic control for manufacturing systems is...

(Integrating diagnostic tools in logic control, Standardized methodologies for design,
development, and implementation of diagnostics)
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Complexity and Decidibility
* A problem 1s undecidable if 1t 1s proven that no algorithm to

solve 1t exists.

An example of a undecidable problem is the stop of a Turing machine (MT):

“Will the TM stops for the code n after using the number m?”.

 For decidable problems, the complexiy of the solutions
have to be taken into account, that 1s, the computational cost

in terms of memory and time.

Basic example: multiplication of number in the arabic and latin civilizations...
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Reducibility

When to solve a given problem it is possible to reduce it to other

problems with known solution

Theorem: Assume that the problem A 1s reducable to problem B:

e [f B 1s decidable then A4 1s decidable.
* [f 4 1s undecidable then B is undecidable.
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Reducibility
Equality Problem: Given two marked Petri nets
¢, =R.0,11,0) and C,=(h,T,,1,,0,), with markings

m, e m,, respectively, is R(Ci, 1) = R(Cy, l1y) ?

Subset Problem: Given two marked Petri nets
C,=\.10,1,0) and €, =(F5,15,15,0,), with markings

m, € m,, respectively,1s  R(C,u,) < R(C,,u2)?

The equality problem 1s reducable to the subset problem

(Sugg: proove that each set is a subsets of the other)

P. Oliveira
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Decidibility
If a proble in undecidable does 1t means that it 1s not solvable?
NO, it means that it was not yet solved!

Classical example: (Fermat Last Theorem)

Now it 1s known that the problem is impossible. The problem remai-
ned undecidable for more than 2 centuries (solution proven in 1998).

The MT problem 1s undecidable.

If 1t were decidable, for instance the Format last theorem would have
been proven long time ago, 1.e. there would be an algorithm (MT with
code n) that computing all combinations of x,y,z and n>2 (number m)

to find a solution verifying x" + y"* = z"* .
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Reachability Problems
(Given a Petr1 net C=(P,T,1,0) with 1nitial marking m)

Reachability Problem: For the marking u’, is it € R(C, 1) ?

Sub-marking Reachability Problem:
Given the marking |’ and a subset P =P, exist 4 € R(C,u)

such that ,Lt"(pl-) = ,u' Vp, e P 9

Zero Reachability Problem:

Given the marking w’=(00 ... 0), is 1 e R(C,u)?

Zero Place Reachability Problem:

Given the place p; € P, is ,u' e R(C,u) with :u'(Pi) =07?
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Reachability Problems

A — B : Areducable to B

Reachability Problem

|

Zero Reachability Problem

{ Theorem 5.1

|

Theorem 5.2

Sub-marking Reachability Problem

Zero Place Reachability Problem
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Reachability Problems

Theorem 5.3: The following reachability are equivalent:

* Reachability Problem,;

e Zero Reachability Problem;

e Sub-marking Reachability Problem:;
» Zero Place Reachability Problem.
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Liveness and Reachability
(Given a Petri net C=(P,T,I,O) with 1nitial marking m)

Liveness Problem
Are all transitions t, of T live?

Transition Liveness Problem
For the transition t; of T, 1s t; live?

The liveness problem 1s reducable to the transition liveness
problem. To solve the first it remains only to solve the
second for the m Petri net transitions (#T = m).
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Liveness and Reachability
(Given a Petri net C=(P,T,I,O) with 1nitial marking m)

Theorem 5.5: The problem of reachability is reducable to the
liveness problem.

Theorem 5.6: The problem of liveness is reducable to the
reachability problem.

Theorem 5.7: The following problems are equivalent:

« Reachability problem
* Liveness problem
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Decidibility results

Theorem 5.10: The sub-marking reachability problem i1s
reducable to the reachable subsets of a Petr1 net.

Theorem 5.11: The following problem 1s undecidable:

» Subset problem for reachable sets of a Petri net

They are all reducable to the famous Hilbert’s 10th problem:

The solution of the Diophantine equation of n variables, with integer
coefficients P(x,, x,, ..., x,)=0 is undecidable.

(proof by Matijasevic that it is undecidable in the late 1970s).
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Syllabus:

Chap. 7 — Analysis of Discrete Event Systems [2 weeks]
Chap. 8 - SEDs and Industrial Automation [1 week]

GRAFCET / Petr1 Nets Relation
Model modification
Tools adaptation

Analysis of industrial automation solutions by analogy with
Discrete Event Systems

Chap. 9 — Supervision of DESs [1 week]
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Some pointers to Sistemas de Eventos Discretos

History:

Tutorial:

Analysers, (in Portuguese)
and

Simulators:

Bibliography: * Petri Nets and GRAFCET: Tools for Modelling Discrete Event Systems
R. DAVID, H. ALLA, New York : PRENTICE HALL Editions, 1992
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Given a Discrete Event System how to implement it?

a) Less modelization hability
b) Implementation in PLCs straightforward
¢) No analysis (or very scarse) methods available

a) More modelization capacity

b) No direct implementation in PLCs (therefore indirec
Or special software solutions required)

¢) Classical analysis methods available
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Implementation of DES using GRAFCET

ANALYSIS

e

GRAFCET Petri Nets

4

API P. Oliveira Page 5
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DES Implementation

Models of the DES and of the Controlled system required

System to be Controlled

Cmene

It is required
To design models of the
System to be controlled and of the

Interface to be used...
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Implementation of DES using Petri Nets

Implementation

<

PCs PLC Petri Nets

Both solutions are valid.
Out of the scope of this course.
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Analysis of solutions
GRAFCET and Petri Nets

Similarites to exploit:
a) Places and steps are similar
b) Transistions compose both tools

¢) Places can be used to implement counters
and binary variables

d) Logic functions can be rewritten resorting
to the firing of transitions
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Analysis of solutions

GRAFCET and Petri Nets

Differences to be taken into account:

a) Firing rules (mutual exclusion)

b) Conflits

¢) Binary activation of stages

d) Interface with the system to be controlled
e) Activation functions
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Analysis of solutions
GRAFCET — Petri Nets

Representation of variables active on level

API P. Oliveira Page 10
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Analysis of solutions
GRAFCET — Petri Nets

Representation of variables active at edge

Ta

Note on the memory effects.
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Analysis of solutions
Petri Nets - GRAFCET

Adaptation of Tools:

Reachability Tree

l

Reachability Graph

Method of the Matrix Equations
to describe the state evolution
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Petri Nets — GRAFCET

Reachability Graph

To build a graph with the
Composed by two types of nodes:

e terminal

e Interior

The duplicated nodes are not represented.
They become connected to the respective copies.

1S introduced,
en a marking covers other(s).

P. Oliveira Page 13
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Petri Nets — GRAFCET

Reachability Graph

Theorem - If a reachability graph has terminal
nodes then the corresponding GRAFCET has
deadlocks.
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Petri Nets — GRAFCET

Reachable Set

Given the GRAFCET G=(S§, 7, I, O, u,) with initial marking
1, , the set of all markings that are reachable 1s the reachable
set W € R(C, ).

Remark: IT IS NOT INFINITE!
Given a GRAFCET with m steps
it has 2™ nodes at most.
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Petri Nets — GRAFCET

Boundness and Limitation

The GRAFCET G=(S, T, I, O, y,) 1s always secure!

The same does not occur with some auxiliary elements of
the GRAFCET, e.g., counters and buffers.

For those elements the analysis methods studied for Petri
Nets can be used directly.
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Petri Nets — GRAFCET

Conservation

A GRAFCET G=(S, 7, I, O, ,) 1s stricly conservative
if forallm’ € R(C,pn)

2 (p)= Z 1 (py)-

pEP pEP

A GRAFCET G=(S§, 7, I, O, n,) 1s conservative if there

exist a weight vector w, without null elements, for all
W € R(C,)such that 1t 1s constant the quantity

Zw(p;) Wp;y)-

pEP
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Petri Nets — GRAFCET

Liveness of transicoes: The transition t;1s live of
Level 0 - it can never be fired.

Level 1 - if it is potentially firable, e.g. if there exist m’ € R(C, 1) such that
t;is enabled in [1".

Level 2 - if, for each positive n, there exist a sequence of firings where occurs
n firings of t; .

Level 3 - if there exist a sequence of firings where an infinite number of firings
of t; occurs.

Level 4 - if for each 1’ € R(C, 1) there exist a sequence s that enables the
firing of t;.
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Petri Nets — GRAFCET

Example of GRAFCET
* t, € de nivel 0. T
: , t.4~a t1a
* t, € de nivel 3. 3 1
3 2
: , =)
* t, € de nivel 3. t,
t, T9
, , 4
* t; € de nivel 1.
P. Oliveira
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Petri Nets — GRAFCET

Example of GRAFCET
(1,0,0,0)
5 L3 :
t,2  t,2
(0,1,0,0) (0,0,1,0) 3 )
{ term.
2 —b
} — 2
(1,0, 0, 0) t, T4
dup. 1
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Petri Nets — GRAFCET

Example of GRAFCET
1
(1, O, O, O) t3__~a tl__a
t; t, 3 2
(0,1,0,0) (0,0,1,0) LT T
term. t, T9
4

Strictly conservative.
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Petri Nets — GRAFCET

Metoth of Matrix Equation (for the state evolution)

The evolution of a GRAFCET can be written in compat form as:

W=u

Dgq

- desired marking (vector column vector)

- column vector of the transition firings
- incidence matrix. Accounts for the token
evolution as a consequence of transitions firing.

API

u
) - initial marking
q
D

P. Oliveira Page 22



IST/DEEC /ACSDC Chap. 8 — DES and Industrial Automation

Petri Nets — GRAFCET

Problems that can be addressed resorting to the
Method of Matrix Equations

» Reachability (sufficient condition)

Theorem — if the problem of finding the vector of firings, for a
GRAFCET without conflicts, from the state | to the state |1’ has no
solution using the Method of Matrix Equations, then the problem of
reachability of m’ is impossible.

« Conservation — the conservation vector can be computed
automaticaly.

e Temporal invariance — cycles of operation can be found.
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set of equations

/
Example of GRAFCET U =u+Dgqg
—1 0 0 1]
1 -1 0 0
1 D=1 0 -1 0
0 1 0 =1
LT a 0 0 1 -1
i T
5 3 Conservation X D — O
t2'—b t3'—c (—x1+x2+x3=0 X =Xt X,
-x,+x,=0 X, =X, + X;
4 5 _ -0
|_ r Xy T Xs = X, +x, =X, + X,
| X —x,—x5=0 BX
Solution: 1
t,, T d Undetermined =1}
1
1
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API

IST/DEEC /ACSDC

Chap. 8 — DES and Industrial Automation

Example of GRAFCET
1
Dq — () D=
tl-_ a
5 3 Temporal invariance
t.4+b t,4¢
2 3 Solution:
|_ 4 S Set of equation
with one solution
t 4 _ — —

-1 0 O

O O =
[E—
)

0,

AN

0,
0,

L O3

P. Oliveira

W =u+Dgq

{]

o, =
o, =
o, =
o, =

(-0,+0,=0
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Example of GRAFCET U =u+Dgq
1 2 3 0 1] —1 0]
! 0 | -1 -1
’ — 61
t, a t, a u=0l u={1{ D=0 -1 —Lj
| 0 1 O
4 5
1 0 0 1
. . . 0=1-o0,
Set of Equations implossible 0—1
Therefore marking not reachable. —TTO
WRONG! 1 0=1-0o
=0,
The method fails if it exist conflicts! =0,
API P. Oliveira Page 26
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Syllabus:

Chap. 8 - SEDs and Industrial Automation [2 weeks]

Chap. 9 — Supervised Control of SEDs [1 semana]
* SCADA
* Methodologies for the Synthesis of Supervision

Controllers
* Failure detection

Some jokes available in

The End.

API P. Oliveira
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Some pointers on Supervised Control of DES

History: The SCADA Web,

Monitoring and Control of Discrete Event Systems
Stéphane Lafortune,

Tutorial:
Analysers,
and (Users Manual)
Simulators: (Software)
Bibliography: * Livros de SCADA
* Moody J. e Antsaklis P., “Supervisory Control of Discrete Event
Systems using Petri Nets,” Kluwer Academic Publishers, 1998.
* Cassandras, Christos G., "Discrete Event Systems - Modeling and
Performance Analysis," Aksen Associates, 1993.
* Yamalidou K., Moody J., Lemmon M. and Antsaklis P.
Feedback Control of Petri Nets Based on Place Invariants
API P. Oliveira
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Supervision of DES
Supervisory
Control
And
Data
Acquisition
API P. Oliveira
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Supervision of DES
SCADA topics

« Remote monitoring of the state of automation
systems

* Logging capacity (resorting to specialized
Databases)

 Able to access to historical information (plots along
time, with selectable periodicity)

* Advanced tools to design Human-Machine
interfaces

e Faillure Detection and Isolation capacity (treshold
and/or logocal functions) on supervised quantities

* Access control
API P. Oliveira
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Supervision of DES
Examples of SCADA

TANK2_LEVEL

TANK1 l.[VEL

Iml‘PFn IFVFI

| V48PN [T0V22002
[ [CRON"]
o

7= 7 Pump 1

‘ 0

o

.

= 271.8 RPM

@
.@

[WyPage [WFage
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Supervision of DES

Examples of software packages including
SCADA solutions

— Aimax, de Desin Instruments S.A.
— CUBE, Orsi Espaiia S.A.

— FIX, de Intellution.

— Lookout, National Instruments.

— Monitor Pro, de Schneider Electric.

— SCADA InTouch, de LOGITEK.
— SYSMAC SCS, de Omron.

— Scatt Graph 5000, de ABB.

— WinCC, de Siemens.

API P. Oliveira
Page 7



IST/DEEC /ACSDC Chap. 9 — Supervised Control of DES

Supervision of DES
Hardware Support Achitecture of SCADA

Ay Ay MIU Legend:

MTU - Main Terminal Unit

Field Bus
RTU - Remote Term. Unit
“ “ Yo
RTU, S, S, A - Actuator
API P. Oliveira
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Supervision of DES
And
Now
Something
Completly
Different
API P. Oliveira
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Supervision of DES

Objectives of the Supervised Control

 Supervise and bound the work of the supervised DES

» Reinforce that some propeties are verified

 Assure that some states are not reached

 Performance criteria are verified

 Prevent the deadlock od DES

 Constrain on the use of ressources (e.g. mutual exclusion)

API P. Oliveira
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Supervision of DES

Some history on Supervised Control

» Methods for finite automata [Ramadge et al.], 1989
* some are based on brute-force search (!)
* or may require simulation (!)

* Formal verification of software in Computer Science
(since the 60s) and on hardware (90, ...)

» Supervisory Control Method of Petri Nets, method based on
monitors [Giua et al.], 1992.

 Supervisory Control of Petr1 Nets based on Place Invariants
[Moody, Antsaklis et al.], 1994 (shares some similitude with the

previous one, but deduced independently!...).

API P. Oliveira
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Supervision of DES
Advantagens of the Supervisory Control of Petri Nets

« Mathematical representation 1s clear (and easy)
 Resorts only to linear algebra (matrices)

e More compact then automata

e Straithforward the representation of infinity state spaces

* Intuitive graphical representation available

The representation of the controller as a Petr1 Net leads to

simplified Analysis and Synthesis tasks

API P. Oliveira
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Supervision of DES
Method of the Place Invariants [ISIS docs]:

What type of relations can be represented in the method of
Place Invariants?

* Sets of linear constraints in the state space

« Representation of convex regions (there are extentions for
non-convex regions) (?...)

 Constraints to guarantee liveness and to avoid deadlocks
(that can be expressed, 1n general, as linear constraints)

 Constraints on the events and timmings (bis)
API P. Oliveira
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Supervision of DES

Advantages of the Method of the Place Invariants [ISIS docs]:
Other characteristics that can impact on the solutions?
 Existence and uniqueness

» Optimality of the solutions (e.g. see maximal permissivity next)

» Existence of transition non-controllable and/or not observable
(remind definitions for time-driven systems)

In general the solutions can be found solving:

Linear Programming Problems, with Linear Constraints

API

P. Oliveira
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Methods of Analysis/Synthesis

Method of the Matrix Equations (just to remind)

The dynamics of the Petri net state can be written in
compact form as:

plk+1)= ulk)+ Dglk)

where:
Wwk+1) - marking to be reached
k) - initial marking
q(k) - firing vector (transitions)
D - incidence matrix. Accounts the balance of
tokens, giving the transitions fired.

API P. Oliveira
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Methods of Analysis/Synthesis

How to build the Incidence Matrix?

For a Petr1 net with n places and m transitions
pHe N,
ge N,
D=D"-D" e /7"
The enabling firing rule is {4 2 D q.
Can also be writen in compact form as the inequality

u+Dg=0,

interpreted element by element.

API P. Oliveira
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Methods of Synthesis

Some notation for the method

* The supervised system 1s modelled as a Petri net with
n places and m transitions, and incidence matrix

D,eZ"™.

* The supervisor 1s modelled as a Petri net with 72~
places and m transitions, and incidence matrix

neXm
D.e 2.

* The resulting total system has an incidence matrix

D c Z(n+nc )Xm

API P. Oliveira
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Methods of Synthesis

Theorem: (1)
Synthesis of Controllers based on Place Invariants

Given the set of linear state constraints that the supervised
system must follow, writte as

Lu,<b, u,eN,, LeZ'" and beZ™.

If b—Lu, =0,then the controller with incedence matrix
. e 0 . .
and 1nitial marking, respectively

D, =-LD,, and |Ho = b _L,UPO )

makes the constraints be verified for all markings obtained

from the 1nitial marking.

API P. Oliveira
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Methods of Synthesis

Theorem:

Proof outline:

The constraint LU, < b can be written as
L, + [, =b, using the slack variables H-
They represent the marking of the n . places of the controller.
To have a place invariant, the relation x"D =0 must be
verified and in particular, given the previous constraint:

D
xX'D=|L 1] " |=0,resulting
DC

From Lu, +HU. = b, follows that

API
Page 19
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He, = b _L,UPO-
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Chap. 9 — Supervised Control of DES

Methods of Synthesis

Example of controller synthesis

Mutual Exclusion

Incidence
Matrix

API

Linear constraint:

That can be written as:

Lu,<b
0 O]
0 0
-1 1
i

o 1 0 1]

and 1nitial Uy =
0

marking

P. Oliveira

U,
U
U,

M+, <1

H,

S = O =
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Chap. 9 — Supervised Control of DES

Methods of Synthesis

Example of controller synthesis

Mutual Exclusion

1
10

b—Lu, =1-[0 1 0 1_1 =1>0.
0

1) Test

2) Compute

D.=-LD,=—[0 1 0 1

and

Hc, :b_LUPO =1.

API

Page 21
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Methods of Synthesis

Example of controller synthesis

Mutual Exclusion

3) Resulting in

My =

1

0

1

0
i OK.
UAU!!!.

API P. Oliveira
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Methods of Synthesis

Definition:
Maximal permissivity occurs when all the linear constraints
are verified and all legal markings can be reached.

Lemmas:
i) The controllers obtained in (1) have maximal permissivity.

il) Given the linear constraints used, the place invariants
obtained with the controller synthesized with (1) are the
same as the invariants associated with the initial system.

API P. Oliveira
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Methods of Synthesis
Example of controller synthesis Vse Ny,Vte Ny, Vne N,
Readers / Writers Linear constraints U, +nU, <n
for n books:
That can be written as: H,
Lu,<b o 1 0 n:“z <n.
Uy
| Hy
1 0 0 S
0
Incidence D = I -10 0 and initial 1, = ,
. p — . 0
Matrix 0 0O -1 1 marking l
0 0 1 -1 0
API P. Oliveira
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Methods of Synthesis
Example of controller synthesis g
Readers / Writers 0
1) Test b—Lu, =n—[0 1 0 n] |=n20.
[
O OK.
2) Compute '_1 1 0 0 ] -
D.=-LD,=-[0 1 0 n] b o0 -1 1 ]
= — = — n = |- —n n
y i 10 0 -1 1
and 0 0 1 -1
He = b— L:UPO = n. OK.
API P. Oliveira
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Methods of Synthesis i i
-1 1 0 O
Example of controller synthesis
. 1 -1 0 0
Readers / Writers
3) Resulting in D=0 0 =11
@ Up,

n OK

UAU !.! .

API P. Oliveira
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Methods of Synthesis

Example of controller synthesis

Producer / Consumer

Incidence
matrix

Initial
marking

Up =

S = O

What is the linear constraint?

Not possible to write it as a linear constraint L, < D!

Is 1t impossible to solve this problem with the proposed method?

API
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Methods of Synthesis

Generalized linear constraint

Let the generalized linear constraint be

Lu,+Fq,+Cv, <b,
Hpe Ny ,vpe Ny g€ N,
LeZ" " FeZ"" ,CeZ"",e beZ",

where
* Hp is the marking vector for system P;

* 4p is the firing vector since to;

* Vp is the number of transtitions (firing) that can occur,

also designated as Parikh vector.

API P. Oliveira
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Methods of Synthesis

Theorem: Synthesis of Controllers based on Place Invariants,
for Generalized Linear Contraints

Given the generalized linear constraint | L, + F'g, +Cv, <D,

if b— L,U P > 0, then the controller with incidence matrix
and 1nitial marking, respectively

D. =max(0,LD, +C,F)
D} =max(0, F —max(0, LD, + C))-min(0, LD, + C)

He = b— L;UPO —Cvpy,

guarantees that constraints are verified for the states resulting
from the initial marking.

API P. Oliveira
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Methods of Synthesis

Example of controller synthesis Vse Ny,Vte Ny, Vne N,

Producer / Consumer

Linear constraint: Vs < v,
That can be written as: — -
Vi
V= b -1 1 0] 2|<o0
L= O,F =0 1vs -
| Vs
1 0 0 S
0
Incidence  p _ =0 0 Initial Ur =| |
. P : 0
matrix 0 0O -1 1 marking {
0 0 1 -1 0
API P. Oliveira
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Methods of Synthesis

Example of controller synthesis

Producer / Consumer
1) Test

b—Lu, =0-020. .

2) Compute

Dz =max(0,J0 -1 1 0]o)=[0 0 1 o]

D! =max(0,—-[0 0 1 0])-min(0,J0 -1 1 0]=
=[o o 0 o]-[o -1 0 o]=fo 1 0 0]

C
Ue =b—Ly, =0-0=0. OK.

API P. Oliveira
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Methods of Synthesis

Example of controller synthesis

Producer / Consumer

3) Resulting in

@ Up, e

S

0

4

0
_ OK.
UAU!!!.

API P. Oliveira
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Methods of Synthesis Vse N,,Vte N,,Vne N,

Example of controller synthesis

V,—V;<n
Bounded TWO linear
Producer / Consumer constraints: vV, —V, <n
That can be written as: _Vl ]
< O -1 1 Ofv n
Cv,<b > || 7]
L — O, F — O O 1 —1 O V3 n
| V4
1 0 0 §
0
Incidence  p _ =0 0 Initial Ur =| |
. P — . 0
matrix 0 0O -1 1 marking [
0 0 1 -1 0
API P. Oliveira
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Methods of Synthesis

Example of controller synthesis

Bounded Producer / Consumer _I’l
1) Test b—LﬂP =
" n
2) Compute B
) (o -1 1 0 0 0
D, =max| 0, 0 |=
\ O 1 -1 0 0 1
. ( 0 -1 1 0 |
D/ =max| 0,0 —max| 0, —min| O
\ 0O 1 -1 0
0O 0 0 O O -1 0 0] (0 1
000 0¢[0 0 -1 0] [0 0

API

He, = b— L;UPO
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Methods of Synthesis 1 1 0 0
Example of controller synthesis 1 -1 0 0
Bounded Producer / Consumer 0 0O -1 1
3) Resulting in b= 0 0 1 =1
@ (p,
My =

API
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Methods of Synthesis

Definition of Uncontrolable Transition:
A transition is uncontrolable if its firing can be inhibited by an
external action (e.g. A supervisory controller).

Definition of Unobservable Transition:
A transition is unobservable if its firing can not be detected

or measured (therefore the study of any supervisory controller
can not depend from that firing).

Proposition:
A controller can not have arcs that connect to unobservable

Transitions, then all unobservable transitions are implicitly
uncontrolables.

API P. Oliveira
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Methods of Synthesis

Definition: A marking is admissible if
i) Lu,<bh,
e
ii)
/ cp o ’

Vi e R(C,upo ) verif ies LI <b.
Definition: A Linear Constraint is admissible if
i) L, <D,

and

i) Vi'e R(C, Uy ) suchthat Lu <b,

1s an admissible marking.

API P. Oliveira
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Methods of Synthesis

Proposition: Admissibility of a constraint

A linear constraint 1s admissible 1ff

* The mitial markings satisfy the constraint.

* There exist a controller with maximal permissivity that
forces the constraint and does not inhibit any uncontrolable
transition.

Corolarv: given a system with uncontrolable transitions,
["D <0| implies admissibility.

Corolarv: given a system with unobservable transitions,
["D_=0| implies admissibility.

API P. Oliveira
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Methods of Synthesis

Lemma: Structure of Constraint transformation
Let R € Z"" such that Ru,=0,

R,€ Z"""  be amatrix with positive elements in the
diagonal,

If there exists L=R +R]L
b =R,(b+1)-1,
suchthat Ly, <b

then it is also verified that Ly, <b.

API P. Oliveira
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The End.
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