TALLINN UNIVERSITY OF TECHNOLOGY
School of Information Technologies

Maksim Moissejev 1426671ASB

3D CRANE CONTROL USING ABB AC500
CONTROLLER

Bachelor’s thesis

Supervisor: Kristina Vassiljeva

PhD

Tallinn 2019



TALLINNA TEHNIKAULIKOOL
Infotehnoloogia teaduskond

Maksim Moissejev 1426671ASB

3D KRAANA JUHTIMINE ABB AC500
KONTROLLERI ABIL

Bakalaureusetoo

Juhendaja: Kristina Vassiljeva

PhD

Tallinn 2019



Author’s declaration of originality

I hereby certify that | am the sole author of this thesis. All the used materials, references
to the literature and the work of others have been referred to. This thesis has not been

presented for examination anywhere else.
Author: Maksim Moissejev

20.05.2019



Abstract

The main goal of this thesis is to develop a 3D Crane control system using ABB AC500
PLC. The sub-goals are to create a user interface and to realize an automatic control mode
that moves the load to the desired set point and controls the load oscillations. The thesis
explains hardware and software parts of the system, connections and program

development process.

The end result of this work is a control program that allows operating the 3D Crane either
manually or with the help of automation. The finished work can be used as a manual in
setting up the ABB AC500 PLC.

This thesis is written in English and is 41 pages long, including 4 chapters, 37 figures and
6 tables.



Annotatsioon

3D kraana juhtimine ABB AC500 kontrolleri abil

Selle 10put6d pohieesmirgiks on luua 3D kraana juhtimissiisteem ABB ACS500
kontrolleri abil. Alameesmérkideks on luua kasutajasobralik kasutajaliides, mis
voimaldaks kaugjuhtimist, ning luua automaatjuhtimisreziimi, mis liigutaks koormuse
soovitud kohale vonkumiseta. Antud t66s on Kirjeldatud 3D kraana — ABB AC500 PLC
slisteemi riist- ja tarkvaraosasid ning tihendusi nende vahel, samuti juhtimisprogrammi ja

selle arenguprotsessi.

Selle t66 10pptulemuseks on 3D kraana juhtimisprogramm, mis voimaldab juhtida kraanat
nii késitsi, kui ka automaatika abil. Loputddd saab kasutada ABB AC500 kontrolleri

seadistamise juhendina.

Loputdd on kirjutatud inglise keeles ning sisaldab teksti 41 lehekiiljel, 4 peatiikki, 37

joonist, 6 tabelit.



List of abbreviations and terms

CODESYS Controller Development System
CPU Central Processing Unit

DC Direct Current

FBP FieldBusPlug

HMI Human-Machine Interface

110 Input/Output

IDC Insulation-Displacement Contact
IEC International Electrotechnical Commission
PC Personal Computer

Pl Proportional-Integral

PID Proportional-Integral-Derivative
PLC Programmable Logic Controller
PWM Pulse-Width Modulation

RAM Random Access Memory



Summary

The purpose of this work is to develop an application for controlling the 3D Crane using
the ABB AC500 PLC system. Cranes are widely used in industry and the industrial
environments are usually harsh and require higher reliability. For this reason, the author
decided to use a PLC instead of a standard PC-based control system. This thesis describes
hardware and software parts of the system, connections and control program development
process.

As a result, a PLC-based control system was developed. It allows operating the crane
either with mechanical controls or with a user interface. The user interface displays all
the necessary information about the load position so the crane can be operated remotely.
It ensures the safety of the crane operator when working in hazardous conditions. For
remote control purposes, a web interface was also added. Moreover, an automatic control
mode that moves the crane to the desired set point and controls the load oscillations was

developed. For these needs, PID controllers were implemented and tuned.

However, this work does not cover the security issue. Cybersecurity is particularly
relevant nowadays and understanding the importance of that, it will be the first problem

to be solved in the future.

All in all, this work can be used as an ABB AC500 PLC setup manual.
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1 Introduction

1.1 Background

Nowadays people can hardly imagine their lives without computers. Computer systems
are everywhere and they do a lot of work. One of the most important applications of
digital technology is the industry. As technology advances, more and more industrial

processes become either fully automated or semi-automated and cranes are no exception.

Previously, the crane operator had to be an experienced, well-trained person because of
the complexity of control and the number of factors required to minimize payload
oscillations, saving the speed, safety, and accuracy. Today it becomes much easier to
operate a crane, because control interfaces are more intuitive and user-friendly, while

automation does most of the work.

The Control Systems Research Laboratory (A-lab) provides access to the real-time
industrial overhead crane model (3D Crane), provided by Inteco, which acts as a control
object. A-lab also provides access to the ABB AC500 PLC system, which can be used as
a control device [1]. It allows the development of a PLC-based crane control system,

which resulted in this thesis.

1.2 Objectives

The main goal of this thesis was to develop an application for controlling the 3D Crane
using the ABB AC500 PLC system. The sub-goals of this thesis were to create an intuitive
user interface that displays all the necessary information about the load position and to
realize an automatic control mode that moves the load to the desired set point and controls

the load oscillations.
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2 System description

2.1 Inteco 3D Crane

The 3D Crane is a laboratory model of industrial overhead-gantry crane provided by
Inteco. It comes equipped with a dedicated system of sensors, five incremental wheel
encoders, and three DC motors. The model operates in real-time mode [2]. The 3D Crane

setup is shown in Figure 1.

Figure 1. 3D Crane setup [3].

The 3D Crane consists of three moving parts: a payload, a rail, and a cart. The payload is
hanging on a pendulum-like lift-line wound by a motor so it can be lifted and lowered in
the z-direction. The motor is mounted on the cart. The cart can travel along the rail in the
y-direction. The rail with the cart can move in the x-direction. Therefore, the payload
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attached to the end of the lift-line is capable of three-dimensional motion. Three DC
motors drive the 3D Crane: two are used for driving the cart in the x and y directions and

the last one is used to lift and lower the load in the z-direction.

There are five incremental encoders measuring five state variables: the cart coordinates
on XY-plane, the lift-line length and two deviation angles of the payload. Together with
a specialized mechanical solution, they create a unique measurement unit. The encoders
measure movements with a resolution equal to 4096 pulses per rotation and the deviation
of the load with accuracy equal to 0.0015 rad. There are also three position limit switches

used to determine a reference position.

The system has a power interface. The power interface amplifies the control signals
transmitted from a controller to the DC motors and converts the encoder pulse signals to

the digital 16-bit form to be read by the controller.

Originally, a PC equipped with an RT-DAC/PCI multipurpose digital 1/0 board is used
as the controller. The whole logic necessary to read the encoder signals and to generate
the PWM pulses to control the DC motors is configured in the Xilinx® chip of the RT-
DAC/PCI board. The function of the board is managed by the 3DCrane Toolbox, which
is integrated into the MATLAB® Simulink® environment [3].

However, in this project it was decided to use a PLC instead of PC with RT-DAC/PCI

board to control the 3D Crane. For these needs, Inteco offers a PLC to 3D Crane interface.

2.2 PLC to 3D Crane interface

PLC to 3D Crane interface is a device that enables a PLC to communicate with the power
interface of the 3D Crane. It provides conversion between a digital 1/0 voltage standard
accepted by PLC (+24V) and the voltage standard accepted by the power interface. The
power interface connects to the rear panel of PLC to 3D Crane interface through a 40-pin
ribbon cable compatible with the IDC standard. A front panel of PLC to 3D Crane
interface is used to connect the PLC. The front panel consists of five plug-in terminal
blocks designed for wire diameter range 0.5+1.5 mm?. Signal pins are used to interact

with the power interface [4]. Description of all used signals is shown in Table 1.
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Table 1. Description of signals [4].

Signal Description

EncAl X Incremental encoder for X-axis: wave A.

EncBl X Incremental encoder for X-axis: wave B.

EncA2_Y Incremental encoder for Y-axis: wave A.

EncB2_Y Incremental encoder for Y-axis: wave B.

EncA3 Z Incremental encoder for Z-axis: wave A.

EncB3 Z Incremental encoder for Z-axis: wave B.

EncA4_AX Incremental encoder for AX-angle: wave A.

EncB4_AX Incremental encoder for AX-angle: wave B.

EncA5_AY Incremental encoder for AY -angle: wave A.

EncB5_AY Incremental encoder for AY -angle: wave B.

Switchl Z Position limit switch of the Z-axis.

Switch2 Y Position limit switch of the Y-axis.

Switch3 X Position limit switch of the X-axis.

+24V Power supply from PLC.

GND_IN Ground level for the PLC digital inputs.

GND_OuUT Ground level for the PLC digital outputs.

PWM_Z PWM control signal for the DC motor of the Z-axis.

Dir_Z Signal changing the rotational direction of the Z-axis DC motor.
PWM_Y PWM control signal for the DC motor of the Y-axis.

Dir Y Signal changing the rotational direction of the Y-axis DC motor.
PWM_X PWM control signal for the DC motor of the X-axis.

Dir_X Signal changing the rotational direction of the X-axis DC motor.

2.3 ABB AC500 PLC

The ABB AC500 is a complex state-of-the-art PLC system, so it is important to
understand the basics of PLC operation to get a better understanding of the AC500
product family [5].
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23.1PLC

A PLC (Programmable Logic Controller) is an industrial computer adapted for
automation processes and real-time control systems. The main difference from general-
purpose computers is that PLCs are robust and can survive harsh conditions. They are
highly reliable and designed to handle many inputs and outputs. Most of PLCs today are

modular, so it allows using them in various setups.

Typical PLC system consists of a CPU (Central Processing Unit), a memory, an 1/O
(Input/Output) device, a power supply, and a rack. The CPU executes the program and
operates the process. The memory stores user program and work data. The 1/O device
receives and sends signals to other devices (allows PLC to interact with external
equipment). The power supply provides the PLC with the necessary voltage and current.
The rack creates an electrical connection between all of the modules and holds them
together [6], [7].

PLC works cyclically as long as the system is running. The cycle consists of three steps:
scan inputs, execute logic and update outputs. The amount of time it takes is called scan
cycle time. The scan cycle time depends on the device and the lengths of a program. It is
crucial to know about its duration if timers and delays are used in the program. The scan
cycle time is typically a few milliseconds [8].

2.3.2 ABB AC 500

As it was mentioned above, the ABB AC500 is a complex, state-of-the-art PLC system.
The AC500 was designed to provide a reliable and powerful platform for creating
scalable, cost-effective and flexible automation solutions. The whole AC500 product
family consists of modules that can be scaled and combined to fit the desired
requirements. The AC500 can be used both for simple tasks, such as environmental
monitoring, traffic signals or crane control and for complex tasks, like robotics, building

maintenance or complicated production line control [9].

The basic components of the AC500 system are a processor module (CPU), a
communication module, and an S500 I/0 module. The principal system structure is shown

in Figure 2.
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Communication | Processor module

module (max 4) (CPU) S500 I/0 module (max 10)

Figure 2. AC500 structure.
Similar to other computers, the core of the system is the processor module. Processor
modules are available in various performance classes. Types differ in their speed, memory
size, features, and networking capabilities. Each processor module has to be mounted on
a terminal base and supplied with 24VDC. The terminal base type depends on the number
of communication modules used together with a processor module and on the network
interface type of a processor module. The maximum number of communication modules

that can work with a single processor module is four.
Processor module functions are [5]:
= To receive user program and data entered

= To diagnose work faults of the power supply and PLC circuit as well as syntax

error in programming

= To receive the state or data of the site via the input interface and save it into the

shadow register or data register

= To read the user program in the memory one by one and execute it after

interpretation

= To update the state of related flag bits and output shadow register contents

according to execution results and realize output control by means of output unit.

Communication modules are mounted on the left side of the processor module on the
same terminal base. They are required for a connection to standard field bus systems, for
example, PROFIBUS®, CANopen®, DeviceNet™, PROFINET®, EtherCAT® and for
integration into existing networks. Communication on different field buses is also
possible. Communication between the processor module and the communication module

is carried out through a communication module bus that is integrated into the terminal
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base. The data interchange is realized by a dual port RAM. Communication modules are
powered via the communication module bus, so a separate voltage source is not required.

The last components of the AC500 system are the S500 I/O modules. They act as
messengers between the processor module and external 1/0 devices. They are designed
to increase the number of channels for incoming and outgoing information. The S500 1/0
modules are divided into analog and digital, however, there are modules that work
simultaneously with both analog and digital signals. I/O modules are mounted on the right
side of the processor module. They can be either simply plugged into a terminal unit (for
central 1/0 expansion) or connected via an FBP interface module (as decentralized 1/0
expansion). The maximum number of I/O modules supported by a single processor

module is ten [5].

In this project, the AC500 system (See Figure 3) consists of five modules presented in
Table 2.

TA524  PMS590-ETH DASOl\ CD522 CD522

\ \ \ \\

Study ITin .ee

At ! |IT Akadeemia :\".p'!';\_"r ¥ IT Akadeemia %" 9|
e — Study Tin.ce ¥ B W

Figure 3. ABB AC500 PLC system.
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Table 2. AC500 modules.

Module Description

PM590-ETH Processor module. 2 MB program memory, display, memory card
slot, interfaces - 2 RS232/485, FBP, RJ45.

TA524 Dummy communication module. It is used to cover an unused
communication module slot to protect it from dust and touch.

DA501 Digital/Analog 1/O module. It contains 16 digital inputs, 8
configurable digital inputs/outputs, 4 analog inputs, 2 analog
outputs, integrated fast counter.

CD522 Encoder and PWM expansion module. It contains 2 encoder inputs
(frequency up to 300kHz), 2 PWM outputs (frequency up to
100kHz), 2 digital inputs, 8 configurable digital inputs/outputs.

CD522

2.4 Connections

The module DA501 is used for connecting the mechanical crane controls. These controls
include eight toggle switches (as digital inputs) and two potentiometers (as analog inputs)
(See Figure 4). But only the first potentiometer (R1) is used in crane control because
analog inputs in the DA501 module use a single ground plane. This is the reason why
changes in the value of the first potentiometer affect the value of the second
potentiometer. One of the encoders is also connected to this module because the 3D Crane
uses encoders, that require frequency up to 15 kHz and the DA501 supports frequency up
to 35 kHz (since firmware VV2.0.6). The terminals to which they are connected and their

meaning are shown in Table 3.

R1 R2

Figure 4. Mechanical crane controls.
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Table 3. DA501 connections.

Component | Terminal | Signal Meaning

SO 1.0 DIO Activates/deactivates toggle-based control method.

S1 11 DIl Moves the crane to the zero position, resets encoders.

S2 1.2 DI2 Moves the crane forward along the X-axis.

S3 13 DI3 Moves the crane backward along the X-axis.

S4 14 Dl4 Moves the crane forward along the Y-axis.

S5 15 DI5 Moves the crane backward along the Y-axis.

S6 1.6 Dl16 Lifts the load along the Z-axis.

S7 17 DI7 Lowers the load along the Z-axis.

R1 3.0 AlO Controls the speed of the cart movement along X and
Y axes.

R2 3.1 All Unused potentiometer that should be turned to the
right at the maximum.

Encoder A | 4.0 DC16 Incremental encoder for Z-axis: wave A.

Encoder B 4.1 DC17 Incremental encoder for Z-axis: wave B.

The CD522 modules are used for reading encoders and controlling DC motors (speed and

direction selection). These modules are used because of their high-speed PWM outputs

that support frequencies up to 100 kHz. The 3D Crane uses DC motors that require

frequencies up to 15 kHz. Axis limit switches are also connected to one of the CD522

modules because of their quick response to input changes. The terminals to which DC

motors, encoders, and axis limit switches are connected are shown in Tables 4 and 5.

Table 4. CD522 (2) connections.

Terminal | Signal Meaning

15 00 PWM control signal for the DC motor of the Z-axis.
2.0 A0 Incremental encoder for AX-angle: wave A.

2.1 BO Incremental encoder for AX-angle: wave B.

4.0 Al Incremental encoder for AY-angle: wave A.

4.1 Bl Incremental encoder for AY-angle: wave B.
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Table 5. CD522 (1) connections.

Terminal | Signal Meaning

1.5 00 PWM control signal for the DC motor of the X-axis.

1.7 01 PWM control signal for the DC motor of the Y-axis.

2.0 A0 Incremental encoder for X-axis: wave A.

2.1 BO Incremental encoder for X-axis: wave B.

2.4 C4 Position limit switch of the Z-axis..

2.5 C5 Position limit switch of the X-axis.

2.6 C6 Position limit switch of the Y-axis.

4.0 Al Incremental encoder for Y-axis: wave A.

4.1 Bl Incremental encoder for Y-axis: wave B.

4.4 C12 Signal changing the rotational direction of the X-axis DC motor.
4.5 C13 Signal changing the rotational direction of the Y-axis DC motor.
4.6 Cl4 Signal changing the rotational direction of the Z-axis DC motor.

2.5 Software tools

2.5.1 ABB Automation Builder

Automation Builder is an integrated development tool made by ABB for PLC
programming. It combines all the tools, required for programming, configuring,
debugging, and maintaining automation projects [10]. It works together with CODESY'S

installed with Automation Builder.
2.5.2 CODESYS

CODESYS (Controller Development System) is an open source PLC programming
environment, developed by 3S-Smart Software Solutions, a German software company.
It enables the programming of PLC according to the international industrial standard IEC

611131-3. It is platform-independent and used by most PLC suppliers [11].

CODESYS uses five PLC programming languages defined in the IEC 611131-3 standard.

These languages are:
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= Instruction List (IL)

= Structured Text (ST)

= Ladder Diagram (LD)

= Function Block Diagram (FBD)
= Sequential Function Chart (SFC)

In addition to these five, a graphical editor called Continuous Function Chart (CFC) is
available in CODESYS, which is not defined by IEC.

In this thesis, it was decided to use a Structured Text. Structured Text is a text-based PLC
programming language. Syntactically it resembles high-level programming languages
such as C, Pascal. Its main advantage is that program written in Structured Text takes up
much less space, compared to other programming languages and the flow/logic is easier

to read and understand [12].
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3 Development

3.1 Configuration on Automation builder

The first step in the configuration on Automation Builder was to create a new project. It
was done by clicking on File -> New Project -> AC500 project from a toolbar in the

upper-left corner (See Figure 5).

ABE Automation Builder 2.0 - Basic
File Edit View Project Build Online Debug Tools Window Help

B #

Devices * 1 X Start Page X

-

Automation Builder 2.0

Basic Operations Latest News

5] New Project...
& Open Project...

ﬁ Open Praoject from PLC... “. ll ll

M - ° aut

Recent Projects
= |=] New Projact ﬁ se
Ii Categories: Templates:
= -1 Projects o
p 2]
- TR Empty project

= .d
=
= nt
= e
= re
= ct
= [o
=

A project containing one AC500 PLC

le
el
MName: Crane_contral I
e
Location:  |C:\ tl
Ol

OK | | Cancel |

Closepa
Show page on startup

Figure 5. Creating a new project.

The processor module was then selected from a list in the pop-up window (See Figure 6).
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Object path:

C:\Crane_control.project

Object name: PLC_ACS00_V2

Categories |v| Search object name...

E- FLC - ACS00 V2 Mame Short Description

- PLE-ACS0V3 T ACS00 PMSSE-ETH  6DI/BDO-T/2AI/1AD, 24VDC, B

[T AC500 PM5T2 AC500 CPU 128kB

[EJ)AC500 PM573-ETH  AC500 CPU 512kB, Ethemet
(] AC500 PM5E2 AC500 CPU 512kB

(=] AC500 PM583-ETH  ACS00 CPU 1MB, Ethemet
[T AC500 PM585-ETH  AC500 CPU 1MB, Ethemet
[Z)AC500 PM5S0-ARC  AC500 CPU 2MB, ARCNET
AC500 CPU 2MB, Ethemet
[ZJAC500 PM591-2ETH  ACS00 CPU 4MB, 2xEthemet
[T AC500 PM591-ETH  AC500 CPU 4MB, Ethemet
[T]AC500 PM5S2.ETH  ACS00 CPU 4MB/4GB, Ethemet
[T AC500 PM5854ETH ACS00 PLC 16ME, 2xEthemet, 2
[ PM5650-2ETH AC500 CPU 80MB, Bthemet |
< ]

Closethis dialog after each transac [| Display allversions

Reset filter ‘ Add PLC ||

Figure 6. Selecting processor module.

The next step was to add the I/O modules on a bus. They were added one by one by right-
clicking on 10_Bus, clicking on Add object and selecting the required 1/0 module from a
list in the pop-up window (See Figure 7).

Deviess v ® % Fadd object below : 10_Bu
’-@ Crane_confrol - 1 R
= PLC_ACS00_V2 (PM590-ETH - TB521-ETH)

- @1] Application Object path:

- app PLC_ACS00_V2\IO_Bus
10_Bus
Interfaces Object name: DAS01
3 com1_online_Access (COM1 - Orili
B2 coma_online_access (Com2 - onili
51 FBP_online_Access (FBP - Online A
a Ethernet - 5500 eCo 110 modules MName Short Description Order Ni ™

@ EmHLEHD - 5500 1/0 modules
ﬂ Protocols {Protocols)

Categories |v| Search ohject name. .. @

A\523 16Al, U//RTD, 12Bit-+sign 15AP25

=8 Extension_Bus EEAI531  8AL UA/RTD/ Themmo, 16Bit+sign 1SAPXS
: Slot_1 (TA529) EA0523 1640, U/, 12bitssign 1SAPx5

B o (as9 [EAX21 4A1/440, UA/RTD, 12bitssign 1SAPXS
- EElAX522 8A/BAO. UA/RTD. 12bit=sign 1SAPx5
EEICD522 Zeencoder, 2PWM 1SAPx6
16DI/BDC/4AL/240, 24VDC 1SAPKS =
FEIDAS02 16D0/8DC/4AI/240, 24VDC 1SAPX5
[ElDC522 160C, 24VDC 1SAPx4
[FEDCs23 240, 24vDC 1SAPx4
[EDC532 16DI/160C, 24VDC 1SAPx4
D524 3201, 24vDC 15APxd
EED0524 3200, 24VDC 1SAPx4
EEIDO526 800, 24VDC 24 15AP24
[EJD¥522 8DI/BDO-R, 24VDC 1SAPxd
< 1] >

Closethis dialog after eachtransaction [] Display all versions

Figure 7. Adding 1/0 modules.

24



3.1.1 I/O modules configuration

After these actions were done, it is possible to configure the selected I/0O modules. The
configuration is divided into two parts: parameterization and 1/0 mapping. By setting
parameters, the system can be configured for specific tasks. 1/0 signals that have been

mapped are accessible as global variables.

Module parameterization is done by double-clicking on the required module from the

project tree and by clicking on Parameters. (See Figure 8).

Devices - 3 X
=g Crane_control -
= PLC_ACS500_V2 (PM530-ETH - TB521-ETH)

= B[l Application
Lk App
= [ 10_Bus
[Daso1 (pas0l)
CD522 (CD522)
CD522_1(CD522)
E Interfaces
H; COM1_Online_Access (COM1 - Onli
m COMZ_Online_Access (COM2 - Onli
m FBP _Cnline_Access (FBP - Online A
= % Ethernet
@ emiEmY
ﬂ Protocols (Protocols)
= @ Extension_Bus
B slot_1(Tas24
B slot_2(Tasz4

DA501 X

DAS01 Parameters
DAS01 If0 Mapping
If0 mapping list

Information

Figure 8. Parameterization.

On the settings of the DA501 module, the following parameters were changed: Fast

counter was set to 7-1 UpDown directional discriminator and Input O, channel

configuration was set to 0...10 V (See Figure 9).

DA501 Parameters Parameter Type Value Default Value  Unit
@ Ignore module Enumeration of BYTE Ma Mo
HEETLIE PEEE @ Check supply Enumeration of BYTE on on
@ Inputdelay Enumeration of BYTE ams ams
[/ mapping list @ Fast counter Enumeration of BYTE  7-1 UpDown directional discr... 0-Mo counter
@ Detect short drcuit at outputs Enumeration of BYTE on On
Information @ Behaviour outputs at comm. error  Enumeration of BYTE Off Off
& Substitute value BYTE(0..255) 0 i
& Input 0, channel configuration Enumeration of BYTE 0..10V Mot used
@ Input 0, check channel Enumeration of BYTE = Plausib, Cut wire, Short drcuit - Plausib, Cut wire, Short dircuit
@ Input 1, channel configuration Enumeration of BYTE Mot used Mot used
@ Input 1, check channel Enumeration of BYTE ~ Plausib, Cut wire, Short dircuit - Plausib, Cut wire, Short circuit
& Input 2, channel configuration Enumeration of BYTE Mot used Mot used
@ Input 2, check channel Enumeration of BYTE = Plausib, Cut wire, Short drcuit - Plausib, Cut wire, Short dircuit
4 Input 3, channel configuration Enumeration of BYTE Mot used Mot used
@ Input 3, check channel Enumeration of BYTE = Plausib, Cut wire, Short drcuit - Plausib, Cut wire, Short dircuit
@ Output 0, channel configuration  Enumeration of BYTE Mot used Mot used
@ Output 0, check channel Enumeration of BYTE = Plausib, Cut wire, Short drcuit  Plausib, Cut wire, Short dircuit
@ Output 0, substitute value WORD(0..65535) 0 a
@ Output 1, channel configuration  Enumeration of BYTE Mot used Mot used
@ Output 1, check channel Enumeration of BYTE ~ Plausib, Cut wire, Short dircuit - Plausib, Cut wire, Short circuit

@ Output 1, substitute value WORD(D..65535)

0

Figure 9. DA501 parameters.
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The first CD522 module parameters were configured in the following way: Mode counter

0 and Mode counter 1 were set to 11-1 Incremental encoder, Output OO, channel

configuration and Output O1, channel configuration were set to PWM (See Figure 10).

CD522 Parameters Parameter Type Value Default... Unit
@ Ignore module Enumeration of BYTE No No
D522 /O Mapping % Check supply Enumeration of BYTE Oon Oon
@ Input delay Enumeration of BYTE 8ms 8ms
1/o mapping list % Mode counter 0 Enumeration of BYTE 11-1 Incremental encoder  No counter
@ Freq limit FCO Enumeration of BYTE No filter No filter
Information & Inputlevel FCO Enumeration of BYTE 0-24VDC  0-24VDC
@ SSI 0 frequency Enumeration of BYTE 200 kHz 200 kHz
% SSI 0 resolution in Bit BYTE(8..32) 16 16
@ SSI0 code type Enumeration of BYTE Binary Binary
@ SSI 0 polling time BYTE(1..255) 10 10 ms
@ 5V sensor 0 supply Enumeration of BYTE Off Off
% Mode counter 1 Enumeration of BYTE 11-1 Incremental encoder  No counter
@ Freq limit FC1 Enumeration of BYTE No filter No filter
@ Inputlevel FC1 Enumeration of BYTE 0-24VDC  0-24VDC
@ SSI 1 frequency Enumeration of BYTE 200 kHz 200 kHz
@ SSI 1resolution in Bit BYTE(8..32) 16 16
@ 5SI 1 code type Enumeration of BYTE Binary Binary
@ SSI 1 polling time BYTE(1..255) 10 10 ms
@ 5V sensor 1supply Enumeration of BYTE off off
@ Detection SC and sensors Enumeration of BYTE off off
@ Behaviour outputs at comm. error Enumeration of BYTE Off Off
@ Substitute value WORD(0..65535) 0 0
= PWM /Pulse
# Output 00, channel configuration Enumeration of BYTE PWM Digital ou...
% Output 01, channel configuration Enumeration of BYTE PWM Digital ou...
=~ Counter 0
@ Input 13, channel configuration Enumeration of BYTE Digital input = Digital input
% Input 14, channel configuration Enumeration of BYTE Digital input = Digital input

@& Tnnut 15. channel confinuration

Fnumeration of RYTF

Figure 10. CD522 parameters.

Dinital inoiit

The same parameters were applied to the second CD522 module.

Ninital inniit

Module I/0 mapping is done by double-clicking on the required module from the project
tree, by clicking on I/O Mapping and entering needed variables. The list of created
variables, their types, and the definition of what they are responsible for is shown in Table
6.
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Table 6. 1/0 variables.

Module Variable Type Definition

DA501 DI_SO BOOL Responsible for toggle switch 0.
DI_S1 BOOL Responsible for toggle switch 1.
DI_S2 BOOL Responsible for toggle switch 2.
DI_S3 BOOL Responsible for toggle switch 3.
DI_S4 BOOL Responsible for toggle switch 4.
DI_S5 BOOL Responsible for toggle switch 5.
DI_S6 BOOL Responsible for toggle switch 6.
DI_S7 BOOL Responsible for toggle switch 7.
SPEED_AXIS INT Responsible for potentiometer 1.

CD522 (1) | CD522 1 INPUT WORD | Input index to adress the module.
CD522_1 OUTPUT | WORD | Output index to adress the module.
CD522 1 IN BIT WORD | Bits are responsible for inputs C4, C5, C6.
CD522_1 OUT_BIT | WORD | Bits are responsible for outputs C12, C13,

Ci4.

CD522 (2) | CD522_2 INPUT WORD | Input index to adress the module.

CD522_2 OUTPUT | WORD | Output index to adress the module.

3.1.2 IP configuration

In order to establish communication between PLC and PC with the Ethernet protocol, an
IP address should be configured. The IP address of a connected device can be checked by
selecting Tools -> IP-Configuration from the upper toolbar and clicking on Scan. This IP
address should then be set by right-clicking on programmable device from project tree

and clicking on Communication Settings (See Figure 11).

It is important to note, that PC and PLC should be in the same subnet for security reasons.
After IP address has been set, the program can be downloaded to PLC and run by clicking

on Online -> Login from the upper toolbar.
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@ em1 | cos2  [[g) mcacsiovz ([ oAsol [y Ape [ CDS22.1 ' IP-Configuration X |

Scan
MAC address Devicename  Position  Serial number  DeviceID Current IP Address Configured IP Address ~ Auth. supp
00-24-59-01-2C-02  PM590-ETH Slot 0 0000000104 0x00 192.168.17.255 192.168.18.16 no

> Y
Communication Settings for ‘PLC_AC500_V2' ﬂ

IP Address 192 168 . 17 . 255 [

[ 7] Use advanced settings

Scan finished, received 1 response

Figure 11. IP configuration.

3.1.3 Web visualization configuration

The next step was to enable an integrated web server on PLC. It allows making a
visualization created in CODESY'SS available as web visualization that can be opened in
a web browser of any computer. It may be useful for remote control purposes. The web
server is activated by right-clicking on Protocols (under Interfaces -> Ethernet from the
project tree) and clicking on Add object and selecting Web Server from a list in the pop-

up window (See Figure 12).

Deviess ¥ # X | add object below : Protocols
= -@ Crane_controf -
=T PLC_ACS00_v2 (PM530-ETH - TB521-ETH) .
= @ﬂ Application Object path:
App PLC_AC500_V2\Interfaces\Ethernet\Protocols
- 10_pus
DAS01 (DASOL) Object name: Web_Server
CD522 (CD522)
CD522_1(CD522) Categories IZ| Search object name... =,
= Interfaces
B4 coM1_Online_Access (COM1 - Onli [#l- Ethemet protocals Name Short Description  Version  Orde
m COM2_Online_Access (COM2 - Onli 13| FTP Server 2600
B4 FoP_Onine_Access (8P -Online A hrIEC 60870-5-104 Controlstation 2600
=g Ethernet 717 |EC 60870-5-104 Substation 2600
@ emiEmy 5| Modbus TCP/IP Client 2600
@ Protocols (Protocols) 12 Madbus TCP/IP Server 2600
= @ Extension_Bus _gﬂSI'u'ITP Client 2600
M slot_1(Tas24) | SNTP Client 2600
B slot_2 (Tas24) 13 SNTP Server 2600

[ UDP (o AC31 header) 2600
1Al UDP data exchange 2600

2600

£
Closethis dialog after eachtransaction [] Display allversions

Reset filter Add object | |

Figure 12. Enabling web server.
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After activating the web server, its settings should be checked. It is done by double-
clicking on Web Server. In the opened tab Port should be set to 80 and Connections set
to 2.

The next step is to allow web visualization. This is done in the CODESY'S window. Under
the project tree on Resources tab double-click on Target Settings. In the pop-up window
select Visualization tab and enable Web visualization. Also, make sure that Inhibit

download of visualization files is disabled (See Figure 13).

32, Resources
B3 Global Variables
B3 10_Bus
- CD522_1_Module_Mappi| || Target Settings 2
@ CD522_Module_Mapping
. DAS01_Module_Mapping LConfiguration: |.::.!'_ 500 PMES0-ETH 2.» _]
Glof:al_\/anab!es : Target Platform | Memory Layout | General | Network functionality - Visualization I
. Variable_Configuration (VaR_0
-] library CD522_AC500_¥13.lib 6.6.1
- a0 = Display width in pixel: 800
B3] ibrary Ethemet_AC500_V10.ib 6.6 siailiting
-] library lecsfe.lib 2.6.14 11:37:46: gl Display height in Pixel: 430
B i o
\:_jl I!brary Syslr?l_A.C?le]_V? 0lb6.6.1 V' Use 83 file format
B[] library SysLiblnitLibrary.lib 6.6.17 15
E3-(] fibrary SysLibMern.lib 6.6.17 15:14: [™ Alaimhanding in the PLC
[J“‘E] library SysLibTime.lib 6.6.17 15:14: [ Store iend data in the PLC
B[] library SysTaskInfo.lib 6.6.17 15:14
(2 brary UtiLlb 14.11.16 12:03:16: gl V' Activate system variable ‘Currentvisu' [ii
B () Tools [ Simplfied input handiing H
""" (28 Alarm configuration A
: [V \Web visualization r I5
""" m Library Manager
----- m Log [ Inhibit download of visualization files IV Keyboard usage for tables
“““ (B PLC - Browser
..... Atr : 3
17.1;5 PLC Configuration Default 0K Cancel
""" 1& Sampling Trace
“““ P+ Target Settings
""" L;g Task configuration
""" % Watch- and Recipe Manager

""" '}) Workspace

Figure 13. Allowing web visualization.
Once the web visualization is allowed, ensure that visualization created in CODESYS is
marked for web visualization. Under the project tree on Visualizations tab right-click on
created visualization and click on Object Properties. In the pop-up window select

Visualization tab and enable the Web-Visualization (See Figure 14).
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-
Properties ? &

Visualization | Access rights

Use as
IV webVisualization

Used as
* Visualization

" Visualization without master layout
" Master layout ™ as backaround

OK | Cancel

Figure 14. Enabling web visualization.
After all these steps were done, the HMI is available in the web browser by typing
http://<IP address of the PLC/webvisu.htm> into the address bar. For example:
http://192.168.17.255/webvisu.htm (See Figure 15). It is important to note that the web
browser should be with the latest Java version installed. But it works correctly only in

Internet Explorer.

- -
e.‘;.|§ hitp://192.168.17 255/ webvisu.htm P-a ” (2 CoDeSys WebVisualization

s m Suggested Sites * a Web Slice Gallery +

‘SD Crane user interface‘ [ Angle x0 | [ axis:309 mm | |( ! )
A
-axis speed z
O = =1
| T-axis speed =
| X
-axis speed ‘
KN 13
| Y axis: 277 mm | | Angle ¥:0 HOME :I
Kl 4 2|
RESET ’SCROLL
Enter desired X position (in mrm}: | Enter desired ¥ position (in mrm): ‘ ANGLES il REEORS BARS

Figure 15. HMI in web browser.
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3.2 Control program development

The development of a control program is done in an integrated CODESYS environment.
CODESY'S window opens by double-clicking on Application from the project tree. The
opened window is divided into four sections: the project tree is on the left side, the right-
top window is for variables declaration, the right-middle window is for program code, the

right-bottom window is for system messages.
3.2.1 CD522 function blocks

The function of the CD522 module is managed by special function blocks. These function
blocks are contained in the CD522_Library, which is automatically included into the

project after the CD522 module has been added into the project tree.

The CD522_32BIT_ENCODER function block is used to read encoder signals connected
to CD522 modules (See Figure 16). As it was mentioned before, encoders are used to

measure the cart coordinates on XY-plane, the lift-line length, and the deviation angles

of the payload.
CD522_32BIT_ENCODER

—EN DONE—
—CNT_NUM ERR—
—EN_CNT ERNO—
—EN_TOUCH ACT—
— EDGE_TOUCH CF—
—EN_RPI RDY_TOUCH—
—RESET RDY_RPI—
—{SET_START OFL—
—ISET_END SET_IN—
—1START_VALUE RESET_IN—
—END_VALUE CNT_TOUCH[—
— ADR_IN

—ADR_OUT

Figure 16. Encoder function block.
EN is a Boolean variable that enables/disables the function block processing. CNT_NUM
defines which encoder to read. If O, the encoder connected to AO, BO is read, if 1 — the
encoder connected to A1, B1. EN_CNT is a Boolean variable that enables/disables pulse
counting. RESET is a Boolean variable that resets ACT value as long as it is set to TRUE.
ADR_IN and ADR_OUT are the addresses of the first input and output indexes from the
structure of the CD522 module. DONE is a Boolean output variable that indicates the
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processing of the function block. ERR is a Boolean output variable that indicates an error.

ACT is a current counter value.

The function block CD522_ PWM_OUT is used to control DC motors (See Figure 17).
As it was said, DC motors are used to drive the cart in the x and y directions and to lift

and lower the load in the z-direction.

CD522_PWM_OUT

—EN DONE [—
—CHN_NUM ERR|—
—EN_PWM ERNO—
—FREQ

—DUTY_CYCLE
—ADR_IN
—ADR_OUT

Figure 17. PWM function block.
EN is a Boolean variable that enables/disables the function block processing. CHN_NUM
defines which DC motor is managed. If it is set to 0, DC motor connected to output OO is
managed, if 1 — DC motor connected to output O1. EN_PWM is a Boolean variable that
enables/disables the PWM. FREQ specifies the frequency of PWM. DUTY_CYCLE
specifies the percentage of time when the signal is high. ADR_IN and ADR_OUT are the
addresses of the first input and output indexes from the structure of the CD522 module.
DONE is a Boolean output variable that indicates the processing of the function block.

ERR is a Boolean output variable that indicates an error.
3.2.2 CNT_IO function block

The CNT_I10 function block is used to read the encoder signals connected as Fast Counter
of the DA501 module (See Figure 19). This function block is contained in the
Counter_AC500_V20 library, which is not included into the project by default. In order
to add this library, in the CODESYS window, under the project tree on Resources tab
double-click on Library Manager. The opened window is divided into four sections. The
upper-left is for a list of linked to the project libraries. Right-click on this area and click
on Additional Library. In the pop-up window select a required library (See Figure 18).
Usually, library files are located at:

C:\Program Files (x86)\Common Files\CAA-Targets\ABB_AC500\AC500_V12\library
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%2 Resources
E-{Z3 Global Variables
B3 10_Bus
¢ bdf CD522_1_Module_Mapping <F>
) CD522_Module_Mapping <Fi>

“ i DASI _Module_Mapping <F>
- @@ Global Variables
e . Wariable_Configuration [WAR_COMNFIG
(1] fibrary CD522_4C500_v13.ib .6.17 15:14
- (2 library Ethernet_ACS00_ Y100 6.6.17 15
-] library lecsfc.lib 2.6.14 10:37:46: global va
- library Syslnt_ACS00 Y100k 6.6.17 15:14
0[] library SesLiblmitLibran ib 6.6.17 15:14:38;

standard.lib 2.6.14 10:37:46
lecsfc.lib 2.6.14 10:37:46
Util.lib 14.11.16 12:03:16

~

SysLibTime.lib 6.6.17 15:14:38 P

SysTaskinfo lib 6.6.17 15:14:38
SysLibMem.lib 6.6.17 15:14:38
SysLiblnitlibrary lib 6.6.17 15:14:38
Syslibs\SysLibABBCfz lib 6.6.17 15:14:38

=

%, Open

Look in: | ) Library

MName
L CMMN_ACS00_V24 lib

~| & & e Er
Date modified o
6.06.2017 15:14

|| CMS_IO_ACS500_V24 lib 6.06.201713:11 (o
() library SysLibs\SpaLibABE Clalib 6.6.17 15 || Counter_AC500_V11.lib 6.06.2017 15:14
0[] library SysLibTime. b 6.6.17 15:14:3% gloh || Counter_ACS500_V20.lib 6.06.2017 15:14
| library SesT askinfo b 6617 15:14:38: glo L | C531_AC500_W10.lib 6.06.2017 15:14 =
0[] library LtLIE 14,171,716 12:03:16; global var 4| [T 3

£
£
£
£
H
E-E3 library SysLibMem lib 6.6.17 15:14:38: glob
£
b
£
b
£

- [57] Todls
- (4 Alarm configuration
Library kanager

Fie name:  |Counter_AC500_V20

ﬂ Cancel

|C:‘\F'rogram Files [2E]\Comnmon FiIes\C&.&-Targetsk&ﬂ

Files of type:  |CoDeSys Library (*ib)

..... PLC Configuration

""" @ Sampling Trace
..... E-IE R T, b

Library directony:

Figure 18. Adding library into project.

CNT_IO
—EN DONE|—
—MODULE ERR—
—EN_VISU ERNO|—
—ENT STATE—
—uD1 CF1—
—EN_OUT1 ACT1—
—SET1 CF2f—
—START1 ACT2—
—END1
—EN2
—UD2
—EN_OUT2
—SET2
—START2
—END2

Figure 19. CNT_IO function block.
EN is a Boolean variable that enables/disables the function block processing. MODULE
defines the S500 1/0 module number on the 1/O bus. The first module that is directly right
to the CPU is with number 1. EN1 is a Boolean variable that enables/disables pulse
counting of the encoder connected to inputs DC16, DC17. SET1 is a Boolean variable.
When it is set to TRUE, ACT1 is always overwritten by the START1 value. DONE is a

Boolean output variable that indicates the processing of the function block. ERR is a
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Boolean output variable that indicates an error. ACT1 is a current counter value of the

encoder connected to inputs DC16, DC17.
3.2.3 LIN_TRAFO function block

The function block LIN_TRAFO is used to rescale a number from one range to another
(See Figure 20). It allows displaying the information about the position of a cart and the
payload lift-line length not in the encoder units, but in the units used in everyday life. It

also allows converting the raw value from the potentiometer into the percentage of PWM

duty cycle.
LIN_TRAFO
—IN OuUT[—
—IN_MIN ERROR—
—IN_MAX
—{OUT_MIN
—0UT_MAX

Figure 20. LIN_TRAFO function block.
IN is a number to rescale. IN_MIN and IN_MAX are the lower and upper limits of the
input number range. OUT_MIN and OUT_MAX are the lower and upper limits of the

output number range. OUT is a rescaled number.
3.2.4 PID function block

The control system has an automatic control mode that moves the cart minimizing the
load oscillations. For these purposes, the PID function block is used (See Figure 21). It
allows to improve the positioning accuracy, to control the speed of a cart movement, and
to decrease the load oscillations. In this subsection you can find functionality of the

current block, but in the following sections you will see how it affects the control loop.
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PID

— ACTUAL Y—
—SET_POINT LIMITS_ACTIVElI—
—KP OVERFLOW—
— TN

—TV
—Y_MANUAL
— Y_OFFSET
— Y MIN
—Y_MAX

— MANUAL
—RESET

Figure 21. PID function block.
ACTUAL is a present value of the process variable. SET_POINT is a desired value of the
process variable. KP is a proportional gain (P-component), TN is a reset time (I-
component), and TV is a derivative action time (D-component). Y_MIN and Y_MAX are
the lower and upper limits of the output value. RESET is a Boolean variable that resets
the output value. Y is the output value, calculated by the function block.

3.2.5 Program structure

The crane control program is implemented as a state machine. It simplifies maintenance
and provides a potential for modification for future development. The control program
starts with the initialization phase. In this step, the encoder and PWM function blocks
described above are called for the first time in order to check the validity and plausibility
of the inputs connected to encoders and DC motors. If an error occurs, the program goes
to ,,Error state* and stops. It means that connections and module configuration should be
checked. To start the program again PLC should be reset. If there is no problem — a rail,
a cart, and a load go to the zero position that is determined by input bits C4, C5 and C6,
in other words, the crane ,,Goes home*. At this position, encoders are reset. This must be
done because the 3D Crane uses incremental encoders that require determination of a
reference position. After these actions are carried out, the user can operate the crane. The
crane can be operated either with mechanical toggle switches and a potentiometer in
»Manual control“ mode or by using buttons and scrollbars in ,,HMI control* mode (See
Figure 22).
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Initialization

Go home

Manual control
HMI control

Figure 22. Initialization.

Toggle switch SO activates the ,,Manual control“ mode. SO should be activated
continuously until the user wants to log out of the ,,Manual control*“ mode. Toggle switch
S1 causes the crane to ,,Go home* and resets encoders at zero position. Toggle switches
S2 and S3 move the crane along the x-axis — forward and backward, respectively. If both
toggle switches are active, it causes an interlocking and movement along x-axis stops.
The range of movement is limited by the limit switch, connected to input C5 from one
side and by the maximum encoder value (measured by trial method) from the other side.
In the same way work toggle switches S4 and S5 that move the crane along the y-axis —
forward and backward and toggle switches S6 and S7 that lift and lower the load along
the z-axis. Potentiometer 1 controls the speed of a cart movement along x and y axes.
Turning it to the left decreases the speed and turning it to the right increases the speed.
Potentiometer 2 should be turned to the right at the maximum for the correct operation of
the speed control. The reason, as it was mentioned above, is that potentiometers use a
single ground plane and changes in the value of one potentiometer affect the value of

another potentiometer (See Figures 23 and 24).
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From " Enable PWM Z

> Go home J

Manual control

Set bit Up
Set bit Down

Set bit Left

Set bit Right

Figure 23. Manual control (1).
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Set bit Right

Set bit Lift

t Set bit Lower

Disable PWM X
Y
Speed_Axis g
ral Enable PWM X
>
t Disable PWM Y ]“—‘

Y

> Enable PWM Y J

t Disable PWM Z ]'(—j

ﬂ Enable PWM 2 J

.
>

To " Manual control "

Figure 24. Manual control (2).
Since people today prefer to use graphical user interfaces, the HMI was developed. It
makes the system more user-friendly and allows adding some extra features. It also allows
controlling the crane remotely. The ,,HMI control* mode is activated with the power
symbol button from the user interface. The power-button should be activated
continuously until the user wants to log out of the ,,HMI control“ mode. A control method
should then be selected: either ,,Arrows control” or “Scrollbars control”. Switching
between these control methods is carried out by clicking on ARROWS or SCROLLBARS

buttons, which are located on the down-right side of the user interface (See Figure 25).
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“;: HMI coentrol Btn_POWER
Btn_POWER
Yes
Btn_ARROWS
Mo
Yes
Btn_SCROLLBAR
No

Figure 25. HMI selecting control method.

Arrows control

Scrollbars control

Selecting the arrows control method, the crane is operated using buttons with the arrow
symbol. There are four big arrow-buttons that move the rail with a cart on the XY-plane.
Under these four buttons, there are up-arrow and down-arrow buttons in a frame, that lift
and lower the load along the z-axis. These six buttons work similarly to toggle switches
in the ,,Manual control“ mode. On the left of z-axis control buttons, there are three
scrollbars that control the speed on X, y, and z axes. Moving the slider to the left reduces
the speed, moving it to the right increases the speed on the corresponding axis (See Figure
26).
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Figure 26. HMI arrows control.
Selecting the scrollbars control method, the position of a cart on XY-plane is set either
with scrollbars (located on the right and under the graphical representation of a cart
position) or by entering a number in millimeters into textboxes (located under the
horizontal scrollbar). The load oscillation control is a distinctive feature of this control
method. The only limitation is that the load must be in the zero position. An exact
movement to the desired set point and the load oscillation control is carried out by

implementing PI1 controllers. At the first activation of the scrollbars control method, the
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system asks to set the load motionless. In this step, a dialog window opens and there is a
color indicator that turns to green if the load is motionless and turns to red if the load is
hanging (See Figure 27). This must be done to reset angle encoders. Occasionally, the
angle encoders unsettle during the crane operation. That is why the RESET ANGLES
button was created. It opens the dialog window and allows to reset the angle encoders

again.

Angle ¥:0 | | Angle -0

Set the load motionless

oK CANCEL

Figure 27. Dialog window.
The vertical scrollbar that is on the right of graphical representation — controls the position
of a cart on the x-axis. The upper side corresponds to the maximum encoder value and
the downside corresponds to the zero position. In other words, moving the slider up, the
cart moves forward and moving the slider down, the cart moves backward along the x-
axis. The horizontal scrollbar that is located under the graphical representation — controls
the position of a cart on the y-axis. The left side corresponds to the maximum encoder
value and the right side corresponds to the zero position, so moving the slider to the left,
the cart moves forward and moving the slider to the right, the cart moves backward along
the y-axis (See Figures 28 and 29). There is also a HOME button that moves the crane to
the zero position and resets the encoders, but it works only with the arrows control

method. The user interface is shown in Figure 30.
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Figure 28. HMI scrollbars control (1).
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Figure 29. HMI scrollbars control (2).
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Figure 30. User interface.

3.2.6 PI controllers tuning

As it was mentioned before, the scrollbars control method uses PI controllers. Pl
components should be tuned to provide the necessary quality of a control loop. Therefore,
it is important to specify the requirements. In the case of crane control, the requirements
are:

= An exact movement to the desired set point (in this project the positioning
accuracy is 1.66 mm (0.18%) on the x-axis and 1.28 mm (0.14%) on the y-axis.

Such positioning accuracy corresponds to four encoder units).
= The speed of movement should be maximized.

= The overshoots in positioning should be avoided (it can destabilize the system at

end points).
= The load oscillations should be minimized.

The problem is that these requirements are interconnected and there is always a trade-off
between them. Furthermore, the setting is complicated because two Pl controllers are used
simultaneously: the first is responsible for moving to the desired set point (position Pl
controller), the second is responsible for load oscillation control (angle PI controller). The
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quality of the control loop was evaluated using graphs. Each experiment is supported by
two graphs. On the first, the red line is the desired set point and the black line is the current

position, measured with encoder. The second graph shows the load oscillations.

Pl tuning was started from the x-axis by setting a P-component. It was increased until the
system became unstable. The results of the system behavior without an I-component can
be seen in Figures 31 and 32.
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Figure 31. PI tuning, X axis [Position PI: P=1, 1=0 | Angle PI: P=1, I=0].
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Figure 32. PI tuning, X axis [Position PI: P=6, 1=0 | Angle PI: P=10, 1=0].
Comparing these two results it can be found that increasing the P-components increases
the speed and positioning accuracy (an effect of position PI controller) and decreases the
load oscillations (an effect of angle PI controller). The negative effect is that increasing
the P-components causes overshoots (a result of both PI controllers). It is important to
note, that using only the P-component of position PI controller does not guarantee entry
into the positioning accuracy range, especially at small distances. Further increase of P-

components makes the system unstable.

Next, the I-component of position PI controller was added, the result can be seen in Figure
33.
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Figure 33. PI tuning, X axis [Position PI: P=5, I=1 | Angle PI: P=10, I=0].
As you can see, the I-component made the movement smoother, as a result, the load
oscillations decreased. The overshoots also decreased but still appear at small distances.
The cart always enters into the positioning accuracy range. The speed of movement
decreased, however the whole loop time (until the cart is in positioning accuracy range

and there are no load oscillations) is also decreased.

Next, the I-component of angle PI controller was added, because an instant reaction of
the system to load oscillations makes the movement sharp at middle distances (as an effect
the load oscillations grow). The result can be seen in Figure 34.
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Figure 34. PI tuning, X axis [Position PI: P=5, 1=1 | Angle PI: P=10, I=1].
Comparing with the previous result the movement at middle distances became smoother
and the corresponding load oscillations decreased, but it is still sharp. The negative effect

is that the I-component of angle P1 controller increased the overshoots at small distances.

Taking into consideration the results and having a representation of how each parameter
of both PI controllers affects the control loop, it was decided to set the following
parameters: position PI controller [P = 3.4, | = 1], angle PI controller [P=5.5, 1=0.45]. The
P-components of both PI controllers were decreased to minimize the overshoots at small
distances. Decreasing the P-component of angle Pl controller makes the system less
sensitive to load oscillations, so it was decided to decrease the I-component. The I-
component of position Pl controller was left unchanged because decreasing it causes
overshoots while increasing it makes the movement slower. The result can be seen in

Figure 35.
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Figure 35. PI tuning, X axis [Position PI: P=3.4, I=1 | Angle PI: P=5.5, 1=0.45].
As you can see, by setting such parameters, there are no losses in movement speed. The
movement is smooth at all distances. There are almost no overshoots at small distances.

The load oscillations slightly increased but remain insignificant.

Similarly, the y-axis PI controllers were tuned. The initial and final results can be seen in
Figures 36 and 37.
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Figure 36. PI tuning, Y axis [Position PI: P=1, 1=0 | Angle PI: P=1, 1=0].
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Figure 37. Pl tuning, Y axis [Position PI: P= 255, I=1 | Angle PI: P=4, 1=0.45].
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Evaluating the final result, it can be seen that the cart movement is fast and smooth enough
at all distances. There are almost no overshoots at small distances. The load oscillations

are insignificant and quickly declines.
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4 Conclusion

The PLC-based 3D Crane control system was developed. It allows operating the crane
either with mechanical controls or with the user interface. The user interface displays all
the necessary information about the load position so the crane can be operated remotely.
An integrated web server was also configured for remote control purposes. Automatic
control mode that moves the load to the desired set point and controls the load oscillations
was realized. Therefore, the main and sub-goals of this thesis were successfully achieved.

The whole development process is described so this work can be used as a manual.

However, the system has a room for future development. For example, to improve the
automatic control system so that it works without a limitation that load must be in zero
position. Another thing to do is to implement security because everyone who knows IP

address of the PLC can have control over the current system.
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