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Course logistics

This part contributes to 1/3 of the mark
4 lectures
4 quizes
2 homeworks
2 exam questions
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Accessing the E-book

IEC 61499 function blocks for embedded and
distributed control systems design
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Authors: Vyatkin, Valeriy
Download This eBook
== (Offline) Publication Ed.: Third Edition. Research Triangle Park, NC : International Society of

Internet Information: Automation. 2016

Resource Type: eBook.

EBSCOhost E-kirja/E-bod — SFX

Description: IEC 61499 is the standard for distributed control systems that follows on
from the IEC 61131 standard for programmable logic controllers (PLC).

This book is a practical guide for component-based development of
Related Information distributed embedded and control systems as proposed by the new
international standard. Each chapter is designed as an independent
study unit, making the book ideal for use in university courses, industrial
training, or self-study. Working knowledge of the IEC 61499 standard can
be achieved in approximately 10 to 15 learning hours. For the control,
automation, or software engineer and the embedded systems developer, this book provides concrete
directions on how to specify and implement a distributed system according to the IEC 61499 standard
Find Similar Results and how to create an IEC 61499—compliant control device. The text also sheds some light on the
using SmartText Searching. broader embedded systems arena since the IEC 61499 standard provides the higher level (yet

executable!) abstraction appropriate for model-based engineering of distributed embedded systems.
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Tools

We will be using NxtStudio

Install it on your personal laptops, or use the
virtual machine image

- Refer to the VDI Instructions guide on
MyCourses
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Online course on IEC 61499 — free access

- Subscribe to the following YouTube
channel https://www.youtube.com/channel/UCAXM7DKhEq

Jlo zxOscz7rA and watch the introductory video.

- Enrol to this online study platform (for free) and go through
the available material watching and repeating on your
laptops.

1. https://training.flexbridge.se/courses/basic-introduction-to-iec-
614997?coupon=aalto-2022-spring

2. https://training.flexbridge.se/courses/distributed-automation-
programming-with-iec-61499-basic-introduction?coupon=aalto-

2022-spring

A? Aalto University
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https://www.youtube.com/channel/UCAXM7DKhEqJIo_zxOscz7rA
https://training.flexbridge.se/courses/basic-introduction-to-iec-61499?coupon=aalto-2022-spring
https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Ftraining.flexbridge.se%2Fcourses%2Fdistributed-automation-programming-with-iec-61499-basic-introduction%3Fcoupon%3Daalto-2022-spring&data=04%7C01%7Cvyatkiv1%40aaltofi.mail.onmicrosoft.com%7Cab23738368ec49ff31f108da04360dc2%7Cae1a772440414462a6dc538cb199707e%7C1%7C0%7C637826928170463808%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=E4ppQ9gRIJOmEfJzf7uyJ9ZhD64x7mtUddXjhtYnbN4%3D&reserved=0

Quizes in the Automation part

e (Quizes are released after each lecture
e Submission deadline is in 24 hours



What is Industrial Automation?
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What is Industrial Automation?
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Generations of Automation Systems

Relay based controllers (40s — 50s)
Microprocessor based PLCs (70s)
Multifunctional PLCs

Industrial Networks

Internet of Things

o kro0bd-~
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Generation 0. Mechanical regulators

Mine in Cornwall equipped with first steam
engine in 1790. First industrial regulator
invented by James Watt to keep the wheel’s

speed constant.
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Generation 1: Relay Ladder Circuits

Hard-wired ladder logic circuits were widely
used to control industrial equipment. This
explains current popularity of the Ladder
Diagram language for programming industrial
controllers

Cortrdler
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Relay Ladder Logic
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Electric Circuit and Ladder Diagram

r Ul *

make contact

relay coil

break contact

| @ |« rung
T L

"coil" 50 is used to move

i
| Y @— other contact(s)
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Generation 2: Programmable Logic Controllers
(PLCs)

PLCs — specially hardened industrial computers -
tremendously improved flexibility of automation
systems

Update Inputs |||

LEDO :=NOT LEDO;
IF NOT LEDO THEN
LED1:=NOT LEDI1;
IF NOT LED1 THEN
LEDZ2:=NOT LEDZ;
IF NOT LED2 THEN

LED3:=NOT LED3f ——u |

END IF; -

{od2
END IF; ‘
END IF; . .

CPU |0UT-Log oo bl
Update Outputs LED2  LED1

l
I
Y
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PLC Programming with Ladder Logic

Inputs Program Motor Output
L1 Prassure Temperature starter L2
o oA switch switch coil
I " 17 on -y
1 1 O m—@ﬂ
H’*}.E’-’* . puh:talg:‘ma]on
i
—0 o3 [
Inputs
Monitor | ...Checks the
inputs | inputs
Ex!cute ...Exacutes control =
prosiram program |
Change ...And updates the . ; * l
cuiguis i . Pressure I I }7 -
Temp
Process control PLC ladder logic program 00 06000066
with typical addressing scheme. puis
H 12 Qf ’ ‘
'LH}_)—,—( )-‘ ,
13 ;
Progam W il
Outputs
Q1 Q3 4
?JS]’ (]
(M) Starter O ut p uts

Typical wiring required to implement the

process control scheme
using a fixed PLC controller.

A’ Aalto University
- Slide 17



Generation 3: Multifunctional PLCs

Modern PLCs know many programming
languages and have versatile and easily
expandable architecture.

"MODE | TIME |
i,

< LGa = TYo.l 1.5 0..32767
®
.
SE—s
. °
: 6 6 * ®
CPU || IN-Log [ IN-Num [ OUT-Log e e R LEDO}
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Programmable Logic Controllers: Form Factors

USER T
INTERFACE
D . 2
LIty 3 N linker B
T ™| . .
- X
‘Jj o
— and much more...

Tiny Controllers

N A 7

v el R Industrial PCs
! ot 2585 . -
:‘- ' | s s ‘n“d..na1 = gw}u‘w’mmM\;,mmcw.
| = | I~
ovae ) (o Tampermins)
Small Controllers e
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el - N i
.-
- . -
Y
) |
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Generation 4: Industrial Networks

[= STRATON - Cylinder

Fle Edt View Insert Project Tools Window Help
AFEIE e
[opAndDovn 21%]
a 3 | Name ]
<B) UpAndDown E # [0 UpAndDown|
#| IF S1 & START THEN  Global varia
= LED:=0; RETAIN vari
=1 FWD:=1;
= S2:=1;
| S$1:=0;
;_ ELSIF S2 & END THEN
i FWD:=0; @i 5
ol S3:=1; E Eg\miamu%ma
[y [Bpy list (UpAndDavwn]
o | 52:=0; Name. | Val
— | ELSIF S3 & HOME THEN
— LED:=1;
1 Sl:=1;
1 53:=0;
| END_IF
L&
[Funtime: %]
# T | Time | Event description
0]\ Proarams /¥ [ Buia % ", Runtime { Callstack ), Breakpomts_}, Promat %, Diatal sampi [ £_
RUN @ 0,0 0x0
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PLC as Integration Platform

Control
Program Memory
POU 1 < I: Mirror of Input Ports
POU 2 /,. O: Mirror of Output Ports
\
POU N ‘| S: Internal Variables \
|
Central
procesor
= B—
o= 13 ~
S E | -
 |2lE— o=
PY @ [im Led3
[ ]
@
CPU| | N-log | INNum | |oUT-Log
L Input modules Output modules -
Sensors, Actuators,
buttons indicators
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Generation 5: From Networking to Internet of
Things

LED3 LED2 LED1 LEDO

A? Aalto University
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Machine To Machine Communication,
Internet of Things

§ GPS
HOST A HOSTB Operation Interlocking  Protective Dispatching Center =
Workstation System Workstal RCS-0858H [ 1 Printer
" G Device
Station Level - RCS9785
ﬂm | GPS Synchronization Device
D L3 —_——
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—
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S
R 1 S - A
I
I
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: RCS-9794A
Bay LeVGI | Protocol Converter,
I
I
|
G00SE ! - | GOOSE Ethernet or RS-485
Optical Ethernet Network| _ 1 | Optical Ethernet Netwp
T I
I 2 PCS-221 PCS-221 : I pCs-221 PCs-21 pes2 |
: Ingelige Merging Unit Merging Unit | : Margmg Unit
~ | 000000
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Production in the past...

“Any customer can have a
car painted any colour that

he wants so long as it is
black!”

Henry Ford (1863-1947)

Source of photo: Wikipedia

: 4 yT.oy
|4 | " ] \
o i [ ‘/‘ ¢ \
1926 Ford Model T
Source of photo: Boldride
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XXI Century: Manufacturing to order!
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Z

The Adidas Speedfactory: Bringing Sports Shoes g
Production back to Germany by Industrie 4.0 S
for Mass Customization

f

Q)

miZX FLUX

(2?2
ORDER NOW - £85 =

« The costumers can design their own short shoes using an App.

« Since the customer wants to receive his personalized product on the next day or faster, long
logistic chains from low-wage countries are no longer acceptable in the era of mass
customization.

« Thus, adidas decided to open various "speedfactories" for personlized shoes in Germany
close to the customer, using Cyber-physical production systems (CPPS).

7€
© W. Wahister . =
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Flexible Manufacturing

0
I I I
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Industry 4.0: New Factory Floor

Industrial robots 3D printers

Mobile machines

, :
‘r-/' 3 =
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Aalto Factory of the Future at Scanautomatic Fair 2018

—
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Computations in Controllers
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IEC 61131-3 Programming Languages

The five IEC 61131-3 Programming languages

Function Block Diagram (FBD)

AUTO CALC1

DI CALC PUMP

v IN1 ouT|——— >~
MAN_ON—| — r

ACT IN2

-

adder Diagram (LD)

CALC1

PUMP

—

AUTO CALC
—1 I— IN1

ACT
— / —— IN2
MAN_ON
—1

Instruction List (IL)

A: LD S$IX1l (* PUSH BUTTON *)
ANDN $MX5 (* NOT INHIBITED *)
ST  %QX2 (* FAN ON *)

graphical languages

http://www.isagraf.com
Sequential Flow Chart (SFC)

START STEP
T :I—
STEP A ACTION D1 | D1_READY
ot ACTION D2 | D2_READY
STEP B ACTION D3 | D3_READY
D| ACTION D4 | D4_READY
3 T

textual languages

Structured Text (ST)

VAR CONSTANT X : REAL := 53.8 ;
Z : REAL; END_VAR
VAR aFB, bFB : FB_type; END_VAR

bFB(A:=1, B:=‘0K’);

Z := X - INT_TO REAL (bFB.OUT1);
IF Z>57.0 THEN aFB(A:=0, B:=“ERR”);
ELSE aFB(A:=1, B:=“Z is OK”);
END_IF

Aalto University

School of Electrical

Engineering




Software Tools

CoDeSys

» Software tool for developing and engineering IEC 61131-3 controller
applications

« asoft PLC from 3S-Smart Software Solutions GmbH
TwinCAT

« OEM version of CoDeSys for Beckhoff, under Visual Studio Shell
ISaGRAF

« KW

Tools of SIEMENS, Rockwell, ABB...

Aalto University
School of Electrical 26/03/2022
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Key Features of IEC 61131-3

e |EC 61131-3 is the most important automation standard in industry.

e 80% of all PLCs support it, all new developments base on it.
Depending on the country, some languages are more popular.

e Structured software - through use of Configuration, Resource, and
Program Organization Units (POU)

e Software encapsulation - through use of POU, and complex data

types
e Strong Data Typing - through languages that restrict operations to
only apply to appropriate types of data

e Execution control - through use of tasks

Aalto University
School of Electrical 26/03/2022
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PLC

Control

Program Memory

POU 1 < I: Mirror of Input Ports
POV 2 / »| O: Mirror of Output Ports
POU N S Internal Variables

Central
procesor

IN-Log
Input modules

Sensors, Actuators,
buttons indicators

34



Cyclic Program Execution

Initialization:
Set initial values to internal
0 ) and output variables

\4

Read values of sensors
and store them in
input variables (inputs)

_ Evaluate control logic
2 ) computing
output variables

I'a Assign output variables
to the actuator signals

! ! >
Scan Scan ; Scan Scan ;. {
Scan ; Scan ;4

< > <

Read Compute Write Read Compute Write

1(7):=IM(i) O(I)=G(S(l-1)) OM(i):=0(i) I(i+1):=IM(i+1) 0(1+ 1)=G(S(l)) OM(i+1):=0(i+1)
< > < '

Values on output modules

Values on output modules
remain unchanged remain unchanged
OM(i-1) = O(i-1) OM(i) = O(i)

A? Aalto University
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Reasons

* Reactivity:
e Timeliness:

* Reliability: if input is read with an error, the
error will be corrected in the next scan.

A? Aalto University
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Formal Models of Automation Logic

Let us denote by I and O Boolean vectors of inputs and outputs,

and S is Boolean vector of state variables.
Then the semantics of the controller can be described by the
following system of Boolean assignments:

I— § —0
Scan Scan ;
< » < >
Read Compute Write Read Compute Write
1(i):=IM(i) O(i)=F(S(i)) OM(i):=0(i) K+ D):=IMGi+1)| O(i+1):=F(S(i+ 1)) OMi+1):=0(i+1) lt
' ' —»
<« » >

Values on output modules
remain unchanged
OM(i-1) = O(i-1)

A? Aalto University
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Values on output modules
remain unchanged
OM(i) = O(i)

37



General Models of PLC execution

Combinatorial:
O(i)=F(I(i))

Moore type state machine:
' S@G+1) :=TU+1), SG));
_ O@Gi+1) :=F(S@G+1)),

Mealy type state machine:
" SG+1) :=TUG+1), SG));
1 OGi+1):=FU(i+1), S(i)),




Reaction of PLC

t, - the change 1s detected

Scan ; | Scan ; ‘ Scan ., Scan 5
. < ¢ ‘ »
Read ‘ Compute Wr zt:l rReczcl Compute Write "
< — >
R - reaction time ¥
t,- change of sensor's value t,- reaction 1s emitted

A Aalto University
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Case-study: Single acting Pneumatic Cylinder

1 ACtuatOr Cylinder’s valve

2 Sensors
¢ air Proximity sensor

CPU || IN-Ubg |OUT-Log
home endcﬁ

® [[oStart

e
-
LI

)
| I—

=I0..1

3|'d Sensor A Proximity Sensor is a sensor able to detect the
A Push Button, which presence of nearby objects without any physical
generates the start event contact.

A? Aalto University



Distributed PLC Systems

f staer |
N o |55t .
™~ I fs y air
e SEHHe
/ | e ] :
L ] [ LED)
| —0..1
CPU || IN- 0UT-Log

q%ome enoﬁD

Sta;
mtm \
N

IN-Log |OUT-Log IN-Log |OUT-Log

PLC1 PLCZ2

CLICK:= START:;
LED:=enable;

A’ Aalto University




Working and Reaction Time

Button LED
pressed \
PLCA1 .
PLC2 | [ ||
Aalto University
A? .



Networking PLCs

Declare .Enabled and .CLICK as shared variables

CPU 9 CPU
e alss
° °
: ——e®
| ° °
‘ / ® . : E
oF —le
LS o
2
IN-Log |OUT-Log et | IN-Log |OUT-Log et |

pLCt 4 PLC2

Set of common (network) variables

Log [Enabled; .CLICK] <---- ‘

Network bus

A? Aalto University



Two PLCs in the Lifting Luggage example

Ethernet = At
i+ Lifiting_Device (CECC-LK)
=-E1 pLC Logic
= f:;.- Application
m Library Manager
P — - NvLL
[E] PLC_PRG1 (PRG)
=8 Task Configuration
=g MainTask
H] PLC_PRG1
+-[{] Onboard (CECC 141/30)
= -z+_ ThustingDevice (CECC-LK)
=2 PLC Logic
-1} Application
, =" L
m Library Manager
[E] PLC_PRG (PRG)
=4 Task Configuration
=58 MainTask
] PLC_PRG

+- ] Onboard (CECC 141/30)

I — () i

PROGRAM PLC_PRG1

VAR
LCExtended : BOOL;
LCRetracted: BOOL; Sensors
LuggageArrived: BOOL;
ExtendLC: BOOL; ==——> Actuator
RetractLC: BOOL;

END_ VAR

IF LuggageArrived AND NOT LCExtended THEN
ExtendLC := TRUE;
RetractLC := FALSE;

ELSIF LCExtended AND SharedVariable THEN
ExtendLC := FALSE;
RetractLC := TRUE;

END_IF

Network variable declaration

VAR GLOBAL
SharedvVariable: BOOL;
END_ VAR

A? Aalto University
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PROGRAM PLC_PRG

VAR
TCRetracted: BOOL;
TCExtended: BOOL; Sensors
LuggageRaised: BOOL;
ExtendTC: BOOL; === Actuator
LuggageAway: BOOL,;

END_VAR

IF LuggageRaised AND TCRetracted THEN
ExtendTC:= TRUE;
LuggageAway = FALSE;
SharedVariable := FALSE;

ELSIF TCExtended AND NOT LuggageRaised THEN
ExtendTC:= FALSE;
SharedVariable := TRUE;

END_IF

44




Using PLCs in a Distributed System: Working

Devices -2 x © Thrusting_Device '@ LiftCylProd x - 4 vVisualization x
=3 LiftingLuggage _Sync - Device.Application.LiftCylProd
- Ad Device [connected] (CODESYS - 1 IF LuggageArrived[gJESg AND NOT LCExtendedfVE THEN i

=89 PLC Logic 2 ExtendLCRENE := TRUE; w
- © Application [run] e RetractLCgNEE := FALSE;

- 4 ELSIF LCExtendedfflNF] AND SharedVar[gNKJg THEN

b G.VL 5 ExtendLCRRYE := F ;
@ Library Manager 6 RetractLCNEH := ;
B LiftCylProd (PRG) 7 END_IFRETURN]

B LiftCylSBDv1 (PRG)

+ 8 Model (PRG)
8 ThrustCylProd (PRG)
B ThrustCylSBDvO (PRG)
B ThrustCylSBDv1 (PRG)
B ThrustCylSBDv2 (PRG)
B ThrustCylSBDv3 (PRG)

Fortesting purposes only

Extend lifting cylinder

Retract lifting cylinder

Extend thrust cylinder

€ Lifting_Device x -

- @ Task Configuration Configuration
- ¢ Lifting_Device ~
& LiftCylProd o [10
- & ModelTask Priority ( 0..31 ):
& Model Type
=& Thrusting_Device ; o
i 9- Cyclic Interval (e.g. t#200ms): [t#100ms
& ThrustCylProd
& VisualizationManager
@ Visualization Watchdog
[]Enable
Time (e.g. t#200ms): ms
o 0
( 5 Sensitivity: 1 v

|E Messages - Total 4 error(s), 0 warning(s), 4 message(s) ‘




Intelligent Automation Component

Cylinder Software Component

o1

] ]
12 ? 02

I -
03

]
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Communicating components

Cmp1

VAR

a: typel;

b: type2;

c: type3;

L: packet;

L.form(Cmp2.1I1,a,b); ()'

Ol.send (L) ; L___J

L.f (Cmp3.T11 ) 02

.form(Cmp3.1I1,a,c);

Ol.send (L) ; [:::]

03

A? Aalto University
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Event-driven interaction

REACTIVE DEVICE

~

Event

SIFB1

E%:F
External i po DI
N

SIFB2

N

Response

FB1 FB2
EO El EO
DO DI2 DO

d

External

REACTIVE DEVICE

-~

Event

EO El
DO DI

SIFB1

FB1 FB2
EO El EO
DO DI2 DO

N

Response

A? Aalto University
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Application Logic Design

A? Aalto University
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Example: Pneumatic Cylinder with Return Spring

Single acting cylinder has only one control signal FWD (move forward)

FWD

START

HOME
END

CPU

| air

This system has 3 input signals
1- HOME

2- START
jﬁ_ il 3- END

9‘)0”’)6 enc%

A? Aalto University

Actions and Signals:

» HOME and END signals are
generated by 2 proximity sensors
that are located in the 2 ending
positions

» START signal is generated by the
Start button.

51



Resulting state-machine

Scenario

Left Move fwd  Move back Left

————————————————————————————————————

START [N |
HOME [ ] | 1 y
Lo i Al 5 ove M
END \\ __________________ forward baoc\;(e

A? Aalto University
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Algorithm

1. ldentify stable states in the system’s behavior.
— A valid scenario from the system functionality is a

good starting point
2. For each state define the output signals that

shall be true in that state.
3. Define transitions from state to state.
4. Define transitions conditions

A? Aalto University
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State machine design conventions

A? Aalto University
|

We are drawing state machines without
loopback arcs.

Completeness of the outgoing conditions is
guaranteed by the ELSE assumption
1. atleast one outgoing transition is
true.

Orthogonality of outgoing transitions
1. at most one outgoing transition is true
2. provision of determinism.



Moore vs. Mealy state machines

Moore-type FSM Mealy-type FSM

LOW
Motor:=1

We will be using Moore machines throughout this lecture.

A? Aalto University
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Simulation-based testing framework

.................................... Feareee i ey
i
HMI i Contrdl l sl Model_View
JINT INITO f———F< INIT INITO ¢ S [NIT INITO {1
- REQ CNF REQ  CNF f———i—— REQ CNF {1
@ : e — N - o
CallButton s CylControl 2t Cylinderl.S
- LightON  ButtonPressed o3 : home — FWD Dottt Extend ~ Home 1

o Start LEDp——-o. = :

end RETR {1 s Reetract End l]

0

A’ Aalto University
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What to remember?

* Generations of automation systems.

 What is the advantage of flat architecture compared to the
“ICT pyramid”?

 Why intelligent machines are needed at the factory floor?

 What is main difference of combinatorial logic from state-
based logic?

 What are pros and contras of using simulation in the loop?

A? Aalto University
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