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Abstract

Nowadays, most areas of the industry employ automated systems. As such, knowledge on
how each system works, their main components, interactions and software used become a main
learning point for all future engineers willing to focus on automation.

As such, the present work intends to upgrade a didactic station for the study of electrical
motors by assembling a linear axis driven by a servomotor and configure the software.

To do so, research on didactic stations available in the market was realized, to verify the
most common exercises, and verify points of interest related to the operation of motors.
Alongside it, a list of all available components was made, to gather knowledge of the available
functionalities.

It was required the design and acquisition of a flange/coupling system for the linear axis
and the servomotor.

A program, based on Beckhoff’s work environment, was developed, providing a basic set
of controls, tools, and examples for the users, alongside a simple display of information. The
focus of the program was setting up the servomotor to be able to be controlled on different
control types, such as torque, position, and velocity.

It was necessary to verify the functioning of these control types, and verify the information
acquired via the interface of the program. It was also verified the step response of the system
and the loss of steps in the stepper motor due to starting velocity.






Banca Didatica Com Motores Elétricos da Beckhoff

Resumo

Atualmente, uma grande parte da industria opera com base em sistemas automatizados.
Desta forma, o conhecimento sobre o funcionamento do sistema, dos principais componentes,
interacdes e softwares utilizados torna-se um ponto principal de aprendizagem para futuros
engenheiros de automacéo.

Assim, o presente trabalho pretende atualizar uma banca didatica para o estudo de
motores elétricos atraves da montagem de um eixo linear acionado por um servomotor
controlado através da definicdo de uma interface desenvolvida para o efeito.

Assim, foi realizada uma pesquisa sobre as bancas didaticas disponiveis no mercado, de
modo a verificar os exercicios mais comuns e pontos de interesse para o estudo de motores. Ao
mesmo tempo, foi efetuada uma lista de todos os componentes disponiveis, com o objetivo de
verificar as funcionalidades disponiveis.

Foi necessario o projeto e aquisicdo de acoplamento e uma luneta para o eixo linear de
modo a integrar o servomotor.

Um programa, baseado no ambiente de trabalho da Beckhoff, foi desenvolvido,
fornecendo um conjunto basico de controlos, ferramentas e exemplos para os utilizadores, além
de fornecer uma interface simples para a visualizacdo de informacdo. O foco principal do
programa foi a configuragdo do servomotor, de modo a possibilitar o controlo em diferentes
modos, como binario, posicao e velocidade.

Foi necessario verificar o funcionamento desses tipos de controlo e verificar se as
informagdes adquiridas através da interface do programa eram corretas. Foi verificado,
também, a resposta ao degrau do sistema, e a perda de passos do motor passo-a-passo, devido
a velocidade de arranque.



vi



Acknowledgement

First, | want to thank my supervisors, Prof. Paulo Abreu, and Prof. Manuel Romano
Barbosa, for this big opportunity in this project, and for the liberty on this project, for allowing
me to make mistakes, and helping me understand them, allowing me to grow as an Engineer,
and as a person, and for the availability to help me and share their knowledge.

My thanks follow through to my family as well, for keeping my spirits up, and not
allowing me to succumb, and give me a reason to continue working.

Lastly, I want to thank all my friends, for all their help during the production of this
thesis.

Vii



viii



Table of Contents

ADSIIACT .o iii
LTS o T PSSP PPPPTRRPPPPPINE v
F ot 0111 1= [ =T 1= o | SR Vil
IS o) T [0 (= PR Xi
I 0 1= ] [ SRR Xiv
F Y o] o1 LAV T= 11T 1SR Xvi
N [ a1 1o T [T o) o 1SR 1
1.1 CONEXTUANIZATION. .......iiiieeeee ettt e e e e e e e s et et e e e e e e st b reaeeeesesrastbareeaeeessnsennes 1
A @ o1 1=T1 1)Y= ST PRRRRPP 2
1.3 TRESIS SHUCTUIE ...ttt et e e e e e e e e e e e e e e sttt e e e e e e s e s santbeeeeaeeessnsanees 2
2 Overview of existing didactiC StAtiONS ..........ccuvviiiee e 3
2.1 Market DIdACtiC STAtiONS. ......ccciiiiiiiiiiiee et e e e e e e e st e e e e e e s et brareeaeeesaaaes 3
2.2 EXiSting DIidacCtiC STatiON.......cccciiiiiiiiiiee e e e e e e e s e e e e e e s aa e e e s 9
2.3 CONCIUSION ... 12
3 Design and IMpIemeEntation ............ooouuieiiiiiiie e 15
3.1 Available Hardware ... 15
R J 1= oY o] o T o ) 27
IR IS (=T o] 01T |V o) o PP P TP EET T PPPRPPRRT 33
4 Software and CONrOl PrOgram.........ocuuiei ittt e et e e sbree e s sbeeeeeaaes 35
o R Y.V [ NN I PP PPPPPPPIRt 35
4.2 MaIN PAIAMELEIS....ciiiiiiiiieieeeieteeeteteeeteeeeesereseseseseserssasesssesessssssssssssssssssssssssssssssssnsssssnsnsssnrnrnns 40
I oo [-I-TaTo Il 1] (=] 4 1= o7 =TSO ETT PP 45
4.4 EXPErMENTAl EXEICISES.....ciiitiiieiitiiieeitiie e etiee e ettt e e st e e sttt e e et e e e sntae e e snbeeeeannteeeeanneeaesneeeas 52
5 Conclusion and FULUre WOIKS ... s 65
] (=] (1= o = PPNt 68
ANNEX A: CKK-110 Linear Axis Technical Data ..........ccccceeeiiiiiiiiiic e 71
ANNEX B: Motor Connector Flange Technical Drawing and Simulation Reports ............ 75
ANNEX C: Extra Components — Technical Drawings ..........ccccceiireeeniiieee e 104
ANNEX D: SErvVOMOLOr ParamMeterS... ... i i e e e e e e e eeaanen 112






List of Figures

Figure 1 - RYC MOTUIE [B].r e vieieiieieeie ettt et 4
Figure 2 - RYC-SM MOAUIE [5] ..eeiiieiiiiiieiee e 4
Figure 3 - RYC-CP MOTUIE [B] ..evveiveeieiieiieie ettt 4
Figure 4 - AE-SMI and correspondent Modules [7].....cccoeveiereieniiiiieeeeeeee e 5
Figure 5 - Didactic workstation for the study of servo drives, by WideTech [9]..........c.ccoe....... 6
Figure 6 - MR241E Dynamic Control System Applications Trainer [10] ........cccccooevinininnnne. 7
Figure 7 - Equipment set TP 1422: Stepper motor drive technology [11] .....c.ccccevvvvvevverieennnnn 8
Figure 8 - Available DIidactiC StAtiON ..........ccooiiiiiiiiesie e 9
Figure 9 — Structure of the existing didactic Station............cccecveveieeie e 10
Figure 10 - Didactic Station Components (CX9020, EL6900, EL1904, EL2904, EK1110,
EL703BL) ittt bbbt bbbt R et n bbb re s 10
Figure 11 - AX5103, SErVOMOLOr DIIVE.......cciveiiiiieiierieeiesteese e stee e ssee e e snee e saesneesseenees 11
Figure 12 - CUIreNt HIMIL ...ttt sreeae s 12
Figure 13 -CX9020 Controller, by BECKNOTF [13].......ccvvieieiiieiiiesesseseee e 16
FIgure 14 — ELBO00 [15] ...veiveiverieiiieiieiieieie ettt sttt bbb nnenne s 17
FIgure 15 — ELL1904 [16] ...veoveieeiieiiieeeeeieie ettt st ena e e e snesaesnennennenneas 17
FIQUIE 16 — EL2904 [17] .oveie ettt st sttt bbb nne s 18
FIQUIE 17 - ELT703L [21]eeieieiie ettt sttt nnestenaeenenneanean 19
Figure 18 — EtherCAT EKILLL0 [23] ..ovevereeieieriesieiiisiesieeeesee ettt sne st snesneas 20
Figure 19 — Servo Driver AXS5L103[25].....ccuoiierieriiriirieieie ettt 21
Figure 20 - Stepper Motor AS1030 [28] ......ccveiveeieieeie et ese ettt 22
Figure 21 — Characteristic Curve Diagram of the AS1030 [29, p. 43]....ccooiiiiieieiiieiineeins 23
Figure 22 — AMB021 ServomMOtor [30]......ccveiieiieeieieesieeiestee ettt e et sra e 23
Figure 23 — AM8021 Characteristic curve Diagram[30] . Nominal points @400 V and 480 V
AC Q8 TNE SAIME.. .ttt sttt ettt e st et e bt e s e e st et e benbeebenbenreene e 24
Figure 24 - CKK-110 LINEAI AXIS.....eiueeueeieieieitestesiesieseeiesie sttt sne b e snesneas 25
Figure 25 — 3D CAD of the Z-15GM2-B Mechanical Switch [34] .......ccccooiiiiiniiiiiiins 25
Figure 26 - Mechanical Drawing of Z-15GM2-B (Dimensions in mm) [35] .......c.ccccceveviennene 26
Figure 27 - Inductive Proximity Sensor EI1805PPOSL [37] .....covieiiriniiieieieiesiesesie s 26
Figure 28 — BKL, Metal Bellows Coupling Economy Class with clamping hub [38]............. 27
Figure 29 - CAD Model of the Motor Connector FIange..........coccoveiiriiiniiieie e 29
Figure 30 - Mesh used on the simulation of the Motor Connector Flange............c.cccccovevvvenneae 30
Figure 31 - Applied forces and Torque on the motor connector flange (Purple — Force; Brown
— MOMENEUM/TOIGUE) ..ttt ettt ettt ettt e e s ae e s be et e ere e beenbeanaesraennesnneareenneas 31
Figure 32 - Coupling/FIange SYSTEM........ccviiiiiiiiiiii i 31
Figure 33 - Linear Axis, full assembly with sensors and motor............cccccvveveeieii v ciic e 32
Figure 34 - SAW Linear MOAUIE [A1] .....ooiiiiiiie e 33
Figure 35 - SHT-12 Linear Module [42] ..ottt 33
Figure 36 - Current Stepper Motor SEE UP .....cc.oiiiiiiiiiieeeee e 34
Figure 37 - TWINCAT 3 SErUCLUIE [43]...ccveeiie ittt 35
Figure 38 - TWINCAT device CONCEPL [45] ...voviiveiiiiiiiieieeies e 36
Figure 39 - Beckhoff Hardware Categories [43] .......ccoviieiieiiie e 36
Figure 40 - Drive Manager 2 - Drive Configuration ...........ccccooeiiiinininienieee e 37
Figure 41 - Drive Manager 2 - Motor Parameters..........ccveiveiieeiieiiieesie e 37
Figure 42 - Drive Manager 2 — CONIOIIEr ... 38
Figure 43 - Drive Manager 2 - Test Run Screen and Scope View Integration, showcasing
Position, Velocity, and Torque (% Of peak tOrqUE) ........ccceoverereriiiririsisee e 38
Figure 44 - Motion Control Basic Types and FunctionalitieS[48] ...........ccccevvviiieiiciinninnnn, 39
Figure 45 - Control Tree of the Project (TwinCAT 3 Work Environment) ..........cc.ccocevvvnnnns 40
Figure 46 - Control Program TasKS .........ccueiiiiiieiiieiee e sie e sre e sne et snne s 40



Figure 47 - Motion CONIOL TASK .....c.voiieiieie et 41

Figure 48 - Axis configuration in Drive Manager 2 .........ccccevvevveveiiieseese e seese e 41
Figure 49 - Automatic Tuning in Drive Manager 2 .........ccooveieieieneniniseseeeee e 42
Figure 50 - Virtual Limits in Motion Control............cccovveiiiiiiieecece e 42
Figure 51 - Servomotor Controller ValUes ... 42
Figure 52 - Motion Control - Servomotor Settings and PLC Variable Link ..............c.ccc....... 43
Figure 53 - Stepper Motor SCaling FaCtOr ..........cccooiiiiiiiiieeee e 44
Figure 54 - Stepper Motor Dynamic Parameters ..........ccuevevvereeriesieeieeseseesieesie e sree e 44
Figure 55 - Structure of the Program - Code and Variables (Left) and Interface (Right) ....... 45
Figure 56 - Control Programs for the servomotor (Left) and Stepper Motor (Right).............. 45
Figure 57 - Power Program for the SErVOMOLON ............ccoviiiiiiieicicese e 46
Figure 58 - Structure of the Main Program..........cccceiveiieieiieeseece e s 47
Figure 59 - StEPPEr JOG COUB. .......oiiiiiiiieieee e 48
Figure 60 - Torque Control (Top) and Velocity Control (Bottom) Tests Examples ............... 48
Figure 61 - Position Control Test EXample ..o 49
FIQUIE 62 - STArtiNG SCIEEM ......oivieveeie ettt ae et e reebe e e sraeneenee e 49
FIQUIE 63 - OPLIONS SCIEEM .....cuviiiiiitiitie et bbbttt e bbb 50
Figure 64 - JOg CONIOI SCIEEN ....c.veeuie ettt et sraene e 51
Figure 65 - Histogram Code EXAMPIE .......ccooiiiiiiiiiiie e 51
Figure 66 - Results obtained via the Histogram Code for run 1, Position (left) And Velocity
R0 SR 52
Figure 67 - Results obtained via the Histogram Code for run 5, Position (left) And Velocity
R0 SR 53
Figure 68 - Results obtained from Scope View for Run 1, Position (mm, Top) and Velocity
(MIM/S, BOTEOM) ... bbbttt b bbb 53
Figure 69 - Results obtained from Scope View for Run 5, Position (mm, Top) and Velocity
(MIM/S, BOTEOM) ...ttt nb et bbb 54
Figure 70 - Results of Run 1 for the Position Control. From top to bottom Position (mm),
Velocity (mm/s), Acceleration (mm/s2), Torque (% Peak Torque) .........cccceverenerenenennnnns 56
Figure 71 - Results of Run 4 for the Position Control. From top to bottom Position (mm),
Velocity (mm/s), Acceleration (mm/s2), Torque (% Peak TOrque) .........cccoevevenerencnennnee 57

Figure 72 - Velocity Overshoot: Reference Velocity (Purple) and Actual Velocity (Blue).... 58
Figure 73 - Results of Run 4 for the Velocity Control. From top to bottom Velocity (mm/s),

Acceleration (mm/s2), Torque (% Peak TOIQUE) .........cciverueiieiieie e s esre e sre et 59
Figure 74 - Results for Torque (% Peak Torque, in orange) and theoretical Torque (% Peak
Torque, in blue) from Run 1 (Top) and Run 2 (Bottom) for Torque Control............c.cccv..... 60
Figure 75 - Position (mm) Step Response. Position from -100 mm to 0 mm, velocity of 600
mm/s, acceleration 0f 15000 MM/S2 ......cvviiiiiiiie et e e s s ebeeeeeaans 61
Figure 76 - Position (mm) Step Response. Position from -100 mm to 0 mm, velocity of 100
mm/s, acceleration 0f 15000 MM/S2 ......cvviiiiiiiiiie ettt e st r e e s sbeeeeeans 61
Figure 77 - Position (mm) Step Response. Position from -100 mm to 0 mm, velocity of 600
mm/s, acceleration 0f 1500 MIM/S2 .....ooiiueiiee ettt e st e e e s sbeeeeeans 62
Figure 78 - Velocity Step Response, with a velocity of 200 mm/s.........cccccoeevvivieiiiesieciinn, 62
Figure 79 - Velocity Step Response, with a velocity of 10 mm/S...........ccoovviiiinenc i 63
Figure 80 - Velocity Step Response, with a velocity of 50 mm/s...........ccccovviviiiiiiiiciieciinn, 63

Xii



Xiii



List of Tables

Table 1 - MR241E Dynamic Control System Applications Trainer AC servomotor experiments

0 SRS 7
Table 2 - MR241E Dynamic Control System Applications Trainer DC servomotor experiments
0 SRS 8
Table 3 - MR241E Dynamic Control System Applications Trainer Stepper motor experiments
0 SRS 8
Table 4 - Summary on Commercial Didactic Stations ...........cccccveviveveiie i 13
Table 5 - Planned Examples and Features for the Servomotor System ..........ccccccovvevviiennenne. 14
Table 6 - Planned Examples and Features for the Stepper Motor System.............cccccveevevienne. 14
Table 7 — CX9020 Controller Technical Data [13]........cccooereriniiiiiiieieeeesese e 16
Table 8 — EL6900 Technical Data [18, P. 16].....ccccviieiiiieiieie e 18
Table 9 — EL1904 Technical Data [19, P. 17]...cccviiiiiieieieie i 18
Table 10 — EL2904 Technical Data [20, P. 18].....cccciieiiiieiiece e 19
Table 11 - EL7031 Technical Data[21, 22, P. 18] ...coooveieiieieieie e 20
Table 12 — EK1110 Technical Data [23] ......ccceoiiieiieie e 21
Table 13 — AX5103 Technical Data [26, P. 33]....ccviieiiiiieieiere e 22
Table 14 - AS1030 Technical Data [29, P. 42] ....ecoveieeieie it 23
Table 15 — AM8021 Technical Data [31, P. 33-34]....ccvciiiiriiieierere e 24
Table 16 — BKL 4.5 Technical Data [39, 40]........ccciiieiiieiiece e 27
Table 17 - AM8021 Technical Data for Compatibility Verification [31, p. 33-34] ................ 28
Table 18 - CKK-110 Technical Data for Compatibility Verification [33] ........ccccocevviierinenen. 28
Table 19 - Materials and their PrOPerties....... ..o 30
Table 20 - SAW and SHT-12 Linear AXxis Properties [41, 42]......cccccoeveiieiiecieiieeieeie s 33
Table 21 - Stepper MOtor BUAGEL .........ooviiiieiieeee e 34
Table 22 - LICENSES 1N USE ....iiuiiiiiiieiieieiieite sttt sttt ettt sbe st sneenean 41
Table 23 - Frequency Configurations for the AS1030 Stepper Motor [29]........cccoceveriiinine 44
Table 24 - Experiments Parameters for the back-and-forth movements ...........c.ccccoecveerenee. 52
Table 25 - Parameters used in the Control Type EXPeriments ..........ccccoccevvvevveveiecieese s 55
Table 26 - Results from the 10Ss Of StepS EXPErMENT .......ccveviiiiiiiiiereeeee e 64

Xiv



XV



Abbreviations

AC — Alternated Current

CNC — Computer Numerical Control

DC — Direct Current

DVI-D - Digital Visual Interface, digital only
DIN — “Deutsches Institut fiir Normung” or “German Institute for Standardization”
HMI — Human-Machine Interface

1/0 — Input/output

LED - Light-emitting diode

OCT - One Cable Technology

PID — Proportional-Integral-Derivative controller
PLC — Programmable Logic Controller

RAM — Random Access Memory

USB — Universal Serial Bus

XVi



XVii






Didactic workstation with Beckhoff electric motors

1 Introduction

Nowadays, most areas of the industry employ automated systems, ranging from simple
transportation systems to fully fledged production systems. As such, knowledge on how each
system works, their main components and interactions, compatibility between components and
software used by such systems become a main learning point for all future engineers willing to
focus on automation.

With this thesis, it is provided a didactic workstation for the students and instructors of the
university, with the objective of giving them another platform and means of learning and
teaching about one of the main driving components of most automated systems: electric motors.

The focus is to present a variety of examples and information able to show the limitation
and uses of servomotors and stepper motors, as an introduction, allowing the students to explore
and test the system at their will and pace, giving them a first-hand experience on the inner
workings and components required for them to work, while the instructors have tools and the
possibility of modifying some parameters of the examples.

The experiments present in the didactic station focus on three topics, the physical and
electrical side of the motors, including the study of variables like the speed, position, and torque,
and the programming, making use of Beckhoff’s work environment. The objective is to provide
information, not only on the motors themselves, but also on the software used. By doing so,
knowledge on normalized programming languages is given, with the objective of providing an
introduction on most of the configurations and setup required for these systems.

For this, it is implemented a linear axis driven by the servomotor, alongside the
implementation of a working HMI (Human-Machine Interface) capable of showing the
behaviour of the motor, and how it changes with the presence of external influences. A
predefined file is provided, with all the program and tools to do a full analysis of a great number
of variables associated with the motor. It is also designed an equivalent system for the stepper
motor, with the hopes of a future expansion that allows students to verify, not only the use and
limitation of a stepper motor, but also the use of both motors as a two-axis table, including
communication to coordinate movement, showing the students the level of communication and
programming required.

1.1 Contextualization

This project appears in the context of a Thesis for the Mechanical Engineering Master’s
degree of the “Faculdade de Engenharia da Universidade do Porto”™.

Based on an available set of two electric motors from Beckhoff, the interest of this project
IS to create a workstation to provide the physical means for interaction and learning. The motors
and respective drives are examples of widely used components in the industry, including, but
not limited to, automation lines, numerical control machines (CNC) and robots. The
functionalities allow instructors to modify values and possibly the program to better suit the
needs of each learning topic.
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The thesis also provides insight into the programming of systems using these types of
components by presenting the software used, alongside several examples and their code, as to
expose readers to the software and its limitations.

1.2 Objectives

The main objective is to fully design a didactic workstation to operate with electric
motors, a servomotor, and a stepper motor, from the industrial supplier Beckhoff. A set of
experimental tests are provided for both motors, with the objective of highlighting how the
system works and showing certain specifications of the involved hardware. As such, the
objectives can be defined as the following:

e Design and implementation of a linear axis, driven by the currently available
servomotor.

e Design of support and transmission solutions for the currently available stepper
motor.

e Creation of a program for the industrial computer, with a user interface.

e Definition of a set of experimental tests for demonstration purposes for both
motors.

e Validation of the created experiments.

1.3 Thesis Structure

The present chapter, Chapter 1, introduces the basic information about this thesis, such
as the objectives, contextualization, and structure of the work.

The following chapter, Chapter 2, focus on the existing solutions of didactic workstation
and the workstation currently available for this work. On this chapter, it is presented five
configurations of market available didactic workstations, using them as a basis to gather
knowledge and information about this topic. Following that, it is presented the current
workstation, and a comparison between them. Based on this analysis it was decided the
approach to expand and upgrade the current system.

Chapter 3 delves into the design of the transmission system and presentation of the
components of the current workstation and the components provided to expand it, alongside the
design of the solutions for the servo and stepper motors. The design focus on a linear axis driven
by the servomotor, with the objective of allowing a secure mechanical transmission. For the
stepper motor, the focus is the design of a solution based on either a rotational or a linear axis.

Chapter 4 presents the programming software platform and work done with it. This
includes the presentation of the virtual HMI developed and the experiments provided, while
also showing some of the code used to program the system. For further insight, basic results
obtained from several experiments and tests of the system are provided.

Chapter 5 presents conclusions, future ideas and projects related to the work done.
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2 Overview of existing didactic stations

This chapter presents various existing solutions for didactic workstations available in the
market and the existing system used in this work.

Firstly, itis presented five examples available on the market, gathering information on their
components, tests, modularity, and functions. Such points are being researched to understand
how these workstations fair in presenting their users with knowledge of the motors and its
functionalities, while allowing them to expand and explore these with little restrictions. It is
also investigated the types of motors and drives provided by them as to compare them to market
available servomotors, to understand compatibilities and functions shared between them.
Following the research, it is described the current didactic workstation, and its main
functionalities.

To conclude the chapter, it is presented a comparison between them, identifying the
possibilities of improvement for the existing system, either through an upgrade of existing
components, or through a new design.

2.1 Market Didactic Stations

Computer Controlled Modular Control and Regulation Unit, RYC/T

Designed by Edibon [1, 2], this didactic system has the objective of teaching its users the
most important concepts related to electric motors and other systems. As such, our focus is on
three available modules:

e RYC, Computer Controlled Teaching Unit for the Study of Regulation and
Control [3, 4].

e RYC-SM, DC Servomotor Module [2, 4, 5].

e RYC-CP, Position Control Module [4, 6].

The RYC module (Figure 1) is the main control system, used to simulate a variety of
control systems, such as first and second order systems, and allows the simulation of
perturbations within the driven systems. Included with this system is a “PID (proportional—
integral—derivative controller) Computer Control + Data Acquisition + Data Management
Software”, which allows the connection of the module to a separate computer and the ability of
controlling and observing information. While this allows to modify the experiments, there’s no
information on whether it’s possible or not the creation of custom experiments. It can be
concluded, however, that the existence of customization of the parameters, and existence of a
simulator for perturbations increases the variety of experiments and situations that can be
studied.
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Figure 1 - RYC module [3]

The RYC-SM (Figure 2) and RYC-CP (Figure 3) modules make use of a DC servomotor.
In the case of the RYC-SM module, the motor is connected to a gearbox to study the control of
system in different ways, such as open loop, closed loop, position or velocity.

RYC-SM

DC SERVO MOTOR MODULE
Méodulo de Servo- Motor DC

Figure 3 - RYC-CP module [6]
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The RYC-CP module, while doing basically the same type of study, includes a linear axis,
focusing its study on the linear movement.

However, one of the main limitations of these modules is the fact they are only able of
conducting experiments while the motors are being controlled in velocity or position control.
As such, the study of torque and current is not possible without the acquisition of new
components and modification of the modules.

AE-SMI Servomotor Industrial Application

The AE-SMI [7, 8], also known as Servomotor Industrial Application, represented in
Figure 4, is a didactic system designed by Edibon. As to showcase the different types of control
in a variety of applications, this system allows the user to implement different control types
used in motion technology (position control, speed control, torque control, position and speed
control, speed and torque control and position, speed, and torque control at the same time),
Different modules that represent different types of systems in the industry, like rotary tables,
linear axis, conveyor belts are available to be used. This system also allows the integration of
an external PLC, allowing it to control the AE-SMI or a specific module, expanding the
possibilities and experiments able to conduct.

SMI-K1
Servomotor with
Adjustable Brake

A,

SMI-K2
Servomotor with
Linear Axis

SMI-K3
Servomotor with
Conveyor Belt

SMI-K4.
Servomotor with
Rotary Table

<

SMI-K5.
Servomotor with
Machine Press

Figure 4 - AE-SMI and correspondent modules [7]

The system allows a full configuration of the PID parameters, alongside other
configurable parameters, such as torque and speed limits, types and configuration of the input,
accelerations and decelerations, and others, allowing for a full configuration of the motion being
executed. As such, this system works with both mechanical and electrical variables, allowing
the user to control the system with both, while being able to limit them to the application it has
in mind.

For the configuration, observation and control of the applications, the system can be
connected to a computer which, alongside the supplied software, allows its user to configure
the parameters, as it was mentioned, and to monitor and analyse the application that it’s
currently being used.
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As for the modules of this system, aside from the main control module, the system can
work and be integrated with other five modules, meant to represent different types of
applications of servomotors in the industry [8]:

e Servomotor with adjustable brake.
Servomotor with linear axis.
Servomotor with conveyor belt.
Servomotor with rotary table.
Servomotor with machine press.

Didactic workstation for the study of servo drives, by WideTech

Provided by WideTech [9], this didactic workstation (Figure 5) presents the different
types of motion control of servomotors. It presents a linear axis driven by the servomotor, by
using a belt driven mechanism to accomplish such. It comes with an electromagnetic brake and
a mass of 2 kg, allowing the user to create physical variations in the system, being the mass on
top of the axis, or the brake creating a resistant torque.

Figure 5 - Didactic workstation for the study of servo drives, by WideTech [9]

The system provides the necessary software for the control and modification of
parameters of the servo drive. As for the servo drive, it comes with additional input and output
connections. The system allows the servomotor to be controlled in position, velocity, or torque,
allowing the study of both mechanical and electrical variables, such as position, velocity, torque
and current.

MR241E Dynamic Control System Applications Trainer, by Minrry

As perceived in Figure 6, the MR241E [10] is a large workstation for the study of
multiple kinds of servomotors and stepper motors. Quoting part of Minrry’s [10] introduction
on the product, “through experiments, students and teachers will be familiar with servo motor
function features, master control principles, cultivate students’ ability to knowledge and
technical skills, it’s suitable for technical schools, colleges, training institute, technician
schools.”.
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The system features a set of AC and DC servomotors, and a stepper motor for the
experiments it aims to provide. A list of these experiments can be seen in the following tables,
Table 1, Table 2 and Table 3.

Figure 6 - MR241E Dynamic Control System Applications Trainer [10]

Table 1 - MR241E Dynamic Control System Applications Trainer AC servomotor experiments [10]

Static test

Principal features and function test
Start function control

Servo position Control

Angular displacement experiment
Linear displacement experiment
Slow down position control

Motor loader test feature experiment
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Table 2 - MR241E Dynamic Control System Applications Trainer DC servomotor experiments [10]

Static test

Principal features and function test
Start function control

Servo position Control

Angular displacement experiment
Linear displacement experiment
Slow down position control

Motor loader feature experiment

Table 3 - MR241E Dynamic Control System Applications Trainer Stepper motor experiments [10]

Static test

Principal features and function test
Open loop control

Closed loop Control

Angular displacement experiment
Linear displacement experiment
Slow down position control

Step motor loader feature experiment

Equipment set TP 1422: Stepper motor drive technology, by Festo

Being an introductory set of equipment into the stepper motor subject, provided by
Festo [11], this system, as seen in Figure 7, provides a stepper motor and an integrated
simulation box, alongside a software with introduction to the topic of stepper motors, their
application and components.

The simulation box serves as the control centre for the stepper motor, allowing the
connection of inputs for the control of the system, while also displaying the state of output
variables. According to Festo, “The integrated simulation box allows the connection of the
required inputs and displays the states of all-important outputs. This allows convenient
operation without any additional hardware. The analogue and digital SysLink interfaces make
it easy to integrate the drives in complete systems for explaining additional content.”

Figure 7 - Equipment set TP 1422: Stepper motor drive technology [11]
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According to the manufacturer, the basic training content focus on teaching the
following [11]:
e Components of a drive system.
Design.
Commissioning.
RPM regulation.
Homing.
Positions.
Ramps.

2.2 Existing Didactic Station

Currently, the laboratory has a didactic station to be worked on. This system was
developed by a master student for its thesis [12]. The workstation is seen in Figure 8.

In Figure 9, it’s possible to verify a basic scheme representing the architecture of the
workstation.

Figure 8 - Available Didactic Station
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TwinCAT 3

Servodrive Servomotor
AX5103 AMS8021

CX9020 EtherCAT
Controller EK1110

TwinSAFE EL7031 S;:ptper
Modules Stepper otor
Motor Drive AS1030

Figure 9 — Structure of the existing didactic station

Status of the station

The station is built around Beckhoff components. Those components (Figure 10 and
Figure 11) include:
e An industrial computer, CX9020.
Three TwWinSAFE modules, EL6900, EL1904, EL2904.
An EtherCAT, EK1110, interface.
A stepper motor driver, EL7031, and the corresponding stepper motor, AS1030.
A servomotor driver, AX5103, and the corresponding servomotor, AM8021.

(X9020

EtherCAT a

Industrial Comp@iter  TwinSAFE Modules

= ‘ Stepper Motor Drive

=

Figure 10 - Didactic Station Components (CX9020, EL6900, EL1904, EL 2904, E1110, EL7031)
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-24
TOK Lamibds

Figure 11 - AX5103, Servomotor Drive

The system is connected to a local computer, which serves as the interface between the
station and the user. Through this computer, it’s possible to access the HMI screen by opening
the programming software, TwinCAT, and logging in to the station, or by downloading the
program from the industrial computer. This allows the user to, not only update and verify
multiple inputs, outputs, and other variables of the system, change, and update the code, but
also run the system as intended.

After the analysis of both the previous thesis and the current system, it was verified that
the system worked as it was intended.

11
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Current Program

The current program in the system provides a basic set of examples and information,
while being controlled by the following HMI, present in Figure 12.

* D I — Etapa atual do programa
Descricdo da etapa ‘ s
il sz | sos | i‘

uemsg b vesem Posicao atual stepper
_ _ _ Velocidade atual stepper
— —

S S
Sotao

— - I wu e |
Insair vEooade AU (%) Insarir Um0 de Imervaios ,x%‘ Bot05 |

| L
‘alockiade Jogging 4 »
D Jog Bacowards F=a 0

D Jag Farward Tarminar Jog

Figure 12 - Current HMI

It was verified that the information that it presented was based on mechanical variables,
such as speed and position, with these being displayed on the screen during the tests.

Currently, it provides a basic set of 4 examples for each electric motor, with basic
configuration of the operating parameters.

2.3 Conclusion

Providing an insight into some of the available solutions present on the market for the
study of motors, it was verified that, unlike the stepper motor, the servomotor had a bigger share
when it came into the didactic stations market. Such can be justified since, on the current level
of the industry and automation, the servomotors are of a higher importance and usage than the
stepper motors, as the servomotors are present in most of the automation systems, from
conveyor belts to CNC, due to its qualities as a motor, being extremely precise at all speeds and
torques.

In specific, about the didactic systems for servo and stepper motors, it was verified that
most of the systems were able to provide a good insight into the control and components of
these motors and their drives. It was verified that most of the systems focused solely on the
types of motion control and regulation for these motors, while some went further, and applied
external forces or even allowed regulation of variables associated with the control loop of the
motor and drive as to vary the conditions used to study the mechanical and electrical variables
of the motors, such as velocity, torque, current.

Some systems are configured with the motors connected to linear axis and rotational
tables, to better simulate a situation where the motor is working in a specific way, with a specific
objective, allowing the students to analyse its work in a different perspective, exploring the
principles of the motors and controllers.

A summary of these five didactic stations can be seen in Table 4.

12
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Table 4 - Summary on Commercial Didactic Stations

Didactic Stations

Computer AE-SMI Didactic MR241E Equipment set
Controlled Servomotor workstation for Dynamic TP 1422:
Modular Industrial the study of Control System | Stepper motor
Control and Application servo drives Applications drive
Regulation Trainer technology
Unit, RYC/T
RYC, the main | AE.SMI, the | Control System | Workstation Stepper
control system. | main control with the control | motor.
system. system
RYC-SM, Five  different | Linear axis, | Set of AC and | Simulation /
module  with | modules attached to a belt | DC Control
DC servomotor | servomotor driven servomotors, equipment.
Components | and gearbox modules,  with | mechanism, stepper motor.
different driven by a
attachments. servomotor.
RYC-CP, Integrated PLC. | External brake | Auxiliary
module  with and mass. components,
DC servomotor such as linear
and a linear axis axis.
Management Management Software for
Software Software control and
modification of
parameters.
PID controller | Seven types of | Effect of | Study of the | Study of the
configuration control to | resistant forces | components components
and experiment | experiment. on the | and features of | and features
servomotor the motors. of the motor.
StUdY_Area / behaviour.
Experlments Position and | Parameters Parameters Study of | Parameter
Available Velocity Configuration of | Configuration of | Control types | Regulation.
Control of | the motors /| the motor. for each motor.
motors System.
Open Loop /| PID controller Parameters Study of basic
Closed Loop configuration Configuration variables,
and experiment. for the motors. | such as
position and
velocity
ramps.

As for the current station, the main objective is to integrate a given linear axis, the
CKK-110, using the servomotor to power it.

The presence of this linear axis allows for the possibility of verifying the behaviour of the
system by adding a mass to the exercises. As such, it provides a method to verify, analyse and
learn how a specific set of drive and motor behaves when departed with external forces, such
as a weight being carried by the axis or a force that opposes to the movement, and how the type
of control influences the way the system behaves under such conditions.

In terms of information, the insertion of new variables to study, such as torque, provides
a better insight into the operation and behaviour of the system, and how each of the parameters
influence the movement. The secondary objective is to update the system to allow the display
of new variables, such as the recently mentioned torque.

When it comes to the code, the objective is to fully rework the code from scratch. To
facilitate, encourage the analysis of the code and allow expansion of the program by other users,
the code is separated into small sets of sub programs. It is also planned to create an interface
that allows the creation of simple tests, with variables and conditions decided by the user.

On the HMI front, the plan is to conduct a full rework, as to display information and
include a new set of controls. One of the main points to implement is the Scope View, a digital

13
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oscilloscope, available within the Beckhoff controller software. While this cannot be
implemented into the HMI due to hardware and software limitations, it is still possible to utilize
the feature using the TwinCAT software, and save the information of a specific run, allowing

for a more detailed study.

In Table 5 and Table 6, it is presented some planned examples for the system, based on
what was seen during the early research phase of didactic stations.

Table 5 - Planned Examples and Features for the Servomotor System

Basic function test — Back and Forth
Manual Movement - Jog

Control test

Position repeatability test

Personalized Test

Designed to showcase the system at work
Designed to allow the user to manually
control the motor at will, according to the
limits of the code.

Showcase the different types of control
available with the drive (Position,
Velocity, Torque)

Example focusing on the repeatability
variable of the system, requiring the use of
a comparator

Feature that allows the users to create their
own movements/tests

Table 6 - Planned Examples and Features for the Stepper Motor System

Basic function test
Jerk test

Lost Steps Test

Manual Movement - Jog

Designed to showcase the system at work
Example to showcase how the system
behaves with different jerk values.
Example to simulate a system that can lose
steps. Includes one test for the effect of the
velocity on lost steps, and one for an
external force.

Designed to allow the user to manually
control the motor at will, according to the
limits of the code.
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3 Design and Implementation

In this chapter, the focus is the hardware of the system in play. At the start, it’s presented
the available components to be used in expanding the didactic workstation, with a small set of
information about each component.

After, the focus is on the linear axis connection with the servomotor. This includes design
and selection of components necessary to acquire, such as the flange/coupling.

When it comes to the stepper motor, it is presented distinct possibilities for axes to be
driven by the motor.

3.1 Available Hardware

CX9020 Controller

The industrial embedded PC, CX9020 [13, 14], by Beckhoff (Figure 13), presented in the
didactic station, is the brain of the system, controlling and receiving information from the other
components, and storing the code that makes the whole system work.

It combines PC technology with a modular 1/0 (Input/Output) level, making a compact
system. The controller is setup on a DIN (EN 60715) rail, making use of a communication bus
system, E-bus, or K-bus, present within most Beckhoff components, that allows the
communication between components on the same railing without the need of cables.

The connection of this component to the computer is made through the use of an ethernet
cable and the ethernet I/O present in both computers.

15
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(X9020

Status LEDs

Battery compartment
(behind the flap)

DVI connection —T 2 X MicroSD
Multi optional interface ]

(e.g‘. RS232, PROFIBUS,
CANopen)

Figure 13 -CX9020 Controller, by Beckhoff [13]

In Table 7, the main specifications of this component are presented.

Table 7 — CX9020 Controller Technical Data [13]

Processor ARM Cortex-A8, 1 GHz

Number of cores 1

Flash Memory 2 x slot for microSD card, 512 MB included

Main Memory 1 GB DDR3 RAM

Persistent Memory 128 kB NOVRAM, integrated

Interfaces 2 x RJ45 10/100 Mbit/s (internal switch), 1 x
DVI-D, 4 x USB 2.0

Clock internal battery-backed clock for time and date

Operating system Windows Embedded Compact 7, English

Control Software TwinCAT 2 runtime
TwinCAT 3 runtime (XAR)

1/0O connection E-bus or K-bus, automatic recognition

Power supply 24V DC

Current supply E-bus/K-bus 2A

Max power consumption 5W

Max power consumption with | 9 W

loading UPS

TwinCAT 3 platform level Economy Plus (30)

TwinSAFE security modules

The TwinSAFE modules present in the station are components dedicated to the safety
of the environment, users, and components of the system. These range from stand-alone control
to distributed control, while also including the pre-possessing of data through a system-
integrated software.

Currently, the following modules are in use, Figure 14 to Figure 16:
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e ELG6900, a dedicated safety control module [15].
e EL1904, adigital input terminal for sensors, with 4 channels [16].
EL2904 , a digital output terminal, presenting 4 channels [17].
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Figure 14 — EL6900 [15]
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Figure 15 — EL1904 [16]
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Figure 16 — EL2904 [17]

These modules are connected directly in the railing, making use of the Bus Terminal
System of Beckhoff, allowing the system to transfer safe and standard signals. They work on
the fail-safe principle, also known as Fail Stop, completely shutting down the system and energy
whenever the failure of a component, part or system can lead to a dangerous situation [18, p.
13]. In Table 8, Table 9 and Table 10 it is presented some of the main specifications of these

three modules.

Table 8 — EL6900 Technical Data [18, p. 16]

Number of inputs 0

Number of outputs 0

Specification

Link unit between safe input and output signals

Protocol TwinSAFE/Safety over EtherCAT
Cycle time Approx. 500pus/according to project size
Supply Voltage 24V DC

Table 9 — EL1904 Technical Data [19, p. 17]

Number of Inputs 4

Status Display

4 (one green LED per input)

Response time 4 ms
Input process image 6 bytes
Output process image 6 bytes
Supply voltage 24V DC
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Table 10 — EL2904 Technical Data [20, p. 18]

Number of Outputs 4
Status Display 4 (one green LED per output)

Output Current per channel Max. 500 mA, 20 mA with “Current
Measurement Active” parameter enabled

Input process image 6 bytes
Output process image 6 bytes
Supply Voltage 24V DC

EL7031 Stepper Motor drive

For the control of the stepper motor, the system uses the EL7031 [21, 22], a Sstepper motor
drive (Figure 17). This component is specially designed to be a compact EL EtherCAT terminal
format, a format that closely resembles the form of the TwinSAFE modules. This format allows
the drive to be mounted on DIN rails and make use the of bus terminal system for
communication.

Its parameters are configurable, allowing to be tweaked to the motor and applications
requirements, together with two digital inputs for limit switches. In conjunction with the
CX9020 controller, and due to limitations of this driver, it’s only possible to use the micro-step
function, allowing for a full 64 micro-steps per full step to be performed by the system.

Table 11 offers more insight into the specifications of the drive.
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Figure 17 - EL7031 [21]
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Table 11 - EL7031 Technical Data[21, 22, p. 18]

Technology Compact Drive Technology
Connection Method Direct Motor Connection

N° of Inputs 2 X End Position

Load type 2-phase stepper motor (uni/bipolar)
N° of Channels 1

N° of Outputs 1 x stepper motor

Supply Voltage Electronics

24 V DC (Via power Contacts)

Supply Voltage Power

24 'V DC (internally via power contacts)

Output Current

Max 1.5 A

Step Frequency

Up to 8000 full steps/s, configurable

Step Pattern

64-fold micro stepping

EtherCAT EK1110

This component (Figure 18) is called an EtherCAT EK1110 [23, 24], designed to be an
extension placed at the end of an Embedded PC from the CX series or from a line of components
connected using the bus terminal communication, or an EtherCAT Terminal, offering the option
of extending the EtherCAT network in the form of a line topology.

Converting the information from the Bus Terminal System into an ethernet signal, it
allows the system to be expanded making use of ethernet cables. In this case, this component
was used to allow the communication of the system with the servo drive.

In Table 12 it’s possible to observe the main specifications of this component:

Run LED
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EtherCAT. ™

. «—Signal output EtherCAT
Link/Act

BECKHOFF
[__| . ]

EK1110

| 3] 3u| 3w |3u g,

|

Figure 18 — EtherCAT EK1110 [23]
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Table 12 — EK1110 Technical Data [23]

Data transfer medium Ethernet or EtherCAT cable (min. Cat.5),
shielded

Max distance between stations | 100 m (100BASE-TX)

Protocol Any EtherCAT Protocol

Delay Approximately 1 us

Data transfer rates 100 Mbit/s

Configuration Not Required

Servo Driver AX5103

The AX5103 [25-27] (Figure 19) is the drive for the servomotor present in the
workstation.

As part of the series AX5000, it has most of the required systems already integrated into
its casing, such as power supply unit, EMC filter and DC link capacitors, offering a high deal
of flexibility into the system, while keeping the solution as compact as possible. While the
series itself has versions which allow multiple channels, this version is a 1-channel drive.

BECKHOFF

Figure 19 — Servo Driver AX5103[25]

With the AX-Bridge quick connection system, it’s simple to connect multiple AX5000
series devices, allowing for a quick creation of a multi-axis system.

The drive itself can recognise most of the Beckhoff motors, including different types
such as synchronous, linear, torque, and asynchronous motors. With this system in place, the
configuration of the motors is simplified, not only due to the automatic recognition of motors,
but also due to the compatibility with other management software offered by Beckhoff. Other
motors from other manufacturers are also possible to be used, with the correct connections,
requiring the user to configure the motor parameters, as the drive is not able to recognise the
motor.

This drive can be powered by a 3-phase or 1-phase AC current. Currently, it’s being
used 1-phase AC 230 V.

Further specifications can be seen in Table 13.

21



Didactic workstation with Beckhoff electric motors

Table 13 — AX5103 Technical Data [26, p. 33]

Function Servo drive
Channel 1
Rated Output Current 3A

Minimum parameterizable channel | 1 A
peak current at full current resolution

Peak Output Current 75A

Rated Supply Voltage 1 x 100-10% - 240+10% V AC
Rated apparent power S1 operation — | 1.2 kVA

230V

Max. Braking Power (Internal brake | 14kW

resistor)

Stepper Motor AS1030

Belonging to the AS1000 stepper motors series, the AS1030 [28, 29] (Figure 20) is a
motor suited for auxiliary axis and positioning drives. It’s characterised by its robustness and
holding torque. The use of an integrated micro-step drive allows the motor to, according to
Beckhoff [28], “position very well even without a feedback system and require only a motion
terminal for power electronics”. Being a hybrid stepper motor, this motor was projected to be
used mostly on open loop systems, though it’s able to be ordered with an integrated encoder.
The model present on the station, however, does not possess an encoder.

Figure 20 - Stepper Motor AS1030 [28]

When it comes to the specifications of the motor itself, it presents a step of 1.8°, the
equivalent of 200 steps for a full rotation. Including the micro-step, equivalent to 64 micro-
steps per full step, this motor is capable of 12800 micro-steps per full rotation. Further
specifications can be seen in Table 14.

In Figure 21, it is displayed the characteristic curve of the stepper motor. Due to a
limitation of the drive currently available, EL7031, it is only possible to use this stepper motor
at a voltage of 24 VV DC.
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Table 14 - AS1030 Technical Data [29, p. 42]

Rated supply Voltage 24-50 vV DC
Rated Current 15A
Rated Power 195W
Standstill Torque 0,6 Nm
Rotor moment of Inertia 0,21 [kg * cm?]
Resolution 1.8° /200 full steps
=== lemminal KL2531, Voltage: 24V DC, Current 1.547 phase, Microstepping: 32 steps per quarter period
;':5['5'.“] — Temminal KL2541, Voltage: 48V DC, Current 1,54 phase, Microstepping: 32 steps per quarter period
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Figure 21 — Characteristic Curve Diagram of the AS1030 [29, p. 43]
Servomotor AM8021

The available servomotor, AM8021-1D11-0000 (Figure 22), belongs to the AM8000
series of synchronous servomotors of the manufacturer Beckhoff [30, 31]. It is a permanent
magnet syncronous 3-phase brushless motor.

Figure 22 — AM8021 Servomotor [30]

It’s a standard servomotor suitable for drive solutions with high demand on dynamics
and performances in the voltage range of 100...480 V AC. The standstill torque of this module
reaches the 0.50 Nm, and the model itself comes with an integrated OCT (One Cable
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Technology) for “power and feedback: feedback transmission via motor cable, no feedback
cable necessary, electronic identification plate, single-turn, absolute position within one
revolution, 18 bit resolution” [30].

In Figure 23 it’s presented the characteristic curve of the motor and, in Table 15, it is
presented the specifications of the given motor for the current power supply being used in the
system (monophasic AC current, 230 V).
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Figure 23 — AM8021 Characteristic curve Diagram[30] . Nominal points @400 V and 480 VV AC are the same

Table 15 — AM8021 Technical Data [31, p. 33-34]

Standstill Torque 0.5Nm
Standstill Current 16 A

Peak Current 8.6 A

Peak Torque 2.67 Nm

Torque Constant 0.31 Nm/A
Nominal Speed (At 230V) 8000 Nm

Rated Torque (At 230 V) 0.5 NM

Rated Output (At 230 V) 0.42 kW

Rotor moment of inertia 0.14J [kg * cm?]
Rotor moment of inertia with brake | 0.21J [kg * cm?]

CKK-110 Linear Axis

For the servomotor, it was provided a linear axis from Bosch Rexroth, the CKK-110 [32,
33] (Figure 24). This model was being stored in the warehouse, being an older version of this
model.
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Figure 24 - CKK-110 Linear Axis

The CKK-110 is a compact linear axis, spanning 110 mm in width, driven by a ball
screw assembly. It presents a repeatability of up to 0.005 mm, a course of 900 mm and a pitch
of 10 mm.

In Annex A, it is possible to verify more in-depth information related to this model.

Mechanical Switches

Two mechanical switches were provided, the Z-15GM2-B (Figure 25), produced by
OMRON [34, 35]. These switches are reverse hinge roller levers, with the possibility of
working as a normally open contact or a normally closed contact, depending on the connection.

It presents a standard operating force of 2.35 N maximum, with a release force of 0.55 N
minimum.

Figure 25 — 3D CAD of the Z-15GM2-B Mechanical Switch [34]

When it comes to operating position (OP), its standard value is of 29.4 to 31 mm, with
a free position (FP) of 35mm at its maximum. In Figure 26, it’s possible to verify a drawing
representing these two positions.
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Figure 26 - Mechanical Drawing of Z-15GM2-B (Dimensions in mm) [35]

Proximity Sensor

Alongside the mechanical sensors, it was provided an Inductive Proximity Sensor
produced by Carlo Gavazzi, the EI1805PPOSL [36] (Figure 27). Being an inductive sensor, it
detects metal in close proximity. It’s a normally open sensor, meaning that it only sends a signal
to the system when it detects metal in its proximity.

Figure 27 - Inductive Proximity Sensor EI1805PPOSL [37]
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3.2 Servomotor

Due to the axis not being chosen for the application, and instead being supplied, it was
necessary to make some verifications on the compatibility between the axis and the servomotor.
But before those verifications can be done, it is necessary to choose a coupling for the system,
as this influences the calculations ahead.

Coupling

For this set of servomotor and linear axis, one of the main concerns when choosing a
coupling ends up being the rated torque. In this case, it was verified, and it’s visible in Table
15 and Figure 23 that the maximum torque the servomotor can supply is 2.67 Nm. As such, it
is necessary, for safety reasons, that the rated torque that the coupling can withstand to be higher
than that value.

Another point of concern when choosing couplings is the internal diameter. Considering
that both the servomotor and the linear axis present mechanical shafts of different diameter
(9 mm and 11 mm, respectively) it was necessary to choose and option that allowed the
coupling between different diameters.

For these two reasons, it was chosen the coupling BKL 4.5 (Figure 28), by R+W, with a
length of 40 mm, as a suitable option. Not only does it allow for different diameters, as it was
required, but it is also a coupling that presents misalignment compensation, allowing for a more
stable transfer of momentum. Due to ordering limitations, it was ordered a coupling with
diameter of 9 mm on both sides, and it was increased the diameter of one of the sides by using
a drilling machine available in the workshop.

More technical data can be seen in Table 16.

Figure 28 — BKL, Metal Bellows Coupling Economy Class with clamping hub [38]

Table 16 — BKL 4.5 Technical Data [39, 40]

Variable Value Units
Rated Torque 4.5 Nm
Overall length 40 mm
Inside Diameter D1 6-16 mm
Inside Diameter D2 6-16 mm
Outside diameter 32 mm
Moment of inertia 0.007 1073 kg * m?
Speed Up to 10000 rpm
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Some calculations were made to verify the compatibility between the motor and the linear

axis.

It was required to identify some specific parameters from both manufacturers, values that

can be seen in Table 17 and Table 18.

Table 17 - AM8021 Technical Data for Compatibility Verification [31, p. 33-34]

Servomotor AM8021
Variable Value Units
Nominal Voltage 100 to 480 V AC
Standstill Torque 0,5 Nm
Rated Torque 0,5 Nm
Peak Torque 2,67 Nm
Rated Speed 9000 min~?!
Rated Power 0,47 kw
Standstill Current 1,6 A
Peak Current 8,6 A
Torque Constant 0,31 Nm/A
Rotor Moment of Inertia 0,139 kg * cm?
Rotor Moment of Inertia with Brake 0,21 kg * cm?

Table 18 - CKK-110 Technical Data for Compatibility Verification [33]

CKK-110 Linear Axis

Variable Value Units
Frictional Torque (Mr) 0,47 Nm
ki 6,076 .
k2 0,029 -
k3 2,533 .
L 900 mm
P 10 mm
v (max) 45 m/min
maximum permissible drive torque 9 Nm

After the verification, it was verified that the frictional torque represented 94% of the
value of the standstill torque of the servomotor, and that the linear axis limited the speed of the
motor to only 4500rpm. It is concluded, then, that the servomotor has lower torque capacity
than the linear axis, i.e., just above the indicated frictional torque. Nevertheless, it was decided
to continue with this solution, due to reduced investment costs.

Motor Connector Flange

For the motor connector flange two solutions were considered.

The first solution is based on the acquisition of a custom-made flange/coupling system,
manufactured by Bosch Rexroth. Bosch offers the possibility of the user verifying
compatibilites before hand by using their configuration system, present within their website.
Through it, it was verified that, for the CKK-110, a flange/coupling solution existed.
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The second solution comes with the design and manufacturing of the motor connector
flange in the university workshops and the acquisition of the coupling.

The motor connector flange needs to be able to accommodate the length of both shafts,
from the linear axis and the motor, while also presenting a diameter capable of allowing the
accommodation of the coupling. Another point of design has to do with the type of coupling
used. Being that the shafts get attached to the coupling via a clamping hub, it exists the need of
having two access holes, so that it is possible to tighten the clamp without having to disassemble

the components.
The motor connector flange uses four C-Bore holes that allow the screws to go through the

component, as opposed to these screws being attached on the outside, providing secure

connections between the components.
Figure 29 presents the final design. A technical drawing of this component can be seen in

Annex B.

Figure 29 - CAD Model of the Motor Connector Flange

Finite elements simulation within Solidworks was conducted to evaluate the design. The

focus is to judge the material based on the critical zones found within the component, and based
on the values of stress, strain and deformation found within the critical zones of the component.
First step is to define the mesh being used. For this case, it was used a triangle mesh, with
elements with a maximum size of 8 mm, minimum of 0.5mm and 16 Jacobian Points, as to
generate a high-quality mesh, as seen in Figure 30.
It is then chosen the possible materials to be used. For this component, it was selected two
aluminium alloy, and a steel alloy. Table 19 presents their most important properties.
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Figure 30 - Mesh used on the simulation of the Motor Connector Flange

Table 19 - Materials and their Properties

Properties Materials
Aluminium Alloy  Aluminium Alloy  Steel AISI 1045,
7075-T6(SN) 5052-H38 cold drawn Units

Elastic Modulus 7,2 % 1010 7 %1010 2,05+10™  N/m?
Poisson’s Ratio 0,33 0,33 0,29 —rrreev
Shear Modulus 2,69 x 1010 2,59 * 101° 8+10'° N/m?
Mass Density 2810 2680 7850 kg/m?3
Tensile Strength 5,7 x 108 2,9 108 6,25+ 10% N/m?
Yield Strength 5,05 * 108 2,55 * 10° 53+%10%® N/m?2

Once the material and mesh have been chosen, it is applied the forces on the face of the
component. In this case, it is applied a force, based on the motor’s weight, and a momentum,
due to the distance between the face of the component and the centre of gravity of the motor,
leading to an applied force of 15 N, with a safety coefficient of 1.5, and an applied torque of
0.9 Nm, with the same safety coefficient. In Figure 31, it is possible to see the direction of the
forces applied in the face of the component that is connected to the servomotor.
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Figure 31 - Applied forces and Torque on the motor connector flange (Purple — Force; Brown —
Momentum/Torque)

Based on these conditions, it was verified that all three chosen materials were able to
withstand the working conditions required for this system, based on the Solidworks simulations.
As such, when it came to choose the material, it was chosen the Aluminium Alloy 7075-T6(SN).
For more information on the obtained values of the simulation, it is recommended to observe
Annex B, which showcases all the tests made for the three chosen materials.

Figure 32 showcases the assembly of the coupling/flange system.

Figure 32 - Coupling/Flange System
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Final Iteration

Since an axis is involved, it is necessary to design some extra components for it, with the
objective of supporting sensors. These are used for control and safety of the system.

For this, the following items are used:

e Two supports for the mechanical switches.
e One support for the inductive sensor.

e Carriage for the axis.

e Two sets of physical barriers.

For the sensors, it is required that they have a specific and stable position within the system,
as to delimit the axis travel and keep the zero-reference point of the system consistent with
every homing done by the user. It is also required that the distance between them and the
carriage of the axis to be constant, to allow the sensors to always have proper working
conditions.

As for the physical barriers, the objective is to stop the carriage before it goes out of the
designed travel limits, in case of a malfunction. The barriers themselves include some holes,
with the possibility of including soft materials as to make sure that, on an eventual physical
contact between the barrier and the carriage, permanent damage does not occur on the
components.

For these set of components, and after some iterations for each of the components, the
following assembly was defined, as seen in Figure 33.

For each of the components, everything was kept to the bare minimums, as to keep the cost
down, while not increasing the complexity of each component for easy manufacturing. In the
carriage’s case, it was necessary to create a side slope. This side slop allows a smooth activation
of the mechanical switches at the ends of the axis travel length.

Each of the components final drawings are presented in Annex C.

Figure 33 - Linear Axis, full assembly with sensors and motor
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3.3 Stepper Motor

It was mentioned in the objectives the need to design and build a solution for the stepper
motor.

It was decided to go for a linear axis. It would allow the comparison between the work of
a servomotor and of a stepper motor, while also allowing the possibility of creating a two-axis
system using the current stepper motor and servomotor, or even by acquiring a second
servomotor or stepper motor to create such system.

Considering the linear axis, and after some market search, it was decided to choose a
solution from Igus, to verify the available linear axes that could work with the stepper motor.

It was verified two possible axes for the stepper motor, the SAW-1040 (Figure 34) and the
SHT-12 (Figure 35). Table 20 presents a general comparison between these axes. The costs for
these axes can be seen in Table 21, including the flange/coupling for each of the axis.

Figure 34 - SAW Linear Module [41]

Figure 35 - SHT-12 Linear Module [42]

Table 20 - SAW and SHT-12 Linear Axis Properties [41, 42]

Properties Axis

SAW-1040 SHT-12 Units
Maximum Course 500 500 mm
Maximum Velocity 1500 1500 rpm
Max Static Axial Load 500 700 N
Max Static Radial Load 2000 2800 N
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Table 21 - Stepper Motor Budget

Linear Axis SAW-1040-F2AT1-DOAOB-AAOH1AA-300
Linear Axis SHT-12-C1AT1-AOAOB-AAOH1AA-300
CouplingCOU-AR-K-063-100-32-32-B-AAAA

Motor conector flange MF-2040-NEMA23-S

EUR 434,98 | EUR 434,98
EUR 387,14 | EUR 387,14
EUR 48,23 | EUR 96,46
EUR 96,58 | EUR 193,16

NN P |-

For the time being the existing solution was modified in order to allow the mounting of a
magnetic brake. For this purpose, a metal disk was connected to the axis of the motor (Figure
36), together with another disk used for visualising the angular position of the shaft.

Figure 36 - Current Stepper Mor St IUp
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4 Software and Control Program

This chapter focus on the software and the development of the control program.
The software, acquired from Beckhoff, offers the best compatibility with the system, as the
majority of the components that are used are manufactured and supplied by them.

4.1 TwinCAT 3

The TwinCAT 3 (The Windows Control and Automation Technology 3) is a programming
software based on the open-source software CoDeSys.

This software is a work environment developed by Beckhoff, capable of turning most real
time computers and Industrial Computers into control systems, capable of handling and
controlling multiple instances of PLC, NC, CNC, and robotics runtime systems. Figure 37
presents the TwinCAT general structure, while Figure 38 presents the device concept.

The software supports multiple connections to other programs, like
MATLAB®/Simulink® and presents integration to Visual Studio [43, 44]. It supports the use
of all the programming languages mentioned in the IEC 61131-3 norm, while also allowing
other language types to work within its environment, such as C/C++ [44].

TwinCAT Standard TwinCAT Integrated

ngrammlng
MNaon- Fleal -fime

IEC 61131 Dh]en- real-time
ariented
extensions IEC 81131 Dh]ecl
nnenmd
extensions

TwinCAT Transport Layer - ADS TwinCAT Transport Layer — ADS

System Manager || Progiamming

Figure 37 - TwWinCAT 3 Structure [43]
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Multi-core CPU

Windows i PLC Control

Apps

Figure 38 - TWinCAT device concept [45]

To use certain functions and modules of this software, it is required the acquisition of a
license. Figure 39 presents some of the hardware categories available. There is also a 7-day trial
available for all licenses. This last option exists for didactic purposes, allowing users to fully
test the functionalities.

TwinCAT 3 - Platforms

Example of a TwinCAT 3
performance class:

6920 | Control cabinet Industrial PC
with Intel® Core™ i3, 2 cores, processor
TwinCAT 3 performance class: (TC3: 60),
corresponds to the TwinCAT 3 platform
P60 Mid Performance

Figure 39 - Beckhoff Hardware Categories [43]
Drive Manager 2

Drive Manager 2 [46], with the T5950 license code, is a module for the configuration of
the drive and servomotors, while displaying information about them.

The configuration of these devices can be done automatically by providing information
of the process, like the axis pitch, load, and coupling or, alternatively, it can be done manually.

Drive Manager contains information on all the compatible Beckhoff motors, to
automatically configure the operating parameters. Other motors require the manual
configuration of the parameters.
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It is possible to configure multiple parameters of the drive, like the power supply. A
sample of the possible configurations for this section can be seen in Figure 40.

£ @ Deviceinfo @, Diagnostics % Advanced
+  Power supply scttings 1 phase AC 230V -20% ~ +20% Online check
O 3PhaseAC @& 1Phaseac O DC 30V v B % . o
»  Internal brake resistor R: 50 Ohm Pn: 175 W Enable
External brake resistor [ Enable
External DC Link connection [] Enable
Umains act DC+ T 0= - 0—
2327 .
L1 . < 1
Umains type act = I
v 1
i !
© 1
Pact |14W £ !
S
J/Jmax 8.0 % o g
120 AC/DC (V) udc 3270v s 2 so 4
2
1
i
!
!
!
30— Idc -0.040 A :
() | : o]
DC-

Figure 40 - Drive Manager 2 - Drive Configuration

It is possible to fully configure the motor and limit some other parameters, such as
maximum velocity, acceleration, and jerk. Digital inputs at the drive can be configured for a
specific task. Figure 41 presents an example of motor parameters and Figure 42 presents an

example of the controller.

Drive Manager 2 allows for the manual test of the motor and allows the user to visualise
its performance with the integrated Scope View functions (Figure 43).

Parameter Online value IsSelected Current value Current unit  New value Mew unit
Scale factor numerator 10 10 10

Scale factor denominator 1048576 1048576 1048576

Enceder mask 4204967295 4294967295 4294967295

Encoder sub mask 1048575 1048575 1048575

Invert encoder counting direction Falze Falze

Encoder reference system INCREMEMTAL INCREMEMTAL INCREMEMTAL

Encoder position offset 0 0 ]

Enable encoder soft minimum limit menitaring False Falze Falze

Soft minimum limit -500 -500 0

Enable encaeder soft maximum limit monitoring False Falze Falze

Soft maximum limit 500 500 0

Invert motaor polarity False False

Output velocity scaling factor 1.02400649589962 1.02400649589962 1.02400649589962

Unit mm mm

Reference velocity: 110% of max motor speed 1581.5976 1581.5976 s 1581.5976 s
Maximum velocity: 100% of max motor speed 1437.82 1437.82 s 1437.816 mmys
Fast velocity: 100% of max motor speed 1437.816 1437.816 s 1437.816 s
Manual velocity (fast): 30% of max NC jog speed 150 150 s 150 mmys
Manual velocity (slow): 5% of max NC jog speed 25 25 s 25 mmys
Calibration velocity (towards plc cam): 1% of max motor speed 1437816 14.37816 mimys 14.37816 mmy/s
Calibration velocity (off plc cam): 1% of max motor speed 1437816 1437816 mm/s 1437816 mmy’s
Acceleration with an acceleration time of 1s 2156.72 2156.72 mm/s® 2156724 mm/s®
Decceleration with an acceleration time of 1s 2156.72 2156.72 mm/s* 2156724 mm/s®
Max allowed acceleration 15000 15000 mm/s® 15000 mm/s®
Max allowed decceleration 15000 15000 mm/s* 15000 mm/s®
lerk with an acceleration time of 1s 647017 647017 mm/s" 6470.172 mm/s®

Aotor maximal speed for NC @ 230 V AC: 8626.899 rpm

Figure 41 - Drive Manager 2 - Motor Parameters
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Position contreller Velocity controller Current controller
[ Tsetadd.
T set
| Vsetadd
W set
Kp [0.010] Nm/(rad/s) Kp /A
Kv 1000/min Tn ms Tn ms
i y P 4
Poet Position Velocity . Current
contreller contreller contreller
Velocity
calculation
[y
Tact |
I PactFbl |
PactFb2 |
Figure 42 - Drive Manager 2 — Controller
NC ar Trm =
Start: 13:2245.250:000 | End: 13:22:54,150.000 | Pos: 0,00:00:00,000:000 | Time: 13:2245.250.000 | Date: 15de setembro de 2022 Templtes NC tempiate I (][]
TTOWOMO0N] 1 4 b b |[OTROW ]| 5 & | o Dl b X Rl e
M Lag )
25,0 Torque [1]E
T
E 150
B A\ Drive parameters
E 5,0
' Velocity control Torque control
5,0
30,0 : : : 3 Kv [1.00] 1000/min
g 10,0
z e A NC
% -10,0 Enable controller
Z 00l Online position: 2.3375
30,0 m Functions Parameters
|
ool I S SR R | | | H B E B
| e ‘ J | i =
10,04 } ! + 4 v__wd’"“' . Tsmm——r it ! | ‘ ‘ —‘ [
0,0005 1,0005 2,0005 3,0005 4,0005 5,0005 6,0005 7,0005 8,0005 39,0005 10,0005

Figure 43 - Drive Manager 2 - Test Run Screen and Scope View Integration, showcasing Position, Velocity, and
Torque (% of peak torque)

Motion Control

Motion Control is a module for easy configuration and readiness of motors for motions.
The licenses for this module are varied, and range from a single NC 1 axis license, to CNC or
Robotic Licenses with unlimited axes [47]. Figure 44 showcases basic information about each
type of motion control that Beckhoff supports.
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Functionality

lal a4 A

NC PTP NCI CNC Robotics
Point-to-point Interpolated motion Complete CNC Interpolated motion
movement with 3 axes and functionality for robotic control
- gearing 5 additional axes ~ interpolated ~  support for
- camming ~  programming movement for a wide range
—~  superposition according to DIN 66025 up to 32 axes of kinematic
~ flying saw ~ technological features per channel systems

- straightforward ~  various ~  optional torque

utilisation through transformations pre-control

—|PLCopen function blocks from

| . the PLC
motion _
control

Figure 44 - Motion Control Basic Types and Functionalities[48]

The project uses TF5000, a license for NC Point-to-Point movements, for up to 10 Axes.
This license supports the following features [48]:

e Support for electrical and hydraulic servo drives, frequency converter drives,
stepper motor drives, DC drives, switched drives (fast/slow axes), simulation axes
and encoder axes,

e Support for various fieldbus interfaces.

e Standard axis functions such as start/stop/reset/reference, velocity override,
master/slave couplings, electronic gearbox, online distance compensation.

e Programming carried out via PLCopen-compliant IEC 61131-3 function blocks.

e Online monitoring of axis state variables such as actual/setpoint values, releases,
control values.

e Configuration of axis parameters and Controller structures.
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Scope View

Scope View [49, 50] is a software oscilloscope. Allows the user to represent different
signals, variables, and parameters in different chart types, such as YT, XY, bar, digital charts,
XYZ charts, and more. It doesn’t come with a specific license type, but different licenses can
be acquired to increase the functions and tools available. One such example is the Scope View
Server, allowing the user to create an automated server within the industrial computer to
automatically record data.

4.2 Main Parameters

The control program follows a sectioned tree, with each section dedicated to a specific
module or function within the program (Figure 45).

The focus is to present the main parameters used within this control program, from the used
licenses to the parameters of the main tasks, motors, and encoders.

|ﬁ| Solution "Station_Project’ (3 projects)
[ Crive_Manager
[+ m Measurement_Project
4 g Station_Project
B SYSTEM
b MOTION
B PLC
B |55 SAFETY
C++

& ANALYTICS

B 170

Figure 45 - Control Tree of the Project (TwinCAT 3 Work Environment)

Tasks

When programming, it is necessary to associate each program to a system task. This system
task has a level of priority within the runtime, alongside a configurable value of cycle ticks, in
milliseconds. In this project, a total of five tasks exists (Figure 46 and Figure 47). Each of these
tasks have specific objectives, different levels of priority and cycle ticks.

4 g Station_Project
4 | SYSTEM
1 License
4 ) Real-Time
[ 1/O Idle Task
4 % Tasks
&1 PlcTask
(3 VISU_TASK
&1 Data_Task

Figure 46 - Control Program Tasks

The first task is 1/0 Idle Task, related to the inputs and outputs. Presents a cycle tick of
1 mms and a priority of 11.
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The second task, PLCTask, runs the code with a cycle tick of 10 ms and a priority level
of 20.

VISU_TASK is related to the HMI. It updates the interface based on the cycle ticks of
the system, currently set to 200 ms. Presents a task priority level of 30.

Data_Task runs the acquisition of data in the system. This data is used in the interface,
with the objective of giving the user a basic view on the behaviour of the motor and system
during its execution. It presents a cycle tick of 100ms and a priority of 40.

NC-Task, within the motion control module, is related to the transmission of
information between the axes and the plc. This task has a cycle time of 10 ms and a priority
level of 8.

4 | MOTION
4 [[@) NC-Task 1 SAF
[Z1 NC-Task 1 SVB

Figure 47 - Motion Control Task
Licenses

Licenses dictate, in TwinCAT 3, what can and not be used within the software. As
mentioned before, it is possible to use a 7-days trial for all licenses, allowing the user to use
those licences for didactic purposes.

Table 22 presents the licenses in use within this project.

Table 22 - Licenses in Use

TC3 PLC | TC1200

TC3 PLC-HMI | TF1800

TC3 PLC-HMI Web | TF1810
TC3 HMI Scope | TF2300
TC3 NC PTP | TF5000

Servomotor Parameters

Most of the servomotor parameters were configured automatically, using the Drive
Manager 2. This process consists in the parameterization of the information about the axis pitch,
gear ratio, speed, and torque limitations on the motor (Figure 48). After an automatic tuning
process, new parameters are provided to the controller (Figure 49).

Load J: 0 kgem?; Feed constant: 10 mm / motor rotation
Movement ® Linear O Rotatory

Gear ratio (load side : motor side)
MC Feed constant = |1O | |mm :( (| 1 || 1 |) =

Load inertia (reflected on motor side) D |z| Kp Mm/(rad/s)
Mechanical torque limit on motor
Mechanical speed limit on motor

Figure 48 - Axis configuration in Drive Manager 2
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“ Primary operation mode pos ctrl feedback 1 lag less (11) u Info: change the operation

v Configuration and execution:

Evaluated value:

Identified mechanic system

" Total inertia or mass related to the motor side *0.0001 kgm~2 1
 Suggested velocity loop proportional gain (Kp) M/ (rad/s}|M/(m/s)
® Suggested velocity loop integral action time (Tn) ms
* Suggested position loop Kv-factor (Kv) 1000/ min

Backup before take over

Target parameters:

, Load moment of inertia *0.0001 kgm*2
Rotor moment of inertia 0.21 *0.0001 kgm "2

? Velocity loop proportional gain - [0.018| Nm/(rad/s)
* Velocity loop integral action time ms
* Position loop Kv-factor 1000/min

Figure 49 - Automatic Tuning in Drive Manager 2

Not all parameters from the motor are configured using this method like the virtual limits.
Virtual limits are a drive related feature, in which the drive keeps track of the position of the
axis and stops the movement once it reaches a certain threshold. However, it depends in online
information from the encoder, which can lead to errors when the axis is not homed on and, as
such, cannot be used as a security measure.

Virtual limits can be configured in both the drive manager 2 and the Motion control. For
this project, the virtual limits were placed in -300 and 300 mm (Figure 50).

The full list of parameters can be seen in Annex D, and Figure 51 displays the controller
values.

Limit Switches:

Soft Pesition Limit Minimum Menitoring TRUE ﬂ
Minimum Position -300.0

Soft Position Limit Maximum Monitoring TRUE ﬂ
Maximum Position 300.0

Figure 50 - Virtual Limits in Motion Control

Position controller Velocity controller Current controller
[ T setadd.
T set
| Vsetadd
Voset
Kp [0.018] Nm/{rad/s) Kp V/A
Kw 1000/min Tn ms Tn ms
Pt Pasition Velocity . Current
controller T controller controller
Velocity
calculation
X
T act |
1 PactFol |
PactFb2 |

Figure 51 - Servomotor Controller Values
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Following the configuration of these parameters, it is necessary to associate the motor
to a variable within the program. Figure 52 displays the interface to configure the variable.

General Settings  Parameter Dynamics Onlne Functions Coupling Compensation

[Link To 170 | [Drive 7 (Ax5103-0000-0214) |
Link To PLC... |GVL.Ser\t0m0’[0r (Didactic_Station Instance) |
Auiz Type: SERCOS Drive (e.g. EtherCAT SoE Drive, AX2o0-B750) ~
Uit mm « | | Display (Only)

Postion: [ ]um ] Modulo

Velocty:  [Imm/min

Result
Position: Welocity: Arceleration: Jerk:

mm | |mm;‘s | |mmf‘32 | |mmf‘33 |

Axis Cycle Time / Access Divider
Divider: 1
Medulo: 0

Figure 52 - Motion Control - Servomotor Settings and PLC Variable Link

Cycle Time (ms): 2.000

-
hd
s
-

Stepper Motor Parameters

For the stepper motor, it is followed the procedure described in [12]. One of the parameters
configured was the scaling factor. This factor is based on the type of movement that the stepper
motor does. Due to limitations, the stepper motor drive only allows for micro-steps. As such,
the scaling factor is based on this type of step.

The stepper motor does a total of 64 steps per full revolution, while the drive allows the
control by micro-steps, with a total of 200 micro-steps per full step that the stepper motor could
do. This converts to a total of 12800 micro-steps per full 360° that the motor does.

To calculate the scaling factor, it is used the following equation:

Where:
e D is the distance per full revolution, in degrees.
e N is the number of steps per full revolution of the motor.
e Sfis the scaling factor, in degrees per revolution.

Using the previous equation and values, it is obtained a value for the scaling factor of
0.028125, as seen in Figure 53.
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General MNC-Encoder Parameter Time Compensation Online
|Encnder Evaluation: | |
Invert Encoder Counting Direction FALSE ﬂ
Scaling Factor Denominator (default: 1.0) 1.0
Position Bias 0.0
Modulo Factor (e.g. 360.0%) 360.0
Tolerance Window for Module Start 0.0
Encoder Mask {(maximurm encoder value) Ox0000FFFF
Reference System INCREMEMTAL' ﬂ

Figure 53 - Stepper Motor Scaling Factor

Another parameter required to set up is the frequency at which the motor works. The
frequency influences the max velocity the motor is able to produce, with values seen in Table

23. As a base for this work, the frequency was set to be 1000, leading to a maximum velocity
of 1800 /s.

Table 23 - Frequency Configurations for the AS1030 Stepper Motor [29]

Drive Frequency [Full steps/s] Maximum Velocity

1000 300 rpm
2000 600 rpm
4000 1200 rpm
8000 2400 rpm

The last parameters to be configured in the acceleration of the motor. Figure 54 presents
the parameters used for this work.

General Settings Parameter Dynamics Online  Functions Coupling Compensation

() Indirect by Acceleration Time

Maximum Velocity (W max ): |1EDD | Degree/:
Acceleration Time: |I}.I}'| 33462 | 8
Deceleration Time: as above |I}.D‘| 33462 | 5
smoath stiff
Acceleration Characteristic:
Deceleration Characteristic:
alt): AN ) !
vit): 7 v e
(®) Direct
Acceleration: | 131300 Egree,-’ﬂ
Deceleration: as above | 131300 Egree,-’sZ
Jerk: |9.57748¢+08 baree/s3
Download Upload

Figure 54 - Stepper Motor Dynamic Parameters
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The code and interface are organized in sets of small programs, divided into code,
variables, and interface screens (Figure 55). This strategy is implemented to increase the
modularity of the system and to allow easy access, modification and creation of new programs

and interfaces within the work environment.

The most important programs are in the control folders, containing programs dedicated to
the powering, stop, reset, homing and limits of the related motors (Figure 56). An example of
the code used to control the power of a motor can be observed in Figure 57.

4 [ GVLs 4 |7 VISUs
{‘-' Data_Variables 4 | Attachments
&b GvL i) Header
&P HMI i) Screen_Nav
4 7 POUs b [ Images

4 |7 Main_System
b 3 HMI_Control
b [ Text Lists

b @ Information Screens

4 |7 Main_Screen
r @] Options_Screen

] MAIN (PRG) iff] Starting_Screen

] System (PRG) 4 [ Servomotor
4 | Servomotor P[4 Auxiliar

1 Auxiliar P 4 Custom_Movement
_d Control P [ Examples
p

b
p
P 3 Custom_Test d Jog
b [ Data_Control ;‘ﬁ_‘] Examples_Screen_Servo
b [ Examples ifl] Status_Screen_Servo
b [ Jog 4 |7 Stepper_Motor
4 | Stepper_Motor b [ Auxiliar
p [ Control b Custom_Movement
b [ Custom_Test b [ Examples
P (3 Data_Control b [d Jog
b [ Examples u’@] Examples_Screen_Stepper
b 3 Jog ifl] Status_Screen_Stepper

@ Debug_Screen
_ﬁj Example_Screen
Figure 55 - Structure of the Program - Code and Variables (Left) and Interface (Right)

4 |7 Control
;J Servo_Drive_Mode (PRG)
] Servo_Halt_Code (PRG)
,';r_‘] Servo_Homing_Code (PRG)
5] Servo_Limits (PRG)
;jﬂ Servo_Power_Code (PRG)
EPJ Servo_Reset (PRG)
.rﬁJ Servo_Stop_Code (PRG)

4 |7 Control
&h) Stepper_Halt_Code (PRG)
gt] Stepper_Homing_Code (PRG)
gt Stepper_Power_Code (PRG)
gt] Stepper_Reset (PRG)
gt] Stepper_Stop_Code (PRG)

Figure 56 - Control Programs for the servomotor (Left) and Stepper Motor (Right)

45



Didactic workstation with Beckhoff electric motors

MC Power
GVL.Servomotor —JAxis B Status
GVL.5ervo_Power —(Enable Busy — Buay_5Status
Active —Active_ Status
OR Error — Error_5tatus
Servo Limits.Digital Input Array([l] — }1 —]Enable Positiwve ErrorID —Error ID
HMI. Servo Homing — -
Servo Limits.Digitael Input Array[2] —(|Enable Negatiwve
100 —Override
Buffer Mode —(BufferMode
Options —0Options

Figure 57 - Power Program for the Servomotor

The structure of the main program is presented in Figure 58.

As verified, both motors have access to two common exercises: Jog and Custom
Movement.

Jog consists in allowing the user to move the axes at will or configure simple movements
within the program (Figure 59). Custom movement allows it to create a set of movements,
tailored by the user, with specific conditions and parameters.

Each of the motors have access to a set of experiments, related to the type of motor and
functions available. Both motors have access to two simple examples: Back and Forth, with the
objective of allowing the user to test and learn the variables related to the control of the motors,
and a repeatability test, to verify the repeatability of the systems.
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Back and
Forth

Custom
Movement Repeatability

Buffer
Modes

Servomotor Examples Index

Position
Control

Velocity
Control

Torque
Control

Stepper
Motor

Custom Back And
Movement Forth

Repeatability

Examples
Index Influence of a

Resistant
force

Influence of
Jerk

Figure 58 - Structure of the Main Program
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Step 1000
Step 1001

HOT HMI.Stepper Jog Start:
HMI.Stepper_Jog_Start;

[

Jog |
Axis:= GVL.5tepper_ Motor,
JogForward:= HMI.Stepper Jog Forward AND Step 1001,
JogBackwards:= HMI.Stepper Jog_Backwards AND Step 1001,
Mode:= HMI.Stepper_Jog Mode,
Position:= HMI.Stepper Jog Position,

o

[T 5]

10 Velocity:= HMI.Stepper_Jog_WVelocity,
Acceleration:= HMI.Stepper Jog Acceleration,
Deceleration:= HMI.Stepper Jog Deceleration,
Jerk:= HMI.Stepper Jog_Jerk,

Done=> HMI.S3tepper Jog_Status_Done,

Busy=> HMI.Stepper Jog_Status Busy,

1&g Actiwve=> HMI.S5tepper_Jog_Status_Actiwve,

1 CommandAborted=> HMI.Stepper Jog_Status_ibort,
Error=> HMI.S5tepper_Jog_Status_Error,

15 ErrorID=> HMI.Stepper Jog_ Status Error ID);

Wk

[

R s ]

Figure 59 - Stepper Jog Code

The servomotor has access to examples to test the different types of control and different
types of buffer mode for the control blocks of the system. The buffer mode changes how
successive movements are connected. For the control, the tests work on control position,
velocity, and torque (Figure 60 and Figure 61), with the objective of seeing how the parameters
and system behaves.

Example 1, Torque at 103 of the limat Torque, increase of 103 torque per second

Torque_Control 1(
Axis:=GVL.Servomotor ,
Execute:= HMI.Servo_5_l_Start AND Servo_power_Code.Power_Block.Status,
Relative:= FALS
Torque:= (0.1/1
TorqueRamp:= (0.1
VelocityLimitHigh:= 150,
VelocityLimitLow:= -150,
):

Example 2, Torque at 10% of the Limit Torque, increases of 50% torgue per second
Example 2, Torque at 103 of the Limit Torque, increase of 503 torgue per second

Torque_Control_2(
Axis:=GVL.Servomotor ,
Execute:= HMI.Servo_5_2_Start AND Servo_power_Code.Power_Block.Status,

Relative:= FALSE ,
0 Torque:= (0.1/1.001¢ )*100,
21 TorqueRamp:= (0.5/1.001 €)*100,
22 VelocityLimitHigh 50,

VelocityLimitLow:= -150,

Example 1 Velocity 50 mm/s, Acceleration 50mm/s2, Jerk 20

Velocity Control 1(

Axis:= GVL.Servomotor,

Execute:= HMI.Servo_4_l_Start AND Servo_power_Code.Power_Block.Status,
Velocity:= 50,

Acceleration:= 50,

Deceleration:= 50,

Jerk:= 20,

Direction:= MC Positive_Direction);

Example 2 Velocity 50
Velocity Control 2(
Axis:= GVL.Servomotor,

Execute:= HMI.Servo_4_2_ Start AND Servo_power_Code.Power_Block.Status,
Velocity:= 5

Acceleration:= 50,

Deceleration:= 50,

Jerk:= 200,

Direction:= MC_Positive_Direction);

Figure 60 - Torque Control (Top) and Velocity Control (Bottom) Tests Examples
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T$0.258

Figure 61 - Position Control Test Example

The stepper motor presents an example related to the loss of steps.

As for the interface, the user is first presented with a starting screen (Figure 62), with the
options to navigate to other sections of the program. All the other screens contain the same
header and screen navigation, for simplicity. The header allows the user to quickly go back or
forward into previously accessed screens and access an options area (Figure 63). The screen
navigation allows for quick navigation between the main screens.

FEUP FAcuLoADE

Servomotor

Custom

Stepper Motor

Examples

Custom

Figure 62 - Starting Screen
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Servomotor Stepper Motor

Read Driver Mode Default Mode

Wirite Driver Mode Default Mode -

Servo Status Center

Stepper Homing

Stepper Status Center

Servo Homing

Servo_Examples Servo_Jog ‘ Servo_Custom Stepper_Examples‘ Stepper_Jog Stepper_Custom

Figure 63 - Options Screen

Each of the exercise interfaces display a simple set of controls and histograms (Figure 64).
The histograms showcase specific variables related to that motor, allowing the user to verify
certain patterns and movements caused by the parameters. The code keeps them updated, by
registering the values into an array. Code example for a histogram can be seen in Figure 65.
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Servomotor Jog

400.0 400.0
SN SN NS NS NS 300.0 300.0

Done Busy Active Abort Erru:nr“ 200.0 200.0

100.0 100.0

Mode Standard Slow - i L
' -100.0 -100.0

-200.0 -200.0
Position (mm) -300.0 -300.0

T -400.0 -400.0
Velocity (mm / s)
Position -9.0549468994 1406e-1

Acceleration (mm .-'52?1' Ul e e e
500.0 . 0.0

T 12500 ™MF 1250.0

Jeceleration (mm / s2) 1000.0 1000.0
750.0 750.0

P g 500.0 500.0
250.0 250.0

B — 0.0 00

‘ 0.0 -250.0
-500.0 -500.0

-750.0 -750.0
-1000.0 -1000.0

Backwards  Forwards Pause Variable Readings -1250.0 -1250.0
q -1500.0 -1500.0

—_— ) -
Ll . . Y( \\‘ Velocity 2.74426309584936e-4
d | =

Servo_Examples Servo_Jog Servo_Custom Stepper_Examples Stepper_Jog Stepper_Custom

Figure 64 - Jog Control Screen

Jerk (mm /

l»",—".-—‘.rra'}' Loop for Position
FOR Loop :=0 TO (GVL.Servo_Data Control Array Max -1) DO
Data_Array[Loop] := Data_ Array[Loop + 1];
END FOR

o W b

i)

Read_Position(
bAyxisg:= GVL.Servomotor ,
Enable:= TRUE ,

W -l

i+

[
=]

Data_array[GVL.5ervo Data Control Array Max] := Read Position.Positiom;

I
Wb

AASpecific Value Display for Positl

IF NOT HMI.Servo_Data_ Pause THEN

[
0

F
i

HMI.S5ervo Position := Read Position.Position;

17 FOR Loop :=0 TO GVL.S5ervo_Data Control Array Max DO

13 HMI.S5ervo DataArray Position[Loop] := Data Array[Loop]:;
13 END FOR

Figure 65 - Histogram Code Example
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4.4 Experimental Exercises

The experimental exercises realized focused on four topics: the quality of the data
displayed by the histograms, the behaviour of the servomotor during different control types,
step responses of the servomotor for position and velocity, and the loss of steps for the stepper
motor.

For the data quality, it was compared the graphics produced by the histogram code and by
the scope view for the same movement.

For the control types and step response, different parameters were applied, to verify the
response of the system in each of the experiments.

For the stepper motor exercise, to verify the loss of steps, it was configured the motor to
start up at different speeds.

Data Quality Experiment

The histogram data is acquired from the actual value of position and velocity for both
motors. It registers the data every 100ms and builds the graphic based on the acquired values.
As such, the objective is to verify how consistent and accurate the displayed information is, and
how the resolution fares versus the digital oscilloscope.

To verify, back and forth movements were realized, with the parameters and positions used
available in Table 24. For each of the runs, the digital oscilloscope and the histogram code were
running, to guarantee that the data was acquired from the same movement and conditions.

Figure 66 to Figure 69 display the obtained results for runs 1 and 5.

Table 24 - Experiments Parameters for the back-and-forth movements

1|200 mm -200 mm 50 mm/s |25 mm/s? 500 mm/s3
2 | 200 mm -200 mm 100 mm/s |25 mm/s? 500 mm/s3
3 | 200 mm -200 mm 50 mm/s 100 mm/s? 500 mm/s3
4 | 200 mm -200 mm 100 mm/s | 100 mm/s? 500 mm/s3
5275 mm -275 mm 100 mm/s | 100 mm/s? 25 mm/s3

Figure 66 - Results obtained via the Histogram Code for run 1, Position (left) And Velocity (Right)
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Figure 67 - Results obtained via the Histogram Code for run 5, Position (left) And Velocity (Right)

Position
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200,0

150,04

100,04
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-50,04

-100,0

-150,04

-200,0

-250,0d

T T T T T T T T T T ;
0,000s 2,2395 4,478s 6,717s 8,9565 11,1955 13,4345 15,6735 17,5125 20,1515 22,3905

Velacity

75,0

60,0

45,0 /

\
(V4 N
A\ /

\ /
\ /

-60,0

-75,04

r T T T T T T T T T 1
0,000s 2,239s 4,478s 6,717s 8,9565 11,1955 13,4345 15,673s 17,9125 20,151s 22,3905

Figure 68 - Results obtained from Scope View for Run 1, Position (mm, Top) and Velocity (mm/s, Bottom)
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Position

300,0 -

240,0

180,0|

120,0

-120,0

-180,0

-240,0

-300,0

T T T T T T T T T T !
0,000s 2,1195 4,238s 6,3575 8,4765 10,5955 12,7145 14,8335 16,9525 15,0715 21,1905

Velocity

125,0

100,0

-100,0 \

-125,04

T T T T T T T T T T !
0,000s 2,1185 4,238s 6,357s 38,4765 10,5955 12,7145 14,8335 16,9525 18,0715 21,1505

Figure 69 - Results obtained from Scope View for Run 5, Position (mm, Top) and Velocity (mm/s, Bottom)

After the experiments, it’s verified that the histogram possesses a good consistency and
accuracy with values displayed. However, it fails in resolution, as it registers few points to
draw the graphic. As such, quick spikes on the variables won’t be detected.

The lack of a time scale and analysis of previous values are a negative point in this type of
data acquisition as well, as it is not possible to verify previous values, and the graph doesn’t
accept a time scale. With that in mind, this can only be used to verify, in real time, a general
graphic of these variables to gather a general idea of the behaviour, and doesn’t substitute proper
data gathering tools, like Scope View.

Control Type Experiments

The servomotor and its drive offer different control types, such as position, velocity, or
torque control. As such, the study of the behaviour of the system for each of these controls
proves to be an important point.
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To compare and observe each of the control types, four exercises were realized for each
control. The next table, Table 25, displays the parameters used for each of the exercises. For
this, scope view will be used to gather information on variables like position, velocity, and
torque.

Table 25 - Parameters used in the Control Type Experiments

1 50 mm/s?

21250 mm/s |250 mm/s? 50 mm/s3
31250 mm/s |50 mm/s? 500 mm/s3
41250 mm/s |250 mm/s? 500 mm/s3
1|50 mm/s |50 mm/s? 200 mm/s3
2|50 mm/s |150 mm/s? 200 mm/s3
31150 mm/s |50 mm/s? 200 mm/s3
41150 mm/s |150 mm/s? 200 mm/s3

1]0.267 Nm ]0.267 Nm/s
20534 Nm |0.267 Nm/s
3]0.801Nm |0.267 Nm/s
411.068 Nm |]0.267 Nm/s

For the position control, it was verified the expected. The system uses the programmed
parameters, limited by the user, like velocity, acceleration, and jerk, to achieve the position.
With the information of the other variables, the control creates a specific movement to slow
down before reaching the specified location. The results verify this situation (Figure 70 and
Figure 71).
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Figure 70 - Results of Run 1 for the Position Control. From top to bottom Position (mm), Velocity (mm/s),
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Figure 71 - Results of Run 4 for the Position Control. From top to bottom Position (mm), Velocity (mm/s),
Acceleration (mm/s2), Torque (% Peak Torque)
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The results from the velocity control tests were found to be like the position control.
Both modules tend to increase their velocity while within parameters defined by the user.

The velocity oscillates around the defined value, leading to overshoot of the velocity by
a small margin (Figure 72). Main difference between this control and the position control is
how the movement stops. Velocity control tries keeps the velocity stable until the user or the
system stop the movement, leading to high spikes of deceleration and torque on those moments,
which is verified in Figure 73.

Velocity
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Figure 72 - Velocity Overshoot: Reference Velocity (Purple) and Actual Velocity (Blue)
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Figure 73 - Results of Run 4 for the Velocity Control. From top to bottom Velocity (mm/s), Acceleration
(mm/s2), Torque (% Peak Torque)
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For the Torque Control, it was verified that, unlike the previous data, the motor was able
to surpass the resistant torque offered by the axis with a torque value located between 0.2 and
0.4 Nm, unlike the maximum value of 0.47 Nm, according to the catalogue for the axis. In the
case of 0.2 Nm, the motor was only able to move micrometres, and was regarded as a torque
that led to no relevant movement, in this case.

On this control type, it was expected and verified that torque would keep constant after
reaching the desired value, even if such conditions lead to no movement of the motor, as seen
in Run 1. Figure 74 displays a comparison between two runs.

r T T T T T T T T T J
0,000s 2,793s 5,587s 8,380s 11,1745 13,9685 16,761s 19,5555 22,3485 25,1425 27,9365

r T T T T T T T T T !
0,000s 1,033s 2,067s 3,100s 4,134s 5,168s 6,201s 7,235s 8,268s 9,3025 10,3365

Figure 74 - Results for Torque (% Peak Torque, in orange) and theoretical Torque (% Peak Torque, in blue) from
Run 1 (Top) and Run 2 (Bottom) for Torque Control
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Step Response for the servomotor

Staring with the step position response, it was used a step of 100 mm to verify the response
of the system, with different parameters. The first test, presented in Figure 75, consisted in a
movement from negative 100 mm to 0 mm, with a velocity of 600 mm/s and an acceleration of
15000 mm/s?. The second test (Figure 76) was done within the positions -100 mm and 0 mm,
with a velocity of 100 mm/s and an acceleration of 15000 mm/s?. The last test (Figure 77) was
done with the same position limits, a velocity of 600 mm/s and an acceleration of 1500 mm/s?.
In all these cases, it was verified no overshoot.
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Figure 75 - Position (mm) Step Response. Position from -100 mm to 0 mm, velocity of 600 mm/s, acceleration
of 15000 mm/s2
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Figure 76 - Position (mm) Step Response. Position from -100 mm to 0 mm, velocity of 100 mm/s, acceleration
of 15000 mm/s2
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Figure 77 - Position (mm) Step Response. Position from -100 mm to 0 mm, velocity of 600 mm/s, acceleration
of 1500 mm/s2

For step velocity response, different values were used. In the first test (Figure 78), the
velocity was set to 100 mm/s, while on the second (Figure 79), the velocity was 10 mm/s. The
last test, in Figure 80, had a velocity of 50 mm/s.

In these cases, it was verified the existence of overshoot when the velocity was 10 mm/s
and 50 mm/s.
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Figure 78 - Velocity Step Response, with a velocity of 100 mm/s
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Figure 79 - Velocity Step Response, with a velocity of 10 mm/s
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Figure 80 - Velocity Step Response, with a velocity of 50 mm/s

Loss of steps in the stepper motor due to velocity

Due to working in an open loop configuration, there’s a possibility that the stepper motor
loses steps, either due to high velocity or accelerations, or due to an external force against the
movement. In these tests, the objective is to condition the motor to different start speeds, and
verify its behaviour, doing a full rotation (360°). For these tests, the frequency of the drive was
changed to allow up to 8000 full steps per sec.

It was verified that, after a velocity of 500 /s, the system started losing steps. At 700 9/s
and 800 /s, it was verified the movement in the opposite direction of the axis. After that, it was
verified that velocities above would lead to the axis of the motor not moving. Information
gathered from the test can be seen in Table 26.

63



Didactic workstation with Beckhoff electric motors

Table 26 - Results from the loss of steps experiment

Information
Velocity Lost Value of Lost Steps (Degrees)
Reached target velocity?  Steps?
100 °/s Yes No 0°
200 °/s Yes No 0°
300 °/s Yes No 0°
400 °/s Yes No 0°
500 °/s Yes No 0°
600 °/s Yes Yes 65°
700 °/s No Axis moved in the opposite direction.
800 °/s No Axis moved in the opposite direction.
900 °/s No Yes 360°
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5 Conclusion and Future Works
Conclusion

The main objective of this thesis was the assembly of a linear axis driven by a
servomotor, with the design, manufacturing, and acquisition of additional systems for the axis,
such as the flange/coupling and the mechanical limits. A secondary objective was deemed to
be the design of a linear axis solution for the stepper motor. Both objectives were completed.

It was verified, during the research, the existence of multiple high-quality didactic
workstations in the market, offering a variety of subjects and modules for motors and other
systems, capable of showcasing the main features. Most allowed for expansion with other
modules or custom components, offering a substantial basis for learning and experiencing these
subjects.

The available components, previously acquired from the industrial supplier Beckhoff,
showcased a high degree of modularity, easing the construction of industrial systems, and
allowing for multiple and easy upgrades for current ones.

It was necessary the design and manufacturing of a motor connector flange. With resource
to Solidworks and the available tools, this objective was accomplished.

For this work, it was necessary the creation of a program and interface, configured with
the new components in mind. The program had several in-built control blocks, dedicated to the
operation and control of the available motors. The interface was sectioned and modular, with
the objective of avoiding clutter within the HMI, and to allow the user to have quick and easy
access to information related to the work at hand. For these, the work environment used, called
TwinCAT 3, provided a great set of available functions and modules.

It was also created a set of experiments and tools for the users. For both motors, it was
created the ability to jog or create sets of movements, each with their own parameters and
conditions. As for the experiments, each focused on general topics, such as repeatability of a
motor/axis, or specific subjects, such as the different control types or cases where the stepper
motor loses steps.

While it wasn’t possible to integrate a digital oscilloscope, Scope View, into the interface,
this tool was prepared within the work environment to allow users an easy way of obtaining
graphics and information, with high precision.

Future Works

After this work, it was verified a great number of avenues through which it is possible to
upgrade the system.

Currently, the system does not have a proper safety, lacking not only emergency buttons,
but also the programming of such buttons and other emergency tools. While the system was
programmed with limits in both velocity, torque and position, these limits cannot be considered
security options, and are mere tools for the program.

It is verified that the current station requires a redesign, increasing the modules and tools
available, like the acquisition of modules for analogue and digital inputs, and acquisition of an
axis for the stepper motor. Other components to help the study of repeatability of the motors
and new ways of applying forces to the axes or motors would increase the amount of
information gathered from exercises, and even the creation of a 2-axis CNC within the station
would prove beneficial.

The integration into the system of a Scope View server would provide access to a digital
oscilloscope, without the need of having to connect the system to a local computer to access
this tool. However, it would require an upgrade to the industrial computer currently present in
the system.
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Another point for a possible upgrade is the integration of a physical HMI, and/or the
connection of the system to the local network, for easy access. In the last case, it would be
recommended the insertion of cameras in the station to observe the behaviour of the system,
without requiring the presence in the laboratory.
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ANNEX A: CKK-110 Linear Axis Technical Data

This annex contains an excerpt from “Star — Compact Modules” catalogue, providing
in-depth information on the CKK-110 linear axis.
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ANNEX B: Motor Connector Flange Technical Drawing and Simulation
Reports

This annex provides the motor connector flange mechanical drawing and all the results
from the performed finite elements tests for three materials: Aluminium Alloy 7075-T6,
Aluminium Alloy 5052-H38, and AISI 1045 Steel, cold drawn.

75



Didactic workstation with Beckhoff electric motors

8 7 & 5
i A s
— |
l V/ﬁ
I Lo 4% D 42T 10
. ¢ MExD.8 - &H Y 10

m
D63
i 's
NS
x

r—'
"‘-u._‘_‘_‘__'_._,_,.-r'"
: 4x () 7 THRU ALL
e —p— L1 ®11F 27.5
_-.
D I-\_r
| |
e
. ! 2 x § 8 THRU
C ! o
1
tal
9 40
B |
B2
A
SOLIDWORKS Educational Product. For Instructional Use Only. 5

4 3 5 ]
@|o0.02|c|
L]oa]e]
F
)
i Ra 32
i Jf
=Sk S
= B N = E
2 - =
1 =7 1t
r /
) - ‘ ©]0.02|c]
1]oa]a] S
SECTION a-a
-
C
\ E
Mota: Quebra de arestas vivas extenores necessana 150 2748
oxo Fange/Luneta
o - X
Liga de Aluminic 7075 Té Flﬂnge vé A3
4 3' ”2 ]

76



Model Information

Didactic workstation with Beckhoff electric motors

Motor Connector Flange Simulation Report for Aluminium Alloy 7075-T6

A

Model name: Flange V7
Current Configuration: Default

Solid Bodies

Document Name and

Document Path/Date

Weight:3,43772 N

Refarancs Treated As Volumetric Properties Modified
@8.0mm Dowel Hole1 C:\Users\Marcelo\Desktop
Mass:0,350788 kg \Tese\M.
Volume:0,000124836 m"3 Martins\Construgao
Solid Body Density:2 810 kg/m"3 3D\Versdo

Atual\Simulagdo\1°Sim\Fl
ange_V7.SLDPRT
May 11 15:54:12 2022

s

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange V7 2
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Study Properties

Didactic workstation with Beckhoff electric motors

Study name Static 1

Analysis type Static

Mesh type Solid Mesh

Thermal Effect: On

Thermal option Include temperature loads

Zero strain temperature 298 Kelvin

Include fluid pressure effects from off

SOLIDWORKS Flow Simulation

Solver type FFEPlus

Inplane Effect: Off

Soft Spring: off

Inertial Relief: off

Incompatible bonding options Automatic

Large displacement off

Compute free body forces On

Friction off

Use Adaptive Method: off

Result folder SOLIDWORKS document
(C:\Users\Marcelo\Desktop\Tese\M.
Martins\Construcao 3D\Versao
Atual\Simulacao\1°Sim)

Units

Unit system: SI (MKS)

Length/Displacement mm

Temperature Kelvin

Angular velocity Rad/sec

Pressure/Stress N/m”"2

4775

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7
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Didactic workstation with Beckhoff electric motors

Material Properties

Model Reference Properties Components

Name: 7075-Té6 (SN) SolidBody 1(@8.0mm Dowel
Model type: Linear Elastic Isotropic | Hole1)(Flange_Vé)
Default failure Max von Mises Stress
criterion:
Yield strength: 5,05e+08 N/m"2
Tensile strength: 5,7e+08 N/m"2
Elastic modulus: 7,2e+10 N/m”2
Poisson's ratio: 0,33
Mass density: 2 810 kg/m"3
Shear modulus: 2,69e+10 N/m”"2
Thermal expansion 2,36e-05 /Kelvin

coefficient:
Curve Data:N/A
2
2>
SOLIDWORKS Analyzed with SOLIDWORKS Simulation Simulation of Flange_V7 4
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Loads and Fixtures

Didactic workstation with Beckhoff electric motors

Fixture name Fixture Image Fixture Details

Entities: 1 face(s)

Type: Fixed Geometry
Fixed-1
Resultant Forces
Components X Y z Resultant
Reaction force(N) -4,23184e-05 27,4539 0,00345731 27,4539
Reaction Moment(N.m) 0 0 0 0
Load name Load Image Load Details
Entities: 5 face(s)
Reference: Edge< 1>
Type: Apply force
Force-1 Values: ---; ---; 15N
o
Entities: 5 face(s)
Reference: Axis1
Type: Apply torque
Torque-1 Value: 0,9N.m
A
2.
75

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange V7 5
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Mesh information

Didactic workstation with Beckhoff electric motors

Mesh type Solid Mesh
Mesher Used: Curvature-based mesh
Jacobian points for High quality mesh 16 Points
Maximum element size 8 mm
Minimum element size 0,5 mm
Mesh Quality High
Mesh information - Details
Total Nodes 107973
Total Elements 67300
Maximum Aspect Ratio 8,3689
% of elements with Aspect Ratio < 3 94,6
Percentage of elements with Aspect Ratio > 10 0
Percentage of distorted elements 0
Time to complete mesh(hh;mm;ss): 00:00:08

Computer name:

MININT-2RLQ54R

Model name: Flange_V7
Sudy name: Static 1(-Default-)
Mesh type: Solid Mesh

SOLIDWORKS Educational Product. For Instructional Use Only.

2,
p75Y
SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7
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Resultant Forces

Reaction forces

Didactic workstation with Beckhoff electric motors

Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N -4,23184e-05 27,4539 0,00345731 27,4539
Reaction Moments
Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N.m 0 0 0 0
Free body forces
Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N 0,00354576 0,00358633 -0,00121259 0,00518696
Free body moments
Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N.m 0 0 0 1e-33
2,
25

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7

7
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Study Results

Didactic workstation with Beckhoff electric motors

Name Type Min Max
Stress1 VON: von Mises Stress 6,750e+02N/m"2 4,533e+05N/m"2
Node: 383 Node: 15837

Mo del name: Flange V7
Study name: Static 1(-Defaulkk-)
Plot type: Static nodal stress Stress1

A

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Stress-Stress1

wvon Mises (Nfm*2)

4,533e +05

l 4,080e +05

- 3,627e+05

_ 3175405
L 2,722e405
2,270e +05
1,817e+05

| 1,365e+05

9,11%+04

4,503 +04

6,750e +02

— Yield strength: 5,050e +08

Name Type Min Max
Displacement1 URES: Resultant Displacement 0,000e+00mm 2,181e-04mm
Node: 5 Node: 16099
2
L2
SOLIDWORKS Analyzed with SOLIDWORKS Simulation Simulation of Flange_V7 8
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Didactic workstation with Beckhoff electric motors

Model name: Flange_V7
Study name: Static 1(-Defauk-)

Deformation scale; 333306

A

Plot type: Static displacement Displacement1

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Displacement-Displacement1

URES (mm)
2,181e-04
l 1,963e-04
- 1,745¢-04
- 1,527e-04
~ 1,308¢-04
1,000e-04
8,723e-05
- 6542¢-05
4,361e-05
2,181e-05

1,000e-30

Name

Type

Min

Max

Strain1

ESTRN: Equivalent Strain 1,382e-08

Element: 7493

3,724e-06
Element: 51364

Model name: Flange /7

Study name: Static 1(-Defauk-)
Plot type: Static strain Strain1
Deformation scale: 333306

A

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Strain-Strain1

ESTRN
3,724e-06
l 3,353e-06
- 2,982¢-06
- 2,611e-06
2,240e-06
1,869e-06
1,498e-06
. 1,127e-06
7,558e-07
3,848e-07

1,382e-08

2
25

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7

9
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Didactic workstation with Beckhoff electric motors

Name Type
Displacement1{1} Deformed shape

Model name: Flange V7

Study name: Static 1(-Defauk-)

Plot type: Deformed shape Displacement1{1}
Deformation scale: 333306

b

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Displacement-Displacement1{1}

P
25
SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange V7 10
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Model Information

Didactic workstation with Beckhoff electric motors

Motor connector Flange Simulation Report for Aluminium Alloy 5052-H38

» N

Model name: Flange_V7
Current Configuration: Default

Solid Bodies

Document Name and

Document Path/Date

N

Reference Treated As Volumetric Properties Modified
@8.0mm Dowel Hole1 C:\Users\Marcelo\Desktop
Mass:0,334559 kg \Tese\M.
Volume:0,000124836 m"3 Martins\Construg¢ao
Solid Body Density:2 680 kg/m"3 3D\Versdo
Weight:3,27868 N Atual\Simulagdo\2°Sim\FI|

ange_V7.SLDPRT
May 2 14:50:48 2022

z%

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange V7 2
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Study Properties

Didactic workstation with Beckhoff electric motors

Study name Static 1

Analysis type Static

Mesh type Solid Mesh

Thermal Effect: On

Thermal option Include temperature loads

Zero strain temperature 298 Kelvin

Include fluid pressure effects from off

SOLIDWORKS Flow Simulation

Solver type FFEPlus

Inplane Effect: Off

Soft Spring: off

Inertial Relief: off

Incompatible bonding options Automatic

Large displacement off

Compute free body forces On

Friction off

Use Adaptive Method: off

Result folder SOLIDWORKS document
(C:\Users\Marcelo\Desktop\Tese\M.
Martins\Construcao 3D\Versao
Atual\Simulacao\2°Sim)

Units

Unit system: SI (MKS)

Length/Displacement mm

Temperature Kelvin

Angular velocity Rad/sec

Pressure/Stress N/m”"2

975

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7
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Material Properties

Didactic workstation with Beckhoff electric motors

Model Reference

Properties

Components

Name: 5052-H38
Model type: Linear Elastic Isotropic
Default failure Max von Mises Stress
criterion:
Yield strength: 2,55e+08 N/m"2
Tensile strength: 2,9e+08 N/m"2
Elastic modulus: 7e+10 N/m"2
Poisson's ratio: 0,33
Mass density: 2 680 kg/m"3
Shear modulus: 2,59e+10 N/m*"2
Thermal expansion 2,38e-05 /Kelvin
coefficient:

Hole1)(Flange_V6)

SolidBody 1(@8.0mm Dowel

Curve Data:N/A

2
2>

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7

4
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Loads and Fixtures

Didactic workstation with Beckhoff electric motors

Fixture name Fixture Image Fixture Details

Entities: 1 face(s)

Type: Fixed Geometry
Fixed-1
Resultant Forces
Components X Y z Resultant
Reaction force(N) 0,0014559 27,4538 0,000228196 27,4538
Reaction Moment(N.m) 0 0 0 0
Load name Load Image Load Details
Entities: 5 face(s)
Reference: Edge< 1>
Type: Apply force
Force-1 Values: ---; ---; 15N
ol
Entities: 5 face(s)
Reference: Axis1
Type: Apply torque
Torque-1 Value: 0,9N.m
iy
2.
73

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7 5
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Mesh information

Didactic workstation with Beckhoff electric motors

Mesh type Solid Mesh
Mesher Used: Curvature-based mesh
Jacobian points for High quality mesh 16 Points
Maximum element size 8 mm
Minimum element size 0,5 mm
Mesh Quality High
Mesh information - Details
Total Nodes 107973
Total Elements 67300
Maximum Aspect Ratio 8,3689
% of elements with Aspect Ratio < 3 94,6
Percentage of elements with Aspect Ratio > 10 0
Percentage of distorted elements 0
Time to complete mesh(hh;mm;ss): 00:00:08

Computer name:

MININT-2RLQ54R

Model name: Flange_V7
Sudy name: Static 1(-Default-)
Mesh type: Solid Mesh

SOLIDWORKS Educational Product. For Instructional Use Only.

2.
p75Y
SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7
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Resultant Forces

Reaction forces

Didactic workstation with Beckhoff electric motors

Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N 0,0014559 27,4538 0,000228196 27,4538
Reaction Moments
Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N.m 0 0 0 0
Free body forces
Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N -0,0260385 -0,0152336 7,62945e-05 0,0301674
Free body moments
Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N.m 0 0 0 1e-33
2,
25

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7

7
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Didactic workstation with Beckhoff electric motors

Study Results

Name Type Min Max
Stress1 VON: von Mises Stress 7,101e+02N/m"2 4,478e+05N/m"2
Node: 383 Node: 15837

Model name: Flange V7
Study name: Static 1(-Defauk-)
Plot type: Static nodal stress Stress1
Deformation scale: 982356
von Mises (N/m*2)
4,478e +05
l 4,031e +05
- 3,584e+05
- 3,137e405
- 2,600e+05
2,242¢+05
1,795¢ +05
- 1,348e+05
9,012e+04
4,542 +04
7,101e+02

— Yield strength: 2,550e +08

A

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Stress-Stress1

Name Type Min Max
Displacement1 URES: Resultant Displacement 0,000e+00mm 7,411e-05mm
Node: 5 Node: 16099
2
2
SOLIDWORKS Analyzed with SOLIDWORKS Simulation Simulation of Flange V7 8
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Didactic workstation with Beckhoff electric motors

Model name; Flange_V7

Study name: Static 1(-Defauk-)

Plot type: Static displacement Displacement
Deformation scale; 98235,6

A

Flange_V7-Static 1-Displacement-Displacement1

SOLIDWORKS Educational Product. For Instructional Use Only.

URES (mm)

7411e-05

l 6,670e-05

- 5,929e-05

_ 5,188-05
44705
3,7066-05
2,9656-05
2,223e-05
1,482e-05

7,411-06

1,000e-30

Name Type Min

Max

Strain1 ESTRN: Equivalent Strain 5,344e-09

Element: 8688

1,220e-06
Element: 51364

Model name: Flange V7

Study name: Static 1(-Defauk-)
Plot type: Static strain Strain1
Deformation scale: 98235,6

A

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Strain-Strain1

ESTRN
1,220e-06

l 1,099-06

- 5,772e-07

. 8557¢-07
| 7342¢-07
6,127-07
4,9126-07
3,698¢-07
2,483¢-07

1,268-07

5,344e-09

2
25
SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange V7

9
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Didactic workstation with Beckhoff electric motors

Type
Displacement1{1}

Deformed shape

Model name: Flange V7

Study name: Static 1(-Defauk-)

Plot type: Deformed shape Displacement1{1}
Deformation scale: 982356

e

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Displacement-Displacement1{1}

2
P75y
SOLIDWORKS Analyzed with SOLIDWORKS Simulation Simulation of Flange V7 10
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Didactic workstation with Beckhoff electric motors

Motor Connector Flange Simulation Report for AISI 1045 Steel, cold drawn

Model Information

A

Model name: Flange_V7
Current Configuration: Default

Solid Bodies

Document Name and

Document Path/Date

Weight:9,6036 N

Reference Treated As Volumetric Properties Modified
@8.0mm Dowel Hole1 C:\Users\Marcelo\Desktop
Mass:0,979959 kg \Tese\M.
Volume:0,000124836 m"3 Martins\Construgao
Solid Body Density:7 850 kg/m" 3 3D\Versdo

Atual\Simulagdo\3°Sim\Fl
ange_V7.SLDPRT
May 2 15:09:50 2022

2
25

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7 2
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Study Properties

Didactic workstation with Beckhoff electric motors

Study name Static 1

Analysis type Static

Mesh type Solid Mesh

Thermal Effect: On

Thermal option Include temperature loads

Zero strain temperature 298 Kelvin

Include fluid pressure effects from off

SOLIDWORKS Flow Simulation

Solver type FFEPlus

Inplane Effect: Off

Soft Spring: off

Inertial Relief: off

Incompatible bonding options Automatic

Large displacement off

Compute free body forces On

Friction off

Use Adaptive Method: off

Result folder SOLIDWORKS document
(C:\Users\Marcelo\Desktop\Tese\M.
Martins\Construcao 3D\Versao
Atual\Simulacao\3°Sim)

Units

Unit system: SI (MKS)

Length/Displacement mm

Temperature Kelvin

Angular velocity Rad/sec

Pressure/Stress N/m”"2

4775

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7
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Didactic workstation with Beckhoff electric motors

Material Properties

Model Reference Properties Components
Name: AISI 1045 Steel, cold SolidBody 1(@8.0mm Dowel
drawn Hole1)(Flange_V6)

Model type: Linear Elastic Isotropic
Default failure Max von Mises Stress
criterion:
Yield strength: 5,3e+08 N/m"2
Tensile strength: 6,25e+08 N/m*"2
Elastic modulus: 2,05e+11 N/m*2
Poisson's ratio: 0,29
Mass density: 7 850 kg/m"3
Shear modulus: 8e+10 N/m"2
Thermal expansion 1,15e-05 /Kelvin

coefficient:
Curve Data:N/A
2
2>
SOLIDWORKS Analyzed with SOLIDWORKS Simulation Simulation of Flange_V7 4
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Loads and Fixtures

Didactic workstation with Beckhoff electric motors

Fixture name Fixture Image Fixture Details

Entities: 1 face(s)

Type: Fixed Geometry
Fixed-1
Resultant Forces
Components X Y z Resultant
Reaction force(N) 0,0014559 27,4538 0,000228196 27,4538
Reaction Moment(N.m) 0 0 0 0
Load name Load Image Load Details
Entities: 5 face(s)
Reference: Edge< 1>
Type: Apply force
Force-1 Values: ---; ---; 15N
A
Entities: 5 face(s)
Reference: Axis1
Type: Apply torque
Torque-1 Value: 0,9N.m
B
2.
p75Y

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange V7 5
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Mesh information

Didactic workstation with Beckhoff electric motors

Mesh type Solid Mesh
Mesher Used: Curvature-based mesh
Jacobian points for High quality mesh 16 Points
Maximum element size 8 mm
Minimum element size 0,5 mm
Mesh Quality High
Mesh information - Details
Total Nodes 107973
Total Elements 67300
Maximum Aspect Ratio 8,3689
% of elements with Aspect Ratio < 3 94,6
Percentage of elements with Aspect Ratio > 10 0
Percentage of distorted elements 0
Time to complete mesh(hh;mm;ss): 00:00:08

Computer name:

MININT-2RLQ54R

Model name: Flange_\/7
Study name: Static 1(-Default-)
Mesh type: Solid Me sh

SOLIDWORKS Educational Product. For Instructional Use Only.

2
25
SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7

6
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Resultant Forces

Reaction forces

Didactic workstation with Beckhoff electric motors

Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N 0,0014559 27,4538 0,000228196 27,4538
Reaction Moments
Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N.m 0 0 0 0
Free body forces
Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N -0,0260385 -0,0152336 7,62945e-05 0,0301674
Free body moments
Selection set Units Sum X Sum Y Sum Z Resultant
Entire Model N.m 0 0 0 1e-33
2,
25

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7

7
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Study Results

Didactic workstation with Beckhoff electric motors

A

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Stress-Stress1

Name Type Min Max
Stress1 VON: von Mises Stress 7,101e+02N/m"2 4,478e+05N/m"2
Node: 383 Node: 15837
Model name: Flange V7
Study name: Static 1(-Default-)
Plot type: Static nodal stress Stress1
Deformation scale: 98 235,6
wvon Mises (N/m”2)
4,478 +05
l 4,031e+05
- 3,584e+05
- 3,137e+05
. 2,690e+05
2,242e+05
1,795e+05

. 1,348e+05
0,012e+04

4,542e+04

7,101e+02

~— Yield strength: 5,300e +08

Name Type Min Max
Displacement1 URES: Resultant Displacement 0,000e+00mm 7,411e-05mm
Node: 5 Node: 16099
2
2

SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7

8
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Didactic workstation with Beckhoff electric motors

Model name: Flange_V7

Study name: Static 1(-Default-)

Plot type: Static displacement Displacement1
Deformation scale: 98 235,6

A

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Displacement-Displacement1

URES {mm)

7411e-05

l 6,670e-05

- 5,920-05

- 5,188e-05

- 4447e-05

3,706e-05
2,965e-05

2,223e-05

i

1,482e-05
7411e-06

1,000e-30

Name Type Min

Max

Strain1 ESTRN: Equivalent Strain 5,344e-09

Element: 8688

1,220e-06
Element: 51364

Model name: Flange V7
Study name: Static 1(-Default-)
Plot type: Static strain Strain1
Deformation scale: 98 235,6

A

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Strain-Strain1

1,220e-06
l 1,09%-06
- 9,772e-07

. 8557e-07

| 7,342-07
6,127-07
4,912e-07
3,698e-07
2,483-07

1,268e-07

5,344e-09

2
L2
SOLIDWORKS Analyzed with SOLIDWORKS Simulation

Simulation of Flange_V7

9

102



Didactic workstation with Beckhoff electric motors

Name
Displacement1{1}

Type
Deformed shape

Model name: Flange_V7

Study name: Static 1(-Default-)

Plottype: Deformed shape Displacementl{1}
Deformation scale: 98 235,6

SOLIDWORKS Educational Product. For Instructional Use Only.

Flange_V7-Static 1-Displacement-Displacement1{1}

2,
p75Y
SOLIDWORKS Analyzed with SOLIDWORKS Simulation Simulation of Flange V7 10

103



Didactic workstation with Beckhoff electric motors

ANNEX C: Extra Components - Technical Drawings

This Annex provides the technical drawings for all the extra components designed to
support and aid the CKK-110 linear axis. Includes supports for sensors, physical barriers, an
axis carriage, and additional support components.

104
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Didactic workstation with Beckhoff electric motors
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Didactic workstation with Beckhoff electric motors
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Didactic workstation with Beckhoff electric motors
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ANNEX D: Servomotor Parameters

This Annex provides all the main servomotor parameters acquired from the automatic
process to configure the servomotor.
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Parameter Value Unit
Scale factor numerator 10

Scale factor denominator 1048576

Encoder mask 4294967295

Encoder mask 4294967295

Encoder sub mask 1048575

Invert encoder counting direction False

Encoder reference system INCREMENTAL

Encoder position offset 0

Enable encoder soft minimum limit monitoring True

Soft minimum limit -300

Enable encoder soft maximum limit monitoring True

Soft maximum limit 30

Invert motor polarity False

Output velocity scaling factor 1.02400649589962

Unit mm

Reference velocity: 110% of max motor speed 1581.5976 mm/s
Maximum velocity: 100% of max motor speed 1437.82 mm/s
Fast velocity: 100% of max motor speed 1437.816 mm/s
Manual velocity (fast): 30% of max NC jog speed 225 mm/s
Manual velocity (slow): 5% of max NC jog speed 37.5 mm/s
Calibration velocity (towards plc cam): 1% of max motor speed | 14.37816 mm/s
Calibration velocity (off plc cam): 1% of max motor speed 14.37816 mm/s
Acceleration with an acceleration time of 1s 2156.72 mm/s2
Deceleration with an acceleration time of 1s 2156.72 mm/s2
Max allowed acceleration 15000 mm/s2
Max allowed deceleration 15000 mm/s2
Jerk with an acceleration time of 1s 6470.17 mm/s3
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