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1 Introduction

The aim of the thesis is to make an extension of a Siemens Simatic $7-1500 PLC training kit containing
the Fischertechnik manipulator model with an existing machine vision system built on National
Instruments myRIO platform (shown in Figure 1). The code for both the PLC and the vision system will
be edited such that the position, colour, and shape of the object in the manipulator workspace can be

transmitted to the PLC via an appropriate communication interface.

Established communication will be used to create a functional pick & place demo robot for the PLC
programming class. The robot should be able to recognise shape, colour of a single object in the
workspace and then pick & place it accordingly. The workspace, objects and storage locations can be

seen in Figure 2.

Figure 1 - PLC training kit and Fischertechnik manipulator with a vision system
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Figure 2 - Workspace and storage




CTU Faculty of mechanical
engineering
BP 02
CZECH TECHNICAL P0238 Department of production
UNIVERSITY
IN PRAGUE machines and equipment

2 Research

The aim of the research is to map possibilities of communication between the Siemens PLC and the NI

myRIO. Also, options for improving the lighting of the Fischertechnik workspace will be reviewed.

2.1  Communication

Communication can be split into two levels: hardware and software. Hardware level is a type of
network that physically interconnects the devices and software level is a communication protocol. In
this project, devices of two different companies will be used: Siemens $7-1500 CPU 1516-3PN/DP and

NI myRIO-1900. Hence, an open protocol must be used to allow the exchange of data between them.

2.1.1 Network

The PLC used in this project is part of the Siemens’ SIMATIC S7-1500 automation system. It can be

integrated across all communication standards consistently in various automation levels as

demonstrated in Figure 3. [2]

Management level el :
Engineering station
Control level
PROFINET / IE
HMI Controller
) e 0 | ) | | | F— | | nmmm
PROFIBUS | s7-1500
Field level
[ Co = o
L. °: no
Drives ET 200AL LOOIOI|7] ET200 MP
m ET 200pro
ET 200SP
Distributed I/O

Figure 3 - SIMATIC S7-1500 at management, control and field level [2]
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As can be seen from the previous image (Figure 3), two networks can be used to connect to the PLC —

PROFIBUS and PROFINET/IE.

PROFIBUS is the fieldbus-based automation network. Via a single bus cable, PROFIBUS links controller
or control systems with decentralized field IO devices (sensors and actuators). PROFIBUS is not only a
network but also a communication protocol. It is a simple master-slave type of a protocol, where the
master has full control of communication on the bus and a slave responds only when spoken to. The

master records outputs and reads inputs from each of its slaves during every cycle. [3] [4]

PROFINET can be considered as a newer version of PROFIBUS designed to work with the Industrial
Ethernet network. Both standards were developed by the same organization and share similarities in
the engineering concepts. The biggest difference between them is that PROFINET is faster with more

bandwidth and larger messages. The similarities and differences are summarized in Table 1. [3]

PROFIBUS PROFINET
organization Pl
application profiles same
concepts Engineering, GSDs
physical layer RS-485 Ethernet
speed 12Mbit/s 1Gbit/s or 100Mbit/s
telegram 244 bytes 1440 bytes (cyclic)?
address space 126 unlimited
technology master/slave provider/consumer
connectivity PA + others* many buses
wireless possible* IEEE 802.11, 15.1
motion 32 axes >150 axes
machine-to-machine No Yes
vertical integration No Yes
Awith multiple telegrams: up to 232-65 (acyclic)
*not in spec, but solutions available

Table 1 - PROFIBUS and PROFINET [3]

In addition to transferring data to/from 10 devices, PROFINET also allows connection to the Industrial
Ethernet (IE) — Ethernet network with rugged components designed specifically to work in a harsh
environment [4]. Thus, in this project, the PLC can be connected to the local network via an Ethernet

cable.

The local network can be created using a Wi-Fi router which would allow connecting machine vision

device to the local network wirelessly (NI myRIO-1900 has a built-in Wi-Fi bus connector).

10



CTU Faculty of mechanical

engineering
BP 0238 .
CZECH TECHNICAL Department of productlon
UNIVERSITY . .
IN PRAGUE machines and equipment

2.1.2  Communication protocol
In order to control a machine or process, signal states and numerical values are processed in the PLC.

The data from the input devices is read, stored in tags, processed and sent to the output devices. [4]

In this project, the input device is NI myRIO. The data from this device cannot be read without
a protocol. There is a variety of protocols supported by myRIO, out of which Modbus TCP and OPC UA
are best suited for communication with PLC [5]. Those protocols are also supported by the PLC as

demonstrated in Table 2 (PN/IE — PROFINET/Industrial Ethernet, DP — PROFIBUS DP).

Communication options PN/IE DP Serial
PG communication for commissioning, testing, diagnostics X X -
HMI communication for operator control and monitoring X X ---
Data exchange with TCP/IP, UDP, ISO-on-TCP, ISO protocol X
As OPC UA server data exchange with OPC UA clients X
Communication via Modbus TCP X
Communication via UDP Multicast X
Sending process alarms via e-mail X — —
File management and file access via FTP (File Transfer X - -
Protocol); CP may be the FTP client and FTP server

S7 communication X X —
Serial point-to-point or multi-point connection X
Data exchange via point-to-point with Freeport, 3964

(R), USS or Modbus protocol

Web server X — —
Data exchange via HTTP(S), for example for diagnostics

SNMP (Simple Network Management Protocol) X — —
Time synchronization X X —

Table 2 - Communication capabilities of the SIMATIC S7-1500 [2]

Modbus is the most established and widely used open communication protocol ideal for reliable
communication of simple data. It is also a master-slave type of protocol like PROFIBUS. However, it
uses the IE network instead of fieldbus-based one. The main disadvantage of the protocol is complex

programming for PLC which requires the usage of special function blocks. [4] [6]

11
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OPC UA is a client/server based communication — one or more servers wait for several clients to make
requests. Once the server receives a request it answers to that and then returns into a wait state. The
client controls when and what data the server will fetch from the underlying systems. Also, the client
caninstruct the server to send updates when such come into the server. The periodicity of the updates

is controlled by the client too. [7]

UA stands for Unified Architecture. It was developed to allow multi-platform communication because
originally OPC was a Windows-specific protocol. According to [8], its implementation allowed OPC to

function on any of the following:

e Hardware platforms: traditional PC hardware, cloud-based servers, PLCs, micro-controllers;

e  Operating Systems: Microsoft Windows, Apple OSX, Android, or any distribution of Linux.

OPC UA works smoothly with SIMATIC S7-1500. The PLC can be easily set as a server and data can be
written into tags by a client directly — NI myRIO is set as a client. The key features of OPC UA can be

seen in Figure 4. [9]

Benefits Features Conclusion

Vendor & platform independent
Direct implementation in sensors, controllers,
HMIs and ERP-systems on any operation system

+ Vertical

communication Security concept OPC UA and

Combining methods of authentication, signing PROFINET

= Open interface of messages and encryption

Open standards
for communication

+ Interoperability

across all levels
Consistent & scalable concepts within

Direct co_nne.ctlon of devices over all dgitalization.
communication levels

* 3rd-party
connection

Unambiguous interpretation of data
Through integrated semantic description of data

© O 0 ©

Communication is becoming the crucial element of automation solutions, With OPC UA and PROFINET combined, manufacturing companies
can benefit from even greater added value,

Figure 4 - OPC UA features [9]
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2.2 Lighting

Lighting is a critical parameter for the machine vision device. It should be designed to ensure reliable
functioning not dependable on external factors. The shortcoming of the current lighting solution is that
it is highly dependable on surrounding illumination [1]. The goal of this section is to propose a viable

solution to the issue rather than explore all the possibilities.

There are two ways in which ambient light contribution can be controlled: shield the workspace from
the ambient light entirely or use a more powerful light source for illumination of the workspace [10].
Out of those, a powerful light source is a more practical option. According to the placement, three

categories can be distinguished (illustrated in Figure 5):

e Backlight;
e Bright-field light;
e Dark-field light. [10]

predni osvétieni
s jasnym obrazovym polem
(bright-field light)

pfedni
osvétleni
s temnym
zormym
polem
(dark-

(AR NN
" 1 | | 1 I |
Figure 5 - Geometry of lighting [10] Figure 6 - Backlight [11]

2.2.1 Backlight

Backlight type of lighting illuminates the workspace from below creating a dark silhouette against a

bright background as shown in Figure 6.

The backlight is commonly used for detecting the presence/absence of holes and gaps, part placing or
orientating, or measuring objects [12]. Thus, this type is suitable for the required application. However,
the implementation of a backlight to the existing solution requires significant modifications. Namely,

it will be necessary to construct a transparent worktable under which the light source can be placed.

13
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2.2.2 Bright-field light

Bright-field light is the most commonly used vision lighting technique. In this type, the light is reflected
into the camera. Two important subtypes can be distinguished: diffuse lighting and partial bright-field
lighting. Diffuse lighting (Figure 7) is usually used on shiny specular or mixed reflectivity samples where
even, but multidirectional light is needed. Partial bright-field lighting (Figure 8) is directional, typically
from a point source, making it a good choice for applications where good contrast and enhanced

topographic details are needed. [12]
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Figure 7 - Diffuse lighting [11] Figure 8 - Partial bright-field lighting [11]

For the required application, diffuse lighting can be easily implemented in the form of a ring light — the

light source is fixed directly below the camera such that the lens passes through the centre of the light

as demonstrated in Figure 9.

RING LIGHT

A
I
I
I
I
I
I

Figure 9 - Ring light [13] Figure 10 - Dark-field light [13]
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2.2.3 Dark-field light

In this type, the light is reflected away from the camera creating a contrast image in a dark field. It is
characterized by a low or medium angle of light incidence, typically requiring close proximity,
illustrated in Figure 10. Dark-field light is usually used to emphasize height changes or to enhance

shapes and contours.

For the given application, this type of lighting can be realized in the form of an area light source — it

can be mounted on the same stand used for the camera. A commercial example can be seen in

Figure 11.
KAMERA
-
A
2N
Q.

Figure 11 - Area light [11]

2.3 Research summary

For this project, the communication between the PLC (SIMATIC S7-1500) and machine vision device
(NI myRIO) should be established. The purpose of communication is to forward the coordinates, shape
and colour of an object in the workspace from the machine vision device to the PLC. The frequency of
data transmission is controlled by the PLC — the machine vision device forwards data only when
requested. According to the conducted research, it can be concluded that the best option for
communication is through the Industrial Ethernet network with OPC UA protocol. This option allows

the machine vision device to write the data into the PLC’s tags directly.

The most practical solution for the lighting issue is using the dark-field lighting — an area light source
will be mounted on the camera stand. This solution was chosen because it does not require any

modifications to the existing stand construction.

15
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3 Solution

The solution for this project is mainly concerned with writing the source codes. The hardware is

suitable in the original state except for the lighting. The setup can be seen in Figure 12.

For the connection of devices on the hardware level, the local network was created using the router.
The PLC is connected to the local network through the PROFINET interface using the Ethernet cable
and the NI myRIO is connected wirelessly through the Wi-Fi. For administration, a PC or a laptop can

be also connected to the local network through either Ethernet cable or Wi-Fi. (Figure 13)

The solution will be realized in the following way: the OPC UA communication principles of the demo
programs will be implemented into the robot control and the inspection programs, the codes for both

PLC and LabView will be optimized for pick & place operation, a new light source will be added.

PLC Training Kit

Fischertechnik Vacuum
‘&

Gripper Robot

Figure 12 - Hardware setup
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Vacuum Gripper Robot 24V

L

PLC SIMATIC S7-1500

KAMERA TRUST 1.3M

NI myRIO

ETHERNET

PC

SWITCH

Figure 13 - Connection scheme [1]

Four programs will be used as a basis for the solution (all the codes can be found on the CD in the

folder “Original programs”):

Robot control (“PLC-Robot_V15”) — TIA Portal program for the Vacuum Gripper Robot control;
Image inspection (“program s komentati”) — LabView program for the image analysis;

LabView OPC UA demo (“OPC UA komunikace”) — LabVIEW program with OPC UA principles;

I N

TIA Portal OPC UA demo (“PLC_komunikace_OPC_UA_v1_V14”)—-TIA Portal program with OPC

UA principles.

The initial state of the programs is described in the next section. The last program
(“PLC_komunikace_OPC_UA_v1_V14”) is omitted from the description because it only serves as a
demonstration for setting up the OPC UA server. Those settings are explained in detail in the manual

(see Attachment 3a).

17
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3.1 Initial state of the programs

3.1.1 Robot control

The program was created for the PLC programming course. It was written in the Siemens TIA Portal
software using the SCL language. Initially, the program was designed to have the following
functionality: “Jog” — navigate the manipulator to the desired location without an ability to relocate
objects; “Manual” — navigate the manipulator to the predetermined locations with an ability to

relocate objects; “Automatic” — automatic relocation of objects between the conveyors.

The code is organized in blocks of 3 types: Organization Blocks, Function Blocks and Data Blocks as

illustrated in Figure 14.

T4 Siemens - C:\Users\Nikita Kuprin\Documents\Automation\PLC-Robot_V15\PLC-Robot_V15 —wmX

Totally Integrated Automation

Device I T

Show all objects

[ Details | List | T ils |

Show all objects

‘ Add new block Organization blocks (OB)
PLC

pogamming (8 T & =

Main  prg_obslu Startup

Function blocks (FB)

F & & & 2 2 F F

F_TRIG FB_goto  FB_posun FB_presun FB_reference FB_soup  High_Spe. RRG

Show cross-references

Show program structure Data blocks (DB)

Data_bloc . FTRIG.DQ.. FB goto_| FB goto2 FB goto_3 FB_goto_in. FB_posun_ 0 FB_presun_0 FB_referen . FB_referen . FB_referen._ FB_soup_0

HM_Data_.. IEC_Timer.. IEC Timer.. IEC Timer.. IEC Timer.. IEC Timer.. EC Timer.. IEC Timer.. IEC Timer.. IEC Timer. IEC Timer.. IEC Timer.

o ] g & 35 ¥ ¥ 3

IEC_Timer... IEC_Timer.. IEC Timer.. IEC Timer.. IEC Timer.. IEC Timer.. RTRIG_DB.. R_TRIG_DB.. RTRG_DB.. RITRIG_DB.. RTRIG_DB.. RTRIG_DE.

g 4 83 9 3 3 9 3 ¥ J

RRIG_DB.. RTRGDB.. RINGDB. RTRGDE. RTRGDS. RTNGDE. RIRGDE. RTNGDS. RITNGDE. RTNGDS. sckorapka

» Project view Opened project: C:Wsers\Nikita Kuprin\Documents\Automation\PLC-Robot_V15\PLC-Robot_V15

Figure 14 - Blocks
Organization blocks (OBs) form the interface between the operating system and the user
program. They are called by the operating system and control the following

operations:

e Start-up characteristics of the automation system;
e  Cyclic program processing;
e Interrupt-driven program execution;

e Error handling. [4]

18
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Functions (FCs) are code blocks without memory. There is no data memory in which values
of block parameters can be stored. Therefore, when a function is called, all formal parameters
must be assigned actual parameters. Functions can use global data blocks to store data permanently.

(4]

Function blocks (FBs) are code blocks that store their (FCs) input, output and in-out parameters
permanently in instance Data blocks (DBs), so that they remain available even after the block has
been executed. Therefore, they are also referred to as blocks "with memory".
Function blocks can also operate with temporary tags. Temporary tags are not stored

in the instance DB but are available for one cycle only. [4]

Data blocks are used to store program data. Thus, DBs contain variable data that is

used by the user program. Global data blocks store data that can be used by all other blocks. [4]

Important blocks from the actual program that will be used in this project are described in Table 3.

Name Type Description
Main [OB1] oB The block for cyclic program processing — the most important
part of the code which controls everything. It is built on the
principle of a state machine. (see Attachment 1a)
Startup [OB100] oB The block where the values of tags are initialized. This block
is run only one time when the PLC is turned on.
(see Attachment 1b)
prg_obsluha_DO [0OB123] OB The OB for servicing the digital outputs from the HMI panel.
(see Attachment 1c)
FB_reference [FB1] FB FB for referencing the position — manipulator goes to the
default position and then counters are reset to zero. The
default position is recognized by the switches at the end of
each axis. (see Attachment 1d)
FB_posun [FB4] FB The FB is responsible for guiding the manipulator to the
desired location with the help another FB — FB_goto.
(see Attachment 1d).

FB_presun [FB3] FB The FB for picking up an object and relocation it to a
designated location. It also uses FB_goto.
(see Attachment 1e)

FB_goto [FB2] FB Controls the motors of the manipulator such that they go to

the required position. (see Attachment 1f)
Table 3 - Blocks that will be used in the project
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3.1.2 Image inspection

This program was developed by Dominik Just as a part of his bachelor’s thesis [1]. It is written using

a visual programming language of LabView software to run on the NI myRIO embedded system. The

following functionality was initially present in the program:

e Detection of shape, colour, position and orientation of the object in the workspace;

e Writing of the output data to the network such that it can be accessed through a dedicated

NI “Data Dashboard” application;

e Ability to start and control the application by a hardware button on the myRIO device.

The code itself is written in the block diagram (Figure 16) and the front panel is used for the user

interface (Figure 15). The working principle of the program is explained in details in [1].
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Figure 15 - Front panel of the Inspection program [1]
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Figure 16 - Block diagram of the Inspection program [1]
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3.1.3 LabVIEW OPC UA Demo
This program will be used as a guide for implementing OPC UA communication. It shows how to
connect a LabView application to the server as a client. The front panel can be seen in Figure 17 and

the block diagram can be seen in Figure 18, Figure 19.

Vytveri OPC UA client pro komunikaci s 57-1500 PLC
Mezapomen zadat uzivatele a heslo (pavel a 123456783)
Mezapomen zadat server endpeint url {opctop://152.168.1.101:4840)

Mepouzive) securty policy Mone (ted na to server neni nastaveny)
Mastawv cas SbRia v NI MAXK

opc.tcp://192.168.1.101:4840

| |

e}

!l Basic12BRsals

# #
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i i
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4l il
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i i
i i
# #
i i
i i
# #

Figure 17 - Front panel of the Demo program
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Figure 18 - Block diagram of the Demo program (part 1 — left)
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Figure 19 - Block diagram of the Demo program (part 2 — right)
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3.2 Modification of the programs

3.2.1 Robot control
Modification of the PLC program is mostly concerned with the implementation of the pick & place
sequence (pick & place is later referred to as p&p). The communication part is simple and only requires

changing settings as described in Attachment 3a.

The goal of the program is to navigate the manipulator to the object, pick it up and place it to the
designated location. Properties of the objects are analysed by the inspection program. Objects will be
stored in a 3D printed box with slots for each colour/shape combination (Figure 20). Each slot’s location

coordinates are stored in tags pos_x_ik and pos_c_ik. The tags will be explained later in Table 4.

Figure 20 - Storage

For calibration purposes, there also should be a fully manual mode with an ability to move manipulator
in any axis and read actual position from high speed counter (in increments). The operation of vacuum

gripper will be included in the manual mode as well.
The following modifications will be made in order to achieve the goal:

Addition of extra tags;

Addition of manual mode with HMI screen;
Addition of P&P mode with HMI screen;

Addition of storage coordinates to the Startup OB;

Restructure of the Main OB;

A o

Clean up of unnecessary modes.
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3.2.1.1 Extra tags

It is necessary to add extra tags to exchange the data between the PLC and inspection program. Also,

the coordinates of the storage locations and manual mode require their tags. All the new tags, except

the ones for the manual mode, can be seen in Table 4:

Name

Data type

1/0

Function

locate,
LocateExec

Bool

Output

Starting the image analysis sequence in
the inspection program. The tag is
operated by the button on the HMI
panel — when the button is pressed
tag’s value changes to 1 and the
sequence is initiated.

found

Bool

Input

Indicating whether the inspection
program found an object.

Shape

LReal

Input

Numerical equivalent to the shape of
an object.

Colour

LReal

Input

Numerical equivalent to the colour of
an object.

pos_x

LReal

Input

Position of an object in the polar
coordinate system — radius. The value
is in increments.

pos_c

LReal

Input

Position of an object in the polar
coordinate system — angle. The value is
in increments.

pos_x/c_ik

LReal

(PLC’s local data)

Coordinates of storage slots for each
colour (i) and shape (k) combination: 0
—red, 1 — blue, 2 — green; 0 — hexagon,
1 —square, 2 —circle (for example 00 is
red hexagon).

3.2.1.2 Manual mode

Table 4 - New tags

As already mentioned, the purpose of the manual mode is to allow free movement of the manipulator

in any axis. This will be realized by the addition of a new function block Manual, which will be called

from the Main OB.

Manual function block allows output tags to be controlled by the tags assigned to the HMI buttons.

For the safe operation, Total Stop and axis limits were added — if Total Stop has been pressed or axis

limits have been reached the motors stop immediately. The code for this block can be seen in

Figure 21.
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HMI screen has buttons to control axis motors, turn on/off compressor and suction, perform
referencing, return to the root screen, resume after total stop. It also has screens indicating the state
of the Main OB and readings from the high speed counters. The layout of the screen can be seen in

Figure 22.

19 Axis limi

L3 //AX1S 1l1mits

206 IF "di_snimac osa_x" THEN

21 "do_osa_x_smer" := FALSE;
22 END_IF;

23 B IF "High_ Speed_Cc

= $limit3 THEN

25 END_IF;

276 IF "di_snimac_osa_z" THEN

28 "do_osa_z_nahoru" := FALSE;
29 END_IF;
>= #limitl THEN

32 END_IF;

34 IF "di_snimac_osa_y" THEN

35 "do_osa_y_vzad" := FALSE;

36 | END_IF;

3 IF "High_Speed_Counter_2".CountValue >= #limit2 THEN
38 "do_osa_y_vpre := FALSE;

39 | END_IF;

40 |END_IF;

Figure 21 - Code for the Manual FB

3.2.1.3  P&P mode

There is no dedicated function block for P&P mode. It is rather integrated into the Main OB as a state.
The code will be explained in the next section. HMI screen has buttons to reference, reset, locate,
pick & place, resume after Total Stop and go back to the root screen. The wide variety of indicators
allows to see the state, object location and properties, undergoing operation (for example

referencing). The layout can be seen in Figure 23.
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REFERENCE

FORWARD

BACKWARD

CLOCKWISE

ANTI CW

Figure 22 - HMI screen for manual mode

Reference Resume

Reset Pick & Place

Figure 23 - HMI screen for P&P mode
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3.2.1.4 Startup OB

The only modification of the Startup OB is an addition of storage slots coordinates. They were obtained
using the manual mode — manipulator’s suction cup was positioned above a slot and readings from the
encoders were recorded. Their values (in increments) can be seen in Figure 24 (full code can be found

in the Attachment 1i).

Figure 24 - Coordinates of storage locations

Figure 25 - Normal mode

3.2.1.5 Main OB

Main OB is the most crucial block — cyclic program processing happens there. The cases in the state
machine were modified. There are 6 states in total: 0, 10, 20, 30, 40, 50. States 0-20 and the code
outside the case structure are kept original. The other states are described below (full code can be

found in the Attachment 1g).

State 30 — normal mode (Figure 25):

Default values of locate and found tags are initialized — both are false;

e FB manual is called — allows operation of manipulator manually;

e Condition for switching to the next state — press of the Locate button on the HMI screen sets
the tag LocateExec to 1 and the program goes to the state 40.

e Alternative method for exiting the state — press of the Reference button returns the program

to state 10.

29



CTU Faculty of mechanical

engineering
BP 0238 .
CZECH TECHNICAL Department of productlon
UNIVERSITY . .
IN PRAGUE machines and equipment

State 40 — Initialize p&p mode (Figure 26):

e The image analysis sequence of the inspection program is initiated,;

e Condition for switching to the next state — the tag found is set to 1 when the object has been
located;

e Alternative method of exiting the state — press of the Reset button on the HMI screen sets the

tag ResetExec to 1 and returns the program to the normal mode.

Figure 26 - Initialize p&p mode
State 50 — P&P mode (Figure 27):

e The manipulator is navigated to the object with the use of the function block FB_Posun —
position of the object is written to the tags pos x and pos_c;

e The object is placed to the designated location by the function block FB_Presun depending on
the colour/shape combination;

e Function block FB_goto is called to initiate motors for movement along the required axis —
FB_goto_1 for vertical (z-axis), FB_goto_2 for horizontal (x-axis), FB_goto_3 for rotation
(c-axis);

e Condition for switching to the next state — after the object has been placed to the required
location, state changes to 10;

e Alternative method for exiting the state — press of the Reset or the Reference button returns

the program to the appropriate state.

3.2.1.6  Other modifications
The codes of other blocks were left intact, only comments in English were added and an extra line of
code was added to FB_posun (see Attachment 1j). Also, unnecessary modes, such as “Automatic”,

“Jog”, “Skorapky” were deleted from the Main OB. Their HMI screens were removed as well.
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0074 50t f/P&P mode

0075 IF "ResetExec™ THEN //Back to Refernce mode (manual reset in case of er-
ror)

0076 "State™ := 10;

aa7y END IF;

oovs

o079 ffGo to part

ooso IF "p&pExec™ AND NOT "moving™ THEN //fsending manipulator to the part

0081 "moving™ 1= TRUE;

oogez "FB_posun_l1"{Exec := TRIE,

0083 X 1= "pas_x",

00g4 C := "pos_c");

0085 END_IF;

0086

0087 //Pick & place the part

ooss IF "FB posun_l1".Done THEN ffsending manipulator to pick the part and

place it to storage

angs "FB_posun_l"(Exec := [

0050 IF "Colour™ »>= 0 AND "Colour®™ < 1 AND "Shape™ »= 1 AND "5hape™ < 2
THEN [/fred sguare

a0s1 "FB_presun_0"{Exec := TRLUE,

0052 X := "pos_01_x",

0053 C := "pos_01_c");

0034 ELSIF "Colour"™ »= 0 AND "Colour®™ < 1 AND ®"S5hape® »>= Z THEN //red circle

0095 "FB_presun_0"{Exec := T

0056 X = "pos_0Z_x",

ooay C = "pos_02 _ec");

aoss ELSIF "Colour"™ »= 1 AND "Colour® < 2 AND ®"5hape® >= 1 AND ®"Shape®™ < 2
THEN f/blue circle

"FB_presun_0"{Exec := TRUE,

X = "pos_l2_x",
C 1= "pos_12 _c");
ELSIF "Colour®™ »= 1 AND "Col
"FB_presun_0"{Exec :=
X = "pos_ll _x",
C "pos_l1_ec");
ELSIF "Colour™ »= 2 AND "Shape™ »= 1 AND "Shape™ < 2 THEN //green sguare
"FB_presun_0"{Exec := TRUE,
X := "pos_21 _x",
C 1= "pos_21 _c");
ELSIF "Colour™ »= 2 AND "Shape™ »= 2 THEN //green circle
"FB_presun_0"{Exec := T
X = "pos_22 x",

C := "pos_22 c");

2 AND "S5hape®™ »>= 2 THEN //blue sguare

END_IF;
END_IF:

Y L L =]

//Reference when done

IF "FB _presun_D".Done THEN
"FB_presun_0" (Exec :=
"moving" FALS
"State™ :

END_IF;

"FB_goto_l"{Execute := "JedNaExecl®™, [//FBs for mowing along the axis
"GaTao" := "JedNal",
Retual := "High Speed unter 1%.CountValue,
Mplus =»> "do_osa_z_declu”,
Mminus =» "do_osa_z_nahoru®,
State =» "GoToStatel™);
"FB_goto_2"(Execute := "JedNaExec2"®,
"GaTao" 1= "JedNa2",
Actual := "High_Speed Counter 2".CountWValue,
Mplus => "do_osa_y_vpred”,
Mminus =»> "do_osa_y wzad",
State =» "GoToStatel™);
"FB_goto_3"(Execute := "JedNaExec3®,
"GaTa" := "JedNa3",
Actual := "High_Speed Counter_ 3".CountWValue,
Mplus =»> "do_osa_x_smer”,
Mminus =»> "do_osa_x protismer®,
State =» "GoToStatel™);

WWWMWWRMRMNMRMNMNMRNMMMRRHERERREAH A0 0000 82

L Ly La

"FB_presun_0"(); ffealling required FBs
"FB_posun_1"{);
END_CASE;

(= = = o I e O O O e S e O R O e O e o e e e o e e e e e e e e e o e o =

e T e e e e e o e e o e e e e

T TR
LN el B R AD R o] O LN R Ld B ED LD BO - O LN s L R R A0 3 ] En

Figure 27 - P&P mode
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3.2.2 Inspection program

This program is responsible for detecting the object in the workspace, analysing its properties and
forwarding the data to the PLC via OPC UA communication protocol. Image analysis functionality is
already present in the original program. Thus, it is necessary to implement the OPC UA communication

and to add the conversion from distance/angle to increments.

The structure of the program needs to be modified as well. The main program is placed in the main.vi
and contains two loops — one for communication and the other for image inspection. To keep the
program tidy, it was decided to optimize the loops such that each one would fit entirely into a PC
screen. Hence, the code was split into smaller sections known as subVlIs (a subVI is similar to a
subroutine in text-based programming languages). The advantage of this technique is that it allows
using a small icon instead of bulky code in the block diagram as demonstrated in Figure 28 and

Figure 29. [14]

Select

D)+
F= .. .

o [glwly
Assistant - D

[_l.__B_} @ @\ 4
. Mukiply
DAQ Assistant2 D [g
Mode
[
Figure 28 - Code before using a subVI [14]
Compound
Mode : :
Arithmetic oyt
[Tego-|freme ; Output
- «c~ l L 1+ POBL |

Figure 29 - Code after using a subVI [14]
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The required modifications are summarized below.

1. Block diagram (see Attachment 2a):
a. Addition of OPC UA communication in the form of an additional while loop;
b. Addition of math operations for conversion from distance/angle to increments;
c. Optimization.
2. Front panel (see Attachment 2b):
a. Translation to English;

b. Addition of an extra tab for OPC UA communication.

3.2.2.1 OPC UA communication

As already mentioned above, the inspection program will be connected to the OPC UA server (PLC) as
a client. LabView has an extensive function library for OPC UA communication that can be found in
Functions = Data Communication = OPC UA - OPC UA Client (Figure 30). It contains various Vls (VI

is a LabVIEW code file), that will be used to establish communication.

{1 Functions Q Search
Programming » A
il
=] 2e
Structures Aray Cluster, Class, &
Variant
iz
> ® )
Numeric Boolean String
S ] =,
Comparison Timing Dialog & User
Interface
] a d
File VO Waveform Application
Control
® & )
lB_-_ £ ]
Synchronization  Graphics & Report
Sound Generation
Desktop V1 Analyzer Unit Test A
Execution Trac... Framework | -1 Data Communication
Measurement /0 ) OECUA
Instrument /O L}
H &
Vision and Motion ) O & = b/
Malhamatics ) Shared Variable Network Local Variable {1 OPCUA Client
= Streams
Signal Processing B s —
= [i 2 B OB B B
( “m &
Connectivity ) e
c e Queue Synchronization | 1</ OPCUA Connectvi Forward Create Delete Disconnect.vi
ontrol & Simulation }  Opeations oPc U Browsei Subscriptionvi  Subscriptions.vi
Express P —— — )
| = gore Gorq Gorg = Gorq
Addons ) & oecn =0 =
Favorites ) Actor OPC UAClient || Add Monitored Get Node Multiple Readvi  Multiple Write.vi Delete
User Libraries ) Framework L || Data Nodes.vi Attribute.vi Monitored
Selecta V... o | = q 20|
[} opc 4 20
Real-Time ) g1} un [ opcun |opcun
FPGA Interface )} Modbus OPCUA Create Alarms and Historical
Robotics ) Certificatei Conditions Access

Figure 30 - OPC UA Vs
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The communication is implemented into the inspection program as an additional While Loop
(Figure 50). Firstly, it is necessary to create server and client certificates. This needs to be done because
Connect.vi (used in the next step) does not work without them. For simplification, connection to the
server (PLC) is realized without security. Hence, the created certificates are dummy (they do not

provide any security).

Certificates are created using Create Certificate.vi. Their paths are added to an array which is then
used by Connect.vi. The operation is performed only one time during startup. Also, indicators are
added such that paths can be seen in the front panel. The principle of how certificates are created can

be seen in Figure 31.

certificate name

certifikat01| |certifikatD2_X.500 Certificate_6|
i ;
oPg L1104

= =

e
Al

[array of certificate paths|

2

|°|': fvar/local/natinst/certstore/opoua//certifikatl .derl

certificate path

Path
E [showing path on frent panel|

certificate path 2
Path
E.,,

Figure 31 - Creating certificates

Next, it is necessary to connect to the OPC UA server. This will be done using the Connect.vi. Several
terminals must be wired to the VI as demonstrated in Figure 32. The realization in the actual program

can be seen in Figure 36.

trust an}r SEMVER (FJ
username/password :
server endpoint URL opt OPC UA client refnum out
security policy ‘__jmg S [ OPC UA data change event
client certificate file o error out
error in (no error)
trusted server certificates seeescansaascd
timeout (5000 ms)

Figure 32 - “Connect” VI wiring
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After the connection to the server has been established, it is necessary to subscribe to the nodes (PLC
tags) of the server using Create Subscription.vi. This operation is done to incur data changes on the
server in order to monitor when tags change values (for example to register when detection is enabled
on the HMI). Overall, 5 tags are monitored: locate, Calibrate, Red_cn, Blue_cn, Green_cn (last 3 tags
are used for calibration and will be explained later). To monitor these tags specifically, it is necessary
to add their node IDs to the subscription. This is done using Add Monitored Nodes.vi. The IDs of the
nodes can be found in the TIA Portal by going to the PLC’s settings (as described in the Attachment 3a)
OPC UA - Export > Export OPC UA XML file. For example, a node ID for the locate tag is
ns=3;s="locate" as shown in Figure 33. The IDs in precisely the same format are then entered to an

array and wired to the VI.

- <UAVariable ParentNodeld="ns=3;s=Memory" BrowseName="3:locate" Nodeld="ns=3;s="locate"" DataType="BOOL" Accesslevel="3">
<DisplayName>locate</DisplayName>

Figure 33 - Node ID example

There is no need to repeat the operations described above for the whole duration of the program.
Thus, they can be put outside of the communication loop in a Flat Sequence Structure to ensure that
the loop starts only after the communication has been established (Figure 35). Also, this is exactly part
of the code that can be put into a subVI as was explained at the beginning of the chapter. The subVI
will be called connecting to the OPC UA server. Its block diagram is shown in Figure 36 and the icon

with wiring can be seen in Figure 34.

TOooOo0000000MoOo00oo0o0o0oooon

[cenificate path
Path
E g 2 Reg Events g
certificate path 2 certificate path 2 b UserEvent -
update rate (1000 ms) posnanncapnnennnns certificate path
array of node path wessssss subscription |0 out Path
- [ are P User Event out i -
username/password coM oFC 200

OPC UA client refnum out

server endpoint URL ~ E H
error out

security policy

Figure 34 - Icon for “connecting to the OPC UA server” mﬁﬂ
subVi :

= oM

username/password [

server endpoint URL

[zbckh
security policy

[ #er]

8

100000000000 000000000000 00

Figure 35 - Flat Sequence Structure for connection
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(0a. Creates client certificate.
(Ob. Creates server certificate.
1. Connects the OPC UA client to the OPC UA server.
2. Creates a subscription to the OPC UA server. array of node path
3. Adds nodes to the subscription to moniter the data change.

certificate path certificate path 2 update rate (1000 ms)
—-{E&nh _{ﬁ e OPC UA client refnum out
A
= = . . DE -
While Loop - ction ti =
usemame/password ile Loop - connection to server j:m
certifikat01 | certifikat02_X.508 Certificate_6 =] subscription D out
L.opd R T . = =L @
i = = =2 Lt
[0a.] Ob. 3 error out
B User Event out
'3:,."\.rar,."l0caI,."natinstfcertstorefopcua,-"certifikatﬁ‘l.derl—-]E m |
5]l
server endpoint URL
abe

]

security policy

= o
=

Figure 36 - Block diagram for “connecting to the OPC UA server” subVI

As can be noticed from the figure above, the Connect.vi is placed inside a While Loop. This was done
because it is not always possible to establish communication from the first attempt. The stopping
condition for the loop is the absence of error, that is achieved by using Simple Error Handler.vi and

logical operation not.

After connection and node subscription has been established, the communication loop can be started

(Figure 37). The loop contains a flat sequence structure with two frames to ensure that operations are

executed sequentially in the right order.

[ RSN NsNsNsNsNsNsNeNsNeNsNeNsNsNsN=NsNsNsNsNsNNsNsNsNsNsNsNeNsNsNs NN NN NN NsNsNsNs NN eNs =N =N NN NN NN =N NeN=NeN e NsNeNs N e N=Ns NNz NN NN [z}

o[ [ 1] <User Event out>: User Event v

ﬂnu dialog |

[etue

o change -
B

ODO0O0O0000000000000000000000000000000000000000000000000000000000000000000000000:

Figure 37 - Communication loop
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In the first frame, the data change monitoring takes place using the Register for Events function wired
to the “User event out” connector of the connecting to the OPC UA server.vi icon (label “OPC COM”).
The data change is then wired to the Event Structure. There, conversion from data type Variant to
actual format occurs. The principle of conversion is similar to the demo program. However, they differ
in a number of monitored tags and the way how node ID (tag address) is associated with the case
structure. Inthe demo program, an older version of the TIA Portal was used. There, node ID had format
Device.Block.Name_of the_tag, (for example PLC 1.Memory.MyValue) and could be directly
associated with the required case (Figure 40). However, in the new version (V15) the tag format has
changed to look like ns=3;s="locate". Such a format cannot be associated with the case directly

because of quotation marks.

To overcome this issue, another method was developed — node IDs of changed data are compared
using Equal? functions. The Boolean outputs are then appended into a Boolean array using the Build
Array function. After, the array is converted to an integer using Boolean Array to Number function.
The value of the integer corresponds to a specific combination of the array. Thus, the output of the
Boolean Array to Number function can be used as a case selector. All the described operations are
placed in the subVI called assigning node IDs as demonstrated in Figure 39. SubVI’s icon is shown in

Figure 38.

ns=35="locate”

fns=3:5="calibrate"
node |0 ATENEH output] =

HODE node D

- — |”5=3F5="R9d_5”"LD =
Figure 38 - Icon for “assigning node IDs” '-i'l

subVvi = Ins:};s:"EIue_cn"l,D
Ins: 3:5="Green_cn" L!>

Figure 39 - Block diagram for “assigning node IDs” subVI

After the ID of the data change has been determined, the conversion to the appropriate format may
occur. This operation is done using Variant to Data function in a Case Structure, where each case is
designated for a specific tag. The way how the data is wired to the Case Structure was also modified —
instead of wiring individual constants, an array was used. Wiring of the data to the array is
accomplished using an Array Index/Replace Elements option of the In Place Element Structure. The

whole process is placed in a For Loop as illustrated in Figure 41.
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Figure 41 - Node ID monitoring after

In the second frame, writing of the data to the server takes place using Multiple Write.vi (Figure 42).
This is another difference from the demo program — there, data was written separately to each tag

using Write.vi (Figure 43). The reason for the difference is again the newer version of software used in

this project.

DOoooooooOoooo000000

&

[PLC 1. Memory.Led 02}~

s
e Sopd
i \'\@L ............................. Dﬁ’ n
e e Bool =
: Led_02 write |
TF

[Zapit Booleovskou prominnou

DOoooooooooooooooon

Figure 42 - Second frame Figure 43 - "Write” VI
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In order to write data using Multiple Write.vi, an array of Requests must be built and wired to the icon
(Figure 44). The process for building a Request is following — data, converted to Variant, and node ID

string is appended into a Request cluster using Bundle by Name function. An example is shown in

Figure 45.
OPC UA client refnum in (=TT OPC UA client refnum out s
requests = fo = resylts C
errar in (no error) == | | ko error out node ID
timeout (3000 ms) sEnvice status value

Figure 44 - Icon for "Multiple Write" VI ) o
Figure 45 - Building request example

The process for building requests for data of the same type can be automated using the Auto-Indexed
Tunnel of the For Loop — the data and node ID strings are appended to arrays and wired to the loop.
As a result, the array of Requests is obtained. The loop is then situated in a Flat Sequence Structure to

ensure the correct order of execution. Additionally, the whole process is placed in a subVI.

Two of such subVlIs were created: one for writing the object parameters, called Parameters to PLC
nodes (Figure 46), and the other for calibration, called RGB to PLC nodes (Figure 47). Their icons can

be seen in Figure 48 and in Figure 49 respectively.

1000000000000 00000

ns=35="pos_x"
ns=3s="pos_c"

ns=3:5="Colour"

ns=3s="5%hape"

Parameters cutput array

tnode D Aae
Eﬁ .......... value o Ei@

ot

Figure 46 - Block diagram for “Parameters to PLC nodes" subVI
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Figure 47 - Block diagram for "RGB to PLC nodes" subVI
Hmu:uutput arrayj
Fanans colour RE output array
..................... HODE ) HODE
found o Array in o
Parameters_l

Figure 49 - Icon for "RGB to PLC nodes" subVI
Figure 48 - Icon for "Parameters to PLC nodes" subVI/

The node monitoring and writing operation are in the communication loop. Thus, they are repeated
for the whole duration of the program. The stopping condition of the loop is either press of the STOP
button on the front panel or occurrence of an error. This information is also forwarded to the

inspection loop in the form of stop and Error local variables.

After the communication loop has been stopped, it is necessary to disconnect the client from the OPC
UA server. The process consists of 3 VIs: Delete monitored nodes.vi — deletes nodes from subscription;
Delete Subscriptions.vi — deletes node subscriptions from the server; Disconnect.vi — disconnects
client from the server. The execution of the last VI is delayed to ensure safe disconnection. The entire

communication part of the program is shown in Figure 50.
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3.2.2.2 Inspection loop

The part of the program responsible for the inspection is shown in Figure 57 (see Attachment 2a for
the full block diagram). The main difference from the original program is that object properties are
appended to Parameters — the array type of Shared Variable. This was done to automate the building
of Requests as explained in the previous section. This operation was placed in a subVI. In total, there

are three subVls in the inspection loop:

1. building Parameters array, labelled as “TO PARAMS ARRAY” — operations for the creation of
Parameters array (see Figure 51 for block diagram and Figure 52 for the icon);

2. unbundle and build array, labelled as “UBN” — optimization (see Figure 54 for block diagram
and Figure 54 for the icon);

3. conversion, labelled as "CONV” — also optimization (see Figure 55 for block diagram and

Figure 56 for the icon).

pos_x |5u|::|5tructir1g lentgth of the arm|
[converting distance to increments|
polar coordinates output array
g+ ‘L 123
o+ |5
o-+|E | |4l
— O--+. 1 | ey
adding initial rotation Col
(to allign coordinate systems) orour
ﬁ
i Shape
*
|cnnvertir1g angle to increment5| .|
Figure 51 - Block diagram for "building Parameters array" subVI
Colour — . | yster
tout Calibrated Matches (ETVEREC) ==z Array
S J—PART:MS output array Calibrated Matches (KRUH) "'= ] IMINSMAK
pos_X ARRAY Calibrated Matches (SESTIUH.., == SQUARE
CIRCLE
Shape HEXAGON
Figure 52 - Icon for "building Parameters array" subVI Figure 53 - Icon for “unbundle and build array” subVI
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Figure 54 - Block diagram for “unbundle and build array” subVI
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Figure 55 - Block diagram for “conversion” subVI/

Position
Anglein
min index
AMNGLE BETA
ANGLE ALFA

Figure 56 - Icon for “conversion” subVI
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Figure 57 - Inspection loop
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3.2.2.3  Front panel

For cleaner user interface front panel was divided into 2 tabs: Inspection and OPC UA. Inspection tab
has the layout as Inspection program in Figure 15 with a single modification — labels were translated
to the English language. OPC UA tab includes all the necessary controls for connection to the OPC UA

server as demonstrated in Figure 59.

b
fo87.55

elolaRlbONFErD
eleala@llo 0N +@rn

=
=

Figure 58 - Inspection tab

opc.tepi//192.168.1.101:4840

c.tcy 168.1.101:

[varflocal/natinst/certstore/opcua//certifikat0l.der

Figure 59 - OPC UA tab and Testing tab
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3.3 Lighting

In order to improve the illumination of the workspace, a small LED searchlight was added to the camera
stand. The light source is not specialized for the machine vision like described in the research part
because it was not possible to find one suitable for fixing on the camera stand. Mounting realization

can be seen in Figure 60.

Figure 60 - Mounted light source
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4  Testing the functionality

The functionality of the programs for PLC and myRIO was tested with the following results:

e OPC UA communication —100% successful;
e Pick & place operation — 100 % successful;

e Lighting — unsuccessful.

As can be seen in the demonstration video (see attachment “Functional demo” on the CD), after the
inspection program finds and analyses the object, PLCis able to navigate the manipulator to that object
and then place to the required slot. The reason why hexagon shape was not used is because of the
mistake in the storage design — slots are located too close so that manipulator cannot reach them. The
proposed solution of illumination issue was not successful — the new light source illuminates the
workspace too much due to the placement and intensity (Figure 61). As can be also seen from the
demonstration video, the testing was performed under background illumination because it was found
to be the most reliable. Thus, for proper functioning, it is necessary to perform colour calibration every

time when the lighting conditions significantly change.

Figure 61 - Image from the camera when the additional light source is on
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5 Alternative Solution — Calibration

After testing it was discovered that even with an additional light source illumination conditions cannot
be kept constant. Thus, for the inspection program to work, RGB colour ranges have to be calibrated
every time conditions change. Normally, the calibration requires a computer with LabVIEW and Vision
Assistant software installed. Such a requirement is not convenient because the whole system should
be able to run standalone. Hence, it was decided to implement additional functionality that would

allow an easy calibration from the HMI screen.

It is necessary to set six parameters for each colour of the used shape. The parameters are upper and
lower limits of RGB ranges (example of settings for green colour is shown in Figure 63). In total there

are 18 parameters to be set. The original calibration method is described in [1].
The new calibration method also uses the Vision Assistant. There, a script with two steps is created:

1. Image Mask — to set the calibration region;

2. Histogram —to extract RGB parameters.

This script is placed in the block diagram in a form of Express VI: input to the VI is an image from the
camera and the output is a 2D array. The array contains the data that can be used to construct a
histogram like in Figure 63. The range between the lower and upper limits is approximately constant.
Thus, the limits can be obtained by finding the index of the maximum value and adding/subtracting
half of the range (chosen to be 60). However, not all the parameters can be set in this way —the shape’s
colour own limits are constant. For example, for a green shape lower limit is 215 and the upper limit is
the maximum possible (255). The calibration is implemented as a calibration subVI (see Figure 64 for

full block diagram and Figure 62 for the icon).

Input =—

Green calibration
Blue calibration - :
Red calibration

CALIEFR
| ATIOHN

Figure 62 - Icon for "calibration" subVI
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Color Threshold Setup
Main = Color Threshold
Color Model |RGB v Preview Color -
Red Min : 96
Max (5 157
- - 17Tl
Green Min : 226
Max (=255
4
Blue Min S 41
Max = 100
L
Histogram
© Linear
Logarithmic

Figure 63 - RGB settings example

colour calibration for the red object]

Green calibration

-

[button to initiate inndividual colour calibration]

Figure 64 - Block diagram for “calibration” subVI
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In the inspection loop, calibration is implemented as a false case of the detection loop case structure
(Figure 65). Additionally, an extra case structure is used to ensure that calibration is running only when

required — calibrate shared variable is activated by the “Calibration” toggle on the HMI screen.

[ False 't
i = z &N-"ALEZEN n -=Part of the program for calibration. False -> detection OFF
= — Case Structure - calibration Tumad onbya SW\tChﬂ HIMI
= E———
o[ Facalivrath[ True -» calibration ON
:

Calibration
Image In
Histegram (Histy

Image Qut v

[ ¥a Green calibration] !. IR
Pasie (ahbratu:n:

o[ ¥aRed calibration ,’,I

[HMI buttens to initiste individual colour calibration.]

Figure 65 - Calibration implemented in the actual program

For user interaction, an extra HMI panel was created (Figure 66). The panel contains buttons to
initiate the calibration as well as indicators to show the current settings. The way how the calibration
is performed is the following:

Calibration mode is turned on;
Colour sample is placed on the designated spot;
Calibrate button for the appropriate colour is pressed until the values change;

Steps 2 and 3 are repeated for other colours;

A S

Calibration mode is turned off.
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Figure 66 - HMI screen for calibration
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6 Conclusion

Communication possibilities between Siemens PLC and NI myRIO were mapped. The lighting options
for the Fischertechnik were reviewed. The source codes for both the PLC and the vision system were
edited so that the position, colour and shape of the object in the manipulator workspace are forwarded
to the PLC. An example application was prepared, tested and the functional demo was recorded.
Instructions for using the machine vision in PLC programming class were built (see Attachment 3b).
Illumination issue was not resolved — instead, an alternative solution based on calibration was

implemented.

Thus, the project assignment was fulfilled. In future, a fixture for the LED searchlight could be
manufactured to resolve the illumination issue. Alternatively, an enclosure can be added to minimize

the influence of the background illumination.
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