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Abstract

This thesis describes authordés devel opment
model based testing of PLi&ased automation systems. The work describes limitations

of PLC operation, its software debugging complexity and time consumption, which led

to the needs of developing newer and faster methods of PLC software testing. The
particular developments were strongly relying on a real factory robot arm controller
project. Its description and implementation is given to understand the model based testing
algorithm and the process. A model of the robot arm system was developed within the
Uppaal software framework and system verification was completed the with Uppaal

verification tool.

This thesigs written in English and is 5¥ages long, including 6 chapters, 47 figures and
4 tables.



Annotat si oon

Mudeli p»hine PLC T°9°stustarky

Kaesolev 10puttd kirjeldab autori arendusi ja inseneritegevust programmeeritavatel
toostuskontrolleritel ehk PL@el pdhinevateautomaatikasisteemide mudelipdhise
testimise vallas. T60 kirjeldab PLC rakendamise ja tarkvara silumisega seotud piiranguid
ning sellest tulenevat ajamahukust, mis viis vajaduseni valja té6tada uuemad ja kiiremad
meetodid PLC tarkvara testimiseks. Konkseet arendused tuginesid olulisel méaaral
reaalsele tehase robotkae juhtimiskontrolleri projektile. Selle kirjeldus ja teostus on t60s
esitatud selgitamaks mudelipdhise testimine algoritmi ja kdiku. Robotkée stisteemi mudel
tootati valja Uppaal tarkvararaastikus ja stisteemi verifitseerimine teostati Uppaali

verifitseerimistooriistaga.

ToO0 on kijutatud inglise keele 5lEhekiljel, sisaldab peatiikki, 47 joonist ja4 tabelit.
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1l mtoducti on

1.1 Problem statement

The fourth industrial revolution is believed s@nificantly increase the productivity of
factories and industry in genefal]. The essential requirement for Industry 4.x is higher
level of integration offactory automation with other part of producticimainincluding
logistics, resource management, and quality assurdiege is alsgressure to lower
manufacturing costs, improve production quality and flexibility. In genemliciag the
amount of human lalwomproves the production quality and lowers the production costs
today, especially in machinery and electronics productionweder, production
flexibility requirements ada@hallenges tdactory automation softwardevelopnent.
Because of massive use of robots, shorter manufacturing cycles and simultaneous
manufacturing of several products, an error free software developmerfeasidle

solutions for validating software modification are of high demand

According to NIST reportimproving software testing quality would reduce the error
caused economic losses by I23. Today the majoty of industrial manufacturing
equipment is controlled by programmable logic controllers (PLEgthodologies for

PLC software testig are rather weakly developed and used which makes fast software
verification a complex taskCurrent thesis focusses dretdevelopment of PLC software
testing methods for electronic manufacturing industry that will simplify releasing
software modifications and software debugging process. An initial target was electronics

production testing cell consisting of an arm robof\weyors, and a test station

1.2 Implementation of factory automation systems

Today the majority of factory automation systems rely on PIASsshown in Figure 1
PLCs are used in productigpackaging, logistics and warehousing.
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Production Automation

Delivering a high degree of durability with a low
cost of ownership is a key factor for efficient
production automation. Advantech’s compact -
Managed Switches provide a oomp:::t mechanical

Figurel. Production Automatioif3].

There are many factory automation systeravjaters in the market as Festo, ABB,
Mitsubishi and others. Typically, these systems also include industrial robots. Robots can
replace physical workers in almost every part of the modern production line. For example,
screwing, picking and placing, transpong goods, etdt is possible to find different kind

of readymade solutions in the market, but in some cases more flexibly controlled and
adjustable solutions are needed. This was the motivation for developing the-oustiem
AAut omat ed rem fooah elextromod facoyysimportance of more advanced
PLC software debugging methods came out in practice during the implementation of the
real robot arm system which is more complex than traditional PLC controlled solutions.
In general, it is easidp create robust and error free automated system controlled with
just one PLC device. In the particular system PLC has to operate jointly with a PC based
Test Station and Arm Robot having its own motion controller

PLC is a relevant and robust control smo for industrial applications but its specific
problem is that the programs have to be encoded usintelelladder diagram shown

in Figure 2 It is very hard to debug ladder program code which is quite different from
high level programming languagas C, C++, Java etc

13
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Figure2. Example fragment of a ladder progridh.

It is hard to detecsoftwareerrors angossible rurtime problemsjf properdebugjingis
impossibleEspeciallyin a case whedifferentdevices with own controller are integrated

into onesystem

One proposed solution is model based testing on PLC software sugge§iad/ay et
al.[5]. Model of the system will be created and this model will be tested oveotigete
state space under possible input and output conditions. At the end it should be possible to

verify the software running on real hardware
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2l ndustrs al robot

2.1 Use examples of industrial robots

Type of work is defining the applicationhat the robbis intended to doDifferent
requirements are needed for different applicatiéos.example, aassemblyobot will
have narrow workspace but will be quick and precl$en again, ainting robot will
have a smalworkspace however wiltequire wide agle and range of movement
Dependingupon the bjective application, theobot will have a particular kind of

movementlinkage measurement, control lawdprogram

Industrial robots are the core components for the modern produptickaging,and
asserbly. Some examples oindustrial robotsused in manufacturing processe

following:
Painting robot

Paining robots have been used for long years in automotive field from the first hydraulic
versions to the latest electronic moddainting robotanostly have five or six axis

movement, three for the base movements and up to three for implenestdation[6].

Figure3. Painting robot in operatioj].
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Assembly robot

In the manufacturing world, assembly robots aidely used[6]. Assembly robots
increasehe qualityand production speed. They also save workers from boring and dull

assembly line work.

Figure4. Assembly robots in car industf§].

Welding robot

Robot welding is commonly used for resistance spot welding and arc welding in high

production applications, such as the automotive indii6jry

Figure5. Welding robot in operatiof6].
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Material handling robot

Material handling robots can automate some of the most tedious, dull, sefé tasks
in a production ling7]. They are used for task that workers cannot handle easily as

carrying heavy load in couple of sects.

Figure6. Material handling robdi6].

Palletizing robot

Palletizing robots can be seen in numerous ventures including sustenance preparing,
assembling, and transportingobots perform stacking and emptying paktsxes,or

different things fom or to pallets.

Different endof-armtooling styles permit adaptability of various sorts of robot
palletization. Sack grippers include a thing and bolster it on the base, while suction and
attractive grippers commonly handle more furrowed things arditheln from the top.

With this robots, you can expand the consistency of your stacking and emptying

processes.
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Figure7. Palletizing robot in operatioj®].

2.2 Palletizing robot of the particular automation solution

In thisparticular factory use cagalletizing robohasto carry electronic boards between
picking place, slots of TeStation and output conveyorsnportantrequirements to the
particularRobotwere following: itshould supporany suitablecommunication protocol
to connect and send/receive data flaamexternatontroller(PLC), device should handle

objects with weight ot leas® kg, the number of operational degrees of freedob8ds

Regarding the communication standastithhe Modbusprotocol, CCGlink and Profinet as
are widely used imdustrialautomation applications. Modbisone preferregrotocol
because iis open and it cabe easilyusal with productsof different vendorgas Siemens,
Mitsubishi, Delta, Omron etdModbus pratcol has 2 differensubstandardModbus
RTU and Modbus TCP/IP are different protocfus different media solutiondModbus
RTU uses serial connection o485 orRS232. Nowadays its not popular aany
more Modbus TCP/IPis using Ethernetonnectionand conventional RM45 cable
connectivity between devicesBecauseModbus TCP/IP supportsiore features and
robustconnectivity, itis agood choice for robahterfacing TCP/IP protocol is important
because¢heserverclientconnectiongan beestablisheavith many devices on same time
to implementwider network and bigger systeffhere are seval mode$ of armrobots

directly supjprting ModbusTCP/IPcommunication.

For thisparticular automatioproject Universal Robot UR18] modelwaschosen.This
is a collaborativetype robot andit supports Modbus and Profinebmmunication

protocols. It has own programming environment amdr sharedegisterspacearea it

18



can take orders from anothagvice in particularcasefrom the PLCcontroller. Figure8
shows Universal Robot UR10 mod&he robot has own Linux based operating system
and programming interface to perform movements f@evay point to anther way point,
create and modify operations of special peripherals as gripper to vacuum bdaotks.

system setup and operation is described in Chdpter

Figure8. A set up of Universal Robot UR1(3].

19



3Progmabl @ Clong rsalnhldemheiper ties

Programmable logic controllers are widely used in industrial automatiame are many
companies manufacturing PLCs: Allan Bradley/Rockwell, Mitsubishi, Schneider
Electric, Siemens aothers. Also, for this particular industrial automatpyoject itwas
decidedto usea PLC becausé canbeeasily connected to the sensarstorsandother

24V compliantinputs and output®n the other hand, PLCs have special baoilnodules

as high speed counters and communications interfaces.

Figure9. Mitsubishi FX5U[10].

Siemens and Mitsubislhievices were considerddr this particular automatioproject
Based orcomparison of price versus features, stability, and support Mitsubishi FX5U
that is shown in the FigurewWaschosen. Particuld?LC has 64 input outputterminals
which is enoughfor this system FX5U supports Modbus protocdbeing itis able to

communicate with UR10 robot.

20



3.1 Programming logic and language types in PLC

Program processing logic in PLC

PLC controllers are based oanventionamicroprocessorbut ther programming logic
is different due to industrial needs.microcontroller has a standard software language
support as embedded C or C++, and it exe@eogram line byine. It cannot continue
with a new commanbefore finishing execution @& currentone It is a bit different for
PLC controlles. All lines of the programare workingin parallel and without any

dependency from each otharcontinuous scan cycle.

Signals from the sensor, button, limit switch etc. connected to the inputs are read and
stored in the input memory and the control program commands loaded in the program
memory of the PLC are executed in sequence. The results obtained according ta the inpu

variables are transferred to the output memory.

The information in the output memory is transferred to the outputs on the shelf to execute
the work elements connected to the PLC outputs and inputs are read hgdime taken
for these operations to ka place is called a scan cycle. The scan cycle repeats

continuously until the power of the PLQiisnedoff or until it issetto the STOP position.

The duration of a scan cycle depends on the PLC running spekthe length of the
control program. Tyieally, the duration of a scan cycle is between 3 ms and 10 ms. If

thislooptime is too long, very short timiaput spikesmaynot be detected.

21
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Figure10. Scan cycle of PLC

Linear programming logic

Linear programming means trell commands are written in the same program area. The
command is executed according to the orderdfng, and all commands goes to process

during a cycleln this programming format, the program is organized in main program
and sub program forma&ubprograms are either written in the program end command

(such as END, MEND) of the main program or in a special field.

In linear programming, when a subprogram is invoked from a subpragmastructions
can be used. However, this programming is usualtypneferred as it compromises the

design and monitoring of the control system.

The commands written in the main program can usually be used in the subprdgrams.
the new version software "STER ®icro / WIN V3.0" developed for the programming

of Siemas S7200 PLC class, the subprograms are written in the reserved areas for these
subprograms and therefore the main program end command (MEND) Program command
(RET), interrupt subpigram command (RET]I) is not usgldl]. Again, this software has

improved the features that allow the quiogram structured usage to work properly for

22



the new generation processors ofZ0D class (CPU 221, CPU 222, CPU 224 and CPU
226)[11].

Linear programming is usually usea small applications and low capable systems
Advantages is you will program your application in one page without anydepey of

other code or functions and in small application it will be clear and easier way to reach
your target.On the othehand,it has disadvantages like in huge applications it will give

a confusing and misleading picturecause of complexity of aligation.
Structured programming logic

Structured programming is divided into functions of lasgale programss a form of
programming that uses only one program part for tasks that preamdefunctionality.

The GX Works3 software, which is used togram the FX class PLCs produced by
Mitsubishi, is suitable for both linear and structured programming. For example, the GX
Works3 language program contains program parts that provide various functions of
organization,program,and function blocks. All prgram blocks can be thought of as
subprograms. Special swbganizational blocks are also used for cutting-grdgrams.

The system program executes the organizational blocks. The jump commands written to

the organization block determine which blocks tocee in a program cycle.

Structured programming is suitalte huge applications. It gave advantagemasules

can be reused many times, thus it saves time, reduces complexity, and increase reliability.

3.2 PLC program software languages

Ladder diagram (LD)

Ladder diagram[12] is a graphical programmingethod similar to implementing
conventionalelectric control circuits of relays and contactorsThe ladler gan has a
programming logievhich is easy to come to the user in the form of energy symbol which
flows through the contacts froan energy source like tledectric circuits.The vertical

line on the left side of the ladder program shows the energy s@pea.contacts do not
allow for energy flow when closed contacts allow energy flole ladder plan method

is suitable for those who have more electricigyrting and beginners. Figure $hows a
program example written with ladder diagram method.
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Metwork 1 MHetwork Title

0.0 10,1 0.2 aoa
] | | | ] |
| | 1 | 1 |

~
L

Figurell Example of Ladder Diagrafil].

Function block diagram (FBD)

The FBD[13] method is a programming scheme basedhenuse of logic gates and
providing a semantic representation. The logic symbols used here are shown in boxes.
The symbols have input signals on the left side and output signals on the rigfihggde.
method can be used more easily with digital electstkniowledge Figurel2 shows the

program example written with FBD method.

Metwork 1 Metwork, Title
10.0= AMND — 0.1
[0.1=— AMD ]3]
[0.2—
001=

Figure1l2. Example of Function block diagrajil].

Statement list (STL)

In the STL[13] method, commands whtthe same function according the type and
brand of the PLC but with small differences in the software form are used. A command

consists of Mnemonic specifying the operation to be perforaneldoperands indicating

24



the memory areas on which the operation is performed. This method offers a wide range
of programming possibilities since the instrument is the closest to the machine code. The
STL method addresses those parts that are prone taitamtgchnology.

Programs written with STL, FBD and LADDER methods can be converieach other's
styles, ifthey are written and cqoiled without errors. Figure 18hows the program

example written with STL method.

Network 1 MNetwork Title
1D I0.0

LD I0.1

& I0.2

0 oo.1

ALD

= on.1

Figurel3. Example of Statement lift1].

Differences between programming languages of PLC can be concluded as folois's:

based on relay logic and FBD is based ontedeec gates. Difference is you can use
function blockwith FBD and it will reduce of complexity in huge applications. STL is

di fferent met hod than others and it uses
support monitoring on Mitsubishi and old Siemeo#tware environments, it is making

debug harder than usual.

3.3 Specific imitations of PLC programming

PLC controllers cabe programmed witldifferent ways. It gives flexibility to choose
most comfort way to progr ammercessiihdustyp ugh PL

they have also weak points and problems on programming and debugging part.

IEC 611313 is standard of languagesor PLCs published by International
Electrotechnical Commissio(lEC). The IEC is an organization that prepares and
publishesinternational standards for alectrical, electronic and related technologies,
including controllerd14]. This standard defines common languages for PLCs and PLC
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producers are following this standamlthough there is a weknown standard fo
programming, PLC progranannottransfer to another PLC which is different brand.
This problem will be seeevenbetween different modetsf same brandPLC controllers
has various function and features as built in modules for different type of madefs.
brands have their owprogramming environment aratcordindy, programs are not
interchangeable among to vendors and mo&elsitions of similar problems for different

devel opers can be found easily but solution

On the other hand,adder diagrams are difficult to read. Troubleshoot is very important
part of PLC maintenance and Ladder diagrams aretbdrdd root cause of problems.
Most of the PLC models support monitoring future to maintenance systems but any of
t hem does red time slabyygirags high level programming languag€s++,

Java etc Implementation is becoming increasingly complex because of short design
cycles and product specificati¢h5]. Accordingly, detecting bugs, errors and unstable
parts in program takes very long tirmedgetting to be harder

3.4 State-of-the-art methodsto reducePLC software errors

Currently, there are no widely adopted systematic logic code development methodologies
to deal with PLC based control systej8k So, the control logic design phase is usually
omitted in current PLC programming development life cycle though it is essential to
reduce logic errors in an earlier stage of automation projects betommphementation

of control logic. Moreover, fast custer requirement changes requitexibility of
manufacturing system. To deal with these frequent configuration changes of modern
manufacturing systems, it is required that logic code can be genantiathéically from

the design results without considegicomplicated control behavif#].

To reacherrorfree ladder codet is also essential to validate the designed control logic

of an automated manufacturing systems in an efficient method. Among several validation
ways, simulation methods are widely used as a result of mathematical formalisms have a
haul of solution area expn because the size of system will increase. However, since
current simulation ways have primarily targeted on the general performance analysis of
producing systems like factory layouts, resource utilization, and throughpuftTineg

have limitations wih respect to the modeling capabilities of detail logic for the

input/output signalevel management of automated manufacturing systéBhs
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Therefore, curnet PLC ladder programming practices need a more integrated way to

design, simulate, and generate the ladder control logic.

There are some solutions fonproving the quality oPLC program, like scale models,
simulation tools, Human Machine Interfaces (HMor Supervisory Control and Data
Acquisition (SCADA) systemflL6]. Several testing methods are analyzed\diego et
al.[17]. The use of scale models of real processes is extremely costly and tough to adapt
to completely different process@here is no doubt that thisthe mostadvancedvay to

teach PLC controlled process, permitting project testing in aryneeal environment,

but theprice and complexityusually prohbits its use. fie use of leds and switches sets

is very confusing endninteresting. This approach, solely valid once small processes are
thought of, severely reduces the motivation. Some HMI and SCADA systems allow this
feature however there are very pricy, not supposed for this purpose and frequently take

into account prperty protocols
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41 mpl ementation and testing of

cel |

The following chapter describes implementation and testing of a particular robotized

production testing cell at an electronics factory. The system is more complex than
conwentional PLC control systems, because it contains other active controllers. Therefore,
the PLC software debug turned out to be a complex task giving a motivation for Model

Checking based software testing for the further similar applications

4.1 Description of production testing cell

The productiontestsystem(cell) consists of three part3estStation (TS), Robot, and
Controller. Controlleiis a Mitsubishi FX type PLC thdétandles synchronization other
controllers, collects sensor readings, executes all actuators except robot afdudngs.
the normal operation the system has to be able to eleaponic boards one hourgach
full operation gcle should take more than 4@comls. Thereforewe can say tha®LC
operates as a systebontroller.

Significance of this robot arm is that there are electronic boards that should be tested
immediately after their compositioBuring this test Robot arm must be communicating
with test station in reairhe. This communication is important because it can cause wrong
results and synchronization of the test station and risbotucial activity. Figure 14
shows Universal Robot UR10 which is controlled by PLC
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Figurel14. Universal Robots UR1[18].

Figure 15showsdataconnectios between modulegnplemented as Modbus TCP/IP

connectionsind connection of sensors and actuators

-Handle sensors
-5lot end
SENS0rs

-Encoders
rela

-Motor pwms
-Motor -

directions

-Motor enables

modbus Rx
Modbus Tx
mModbus Rx
Masdbus Tx
-Picking place

SENs0r

-Dutput buffer

SENsors
-GEripper sensor -Slot empty

SENS0Ts

Test Station R

-3lot close
SENsors

-Gripper vacuum

-Gripper eject

Figure15. System relationship
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Test Stabn is an already existing device used in the productonployeesvereloading
electronicassemblypoards tdahe TSmanually. TS has 3 slotsto testseveral PCBoards

simultaneouslyFigure 16showsa simplified drawing of the TS.

pd e

sScreen

) o— Handles

SLOT 1

[
T |
[

SLOT 3

/

Figurel16. Test station

TestStation has palettes inside of slots and they are moving horizontally forward and
backward to place boards under test. Slots have handles on them to lock electronic boards
on palettes properly to protect akipd of damageFor one cycle of test, worker should

open empty slot and then open handles to unlock place of board under test. Then he can
place board to free palette and lock it by handiasally, he can close slot and start to

test.

SelectedRobot(see chapte2.2) should beareplacement od human in this process and
work faster ananore reliably ParticularRobot cannot handlall tasks of the production
testing cell

New parts agmotor to control slots, motors to move handles, encoders taneeasact
position of motors andnd switches were added to t®. Control of the new peripheral

device is a task of Controller (PLC).
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4.2 PLC Controller functions

PLC is mainController handhg all tasksb e si d e R o df ®€Bonsovements k s
Modbus protocol over Ethernet communication is chosen to communicate b&l@en
Robot and PLCTestStation. PLC will fetch status of slots from Te&&ation and related

to statuss PLC will decide what to do tipeocess. It will giveeommando Robotto start
movements, vacuum and eject procesaéso thePLC ha to control motorsand read

sensors in system.

Since theTest Station works under Wndows platform a special windows serviogas
written to communicate with PLasing theModbus protocol. Thiservice is also sharing

information of slot statuses and condition of test statiith PLC controller.

4.3 PLC software implementation

Controller is Mitsubishi FX5U and programming envinoe nt i s A GX Wor ks 30 .

17 shows a sample screen from implementatibthe program.

 weson Sl e o T ]

i Project Edit FindBepisce Convert View Online

DEAS| v L

‘ez O ARRTE D 3
.

136 (13 74 e e | G R | 00 0 B (R 1 B L @A o =, [17] 4 @@ e

CEETLEMEYY =R

L

Doty Taoes -
EEmES W ocw | SEQUENCE INSTRUCTIONS.
| i
DR
= A ‘ ————
o 2T T
ool—3 s B
e ™
s ——F i
T —
I o
Joek ST pc comacied i s
=
o 3
L
L' $OU Lt [Favoriees | Fistory | Wodule | Library |

sads0sse

Figurel7. GX Works3 sample screen
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PLC needs tde configured for activating High speed counters and PWM signals. Slot

motors have encoders and they will be connected to PLCs High speed counter module.

On the othehand, motor speed will be contdeld by PWM signals from PLC. This

signalswill be processed by motor controllers to reguléte speed of motor.

High Speed Counter R o) ]

{7 Basic Settings

i 7 |se/Do Mot Use Counter
: Operation Mode

E-----a,’ Pulze Input Mode

Preset Input

Preset Value

Enable Input

Ring Length Setting
Measurement Unit Time

L High Speed Compare Table

(g Other

Mumber of Pulses per Rotatio

- i Multi-point Output High Speed Co
- i Occupied Input () Explanation

Use/Not Use
= Operation Mode
Operation Mode
£l Pulse Input Mode
Pulse Input Mode
= Preset Input

Input logic

Control Switch
= Preset Value

Preset Value

= Enable Input

Input logic

= Use/Do Not Use Courter

Preset Input Enable/Disable

Input Comparisen Enable/Disable

Enable Input Enable/Disable

Setwhether to use counter or not.
Enable Enable

Set operation mode.

Normal Mode Normal Mode

Set pulse input mode.

2 Phase £ Multiple 2 Phase £ Multiple

Set presetl inpul

Diszble Disable
Positive Logic Positive Logic
Diszble Disable
Rising Rising
Setthe preset value.

] ]
Setenable input

Diszble Disable
Positive Logic Positive Logic

<

T

Explanation

Set whether to use counter or not

Enable

Normal Mode

2 Phase 4 Multiple | 1-Phase 1 Input (SA Up/Down Swi

Diszble
Positive Logic
Disable
Rising

]

Disable
Positive Logic

Figure18. High speed counter settings

Diszble

Normal Mode

Disable
Positive Logic
Disable
Rising

0

Disable
Positive Logic

UF B2 Item CH1 CH2 CH3 CH4 P

*

m

-

Figure 18shows High speed counter settings for PLC. 3 channels are activated to read 3

encoder s.

Pul

S e

nput mo

de

set

t o

n 2

Phase

for one channel and supports reverse direction. Without additional setting PLC will kee

position value of encoder in one integer register for every channel.

Another thing to be configured for encoders is input responseTine® and B channels

of encoder are connected to separate inputs of PLC and their response time should be

configuredIn our case movements of motors are approximd@ypm. Encoder values

are very sensitive and reading cycleimbuts should be very fasResponsdime for

inputs for encoders are setrtonimum time which isLO micro secorslto get the most

precise waluethat PLC can readrigure 19%hows response time settings for inputs.
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Setting ltem

x| . x X3 x4 x5 X6 | X7 | X1

Input Response Time
Input Response Time
Input Interrupt
Rising
Falling
Rising + Falling
Pulse Caich
Pulse Catch
High Speed Counter
CH1

Next step is configuring PWM settings for output. Output pins should be defined in
settings to activate and use themprogram. PWM cycle setting should be configured
also in settings page. First 8 outputs support PWM outputs and 3 of them are needed to

use for 3 motors. Cycle of PWM signals set to 100ms and motor controllers support this

10micro-s  10micre-s  10micro-s  10micre-s  10micre-s  10micre-s  10ms 10ms  10n

Figure19. Response time settings

cycle value. Direction of moterare driven by another output piRgure 20shows PWM

setting page for output pins.

Pwi
i
tﬁ Basic Settings

|.

Sefting [tem
fem

Use PIWM O wiput Setwhether to use PWM output or not.

Use/Not Use Enable Enzble Enable Diszble
Output Signal Set the output destination device.

OspaSorsl 71 v v w o
Pulse Width'Cycle Unit  Set pulse width/cycle unit.

Pulse Width/Cycle Unit 1ms ms ms ms
Output Pulse Logic Set output pulse logic.

Dutput Pulse Logic Pasitive Logic Positive Logic Positive Logic _
Pulze Width Set pulze width.

Pulse Width 10D ms 10 ms 10 ms ams
Cycle Seteycle.

e 0ms 00s e

Explanation
Set whether to use PWM output or not

»

Figure20. PWM setting page
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Flow diagram should be created firstly and it will be the basis of further implementation.
According to the flowdiagram, skeleton of application will be created. Specific functions
for Mitsubishi FX5U will be added step by step

System has 2 main loopsloading and unloading. Ideal system will be focusing on
making all slots empty. Unloading process has higheriprito reach his aim. Even if
there is empty slot and ready pration picking place, system g®ing to unload firstly

if there is dinished test in test station.

To reach this target flow diagram is created to see big pidigare 21shows flow
diagram in generalt contains single and mulsitates. Multi states will be explained later.
It contains initialize state, initializinglocks,and then loop of load and unload processes.
This diagram will be used also in section 5.2 for tingaabstract Uppaal model of the

control program
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/\o single state Multi state

Set connection
and clean
registers

Initilization

Palette 1

Palette 2

Palette 3

L8

i E
Q If something
to unload

Unload slot 1 Unload slot 2 Unload slot 3

If something
f to load
Load slot 1 Load slot 2 Load slot 3

Figure21. General flow diagram
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When PLC controller gets start input from HMI screen, firggonnections are getting
ready and registers from old sessions are clearinga€ations have specific functions.
To setthe connection arotocol should be definett.is decided to use Modbus TCP/IP
for communication between all modules and it should be configured in PLC side as a

predefined protocol

@nmng CONNECT COMManad 10 robot and 13

start_input SOD6E00 SD106810
o) — | - 1t [ WovE HO 5100
‘ |__SP.S0COPEN U K1 D100 M100

SD10680.1 50108871
T 1+ [__MOVP HD D400
[_SP.SOCOPEN i [ D400 400
(92— PN — [_SPSOCCLDSE i Ki D100 M0z

Mi02

10— | [_SPSOCCLDSE i [ D400 M40z

Figure22. Ethernet settings in ladder diagram

Figure 22shows commands to open and cleffigernetonnections. To open a connection

A SP. SOCAaumdaidhoshould be used. It has 4 parametérs;sl, s2, dThis
instruction opens a connection specified(#l) The set values used for the open
processing is selected {(g2) +0. The result of théi S P . S O C nBtiadtian can be
checked with the completion devicgd)+0 and (d)+1. To close a connection

A SP. SOC @QRdEdd ghould be used. It has same paramseasi SP. SOCOPENDO
This instruction closes a connection specifiedsih) (Disconnection of a connectian)

The result of thed SP . S OC CihsBtioro can be checked with the completion
device,(d) +0 and(d) +1.

SD10680.0ss Boolean registethat keepsstatus of first connection. if is true, then
connection is aliveSD10680.1keeps status of second connectiins t ar t and nput o
st op arenipctly connected to HMI screen buttons to get command from operator

to start or stop.

To fetch holding registers ovétodbusprotocol, protocbshould be defined. Figure 23

shows prdefined protocol settings.
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MELSOFT Seri

ﬂ Eile Edit Online Tool Debugging SuppertFunction Window

F'n;qlucu\ M anufacturer todel Protocol Name Communication Type > Senfﬂ Packet Name Packet Setting
0. <-Receive
1 i | General-purpose p MODBUS/TCP |03 RD Holding Registers SendiReceive
Request Yariable Set
<(1] Normal response Wariable Set
<-(2] Eror response Yariable Set
2 General-purpose p| MODBUS/TCP | 06 WR Single Register SendiReceive
Request Wariable Set
<1] Mormal response Wariable Set
<-2] Enror response Wariable Set
3 General-purpose p| MODBUS/TCP | 03 RD Holding Registers SendiReceive
Request Wariable Set
<[1] Mormal response Wariable Set
<-[2] Error responze Warnable Set
4 General-purpose p| MODBUS/TCP | 03 RD Holding Registers SendiReceive
Reguest Warnable Set
<[1] Moimal iesponse Warnable Set
<-[2] Enror response Warnable Set
Audd

Figure23. Predefined protocol settings

4 differentModbusprotocokare defined in igure23. Firstprotocol reads general outputs
from robot. Second protocol sends command to robmése 2 protocoldefine 2way
communication between PLC and robot. Third protocol reads registers of status of slots
and errors from Test Station. Fourth protocol readsiapeegisters from Rati to detect
possibleissues. Figure 2dhows request packet setting of reading holding registers for

robot communication.

Protocol No. | 1 Protocol Name | 03: RD Holding Registers
Packet Type ISend Packet Packet Name | Reguest

Element List

Elijn;ent Element Type Element Mame Element 5 etting

Mon-conversion
"ariable Transaction ID [01-D1][Fived Lenath/2B ytedL ower/Upper ByteSwap]
Static Data Pratocol ID 0000[2Byte]

Length Length Object elementd-F/HE/Forvward/ 2B yte]
MNon-corversion
Yariable Module 1D [D2-02)Fixed Length/1 Byte/L ower/Upper Byte /Mo Swap)
Static: D ata Function Code 03(1Byte

Maor-conversion

‘Yariable Head holding register number | [0 30 3][Fixed Length/2Bvte/L ower/Upper Bute/Swap

Mon-conversion
Variable Read points D 4-D 4|[Fived Length/2B ute./L ower/Upper Byte./Swal

Change Type Add Mew

Figure24. Request packet setting

37



To request packet with Modbus TP protocol, nside of packagé Tr ansacti on | C
| Do, Do,
shmuldrbé define in correct order. It is standard for Modbus

AProtocol ALengt ho, AModul e | nFun

numbandimR e a d
TCP/IP protocol.

Protocal Mo. Protocol Name

I 1
I Receive Packet

| 03: RD Holding Registers

Packet Type Packet Name | Mormal response

Packet No.
Element List

——

Element
Mo

Element Tupe

Element Mame

Element Setting

Mon-conversion
Yariable

Transaction |D

[01-D1][Fized Lengths 2B yte/Lower/ L pper Byte/S wap

Static: Data

Protacal I

00002 vte]

Length

Length

Object elementd-7 /HEAForward/ 2B ute

Mon-conversion
Yariable

todule 1D

[D2-D2]Fixed Lenagthy] B vte/Lower/Upper Byte/No Swap)

Static: Data

Function Code

03[1Byte

Length

Murnber of read bytes

Object element?-7 HEX/1Byte]

Mon-conversion
Variable

Device data

D 200021-D1 5] ariable Length, 2508 ute./Lower/Upper Byte/Swa

Change Type Acdd Mew

Figure25. Response packet setting

Figure 25 shows response packet setting of reading holding registers for robot
communicationTo get response packet with Modbus TiERrotocol, inside of package

| Do, | Doded L emamider
r e a dndiby € weis@deashoudabe @define in correct ordd@his processes have

ATransaction AiProtocol
of

done for allpredefined protocols.

After all, there is another probleRLC and robot can communicate over Modbus with
registers which are already dedth in packet setting8But problem is PLC and robot

doesnot know anything about each ot her an

understand each other. At that point upperllpvatocol comes in. Figure Zhowsthe
protocol diagram between PLC and Rbb
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Command process between PLC-Robot

PLC Robot

Write 1Y¥ZZ to

Register 128
Registerl 28 Sem

Write 1YYZZ to

Register 125 Register 129

registerl2d =

IW™WZZ

Write 0 to

Register 128
Register128 egister

If registerl2s =0

Do process

Write O to register

Register 129 179

If registerl29 =0

Finizh

Figure26. Protocol diagram between PLC and Robot
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fi 1YY Bmeformat of command which PLC sends to robot. 1 means a¢¥amthe
first destination andZ is thelast destination.

Possible locations forY:

Tablel. YYvariable

Command Location
01 PPP

31 Slot 1
32 Slot 2
33 Slot 3

Possible locations fa£Z;

Table2. ZZ variable

Command Location

31 Slot 1

32 Slot 2

33 Slot 3

61 Pass conveyor
62 Fail conveyor
63 Reject conveyor

To complete 1 cycle of command, firstly PLC sends command InY Y Zodanat to
robot overregister 128 When robot receives, it immediatedgndssame command to

PLC overregister 1230 provethat robot gbthecommand prop#y. On next state PLC

40



sendd) to robot overegister 128 When robot received it starts to executeommand.
When executionms finished robot send® overregister 1290 PLC toinform about the
termination of executianWhen PLC receive$, cycle of pocess is completed. This

sequence will be executed duristgite landstate 2of PLC program.

When PLC and robot are connected properly, then PLC starts to initialize system
checks sensors and motors to be sure if everything worksOpen and clas sensors
for 3 slots, motor movements, open and close sensors for 3 slot handf@seanthtic
motormovements for slot handles shoulddhecked during this initializatioAlso max

encoder alue should be set dynamically during initialization

During initialization, firstly slot is opening with constant speed slowitil getting the

signal from the end sensor of the slot and then it configures max encoderNextié

opens slot handles by pneumatic motors until reach end sensor of handles cldsas it

slot handlesvhen reaching the close senseinally, slot closes when slot reaches the
close sensor of the slot. This process repeats for all slots. If there is a problem during

initialization, then system stops and shows error message on thecktddhs

After initializing, system goes in toop which itbegirs the real processeState 999s

the beginning of loop and after every successful cymesystem comes tstate 9991n

state 999system checks if there is something to unload. PLC chexts slot status

from Test Station over Modbus communication. If there is nothing to unload, then system
goes tostate 10001In state 1000PLC checks picking place sensor if there is something
to load. If yes, then PLC checks if there are any empty siofgst station by Modbus
registers. If yest loads theroduct to empty slot, else it goes backtie 99%nd checks

if there is something to unload. Basicalily theidle mode PLC goes betwestate 999
andstate 1000Figure 27showsstate 999n program. AndFigure 28showsthe state
1000in program.
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Figure27. State 999n ladder diagram

Figure28. State 1000n ladder diagram

Multi states represent details about unloadingd loading states. Figure 83ows details

of multi states. This diagram will help also to create Uppaal model in section 5.2 later
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